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The production of formaldehyde still relies on the chemical process developed nearly 50 years
ago. Nearly 70% of new installations in the US utilize a metal oxide catalyst to form
formaldehyde by the oxidation df methanol

CH,0H +'2 0, —HCHO

Process 1

In this process shown above, vaporized methanol is mixed with air and recycle tail gas and
passed through catalyst filled tubes in a heat exchanger reactor. Heat released by the exothermic
reaction is removed by vaporization of a high-boiling heat transfer fluid on the outside of the
tubes. Steam is normally produced by condensing the heat transfer fluid. Product leaving the
bottom of the reactor is cooled and then transferred to the base of an absorber. Formaldehyde
concentration in the product is adjusted by controlling the amount of water added to the top of
the absorber. A product of 1 to 55% formaldehyde can be produced. Byproducts in the reaction
include CO, CO, , dimethylether, and formic acid. The latter is removed by 1on exchange. Plant
yields between 88 — 92% are reporied.

Reference; “Kirk-Othmer Encyclopedia of Chemical Technology”, Vol. II, p. 929, J. Wiley, New
York, 1994

Process 2

A feed mixture is generated by sparging air into a pool of heated methanol and combining the
vapor with steam. The mixture passes through a superheater to a catalyst bed of silver crystals or
layers of silver gauze. The reactor product is rapidly cooled in a steam generatu;' followed by a
water-cooled heat exchange and then fed to the bottom of an absorption tower. Most of the
methanol. water, and formaldehyde is condensed in the water-cooled bottom section of the
absorber. Almost complete removal of the remaining methanol and formaldehyde from the tail

gas occurs at the top of the tower by countercurrent contact with the process water. Absorber



bottoms go to a distillation column where methanol is recovered for recycle to the reactor. The
bottoms stream from the distillation tower is usually sent to an anion exchanger which reduces
the formic acid to specifications. The product contains up to 55% formaldehyde and less than
1.5% methanol.

Reference: J.H. Martin and M'T. Butter, Oil & Gas J. 72, 71(Mar. 11, 1974).

Process 3
Another process to produce formaldehyde involves the partial oxidation of methane. The
incentive for such a process is the reduction of raw material costs by avoiding the capital and
operating expense of imtially producing the methanol from methane. In this process methane gas
is mixed with excess air, preheated to around 600°C and fed into a vertical, tubular reactor with a
conical bottom, filled with ceramic packing saturated with a K;B4O; solution. The conversion of
methane depends on the temperature of the feed mixture and its content of nitrogen oxides. Exit
gases are rapidly cooled to 400°C in a tubular shell condenser with water. The gas is further
cooled to approximately 33°C in a heat exchanger and transferred to a scrubber where
formaldehyde is absorbed in a dilute solution of formaldehyde solution to provide formaldehyde
of the desired concentration. Since energy requirements are quite high, the processing plant is
best coupled with a cheap source of power.
Reference: M. Brown and N. Parkyns, Catal. Today 5(3), 305 (1991).

J. Hargreaves, G.Hutchings, and R. Joyner, Nature 348, 28 (Nov. 1990).
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A general outline showing the sequence of steps in the development of a formaldehyde plant s

shown below:
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Recognition of economic opportunity — this can come from a variety of sources. Technical
services may recognize a customer’s need in a resin or adhesive. Market research may uncover

another use of formaldehyde as a feed product or intermediary requirement in a process.

Conception of one of more ideas — again this can come from a variety -of sources, namely, the
chemist, process engineer, plant operator, technical service personnel, maintenance crew, etc.
The idea can be one of an entirely new process like the utilization of natural gas for a raw
material (see Problem 3-1) rather than methanol. On the other hand, the idea can involve a
change in operating conditions and arrangement of equipment while using the same raw
materials as demonstrated by the Formox process developed by Reichhold Chemicals (see
Hydrocarbon Process., 44(11), 215 (1965) or the Montecatini process (see Hydrocarbon
Process., 44(11), 216 (1963).

Analysis — this step requires the greatest technical interaction on the part of the design engineer.
For the production of formaldehyde this step includes the following considerations:
1. Raw materials (availability, quantity, quality, cost)
2. Thermodynamics and kinetics of the chemical reaction of, for example, the Formox
process |

2CH,0H+0, —» 2HCHO+2H,0

in terms of equilibrium, yields, rates, optimum conditions, etc.

3. Facilities and equipment available and what must be purchased

4. Estimation of production costs and total investment for various alternative designs

S. Profits (probable and optimum per kilogram of formaldehyde as well as annually,
return on investment)

6. Matenals of construction

7. Safety considerations



8, Markets (present and future supply and demand, present uses, new uses, etc.)
9. Competition (overall production statistics, comparison of various manufacturing
processes, product specification, e.g. 37% formaldehyde)
10. Properties of formaldehyde, properties of byproducts, disposal of waste products —
this can be rather dificult in the case of the formaldehyde process.

11. Sales and sales service

12. Shipping restrictions, labeling, container selection

13. Plant location

14, Patent situation and legal restrictions
The analysis step may indicate that there is insufficient data which may require additional
research. The analysis step involves the development of a preliminary design. This may lead to
rejection of the entire project or it may initiate the development of additional new ideas. The
latter should undergo further critical analysis to determine whether these, in turn, are feasible and
should be pursued further or also rejected.
Detailed design — the following factors should be established within narrow limits before a
detailed design is performed:

1. Selected process
Material and energy balances
Temperature and pressure ranges
Raw material and product specifications
Yields, reaction rates
Materials of construction

Utilities requirements

S R U

Plant site
If the detailed design indicates a profitable venture that meets the return criteria set forth by
company managers, a recommendation will be made to go ahead with the construction if funds

are available.



Construction — the final design should be developed in such a manner that items requiring the
longest time for completion can be started first. Careful coordination between the design
engineer and the contractor will help minimize construction delays and assist with more orderly
plant startup. Detailed operating procedures need to be developed not only for startup
procedures, but also for eventual continuous operation. Durning operation, engineers and
operating personnel should be encouraged to continuously monitor the process to see where the

process can be improved or simplified.
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Information needed for the design:
Raw materials — chemicals involved, stream capacities, thermal properties of materials, physical
properties of materials, temperature, pressure, material concentrations, environmental hazards

Product — some considerations listed for the raw materials above, product punty, build-up of

byproducts

Reactor — rate expression, conversion under various operating conditions, heats of reaction,
thermal and physical properties of entering and exiting materials, temperature, pressure, stream

capacities

Cooler — quenching temperature, vapor-liquid equilibria, heat load, thermal and physical

properties



Distillation column — vapor-liquid equilibria, heat of vaporization, thermal and physical
properties, stream capacities, temperature, pressure, reflux ratio, plate efficiency, stream

capacities

Condenser and reboiler — heat of condensation and vaporization, heat loads, thermal and physical

properties, temperature, pressure, heat transfer coefficient, siream capacities
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Acetylene is currently produced by the thermal cracking of hydrocarbon feeds. This thermal
cracking requires considerable quantities of energy since the reactions are strongly endothermic.
Further dissociation into carbon and hydrogen of all hydrocarbons begins at relatively low
temperatures. Thus, the reactions must be allowed to proceed very rapidly and quenched very
quickly to stable temperatures.

One method of distinguishing between processes for acetylene production 1s by the manner in
which the energy for cracking is supplied.

I. Regenerative method

This method involves periodic cycles of heating a hot surface of ceramic materials and then
cracking the hydrocarbons on these hot surfaces. An example of this method 1s the Wulif
process. High purity acetylene 1s possible from a feedstock of ethane to gas oil. Byproducts are
an aromatic distillate fraction and a hydrogen-rich off gas. The reaction is a vapor phase reaction
in the presence of steam. Low conversion between 12 to 32 wit% is a major drawback of this
method. Also, startup and shutdown are quite long compared to some of the other processes.

2. Partial oxidation

Acetylene is obtained from the incomplete combustion of methane. Oxygen and natural gas are
reacted and about one-third of the entering methane i1s cracked and the rest 1s combusted fo
provide the necessary heat for the cracking process. The yield based on the carbon in the natural
gas is usually about 31 wt%. The process generates considerable soot (carbon) that must be

removed continuously for good operation. The process is licensed by BASF.

3. Two-step procedure
This process involves the generation of combustion gases at about 1500K and subsequent
injection of hydrocarbons into these hot combustion gases. The feedstock normally is naptha cuts



to middle distillates. High purity acetylene is obtained with a high yield of 50 to 54 wt% from
this feedstock. The process generally is identified as the Hoechst HTP process.

4, Submerged-flame process

In this process the reaction between hydrocarbons and oxygen occurs in a submerged-flame
burner where the burners remain submerged in oil during operation. The burner projects a flame
into which oil and oxygen are fed. Combustion and cracking of the oil takes place at the
boundaries of the flame. The gases are rapidly quenched by the surrounding oil which is
continuously cooled. The feed is crude oil rather than natural gas. The process is designed to
recycle the soot and combust it in the burner. Product yields are in the same range as those

obtained for processes that use the light hydrocarbons for feed stock.

Since the flowsheets for all of these four processes are readily available in the literature along
with useful information on the operating details and procedures, they will not be reproduced
here. Some of the earlier references to the processes listed above provide much more useful
information than is available from later references. Accordingly, these references are listed rather
than the more recent references.

Regenerative method: Hydrocarbon Process. 46(11), 139 (1967)

Partial oxidation: Hydrocarbon Process. 48(11), 142 (1969)

Two-step procedure: Hyvdrocarbon Process. 46(11), 138 (1969)

Submerged-flame process: Chem. Eng. 76(3), 82 (1969)

B e

The choice of one process over another 1s largely dependent upon the projected needs. The
availability of feed stocks, the desired product purity, and byproduct marketability will be
overriding considerations. As noted above, one basic difference is the form of energy input. The
availability of one form of energy over another could make one process more attractive than
another. The licensing and fees requirements could also provide advantages of one process over

another. The principal design problems involve the chemical reactions and energy requirements.



The latter will be a major part of the operating costs and will be reflected in the sales price.
Material and energy balances around the reactor or burner will be necessary. However, complete
kinetic data for these complex reactions will probably not be available. In the case of these well-

known processes, the information needed would be available from the licensor.

The other area of concern in all of these processes is in the separation reaction. Most require the
use of selective solvents. The mass transfer calculations for these solvents would be needed.
Again, data would be available from the licensor, though approximations can be made with

today’s sophisticated computer software.

There are many similarities in the various separation techniques. Thus, comparison of the
processes can provide economic information in some cases without making an actual detailed

cost estimate.
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Some of the most important and widely employed processes for ethylene production utilize
thermal cracking of a hydrocarbon feed stock in the presence of a steam atmosphere. As noted in
the preliminary design in Chapter 3, the ethylene process based on thermal cracking consists
basically of four distinct ptocess units, namely (1) thermal cracking and quenching, (2)
compression and acid gas removal, (3) subcooling and product separation, and (4) refrigeration.

Selection of a feed stock for an ethylene plant is primarily dependent on feed stock availability,
relative feed price, yield structure, plant construction cost, as well as the sale price for the
byproducts. The thermal cracking of ethane and propane by the fixed tubular heater is the most
common process in the United States, and the thermal cracking of naptha by the fixed tubular

heater is the most common process in Europe and Japan.

The capital cost of an ethylene plant increases as the molecular weight of the feed stock increases
since the ethylene yield decreases with increasing molecular weight. In theory, an ethylene plant
can be designed to process a full range of feed stocks from ethane to gas oil. However, in
practice, complete feed stock flexibility to cover so broad a range is neither technically practical

nor economically attractive because of various constraints in equipment design.

Distribution of product yields depends on the type of feed stock, hydrocarbon partial pressure,
residence time, as well as cracking severity or coil outlet temperature. Typical yield distribution
patterns for a variety of feedstocks 1s shown in the table below. The cracked gas recovery section
in an ethylene plant is complex and allows a variety of possible flow schemes. In the separation
section it is necessary to separate hydrogen and methane fractions, high-purity ethylene and
propane, ethane and propahe fractions, Cy4s and gasoline. The design must provide for removal of
acetylene and methyl acetylene/propadiene (MAPD). For the separation process, there are
maximum temperature limits to prevent polymerization fouling, and minimum temperature limits
to prevent hydrocarbon freezing or hydrate formation. Within the separation process, there are

several possible variations. Acetylene can be removed from the cracked gas stream in the



Typical pyrolysis yields of ethylene plant feedstocks (in mass percent).

Feedsiock | Ethanme | Ethane | Propane | Propane | n-Butane | Isobutane | n-Pentane | Isopentana | Naphtha | Naphtha | Kerosene | Gas Oil G{zrs D}H
e
Conversion® | 50 &0 75 20 95 g2 o5 85
Sevarity Mediim High High High High
Comp. Yield
H; 306 | 355 1.08 1.29 1.0 1.38 0.8 0.9 0.63 0.8 0.63 0.65 0.47
CHy 2.6 4.2 18.83 247 21.8 236 17.52 20.6 11.7 15.3 11.4 10.6 7.9
CaHg 012 | 0.25 0.17 0.33 0.4 0.46 0.55 0.42 0.3 0.75 0.37 0.35 0.2
CaHs 4165 | 48.2 25.0 34.5 35.8 10.3 36.5 17.95 24.0 9.8 232 24.0 19.5
CaHe 500 | 40.0 5.15 4.4 5.1 073 5.6 3.2 3.9 3.75 3.4 3.25 2,83
CaHa 0.1 0.02 0.22 0.34 0.55 2.45 0.95 1.7 0.76 1.4 0.85 1.0 0.38
CaHs 0.89 1.11 18.86 13.96 16.4 212 18.8 18.0 15.75 14.1 13.8 14.45 11.3
CaHs 014 | 017 25.0 10.0 0.15 0.33 0.55 0.55 0.41 0.25 0.45 0.45 0.36
CaHg 0.5 1.07 1.05 2,65 3.4 1.84 3.7 4.6 4.6 4.85 4.4 4.7 5.5
CaHa 028 | 0.21 1.28 1.0 1.7 16.7 26 14.38 6.85 4.2 4.0 4.5 4.88
CaHie 035 | 027 0.07 0.05 5.0 8.0 0.1 0.1 1.0 0.25 0.1 0.1 0.09
Css 0.2 0.27 1.43 1.81 1.65 212 6.1 7.5 5.0 2.3 3.0 33 5.0
CeHe g.2 0.48 1.09 22 258 3.42 1.8 4.1 3.15 6.3 7.2 58 4.16
CrHs 0.03 0.06 0.33 0.48 1.12 1.51 0.6 1.25 4.4 4.9 4.0 3.15 25
CaHy 0.45 067 0.1 025 2.65 2.0 22 1.2 1.28
CaHug 0.06 0.15 0.52 0.7 0.75 0.7 0.5
Ce-Ca PON" 0.14 014 1.44 1.2 3.18 0.1 0.1 8.8a 2.0 1.8 1.8 20
Ce-200° C 1,48 1.75 3.75 2.8 4.85 2.4 2.0
Fuel oil 0.3 0.85 1.7 1.99 1.09 1.5 1.8 3.8 135 17.6 29,15

* PON {Paratfin, Olafin, Naphthens),




presence of the hydrogen produced in the furnaces or from a concentrated demethanized and
depropanized C; cut. Such process arrangements are identified as the front-end demethanizer, the
front-end deethanizer, and the front-end deproponizer scheme. They are briefly described below.

Front-end demethanizer
In this scheme the dried cracked gas is chilled and sent to the demethanizer/cold-box system as

shown in the attached figure. The demethanizer bottoms are sent to the deethanizer. The
overhead from the deethanizer is hydrogenated to remove the acetylene. From the acetylene
converter, the ethylene-ethane stream passes to the C; splitter. The deethanizer bottoms are sent
to a depropanizer which separates the C; components from the heavier C4 components. The
overhead from the depropanizer is fed to a methyl acetylene/propadiene hydrogenation reactor.
A C; splitter separator separates the propylene from propane. The bottoms stream from the
depropanizer passes to a debutanizer where the C; fraction i1s separated as an overhead from the
Cs and higher components.

Front-end deethanizer

As noted in the figure showing the front-end deethanizer, the cracked gas is dried and chilled
before it is sent to the deethanization section. Overhead from the deethanization section is
compressed and sent to a front-end acetylene reactor where acetylene is hydrogenated to
ethylene and ethane. Following the acetylene reactor, the C; and lighter components are chilled
and sent to the demethanizer which separates methane and hydrogen from the heavier
components, Hydrogen and methane are separated in the cold-box, while the demethanizer
bottoms are fractionated in the C, splitter to produce ethylene product and ethane for recycle.
The bottoms from the deethanizer are depropanized, and the mixed Css are sent to the methyl
acetylene/propadiene reactor for hydrogenation. The C; reactor effluent goes to a C; splitter to

produce polymer grade propylene and propane for recycle.
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Front-end depropanizer

The cracked gas in this scheme shown on the next figure is compressed before being caustic-
washed and dried. The dried cracked gas is sent to the depropanizer where the overhead is
compressed. It then goes to a front-end acetylene reactor where the acetylene is hydrogenated to
ethylene and ethane. After hj;?‘drugemﬂum the gases are partially condensed to provide reflux for
the depropamzer. The net overhead liquid and vapor, which contain the C; and lighter
components, go forward to the demethanizer prechillers. The net C; and lighter stream from the
depropanizer are fractionated in the demethamzer, with the resulting bottoms stream being
further fractionated in a deethanizer to a methyl acetylene/propadiene hydrogenation reactor, The
reactor effluent is sent to the C; splitter.

In addition to the location of the demethanizer, deethanizer, and depropanizer, the location of the
reactor for hydrogenating the C; and C; acetylenes is dictated by the scheme selected. In both the
front-end deethanization and front-end depropanizer separation schemes, the C; acetylene
hydrogenation converters are located ahead of the cracked gas chilling train and demethanizer.
By contrast, in the front-end demethanization scheme, the acetylene converter follows the
demethanizer and deethanizer. In this scheme, the hydrogen in the cracked gas has already been
removed in the gas chilling train and demethanizer and an external addition of hydrogen is
necessary in the acetylene converter. However, hydrogenation of the C; acetylenes in all

schemes requires an external addition of hydrogen.

Separation of the ethylene-ethane mixture also provides several choices. This separation is
commonly achieved in a high-pressure column, utilizing close-cycle propylene refrigeration.
This process can also be carried out by low-pressure fractionation, using open-cycle ethylene
refrigeration. Alternatively, the selection can also be achieved with absorption using highly
selective solvents. The latter separation technique 1s seldom used. However, the low-pressure
fractionation has received some support since the relative volatility between ethylene and ethane
is higher and the separation is easier, resulting in a lower reflux ratio and fewer trays than in the
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high-pressure column. However, this fractionation scheme requires the use of ethylene
refrigeration instead of propylene refrigeration. Both fractionation schemes have advantages and
disadvantages. For example, the lower design pressure reduces the wall thickness of the column
with a resultant cost saving. ‘Flnweve:r, this cost reduction is offset by the higher material cost of

equipment and piping due to the lower design temperature.

A good example of the front-end demethanizer scheme 1s the licensed processes developed by
the M.W. Kellogg Company, Hydrocarbon Process. 68(11), 102(1989), and by the Stone and
Webster Engineering Company, Hydrocarbon Process., 64(11), 137(1985). The process
developed by Linde A.G., Hyvdrocarbon Process. 64(11), 137(1985) for producing ethylene from
hydrocarbon liquids is an example of the deethanizer scheme. The advantages and disadvantages
of these processes are listed below. (Other advantages and disadvantages of these processing

schemes were listed earlier.)

Kellogg scheme advantage:

High olefin yields due to the very small (less than 0.1 second) reaction times in the pyrolysis
furnace unit. Process handles feeds ranging from ethane to vacuum gas oils. Provides ultra-
purified hydrogen stream for catalytic conversion. Generates excess high pressure steam for use

elsewhere in a multi-purpose plant.

Kellogg scheme disadvantages:
Steam pyrolysis is performed at temperatures higher than most other ethylene processes creating

more coking potential. Process requires two separate water quench exchangers.

Stone and Webster scheme advantages:
Handles feeds ranging from gases to liquid hydrocarbons. Process is characterized by a highly
selective pyrolysis coil. Steam pyrolysis temperature not as high as the Kellogg process reducing



the coking potential. Operating history of quench exchanger shows it to be basically non-fouling.

Removes acid gas with patented amine process.

Stone and Webster scheme diéadvamages:
Requires an oil quench (with liquid feed stocks) and also a water quench. Ethylene yields slightly
less than that obtained with the Kellogg process.

Linde AG advantages:
Feed is cracked in more conventional tubular furnaces which can be adapted to meet specific
requirements of high capacity, high severity, or high selectivity. Recompression of cracked gases

is to a lower pressure than other processes.

Linde AG disadvantages:

Operates only on hydrocarbon liquids. Requires an oil and a water quench.
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The simplified flow sequence for producing acetaldehyde from ethylene is given below:

CaHay

Reaction I"Ill: « . P |
Scrubbing | Distillation  Degasting
i |

Reatneration :

Reaction and regeneration:

The main considerations are the reaction kinetics, equilibrium relations, and heat of reaction, The
relationship of these factors will determine the reactor configuration and the cooling water
requirements. Obviously, physical and thermal data for all the flow streams will be needed.
Catalyst activity with information on its decline with time and reactivation time will be needed

for regeneration design purposes.

Scrubbing;

The equilibrium relationship between the various reactor components and water will be the
important design factor in this unit. Physical and thermal data for all the flow streams will be
needed. Build up of inerts is controlled by a bleed stream. The composition of the latter must be
known to determine the requirements for an auxiliary reactor designed to complete the oxidation
of unconverted ethylene,



Distillation:

The distillation unit requires equilibrium and vapor pressure data for the mass transfer
calculations. Separation of key components must be specified and separation efficiencies need to
be established. Physical and Yhermal data for all the flow streams will again be needed. Heat
transfer coefficients will be required for the design of heat exchangers, condenser, and reboiler.

Degassing:
This unit will require much of the same information that is required for the distillation unit only

with different compositions and flows.

A simplified equipment flow sheet for the acetaldehyde process is given in Hydrocarbon
Process. 44(11), 159(1965). Since this is a proprietary process, only sketchy information is
supplied with regards to temperature, pressure, and stream composition at each piece of
equipment. Some of this information can be deduced from the information supplied for the raw

materials and utilities requirements per short ton of acetaldehyde.
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A simplified equipment flow sheet for the acetaldehyde process i1s given in Hydrocarbon
Process. 46(11), 135(1967). In this variation of the process, the spent catalyst is reoxidized with
air in a separate regenerator. Ethylene is converted to acetaldehyde in a single-pass contact with
the catalyst solution at a sliﬁhﬂy higher pressure than used in a single-stage unit. In a separator
following the reactor, the pressure is reduced and reaction heat vaporizes the acetaldehyde
product from the catalyst solution. The spent catalyst from the separator is pumped to the
regenerator where it is reoxidized by contact with air. A comparison of raw materials and utilities
required for the two-stage acetaldehyde process may be made with that given for an actual
75,000 short ton/year plant discussed in the same reference noted above. Since the solution of
this problem is quite long, it 1s not presented here.
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A process flow sheet for preparing synthesis gas from any hydrocarbon is given below.
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The operating conditions for the synthesis gas process using the given feed stock, a heavy fuel
oil, are presented in an article by S.C. Singer and L.W. ter Haar in Chem. Eng. Progr., S,
68(1961). The material balance may be made either with software programs by ASPEN PLUS or
CHEMCAD and using these operating conditions and the final composition of the crude

synthesis gas.
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In the process an aqueous feed containing the necessary inorganic nutrients is mixed in a vessel
before being sent to the fermentor with a metered amount of paraffinie feed stock. Compressed
and sterilized air serves as the oxygen supply for the growing celis in the fermentor,

The growth of single cells 1s an autolytic process. The exponential growth rate can be maintained
as long as the concentrations of all nutrients are kept above their respective critical values in the
fermenting brew. The ratio of the paraffins to aqueous feedrates need to be maintained as high as
possible. The temperature during fermentation must be kept constant by the careful control of
heat removal.

At steady state, the product stream is continuously removed from the fermentor at a rate equal to
feedrate. The product stream is concentrated in a desludging separator to a paste of 20 to 30%
dry solids. After washing with warm water to remove adsorbed or absorbed hydrocarbons, a
second desludging separator produces a cleaned paste that is further dehydrated in a rotary
vacuum filter. A final drying step in an atmospheric drum dryer reduces the moisture content to
less than 10%, and the powdered product is packaged for the customer.

The potential of using crude oil to produce human or animal-feed supplements has been
recognized since the early 1960s. Many of the problems to accomplish this feat were listed by
Wang in a Chem. Eng. 75(18), 99 (1968) publication. Several of these problems include
separation of straight-chain hydrocarbons from isoparaffins, cyclic paraffins, and napthenes,
development of a continuous non-aseptic processing technique, better understanding of the mass
transfer characteristics of the process, control of the heat of fermentation, establishment of the
required cell separation and purification technique, and improvement of the overal! economics of
the system. A number of these problems have been addressed over the past 35 years and suitable
solutions have been formulated. However, the high demand for crude oil in meeting the world’s
transportation needs has increased the cost for crude oil to such a level that it is impractical to

consider the use of this commodity to produce human or animal-feed supplements.
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The process flow diagram for the production of 1.40 x 10 kg/s of thiophane is presented below

with appropriate temperature, pressure, and heat exchanger duties. The material balance can be

developed with the aid of suitable computer software based on the conditions listed on the flow

sheet.
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The vapor pretsuve of wercury ts obtamed from P;ﬂ-}(; Chewmt-
el th;nttﬂ' l‘-ll.vuil'ﬂﬂ&, Lt ed., p. 31-201 @y

51 Vapor press, bav
10 7.000 X107
e 1.729 x 10
e 3408 x 0" ,
By 1ht¢rtnllllw,'tkt vapoy pressuve of wmeveuvy ot 23°C
2.2 % 10 . Fov low presowves, af aquilebvium, the vaper

phase mol fraction of mevenvy con he obtained with the use
ol Daltows law, ov

ye pe/ P where p = systew presiave of Loty bav

Je 22K Ib"'/ltﬂlﬁ * 27 xot ka mols l"/hﬂ wols awv
\= wols H1/{malt atv + wolt Hg}*mah H,fﬁnh aw
The specrfic veluwe of alv 15 obtniwed frow the rdedl gas ve-

labriow | | RY/p = B2y) 2%.0)/ 101,300 = 2%. 305 m‘/ ka wal

The cown r.e.n‘trnh;u ot I‘l‘ltﬂ.!-lr-f fh atr at quﬂlhﬂuﬁn II;: thein

; 3
c=(207%10°/ 24 ,305)(200,6) * 172 X(O “ko Hy/m

+ 170 mg Ha/ m’
Suiee the PEL( pevmitsible eyposure Jiwit 18 b.lwqﬂjl‘"‘“ar

the tomcemtredion of wierery tm the aur 3ruri.tr excesds tha't

livait and thevefore 15 hot acceptable.

but

Answer
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The dtnq;‘}f of hewmzewe ot 12°C |; %74 kg[m’.'ﬂnt melecu -
tar werght 1o 7.1 kg / kg wel.

Swce the pressure i low 035 Ume the 1deal gas law g
calble to the awv stream '|:|u“t s used for veutilation.

oo (2000w (‘I‘T't_b_ )/“,,

min
- 15'5”. ¥ ip™® k& Mﬁl/mlh

w “RT/pe 2500167k ky wol)f ¢
( hm)( IS S ka,mk}( as k)

appli-

i'hﬂ

27 X157 iy
i‘;’iiﬁﬂb tomplete Hﬂxn-_q of the beuwzene widi the dilutidy
v
““lvnlr ‘@-1-"1“1}" m ﬁ
8 J(10* wiaye fiis
2 ) ( W e/ )
W' Be/min

= LA7T Wty ! WA | A

Aviwer
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This problem has beewn !ilnpﬂ?t!.d Cnhlt.dtmkly with ﬁ-humbnr
of assumptions. Ackually, the eorvosion vate v the \vom (car-

bow steel) over a year is net W a fived oxysen level atwos-
pheve, Tt 15 wost likely it the carvolion ate of wou i3 |i-
mited by the diffusion vate of ocyqen to the tank surtace.

Uneler the Cireumstances, the awnalysis weuld reguive a covve.
ston wodel, inforwation on the itial vate befove covrosion

product buildup, aud need sowte mdication of the diffusivity

of the ovygew tm the covvesion layer, As i clicated 1 the prab-
lewe, the veaction vate 13 o functitn vf the Surface ave \nside

the taunk, For a ?;h-mhﬁgidc)dm;nm Er‘\ththl hhtm;uﬂl
the inside avea 13 Given oy

A- Hnwvte tDF= W(TL) = 1815 w2
Iron covvosidn = (81,5 0127x 167})(7850)

(20,4} /Bes)24): 0.020L5 ko4
2.02065/ S5 = 3.7545% (5 kg mel [k
B.154s X 107%) (1.5 ey wal 0, /2,0 Ly ol Fe)
2.%1L Km“*-ki wel /1

Volume of sphere = (#/9)w 1.{ 2 ﬂbf/f- = '[1*"}'1’9 * 2208 w2

A voom temperatupe (a1.0°C) and {atu, the specific vol-
Ume Wwiide the taunk, nssumxﬁﬂ A tdeal qas, 1%

ve (2.9 29%,2/273,) = 24 147 W[ kg wol alv
The oY Yyqem concentvotion under thete tond itiens s
(0.21) 24,147) = 3,04 ka wol 0y [’

Ter o fipst ovder rucﬁﬁu,

f-:‘.‘.‘.;. «ke  where' ka veaction vate conttont, O«

th&t, owd ¢ = Concentvation

Pﬁf 785D itg fmi

=
=

Up‘*f Tun rate -

—
-,



Whew ¢=%.0atxio lqhml/hl the 0, vate tg 2,814 Y 1Y E&mlfh
and the tank volume i3 219.€ wm?, At tas condition

e - -4
in " -3-_'-5‘1'-5;.."'_.”"_ s =[, 225 Km"'h,m!/m"-h

Solving far the veaction yute eonstartl gives
ke - (2 )/c., = (l.ﬂs’wm“)/!-tu X10 ' = L40S¥io h

Now solve for the time when 0. concentvadip, 1t reduced
te 0.5 wmol pereewt. in{-!.qm':l"ihq the L':H'ﬁﬁnf rate equation
results i
mle/en)e k(®,-8) wheve 6,:0
€= v lh{t-..}/&
= lu(of0,1a5)/ 14osxic*
= 526 h ov gﬁ?”i,:___zl;d"_'[‘

Bwniwey
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Assuwme Hat the dilution awv (s available at nf}mpuntun

ot 20°C awd & Prt'ﬁiur; of | atm. The ﬂﬁrnm'ttah rate 1's
75glmin ov 0,0075 kq[wmin, Thus,

My = 0.0075/ 78 = q,u:.xm‘ikj wol vinyl chiovide /min
At | otm uge the \tleal gas to sbtoin the vo lumene How vate

v;q';h G.,,,RT/F =@Lu‘mn"}(lnm}(iﬂ[l.m‘s X10"

= 2,31 X1g w! Sk

Swite the PEL 4ov winyl chiovide is | ppim,

Wyaiv ® (Wyve )(10°) ¢ (231 % 1673)( to%)

« 1.3 % |0} “\!/hl.h

I+ & safety tactor of § 1% w_qut;-ed,

wy et EIC202008%) /60 = 102,58 wi/s

Antw ey

This s a -Fa'ivl.r hlé‘\ flow rate and would heeol one or tweo
\arae blowers,
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Yo dsﬁ.ﬂmih& the ltu,‘(;h of time the camnister will be usable
We will need to find o velationthib between the avount ad-
Sovrbed awnd (Tﬁf] log (¢, 14), Let ‘it%ﬂ) l#lj(f‘qf'f) ond Y the a-~
mount adsorbed in :m‘(liql [ 10D g chareoal, From the dete gven,
when ys 1 yeg
‘ % : o Xe 1|
ASiuming & lvear velatiom of log y e ay +b
log I= 2la +b
logiv: tla + b
oF lnau.ﬂh]'t e a=-pD,|
b= {uﬂlﬂ- II[—’D‘.I} be 2.1
The wolecular W:Jéhi' ot dI-&lnvp?mPnunﬂbcfl ‘s 13, dehﬂ'{y

s ULO kg /), and molar volume = D,| )/ wal: The vapor
pressuve frem Pthr,": Chewieal Engineers' Ha Yook | bed,, p.354,

Tewp °¢ Vapor press. ww Ha
1% 4o
29 Lo

hﬂmm;-g tl"lt Ah’tﬁ’::h& ~eﬁ‘uu‘tl'hu. i 'ht u.:uf te ur““.ﬁ_ the
Vapov pressuve of DL?

log p = A+B/T
log 4o: A+ B/f 242,55
~ log ko= A4 8/ 30115 _
Selving the latter two equartiows ll‘i\qu't-htwﬁy vesults 1

B- ~1%02 A= 07
At 2L.3°C oy 300,05K
log p = T2G+{~1%02]300,05) « . 75¢
P= S6Y wmm Hg:

Detevming the fugacity of DCP by ﬁﬂuul;q thal 't is essen -
t{q,l{\f a.qu'l ‘o the pﬂ?‘l‘ml pressSure, Thui.



f~p
P= HPT where Pr » 1o tal pressuve ohel Y= T'Iﬂ/{ﬂ‘

p= [wu/m'-){‘rw} ® 0.57wmm Hy
{'kt’l"l“’#ﬂ. {;J‘! = 5‘.1/'“-51 = qq.il

X -(r{v) log (#4/¢) . 300/100) 1oy (22.32) - 5,44

Now detevmine how much 98 has been adserbed
log "y = Oulx + 2,1 = Ce.)(5m) +2,1 = |.503
v= 3194 tm‘/mnq thavrco al

For 100% satuvation, amount adsovhed Pevr 100y charesal i
WM (184 emfivog E]( A 3[m‘) * 36,439

At 12% satuvation : amount adsovbed betove bl'ﬂk'throna‘\ 'S
W e (06,23)(0,92) = 30,3 2

an D‘tttxmiuh vn'[uml of ﬂ“r ﬂiihﬁiﬂtﬁ 'H'H‘k 0.2 9 vep

N, ( 30.3 4 bef (W" % Wel air
i 3 f oLpP --an 4 wel Dep ) * 3575 qlul aly
q wol DCP

vz MRT/p= (357,50 wol)( §2.0¢ &tw.om’ |
Vol of atv = WRT/p L‘i*)( 2.06 S ) (300 k)

2 8 ¥ X0 unts §,3000 ¢ .80

At 4s ,L(h-\l'ﬂ

O (8.%00 L)/(452/min) = 195 waim = 3,254,

Avswer

Cavmister should last 3.25h pefove hmkntkmah BcEuvs.
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At equ lihrfuu, stetone, Rentene, ethyl ether, and n-pertene ave
¥oo Vich 1o 1guite. Carbon disulfide and wmetiyl alcokol will elways
be in the flammable vange. Tt shonld be woted that all of the v

A
h“*il;hq hq:ﬂ'd: o be t"if&d if wet ot tqitlibnun.&mt ave
alse quite toxie.

Answer

The "I’.\'PH of five tx‘taiﬁuuhtrg vecommencled

: whein o small iPiH
'S l%ﬁ.itd ove as Ftollows:
Ligufd Ettfhﬂgithm Yetommended
acetltone alcohgl fﬁﬁmi d\"}f :kmfmll C-O;,
bth'l-ﬁ.hi: foam  dry chemical Lo,
tavhon disulfide foaw, water blanket
etiyl ethev al tohel Mm,dq chemeal | (O,
wetiay! aleohol alcohel Foaw, dvy chemieal, €D,
n- pevitane

foom , dry chemical, Co,

Awvg wer
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At equilibrium, fi ok, Yefimitions
Since

1.“. 'Fur {uﬂnt;{r ok |I'Qutld

L™ 'I.l. 'Fa!l.wi ‘F-'it\" = "Fn‘l-&ﬁ‘f ot vRpoY
fiv=Pcfavuz

G v lLguid phase achivity coeff,

VatoXiz @4, 4z @z = vaper phase achivity coefd,

At low préstuves

- fo,.* pure cowmp,lig, {-'ugu-i'l;r
;::_t :‘, -f,r.,."v‘- pure Comp. ‘iflpnv 'Fuqnﬁitr
§: %d,p pnz total prevsure

Thevelis ¥ « T Py = vapor Pressuve

Fovr hm ldlq,l “'l-ft'lihj ‘f:,':l

™ the acelone has wo air dissolved 1w it, %i=1.0 and s s

the LFL or 4:=0.0255.

At & total pressuve of | etwm,
Pes 4iplri
= (0,0155)(1.01/ 10
> 0,0258 atwy = 1938 mmu.‘

Acetone has o vapor pressure of 19,37 mm Hg at a tempera-

ture of =214 °C ( Perrys Chemical Engineers' Handbook, bth ed,
P: 3-50.

Thiaw (alenlated) = = 214 °C

Awnsw ey

The handbook Dangevous Properties of Tnduttrial Materials
provides o weasured Hash point for acetone of -17.8%,
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I£ the wirture is at the flash potnt

¥ e e
#iiuh\t'nﬂ Raoults law applies

iz Pui Xi/p

wheve Pv,i ' the vapor Pressuve of compovient i, b the.

: ‘ ‘ ?'ﬂ.s;uu,ﬂhd
X and Ya the mol fraction of component i, the flillu and Vapov,
rtspactwehf. Vaper pressure of Ceand (4 are available $rom
Emi_tkt_mfml Engineers’ Hawd bo#kj Lth ed. p.3-58

Assume flash temperature of 18°C

Cowp Yi Pf,j, , alim Yi LFL;
Cy 0.§ 0.0123% U.004i§ 0.0l
Cq 0.5 0,0034L5 0,001%8% 0. 008
2 - . 0.004i8 0,001}

LFL, C.0l v

b.ooy ° 2F¥h temp. too low
Assume Flash tewmperatuve of 21.1%¢

Cowmp R Pvid, atm M LFL ;
E‘. 0.5 ﬁ‘bllﬂ' ﬂ-DhTI'S 0.0|
Cq 0,5 0.00%4 0.001> 0.008
S &L | 0.00712% « 20022,
LF:L‘,;_ 0.0\ 0,00 %

The Flach pent for Hhas wmrtuve 15 21.1°¢

C—————

Awnaw ey
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Swee the lower Flamwability limit (LEL) for acetone wmpor i

a3 2,55, the waaXimum vapor presswre the otttove
cowlel have would he

byt (0.0258)(TL0)= 14.38 mu Hy
The tewperature equivaled to tuis vaper pressuve way be de-
Yermmead utilizing the 2xperimental date pvovided v Peypyt

Chewmieal Ewngineers' Hanelbook, btk ed., P 3-50 aud the use of
Antowme equation with the fovm

WMpes o= b/&+279)
The \rqpn‘r I:fe'!ﬁhrt ol acetone 1w ‘H-u; mh,n b l;t‘h!e'it e

t,* Peiram Hy
“ho.S 5
~10.% 10

$ub:h"luh‘iﬁ these values m the tfl:iﬁii;nn

v §= o~ b/("fb-‘.i + 273)
\w20= a- b/{~20% +273)

Selving the equ.ations Stﬁultﬂ\htuusl}c gives a= (43 awd
B: 412L,3. Thus,

I 1438 = 19.% - 41163/ (4 + 273)
t: - L1.3°
The ocetoune wowuld have to be toolesd 'Ddﬂﬂ"llﬂ"{,tg
avetd oaw acetone-air Wmixture that could be Igwited
with a ﬁf‘lc.kqh-ﬁt ot i'{'ocl't‘t- t]tt‘l‘ﬁf-i'l\p Sucl coph

15 Wot very practical awd the use of am in
Should be tomsideved during the filling o

Ahiwav

Mg
evl qas blanket
beration,
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The stoichiometyic balomce foy the veactiow ig alﬂh bY

CiHe + 500+ SGITQN,— 300, ¢ 4 H,0 + 5 (37 Na
For 2007 theovetical aw, the bolance becowes

CyHg* 10D, + 10(37) N, —> 30, ¢ 4 H, 04 50,4 10(3T) N,
Simce all the enevyy gencroted from the combustion process

is absorbesd by the product gases, the $ihal tmrumd:m of Lthe
products s determumned by wmeans of an adiabahic flame tew-

pevecture calenlotion. The hegt mpui‘hh for ench tewmpa-
viewt 18 & function of the temperature and vaqmﬁ: o know-
Vedae of the (- temperatuve velation of those tomponents.
Prerest solt wave ts avatlable and can be uful to roapiely con-
verge with o heat balance own the approprate flame tewm-
pevature, Whew this 13 done, a tewpersture of 527K

15 obtamed, Answer
The 1terative caleulation can alse be dowe by usu:.n‘ M eun-
‘ckal,PY table as a Function of Xemperature for each of
The woponents. The latter 1z available th Holmans Therwo
o_l_whnuiu, Wth !:'-ll-, Tabkle A-1%, pp 755 ¢ ond 13 used \w the
hownd calculation of this problem. The eveny balance 13

(W Doy 3Ry + e Pandon s 8004 By-tamduo + (g Sy Ty,
+ 376 (hythe- ¥

Wheve W} 15 the molar heat of For wation, hy the woloy ew-
thalpy ot tompevatuve Ty and b oy the molar enthalpy ot

14 . for the Lﬂh‘t?ﬂﬁthh'tt, o5 de:iquu&d by the auhttrﬁ:ti.
Molav heets of formetion for these components  are fiom
Table A-¢ of the same text,

Heat lestes to the survoundings ave astumed to be haghﬁ‘lhlt_

hzﬂl) Nz,



tuve uwtil the energy balance s constrtent, Units i ki [l wot.

A cTmime Tt '455'5. K

~103,225 = 3(-343, 792+ 74,392 -237¢) + #(~241,997 +L0OLE>-9%04)
v 5(51,307- gued) + 37.6049,034-g47)

-\03,%15 ¢ - 20,500
Temperature assumed 13 too high; assume T2 1500K
=\0%,91% = 3("‘?-43,751* 7I*I3I-Q3T¢]+ 4(-1“!,‘!"[1* 5%,050-99 o)
Ls(uaama-80e4) + 370 (7,002~ $070)
=103, 915 % -113,947

Tewperature &3 umed s teo fow. B?' tntevpolation, the final
tempergtuve under cediabatic conditions 1y |51 K

The tdeal gas law is vahd at low pressuves andl hliln {th{:ﬂ-
tures. Thus,

Ve " BT /p
Mgt THHE T4 30 H9.6 kg wel [ kg wol fuel
= 4aL0 ke wol / 100 klih!ﬂ[ +uel

Vis (#ac0)@319)(171)/ 101,300 = 415,000 w?
= b.t5 X105 w’

Answer

Rotio of fimal volume to fmitial volume s given by

“'%; T (aet)(isn)

" Ti ﬁun}uﬂ}‘ 5.7
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The rate et whick emenyy s Produced v a veactor i3 gren by e
velotion

iﬁ: AUy k, CV e LEIRT)

where dq/d@ s the heat libevated over time, Aty the head ot
venction, C the toncewtvation of the veactant, v, Velume
of Hae veactoy, E the achivatiown enevay, R the qas coustaut,
avwd T the ‘I:tmfr-trnkuu.

Whew the veaction ti exotherwic, heat must be vewoved Frow the
reactor to keep the tempevatuve from t‘hm:ﬂ;l‘ beeue contrel,
The heod tvauster ate can boe writtew as

%l‘ UA(T- T,;I

Wwheve U 15 the ovevall hest transter coetficient, A the heat
trancier avee, and To tThe wolavt tewpevature. T4 hest can
be reimoved as vapielly as heat \3 gewnerated by the veactiow,

the veackion con be kept uwdev comtvel. Thus, at stendy
State

AU, k., CVe (S r VA (T=To)

To Simplify the velation, let Be AHW K CV aud k. VA . Thus,
'Btf'{j”‘ﬂ v K (T-To)
or Be lEAT) g (T-T.)=0

The Waximum temperature Where the stemdy- state enevyy
balawee s valid caw be found h(wttmq tte devivative Wit
respect to tewpevatuve equal to 2eve, 'b';:q thais, vesuts 1w

BE.._[E/“J? (E /RT;‘) -k=0

where Tle Vs the criticaf or wayimum tempevature. However,
Be LB L ¥ (Te-T0)

ab the woimum temperet uve. Substituling this iwte The pre-
vicus epquation and solving ¥or K gives



K (,T;.-‘Tb) (EI’R.T,:“} = K

ov e=Teo) = RTM/E  whith can be used to fid Te
$uh:+t:l'u+u;.1 I@.lht.&

(T 289.0) = 1.ag7 T.*/ 28,000
Yez 284,33 K

This weans that i+ the temperatuve 1w the reactes vises
above 224,31 K (1!.1*{:.)}%; veactor )il begin to qevevate
twergy faster thaw 1t tow be vewoved thdhﬂt vescttom witl
run away. Nete that euly a 6.2°C vize n tewipevatuve
W the veostoy can be tolerated

Awnswey
For safe opevation of the vesctor some oy all ot the Sollow-
\ihg actiows taw be talkew:

I+ Tueveage the size of tie Leot G.xthhﬁ*w

2. Th'jg.-:i am twhibrtor wnte the reottoy ov quench the
veachidu if It 14 veady to 90 cut of ¢gityel

3. Reduce the feed to Hie veoctov

4. Provide n.elaqued‘t .n.luh&& for the veactor Loy mu,;ue’
WSe

. Add diluewtt teo Yo reactor T reduce the veactien.
rote . ( These will probabl

] have to be Se parocted from
the product aftev the veaction |g completed)
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The du..nhhpb:;ft'nh reackion 15 the *Fo'l’.ﬂwv;xﬂ

Ca M, = 2( +_|'h- -
Componet ‘wols 1w wols gt ttmr.T me! $vaction

CoHe \ V=% |'_'3
C o rx ot
H, o o ¥

X Assummes Solvd cavbow prodeet
Using Til:ml.':nui wowenclature mI' mr.th-dnlo,y frowm Savedles Chevatea |

avd _Euginecring Theriodynamics
KalT) e Gcldm o wy

®taks. TR
Attume for hotlh cavbou mnel h?dmath
AG, (25°¢)= 0 awd AW (25%) =D
ﬂ.ﬁr‘f_lﬂlc}: - ﬁ{‘f{zﬂ't)m;- - gn. DOD l'-lllfg bl
BHry L250¢)= ~ AN, (25%C),, = - 54,194 cal [ mal

The heat capacities tor €, H, and CLH, it the relaticia
Cpirag + T 4 C:Try d:T3 1‘&&)’1-1
i ktl\l;ﬁi,

.r!; Whave ¢« extent ¢ Vear.

cal !3 waol . K W‘hl?l T l“

Comp. o Bip*  exipS dxip” e
C 673 0.2017 - - 11€,900
H, ©52 - biousTL  0.04543 =0, 1079 -
GH, 5.1l 21,2008 -~ 1,559 $.3 49 -

Dete ave fvom Sadler awd Perrys Chomicd Enguress’ Hawdbook
For heats of reaction of othey ‘l‘:mpwﬁj.um ht!;ﬂti 25% or T,

ﬁH:;(T] = AH.. (T) + dn(T-T.) * Lg.b/i)(T‘-T,‘} +(ﬂ=/ﬂ(T"‘Tt‘]+
B/ T T4 - e (% -4) |
wWheve: Aaz F v, a5 ot and ¥, stoichiometre coeffrcient



KolT) for other tempevatures besider ot T, or 25 °C

ih EA-(T] é& I_ ‘& 2 i ’ .
k) ® R IR(TT AT - M ()

L:- ( %-5__- ."]’f?‘ + %—Eaﬁ“h (T.) ‘I'ﬁﬁ.._T!'i- ﬂ'{;" +-Q1&-1-:l*

L

7 gh -y 0
For ths vaottion k,.[)'}= I/{I*t'} oV
vo kal®
I+ K by

From an energy balawce {or an adiobatie

Constant volume react,,
xo 22 mig by dr .

L ()
where Wy i ave the wals thel exter fnte the veaction. Usina 4+
Weat m‘mcr'{vf conttavmts b wlated cavliey e

AI.. - Trntf

Ab= -(, 7232 >
Be = 1454 ip?
Ad = -§.sc¢a i
de = 2318105

Ko (25%)~ & LE-50,000)/t 4 37)(20¢..1)
= 8.5 ¥ Iu“‘

Simee the final temparoture will be velativel

i ‘f hl'&ki 'u\t ‘idﬂt ﬁl‘ hw
may be assumed to be valid.Thus,

C‘I!'i‘-’ Chl"" R= Q- R +h; T+ T +-d;_T‘+ E;le
T Inalag- R)J.: 3223 L (wbi)i = 22008 10 Y ’Z(n;sﬂrl.snnﬁ"
Ll di)ine 4,99 £ 107 F(v:es\ms 0

With tis mEormotion, Eqs. O}, (2) ana(3) can ‘be solved simul tave-
H“L(' The retswults ave

T= 24L7 K awd %= DAY
The prescure will then be obtained from



pLlT)z p{T,T.) = w0l2987/288) « 44,6 atm

With e sadety facter of 4 the taunk should be able 4o withetand a
pressuve of l.ire—t-:h?tlly §00 atwr , ‘

Fov q.l.-.:.fnc;,i wutaivers, Table 12-10 provides a relatipn to oh-
tain the Mintmuw wall thickuess © of the tank ag

T S—

wWhere P 1y ?ht WAAY L Ml A n\\uwahl; pressuve, v, the tirside radt'usd,
5 the waaximum allowable working Stvess Ey the officieney of 4.
welded jowut, Assume that the cavbow steel wied b the

ank 1’
SA-442 Gvade 5§ with an 5 value of qy7 Mpa vl Haat the

welds are butt jomts with complete penetvation and spst eyamined
resulting 1 & Weld effidiency of §5°7,.
The dwumeter of the G?h!‘l";ﬂll tank was wet gl‘;fﬁu. Assume

Iﬁﬁidﬂ dl‘me&f‘l ﬁ'F II' 1, ﬂ-“d E"Mt.h“ ' F‘Q\‘" " t""'ﬂ'\ dl.l.mﬂﬂ’r
ﬁ‘;hﬂ'ﬂ.

4 . Woo) (Lo xip?los)
2(94,7¢10%)(0.¥%) - ©.2)(409)(1.013 X ip®
= 013w oY 5.2\
For 2 amd 5 Wt intide diameters, the
Ave 0.2L5m and 0,402 wa.
T Rwer

The resulte thow the advantage of having & properly desighed
vehiet valve owd burrt dusk assembly clovely tied v with +ie
Ve cloy tﬂh'hfhiﬂ '('hl. dtumpbiﬁtéh Tt-.d'tﬁn ot ueifhmg.

Il would be iupvudm‘l te Yecommersd & ﬂpht'ﬂﬁtl Gﬁﬁ'{"ﬁlt:mr

with & wall tHhickuess qrester b 00175 W beeause ot the
Yeoctor Costs tmyplved.

MU avm th tekmesses
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A system for transferrmg hauid chiovine from o chiovine stovage
contaimer with pressen chiovine aas 1t thown below, A feature of
that Jns;,h " nﬂrdthl\f systew that ut{?ftu o ﬂnrliu'lt buvst DAL
tem 1o mimplif--f replatement of the dises with a mechawical ter-
lock between the two buvst Systews. Botlow outlets howe been avoided
s0 that jowmbts ave not exposed to Iﬁ,u'ul chlovine and the “""7 Imk.?.,.ﬁ,
will be of & gaseos neture,. ‘

The uuq_r:t,f of the leak i§ veduced by lowermg the pressuve within
e itnnq& contriner o ﬁ_ﬂthn.. A facildy wust be available o ALOw-
plish this pressure reoiw el ion :luh'w'l r.l‘l? e tvansfer as well, A wadte
Chlovine abserption unit that uses caustic ov some simubar chitoyime
Eum.um;hq procesy 15 Vecommended, T addition, an &Y Pansiom Vess el
i ?mw‘dd with aw ﬁ‘fﬁn To hawdle Rhy prestuve hmlﬂ-up th the
Container, The eypansiom tawk w aute matieally vewted to tie
absorphion System. (See figure).

The rmmr\r“ﬁfcd dry citkh'nt tan 'b{: 5’[‘:?!@1 fh lwi:ruquh.-"s&rh
aae  receiver fitted with & velief valve <ot 1o discharae to the

waste chlerine absovptiou unit at o predetevwined prescuve.

Pressurization  with mpuriud chlorine can fumction with o pres-
Swre Stovame ok thut can utilize an exterval heoter 4o va.
pevize the liquid chlorivie. Camtrel of the vaperi ﬁtiﬁmﬂ
15 tied to the pressure cowbrgl wystom for i, stevage tank.
Retieh valves wust perwmit over-pressuvization to be telieved

with excess chilsvine vapov 5“;‘* {0 the waste chlovine abrevrp.
tion wnit dascribed above.

?""- Pﬁtt'lblt. nstrumented arvemiement for the- chiovine Vapor=
izey 15 Shewwn (n the secewnd -Fi'quu.,



STORAQE OF o=
COMPRESSED
Dy CHLDRBNE

FROM PRESSURE '

B.D BUASTING DISCE
EFf EECESS FLOW WaLVE

One possible nwmmj:maht with appropriate controls and al arw System
fov trnnﬁerr{nﬁ h‘quid chlovine by uainﬂ runmpru-:ﬂd thloyine Vapor.

Assksy



Steam

oo i

Answer
L - —
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R_!dhtih! the l;w“th;‘,}ﬁ

_ & Wazardous walenal w o process -
Cludes, but 15 wot lims

to the -Folln-wfn‘ ttems:
t. Tnvestigale the possiblity of producivg the tnd product by aunother
Proceas thet does wol the use of a very harardeus paterial,

A Determine Whether the Wazardous wokerl M&Y be veacted ov
tombhined before the dishiletion slep to form & wow- hazavdous
mokevial, I the hatardous wetenal {s a reactaut, reeyele the

Stream back t, the process to vedwee the hazardoys waterial
comtest before the distilletion step.

3., ﬁtrt.wiiiuj upon how the hazavdous watenal 1 used ti the
process, delevmine whethey there ave wove efficient ways of

absovbing, ndﬁﬂlv_n'\q ' tmpf:ﬁﬁ, compleriing | dle, the h“-,-..wﬂ’nug
materials to avold usting a cistillatioun operation that qenevally
has covsittevably greater ditficulty in attaiming ppin concemtva-
tiows th A produc stveaw.

I elivanation of the hazavdous watenal 13 wet poﬂi'ﬁl:iup-
erate the clistifiation optration pwn a contiwyous hasis. This
wWill require fer: woteral heihg handied, smalier tq u pwient
used witw posiible elimination of He bufler storane, awd im=-
proved chawces of coutainment should theve be a leak ,

Improve Hie etficiancies of the column 1o veduce build- up
of hazavdows matevials., Guidelineg For such :mrrﬂ;mmt;

ave Mvey ﬁ‘r K.E. Nelsow, Hydvecavbon ?miﬂﬁﬂ LTEVR

43-q% ( 1940).
Answeyr

A distillation ‘Coluwm taw be ctowtvelled Wany Wiys, Genevally,
theve 13 wo owe "best” weuf Whick sne 15 4o be

. p'rthhd d"—lﬂﬁhdi on
the purpose of the wpnvn:‘hm,'thrh!pﬁ of cevtveles avaylable foy
each sevvice, thae vln'qhﬂ'ﬂ;\’ of the feed, and the velutive \wipoy.

toawee of the produck recovery awdt product purity.Eoch case weeds
to be analyzed sepavately,



A typica distillation column with appropnate mstvumentation  which
basic Lun‘l'ruh ave assisted with pi-e.dm‘hu ad analyzer \oops 1§ out-
lined 'w Bexrys Chemical .EIQM' Hamdbook, Ltk ed., p.32-11§ aud is -
producesd belew with the permisiion of Me§raw-Mill,

wHT

HKTS

FHETE mE D g ® = L uT

f C‘Fm- 2

. : OrSTLLang
FEED t:E' ,. > 1,
@ Do, o | _sge
ﬂ-‘ﬁ‘ o
@ €1 LT
- e
SCALER
- EE —+
; <
Nemencioture Summary fer Fig.
Symbaol Ezplanation
Dp Contribution of feedback control to distillate-Bow set
point
Dy Contribution of predictive control
D Esr:wmhﬂm of noninteractive decoupler to distillate-
set point
D Contribution of noninteractive decoupler to rebother-
heat ast point
HKF Heavy key feed-stream
HKT Heavy key overhead-product-stream-component
HETS concentration of heavy key component in
overhead percent
LKBS, «* Smﬁndmmﬂmdli;hlhymnpmm
bottoms product. weight percent
LKF. s l..b;hr key-fsed-siream-component concentration, weight
LLKF Lb;hter-thn light-key-feed- sream-com ponent
concentration, weight percent
LLKT Lighter-than-light-key-overhoad-product-stream-
m conceniTation, weight percent
@ heat, BTU /unit time
On Contribution of feedback control to steam-flow set point
L Ennmhmm of predictive control to sream-fBow =t
IDJF Wuilht ratio, reboiber-heat-to-feed
*. LKBS T&«l concentration of light key component in
uct, weight percent
3, LKF Light- knr feed-stream-component concentration. weight

percent
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HAZOP for Line L-102

Guide word Property Possible Possible Action required
cause consequence
More Temperature B Pump seal Install a
falure, feed-back line
vapor lock
Less Temperature Low ambient B steam tracing
temperature
More Flow Line fracture Spillage (possible C
large explosion)
Pump seal Spillage (possible b -]
farlure small explosion)
Coatrol Consider bypass
fauit
No Flow E Shutdewn Low level alarm
F Shutdown Automatic start-up
of standby pump
Reverse Flow Pump Backpressure &
failure on storage
vessel
As well as  [mpunties " Possible small Priming line
detonation

The 'I"l'lt;ia’l'h& itewrs below !:mﬂt‘t.t the HAZOP -study above:

A, Steam tracing opevatimg mcerrectly or downstream
valve closed '

B. Thermal stress om line

C. Tmstall flow contrel with avtomatic shutofd

D. Flow diverted through standby pump capable of automa-
tic startup

E. Tank “""P*T

F. Pamp $atluve

G. Relieve backpressure divert flow throug h stancloy
Pump With aut omatic s'tar'tu.i:

H. Pumwp dmw{h\q I air ov E'F'Eﬁtﬁr' eyror

Answer
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Over - pressure ot vessel

|

N

Pressure dewarnd intiated |

__ B

b
- Opevator fails 4o
[ Exit valve closed abop demanil

et . -

L]

Failure of proteclive system

i

A

Failure of vert system

Failuee of PIC

A

JaX
Exit vabve| [Exit valve § | Alave fails | [ Alare not Veut systemi [Vent system| [Vest syslem) | PIc Ple
Fails dl.ﬂ'.l.itd t6 sound Dhtrt‘ 'Il".l-"-'-".'l.“v-l fals des ;'lh!d d.mil‘ or ’IHPHPﬂ‘f
clesed by oprator incorvetly closed 400 swall l-uurw', 1 mst alled
[ ¢1 I i 1

Vewnt 111{-:.1 Momtenawnce | | Reverse {low | | PIC 1},;':1-.?:!

da maged failure through PIC| | wmaivt cived

& Or g Le

() AND gate

Fault tvee awalysts d{or over-
Pressurizing vessel

EPIH

Exit wvalve

High prestuve
slowmn styeam
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The diluted waste sample containe 155 of waste and ‘H'Eﬂ of
dilution water, The teotal oyygen availakle fov msumlﬂﬁn by
the waste s

o ot O, * {_qi*!')(q'jfln“: 4.3:.51:10"‘3

The final oxygenm content of the diluted sample 13
g of 0,= (500)()/10* « 20 %16y

The orygew depletion due 45 the IS 9 waste sample s

O depletion = 4.3¢5 x 167- 2,0y 14%- 23650167

The BOD defived as the 0 d oW I
| ¥yqen depletion i vis . BWhe
Suwed per (0% parts of wn:tl \s 't:e,n e b

BOD= (A3Ls xig?)( 10Y15) -

15%_pavts 0. /i0" parts m&

Awnewer
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The importawt factors 1o be comsideved for plawt locakion in the foy.
tilizer fhdmtry ave (1) vaw Mdﬁli.(ﬂ warkds (2) ‘tk_nuspvfcﬁ.tinh

faci (it l.-e-'.‘ﬂ-p] poveey and fud ﬂ-kﬂhbﬂi’ty;tn waste d“?ﬂtll lhd- &)

weler Supply, The order uf fmportance varies with the fertilizer
tuh'slhﬁeu-d o rd 4o some extenl te ‘Hn:(, ‘H':I'-t ﬂ‘F ﬁ[lhtthht@h?{ﬂtdu
Analysic of this situation for nyﬁmﬁhlm,wﬂh,nndmhnrhﬂ;& Cev-
tilizer vequires a kmow ledge of the vaw matevials V’l'-qmrtd

and the mott commonly used process hr eack fertilivzev. A
Comeise veview OF these veguiremendts is gtvew by &7, Au.qﬁh i
Shvaves Chemionl Pro cess Ihdu{tﬂ:ﬂl Sth ed: About 0% of Vs
awmouia, Prgd“tj"}g;“ uses wotunal ges oy the feedstoek, The ve.
:tr::tlnhg ave

CHycgy + Hho :;nﬁ::gfs? C0g) + 3y

'LHq - ﬂ':“r —Mﬁ?’b
o ¢1lo- COn) + AHyg 4N,

Fe ml:ﬂt .
Vl NM’“ g 3”' Hatey PYesinve NH'{'I"'

The pvotess veguives la '
' | vge awowils of power and cooling watey S
hat wyal Gas V9 Eﬂ.illr '*;ﬂhfpurﬁ.ul F“ "ﬂ .5"“:

Pipeline, the plait need
tocated uear the s well. Rather, it I'irﬁh‘mrl, Praﬁi&k—‘bt:ilt -{::
plant close to dhe wmarkets. Twus, the loter 15 the werd

: ‘ lmportant
Ficloy b pinh‘t locot tom . Mqunhﬂ power snel wa ter ﬂq"l'f would alte

ke quite Wi ﬁh. As the siie of the Ph“ﬁt ;hmg_qut More emdid

Lion weuld have 1o by given to transportation facilthes siuee e var

kets woeuld be fvew the plawt. Adequate supply of vatuval gas
would alse become important with plawt size.
The Ctowmwmeveinl

procesies iy, cutvewl use fov the wemufacture of
ureo. ave based on two veactions, hame ly

o 9 22 M
L{gl + NH?} ll'l 135" — l‘t'ﬁ"'ﬂ. NH‘. Lﬂ., H“’-{l‘i



Nﬂqmlﬂulm NHLLBHH1[11+ H}Dﬂ\

This process veoquives n?p*ﬁattwddf V% the power owd mh;ﬁ watley
ﬂf 1hat vegquived for the Ammonia precess per umit qu?h‘tﬁ bey.
tilizer produced, Stnte amwmonia 1§ one of the principal vaw wa-
tevials veguived for the procest, ity wneh wore pevioant & <oy
s1der lhe souvee of e vow wanterwnls th o ﬂn‘gdtﬁ\ ot the Plhh‘t
arte for the r?h-ulm.d\ih o wrea. This fector will he the most

fmpnv'tmt conirderatton even with an thevrease tw plant Site,

Howevel, stnce the Fevti(izer vaavtdts ave wot ac lovge as €ov 4he

vow matenal, tavelul tousidenton wiust be givem Yo wmarkets
awd the transportation viecessar ts veach those mavicels,

Phosphate Zerbiliter 1 obtamed frow 'p"lﬁ’lfkﬂ-*l- Yoek ore,

The m?dhiﬁlén of PL\“PLI-.".'E- rock 1o P'f‘ﬁd'lﬂr Eltlnfphﬂ!'ﬁm‘h-
fertilizer tawm Inmh.lﬂ',p best be desevibed by the 'Fvilhwﬁ.ﬁ Ye=

action s
CaFyr3ca;(Poy), + 7 HaS0¢ *3Hie ——> 3eau, (vo), Mo +20F +7Ga 50,

Since the phesphate vock pusl e : \
v concentrated aft "
planvt lotstiow 13 determinagd b-ri:ht tnwhhn,:} :.;tplrm;::gr

rock ore veqardless of plawt si2e, The aspects of waste dghm[ of the
Vioin - ph-rl-:kuh rock s directly velated to tue hﬁting Spevation, Mar.
kets dive dl}r alfect plln‘t si2e,

Aw swey
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The solution ko tiis proviem wyolves some of the sawe Safely os-
pects oy covisidered v the splutww 0¥ Problewa 2.3

The worl mmﬂh. ‘methed o Vapov ‘2e, chloyive 1% 1o wIe shemwn T
heat vug cotl immeried m the chiovine liguid ww the *-rnpanlur . A

5 the matic with "t.wfp’.u.i Wit vumentation ts a‘lm_'u.m i the solwtion
o} Pvoblews 2-13 awd will ot be vepealed here,

The dis Advnh'taaj& of u.et:q het water to W'-F:“’*“ the chilovine 13 the
need for o lavger coil and o gresier potewhal o -Fv'utuﬁ of the oy
(MeP of 1, 1s = 3uc=C), Econewies \s probably the wmajev cdeterresl for
hot uﬁfnﬁ o cloved civenit hm‘h;g with & heat tvansfer $lud thats
mevt 1o chiovine ,

Tl‘-\t. use of ?,hm‘hhj coll twmevsed below tie h'qma level m a chio-
Vine vaporizer 16 the preffered arvangement 4 «ceomplish the
vaporitalion , Net ouly 15 the ailed tube len erpeasive. it i3 ake
less sutceptible to leaks awel fauluwres. :

Pwnsw ey
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The net heat transier Qlux to o stovaqe tank during a

" ‘ ; * e tames
fvor vachation onme comvechiom atbvibuted 1y the five Suevouds

tawk avd caw be nxpraIIMn{d by
Quet * G 1:. * Qv

wheve ar 1y “t‘ﬂt vaz 1ation {_‘-Iutfmu} The ;..‘{,-..,_ < the th“m flus
from the five, ond qu The vediation fiut back romthe ank The yo-
diation Fluxes ave preportional to the diﬂ:ﬁm i the fourth powers
of the ahselule "Lunpt'r-.‘t-ﬂ: fov the tndm'iwg ol ﬂhtwbuh] sur-
Soces. The conveetion flux tom be estimates of natnml onvection
heat tvamsfer. Simea the suviote of twberest tw thie problem 13 javee
avl vertieaml, the velatiams for watuvel @wnvechon on vertieal plane
Suvfaces ave tue Metl approprite ones to use, The tlame caun be as-
Sumed to bhave trauwgporl properties equol 1 thal ot het air 1n b
flawme oud e fact that wmost of the gas i the fawe 15 nitregen .
Flawae hmpr&m very from fuel tofudd, bub o w\hﬂm e
aboult 15opk will previde & veasownable avevoqe vahae fev most

S tuations,

K the bantane T:nhk _easumed to be & vertical Wh;“[ﬂ"ﬂ l;:tp ctove
1600 w?, tts Winimum height 13 given by

V= wdiz /y
1: yy/wDdi = M(1e00) fw(15)* = 9,05 v,

'Si:bvq{lt. tawks tﬁnt_mll-? 'hnu:r. an hih&n. volumwe uF 109 or wove
te take cave vh hquid erpamsion and previde -aclditional volume
for Some vtpnﬁm’um ts ocuar withoul appreciably I-h:.TEHI‘ﬁ*M
tomk pressure. Heat transtey to the surtace avea suvy ﬁun&mﬂ the
wlloge Space will be waln v | cuhpnkul to the surfzcé cares wetted
by the €ull tank contents. Thus, ouly the lotter area will be used \n
the heat trawsler ealew\ation, Also ASShme that the tumperstuve of

the wetted wall to be ot the boiling point temperature of the fluid
beiwg stored v the towk, Theye Wl he Lhﬁmhugﬂdlht thvoua
the towk wall, buk thiz will be small and have waviveal effedt on the ve-



qu{ﬂ.d wud;.li-u.l} vake dulrt'uq & five.,
qv = 95,000 W /m®

(s %{‘rm W ther problem stetement and assumes that the extermal
fire completely survomnds the staraae towk, The convective fiux
Lyom the five Vs givew by

%l’. = h(_ T.[. e Tw)
wheve T, 1o the flame tempevatuve amd Ty 15 the woll temperatur,
assuwaed to be the same as the vormal boling tempevature of
the -nuld 1" the f,qhk. The heat "“-‘I"lh'l';ﬂ tﬁt-t{-lilhht ™ Uﬁ tht‘tﬁ-m-
avy untk t {or wnetuval tonvection 'ﬂﬂt‘j o vevtical surfats wiany ke
obtaimed numerically from

) . ﬂ;“'f R‘lfh 3
Hu {ﬂ.il? + ]‘hf}

t H(ﬂh%:u)ﬂu.

a5 11‘!’&-“ W veal lﬁlt'}._ Hﬁ“&hﬁh‘ . ed, whieve
Nus hiflc, Pre Cpa/fl, Roz GirPr, and Gy* L‘F"g B AT/ a% %-....;., i
calaulotion 5 rather lewathy and natuval convective heat trmnsfer cy-
efficients for aiv qentﬂliy have values of 5 ¢o (D w/ wm K we will
asyuwme aw averase value of 7.5 W/wh K and only calanlate o better
value if awalysis wavvants it

Using this assumplion

q.* (7.5) (1500 ~ 353) = 3600 W/ m'.K

The heat flux vediated boek fvom the tank surfce to spece. can be
estimated from
¢
w= € Ty Avsume E=1.0

« (oY 0412w Y (350 = 150 wiw K
From these calculatiows

fuet = 450,000 + BLOOD - |50« (03 450 W/wK



The vapor boil-old vate s thew

m = (%Hﬂ)“/ﬂuv
= @)y DZ/ANY

= (o3, 450} {zrs’)(ﬂ.ui]/k'!'ﬂ x10° = 1119 Lﬁ’*’-

At the NBP of benzeme, the vapor dtnﬁif-fs 2..75% "3/*-‘3.
Thus

AR, 7 heat i-%paﬁz’a:tkn

iy = WP MA/2T55 = 40,65 wi/s

The vent ovea weeded for thus volumetlvic flow Yate can be detey-
mined by use of aw ovifice equation of the form

A=

A

” 111.9 " :
CEO A YSTISTER T i s

The aveo ¥or the vent is wiuch too hqu— for the tamk, Thevetove
o weak Seam voof should ke specitied

Arnswer

Several msurnP-tibm weve Wade tn the soluwtion of ta prablew and

need te ba verifled, First, the wuvechive flux 'S only 4% o the
total heal flugz, Evem Hf '\t weve thnn1td tiboY,, The ovevall vesult
would only be changed siightly. Taus, ‘ow evect caleulation of theheat

transfer coelficient would wol change the final conelntion.
Theve 15 come vesistawee to heat transter ﬂﬂ\*um‘&h m.ﬂ‘;qﬂi of the
tank, For o tank wall of 0.012%wm the temperatuve intht (s

BT = Qe tu k= (109,450) (0.0125)/ 45 = 28,7°¢

This will hove a h:gﬁ«ith\t effect on the Hiuﬁhaud'tku:s this assmp-~
tibn 1S :u:te.p'l.nhh_ "However, theve 13 n{;'u & tnerwmal vesistance with
the £ilm owm the wside of the tank , T F\tﬁ‘ heal tvaneler oefficients
are ewv the order of several ﬂ'lﬁl-unhd w h\..'..k.' A‘E“’llﬂa a valve Q'F'



2,000 W/m K, the AT avross the film is

AT * g /h = 163450/2000 = 51.7°¢C
%,

The combination of these two vesistawces only recluces the convec.

tfﬁfs flux wvate by anﬂnrfmﬁdy C% . This thange would have megli-
gible effect onm the fikal answer.

As a fovtnate, the NFPA Fire Pratection Hamdbook gy APT 450

all vesmmend the Ssllowing equation fov the net heat flux 4o atank
Subjected 1o au extevwnal five :

Glmer) = 43 200 A™S?
wheve Ained) s tw watts and A is the wetted avea 1 m? For this
prohlewm
Qe = 13200 [wDe1] o 43,100 [1{15](1_“}]“1
= L, XI10° W
-ﬂrnhn. s
“:‘yr L q{hﬂ}/ﬂﬂv r

= Loaxw*/ (3943 x10%)(2.755) = S.6 m/s

The imajer differance n vesults is that the weet flux W the prok.
lenma Statement applies te a fire that mH.Fletl-l'f surrounds the tank.
Genevally fives qve seldowm h\”t Ehmg‘n to surround im!o,‘hhb; )

addition a soct layer builds up ow the ecool tank walls wka},.h Tur-
tuer resiricts the heal tvamsfer, Tuus, the total heat $luv Ve Ve

Adwced Eubthn‘thllr, Howeveyr, the \rt.n‘tfhg vate evon unmder Haese
comditions wtll be large ovnd o tank with o Weak voof seaniwould
bhe vewwwmwended.
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Depreciation
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CHAPTER 11

OPTlI MUM DESI GN
AND
DESI GN STRATEGY
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PR A A mﬁiﬂpiﬁ-effeﬁ evaporator is to be used for evaporating 400, Gﬁi} ib
| ﬂm per ﬁﬁ’ﬁ’ from a salt solution. The total initial cost for the first effect is $18,000, and -
" gach additional effect costs $15,000. The life period is estimated to be 10 years, and the
— salvage or scrap value at the end of the life period may be assumed to be zero. The straight-
line depreciation method is used. Fixed charges minus depreciation are 15 percent yearly
based on the first cost of the equipment. Steam costs $1.50 per 1000 lb. Annual
- maintenance charges are 5 percent of the initial equipment cost. All other costs are
independent of the number of effects. The unit will operate 300 days per year. If the
pounds of water evaporated per pound of steam equals 0.85 x number of effects, determine
the Gptlmum number of effects for minimum annual cost.

;g - —r
. - — e R P
t - - R R e i s - -
e = .-
r . '_
; z
¥ . 3
r - 2 3 4
(B - A i
-

i

= ,..-,-_,- ...-p,;.n-.-.mur--\r —\-ﬁ——-':l-'l"l-— '.

S T——— -l:,mwﬁ'ﬁ—- e e T e e R ] Hhmw '\='r|-"\-'ﬁ-' mhmﬁ—;—rv\:f—c—:/

;
|
1

A



-
f
B




§

i Enci-F l.rml:ulrw el v At e, 7 -t PR Ay e i TR

"l ;

1
- .
ik e e e e o e et e T s s e
"
1

Ll L
LR T "'-".-\th.l"'h.'.l"l'l.l.".-_'IH—'I-I'IH'.HJ- A PR R TR T

oy




i %-—

£ PR LEM 2 92:  Determine the optimum economic thickness.af insulation tha_t should =
"~ be used under the following conditions: Saturated steam 1s being passed cantmuous{y |
' through a steel pipe with an outside diameter of 10.75 in. The ten}peraturte of the stegm is
" 400°F . and the steam is valued at $1.80 per 1000 Ib. The pipe is to be 1nsu1'atel“;1 with a |
material that has a thermal conductivity of 0.03 Btu/(h) (f2)(°F/ ft). The cost of _the ms:talle_-d —
insulation per foot of pipe length is $4.5 x Ir, where I 1s the thickness of the 1nsulatfﬂl_1 in
~ inches. Annual fixed charges including maintenance amount to 20 percent of the initial ——
~installed cost. The total length of the pipe is 1000 ft, and the average temperature of the
surroundings may be taken as 70°F. Heat-transfer resistances t:.lue to the‘steam .ﬁ_lm’ scale, |
and pipe wall are negligible. The air-film coefficient at the outside of the insulation may be =

~ assumed constant at 2.0 Btu/(h)(ft2)(°F) for all insulation thicknesses.
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absorption tower containing wooden grids is to be used for
Ium sulfite solution. A mixture of air and SO, will enter the tower at a
wate of 70 temperature of 250 9F, and pressure of 1.1 atm. The concentration —
- of S0, in the emtering gas is specified, and a given fraction of the entering SO, must be -.
Emoved in the absorption tower. The molecular weight of the entering gas mixture may be '
assumed to be 29.1. Under the specified design conditions, the number of transfer units . _

FE | et

; ; s y wvaries with the superficial gas velocity as follows: = 3
"“" Number of transfer units = 0.32G.0-18 S

Where Gs is the entering gas velocity as Ib/ (h)(ft?) based on the cross-sectional area of the H"m"

empty tower. The height of a transfer unit is constant at 15 ft. The cost for the installed ‘_ !

tower is $1 per cubic foot of inside volume, and annual tied charges amount to 20 percent 4

of the initial cost. Variable operating charges for the absorbent, blower power, and
__ bumping power are represented by the following equation:

——

~ | * : s 81 48 -3
Total vanable opeiatmg <osg as §/h = 1.8G, x 107° + G \ Gﬁ‘g A
— 3 )

— The unitis to operate 8000 h/year. Determine the height and diameter of the absorption
tower at conditions of minimum annual cost.
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to ﬂie thickness,
) meglec ing the air film E
 including the air film. The air-film coefficient —

_ of heat transfer may be
nstant for all insulation thicknesses. i
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e R

= Frepare a plot of optimum economic pipe diameter versus the flow rate
| 'mﬂer the following conditions:

|r —— Derati g conditions ordinarily applicable in industrv mav be used.
T 55 ”m“ M Iﬂ‘mﬂ may be considered as in the turbulent ranlge ’

S ISEOSIty of the fluid may range from 0.1 to 20 centipoises.
MWE to apply for steel pipe.

.: ~ EXpress the diameters in inches and use inside diameters.

j:;-;,_;; E The plot should cover a diameter range of 0.1 to 100 in.

Express the flow rate in 1000 Ib/h.

. The plot should cover a flow-rate range of 10 to 100,000 Ib/h.

The plot should be presented on log-log coordinates.

i . One line on the plot should be presented for each of the following fluid densiti
23 -.‘:.' o
Im} 59 Ii} 1,0.1, 001, and 0. 001 lb/ft3 :
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fit3 tﬂ"mmhmed sﬁivent and charge per hour. The annual fixed costs for the
o imstaliation can be predicted from the following equation:

Cr = 8800F ;= 51,000F,; + 110,000 S/vear

| where Fsr= cubic feet of solvent per cubic foot of feed.

E Operating and other variable costs depend on the amount of solvent that must be
— recovered, and these costs are $0.04 for each cubic foot of solvent passing through the
| tower. What tower diameter should be used for optimum conditions of minimum total cost
B | per year?
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~ PROBLEM # 08: For the conditions indicated in Prob. 7, prepare a log-log plot of fluid -
__ velocity in feet per second versus optimum economic pipe diameter in inches. The plot
should cover a fluid-velocity range of 1 to 100 ft/s and a pipe-diameter range of 1 to 10 in.
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Problem 9.7 Optimum Pipe Diameter vs Flow Rate

For the range of viscosity considered, the viscosity term will range from 1 to 1.{;!8 in
the equation for diameters less than 0.0254m and from 1 to 1.077 in the equa‘glon for
diameters greater than 0.0254 for the stated viscosity range. Therefore, we will plot

. 0.025 2 0.025 ; _ o
Y= Dy opi/bep o> and z= Dy, /uep 7 In the two cases where p, is in cP.

From the equations on page 404 modified to account for viscosity in cP,

Y(Fm.p) = f0.363-;@0_}

0.025)
M

F

0.45
m

e

*pP

-0.32

- 0.025
= Dl,n-pt/ Hep

Turbulent Flow with Diameter less than or equal to 0.0254

F.=0.001,0.01. 10

- Optimum Diameter Factor

y(F,1600)

Z(Fm ,p) = Oﬁ- {1000)

0.025
*Fm

--.ir..

De

0.49
o

-0.35
-

= BLEI E/pcpﬁ.m}' L —

me the range of flow rates to be piotted

For Diameters above 0.0254 < i

10

I

o
-
‘.i"
T

1 1
0.01 0.1 1
F

Flow Rate {kg/s)

10

T



0.1

For Diameters less than 0.0254
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Problem 9.8 Optimum Pipe Diameter vs Velocily
The basis will be egs. 9-76 and 9-77 on p.404, namely,

TURBULENT FLOW and diameter greater than or equal to 0.0254m
(1) Dy gp=0.363%(q 045 )¥(p% 12y (")  with g; In m?/s
p in kg/m?
u in Pa-s
TURBULENT FLOW and diameter iless than or equal to 0.0254m
(2) Dy op=0.49%(q0% y*(p%1*)*(u®%) with q, p, p in same units

If we substitute g, = v¥a*(D; ,,)* and p = p p(to place viscosity in units of cP) into
the above equations, we obtain, respectively,
(1) {Dlrgpt)ﬂi:(?-zz

i

(2" {Dl,npt)u'm:( 1.0 34:7)?:(\;{}.49 )*(p&lq»)#( EJ_{;pt‘.lr.i:lm' )

I,opt

.....
gt

Solving these equations for Dy .. and, similar to Problem 9.7, defining

v = Dy,op/Hcp®25 @and z = Dy opt/1icp?-35 to keep only p and v on the right hand side,
we obtain:

(1"} y= Dl,npt/""CPn-zs s [3..8___“-3_535}_@2)*(?4'5 )t{pl..B)
(2") 7 = DI;Qp‘[/uCPLaS — {5_{,’95}#(){2@.5}#(9?)

v:=0.1,2.. 30 Define range of values of v for plotting

v(v,p) = 3.885¢ 10 = v4‘5 % p1'3 for diameters greater than 0.0254m

Z(v,p) = 5.505« v24'5- p? for diameters less than 0.0254m

|
||




For Diameters greater than 0.0254
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| EM # muous evaporator IS being used to concentrate a scale-forming
e e e sulfate in water. The overall coefficient of heat transfer decreases

| :
- x 10799, + 6 x 107°

.re 1 = overall coefficient of heat transfer, Btu/(h)(ft2)(°F),

’ o The only factor which affects the overall coefficient is thg:
scale formation. The liquid enters the evaporator at the bﬂili_rlg point, and the tem_pgraizjure
;J.,-[ heat of vaporization are consfant. At the operating conditions, 990 .Btu are regutre to
w=norize 1 1b of water, the heat-transfer area is 400 ft2, and the temperature-dlffe?ence
drivine force is 70°F. The time required to shut down, clean, and get back on stream is 4 h

=
-

- =ach shutdown, and the total cost for this cleaning operation is $100 per cycle. The

4
o |
-

labor costs during operation of the evaporator are $20 per hour. Determine the total time
- per cycle for minimum total cost under the following conditions:

4

1 a) An overall average of 65,000 Ib of water per 24-h day must be evaporated during

each 30-day period. |
{b) An overall average of 81,000 1b of water per 24-h day must be evaporated during

‘each 30-day period.
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ROBLEM # 10: An organic chemical is produced by a batch process. In this process,
hemicals X and Y react to form chemical Z. Since the reaction rate is very high, the total
_ ne reguired per batch has been found to be independent of the amounts of the materials,
i am zach batch requires 2 h, including time for charging, heating, and dumping. The

— following equation shows the relation between the pounds of Z produced (lbz) and the -

ds of X (Iby) and Y (lby) supplied:

__i._. b, = 1.5(1.1 Ib, Ib,+ 1.3 Iby Ib, - Ib, lby)®*

| Chemical X costs $0.09 per pound. Chemical Y costs $0.04 per pound. Chemical Z sells for
$0.80 per pound. If one-half of the selling price for chemical Z is due to costs other than for ~
raw materials, what is the maximum prc:ﬁt ﬂbtamable per pound of chemlcal 1?
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ROBLEM £ 11: Denve an expression sumlar to Eq (56) for finding the optimum exit ,,
ature of cooling water from a heat exchanger when the temperature of the material L8
Ebmm cmled is not constant. Designate the true temperature-difference driving force by P
FolAtin ,where F¢ is a correction factor with value dependent on the geometrical — -

arrangement of the passes in the exchanger. Use primes to designate the temperature of
the material that is being cooled.
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% 19. Under the following conditions, determine the optimum economic i

-, 0 .
ness of insulation for a * 2”1 standard pipe carrying saturated steam at 100 psig.

: : f i
The line is in use continuously. The covering specified is light carbonate magnesia, which is ———
3 in., etc). The cost of the

marketed in whole-number thicknesses only (i.e, 1 in, 2 1,

installed insulation may be approximated as $20 per cubic foot of insulation. Annual fixed = .
' charges are 20 percent of the initial investment, and the heat of the steam is valued at $1.50 s
per 1 million Btu. The temperature of the surroundings may be assumed to be 80°F. =
L B. McMillan, Trans. ASME, ml1269 (1926), has presented approximate |
‘walues of optimum economic ‘nsulation thickness versus the group (kbcHy At/ac)®> =
with pipe size as a parameter. l
&k = thermal conductivity of insulation, Btu /(h)(ft2)(°F /ft) sy 2
b= cost of heat, $/Btu # o
H, = hours of operation per year, h/year
At = overall temperature-difference driving force, °F e
a-= cost of insulation, $/(ft3)(year) e
The following data are based on the results of McMillan, and these data are = T
applicable to the conditions of this problem: S
3 ()piirmm{ economic thickness of insulafion. o
.. for nominal pipe diameter of
1m. 2 in. Alﬁ i
05 | 06 o
i 1 A8 B
1.8 L 18 o
245 | 2.9 "
36 | 43
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. PROBLEM # 13: A catalytic process uses a catalyst which must be regenerated ;
. periodically because of reduction in conversion efficiency. The cost for one regenerationis
constant at $800. This figure includes all shutdown and startup costs, as well as the cost for

the actual regeneration. The feed rate to the reactor is maintained constant at 150 ib/day, —
and the cost for the feed material is $2.50 per pound. The daily costs for operation are = «
$300, and tixed charges plus general overhead costs are $100,080 per year. Tests on the —
catalyst show that the yield of product as pounds of product per pound of feed during the @ %
first day of operation with the regenerated catalyst is 0.87, and the yield decreases as |
0.87/(6p)%2>, where Bp is the time in operation expressed in days. The time necessary to
shut down the unit, replace the catalyst, and start up the unit is negligible. The value of the
~ product is $14.08 per pound, and the plant operates 300 days per year. Assuming no costs -
are involved other than those mentioned, what is the maximum annual profit that can be
obtained under these conditions? '
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' PROBLEM # 14: Derive the following equation for the optimum outside diameter of
® insulation on a wire for maximum heat loss: "
2k,,
D, = — ' e
opt. = —
(h. + h). . B

i

i

_ where k;, is the mean thermal conductivity of the insulation and {hc+ hrjcis the combined .-
5 and constant surface heat-transfer coefficient. The values of km and (fic+ RBr)c can be =
' censmered as constants independent of temperature level and insulation thickness. o s
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- — S D = 4 s

| :r q' Iﬁ ?ﬂmng a dim{:t partial derivative approach for the objective function, ! _
instead of the Lagrangian multiplier as was used in Egs. (92) to (95), determine the ——

. optimmam values mf:ﬁ and vmvolved in Egs. (92) to (95). = iy
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' d z that minimize the function X +
BLEM # 17: Find the values of %, y, an: _ ' e
¥ :icj)ect to the constraintthatx +y +Z2 = 1, making use of the Lagrangian multip
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CHAPTER 14

MATERI ALS TRANFER,
HANDLI NG, AND
[ REATMENT
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fion. A plste  flies prbss . .
slurry containing 5 1b of dry solids per cubic foot of solid-free liqmd. The viscosity of the higmd

is 1 centipoise. and the filter must deliver at least 400 fi° of solid-free filtrate over 2 cONtinuOus

operating time of 2 h when the pressure-difference driving foree over the filter unit is constant at -

25 psi. On the basis of the following data obtained in a small plate-and-frame filter press.
estimate the total area of filtering surface required.
Experimental data. The following data

"__ were obtained in a plate-and-frame filter press with a total filtering area of 8 ft:
T Y R TR
Time from stt of filation {8), b
a4 Total volmme 1t comstnt pressye  differeike o
e of filrate : _
V), i? AD=20psi |AP=30pst | AP = 40P
A 5 0. 34 0.25 0.2
4 8 G.85 0.64 o .52
| 10 32 1.00 Oyl
B |2 1.90 143 1.7

__ The slurry {with filter aid} was :dentical to that which is to be used in the large filter. The
Bltrate obtained was free of solid, and a negligible amount of liquid was retained in the
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_ Example 6: Effect of pressure difference on capaﬂt}r of a rﬂtar_v vacuum filter, A |

— when a given CaC0;.H,Q mixturc is filtered under known conditions. HD‘W many cubic feet of

— conditions remaining constant? Assume the CaCQ; filter cake is noncompressible.

rotary vacuum filter with negligible filter-medium resistance delivers 100 £ of filtrate per hour e

filtrate will be delivered per hour if the pressure drop over the cake is doubled, all other |
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Exam 'ﬁ ‘Estimation of horsepower motor required for vacuum pump on 2
rotary vaceum filter. A rotary vacuum-drum filter is to handle a slurry containing 20 Ib
o water per 1 15 of solid material. Tests on the unit at the conditions to be used for the S
* filtration have shown that the dimensionless ratio of a/B is 0.6 and 19 Ib of fltrate (not
F including wash water) is obtained for each 21 Ib of slurry. The temperature of the _
" surroundings and of the slurry is 70°F, and the pressure of the surroundings is 1 atm. The

L pressure drop to be maintained by the vacuum pump is 5 psi. The fraction of the drum area
| submerged in the slurry is 0.3, and the fraction of the drum area available for air suction Is
—+ 0.1. On the basis of the following assumptions, estimate the horsepower of the motor
. necessary for the vacuum pump if the unit handles 50,000 b of slurry per hour.
Assumptions:

e Resistance of filter medium is negligible.

e Any effects caused by air leakage are taken into account in the value given fora/g |
—+ & For air at the temperature involved, heat capacity at constant pressure divided by 7

heat capacity at constant volume is 1.4.
e The vacuum pump and motor have an overall efficiency of 50 percent based on an |
M 5 isentropic compression. :
: e The value of B is based on the temperature and pressure of the air surrounding the |
= filter.
e The filter removes all of the solid from the slurry. |
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RO EM A lean oil is ™ be used as the absorbing medium for removing a

7'.:_" | ﬁ-hpﬂtﬂf the design for the absorption unit, it is necessary to estimate
the size of the motor necessary to pump the oil to the top of the absorption tower. The oil
8 st be pumped from an open tank with a liquid level 10 ft above the floor and forced |
. through 150 & of schedule number 40 pipe of 3-in. nominal diameter. There are five 90°
| glbows in the line, and the top of the tower is 30 ft above the floor level. The operating
- pressure in the tower is to be 50 psig, and the oil requirement is estimated to be 50 gpm.

| The viscosity of the oil is 15 centipoises, and its density is 53.5 lb/ft®. If the efficiency of the
 — pumping assembly including the drive is 40 percent, what horsepower motor will be —

| required?
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~ PROBLEM 2: Hydrogen at a temperature of 20°C and an absolute pressure of 1380 kPa
__enters a compressor where the absolute pressure is increased to 4140 kPa. If the

—— ke

mechanical efficiency of the compressor is 55 percent on the basis of an isothermal and

- reversible opera