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Preface

“Man will occasionally stumble over the
truth, but most of the time he will pick
himself up and continue on.”
WINSTON CHURCHILL,
Commentary on Man

In an age when sophisticated computer technology has taken over the
design, and often the operation, of distillation columns, the funda-
mental practical aspects of distillation are rapidly becoming a forgotten
art. Rules of thumb and McCabe-Thiele diagrams, once the main tools
in the hands of the distillation practitioner, are rapidly being replaced
by powerful mathematics. Yet, when a column experiences problems
in the field, it is neither the computer nor the powerful mathematics
that is able to reinstate trouble-free operation. Instead, it is the person
in a pair of worn-out overalls with bags under his (or her) eyes from
spending 16 hours on the plant the night before who finally solves the
problem. This person rarely uses an electronic wizardry. His (or her)
main tools are a good understanding of the plant and its equipment,
a great deal of experience, good engineering judgment, and good sys-
tematic reasoning. This book is dedicated to that person—the distil-
lation troubleshooter.

Well over a decade ago, after designing and revamping several dis-
tillation columns, I was given the duties of operating and starting up
a distillation unit. My new boss had one simple warning: nine out of
ten problems that occur in distillation equipment are not caused by
poor design or inadequate theory, but by overlooking some practical
guideline. I asked him if he knew of a text where such guidelines are
documented. He made one request: if I ever found one, he would like
to get a copy.

In the following decade, I spent a lot of time talking to people, col-
lecting experiences and guidelines, combing the literature for pub-
lished articles describing typical problems, and often calling or writing

Xv



xvi Preface

to their authors to discuss these problems. I converted their stories
into notes, molded the notes into guidelines, turned the guidelines into
chapters, and the chapters into a book.

The purpose of this book is to show what has gone wrong in the past
and to suggest means of preventing similar incidents in the future.
Unfortunately, the process industries have short memories: people move
on, and lessons are forgotten. It is my hope that the book retains these
memories and makes the experience of several generations available
to those who operate, start up, and design distillation and absorption
equipment.

The suggestions and recommendations made in this book are given
in good faith, but without any warranty. What works in one case may
not work under even slightly different circumstances. In fact, you may
even feel that some of the recommendations are not appropriate for
your installation. Congratulations. Good chefs do not blindly follow
recipes, even when they like the recipes. Likewise, you must critically
examine any suggestions, recommendations, or ideas before utilizing
them in a specific application.

If you have chosen a career as a designer or troubleshooter, you have
selected a tough road. Many long, sleepless nights at the plant are
ahead. You will spend many worrisome moments wondering whether
your design is going to work. Many times your expectations will be
shattered when a “fix” you could swear by does not make an ounce of
difference. Your journey will be tiring and rough, yet exciting and
strangely rewarding. Perhaps this book can help smooth your path.

Henry Z. Kister
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Chapter

Distillation
Troubleshooting

A well-known sales axiom states that 80 percent of the business is
brought in by 20 percent of the customers. A sales strategy tailored for
this axiom concentrates the effort on the 20 percent of the customers
without neglecting the others. Distillation operation and trouble-
shooting follow an analogous axiom. A person engaged in operating or
troubleshooting distillation columns must develop a good feel and un-
derstanding for the factors that cause the vast majority of column
malfunctions. For these factors, this person must be able to distin-
guish good from poor practices and correctly evaluate the ill effects of
poor practices and their relevance to the assignment at hand. While a
good knowledge and understanding of the broader field of distillation
will be beneficial, the troubleshooter can often get by with a shallow
knowledge of this broader field.

It is well accepted that troubleshooting is a primary job function of
operating engineers and supervisors. Far too few realize that distilla-
tion troubleshooting starts at the design phase. Any designer wishing
to achieve a trouble-free column design must be as familiar with trou-
bleshooting and operation as the person running the column.

The next 19 chapters journey through the vast majority of factors
that cause column malfunctions. They distinguish good from poor
practices and propose guidelines for avoiding and overcoming trouble-
some designs and operation. Prior to embarking on this journey, it is
necessary to define the problem areas and examine the tools available
for uncovering malfunctions. This first chapter focuses attention on
these aspects.

This chapter first reviews the common causes of column malfunc-
tions and shows where these causes fit in the book. It then looks at the



2 Distlllation Operation

basic troubleshooting tools: the systematic strategy for troubleshoot-
ing distillation problems and the dos and don’ts for formulating and
testing theories. Detailed techniques for testing distillation columns
are described in Chap. 14.

1.1 Causes of Column Malfunctions

Close to 300 case histories of malfunctioning columns were extracted
from the literature and abstracted in Chap. 20. Table 1.1 classifies the
malfunctions described in these case histories according to their princi-
pal causes. If one assumes that these case histories make up a reprasen-
tative sample (note exclusions and limitations in Chap. 20), then the
analysis below has statistical significance. Accordingly, Table 1.1 can
provide a useful guide to the factors most likely to cause column mal-
functions and can direct troubleshooters toward the most likely problem
areas.

Note that the general guidelines in Table 1.1 often do not apply to a
specific column or even plant. For instance, foaming is one of the least
likely causes of column problems according to Table 1.1; however, in
amine absorbers foaming is a common trouble spot. The author there-
fore warns against blindly applying the guides in Table 1.1 to any spe-
cific situation.

An analysis of Table 1.1 suggests the following:

« Instrument and control problems, startup and/or shutdown diffi-
culties, and malfunctioning column internals are the major single

TABLE 1.1 Causes of Column Malfunctions (Based on the Analysis of Case
Histories in Chap. 20)
Number of Percent of Reference
Cause reported cases reported cases chapter
Instrument and control 52 18 5, 16-19
problems
Troublesome column internals 51 17 2-5,17,8
Startup and/or shutdown 48 16 11-14
difficulties
Operational difficulties 38 13 13,14
Reboilers, condensers 28 9 15
Primary design: VLE, column 21 7 Outside scope
size, packing type, etc.
Foaming 18 6 14
Installation mishaps 16 6 10
Tray and downcomer layout 13 4 6
Relief problems 12 4 9
297 100
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causes of column malfunctions. Among them, they make up more than
half of the reported incidents. Familiarity with these problems, there-
fore, constitutes the “bread and butter” of persons involved in trouble-
shooting and operating distillation and absorption columns. For this
reason, these topics receive primary emphasis in this book; the rele-
vant chapters dealing with them are marked in Table 1.1.

* Reboilers, condensers, and operation difficulties amount to about
half of the remaining problems. Thus three out of four incidents are
caused by either these or the factors previously mentioned. Familiar-
ity with these problems, therefore, is of great importance to persons
involved in distillation and absorption operation and troubleshooting.
For this reason, these topics are also highlighted in this book.

* Primary design problems, foaming, installation mishaps, relief
problems, and tray and downcomer layout problems make up the rest
of the column malfunctions. Familiarity with these problems is useful
to troubleshooters and operation personnel, but only one incident out
of every four is likely to be caused by one of these factors. All these
topics, except the primary design, are relatively narrow and are
treated accordingly in this book.

* Primary design is an extremely wide topic, encompassing vapor--
liquid equilibrium, reflux-stages relationship, stage-to-stage calcula-
tions, unique features of multicomponent distillation, tray and pack-
ing efficiencies, scale-up, column diameter determination, flow
patterns, type of tray, and size and material of packing. This topic oc-
cupies the bulk of most distillation texts (e.g., 38, 193, 371, 409), and
perhaps represents the bulk of our present distillation know-how.

While this topic is of prime importance for designing and optimiz-
ing distillation columns, it plays only a minor role when it comes to
distillation operation and troubleshooting. Table 1.1 suggests that
only one column malfunction in fourteen is caused by problems in-
curred at the primary design stage. The actual figure is probably
higher for a first-of-a-kind separation, but lower for an established
separation. Due to the bulkiness of this topic in relation to its likeli-
hood to cause malfunctions, and due to the coverage that the topic re-
ceives in several texts (e.g., 38, 193, 371, 409), it was excluded from
this book. The reader is referred to the cited sources for detailed cov-
erage.

The above statements must not be interpreted to suggest that oper-
ation personnel and troubleshooters need not be familiar with the pri-
mary design. Quite the contrary. A good troubleshooter must have a
solid understanding of primary design because it provides the founda-
tion of our distillation know-how. However, the above statements do
suggest that in general, when a troubleshooter examines the primary
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design for the cause of a column malfunction, he or she has less than
one chance out of ten of finding it there.

1.2 Column Troubleshooting—A Case
History

In Section 1.3, the systematic approach recommended for tackling
distillation problems is mapped out. The recommended sequence of
steps is illustrated with reference to the case history described
below.*

The following story is not a myth; it really happened. One morning as I
sat quietly at my desk in corporate headquarters, the boss dropped by to
see me. He had some unpleasant news. One of the company’s refinery
managers was planning to visit our office to discuss the quality of some of
the new plants that had been built in his refinery. As an example of how
not to design a unit, he had chosen a new gas plant for which I had done
the process design. The refinery manager had but one complaint: “The
gas plant would not operate.”

I was immediately dispatched to the refinery to determine which as-
pect of my design was at fault. If nothing else, I should learn what I did
wrong so as not to repeat the error.

Upon arriving at the refinery, I met with the operating supervisors.
They informed me that, while the process design was fine, the gas plant’s
operation was unstable because of faulty instrumentation. However, the
refinery’s lead instrument engineer would socon have the problem re-
solved.

Later, I met with unit operating personnel. They were more specific.
They observed that the pumparound circulating pump (see Fig. 1.1a) was
defective. Whenever they raised hot oil flow to the debutanizer reboiler,
the gas plant would become destabilized. Reboiler heat-duty and reflux
rates would become erratic. Most noticeably, the hot-oil circulating
pump’s discharge pressure would fluctuate wildly. They felt that a new
pump requiring less net positive suction head was needed.

Both these contradictory reports left me cold. Anyway, the key to suc-
cessful troubleshooting is personal observation. So I decided to make a
field test.

When I arrived at the gas plant, both the absorber and debutanizer
towers were running smoothly but not well. Figure 1.15 shows the con-
figuration of the gas plant. The debutanizer reflux rate was so low it pre-
cluded significant fractionation. Also, the debutanizer pressure was 100
psi below design. Only a small amount of vapor, but no liquid, was being

*Reproduced from Norman P. Lieberman, Troubleshooting Process Operations (2nd
ed., PennWell Books, Tulsa, 1985). This case history is a classic example of how to per-
form a systematic troubleshooting investigation. The permission of PennWell Books
and Norman P. Lieberman for reproducing this material is gratefully acknowledged.



Distillation Troubleshooting 5
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(a)

Figure 1.1 Column troubleshooting case history. (a) Hot oil from the frac-
tionator supplies heat to gas-plant reboilers.

produced from the reflux drum. Since the purpose of the gas plant was to
recover propane and butane as a liquid, the refinery manager’s statement
that the gas plant would not operate was accurate.

As a first step, I introduced myself to the chief operator and explained
the purpose of my visit. Having received permission to run my test, I
switched all instruments on the gas-plant control panel from automatic
over to local/manual. In sequence, I then increased the lean oil flow to the
absorber, the debutanizer reflux rate, and the hot-oil flow to the debu-
tanizer reboiler.



6

Distiliation Operation

C3-Cs
vapor product

Fuel gas T
Debutanizer i
Absorber i :

L — ‘—1 — |
Lean oil ‘
Unstabilized — T | |
naphtha
Wet gas &= __ f—. _ ‘ Cs-Ca
' 1 ‘ liquid product
i
H —_— .
| "
|

L

] ‘ ) J ‘ !
Gasoline je-
440°F Absorber Leaking  #
reboiler debutanizer reboﬂer
H_’L—t T Hotoillines
580°F

(b)

Figure 1.1 (Continued) (b) Leaking debutanizer reboiler upsets gas
plant. (Parts a and b from Norman P. Lieberman Troubleshooting
Process Operations 2nd ed., PennWell Books, Tulsa, 1985. Reprinted
courtesy of PennWell Publtshmg Co.)

The gas plant began to behave properly. The hot-oil circulating pump
was putting out a steady flow and pressure. Still, the plant was only pro-
ducing a vapor product from the debutanizer reflux drum. This was be-
cause the debutanizer operating pressure was too low to condense the
C,—C, product. By slowly closing the reflux drum vapor vent valve, I
gradually increased the debutanizer pressure from 100 psig toward its
design operating pressure of 200 psig.

Suddenly, at 130 psig the hot-oil flow to the debutanizer’s reboiler be-
gan to waiver. At 135 psig, the debutanizer pressure and the hot-oil flow
plummeted. This made absolutely no sense. How could the debutanizer
pressure influence hot-oil flow?

To regain control of the gas plant, I cut reflux to the debutanizer and
lean-oil flow to the absorber. I was now back where I started. The
thought of impending of failure loomed.

I repeated this sequence twice more. On each occasion, all went well
until the debutanizer pressure was increased. By this time it was 3 a.m.
Was it also time to give up and go home?
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Just then, I noticed a commotion at the main fractionator control
panel. The operators there stated that the fractionator was flooding
again—for the third time that night. The naphtha production from the
fractionator had just doubled for no apparent reason.

In every troubleshooting assignment there always occurs that special
moment, the moment of insight. All of the bits and pieces fall into place,
and the truth is revealed in its stark simplicity.

I cut the debutanizer pressure back to 100 psig and immediately the
flooding in the main fractionator subsided. The operators then closed the
inlet block valve to the hot-oil side of the reboiler and opened up a drain.
Naphtha poured out instead of gas oil. This showed that the debutanizer
reboiler had a tube leak.

Whenever the debutanizer pressure reached 130 psig, the reboiler pres-
sure exceeded the hot-oil pressure. The relatively low-boiling naphtha
then flowed into the hot oil and flashed. This generated a large volume of
vapor that then backed hot oil out of the reboiler. The naphtha vapors
passed on into the main fractionator and flooded this tower. Thus, the
cause of the gas plant instability was neither a process design error, in-
strument malfunction, nor pumping deficiency. It was a quite ordinary
reboiler tube failure.

1.3 Strategy for Troubleshooting
Distillation Problems

In almost any troubleshooting assignment, it is desirable to solve a
problem as rapidly as possible with the least amount of expenditure.
In a surprisingly large number of cases, this objective is only partially
achieved. One of the major obstacles to achieving this objective is a
poor (often nonexistent) strategy for tackling the problem.

When devising a troubleshooting strategy, it is useful to think in
terms of a “doctor and patient” analogy. The doctor’s troubleshooting
strategy in treating a patient is well-established and easily under-
stood by most people. Applying similar principles to solving distilla-
tion problems can often map out the most effective and least expensive
course of action.

The sequence of steps below is often considered optimum for tack-
ling a troubleshooting problem. It is based on the author’s experience
as well as the experience of others (131, 150a, 239, 415), and makes
reference to the doctor and patient analogy. Actions described in
Lieberman’s case history (Sec. 1.2) are used to demonstrate the opti-
mum sequence of steps. A good troubleshooting strategy always pro-
ceeds stepwise, starting with the simple and obvious.

1. Assess the safety or environmental hazard that the problem can
create. If a hazard exists, an emergency action is required prior to
any troubleshooting efforts. In terms of the medical analogy, mea-
sures to save the patient or prevent the patient’s problem from af-
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fecting others have priority over investigating the cause of the
prcblem.

. Implement a temporary strategy for living with the problem. Prob-

lem identification, troubleshooting, and correction take time.
Meanwhile, adverse effects on safety, the environment, and plant
profitability must be minimized. The strategy also needs to be as
conducive as practicable for troubleshooting. The strategy, and the
adverse effects that are to be temporarily tolerated (e.g., instabil-
ity, lost production, off-spec product), usually set the pace of the
troubleshooting investigation.

In the debutanizer case history, the short-term strategy was to
run the column at a pressure low enough to eliminate instability
and to tolerate an off-spec bottom product. In the medical analogy,
the short-term strategy is hospitalization, or going to bed, or just
“taking it easy.” This strategy usually sets the urgency of treat-
ment.

Obtain a clear, factual definition of the symptoms. A poor defini-
tion of symptoms is one of the most common troubleshooting pit-
falls. In the debutanizer case history above, the following defini-
tions were used by different people to describe the symptoms of a
reboiler tube leak problem:

m “The gas plant would not operate.”

® “The gas plant’s operation is unstable because of faulty instrumentation.
However, the problem will soon be resolved by the instrument engineer.”

® “The oil circulating pump is defective. Whenever the oil flow to the
reboiler is raised, reboiler heat duty and reflux rate would become er-
ratic, and the pump’s discharge pressure would fluctuate wildly. A new
pump requiring less net positive suction head is needed.”

® “The column was running smoothly but not well. Reflux rate was too
low, so it precluded significant fractionation. The column pressure was
100 psi below design. Only a small amount of vapor, but no liquid, was
keing produced from the reflux drum, which should have produced
mainly liquid. Other problems noticed by plant personnel are as de-
scribed above.”

The above represents a typical spectrum of problem definitions.
The last definition, supplied by a troubleshooting specialist, can
clearly be distinguished. The first two definitions were nonspecific
and insufficiently detailed. The third described part of the story,
but left out a major portion. The first three definitions also con-
tained implied diagnoses of the problem, none of which turned out
to be correct.

The doctor-patient equivalents to the first three definitions are
statements such as “I feel I am going to die,” “I am feeling a bit off,
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but I will be OK soon,” and “I do have a sharp headache (without
mentioning other pains and having a temperature as well).” It is
apparent that these statements do not provide the doctor with the
entire story.

. Examine the column behavior yourself. This is imperative if the
problem definition is poor. In the debutanizer example above, the
troubleshooter would have been oblivious to a major portion of the
problem definition had he based his investigation entirely on other
people’s observations. Some communication gap always exists be-
tween people, and it is often hard to bridge. In a similar manner, a
doctor always needs to examine the patient before starting treat-
ment.

In some circumstances, it may be impractical or too expensive for
the troubleshooter to visit the site (e.g., a column located on an-
other cortinent). In this case, the troubleshooter must be in direct
(i.e., phone) communication with the operating person, who should
be entirely familiar with the column, its operation, and its history.
The problem definition in this case must be particularly sharp.

. Learn about the column history. The question, “what are we doing
wrong now that we did right before?” is perhaps the most powerful
troubleshooting tool available. If the column is new, closely exam-
ine any differences between the column and columns used for iden-
tical or at least similar services. In addition, examine any differ-
ences between the expected and the actual performance. Each
difference can provide a major clue. Doctors always ask patients
about their health histories, searching for similar clues. In the
debutanizer example above, the troubleshooter included a compar-
ison to design performance in the problem definition (he was work-
ing with a new column).

Digging into the past may also reveal a recurring (“chronic”)
problem. If so, finding the correct link between the past and
present circumstances can be very illuminating. Be cautious when
identifying the link; a new problem may give the same symptoms
as a past problem but be caused by an entirely different mecha-
nism.

A history search may also unveil a hidden flaw. In one case
(150a), a column modification caused a loss in column efficiency.
The loss was unnoticed, and the reduced performance became the
norm. The problem was noticed several years later.

. Search and scan events that occurred when the problem started.
Carefully review operating charts, trends, computer, and operator
logs. Establish event timing in order to differentiate an initial
problem from its consequences. Harrison and France (150a) use a
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case history with actual operating charts to demonstrate the value
of analyzing event timing. Their column experienced premature
flooding, resulting from the following sequence of events: a tempo-
rary loss of bottoms pump; a rise of base level above the reboiler
return nozzle; a collapse of bottom trays (see Sec. 13.2); raising of
reflux to meet purity and reduced trays; flooding. An analysis of
event timing using the operating charts clearly mapped this se-
quence. In terms of the medical analogy, doctors always ask pa-
tients if they did someihing different about the time when the trou-
ble started, and what happened first.

Include events that may appear completely unrelated, as these
may be linked in an obscure manner to the problem. In the
debutanizer example, it was the observation that flooding in the
fractionator coincided with the debutanizer becoming unstable that
gave the troubleshooter the vital clue. At first glance, the two ap-
peared completely unrelated.

. Listen to shift operators and supervisors. Experienced people can

often spot problems, even if they cannot fully explain or define
them. Listening to those people can often provide a vital clue. In
the debutanizer example, some of the important observations
were supplied by these people.

Do not restrict the investigation to the column. Often, column
problems are initiated in upstream equipment. Doctors frequently
look for clues by asking patients about people they have been in
contact with or their family health history.

Study the behavior of the column by making small, inexpensive
changes. These are particularly important for refining the defini-
tion of symptoms, and they may contain a vital clue. Record all
observations and collect data; these may also contain a major clue,
which can easily be hidden and become forgotten as the investi-
gation continues. In the debutanizer example, the troubleshooter
increased column pressure and watched its behavior. This led him
to the observation that the debutanizer pressure affected oil
flow—a major step in refining the problem definition. In the doc-
tor and patient analogy, this is similar to the doctor asking the
patient to take a deep breath or momentarily stop breathing dur-
ing a medical examination.

Take out a good set of readings on the column and its auxiliaries,
including laboratory analyses. Misleading information supplied
by instruments, samples, and analyses is a common cause of col-
umn malfunctions. Always mistrust or suspect instrument or lab-
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oratory readings, and make as many crosschecks as possible to
confirm their validity. Instruments may malfunction even when
the instrument technician can swear they are correct. In one ex-
ample (415) an incorrect pipe design caused an erroneous reading
of a reflux flow meter. Survey the column piping for any unusual
features such as poor piping arrangement, leaking valves,
“sticking” control valves, and valves partially shut. Compile
mass, component, and energy balances; these function as a check
on the consistency of instrument readings and the possibility of
leakage. This step is equivalent to laboratory tests taken by a doc-
tor on the patient. Scan the column drawings carefully for any un-
usual features. Check the column internals against good design
practices, and determine whether any have been violated. If so,
examine the consequences of such violation and its consistency
with the information. Carry out a hydraulic calculation at test
conditions to determine if any operating limits are approached or
exceeded. If a separation problem is involved, carry out a com-
puter simulation of the column; check against test samples, tem-
perature readings, and exchanger heat loads.

1.4 Dos and Don’ts for Formulating and
Testing Theories

Following the previous steps, a good problem definition should now be
available. In some cases (e.g., the debutanizer), the cause may be iden-
tified. If not, there will be sufficient information to narrow down the
possible causes and to form a theory. In general, when problems
emerge, everyone will have a theory. In the next phase of the investi-
gation, these theories are tested by experimentation or by trial and
error. The following guidelines apply to this phase:

1.

2.

Logic is wonderful as long as it is consistent with the facts and the
information is good.

When formulating a theory, attempt to visualize what is happen-
ing inside the column. One useful technique is to imagine yourself
as a pocket of liquid or vapor traveling inside the column. Keep in
mind that this pocket will always look for the easiest path. An-
other useful technique is to think of everyday analogies. The pro-
cesses that occur inside the column are no different from those
that occur in the kitchen, the bathroom, or in the yard. For in-
stance, blowing air into a straw while sipping a drink will make
the drink splash all over; similarly, a reboiler return nozzle sub-
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merged in liquid will cause excessive entrainment and premature
flooding (Sec. 13.2).

. Do not overlook the obvious. In most cases, the simpler the theory,

the more likely it is to be correct.

. An obvious fault is not necessarily the cause of the problem. One

of the most common troubleshooting pitfalls is discontinuing or
retarding further troubleshooting efforts when an obvious fault is
uncovered. Often, this fault fits in with most theories, and every-
one is sure that the fault is the cause of the problem. The author is
familiar with many situations where correcting an obvious fault
neither solved the problem nor improved performance. Once an
obvious fault is detected, it is best to regard it as another theory
and treat it accordingly.

Testing theories should begin with those that are easiest to prove
or disprove, almost irrespective of how likely or unlikely these
theories are. If it is planned to shut the column down, and shut-
ting it down is expensive, it is often worthwhile to cater to a num-
ber of less drastic theories even if some are longer shots.

. Refrain from making any permanent changes until all practical

tests are done.

. Look for possibilities of simplifying the system. For instance, if it

is uncertain whether an undesirable component enters the column
from outside or is generated inside the column, consider operating
at total reflux to check it out.

. Do not overlook human factors. Other people’s reasoning is likely

to differ from yours, and they will act based on their reasoning.
The more thoroughly you question their design or operating phi-
losophy, the closer you will be able to reconstruct the sequence of
events leading to the problem. In many cases, you may also dis-
cover major considerations you are not aware of.

. Ensure that management is apprised of what is being done and is

receptive to it (415). Otherwise, some important nontechnical con-
siderations may be overlooked. Further, management is far less
likely to become frustrated with a slow-moving investigation
when it is convinced that the best course of action is being fol-
lowed.

Involve the supervisors and operators in each “fix.” Whenever
possible, give them detailed guidelines of an attempted fix, and
leave them with some freedom for making the system work. The
author has experienced several cases where actions of a motivated
operator made a fix work, and other cases where a correct fix was
unsuccessful because of an unmotivated effort by the operators.
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11. Beware of poor communication while implementing a “fix.” Ver-
bal instruction, rush, and multidiscipline personnel involvement
generate an atmosphere ripe for communication problems (150a).
Ensure any instructions are concise and sufficiently detailed. If
leaving a shift team to implement a fix by themselves, leave writ-
ten instructions. Be reachable and encourage communication
should problems arise. Call in at the beginning of the shift to
check if the shift team understood your instructions.

12. Recognize that modifications are hazardous. Many accidents have
been caused by unforeseen side effects of even seemingly minor
modifications. Ban “back of an envelope” modifications, as their
side effects can be worse than the original problem. Properly doc-
ument any planned modification, and have a team review it sys-
tematically with the aid of a checklist such as a *hazop” checklist
(225). Before completion, inspect to ensure the modification was
implemented as intended.

13. Properly document any fix which is being adopted, the reasons for
it, and the results. This information may be useful for future fixes.

1.5 Using This Book: A Troubleshooting
Directory

The two common troubleshooting practices are analogous to those of
medicine. One common practice is to wait until the illness strikes be-
fore calling for help. A healthier practice is “preventive troubleshoot-
ing,” which aims at eliminating the cause of illness before it occurs.
Although preventive troubleshooting is seldom perfect, it can go a
long way toward reducing the chances, severity, and pain of potential
ailments.

The sequence of discussions in this book is best tailored for preven-
tive troubleshooting. Table 1.2 caters to the practice of “wait until the
illness strikes” troubleshooting. Table 1.2 describes common column
ailments and links them with topics discussed in this book. The entry
1, 2, or 3 means that the discussion of the topic contains some:

1. Common causes of this type of problem
2. Possible causes of this type of problem
3. Possible, but relatively uncommon, causes of this type of problem
No entry means that it is an uncommon or unlikely cause or not a

cause of this type of problem.
Table 1.2 is only intended to serve as a general directory. It proposes
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some potential causes of a given problem and refers the user to sec-
tions in this book where relevant information can be found. The en-
tries are subjective and based on the author’s experience. Needless to
state, several may not apply to specific situations; for instance, the
chimney tray entries will be irrelevant to troubleshooting a column
that does not contain one.

An additional application of Table 1.2 with the “wait until the ill-
ness strikes” troubleshooting approach is for guiding preparation of a
troubleshooting checklist. Once a problem is identified, the numeral
marked in the relevant column can serve as a priority guide. For in-
stance, if the problem is identified as premature flooding, items
marked with the numeral 1 in the premature flooding column are
worthy of being given first priority consideration. If the problem is not
fully identified, it may be necessary to examine entries in several of
the Table 1.2 columns. For instance, unstable control may be caused
by premature flooding. Here entries both under unstable control and
premature flooding need reviewing.

The author stresses that Table 1.2 is meant to serve only as a gen-
eral directory and must not be blindly applied to any specific situa-
tion. The type of service and past experiences with similar columns
are prime considerations that must be incorporated in the preparation
of a troubleshooting checklist.
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Chapter

Reflux and Intermediate
Feed Inlets for
Tray Columns

The main consideration for introducing reflux or intermediate feed
into a tray tower is to achieve adequate hydraulics in the inlet area.
Failure to achieve this may result in premature flooding, excessive
entrainment, and mechanical damage. When the tower contains
multipass trays, it is also important to split the feed or reflux ade-
quately among the passes. With single-pass trays, and sometimes
with two-pass trays, achieving good distribution of the feed to the tray
is of secondary, but not negligible, importance.

This chapter examines common practices of introducing reflux and inter-
mediate feed into tray columns, outlines the preferred practices, highlights
the consequences of poor practices, and supplies guidelines for troubleshoot-
ing and for reviewing designs of reflux and intermediate feed inlets.

2.1 Top-Tray Feed and Reflux Inlet
Arrangements

Figure 2.1 shows methods for introducing top-tray feed or reflux into a col-
umn. Table 2.1 lists the dimensions restricting each design. All of the ar-
rangements shown in Fig. 2.1 are suitable for liquid reflux or top feed. If the
feed contains some vapor, only arrangements b, d, e, and 4 of Fig. 2.1 are
suitable. Arrangements a, b, ¢, e, and f of Fig. 2.1 are usually preferred for
cost reasons. Arrangements d and 4 are usually used when there is a dis-
tinct advantage for orienting the inlet nozzle at an angle other than about
0°to the liquid flow. Arrangements a, d, &, and to a lesser extent g have the
disadvantage of inducing weeping through the tray inlet rows of perfora-
tions or valves because of hydraulic jump over the inlet weir.
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TABLE 2.1 Dimensions for Top Feed/Reflux Inlet Arrangements

Fig. la 16 1c 1d le 1f 1g 1A
Maximum nozzle 6 — — 6 — — 6 —
dia., in
Note 3 3 —_ — 1 1 — 2
Reference 207 354 354 138, 207 354 179, 138,
207 207 207

Pure-liquid feed

Dimension, x, in W, h, d,/2 >12 2d, d,2 4 >12
Dimension, y, in 46 2d, — W, 2, 2, W, W,
Dimension, 2, in — d, — 46 d 1.5d — 46
Vapor/liquid feed NS NS NS NS
Dimension x, in 2d,.* >12  2d.* >12
Dimension y, in 2d,.* W, 2d,.* W,
Dimension z, in d.* 46 2d.* 4-6

d, = Inlet pipe dia., in
h, = Clearance under downcomer, in
s+ = Downcomer width, in

NS = Not suitable.

*Dimensions as recommended by the author. All other dimensions recommended by the
cited reference.

Note 1: Drill a Y4-in vent hole on top.

Note 2: Wear plate may be required.

Note 3: Ensure nozzle enters behind the baffle. If it does not, hydraulic jump could be a
problem.

Internal inlet pipes should be removable for maintenance.

source: Reproduced with permission from Chemical Engineering, May 19, 1980, p. 139.

Arrangement b (often referred to as the false downcomer) is popular.
It offers better liquid distribution than the others, does not suffer from
hydraulic jump, and provides some flexibility in inlet nozzle orienta-
tion. The width of the false downcomer should be the same as the
width at the bottom of a downcomer (307). For feed into center or off-
center downcomers it is recommended to make the x + y dimension 12
in (307). If entrainment due to liquid splashing in the false down-
comer is a concern, a horizontal baffle, with dimensions of about 2d,,
by W, can be installed directly above the nozzle entry into the false
downcomer. This baffle is installed at some clearance above the false
downcomer. In most cases, there is no need for this baffle.

Arrangement e is also popular. It is one of the least expensive ar-
rangements, does not suffer from hydraulic jump, and minimizes inlet
splashing. The baffle is open both at its sides and bottom.

2.2 Intermediate Feed Inlet Arrangements

Figure 2.2 shows methods for introducing an intermediate feed to the
the column. Table 2.2 summarizes the applications for which each ar-
rangement is suitable.
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TABLE 2.2 Intermediate Feed Inlet Arrangements

Arrangement a b c d e f g h i J

Cold-liquid feed Yes Yes Yes Yes Yes Yes Yes Yes Yes No
Vapor-liquidfeed No No No Yes Yes Yes Yes Yes Yes Yes
Vapor feed No No No Yes Yes Yes Yes Yes No Yes
Hot feed No No No No No No Yes* Yes* Yes Yes
High-velocityfeed No No No No Yes Yes No Yes Yes Yes
High-pressureap- No No Yes Yes Yes Yes Yes Yes Yes Yes
plication

Downcomer capac- No No Yes Yes Yes Yes Yes Yes Yes Yes
ity critical

*Assuming insulation plate is provided.
source: Reproduced with permission from Chemical Engineering, May 19, 1980, p. 140.

Arrangement a is suitable only for subcooled low-velocity liquids
such as circulating reflux streams. If the liquid contains some vapor or
is hotter than the downcomer liquid, flashing will occur and
downcomer capacity will be reduced. Even with subcooled liquid feeds,
this arrangement introduces turbulence in an area where phase sep-
aration is important. It should therefore be avoided where downcomer
capacity is critical, such as in high-pressure systems and systems in
which fouling tends to progressively limit downcomer capacity. One
designer (237) recommends avoiding this arrangement altogether, be-
cause vapor may find its way into the feed (e.g., by tube leakage in an
upstream heat exchanger).

Arrangement b is similar to arrangement a and is also only suitable
for subcooled, low-velocity liquids where downcomer capacity is not
critical. Compared to arrangement a, it may reduce the turbulence
generated inside the downcomer; otherwise it suffers from the same
disadvantages.

Arrangement c is also suitable only for low-velocity liquid feeds. If
the feed contains vapor, impingement of the feed against liquid in the
vapor space can cause premature entrainment. One designer (211),
however, recommends this arrangement for general use for liquid as
well as liquid-vapor feeds. This designer implies that significant in-
terference with tray action can be avoided by locating the bottom of
the feed nozzle 6 in above the tray floor for liquid feeds, and half a tray
spacing above the tray floor for liquid-vapor feeds. Arrangement ¢ has
the advantage of being the least expensive.

Arrangement ¢ can be troublesome with feeds whose temperature
substantially exceeds the tray liquid. If the feed nozzle is positioned
too close to the outlet weir, the joint liquid path may be too short to
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permit proper mixing between feed and tray liquids. Hot liquid will
overflow the weir and induce vaporization, and, therefore, a capacity
restriction, in the downcomer. In one column (152), this resulted in
premature flooding and loss of efficiency.

Arrangement d is similar to arrangement c, but a channel baffle is
added to avoid the impingement problem. This arrangement is suit-
able for vapor-containing feeds. The baffle may be straight or round
and is open at its sides, top, and bottom.

Arrangement e is similar to arrangement d, but a plate is added be-
low the nozzle so that the liquid initially flows sideways instead of
downward. This reduces the feed velocity at the inlet and is particu-
larly suitable for high-velocity feeds, whether liquid or vapor.

Arrangement f is similar to e, but the feed is introduced above the
downcomer instead of above the tray to minimize interference with
tray action. Minimizing this interference can be a distinct advantage
with high-velocity feeds.

Arrangement g is often considered optimum (179, 192, 207) for col-
umns whose outlet-weir length is less than 5 ft; in larger columns, a
distributor is better. This arrangement has the advantage of introduc-
ing feed at the tray inlet, thus improving separation, minimizing in-
terference with tray action, and providing ample mixing distance for
hot liquid feeds. References (143 and 207) recommend locating the
feed pipe centerline two-thirds of the tray spacing above the tray be-
low, to orient the plane of the pipe outlet 30° from the vertical, and to
make the minimum clearance between the pipe and the downcomer
half a pipe diameter.

An insulation plate (Fig. 2.2g) is required on the outside wall of the
downcomer if the feed enters at a temperature higher than the liquid
in the downcomer. Failure to provide such a plate will cause flashing
in the downcomer with a reduction in downcomer capacity.

Arrangement h is similar to g, but a wear plate is added on the out-
side wall of the downcomer and a horizontal impingement baffle is
added below the nozzle to prevent entrainment. This arrangement is
recommended for high-velocity feeds. Other advantages and recom-
mended dimensions for this arrangement are similar to those for ar-
rangement g above.

Arrangement i is a typical feed distributor arrangement. References
(143 and 207) recommend it for all columns where weir length exceeds
5 ft. The recommended clearance between the distributor and the
downcomer is 3 to 4 in, with the distributor openings oriented 45°
from the vertical toward the downcomer (143, 207, 354). Additional
guidelines are in Sec. 2.4. This arrangement provides similar ad-
vantages to those of arrangement g, and in addition, pro-



Reflux and intermediate Feed Inlets for Tray Columns 27

vides superior liquid distribution, which is important in large col-
umns.

Arrangement j is unique for high-velocity feeds in which vapor is
the continuous phase and liquid is present in the form of a spray. This
arrangement is common when the feed makes up the bulk of the vapor
traffic in the column section above the feed. It is also used when the
feed flashes upon entry to a low-pressure column. Typical examples
are feeds to refinery crude and vacuum columns and rich solution
feeds to hot carbonate regenerators. A tangential helical baffle or va-
por horn, covered at the top, open at the bottom, and spiraling down-
ward, is used at the feed entry. This baffle forces the vapor to follow
the contour of the vessel as it expands and decreases in velocity. Lig-
uid droplets, due to their higher mass, tend to collide with the tower
wall, which deflects them downward, thus reducing entrainment to
the tray above. Large forces, generated by vapor flashing, are ab-
sorbed by the entire column wall rather than by a small area. A wear
plate is required at the tower wall. Some recommended dimensions
(143, 207) are shown in Fig. 2.2j.

It is important to ensure that the helical baffle spirals downward
and is covered. The author is familiar with situations where failure to
do this caused excessive entrainment to the trays above the feed.

Pilot-scale experiments (292) showed that compared to a radial va-
por inlet, the tangential inlet gives better vapor distribution above the
feed inlet zone. The tests also showed that with the tangential ar-
rangement, vapor velocity around the periphery of the zone above the
feed was higher than in its center. Addition of an annular deflection
ring in the tower, above the feed zone, further improved vapor distri-
bution. An additional improvement resulted when two tangential in-
lets were used instead of one.

23 Dos and Don’ts for Reflux, Top-Tray,
and Intermediate Feed Inlets

Below are guidelines for avoiding operating problems with reflux, top
feed, and intermediate feed inlets.

1. The inlet arrangements must be suitable for the service as de-
scribed above. This should be checked not only during the initial
design but also in any revamp and whenever feed conditions
change. The author is familiar with one aromatics plant where
equipment upstream of a column was revamped for energy sav-
ings. The revamp replaced the all-liquid column feed by a par-
tially vaporized feed. The column feed distributor (similar to Fig.
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9.2i) was not modified. The mixture issued at excessive velocities,
and premature flooding resulted.

When the feed can contain vapor, the tray sections and baffles
that contact the entering feed can be subjected to abnormally high
forces. To avoid structural damage, these sections and baffles
should be strengthened. Also, the feed pipe should be anchored to
the tower shell.

. Inlet lines containing two-phase feeds should be designed so that

the flow is outside the slug-flow regime. When a horizontal pipe
run precedes a vertical rise, a lift orifice or a trap is often advo-
cated (421) in order to prevent liquid from accumulating in the
horizontal run. Slugging at the column inlet can lead to severe hy-
draulic pounding and tray damage, as well as column instability.

When the feed is liquid, nozzle velocity should not exceed 3 ft/s
(354). This ensures that the entering jet is broken up immediately
on entering the column.

For vapor or mixed feeds, it has been recommended (354,355)
that the velocity head at the tower inlet not exceed 10 percent of
the pressure drop across one tray or across the packed bed above
[this criterion appears in equation form in Ref. 354. The equation
has a misprint; the above statement of this rule of thumb is cor-
rect (355)]. The author and others (166) feel that this rule is good
for packed columns. The author feels that the same rule is some-
what conservative for tray columns, where vapor maldistribution
is seldom a concern. The author experienced many tray columns
working well with feed velocity heads between 10 and 100 percent
of a single tray pressure drop. Perhaps it is appropriate to follow
the above conservative practice (355) in general, but to somewhat
relax it if it incurs a substantial cost penalty (e.g., if it signifi-
cantly increases column height). An alternative practice (299a)
preferred by the author is to size the inlet nozzle to have a pres-
sure drop lower than that of the tray above. Feed velocity heads
largely exceeding a single tray pressure drop should be avoided.

If a large-velocity head cannot be avoided at the inlet to a packed
section, a vapor-distributing device (Sec. 3.12) should be used.

. Tray spacing should be increased, usually by 6 to 12 in, if vapor is

present at the feed, or if large-diameter internal feed pipes are
used (138, 179, 192, 207, 208, 354). This is particularly important
if the feed tray is heavily loaded.

. High-velocity two-phase and vapor feeds should be avoided. Al-

though wear plates can protect column internals from damage,
there have been cases (61) when high-velocity vapor feeds cut
holes through wear plates as thick as V4 in.
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7. All internal feed pipes should be removable.

8. It is preferable to locate large internal liquid feed pipes below the
trusses of the next higher tray.

9. Components which are present in the column overhead vapor
above their dew points may condense locally upon contacting
highly subcooled reflux or internal reflux pipes. If the condensing
component is corrosive, the reflux piping or tray areas contacting
the condensate may experience severe local corrosion. A typical
example is where column overheads contain hydrocarbons, steam
(above its dew point), and chlorides. Water may condense on the
cold surfaces, dissolve and hydrolyze chlorides, thus forming acid.
Figure 2.3 (6) shows the end result.

10. Pipe supports should be located near the feed nozzle so that the
pipe is not supported by the nozzle. Pipe guides should be used to
prevent pipes from swaying in the wind.

11. Alternative feed nozzles are often provided to allow for uncertain-
ties and add flexibility to the design (93, 268). The location of
these nozzles should be carefully reviewed, particularly if column,
tray, downcomer, or packing dimensions change from the section
above the feed to the section below. Feed should be piped to an al-
ternative nozzle only if the column section between the main feed
nozzle and the alternative feed nozzle is suitable for processing
the liquid and vapor loads which prevail both above and below the
feed point. Failure to observe this can cause premature flooding,
downcomer unsealing, or packing wettability problems when the
feed is inserted into the alternative feed point or if the valve at
the alternative feed point leaks.

Note corroded
bubble caps

Figure 23 Chloride compound corrosion (American Petroleum Insti-
tute, "Guide for Inspection of Refinery Equipment,” 4th ed., 1982. Re-
printed courtesy of the American Petroleum Institute.)
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2.4 Guidelines for Distributors and
Multipass-Tray Inlets

Feed inlet distributors are recommended for large-diameter single-
pass trays (207, 354). In multipass trays, feed and reflux distributors
are essential to ensure uniform distribution. The only exceptions are

1. Pure liquid feeds into two-pass trays, which can be introduced into
the central downcomer by arrangements similar to those shown in
Fig. 2.1 (arrangements a, b, d, g, h) and Fig. 2.2 (arrangement a).

2. When feed to multipass trays is to be split unevenly, such as in a
three-pass tray. In such cases, a feed trough (Fig. 2.4) is often pre-
ferred to a distributor (179, 307).

Feed
trough

Feed —»[]f_—_——_ﬂ
bexe] beye

(Note: Set x and y for Downcomers False
proper distribution) to tray below downcomers

Feed —[C—— O | Feed
7 trough

Figure 2.4 Feed trough for three-pass trays.
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The guidelines listed earlier for reflux, top-tray, and intermediate
feed inlets apply whether a distributor is used or not. In addition,
guidelines for avoiding operating problems unique to distributors are
listed below.

1. The distributor must distribute the incoming stream evenly
among the passes. If a feed is not split equally, liquid maldis-
tribution between the passes will be established that may persist
throughout the trays below the feed (12, 88), with a resulting re-
duction in capacity and efficiency (47). Therefore, correct sizing of
the distributor pipe and distributor perforations as well as proper
orientation are important. This guideline is most important when
more than two tray passes are used. With two-pass trays,
Biddulph (35) reported that a disturbance generated by an un-
equal liquid split is unlikely to persist beyond the few neighboring
trays below. However, the disturbance to the neighboring trays
can be substantial (12).

2. When good distribution is important (Fig. 2.5a), fluid velocity
through the distributor perforations should be considerably
higher than through the distributor pipe. It was recommended to
make the pressure drop through the distributor perforations at
least 5 (237) or 10 times (319, 350) greater than the pressure drop
through the distributor pipe. Alternatively, another designer
(354) recommends making the hole velocity three times the dis-
tributor pipe velocity. This designer (354) also recommends a dis-
tributor pipe velocity of 5 ft/s for liquid feeds. Design procedures
are discussed elsewhere (319, 350).

This guideline need not be adhered to when the quality of inlet
stream distribution is not of major importance, e.g., when distribut-
ing feed to a single-pass tray or to the center area of a two-pass tray.

With vapor and two-phase feeds, this guideline may be difficult
to adhere to. Unless very large hole velocities are acceptable, this
guideline calls for low pipe velocities. This, in turn, leads to
impractically large pipes. A common compromise is to use a hole
area of the same order as the pipe area, at the expense of the in-
ferior distribution profile described in item 3 below (Fig. 2.5b, c).
This, in turn, may lead to a tendency of vapor to flow toward one
wall (Fig. 2.6a). When vapor maldistribution can be troublesome
(e.g., beneath a packed bed), flow-straightening tubes (Fig. 2.6b)
can alleviate the problem. Tube length is usually two to three
times the perforation diameter.
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Feed — Feed—

(a) (b)

Feed — Feed —

{c) (d)

Feed ——

(e)

Figure 2.5 Distribution profiles of perforated pipe distributors.(a) Ideal distribution; (b)
excessive fluid velocity through pipe; (¢) same as for b, but with column vapor sucked in;
(d) insufficient perforation pressure drop; (e) severe hydraulic disturbance near pipe in-
let.

Feed——-»é I Feed—»é
A

(a) (b)

Figure 2.6 Application of flow-straightening tubes. (a) Feed tends to channel;
(b) flow-straightening tubes alleviate channeling.

3. Excessive fluid velocity through the distributor pipe may cause
excessive flow through perforations near its closed end. (Fig.
2.5b). In the extreme case, vapor from the column may even be
sucked into the distributor pipe through perforations near the
feed end of the pipe (Fig. 2.5¢). If the feed is a subcooled liquid,
sucking in vapor may cause hammering. It has been recom-
mended (319, 350) to make the pressure drop through the distrib-
utor holes at least 10 times the kinetic energy of the inlet stream.
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. Pressure drop through the distributor perforations should range

between 1 to 2 psi and 15 to 20 psi (237). A lower perforation pres-
sure drop may cause maldistribution (Fig. 2.5d), while a higher
perforation pressure drop may cause mist formation.

At turned-down conditions, perforation pressure drop is low and
the pattern shown in Fig. 2.5d sets in. Perforations near the
closed end of the pipe may dry, allowing vapor into the pipe. If the
feed is a subcooled liquid, vapor sucked in may collapse onto the
liquid, causing instability and hammering. In one case (150a), a
column operating at 30 percent of its design rate was shaken by
water hammer induced by this mechanism. The hammering was
eliminated by orienting the perforations upward so that the pipe
was kept full of liquid. A deflection bar was added above the ori-
fices to arrest impingement into the tray above (see item 12
below). An alternative solution to the problem would have been to
make distributor modifications (150 a).

Severe hydraulic disturbances near the distributor inlet may
cause excessive (Fig. 2.5¢) or insufficient flow. It is best to avoid
sharp bends and high-pressure-drop fittings close to the distribu-
tor inlet.

. Long, continuous slots that are parallel to the length of the dis-

tributor pipe are not recommended because they may partially
block or partially corrode and then cause maldistribution. Circu-
lar perforations or short rectangular slots are preferred.

. The distributor perforations are a high-velocity area and are

likely to deteriorate in service, particularly if the service is corro-
sive or erosive. Correct material selection is therefore impor-
tant.

. Impingement of high-velocity jets issuing from distributor perfo-

rations on column walls and other internals should be minimized.
Cases have been reported (215, 410) in which such impingement
caused severe corrosion; in other situations, it may also cause me-
chanical damage and erosion.

. Distributor design should be reviewed for simplicity. The simpler

the distributor, the less expensive it is, and the less likely it is to
cause trouble.

Feed distributors should be located at least 8 in above the tray
floor for liquid feeds, and at least 12 in above the tray floor for
flashing feeds (207). A distributor of the type shown in Fig. 2.2,
arrangement i, is best located so that its centerline is two-thirds of
a tray spacing above the tray floor (207).
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With long distributor pipes (>10 ft), a good practice is to “tee” the
feed pipe into the distributor at the center, so that the feed flows
from the center toward both ends of the distributor (as shown in
Fig. 2.2i). With shorter distributor pipes, one end of the distribu-
tor is usually connected to the feed nozzle, with feed flow from the
inlet end of the distributor pipe toward the other end.

At times, with vapor feeds, it may appear attractive to orient the
distributor (sparger) perforations upward. In one case, this was
successful in overcoming a hammering problem (item 4 above).
The author feels that this practice is troublesome and should only
be used as a last resort. The following considerations apply to
spargers with upward-oriented openings:

® A dead pocket conducive to accumulation of debris, deposits, and unde-
sirable components forms at the sparger floor. The debris may originate
in the feed or drop in through the perforations.

® Adequately located drain holes must be provided for shutdown drain-
age. With vapor-containing feeds, these drain holes must also prevent
liquid accumulation in the sparger pipe (e.g., due to liquid pockets in
the feed, or liquid weeping through the perforations, or vapor conden-
sation at low rates). In one incident (215, 410), poor drainage of such a
vapor-feed sparger caused liquid buildup, which in turn led to
maldistribuiion and corrosion by impingement of feed on the tower
wall.

m Impingement of feed on the tray above (and often also on the tower
wall) must be avoided using properly placed baffles. Corrosion,
maldistribution, and excessive entrainment can result from poorly baf-
fled spargers.

® The upward orientation of sparger openings makes feed distribution
patterns difficult to predict, more rate dependent, and often inferior
compared to those of standard spargers.



Chapter

Reflux and Intermediate
Feed Distribution

and Liquid Redistribution
in Packed Towers

The main consideration for introducing reflux or intermediate feed
into a packed tower is adequately distributing the incoming stream to
the packing. Unlike most tray columns, packed towers are sensitive to
distribution. Maldistribution is detrimental to packing efficiency and
turndown. The main devices that set the quality of distribution in a
packed column are the top (or reflux) distributor, the intermediate
feed distributor, the redistributor, and sometimes the vapor distribu-
tor. Adequate hydraulics in the inlet area is also important; failure to
achieve this can affect distributor performance and can also cause pre-
mature flooding.

This chapter examines common distributor and redistributor types
and inlet arrangements used in packed columns, outlines the pre-
ferred practices, highlights consequences of poor practices, and sup-
plies guidelines for troubleshooting and reviewing designs of distrib-
utors, redistributors, and feed and reflux inlets to packed towers.

3.1 Nature and Effects of Maldistribution

A detailed discussion of packed-tower maldistribution is far too bulky
for inclusion here and is available elsewhere (e.g., 160, 183, 221, 222,
442, 443). Conclusions which specifically pertain to distribution equip-
ment practices are highlighted below:

1. Packing efficiency may decrease by a factor as high as 2 to 3 due
to maldistribution (221, 284, 435, 436).

35
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. A packed column has reasonable tolerance for a uniform or

smooth variation in liquid distribution and for a variation that is
totally random (“small-scale maldistribution”). However, the im-
pact of discontinuities or zonal flow (“large-scale maldistri-
bution”) is much more severe (219, 221, 222, 442, 443). -

The necessity for uniform liquid distribution sharply increases
with the number of theoretical stages per packed bed (289, 386;
see Fig. 3.2b). For less than five theoretical stages per bed, the col-
umn is relatively insensitive to the uniformity of liquid distribu-
tion, while with ten or more stages per bed, efficiency is extremely
sensitive to liquid distribution. A corollary is that beds consisting
of small packings or structured packings, which develop more the-
oretical stages per bed, are substantially more sensitive to
maldistribution than equal-depth beds of larger random packings.

. A packed bed appears to have a “natural distribution,” which is

an inherent and stable property of the packings (1, 160, 221, 386,

442). An initial distribution which is better than natural will rap-

idly degrade to it, and one that is worse will finally achieve it, but

sometimes at a very slow rate. If the rate is extremely slow, re-
covery from a maldistributed pattern may not be observed in prac-

tice (221, 222).

Three factors appear to set the effect of maldistribution on effi-

ciency (160, 193, 284, 443):

a. Maldistribution delivers less liquid to some areas than to oth-
ers. In these areas, the liquid-to-vapor ratio is relatively low,
causing a composition pinch. The pinched areas contribute lit-
tle to mass transfer. Vapor leaving these areas is rich with the
less volatile components, which contaminate the vapor rising
from the rest of the bed. Similarly, lights-rich liquid leaving
these areas contaminates the liquid descending from the rest
of the bed. The pinches also create nonuniform liquid and va-
por composition profiles along the cross section of the column.
This is referred to as the pinching effect.

b. Packing particles deflect both liquid and vapor laterally. This
promotes mixing of vapor and liquid and counteracts the
pinching effect in (a) above. This is referred to as the lateral
mixing effect.

¢. Liquid flow through the packing is uneven. Directly under the
distributor, the column wall area is poorly irrigated (unless
the distributor nozzles are directed toward the wall). In the
bed, liquid tends to flow toward the wall. After some depth,
the liquid flow in the wall region exceeds the average flow
through the bed.

6. At small tower to packing diameter ratios (<10), the effect of lat-
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eral mixing outweighs the pinching effect, and a greater degree of
maldistribution can be tolerated without a serious efficiency loss
(40, 284, 443). At high ratios of column to packing diameter (>40),
the lateral mixing effect becomes too small to counteract the
pinching effect (284). This implies that the effects of maldis-
tribution on efficiency are most severe in large-diameter columns
and with small-diameter packings (40, 161, 284, 443).

7. Either a shortage or an excess of liquid near the wall causes large-
scale maldistribution and can substantially lower packing effi-
ciency (160). If the wall zone is poorly irrigated at the top of the
bed, it may take several feet of packing before a reasonable
amount of liquid reaches the wall region. This effect is most se-
vere with small packings, where liquid spread toward the wall is
slow. On the other hand, buildup of excessive wall flow further
down in the bed is most severe with larger packings, where liquid
spread toward the wall is rapid.

8. In the presence of large-scale maldistribution, packing efficiency de-
creases as packing height increases (161, 284, 289, 386, 443). This is
due to the composition nonuniformity generated by pinching and to the
development of wall flow. With small packings, the above may occur
even in the absence of initial maldistribution (443).

9. Liquid maldistribution tends to lower packing turndown (221,
386, 387). The “standard distributor” curve in Fig. 3.1 depicts typ-
ical variation of packing HETP (height equivalent of a theoretical

Poor
distribution
l Very poor distribution
T ~_ |
a
- Good, standard |
T | distributor | I
' |
| High-performance |
| distributor |
' |
L |

Gas rate

Liquid rate

Figure 3.1 Effect of poor distribution on HETP (at constant liquid-
to-vapor ratio).
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plate) as a function of vapor or liquid flow rate at a constant
vapor-to-liquid ratio. The two upper curves represent a progres-
sively lower quality of initial liquid distribution. A curve similar
in shape to the uppermost curve is a clear indication of poor dis-
tribution. The diagram shows that packing turndown is largely
reduced with greater maldistribution.

Maldistribution tends to be a greater problem at low liquid flow
rates than at high liquid flow rates (103, 217, 387).

Vapor is easier to distribute than liquid, but vapor maldistri-
bution can also be troublesome. Vapor flow through packing tends
to be uniform if the initial liquid and vapor distribution to the
packing is uniform (217, 386).

A nonuniform initial vapor profile is often generated in the col-
umn vapor inlet and vapor redistribution regions (183, 237, 292,
325), especially when inlet velocities are high. Although vapor
spreads radially through the packing quite rapidly (217), a
nonuniform profile will persist at least for some height, causing
pinching similar to that described in 5 above. In a number of 15-
ft-diameter absorbers (183), vapor maldistribution persisted
throughout a 50-ft bed; the resulting efficiency was about half
that encountered during good vapor distribution. Vapor maldis-
tribution is most severe in large-diameter columns (183, 289,
386), shallow beds [where the ratio of bed height to column diam-
eter is less than 0.5 (325)], and where the packing geometry re-
sists radial spread (385). The latter may be particularly trouble-
some with those structured packings that permit substantial
radial spread only parallel to their sheets (385). Since the orien-
tation of structured packing sheets usually alters every 8 to 12 in,
this flow nonuniformity is unlikely to persist beyond the bottom
packing element. However, the disturbance this creates to the
composition profile may linger for a greater vertical distance.

Vapor maldistribution may also be induced by liquid maldis-
tribution (217) when vapor flows are high. Areas of high liquid
holdup will impede vapor rise and will channel the vapor into the
lighter-loaded regions (217). Since liquid tends to accumulate near
the wall, vapor will tend to channel through the center.

3.2 Quantitative Definition of Liquid
Irrigation Quality

Moore and Rukovena (289) developed an index for quantifying the
quality of liquid irrigation to a packed column. This index is given by
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D, = 0.40(100 — A) + 0.60B — 0.33(C — 7.5) 3.1

In Eq. (3.1), Dy, is the distribution quality rating index in percent. The
higher Dy, the better the irrigation quality. Typical indexes are 10 to
70 percent for most standard commercial distributors; 75 to 90 percent
for intermediate-quality distributors; and over 90 percent for high-
performance distributors (289). Figure 3.2a shows efficiency improve-
ments accomplished by improving this index in various commercial
columns.

In order to determine Dy, each distributor drip point is represented
by a circle. The center of the circle is located where the liquid from
each drip point strikes the top of the bed. The area of each circle is
proportional to the liquid flow, and the sum of all circle areas equals
the tower cross-sectional area. If the liquid is evenly divided among
all drip points, the area of each circle equals the tower cross-sectional
area divided by the number of drip points. Terms A, B, and C in Eq.
(3.1) are then evaluated as follows (Fig. 3.3a).

A is the percent of the cross-sectional area at the top of the bed
which is not covered by the drip point circles. This is a direct mea-
sure of the fraction of unirrigated area at the top of the bed.

B is evaluated by selecting a continuous region at the top of the
packing, occupying one-twelfth of the column cross-sectional area.
This is the area in which the largest deviation from the average
flow occurs. If this area is underirrigated, B is evaluated by dividing
the circle area enclosed within this region by the area of the region
(i.e., by one-twelfth of the column cross-sectional area). If the area is
overirrigated, B is evaluated by dividing the area of the region by
the circle area enclosed within the region. The lowest value of B
anywhere in the column is used in Eq. (3.1). The value thus calcu-
lated is multiplied by 100 so that it is expressed as a percent. B
gives an empirical measure of large-scale maldistribution.

C is the total area of overlap of adjacent drip point circles expressed
as a percent of tower cross-sectional area.

Figure 3.3b to d are examples used by Moore and Rukovena (289) for
illustrating the application of their technique for rating distributors.
Additional examples are in their paper.

A correlation (Fig. 3.2b) proposed by Moore and Rukovena (289) can
be used to determine the efficiency loss in a packed tower containing
pall rings or Metal Intalox packing as a function of their distribution
quality rating D, and the number of stages in the bed. This correla-
tion was only recently proposed, and more experience with its predic-
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Figure 3.2 Effect of irrigation quality on packing efficiency.
(a) Case histories demonstrating efficiency enhancement with
higher distribution quality rating. (b) Correlation of the effect
of irrigation quality on packing efficiency. (From F. Moore
and F. Rukovena, "Chemical Plant and Processing, Europe
edition, August 1987. Reprinted courtesy of Chemical Plant
and Processing.)
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Tower 1D

Worst 1/12 area

Figure 3.3 Distribution quality rating applications. (a) Areas considered in liquid dis-
tribution quality rating (A = cross-sectional tower area not covered by point circles,
B = point circle area in ¥i2 tower area, C = area of overlap of point circles.)

tion is required before it can be generally applied with confidence.
Nevertheless, it is simple to use and may be valuable, at least as a
preliminary guide.

Regardless of the validity and accuracy of the final correlation,
the analysis proposed by Moore and Rukovena (289) for determin-
ing irrigation quality is a valuable tool for troubleshooting distrib-
utors and examining their performance. An inspection of Fig. 3.3b
to d readily pinpoints regions of large-scale maldistribution and en-
ables visualization of irrigation troublespots. The author strongly
recommends using this or a similar analysis when evaluating dis-
tributor performance.
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Figure 3.3 (Continued) (b) Standard quality distributor, Dy = 60 percent.

3.3 Types of Liquid Distributors

Any liquid distributor gives some maldistribution, because for practi-
cal reasons, liquid can only be divided into a limited number of
streams. From these point sources the liquid spreads. The main con-
siderations in selecting a distributor for a given service are compati-
bility with the service and avoiding large-scale maldistribution.
Most of the common types of commercial liquid distributors are
shown in Fig. 3.4 and compared in Table 3.1. Table 3.1 was compiled
using information available in Refs. 74, 111, 142, 212, 224, 237, 257,
305, 319, 386, and 438, together with the author’s experience.
Several modern designs, often referred to as high-performance dis-
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Figure 3.3 (Continued) (c) Standard quality distributor, D, = 72 percent.

tributors (e.g., Fig. 3.5) are sophisticated versions of the common types
in Figure 3.4. They incorporate features for minimizing large-scale
maldistribution and for improving distributor compatibility with the
service. These high-performance distributors are usually proprietary
custom-designed devices and can be expected to perform better than
standard distributors (Fig. 3.1) when properly designed, fabricated,
and installed. Several cases have been reported (141, 156a, 219, 289,
304) of substantial column efficiency enhancements resulting from re-
placement of standard distributors by their high-performance counter-
parts. Some of these are depicted in Fig. 3.2a. However, the nonstand-
ard nature of high-performance distributors makes them more
expensive, more complex, and more susceptible to errors. Many of the
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Figure 3.3 (Continued) (d) Intermediate quality distributor, Dy = 84 percent. (Parts a
to d from F. Moore and F. Rukovena, “Chemical Plant and Processing, Europe edition,
August 1987. Reprinted courtesy of Chemical Plant and Processing.)

unique features incorporated in high-performance distributors will be
highlighted in the following discussions.

Liquid distributors are usually classified into pressure distributors
and gravity distributors (Table 3.1). In general, pressure distributors
provide more open area for vapor flow and tend to be less expensive,
lighter, less robust, and to require smaller lead-up piping than gravity
distributors. Their disadvantages are high operating cost (because of
the liquid pressure drop), susceptibility to plugging and corrosion,
entrainment, and a relatively inferior quality of liquid distribution.
The common pressure distributors are the perforated-pipe type and
the spray type.
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Figure 3.4 Common types of liquid distributors, (a) Ladder pipe distributor; (b)

perforated ring distributor; (c) spray distributor; (d) orifice pan distributor; (e) -

tunnel orifice distributor; (f) notched-trough distributor; (g) weir-riser distribu-
tor. (Parts a and c to f reprinted courtesy of Norton Company; part b, reprinted
courtesy of Koch Engineering Company, Inc.; part g, reprinted courtesy of Glitsch,
Inc.)

45
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(d)

Figure 3.4 (Continued)

The common gravity distributors are the weir type and the orifice
type. Both types can handle large liquid flow rates. The weir type is
generally one of the least troublesome distributors and has an excel-
lent turndown, but it can usually provide only a limited number of
drip points and is extremely sensitive to levelness and liquid surface
agitation. The orifice type may suffer from corrosion and plugging, but
it can be designed with a large number of drip points to provide supe-
rior liquid distribution.

Each of the common distributor types is discussed in detail below.
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Figure 3.4 (Continued)

3.4 Perforated-Pipe Distributors

Perforated-pipe distributors are normally of the ladder type (Fig. 3.4a) or
the perforated-ring type (Fig. 3.4b). Perforations are located on the un-
derside of the pipes. The ladder type is usually easier to fabricate and
therefore less expensive than the perforated-ring type. A high perfor-
mance variation of the Fig. 3.4a distributor is shown in Fig. 3.5b.
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(a)

Figure 3.5 Examples of high-performance distributors. (a) Deck type; (b) lateral arm
type; () tunnel-orifice type, with orifices drilled in the angled wall, just above the bot-
tom of the troughs. Liquid leaving each orifice hits a baffle which spreads the liquid
laterally. ( Parts a and b reprinted courtesy of Norton Company; part c reprinted courtesy
of Glitsch Inc.)
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The quality of distribution achieved with perforated-pipe distribu-
tors is generally somewhat inferior to that achievable with orifice-
type distributors (below). The higher liquid pressure drop available in
perforated-pipe distributors (compared to gravity orifice-type distrib-
utors) induces a greater liquid flow per unit area; this in turn restricts
the numbers of drip points. In an effort to reduce the liquid pressure
drop, a gravity trough replaces the pressure header in some high-
performance variations. If it is practical to provide a sufficient number
of evenly spaced drip points per unit of column cross-sectional area,
the perforated-pipe distributor can provide a distribution as good as
orifice-type distributors. To improve irrigation evenness, some high-
performance variations have some additional perforations drilled at
an angle to the vertical (Fig. 3.5b).

The perforated-pipe distributor is best suited where vapor mass ve-
locities are high and where an open area in excess of 70 percent is
needed to avoid localized flooding (305). Together with the spray type,
the perforated-pipe distributor offers the highest vapor flow area.
However, the maximum liquid flow recommended for this type of dis-
tributor is relatively low and should not exceed 10 gpm/ft? of column
area (305) with standard designs.

Another advantage of the perforated-pipe distributor is its low cost.
Its construction is simple, it is easy to support, and it generally con-
sumes less vertical space than most other distributors. Guidelines for
selection, design, and operation of perforated-pipe distributors are
given below.

1. The perforated-pipe distributor is suitable for liquid feeds only and
should be avoided when vapor is present. This distributor also
needs to be running full if uniform distribution is to be achieved. A
method to check this is presented elsewhere (111). A case where
this type of distributor performed poorly with a partially vaporized
feed has been reported (76).

2. It is generally recommended that perforated-pipe distributors be
located 6 to 8 in above the top of the packed bed (305) to permit
vapor disengagement from the bed before passing through the
distributor. At least one designer (438) feels that this distributor
may be embedded directly in the packing, thus using the packing
layers above it as a mist eliminator. The author would not rec-
ommend the latter practice, as it may cause premature flooding
of the tower.

3. Guidelines listed in Sec. 2.4, with the exception of guidelines 10
and 12, also apply to perforated-pipe distributors. In addition, it
has been recommended (111, 150a) that for perforated-pipe dis-
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A pipe distributor under test. Three rows of orifices are punched in each pipe. A certain minimum irrigation rate is needed for
uniform distribution
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Figure 3.6 Techniques for improving liquid distribution. (a) A pipe distributor under test.
Note that three rows of orifices are punched in each pipe to improve irrigation. (b) Dual liquid
distributor. (c) An orifice pan distributor equipped with drip tubes to prevent plugging. (d) An
orifice pan distributor, equipped with drip tubes to prevent plugging, with tubes extending all
the way to the trim of the pan, and narrow criss-cross vapor risers to minimize unirrigated
area and optimize vapor distribution. Note the distributor feeder arrangement; a feeder box
above the troughs to minimize frothing, baffles in troughs to resist wave formation and surface
unevenness, and liquid equalizing pipes between troughs. (Part a from Chen, G. K., The
Chemical Engineer, Supplement, September 1987. Reprinted courtesy of The Institution of
Chemical Engineers (UK); part c, reprinted courtesy of Koch Engineering Company, Inc.; part
d, reprinted courtesy of Nutter Engineering.)

tributors, liquid velocity through the perforations should not ex-
ceed 4 to 6 ft/s.

4. The perforated-pipe distributor is best avoided in services where
plugging may occur (111, 142, 305), such as when solids are present
or when the liquid is close to its freezing point. A partially
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plugged distributor may perform worse than no distributor at all. If
it is still desired to use this distributor with a solids-containing
stream, adequate filtration (Sec. 3.8) is mandatory.

5. The perforated-pipe distributor is best avoided when the liquid may
corrode, erode, or otherwise expand the orifices, because some ori-
fices may expand more than others, resulting in maldistribution.

6. Excessive liquid pressure drop through the distributor should be
avoided, because this may restrict the number of drip points. The lig-
uid line to the distributor should contain a control valve or a restric-
tion orifice to let down any excessive pressure. A more satisfactory al-
ternative is to use the high-performance perforated-pipe distributor
variation which lets out liquid by gravity instead of pressure.

7. The perforated-pipe distributor has a relatively low turndown ra-
tio, roughly 2:1 to 2.5:1 (111, 305). Excessive liquid flow rates may
generate fine mist, while deficient liquid flow rates may generate
uneven irrigation (Fig. 2.5d). The turndown can be enhanced by us-
ing a dual liquid distributor (Fig. 3.6b; Sec. 3.8).

3.5 Spray Distributors

Spray distributors (Fig. 3.4c) are pipe headers with spray nozzles fit-
ted on the underside of the pipes. They are most popular in heat trans-
fer and scrubbing services and are infrequently used in fractionation
(75, 386). Services where spray distributors are common include refin-
ery crude towers (237, 298), FCC main fractionators (299a), and refin-
ery vacuum towers (147, 297, 298, 299a, 335, 343, 386). Spray distrib-
utors are also used in very small columns (where a single spray nozzle
adequately covers the entire cross-sectional area), and in applications
where a large vapor-handling capacity is most important. Some de-
signers (144) recommend avoiding spray distributors in small-
diameter columns.

The quality of distribution provided by spray distributors may be in-
ferior to any of the others because the spray cones create areas of un-
even irrigation (224, 386), the spray cones are often nonhomogeneous,
and because a significant amount of liquid is directed toward the wall
(257). Factors such as spray angle, height of the spray nozzles above
the bed, nozzle construction, and nozzle pattern set the quality of dis-
tribution. The effect of these factors on the quality of distribution is
poorly understood, and good nonproprietary ground rules for spray
distributor design are unavailable. In short packed beds, the sprays
themselves may significantly contribute to mass and heat transfer
(386). This can partly account for the favorable experiences with spray
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distributors in refinery vacuum towers, which typically have short
beds.

Other performance characteristics of spray distributors are gener-
ally similar to perforated-pipe distributors. Like perforated-pipe dis-
tributors, spray distributors are of simple construction, are easy to
support, and are inexpensive. Compared to perforated-pipe distribu-
tors, spray distributors offer an even larger open area, a greater liquid
flow rate, easier replacement of corroded or eroded sections, and more
extensive irrigation. On the debit side, spray distributors require
higher pumping horsepower than other distributors, and an overhead
mist eliminator is mandatory in order to control entrainment. Com-
pared to perforated-pipe distributors, spray distributors also consume
much more vertical space.

Guidelines for selection, design, and operation of spray distributors
are listed below:

1. Typically, spray distributors use wide-angle (120°) sprays, and are
located 18 to 36 in above the bed, providing irrigation area of the
order of 5 to 10 ft? per spray nozzle. Typical pressure drops are 5 to
30 psi.

2. Some overlap of the spray footprints at the top of the packing is
beneficial (1). An overlap of about 100 percent (double coverage)
has been recommended for uniform irrigation (386).

3. The sprays should be as homogeneous as possible. Liquid distribu-
tion is sensitive to even a slight spray nonhomogeneity (1). The
sprays should be inspected for homogeneity during distributor wa-
ter tests (Sec. 3.8). If desired, a sample of the nozzles to be specified
can be obtained ahead of time, hooked to a water pipe, and tested
for homogeneity before the nozzles are specified.

4. Areas of either overspraying or underspraying near the column wall
may severely degrade liquid distribution (1) and should be avoided.

5. Spray distributors are not suitable for vapor-containing streams.

6. Like perforated-pipe distributors, spray distributors are sensitive to
plugging, corrosion, and erosion. The sensitivity to plugging is some-
what lower with spray distributors, while the sensitivity to corrosion
and erosion is somewhat higher compared to perforated-pipe distribu-
tors because of the higher liquid velocity. “Nonplugging” spray nozzles
are available, but their effectiveness is uncertain (297). If a spray dis-
tributor is used with solid-containing streams, adequate filtration (Sec.
3.8) is mandatory. There were cases (335) where not only the spray noz-
zles but also the header plugged.
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7. Spray distributors should never be embedded in the packing, be-
cause this is likely to cause premature flooding (237). For good dis-
tribution, a spray distributor containing more than a single spray
nozzle should be placed at least 18 in, and preferably more than 24
in, above the bed.

8. Like perforated-pipe distributors, the spray distributor turndown
ratio is about 2:1 (111). Excessive liquid flow rates may create a
mist problem, while low liquid flow rates reduce the cone diameter
and may create poorly irrigated areas. For this reason, oversized
spray nozzles must be avoided (237). As with perforated pipe dis-
tributors, a dual liquid distributor can be used to enhance turn-
down (Sec. 3.8).

3.6 Orifice Distributors

Orifice distributors are usually of the pan type (Fig. 3.4d) or of the
tunnel type (Fig. 3.4e). The former type is best suited for small-
diameter columns (<4 ft), while the latter is used in larger-diameter
columns (>4 ft). High-performance variations of the Fig. 3.4e distrib-
utor are shown in Fig. 3.5a, ¢ and 3.6q, d.

An orifice pan distributor consists of a pan equipped with circular or
rectangular risers for vapor flow and perforations in the pan floor for
liquid flow. The pan may rest on a support ring; alternatively, it may
be supported on lugs in a manner that provides an annular space for
vapor rise between the distributor and the column wall.

Orifice tunnel distributors consist of parallel troughs with perfora-
tions for liquid flow in the trough floors. Vapor rises in the space be-
tween the troughs. The troughs are often interconnected by cross
channels that equalize liquid levels in different troughs (Fig. 3.6d).
Level-equalizing channels are most important in columns greater
than 10 ft in diameter (111, 349).

Orifice distributors can incorporate a large number of drip points
and therefore have the potential for providing better liquid distribu-
tion than most other distributor types. This better liquid distribution
is not always achieved, the main restricting factors being difficulty in
irrigating areas beneath vapor passages and supports, a high sensitiv-
ity to uneven spread of drip points, and a high sensitivity to plugging
and construction irregularities.

In some high-performance designs (e.g., Fig. 3.5¢), side orifices and
deflection baffles are used (75a, 224a); item 9 below has further de-
tails.

Orifice distributors are capable of handling high liquid loads, with
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standard orifice pan distributors and orifice tunnel distributors deliv-
ering up to 30 and 50 to 70 gpm per square foot of bed, respectively
(305). The open area for vapor flow is relatively low in orifice distrib-
utors.

Orifice distributors are also generally larger, more expensive, con-
sume more vertical space, and are more difficult to support than most
other distributors. Tunnel orifice distributors provide greater open ar-
eas for vapor flow, are easier to support, and are more suitable for
large-diameter columns than orifice pan distributors.

Guidelines for selection, design, and operation of orifice distributors
are listed below.

1. It is frequently difficult to incorporate sufficient open area for va-
por rise while maintaining proper irrigation of areas beneath va-
por risers. Inadequate irrigation under vapor risers (e.g., Fig.
3.3b) may cause large-scale maldistribution, which can be detri-
mental to column efficiency. To avoid this problem, it is best to
provide a large number of small risers (this can be expensive). The
risers can be rectangular (e.g., Figs. 3.5q, 3.5¢, 3.6d) or round. One
designer (74) recommends a riser diameter of 4 to 6 in when round
risers are used, while another designer (166) prefers 2 to 4 in. Al-
ternative solutions are installing short tubes (e.g., Fig. 3.5b)
which direct liquid to poorly irrigated areas (436), or drilling holes
in the sidewalls of orifice troughs (Fig. 3.6a) or using criss-cross
risers (Fig. 3.6d). Such solutions must be carefully engineered and
properly tested, and prediction of their performance may be diffi-
cult.

To incorporate sufficient open area with orifice pan distributors, a
pan of smaller diameter than the column is sometimes specified, with
the annular space between the pan and the wall utilized for vapor rise.
This practice may leave a significant fraction of column area
unirrigated. For instance, a 4-in-wide annulus in a 4-ft column will
leave 30 percent of the bed cross-sectional area unirrigated.

If it becomes impractical or too expensive to provide sufficient
open area without forming poorly irrigated regions, it is best to
consider an alternative distributor type.

2. Wide support beams or support rings may generate poorly irri-
gated areas on top of the packing, and therefore large-scale
maldistribution. The distributor supports should be carefully re-
viewed to ensure proper irrigation underneath, especially in the
wall region. Sometimes, short tubes can be used to direct liquid to
unirrigated areas under distributor supports, but these need to be
carefully designed and tested.

Supporting an orifice distributor directly on the packing is not
recommended, because it may be misaligned during column up-
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sets. In addition, this practice does not permit adequate vapor dis-
engagement from the bed and may cause maldistribution and pre-
mature flooding.

. Orifice distributors are favored in foaming services, because lig-
uid drip points are separated from the vapor risers (111, 349).

. Liquid aeration in pans or troughs can be troublesome in high-
pressure, high-liquid-rate, and foaming services. As the liquid
enters the distributor liquid pool from above, vapor bubbles are
dragged into the liquid (a “waterfall pool” effect). In low-
pressure services, these bubbles readily disengage from the lig-
uid and aeration is seldom troublesome (289). On the other
hand, vapor disengagement is slow in foaming and high-
pressure services, while in high-liquid-rate services, residence
time for vapor disengagement may be too small (289). Frothing
will then occur, causing uneven perforation flow and excessive
liquid height in the distributor (also see item 7 below). The
problem is often overcome by using a closed pan or trough (e.g.,
similar to Fig. 3.5b6), or by other techniques (Sec. 3.9).

. Methods for sizing orifice distributors were described by Chen (74)
Fadel (111), and Kaiser (183a). Some highlights are described be-
low. A most useful relationship is (74, 150a)

Q = 5.46Knd*h®® 3.2

Where @ = total liquid flow rate, gpm
n = number of orifices
d = orifice diameter, inches
h = liquid head loss across orifices, inches
K = orifice discharge coefficient

For punched holes, it has been recommended (74, 150a) to use
K = 0.707 but values as low as 0.62 to 0.63 (111, 183a) are some-
times used. Note that % is equal to the liquid height in the pan or
troughs minus the vapor head loss (expressed as inches of liquid)
in the distributor risers.

Jets leaving the orifices may be unstable; they may move later-
ally or even break into spray. This can be visualized by experi-
menting with a household tap. Kaiser (183a) proposed a correla-
tion in terms of the Reynolds and Weber numbers to predict jet
stability. However, jet stability is also dependent on surface irreg-
ularities at the orifices, and these are difficult to predict.

To improve jet instability, some high-performance distributors
have each perforation equipped with a short, flow-straightening
tube. This alleviates spray formation and minimizes any lateral
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movement of jets. Kaiser (183a) recommends using these when-
ever spray formation is predicted.

The flow area of the vapor risers is set by the allowable pressure
drop. Too large an area may promote poor irrigation; too small an
area leads to excessive pressure drop. The pressure drop must be
low enough to satisfy system criteria and to avoid excessive liquid
backup in the pan or troughs. Excessive liquid backup will over-
flow into the vapor risers, leading to maldistribution and possibly
premature flooding. It has been recommended (74, 166) to make
riser area 15 to 45 percent of tower cross-sectional area. Typically,
riser pressure drop is 0.25 in of liquid (150a). Methods for calcu-
lating riser pressure drops are detailed elsewhere (74, 111, 420).

. Liquid depth in the distributor pan or troughs dictates the riser

height. According to one designer (74), the operable liquid depth
ranges from %2 in at minimum liquid flow rates to 1 in below the
top of the riser at maximum flow rates. The author feels that an
additional margin of ¥z to 1 in or greater at each end of the range
is frequently justified.

Excessive liquid depth may spill liquid into the vapor risers,
causing maldistribution and possibly premature flooding. Liquid
spillage is promoted when the liquid is aerated (item 4 above), ag-
itated, or when plugging occurs. One designer (166) recommends
that the normal liquid head be set at 50 to 70 percent of the riser
height. Another designer (111) recommends setting the liquid
level such that no spillage occurs when 10 to 15 percent of the or-
ifices are plugged. The author is familiar with one column that
achieved poor efficiency because liquid spilled into the vapor ris-
ers. The spill was caused by undersizing of the total orifice area.

Insufficient liquid depth is likely to cause maldistribution
and may allow some perforations to dry, permitting vapor flow
through them (111). The lower the liquid depth, the greater the
sensitivity of the irrigation pattern to distributor out-
of-levelness, fabrication irregularities, perforation corrosion,
and liquid surface agitation. In addition, the fall height of lig-
uid from the feed pipe to the distributor increases as liquid
depth in the distributor declines, thus increasing aeration and
liquid surface agitation.

Within the above limits and the turndown requirements, there
is often an incentive to minimize the maximum liquid depth. The
lower the maximum liquid depth, the greater is the number of
drip points that can be incorporated, the smaller is the vertical
space consumed by the distributor, and the lesser is the
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distributor cost and support requirements. Riser height is usually
about 6 in for standard orifice distributors (74, 305) and 8 to 12 in
for high-performance variations.

. Turndown ratios of orifice pan distributors are relatively high,
with ratios of up to 4:1 achievable with standard designs (74, 166,
305). The turndown ratio is lower with tunnel orifice distributors,
with standard designs achieving ratios of about 2.5:1 (111, 305).
Higher ratios can be achieved by using taller pans or troughs and
taller gas risers (111).

. Orifice distributors should be avoided in services where plugging
may occur (111, 142, 305, 438), such as when solids are present or
when liquid is close to its freezing point. In one reported case (75),
plugging of an orifice pan distributor (with large orifices) in a
fouling service caused liquid maldistribution and poor separation
efficiency. Compared to perforated-pipe distributors, orifice dis-
tributors have lower liquid velocities, larger liquid residence time,
and open pans (or troughs) into which solids can be carried over
during upsets and which can overflow when perforations are
plugged. All these factors render orifice distributors more sensi-
tive to plugging than even perforated-pipe distributors. If it is still
desired to use an orifice distributor with a solids-containing
stream, adequate filtration (Sec. 3.8) is mandatory, but may be in-
sufficient to avoid plugging. If deposits adhering to the column top
head may drop into the distributor troughs (or pan), a closed-
trough design (Fig. 3.5b) or trough covers should be considered.

A technique sometimes used to minimize plugging and its effect
on distribution is to provide perforations or V-notches in the side
of the troughs (Figs. 3.5¢, 3.6a); alternatively, perforations or V-
notches near the top of the troughs can be provided to ensure an
even overflow.

The technique of using side openings (e.g., Fig. 3.6a) can be
troublesome, because the liquid jets follow a complex trajectory
motion. As a result, the points at which the jets hit the top of
the packing become a complex function of the liquid head in the
troughs and of the vertical distance from the openings to the top
of the packing. This may generate maldistribution. To over-
come this problem, deflecting baffles are often installed in front
of the orifices (Fig. 3.5¢), and these deflect the liquid downward
to a desired location (224a). These baffles have the added ad-
vantage of breaking the liquid jets and converting them into
liquid sheets (a “men’s urinal wall” principle). With structured
packings, liquid sheets are advantageous; they are introduced
perpendicular to the crimp openings, thus ensuring even irriga-
tion to all flow channels (224a). However, the effectiveness of
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the baffles in converting the point sources into liquid sheets
maybe low, even nonexistent. The author had experienced one
distributor water test where the baffles were effective in de-
flecting the liquid directly downward to the desired locations
and in giving even irrigation, but completely ineffective in con-
verting the point sources into liquid sheets.

Another technique to minimize plugging (212) is to equip each
orifice with a short drip tube which rises vertically above the bot-
tom of the pan (Figs. 3.6¢, d), so that solids settling at the bottom
of the pan do not enter the orifices.

The above techniques must be carefully engineered and ade-
quately tested to ensure even irrigation.

10. Orifice distributors are best avoided in corrosive services, because
some orifices may expand more than others.

11. The method of drilling the perforations is important. Fabrication ir-
regularities on the top surface of the pan or troughs may increase the
flow resistance of some perforations compared to others. On the other
hand, fabrication irregularities on the bottom surface may induce
liquid flow along the bottom face of the pan or trough, and therefore,
uneven irrigation. For further discussion, see Sec. 3.8.

12. Orifice distributors are sensitive to out-of-levelness and to liquid
surface agitation, particularly when liquid depth is either low or
close to the point of overflowing the risers. Both out-of-levelness
and liquid surface agitation cause uneven liquid depths, and
therefore an uneven irrigation pattern to the bed below. At high
liquid rates, both may cause uneven and premature liquid over-
flow into vapor risers. Section 3.9 discusses techniques for mini-
mizing liquid surface agitation. Levelness tolerances of ¥ and ¥4
in have been recommended (289) for orifice distributors in towers
1.5 to 8 ft and 8 to 20 ft in diameter, respectively.

3.7 Weir Distributors

Weir distributors are usually of the weir riser type (Fig. 3.4g) or the
notched-trough type (Fig. 3.4f). The former type is commonly used in
small-diameter columns (<4 ft), while the latter is used in larger-
diameter columns (>3 ft), but can also be used in smaller columns.
A weir riser distributor consists of a pan equipped with cylindrical
risers with a V-notch cut in each riser. The V-notch allows liquid to
descend countercurrently to the rising vapor. A major disadvantage
which renders the weir riser distributor unpopular is the interdepen-
dence of the maximum vapor and maximum liquid flow rates. At a
tower F-factor (superficial vapor velocity by square root of vapor den-
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sity) of 1.0 (ft/s) (Ib/ft®)°%, the maximum liquid flow rate of a standard
weir riser distributor is 10 gpm/ft%;, when the F-factor increases, the
maximum liquid flow rate declines (305). A method for calculating the
maximum liquid flow rate as a function of the vapor rate is presented
elsewhere (111). The open area of this distributor is low and of similar
magnitude to that of an orifice pan distributor (305).

In order to reduce the vapor-liquid interaction, standard weir riser
pans are usually smaller than the column diameter and are supported
on lugs, leaving an annular space for vapor rise between the distrib-
utor and the tower wall. This, however, creates an unirrigated region
near the column wall, which may cause large-scale maldistribution.
Other performance characteristics of this distributor are similar to
those of the notched-trough distributor (below).

Notched-trough distributors consist of parallel troughs with V-
notches cut in their sides for liquid flow. Vapor rises through the space
between the troughs.

The quality of distribution provided by notched-trough distributors
is generally somewhat inferior to that achievable by orifice-type dis-
tributors. With notched-trough distributors, it is generally difficult to
incorporate more than three to four drip points per square foot of col-
umn cross-sectional area (111, 438). It may also be difficult to space
these drip points evenly. If it is practical to provide a sufficient num-
ber of drip points per unit of column area, and to space them evenly,
this distributor can provide a distribution as good as an orifice-type
distributor.

To enhance the number of drip points per unit area, some recent de-
signs have perforations drilled in the bottom and/or sides of the
troughs. Other designs have two rows of notches; the lower row has a
larger number of smaller notches, while the upper row contains fewer,
larger notches. At low liquid rates, only the bottom row is active; at
higher liquid rates, both rows are active, with the bottom row notches
covered by liquid and acting as orifices. Designs incorporating perfo-
rations or two rows of liquid must be carefully engineered and ade-
quately tested, and prediction of their performance may be difficult.
The presence of side notches or perforations at the bottom of the
troughs may also render the distributor sensitive to plugging, corro-
sion, or fabrication irregularities.

The notched-trough distributor is one of the most popular types of
distributors (111, 305, 438). Notched-trough distributors are insensi-
tive to plugging, corrosion, and erosion; are the least likely to give dif-
ficulty during operation; and can effectively handle a wide range of
feeds at a good turndown. They are capable of handling large quanti-
ties of liquid, with standard designs delivering up to 50 gpm per
square foot of column area (305). They offer a reasonably large open
area for gas flow, with standard designs having up to 55 percent open
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area (111). In general, they also consume less vertical space, are eas-
ier to support, and are less expensive than orifice distributors. On the
debit side, they are extremely sensitive to out-of-levelness, liquid sur-
face agitation, and hydraulic gradients in the troughs.

Guidelines for selection, design, and operation of notched-trough
distributors are listed below:

1. With notched-trough distributors, poor irrigation is most likely to
occur beneath wide troughs, wide vapor passages, supports, or near
the column wall. Inadequate irrigation in such areas can cause
large-scale maldistribution which may be detrimental to column ef-
ficiency.

2. The liquid head in the trough must be between the V-notch base
and apex for the entire operating range. Typically, the liquid head
is about 1 and 3 in above the apex for the minimum and maximum
liquid flow rates, respectively. The author would generally recom-
mend avoiding liquid heads lower than 1 in. A lower minimum al-
lowable liquid head permits more drip points to be incorporated,
but at the expense of a higher sensitivity of the irrigation pattern
to out-of-levelness, liquid surface agitation, and trough hydraulic
gradients.

Typical V-notch angles range from 30 to 60°. Smaller angles al-
low more drip points to be incorporated, but increase distributor
cost and its sensitivity to fabrication irregularities. Often, the bot-
tom apex of the notch is rounded into a y shape or extended into a
narrow slot to provide a smaller angle. Methods for sizing notched-
trough distributors are discussed elsewhere (111, 228).

3. Most weir distributors are insensitive to plugging and corrosion.
They can handle large volumes of solids as well as liquids near
their freezing point.

4. Weir distributors are prone to out-of-levelness more than any other
distributor because the flow rate through a triangular notch is pro-
portional to the liquid head raised to the power of 2.5 (flow rate
through an orifice is only proportional to the liquid head raised to
the 0.5 power). With weir distributors, an out-of-levelness of 1 or 2
in is sufficient to cause severe maldistribution (237, 436). One case
was reported (436) in which a distributor in a 40-ft tower was in-
stalled to a level tolerance of * Ve in to avoid this problem. Ad-
justable leveling screws are often provided and should always be
specified with this distributor to enable an in situ level adjustment.
The problem is most severe at low liquid rates and turned-down
conditions.
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The same reason renders weir distributors most sensitive to lig-
uid surface agitation and trough hydraulic gradients. Careful de-
sign of the troughs, the parting boxes, and their feeds is manda-
tory. Tunnels that equalize liquid level in the troughs (Fig. 3.6d)
are often provided in large-diameter (> 10-ft) columns. Excessive
horizontal liquid velocities in the troughs should be avoided. The
trough hydraulic gradient head can be calculated from (289)

h = 0.1870v2 3.3

where h = hydraulic gradient head, inches of liquid
v = horizontal liquid velocity, feet per second

5. A notched-trough distributor should never be supported on the bed,
as it may be misaligned during column upsets, with disastrous ef-
fects on liquid distribution.

6. Notched-trough distributors can provide high turndown ratios. Ra-
tios of 4:1 are readily achieved with standard designs (305), and
higher ratios are readily achievable with special designs. The tech-
nique of using two rows of notches (above) can also be helpful for
improving the turndown of notched-trough distributors.

3.8 General Dos and Don’ts for
Distributors

Guidelines for distributor design, selection, construction, and opera-
tion are presented below.

1. A liquid distributor (or redistributor) should be used in any loca-
tion in a packed column where an external liquid stream is intro-
duced.

2. It is best to have the packing manufacturer specify and supply the
distributor. The user should critically examine and carefully trou-
bleshoot the manufacturer’s recommendation and design.

3. In order for manufacturers to specify or design a distributor cor-
rectly, they must be provided with concise information on the ser-
vice; its plugging, corrosive, erosive, and foaming tendencies; and
of any requirements which may affect distributor selection or de-
sign.

4. Drilling (or punching) holes or cutting V-notches appears a simple
task, and there may be a temptation to “fabricate your own dis-
tributor” in the workshop. This practice is dangerous and may
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lead to disasters, because fabrication irregularities may lead to se-
vere maldistribution and loss of performance in the tower. It is
recommended to specify that all perforations (or notches) be
punched (or cut) with the smooth edge of the hole facing the lig-
uid, and that the rough edge is ground smooth free of burrs (sim-
ilar to Fig. 6.2b, but with the smooth edge facing the liquid).
There have been cases where in a single distributor some troughs
had the rough edge facing the liquid while others had the smooth
edge facing the liquid, leading to uneven irrigation.

. Distributor performance should always be water-tested prior to

startup. A similar recommendation was made by others (318a),
with emphasis on critical services and large-diameter (> 8 ft) tow-
ers. This test can be performed in situ or at the manufacturer’s
shop. If not performed in situ, the piping supplying liquid to the
distributor should be closely duplicated at the test rig. If
maldistribution is apparent, it is best to seek the manufacturer’s
advice. The author is familiar with experiences where severe
maldistribution problems could have been detected and rectified
prior to startup if a water test had been performed. One experi-
ence has been reported (349) where a water test led to the solution
of an absorber separation problem which resulted from maldis-
tribution.

The value of a water test can be appreciated by inspecting Fig.
3.6a. Experience (318a) has shown that distributors which test
well with water perform well inside the column. Costs for such a
test increase with column diameter, and are roughly $5000 (1988
prices) for a 10-ft-diamter distributor (318a).

The irrigation pattern at the top of the bed should be closely ex-
amined to identify areas of large-scale maldistribution. This
should be carried out first on paper at the design stage, and then
checked in the water test. A valuable technique for examining dis-
tributor performance is outlined in Sec. 3.2. The author has expe-
rienced cases where an analysis based on similar principles (i.e.,
drawing “drip point circles,” but without calculating a distributor
quality rating index) clearly identified major distributor deficien-
cies.

Another useful paper check originally proposed by the Norton
Company (305, 318a) divides the tower cross-sectional area into
three or four concentric radial zones of equal areas. The amount of
liquid entering each area should ideally be equal. This check is
useful for highlighting underirrigation of the wall zone.

Special attention should be paid to areas directly underneath
unperforated troughs, vapor passages, support beams, support
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rings, and near the column wall. The manufacturer’s advice
should be sought if any maldistribution is detected.

To counteract the tendency of liquid flow toward the wall, a large
percentage (> 10 percent) of the total liquid should not enter at
the tower wall or within 5 to 10 percent of the tower diameter
from the wall (257).

At the same time, it is important to ensure that some liquid gets
to the wall (220, 349). One rule of thumb (318a) recommends
maintaining a set of radially distributed pour points within one
packing diameter of the wall. One experience has been reported
(220) where the presence of a 3-in-wide orifice pan distributor sup-
port ring in a 4-ft column caused a major drop in column efficiency
because the area under the support ring was unirrigated.

. A minimum of four drip points per square foot of bed cross section

has been recommended (103, 257, 305, 386, 387, 413). Some recent
publications advocate a minimum number as high as 6 to 10 drip
points per square foot of bed (74, 75a, 111, 166, 289, 318a, 404, 436)
or even more (40, 75). Experience (289, 318a, 386) suggests that
gains from using more than 10 drip points per square foot are mar-
ginal, if any, and that packed-bed efficiency can normally be main-
tained with 5 drip points per square foot. There is, however, some
nonconclusive evidence (40) which may dispute this statement. A
large number of drip points is often advocated for short packed beds
(103), and for low liquid flow rate applications (75, 436).

In all but very clean noncorrosive services, the actual number of
drip points per unit of bed area is usually dictated by the liquid
flow rate and plugging tendencies, because these set the total per-
foration area and perforation diameter (74, 111, 386, 436). Expe-
riences demonstrating the effect of the number of drip points on
liquid distribution have been reported (40, 305, 341). Some discus-
sion is also available in Zanetti’s survey (436).

. The drip points should be evenly spread. The author has experi-

enced cases where a distributor provided more liquid per unit area
to some central regions than to some peripheral regions, resulting
in maldistribution. Such zonal maldistribution is detrimental to
column efficiency (221).

The distributor should be located at least 6 to 12 in above the
packing to permit vapor disengagement from the bed before pass-
ing through the distributor (305). Greater distances (at least 18 to
24 in) above the bed are recommended for spray distributors.
One source (289) recommends positioning high-performance dis-
tributors 4 to 6 in above the bed; another designer (166) prefers 6
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to 8 in. The former source (289) is concerned that a larger space
above the bed may prompt liquid streams issuing from drip
points to drift away from their striking target at the top of the
packing, thereby leading to uneven irrigation. This drift is less
of a problem when jets leaving the orifices are stable; a photo-
graph in Ref. 219 shows no drift with a distributor mounted 18
in above the packings. However, it may be troublesome with
unstable jets (Sec. 3.6, item 5). The same source (289) also ar-
gues that the close spacing of vapor risers in high-performance
distributors alleviates the vapor disengagement problem, and
therefore a larger space above the bed serves little purpose. The
author prefers the larger (6 to 8 in) height between the distrib-
utor and the top of the bed as a better safeguard against entrain-
ment, frothing, and splashing.

The plugging potential of a service should not be underestimated.
In one case (346), 1 1b of solids was sufficient to plug 80 percent of
the perforations of a ladder pipe distributor in a 13.5-ft column.
The author is familiar with another case where a small quantity
of solids was sufficient to plug an orifice pan distributor. In a third
case (150a), fungus growth caused plugging and consequent over-
flow of an orifice distributor in a water scrubber.

If the service contains solids, or the liquid is close to its freezing
point, a weir-type distributor is the best choice. If it is still desired
to use a perforated-pipe, spray, or orifice distributor, a filter
should be installed upstream to remove particles that can block
the perforations or spray nozzles (237,305). Successful applica-
tions of this technique have been reported (237,346).

The opening of the filter elements should be considerably (prefer-
ably at least 10 times) smaller than the distributor perforations (168,
237). The filter arrangement should include a spare filter in parallel
and no bypass to ensure that one filter element is always on stream.
Good filter maintenance and cleaning are essential; automatically
cleaning filters are sometimes used (75).

The filters should be installed in an accessible location as close
to the column as possible. Typical good locations are close to the
foot of the vertical rise of liquid feed or reflux, or just upstream of
the flashing control valve for flashing feeds. The line downstream
of the filter should be adequately flushed or blown (Sec. 11.1) to
shake free and remove loose rust particles prior to the startup.
The author is familiar with one case where the metallurgy of this
downstream line was upgraded from carbon to stainless steel to
avoid the rust particles. One case has been reported (299a) where
spray nozzles plugged due to reliance on filters that were too dis-
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tant from the column with carbon steel piping downstream of the
filters.

Orifice distributors with bottom perforations should be avoided
in plugging services, even when filters are installed; there have
been cases where small solid particles passed through the filter,
agglomerated in the pan or troughs, and blocked perforations. In
pressure distributors, particularly the spray type, a filter is often
[but not always (297)] sufficient.

Perforation diameters smaller than Y4-in should be avoided in or-
der to prevent plugging (74, 75a, 111, 166, 386); %-in perforations
are preferred (111). If the service is perfectly clean and
noncorrosive, some designers (386) advocate using holes as small
as ¥s-in. Corrosion, erosion, and plugging also tend to change per-
foration diameter (and therefore perforation flow) to a greater ex-
tent when perforation diameter is small. On the other hand, the
larger the perforation diameter, the lower the number of drip
points that can be incorporated in the distributor.

Several incidents have been experienced in which small distrib-
utor perforations were plugged by scale and dirt (168). In one re-
ported case (346), enlarging the perforation diameter and install-
ing an upstream filter with ¥64-in openings eliminated a plugging
problem in a ladder pipe distributor.

In slightly corrosive services, it may pay to use a stainless steel
distributor even when carbon steel is satisfactory as the packing
material. Successful applications of this practice have been re-
ported (84, 346). Alternatively, a distributor which is insensitive
to corrosion, such as the notched-trough type, can be used.

When a high liquid flow rate is required, notched-trough, orifice-
type, or spray-type distributors are the best selections.

The vapor risers or channels offer resistance to vapor flow. If va-
por pressure drop across the risers becomes equal to the liquid
head above the distributor, the distributor will flood. It is there-
fore important to allow sufficient open area for vapor flow. This
open area must be distributed evenly and in a manner that pre-
vents formation of poorly irrigated regions directly beneath the
vapor passages.

When a high rate of vapor flow is required, the orifice pan and the
weir riser distributors are best avoided.

The area directly beneath wide troughs with no bottom perfora-
tions (e.g., in notched-trough distributors) should be closely exam-
ined to ensure absence of unirrigated regions.
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Column turndown is commonly set by the turndown of the liquid
distributor. Distributor turndown, therefore, is a most important
consideration.

For good turndown, weir-type or some orifice-type distributors are
the best selections. Alternatively, the turndown of perforated-
pipe, spray, and some orifice-trough distributors can be enhanced
by using a dual liquid distributor arrangement (Fig. 3.65). This
arrangement consists of two distributors, mounted one above the
other. The upper distributor is designed for a higher range of liq-
uid flow rates than the lower distributor. At low liquid flow rates,
only the lower distributor is operated; at medium liquid flow
rates, only the upper distributor is operated; and at high liquid
flow rates, both distributors are operated.

Distributor levelness affects the quality of distribution, especially
under turned-down conditions, when liquid head is low. Careful
design and inspection are required to ensure that the distributors
are level. Inspection with level gages is strongly recommended for
weir-type distributors. Weir-type distributors should be specified
with leveling screws to enable in situ level adjustment.

Leakage of liquid from the distributor or flanges on the pipes lead-
ing to the distributor may cause maldistribution. This is most se-
vere in low liquid flow rate applications. Techniques for minimiz-
ing leakage which are also applicable to distributors are discussed
in Sec. 4.10.

Distributor pans and troughs should be deep enough to avoid lig-
uid overflow. The overflowing liquid is likely to give poor irriga-
tion, which will create maldistribution in the bed below. It may
also interfere with vapor rise and cause entrainment and prema-
ture flooding. Overflowing is most troublesome when liquid flow
is high and when the liquid tends to foam or become aerated (e.g.,
high-pressure services).

3.9 Dos and Dont’s for Liquid Inlets into
Gravity Distributors

In most small columns (<3 to 4 ft in diameter), the inlet pipe directly
feeds the distributor pan (or trough). In larger columns, liquid is fed from
the inlet pipe into one or more parting boxes (Fig. 3.4e, f), which then
feed liquid to the distributor pan (or troughs) via perforations or notches.
Incorrect feeding of liquid into the parting boxes or into the distributor
can generate uneven liquid surface in the distributor, causing mal-
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distribution in the packed bed below. Guidelines for introducing liquid
into parting boxes and distributor pans (or troughs) are presented below:

1. Feed velocities leaving the feed pipe or feed sparger should not ex-
ceed 10 ft/s (305) and preferably be less than 4 to 5 ft/s (111). High
velocities may disturb the liquid surface or cause excessive aera-
tion in the distributor or parting box.

2. Parting boxes should be sparger-fed (305). The feed points must
fall between the troughs (Fig. 3.7a) and not over the perforations
or weirs feeding liquid from the parting box to the troughs (111,
305). An even better practice is to feed parting boxes from a feeder
box (Fig. 3.6d).

3. Sparger pipes feeding parting boxes should be oriented parallel to
and centered directly above the centerline of each parting box
(Fig. 3.7a). This prevents the entering liquid from missing the
parting box (Fig. 3.7b).

4. Sparger pipes feeding parting boxes should be designed according
to the criteria in Sec. 2.4 (except for criteria 10 and 12). Achieving
uniform distribution out of the sparger perforations is not critical
because the parting box equalizes liquid level.

The sparger must be designed so that it does not induce wave forma-
tion or excessive hydraulic gradient in the parting box. Special atten-
tion is needed to item 2 in Sec. 2.4, since the horizontal velocity com-
ponent depicted in Fig. 2.6a can form waves or push liquid against the
narrow wall of the parting box. This, in turn, can cause poor distribu-
tion into the troughs, or induce liquid overflow at the narrow wall. In
one acid tower (206b), this overflowing liquid was entrained by rising
vapor, leading to an acid emission problem. Use of flow-straightening
tubes (Fig. 2.6b, 3.7a) can avoid this problem.

5. When the inlet pipe directly feeds the distributor, the incoming
liquid should be fed into the center of the distributor in order to
ensure uniform head over all the orifices (111, 305). The feed pipe
should be located about 2 to 8 in above the top edge of the distrib-
utor pan (305). It is important to ensure the feed flows into the
distributor and does not enter the vapor risers. In one case (150a)
poor column separation resulted from distributor feed being di-
rectly introduced into an open riser.

It is best to “ell” the pipe down and continue it vertically down-
ward for a short distance (Fig. 3.7¢) to prevent feed from entering
the vapor risers (Fig. 3.7d). The distributor should be inspected for
absence of risers directly beneath the pipe outlet.

6. The liquid fall height from the inlet pipe or sparger to the parting
box or distributor should be minimized to prevent excessive
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splashing, frothing, or liquid aeration, and uneven liquid surface.
A feeder box (Fig. 3.6d) minimizes these problems.

7. The depth of liquid in the parting box is of major importance. If
too shallow, surface disturbances in the parting box may cause
maldistribution among the troughs; if too high, they may cause
liquid overflow, which in turn may induce maldistribution in the
packed bed below.

8. Waves on the liquid surface in the parting box must be avoided.
The potential for wave formation can best be assessed in a water
test. If waves are observed, either the feed sparger should be mod-
ified or baffles should be added to the parting box (e.g., Fig. 3.6d).

9. Parting boxes may contain perforations in their bottom, V-notches
or rectangular notches or perforations in their sides, or both. Bot-
tom perforations are generally preferred because they generate
the least disturbance to the liquid surface in the distributor
troughs. The disturbances can be further mitigated by equipping
perforations with tubes submerged in the trough liquid. Liquid
entering the troughs via bottom perforations possesses no horizon-
tal momentum, thus reducing the tendency to form an uneven
crest and surface waves. Bottom perforations also avoid the possi-
bility of liquid missing the troughs and are less sensitive than V-
notches to out-of-levelness. Since the number of parting box per-
forations is generally much smaller than distributor drip points,
larger perforation diameters are used. These larger perforations
are far less sensitive to plugging and corrosion than the smaller
perforations used in orifice distributors.

10. Several of the guidelines in Secs. 3.8 (numbers 2 to 6, 13, 14, 21,
and 23), 3.6 (numbers 4, 5, 7, 11, and 12), and 3.7 (numbers 2 to 4)
can also be broadly extended to parting boxes.

11. Whenever possible, internal flanges should be avoided or mini-
mized in the feed pipes. If one or more such flanges are necessary,
they should be carefully installed and inspected to prevent leak-
age. Significant leakage of internal flanges in trough distributors
is likely to generate large-scale maldistribution.

3.10 Liquid Redistributors

Liquid redistributors are used wherever an intermediate liquid feed is
introduced into a packed column, and between packed sections, wher-
ever liquid redistribution is required.

Apart from distributing an incoming feed, evenly irrigating the bed
below, and providing a uniform vapor flow to the bed above, liquid re-
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distribution serves four main functions. First, and most importantly, a
redistributor mixes the liquid and equalizes its composition through-
out the column cross section. Equalizing the liquid composition coun-
teracts composition pinches (Sec. 3.1), thus lessening the detrimental
effect of maldistribution on packing efficiency. This mixing is analo-
gous to that produced when liquid is deflected laterally by packing
particles, but in the case of a redistributor, the mixing is far more ex-
tensive. Second, a redistributor mixes the vapor and equalizes vapor
composition throughout the column cross section, with consequences
analogous to those of mixing the liquid. Third, a redistributor removes
liquid from the wall and redirects it toward the center of the bed, thus
counteracting buildup of excessive wall flow. Fourth, a redistributor
improves the wetting of the packings by splitting up any “rivers” into
small liquid streams.

Since the main function of a redistributor is to counteract the effects
of large-scale maldistribution, less frequent redistribution is required
when large-scale maldistribution is absent or minimized. For in-
stance, less frequent redistribution is needed when the ratio of column
to packing diameter is small (443), because large-scale maldistri-
bution is well-counteracted by lateral mixing in the packing (Sec. 3.1).

Experiences have been reported where packed beds 30 to 40 ft deep
between redistribution points performed well (94, 166, 386, 388, 436).
Based on such experiences, some designers advocate redistribution ap-
proximately every 30 ft (103, 387, 436). Unfortunately, the presence
and extent of maldistribution, and its effect on column efficiency, can-
not be readily predicted in most circumstances, and many designers
(74, 144, 166, 237, 257, 404, 413, 436) prefer the more conservative
practice of redistributing approximately every 20 ft. The author also
prefers this more conservative practice. With high-efficiency packings
(HETP < 2 ft), some designers (166) advocate redistribution at inter-
vals not exceeding 10 theoretical stages. For small towers (< 2 to 3 ft
in diameter), the formation of excessive wall flow appears a greater
problem, and some designers (103, 166, 257, 386, 413) advocate redis-
tributing at intervals not exceeding 10 tower diameters. With plastic
packings, some designers (144, 413, 436) recommend bed depths not
exceeding 15 ft to avoid compression of packing particles.

The importance of adequate redistribution is illustrated by a field
experience reported for two identical refinery debutanizers operating
in parallel and in identical service (237). Both were packed with 3-
and 4-in packings; the only difference between the two was the pres-
ence of redistributors. The tower containing four 19-ft beds with
redistributors achieved an HETP of 39 in; the other contained two 38-
ft beds and achieved an HETP of 72 in. The author also experienced a
case of a poorly performing packed bed which was about 35 ft deep and
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did not contain a redistributor. Martin et al. (277) experimented with
10-ft-tall beds of structured packings in a pilot-scale column using an
excellent top liquid distributor with no redistribution. In some exper-
iments, the efficiency in the bottom portion of the bed was consider-
ably less than in the top portion of the bed, while in others, the effi-
ciency was uniform throughout the column.

Three types of redistributors are common:

1. Orifice redistributors (Fig. 3.8a): These are identical to orifice dis-
tributors, either the pan or the trough type, except that hats, caps,
or strips are usually installed above the risers to prevent liquid
from the packed bed above from entering the vapor risers, and also
to promote lateral mixing of vapor.

. Weir redistributors: These are identical to notched-trough distrib-
utors. Because weir redistributors cannot collect liquid from the
upper section, a liquid collector such as a chimney tray or chevron
collector (Chap. 4) or a collecting support plate (e.g., the upper
plate in Fig. 3.8¢) is usually required above the redistributor.

. Wall wipers (or "rosette”) redistributors (Fig. 3.8b): This is a collec-
tion ring equipped with short projections extending toward the
tower center. Liquid removed from the wall is deflected into the
projections (“fingers”), which transport it to a desired location in
the bed. Wall wipers effectively remove liquid from the wall, but
they are only partially effective for counteracting composition
pinches. Their ability to counteract composition pinches diminishes
as column diameter increases. Therefore, they are only suitable for
small columns [< 2 to 3 ft in diameter (74, 305)], where deflection
of liquid and vapor by packing particles is sufficient to counteract
pinching effects, and where wall flow formation is the main prob-
lem.

Wall wipers were specifically advocated for the stripping sections
of small columns (< 2 to 3 ft in diameter), producing a high-purity
bottom product (386). Generally, wall wipers are spaced apart by
about two theoretical stages of packed height (386).There is some
uncertainty regarding the effectiveness of wall wipers. The author
is familiar with many small columns (2 to 3 ft in diameter) that
operate well without wall wipers. The author also knows of many
designers that prefer to avoid wall wipers due to their capacity re-
striction potential (see item 7 below). The author even heard of a
case where removing wall wipers from an existing small column
improved its efficiency.

Several types of structured packing are equipped with wall wip-
ers (168). Experiments (40) have shown that without them, effi-
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Figure 3.8 Liquid redistributors. (a) Orifice redistributor; () “rosette” wall wiper; (c)
support mixer redistributor. (Part a Gilbert K. Chen, excerpted by special permission
from Chemical Engineering, March 5, 1984, copyright © by McGraw-Hill, Inc., New
York, NY 10020; part b reprinted courtesy of Norton Company; part ¢ reprinted cour-
tesy of Koch Engineering Company, Inc.)
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ciency can drop by as much as 20 percent in small-diameter (<1.5-
ft) columns. Unlike the rosette ring, these wall wipers are fixed to
the packing layers rather than to the column wall.

One source (404) reports success with using a layer of structured pack-
ing as a redistributor. The author has limited inconclusive evidence to
suggest that this technique may not always be effective. Additional
experience will be required before this technique can be applied with
confidence.

Generally, redistributors for large-diameter (> 3-ft) columns are of
the orifice or weir type. The orifice type is more popular because it
does not require the addition of a liquid collector, which consumes ver-
tical space and increases column cost and complexity. Other pros and
cons of orifice and weir redistributors, as well as application guide-
lines for each type of redistributor, are identical to those described
earlier for orifice and weir distributors. The general dos and don’ts for
distributors and for liquid inlets into distributors also extend to
redistributors. Additional guidelines unique for selection, design, and
operation of redistributors are presented below.

1. The redistributor must be compatible with the bed support above.
It is best to have the manufacturer specify both. Often, the man-
ufacturer supplies a package redistributor—support plate combina-
tion.

2. Liquid flow must be prevented through the vapor passages. Risers
are usually fitted with covers (Fig. 3.8a). Alternatively, a combi-
nation support plate-redistributor can sometimes prevent liquid
downflow through vapor risers without using riser covers.

3. Guidelines 2, 5 to 8, and 10 in Sec. 4.10 are also applicable for
redistributor riser covers. Exceptions to these are (1) flat hats are
acceptable for redistributors, because a small amount of liquid
dropping through the vapor risers can often be tolerated; and (2)
when vapor distribution is not a major problem (e.g., column di-
ameters smaller than 4 to 6 ft and a large number of vapor risers),
uncovered vapor risers in a combination support plate—redistri-
butor may be satisfactory. The top of such uncovered risers should
not be more than 4 in below the bottom of the support plate above
(305).

4. In very large columns (>20 to 30 ft), a redistributor may not be
sufficient to mix the liquid adequately. In such cases, mixing can
be improved by adding a liquid collector, from which the liquid is
fed to the redistributor.

5. A combination redistributor—support plate which can also achieve
good liquid mixing (212) is the support mixer redistributor (Fig.
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3.8¢). In this combination, the support plate also acts as a liquid
collector. The collected liquid flows into a downcomer-like ar-
rangement, which mixes the liquid and feeds it into the center of
the redistributor plate below, behind a circular inlet weir. A po-
tential problem with this redistributor is occlusion of perforations
by migrating pieces of packing.

. Rosette redistributors must be sealed to the tower wall in order to en-

sure adequate collection of wall liquid. A sealing strip is often included
in the equipment provided by the manufacturer (305). If the column is
constructed of flanged sections, a rosette redistributor can be mounted
between flanges of adjoining sections.

A redistributor represents a flow restriction and may cause pre-
mature flooding, especially if packings or chips of packings find
their way into the redistributor. Redistributors and supports
should be carefully designed to prevent this.

Special caution is required with wall wipers, since those are in-
stalled within the bed itself. A 1.5-in-wide wall wiper in a 2-ft ID
column would reduce the column open area (and therefore its ca-
pacity) by as much as 25 percent. Nonstandard wall wipers should
be avoided, and the rosette shape (Fig. 3.8b) should be preferred.
The projections should be relatively narrow to avoid consuming
excessive open area.

Distributors and redistributors are known to have been inter-
changed during installation (121), particularly when both are of
similar design. Inspection prior to startup is necessary.

Separation of two immiscible liquid phases can be troublesome in
some redistributors and promote irregularity in the makeup of the
liquid supplied to the bed below. Special attention is required to
redistributor design if liquid-phase separation is likely (386).
Weir redistributors are least sensitive to this problem.

When a liquid product or pumparound stream is drawn from a
redistributor, the area under the drawoff box must be properly ir-
rigated. The author is familiar with one large-diameter (> 20-ft)
column that had a redistributor containing a central 2-ft-wide liq-
uid collecting draw box extending the full tower diameter with no
irrigation underneath. The column performed extremely poorly,
but mainly due to other more severe sources of maldistribution.

3.11 Flashing Feed Distributors

An intermediate liquid feed is almost always introduced into a
redistributor. Introducing a vapor-containing feed via a distributor
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suitable for liquid feeds only can severely lower column efficiency, as
demonstrated in one case history (76). When the feed contains vapor, a
flashing feed distributor is used. Flashing feed distributors have two
main functions:

1. Separate vapor from liquid, and either distribute the liquid evenly
to the bed below or feed the collected liquid to a liquid distributor
below.

2. Absorb and dissipate the forces exerted by the incoming feed.

The common types of flashing feed and vapor distributors are the baf-
fle type (Fig. 3.9a), the vapor-liquid separator type (Fig. 3.9b), the gal-
lery type (Fig. 3.9¢), and the tangential entrance type (Fig. 2.2j). Some
of the vapor distributors discussed in Sec. 3.12 are also sometimes
used for flashing feeds, especially when liquid distribution to the sec-
tion below is not critical (e.g., when it contains trays).

The baffle type (Fig. 3.9a) features an impingement baffle arrange-
ment above an orifice distributor or a liquid collector. Feed is directed
against the baffles through slotted piping, where velocities are low-
ered and vapor disengages from the liquid. The liquid can flow to an
orifice-type distributor or may be collected and flow to a liquid distrib-
utor below (Fig. 8.1). This distributor is best suited for two-phase feeds
that readily disengage and are nonfoaming (74), and for small towers
(< 4 ft in diameter).

The vapor-liquid separator type (Fig. 3.9b) features an internal
knockout drum directly above an orifice redistributor. It consumes
more vertical space than the baffle type, but it has the potential of
providing better liquid distribution to the bed below. This device is
also most suitable for small columns (386).

The gallery type (Fig. 3.9¢) is used for feeds in which liquid is the
continuous phase. It features a gallery around the perimeter of the
distributor above the distributor floor. The two-phase feed enters the
gallery, where vapor separates from liquid. The liquid then
underflows into a second distributor plate located below. A “tee” ar-
rangement is often used at the feed inlet to force the feed to flow
around the gallery. The gallery type is commonly used in foaming sys-
tems, such as cryogenic demethanizers and carbonate regenerators
(74, 305), and in larger-diameter columns (386).

Careful design is required at the gallery region across from the in-
let, as here two high-velocity streams meet. This meeting may be ac-
companied by excessive turbulence, splashing, and hydraulic pound-
ing.

The feed entrance into the gallery also requires close attention. Se-
vere hydraulic pounding by the entering vapor may cause mechanical
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(c)

Figure 3.9 Flashing feed distributors. (a) Baffle-type distributor; (b) vapor-liquid separator-
type distributor; (c) gallery-type distributor. (Parts a, ¢ Gilbert K. Chen, excerpted by special
permission from Chemical Engineering, March 5, 1984, copyright © by McGraw-Hill, Inc.,
New York, NY 10020; part b reprinted courtesy of Norton Company.)

damage in this area. There have been cases where substantial in-
creases in the quantity of vapor in the feed during upset conditions
flattened galleries. Such upset conditions should either be eliminated
or taken into account in the mechanical design of gallery distributors.
If mechanical damage cannot be prevented by strengthening the feed
entrance area, it may pay to consider a tangential feed arrangement
(below).

When a flashing feed distributor is installed between packed beds
(rather than at the top of the columns), vapor risers should be
equipped with hats to prevent liquid from the packed bed above from
entering the risers. Guidelines 1, 3, and 7 in Sec. 3.10 are also appli-
cable for flashing feed distributors.
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Tangential feeds, often with helical baffles, are commonly used with
high-velocity feeds in which the vapor phase is continuous and the lig-
uid is present in the form of a spray (143). These arrangements are
discussed in detail in Sec. 2.2 (arrangement j).

3.12 Vapor Distributors and Vapor-
Distributing Supports

Vapor-distributing devices are typically located at or above a vapor
feed, between a trayed and a packed section, or above the transition
section where diameter changes. The following devices are used:

® A sparger pipe (Fig. 4.3b)
® A vapor distributor
® A vapor-distributing support (Fig. 3.10)
Sparger pipes are discussed in detail in Sec. 4.2. That discussion also
applies to a sparger pipe introducing an intermediate feed.
Most vapor distributors are essentially chimney trays (Chap. 4) spe-

cifically designed to promote vapor distribution. A typical vapor dis-
tributor contains a large number of uniformly spaced vapor risers and

b( ]
£

Liguid sump/

{optional)
n

Figure 3.10 Vapor-distributing support. (From F. Moore and F. Rukovena, Chemical
Plant and Processing, Europe edition, August 1987. Reprinted courtesy of Chemical
Plant and Processing.)
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has a relatively high pressure drop. A vapor distributor usually con-
tains flow perforations for liquid downflow; alternatively, it may be
equipped with downpipes. The diameter of each downpipe is restricted
in order to avoid large areas with no risers. Total downpipe area must
not be undersized (see Sec. 4.10, guidelines 14 and 15), and the
downpipes must be adequately sealed to avoid vapor rising through
them.

A vapor-distributing support (Fig. 3.10) is a flat perforated plate
containing perforated vapor risers. Liquid descends through the
floor perforations, while vapor rises through the riser perforations.
The bottom portion of the vapor risers is unperforated, so that va-
por is injected above the liquid pool on the plate. Sumps are op-
tional and recommended (289) where liquid inventory is to be re-
duced. The vapor-distributing support combines two internals (a
vapor distributor and a support plate) into one. Compared to a va-
por distributor, this saves both vertical space and internals costs.
On the other hand, obstruction of perforations by pieces of packing
and possible liquid overflow into risers may make its vapor distri-
bution quality somewhat lower.

Vapor-distributing devices should be installed whenever a high-
velocity, unevenly distributed vapor flows toward a packed bed. In
general, when the velocity head of this unevenly distributed vapor
(e.g., vapor at the inlet nozzle) is of the same order as the pressure
drop of the packed bed above, there is an incentive for installing a
vapor-distributing device; when it is less than one-tenth of the bed
pressure drop, a vapor-distributing device is unlikely to be beneficial.
More detailed guidelines (289, 386) for distributing inlet vapor are

1. A vapor-distributing device is needed when the vapor F-factor at
the column inlet exceeds 52.4VAP (289). The F-factor is the inlet
velocity in feet per second times the square root of gas density in
pounds per cubic foot, and AP is the bed pressure drop in inches of
water per foot of packing. The guideline updates an earlier version
of this rule (386), which cited a value of 22 instead of 52.4 VAP
(344). A similar comment applies to the next guideline (item 2
below).

One case was reported (75) where vapor entered at an F-factor of
140 without a proper vapor distributor. Needless to say, perfor-
mance was extremely poor.

2. If vapor enters the column at an F-factor smaller than 52.4 VAP
(289) and the bed pressure drop exceeds 0.08 in of water per foot of

packing, vapor distribution is unlikely to be troublesome, and no
vapor-distributing device is needed. This applies to columns
smaller than 20 ft in diameter (289).
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3. If a high feed pressure drop is acceptable, the use of a sparger pipe
(Fig. 4.3b) is recommended (289) when the vapor inlet F-factor
ranges between 52.4 VAP and 81.2 VVAP. The use of a sparger pipe
eliminates the need for a more sophisticated vapor-distributing de-
vice.

Kabakov and Rozen (183) measured severe gas maldistribution
in 15-ft-diameter CO,-amine absorbers containing 50-ft-tall packed
beds. They did not report gas density, making it impossible to de-
termine the F-factor at which the maldistribution was measured.
The absorption efficiency in thz columns experiencing maldis-
tribution was roughly half the efficiency measured in another sim-
ilar column that had a specially designed gas inlet sparger (183).

4. Pressure drop through the vapor distributor or a vapor-distributing
support should be at least equal to the velocity head at the column
inlet nozzle (386). Typically, a pressure drop of 1 to 8 in of water
(289) is used for these devices. In one typical specific example (346),
it was 4 ins.

A vapor distributor with insufficient pressure drop may be inef-
fective. A case has been reported (75) where poor column efficiency
resulted from specifying a vapor distributor with lower pressure
drop than recommended by the manufacturer. The vapor distribu-
tor (or vapor-distributing support) pressure drop can be minimized
by entering the feed via a sparger pipe with the bottom quadrant
removed (rather than perforated). Although such a sparger pipe
will not be an effective vapor distributor, it will serve to break the
incoming vapor jet and reduce its velocity head.

5. When a sparger pipe enters an intermediate feed, vapor jets must
not impinge on redistributor liquid surface or other packed-column
internals. Liquid surface agitation in redistributors, or mechanical
damage to internals, can cause maldistribution, which can be det-
rimental to column efficiency.

6. Vapor-distributing supports should not be used with foaming sys-
tems (289).

7. A V-baffle (Fig. 2.2f, Sec. 2.2) is sometimes (albeit infrequently) in-
stalled as a primitive vapor or flashing feed distributor. If the feed
contains liquid, the top and bottom plates of the baffle are often in-
stalied at a small downward slope. This arrangement is somewhat
similar to the gallery distributor (Sec. 3.11), but with liquid falling
off the edge rather than descending via perforations. If the liquid
falls onto a distributor plate below, it can cause frothing, splashing,
and waves, and is therefore not recommended. However, if the sec-
tion below is insensitive to distribution (e.g., bottom sump or
trayed section) this fall may be acceptable.
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Experience with V-baffles is mixed. The author is familiar with
columns in which the arrangement works well. On the other hand,
an experience has been reported (299a) in which it did little to al-
leviate vapor maldistribution. With superheated feeds, it may lead
to extensive coking. Coke growth on the back of such a baffle was
reported (299a) in two entirely separate refinery FCC main
fractionators (feed is highly superheated in this service). In one
case, the coke grew right through the top of the grid bed above and
needed to be dynamited out (299a).

Diffuser vanes are sometimes installed as a vapor distributor at the
column inlet. The success of this arrangement depends on the vane
design and the shape of the inlet vapor jet; the latter is a function of
the column feed piping configuration. This arrangement can also
be sensitive to plugging, coke buildup, and corrosion.



Chapter

Bottom Section and
Column Outlets

The main considerations for the bottom section and column outlets are
achieving the required phase separation, avoiding unfavorable inter-
action between different internals, and establishing adequate hydrau-
lics. Failure to achieve these may cause premature flooding, outlet
line choking, excessive entrainment, loss of efficiency, and mechanical
damage. With liquid outlets, providing a satisfactory surge volume for
downstream equipment is also an important consideration.

This chapter examines common practices of withdrawing streams
from a column, focuses attention on internals used at the bottom of a
column (an area which causes frequent headaches to troubleshooters),
outlines the preferred practices, highlights the consequences of over-
looking traps, and supplies guidelines for avoiding pitfalls and for
troubleshooting column outlets and column bottom sections.

4.1 Bottom Feed and Reboiler Return
Inlets

The space between the bottom tray or packing support plate and the
liquid level is a prime potential troublespot in distillation and absorp-
tion columns. Numerous mishaps originating in this section have
been reported (12, 49, 71, 107, 203, 231, 238, 255, 296, 375, 440). It is
estimated (143, 207) that 50 percent of the problems in the lower part
of the column are initiated in this space. Many of these problems are
associated with the reboiler return (or bottom feed) inlet. Therefore, it
is important to follow these guidelines.

1. Bottom feed and reboiler return inlets should never be submerged
below the liquid level (see the Sec. 4.2 for the only acceptable ex-
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ception to this rule). At times, it may appear attractive to sub-
merge this inlet in order to dampen a pulsating feed (12), or to
desuperheat the bottom feed, or to gain a theoretical plate. But this
is bad practice (Fig. 4.1a), mainly because the column of liquid
above the submerged inlet can vary in height, and under certain

«— Reboiler return
or bottom feed

.__T_____.l

Reboiler return 15 to 18 in min

or bottom feed _| 1 | High liquid
(paraliel to L - level
seal pan)
| 12 in min _/
Normal
liguid level

S

Liquid

(b)

Figure 4.1 Good and bad practices for reboiler return or bottom feed ar-
rangements. (a) Bad practice, must be avoided; (b) good practice.
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conditions, slugs of liquid and vapor can be blown up the column
and lift (“bump”) trays off their supports or dislodge packing sup-
port plates. Inlets below the liquid level can also be responsible for
excessive entrainment and premature flooding. Experiences where
liquid levels above the reboiler return nozzle caused trays to lift off
their supports (49, 107, 231, 296) or induced premature flooding
and excessive entrainment (71, 208, 238, 375) have been reported
in the literature.

2. Bottom feed and reboiler return nozzles should not be too close to
the maximum liquid level. The space between the bottom of the
reboiler return (or bottom feed) nozzle and the maximum liquid
level (Fig. 4.1b) should be at least 12 in (143, 192, 207, 208, 237,
375). Failure to do this will promote turbulence on the liquid sur-
face, erratic level control, and liquid entrainment into the rising
vapor.

3. Bottom feed and reboiler return flows should not impinge on the
bottom liquid surface. It is best to enter these flows in parallel to
the liquid level. Impingement can occur when an internal pipe is
“elled” down, or if the column inlet pipe slopes downward at the en-
trance. Arrangements to be avoided are shown in Fig. 4.2. Impinge-

N

Figure 4.2 Practices to be avoided in bottom feed arrange-
ments. (From Henry Z. Kister, excerpted by special permission
from Chemical Engineering, May 19, 1980, Copyright © by
McGraw-Hill, Inc., New York, NY 10020.)
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ment on the liquid surface will produce consequences similar to
those described in guideline 2 above. The author has experienced
excessive entrainment problems following the addition of the
sloped nozzle at the bottom feed of a column, as shown on the lower
sketch on the left (Fig. 4.2).

Bottom feed and reboiler return flows should not impinge on the
bottom seal pan, the seal pan overflow, or the bottom downcomer.
The preferred arrangement is to introduce the feed parallel to the
edge of the seal pan. If this cannot be done, the inlet pipe should be
extended into the column and terminated with an inlet baffle, a
horizontal tee, or another device that enters the vapor parallel to
the edge of the seal pan (Fig. 4.15). Vapor impingement on the seal
pan overflow may result in liquid entrainment to the bottom tray.
Impingement on the downcomer or seal pan can cause vaporization
and lead to premature downcomer flooding, particularly if the feed
is superheated. Bottom feed and reboiler return flows should also
not impinge on level-sensing or other instrument connections. This
is discussed in Sec. 5.3.

. Reboiler return and bottom feed lines must be correctly sized. Un-

dersized reboiler return lines can lead to liquid level backup to the
reboiler outlet nozzle and may result in premature flooding. The
author is familiar with an incident where a column flooded at 50
percent of its design rates because of an undersized reboiler line.
Excessive inlet velocities may also induce turbulence and
entrainment and have also been reported (98) to cause tray vibra-
tion, loosening of tray fasteners, and tray failure.

A detailed sizing procedure for reboiler return inlets is discussed
elsewhere (113). For bottom feeds, the criterion for sizing mixed
and vapor feeds (Sec. 2.3, guideline 4) can be used (355). For
reboiler return lines, it has been recommended (82) that the veloc-
ity in feet per second not exceed \/4000/p,,, where

B 100
Pm = Guaporlp, + %liquid/p,

and p, and p;, are vapor liquid densities in pounds per cubic foot. In
some cases, an excessive inlet velocity can be accommodated by in-
troducing the bottom feed or reboiler return via a vapor space
sparger. This is discussed in the next section.

. The top of the reboiler return or bottom feed nozzle should be lo-

cated at least 15 to 18 in below the tray (or packing support plate)
above (143, 207, 211, 237, 307) (Fig. 4.1b). Some designers (211,
237) recommend that the distance from the centerline of the nozzle
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to the tray above be at least one tray spacing plus 12 in; others
(143, 207) recommend that the distance from the top of the nozzle to
the tray above be at least 12 in plus the nozzle diameter. One rec-
ommendation specific for packed towers is that the distance from
the top of the nozzle to the packing support plate be at least 12 in
plus half the nozzle diameter (289); another states that this dis-
tance should be made at least 1.5 times the nozzle diameter (75).

In large-diameter packed columns where I-beams support the
packing support plate, a larger space between the reboiler return
nozzle and the packing support plate may be required. The prime
consideration here is allowing sufficient open area between the bot-
tom of the beam and the high liquid level for adequate vapor dis-
tribution. Detailed discussion is in Sec. 8.2.

7. The section of column wall directly opposite a bottom feed (or
reboiler return) nozzle is often prone to corrosion and erosion at-
tacks. High inlet velocities, small column diameters, and corrosive
chemicals are conducive to this problem. The author has experi-
enced a case where metal was thinned and the column wall was
eventually punctured opposite the bottom inlet of a 2.5-ft-diameter
column. Installing an impingement plate on the wall will shield it
from such corrosion and erosion attacks.

8. Tangential reboiler return or bottom feed nozzles, or geometries
promoting tangential velocities, should be avoided (316). Tangen-
tial velocities will impart a swirl to the sump liquid, disturb the
liquid surface, and promote vortexing. An exception to this rule is a
well-designed and well-sized vapor horn nozzle (Fig. 2.2j), as de-
scribed in Sec. 2.2.

4.2 Bottom Feed and Reboiler Return
Spargers

Using a well-designed submerged sparger (Fig. 4.3a) is the only ac-
ceptable means of introducing bottom vapor feed below the liquid level
(see guideline 1 in the previous section). The sparger is a perforated
pipe which emits vapor into the liquid as bubbles so that slugging is
avoided. It is important to monitor liquid level adequately and to
shield the level-measuring device from the presence of bubbles. In one
troublesome incident (440), loss of the liquid layer covering the
sparger resulted in overheating of column internals; in that case, the
system was designed to maintain a constant level, but the level was
not monitored.

When the bottom feed or reboiler return enters the column with a
high velocity, or when there is a concern about excessive turbulence at
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space (nonsubmerged) bottom feed sparger, with dimensions recommended by
Moore and Rukovena (289).
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the entry, it may be attractive to introduce it via a sparger located in
the vapor space above the liquid level (Fig. 4.3b). The vapor-space
sparger is primarily used with vapor-only bottom feeds. With mixed-
phase bottom feeds or reboiler returns, the high-momentum liquid
will tend to travel toward the closed end of the pipe, and preferentially
issue there, while vapor will preferentially issue from perforations
near the inlet to the sparger. While this is unlikely to be troublesome
in most tray columns, some designers (289) recommend against using
vapor space spargers for packed-column mixed-phase bottom feeds or
reboiler returns.

In kettle and thermosiphon reboiler circuits, vapor space spargers
are usually undesirable because of their high pressure drops. In one
case (145), high pressure drop in a vapor-return sparger from a kettle
reboiler caused liquid to back up above the reboiler return nozzle,
which in turn led to premature flooding. The problem was solved by
chopping off the sparger to reduce pressure drop and removing the
bottom tray to permit vapor distribution.

Figure 4.3b shows some recommended dimensions (289) for a vapor
space sparger. Drain holes are required if the bottom of the sparger is
unperforated. Guidelines 2 and 4 in Sec. 4.1, and guidelines 1, 3 to 9,
11, and 12 in Sec. 2.4 also apply to vapor space spargers. In packed
columns, it was recommended (289) to restrict perforation pressure
drop to less than 1 psi.

Where pressure drop is critical, a sparger pipe with the bottom
quadrant cut out (rather than perforated) is sometimes used, but at
the penalty of inferior vapor distribution. Similarly, the sparger can
be entirely eliminated and substituted by a “dog house” baffle parallel
to the direction of fluid entry. This baffle is somewhat wider than the
nozzle diameter and stretches from wall to wall parallel to the direc-
tion of the incoming fluid. The author is familiar with one experience
where addition of a “dog house” baffle eliminated a packed-tower va-
por maldistribution problem.

43 Liquid Outlets Pitfalls

The main consideration in the design of a column outlet is to achieve
the required phase separation. For liquid outlets, providing the re-
quired surge capacity is important as well.

The presence of vapor in liquid outlet lines has been a major
troublespot in distillation and absorption columns. Numerous case
histories have reported premature flooding, column instability, and
pump cavitation and erosion caused by presence of vapor in liquid out-
let lines (12, 85, 208, 255); the author is familiar with a few additional
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cases. A simple rule of thumb states: “Either avoid the presence of va-
por in a liquid outlet—or design for it.”

Arrangements such as bottom sumps, chimney trays, side-draw
drums, and surge drums are usually designed for avoiding the pres-
ence of vapor in the liquid outlet. On the other hand, downcomer
trapouts are usually designed to allow for the presence of vapor in the
outlet liquid.

The common mechanisms responsible for the presence of vapor in a
column liquid outlet line are

= Insufficient residence time for vapor disengagement from the lig-
uid. Liquid arriving at the pan or sump from which it is withdrawn
almost always contains entrained vapor bubbles. Additional bubbles
are generated by frothing (see below). These bubbles disengage from
the liquid by a buoyancy mechanism. When sufficient residence time
is not available for adequate bubble disengagement, vapor will be en-
trained in the liquid leaving the sump or pan. Residence time is dis-
cussed in the next section.

» Frothing (waterfall pool effect) is caused by the impact of falling
liquid on the liquid surface in the draw pan or sump. The impact in-
duces vapor entrainment into the liquid, in the same manner as a wa-
terfall induces entrainment of air into the pool below it. Both the
quantity of vapor entrained and the depth to which the vapor bubbles
travel below the liquid surface are enhanced when large quantities of
liquid fall into a small sump area, and when the vertical drop height
is large. Frothing is therefore a far greater problem in tray column
sumps (where liquid fall resembles a waterfall) than in packed-
column sumps (where liquid fall is more like rain). Techniques to min-
imize the effects of frothing are discussed in the sections on bottom
sumps and chimney trays.

» Flashing occurs when the liquid vapor pressure exceeds the static
pressure in the outlet pipe. To avoid flashing, sufficient liquid head
should be available at the sump, and the outlet pipes should be cor-
rectly sized. Sizing should take into account reasonable variations in
outlet flow. Pump suction lines should be as short as possible and run
without loops or pockets. One troublesome experience with flashing at
the entrance to a side-draw line has been reported (85).

= Vortexing occurs because of intensification of swirling motion as lig-
uid converges toward an outlet. This intensification results from conser-
vation of angular momentum. Vortexing promotes the entrainment of
vapor into the drawoff line. One troublesome experience of vortexing
causing vapor entry into a liquid cutlet line was reported (255).
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To avoid vortexing, vortex breakers should be routinely installed.
Vortex breakers introduce shear in the vicinity of the outlet, thus sup-
pressing the swirl. While flat plates and simple crosses help in vortex
prevention, radial vanes or floor-grating configurations are far more
effective (316, 413a). The floor-grating type is most popular. For a
high degree of effectiveness, the vortex breaker should be four times
the outlet nozzle diameter, with a maximum size of one-third the ves-
sel diameter (316, 413a). The height of the breaker above the outlet
should be about half the nozzle diameter, with a minimum bottom
clearance of several inches (316, 413a). Vortex breaking is discussed
in detail elsewhere (316, 413aq).

In vacuum towers, air may leak (e.g., through a flange) into a liquid
outlet line. Minimizing the sources of leakage (e.g., flanges) and thor-
ough leak testing prior to startup are important when the line is de-
signed for avoiding the presence of vapor.

44 Residence Time

Providing adequate residence time is a primary consideration in ar-
rangements that avoid vapor in liquid outlets. Such arrangements typ-
ically include bottom sumps, chimney trays, external side-drawoff
drums, or surge drums. Sufficient residence time must be provided in
the liquid-drawoff sump for one or more reasons:

1. To disentrain vapor contained in the sump liquid. Entrained vapor
bubbles may lead to downstream pump cavitation and to “choking”
in downstream pipelines.

2. To buffer downstream units from upstream and column upsets.
This is most important when the sump is feeding sensitive units
such as furnaces.

3. To buffer the column from downstream upsets. This is most impor-
tant if the liquid is feeding a downstream unit by direct pressure,
and the pressure difference between the two is small.

4. To give the operator sufficient time to take corrective action if com-
mon upsets occur (e.g., pump trips, level lost or gained too fast).

5. To provide sufficient settling time if two liquid phases such as hy-
drocarbons and water are also to be separated.

Residence time is calculated by dividing sump volume by the
volumetric flow rate of liquid leaving the sump. In many instances,
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this definition is tricky to apply. The author recommends that the vol-
ume and liquid flow rates used in the above definition be those rele-
vant to a specific purpose (Fig. 4.4), thus:

1. When the controlling consideration is satisfactory vapor disen-
trainment, the relevant volume is from the top of the liquid outlet
nozzle to the normal liquid level. The relevant liquid flow rate is
the total liquid flow rate leaving the sump. For example, if the bot-
tom sump is not separated by a baffle from the reboiler compart-
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ment and is used to supply liquid both to the reboiler and bottom
product, the relevant liquid flow rate is the bottom product plus the
liquid to the reboiler.

2. When the controlling consideration is surge volume to buffer the
column or downstream equipment from upsets, the relevant liquid
volume is from the low to the normal (or normal to high, depending
on the nature of upsets expected) liquid level. The relevant liquid
flow rate is only the liquid stream going to the next unit. In the
above bottom sump example, the relevant liquid flow rate for buff-
ering from upsets is the bottom product flow.

Guidelines for sump residence time are scarce in the published litera-
ture. Those given by Wheeler (420) for chimney trays are the only detailed
list available (Table 4.1). Wheeler (420) did not state the residence time def-
inition on which his guidelines are based. The author believes that their
application with the above definition is reasonable for chimney trays, bot-
tom sumps, and side-draw drums. Caution is needed when these guidelines
are applied, particularly when the main consideration is to buffer upsets.

The author recommends that for adequate vapor disengagement,
liquid residence time should be at least 1 minute, based on the above
definition. The author is familiar with experiences where sump resi-
dence times of the order of 20 to 40 s were insufficient to adequately
disentrain vapor from liquid in sumps and draw pans of columns han-
dling nonfoaming liquids. A greater residence time may be required

TABLE 4.1 Residence Time for Liquid in the Sump

Operating condition Minimum residence time, min
Liquid is withdrawn by level control and 2
feeds another column directly by pressure.
Liquid is withdrawn by level control and 3
pumped away. Spare pump starts manu-
ally.
Liquid is withdrawn by level control and 1
pumped away. Spare pump starts auto-
matically.
Liquid is withdrawn by level control and 5-7

feeds a unit that is some distance away
or that has its instruments on a differ-
ent control board.

Liquid is withdrawn by flow control. 3-5

Liquid flows through a thermosiphon 1
reboiler without a level controller, to
maintain a level in the sump.

source: From D. E. Wheeler, “Hydrocarbon Processing,” July 1968, reprinted courtesy of
Hydrocarbon Processing.
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where frothing is likely to be significant and where the system tends
to foam.

A residence time smaller than 1 minute using the above definition
may be satisfactory on chimney trays that are used for withdrawing
pumparound liquid in nonfoaming services. Because of the large cir-
culation rate typical in such applications, a 1-minute residence time
may require an excessively tall chimney tray. Since pumps used in
such applications typically develop low heads, they usually can toler-
ate some entrained vapor.

Under some conditions, it may be impractical or unattractive to provide
sufficient residence time in the liquid-drawoff sump. Then, separate side-
drawoff drums or surge drums that vent back to the column are added out-
side the column to provide the required residence time (Fig. 4.4d).

When vapor disentrainment is the controlling consideration, and it
appears attractive to minimize the sump size, the liquid pipe down-
stream of the sump can be sized to provide a self-venting flow. In this
case, the liquid residence time in the pipe contributes to the residence
time requirement, and the sump itself can be designed for a smaller
residence time. The high points on the self-venting lines should be
vented back to the column.

A short-cut correlation (354) for sizing self-venting lines is shown in
Fig. 4.5. The author has had a lot of favorable experience with this
correlation. With foaming systems, pipe diameter should be increased
in proportion to the foaming factor (355). Caution with applying Fig.
4.5 is required (355) when an extraordinary flashing flow situation is
expected (e.g., when the liquid contains appreciable amount of a high-
relative-volatility component).

4.5 Column Bottom Arrangements

Three different arrangements are commonly used for the column bottom:
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1. Unbaffled arrangement (Fig. 4.4a): Here both bottom product and
reboiler liquid are withdrawn from a common bottom sump.

2. Baffled arrangement (Fig. 4.4b): Here the space ai the bottom of
the column is divided into a bottom-drawoff sump and a reboiler
feed sump by a preferential baffle. Typical arrangements are
shown in Fig. 4.6.

3. Once-through reboiler arrangement: Here reboiler liquid is with-
drawn from the bottom downcomer or from a chimney tray located
above the bottom sump. Typical arrangements are shown in Fig. 4.7.

The unbaffled arrangement has the advantages of simplicity anr
low cost. It is preferred

® In small columns (< 3 ft in diameter), where its simplicity is a major
advantage and where baffles are difficult to inspect and maintain.

® With many packed columns. Here liquid raining from the bed above
needs to be deflected into the reboiler side of a baffle, making a baf-
fled arrangement more complicated, more expensive, and less eco-
nomically attractive.

s With kettle reboilers, because bottom product is withdrawn from
the kettle reboiler surge compartment and not from the column.

® With forced-circulation reboilers. Here the large reboiler circulation
rate (compared to the bottom product rate) makes it difficult to
achieve a steady liquid overflow across the baffle.

s With internal reboilers.

8 In services where the feed consists mainly of lights and a small
amount of residue, in order to avoid residue accumulation in the
reboiler loop and thickening of material due to excessive residence
times in the bottom sump.

Baffled or once-through arrangements are usually preferred with
thermosiphon reboilers in large columns (> 3 ft in diameter). Com-
pared to the unbaffled arrangement, they offer the following advan-
tages:

1. They provide an additional theoretical stage, or fraction of a theo-
retical stage.

2. They supply a constant liquid head to the reboiler. This is most im-
portant in vacuum systems, where a steady liquid driving head is
essential for stable thermosiphon action (see Sec. 15.3).

3. They lower the boiling point of liquid supplied to the reboiler. This
maximizes reboiler AT and its capacity and minimizes its fouling
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tendency. This is a major consideration when the bottom liquid is a
wide-boiling mixture.

4. They maximize bottom sump residence time when vapor disengage-
ment is the main consideration.

The above benefits are most thoroughly realized with the baffle ar-
rangement shown in Fig. 4.6b or with the once-through arrangements
in Fig. 4.7a to ¢. With the baffle arrangements in Fig. 4.6q, ¢, and d,
with packed columns, and with the trapout pan arrangement in Fig.
4.7d, benefits 1 and 3 above are only partially realized, because some
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liquid from the bottom tray (or from the packed section) can find its
way to the bottom sump without passing through the reboiler.

Once-through reboiler arrangements can only be used when the
quantity of liquid vaporized is less than 20 to 30 percent of the total
amount of liquid descending down the column. This is because good
thermosiphon action is usually limited to 20 to 30 percent vaporiza-
tion. Once-through arrangements are therefore usually used for strip-
pers or other low-boil-up applications. Baffled arrangements are usu-
ally used for most other thermosiphon reboiler applications. More
detailed discussion of the above arrangements is available elsewhere
(178).

4.6 Dos and Don’ts for Column Bottom
Arrangements

Below are guidelines for avoiding operating problems with column
bottom arrangements.

1. Column bottom sumps must provide sufficient residence time for
vapor disentrainment (see guideline 4 for the only exception to this
rule). Inadequate vapor disentrainment may lead to cavitation of
the bottom pump or choking of the bottom line.

2. Frothing (waterfall pool effect) can entrain vapor into the bottom
liquid, with consequences similar to those described in guideline 1
above. Conditions conducive to frothing are high liquid flow rates,
liquid falling into small areas, shallow bottom sumps, large liquid
fall heights, and poorly designed reboiler return (or bottom feed)
spargers. In most other situations, frothing is seldom troublesome.
Frothing can be suppressed by minimizing liquid fall height or in-
creasing sump depth. An impingement baffle, or a layer of packing,
close to the liquid level (and below the reboiler return nozzle), is
sometimes used to absorb the impact of the falling liquid. A less
common means of avoiding frothing is extending the bottom
downcomer below the normal liquid level of the bottom sump (this,
however, may cause premature flooding by downcomer backup; see
guidelines 17 and 18 in Sec. 4.10).

3. Vapor disentrainment is not required in a sump or draw pan used
exclusively to feed a thermosiphon reboiler, because the reboiler
can handle some vapor bubbles in its liquid supply. It is important
to size the reboiler sump for self-venting flow; otherwise vapor
pockets may choke the reboiler sump. Figure 4.5 can be applied to
determine the maximum allowable velocity through the reboiler
sump. The pipe diameter on the y axis of the diagram is considered
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as the equivalent hydraulic diameter (four times the flow area di-
vided by the wetted perimeter) of the reboiler sump.

4. Completely different concepts are applied for bottom sumps con-
taining thermally unstable materials. Here the prime consider-
ation is to minimize the hot liquid residence time in order to avoid
material degradation. The design in Fig. 4.8a is often recom-
mended (68). With this arrangement, the liquid leaving the sump
contains some vapor, and piping needs to be designed for self-
venting flow. Commonly, the bottom liquid passes through a cooler
which condenses the entrained vapor. If additional residence time
is needed, or if the liquid is to be pumped, a surge drum is installed
downstream of the cooler.

When the bottom sump does not supply liquid to a reboiler (e.g.,
when a reboiler trapout pan is used, or when the column has a bot-
tom feed and no reboiler), the design in Fig. 4.8b can be used with
thermally unstable materials. This arrangement eliminates the
need for a surge drum and self-venting lines, and immediately
quenches liquid reaching the column base.

5. Sometimes it may be desirable to have the outlet pipe elevated
above the bottom of the sump in order to prevent solids or polymers
from leaving in the column bottom (one example is shown later in
Fig. 10.6a). This arrangement can be troublesome because it forms
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Figure 4.8 Common bottom sump arrangements for thermally unstable materials. (a)
Sump liquid flows into reboiler; (b) sump liquid does not flow into reboiler.
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a dead leg at the column bottom. It should be avoided altogether in
services prone to water-induced pressure surges (Sec. 13.5), because
the dead leg may trap water.

6. Flanges should be avoided inside the column skirt. These may leak
and generate a flammable or toxic atmosphere inside the skirt. It is
best to extend the nozzle to outside the skirt and install the flange
there.

4.7 Dos and Don’ts for Preferential Baffles

When a baffled arrangement is used, the following additional guide-
lines apply:

1. Each compartment must be treated as a separate sump and de-
signed accordingly.

2. Each sump must have its own drainage facilities. This is best
achieved by installing an external valved dump line at a low point
to interconnect the liquid outlet lines from each sump (see Fig.
15.4a). Alternatively, a number of holes can be drilled at the bot-
tom of the baffle, but this gives slow drainage rates and suscepti-
bility to plugging and is therefore not recommended. The author is
familiar with cases when it took over a day to drain the reboiler
sump via such holes.

3. Figure 4.6 shows preferential baffle arrangements for bottom
sumps. Arrangement a has a simplicity advantage and is most com-
mon. Arrangement b performs slightly better, but is also more com-
plex than arrangement a. Arrangement c is inferior to arrange-
ment d because it forces the vapor to flow through a curtain of
liquid while ascending to the first tray. This may cause
entrainment or premature flooding (208). Arrangement d is the
preferred arrangement for two-pass trays (Sec. 6.21 has a further
discussion). A baffle design similar to that in arrangement b can
also be incorporated in arrangements ¢ and d.

4. Baffles can be troublesome when reboiler liquid circulation is much
larger than bottom flow rate. In such cases, even a relatively small
amount of leakage across the baffle, splashing of reboiler return
liquid, or column fluctuations may starve the reboiler of liquid.
This leakage can be minimized by installing a deflection baffle
(usually sloped at 15° or more) above the bottom sump, which
routes splashed liquid and liquid runoff down the wall into the
reboiler compartment; adding washers (usually of the split-ring
type) to the bolts of the baffle plate and the hatchway; gasketing;
and seal-welding. In this type of service, it often pays to test the
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reboiler compartment for leaks by filling it with water prior to
startup.

5. When reboiler circulation is much larger than bottom flow rate,
baffles can cause unstable bottom flow. Small variations in the
reboiler heat input or column flow rates show up as large changes
in reboiler sump overflow, and therefore in bottom sump level. Bot-
tom level fluctuations cause bottom flow fluctuations, which may
be troublesome if the bottom flow is the feed to another column or
is used to preheat column feed. This problem is illustrated else-
where (258) and is most severe when the bottom sump compart-
ment is relatively small. Providing additional residence time in the
bottom sump can minimize this problem.

4.8 Dos and Don’ts for Once-Through
Reboiler Draw Pans

In tray columns, liquid to once-through reboilers (Fig. 4.7a to ¢), as
well as liquid to many recirculating reboilers (Fig. 4.7d), is normally
withdrawn from the bottom tray via a trapout pan. In packed col-
umns, a chimney tray is usually preferred for this purpose. This
trapout pan can often be troublesome. Successful operation requires
close attention to the following guidelines:

1. Leakage at the trapout pan or bottom tray may starve the reboiler
of liquid, increase the reboiler fractional vaporization, and reduce
heat transfer. Leakage also bypasses liquid around the reboiler, re-
ducing the mass transfer efficiency of the bottom stage. This prob-
lem is most severe at low liquid and at low vapor flow rates.
Gasketing and/or seal welding, as well as making the bottom tray a
leak-resistant valve tray or (if capacity considerations allow) a
bubble-cap tray, may help minimize this leakage. Using a chimney
tray instead of a trapout pan below the bottom tray can avoid weep-
ing, but is also more expensive.

2. A dump line connecting the bottom of the column with the reboiler
liquid inlet line should be provided (Fig. 4.7a to d). Without it, lig-
uid will weep through the tray at startup (there is no vapor flow
until the reboiler starts up), and no liquid will be available to com-
mission the reboiler and initiate vapor generation.

3. An abrupt increase in heat to the reboiler may back up liquid to the
first tray. The overflow arrangement in Figure 4.7a to d provides
some protection against flooding in such circumstances.

4. The wall of the trapout pan should be 4 to 8 in higher than the wall
of the seal pan (237). This prevents the liquid overflowing the seal
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pan from bypassing the trapout pan. A case where failure to follow
this rule caused a reboiler to be starved of liquid has been reported
(237). Some other recommended dimensions are shown in Fig. 4.9.

5. Sufficient vertical height must be provided from the top of the
trapout pan overflow weir to the bottom tray. The overflow pan lig-
uid is usually less aerated and therefore denser than the down-
comer fluid. This will cause greater downcomer backup.

6. If the column liquid flows to more than one reboiler using separate
trapout pans (Fig. 4.7¢), a liquid balance line is needed to ensure
that liquid is equally distributed to each reboiler.

7. The trapout pan is most suitable for once-through reboilers (Fig.
4.7a to c). With a recirculating reboiler, the trapout pan can still be
used, but its arrangement is more complex. Here the reboiler re-
turn nozzle needs to be located above the trapout pan, with liquid
returning from the reboiler routed into the trapout pan and away
from the seal pan. This is usually accomplished by a baffle (Fig.
4.7d) and/or by using a wide pan. Failure to properly route the
reboiler return liquid into the trapout pan may starve the reboiler
of liquid, and/or lower reboiler AT, and/or reduce the reboiler mass
transfer efficiency.

For the above reasons, the sump baffle arrangements (Fig. 4.6) are
usually preferred with recirculating reboilers.

s >4in
[~ ] w =C+%in
x =d+2in (Ref. 211)
y = 6in {Notey — z below)
x+y >15d
y —z = 4108 in (Ref. 237)
x = 15dto2d (Ref. 207)

Bottom product

Figure 4.9 Dimensions recommended for arrangements in
Fig. 4.7a to c.
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49 Chimney Trays

Chimney trays (Fig. 4.10a, b) are used for withdrawing intermediate
liquid streams from the column; in a packed tower, they are also used
as liquid collectors or vapor distributors. Alternative devices used for
liquid withdrawal are downcomer trapouts in tray columns, chevron
collectors, and some redistributors in packed columns. Compared to
these alternative devices, chimney trays have the following advan-
tages:

1. They minimize liquid leakage to the section below. For this reason,
they are preferred

® When all liquid in a column section is withdrawn (“total drawoff”).

8 When most (but not all) of the liquid is to be withdrawn, because exces-
sive leakage will starve the draw off of liquid.

» In low-liquid-load applications.

2. They provide greater residence times for vapor disentrainment, a
greater surge volume, a better buffer against upsets, and smoother
control. Therefore, they are frequently preferred

® When the intermediate drawoff is pumped
8 When most of the liquid in a column section is withdrawn
® When two-liquid phase separation is required.

3. In packed columns, chimney trays are the most effective liquid col-
lection devices for high liquid flow rate services, for interreboilers,
and for once-through reboilers. They are also sometimes used for
collecting liquid from an upper bed for redistribution (when the
redistributor is not self-collecting), and as vapor distributors.

4. In tray columns, chimney trays do not suffer from unsealing prob-
lems and are generally less troublesome than downcomer trapouts.

The main drawback of chimney trays is that they consume more col-
umn height than alternative drawoff devices, resulting in a more
expensive arrangement. Chimney trays are also relatively high-
pressure-drop devices, which is a major disadvantage in packed col-
umns operating in deep vacuum.

410 Dos and Don’ts for Chimney Trays

Detailed procedures for the design and operation of chimney trays are
available in the published literature (138, 207, 420). The important
factors and guidelines are summarized below:

1. The flow area of the risers is set by the allowable pressure drop.
Too large an area wastes sump space; too small an area causes ex-
cessive pressure drop. A pressure drop of 5 in of water was recom-
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mended for chimney trays (420). A pressure drop of 8 in of water
was recommended for packed-tower chimney trays in pressure
services (>25 psig) in order to improve vapor distribution to the
bed above (237). A method for estimating this pressure drop was
detailed elsewhere (420). A lower pressure drop may be desired in
packed columns operating under deep vacuum. In such cases, it
has been recommended (237) that the chimney tray be designed to
a pressure drop of 1 in of liquid. An alternative criterion (179,
307) recommends setting the risers’ flow area at 15 percent of the
tower area.

. The number of risers must be large enough to ensure good vapor
distribution. This is essential in packed towers, especially when
the chimney tray delivers vapor to a short or a low-pressure-drop
bed.

An excessive number of risers should be avoided, because they
will obstruct liquid flow and form a hydraulic gradient on the
chimney tray. With short risers, this can provoke liquid overflow
into risers. Caution is required to prevent any row of risers from
restricting liquid flow. The hydraulic gradient can be estimated
by techniques similar to those used for estimating hydraulic gra-
dients on bubble-cap trays (48, 257, 319, 371).

In larger towers, the hydraulic gradient can be minimized by
using a split-flow arrangement, with two downcomers or draw
sumps located at opposite ends of the chimney tray. In packed
towers, this split-flow arrangement also assists in obtaining a
more uniform vapor profile. The split-flow arrangement has been
advocated (386) for large-diameter (>12-ft) packed columns un-
less the amount of liquid drawn is small.

Risers may be round, square, or rectangular. Square or rectan-
gular risers are usually less expensive to fabricate (144, 207). For
good vapor distribution, rectangular risers are typically 4 to 6 in
wide (237). In packed columns, risers should be uniformly spaced
to maintain uniform vapor distribution (386).

. The riser must be tall enough to ensure adequate residence time
on the tray. A riser height of at least 12 to 18 in was recommended
(74, 237). Further discussion is in Sec. 4.4. Where residence time
is not a significant consideration (e.g., when the sole purpose of
the tray is to serve as a vapor distributor), riser height as low as 6
in (237) can be used.

. For total draw-off arrangements, it has been recommended to lo-
cate the top of the vapor risers 6 to 9 in above the maximum liquid
level on the chimney tray (179, 307).
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A cap or hat should be placed over each riser to deflect liquid rain-
ing from above, so that no liquid enters the risers and bypasses
the chimney tray. The caps also improve vapor mixing by forcing
it to move laterally.

All sides of each hat should either slope down, or be equipped
with a drip lip (typically a 1-in-wide strip seal-welded to the edge
of a flat hat and protruding and sloping downward) (143, 207,
421). The recommended slope is 15° (143, 207), although up to 45°
slopes are sometimes used in leak-tight services (421). Alterna-
tively, standard pipe caps may be used (420). The practice of using
flat hats (without drip lips) is not recommended because they may
not prevent liquid from running back underneath the hat and
down into the chimney (207), and because they may lead to blow-
ing the liquid running off the hat into the tray above.

Chimney trays equipped with rectangular risers that stretch
from one end of the tray to another often use open-top gutters
(“rainwater conduits”) rather than hats (see Fig. 8.6b later). The
gutters can be V-shaped or U-shaped, are mounted above the ris-
ers, and slope toward the short edges of the rectangles. Compared
to hats, these reduce riser pressure drop and eliminate the down-
ward velocity component of vapor leaving the chimneys, but at the
expense of allowing some liquid to rain into the risers. This makes
them less suitable for total drawoffs.

Flow area for the hat is set by the vapor velocity, which should be
the same through the hat as through the riser. A method for de-
termining this flow area is detailed elsewhere (420). An alterna-
tive criterion (207) is to make the peripheral area of vapor outlet
at the hat 1.25 times the riser area. In services prone to pressure
surges, the peripheral area should be further increased to at least
twice the riser area (237), because surges often blow off the hats.

Hats should extend at least 1 in past the chimney (on all sides) to
prevent liquid from entering the vapor risers (143, 207, 421).

. The net flow area between each hat and the column shell must be

sufficiently large to avoid excessive vapor velocities. Excessive va-
por velocities may entrain liquid dropping from above, or fling
this liquid on the shell, thus promoting corrosion.

. In tray columns, vapor leaving the chimneys should not impinge

on the downcomer feeding the tray. Failure to do this may cause
vaporization in the downcomer.

Spacing between the top of the hat and the tray or packed bed
above should be at least 12 in, but 18 in or more is preferred (74,
207). This is most important in packed towers, especially when
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the chimney tray delivers vapor to a short or low-pressure-drop
bed. This space is necessary to ensure adequate vapor distribution
to the bed above. Additional spacing should be provided if support
beams obstruct vapor mixing in packed towers. Section 8.2 has
further discussion and a case history describing vapor maldis-
tribution due to support beam obstruction.

It is desirable to place the draw-off nozzle in a portion of the tray
floor that is lowered to form a sump. This lowers the height of lig-
uid on the chimney tray by an amount equal to the nozzle diam-
eter and reduces liquid leakage and the mass of liquid that the
tray must support. The outlet nozzle should be flush with the
sump floor to ensure adequate drainage. This practice is particu-
larly fruitful in leak-tight applications, because it eliminates th~
need for weep holes.

Whenever possible, the drawoff sump should be positioned at the
column shell to minimize internal piping. Internal flanges should
be avoided in the draw lines, because these may leak and deprive
the draw-off of liquid. One troublesome experience of such leakage
has been described (237).

When the chimney tray is used for total drawoff, liquid leakage at
its joints and support ring may be troublesome. The problem is
amplified when liquid head on the chimney tray is high and when
liquid flow rate is low. Seal welding of chimney tray sections has
been recommended (237), and has been successfully implemented
in several columns (231, 296, 421). Gasketing and sealants are
sometimes used (145, 296, 386, 412), but they are often unsuccess-
ful in harsh temperature or chemical environments (296, 412). A
leakage test, similar to that conducted on bubble-cap trays (Sec.
7.12), is often specified for chimney trays. Techniques for trouble-
shooting leakage from drawoff pans are discussed elsewhere (231).

Seal welding at the support ring is frequently disfavored be-
cause it hinders thermal expansion of the chimney tray. This
leaves the support ring joints as a potential source of leakage. One
technique for minimizing this leakage (231, 237) is welding a strip
some distance from the column wall along the tray periphery (Fig.
4.11a) (alternatively, the chimney tray may be fabricated as a
pan). A sloped wiper ring welded to the shell a short distance
above the strip prevents liquid flowing down the wall from enter-
ing the support ring area. An even better technique (236) is cov-
ering the support ring with an angle iron, approximately 3 by 3 in
(Fig. 4.11b). The angle iron is rolled to the tower diameter provid-
ing a snug fit at the column wall. One edge of the angle iron is
seal-welded to the shell; the other is seal-welded to the tray, so
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Figure 4.11 Techniques for minimizing leakage in intermediate draw-offs. (a) Strip
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(upward bulging). (Part a, based on Process Design for Reliable Operation, Second Edi-
tion, by Norman P. Lieberman. Copyright © 1988 (May) by Gulf Publishing Company,
Houston, TX. Used with permission. All rights reserved. Part b contributed courtesy of
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that the support ring joint sees no liquid. The angle iron is flexible
enough to handle the thermal expansion. This technique has been
successfully implemented in many installations (236).

A technique which can positively eliminate leakage is using a
welded internal column head instead of a chimney tray for liquid col-
lection (Fig. 4.11¢, d). The vapor can travel from the column section be-
low the head to the section above either through risers or via an exter-
nal pipe. This technique is expensive, and its use is restricted to
situations where no leakage below the collection point can be tolerated.

The internal head can be either downward-bulging (Fig. 4.11c)
or upward-bulging (Figure 4.11d). An upward-bulging internal
head may be difficult to drain. The liquid outlet shown in dashed
lines on Fig. 4.11d provides improper drainage and should there-
fore be avoided. One incident was reported (4) where this outlet
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arrangement collected water, which later caused a pressure surge
and tray damage in hot-oil service. The outlet arrangement shown
in heavy lines should be used.

An overflow pipe (or downcomer), with an opening located below
the top of the risers, is recommended for preventing liquid from
overflowing the risers at high liquid levels (Fig. 4.10). The over-
flow pipe should be liquid-sealed at the bottom to avoid vapor rise
through it. Two experiences have been described (57, 237) where
failure to provide an overflow pipe caused liquid to overflow the
risers and prematurely flood the column section above the chim-
ney tray. In a third case (334), liquid overflowing the risers caused
entrainment (Sec. 8.2).

In packed columns, liquid overflowing the chimneys may pref-
erentially descend into some risers (often the peripheral), with va-
por ascending through the others (often the central risers). This
may cause severe maldistribution of vapor to the bed above.

Downcomers, downpipes (internal or external), and overflow pipes
are often used to transport liquid from the chimney tray to the col-
umn section below. Undersizing these will cause liquid to over-
flow the chimneys, with the consequences described in guideline
14 above.

Liquid normally enters a chimney tray downpipe (or downcomer,
or overflow pipe) close to the liquid level. The liquid is therefore
usually aerated (unless sufficient residence time for vapor disen-
gagement is available between the liquid level and the entrance
to the downpipe), and the downpipes must be sized for self-venting
flow (Fig. 4.5). When the residence time described above is very
short (<10 s), and in foaming systems, it may be better to size the
downpipes using downcomer-choking criteria (Sec. 6.16). Down-
pipes must be adequately sealed to prevent vapor from rising
through them.

The author experienced one troublesome case, which was also
reported by Lieberman (237), where liquid overflow through the
chimneys caused a severe loss of efficiency in the packed section
above. The chimney tray had undersized downpipes that were not
liquid-sealed; either the undersizing or the lack of seal (or both)
could have caused the overflow. Lieberman (237) suggests that
the overflow led to entrainment and flooding, hence the loss in ef-
ficiency. However, subsequent pressure-drop measurements and
other observations provided no supporting evidence for the exist-
ence of flooding, and the author believes that vapor maldis-
tribution due to liquid overflow (guideline 14 above) caused the
loss in efficiency.
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When the chimney tray is used for liquid drawoff, liquid level on the
tray should be controlled or maintained by a sufficiently tall overflow
weir in order to avoid vapor in the outlet (unless downstream piping is
designed to handle vapor).

In tray columns, the downzomer from the tray above the chimney tray
can either end in a seal pan from which liquid spills onto the chimney
tray (Fig. 4.10a), or can be extended below the liquid level of the chim-
ney tray (Fig. 4.10b). Extending the downcomers below the liquid level
minimizes frothing (waterfall pool effect) and splashing generated by
the entering liquid, assists the action of the level controller, and elim-
inates problems with blockage of weep holes in the seal pan (Sec. 6.21).
Minimizing the frothing effect is beneficial for chimney trays because
the available residence time for vapor disentrainment is usually rela-
tively small. Smooth level control is particularly important if two lig-
uid phases are separated on the chimney tray by an interface level con-
troller. The above reasons make extending the downcomers below the
liquid surface attractive, but this technique may be troublesome
(guideline 18 below).

If liquid on the chimney tray seals the downcomer from the tray
above, particular care must be taken with the design of this
downcomer (Fig. 4.10b). The liquid in the downcomer is aerated,
while most of the liquid on the tray is degasified. The degasified
liguid on the tray exerts a greater hydrostatic head than the col-
umn of aerated liquid in the downcomer. This produces additional
liquid backup in the downcomer. If not allowed for, and if suffi-
cient height is not provided, downcomer backup may exceed the
spacing between the liquid level and the tray above, and lead to
premature flooding. Troublesome experiences caused by this effect
have been reported (179, 391); the author is familiar with one
other. This problem is aggravated if two liquid phases are sepa-
rated on the chimney tray.

In some services (e.g., refinery fractionators), vapor approaching
the chimney tray is hotter than the chimney tray liquid. Heat will
be transferred from the vapor to the liquid. If the vapor is con-
densable, some will condense on the bottom face of the chimney
tray. The net result is analogous to leakage. The author is famil-
iar with situations where refractory was installed on the bottom
face of the chimney tray. In all these cases, steps were also taken
to minimize leakage, making it difficult to independently assess
the effectiveness of the refractory. For multicomponent, partially
condensable vapor condensing on an uninsulated bottom face of a
chimney tray (e.g., in a refinery fractionator), a typical heat trans-
fer coefficient is 15 Btu/(h « ft? « °F) (237).
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4.11 Downcomer Trapouts

Downcomer trapouts (Fig. 4.12) are mainly used for partial liquid
drawoff from tray columns. They are preferred when the liquid with-
drawn is only a small fraction of the column liquid, or when the
drawoff feeds a once-through reboiler (Sec. 4.8). They are sometimes
also used for drawing most or all the column liquid at an intermediate
point, but are less suitable than chimney trays for this purpose.

Some of the main considerations in the application of downcomer
trapouts are

= Downcomer trapouts seldom provide sufficient residence time for
vapor disentrainment, and the venting process must be completed
downstream of the column outlet. The vent-return nozzles must al-
ways be located above the tray’s liquid level. Downstream piping must
be designed for self-venting flow (Fig. 4.5).

* Sometimes an external drawoff drum (Fig. 4.4d) is installed at the
liquid-drawoff elevation. The drum provides the required residence
time for vapor disengagement and for smooth control and is vented
back into the column. Such a drum is usually supported by the col-
umn.

* Liquid may weep through the tray openings and escape the trap-
ping downcomer, especially when the vapor rate is low. This will
starve the trapout from liquid and is particularly troublesome with to-
tal drawoffs or where most of the column liquid is withdrawn. For this
reason, the author and others (237) strongly recommend against using
downcomer trapouts for total drawoffs. A particularly troublesome
case history has been reported (237) where several different trays
were tried above a downcomer trapout, but none got close to achieving
the desired drawoff rate. Total trapout was finally achieved by con-
verting the downcomer trapout to a seal-welded chimney tray trapout.

* For similar reasons, in partial trapout services, it is desirable to
use a leak-resistant type of tray above the downcomer trapout.

* Vapor may flow up the downcomer. A positive seal may be needed
to prevent this, as discussed below.

4.12 Maintaining Downcomer Trapout Seal

The downcomer in Fig. 4.12a is likely to lose its seal whenever its liquid
height drops below tray level. When the seal is lost, vapor from the tray
ascends the downcomer, which may cause flooding, cycling, and/or poor sep-
aration. Downcomer unsealing by this mechanism is most likely to occur
when the liquid drawn constitutes a large portion of the downcomer liquid
flow, when the quantity drawn tends to fluctuate, and/or when excessive
leakage takes place due to tray weeping or draw pan leaks.
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The arrangement in Fig. 4.12b does not suffer from unsealing, but it low-
ers the tray bubbling area. It may also induce excessive weeping through
the inlet rows of tray perforations because of the downward momentum of
liquid overflowing the inlet weir. Lowering the seal and drawoff pans below
tray level (e.g., Fig. 4.12c) can overcome the weeping problem. The loss in
bubbling area is usually minimized by using sloped downcomers (Fig.
4.12b, c). If the geometry and required liquid flow rates permit, the reduc-
tion of bubbling area can be entirely eliminated (Fig. 4.12c).

Arrangements 4.12b and ¢ are more expensive than arrangement
4.12a, and are therefore only justified when unsealing is likely to be a
problem. It is also important to ensure that weep holes are located at
the bottom of each pan to facilitate proper drainage.

In large columns processing nonfoaming systems at low or moderate
pressures, the draw pans shown in Figs. 4.12b and c are often enlarged
to provide sufficient residence time for vapor disengagement, avoiding
the need for downstream venting.

In refinery fractionators, product draws are often located above a
chimney tray used for pumparound circulation (Fig. 4.12d and e). Ar-
rangement d is analogous to arrangement a and can suffer from
downcomer unsealing. An unsealing problem sometimes unveils when
a refiner maximizes pumparound heat removal, because stepping up
heat removal lowers the liquid overflow from the section above, thus
increasing the fraction of downcomer liquid withdrawn as a side prod-
uct. Unsealing can be avoided by using arrangement e, which is anal-
ogous to arrangements b and c.

4.13 Do’'s and Don’ts for Downcomer
Trapouts

The following guidelines have been recommended for design and op-
eration of downcomer trapouts:

1. Sump width should preferably not exceed the width of the
downcomer in that location, in order to maintain interchangeabil-
ity of tray parts (207). However, it should not be less than the nom-
inal drawoff nozzle diameter plus 2 in (211).

2. Normal sump depth should be 1% to 2 times the nominal nozzle di-
ameter for partial-draw sumps (207, 211).

3. The distance from the bottom of the drawoff sump to the floor of the
tray below should be at least 75 to 80 percent of the tray spacing
(179, 211, 237, 307). Another designer (207) feels that this distance
needs to be at least 60 percent of the tray spacing.

4. Downcomer area should not be decreased below 50 percent of the
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top area if the downcomers are sloped and extend into the sump
(207).

5. Whenever possible, downcomer trapouts and draw pans should be
positioned at the column shell in order to minimize internal piping.
Internal flanges should be avoided, as these may leak and deprive
the drawoff of liquid. One troublesome experience with such leak-
age has been reported (237).

6. Downcomer trapouts may be troublesome with foaming systems.
Chimney trays are often preferred in such services.

4.14 Chevron Collectors

Chevron collectors are used in packed columns as liquid collectors for
partial drawoff or for feeding to a redistributor which is not self-
collecting (e.g., a notched-trough redistributor). They are sometimes
also used as total drawoffs, but are less suitable than chimney trays
for this purpose. The chevron collector (Fig. 4.13) consists of evenly
spaced chevron blades several inches high. Liquid collects at the bot-
tom of the blades and runs into a draw pan. From there it can be taken
out or fed to a redistributor.

Figure 4.13 Chevron collector. (G. K. Chen, excerpted by special permission from Chem-
ical Engineering, March 5, 1980, copyright © by McGraw-Hill, Inc., New York, NY
10020.)



Bottom Section and Column Outlets 115

The chevron collector features a high open area for vapor flow, and
is therefore a low-pressure-drop device. Pressure drop is usually less
than 0.1 in of water (74). This type of collector is most suitable for vac-
uum applications. This collector also acts as a vapor distributor; ac-
cordingly, the distance required between the top of this collector and
the support plate above is less than 12 in (74). The short vertical dis-
tance requirement of this device compared to the chimney tray often
makes it less expensive than the chimney tray.

The disadvantages of chevron collectors are difficulty in handling
large liquid loads and greater liquid leakage compared to chimney
trays. They provide insufficient residence time for vapor disengage-
ment, and the venting process must be completed downstream of the
column outlet. Downstream piping must be sized for self-venting flow
(Fig. 4.5).

4.15 Redistributor Drawoffs

In packed columns, liquid may sometimes be withdrawn from a
redistributor. This drawoff method is suitable only when the liquid
withdrawn is a small fraction of the column liquid. Compared to the
chimney tray, this method consumes far less vertical height and is
therefore less expensive.

Liquid is withdrawn from the redistributor either via an overflow
pipe or using a submerged drawoff nozzle. When an overflow ar-
rangement is used, the drawoff may frequently run dry, and flow to
downstream units may be intermittent or unstable. When a sub-
merged drawoff nozzle is used, excessive drawoff rates may lower
the liquid level in the redistributor and cause poor distribution to
the bed below.

Redistributors usually provide insufficient residence times for vapor
disengagement (especially if an overflow pipe is used), and venting
must be completed downstream of the column outlet. Downstream pip-
ing must be sized for self-venting flow (Fig. 4.5).

When this arrangement is used, caution is required to ensure that
the drawoff does not generate large-scale maldistribution of liquid to
the bed below (see Sec. 3.1) and that unirrigated areas do not form on
top of the packing under the drawoff pipe or sump. This is most likely
to be a problem when a submerged drawoff nozzle or sump is used.

416 Collector Box

When a small fraction (<6 percent) of a packed tower liquid is with-
drawn, a special collector box can be installed within the packing
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(386). Careful design is required to prevent blockage or interference of
this box with liquid and vapor distribution. A channel or open-pipe
box is sometimes used for this purpose.

4.17 Mechanical Dos and Don’ts for Liquid
Outlets

Below are some mechanical considerations generally applying to lig-
uid outlets:

1.

Seal welding rather than gasketing should be applied for total
drawoff pans. Gaskets may not provide a sufficiently effective seal
under the operating conditions. For large-diameter towers and
high-temperature services, expansion joints should be provided. If
the service is also corrosive, a heavy-gage metal or a corrosion-
resistant material should be specified for the entire trapout tray (or
pan).

. Areas in the column that are likely to be heavily loaded with lig-

uid, such as drawoff sumps, require special attention. Thus, the de-
sign may call for trusses to be added to the structure.

. Pipe supports should be located near the outlet nozzles so that the

pipes are not supported by the nozzles. Pipe guides should be used
to prevent pipes from swaying in the wind.

All liquid outlet areas must have low-point drains or weep holes to
allow liquid drainage at shutdown. Recommended weep-hole prac-
tices are discussed in Sec. 7.11.

Any infrequently used drawoff linés should be isolated (and if pos-
sible, blinded) at the column to avoid a formation of a dead leg. Wa-
ter or chemicals trapped in dead legs can freeze, plug, react or enter
the column at an undesirable time. In one case (275), a mainte-
nance worker was sprayed with liquid trapped in a plugged dead
leg at shutdown.

. When liquid reaching the sump or chimney tray contains small

amounts of lighter, but insoluble liquid (or solids), or oil from leak-
ing machinery, two liquid phases may separate in the sump. The
lighter phase will have no way out unless skimming connections
are provided. Typically, three 1-in valved connections are provided,
one being at the same elevation as the normal liquid level, the oth-
ers being 1 in above and 1 in below that level (421). When more
thorough skimming is required, an external skimming surge drum
is often used.

. When liquid from a packed column is pumped, it is recommended to
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install a screen upstream of the drawoff nozzle in order to protect
pump impellers from migrating pieces of packings. Vortex breakers
can often be designed to perform this function. This technique may
also be beneficial for columns containing valve trays with a history
of valves popping out of their seats.

418 Vapor Outlets

Vapor outlets are far less troublesome than liquid outlets. The prime
consideration is avoiding the presence of entrained liquid droplets in
the vapor streams leaving the columns. The degree of liquid removal
is set by the downstream unit. If the vapor flows directly into a con-
denser, a relatively crude droplet separation can be tolerated, because
at worst, this entrainment would slightly reduce column efficiency.
However, if the vapor flows to a compressor or a turbine, liquid sepa-
ration must be fine; otherwise the liquid droplets may damage the
blades.

Design methods are discussed elsewhere (417) and are based on lim-
iting the maximum diameter of droplets entrained in the vapor
stream. Maximum droplet diameter can be reduced by supplying a
knockout facility upstream of the compressor. This can be either an
enlargement of the vapor space above the top tray, an in-line liquid
separator, or a separate knockout drum. Mist eliminators are effective
and can be installed above the top tray or in the drum. If the vapor
temperature is higher than the worst ambient conditions, the lines
from the knockout facility to the compressor should either be kept
short and insulated or be provided with liquid-removal facilities.

If mist eliminators are used, they must be carefully designed, spec-
ified, and supported. Plugging of mist eliminator pads is not an un-
common problem. Occasionally, a dislodged part of a mist eliminator
pad is sucked into the compressor rotor or becomes lodged in down-
stream piping (232, 239). These potential problems should be dis-
cussed with the manufacturer. The beneficial effects and the various
types of mist eliminators available are extensively described else-
where (101, 165, 270, 431-433).

Small quantities of liquid should always be expected in column va-
por outlets. The origin of this liquid can either be entrainment from
the column (fine droplets can pass even through mist eliminators and
coalesce in the overhead line), or atmospheric condensation. Low
points in vapor outlet lines should be avoided as these tend to trap and
accumulate liquid. The accumulated liquid back-pressures the col-
umn, causing instability, erratic operation, and slug flow into the
downstream unit; one case history where this occurred has been re-
ported (203). Vapor outlet lines should be sloped (i.e., self-draining) ei-
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ther back into the column or into a downstream vessel. If sloping into
a downstream vessel, the vessel should be able to handle at least a
small quantity of liquid.

It has been recommended (354, 355) to size top vapor outlet lines for
a maximum velocity of 60 ft/s for atmospheric and pressure columns,
increasing to 200 ft/s as pressure is lowered below 10 psia, and to con-
firm that pressure losses between column and condenser are accept-
able. In medium- and high-pressure columns (>100 psig), pressure
drop considerations usually dominate and velocities well below 60 ft/s
are normally used.



Chapter

Gravity Lines and
Instrument and
Access Connections

The prime consideration for gravity lines is achieving adequate hy-
draulics. Deficient hydraulics in gravity lines may cause column in-
stability and mechanical damage. This chapter outlines consider-
ations unique to gravity lines, highlights common problems, reviews
the preferred practices, and supplies guidelines for avoiding and over-
coming gravity line pitfalls.

The prime consideration for instrument connections is to avoid hy-
draulic interference in the column or impulse line, which would lead
to erroneous measurements or instrument malfunction. False infor-
mation supplied by instruments has been the cause of premature
flooding, column damage, and poor separation in many columns. This
chapter examines the preferred practices, reviews common pitfalls,
and supplies guidelines for avoiding pitfalls with column instrument
connections.

Provision of adequate access to column internals makes cleaning,
inspection, maintenance, dismantling, and reassembly of the column
internals easier and safer. The access requirements depend on the an-
ticipated frequency of personnel entry into the column. This chapter
reviews the preferred practices and supplies guidelines for avoiding
unsatisfactory access to column internals.

5.1 Gravity Lines Pitfalls

Gravity flow is often used in bottom, reflux, side-draw, or feed lines.
Unique considerations for gravity flow are described below, with spe-
cific reference to reflux lines. Considerations for gravity flow at other
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inlets and outlets are similar and can be directly inferred from those
described. Overlooking these unique considerations is a frequent
cause of column instability and poor performance.

In smaller columns, the overhead condenser is often mounted above
the column, and reflux flows to the column by gravity. The reflux
drum and/or reflux control valves are frequently omitted; sometimes,
the bottom section of the condenser is used as a surge compartment.

The main considerations unique to gravity reflux arrangements are

1. Reverse flow of vapor from the column into the reflux line would
interfere with liquid downflow, condenser action, and may cause
hammering if the reflux is subcooled. A seal loop (Fig. 5.1a to e) is
almost always used to avoid reverse flow. The low point in the seal
loop needs a drain (normally closed).

2. It is best to locate the bottom of the seal loop at a lower elevation
than the outlet rim of the reflux pipe (Fig. 5.1a, b, d). This prevents
the seal loop liquid from siphoning back into the column. Arrange-
ments ¢ and e may suffer from siphoning unless an open high-point
vent is installed to break that siphon (188). However, an open vent
can be troublesome as described below (item 3).

3. A high point in the reflux line downstream of the seal loop should be
avoided (if there is no seal loop, a high point should also be avoided). Ar-
rangement 5.1¢q is best, with lines downstream of the seal loop sloping
toward the seal loop to avoid a high point. If the reflux nozzle is at the
column head, arrangement 5.1d is best, with the vertical inlet pipe sized
for vapor upflow simultaneous with liquid downflow.

When an upward loop is not vented (Fig. 5.15, ¢, e with a closed
vent valve or no vent line), inerts may accumulate at the high
point, causing intermittent siphon action and reflux flow oscilla-
tion. Cases were reported (68) where hot vapor was sucked back
from the column into the high point and caused hammering upon
contacting the subcooled reflux. This ruptured the reflux line and
nozzle. The phenomenon is most troublesome in vacuum, where
slight air leaks occur.

The high-point vent in arrangements b, ¢, e in Fig 5.1 vents
inerts and serves as a siphon breaker. When the reflux piping
downstream of the vent is large enough to permit vapor upflow si-
multaneous with liquid downflow, arrangements b and ¢ become
equivalent to arrangement d. A well-sized restriction orifice on the
vent will minimize vapor upflow.

An undersized reflux line downstream of the vent, or an over-
sized vent line or restriction orifice can perform worse than no vent
at all. At high reflux flow rates, vapor may be sucked from the vent
line into the vertical leg downstream of the high point (158). At low
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Figure 5.1 Gravity reflux arrangements.

121



122 Distillation Operation

reflux flow rates, vapor may backflow from the column up the
reflux line and into the vent. The quantity and direction of vapor
flow may therefore alternate with reflux rate, producing unsteady
pressure drop and reflux flow. When the liquid is highly subcooled,
hammering may also occur.

The location of the control valve (if any), the control system,
length of the vertical leg downstream of the high point, and actual
piping configuration also affect the quantity and direction of the
vapor flow, and therefore the performance of arrangements b, c,
and e. Attention to these details, and judicious use of nonreturn
valves, can mitigate the above problems.

4. Arrangement e is sometimes used to liquid-seal the condenser. This
arrangement does not suffer from the gravity cycle (item 5 below).
Venting at the high point and vapor backflow from the column may
be troublesome with this arrangement, as per item 3 above. De-
pending on piping design, there may also be a possibility of vapor
backflow from the column into the product line.

5. Vapor entrainment into the reflux liquid may cause a “gravity
cycle” (158). Figure 5.2 shows how a gravity cycle forms in the Fig.
5.1c piping with a closed vent. Although this phenomenon is most
troublesome with arrangements b and ¢, it may also be encountered
in arrangements a and d.

When the level in the condenser surge compartment is low, vapor
is entrained into the reflux line (Fig. 5.2a). This increases flow re-
sistance in the line and backs up liquid in the surge compartment.
As the liquid level rises, less vapor is entrained (Fig. 5.2b). Some
vapor, however, is still trapped in the line, especially if a high point
exists. This vapor continues to restrict flow, and the level in the
surge compartment keeps on rising. Eventually, the level rises suf-
ficiently high to bar vapor entrainment and to clear the line of the
remaining gas bubbles (Fig. 5.2¢). A siphon is now formed. It rap-
idly drains the liquid in the surge compartment (Fig. 5.2d), and the
cycle starts again.

Gravity cycles often destabilize a column. Depending on the ge-
ometry and violence of fluctuations, they can also cause loss of lig-
uid from the seal loop, vapor backflow into the reflux line, and
hammering.

Gravity cycles tend to be most severe in column bottom lines.
These cycles can be quite violent, can dislodge and damage trays
and packing support plates, and in some cases, even pull a vacuum
deep enough to collapse a vessel (158). Gravity outlet lines should
be surveyed with special care to ensure no gravity cycle can form.

To avoid a gravity cycle, it is best to ensure constant level in the
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Figure 5.2 Gravity cycle formation.

surge compartment. This can be achieved either using arrange-
ment e in Fig 5.1, or by using a level control loop. The vents in Fig.
5.1 can prevent the siphoning; the author eliminated one gravity
cycle by adding this vent.

6. Some control systems may induce an instability known as “reflux
cycle” (68) in gravity systems. This is discussed in Sec. 19.2.

5.2 Instrument Connections

Information supplied by instruments is vital for column control and
operation. False information prompts wrong operator (or control loop)
action, erratic column operation, and incorrect diagnosis of problems.
Numerous experiences (7, 71, 97, 203, 210, 232, 237, 239, 255, 268)
have been reported where faulty instrument readings caused, or di-
rectly contributed to, column problems.

General considerations important for instrument connections are:
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. The connection must be located where the desired measurement

can be properly made. For instance, if liquid temperature is spe-
cifically desired, the measurement connection must be close to the
tray or downcomer floor, and not in a vapor space.

The connection(s) must be compatible with the instrument and
permit correct installation of impulse lines. Figure 5.3b and ¢
shows a case where overlooking this guideline prompts incorrect
readings (see guideline 3 in Sec. 5.3 for details). Defective impulse
line piping is one of the most frequent sources of instrument prob-
lems.

A flowing fluid must not impinge on transmitters and connec-
tions. Impingement will produce incorrect readings and may dam-
age the instrument. For instance, velocity head (converted into
static head) will be interpreted by a pressure (or differential pres-
sure) transmitter as a higher pressure. Impinged-upon level floats
will move erratically and can be mechanically damaged.

. The instrument must be accessible for operation and mainte-

nance. If an instrument reading is suspect, a check of the instru-
ment is required, often in a hurry, and inaccessibility may impose
a serious limitation.

The instrument connection should not be too small so that it eas-
ily breaks or plugs; Y2-in connections are often considered too
small; 1 to 2 in is normally adequate.

Instrument lines should be kept as short and as free of elbows and
bends as possible. Internal instrument lines should be avoided.
This is most important when there is a tendency to plug. One ex-
perience has been reported (237) where overlooking this rule
caused plugging and loss of level indication.

/
/
/
Lower \/ K_/
nozzle

(a} (b} (c)

Figure 5.3 Piping arrangements for level glasses. (a) Correct location for glass; (b) glass
below lower nozzle; (c) glass above upper nozzle. (Henry Z. Kister, excerpted by special
permission from Chemical Engineering, July 28, 1980, copyright © by McGraw-Hill,

Inc.,

New York. NY 10020.)
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Having a single nozzle serve two (or more) instruments can lower
costs. This, however, must not be achieved at the expense of re-
duced reliability. For instance, using the same nozzle to serve a
pressure transmitter and a pressure alarm switch must be
avoided, because both will become inoperative should the nozzle
plug. An incident has been reported (239) where this led to serious
overpressuring of a column. In another incident (237), a level in-
dicator, a level gage, and a level alarm connected to the same
reflux drum taps signaled erratically when a tap plugged.

. Vibration-free mounting of transmitters is essential. Vibration

can loosen the transmitter’s bolts and/or lead to erratic signals.

. Where ambient temperatures can fall below the freezing point of

water (or of the process fluid), the possibility of liquid freezing in
impulse lines must be averted. Extensive discussions are pre-
sented elsewhere (120, 266).

When duplicating instrumentation from an “identical” or “sim-
ilar” unit, it is crucial to be alert to any differences, albeit small,
as these may have a major impact on the location of instrument
connections. In one peroxide-service incident (97), a small change
in reboiler design, which was not matched by a change in instru-
ment setting, resulted in an explosion.

When instrument connections are purged by an inert gas, the
source of the purge gas and its pressure must be reliable. Back-
flow of column fluids when purge gas pressure suddenly dips can
cause plugging, erroneous indication, and even a hazard. Further,
the purge gas must be free of entrained solids; in one case (145),
such solids blocked the purge gas restriction orifices, and the
purge was lost.

When instrument connections are purged by an inert gas, ade-
quate venting must be provided at the overhead condenser to pre-
vent gas blanketing. In one incident (239), condensation was im-
paired after a nitrogen-purged instrument was added to the
column. Gas-purged instrument connections should be avoided if
the gas can be troublesome in the condenser or in downstream
equipment.

5.3 Dos and Don’ts for Level Sensing

Proper design and installation of level sensors is crucial. The author’s
experience and others’ (97, 107, 210, 234, 237, 375) has been that los-
ing track of the true liquid level is a prime source of column upsets
and damage (Secs. 13.1 and 13.2). Guidelines for level measurement
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connections in columns are described below. Further details of good
design practices are described elsewhere (68, 234, 237).

1. A well-designed liquid level measurement assembly (234, 237)
has two bridles (Fig. 5.4), one for the level transmitter, the other
for level glasses. The latter bridle usually harbors the high and
low level alarms. If the assembly consists of a lone bridle, all level
measurements and alarms will give the same misleading reading
when any line joining the column to the bridle plugs or freezes.
The operator will have no means of knowing that the reading is
incorrect until a major upset occurs.

The use of stilling wells (Fig. 5.4) has been highly recommended
(68, 237), particularly with float-type devices. The stilling well is
an inexpensive device, often a 4-in piece of pipe. It dampens any
oscillating signals that may originate from waves on the liquid
surface; moderates the “dancing” of level floats, thus protecting
them from mechanical damage; helps keep the level float free of
dirt; and lessens the likelihood of nozzle plugging. A stilling well
may be external (Fig. 5.4) or an internal baffle (68); the external
arrangement is usually preferred.

2. With pressure and differential pressure transmitters, it is impor-
tant to ensure that the measured head is the fluid head that the
instrument is intended to sense. If a transmitter is mounted above
a nozzle, the line from the nozzle to the instrument must be suffi-
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Figure 5.4 Well-designed liquid level measurement assembly. (Based on Norman P.
Lieberman, excerpted by special permission from Chemical Engineering, September 12,
1977, copyright © by McGraw-Hill, Inc., New York, NY 10020.)
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ciently large to permit proper venting and drainage. If a transmit-
ter is mounted below a nozzle, a means for removing accumulated
or condensed liquid must be devised (e.g., steam tracing). It is best
to insulate lines from the nozzle to the transmitter in order to
lessen the impact of ambient changes.

. Level glasses should be mounted above the lower level-glass noz-
zle and below the upper level-glass nozzle (Fig. 5.3a). If part of the
level glass is below the lower nozzle (Fig. 5.3b), the level reading
will be incorrect when the liquid level in the column falls below
the lower nozzle, because the glass will indicate the liquid level in
its own loop. If the piping from the upper nozzle to the level glass
has a high point above the upper nozzle (Fig. 5.3¢), the level read-
ing will be incorrect when the liquid level in the column exceeds
the nozzle elevation, because the liquid will entrap the vapor at
the high point. Hence, the arrangements of Fig. 5.3b, ¢ must be
avoided.

. Level glasses should preferably be staggered (Fig. 5.4) with over-
lapping transparent sections (237). If the transparent sections do
not overlap, the liquid level may “hide” between adjacent sections.
Each level glass should have its own drain. Draining the glass
and watching it refill is a valuable means of detecting plugging or
freezing in the line joining the bridle to the glass. The drains also
permit connection of nitrogen hoses for blowing back and clearing
blockages.

One designer (210) recommends against using level glasses in
pressure columns that handle flammable or toxic liquids at tem-
peratures higher than their normal boiling points. The same de-
signer also recommends fitting level glasses with ball check
valves which prevent a massive leak if the glass breaks (Fig. 5.5).
. Caution is required when interpreting level measurements in
reboilers, draw pans, downcomers, or other devices containing
aerated liquid. Unless the aeration factor is known (which is
rarely the case), these measurements can be misleading and are
best avoided. In one case (56), troubleshooters were misled by a
normal level indication in a downcomer trapout pan when the pan
was flooded and backed up liquid to the trays above (Fig. 5.6). In
that case, the level glass measured the clear liquid height in the
section between its own tappings. In a peroxide-service accident
(97), a level indicator in the reboiler liquid measured the aerated
liquid height instead of the actual liquid height. A low liquid level
was therefore unnoticed; this resulted in an explosion.

. In aqueous systems, accumulation of a layer of oil or other low-
specific-gravity organic liquid will cause a level instrument to in-
dicate a level that is lower than actual. The oil may originate in
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Figure 5.5 Recommended practice of installing ball check
valves to isolate a level glass. (What Went Wrong? Second
Edition, by Trevor A. Kletz. Copyright © 1988 by Gulf
Publishing Company, Houston, TX. Used with permission.
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leaking machinery or condensation of oily components in the
tower. At times, a layer of oil may be seen in the level glass, but if
the upper bridle or level glass tapping is above the liquid level,
the oil will not reach the level glass. To restore proper level indi-
cation, the oil must be skimmed (Sec. 4.17).

A misleading level indication due to oil accumulation in the col-

umn base caused severe operating problems in many aqueous ser-
vices. In several cases, liquid level in amine towers rose above the
bottom feed inlet and caused column flooding, while the level in-
strument indicated normal level (238). In another case (238), a
glycol regenerator performed poorly when the liquid level in a
kettle draw compartment rose above the overflow weir, while the
level instrument indicated normal level (238).
. It has been recommended (67, 68, 255) to avoid orientation of
level-measurement nozzles by angles greater than 90° from a va-
por inlet or reboiler return nozzle, and to refrain from positioning
these nozzles under the bottom downcomers. If the angle exceeds
90°, a shielding baffle should be provided in front of the measure-
ment nozzle.

Failure to follow this guideline may cause incorrect level read-
ing because (1) the transmitter will interpret part of the vapor ve-
locity head as higher static pressure at the top nozzle, and (2) an
excessive quantity of liquid may enter the top level nozzle from
the reboiler return or from the wall flow under the bottom
downcomer. With level floats, failure to follow this guideline may
also lead to dancing and mechanical damage of the float. In one
troublesome experience (255), impingement of a vapor inlet on the
level measurement connection caused erroneous level readings,
and eventually breakage of a level float.

. Connections for differential-pressure transmitters measuring
level should not be placed across a restriction in the vapor space of
the column (237). The transmitter will interpret the pressure drop
across the restriction as a higher level.

. Horizontal leg plugging may be a severe problem in fouling ser-
vices. A number of techniques are often used to overcome this:

® Using nucleonic level detectors: These usually employ gamma ray ab-
sorption or neutron backscatter techniques, but may also use gamma
ray backscatter (Sec. 14.5). A case where a gamma ray absorption in-
dicator solved a level control problem at the base of a column has been
described (71).

® Purging back into the column (Fig. 5.7a): This is effective in some ser-
vices (237), but the purges are often unable to clear deposits from the
bottom leg or liquid from the top leg. If the liquid is heat-sensitive, it
may polymerize in the top leg. Purge rates must be regulated at a rate
low enough to avoid affecting the measurement.
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Figure 5.7 Transmitter arrangement for fouling services. (@) Purging back; (b)
purging back with sloped nozzles.

» Purging back into the column with angled nozzles (Fig. 5.7b): The slope
drains liquid from the top leg before it polymerizes, and resists accu-
mulation of deposits in the bottom leg. This technique, however, may
reduce the available level transmitter span.

Similar techniques may also be advantageous for minimizing
leakage in toxic services.

10. In fouling services the bottom level-measurement nozzle should be
located at least 6 in above the bottom of the sump, and the trans-
mitter should not be mounted below the bottom nozzle.

11. Radioactive materials (e.g., from radioactive tracer tests) reach-
ing the column base and/or concentrating there may interfere
with the action of nucleonic level controllers. In one experience
(210), this caused level buildup and subsequent column flooding.
Radiography performed nearby may also affect nucleonic level in-
dicators (210).

Additional guidelines for differential-pressure level transmit-
ters on column-bottoms sumps have been presented by Buckley
(67).

5.4 Dos and Don’ts for Pressure and
Differential-Pressure Sensing

The following guidelines apply for pressure and differential-pressure
measurement connections:

1. Column pressure is usually measured in vapor spaces at the reflux
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accumulator, at the top of the column, and/or below the bottom tray
(or packing). The reflux accumulator point is generally the most
popular location for pressure control. The bottom point is the pre-
ferred pressure control location in many vacuum services where
bottom pressure is most important. The bottom point, however, will
be affected by the liquid head in case of flooding. The top of the col-
umn is a suitable location for pressure control in short columns, but
it makes transmitter maintenance and testing difficult in tall col-
umns and is therefore often avoided.

. Pressure transmitters should be mounted above the measurement

nozzle so that any condensed liquid can drain back. The line to the

transmitter should be sufficiently large to permit proper drainage.

. Guidelines 2, 7, and 9 for level connections alsc apply to pressure

and differential-pressure connections.

. Column differential pressure is usually measured by one of the fol-

lowing techniques:

a. The most popular technique (Fig. 5.8a) mounts the transmitter
at or above the top pressure connection. The leg from the trans-
mitter to the bottom connection must be sufficiently large to
permit proper drainage and venting, and well insulated to
avoid excessive condensation that may in turn generate vac-
uum (and, therefore, an incorrect reading). The leg is often also
steam or electrically traced to minimize condensation.

The main drawback of this technique is that transmitter
maintenance is performed at high elevation. If the top of the
column is inaccessible, the technique should not be used.

b. A transmitter mounted at the bottom nozzle (Fig. 5.8b) is an-
other approach. Often, this is the most troublesome technique
because of condensation and accumulation of liquid in the up-
per leg. Facilities must be provided to minimize condensation
(i.e., good insulation) and to vaporize any condensed liquid (e.g.,
steam or electric tracing).

To mitigate the condensation problem, the upper leg is often
filled with a high-boiling-point liquid, with a zero suppression
to allow for the weight of the liquid. The top of the upper leg is
usually diaphragm-sealed to barricade the fill liquid from the
column liquid. However, during service, the diaphragm seldom
remains absolutely leakproof, especially under harsh chemical
and temperature conditions. Leakage across the diaphragm will
change the fill-liquid density or induce loss of the fill liquid
when the differential pressure fluctuates. These effects are
magnified when a diaphragm seal is absent. To minimize the
effects of leakage, the fill liquid must be heavier then the col-
umn liquid and preferably insoluble in it. Trapping of air bub-
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Figure 5.8 Techniques for measuring column differential pressure. (a) Transmitter
located at top; (b) transmitter located at bottom; (c) two transmitters; (d) gas-
purged system.

bles while filling the upper liquid leg will also affect the fill-
liquid density, and can be troublesome.

¢. A third method is two transmitters, one mounted at the bottom,
the other at the top, with the difference between their readings
giving the differential-pressure measurement (Fig. 5.8¢). This
is the least troublesome technique, but is inaccurate where the
differential pressure is small compared to the absolute pressure
of the system. The author would not recommend this technique
when the pressure drop is less than 10 percent of the absolute
pressure of the system.

d. A gas- or liquid-purged system is a fourth approach. The trans-
mitter can be mounted at the top or bottom pressure connection,



Gravity Lines and Instrument and Access Connectlons 133

even at a lower elevation. A well-designed gas-purge system is
shown in Figure 5.8d. The purge is supplied via a pressure reg-
ulator. It then splits into two separate purge lines, one for each
leg of the transmitter. Each line is equipped with its own
rotameter, needle valve, nonreturn valve, and isolation valve.

Simplified versions of the Fig. 5.8d arrangement are com-
mon; some are described elsewhere (68). In some cases, the
purge lines split downstream of a shared rotameter and needle
valve. An even simpler system replaces the pressure regulator,
rotameters, and needle valves by a restriction orifice in each
line. Although the simplified systems save capital and can be
made to work, the simplifications are achieved at the expense of
more troublesome operation, and the author would not recom-
mend them.

To avoid a measurement offset, the purge to each transmitter
leg must be steady, low, and equal. This is readily achieved
with the Fig. 5.8d system, but more difficult to accomplish with
simpler arrangements. The pipe length downstream of the nee-
dle valve should be minimized to lessen pressure drop. In one
simplified purge system in vacuum service (145), excessive pipe
length downstream of the restriction orifice (which served for
pressure letdown) and excessive purge flow led to erroneous
measurements. The problem was rectified by resizing the re-
striction orifices for a smaller flow and relocating them close to
the column taps.

Adequate pressure regulation is essential, particularly in
vacuum services. If the pressure drop across the needle valves is
too high, the valves will need to be manipulated at an almost-
shut position, which will make flow regulation difficult and in-
crease the potential for valve plugging. High-pressure sources
of purge gas should be avoided whenever possible.

In vacuum systems, purge gas velocity increases as the col-
umn pressure is lowered from atmospheric. Continuous regula-
tion is required during periods of column pressure changes (e.g.,
during startup) to prevent erroneous measurements and even
overloading of vacuum jets (68). It has been recommended to
avoid gas-purged systems when column pressure is less than 6
psia, unless the system is carefully designed and recalibrated
after startup.

In high-pressure systems, the gas purge makes it difficult to
correct pressure drop for static vapor head (see item 6 below),
because of the changeable vapor composition in the transmitter
vapor legs.

Seal pots are optional for any pressure-drop measurement
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technique, but were specifically recommended for gas-purged
systems (2). Seal pots allow drainage of liquid back to the col-
umn, trap column liquid that may surge into the transmitter
lines, and dampen pressure fluctuations. It has been recom-
mended (2) to make each seal pot an 8-in length of 2-in pipe.

Liquid condensation in the transmitter legs may be trouble-
some. Using high (but not excessive) purge rates, good insula-
tion, and heat tracing can mitigate this problem. The purge gas
used should be free of components that may condense out at the
column temperature. If the purge gas contains solids, it is best
avoided or at least properly filtered. .

Gas purging should be avoided when inert blanketing in the
condenser is a concern or when the gas can be troublesome in
downstream equipment.

Liquid-purged systems suffer from most of the problems de-
scribed in (b) above; in addition, they may require facilities for
separating this liquid from the bottom product.

Because of the above difficulties, it is best to restrict the use
of a purged system to services that can either readily tolerate
the purge or to systems where transmitter lines are to be kept
free from column vapors. This technique is most suitable for
toxic or corrosive systems.

5. Valved connections should be available to enable measuring differ-
ential pressure across each section of column or each packed bed.
Differential pressure is one of the most valuable measurements for
identifying the nature and location of problems or bottlenecks in a
column.

6. Differential-pressure measurements in pressure columns should be
corrected by subtracting the static vapor head from the measure-
ment. This can be achieved by taking a zero reading at the operat-
ing pressure or by calculation. This correction is especially impor-
tant with packed columns, where the static vapor head can be
much greater than the pressure drop at high pressures.

7. Local pressure gages located at the top of tall columns are not only
a waste of money (they are rarely read) but may also be hazardous
(a high potential for leakage) at a point which is rarely inspected.
They should therefore be avoided.

5.5 Dos and Don’ts for Temperature
Sensing

The following guidelines are recommended for column temperature
measurement connections:
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1. Temperature measurement connections should be strategically
placed to cover zones of maximum temperature change (2).

2. When distilling heat-sensitive materials, a correct temperature in-
dication near the bottom is critical. Under these conditions,
thermowells are also most likely to foul, and consequently, read
low. The low reading can mislead the operator or automatic con-
troller into adding heat at a time when heat input needs cutting. In
one peroxide service accident (97), this led to an explosion. In such
services, additional temperature connections should be positioned a
short distance above the bottom to permit cross-checks.

3. When the system distilled is fairly uncommon, temperature mea-
surement connections should be placed in locations that can serve
as alternative control points in case the design control tray is not
the best control tray (98).

4. Temperature connections in regions where the temperature does
not greatly vary (e.g., the pure product end of a column in a close
separation) are a waste money and should be minimized.

5. It is best to measure liquid temperature; this is particularly impor-
tant in services such as refinery crude distillation, where vapor
temperature often differs from liquid temperature. Best measure-
ment location is near the bottom of the downcomer (2) and close to
its widest point.

When the temperature measurement is used for control, speed of
response considerations usually outweigh the accuracy consider-
ation above. A control temperature located in the downcomer gives
slow dynamic response because it relies on change in downcomer
liquid composition, which lags behind changes in the vapor or in
the active area (68, 370). It was therefore advocated to measure the
control temperature in the vapor phase (370) or in the tray active
area (68).

6. A liquid sensor below the bottom tray (or bottom supports) may
read the vapor temperature when the level falls. This can mislead
the operator or automatic controller into adding heat at a time
when the heat needs cutting. In one incident (275), this induced
overheating and a rapid exothermic reaction. Preventive measures
include careful location of the temperature connection and/or the
measures suggested in 2 above.

7. Thermowells are usually extended into the column. Care is re-
quired to ensure that they do not obstruct passageways or
manways and become a hazard to personnel working inside the col-
umn.
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8. Installing thermowells inside a bed of structured packing often re-
quires drilling the packing. Once the packing is assembled, re-
moval of drilling debris is difficult, and the debris remaining in the
packing can promote channeling and maldistribution. The author
is familiar with a case where a manufacturer strongly objected to
drilling the packing in the field for this reason. It is, therefore, im-
portant to adequately assess the temperature-measurement needs
and provide the manufacturer with this information well ahead of
the assembly phase.

5.6 Connections for Sampling

With sampling connections, it is important to ensure that the fluid ar-
rives at the analyzer inlet at the desired phase. This is most important
for vapor samples. Vapor samples must contain no liquid droplets
when leaving the column, because on vaporization they become a sig-
nificant part of the sample volume and can prompt a misleading anal-
ysis. Another important consideration (particularly in packed col-
umns) is to obtain a representative sample. An excellent extensive
discussion on column-sampling techniques is available elsewhere (2).
A valuable discussion on the best locations for sample connections is
also available (268). An excellent technique for obtaining representa-
tive samples in packed columns was described by Silvey and Keller
(366).

5.7 Viewing Ports

Viewing ports are expensive, increase the leakage potential, and may lead
to a massive chemical release and hazard to personnel if the glass breaks.
Viewing ports are therefore seldom justified, and should be avoided in haz-
ardous, pressure, vacuum, and high- or low-temperature services.

In tray columns processing nonhazardous systems at near-ambient
conditions, viewing ports may be desirable for troubleshooting, fre-
quent testing, or operator training. For these purposes, they are very
effective. One experience has been reported (55) where viewing ports
led to identifying and solving a tray problem.

Viewing ports should be fabricated from armored glass of sufficient
structural strength and high impact resistance. Attention should be
paid to proper installation and leak prevention. An adequate light
source for observing inside action must be provided. Often, two ports
are installed at the same tray, one for the light source, the other for
viewing. When column temperature is above ambient, mist may settle
inside the port and obstruct viewing, and some type of demisting de-
vice may be required.
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5.8 Manholes for Column Access

Entry into the shell of a distillation tower is made via manholes.
These are usually fitted in the column so that each serves 10 to 20
trays (48, 177, 354). When the service is clean and noncorrosive, up to
30 trays or more may be served by one manhole. When frequent clean-
ing is anticipated, or if the trays are large and the process of removing
them through the hole is slow, the smaller number above should be
used. This enables multiple crews to work on removal or installation.
If the column diameter is too small to admit personnel, cartridge trays
{Sec. 7.13) should be used.

In packed columns, manholes should be positioned so that distribu-
tors, redistributors, and other internals can be accessed. Usually,
manholes are located above each bed support plate, above the top dis-
tributor, and at the bottom of the column. Locating manholes above
the support plates also permits removal of packing from the bed
above.

In small-diameter packed columns (<3 feet), either handholes or
flanged construction is normally used for access instead of man-
holes. Handholes usually have diameters of 8 to 14 in and are po-
sitioned at the same points as manholes in larger columns. The ac-
cess offered by handholes is limited, and they are used only when
little maintenance on the column is anticipated. In most cases, con-
struction of small-diameter packed columns out of flanged sections
is the preferred method of providing access to internals. Flanges are
usually installed near the top distributor and just below each sup-
port plate. Although flanged construction is more expensive than
handholes, it greatly lowers maintenance costs by improving access
to internals and by making packing removal easier. To remove
packing, a flanged section is simply tipped over after its top distrib-
utor and bed limiter are removed.

The inside diameter of the tower manhole affects the width of the
tray manways and the number of pieces that are used to assemble
each tray, distributor, or internal pan. Small manholes may not per-
mit optimum design. In large towers, and/or when a manhole serves
several trays, there is a strong economic incentive to minimize the
number of pieces to be assembled or dismantled, and using large man-
holes becomes a necessity. Larger manholes are mandatory if protec-
tive clothing may need to be worn by personnel entering the column.
Small manholes will impede entry of personnel wearing bulky protec-
tive clothing or breathing apparatus, and will also hinder emergency
rescue efforts. Recommended manhole diameters vary from one de-
signer to another, but are always in the range of 16 to 24 in. (48, 138,
177, 354).
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Overly large manholes (> 24 in) should be avoided unless essential
for admitting a person wearing bulky protective clothing (e.g., a
breathing apparatus). Such manholes are expensive, hard to seal, dif-
ficult to open or close, and hard to carry by the davit and hinges. They
enhance the injury risk to personnel opening or closing them, and lo-
cally increase the tray spacing requirement and the column height.

Often, tray spacings must be locally increased to be larger than the
manhole diameter. For this reason, and whenever practicable, it is a
good policy to install manholes in the space above the feed trays where
the tray spacing is normally extended (for reasons given in Sec. 2.3).
When this is done, care must be taken to ensure that feed nozzles and
distributors do not impede entry by personnel into the column. One
designer (48) recommends that tray spacing at the manhole be at least
36 in to provide adequate work space.

The method of installing the trays and normal tray-cleaning proce-
dures should be considered when manholes are designed. If removal of
trays for cleaning is unnecessary and trays are to be cleaned in place,
the number and size of manholes can be reduced. Tray parts should be
top-removable for columns larger than 3.5 ft in diameter (399), be-
cause bottom-removable trays can put workers in danger of having a
poor foothold, incurring the risk of a long fall during installation. Sim-
ilarly if packing removal is not anticipated to take place frequently,
the number of manholes can be reduced.

Whenever possible, all manholes should be oriented in the same di-
rection. It is also preferable that the manholes face the main
accessway to the column. The aligned manholes will occupy a segment
of the total tower circumference that should not be occupied by any
pipe runs. This minimizes the difficulties in lowering tower internals
to the ground (190).

To minimize possible damage to column internals, care should be
taken not to locate the manhole in the downcomer seal area.

To enable access from the bottom sump (where the manhole is often
located) to the bottom tray, rungs are often installed at the column
shell. Internal ladders are also sometimes used for the above purpose,
but these may corrode and become unsafe. Corrosion-resistant mate-
rials are recommended if ladders are to be used.

Finally, accessibility to the manhole should not be overlooked. Ac-
cess platforms should be provided for all manholes 12 ft or higher
above grade (190). The manhole door should open away from the lad-
der leading to the platform and should be capable of being opened
fully. Although these recommendations may appear obvious, it is sur-
prising how many times they are overlooked, and either tray removal
is slowed because a manhole door cannot be fully opened or injuries
are caused to personnel because a manhole door opens the wrong way.



Chapter

Tray and
Downcomer Layout

Designing trays and downcomers for distillation columns involves at
least two stages: a primary (basic) design stage, and a secondary
(detailed layout) stage. At the basic design stage, the following param-
eters are usually established:

8 Vapor and liquid flow rates, operating conditions, and desired flow
regime

® Tray diameter and area

® Type of tray

® Bubbling area and downcomer hole area

® A preliminary estimate of tray spacing and number of passes

8 A preliminary tray and downcomer layout

Methods for determining these basic factors are discussed at length in
most distillation texts (123, 193, 319, 371, 404, 409). Once these are
determined, the basic design stage ends, and the secondary stage
begins. In the secondary stage, tray and downcomer layout and other
preliminary estimates are finalized. This secondary stage will be de-
scribed in this chapter. It is possible to change the basic design param-
eters at the secondary stage, but such changes are usually small.
Unlike the internals discussed in previous chapters, poor tray lay-
out of one- or two-pass trays rarely causes spectacular column failures
such as flooding at 50 percent of design rates or extremely poor sepa-
ration. Il effects resulting from poor tray layout seldom extend be-
yond suboptimum design or performance; a moderate reduction in
capacity, efficiency, or turndown; and some increases in capital or

139
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operating costs. Nevertheless, the troubleshooter must be familiar
with tray layout pitfalls, not only for pursuing process improvements
but also while attempting to identify the cause of a major failure. In
the latter case, several theories are often voiced, and it is important to
correctly rule out the less likely ones.

Tray layout discussions in this chapter emphasize sieve and valve
trays, as these trays are most frequently encountered in industrial
practice. Several of the considerations also apply to other tray types
(e.g., bubble-cap trays). Considerations unique to bubble-cap trays
were excluded from this chapter. The infrequent application of this
type of tray in modern distillation practice argues against a detailed
discussion here. A large amount of information on bubble-cap tray
layout is available and is well documented in several texts (48, 257,
371, 409).

Unlike tray layout, poor downcomer layout is as likely to cause a
spectacular column failure as several internals discussed in previous
chapters. Adequate hydraulics is the primary consideration, and if not
achieved, premature flooding may occur.

This chapter examines common practices for tray layout, including
tray spacing, hole diameter, fractional hole area (and hole spacing),
valve tray layout and valve selection, calming zones, outlet weirs, set-
ting and changing the number of liquid passes, considerations unique
to multipass trays, and preventing flow-induced vibrations. It also ex-
amines common practices for downcomer layout, including types of
downcomers, downcomer width and area, downcomer sealing, clear-
ances under the downcomer, inlet weirs, and seal pans. In addition,
this chapter also considers unique baffles and other practices some-
times used on trays, including splash baffles, vapor hoods, reverse-
flow baffles, stepped trays, and antijump baffles.

For each of these internals, the chapter outlines the preferred prac-
tices, highlights the consequences of poor practices, and supplies
guidelines for troubleshooting and reviewing their designs.

6.1 General Considerations

The following general factors influence tray performance and, there-
fore, the desired tray layout. They need to receive attention at an
early stage and guide the specification of tray and downcomer layout.

Flow regime. The flow regime is the nature of the vapor-liquid disper-
sion on the tray. Most industrial trays operate either in the froth or
the spray regime, depending on tray geometry and operating condi-
tions. In the froth regime (Fig. 6.1a) liquid is the continuous phase
and vapor is dispersed as bubbles in the liquid. In the spray regime
(Fig. 6.1b), the phases are reversed; vapor is the continuous phase,
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Figure 6.1 Flow patterns on trays. (a) Froth regime (liquid phase is continuous);
(b) spray regime (gas phase is continuous). (Henry Z. Kister, excerpted by special
permission from Chemical Engineering, September 8, 1980; copyright ©, by
McGraw-Hill, Inc., New York, NY 10020.)

while liquid is dispersed as drops in the vapor. Some investigators
(163) identify an additional liquid-continuous regime (“the emulsion
regime”), in which the dispersion behaves as a uniform two-phase
fluid. Since tray layout considerations for this emulsion regime gen-
erally resemble those for the froth regime, it is treated here as an ex-
tension of the froth regime.

The froth regime is the most common flow regime on industrial
trays. This regime occurs at low and moderate vapor velocities and
moderate and high liquid loads, conditions typical of pressure and
most atmospheric distillations. The spray regime usually occurs at
high vapor velocities and low liquid loads, conditions typical of vac-
uum distillation. Quantitative criteria for predicting the expected flow
regime on the tray are described elsewhere (163, 193, 243, 244, 321).

Spray regime operation is desirable (321) for negative-surface-tension
systems (i.e., where the mixture’s surface tension decreases from the top
tray toward the bottom tray). Froth regime operation is desirable for
positive-surface-tension systems (surface tension increases from the top
tray down), and when liquid entrainment needs to be minimized (321). In
most commercial applications, vapor and liquid loading requirements
override these desirability considerations and dictate the tray flow re-
gime. For optimum tray performance, the tray layout must therefore ac-
commodate the expected flow regime.

Capacity restriction mechanism(s). Column throughput is restricted by
one of several different mechanisms. These include spray entrainment
flooding, froth entrainment flooding, downcomer backup flooding,
downcomer choke flooding, excessive entrainment and excessive pres-
sure drop. Optimum tray and downcomer layouts vary with the mech-
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anism that restricts column throughput. The nature of the various
flooding mechanisms is discussed in Sec. 14.1.1. Most distillation texts
and review articles (73, 123, 193, 243, 319, 371, 404, 409) contain
quantitative criteria for predicting column throughput.

In the spray regime, column throughput is usually restricted either
by entertainment flooding or by excessive entrainment. Excessive
pressure drop may also restrict spray regime throughput in vacuum
columns. Downcomer flooding and downcomer choke seldom restrict
throughput in the spray regime.

In the froth regime, column throughput is usually restricted by
flooding due to excessive entrainment, excessive downcomer backup,
or downcomer choke. Excessive entrainment or excessive pressure
drops may occasionally (but infrequently) restrict throughput in the
froth regime.

Corrosion. The likelihood of corrosion and its potential effect on col-
umn internals must be reviewed. The consequences of operating with
corroded internals, and the cost of their repair, including the cost of
lost production, must be evaluated. The extent to which corrosion can
be tolerated and/or inhibited must be defined. This definition affects
several decisions to be made about tray and downcomer layout.

Fouling. The likelihood, type, degree, and consequences of fouling in
the column must be evaluated, and the method of cleaning its
internals should be established. Fouling may result either from extra-
neous material introduced in the feed, or from polymerization or de-
composition inside the column (either under normal or abnormal op-
erating conditions).

Fouling problems may be overcome by keeping the contaminants
out, by using additives to inhibit fouling, by operating in a way that
will minimize fouling, or by designing the column so that fouling does
not significantly affect column performance. In any case, the effect of
fouling of column performance, frequency of shutdowns, and method
of cleaning have an important bearing on tray and downcomer layout.

Turndown. Turndown requirements should be critically examined.
Generally, turndown ratios (ratio of normal operating throughput to
minimum allowable throughput) of up to 3:1 incur a negligible cost
penalty. In most cases, higher turndown ratios can be readily achieved
at a relatively small cost penalty, as long as they do not exceed about
5:1. Beyond this, the cost penalty for enhancing turndown escalates. It
is also important to appreciate that high turndown may turn out ben-
eficial due to some unforeseen circumstance, and is often worth at
least a minor cost penalty.
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Simplicity. The simpler the tray and downcomer layouts, the less ex-
pensive they are, and the smaller the chance of fabrication, assembly,
and installation errors. Tray design and fabrication are often highly
computerized; any oddities [e.g., downcomers following the contours of
the weir (128)] may require considerable hand work.

Tray and downcomer layout should be as uniform as possible and
their components as interchangeable as possible throughout the col-
umn. Machinery employed by manufacturers is most efficient on long
production runs (128), which minimizes costs. Further, a uniform lay-
out can eliminate costly delays when replacing defective or worn-out
parts, and it minimizes the chances of interchanging dissimilar parts
during column assembly.

Layout changes within a column section (except at feed or draw
trays) should be avoided. Layout changes from one section to another
should only be performed when process conditions widely differ be-
tween the sections, and where there is a clear economic advantage for
such changes. Even in these cases, layout of one section should be as
similar as possible to that of the other section.

Others. Other considerations affecting tray and downcomer layout in-
clude efficiency, access for maintenance, and cost. These tend to be
specific rather than general, and are therefore discussed in the rele-
vant sections.

Tolerances. Tighter tolerances than necessary on column internals
represent a significant waste of money and should be avoided. In par-
ticular, each specified tolerance should be considered in relation to its
contribution to the functional or mechanical integrity of the tray. The
magnitude of the various tolerances should be realistic and as large as
feasible for the particular application. Often, it is desirable to leave
tolerances to the discretion of the fabricator.

A tolerance can be expressed as a “plus-or-minus” value or a
“maximum-to-minimum” value. For instance, if weir height is allowed
to vary between 1 %6 and 2 Y6 in, the tolerance can be expressed as
a * Vie inch or as “maximum to minimum” of ¥ in. Note that for an
equivalent variation, maximum-to-minimum tolerances are always
double the “plus-or-minus” tolerances. When specifying tolerances,
the relevant definition must always be stated, or the specified value
may be misleading. Specifying maximum-to-minimum tolerances is
often considered a less rigid practice; in the above weir height exam-
ple it would permit weir height to be between 1 7 and 2 ¥4 in, as long
as the difference between the highest and lowest point does not exceed
8 in.

For convenience and clarity, this book will use the plus-and-minus
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definition. The reader can convert this to the maximum-to-minimum
tolerance simply by doubling the tolerance value. Tolerances for var-
ious tray items are discussed in the relevant sections. A summary of
typical tolerances is shown later in Fig. 10.5.

6.2 Tray Spacing

Tray spacing in industrial columns ranges from 8 to 36 in. A prime
factor in setting tray spacing is the economic trade-off between col-
umn height and column diameter. Enlarging tray spacing adds to the
column height requirement, but it permits a smaller column diameter
to be used. Usually, the costs of lengthening the column match the
savings achieved from the corresponding reduction in column diame-
ter. It follows that as long as the above trade-off is not constrained,
tray spacing has a minor impact on column costs. It is then normally
set to allow easy access for maintenance.

A tray spacing of 24 in is most common for columns 4 ft and larger
in diameter (48, 211, 271, 272, 409). This spacing is sufficiently wide
to allow a worker to freely crawl between trays. Some designers (272,
404, 409) recommend a tray spacing of 24 to 36 in. Tray spacing larger
than 24 in make crawling between trays easier and are often desirable
where frequent maintenance is expected (e.g., fouling and corrosive
services) and in large-diameter (> 10 to 20 ft) columns. Deep tray sup-
port beams in large-diameter columns restrict the crawling space
available and may also interfere with vapor movement across the
tray, making larger tray spacing more desirable.

A tray spacing of 18 in is recommended for columns 2 ¥z to 4 ft in
diameter (48). Here crawling between trays is seldom required, be-
cause a worker can reach the column wall from the tray manway. For
such columns, the recommended tray spacing is lowered to reduce the
support problems associated with tall and thin columns (see item 8
below).

A tray spacing smaller than 18 in makes access for maintenance dif-
ficult. It is therefore generally not recommended, but is often used
(257, 272, 409).

When the economic trade-off between column height and column di-
ameter is constrained, optimum tray spacing is dictated by cost con-
siderations, while access considerations assume a secondary role.
Some situations where the trade-off is constrained are

1. When column height is restricted: Examples include a column that
needs to be enclosed inside a building, a cold box, or another expen-
sive shield (and perforating the roof is impractical or costly); a tall
column that is to be erected in the vicinity of an airport (and must
comply with a maximum height regulation); and a column 250 to



Tray and Downcomer Layout 145

300 ft tall. Since it is almost always more economical to perform a
service in a single column than in two, there is an incentive to se-
lect a tray spacing small enough to match the height restriction.
Cryogenic air separation columns, which are enclosed in cold boxes,
sometimes have a tray spacing as low as 4 to 8 in; C, and C;
splitters, often containing 100 to 200 trays, are sometimes designed
with tray spacing as low as 12 to 18 in (218).

. When column diameter is restricted: Examples include small col-
umns, where the diameter needs to be at least 2 1% to 3 ft to permit
personnel entry; an existing column used for a new service; or a hy-
draulically underloaded section of a constant-diameter column.
When the diameter in such columns is hydraulically oversized, it
becomes attractive to minimize tray spacing, thus utilizing excess
capacity to reduce column height or increase the number of
trays.

. When the column (or column section where maximum hydraulic
loading occurs) contains very few (< 5 to 10) trays: Here tray spac-
ing has only a weak effect on column height, and savings due to
diameter reductions outweigh the costs of lengthening the column.

In such cases, it becomes attractive to enlarge the tray spacing
371).

. Columns operating in the spray regime: These should have a tray
spacing at least 18 in, and preferably 24 in or more (218, 321), to
avoid excessive entrainment. Vacuum columns often operate in the
spray regime and are correctly designed with a tray spacing of at
least 24 in and often 30 in (257). The same applies to low-liquid-
load services (< 2 gpm per inch of weir length).

. When froth regime operation is favored: Lower tray spacing re-
stricts the allowable vapor velocity, thereby promoting froth re-
gime operation. Tray spacing of 18 in or less is sometimes advo-
cated when froth regime operation is specifically desired (218).

. Systems with a high foaming tendency: Here a tray spacing of at
least 18 in, and preferably 24 in or more, is recommended (218,
354) to avoid premature flooding.

. Systems restricted by downcomer choke: With such systems, in-
creasing tray spacing does little to enhance capacity and there is an
incentive to minimize tray spacing. Unfortunately, downcomer
choke usually coincides with a high foaming tendency, and guide-
line 6 above overrules.

. Supporting tall and thin columns (high ratio of height to diameter)
is difficult and expensive: One designer (243) forecasts problems
when this ratio exceeds 25. In such cases, savings from shortening



146 Distillation Operation

the column usually exceed the cost of enlarging its diameter, and
there is an incentive to lower tray spacing (often to about 18 in).

6.3 Hole Diameters on Sieve Trays

Hole diameters on industrial trays range from Vie to 1 in. In selecting
hole diameters, the following should be considered:

1. The nature of the service: Small holes are not suitable for fouling or
corrosive services because they may block or partially block, lead-
ing to excessive pressure drops and premature flooding. Further,
hole blockage often takes place in a nonuniformly distributed pat-
tern, causing uneven vapor flows and lower tray efficiencies. Inci-
dents where plugging of small holes resulted in premature flooding
have been reported (126, 239). If the service is corrosive, large holes
have two advantages: (1) the rate of change of hole area and tray
pressure drop with time is much slower (192, 268); and (b) the al-
lowable tray thickness is greater, and a greater degree of corrosion
can be tolerated (317). In either corrosive or fouling services, ¥2-in
or larger diameter holes are recommended (192).

2. Hydraulics: Small holes enhance tray capacity (218, 227, 243,
354), but this enhancement may be small. Small holes appreciably
reduce entrainment in the spray regime and at low liquid loadings
(21, 201, 204, 205, 227, 371), but this reduction is less pronounced
at moderate and high liquid loadings (>3 gpm/in) in the froth re-
gime (176, 201, 205). Small holes slightly lower the pressure drop
(172, 218, 226, 227, 371). It is generally believed that small holes
reduce weeping (175, 176, 218, 223, 226, 245, 281, 382, 437, 438),
but this does not always apply (88, 218, 227, 245). Small holes pro-
mote froth regime operation (244, 321). Extremely small holes
(< 342-in) may sometimes promote foaming (249).

3. Mass transfer: In froth regime operation, small holes provide bet-
ter vapor-liquid contact, and hence higher efficiency (119, 172, 184,
247, 252, 273, 317, 326, 347, 438, 439). The effect is small, and of-
ten negligible (119, 184, 218, 273, 326, 409). In the spray regime
there is some indication that large holes enhance efficiency (273,
347), although this may not always apply (326).

4. Frothing: In clean vacuum services operating in the froth regime,
small holes (V5 in diameter) have been specifically recommended
for both entrainment and efficiency reasons (175, 257, 317).

5. Turndown: Small holes have a better turndown characteristic be-
cause they reduce tray weeping and increase tray capacity.

6. Costs: Trays punched with larger holes are cheaper because fewer
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holes are required. Holes with diameters smaller than %16 in may
require drilling, which is far more expensive than punching. As a
rule of thumb, carbon-steel or copper alloy trays can be punched
when the hole diameter is equal to, or greater than, the tray thick-
ness; for stainless steels, the hole diameter must be 1.5 to 2 times
the tray thickness (73, 172, 317, 371, 409).

7. Errors in diameter: In trays with small holes, a smail error in hole
diameter when drilling or punching has a greater effect on pressure
drop, capacity, and turndown than the same error in a large hole.

8. Installation: Tray panels should be installed with the rough edge
of the hole facing the vapor flow (Fig. 6.2a). This reduces the risk of
injury to personnel working in the column or installing the trays
(49, 123, 192). The practice has the disadvantage of slightly in-
creasing the tray pressure drop and the advantage of slightly de-
creasing the weeping tendency. If pressure-drop considerations are
of major importance, the rough edge of the tray should be ground
smooth so as to be free of burrs (88, 317), as illustrated in Fig. 6.2b.

In general, large holes are recommended for fouling and corrosive ser-
vices and for spray regime operation (provided tray spacing is suffi-
ciently large in the latter case). In other applications, smaller punched

Direction of punching
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A E A
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Direction of vapor flow
(a)

_-Tray

_Tray face ground
------ /  and free of burrs

bttt

Direction of vapor flow
Direction of punching

(b}

Figure 6.2 Recommended sieve tray hole-punching prac-
tices. (@) Normal; (b) pressure drop is important. (Henry Z.
Kister, excerpted by special permission from Chemical Engi-
neering, September 8, 1980, copyright © 1980 by McGraw-
Hill, Inc., New York, NY 10020.)
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holes are preferable, with %16 inch diameter being a favorite general
choice (73, 172, 192, 226, 243, 249, 257, 281, 317, 319).

6.4 Fractional Hole Area and Hole Spacing
on Sieve Trays

Fractional hole area is the ratio of the total area of the tray holes to
the tray bubbling area (bubbling area being column area less areas of
unperforated regions such as downcomer, downcomer seal, and large
calming zones). The number of holes is obtained by multiplying the
bubbling area by the fractional hole area and dividing the product by
the area of a single hole.

Hole pitch is the center-to-center hole spacing (Fig. 6.3). Holes
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Figure 6.3 Typical layout of the components for sieve trays. (a) Recommended, with
equilateral triangular hole pitch; (b) Square hole pitch (Part a Henry Z. Kister, ex-
cerpted by special permission from Chemical Engineering, September 8, 1980, copyright
© by McGraw-Hill, Inc., New York, NY 10020.)
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should be spaced on an equilateral triangular pitch (Fig. 6.3a), but
sometimes a square pitch (Fig. 6.3b) is used. Liquid should always
flow perpendicular to the rows. An equilateral triangular pitch mini-
mizes liquid bypassing around perforations and affords a greater ratio
of hole pitch to hole diameter for a given fractional hole area (Fig.
6.4). It is therefore preferred. The ratio of hole pitch to hole diameter
is a geometric function of the fractional hole area and the hole pat-
tern, given by

Fractional hole area = K(hole diameter/hole pitch)? 6.1)

where K = 0.905 for an equilateral triangular pitch, and K = 0.785
for a square pitch. The relationship is shown graphically in Fig. 6.4.

Fractional hole areas on commercial sieve trays usually range from
0.05 to 0.15 (corresponding to pitch to diameter ratios of 2.5 to 4), with
0.08 to 0.12 normally considered optimum. Some designers (123, 382)
suggest setting the fractional hole area relatively high for vacuum
services. The optimization is usually between capacity and turndown.
Both tray capacity and tray-weeping tendency increase with frac-
tional hole area. When fractional hole area is increased beyond 0.08 to
0.10, capacity gains approach marginal returns, while turndown re-
ductions continue to be substantial.

The following guidelines apply to fractional hole area and hole pitch
selection:
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Figure 6.4 Graphical relationship between fractional
hole area and hole pitch to diameter ratio (From J.
David Chase, excerpted by special permission from
Chemical Engineering, July 31, 1967, copyright © by
McGraw-Hill, Inc., New York, NY 10020.)
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1. When entrainment flooding limits column capacity and fractional
hole area is between 0.05 and 0.08, an increase of fractional hole
area of the order of 0.01 will enhance column capacity by about 5
percent (112, 218, 227, 319, 382). When fractional hole area exceeds
0.1, capacity gains from increasing fractional hole area are sub-
stantially lower (112, 218, 319, 382, 429), becoming negligible at
high liquid loads (>6 gpm/in of outlet wein). Column capacity also
increases with fractional hole area when entrainment, pressure
drop, or downcomer backup limit column capacity. These increases
are substantial when fractional hole area is less than 0.08 to 0.10,
but are small at higher fractional hole areas. Column capacity is
unaffected by fractional hole area when downcomer choke is the ca-
pacity limit (429).

2. In the spray regime, and at low liquid loads in the froth regime,
increasing the fractional hole area reduces entertainment (201,
204, 205, 382). This reduction is particularly large when fractional
hole area is less than 0.08, but it becomes small when fractional
hole area exceeds 0.10. Entrainment is essentially unaffected by
fractional hole area at moderate and high liquid loads (> 3 gpm/in)
in the froth regime (176, 201, 205).

3. Increasing fractional hole area reduces pressure drop (176, 218,
226, 227, 371), and therefore also downcomer backup. These reduc-
tions are significant at low fractional hole areas, but become small
as fractional hole area exceeds 0.10.

4. Increasing the fractional hole area enhances the weeping tendency
(175, 176, 218, 226, 243, 245, 319, 371, 437, 438), and therefore low-
ers turndown.

5. High fractional hole area promotes froth regime operation (321).

6. There is some indication that lower fractional hole area enhances
efficiency (218, 409, 429). The magnitude of this enhancement is
uncertain; some reports suggest it is substantial (218, 429), while
others imply a negligible or small effect (409). There is some evi-
dence to suggest that substantial efficiency enhancement occurs
mainly in the spray regime (273, 326).

7. When the column operates at turned-down conditions for lengthy
periods, excess holes are often blocked off by blanking strips. This
lowers the fractional hole area, thus decreasing weeping. Blanking
strips should be installed from one wall to another, perpendicular
to the liquid flow. The width of each strip should not exceed 4 in to
avoid the formation of inactive regions (192). Alternatively, it has
been recommended (73, 371) that the width of each strip not exceed
7 percent of the tray diameter in small-diameter (< 10-ft) columns
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or 5 percent of column diameter in large-diameter (> 10-ft) col-
umns. It is desirable to install at least four blanking strips per tray,
and they should be scattered across the tray. The blanked area
should not exceed a quarter of the fractional hole area (73, 371).
Blanking strips should be fastened so that a tight seal is provided,
removal is easy, and the perforated sheet is not distorted or buckled
(371).

. When setting tray pitch, it is preferable to select a standard punch-
ing pattern, used by tray fabricators, and to adjust the hole pitch
accordingly. A nonstandard pattern increases the cost of trays. Fol-
lowing this practice rarely alters the desired fractional hole area
substantially.

. Tolerance on fractional hole area is typically =3 to 5 percent (49,
371).

6.5 Valve Tray Layout and Valve Selection

A valve tray (Fig. 6.5) is a flat perforated plate, with each perforation
equipped with a movable disk. The perforations and disks may be cir-
cular (Fig. 6.5a, b, d) or rectangular (Fig. 6.5¢). At low vapor rates, the
disk settles over the perforation and covers it to avoid liquid weeping.
As vapor rate is increased, the disk rises vertically.

The vertical rise of the disk is restricted either by a cage (e.g., Figs.
6.5b, 6.6b) or by retaining legs attached to the bottom of the disk (e.g.
Figs. 6.5a, 6.6a, d). The cage and retaining legs also prevent horizon-
tal movement of the disk.

The following general considerations are important for valve trays:

1. Valve trays are proprietary, and it is always best to have the man-
ufacturer specify and design the tray layout. The amount of infor-
mation available on valve tray design is limited, although some is
available in manufacturers’ literature (138, 211, 307).

2. The manufacturer must be supplied with concise information on
the corrosive, erosive, and fouling nature of the system, as well as
the turndown requirements. Certain valve types and layouts are
far better suited to cope with each of these problems than others.
Lack of concise information can lead to a poor selection of valve
type, and subsequent troublesome operation.

3. A mechanical problem often encountered in valve trays is wear or
corrosion of either the retaining legs or the perforations that har-
bor the valve. The constant vertical movement of the valve, and
spinning of circular valves in their perforations, impose fatigue
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(a)

(b)

Figure 6.5 Valve trays. (a) A valve tray equipped with round uncaged valves; (b)
a valve tray equipped with round caged valves; (c) a valve tray equipped with
rectangular valves; (d) a valve tray containing both round uncaged valves and
perforations.(Parts a and d courtesy of Koch Engineering Company, Inc.; part b
courtesy of of Glitsch Inc.; part ¢ courtesy of Nutter Engineering.)
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Figure 6.5 (Continued) (d)

stresses on its retaining legs and wear the perforations. It is not
uncommon to have valves pop out of their seats.

In many instances, popping out of valves has no apparent effect
on column performance, at least at high throughputs. The author
is familiar with several situations in which operating personnel
did not realize that valves popped out until the column was
opened up for inspection or until popped-out valves damaged the
column bottom pump. In all these instances, operation was at high
throughputs; in some, the fraction of popped out valves was high.

Wear of the valve legs and orifices may also accelerate valve
and orifice corrosion, especially in services that rely on
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Figure 6.6 Types of valve units. (¢) An uncaged round valve unit; (b) a caged round
valve unit; (¢) a caged round valve unit, featuring a contoured orifice; (d) a rectangular
valve unit; (e) a fixed round valve unit; () a fixed triangular valve unit. (Parts a and e
courtesy of Glitsch Inc.; parts b, ¢, and f courtesy of Koch Engineering Company, Inc.;
part d courtesy of Nutter Engineering.)
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passivating films to provide corrosion protection. The wear de-
stroys the passivating film; one experience was reported in which
valves were corroded to paper thickness and orifices were en-
larged by this mechanism (38, 42).

The sensitivity of valve trays to wear can be minimized by ad-
equate selection of materials and valve type. In the above case
history, switching valve type from uncaged round valves to caged
round valves eliminated the corrosion problem (42). The problem
could have also been solved by changing tray and valve material
(38). Spinning is often prevented by short horizontal tabs which
protrude into the perforations which harbor uncaged valves; in
caged designs, tabs are sometimes attached to the disk (Fig. 6.5b).

“Home-made” valves should be avoided because it is difficult to
bend the retaining legs without excessively stressing the metal.
The author is familiar with one experience where home-made
valves lasted a very short time before popping out. Careful han-
dling of valve trays prior to installation is important, because the
retaining legs of valve units are easily damaged (Sec. 10.1).

. Another mechanical problem often encountered in valve trays is
“sticking” of the valve. Sticking occurs because of buildup of
sludge and/or corrosion products while the valve is in contact with
the tray floor. Sticking reduces the open area of the tray and can
initiate premature flooding.

Sticking is inhibited by running the column at high through-
put. High vapor velocities sweep foulants away from the valve
base. The author is aware of cases where valve trays handled ex-
tremely sticky materials without sticking. In these cases, high-
throughput operation was constantly sustained, and column run
length was restricted by downcomer plugging. Successful applica-
tion of valve trays in the highly fouling service of distilling alco-
hol from an aqueous sludge was reported (19). On the other hand,
the author is familiar with cases of valve sticking while handling
mildly sticky materials; in these cases, column throughput varied.
Two experiences of valve tray fouling were reported by Harrison
and France (150a); in one, a scaling problem was alleviated by re-
placing valve trays by sieve trays.

Valve sticking can be alleviated by proper selection of valve
type. Several designs have the valves seated on turned-down nibs
which hold the disk about 0.1 in (138) above the tray deck to pre-
vent sticking (Figs. 6.5a, 6.6a, b, d). This clearance, however, may
enhance the weeping tendency and somewhat reduce turndown.
One experience has been reported (85) where weeping from this
type of valve at low liquid rates did not permit adequate liquid
circulation in a pumparound loop.
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The most common types of valves (138, 211, 306) are shown in Fig.
6.6. The uncaged round valve (Fig. 6.6a) is perhaps the most pop-
ular type. Normally, the disk is flat (Fig. 6.6a) or flat-dome
shaped (Fig. 6.5a); the legs are formed integrally with the disk,
and the orifice on the deck is standard (sharp-edged). A more leak-
resistant variation (138) uses welded legs instead of integrally
formed legs; this eliminates the leak area at the legs. Another de-
sign variation, often called an uncaged venturi valve (Fig. 6.6¢c) re-
places the sharp-edged orifice by a contoured orifice to reduce
pressure drop and downcomer backup (138, 211).

The caged round valve (Figs. 6.5b, 6.6b) is more resistant to
spinning, corrosion, wear, and popping out of its seat (37, 38, 42,
268). It was also reported to have a lower tendency to stick (37, 42,
211), a lower pressure drop (37, 42, 322), and a slightly lower ef-
ficiency (37, 42) than the uncaged round valve. The disk is usually
flat-dome shaped (138, 211), and the orifice is sharp-edged, but a
lower-pressure-drop (venturi valve) variation which uses a con-
toured orifice is also available (138, 211). Leak-resistant varia-
tions have disks that can completely close the orifice. In one leak-
resistant variation, a small perforation is drilled in the disk to
allow vapor passage at very low rates (39); in another variation,
the orifice cover is a separate, lightweight plate located below the
normal disk (138, 144). Cases were reported (237, 239) where the
latter variation was successful in overcoming a turndown problem
which occurred with standard valve units.

The uncaged, rectangular valve (Fig. 6.6d) eliminates valve
spinning and is resistant to popping out. The pressure drop, capac-
ity, and efficiency characteristics of this valve were reported (14)
to be of the same order as those of the uncaged round valve. The
long edge of the valve is parallel to the liquid flow (Figs. 6.5¢,
6.6d). This minimizes the valve opening exposed to the approach-
ing liquid flow and improves its leakage resistance (306). The legs
are formed integrally with the rectangular plate, and the tabs
which hold the valve above the tray deck to prevent sticking are
located on the downstream end (Fig. 6.6d).

The fixed valve (Fig. 6.6, f) is a low-cost stationary assembly which
imitates the shape of a valve. The absence of the moving disk elimi-
nates wear and sticking, but at the expense of lower turndown than
other valve trays. The imitation disk can be flat-dome shaped (138,
Fig. 6.6e), triangular (211, Fig. 6.6/), or rectangular (306).

A sieve-and-valve tray (Fig. 6.5d) contains a combination of
venturi valves and sieve clusters in alternate rows. This tray has
a low pressure drop while maintaining turndown equivalent to
most valve trays (37, 38).
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Further details on valve types, dimensions, and design varia-
tions are available in manufacturers’ bulletins and in the open lit-
erature (37, 39, 42, 138, 139, 211, 306).

. The valves should be heavy enough to prevent excessive opening
at low vapor flow rates. If excessive valve opening occurs prema-
turely, weeping will result (46) and may drastically lower turn-
down. On the other hand, heavier valves incur greater pressure
drops and are more expensive. As a compromise, manufacturers
often employ two weights of valves in alternate rows on the same
tray (38, 46, 84, 171, 243, 409). Typically, the light valves are fab-
ricated from 16-gage metal, while the heavy valves are fabricated
from 12- or 14-gage metal (144, 171).

A case history contributed by S. W. Golden (145) demonstrates a
successful application of this technique. A trapout pan at the bot-
tom of a coker debutanizer was feeding liquid to a once-through
reboiler (an arrangement identical to Fig. 4.7a, but with an
unpartitioned combined seal and trapout pan). At low rates, ex-
cessive leakage through the bottom valve tray starved the
reboiler of liquid. The tray contained 16-gage uncaged circular
valves with turned-down nibs. The problem was completely elim-
inated by replacing half of the bottom tray valves by uncaged 12-
gage valves that seat flush with the tray floor. This modification
stopped leakage to such an extent that the reboiler could be
started up without operating the startup line (Fig. 4.7a), which
was always needed in prior startups.

When the liquid flow path is relatively short (< 30 in), the row
of valves closest to the tray inlet should contain light valves. If the
inlet row contains the heavy valves, aeration at turned-down con-
ditions may not begin until some distance into the tray. This
shortens the effective flow path and may lower tray efficiency.

. A tray containing too many valves is likely to perform as poorly as
one in which valves which are too light (46) (6 above). In either
case, the open area will be excessive at low vapor rates, weeping
will occur, and poor turndown will result. In one case, the author
physically observed heavy weeping from a valve tray which oper-
ated at 70 percent of its measured flood point. In another column
containing valve trays (239a), efficiency severely dropped upon
turndown to 50 percent of the normal production rate. In other
cases (14a, 239, 296) improved efficiency and reduced tray leakage
were reported after portions of the valves were removed and their
openings blanked. An excessive number of valves is also likely to
cause instability and channeling, as described in the next guide-
line.
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Vapor channeling and instability at low vapor flow rates can be a
severe problem in valve trays containing too many valves, partic-
ularly where valves are permitted to seat flush with the tray deck
(138, 237, 294, 334, 444). Vapor channels through a few wide-open
valves in a small aerated zone located in some intermediate posi-
tion on the tray, with the remaining valves completely closed. On
two-pass trays, one panel sometimes tends to be active and the
other inactive, with activity switching back and forth. The nibs
used to prevent sticking (item 4 above) also help to prevent this
instability (138). Some modern valve designs do not experience
this instability (138).

In one case, contributed by D. W. Reay (334), such channeling is
believed to have induced severe corrosion of a two-pass valve tray
located just above the feed zone in a 44-ft-diameter refinery vac-
uum tower. Two-phase feed entered via a feed distributor, and the
flash vapor passed through a chimney tray before entering the
valve tray. The valves were round, uncaged, and had turned-down
nibs to prevent sticking. Five deck panels only, all in the same
area, were very severely corroded to the extent that valve holes
had enlarged and become knife-edged; some valves were severely
thinned. All other deck panels suffered relatively minor damage
although some 90 percent of all the valves had become displaced,
mainly owing to leg erosion. If vapor had been uniformly distrib-
uted, velocity would have been too low to cause severe corrosion.
Apparently, the vapor preferentially channeled through a rela-
tively small number of valves, and the velocity at which corrosion
is known to become severe was exceeded. Calculations showed
that about 40 percent of the valves on the tray should have been
blanked. Vapor maldistribution could have been initiated at the
feed distributor or the valve tray, and its consequences were ag-
gravated by valve channeling.

To minimize channeling, valve trays are designed to exceed a
minimum unit reference (144). A unit reference is the ratio of the
vapor rate to the vapor rate at which all valves are open. A min-
imum unit reference of 40, 60, and 80 percent is recommended for
one-, two-, and four-pass trays, respectively (144). If the unit ref-
erence falls below the minimum, or if a higher unit reference is
desired, selected valves can be blanked, valve density can be re-
duced, or the ratio of light to heavy units can be varied (138, 144).

. Most valve trays are designed with up to 12 to 16 valves per

square foot of bubbling area (bubbling area being column area
less downcomer, downcomer seal, and any other large unvalved
area). Typically, orifice and disk diameters are about 1%2 and 2
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in, respectively. The disk typically rises 346 to %6 in above the
tray deck. Open area of fully open valves is typically about 10 to
15 percent.

10. Valve trays are prone to damage during commissioning, startup,
and other abnormal operation. Seating of the valves restricts
downward movement of vapor or liquid, and this restriction can be
troublesome during abnormal operation. Adequate planning and
operating procedures can circumvent these problems. This is dis-
cussed in detail in Chap. 11.

6.6 Calming Zones

It has been common practice to provide a blank area between the inlet
downcomer or inlet weir and the hole field, and another blank area
between the hole field and the outlet weir (Fig. 6.3). These blank areas
are termed calming zones.

Inlet calming zones are used because the entering liquid possesses a
vertical velocity component in a downward direction. This component
causes excessive weeping and inhibits bubble formation at the first
row of holes or valves. A calming zone 2 to 4 in wide is recommended
to attenuate the effect of this downward component (73, 175, 192, 226,
281, 317, 409). With recessed seal pans, this problem does not occur
and a calming zone 2 in wide is satisfactory (73, 172, 281). A method
for estimating optimum calming zone width is available (73, 191). At
least one designer (371) feels that an inlet calming zone may not be
necessary.

Outlet calming zones allow vapor disengagement from the froth on
the tray prior to liquid entering the downcomer. An outlet calming
zone also increases liquid holdup on the tray, but at the expense of a
greater pressure drop (83, 151). An outlet calming zone 3 to 4 in wide
is useful for trays operating in the froth regime (172, 192, 226, 281).
Excessive width for the outlet calming zone is to be avoided because it
wastes space and promotes weeping and backmixing (90, 151). Some
designers (73, 90, 371) feel that outlet calming zones are unnecessary.

When trays are operating in the spray regime, different consider-
ations apply. The liquid does not enter the downcomer by flowing over
the outlet weir. Instead, it enters when liquid droplets suspended in
the vapor space d2scend into the downcomer (Fig. 6.15). The closer the
weir is to the holes, the easier it is for these suspended droplets to
reach the downcomer. Further, the liquid pool on the tray floor near
the outlet weir induces liquid backmixing onto the tray, which lowers
tray efficiency (333). For these reasons, the outlet weir should be
placed as close to the holes as possible for spray regime operation (90,
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151, 192, 333). The minimum width of the outlet calming zone is often
limited to about 2 in by the presence of a tray support beam (73).

6.7 Outlet weirs

Outlet weirs maintain a desired liquid level on the tray. In the froth
regime (Fig. 6.1a), liquid enters the downcomer by flowing over the
outlet weir, and the weir height directly sets the liquid level and
holdup on the tray. This liquid level should be high enough to provide
sufficient liquid-vapor contact time and good bubble formation. Tray
efficiency increases with weir height in the froth regime (119, 175,
184, 218, 226, 243, 273, 326, 409), but for weirs 1%z to 3 in high this
increase is often small (211, 218, 326, 409). On the other hand, the
higher the liquid level, the higher the tray pressure drop (175, 226,
243, 371), downcomer backup (172, 226), entrainment rate (205), and
weeping tendency (218, 226, 245, 371). Higher liquid levels also imply
higher inventories, which is a distinct disadvantage if the liquid is
hazardous.

For most froth regime applications, a liquid level ranging between 2
and 4 in provides the best value (88, 172, 192, 226). Weir height can be
determined from the following equation (172):

(4 — hy, — 0.5A) = b, = (2 — h,, — 0.54) (6.2)

where h,, = weir height, inches
h,., = height of liquid crest over the weir, inches
A = hydraulic gradient, inches

Methods for estimating A,, and A are described elsewhere (73, 172,
319, 371). Application of Eq. (6.2) leads to weirs 2 to 3 in tall for most
froth regime services (123, 138, 243, 382, 413).

One exception to the above rule is where a long liquid residence
time is necessary, e.g., when a chemical reaction takes place on a tray.
A weir height of 3 to 4 in is common for absorbers and strippers (243),
and up to 6 in can be used (138, 218). If the weir height exceeds 15
percent of the tray spacing, care should be taken to allow for the re-
duction in effective tray spacing when capacity limits are estimated. A
second exception to the rule expressed by Eq. 6-2 is when tray spacing
is very low (<12 in). Here, a weir height of 2 to 3 in significantly re-
duces the effective tray spacing, and therefore tray capacity. This im-
poses a more severe economic penalty than the efficiency loss effected
by shortening the weir. In such cases, weir heights of %2 to 1 in are
often set (218).

When trays operate in the spray regime (Fig. 6.15), liquid enters the
downcomer as a shower of liquid droplets, precipitating from the vapor
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space above the downcomer (90). Under these conditions, liquid
holdup on the tray is independent of weir height (116); thus, a weir
serves little purpose and can be eliminated entirely. However, even
with columns designed to operate normally in the spray regime, it is
good policy to provide outlet weirs because at low rates the column
may be operating in the froth regime, and because spray regime
entrainment increases as weir height decreases (21, 201, 202, 205).

Minimum recommended weir height is ¥ in (73, 138), but % to 1 in
is preferred (123, 138, 211, 382). Low weirs (about 1 in) are frequently
used in vacuum columns (123, 211, 226, 243, 382). Vacuum columns
generally operate in the spray regime for most of their operating
range (123, 441), and low weir heights are suitable. Weir heights of 1
to 2 in are generally used for other spray regime services.

Adjustable weirs (Fig. 6.7a) were common in early designs. Their in-
tent was to provide flexibility for interchanging capacity and effi-
ciency, but their effectiveness was generally limited. This design is no
longer recommended because experience has shown that maladjust-
ments of the weirs outweigh the potential benefits (123, 211, 399).

Swept-back weirs (Fig. 6.7b) are sometimes used at high liquid
loads. They extend the weir length, which in turn lowers the effective
liquid load (gallons per minute per inch of weir length), without
changing tray or downcomer area. Swept-back weirs reduce tray pres-
sure drop and downcomer backup, improve liquid distribution on the
tray, and improve tray efficiency by inducing liquid flow into periph-
eral stagnant zones. However, the above improvements are usually
small.

Perhaps the main application of swept-back weirs is for extending
the length of side weirs of trays containing three or more liquid passes
(Sec. 6.12). This equalizes the length of the side weir(s) to that of the
center weir(s), which in turn equalizes liquid flow to the nonsym-
metrical tray panels.

There are several variations of the swept-back weir design. The
weir can be segmental (Fig. 6.7b) or semicircular. The downcomer
wall can follow the contour of a swept-back weir (Fig. 6.7b) or it may
be a straight vertical wall (Fig. 6.5d). The former type of wall is more
expensive, but it provides more downcomer area and better utilization
of tray space than the latter.

The tolerance on weir height is usually + V16 or + ¥ inch (38, 48,
86,177, 211, 257, 371, 399). Weir length should be designed so that at
least a Y4- to V2-in liquid crest is maintained above the weir (73, 88,
172, 382) to provide a good liquid distribution. The higher value
should be used if the tolerance is = ¥4 in. If the tolerance is too high
relative to the liquid crest, the head of liquid above the weir will
vary along the weir length, resulting in large flow variations
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Figure 6.7 Unique outlet weir designs. (a) Adjustable; (b) swept back; (c) rectangular
notch; (d) Intermittent triangular notch; (e) continuous triangular notch. (Parts a, and
¢ to e from Henry Z. Kister, excerpted by special permission from Chemical Engineering,
September 8, 1980; copyright © by McGraw-Hill, Inc., New York, NY 10020.)

from one end of the weir to the other, and the tray efficiency will be
reduced.

At low liquid loads, a liquid crest of ¥4 to ¥z in may be difficult to
achieve unless notched weirs (Fig. 6.7c to e) are used. Notches can be
triangular or rectangular. The only notched weirs which are effective
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in the spray regime are those with deep (6 to 8 in or more) rectangular
notches (Fig. 6.7c; often called “picket-fence weirs”). In this regime,
most of the liquid is dispersed as drops suspended several inches above
the tray floor, and these easily skip over low notches. Since at low-
liquid loads the dispersion is usually in the spray regime, picket-fence
weirs are the most popular type of notched weir. Picket-fence weirs
are recommended whenever the liquid load is lower than 0.5 to 1 gpm
per inch of weir (144, 211, 243). Others (123, 138) recommend their
use when liquid load is lower than 0.25 gpm per inch of weir.

Weirs with triangular notches (Fig. 6.7d, e), or shallow (1 to 2 in)
rectangular notches are only effective either when used together with
a splash baffle or a vapor hood (discussed below), or when the disper-
sion is in the froth regime. Since at low liquid loads and high through-
puts the dispersion is seldom in the froth regime, such weirs are
mainly of value with splash baffles (144) or when notching is only re-
quired for turndown. Rectangular notches are usually preferred to tri-
angular notches because they are less sensitive to out-of-levelness.

6.8 Splash Baffles and Vapor Hoods

A splash baffle (Fig. 6.8a) is a flat vertical plate parallel to the outlet
weir and located a short distance in front of the weir. The bottom edge

Envelope-
type

downconwr\\\

Il

o

|)ll'} 'M,I.lf

Envelope-type
downcomer

(a) (b}

Figure 6.8 Splash baffles and vapor hoods. (a) Splash baffles; (b) vapor
hoods.
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of the baffle is a short distance above the tray floor, permitting liquid
flow underneath.

Splash baffles are used in low-liquid-load services. The baffle
backs liquid up onto the tray and increases its liquid holdup and
froth height (31, 83, 374). The baffle also helps to prevent the tray
from drying up and promotes froth regime operation at low liquid
loads (374). In small-diameter columns (< 2 ft) it also prevents lig-
uid drops formed at the tray inlet from being flung directly into the
downcomer.

A splash baffle is recommended when liquid flow rate is less than
0.1 gpm per inch of outlet weir (144). One successful application of
tailor-designed sieve trays with splash baffles at liquid rates ranging
from 0.01 to 0.07 gpm per inch of weir has been described (374).
Splash baffles should only be used at low liquid loads, because they
restrict the downcomer inlet area and can lead to premature
downcomer choke. A calming zone upstream of the baffle is sometimes
used to minimize this problem (374). Splash baffles also increase tray
pressure drop and froth regime entrainment (31).

Splash baffles should only be used with leakage-resistant trays.
Leakage is a major problem at low liquid loads and is aggravated by
the buildup of level induced by the splash baffle. When liquid flow
rate is of the order of 0.1 gpm per inch of weir or less, even a small
leak can be detrimental to column efficiency (374). Tray joints should
be gasketed or seal-welded when using splash baffles. Horizontal leak-
age (i.e., leakage from the tray into the downcomer under or at the
sides of the outlet weir plate) may render the splash baffle ineffective.
Seal welding, or use of an envelope-type downcomer with its own weir,
can overcome the problem. A successful application of the latter tech-
nique has been reported (374).

The splash baffle should be tall enough to avoid liquid droplets from
skipping over its top. To minimize effects of out-of-levelness and to en-
sure adequate head over the outlet weir, the outlet weir is usually
notched with shallow notches (Sec. 6.7).

The vapor hood is similar in function to the splash baffle (Fig. 6.8b).
A vapor hood is used with an envelope-type downcomer (see Fig. 6.14c
and d in Sec. 6.15). The hood shelters the downcomer from the shower
of drops on the tray and forces liquid buildup on the tray until it over-
flows the weir. Application and performance characteristics of the va-
por hood are similar to those of the splash baffle, and, likewise, it is
only suitable for very low liquid-flow-rate services.

6.9 Internal Demisters

Demisters are sometimes installed in the intertray space to eliminate
entrainment. Typical applications include some clean, low-liquid-load
chemical services at close tray spacing (<20 in), and refinery vacuum
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towers where entrainment of metal-containing residue into the gas
oil section is troublesome. Pilot scale tests (348) show that internal
demisters substantially reduce entrainment and enhance efficiency.
Two experiences were reported (55, 278) where internal demister in-
stallation resolved severe entrainment problems. Photographs illus-
trating the effectiveness of this technique were published (431).

Internal demisters are expensive, have a high plugging tendency, and
their sections may disintegrate. The author is familiar with one incident
where chunks of wire mesh from an internal demister tore loose and found
their way to a draw pan above and to the bottom pump. For these reasons,
they should only be installed in clean services experiencing entrainment
problems that cannot be eliminated by alternate means. It is a good prac-
tice to install an internal demister only in the problem regions rather than
above every tray in a column. In one case (278), it was found that demisters
installed in the nonproblem regions did little to improve performance.

Typically, an internal demister in the intertray space is about 2 in
thick and contains wire mesh. Attention must be paid to correctly
specifying the mesh type, size, and materials. In a refinery vacuum
column, it is also important to keep the mesh wet (eg, by spraying
wash oil above the demister) in order to inhibit coking. When the ser-
vice has a high plugging tendency, chevrons rather than wire-mesh
may be the best demister choice (270).

6.10 Reverse-Flow Baffies

In a reverse-flow (“half-pass”) tray (Fig. 6.9), liquid is forced to flow
around a central baffle. Both the downcomer and the downcomer seal
area are on the same side of the tray, and the liquid flow path is quite
long. This tray is mainly suitable for low-liquid-flow-rate applications.
Making the baffle at least twice the height of the highest calculated
clear liquid height on the tray has been recommended (48) in order to
avoid short-circuiting of liquid. For the same reason, leakage under
the baffle should also be minimized.

6.11 Stepped Trays

Stepped (cascade) trays (Fig. 6.10) are sometimes used in large-
diameter columns. They are used when there is a concern that an ex-
cessive hydraulic gradient will induce vapor to preferentially channel
through the outlet portion of the tray. Since the hydraulic gradient is
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Figure 6.10 Stepped trays.

relatively steep on bubble-cap trays, and relatively flat on sieve and
valve trays, stepped trays are mainly used with bubble-cap trays. At
least one designer (409) recommends against stepping sieve or valve
trays. The author is familiar with one troublesome experience with
stepped sieve trays operating at relatively low liquid loads. Presum-
ably, excessive weepage where liquid dropped over the intermediate
weir deprived the downstream tray panel of liquid and caused the
channeling effect the trays were trying to prevent. The net result was
excessive entrainment and poor separation. There is little reported in
the literature about the effectiveness of stepped trays.

Each step of the tray should be designed with the same hydraulic
gradient, the same liquid head over the weir, and the same hole area
(86, 88). Intermediate weirs should rise above the calculated liquid
height immediately downstream (48, 86, 257, 371, 409); if submerged,
they would not operate as true weirs.

6.12 Unique Considerations for Multipass
Trays

Multipass trays lower the tray or downcomer liquid load by splitting
the tray liquid into two or more paths. For instance, the use of two
liquid passes instead of a single liquid pass will halve the liquid load.
This enhances tray and downcomer capacity and lowers tray pressure
drop, but at the expense of a shorter path length. Shorter path lengths
reduce tray efficiency, and if extremely short, may be inadequate for
accommodating tray manways. Trays containing more than two liquid
passes may also be sensitive to liquid and vapor maldistribution be-
cause panels are nonsymmetrical. Once such maldistribution forms, it
tends to persist throughout the trays below (88), causing a loss of ef-
ficiency and capacity (47).
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Guidelines for setting the number of passes and minimizing operat-
ing problems with multipass trays are listed below:

1. There is an incentive to use as few passes as possible (88, 307). In-
creasing the number of passes decreases efficiency, increases the
sensitivity to maldistribution, and increases costs.

2. Capacity gains from splitting liquid phases are substantial at high
liquid loads, but negligible at low liquid loads. Most sizing prac-
tices (35, 38, 39, 123, 138, 211, 240, 246, 249, 307, 382, 404, 413) set
the number of passes so that liquid loads do not exceed 7 to 13 gpm
per inch of weir. The author feels that the upper end of this range
(10 to 13 gpm) is optimum for most applications. This range is suit-
able when tray spacing exceeds 18 in; for smaller tray spacings, the
recommended maximum liquid load is often lower (38, 211, 307). A
detailed chart for setting the number of passes is available (38,
211). An earlier chart or set of guidelines (48, 172) was recom-
mended by several designers in the past (48, 73, 172, 257, 319, 371,
409). These were based on bubble-cap trays and are not generally
popular for setting the number of liquid passes on modern sieve
and valve trays.

3. Short path lengths should be avoided. A path length smaller than
16 in is not feasible for internal manway installation (138); a path
length 16 to 18 in is considered tight for this purpose. Path lengths
smaller than 18 to 22 in may severely lower tray efficiency. One
experience has been reported (237) where a refinery reboiled ab-
sorber was revamped by replacing single-pass trays by two-pass
trays. Although the expected capacity gain was achieved, the re-
duction in flow-path length from 36 to 18 in caused a loss in effi-
ciency large enough to justify reinstalling the original trays.

To avoid excessively short liquid paths, several designers recom-
mend that two-pass trays should only be installed when column di-
ameter exceeds 4 to 6 ft (38, 48, 73, 138, 172, 211, 257, 319, 371,
409); three-pass trays should only be installed when column diam-
eter exceeds 7 to 9 feet (38, 138, 211); and four-pass trays should
only be installed when column diameter exceeds 10 to 12 ft (38,
138, 211).

4. Whenever possible, the number of passes should not exceed two.
Trays containing a larger number of passes are prone to
maldistribution among the passes. Neither the cause of this
maldistribution nor its effect on efficiency is well understood, and
prediction is difficult. If more than two liquid passes have to be
used, it is best to follow Bolles’ guidelines (47) for minimizing liq-
uid maldistribution (guideline 7 below).

5. The author and others (238, 371) prefer avoiding an odd number of
passes (e.g., three-pass trays) altogether. Their panels are far less
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symmetrical than even-pass trays, which makes adequate liquid
distribution particularly difficult to achieve. Nevertheless, it has
been the author’s and the industry’s experience that when ade-
quate liquid distribution is achieved, trays with an odd number of
passes perform well.

. When more than two liquid passes are used, it is essential to

achieve adequate split of feed or reflux liquid among the passes.
Similarly, tray irregularities that inadvertently interfere with lig-
uid split to the passes (e.g., a nonsymmetrical variation in weir
height due to construction error on even one tray) can initiate lig-
uid maldistribution. Further discussion is in Sec. 2.4.

. In a multipass tray, vapor distribution between the passes is largely de-

termined by the hole area, while liquid distribution is largely a function

of the outlet weir height and length. If the geometry of the passes is per-

fectly identical, the distribution of vapor and liquid is the same for each
pass, and tray efficiency is uniform. This is readily achievable in two-

pass trays, where each pass is identical to the other, but not when a

larger number of passes is involved. For instance, in a four-pass tray, the

weir length of the center passes differs from that of the side passes. Un-
less this effect is allowed for in the design, the L/V ratio will vary from
pass to pass, with a resulting reduction in tray efficiency, as demon-

strated by Bolles (47).

To minimize the effects of pass maldistribution on efficiency, the

following guidelines (Fig. 6.11) were proposed (47):

a. Providing equal vapor flow to each pass: This is achieved by
subdividing the column into equal-pass (bubbling) areas and
providing equal hole area within each pass (alternatively, an
equal number of valves or bubble caps). This practice is also
recommended by others (179, 307).

b. Providing equal liquid flow to each pass: This can be achieved
either by installing inlet weirs, so that even liquid distribution
is established at the tray inlet, or by tuning the length of the
outlet weirs. Swept-back weirs and picket-fence weirs may be
ideal for the latter purpose. Other designers (179, 307) recom-
mend tuning both the heights and lengths of outlet weirs to pro-
vide equal liquid flow in each pass. The author feels that judi-
ciously varying the clearance under the downcomer from one
pass to another may be another desirable alternative.

It is difficult to state whether the tray inlet or outlet geome-
try has a greater influence on liquid distribution between the
passes. Some simulator tests (884) imply that at low liquid
loads (1 to 2 gpm per inch of outlet weir), tray inlet geometry
would be far more important. It is uncertain whether this con-
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Prevention of maldistribution in multipass trays.

clusion can be extended to the higher liquid flow rates (above 6
gpm/in), and therefore, to the frothier dispersions normally en-
countered on multipass trays.

Providing tunnels for vapor equalization between compart-
ments: The tunnels equalize vapor flow and also dampen liquid
maldistribution (12). Other designers (12, 88, 179, 192, 307)
also advocate the use of tunnels when the number of liquid
passes exceeds two, and sometimes even with two-pass trays.
Guidelines 6 and 8 in Sec. 6.5, and Sec. 6.17 contain additional
recommendations relevant to multipass valve trays.

8. When the number of passes is restricted, either by the short liquid path
length (3 above) or by fear of maldistribution (4 and 5 above), liquid
loads up to 20 gpm per inch of weir can and have been used (138). Care-
ful sizing of trays and downcomers is required with such high liquid
loads, since tray sizing correlations often require extrapolation beyond
their recommended limits at such loads. Short tray spacings (< 18 to 24
in) should also be avoided in such applications.
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6.13 Change in Number of Liquid Passes

Transition from one number of liquid passes to another is often re-
quired where a feed stream or a circulating reflux stream is intro-
duced. Such transitions can be achieved by a number of methods, but
care is required to ensure that the chosen method causes neither
maldistribution nor flow restriction, nor interferes with downcomer
sealing. One experience has been reported (12) in which a flow-
restrictive design caused premature flooding. A design involving
downcomer rotation by 90° and a notched-seal pan (Fig. 6.12) has the
advantage of simplicity and has been recommended (143, 179, 192,
207, 307). Dimensions for this arrangement (143, 207) are described in
Fig. 6.12. In addition, it has been recommended that the tray spacing
at the transition tray should exceed the normal tray spacing by at
least 1 ¥ ft, and preferably 2 ft (138, 143, 179, 192, 208, 307).

6.14 Flow-Induced Tray Vibrations

Flow-induced tray vibration is a relatively infrequent occurrence that
was observed in a number of large-diameter (5- to 25-ft) columns con-
taining sieve and valve trays (62,108). The pressure of these columns
ranged from deep vacuum to high pressure, although the majority op-
erated under vacuum (62). The most severe vibrations were observed
close to the weep point (62, 108). The vibrations caused fatigue crack-
ing of trays, support beams, weirs, and tray-to-shell supports. Exten-
sive and widespread fatigue cracking sometimes occurred within
hours of operation at the damaging vapor rate. In one case, total in-
ternal collapse occurred; in another, shell cracking resulted (62). In in-
dividual cases, it is likely that secondary factors such as column
acoustic or mechanical resonance increased the severity of the damage
caused by flow-induced vibrations (62, 108, 329, 425).

Several mechanisms were postulated to explain the origin of flow-
induced vibrations. Brierly et al. (62) proposed that vapor flow fluctu-
ations occur when wet-tray pressure drop passes through a minimum
as the hole velocity varies (Fig. 6.13). The existence of such a mini-
mum under some conditions was experimentally confirmed by Wijn
(425). Near the minimum, the vapor flow rate can fluctuate between
two values with the same wet-tray pressure drop. Priestman and
Brown (329-331) have proposed that fluctuations are initiated when
vapor passes through the liquid as a pulsating jet. At low vapor rates,
liquid reaches the rims of tray perforations and starts choking the
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Figure 6.13 Region of instability where flow-induced
vibrations may develop.

holes. This tapers the hole open area, and vapor hole velocity acceler-
ates. Eventually, the vapor velocity reaches a critical value, approxi-
mately at a hole F-factor (hole velocity in feet per second times the
square root of vapor density in pounds per cubic foot) of 16. At this
value, a vapor jet forms and pressure drop rises, clearing the choke,
and triggering off a pressure pulse. When a significant number of pul-
sating jets occur in phase, they may synchronize and cause pulsation
across the tray. Wijn (425) proposed that the fluctuations result from a
springlike behavior of the vapor volume below the bottom tray, damp-
ened by tray pressure drop.

The mechanism of transforming the above fluctuations into vibra-
tions capable of damaging trays is not clear. Amplification by acoustic
or mechanical resonance is commonly postulated (62, 108, 329, 425).
Some predictive models and correlations have been proposed (62, 108,
329, 330, 425).

Common techniques for avoiding flow-induced vibration damage
are:

1. Reducing the fractional hole area (62, 108, 329, 425): This en-
hances the pressure drop and the dampening of oscillations. This
technique has been powerful for overcoming flow-induced vibra-
tions (62).

2. Altering the stiffness of support beams: This technique has been
successful on a number of occasions (62).

3. Keeping column vapor flows above those conducive to vibra-
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tions: This technique may limit column turndown; in some cases,
high vapor flow rates are difficult to maintain continuously.

6.15 Downcomers: Function and Types

Passage of liquid from the top to the bottom of trayed towers occurs
primarily via downcomers. Downcomers are conduits having circular,
segmental, or rectangular cross sections that convey liquid from an
upper tray to a lower tray in distillation columns. Different types of
downcomers are shown in Fig. 6.14. The major differences are in the
cross-sectional areas and in the slopes of the lengthwise extension.

The straight, segmental, vertical downcomer (Fig. 6.14a) is the type
most commonly used in distillation columns. It represents good utili-
zation of column area for downflow and has a cost and simplicity ad-
vantage over all others.

The circular downcomer, or “downpipe” (Fig. 6.14b), was widely
used early in column history. It has fallen out of grace because it pro-
vides low downflow area and limited vapor disengagement space.
Presently, downpipes are only used when liquid loads are extremely
small and segmental downcomers are not suitable (e.g., in some alco-
hol rectification columns and glycol dehydrators, where liquid load is
well below 1 gpm per inch of weir length). Two outlet weir arrange-
ments are used with downpipes: a segmental weir (Fig. 6.14b) or a cir-
cular weir, the latter being simply a short, vertical extension of the
downpipe above the tray floor. A circular weir is less expensive, but a
segmental weir gives better liquid distribution on the tray and may be
expected to enhance tray efficiency and lower pressure drop. For this
reason, segmental weirs are usually preferred to circular weirs when
column diameter exceeds 3 ft. Alternatively, two or more downpipes
with circular weirs are used in larger columns to ensure adequate liq-
uid distribution.

“Envelope” types of downcomers (Fig. 6.14c and d) are sometimes
used in low-liquid-load applications. They are often used to satisfy the
minimum downcomer width criterion or to minimize liquid leakage.
In moderate- and high-liquid-load applications, minimum downcomer
width and liquid leakage are rarely major factors, and this type of
downcomer is seldom used.

The arrangements of Fig. 6.14b to d are generally not recommended
for applications other than those where liquid loads are low.

Sloped downcomers (Fig. 6.14e and f) represent the best utilization
of column area for downflow. They provide sufficient volume for
vapor-liquid disengagement at the top of the downcomer without
wasting the active area on the tray below. These downcomers are par-
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ticularly useful when vapor-liquid disengagement is difficult (e.g.,
foaming systems and high-pressure applications) and when the
downcomers occupy a substantial portion of the tray area (e.g., high
liquid loads). Although these downcomers are more expensive than
straight downcomers, the active area savings usually more than offset
the additional costs when downcomer area exceeds 20 to 30 percent of
the tower area.

It is recommended that the ratio of the top area to the bottom area
of sloped downcomers be between 1.5 and 2.0 (commonly, 1.7) (61, 123,
179, 192, 211, 226, 238, 307).

When the outlet weir is of the swept-back type (Sec. 6.7), a segmen-
tal vertical downcomer which follows the contour of the weir (Fig.
6.7b) is sometimes used.

6.16 Downcomer Width and Area

While insufficient tray area is one of the least common causes of poor
column performance, there have been numerous instances of prema-
ture column flooding because of inadequate downcomer area. A
downcomer must be sufficiently large to permit liquid downflow with-
out choking. The fluid entering the downcomer is essentially the froth
on the tray. If the friction losses in the downcomer and/or downcomer
entrance are excessive, liquid will back up onto the tray and eventu-
ally flood the column. This is termed downcomer choke. A secondary
function of the downcomer is to disengage vapor from the descending
liquid. Vapor disengagement reduces the friction losses at the
downcomer and minimizes recycling of vapor to the tray below.

The prime design parameter for avoiding downcomer choke is the
downcomer top area. Downcomer width is a geometric function of
downcomer area. With sloped downcomers, the downcomer bottom
area is set according to the criterion in Sec. 6.15. This criterion per-
mits the area near the bottom of the downcomer to be smaller than at
the top, because near the bottom most of the vapor has disengaged and
fluid velocity is lower.

Criteria for determining downcomer area are described below. The
author recommends that the downcomer area be set large enough to
satisfy all of these criteria except for liquid throw over the weir.

Sizing procedures. A detailed sizing procedure is normally used to de-
termine downcomer area at the basic design stage. At the downcomer
layout (secondary design) stage, this area is checked against other cri-
teria (below). The detailed procedure may be based on one of these
criteria. Detailed design procedures are described elsewhere (61, 138,
193, 211, 307).
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Downcomer velocity. The maximum velocity of clear liquid in the
downcomer needs to be low enough to prevent choking and to permit
rise and satisfactory disengagement of vapor bubbles from the
downcomer liquid. This is most restrictive in systems that have a high
foaming tendency.

Values recommended for maximum downcomer velocity range from
0.1 to 0.7 ft/s. (85, 73, 175, 192, 226, 243, 249, 257, 272, 382, 409), de-
pending on the foaming tendency of the system. Most recommended val-
ues are in the 0.3 to 0.5 ft/s range (35, 175, 226, 243, 249, 257, 382). These
values were criticized for being conservative for nonfoaming low-
pressure systems (73, 246, 396-398), and at least one source (138) claims
that velocities up to 3 ft/s can sometimes be used in such applications.

Lockhart and Leggett (249) and Ludwig (257) presented similar sets of
guidelines for maximum downcomer velocity as a function of system
foaming tendency and tray spacing. Erbar and Maddox (272) presented
an equation for maximum downcomer velocity as a function of physical
properties. This equation presumably applies to light hydrocarbon sys-
tems similar to those encountered in gas processing plants. Lockett (243)
derived plots comparing recommendations by a number of tray manufac-
turers for maximum downcomer velocities. The author incorporated the
above with his experience into a single set of guidelines (Table 6.1). The
author feels that the values shown in Table 6.1 are not conservative, and
some may even be slightly optimistic. For a conservative design, a value
from Table 6.1 can be multiplied by a safety factor of 0.75.

Residence time in downcomers. Sufficient residence time must be pro-
vided in the downcomer to allow adequate disengagement of vapor

from the descending liquid, so that the liquid is relatively vapor free

TABLE 6.1 Maximum Downcomer Velocities

Clear liquid velocity in downcomer, ft/s

Foaming 18-in 24-in 30-in
tendency Example spacing spacing spacing
Low Low-pressure (<100-psia) 0.4-0.5 0.5-0.6 0.6-0.7

light hydrocarbons, stabi-
lizers, air-water simula-
tors

Medium Oil systems, crude oil 0.3-0.4 0.40.5 0.5-0.6
distillation, absorbers,
midpressure (100-300
psia) hydrocarbons

High Amine, glycerine, gly- 0.2-0.25 0.2-0.25 0.2-0.3
cols, high-pressure
(>300-psi) light hydro-
carbons
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by the time it enters the tray below. Inadequate removal of vapor from
the liquid may choke the downcomer.

Two different definitions are used for downcomer residence time
(371). The “apparent” residence time is the ratio of the downcomer
volume to the clear liquid flow in the downcomer. The downcomer vol-
ume is based on the tray spacing times the average downcomer cross
section. The true residence time is the ratio of froth volume in the
downcomer to the frothy liquid flow in the downcomer. The true resi-
dence time can alternatively be expressed as the ratio of the clear liquid
volume in the downcomer to the clear liquid flow. Different literature
sources use different definitions; the definition adopted here is that of the
apparent downcomer residence time. The author found this definition
easier to apply, and to give a better correlation with the guidelines below
[which were based on apparent residence times (49, 86)]. Further, the au-
thor found that applying the true residence time definition as outlined by
some early sources (371) can lead to oversized downcomers.

Recommended values for downcomer residence time are based on
Davies’ survey (86) of flooding towers. The survey found that the ap-
parent downcomer residence time of any of the towers that were flood-
ing was 4 s or less. Based on this survey, Davies (86) and most subse-
quent designers (48, 88, 123, 172, 179, 192, 257, 371, 382, 409)
recommend a minimum apparent residence time of about 5 s. This figure
has been criticized for being conservative for low-pressure nonfoaming
systems (73, 396-398). Some designers (49, 88, 123, 172, 179, 192, 271,
272, 409) recommend higher residence times for foaming systems. Bolles
(49) and Erbar and Maddox (271, 272) presented similar guidelines for
residence time as a function of the system’s tendency to foam (Table 6.2).
These guidelines are recommended (49, 192).

Liquid throw. Liquid throw (or jump) over the weir is the horizontal
distance the liquid travels from the outlet weir before reaching the
main body of liquid in the downcomer (Fig. 6.15).

TABLE 6.2 Recommended Minimum Residence Time in the Downcomer

Foaming tendency Example Residence Time, s
Low Low-molecular-weight 3
hydrocarbons,* alcohols
Medium Medium-molecular-weight 4
hydrocarbons
High Mineral-oil absorbers 5
Very high Amines and glycols

*The author believes that “low-molecular-weight hydrocarbons” refers to light hydrocar-
bons at atmospheric conditions or under vacuum. The foaming tendency of light hydrocarbon
distillation at medium pressure (>>100 psia) is medium; at high pressure (>300 psia) is high.

source: Bolles, W. L. (Monsanto Company), private communication, 1977.
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Figure 6.15 Liquid throw over
the weir.

In early designs, downcomer width was set so that the liquid throw
over the weir does not reach the column wall (48, 73, 88, 172, 257,
371). The purpose of this practice was to provide a pathway for vapor
disengaged in the downcomer to the tray above. Design criteria for ad-
equate liquid throw are presented in the literature (48, 73, 88, 172,
257, 371). Since then, it has been demonstrated (396—398) that even at
very low liquid flow rates and wide downcomers, the liquid throw hits
the column wall, and that the above criteria were ineffective. These
criteria were based on clear liquid, while the downcomer liquid is aer-
ated, and therefore travels longer horizontal distances.

Thomas et al. (396-398) observed that even when the liquid velocity
exceeded the design criterion, the downcomer inlet was not completely
closed. They pointed out that it may even be advantageous for the aer-
ated liquid to hit the column wall, as it assists in breaking up the
froth, thus reducing the quantity of vapor entering the downcomer.
On this basis, liquid throw over the weir is not considered a limiting
factor (246, 371, 396-398), and is normally omitted from downcomer
sizing calculations.

Minimum downcomer width and minimum downcomer area. Reducing
downcomer area lowers column diameter or increases tray bubbling
area. This can lead to substantial cost savings when the downcomer is
large. As the downcomer becomes smaller, these savings diminish and
eventually approach marginal returns. When downcomer area is
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small (less than 5 to 8 percent), there is little economic incentive to
reduce it further. Further reduction of downcomer area is undesirable
for one of the following reasons:

® As the downcomer becomes smaller, its width decreases faster than
its length, thus converting the downcomer into a long and narrow
slot. This geometry increases the friction resistance to liquid
downflow and to upflow of disengaging vapor, but this increase is
seldom taken into account by the previous sizing criteria. The pre-
vious criteria may therefore give optimistic area predictions for
such situations.

® Small downcomers become extremely sensitive to foaming, fouling,
construction tolerances, and introduction of debris.

® Smaller weirs associated with small downcomers distort the liquid
flow pattern as it approaches the weir (“weir constriction effect”),
which increases tray pressure drop (48, 257, 319, 371) and promotes
the formation of stagnant regions near the tray periphery (243,
376). Such stagnant regions may be detrimental to column effi-
ciency.

Downcomers smaller than 5 to 8 percent of the column cross-
sectional area should therefore be avoided (73, 123, 144, 243, 246, 249,
409). Note that several of the cited designers expressed this rule as a
minimum ratio of weir length or downcomer width to column diame-
ter; these ratios can be geometrically converted into the stated mini-
mum area ratio. An alternative recommendation advocated by some
designers (61, 138) is to set the minimum downcomer area to either
twice the area calculated using the normal design procedure or 10 per-
cent of the column cross-sectional area (whichever is smaller).

If liquid flows are extremely small and the system is nonfoaming,
circular or envelope downcomers (Fig. 6.14b to d) may be installed
within the area subtended by a segmental weir (123). These should
have twice the area calculated using the normal design procedure.
Avoiding downcomer areas smaller than the minimum is most impor-
tant in superatmospheric services and when there is a tendency to
foam. The author has experienced several cases of premature
downcomer choke flooding in superatmospheric columns whose
downcomer areas were less than 5 percent of the tower area, even
though downcomer sizing, downcomer residence time, and downcomer
velocity appeared adequate. Such premature flooding occurred at
rates as low as 40 to 50 percent of the design liquid loads.

Tolerance. There has been at least one case (56, 57) where failure to
meet the required downcomer tolerance contributed to premature col-
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umn flooding. For large columns (> 10 ft in diameter) a downcomer
width tolerance of + %32 to + V4 inch is recommended (38, 257). For
smaller columns, a smaller tolerance is often justified, especially if the
downcomer is small. One designer (38) recommends a tolerance of *
Y8 in for columns 5 to 10 ft in diameter, and + 342 in for columns
smaller than 5 ft in diameter. The author feels that since the critical
variable is downcomer area rather than downcomer width, it is more
appropriate to follow a practice similar to that for tray hole area (Sec.
6.4). Accordingly, downcomer area can be specified to a +3 to 5 per-
cent tolerance.

6.17 Antijump Baffles

Antijump baffles (Fig. 6.16) are often installed in the center and off-
center downcomers of multipass trays in order to avoid a phenomenon
similar to liquid throw (Sec. 6.16). Here the concern is that liquid
jumping across the center downcomer, from one side to another, may
cause excessive localized liquid buildup near the tray outlet, which
may lead to premature flooding. Simulator tests (144) showed that
antijump baffles can enhance tray capacity by as much as 25 percent
in some instances.

In early designs, criteria for including antijump baffles were based
on the liquid throw over the weir (48, 73, 88, 371). More recent publi-

Figure 6.16 Antijump baffle. (Reprinted courtesy of Glitsch Inc.)
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cations (138) attribute liquid jump to vapor expansion at the outlet
weir that “pumps” (or gas-lifts) liquid over the weir. Such gas-lifting
action is important in valve and bubble-cap trays, but is small in sieve
trays. The gas-lifting mechanism therefore implies that antijump baf-
fles are likely to be less effective with sieve trays.

Antijump baffles deflect the jumping liquid into the downcomer, as
does the tower shell when the flow is toward the side downcomer.
Antijump baffles also assist in breaking up the froth. The following
guidelines have been recommended for antijump baffles:

1. The bottom edge of the baffle should be at the same elevation as the
outlet weir (138, 409). Its top edge should be 11 to 20 in above the
tray floor (138). Its length should be essentially the same as the
weir length (138). Sealing at the joints or to the tower shell is not
required. The baffle should be located at the center of the
downcomer.

2. The center piece of the baffle should be easily removable and serve
as a manway.

3. A criterion to determine the need for antijump baffles is presented
elsewhere (138). Antijump baffles are not required when down-
comer width exceeds 16 in (144).

6.18 Downcomer Sealing

One of the most common problems during startup of distillation col-
umns, particularly those that operate at low liquid loads, is the diffi-
culty of establishing a liquid seal in the column downcomers (49, 55,
192, 196, 203, 238). A case history of a column that could not be
started up for a lengthy period because of this problem has been re-
ported (196, 203). Another experience has been reported (203) where
inadequate downcomer sealing was believed responsible for column
instability. A downcomer sealing problem caused by incorrect instal-
lation of tray panels (145) is described in Sec. 10.9.5. Loss of
downcomer seal has been reported to cause entrainment and separa-
tion problems in gas plant glycol dehydrators (238). A downcomer
sealing problem can be easily eliminated at the downcomer layout
stage by incorporating simple design features at minimal, or even no,
additional cost.

During normal operation of distillation trays, the vapor flows
through the tray perforations and liquid flows through the down-
comers. The downcomer liquid seal prevents vapor from breaking into
the downcomer, and the vapor hole velocity prevents the bulk of the
liquid from weeping through the tray perforations.

At startup, this situation is reversed. Vapor tends to flow through



182 Distillation Operation

both the downcomer and the tray perforations, while liquid tends to
weep through the perforations rather than travel across the tray to

the downcomer. To establish a satisfactory downcomer seal at startup,
the liquid must:

1. Travel across the trays and outlet weirs and reach the downcomers
(i.e., the vapor velocity through the trays must be high enough to
prevent most of the liquid from weeping through the holes).

2. Travel into the downcomers (i.e., the initial vapor velocity through
the downcomers must not be so high that liquid is prevented from
descending through them).

3. Seal the downcomers (i.e., the downcomer backup must exceed the
clearance under the downcomer).

A potential sealing problem can easily be detected by using a
“startup stability diagram.” The method of constructing such a dia-
gram is discussed elsewhere (196). Some equations presented in the
original publication (196) have been revised since then by the author.
Revisions and updates to the equations for constructing such a dia-
gram are described in Appendix B. A typical startup stability diagram
is shown in Fig. 6.17. The lower curve illustrates the first criterion;
the area below that boundary represents the range of conditions under

L Vapor velocity is too high.
3 Liquid cannot enter and
- descend into downcomer.
] ,
© ,
s
2 ’
o /
T
: |
& 7
> Satisfactory
startups ~
All of the liquid fed to tray
weeps through perforations.
0

Liquid flowrate, gpm ——=*

Figure 6.17 Typical startup stability diagram. (Henry
Z. Kister, Hydrocarbon Processing, February 1979.
Reprinted courtesy of Hydrocarbon Processing.)
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which all liquid fed to the tray weeps through the perforations and
none reaches the downcomer (the “dumping” region).

The upper curve illustrates the second criterion; the area above this
boundary represents the range of conditions under which the vapor
velocity in the downcomer is too high to allow liquid to enter and de-
scend. The area between the upper and lower curves in Fig. 6.17 rep-
resents the range of conditions under which satisfactory startup can
be achieved.

A potential sealing problem exists if (1) the vapor and liquid flow
rates available for startup fall outside the area between the two
curves, or (2) the area between the two curves is too narrow, and rel-
atively small variations in flow rates during startup result in column
operation outside the required sealing region.

Both curves in Fig. 6.17 (especially the upper curve) are very sensi-
tive to some of the downcomer layout design parameters, particularly
to the clearance under the downcomer, and the design of inlet weirs
and seal pans. Figure 6.18 illustrates the effect of reducing the clear-
ance under the downcomer, h,, from 1.5 to 1.0 in on the startup-
stability diagram shown in Fig. 6.17.

Therefore, it is important at the downcomer layout design stage to
determine whether a potential sealing problem exists. If it does,
means of overcoming the problem should be sought. This is discussed
in the following sections.

6.19 Clearance under the Downcomer

Three major factors govern the specification of clearance under the
downcomer: downcomer pressure drop, the fouling and corrosive na-
ture of the system, and downcomer sealing.

Downcomer pressure drop. If the clearance under the downcomer is
too low, it may add substantially to the downcomer backup and con-
sequently reduce downcomer capacity. Cases have been reported (61)
where column capacity was increased by simply cutting 1 in off the
bottom of the downcomer. Methods of estimating the backup caused by
hydraulic losses through the opening under the downcomer are avail-
able in most distillation texts (48, 319, 371, 409).

To avoid excessive downcomer backup, the clearance under the
downcomer is usually set so that clear liquid pressure drop at the
downcomer outlet does not exceed 1 in of hot liquid (61, 172, 192, 249).
Alternatively, some designers recommend outlet pressure drops not
exceeding 1% in of hot liquid (211), or liquid velocity at downcomer
outlet not exceeding 1 to 1.5 ft/s (123,243), or area between the bottom
of the downcomer and the tray floor one-third to one-half the area at
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Figure 6.18 Effect of changing clearance under the
downcomer on the startup stability diagram. (Henry Z.
Kister, Hydrocarbon Processing, February 1979. Re-
printed courtesy of Hydrocarbon Processing.)

the top of the downcomer (138). In most cases, these criteria give sim-
ilar results.

When downcomer backup is critical, pressure drop of liquid leaving
the downcomer is sometimes minimized by using a rounded down-
comer outlet lip (Fig. 6.19). This is done infrequently, and usually
only with highly foaming systems.

Fouling and corrosion. If the service is a fouling one, dirt and polymer
may accumulate under the downcomer and restrict the flow area. This
may cause excessive backup, premature flooding, and maldistribution
of liquid to the tray. Clearance under the downcomer should never be
less than % in (38, 86, 123, 172, 192) in order to avoid blockage. It is
best to avoid clearances smaller than 1 in, particularly if fouling may
occur.

Downcomer sealing. While pressure drop and fouling considerations
set the minimum values for downcomer clearance, sealing consider-
ations set the maximum value for downcomer clearance. If the service
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Figure 6.20 A common design practice of
ensuring a positive downcomer seal. (Henry
Z. Kister, excerpted by special permission
from Chemical Engineering, December 29,
Figure 6.19 Downcomers with 1980, copyright © by McGraw-Hill, Inc.,
rounded outlet lips. New York, NY 10020.)

is corrosive, the area under the downcomer may become larger during
service, and sealing it at startups may become more difficult.

Figure 6.18 shows the effect of the clearance under the downcomer
on the startup-stability diagram. The smaller the clearance, the
higher the upper curve in the diagram, and the easier the startup.
Smaller clearances restrict vapor flow up the initially empty down-
comer during startup. Consequently, the impedance to downflow is re-
duced.

The third criterion for satisfactory startup (Sec. 6.18) requires that
downcomer backup exceed the clearance under the downcomer. A pos-
itive way of satisfying this criterion in froth regime operation is by
setting the clearance under the downcomer A, lower than the weir
height h,, (Fig. 6.20).

For froth regime operation, most designers (88, 123, 172, 211, 404)
recommend a clearance about 12 in less than the weir height. Some
designers (39, 123, 409) recommend making the clearance 0.5 to 0.7
times the weir height. The latter policy is often too restrictive, and the
former is usually sufficient to ensure adequate sealing. In many ap-
plications, particularly at high liquid loads, even the former policy
may propose clearances lower than the minimum required by the
pressure drop criterion above. Increasing both downcomer clearance
and outlet weir height can resolve this conflict, but is often undesir-
able and even self-defeating, because it increases tray pressure drop
and downcomer backup (Sec. 6.7). It may be more satisfactory to set a
downcomer clearance equal to or greater than the weir height. This
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practice relies on the tray pressure drop and tray liquid height to back
up enough liquid in the downcomer to bridge the difference between
the weir height and the clearance. The author has experienced several
cases in which high-pressure and high-liquid load columns experi-
enced no problems with downcomer clearances up to 1 in greater than
the weir heights.

If a clearance greater than the weir height is desired, the author
recommends that it be made as low as permitted by the downcomer
pressure drop and fouling criteria; that the clearance not exceed weir
height by more than 1 in; and that the clearance be made at least 2 in
less than the clear liquid backup in the downcomer at minimum vapor
and liquid loads.

In the spray regime (low liquid loads, low pressures; Fig. 6.15), lig-
uid holdup is essentially independent of weir height (204, 244). There-
fore, the policy of setting a downcomer clearance lower than the weir
height (Fig. 6.20) will do little to ensure satisfactory downcomer seal-
ing. Trays operating in the spray regime rely on tray pressure drop
and clear liquid height to back up enough liquid to seal their
downcomer. This downcomer sealing consideration is surprisingly
similar to that of columns where downcomer clearance exceeds the
weir height, and the same guideline recommended above by the au-
thor applies.

Two additional considerations need to be taken into account in the
spray regime. First, at reduced vapor rates, the flow regime may
change to froth. Second, and most important, experience teaches that
downcomer sealing is particularly difficult at low liquid loads (144,
179, 211), and there is a strong incentive to make downcomer clear-
ance as low as possible.

Tolerances. The clearance under the downcomer should have an in-
stalled tolerance of = ¥ in (38, 179, 211, 257, 399).

6.20 Inlet Weirs and Recessed Seal Pans

Inlet weirs (Fig. 6.21a) and recessed seal pans (Fig. 6.215) are prima-
rily used for achieving a downcomer seal in cases where a potential
sealing problem exists and clearance under the downcomer is limited
by one of the design criteria previously cited (Sec. 6.19). These devices
provide a positive seal on the tray under all conditions and ensure
that the second and third sealing criteria (Sec. 6.18) are always satis-
fied. Sometimes it is argued that these devices improve liquid distri-
bution to the tray, but this function is usually performed satisfactorily
by the downcomer outlet (48, 172, 257, 404) and can rarely justify us-
ing either device. One exception is when the downcomer is circular
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Figure 6.21 Arrangements for sealing the downcomer.
(a) Inlet weir; (b) Recessed seal pan. (Henry Z. Kister,
excerpted by specml permission from Chemical Engi-
neering, December 29, 1980, copyright © by McGraw-
Hill, Inc., New York, NY 10020.) ’

(Fig. 6.14b); here an inlet weir is usually required for liquid distribu-
tion.

In high-liquid-load applications, an additional use of recessed seal
pans is for increasing capacity of columns limited by downcomer
backup, excessive pressure drop, or excessive froth height. The re-
cessed seal pans permit using large clearances under the downcomer
without resorting to taller outlet weirs, thus reducing downcomer
backup. Often, the recessed seal pans permit outlet weirs to be low-
ered, which reduces pressure drop, froth height, and downcomer
backup.

A recessed seal pan distributes liquid to the tray with an upward
vertical motion rather than a horizontal motion containing a vertical
downflow component. This results in better aeration at the inlet edge,
increases both capacity and efficiency, and avoids precipitant weep-
ing. Using a recessed seal pan can also be exploited to reduce the
tray’s inlet calming zone.

Inlet weirs and recessed seal pans have the disadvantage of creating
areas of stagnant liquid, where sediment, dirt, and polymer can build
up. Such buildup may restrict the downcomer outlet flow area and
cause premature flooding. For this reason, these devices should be
avoided in fouling services (88, 144, 257, 268, 404, 409). Inlet weirs
and recessed seal pans are also more expensive than flat seal areas,
but often by a small amount (61). The cost difference between inlet
weirs and recessed seal pans is usually small (73, 317).

The inlet weir has several disadvantages which are not shared by
the recessed seal pan. Liquid overflowing the weir has a strong down-



188  Distillation Operation

ward component. This requires a larger calming zone at the tray inlet
in order to eliminate precipitant weeping at the inlet row of perfora-
tions, and therefore wastes tray space. An inlet weir uses up some of
the downcomer height and often increases downcomer backup (in com-
parison, the recessed seal pan “extends” the downcomer). The liquid
seal provided by the inlet weir is usually shallower and therefore less
reliable than that provided by a recessed seal pan.

Because of the above considerations, a recessed seal pan is almost
always preferred to an inlet weir, and the use of an inlet weir is sel-
dom recommended (48, 73, 123, 138, 192, 371, 404, 409). Perhaps the
only exception occurs at low liquid loads when liquid leakage is a ma-
jor consideration and/or when circular downcomers are used. Recessed
seal pans support greater liquid heads, are more prone to leakage, and
are more difficult to make leak-tight than inlet weirs, while
downcomer backup is seldom a limiting factor under these conditions.
At least one designer (144) prefers inlet weirs to recessed seal pans for
such services. Should an inlet weir be considered necessary, the fol-
lowing guidelines have been recommended (86, 88).

1. Inlet weir height should equal the clearance under the downcomer
but be less than that of the overflow weir. Excessive inlet weir
height will lead to excessive downcomer backup and excessive weep
through the inlet row of perforations and should therefore be
avoided. If a positive downcomer seal is required, the inlet weir
needs to be higher than the clearance under the downcomer, but
this may cause a reduction in downcomer capacity.

2. Inlet weirs should not be notched.

3. The horizontal distance between the downcomer and inlet weir
should not be less than the clearance under the downcomer.

4. Drain holes should be drilled through the bottom of the inlet weir
to enable liquid drainage at shutdowns.

5. Waste of horizontal space can be minimized by sloping
downcomers into the inlet weir area (Fig. 6.22). The area at the
bottom of the slope should not be less than one-half to two-thirds
the area at the top of the downcomer. In the inlet weir area, it is
best to equalize upflow and downflow areas when using sloped
downcomers (73).

6. Inlet weirs should be provided with at least two slots %1 by 1 in.
This is recommended to aid in flushing out trapped sediment (257).

When recessed seal pans are included on the trays, the following
guidelines are recommended:
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Figure 6.22 Inlet weir and recessed seal pans with sloped downcomers.

1. The bottom of the downcomer should extend about 1 to 1% in below
the tray level to provide a good liquid seal (73, 179, 317, 409).

2. The cross-sectional area for liquid flow at the bottom of the
downcomer (between the downcomer and the bottom of the seal
pan) and the upflow area of the seal pan should be as close to the
same as possible to avoid restricting liquid flow. It has been recom-
mended (73) that a seal pan depth of 4 in be normally used, but this
should be increased to 6 in for high-liquid-load applications. A
deeper seal pan and a greater clearance between the bottom edge of
the downcomer and the pan floor may also be justified when some
sedimentation is expected.

3. Recessed seal pans have a high tendency to leak. Some attention is
required to minimize this leakage. A weld-in pan is often used
where leakage is critical (179).

4. Guidelines 4 and 5 for inlet weirs also apply to recessed seal pans.

6.21 Seal Pan Below the Bottom Tray

The downcomer descending from the bottom tray of a tower (or from
the tray above a chimney tray) must be sealed to prevent vapor upflow
through it. A case where improper sealing of chimney tray downpipes
could have been responsible for poor column performance is described
in Sec. 4.10, guideline 15. The guidelines for recessed seal pans also
apply to seal pans below the bottom tray (or above a chimney tray).
Additional considerations are

1. The clearance between the bottom downcomer and the seal-pan
floor should minimize pressure drop and restriction to fluid flow.
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This clearance should be greater than the normal clearance under the
tray downcomers, and should be at least 2 in, because the bottom seal
pan is one of the most sensitive areas for solids accumulation.

2. Submergence of the downcomer within the bottom seal pan should
be approximately the same as the clearance between the bottom of
the downcomer and the seal-pan floor. One designer (307) recom-
mends that the submergence be made at least 2 in.

3. The horizontal distance between the bottom-seal-pan overflow weir
and the downcomer bar should be somewhat larger than the clear-
ance under the downcomer in order to minimize pressure drop.

4. Adequate spacing must be provided between the bottom tray and
the seal-pan overflow weir. This distance should equal at least one
tray spacing. The distance between the bottom tray floor and the
seal-pan floor should be 6 in larger than the normal tray spacing
(143, 179, 192, 207, 208, 211, 237, 307). The additional distance
helps to prevent flooding at the bottom tray. An incident where
premature flooding was attributed to insufficient distance between
the bottom seal pan and the bottom tray has been reported (12).

5. Bottom seal pans should be oriented so that the reboiler return noz-
zle does not impinge on the liquid emerging and falling from the
seal pan. This is discussed in detail in Sec. 4.1.

6. With multipass trays, it is best to design the bottom tray with side outlet
downcomers (307). This simplifies the introduction of vapor to the bot-
tom of the column, giving a cheaper and less troublesome arrangement.

Using side downcomers below the bottom tray is especially rec-
ommended when a preferential baffle (Sec. 4.5) divides the bottom
sump into a reboiler compartment and a bottom compartment.
Here, an overflow weir arrangement (Fig. 4.6d) is commonly used
to direct the liquid from the bottom downcomer(s) into the reboiler
compartment. This arrangement works far better with side
downcomers than with center downcomers. The author is familiar
with an experience where a column with a center downcomer below
the bottom tray failed to achieve its separation efficiency because
liquid from the bottom tray overflowed the higher weirs (Fig. 4.6d)
into the bottom compartment.

7. Special attention must be given to ensure proper drainage of the
bottom seal pan in fouling services. One experience has been re-
ported (296) where plugged weep holes trapped water, which later
caused a pressure surge and tray damage. Recurrence was success-
fully eliminated by installing a drain pipe from the seal pan to be-
low the bottom sump liquid level. Such a drain pipe must be sized
so that it neither plugs nor backs up liquid to the first tray. Guide-
lines 15 and 18 in Sec. 4.10 are particularly important.



Chapter

Mechanical Requirements
for Trays

The mechanical requirements for trays affect both their mechanical
integrity and their performance. Inadequate catering for these re-
quirements may lead to accelerated corrosion, damaged internals, ex-
cessive leakage, hazards to personnel working inside the column, dif-
ficulty in cleaning and maintaining trays and internals, and
excessively prolonged startups and shutdowns. Some of these factors
may in turn cause poor efficiency, premature flooding, or rapid dete-
rioration of performance in service.

This chapter reviews common practices concerning materials of con-
struction, thicknesses, supports, fastening, levelness, thermal expan-
sion, manways, leakage, drainage, and other mechanical aspects of
tray design. It outlines the preferred practices, highlights the conse-
quences of overlooking traps, and supplies guidelines for avoiding pit-
falls and for troubleshooting the mechanical details of trays.

For reasons described in the previous chapter, the discussions em-
phasize sieve and valve trays and exclude considerations unique to
bubble-cap trays. Those unique considerations are detailed elsewhere
(48, 86, 257). Nevertheless, several of the considerations discussed
here also apply to several other tray types, including bubble-cap trays.

7.1 Materials of Construction

The main factors affecting the choice of construction materials of tray
parts are:

= Compatibility with the chemicals processed (e.g., toxic materials
must be avoided in columns processing food or beverages).

8 Compatibility with the column materials of construction.

191
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® Anticipated rate of corrosion.
» Degree of confidence in the predicted rate of corrosion.

® Procedure and expected frequency of cleaning, particularly if clean-
ing is to be done by high-pressure water jets or abrasive blasting.

» Initial cost of the materials.
s Effect of decline in the tray performance on plant operation.
» Cost of lost production due to a possible need to retray.

= Maintenance cost.

Bolles (48, 371) and Molyneux (288) provided rough guides for tray
costs as a function of their construction material. Although these
guides were prepared over 30 years ago and are based on bubble-cap
trays, they roughly match the author’s experience with recent sieve
tray costs. These guides (48, 371) are listed in Table 7.1

In general, the effects of corrosion are least severe in large-hole
sieve trays. In valve trays, the caged type is less sensitive to corrosion
than the “uncaged” type. These factors are discussed in detail in Chap.
6. The effect of corrosion is generally more severe on bubble-cap trays
than on sieve or valve trays (123).

7.2 Thickness of Tray Parts

Thickness of tray parts is usually determined by the corrosion- and
erosion-resistance requirements and material used. Thicknesses are
usually specified in sheet-metal gages.

Minimum deck thickness is usually 14 gage (0.0747 in) for
corrosion-resistant alloys and 10 gage (0.1345 in) for carbon steel (88,
137, 211, 399). The latter typically provides a corrosion allowance of
%4 in for the top side or bottom side (137). A corrosion allowance of Y16
in is recommended for major support beams constructed from carbon
steel; none is usually required for alloy construction (399).

The greater the tray thickness, the lower the dry-tray pressure drop
in sieve and valve trays (88, 226, 257, 409). It is commonly believed

TABLE 7.1 Relative Tray Costs as a Function of Construction

Material
Material Relative tray cost
Carbon steel 1
Type 410 (11-13% chrome) 2
Type 304 stainless (18-8) 2.5
Type 316 stainless (18-8 Moly) 3.5

Monel 4
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TABLE7.2 Minimum Recommended Sheet Metal Thicknesses for Tray Parts

Gage Inch

Major support beams 7 0.1793
Minor support beams

Nonferrous and alloy 12 0.1046

Carbon steel 10 0.1345
General construction

Nonferrous and alloy 14 0.0747

Carbon steel 10 0.1345
Downcomer bars

Alloy — Ye—Va

Carbon steel (noncorrosive service) — Yy

Carbon steel (general service) — Ya* 3

*Plus corrosion allowance.

that thicker sieve trays have a higher weeping tendency (226), but
some contradicting experiences (438) were also reported.

When tray thickness is determined for sieve trays, hole diameter
should be kept in mind. A thick plate may require larger holes be-
cause of the restrictions on hole punching (Sec. 6.3).

Minimum thicknesses recommended for other tray parts (211, 399)
are given in Table 7.2.

In services where leakage is to be minimized and pressure surges
tend to occur, it is often recommended to specify heavier gage for
chimney trays and trapout pans (232).

7.3 Support Rings

A ring that is welded circumferentially around the shell usually is
used to support the tray and, frequently, the tray-support beams (Fig.
7.1).

A support ring that forms a closed ring will help stiffen the column
to withstand a high external pressure. However, this construction re-
duces the effective downcomer area at the top and can cause prema-
ture flooding if not allowed for in downcomer design. Unless the
downcomer has excess area, it has been recommended (48, 86) that the
support ring should not extend into the downcomer area.

Whenever possible, tray holes should be avoided in that part of the
tray located over the support rings. Having tray holes over the rings
reduces the effectiveness of the support, particularly in corrosive ser-
vices. A support ring should be installed level. Adequate tray level-
ness cannot be achieved with tilted support rings.

Support rings should be installed by the tower fabricators, who are
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Figure 7.1 Mechanical supports for and assembly of sieve tray. (F.A. Zenz, in PA.
Schweitzer (ed.) Handbook of Separation Techniques for Chemical Engineers. Copyright
© 1979, by McGraw-Hill, Inc. Reprinted by permission.)

able to accurately roll their rings to the “as built” internal diameter of
the towers. Others, including tray fabricators, must roll a larger ring
and then tailor it to the tower (399), an unnecessarily expensive pro-
cedure.

Support-ring designs, thicknesses, and widths vary from one fabri-
cator to another. Support ring width increases with column diameter,
and is usually between 1%z and 32 in. Detailed guidelines for support
ring widths and thicknesses are presented elsewhere (38, 211, 399).
The thickness of the support ring must include a corrosion allowance
for one side only.

7.4 Support Beams

The support beams prevent tray deflection under load from exceeding
the specified requirements, and the beams support service personnel
without having the tray acquire a permanent deformation.

In large-diameter (> 10 to 12 ft) columns, one or more major sup-
port beams (Fig. 7.1) are required, and these also support the minor
support beams. In smaller-diameter (< 10 to 12 ft) columns, major
support beams are often omitted, and trays are entirely supported by
the support rings and minor support beams. In some cases, tie-rods are
used for minimizing tray deflection.

Support beams should be located parallel to the liquid flow on the
tray. This is recommended in order to minimize vapor crossflow (86,
88, 138). In large columns (> 10 to 12 ft), the major support beams
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should be installed parallel to the liquid flow, and the minor beams
normal (i.e., at right angles) to the liquid flow (138).

Structural members should not extend deep enough to affect tray
action. In order to minimize vapor cross flow, it is a good practice to
limit the maximum vertical height of beams normal to liquid flow to
about one-fourth of the tray spacing. In one case history contributed
by L. Kitterman (206a), violating this practice led to severe froth os-
cillations on 10-ft-diameter trays of a nitric acid absorber. The trays
were at 12-in spacing. Each tray was supported by two beams, 6 ins
deep each, oriented parallel to the liquid flow. The average froth
height reached the bottom of the beams. Observations through view-
ing ports indicated that beams divided the tray into three cells, with
most of the bubbling taking place in the cell with the lowest liquid
level. The liquid would then violently move from the high-liquid-level
cell to the low-liquid-level cell, reversing the cell actions. This gener-
ated violent back-and-forth liquid oscillations perpendicular to the
beams.

The support beams should carry the highest likely distributed load
on the trays without exceeding the maximum allowable deflection.
Maximum deflection is usually ¥ in (48, 137, 138, 211, 257, 288, 371,
399) for small-diameter trays (up to 8 to 10 feet). For larger trays, the
maximum allowable deflection is greater, and a value of Y1000 to ¥720 of
the tray diameter has been recommended (48, 211, 288, 371, 399).
Beam deflections must be determined in both the uncorroded and cor-
roded states.

The highest distributed load likely is usually taken as the tray
weight plus the weight of 2.5 to 5 in of water distributed across the
tray (86, 138, 211, 399), or plus 1 ft of water for the seal-pan area (211,
399). A higher value should be used if the column is to be washed with
a denser solution during preparation. Typical values of beam depths
for different tray diameters were presented by Davies (86). Cambered
beams can be used to reduce the beam size, particularly in large-
diameter columns (86, 138).

Beams must also be designed to support work crews standing on the
tray, or other equipment and tray sections that may be stacked on the
tray. Usually, trays are designed to support a concentrated load of 200
to 300 1b/ft? at any point and at ambient temperature without
overstressing (137, 138, 211, 399).

Tray supports must prevent trays from being lifted by upflowing va-
por. Trays are usually designed to withstand an uplift pressure of
about three times the tray pressure drop at maximum vapor and lig-
uid loads (49) or 0.25 psi (107) (normally, whichever is larger).

Frequent pressure surges, such as those occurring when slugs of wa-
ter are introduced into a hot column or into circulating reflux streams,
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may cause tray damage unless “explosion-proof” trays are used. Such
trays are designed to withstand a load of 600 1b/ft?, or more, from ei-
ther top or bottom without yielding (138). Note that this provides a
much greater uplift resistance than normal trays. Lieberman (237)
cites one technique for enhancing uplift resistance by welding a
bracket to the tower wall under the tray support ring. A horizontal
tierod and shear-clip arrangement is used to nonrigidly attach tray
decks to this bracket.

Support beams must be installed level, or tray levelness may be dif-
ficult to achieve, especially in large columns. Support beams are often
equipped with levelling screws (288) to permit on-site levelling. A less
satisfactory alternative is using slotted holes on the joint of a major
support beam to its shell support brackets. Slotted holes, however, are
often used on the joints of minor beams to the major support beam to
allow levelling.

Downcomers are sometimes used to mechanically support a portion
of the tray. If used for this purpose, they should be designed with suf-
ficient mechanical strength to avoid buckling.

If severe tray vibration is expected, beams should be designed for
the fundamental resonant frequency of the tray panel. Trays may be
tied together by rod arrangements to raise their resonant frequencies.

7.5 Fastening of Trays, Downcomers, and
Support Beams

Trays may be clamped (Fig. 7.2a) or bolted (Fig. 7.2b) to their sup-
ports. The overlap of the tray plate on the support is usually 34 to 1 in
(86). Similarly, downcomer panels are usually clamped (Fig. 7.2c) or
bolted (Fig. 7.2d) to the vertical downcomer support bars. The
downcomer support bars are welded to the shell. The fastening of
downcomer panels to their supports should permit some on-site adjust-
ment for ensuring correct setting of clearances under the downcomer.

Downcomer support bars should be compatible with commercial
downcomer adapters. Downcomer adapters allow downcomer enlarge-
ment in a future revamp without the need to weld new downcomer
support bars to the shell. These adapters are clamped to the existing
downcomer support bars and to the new downcomer panels (274), and
their use can dramatically lower the cost of a future revamp.
Downcomer enlargement is one of the most effective and most popular
revamp techniques in foaming, high-liquid-load, and high-pressure
services.

Major support beams are usually bolted to support brackets (Figure
7.3). The support brackets for major support beams are welded to the
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Figure 7.2 Fastening trays and downcomers to their supports. (a) Tray clamping; (b)
tray bolting; (c) downcomer clamping; (d) downcomer bolting. (R. Billet Distillation En-
gineering, Chemical Publishing Company, New York, 1979. Reprinted courtesy of Chem-
ical Publishing Company.)

column shell. Typical clamping arrangements for minor support
beams are shown in Fig. 7.3.

The cost of tray assembly and installation rises with the number of
tray parts. Tray assembly often costs as much as the trays themselves
(128). Increasing bolt or clamp spacing reduces assembly costs, but
also enhances the leakage tendency and renders the trays less secure.
It is best to have the tray manufacturer specify fastener type and fas-
tener spacing and to avoid imposing restrictive “maximum bolt or
clamp spacing” specifications. Any specific concerns about tray leak-
age, or any unique considerations pertaining to the mechanical
strength of the tray assembly, should be communicated to the manu-
facturer. In such cases, a maximum spacing specification (commonly
gbout 6 in) may be justified.

It is a common (and desirable) fabrication practice to supply loose
nuts, bolts, and clamps and to have these fastened inside the column.



198 Distlllation Operation

Heavy -duty beam clamp
Weld on beam clamp assembly Beamn hanger-dog type

Frichonal ring
beom ciamp

Figure 7.3 Fastening support beams to the column shell. (F.A. Zenz, in P.A.
Schweitzer (ed.) Handbook of Separation Techniques for Chemical Engineers. Copy-
right © 1979, by McGraw-Hill, Inc. Reprinted by permission.)

An alternative is to have the tray fabricated with all nuts welded to
the tray pieces. This alternative saves both assembly costs and instal-
lation time, and the savings easily pay for the added fabrication costs
(128, 274). It is estimated (274) that a loose-bolted tray takes 15 per-
cent more time to install than one which has no loose bolting. Often, a
loose-bolted tray assembly requires two assemblers (one to screw the
bolt and the other to hold the nut), while only one assembler is re-
quired when the nuts are welded. Despite the cost and time disadvan-
tages, loose-bolting is almost always preferred to welded nuts, because
it enables easy removal of corroded or worn parts in the future.
Welded nuts are only justified in clean, noncorrosive services, and
when installation time is critical. Sometimes, loose bolting is specified
between the tray floor pieces, and welded nuts are specified for the
downcomer and tray inlet areas (274).

. Bolts, nuts, and clamps should be made from materials having good
corrosion resistance so that they can be easily unfastened after being
in service. This is particularly important for bolting at tray manways.
Bolts, nuts, and clamps should be to the manufacturer’s standards if
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acceptable (137). Bolts or clamps should be accessible from the top side
of the tray. This will make their removal easier.

Special care should be exercised in systems where previous expe-
rience has indicated tray vibration problems. When tray vibration
is expected, bolted-through tray connections should be used, along
with lock washers or self-locking nuts, rather than frictional fas-
tening.

Bolts 33 in in diameter were recommended and generally used on
trays (211, 274). Larger bolts are recommended for major support
beams (211).

7.6 Tray Manways

Tray manways (Fig. 7.1) allow maintenance workers and inspectors to
travel from one tray to another. Manways should be sufficiently large
to allow workers to rapidly climb out through them (in case of emer-
gency) without cutting themselves. However, manways must not be
too large because the larger they are, the heavier they become and the
greater the risk of injury to the workers removing them. Further, the
manways should be small enough to be removable through the column
manholes. For convenience, manways are usually rectangular. Some
designers recommend a minimum manway size of 12 by 16 in (211,
399). The author feels that manways should be at least 16 by 20 in,
and preferably larger. The author is familiar with one incident in
which a worker cut himself while quickly climbing through 16 by 20
in manways during a false emergency. At least one designer (73) rec-
ommends a minimum manway size of 18 by 24 inches. The manway
panel weight should not exceed 65 1b (211, 399). Manways should be
top- and bottom-removable.

Partial vertical alignment of manways is recommended (211, 399)
for easy passage of lights, hoses, and communications and to allow
personnel to stand erect. Full alignment of manways is not recom-
mended because it increases the distance that a worker or tools can
fall freely down the column.

For multipass trays, one tray manway is required for each tray pass
because the central downcomers restrict access from one side to the
other.

Some manufacturers (140, 213) market quick-opening types of
manways, in which a latch replaces bolting as a means of keeping the
manway in place. These offer advantages of reducing shutdown time
and labor (140), but little has been published about their field perfor-
mance.
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7.7 Thermal Expansion

Tray temperature often varies from one set of operating conditions to
another (e.g., it is higher when a distillation column is pressured than
when it is depressured). Often, the tray temperature is not the same
as the shell temperature. Tray design should allow for thermal expan-
sion of tray sections. Failure to do so may result in tray buckling or
beam warping.

To avoid thermal-expansion problems, one must (1) provide ade-
quate fastener spacing or slotted holes; (2) establish satisfactory clear-
ances between the trays and the shell, [ in per 10 ft has been rec-
ommended (86)]; and (3) refrain from welding chordal members such
as downcomer panels, beams, or tray sections at both ends to the col-
umn shell.

7.8 Tower Roundness

Neither the tray nor the tower is a perfect circle. Usually, both tower
and tray are round to within = 0.5 to 1 percent of their respective
nominal diameters (38, 86, 192). The normal practice is to allow a
clearance of about 1 in between the tray and the shell (86, 138). More
detailed guidelines are presented elsewhere (138).

7.9 Tray Levelness

In tray design calculations, we assume that the tray is perfectly level.
In practice, this is impossible. Deviations from the horizontal
(unlevelness) can affect performance in one or more ways:

1. Sieve tray weeping may be expected to increase with tilting, but
tests have shown that this effect is only important when the col-
umn operates at liquid flow rates [<5 gpm per inch of weir (250)].

2. Out-of-levelness can promote vortexing in bubble-cap trays. This
effect is particularly evident in bubble caps that operate with a low
slot seal, such as atmospheric and vacuum columns (55, 257).

3. Unlevelness may lead to variation of vapor load across the tray,
and a consequent loss of efficiency. However, data surveyed by
Lockwood and Glausser (250) showed that this effect is of little sig-
nificance.
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4. Unlevelness may lead to maldistribution of liquid flowing across
the outlet weir because of variations in the liquid crest along the
weir length. This occurs mainly when the liquid crest is low in
froth regime operation.

5. Unlevelness may induce liquid maldistribution, and thereby lower
efficiency in multipass trays (177). Specifically, it has been stated
(211, 399) that a series of multipass trays tilted in the same direc-
tion will suffer a severe efficiency loss.

6. Unlevelness due to column sway (e.g., when located on an offshore plat-
form) can induce wave motion on trays (823), variation in tray liquid
depth, and loss of downcomer liquid seal (154). It has been stated that
tray columns are unsuitable for offshore plants (154, 323), but little pub-
lished test data are available to substantiate this. The author experi-
enced one onshore tower whose top section swayed considerably in
strong winds with no noticeable deterioration in performance, and is fa-
miliar with other similar experiences. However, this sway is far less se-
vere than what can be anticipated offshore.

In summary, unlevelness may be detrimental to the performance of
trays containing more than two liquid passes, and it should be mini-
mized in such services. Tray unlevelness due to column sway on off-
shore plants may also be detrimental to column performance, and
trays are best avoided in such services until more experience with
swaying trays becomes available.

Unlevelness may significantly affect the performance of trays oper-
ating at low liquid flow rates, and trays that have a low liquid crest
and/or a low slot seal (bubble caps). Such features are common in vac-
uum columns. In most other cases, some unlevelness is not detrimen-
tal to tray performance, and a tilt even two or three times the recom-
mended tolerance can often be tolerated.

Factors involved in a tray being unlevel are:

1. Tray-level tolerance: It is desirable to specify the highest tolerance that
will not affect tray performance. Column costs increase significantly as
this tolerance diminishes. In one particular case, reducing the levelness
tolerance by Y52 and ¥is in (from a *+¥-in tolerance) increased the col-
umn cost by 2 and 4 percent, respectively (250).

Many designers generally recommend a tolerance of +3 in for
most services (38, 48, 86, 88, 211, 250, 317, 371, 399, 404, 409). This
is probably unnecessarily fine in view of the previous discussion
and of other factors that can affect tray levelness.

The effects of unlevelness appear to depend more on the slope of
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the tray than on its vertical deviation. Therefore, it is logical to
specify a diameter-dependent tolerance (i.e., maximum tolerable
slope) rather than a “flatness” tolerance. For this reason, Ludwig’s
guidelines (257) are recommended: *=¥s in for columns smaller than
3 ft in diameter, =% in for columns between 3 and 5 ft in diame-
ter, and * V4 in for columns larger than 5 ft in diameter.

Care should be taken with columns whose performance is likely
to be affected by unlevel trays. For such cases, smaller tolerances
should be specified. A tolerance of =%16 in has been recommended
for vacuum services (317).

. Vertical alignment: The tower initially is set in its foundation so

that its top may be within 1 or 2 in from the vertical. Closer align-
ment is of little value because the tolerance on the straightness of
the column-shell axis is often greater then the vertical alignment.
In a column 120 ft tall and 12 ft in diameter, this causes the top
trays to be up to ¥ in out of level (86).

. Foundation settlement: Column foundations often settle somewhat un-

evenly on their substrate (i.e., a minor “Tower-of-Pisa” effect occurs).

. Skirt alignment: The skirt base support ring is not perfectly even.

This unevenness affects the vertical alignment of the column, and
therefore also the tray tilt.

. Column bowing: Joining all the sections from which the column is

fabricated is not perfectly even. In addition, some bowing of the col-
umn occurs prior to installation, while the column is horizontal. Ei-
ther factor may affect the straightness of the column-shell axis, and
therefore also the tray tilt.

. Unlevel supports: Unlevel support rings or support beams will

cause trays to tilt. Correct installation can minimize this effect.
Techniques for permitting on-site levelling are discussed in Sec.
7.4.

. Tray deflection: Uneven tray deflection under load and uneven cor-

rosion of the tray deck can induce unlevelness.

. Wind loading: Deflection under a high wind load may arise. How-

ever, the effect of wind load on tray levelness is usually small (250)
and does not persist.

. Thermal expansion: If the column is uninsulated and trays are in-

stalled in the morning on a sunny day, one side of the column may
become hotter than the other. In a 100-ft column, this can add up to
Y4 in of tilt to the top tray (250). During normal operation, thermal
stresses vary with the time of day and the directions of sunshine
and wind; this affects tray tilt.
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Figure 7.4 Typical column fabrication tolerances. (From Applied Process Design for
Chemical and Petrochemical Plants, Volume 2, Second Edition, by Ernest E. Ludwig.
Copyright © 1979 by Gulf Publishing Company, Houston, Texas. Used with permission.
All rights reserved.)

710 Fabrication Tolerances

Figure 7.4 illustrates typical tolerances used for column fabrication
(257). Excluded are most tray and downcomer tolerances; these are de-
picted later in Fig. 10.5.

7.11 Tray Drainage

When the column is shut down, some liquid is trapped on bubble-cap
trays and certain valve trays, and at low points such as seal pans and
inlet-weir areas. Weep holes allow this liquid to drain.

In services processing water-insoluble materials, weep holes also
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prevent the accumulation of small quantities of free water at low
points such as seal pans. The free water may otherwise dissolve acidic
impurities and cause severe corrosion at the low points. In one in-
stance (296), water trapping following weep-hole blockage resulted in
a pressure surge and tray damage.

Weep holes usually range in size from ¥ to % in (48, 73, 86, 237,
248, 257, 371, 409). Small holes are preferred in clean, noncorrosive
services but should be avoided in fouling or corrosive applications. The
recommended hole area is 4 in? per 100 ft? of tray area (48, 257, 371,
409). This hole area will drain a column containing 50 bubble-cap (or
other leak-tight) trays with 4-in weirs in about 8 hours (48, 371). Al-
ternatively, the required weep-hole area can be derived from the re-
quired drainage time (usually a few hours) by using Bolles’ (48, 371)
or Lockhart’s (248) procedure. Excessive hole area will cause leakage,
and should be avoided, especially in draw pans; one case in which this
was troublesome was reported (231).

When weep holes are provided in bubble-cap or valve trays, it is
good practice to locate them as close to the outlet weir as possible.
Hence, if liquid weeps during normal operation, it descends as close as
possible to the inlet of the tray below. However, at least some holes
should be located at potential low spots on the tray to permit complete
draining of the column.

7.12 Leakage

The main current use of bubble-cap trays is for minimizing tray leak-
age or achieving high turndown. In either case, tray joints must be
leak-tight if the tray is to achieve its objectives. An experience where
joint leakage caused excessive entrainment, tray dryout, and poor ef-
ficiency in bubble-cap trays has been reported (55). Minimizing leak-
age is also important on liquid outlet pans and chimney trays, espe-
cially when used for total drawoff (see Sec. 4.10).

To prevent or minimize bubble-cap tray leakage, it is essential to
pack its joints with gasket material. Gasketing substantially in-
creases tray installation and maintenance costs, and may be trouble-
some. A joint whose gasket deteriorated during service may leak a lot
more than a nongasketed joint. Gasket deterioration may be caused by
mechanical wear (e.g., due to thermal expansion) or by chemical at-
tack. Gasket bits or installation debris from packing of joints often
come loose and may plug column internals. Adequate selection of gas-
ket materials and correct installation are imperative. It is best to
avoid gasketing whenever possible, but in leak-tight applications gas-
kets are often difficult to avoid (unless seal welding is used; Sec. 4.10).
When neither gasketing nor seal welding is used, adequate metal
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thickness, finishing, and bolting should be provided to minimize joint
leakage.

To ensure practically no leakage, a leakage test is commonly con-
ducted upon installation. In this test, the weep holes are plugged and
the trays are filled with water to the top of the weir. The rate of fall of
water level is then measured. It has been recommended that this rate
should not exceed 1 in per 20 minutes (48, 86, 257, 371, 409). If the
leakage is not critical, a more liberal tolerance can be adopted (48).
This test is not always conclusive, because a tray that leaks badly un-
der test conditions may perform satisfactorily at the design tempera-
ture and vice versa.

In valve and sieve trays, no positive liquid head is maintained on
the tray, and liquid leakage is seldom a problem. For this reason, no
gaskets are generally required and leakage tests are not carried out.
Occasionally, however, a leakage problem may occur in low-
liquid-rate applications, and gasketing may be required (237).

7143 Cartridge Trays

When column diameters are smaller than about 2V2 to 3 feet, a person
cannot enter the column to install, inspect, and maintain the trays.
Because of this limitation, a 2%.- to 3-ft trayed column is often in-
stalled, even if a smaller diameter is hydraulically sufficient. Alter-
natively, either packings or cartridge trays can be used, and column
diameter reduced below 2V% ft.

Cartridge trays (Figure 7.5) are a bundle of trays and downcomers
held together on a rod assembly. Each bundle is called a cartridge and
is typically 10 to 12 ft long for convenient shipping and installation
(306, 308). The first cartridge is slipped into the column until it
reaches its supports. Each successive cartridge is stacked on top of the
previous cartridge. Over 70 trays can be installed in this manner (306,
308). The top head of the column needs to be flanged to facilitate in-
stalling and removing these trays.

The two main disadvantages of cartridge trays are leakage around
the circumference and their relatively high cost. A vertical metal seal
ring is often installed around each tray to minimize leakage. Success-
ful operation at liquid rates lower than 1 gpm has been claimed with
a sophisticated variation of this sealing technique (308).

Since cartridge trays are not fixed to support rings (like normal
trays) they can be easily uplifted. Kitterman (206b) shows that the
weight of the trays does little to resist uplift. The pressure drop suffi-
cient to uplift a bundle is set by the shell friction, and this can be
small. Uplifting has been troublesome on many occasions. In one
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Figure 7.5 Cartridge fixed-valve
(V-Grid) trays, 23-in ID assembly.
(Reprinted courtesy of Nutter Engi-
neering.)

tower (206b), one bundle of trays separated from another, leaving an
unsealed downcomer between the two; this caused premature flooding.
In another tower that had gasketing where two bundles met, separa-
tion of bundles resulted in several gasket pieces in the bottom of the
tower (206a).

In order to prevent uplift, adequate holddown of cartridge trays is
essential. Holddown can be achieved by either fixing the top tray at a
flange or by using rods fixed to the top head of the tower.

Cartridge sieve, valve, bubble-cap, and other types of trays are com-
mercially available. Further information can be found in the manu-
facturer’s literature (e.g., 308).

7.14 Tower and Tray Specification

Specification sheets are vehicles for transferring and documenting in-
formation pertaining to column design. These sheets are used for
transmitting process and design requirements to column designers,
tray designers, or manufacturers. They are also used by column de-
signers, tray designers, or manufacturers for submitting design de-
tails back for review.
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Specification sheets vary from one company to another. In most
cases, these sheets attempt to maximize the information transferred,
present this information as coherently as possible, and minimize pa-
perwork. In most cases, these sheets are used together with a separate
reference mechanical specification.

Typical column and tray specification sheets are shown in Tables 7.3 to
7.5, respectively. The specification sheet in Table 7.4 (429b) was devel-
oped by FRI to cater to the needs of a large number of companies. When
tray design is to be performed by others (e.g., the manufacturer), this is
the best sheet to use. The spec sheet in Table 7.5 may be more appropri-
ate when the user wishes to set several of the tray layout dimensions
rather than let others set these. When supplying information to design-
ers or manufacturers with the Table 7.5 spec sheet, only items dealing
with process data and design requirements need to be filled. Other items
will be completed by the designer or manufacturer. Filling in other details
is usually interpreted by the designer as a specification or preference. For
instance, if the user enters “2 in” under “weir height,” the designer or man-
ufacturer will attempt to incorporate a 2-in weir in the tray layout.

TABLE 7.3. Typlcal Column Specification Sheet
Materials: Shetl (Zrborn SHee/ Heads_C 1S, sin _C o5

@ Lining; Mool __Alemay  RubberorPlastic_ANena |
Brick __Alona. . — Coment Ao ma
& Internal Corrasion All Ya2" b U max.
— tneutotion ? _[@Yes __Olne Clows . SFendord fr 200"/
% Ot e [T® WOTILEY
SERVICE NO, REQ'D.| SIZE PRESS. Cl.| FACING | MARK NO.
! Fosd® 3 2" /50 wedF| A
~ 1\. Reflux / 2" 754 L r S
L) W Vapor Out J &6 " | 156 £E [
J MENENE, Wy Liauid Out / z” /50 rL 2
b | 30_ —® Reboller Vapor | %" 150 | RF P
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- Drain ory .[>¢ prg
i 3 | a5 | Sefety Valve / % | 150 | R.A -]
N ii. L 23 _::>® Manhole o " 150 | RE e
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L L _® SampkConal 4 47 | Gooo™ | Covphg) N
€ el @
H H~
- N
‘.,) zavid | N\ * Feed Points o be lecated In:  [1Vaper Space  [@Downcemer b ¥roy
\"’I@\ Zeve @ REMARKS
5 ) 1. TW Points in Voo Lowated- 7rey ¥/, 2/, 33 28,27, &

s 2. TH Paints in Livid Lecewd- Trag * /, 21, 44
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. \@ 3. Semple Points in Vaper Lecsted-
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source: From Applied Process Design for Chemical and Petrochemical Plants, Volume 2,
Second Edition, by Ernest E. Ludwig. Copyright © 1979 by Gulf Publishing Company,
Houston, Texas. Used with permission All rights reserved.
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TABLE 7.5 Typical Tray Specification Sheet

JobNoo } Service
Ref.Drwg: .~ TrgK th; th;et Coturmn No e
Ref Spec: eet £ 0 Plant
Tray No.
Design Case Note No.
Tray Details
Weir Height, S/C Inch
Length of Each Weir, S/C Inch
DC Width S/C Inch
DC Clearance S/C Inch

Special Features
{Yes/No/Optional)
Seal Pan

Inlet Weir

| Antijump Baffles
Splash Baftle
Mechanical Details _
Tray Gauge

Material Deck/Valves
Corrosion Allowance, Inch _ ,,' I
Support Materials

Bolting Materials
Pressure Surge Tendency

Uplift, AP psi b B
Manhole ID Inch
Manway Size Inch X i{nch

NOTES:

No. | Date By | Approved Revisions

Data Sheet No. Rev
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TABLE 7.5 Typical Tray Specification Sheet (Continued)

\quob no. Tray Data Sheet Service
ef drwg Sheet 1 of 2 Column no
Ref Spec Plant
Tray no.
Design Case Note no.
Vapor to Tray
Temp °F
Pressure psia
Z
MW
Density Ib/ft3
Viscosity cP
Flow rate ACFS
Flow rate 1b/h
Liquid from Tray
Temp °F ]
MW
Density Ib/fi3 B
Viscosity cP _ -
Surf, Tension dyn/cm . 1 ]
Flow Rate gpm ]
Flow Rate Ib/h
Design Basis
Column 1D Tty B
Tray Type
% Flood, Allow/Calc
% DC Froth, Allow/Calc - | o
AP per tray, Allow/Calc inch Liquid 1 -
Min Oper Rate, % Des at Des L/V o ]
DC Velocity, Allow/Calc___ft/s
Weir loading, Allow/Calc _ gpm/in
___Fouling/Sticking Tendency
| Corrosion Tendency
| __Foaming Tendency _
System Factor
Tray Layout
Tray Spacing inches
Liquid Passes per tray
Bubbling Area 12
DC Top Area 12
DC Bottom Area 12
No of holes/Valves
Hole diam, Inch/Valve type
Fractional Hole Area
No Date By Approved Revisions
Data Sheet No. | Rev |




Chapter

Internals Unique
to Packed Towers

A “cutaway” of a packed column, highlighting arrangement of various
internals, is shown in Fig. 8.1. Internals used for distribution, redis-
tribution, and introducing feeds or reflux into packed columns were
described in Chap. 3. Chapters 4 and 5 examined internals and prac-
tices which are generally common to tray and packed columns, includ-
ing column bottom sections, column outlets, liquid collection devices,
gravity lines, and connections for access and instruments. This chap-
ter completes the coverage of packed-column internals and practices
by reviewing those that have not been previously described, including
packing supports, support structures, hold-down plates, bed limiters,
and column verticality.

The primary function of packing supports is to adequately support
the packings. The primary function of bed limiters and hold-down
plates is to prevent packing fluidization. These functions must be
achieved without adversely affecting liquid distribution or column hy-
draulics. This chapter outlines the preferred practices regarding these
internals, highlights consequences of poor practices, and supplies
guidelines for troubleshooting and reviewing designs of packing sup-
ports, hold-down plates, bed limiters, and column slant.

8.1 Packing Supports

Packing supports must perform the following functions:

1. Physically support the packed bed

2. Incorporate sufficient open area in order to permit unrestricted
flow of liquid and vapor

3. Avoid downward migration of pieces of packing
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Packing supports therefore must provide both a high fraction of open
area and the required mechanical strength.

The weight supported by the packing support is the weight of the
packed section above it under flooded conditions. Allowance must be
made for absorbing the shock of pressure surges, deterioration due to
corrosion, and any additional weight not separately supported (such
as a hold-down plate or redistributor resting on the packings).

Early designs were flat plates with 15 to 25 percent open area. Va-
por and liquid passed countercurrently through the same openings,
and a substantial hydrostatic head developed on the plate (Fig. 8.2a).
This caused premature flooding of the column. The problem was ag-
gravated by pieces of packing occluding some of the openings.

Open areas provided by modern packing supports are usually of the
order of 70 to 100 percent of the column cross-sectional area (74, 257,
305). The open area depends on the materials of construction and the
column diameter; some common designs in ceramic, carbon, and plas-
tic have open areas smaller than 65 percent (214, 257, 305).

When the open area of the packing support is relatively small, it
may bottleneck column capacity. A useful clue can be obtained by
comparing the fractional open area at the support to the fractional
open area of the packing (237, 268, 319). If the former is significantly
lower, premature flooding may initiate at the support and propagate
through the packing. Situations where this has occurred have been de-
scribed (237, 268, 386). One designer (111) recommends an open area
of at least 80 percent and preferably 100 percent of the column cross-
sectional area for metallic applications.

In order to avoid downward migration of pieces of packing, the sup-
port openings must be smaller than the packing size. For circular
openings, Y2-in holes have been recommended (111). The openings
should be evenly distributed. A wire-mesh screen can be installed
above the support, but this practice is not recommended because it re-
duces the open area of the support. In one reported case (237), adding
such a screen resulted in premature flooding. A better alternative is to
stack about a foot of larger packings right above the support (237).
These larger packings should be stacked and not dumped, or they may
easily mix with the smaller column packings.

In mildly corrosive applications it often pays to fabricate the pack-
ing support from stainless steel, even when carbon steel is satisfactory
for the packing. This prevents localized corrosion that can puncture
holes in the support, resulting in downward migration of packings.
One service where this technique is commonly applied is in natural
gas plant glycol-regeneration stills (84).

In services prone to pressure surges (some examples of such services
are listed in Sec. 8.2), the resistance of a packing support to mechan-



214 Distillation Operation

TOP OF PACKING I - Pl S e catE M

I
]
I
Lawo GAS
out IN

GAS BUBBLES THROUGH
HYDROSTATIC HEAD
BEFORE IT ENTERS
PACKING |

n

FLAT SUPPORT PLATE ——==io

GAS & LIQUID VIE FOR I
PASSAGE THROUGH

SAME OPENINGS "/ Yo Ny RN /&

|
I
|
Liquio GAS
ouT IN

GAS IS DISTRIBUTED
DIRECTLY INTO PACKED
BED--NO HYDROSTATIC

HEAD—GAS & LIQUID

FLOWS THROUGH

SEPARATE OPENINGS

IN PLATE

GAS-INJECTION
SUPPORT PLATE

i
3
'?‘J%’i

— |
— |

t
|
]
|
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ical damage is a prime consideration. A damaged support is likely to
lead to downward migration of packing pieces.

In services where coking may occur, the dripability at the bottom of
the supports is an important consideration (299). The supports should
be designed so that liquid drips off; liquid that hangs there tends to
form stalactites.

The common types of packing supports are:

Gas-injection support plates (Fig. 8.3). These have separate openings
for vapor and liquid. Vapor issues from the side openings, and liquid
flows through the bottom openings, thus avoiding buildup of hydro-
static head (Fig. 8.2b).

Standard metallic and plastic gas-injection support plates provide
open areas approximately 100 percent or more of the column cross-
sectional area, are capable of handling liquid loads to 50 to 100
gpm/ft?, and are available for column diameters of 1 ft or larger (142,
212, 305). Most standard units can handle packings 1 in or larger
(142, 305), but smaller packings can often be accommodated with spe-
cial design (305). At normal operating rates, pressure drop is usually
less than 0.25 in of water (142, 212, 305, 386) and seldom exceeds 0.75
in of water (212). Ceramic units have a lower open area, usually about
50 percent or slightly more of the column cross-sectional area (305).

The large open area and the separation of vapor from liquid pas-
sages are major advantages which make gas-injection support plates
most popular. In metallic and plastic applications, this support plate is
the least likely to become a capacity bottleneck (142, 212).

Figure 8.3 Gas-injection support plate. (Reprinted courtesy of
Norton Company.)
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In large-diameter columns, gas-injection support plates have the ad-
ditional advantage of minimizing the number of midspan beams re-
quired for supporting the support plate or grid. In metallic applica-
tion, alternative support types require two to three times as many
support beams as the gas-injection plate (74). The author and others
(74, 111, 166) recommend specifying gas-injection support plates
whenever possible in metallic and plastic random packing applica-
tions.

Grid supports (Fig. 8.4). Grid supports consist of vertical bars arranged
on one or two different planes (Fig. 8.4a and d, respectively). Grid sup-
ports can often provide as good a performance as (in ceramic applica-
tions, even better than) gas-injection supports.

Grid supports are generally less expensive than gas-injection sup-
ports and can provide open areas as high as 70 percent of column
cross-sectional area in ceramic applications (305) and 95 to 97 percent
in metallic applications (74). Grid supports are commonly used for
structured packing, where gas-injection supports are usually unsuit-
able, and where most of the disadvantages listed below do not apply.

One disadvantage of grid supports is that pieces of packing may oc-
clude some of their open area. This may build a hydrostatic head in
the packing and bottleneck column capacity (similar to the phenome-
non depicted in Fig. 8.2a). In ceramic services, a common practice for
avoiding this bottleneck is to stack one or two layers of large (4 to 6 in)
cross-partition rings or grid blocks on the grid bars (Fig. 8.45, ¢).
These layers form a high-capacity region at the support grid, which
can accommodate liquid buildup without initiating column flooding.
These layers also prevent smaller pieces of packing from reaching and
occluding the grid openings. The stacked rings or grid blocks should
be set tight and wedged in place with shards so that they do not shift
around (302). Compared to cross-partition rings, grid blocks afford
more open area at the support and easier installation (303), and are
therefore often preferred.

Stacking a few layers of packing or grid blocks on the support can
alleviate plugging when fouling is confined to or concentrated at the
foot of the bed. The stacked layers eliminate pockets where deposits
can accumulate and permit washing of scale by the downflowing lig-
uid. In one case (170), stacking rings in the bottom foot of an acetylene
plant compressor aftercooler wash column more than quadrupled col-
umn run length.

Grid supports often provide insufficient open area with small pack-
ing sizes. The space between adjacent bars, and therefore the grid
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Figure 8.4 Grid supports. (a) Ceramic grid bar supports; (b) stacking large cross-
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open area, diminishes rapidly as packing size decreases, while the
open area occlusion problem (above) escalates. Most standard designs
of grid supports suit 1¥%-in or larger packing (142, 305).

Grid supports (particularly those whose bars are mounted in a sin-
gle plane) are more likely to experience packing migration downward
than gas-injection supports. Stacking larger packing directly above



218 Distillation Operation

the support plate is often practiced to alleviate this problem. Migra-
tion is most pronounced with ring packings whose edges are not fused
together, because the edges can easily penetrate the grid openings.

Grid supports with sharp edges should be avoided with plastic pack-
ing, because pieces of packing tend to extrude through the openings
and be cut by the sharp edges, thus blocking the support (74, 144).
This problem is most severe in high-temperature applications; in one
reported case (26), a 20-ft bed lost 19 ft of its plastic packing through
the support grid.

Structured packing. A layer of structured packing can sometimes be
used to support a bed of random packings. This technique can add a
fraction or even a full theoretical separation stage to the bed. The
structured packing may also improve vapor distribution.

The structured packing selected for this purpose must have a large
open area, a capacity at least as high as the random packings, and,
when applicable, a resistance to fouling and corrosion at least equiv-
alent to the random packing. The structured packing must also have
sufficient mechanical strength to support the bed, and small enough
openings to prevent packing migration. Grid and corrugated types of
structured packings with large open areas are commonly used as ran-
dom packing supports. This practice is most popular in short beds
(e.g., refinery vacuum towers), where a relatively small layer of struc-
tured packing is sufficient to provide the required mechanical
strength.

The use of the grid-type of structured packing to support random
packing is also popular in situations where fouling tends to occur at
the foot of the bed. Grid packings have a high fouling resistance and
serve to eliminate regions which would otherwise be prone to plug-
ging. On the other hand, structured packings (including grids) are dif-
ficult to clean and may require frequent replacement when used for
the above purpose.

Corrugated supports (Fig. 8.5). Corrugated supports are used for light-
duty support (typically up to 400 to 450 1b/ft%), in small-diameter (< 2
to 3 ft) columns (74, 212, 305). In very small columns (< 2 ft in diam-
eter) they are capable of supporting heavier loads (212). Corrugated
supports are available in metal or plastic (305) and are the least ex-
pensive supports (74). Open area is relatively low (74), typically about
80 percent (305). The tendency of packing to nest between corrugated
bars is high, which may further limit the open area. Because of the
low open area and the common liquid and vapor passages through the
bars, corrugated supports have a greater tendency to build up a hy-
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Figure 8.5 Corrugated support. (Gilbert K.- Chen, ex-
cerpted by special permission from Chemical Engineer-
ing, March 5, 1984; copyright © by McGraw-Hill, Inc.,
New York, NY 10020.)

drostatic head (as depicted in Fig. 8.2a) than grid supports. Because of
the above problems, use of corrugated supports should be restricted to
light beds operating at low liquid and vapor loads.

Support-mixer redistributors. These are discussed in Sect. 3.10.

Vapor-distributing supports. These are discussed in Sec. 3.12.

8.2 Support Structure

In small columns, packing supports often rest on a tray support ring.
The following considerations are important:

# Packing supports should be securely fastened to the support ring.
One designer (386) recommends clamping support plates to the sup-
port ring at both ends for columns greater than 6 ft in diameter.
Packing supports tend to be dislodged during pressure surges and
upsets (e.g., those caused by slugs of water entering a hot hydrocar-
bon column, relief valve lifting, liquid level rising above the reboiler
return nozzle, compressor surges, or instability of liquid seal loops).
A dislodged packing support may either compress and damage the
packing above or spill packing downward, or both. The problem is
most severe with plastic packing. These supports are usually fabri-
cated from nonmetallic materials which are difficult to fasten. The
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plastic packing is too light to hold the supports down, and the sup-
ports often have a small open area, and, therefore, a high tendency
to lift. The author has experienced a number of cases where gas-
injection and grid-type support plates in plastic packing service dis-
lodged and disintegrated each time the column bottom seal loop ex-
perienced significant instability. The packing supports rested on,
but were not fastened to, a number of support lugs.

» In corrosive environments, sections of the packing support are often
glued to each other because of the difficulty of fastening corrosion-
resistant resins. In such instances, it is important to ensure that the
adhesive holds under actual and upset operating conditions. The
chemicals processed, hot process temperatures, overheating during
startup and upsets, and the presence of solvents and oxidizers may
adversely affect the adhesives, causing disintegration of the packing
support and spillage of packing downward.

u Resting the packing supports on lugs rather than a bona fide sup-
port ring is sometimes practiced as a cost-cutting measure. This ar-
rangement generally provides weaker seating for the supports than
a support ring, and may become troublesome if one or more of the
lugs break or corrode.

® In extremely corrosive services (such as sulfuric acid towers), where
large-diameter towers are used with ceramic supports, brick arches
or piers are often used as the support structure (386).

= The support ring width should not be excessive, or it may restrict
the column capacity. Strigle (386) gives the maximum recom-
mended support ring width as a function of column diameter for col-
umns between 4 and 12 ft in diameter. This width, W, in inches, can
be calculated from W = D/4 + 0.5, where D is the tower diameter in
feet. For small columns (< 4 ft in diameter), support rings some-
times restrict column capacity (386).

The maximum load that can be supported by a packing support
plate or grid resting on a tray support ring decreases as column diam-
eter increases. For instance, a typical standard stainless steel gas-
injection support plate can support up to 1000 Ib/ft? in a 4-ft column,
but only half that load in a 9-ft column (212, 305). Greater loads can
be handled either by fabricating the packing support out of thicker
metal (often also at the expense of reducing open area) or by using one
or more midspan beams.

Midspan beams are normally I-beams installed perpendicular to the
support plate beams or grid bars (Fig. 8.6). With gas-injection support
plates, midspan supports are usually required in columns larger than
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9 to 12 ft in diameter in metallic applications (74, 166, 212, 386), and
columns larger than about 4 ft in diameter in plastic and ceramic ap-
plications (305, 386). The sidewall of the column must be sufficiently
rigid to support the point loading imposed at the beam seats (386). In
very large columns, (> 20 ft in diameter) support trusses (e.g., as
shown later in Fig. 8.8b) are sometimes used instead of I-beams.
Trusses are lighter and enable a free flow of vapor in the section under
the packing supports.

Midspan I-beams can be deep, sometimes 1 to 2 ft. When the bottom
of the I-beam is too close to the liquid level, it may interfere with the
distribution of vapor entering the packed bed (Fig. 8.6). This vapor
maldistribution may lower the efficiency of the column and cause pre-
mature flooding.

I-beam interference at the column base (Fig. 8.6a) can be prevented
either by installing two feed inlets, one on either side of the I-beam, or
by providing sufficient area under the I-beam for vapor cross flow. For
a single feed inlet, it has been recommended (237) that the vertical
distance between the bottom of the I-beam and the high liquid level be
set such that the calculated pressure drop for half the feed vapor flow-
ing under the I-beam is less than 10 percent of the anticipated pres-
sure drop in the packed bed above.

I-beam interference can be just as troublesome in the space above a
chimney tray. In one case history contributed by D. W. Reay (334),
this interference is believed to have led to severe vapor maldis-
tribution in a refinery vacuum tower (Fig. 8.6b). The maldistributed
vapor profile was displayed as a carbon deposit on the surface of the
bottom packing. The deposit formed an annular ring about 5 ft wide
that extended about 1 in into the bed. In that case, liquid was known
to overflow the chimneys for several months because of an incorrect
location of level tappings. This overflow caused liquid entrainment.
Some entrained droplets ultimately carbonized on the base of the bed.
Had the vapor profile been uniform, entrainment (and therefore de-
posit laydown) would have been more uniform. It is believed that va-
por from the side chimneys was blocked by the beams and preferen-
tially ascended around the periphery. If liquid overflow (down the
risers) had been uneven, the maldistribution could have been further
aggravated.

Techniques recommended for preventing I-beam interference at the
column base also extend to chimney trays. It is best to provide suffi-
cient open height for vapor cross flow between the top of the chimneys
and the bottom of the I-beam (Sec. 4.10). If positioning the I-beams
close to the chimneys cannot be avoided (e.g., in a revamp, where ver-
tical space is limited), the chimneys should be designed to provide a
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uniform vapor profile to the bed without cross flow under the beam.
This may be difficult when more than one I-beam is present.

8.3 Hold-Down Plates and Bed Limiters
(Retaining Devices)

Hold-down plates (Fig. 8.7a,b) are used with ceramic or carbon ran-
dom packing to prevent fluidization and restrict packing movement,
which may chip or break packing particles. A hold-down plate rests
directly on the packing. It is usually designed to support the top 5 ft of
packing (257) and weighs roughly 20 to 30 1b/ft? (74,386).

Hold-down plates are not used with metal and plastic packings to
avoid crushing the metal or compressing the plastic. To prevent fluid-
ization with these random packings, bed limiters (Fig. 8.7c,d) are
used. Bed limiters do not rest on the packing; instead, they are fas-
tened to the column wall by means of a support ring or bolting clips.
Alternatively, they can be suspended on tie-rods from the liquid dis-
tributor.,

Random packing fluidization during even relatively minor upsets
(such as column flooding) is common when a retaining device is ab-
sent. In large-diameter columns, packings tend to fluidize at random
spots rather than uniformly over the entire top surface. Fluidization

(c) (d)

Figure 8.7 Retaining devices. (a, b) Hold-down plates; (c, d) bed limiters. (Parts a to ¢

reprinted courtesy of Koch Engineering Company, Inc.; part d reprinted courtesy of
Norton Company.)
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may occur with metal, ceramic, and carbon packings and is most trou-
blesome with plastic packings. Following the upset, packing particles
settle unevenly, promoting maldistribution, which in turn reduces col-
umn efficiency and/or capacity. Fluidized packing particles frequently
end up in distributor pans or troughs, causing further restriction and
maldistribution. Fluidized packing particles sometimes reach the
overhead system, and from there flow into the downstream plant. In
the case of ceramic and carbon packings, fluidization is likely to chip
and break packing particles.

With structured packings, fluidization is unlikely, but in large-
diameter columns sections of the packing may be dislodged during up-
sets. To prevent this, hold-down bars are often used. These are bars
fixed at the column shell and are perpendicular to the packing layers.
In large-diameter towers, it may be desirable to use bona fide bed lim-
iters rather than hold-down bars.

Guidelines for the design and operation of hold-down plates and bed
limiters are listed below:

1. Hold-down plates should always be specified for ceramic and car-
bon services. The author has experienced extensive breakage in a
bed of ceramic packing that did not have a hold-down plate. Others
(74, 144, 302, 320) also share the above recommendation, stating
that a hold-down plate is extremely economical considering the
damage that may occur without it during a column upset. Note,
however, that even hold-down plates may be insufficient to prevent
damage to ceramic or carbon packing in the event of pressure surge
or a major upset (74, 144).

2. Bed limiters should always be specified for plastic packings. Be-
cause of their light weight, pieces of plastic packing are extremely
easy to fluidize and carry over, and often cause problems in con-
densers or downstream equipment. The author has experienced ex-
tensive carryover of plastic packing from towers that did not have
bed limiters. Others (74, 144, 320) also share the above recommen-
dation.

3. It is a recommended practice to specify bed limiters in metallic ap-
plications, although their economics are sometimes questioned.
Metal packings are not as easy to fluidize as plastic packings, and
neither the frequency of carryover of metal pieces nor the number
of pieces carried over is as high. The author has experienced no
carryover with metal packings in the same column in which he pre-
viously experienced extensive breakage with ceramic packing (in
either case, no retaining device was used, while upsets occurred
from time to time). The author, however, is familiar with experi-
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ences in which metal packings settled unevenly, with some ending
up in distributor troughs, following an upset. Another source (237)
described cases of massive carryover of metal packings in a refinery
fractionator that experienced pressure surges.

Bed limiters should be specified in metallic applications when-
ever carryover of packings may damage or seriously interfere with
downstream equipment (e.g., rotating machinery), whenever
surges that may induce massive carryover of packing occur, and
whenever upsets are frequent. In other metallic services, the con-
sequences and likelihood of packing carryover should be weighed
against the cost of the bed limiter plus the cost of the additional
column height required to accommodate the bed limiter. The au-
thor and some designers (74, 144, 299) feel that bed limiters should
be routinely specified, while others (104) recommend their use
when the packing pressure drop exceeds 0.5 to 0.75 in of water per
foot of packing.

Note, however, that a bed limiter may provide insufficient pro-
tection against massive carryover of packing in the event of a pres-
sure surge. A case has been reported (237) where a bed limiter dis-
integrated during a pressure surge. Techniques for preventing
disintegration are discussed in guideline 8 below.

. In metallic applications, a mesh fixed to the bottom of the distrib-
utor is sometimes used instead of a bed limiter. The mesh openings
are made as large as possible, but sufficiently small to prevent pas-
sage of packing particles. Compared to a bed limiter, the mesh is
less expensive and reduces column height requirements. It is effec-
tive for preventing packing carryover, but it is ineffective for pre-
venting uneven settling of packing particles following an upset.

. The retaining device must have at least the same capacity as the
packed bed. It has been recommended (111, 305) that retaining de-
vices provide an open area of at least 70 percent of the column
cross-sectional area.

. The openings of a retaining device should be small enough to avoid
passage of pieces of packing. If this requirement cannot be met
without an appreciable reduction in open area, and the service is
nonfouling, a lightweight mesh should be installed under the plate.
The author recommends routinely specifying this mesh backup to
retaining devices in all nonfouling, noncorrosive services, because
some pieces of packing often penetrate even through small open-
ings. The mesh openings should be large enough to resist plugging,
avoid reducing the open area, and avoid interference with liquid
distribution. The mesh should be avoided in plugging services and
fabricated from the appropriate materials in corrosive services.
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7. The retaining device should not interfere with liquid distribution
or be a good distributor. Wide beams or bars are likely to form
unirrigated areas underneath, and retaining plates containing
these should be avoided. Bed limiter support rings can form
unirrigated areas near the column wall, and should either be
avoided altogether (386) or should be of minimum width. Bed lim-
iters are best either clipped to the tower wall or fixed to the sup-
ports of the distributor (or redistributor) above (346, 386). Combi-
nation distributor and bed limiter devices are commercially
available (e.g., 212) with gravity distributors. These devices usu-
ally minimize interference of the limiter with liquid distribution
and use a shared support.

8. Pressure surges may exert forces far greater than standard bed
limiters are designed to tolerate, causing structural damage to the
limiter and the packing (237) (systems typically prone to pressure
surges are described in Sec. 8.2). It is important to ensure that the
column designer is aware of the surging potential of the service,
and to examine the operating procedure in order to avoid, or at
least minimize, the frequency and magnitude of pressure surges. In
large-diameter columns, some sections of a bed limiter may be eas-
ier to dislodge than others. Spot-welding sections of the bed limiter
in place can help keeping it together (237). Another technique is to
use vertical tie-rods to attach the bed limiter to the packing sup-
port grid (237; Fig. 8.8a). In one refinery vacuum tower, a common
truss structure was used to support both the support plate and the
bed limiter (147; Fig. 8.8b). The latter technique, however, is likely
to be expensive and may only be justifiable for large-diameter col-
umns which contain shallow packed beds.

9. With structured packings, hold-down bars are best oriented at
right angles to the bricks. Bars should be arranged so that no brick
is permitted to move upward.

8.4 Packed-Column Verticality

No column is perfectly vertical. Several reasons for column slant were
described in Sec. 7.9. In this section, the effect of slant on packed tow-
ers is reviewed.

Since liquid flows vertically down, it preferentially flows toward one
wall if the column is slanted. Some poor wetting on the upper side, as
well as channeling, may also develop. All contribute to efficiency loss.

A number of pilot-scale investigations have been reported on the ef-
fect of a fixed slant on random and structured packing efficiency (162,
283, 323, 390, 428, 434). In all cases, slanting lowered packing effi-
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ciency. Efficiency reductions in most tests were of the order of 5 to 10 per-
cent per degree of inclination (162, 283, 323, 390, 434), but reductions as
high as 30 to 50 percent per degree of inclination were also noted in some
cases (283, 323, 428). One test showed a somewhat smaller efficiency reduc-
tion with structured packings compared to random packings at the same
inclination (162). The tolerance recommended on slant in a column contain-
ing structured packings is about 0.2 to 0.5° (168, 428).

The effect of a variable slant, such as that experienced under barge
motion conditions, was also studied in pilot-size columns (162, 323,
390, 434). It was shown that static slant can be regarded as the lower
limit of column efficiency, and the motion diminishes the loss in col-
umn efficiency compared to static slant. In most cases of random mo-
tion, it was shown that the efficiency loss, compared to the vertically
positioned column, is less than 10 percent (162, 390, 434).

Poor distributor performance due to motion may escalate the efficiency
loss. Pilot tests (323) showed a smaller efficiency loss with pipe distributors
than with orifice-trough distributors. Inclination, liquid sloshing in the dis-
tributor, and liquid overflowing the trough may all contribute to poor per-
formance of some distributors under motion conditions.

8.5 Packed-Column Diameter Tolerances

With random packing, the tolerance on column diameter is similar to
that for tray columns (refer back to Fig. 7.4). With structured packing,
tighter tolerances are often specified to ease installation. Typical di-
ameter tolerances for columns containing structured packings (168)
are shown in Table 8.1.

TABLE 8.1 Typical Column Tolerances for Structured Packings

Circumference tol-

Diameter tolerance erance
Column Wire mesh, in Corrugated  Wire mesh, in Corrugated
diameter sheet, in sheet, in
8into2ft, 6in 64 Va Yea
2ft,6in to 4 ft a2 Vs Ys 532
4 ft to 6 ft, 6 in Ya + 3% 532 e
-V
6 ft, 6 in to 13 %16 + Yo Y
ft
— Yy
13 ft to 20 ft + % + 3% s
— %6 — 56
> 20 ft + % + 1346 54
— %6 — 34

Nores: These are plus and minus tolerances; Some dimensions are rounded off upon con-
version from the metric system.

Source: G.V. Horner, The Chemical Engineer Supplement, September 1987, reprinted cour-
tesy of the Institution of Chemical Engineers, UK.



Chapter

Distillation
Overpressure Relief

A column and its auxiliary system undergo several changes through-
out their lives—revamps, different feeds, changing reboilers, new
product specs, not to mention changes to control system, control valve
internals, control valve limiters, restriction orifices, and valves. Each
one of these changes, even the minor ones, may have a large effect on
column relief requirements. Failure to recognize this effect is likely to
expose the column to the danger of overpressure and the possibility of
a catastrophic failure. It is therefore essential for any designer, oper-
ator, or engineer implementing column modifications to be familiar
with the considerations involved in sizing distillation overpressure re-
lief. The impact of any modification on the overpressure relief require-
ments must always be carefully analyzed prior to implementing the
modification.

This chapter reviews the common practices of relieving the column
to avoid overpressure, outlines several considerations and factors that
affect overpressure, highlights the pitfalls of undersizing and over-
sizing relief devices, and provides guidelines for avoiding pitfalls.

9.1 Causes of Distillation Overpressure

Common possible causes of distillation column overpressure are listed
below and illustrated in Fig. 9.1. The list is not comprehensive.
Sources and possible causes of overpressure vary from column to col-
umn, and each column must be thoroughly studied to determine its
own overpressure sources. The list below can best serve as an initial
checklist or a starting point. Overpressure in distillation columns may
result from any one, or a combination of, the following conditions
(9, 10, 60, 293, 351, 414).

229
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A. Utility failure
1. Loss of coolant (cooling water, refrigerant, air fan, air lou-
vers, pumparound coolers, feed cooler)
2. Loss of electric power
3. Loss of steam
4. Loss of instrument air

B. Controller failure (alternatively, human error which opens control-
ler fully the wrong way):
5. Failure of steam controller
6. Failure of pressure controller
7. Failure of feed controller (each feed should be considered, in-
cluding stripping steam)
8. Failure of reflux (or pumparound) controller (or pump)

C. Extraneous sources
9. Valve opening to an external pressure source
10. Loss of heating in an upstream column (upstream column
will dump, which will simultaneously increase feed rate and
fraction of lights entering the column)
11. Failure of exchanger (e.g., reboiler) tube
12. Exterior fire

D. Internal sources
13. Accumulation of noncondensables
14. Chemical reaction
15. Closed column outlets

E. Transient sources (Including pockets of water in a hot tower, steam
hammer, and internal explosions)

9.2 Strategies for Determining Distillation
Relief Requirements

Distillation relief devices are usually designed to protect the column
and auxiliaries from overpressure due to any single cause (10, 414).
The probability of two unrelated failures occurring simultaneously is
considered remote and is not normally designed for (10, 414). Codes,
regulations, or company policy may dictate a more conservative prac-
tice.

The word “unrelated” above is key. API’s RP521 (10) defines causes
to be unrelated if “no process, mechanical or electrical linkages exist
among them, or if the length of time that elapses between possible
successive occurrences of these causes is sufficient to make their clas-
sification unrelated.” When one failure causes another, the events are
related. For instance, if reboiler heat is controlled by a differential
pressure controller, a cooling water failure will cause the steam con-
troller to open fully. In this case, cooling water failure and failure of
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the steam controller are related, and the relief device must protect the
column against overpressure when the two occur simultaneously. Two
catastrophic overpressure accidents were reported (414) to result from
failure to recognize the interrelation of the events in the above exam-
ple (414). Another example of related events is an exterior fire and
failure of a closely located air condenser. The air may be heated by the
flames or the condenser may trip on automatic thermal cutoff. In ei-
ther case, the fire will induce a complete cooling failure.

Distinguishing related from unrelated events requires a close exam-
ination of the events that will occur in case of each failure. The anal-
ysis yields a set of premises which defines these events. These pre-
mises must be based on correct assumptions regarding the behavior of
plant and instrumentation. Credit for favorable events must only be
applied for events that can be relied on to occur. This is discussed in
detail in Sec. 9.4.

Once a set of premises is available for each failure, the list of possi-
ble overpressure causes can be narrowed down. A possible cause can
be eliminated from the list if it is certain that its relief requirement is
lower than or identical to the relief requirement of another source. For
instance, when column pressure is controlled by manipulating cooling
water to the condenser, failure of the pressure controller may have
identical consequences to coolant failure. In this case, failure of the
pressure controller can be eliminated from the list. Another example
is a column whose heat-input control valve and all feed control valves
fail shut, while cooling is likely to continue normally during an in-
strument air failure; in this case, the relief load is likely to be small (if
any) upon instrument air failure, and this cause can be eliminated
from the list.

Once the list is narrowed down, the relief capacity for each of the
remaining failures must be determined separately. At this stage, the
premises must be reexamined, and any credits must be carefully re-
viewed. The desired location of the relief device must be determined,
since this will have some effect on its capacity. Common practices for
setting relief device capacity, credit pitfalls, and preferred location are
discussed in subsequent sections. Examples of the premises and calcu-
lations are presented elsewhere (293, 351). Each failure will lead to a
different relief requirement. The largest requirement sets the size of
the relief device.

The size of the relief device must be carefully examined to ensure
that it is not excessive. A grossly oversized relief device is not only
expensive, but it may cause damage to column internals, excessive
discharges, and may even lead to lower discharge rates than a prop-
erly sized device. Guidelines for examining relief device size and tech-
niques for preventing oversizing are discussed in Sec. 9.7

An alternative shortcut strategy sometimes used is to size the relief
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device for the gross overhead vapor from the tower (60, 351). Often,
the gross overhead vapor rate at 90 to 95 percent of flood is used (60).
Adjustments are made for unfavorable factors that may occur at the
time of failure, while credits are taken for factors that can be relied on
to reduce discharge rate. The strategy is discussed in detail elsewhere
(60).

The “gross overhead vapor” strategy has been stated to be less ac-
curate than the detailed calculation strategy recommended above
(351). Perhaps an even greater disadvantage of the gross overhead va-
por strategy is its inability to predict a situation where column relief
requirement exceeds the column capacity. A corrective action, which
may be required to reduce the relief requirement, may thus be over-
looked. The gross overhead vapor strategy, however, is much quicker
than the detailed calculation strategy. In most cases, the detailed cal-
culation strategy is advocated (9, 10, 293, 351, 414).

In summary, the recommended strategy for determining column re-
lief requirements is

1. Identify overpressure sources
2. Distinguish related and unrelated sources
3. Size the device

4. Examine the device for oversizing

9.3 Common Practices for Determining
Relief Rates

Common practices for determining relief rates are described below.
Good engineering judgment must be applied when considering them.
Blind adherence to these (or other) practices must be avoided, as cir-
cumstances vary from column to column. As in previous sections of
this chapter, these practices are best used as an initial checklist or a
starting point. The relevant codes, regulations, standards, and com-
pany policy guidelines must be followed. Detailed equations (9, 293)
and worked examples (293, 351) are available elsewhere.

Pressure, temperature, and composition

The relieving pressure upstream of the relief device is the set pressure
plus allowable overpressure (9, 293). The allowable overpressure is set by
the applicable code (e.g., 11), and depends on whether the set pressure is
equal to or is lower than the allowable working pressure of the column (9).
Often, the relieving pressure is 10 to 20 percent higher than the set pres-
sure; a more detailed set of guidelines was presented by Mukerji (293).
The relieving temperature upstream of the relief device is usually
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the equilibrium temperature of the relief mixture at the relieving
pressure (293, 351). The composition used is that of the relieving mix-
ture. It is important to adequately account for gas compressibility and
deviations from ideality. The calculations are discussed in detail by
Mukeriji (293) and in API’s RP520 (9).

Relief vapor rate

The relief vapor rate depends on the cause of overpressure. Common
practices for determining this rate for various failures are outlined be-
low. Credits and some debits taken in the calculations are excluded
from the guidelines below. These are examined separately in Sec. 9.4.

Loss of coolant. This failure frequently sets the column relief require-
ments. A common practice (9) is to set the required relief capacity
equal to the total incoming steam and vapor, plus that generated
therein under normal operation.

Loss of electric power. This is another failure that frequently sets the
column relief requirements. A common practice (9) is to study the instal-
lation to determine the effect of power failures and to set the required
relief capacity for the worst condition that can occur. All electrically
driven equipment, such as pumps, compressors, and fans (including those
in the site cooling water system or steam supply system), may fail, and so
will electronic controllers and computer control equipment.

Loss of steam. As for electric power (9).

Loss of instrument air. In a well-designed system, all valves usually
fail shut except for coolant and reflux valves that fail open. Unless the
column significantly deviates from this practice, the relief require-
ments are likely to be small, if any.

Fallure of sieam controller. A common practice with steam reboilers
(293) is to assume the steam valve is wide open, the steam pressure in
the reboiler is the same as in the steam supply line, and that reboiler
area remains constant (condensate is removed as soon as it is formed).
The process side is usually assumed to have the same temperature
rise (outlet minus inlet) as in usual operation.

Fallure of pressure controller. When the tower pressure controller ma-
nipulates the rate of cooling, a pressure controller failure is usually
equivalent to coolant failure. When the controller manipulates the va-
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por product rate, a common practice is (10) to set the relief require-
ment to the flow rate of uncondensed vapor.

Failure of feed controller. A common practice (10) is to set the relief re-
quirement equal to the difference between the maximum feed flow
and the normal column outlet flow at relieving conditions, assuming
that other valves in the system stay at their normal operating posi-
tions.

When the column is fed from a higher-pressure process unit (e.g.,
another column), the possibility of feed dryout (i.e., loss of liquid
level in the upstream unit so that column is fed with vapor instead
of liquid) also needs to be considered. The column relief require-
ment is commonly set equal to the peak vapor flow through the feed
line, assuming the feed valve is wide open (10).

Fallure of Reflux Controller. A common practice is to set the relief re-
quirement equal to the column internal vapor rate to the top tray. In
case of a side reflux or pumparound, the relief requirement is com-
monly set equal to the difference between vapor entering and leaving
the section (9).

Vaive opening to an external pressure source. Usually similar to feed
controller failure.

Loss of heating in an upstream column. Usually similar to feed control-
ler failure, but with a lighter feed composition.

Failure of exchanger tube. A common practice (9) is to set the relief re-
quirement to allow for steam or heating fluid entering from twice the
cross sectional area of one tube.

Exterior fire. A common practice is to follow API's RP520 standard
(9) and to set the relief requirement according to the amount of heat
absorbed during the fire. The surface area wetted by the liquid is
considered effective in generating vapor when it is exposed to fire.
It is reasonable to assume (9) that the wetted surface is based on
the total liquid in the bottom and in the trays, included within a
height of 25 ft above grade (or above any level at which a sizable
fire can be sustained). Equations for calculating the absorbed heat
and further discussion are available elsewhere (9, 10).

Accumulation of noncondensables. Usually similar to coolant failure.
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Chemical reaction. A common practice (9) is to set the relief require-
ment equal to the estimated vapor generation from both normal
and uncontrolled reaction conditions. Note that normal over-
pressure relief will be too slow to respond and will provide insuffi-
cient protection against a rapidly accelerating reaction (e.g., a
“runaway”). Rapid relief before temperature and pressure rise to
exponentially accelerating levels is a requirement for coping with
runaway reactions (10). This relief is usually achieved by quench-
ing the reaction zone by injecting cool liquid or gases; some experi-
ences where quenching was used for arresting runaway reactions
have been described (131, 275).

Closed outlets. A common practice (9) is to set the relief requirement
equal to the total incoming steam and vapor plus that generated
therein under normal operation.

Translent sources. The response of normal overpressure relief devices
is usually too slow to provide effective protection against these
sources. In some cases (e.g., a pocket of cold water entering a hot
tower), the relief requirement depends on the pocket size and is there-
fore extremely difficult to estimate (10). Normal overpressure relief is
usually not designed to deal with these sources (10, 45).

9.4 Relief Capacity Pitfalls: Credits and
Debits

Credit can be taken for a circumstance that is certain to occur during
a relief situation and that will act to lower the column relief load.
Credits are applied for reducing the calculated relief vapor rate, and
thus the size of the relief device. Extreme caution is required in decid-
ing whether credit should be taken for a given circumstance. If a
credit is taken for a circumstance which cannot be relied on during a
relief situation, the column may be overpressured.

The API RP521 standard (10) and Bradford and Durrett (60) present
an excellent evaluation of various factors often credited, and also
present pitfalls of these practices. Other guidelines and recommenda-
tions have also been presented by several other authors (9, 10, 293,
351, 414). Many of these considerations, supplemented by this au-
thor’s experience, are summarized below. As in previous sections of
this chapter, it is emphasized that these considerations must not be
blindly adhered to; they best serve as an initial checklist or starting
point. Codes, regulations, and company policy guidelines must be fol-
lowed.

The following credits are commonly considered when sizing distilla-
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tion relief capacity. Some of the items discussed are illustrated in Fig.
9.2

Instrumentation. Standard API RP521 (10) recommends “that any au-
tomatic control valves, which are not under consideration as causing a
relieving requirement and which would tend to relieve the system,
(are assumed to) remain in the position required for the normal pro-
cessing flow.” Although this policy may appear conservative (it usu-
ally is), it is justified. Controllers are often operated on “manual”; at
other times, they are tuned extremely slowly. Taking credit for con-
troller action may lead to overpressure if the controller does not re-
spond fast enough.

Similarly, credit is seldom taken for cutoff switches or trips that
may correct a relieving situation (60, 414), as these may fail to oper-
ate. One possible exception is when a well-desighed system compris-
ing a family of (redundant) cutoff switches is installed (60, 414). This
is discussed in Sec. 9.7.

Manual bypasses. A manual bypass around a control valve may affect
the column relief load. For instance, an open bypass around the
reboiler control valve can increase the heat input into the column dur-
ing reboiler controller failure (Fig. 9.2a).

Since the bypass can rarely be relied on to be in the favorable posi-
tion at the time of failure, a conservative practice is normally fol-
lowed. The bypass is usually assumed to be fully (or at least partially)
open if this will increase the relief requirements; the bypass is usually
assumed to be shut if opening it will decrease the relief requirements.

Upstream and downstream units. With automatic control valves re-
maining in their position (above), flow through them will depend on
the pressure difference between the column and the upstream or
downstream unit. In several cases, a single failure may affect both the
column and the connecting unit. For instance, a site cooling water
failure may raise the pressure in an upstream unit (e.g., another col-
umn), which will force a greater flow from the upstream unit into the
column. Similarly, an increase in pressure in a downstream unit (e.g.,
another column) may hinder product flow out of the column to that
unit. A conservative practice is usually followed (Fig. 9.2b). The si-
multaneous failure of the column and the connecting unit due to a sin-
gle cause is accounted for only if it is likely to increase the column
relief requirement.

Operator response. A commonly accepted time range for operator re-
sponse is between 10 and 30 minutes, depending on the complexity of
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the plant (10). Operator response can therefore rarely be relied on if
overpressure can occur within a shorter time lag. Even when suffi-
cient time is available, it is questionable whether the operator re-
sponse will be correct and/or effective. This will depend on the opera-
tor’s experience, training, the availability of detailed instructions, and
human factors. In most cases, no credit is taken for operator action.

Cooling. Some cooling may continue at the time of a coolant or simi-
lar failure. The cooling that can be relied on to occur can be accounted
for as credit toward the relief requirement. Each situation must be an-
alyzed separately. Some common situations are discussed below:

1. No credit is normally taken for the residual coolant in the ex-
changer following a coolant failure, because this effect is time-
limited (10).

2. If the process piping is unusually large and bare, some credit may
be taken for the effect of heat loss to the surroundings (10). A hot,
windless summer day is usually assumed in calculating this credit.

3. If the column is cooled by two or more unrelated coolants, failure of
each coolant can often be considered independently. For instance, if
air-cooled and water-cooled condensers share the column-cooling
duty, credit for the air cooling can often be taken when cooling wa-
ter fails. The above credit, however, may not apply when site power
or steam failure is considered; here both the cooling water pump
and the air cooler fan may simultaneously fail due to loss of power
or steam. Failure of the reflux pump during a power failure may
also back liquid into the condenser and stop condensation.

4. In many cases, feed subcooling provides a substantial portion of the
cooling to the column. This subcooling credit is usually not taken
into account because of a possible operator action. When cooling is
lost, the operator may shut off the feed until cooling is reestab-
lished. Loss of cooling and loss of feed, therefore, become related
events (225).

5. With air coolers, louver closure is considered a total failure (10).
Upon fan failure, or a fan drive (e.g., power or steam) failure, a
credit is often taken for natural convection effects. This credit is
usually 20 to 30 percent of the normal duty of induced-draft con-
densers. Forced-draft condensers have a considerably weaker chim-
ney effect, and the credit taken is usually 10 to 15 percent of their
normal duty. The above natural draft credit may not apply if a fire
occurs near the cooler.

6. Vapor blanketing should be assumed to occur in a partial con-
denser if the vapor product route fails (60). For instance, if the re-
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lief valve in Fig. 9.3 is located in position A or B, and the product
compressor fails for any reason, inerts will accumulate in the over-
head system, will rapidly blanket the condenser, and will interrupt
condensation. Cooling credit, however, may apply if the relief valve
is located in position C, since this would prevent vapor blanketing.

Reboiler temperature pinches. As column pressure increases from nor-
mal operating pressure to the relieving pressure, column temperature
rises. This may reduce the temperature difference (or create a temper-
ature “pinch”) in the reboiler. The pinching that can be relied on to
occur can be credited toward the relief requirement. Each situation
must be analyzed separately. Some common situations are:

1.

The temperature of the heating medium often rises with column
temperature. For instance, when steam to the reboiler is flow-
controlled, steam pressure (and condensate temperature) will rise
until it reaches the supply-line pressure (Fig. 9.2¢). Credit can only
be taken either when the steam pressure reaches the supply-line
pressure, or when control valve capacity is reached.

. When the column is reboiled by a fired heaters, temperature

pinches rarely (if at all) occur (60).

As the column pressures up, boiling may temporarily cease or be
reduced, and light components may dump into the column bottom.
The bottom level will rise, and the level controller will act to open
and dispose the heavy material, leaving the light material as
reboiler feedstock. The expected sequence of events should be ex-
amined; if lights may migrate to the bottom of the column, less
credit or no credit can be taken for pinching (60). This consider-
ation is most significant with once-through and baffled arrange-
ments (Sec. 4.5), because liquid from the column to the reboiler by-
passes the bottom sump, and when reboiler surging (Sec. 15.4) is
likely (60). If the bottom sump is unbaffled (Sec. 4.5), and its holdup
lasts about 10 to 15 minutes, the effect of lights is likely to be
small, and credits for pinching are often justified (60).

Heat input controller fallure. Some credits (and debits) often need to be
considered when analyzing this (and sometimes other) failures. These
include:

1. Allowance for a clean reboiler. The reboiler duty may be two to

three times higher with a clean reboiler because of a higher heat
transfer coefficient. If not accounted for, the column may be unpro-
tected against overpressure when the heat input controller fails
and the reboiler is clean.
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2. A control valve limiter, a short length of narrow-bore pipe, or a re-
striction orifice in the steam line to the reboiler can be used for re-
ducing the relief requirement for heat input controller failure.
However, these devices can only be relied on if it can be assured
that they stay in place and remain unchanged. A short length of
narrow-bore pipe is better than a restriction orifice (210) because it
is more difficult to remove. Alternatively, the restriction orifice can
be tack-welded to the flange of a short spool piece so that the pipe
cannot be reassembled without the spool piece (110). The instru-
ment and safety valve registers should be marked in the appropri-
ate locations to warn against changing these devices (210).

Decomposition. As column pressure rises, so does column tempera-
ture. When the materials distilled are heat-sensitive, decomposition
or thermal cracking of the liquid may set in. Decomposition is likely to
yield gaseous products which behave as noncondensables. Decomposi-
tion will therefore increase the relief requirement and may reduce the
credit that can be allowed for cooling. The rate of decomposition may
be particularly high upon a heat input controller failure. This problem
is most severe when the reboiler is a fired heater or one that has a
high temperature difference.

Subcooling. A subcooled reflux condenses some of the vapor rising up
the column. This condensation will not persist during coolant failure
because the reflux drum will either pump dry quickly, or reflux will be
reduced by the drum level controller. Credit for subcooling is not
taken toward the relief capacity when coolant or reflux fail (60).

Feed controller failure (Fig. 9.2d). When considering feed dryout (i.e.,
loss of liquid level in the upstream unit so that column is fed with va-
por instead of liquid), and if column volume is considerably larger
than the upstream unit, credit may be taken for the fall in pressure in
the upstream unit (10). Caution is required to allow for the action of
the pressure controller and the feed to the upstream unit, as both will
tend to counteract the fall in pressure.

Exterior fire. API’'s RP520 standard (9) allows credit for adequate fire
insulation in its equation for heat absorbed during a fire. Credit to-
ward the relief requirement is usually not taken for other fire-
protective equipment such as water sprays. Sprays are essential for
keeping the vessel cool, and they prevent premature bursting due to
overheating, but they are not considered reliable enough to warrant a
credit toward the relief requirements (9).
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Consideration must be given to the possibility of column controls
and auxiliary equipment failing during a fire. This may induce a cool-
ant, power, or controller failure related to the fire.

Special consideration is required for exterior columns and auxilia-
ries that may contain unstable compounds (e.g., peroxides, nitro com-
pounds, hydrocarbon oxides, acetylenic compounds, etc.). Here an ex-
ternal fire may cause overheating and polymerization, which in turn
can lead to a runaway reaction and a decomposition explosion. These
reactions will be related to the fire. Five major ethylene oxide column
explosions caused by this sequence of events are cited in Ref. 209a. At
least one involved a fatality, and in several the column was destroyed
with column fragments travelling a long distance.

9.5 Locating Column Relief Devices

Relief valves, bursting disks, and major vents are best located at the
top of superatmospheric columns (9, 45) (or in their overhead system),
upstream of the condenser (location A, Fig. 9.3). The converse applies
to vacuum services, where the vacuum-breaking device should nor-
mally be installed at the bottom of the column (192, 207).

The above strategy is usually preferred because the trays and the
liquid on them may severely restrict vapor downflow toward a low-
placed relief device. This consideration is most important for columns
containing valve trays. The vapor downflow can generate excessive
downward pressure differentials across the trays (see Sec. 11.1, guide-
line 2, and Sec. 11.2, guideline 2), and these can cause severe tray
damage. Harrison and France (150 a) show a photograph of tray dam-
age due to a sudden loss of vacuum from the top of a tower.

In addition, should the column become flooded, a low-placed relief
valve may end up discharging large quantities of liquid. Liquid dis-
charge may cause problems in downstream relief headers and may im-
pede the ability of the relief valve to reduce column pressure.

When the column relief device discharges to atmosphere, a liquid
discharge may be even more hazardous. In some cases, flammable lig-
uid discharged from column relief valves caused fires (45). The flame
produced when a liquid discharge fires is far longer and more danger-
ous than that of a gas discharge. If the liquid flashes, an explosive va-
por cloud may form and detonate. For columns relieving to the atmo-
sphere, location A is the safest and most desirable environmentally.

An alternative location, which is less commonly advocated, is at the
vapor space in the bottom of the column, just below the bottom tray or
packing supports (location B, Fig. 9.3). It has been argued (414) that
the bottom location prevents trays from being uplifted when discharge
rates are excessive, and it avoids the possibility of overpressuring the
column base if the trays are heavily plugged (414). The author agrees
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that the bottom location has considerable merit where heavy plugging
is expected. In one troublesome experience (131), pressure drop in-
creased suddenly due to plugging, and a low-positioned relief valve
blew repeatedly, thus effectively preventing overpressure. A relief de-
vice at the top to the column would have been ineffective in that case.
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Figure 9.3 Location of distillation relief valves.
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On the other hand, tray uplift prevention can (and should) be effec-
tively done by alternative means (see Sec. 9.7), and should not be
achieved at the expense of the disadvantages of a low placing of the
relief device.

When a partial condenser is used, there may be an incentive for lo-
cating the relief device on the reflux drum (Location C, Fig. 9.3). This
location positively assures continuous sweeping of noncondensables
out of the condenser, thus maximizing condensation during the relief
period. This in turn minimizes the rate requirement, temperature,
and duration of the discharge. This location is best suited with air-
cooled condensers, where natural draft cooling continues even during
fan failure. This location must be avoided when the discharging vapor
is hot enough to boil the coolant (e.g., cooling water) during a cooling
water failure. The reflux drum must be large enough to avoid liquid
discharge. Even then, the possibility of liquid discharge upon reflux
drum overfilling (Sec. 13.3, also Sec. 13.2) remains.

The vapor product system in Fig. 9.3 is one example of a system that
favors location C (60, 369). If the relief valve is upstream of the con-
denser (location A), the air condenser will be inert-blanketed and be-
come completely ineffective during a power failure. A relief valve on
the reflux drum (location C) will maximize condensation. Location C
also offers easier access to maintenance and a shorter blowdown line.

9.6 Protection against Relief Valve Base
Plugging

In some fouling services, plugging at the relief valve base may barri-
cade the valve from the column, thereby making the valve inopera-
tive. In one case (239), a plugged column relief valve did not lift while
column pressure rose 150 psi above the relief setting; fortunately, the
column did not rupture. Whenever the relief valve base may plug, it
must be protected. Plugging protection is usually accomplished by a
steam or an inert gas purge at the relief valve base, or by fitting a
bursting disk upstream of the relief valve.

Steam or inert gas purging at the valve base may require large and
costly purge rates, or may contaminate the top product. Inert gas
purging may also gas blanket the condenser. A steam-purged relief
valve in position A (Fig. 9.3) is best located in the overhead line rather
than at the top of the column so that any condensate drains into the
reflux drum. In one case (239), condensate draining back into the col-
umn during short outages induced pressure surges upon column re-
start. In services prone to water-induced pressure surges, using nitro-
gen rather than steam can also circumvent this problem.

Fitting a bursting disk upstream of the relief valve is often advo-
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cated (239), but it can be troublesome if the disk leaks. The space be-
tween a bursting disk and the relief valve may then pressurize, and
the disk would not “see” a high column pressure and would not burst.
To overcome this, the space between the disk and the relief valve must
be continuously adequately vented to a gas disposal system (e.g.,
flare). Atmospheric venting of this space is often troublesome, because
it may lead to a discharge of hazardous chemicals or pollutants.
Valving such an atmospheric vent to prevent regular discharges is un-
reliable even when using a pressure gage, a pressure alarm, or an ex-
cess flow valve (210).

Other techniques sometimes used to prevent plugging at the relief
valve base include (98¢) using a liquid seal, steam tracing, and heat-
ing (from outside). The last two are particularly useful if the plugging
can be caused by freezing. The reliability and effectiveness of any spe-
cific technique for a specific service must be carefully evaluated.

9.7 Reducing Distillation Relief Discharges

Oversizing column relief devices is commonly practiced, usually as a
means of allowing for errors in the sizing estimates. Gross oversizing
of these devices must be avoided as it may cause excessive
depressuring rates.

The consequences of excessive depressuring rates are described in
detail in Sec. 11.2. These include uplifting trays, packings, and retain-
ing devices off their supports; flooding the column; and gas lifting of
liquid (“champagne bottle” effect). Flooding and gas lifting of liquid
often results in a discharge of a vapor-liquid mixture instead of vapor.
Ironically, these consequences may restrict the discharge rate that
oversizing is attempting to enhance. The author is familiar with the
following incidents:

1. Excessive flow through a bursting disk in the overhead line blew
off the top tray.

2. Excessive flow through a relief valve caused major liquid
carryover, either due to flooding or due to gas lifting. The liquid
caused a mess in the vent header.

3. Excessive flow through a relief valve lifted an entire bed of ceramic
packings, which later came crushing down. Very few pieces of pack-
ing survived the crash.

Avoiding oversized relief devices also minimizes the environmental
nuisance of a discharge, safety hazards of atmospheric discharges, and
lowers the cost of the relief device and the vent system. These consid-
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erations are most important if the column contains toxic, flammable,
or noxious chemicals.

The following are recommended for determining the incentive for
reducing the discharge rate.

1. A flooding calculation should be performed assuming that vapor
flow through the column equals the relief device discharge rate, re-
lief pressure, and the normal liquid rate (or a higher liquid rate
that may be experienced during an upset that can cause a dis-
charge. Note that the relief valve discharge rate will be the same
regardless of the cause of overpressure). If the calculation indicates
that flooding is likely to occur, there is an incentive to reduce dis-
charge rates.

2. A check should be carried out to determine whether pressure drop
under discharge conditions (see 1 above) is high enough to uplift
trays, packings, or packing retaining devices. If it is, there is an
incentive for reducing discharge rates or increasing the uplift re-
sistance of the trays.

3. The impact of reducing the discharge on the environment, safety,
and vent header costs should be considered. If significant, there is
an incentive to reduce discharge rates.

4. The list of techniques for reducing discharge rates (below) should
be reviewed. Often, a simple and low-cost technique can drastically
reduce the discharge rate requirement.

5. The cost incentive for reducing discharge rates is greater when the
relief devices are large.

A suitable technique for reducing column relief requirements must
only be implemented if column safety is not compromised. Several
common techniques are listed below; in many applications, some of
these may actually enhance column safety. The suitability of any of
the techniques to a specific service must be examined critically and
thoroughly. In examining this suitability, statutory and regulatory
codes as well as company practices must be followed. The following
techniques are often applied for reducing column relief requirements
(Fig. 9.4).

1. Increasing column mechanical design pressure: This is one of the
most effective techniques in cases where credit can be taken for a
temperature pinch (see Sec. 9.4). When a close-boiling mixture is
distilled, and the reboiler operates at a relatively small AT, a mod-
est increase in column pressure can drive the reboiler AT to zero
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(i.e., to a pinch). This can effect a severalfold reduction in the col-

umn relief requirement.

This technique not only lowers the discharge rate but also the
probability, frequency, and duration of discharge, because the dif-
ference between the relief pressure and the normal operating pres-
sure is enhanced. In atmospheric and low superatmospheric pres-
sure services, a higher pressure rating of the column also permits
higher throughput (80, 195 197-199) and flexibility (93) during

normal operation.
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The main disadvantage of this technique is that in many cases
(particularly with wide-boiling mixtures), its effectiveness in re-
ducing relief discharge rate may be limited. This technique can
also be expensive when column pressure exceeds 100 to 150 psig.

However, in many applications, the reduction in vent header and
protective relief equipment, together with the lower probability
and frequency of discharge, can justify this technique. The author
has experienced one case with a high-pressure, close-boiling system
where the reduction in vent header and protective equipment cost
was by itself sufficient to pay for the required increase in column
design pressure.

In many instances, column shell thickness is independent of col-
umn pressure below 100 to 150 psig. In this pressure range, the cost
penalty for increasing the mechanical design pressure is often mar-
ginal and can be easily justified. It is then a good practice to in-
crease the mechanical design pressure to the maximum that can be
accommodated without increasing shell thickness (93).

2. Restricting heat input to the reboiler: This can be achieved by add-
ing a restriction orifice or a short length of narrow-bore pipe in the
heat input line to the reboiler, or a valve limiter to the heat input
control valve. Alternatively, a pressure controller can be installed
in the heat input line (in addition to the normal heat input control-
ler). Restricting heat input is most effective when heat input fail-
ure sets column relief requirement. Two cases have been reported
(60, 414) where adding such a restriction orifice drastically reduced
column relief requirements. Precautions are required to assure
that the restriction orifice is not removed or resized in the future
without resizing the relief device. Further discussion is in Sec. 9.4.

3. Control modifications: The control system can be modified to avoid
opening the heat input control valve in case of a failure. Two inci-
dents have been reported (414) in which the column automatic con-
trol system opened the heat input control valve during a coolant
failure. In each case, the relief requirement was substantially
greater than it would have been had the heat input controller
stayed at its initial opening. In both cases, heat input was con-
trolled by column AP (Fig. 9.4). Problems may also occur when heat
input is controlled by bottom or reflux drum level.

Figure 9.5a shows another control system that can increase heat
input to the reboiler if the bottom pump fails. Pump failure will in-
terrupt column vapor flow, the column will dump, and the temper-
ature controller will increase the furnace fuel. Unless a reliable
trip system (discussed below) is installed, the furnace will over-
heat. In one incident (239), resumption of circulation caused rapid
vaporization, which resulted in a pressure surge that dislodged
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trays. Note that this type of problem, while most likely to occur
with a fired heater, can also occur with other forced-circulation
reboilers. Figure 9.5b shows an alternative control system that
tends to reduce the heat input upon bottom pump failure. Unfortu-
nately, locating the temperature controller as shown in Fig. 9.5b is
not always desirable for control reasons (Sec. 18.2, 18.3). In both
schemes, a high-reliability trip system (on high temperature or low
flow) is required to positively prevent furnace overheating, but the
system in Fig. 9.5b will provide better protection should the trip
fail.

Modifications of the control system to reduce heat input upon
failure can help reduce the probability, frequency, and duration of
discharges, but cannot be relied on for reducing the discharge rate
requirements (60). In one case, such a controller was tuned too
slowly to be effective (60); in other cases, it may be operated on
manual control.
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4. Tripping heat input to the reboiler: The use of a single temperature
or pressure cutoff cannot be relied on for tripping heat input (60); it
may not function when the failure occurs. Two incidents have been
reported (239), one where a pressure trip failed to operate and
avoid overpressure, the other where a temperature trip behaved
similarly. The use of two temperature or pressure cutoff switches,
with one of them sufficient to trip the heat input, is more reliable,
but is generally not recommended because it is likely to induce spu-
rious trips. One satisfactory system that can often be relied on for
reducing the relief requirements (60, 414) includes three or more
(redundant) switches, with a “voting” system. This may be expen-
sive, but the expense can often be justified.

If a number of cutoff switches are used, they must be installed on
separate nozzles and be completely independent. Otherwise, if the
nozzle is plugged or the nozzle block valve inadvertently shut, all
switches will simultaneously become inoperative. In such cases,
they cannot be relied on to lower column relief requirements. The
switches must also be regularly tested to be reliable.

The main disadvantage of even the best of the techniques of trip-
ping heat input to reboilers is that they are generally somewhat
less reliable than relief valves. They may also incur spurious trips,
and at times cause unnecessarily large upsets. There are also situ-
ations for which their effectiveness may be limited.

It has been recommended (225) that if a trip system is used in-
stead of a relief valve, it should be designed for a reliability 10
times that of the latter. Guidelines for evaluating this reliability
are described elsewhere (225).

5. Providing secondary relief at a lower pressure: A relief device is
usually sized to accommodate the failure that is expected to gener-
ate the largest relief discharge rate. This failure may rarely occur,
and even when it does, quick operator intervention may reduce the
discharge rate. However, once the relief device is sized for this fail-
ure, it will discharge this flow rate each time it opens.

Providing a secondary relief device, at a pressure of about 10 psi
less than the main relief device, can reduce the probability, fre-
quency, and duration of discharge through the main relief device to
such an extent that it would practically never open.

The secondary relief device is usually sized to a much lower dis-
charge rate than the primary. The secondary relief device can be a
safety valve, a bursting disk, an automatic pressure-controlled vent
valve, or a high-pressure switch that opens an automatic vent. If the
secondary device is a relief valve or a bursting disk, credit for its rate
of discharge can be taken when sizing the primary relief device.
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The practice of using multiple relief devices at staggered settings
is one of the most desirable applications of this technique (10). This
practice reduces relief valve size, thus reducing leakage, valve
chatter, and seat damage. It also lowers the reactive thrust at re-
lief. Further discussion is available elsewhere (10).

A secondary relief device on the reflux drum may be particularly
useful for sweeping noncondensables out of a partial condenser dur-
ing a failure (e.g. Fig. 9.3) if the main relief device needs to be lo-
cated upstream of the condenser (Fig. 9.3, location A). The princi-
ples are discussed in more detail in Sec. 9.5

If the column has a total condenser operating close to its maxi-
mum capacity, a secondary relief device, preferably an automatic
high-pressure vent, is most beneficial. In one column that did not
contain such a device, the relief valve lifted each time a significant
amount of lights entered or accumulated in the column (239).

In some cases, a secondary relief device can discharge into a low-
pressure system (e.g., fuel gas). This minimizes product loss. An au-
tomatic pressure-controlled vent is most suitable for this purpose.
This technique can only be applied when the secondary discharge
rate is small enough not to upset the low-pressure system. The sec-
ondary relief device must be carefully sized accordingly.

The main limitation of the secondary relief techniques is that
some probability of experiencing the full relief load still remains.

6. Miscellaneous techniques are effective for reducing the probability,
frequency, and duration of column discharges: These include im-
proved operator instructions and operator training; smooth opera-
tion; regular testing of switches, alarms, trips, and controller ac-
tion; a strategy of keeping column pressure at the minimum
possible (either by judicious trimming or by automatic or computer
control); provision of additional alarms, instrumentation, or com-
puter controls. None of these techniques is considered sufficiently
reliable to reduce the relief device discharge requirements. Other
techniques may be effective for a specific type of failure, e.g., im-
proved fireproofing of the column base, or installing a spare
turbine-driven reflux or cooling water pump which automatically
cuts in case of electric failure.

98 Emergency Depressuring Vents

If column metal overheats beyond its safe working temperature, the
column may burst at the overheated area at pressures lower than the
relieving pressure. Overheating may occur when the column wall is
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exposed to an external fire. The internal liquid will cool the metal and
provide some protection against overheating, but it will do so only
where the wall is wetted (e.g., the bottom sump or immediately above
the tray). Metal in the column vapor spaces is not protected by inter-
nal liquid cooling and may overheat and rupture.

Water spray and deluge systems, as well as fire insulation, are com-
mon techniques for overheating protection. Various techniques are
also used for preventing the initiation and spread of fire. These con-
stitute a portion of the plant fire prevention system, and are outside
the scope of this book. Some discussion is available in API's standards
(9, 10).

One technique for overheating protection which is often incorpo-
rated in column design is the provision of a locally and/or remotely
operated emergency depressuring vents. An overpressure relief valve
will not depressure the column; it would merely ensure that the col-
umn relief pressure is not exceeded. If there is a danger of rupture (or
a massive leak) at a pressure lower than the set relief valve pressure,
the emergency depressuring vent is operated. The vent must be pro-
tected against fire, discharge to a safe place, and be operable for the
duration of the emergency.

Emergency depressuring vents are commonly sized to reduce col-
umn pressure to 50 percent of the column design gage pressure within
approximately 15 minutes (10, 45). This criterion is based on the re-
sistance of column wall to rupture when its thickness exceeds or
equals 1 in. The required depressuring rate depends on the wall thick-
ness, metallurgy, and rate of heat input from the fire. Several alter-
native criteria for setting the depressuring rate are discussed by API's
RP521 standard (10). One popular alternative is sizing the vent to re-
duce column pressure to 50 percent of the column gage pressure or 100
psig, whichever is lower, within 15 minutes (10, 79).

In order to achieve the required depressuring rate, the emergency
depressuring vent must remove any vapor generated during the emer-
gency. This includes liquid boiled by the fire and liquid flash due to
pressure reduction. The calculation often assumes that other vapor-
generation sources (e.g., feed, reboil) are ceased during the fire (10).
Allowance must be made for the change in vapor density upon
depressuring. The sizing procedure is detailed elsewhere (10, 79).



Chapter

10

Column Assembly
and Preparation
for Commissioning

The column assembly and precommissioning period is most critical for
assuring trouble-free operation. This is the last chance to detect any
design or fabrication errors prior to startup. Flaws remaining hidden
are likely to bring about poor performance and even mechanical dam-
age. The prestartup cost and effort of rectifying flaws is often negligi-
ble, becoming enormous following the startup. In addition, new faults
incurred during this period are extremely difficult to identify. Unlike
the fabrication and design phases, which are usually well-documented
by drawings, specifications, and correspondence, few (if any) records
are kept of the assembly and preparation phase, or of differences be-
tween the “as-built” column and its drawings. If the column performs
poorly, there is often a scanty basis for suspecting an assembly error.
Nevertheless, a decision to shut a column down and reinspect it often
hinges on this basis. A premature shutdown is extremely costly, and
may turn out most embarrassing if it fails to cure the problem.

This chapter reviews the common assembly, installation, and in-
spection practices; outlines the preferred practices; and highlights the
consequences of poor practices. It also supplies guidelines for avoiding
pitfalls during assembly and preparation for commissioning.

10.1. Preassembly Dos and Don’ts for Tray
Columns

Inadequate preparation of trays prior to installation may prolong the
installation period and may adversely affect column performance. The
guidelines below (192, 268, 274) can help avoid these problems.

253
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1. It is important to ensure that adequately detailed installation
drawings are available prior to assembly.

2. The tray manufacturer should be required to identify all parts
clearly and to pack them separately for shipment.

3. Tray parts should never be removed from the crates prior to instal-
lation. Premature removal can lead to rusting, dusting, or loss of
tray components. The crates should be stored in a dry, covered
area.

4. Valve tray panels should never be shipped or placed “legs to legs”
or “cap to cap” in order to prevent interlocking of valve units. Pan-
els with interlocking valve units are extremely difficult to separate
without damaging the valves (274).

5. Use of masking tape as flange covers should be banned. In one in-
cident (2083), erratic reboiler action resulted from a piece of mask-
ing tape left in a reboiler flange. Plastic flange covers are better,
because these must be removed before bolting.

6. It is a good practice to order about 10 percent spares on nuts, bolts,
or clamps in case some become damaged or lost. In some fouling or
corrosive services, a larger percentage of spares is often stocked. In
such services, spare trays are sometimes justified in order to mini-
mize downtime (268).

7. Construction supervisors should be made aware of the functions of
column internals and of any unique requirements of the service.
For instance, if leakage is to be minimized, the construction crew
should be made well aware of this need. They should also be alerted
to the common installation traps that deserve specific attention
(Sec. 10.9).

8. A mock-up tray installation outside the column prior to assembly is
a valuable training tool for familiarizing the installation crew with
tray parts and the installation procedure (268).

9. Before any work inside the column commences, it is essential to
take steps for preventing small parts such as nuts and bolts from
finding their way into downstream equipment, such as pumps, heat
exchangers, and control valves. In one case (145), a column bottom
pump frequently lost suction because a leftover piece of rope ladder
reached its inlet and lodged there. Temporary plugs in the column
base and some drawoffs can effectively prevent such incidents. It is
important to positively ensure that these plugs are removed prior
to startup.

Alternatively (or in addition), temporary strainers can be in-
stalled in outlet lines, especially those feeding pumps. Strainers
alone are less effective than plugs, because some debris can pass
through strainers or damage strainer elements by impact and then
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pass through them. In one case (364) strainers broke due to block-
age by debris, and pieces of strainer casings damaged the pumps.
Strainer casings should be of adequate mechanical strength to
withstand pump suction when fully blocked.

10.2 Preassembly Dos and Don’ts for
Packed Towers

Inadequate preparation of packing prior to assembly may prolong the
installation period and adversely affect column performance. The
guidelines below can help avoid these problems. Guidelines 1, 3, and 4
primarily apply to random packings; guidelines 2 and 5 to 7 apply
both to random and structured packings.

1. New packings often have a thin oil coating. The oil may be lubri-
cants used in the packing press or an oil film used to inhibit pack-
ing corrosion during shipping or storage. When carbon steel
packings are transported by sea, an oil coating is often essential
(e.g., 148). This oil coating may inhibit the formation of liquid film
on the packing surface, particularly in aqueous systems. Some lu-
bricants may also cause foaming in high pH aqueous systems. The
oil is also a fire hazard during hot work or hot commissioning/
startup operations.

It is important to be familiar with the nature of the oil and to
adequately plan for removing it. It is best to seek the manufactur-
er's advice on the preferred removal procedure. Alternatively, the
manufacturer can be requested to use a water-soluble lubricant in
the press, which can be washed prior to startup, or to degrease the
packing with solvent after pressing. Premature removal of the oil
may cause corrosion, and should be avoided.

2. Packings should be stored in a dry, covered area. Packings may cor-
rode or oxidize rapidly if left standing in the rain, or may collect
dust if oil-coated. Plastic packings may also be attacked by ultra-
violet trays, and should be protected from sunlight.

Drums used for packing storage should be cleaned free of foreign
material that may chemically attack packing or stick to packing
surfaces and later inhibit liquid film formation, or cause undesir-
able effects (e.g., foaming). Oversized containers are hazardous to
workers lifting them, and should be avoided.

3. Both new or reused ceramic packing should be screened to remove
broken pieces. There were cases (219, 220) where up to 40 percent
of the ceramic packings were damaged during transportation. Ex-
periences of damage to ceramic packings during service have also
been reported (34, 74, 145, 203, 257, 349). Figure 10.1 shows a few
samples of ceramic saddles fresh from shipment. The breakage
(Fig. 10.1a) consists mainly of chipping at the corners
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(219). The large pieces can still be used, but the chips are likely to
lower column capacity and increase its pressure drop. Screening must
be performed and watched carefully, otherwise it may cause more par-
ticles to break than it removes. In one case (219), it was found neces-
sary to pick chips out by hand. Figure 10.15 shows the size nonuni-
formity of saddles of a single nominal size from a fresh shipment.

4. A spare packing volume of about 10 percent (in case of ceramic
packings, about 20 percent) should be ordered. The packing volume
supplied is normally based on the volume of the supply containers.
The packings are usually supplied in 1- or 2-ft® boxes or 25-ft> ship-
ping containers; when these are e