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Abstract:

The reduction of thermal pollution by means of adiabatic degassing
was studied by using a computer simulation of the process. The systems
studied were hydrogen sulfide, ammonia, and sulfur dioxide in water,

Each system was studied separately as aqueous unsaturated solutions.

These systems are characteristic of possible thermal pollution streams,
e.g. hydrogen sulfide and ammonia in water are both products of refinery
operations as well as municipal sewage treatment plants; the sulfur dioxide
in water would arise in power station flue gas scrubbing operations or in
smelter flue gas scrubbing operations.

The results indicate that there is a range of gas concentrations for
which adiabatic degassing would be an efficient means of reducing thermal
pollution, provided there is available a supply of low cost, low pressure

steam,
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5.

Conclusions

Adiabatic degassing is a feasible method for reducing thermal pol=
lution. Simulation of three binary gas-water systems show that a
5°F temperature drop can be achieved under a stipulated set of
conditions at an operating cost of less than 0.158¢/gallon solution

through the process.

For the three binary gas—water systems, the simulation of an adia-
batic flash required good experimental vapor-liquid equilibrium
data. A comparison of the simulation run using good experimental
correlations and estimates using data corresponding to an ideal
mixture approximation showed the latter to give a larger value by
30% in the value of the vapor-to-feed ratio. This effect is to
show both an increased operating cost and capital equipment cost

over what is needed.

For the three gases evaluated, e.g. hydrogen sulfide, ammonia and
sulfur dioxide, hydrogen sulfide having the greatest solubility
shows the least cost per degree of cooling. However this system
requires the greatest solute removal because of the fact that hydro-
gen sulfide is a pollutant exclusive of any consideration of thermal

pollution.

For systems being cooled less than 5°F (from 90°F to 85°F) vacuum
pumps of the Nash Hytor type are competitive with ejectors in terms
of operating costs. For greater cooling multistage ejectors are

better.

Work should continue on the utilization of the sensible heat of

thermal polluted water resources for agricultural or municipal



systems. This should be the primary consideration in the engi-
neering analysis of the reduction of thermal pollution. If this
is not feasible, then adiabatic degassing offers an alternative

for thermal pollution reduction.



II.

Recommendations

1.

The physical properties of gas compounds dissolved in water need B
to be correlated and studied further. These properties are pre-~
sently only available as binary systems. Multicomponent systems
are important in thermal pollution as well as industrial and

municipal utility processing.

The thermodynamic properties of water need to be reduced to a
semi-empirical correlation suitable for computer usage. Such a
correlation would serve many different engineering design efforts
in water using processes, i.e. steam cycle power generation,
sewage treatment process analysis, petro-chemical industrial

operations, and electrochemical processes.

The Office of Water Resources Research should support efforts at
developing agricultural and municipal use of thermal polluted
water resources., This effort should include an educational
effort directed at urban planners. This could be accomplished
through preparation of a self-instructional packet suplimented

by conferences.

The corrosion effects of gas-water systems should be studied.
Particular emphasis should be placed on the mechanism of the
corrosive action, followed by emphasis on protective coatings

for the equipment.



IITI. Introduction

The Office of Water Resources Research of the U. S. Department of the
Interior describes the thermal pollution problem as follows:

"With the expected increase in the number of electric generating

plants and the consequent thermal loading of rivers, lakes, and

estuaries, increased research attention is needed in physical

mixing and thermodynamics of heated discharges; in development

of economically competitive alternatives to use of once-through

water as a heat-transfer medium; on biologic, ecologic, and en-

vironmental impacts; on types and quantities of data required

to properly evaluate facility sites and to choose among alter-

native sites; an adequacy of regulations and procedures for site

selection with respect to water use and management; and on pos-—

sible ways of utilizing the heat for man's advantage." [1]

This statement places emphasis on electric power generating stations. If
thermal pollution is considered in the broader definition of 'any increase
in the sensible (or latent) heat of a naturally occurring water resource',
then there are thermal pollution problems associated with almost all indus-
trial processes. This report considers the broader definition which in-
cludes industry but considers only fluid streams. It evaluates one
particular process, in detail, for reducing thermal pollution. This process
is adiabatic degassing.

The reduction of thermal pollution requires an expenditure of energy
uniess a use can be found for the sensible heat of the water stream.
Currently, there are two principal projects being evaluated for use of
waste heat from power generating stations: (1) use for agricultural
projects and (2) use within a municipality utility complex. Both projects
could also be considered in conjunction with industrial waste heat. The
limiting characteristic of the waste heat stream, i.e. an aqueous solu-
tion which is being discharged to a natural water resource, is that the

temperature of the fluid is usually between 100-125°F. There are very

few industrial processes which could use such a low temperature source of



sensible heat. However for agricultural use or for municipal utilities
this temperature is sufficient. While this report is not primarily con- -
cerned with either use, each will be described because any new process,
such as adiabatic degassing needs to be evaluated in terms of what pro-

cesses are currently available.

A. Agricultural Use of Thermal Pollution

There are four possible uses of the sensible heat of thermal pollu-
tion for agricultural purposes. These are:

(1) direct application of the heated water to the soil for irrigatiom,

(2) direct application of the heated water to agricultural crops by

sprinkler systems,
{3) indirect application through humidity and temperature control to
green—~house or animal enclosures,

and (4) direct application to fish production through fish farming or

to algae growth for protein harvesting.

The effect of increasing the environmental temperature under con-
trolled conditions for improving agricultural productivity is shown in
Figures 1L and 2. Figure 1 shows the effect of temperature on the growth
or production of food animals [2]. Figure 2 shows idealized growth curves
for several crops. These figures indicate that positive benefits can be
achieved from judicious use of thermal pollution; however with all opera-
tions there is the investment of scale and cost of operation which must
be considered.

Specifically, it has been experimentally tested that surface irriga-
tion with 100°F water has not resulted in any appreciable increase in
crop production [3]. Apparently the ambient conditions in the test area

were such that the sensible heat of the water was reduced through evaporation.
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It has been reported that sub-surface irrigation using as similar 100°F
water has resulted in increased crop yield [4].

The results of tests with sprinkler systems for applying the heated

water indicated the following:

(1) Even though waters with temperatures of 135°F were used, that
spraying from a height of 8-10 feet did not have any crop
damage,

and (2) that using the thermal water for frost protection had all the
benefits of cold water plus the advantage of providing a thermal
blanket over the crop or orchard [5]. It was further found that
during hot weather the heated water had no adverse effects since
it effectively increased the humidity. (Again such a result

would depend on the average ambient humidity.)

It is an important coincidence that the outlet temperature range of
condenser cooling water from power stations is in the comfort range for
most plants and animals as shown previously in Figures 1 and 2. Feed is
a very expensive fuel, costing about $5 per million BTU compared to $.50
to $1 per million BTU for natural gas. The pending curtailment of new
uses for natural gas dictates that it would not be an acceptable alterna-
tive for maintaining the temperature of animal enclosures; yet thermal
pollution would be.

Although it is not inconceivable that industry, including the elec-
trical power generating industry would enter into agricultural enterprises
to utilize their waste heat before it becomes thermal pollution, it is be-
coming an acceptable idea to industry that you can afford to pay someone
to handle your pollution problems [6,7]. Thus a cooperative effort would

solve the thermal pollution problem for the industry and benefit the



agricultural operation in addition.

B. Municipal-Utility Use of Thermal Pollutiom

The temperature of thermal pollution has been described as being low
temperatures which has little use for industrial heating. There exist
within a municipality utility complex several areas where such low temp-
erature sources i.e. hot water, can be used. These uses are:

(1) As a utility for multiple dwelling heating and cooling,
and (2) As a utility for domestic sewage treatment.

District heating systems are not uncommon in this country. There
are some fifty large units, the largest being Consolidated Edison's in
New York City. It supplies Manhattan with a peak of about 300 MW of heat.
Design engineers have estimated that centralized heating operating under
optimum conditions may be competitive with separate heating units up to a
distance of ten miles [8]. Such distances solve the sociological problems
that arises from "living next to the municipal utilities". Areas of multi-
family dwellings and other multistory buildings could be served at costs
comparable with conventional separate units.

In order to achieve the type of service described above there needs
to be a change in the operating philosophy of the power generating sta-
tion. The principal change is to operate the turbine discharge as shown
in Figure 3. Operated as shown in the third schematic in Figure 3, the
power company would have less revenue from primary electrical power, but
but selling the higher temperature discharge stream its overall revenue
would be greater and its thermal pollution problem would be eliminated.

Regardless of the manner of operating the power genérating station
it is advisable in future urban planning to locate such units next to

the municipal sewage treatment plant or vice versa. One of the major
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problems with water resources is the need to use more sophisticated treat-
ment processes (called advanced waste treatment) and to operate the cur-
rent processes more efficiently to achieve the necessary 'zero-effluent’.
This requires energy. Steam from the power plant at 32 psig (274°F) can
be used efficiently to desalt sewage plant effluent [9]. It has been
reported that sewage treatment at elevated temperatures (100°F) shows
the following properties: (1) heating results in a dispersion effect on
suspended solids, resulting in a homogeneous waste; (2) the solubility
of solid material increases; (3) anaerobic digestion improves; (4) the
solubility of gases decreases. The solubilization of the suspended
solids increases the rate of microbiological processes by giving the popu-
lation a more uniform enviromment and reducing mass transfer limitations.
In the discussion of the useful application of the sensible heat of
the waste fluid stream it has been assumed that the stream was not polluted
with respect to its intended use, i.e. condenser water containing certain
salts (chromium) could be used in heating however the water could not be
used in direct application for agricultural production. A second
example would be a refinery waste containing hyarogen sulfide. Before
this waste could be used for heating the HZS would have to be removed
because of its corrosive chemical properties. Further not all existing
thermal pollution sources will readily find the previously described
uses for the waste energy and these sources will require treatment by
physical or chemical processing to reduce the thermal pollution. Adiabatic

degassing is such a process.



IV. Description of Simulation Model

A. Physical Separation of Gas-Liquid Streams

Physical separation of dissolved gases from water involves the unit
operations of stripping or flashing. In stripping, an inert gas is used
as a carrier for the removal of the dissolved component. Mass transfer
of the dissolved component from the water to the carrier gas is the con-
troliing mechanism. In flashing, the feed stream is separated into a
gas phase and a liquid phase. The controlling mechanism of flashing is
phase formation or nucleation. The gas phase from both operations will
contain both the dissolved component and water vapor, however in flashing
the quantity of water vapor will be much greater on a percentage basis.

There are many industrial or commercial processes in which there is
an inter:st in the separation of a dissolved gas component from water solu-
tion. i 0il field operations, sour water which is being used for secondary
recoveryv of petroleum must first be purified of hydrogen sulfide te reduce
corrosion [10]. The reclamation of refinery waste water involves the
removal of both dissolved hydrogen sulfide and ammonia [11,12]. In both
processes involving hydrogen sulfide, this material can be chemically
reacted to produce sulfur. Although the quantities are usually much
smalier, modern sewage treatment processes are being developed for sepa-
rating both hydrogen sulfide and ammonia from domestic waste. Many fish
hatcheries have experienced difficulties with high levels of dissolved
nitrogen. These levels are detrimental to the fish [13].

Each of these problems can be approached by either stripping of
flashing. Currently, stripping is the more frequently employed unit opera-
tion although the design question has not considered the thermal pollution

associated with the system. In both unit operations water is vaporized.
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If the process is conducted under adiabatic conditions, the latent heat
of vaporization of the water must be supplied from the sensible heat of
the solution. The net result is a reduction in the temperature of the
liquid stream. (In addition to the latent heat of vaporization of the
water, there will be a heat of solution associated with the dissolved
component, however in most design calculations this is neglected.) If
the operation is conducted under reduced pressure (vacuum) operations
such as would be associated with most water sources, a critical parameter
is the quantity of the gas stream which must be handled. Flashing would
produce less volume than stripping. Further the capital investment in
equipment for flashing is less than that for stripping. Stripping, how-
ever, usually produces a greater reduction in the quantity of gas remain-
ing in the water. Since in a thermal pollution abatement program, the
critical criterion is the temperature reduction, this report considers
adiabatic degassing of water sources using a flashing process.

Specifically, the report considers the feasibility of thermal pollu-
tion reduction through adiabatic degassing for three water systems. These
are:

(1) Water which has been used to absorb 802 from power plant stack

gas,
(2) Sour (st) water which has been generated either in normal re-
finery operations or has been produced from natural sources,

and (3) Sewage effluent containing ammonia.

B. Model Equations
The primary requirement of a simulation model is that the results

are consistent with the experimental observations, although the model
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itself is a mathematical abstract not necessarily describing the physical
or chemical mechanism. A convenient model for flashing employs the con-~
cept of an ideal stage. The basic descriptive equations for the analysis
of an ideal stage are a combined component balance and an energy (enthalpy)
balance. Steady state operation is assumed. Figure 4 is a schematic

flow diagram for the unit operation of flashing. The equations for this

process are

: ) (i z, (K, (p) - 1) -
F, W, p) = - =0 L
1 (L VK () - 1) + 1.0
E z; g~ Q) - S i )
and F,(@, p) = (1 - ) +h - z, =10 2
2 L TEIa SR Gy T T L T

The function Fl(w, p) is the basic combined component (or material) balance
and the function Fz(w, p) is the energy balance. The definition of each
of the terms is given in the list of Nomenclature and the derivation of
the basic equations are given in Appendix A. A corollary problem in

the development of any simulation or mathematical model is that of deter-
mining the number of independent and dependent variables. This problem

is usually classified as determining '"the degrees of freedom" [14,15].
Table 1 shows the degree of freedom.of the system as zero. Thus, there

is a unique solution. This agrees with the mathematical description which
shows the system is modelled by two equations in two unknowns, ¥ and p.

As written the balances assume that the composition and enthalpy of the
feed stream is known and that the temperature of the flash is specified.
With the appropriate thermodynamic equilibrium data, solution of the
balance equations give the equilibrium pressure of the flash and the

quantity of the dissolved gas released and water vapor formed. Table 2
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V, Ibmoles/min

Yi, Mole fraction ith component

Vacuum or

Pump System

-

Feed, F [RXXXXXRX
Ib moles/min
D e

T¢, Temperature of flash, specified

Z,, mole fraction

ith

component | - 3Q=0

To, Feed Temperature L, b moles/min

—c
Po, Feed Pressure Xi, mole fraction i™Mcomponent

FIGURE 4. Flow Schematic



Table 1.

Number of 1 Phase Streams
Number of 2 Phase Streams

(NOTE:

16

Degrees of Freedom Analysis

The vapor and liquid streams are shown as separate streams, how-

ever, in the sense of Gibbs Phase Rule, they are a single two

phase stream)

Number of Variables for 1 Phase Stream

Number of Variables for 2 Phase Stream

Energy Variable

Total, NV
Number of Relations
Material Balances
Energy Balance

Total, NR

Number of Variables Fixed
by the Enviromment

Feed Composition and Quantity
Temperature of Flash
Adiabatic Operation

Total, Nf

Degrees of Freedom =

=t

C+ 1

N - N
v



Table 2. Example Calculations

Faed stream: Sour water containing 200 ppm H,S F = 462.8 1b moles/hr

2
Pressure of Feed Stream - 1 atm

Temperature of Feed Stream = 32.4°C
Temperature of Flash - specified as 27°C (5.4°C drop)
Volume of Vapor: V = 3.93 x 106 cubic feet

.005296

composition of vapor: HZS

H20 = ,994

Volume of Liquid: L = 800 lbs/min

composition of liquid: HZS = 7.845 x lO—8

HZO = .9999

Pressure of Flash Vessel: .138 psia

17
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is a sample calculation. As mentioned, the computation can only be made

if appropriate thermodynamic data is available. The data needed is

vapor-liquid equilibrium values as functions of temperature and enthalpy

data.



V. Discussion of Thermodynamic Data

The thermodynamic data required for the solution of the model equa-
tions are values of the equilibrium constant between a gas-—vapor phase
and a liquid phase, and enthalpy data for all the components in the
system. In all three cases to be examined the system is treated as a
binary system of one gas component and water. As mentioned many of the
systems will have more than two components; however the experimental data
for the appropriate multicomponent systems is not available and as will
be discussed, estimation techniques are not sufficiently accurate to
warrant their use. This is not true in general but is the case for water

systems.

A. Vapor-Liquid Equilibrium

At constant temperature and constant pressure, the thermodynamic
statement for defining a two-phase equilibrium is that the chemical
potential of each component in each phase is equal, or as shown in Equa-

tion 3:

B, = M, . (3)

Tt has been shown [16] that an equivalent statement is equality of the

fugacities
v _.L
£, = £, (4)

It can be shown that the fugacity can be calculated from the following

equation

[v, - 5] dP. (5
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To solve the integral term, an equation of state for each component is
required. TFor the gaseous fugacities these equations are available for )
hydrogen sulfide, ammonia, and sulfur dioxide; however this information

is not available for water vapor. There is a further complication in that
in aqueous solution there are no available equations of state for any of
the components. Experimental data is therefore required.

The hydrogen sulfide-water system has been extensively studied ex-
perimentally in conjunction with the recovery of deuterium from water [17].
This data is given in Appendix B and is used in the simulation. The data
is correlated in terms of X;s mole fraction of hydrogen sulfide in water
(liquid) and Vi mole fraction of water in hydrogen sulfide (gas). It
is necessary to relate these to the equilibrium constant, Ki’ of Equation

1.

The usual definition of the vapor-liiquid equilibrium constant is

K, = yi/xi . (6)

For hydrogen sulfide-water the experimental data is readily calculatable
as equilibrium data. TFor the other systems being examined an idealization

of Equation 5 must be used. If the vapor—-gas state is considered as having

the properties of an ideal gas, Equation 5 reduces to fz =¥y P for the
L L . .
vapor, and to fi =% Hi for the liquid phase components. Substituting

into Equation 4 gives

P. =y, P= X, ﬁi (7)

which is Henry's Law. The appropriate equilibrium constant, Ki, is cal-
culated by ﬁi/P. The problem of calculating K is now a problem of obtaining

values for Henry's Law constants.
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All thermodynamic data for computing the appropriate vapor-liquid

equilibrium values are given in Appendix B. B

B. Calculation of Enthalpy

Equation 2 of the simulation model is an enthalpy balance. For the
process of adiabatic degassing of the design systems the total energy re-
quired to vaporize a portion of the water and to separate the dissolved
gas component is supplied by reducing the sensible heat of the feed
liquid. Subsequently, the gas - vapor phase and the liquid phase leave the
process at the lower temperature. It is this effect that is sought as the
solution for thermal pollution.

The following thermodynamic data are required for calculation of the
energy balance:

(1) Caloric equation of each component

(2) Latent heat of vaporization of water as a function of temperature

(3) Heat of solution of gas components in aqueous solutions
and (4) Excess enthalpy of mixing.
Caloric equations evaluate the heat capacity of a component as a function
of temperature. These equations are empirically developed and usually
presented as polynomials of temperature. Latent heat is also obtained
from experimental data as is the heat of solution. The excess enthalpy

is calculated by

e c 3 1ln Yi
bR = -RT ] %, (777 )p «
i=1 i

5 (8)

This assumes that there are available relationships evaluating the activity
coefficient, Y- This data is not readily available for the systems that we

are studying.
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These systems are important industrially and extensive enthalpy data
has been developed. This may seem like a contradiction to the statement .
on the availability of activity coefficient data. It is not, for this
information is not separated out of the enthalpy data. The data is pre-
sented in graphical form as relative enthalpy versus mass fraction of the
gaseous component. The data is equilibrium data giving the relationship
between éaturated liquid and saturated vapor. Data of this type is given
for the ammonia-water system in Appendix B.

For other systems where neither graphical or activity coefficient data
is available the assumption is made that the system is ideal. The enthalpy
of mixing is zero.

One additional correction must be considered, this is pressure-voliume
effect. Enthalpy is an exact differential in variables S and P. Dif-
ferentiation of the function gives a term (BH/BP)S dP. This term is
equivalent to the product VdP. For the conditions of the adiabatic degas-

sing process, this term may be neglected.



VI. Description of Process Equipment

The equipment chain exclusive of control equipment consists of a cloged
vessel in which the flash takes place accompanied by phase separation and
a means for removing the gas-vapor phase, e.g. the vacuum system. The
closed vessel would be insulated to achieve adiabatic operation. Both the
vessel and vacuum equipment would require a corrosion resistant material.
Tor the three systems of interest, two are acidic, e.g. hydrogen sulfide
and sulfur dioxide, and one is basic, e.g. ammonja. Stainless steel would

be used.

A. Flash Vessel

The flash chamber is generally constructed as a vertical drum. For
such drums the diameter is set to provide the necessary cross section for
the volumetric flow rate of the gas—vapor phase. A satisfactory criteria
to prevent excessive entrainment would be to restrict the linear velocity
of the gas-vapor phase to less than 2 ft/sec. A more rigorous calculation
of the limiting linear velocity is available [19]. Under normal operating
conditions a vertical flash drum would have the relative dimensions as shown
in Figure 5. All feed and exit lines are designed for a head loss of 0.4
psi per 100 ft. of pipe (or tubing). The design temperature is set at 50°F
above the operating temperature. The design pressure is specified as 10%
above the operating pressure, but at least 25 psig unless the drum is operat-

ting in a vacuum in which case a design pressure of 100 psig is used [20].

B. Vacuum Equipment
Industrial operations for adiabatic degassing normal operate at posi-
tive pressures, however the specific systems that are considerad in this

report would originate at near atmospheric pressure and would require
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GAS VAPOR
25" if diameter is< 4'
3.0'if diameter is>4'
Mist Screen 4"
(wire mesh)
.0 if diameter is< 3'
1.5' if diameter is>3'
Feed Pipe O —t
1.0'
_________ —3
Emergency Based on Input
Hold Up (1 dicmeter if not
specified)
e it A st A s toree] _‘{.
Normal Based on Input
Hold Up (2 minutes of
liquid feed)
ﬁ\L n
6
Y
LIQUID
FIGURE 5. Flash Vessel Design
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vacuum operation of the flash chamber for the desired separation. The two
most common vacuum systems consist of steam-jet ejectors or mechanical .
vacuum pumps. Figure 6 is a schematic of the application of vacuum equip-
ment [21].

Ejectors are important in industrial operations for creating and
holding a vacuum in a system. They have no moving parts and can be con-
structed in a wide range of materials. They operate by the action of one
high pressure stream upon a second of lower pressure. The steam ejector
is the unit most frequently used in vacuum processing. It has the following
features which makes it a good choice [22]:

(1) handles wet, dry or corrosive vapor mixtures,

(2) develops any reasonable vacuum needed for industrial operations,

(3) available in all sizes to match any volume and vacuum requirements,

(4) efficiencies are reasonable-to-good,

(5) having no moving parts, they require minimum maintenance, and
operate at a reasonable steady state when corrosion is mnot a
problem,

(6) quiet operation,

(7) stable operation within design range,

(8) installation costs comparatively low with respect to mechanical
pumps and ejectors have smaller space requirements,

and (9) simple operation.

Ejectors may be single or multistage. The extra stages, with or
without intestage condensing of steam, allow the system to operate at lower
absolute pressures, as shown in Figure 6. It is advisable to use as few
ejectors as possible to achieve the necessary vacuum. The motive steam design

pressure must be selected as the lowest expected pressure at the ejector
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steam nozzle. The unit will not operate stablely on steam pressures below
the design pressure [23]. Recommended steam design pressure is equal to
the minimum expected line pressure at ejector mnozzle minus 10 psi. To
insure stable operation the steam pressure must be above this minimum value.
For ejectors discharging to the atmosphere, steam pressures below 60 psig
at the ejector are generally uneconomical. Single-stage ejectors designed
for pressures below 200 mm Hg abs. cannot operate efficiently on steam
pressures below 25 psig. The relationship between operating pressure e.g.
vacuum and the motive steam consumption is not linear. If there is a large
change in the requirements (greater vacuum) it would be more economical to
change the ejector rather than to increase the steam consumption.

Figure 6 shows the many types of mechanical vacuum pumps that can be
considered. This report considers only one tyvpe - the Nash Hytor wet vacuum
pump [24]. It is a rotary vane and water sealed capable of operating down
to an absolute pressure of 60 mm Hg or if jet boosters are added it can
operate at absolute pressures in the range of 5-10 mm of mercury.

The Nash pump design is ideally suited to the handling of wet, satu-
rated gases and to conditions where corrosion or liquid carryover are
present. The Nash pump uses no intermal lubrication. It can therefore
handlie systems which would dilute, emulsify or form sludge with the hydro-
carbon lubricant. The fact that the pump operates with a liquid seal
eliminates the problem of moisture carryover in the gas phase. One further
advantage of the Nash-Hytor pump for the adiabatic degassing of water
solutions is that the water vapor can be condensed within the pump.

The only moving part of the pump is the rotor. The rotor is positioned
eccentrically and revolves freely without metal contact in a cylindrical

casing containing water. The water rotates with the rotor but follows
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the contour of the casing due to centrifugal force. The water which en-
tirely fills the rotor chamber at the inlet, recedes as the rotor advances
and then the converging casing forces the water back into the chamber.

The replacement of the water by air or gas and its subsequent expulsion

cause the pumping (vacuum) action.

In small size units the pumps are directly coupled to electric motors.



VII. Simulation and Results

The availability of the computer has provided the necessary tool for
enabling an engineer to perform a sufficiently detailed analysis that the
usual procedure of several stages of experimental scale-up can be elimin-
ated. There are limitations in computer simulations but if these are
explicitly stated as in any analysis the results can be evaluated accord-
ingly. The previous sections of this report have considered these limita-
tions and discussed how they will be included. This section describes the
specific cases evaluated, the mathematical algorithm of the simulation model

and the simulation results and evaluation.

A. Problem Statement
The reduction of thermal pollution by adiabatic degassing is studied

by computer simulation for three gas-water systems.

1. System Hydrogen Sulfide-Water

Sour water (HZS) ig found in nature, is generated in petroleum refining
operations, is produced in petroleum production operations, and is generated
in domestic sewage treatment prccesses. In the past, hydrogen sulfide has
been considered the pollutant and the purpose of treating the sour water
has been to eliminate it. However with thermal pollution of water courses
increasing each source must be examined and measures evaluated for reduc-
ing tne sensible heat discharged. Councentrations in the entire range from

negligible to saturation have been reported.
§.18 P

2. System Ammonia-Water
The two primary sources of ammonia-water as a thermal pollution

potential are in petroleum refining operations and in domestic sewage



treatment processes. In both cases the ammonia is a pollutant as well as
is any excess sensible heat in the solution. There would still be treat-
ment required for the ammonia but the concentration in the stream to be
treated would have increased and the total volume of the stream would
have decreased. Ammonia usually is in concentrations somewhere between
5-12 mg/liter in domestic sewage (at that point in the system where
treatment is effected). 1In refinery's it can be much greater, the system

being under pressure.

3. System Sulfur Dioxide-Water

A recent news release described the use of sea water to scrub SO2
from power plant flue gas [25]. The article mentioned that the concen-
tration of 502 in the water was between 0.3% and 1.0% (by weight). The
article did not discuss the sensible heat that the sea water would gain
in the scrubbing operation.

Most power plant stack discharges would be between 100°F and 250°F
with a corresponding temperature in the sea water leaving the process at
temperatures between 95°F and 105°F. These would also be conditions
similar to inland power plants except the solution wouid not be saline.

These three systems are simulated for the following set of condi-
tions:

Feed Rate - 1000 1b moles per minute (roughly 1.3 x 105 gallons/hour)

Inlet Gas Temperature - 90°F or 100°F

Temperature Drop ~ 5°F

Gas Concentration in Inlet -~ 0.01 mole fraction

In addition to these runs, the effect of approximate thermodynamic

data on the simulation was studied for the hydrogen sulfide-water system.
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B. Algorithm for Solving the Simulation Model
The algorithm for solving the simulation model is a combination of -

the Newton-Raphson method and Kramer's method. The model equations are

c zi(Ki - 1)

F @, p) = | — =0 . (1
1 joq WK, - 1) + 1.0
y =% ¢ 2z, - Q) E i
and F. (P, p) = h_+ (1 -¥) STy TR - z, H . (2)
2 o e KDY © oo AT

The Newton-Raphson method is a linearization of the Taylor series expan-
sion of the functions Fl(w, p) and Fz(w, p) and the subsequent solving

for the values of AP and Ay. The values are obtained by Kramer's method.
The initial values of y and p are corrected by the AP and Ay. The algorithm
is executed iteratively until the correct roots e.g. physically realistic,
are found. The correct roots are found by the fact that U must be between

0 and 1.0 and P must be positive and less than the inlet pressure. The

algorithm equations are

AF, W _, P ) aF. (p , P )
- 17n’ "n ~1"n’ m
0=F @ ,P)+——Fp— AP+ - Y (9)
3F & _, P ) 3F @ _, P )
- 270" =mn 2'n’> "n \
0 = onpn, Pn) + NP AP +——————§T—~—— Al (10
Kramer's method gives
1 1Pn’ n oY
2 lpn’ n oY ‘
Ay = (11)
opP Y
AF , (b5 P ) OF, (Y 5 P)
oP Y
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and

oF (b » P ) WP
oP 1%n “a
OF,(_, P) o)
oP 2*"n* n
&Y = (12)
BFl(wn, Pn) BFl(wn, Pn)
P Y
oF, (b 5 P ) OF, (b _, P )
9P o
New values of y and P are computed by
L S (13)
and Pn+] = Pn + AP

The differentiation of the functions is given in Appendix A.

In the algorithm it is necessary to access the thermodynamic data.
The data for hydrogen sulfide-water are in functional form and are readily
entered into the computer program. The data for the ammonia-water and
sulfur dioxide-water systems are entered in tabular form as shown in
Appendix B. These data are accessed througzn a table-lookup routine which
utilizes linear interpolation (two-dimensicnal) for intermediate values

of the data.

C. Results

Table 3 is a sample of the computer output for the HZS—water system
simulation. The table shows that the temperature has been reduced 1.3°K
(or 2.3°Y) and the concentration of st in the liquid haé been reduced by
57.5%. Although this example is not within the problem specifications of

considering at least a 5° temperature drop it will be used to illustrate
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Table 3. Sample Computer Output

Feed Quantity FEED = 1.31 x 10° gallons/hour
Feed Temperature TFEED = 305.2°K
HZS Concentration XFI = 0.01 (mole fractiom)
Pressure Inlet PTOTAL = atmospheric 760 mm Hg.
Temperature Out T = 303.9°K
H,.S Concentration in X1l = 0.00425 (mole fraction)
Liquid
Water Vapor Concentration Y2 = 0.0914 (mole fractiom)
in Gas
Vapor—to-Feed Ratio SAT = 0.00629
Pressure of Flash PMM = 491.156
Volume Gas Phase V = 40.792 (liters measured at flash conditions)

the economic evaluation of the process. Table 4 is a summary of the cal-
culations for this -case. The calculations as well as the cost data are
shown in Appendix D. At the low vacuum shown the ejector is not efficient.

The operating costs do not include pumping costs on the liquid phase.

Table 4. Economic Evaluation

Equipment Cost

Only
1. Vessel: vertical construction, 6.4 ft diameter,
31 ft high, 316 Stainless Steel, 100 psig $ 53,000
2. Ejector: 316 Stainless Steel, Single Stage
a. Operating cost  $13.56/hour 6,000
3. Vacuum pump: 316 Stainless Steel

a. Operating cost  $3.60/hour 37,000

A second case is shown in Table 5. This simulation included a 5°F

temperature drop. The corresponding economic evaluation is shown in Table 6.
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Table 5. Simulation Example 2

Feed Quantity 1.31 x 105 gallons/hour
Feed Temperature 305.2°K

HZS Concentration 0.01 (mole fraction)
Pressure 760 mm Hg

Temperature Out 302.5°K (4.96°F)

HZS Concentration in Liquid 0.00406 (mole fraction)
Water Vapor Concentration in Gas 0.37676 (mole fraction)
Vapor~to-feed Ratio 0.00954

Pressure of Flash 155.101 mm Hg

N

Table 6. Economic Evaluation, Example

Equipment Cost

Oniy

1. Vessel: vertical construction, 7.85 ft. diameter,

32.25 ft. high; 316 Stainless Steel, 100 psig $ 66,400
2. Ejector: 316 Stainless Steel, Single Stage

a. Operating cost  $75/hour 6,000
3. Bjector: 316 Stainless Steel, 2 Stage with

Intercondenser

a. Operating cost  $25/hour 15,000
4, Vacuum Pump: 316 Stainless Steel

a. Operating Cost  $13.75/hour 51,200

Only the data for HZS has been recorded here. The output for the
other systems indicated the same order of magnitude for the economic evalua-
tion. Two variations from the above results are significant. These are

{1y if the feed temperature is 100°F instead of 90°F the operating

costs are reduced to achieve a 5° temperature drop. This is

congistent with thermodynamics
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and (2) for 10° or 15° temperature drops, the ejector system beccmes
competitive with the vacuum pump as far as operating costs are )

concerned. In fact the vacuum pump will not operate efficiently

at the absolute pressures of the 15° drop.

There is one final consideration and this is the effect of the thermo-
dvnamic data on the analysis. The data in Table 5 were obtained with the
good experimental correlations of Appendix B. The simulation was run
using a simple Henry's law data for the solubility of HZS in water. Table

7 is a comparison of these two sources of thermodynamic data.

Table 7. Comparison of {

Y
Appendix B. Experimental Data 0.00954
Henry's Law Estimate Data 0.01250

Table 7 shows that the estimated Y is in error by 31%. It is important
to use good experimental data, and the more complicated calculations which

result are required.



VIII. Glossary and Nomenclature

1.

Adiabatic: The system is thermally isolated from the surroundings; -
according to thermodynamics no quantity of heat is exchanged between

the system and the surroundings during the process.

Advanced Waste Treatment: Those waste water treatment processes that
follow the conventional primary and secondary treatment, e.g. the
operations of reverse osmosis, ultrafiltration, dialysis, distillation,

atc.

Chemical Potential: According to thermodynamics the partial molar
Gibbs free energy, i.e. the change in Gibbs free energy when one mole

of a component is added to an infinite solution.

Degrees of Freedom: Computed as the difference between the number of
variables and the number of relationships (or equations) between the
variables. Associated with the idea that in engineering design prob-
lems there are going to be opportunities for optimization i.e., at
least one degree of freedom. This means that at least one variable

can have its value assigned by the engineer.

Entrainment: In a flashing solution droplets of the liquid are carried
along with the vapor—-gas phase. High entraionment lowers the separa-

tion that is achieved in the equipment.

Equilibrium: That thermodynamic state in which there is no change in

the macroscopic properties of the system.

Excess Enthalpy: The enthalpy of mixing of nonideal systems. Calcu-
lated as the difference between the enthalpy of the mixture and the

corresponding enthalpy if the mixture were ideal.



10.

11.

12,

37

Fugacity: TFor an ideal gas it is equal to the equilibrium partial
pressure. A property of real gases calculated from thermodynamics.

Related to the chemical potential by du = RT d 1n (fugacity).

Ideal Stage: A concept used in the design and analysis of equipment
for the physical separation of components. A unit in which there is
complete mixing of all feed streams and the exiting streams are in

thermodynamic equilibrium.

Newton's Method (Newton-Raphson) a root finding technique. Newton-

Raphson is for multidimensional problems.

Sensible Heat: That portion of the total enthalpy change for a process
which is associated with only a temperature change, i.e. there are no
phase transitions or no heats of reaction (solution) are included in

this step of the process.

Simulation: The practice of mathematically modeling a given process
for the purposes of studying its behavior when the real process is
not available. The mathematical model does not necessarily represent
the true mechanism of the process, but the model response should be
as similar as possible to the real system response. A simulation is

run not solved.

Thermal Poilution: Thermal energy that is released to the environ=-

ment as the result of an energy generating process, chemical or petro-
leum process, and domestic utility processes. Much of the release is
due to current operating efficiencies being relatively low and demand
high. Present emphasis is on those systems in which<the thermal pol-

lution is associated with an aqueous waste.
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14. Unit operation: A system of classification of a single step of a
process sequence. The concept is organized around the functioning

of equipment rather than the physico-chemical medianism.

Nomenclature
System
Variable Definition
F Feed Rate, 1b moles/min
£ Fugacity, mm Hg
Fl( ,P) Material Balance Function
F,( ,P) Energy Balance Function
H Enthalpy, Gas-Vapor Phase, BTU/1lb mole
h Enthalpy, Liquid Phase, BTU/1b mole
H Henry's Law Constant, mm lig/mole fraction
K Equilibrium Constant
L Liquid Rate, 1b moles/min
N Number (in degrees of Freedom)
P Pressure, mm Hg
Q Heat of Solution, BTU/1b mole
R Ideal Gas Law Constant, BTU/1lb mole °R
S Entropy, BTU/°R
T Temperature, °R
v Vapor-Gas Rate, 1b moles/min
v Partial Molar Volume, ft3/1b mole
X Mole Fraction, Liquid Phase
vy Mole Fraction, Vapor-Gas Phase

z Mole Fraction, Feed
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System
Variable Definition
u Chemical Potential, BTU/1b mole
A Latent Heat, BTU/1lb mole
P Vapor—-to-Feed Ratio
Y Activity Coefficient
Subscripts
and
Superscripts
c Total number of components
€ Excess property
¥ Refers to Flash temperature and Pressure
£ Fixed Variabies (Degrees of Freedom)
i ith Compomnent
L Liquid Phase
n nth Step in Iteration
0 Refers to Feed Property
R Restrictions (Degrees of Freedom)
\Y Vapor-Gas Phase
v Variables (Degrees of Freedom)

Special Nomenclature for H

PI

(

g
~

<

iy
&

[}

28~Water Thermodynamic Data

pressure, atm(Po = 1 atm)

pressure, 1b/sq. in. abs

volume, liters/g. mole (VO = Vat PO, TO)
remperature, °K (T0 = 218.2°K)

mole fraction hydrogen sulfide in water liquid
mole fraction water in hydrogen sulfide gas

enthalpy of HZS(g), cal/mole
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enthalpy of pure water (liquid), cal/mole
heat of vaporization of water, cal/mole
enthalpy of mixing, cal/mole

enthalpy of HZS (dissolved) .~ water (liquid), cal/mole
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X. Appendix A. Derivation of Mathematical Model

A. Material Balance

All model equations are for the process system shown in Figure 1 in
the text. The nomenclature is as given in the list of Nomenclature. Three
model equations are shown for the combined material balance since all three
appear in the literature. The advantages of the CHSS equation are demon-

strated.

Overall Material Balance: F =1L+ V (A1)
Material Balance for ith Component:
ziF = XiL + yiV (A2)
Thermodynamic Vapor-Liquid Equilibrium
Ki = yi/x:,L (A3)
(1) Model Equation, HLLD [25]

Substitution of Al and A3 into A2 gives

z,F=x(F-V) + x K.V (A4)
1 1 i
= - '
z, xi{(l. V/F) + R, V/F}
2y
f SR UK} (A5)
From the definition of mole fraction

C

E X, = 1. (AB)
i=1

C Zi

'21 TV, - D) 1.0 =0 (A7)

(2) Model Equatiom, CHEV [27]
Equation A3 is rewritten as

Lx, = L/VKi vyi. (A8)



Equation Al is rewritten as

L_F-V_1-1
v v ¥

Equation A2 therefore becomes

1-yyclyy 1
v+ EFHE =y

K.z,
i%i

Yi T 1 ¥ K, -~ 1Y

Since Y. is also a mole fraction

K.z,
1 3

L+ (K, - DY -

LT
kN i

I~0
[ Ne]

i 1
(3) Model Equatiomn, CHSS [28]

From Equations Al, A2 and A3

zF=Kx, (F-L) +x.L
1 1 1 1
2T = x {VK. - 1) + F}
1 1 1
z . F
i
X

i V(K, - 1) +F

[ zZ,
1

C
Dox, = ] =
=1 b g V&g - DAL

Likewise, from Equations Al, A2 and A3

T

i

z,F =y V+ 8 (F - V)
i
- _L _E
2 F = yi{V(l K’) + K'}
1 1
z . K.
1 1

1.

1.

0

0
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(a9) -

(A10)

(A11l)

(A12)

(A13)

(ALL)

(Al15)

(Al6)

(AL7)

(A18)
(A19)

(A20)
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Combining Equations Al6 and A20 gives

c zK, c z, -

) o ) — =0 (a21)
L VE -D DT L PR, - D) 41

and finally
E 2Ky - D
121 w(Ki - 1) +1

=0 (A22)

Each of the model equations, e.g. A7, Al2 and A22 are a combined mate-
rial balance for an ideal stage or flash chamber. Each model equation is
an implicit function of Y, the vapor—-to-feed ratio. WNewton's method for
finding the root is used in computing the material balance. The selection
of the model equation, CHSS, to be used in the simulation is based upon
its convergence properties in the application of Newton's Method. Figure
A-1l shows each of the material balance model equations plotted as an
implicit function, F(y) = 0, versus . Model Equation CHSS is used. As
shown in part (c) of the figure, the root can be found by iteration regard-
less of the starting point, whereas for the other two model equations con-

vergence is a function of the starting point.

B. Enthalpy Balance

The enthalpy balanced is derived for the process as shown in Figure 1.
The flash chamber is operated adiabatically. The contributions to the
enthalpy are as discussed in the text. Although the complete definition
of all symbols are given in the list of Nomenclature, the following explana-
tion is to clarify the derivation:

(1) All values of enthalpy are referenced to a standard state which

is the stable phase of the component at 25°C and 1 atm. The

values are all specific enthalpy, BTU/1b mole.
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F(y) y

(a) Model Equation, HLLD

{b) Model Equation, CHEV

F(y)
N
N
0 1.0 ¥
N
N

(c) Model Equation, CHSS

FIGURE A-l. Graphical Representation of Material Balance, F(\V)
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(2) The overbar refers to the total enthalpy of an individual stream.

Capital H is usually gas phase while lower case h is liquid phase.

Enthalpy of the feed (as liquid)

-i; =

i i
o Zi(ho + Qo)

iIt~—10

i=1

Enthalpy of the vapor—gas phase

(o] . c . .

= i _ i i

Hp = 1 oy = 1 y;(hg +0p)
i=1 i=1

Enthalpy of the liquid phase

c , .
- i i
hp = L oxg(hy +Qp)

i=1

The enthalpy balance is

E; = YH, + (1 - w)EF .

(A23)

(A24)

(A25)

(A26)

It is necessary to eliminate Yi and X from Equation A26, e.g. from

Equations A24 and A25. From Equation A2

_ ¢
Y, = ]

1=

. c -

Hzg = =) [ My
1 i=1
Substituting from Equation A26

_ _ c L, c .
TR IR
i=1 i=1

From the definition of Ef
= _ % i S i, i i
h o= ’Z Hoz, + (1 - w){.l x, (hy + Qp - HF)}
j=1 i=1
From the definition of H; and x,
L

. ¢ 24(Qi - Ai)

1 1
Hpz, + (1 - w){izl T Ki}

h =
o
i

fl ~10

1

(A27)‘

(428)

(A29)

(A30)
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C. Differentiation of Fl(w, P) and Fz(w, P)
The functions Fl(w, P) and Fz(w, P) are Equations A22 and A30 respec-

tively, written in implicit form.

3K,
3F, (¥, P) I 2 VG5, A31)
o =1 [1 - Q- k)1
oF. (b, P) c z. (1 - K.)
__l_gmdm_ =3 S E 5 (A32)
i=1 {1 - ¢(1 - K]
3K,
oF (Y, P) c (O, - QIzVGEE™
2 i i77i° 3P ‘Y
—E——— = (1 -y ]} : (A33)
oF by - -EDT?
an(w, P) c zi(Ki~Qi)(l-Ki)
R 151 [T -9 - k)12

c zi(}\i - Qi)
1 -y - Ki) (A34)

i=1
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Appendix B. Thermodynamic Data

A. Vapor-Liquid Equilibrium
1. Hydrogen Sulfide-Water [17]

The following are empirical correlations given data for the systems

H, . S-water.

2

(a)

(b)

(e)

Hydrate Temperature °C = 9.3987 1nP - 24.85
Humidity

Temperature Range: hydrate point to 171°X
Pressure Range: 100 to 400 1b/sq. in. abs.

1n Y = 9.6689 - 9.1243(1n P) + 0.85231 (in P)?

5,2

0.028290(1n P)° + 0.056442(T) - 6.8678 x 107 >(T)

1.8741 x 10°3()3 + 0.023154(T) (in P)

-+

7.6273 x 10°0(TY2(1n )2 + 9.5097 x 10°19(m3(1n )3 (8D)

Solubility: Low Temperatures
Temperature Range: hydrate point to 100°C

Pressure Range: 100 to 400 1b/sq. in. abs.

5,502

In X = 5.0375 + 0.011270(P) - 2.0071 x 10 ~(P)

+ 1.5586 x 10°0(P)° - 0.044033(T)

3

+ 5.7530 x 10‘6(1:)2 + 8.,0270 x 10'8(T) (B2)

Solubility: High Temperatures
Temperature Range: 100 to 171°C

Pressure Range: 100 to 400 1lbs/sq. in. abs.

8 2

X = -0.066875 + 1.4866 x lOHa(P) ~ 6.1119 x 10
2

®)
+ 3.4556 x 10 2(T) - 4.5473 x 107/ (T)

- 2.6892 x 10“7(9)(T) + 3.3587 x 10“13(P)2(T)2 (B3)
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2. Hydrogen Sulfide-Water [29]
The following are Henry's Law constants for st—water as a function
of temperature:

Table B-1. Henry's Law Data

T, °C st*10"4, atm/mole fraction
0 0.0268
10 0.0367
20 0.0483
30 0.0609
40 0.0745
50 0.0884
60 0.1030
70 0.1190
80 0.1350
90 0.1440
100 0.1480

Equilibrium Constant from above data

Ry g = (-3.333265 % 10° + 13.09089 * T)/P (B4)
2

3. Ammonia-Water System [30]

Table B-2. Vapor pressure of Aqueous Ammonia Solution

This author collected the available data on the partial vapor
pressure of ammonia in water and plotied the results on logarithmic
paper to reduce the curvature and obtain constani percentage errors.
The results of Raoult, Carius, Permen, Wetts, Sims, Roscoe and Ditmar,
Cragoe, Myers and Taylor, Mallet, Mollier, Smite and Postma, Doryer
and (Gaus were used. ’

Additional dste for the vapor pressure of aqueous solutions of
ammonia at 0° are given by Klarmann, 1924; at 25° by Scheffer and
de Wijs, 1925; and Breitenbach, 1925; end at 100° by Calingaert and
Huggins, 1923. Other determinations of conductivities and vapor pres-
sures at 0°, 10°, 18°, 25° were made by Morgan and Maas, 1931.

Gms. NHjg
per 1000 Partial Pressure of NH; in mm. Hg at
gms. — A \
H,0 0° 10° 20° 30° 40° 50° 60°
1000 947
300 785
800 636 987
700 500 780
600 380 600 945
500 275 439 686
400 190 301 470 719
300 119 190 298 454 692
250 89.5 144 227 352 534 825

{Cont.)



Gme. NHg

per 1000 Partial Pressure of NHy in mm. Hg at
gms. Vs » N
H,0 0° 10° 20° 30° 40° 50° 60°
200 &4 103.5 166 260 395 596 834
150 42.7 70.1 114 179 273 405 583
100 25.1 41.8 69.6 110 167 247 361
75 17.7 29.9 50.0 79.7 120 179 261
50 11.2 1%.1 31.7 51 76.5 115 165
40 16.1 24.9 40,1 60.8 91.1 129.2
30 11.3 18.2 29.6 45 67.1 9.3
25 15 24.4 37.6 55.7 77
20 12 19.3 30 44.5 61 H
16 15.3 24.1 35.5 48.7
12 11.5 18.3 26.7 36.3
10 15.4 22.2 30.2
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Table B-3. Solubilities of Ammonia Water [30]

Partial preasure

Mole fraction in mn. of Density Percent
percent A of contraction
t° ameonia Ammoni s Water golution in volume

20° 43.086 1226 8.4 0.854 8.16
(Cont.) 43.731 1281 8.3 0.848 7.37
48,175 1677 7.05 0.845 8.96

49.941 1938 6.33 0.835 8.36

53.940 2655 5.1 0.825 9.47

55.970 3076 445 0.817 9.47

56,923 3277 4.15 0.815 9.65

40 25.011 752 36.5 0.902 6.05
H 25.366 774 36.2 0. 9005 6.24
30.690 1134 32.1 0.8833 7.21

32.686 1335 29.5 0.817 7.68

33.134 1376 29.0 0.8755 T4

36.326 1787 23.9 0.864 8.22

39.026 2180 20.5 0.856 8.52

41.133 2460 19.0 0.849 9.05

42.925 2832 18.42 0.843 10.0G

44,624 3226 18.0 0.837 9.49

44,557 3214 18.0 C.837 9.42

46.335 3640 17.6 0.828 .40

Table B~-4. Partial Vapor Pressure of Aqueous Solutions of SO2 [30]

The author collected the mvailable date on the partial vapor
pressure of sulfur dioxide in water snd from the plotted results con=
structed the following table., He assumed that the diesociation is
congtant at eny particular temperature and that Henry's lew applies %o
the undissociated solute. On the basis of this sssumption it has been
shown (Haslam, Hershey and Keen, Ind. Eng. Chem, 16, 1225, 1924) that

S = Hp + VKHp or %:H!’E+ 7’@,

when & = gme. SO dissolved in 1000 gms. Hy0; p = partial pressure of
S0, in mm. Hg; H = Henry's law constent and K = dissociation constant of
the HaS0s. The results of Schonfeld, Sims, Roozeboom, Lindner, Freeze,
Smith and Parkhurat and Watts, were used.

Gma. S0, Partial pressure of 80, in mm. Hg at
per 1000 gms. Ve A \

Ho0 0° 7 10° 15°  20° 30°  40°  50°
0.2 0.25 0.3 0.3 0.3 0.5 .6 0.8 1.3
0.5 0.6 0.7 0.75 0.8 1.2 1.7 2.8 43
1.0 1.2 1.5 1.75 2.2 3.2 4.7 7.5 12,0
1.5 1.9 2.6 3.1 3.8 5.8 8.1 12,9 20.0
2.0 2.8 3.7 4.6 5.7 8.5 11.8 13.3 31..0
3.0 5.1 6.9 7.9 10,0 14.1 19.7 57.0 82.0
5.0 2.9 13.5 15.6 19.3 26.0 36.0 87.0 116.0
7.0 15.2 20.6 23.6 28.0 39.0 52.0 121.0 172.0
10.0 23.3 3L.0 37.0 44.0 59.0 79.0 186.0 266.0
15.0 38.0 51.0 59,0 71.0 92.0 125.0 322.0 458.0
25.0 69.0 92.0 105.0 127.0 161.0 216.0 665.0

50.0 148.0 198.0 226.0 270.0 336.0 452.0

75.0 228.0 307.0 349.0 419.0 517.0 688.0

100.0 308.0 417.0 474.0 567.0 €98.0

150.0 474.0 637.0 726.0

200.0 646.0 857.0



53

B. Enthalpy Data

1. HZS—Water System [17]

(a) Enthalpy of Hydrogen Sulfide-Water Vapor

The Specific Enthalpy of pure water liquid:

H, = (~148.44 + 0.033299(T) + 2.4258 x 10“3(T)2
- 1.9610 x 10"6('r)3 % 18, (B5)
The specific heat of vaporization of water:
A, = (1112.6 - 5.0786(T) + 0.020208 (T) >
-5, .3 -8, 4
- 3.8312 x 10 “(T)” + 2.5753 x 10 (T) ) * 18 (B6)
Molar Enthalpy of Hydrogen Sulfide Gas
H = 4463 + 7.15(I-T ) + 0.00166(T> - Tg)
vpv-py —ad-b o dr-H G- (87)
v v v v

A + 2RE/(T)?

[

where O

3REB/2(T)2 - CA/2

H

RBDE/(T)2
and the volume is found from a Newton-Raphson method solution to

Py - RTVS - V2 - YV = § = 0 (B8)

using an initial value of V equal to R(T)/(P).

where: 8 = R(T)B - A - RE/(T)2

-R(T)BD + CA - RBE/(T)2

It

Y

8 RBDE/(T)2

Table I lists the values for the constants.
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Table I. Constants for Equations

4.1497
0.0514
0.02086
0.02890
1.79 x 10~
1 24.219
0.08206

6

A E DO WP

(b) Enthalpy of Water Vapor - Hydrogen Sulfide gas mixtures:

YH= (L -Y) *H+Y%* (hW + A) % 18 (B9)

(c) Enthalpy of Hydrogen Sulfide-Water Liquid:

Hsoln =X *H+ (1 -X) hw - XQ (B10)

where Q is obtained from

In Q = -2.5922 + 0.11344(T)

7,3

3.5701 x 1075(T)% + 3.3231 x 107/ (T) (B11)

2. Enthalpy Ammonia-Water System

Data were taken from the chart on p. 592 of Reference number 31.

3. Enthalpy Sulfur Dioxide-~Water System

Table B-5. SO)-Water [32]

%, Cencentration Beat of Yoiution from Cnlculated® damt of Culevinted® Ment of Solution
rea. 005/ Foth, (9%) ~t 21° C. 50lutisn, K. fros Roth from "b* valvsa of fadle 11 Differunce
10G cee. Ry0 cala. /a0l 80, erly.fave. wol cixture cale./ava, aol mixturs
6.03 10,040 10,52% 10,402 1.38
0.05 682 10,87 10,338 1.by
0. 08 9,360 10,40y 10,261 1.25
0,10 9,210 10,348 10,208 157
9.1 2,930 30174 10,03 1.28
.50 4,100 2,078 3,133 1.95
1.00 1735 8,410 5,013 4,48
2.09 1315 1.781 1+ 20k 2.0l
5,00 1.170 7,460 825 30
L.oo 1,030 1,285 6,788 4.8
Gl £,985 [ 6,704 55
5.00 A.900 7,05 6,601 25
.00 2,800 6,51 6,59 €.37
10,50 4,730 €,82 6.513 L7t

® Luteot heat of vater at 2190, w JU, 544 cpla.fmol,

4. Heat Capacity of Ammonia (Gas) and Sulfur Dioxide (Gas) [19]

Cal

(a) CPNH3 = 6.70 + 0.0063T Egrzzﬁf1ﬁg



(b)

CPgo

2

= 7.70 + 0.0053T - 8.3 * 10

7

T

2

Cal

gm mol °K

55



Appendix C

Computer program for the simulation of an adiabatic degassing process

for the system HZS—water.

Computer program for the simulation of an adiabatic degassing process

for the system NH3—water and the system SO -water.

2



57
MA TN

L& “FAN (5,500)PTOTAL ,TREEN,XF1,PL
WRITI{6,602)PTNTAL, TFETD,XF1
500 FOAPMAT {4F10.3)
6H0? FNEMAT(TOTATAL= ¢ ,FQ.4,"TFFFN= *,FB.3,'XFl= ',F8.5)
TF (PTOTAL.FQL0.0) CALL FXITY
11 PYOTAL =PTNTAL/14.7
XF? = 1,-XF1
THI) = Q.398T*ALNG(PTNTAL }-24.85
FALL HOATA(HLE XFL,TOFFN, 04404, TFFFN,PTATAL)
T =TFren-p,
T=1
20 CALL DATA(T,,PTOTAL ,THND,Y2,X1)
SK ={l.-Y2)/X1
PK =Y2/(1.-X1)
CALL HOATA(HL X1 T4HV,Y2,TFFFD,PTOTAL)
CAT ={HLF—~HL )}/ {1V ~-HL)

Fo= XF1/{1la~SAT+SK*SAT}+ XF2/{1.-SAT+0OK*SAT)-1.
IF{T.7FR.0¥GND TN 10
1 =F
T0in =7
T =7+0,01
I =0
G TO 20
10 Y =T-F/(({F=-F1)/0,.01)
=1

TF (ARSITNEN=T)=N.D1 ) 20,33,20
30 WRITE (£,6N0) {(TyX1,Y2)

A0 FOUMAT {(4H T= ,Fl0e398H X1=4FT7.5,4H Y2=,%78.5)
PMM=PTNT ALXTE0,0
WRITF(GyA0TYSAT4PMM

607 FORMAT(SH SAT=,Fl10.5,6H PMM= L,F10.3)
PTATAL = DTOTAL*14,7
PYNTAL = PIBTAL-G.5
IF (PTOTAL.LT,PLY GO TN 146
nnoTN 11
ENN

SHBRNUTIND NATA(T 401 ,TH,Y,X)

p:pl”xl(’. 7

Y==9.6689~9,1243*AL0G{P) +0.85231%AL0G(P)*%2-D,02829%ALOG{P}**x3+
1N¢056442%T-6BETRF=5T%% 2+ ], B8741F~-8%xT%%3+0.023154%T*ALNG(P)-

2T b2 T73F—6%TERIHALPG(PIXRR 249,509 TF=10%THXkIXALNG(P) %x%3

Y =FXP{Y)

Y =¥/{1.+Y])

X =5.037540,01128%D-2,0071LF-5%P%%24] .5586E-B%4P%xx3-0.044033%T+
15 783762 TH*248,0270F-B%T%*%3 ‘

X =CXP{(X)
X =X/{1l.+X}
RETURN

FND
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HDATA

CURRAUTINFE HNATA{HL ¢ Xy ToHV, Y, TEFFED,P)

HW 7(—]4?.44+0.33209*T*2.4258r—3*T**2—1.9610546*T**3)*18.

AW =(1l!2.6—5.0786*T+0.02020R*T**2“3a8312E~S*T**3+2o5753F~8*T**#)*
118.

0 ==2.592240.11344%T-3 ,5TOLE-4*T*%243,323]1F-T*xT%%3

Q =EXP(Q)

T0=212.8

PO =1,

TT=7

pp=p

CALL NFWTON(TO,V0,ALFAD,PO)

CALL NFWTON{TT,V,ALFA,LPP)
H=4463.*7.15*(T—TO)*O.OOIbﬁ*(T**Z*TO**Z)+P*V-V0*ALFA*(1./V*1a/VO3*
1(1./VEA2=1 /VO%*2)#(1s /VER3—-1,/VDI%*%3)

HY ={le=Y)RH+YX{HW+AW])

HL =X%kH+ (1=-X)*¥HW-X*Q

RFTURN

END

A=64,1497

a=0,0514

=0.0208&

N=0.02890

E=1.79F-6

K=24,219

R=0,08206

AL ={ A+ XRAF/THR¥DPERXRYXDXF/TH%2) /2,

RE=RXTHB—-A-RXE/TH%? :

GA=—RPRTH*R&AD+CHRA-RXBEE/ Tk%2

NA=R*RENKE/Tdkk2

V=R*T/P

i=0

F =Phy*A4-RETRYXKI-RERY XX -GARY-DA
SLOP=G% DR Y%k AXRUkTRYKX2-2REXYV-GA

VoL ni=y

V=Vv-F/S1 3P

[F (ARS{VOLD=VI=N.D01) 306,330,290

WRITFE [A6N%) Vv

cOPMAT {SH V= 4F10.7

RETURN

FND

SURROUTTINE NEWTON (T,V,AL,P)
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MAIN

D3 IMINS TON XFEED(LO!;X(IO),Y(lO),H(lOl;HL(10}1HV(lO)yQ(lO)sp(IO}v
IHST{LU) »iHK(10) oHH{13) +UK(L1O} »
1A1(50,50)¢A2(50,50),A3(50,50),A4(50,50)

REAU (§7BUO]XFEﬁD(1)’XFEED(2)QXFEED(3)iFQ,fFEEDyPTUTAL,PL
READ (54503) MyN y((ALIL3J) ¢d=1aM) e I=1yN)

ARITE(G 6 L1) (AL J)sd=1aM)y [=1,N)

READ (59504) MyNy{{A2(1+J)sI=1yN)yd=14M)
WRITE(6y 612V ({A2(T1,J)9J=1sM)yI=14N)

RiAJ (51‘)04) Mqu((AS(I'J" I=1,N),J=1,M3
ARITEC, 613) ((A3LIJ) 9d=1eM) s 1=1yN}

READ (59504) MyN21{(A4(L4J)yI=1sN}yJd=14M)

WRITE(0s614 ) ((AG (L 4d)yd=1yM)sI=1sN)

g1l FURMAT(//'ALY/(TES4))
612 FOCEMAT(//YA2%/(8FFe4})
€13 FORMAT(//YA3Y/{9+39.4) 1}
6la FORMAT{//'24Y/(2F9,.4))
READ(54008) TTR
48 PTuTAL=P T Takt 2.C
530 FOrMAT (7rlu.3)
E0% FOaMAT (215/(8F1uU.3))
504 FORMAT (212/(5710.31)
538 FCAMAT (F1l03)
C REPFAT THE LCJOP AFTER NEXT STATIMENT

T=1FELD

X{i}) = XfEzU(1)

X(2) = XFetd(2)

X{s) = XFLzie(s)
F{L)=ls0

Gg{2) = AFEED(2}/XFEED(L)

Q{3) AFLEC(SY/XFEECIL)
CALL ENTH{HL ,HV,C,T, Al
HS{2) REZ2)*375.5
Hs{3) Qlia}¥aoe 0
HH{ ) =al (L) =(HS(214+nS(3))
HH{2 1=tk (2}
He (2= {3)
T=TTR
5 L=0
d{1)=1
H{ey=X{21/x(L
3{3)=X{(3)/X{1)
CALL UDATANH{ Ty 21 4P (2)A2)
CALL CATANH(T,Q(3)4P (2}, A3)
CALL DATAHO(TX(L) P (1) yA4)
Y{1)=P{(1}/PTOTAL

i)

Y{2) = P{(2}/PTOTAL
Y{3) = P{3)/PTOTAL
wH ={18eOXY({ 1) 417.,02Y(21464,0%Y(3})/{YLL)+Y{2)+Y(3}))

Y{l1} =13,0%Y {1}/ WM

Y{2) =1T7.0%Y(2)/wM

Y{3) =64.0%Y{3)/ WM

i (X{2)e0Te0s Ve ANDeR{3)eGTeUa0) CU TO 206
19 [F {(A{2)eEQ.0.0}) GO TG 22

UK{3} =00

UK{2)=Y{2)/X(<Z)

GU TJ 25
22 UK{2)=U00

JEKEo =Y 3)Y/XU3)
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MALIN

25 UK{LI=Y(L)}/X(1)
vu G 217
26 UK(L)=Y{L)/X (1)
UKi2)=Y{21/Xx2)
UK(3)=Y(3)/7X(3)
27 CJINTINJUE
REMAINE=1ouU
Calb EMTH(HL ¢sHV G,y ToAL)
Ho(2) = W{2)%37545
HS(3) = I{(31%65,0
HLO L) =HLL D)= (HS(2)+HS( 3} )
SAI=1Je9
StV =0e 2
T 1ub i=143
Uuolug Jd=13
o 10U K=1ly3
i0v M= SUMH (UK TR} ¥HV K ) =hL(K) ) =X (K]
102 5ﬂ125A1+(XFEEU(J}*HH(J)-HL(J’*X(J))/SUM
1C*® REMALN=HEWAIN+UK(Il*XFEED([)/(l.O'Sﬂl+UK(I)*bﬁl)
IF(L.i(Jol) G0 TO 3¢
“l=RcEMAIN
L=L+1
ToLo=Tl
T=T+0U, 001
GL Td 3
30 RZ=RLMALM
SLuP=({RrR2~-R1) /0,001
BY NEWTUN RAMPHUNSUN Me THCD
T=T=-r2/S5L0P
DT=A3S(TULN-T)
IF{LTLLT.0001} GU TO 73
DC 10 1=1+3
10 ALI)=XEREED(TI ) /{1 0-SALI+UK(I)*SAL)
Ga 10 5
G DA 32 1=1+3
X{I)=XFEEDIT)/11au=SAl+URK{T)I*3A1)
Y(I)=UK(I)*XFtED(I)/(lcO—SAI*U&(I)*SﬁI3
22 CONTINUE
PRINT ALl VARAIBLES NcEDED
6U WRITL (G OL0CHIXFEED{L)»I=193) oT+SALl y(X{IY41=143 o {Y{Ll)sI=1,3)
o000 FORMAT {(o8H FEcD CCMPQOSITICOMS TEMPERKATURE FEED RATIOC CONMPOSITION
1 X AND Y ! 3F 649 2F1 0649 Xy6F6.4)
WRITE (645601 ) REMAING(X{I}»I=1y3)
6GL FORMAT (120 ReMAIN X/Z1H yFl0e5p2XKeF 10049 2X9F 1064y 2XeF1GCo %)
IF {(PTOTALL.GTLPL 1,0 TO 46
GJd Ta 45
46 REAI(D,4500) (X
IF (XFEEQD(L1)}WE
WRITe (6Ly0u5)
eCqH FORMAT{(//? NEw FEEL QUTPUTY/ /)
GJ Tu 45
cNO

FCEC(1)9I=1493)+sTFEEDsPTOT AL, PL
Je0.0) CALL EXIT
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ENTH

SLutaJdTINe ENTHIHLyHV Qs Ty A)
CIMeis UGN HL (10 4HV(L10) QU 10),A( 50, 5C)
1=2
20 I¥ {T=A{Ilsi})} 41+3C,y3C
30 I=1+1
Gy Tu 29
41 CONT INUE
UC %y J=2:%
40 HL{J—l)=A(l.J)*(T-A(l~l.13i/(ﬁ(l'ltnA(1-1113)+A(i—le)*lA(I,1)~1)/
1 (A{Is1)~ACI=1,11)
50 CUNTINUE
DO 10U J=9.7
| HV(J—4}=A(lyJ)*(T—A(I—l,l)}/(A(I’Li—A(I~l'1)3+ﬁ(l—LvJ)*(4(lyl)—T)/
L (AT 1)=A0I-14y1 1))
100 CONT INUC
Re T IRy
Eive
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201

—
[}

70

(o]

UATANH

ST iIine DATANH{T yQ4PyA)
DEMNSIN A{S0,50)

J=2

i (1=A(Lyd)) 13,15,2C
J=Jd+ i

Ga Tu 3

Ji=Jd=-1

J2=4

{=2

I+ (u—-Alfs1)) 3093b4+40
=1+

TR R,

fir=1-1

i2=1

Ir {A(ILsJ2)—0e0) €Hy£LHTT
P=ye C

G Tas e

I¥ (n{t2ydi)=Ueul A%y68470

P=vewv

GC T

1F (&{TyJit=0eV) 937499,53
P=0,0

GL w9

[F (Allyd2)=0ed) 55455,70
P =muaU

G Td 72

1=¢

IF (Q=a{Ist¥) L24LeslY
I=1+1

Gi, 7118

P=a{l,4)

GC Tu 9

PP (A {led¥=Ueu) LulstCislil
P=Ua0

GiZ 1)

[+ (a{I=-14y3)-0e0) ¢Giy20lsiC
P=uad

Gu Tu v

Ji=Jd~1

J2=J

[1=I-1}

Ia2=1

DY = aliiel)—~Al1251)

OUT = A(l,J2)=-A{1.:J1)

JeL = J=Aa(12,1)}

2 = A(Ll,1)-Q

PL ={DuL/0QI*A(TIL,JL)}+(CQH/DQI*B(]2,J1)
P2 =(RUL/DQ)2A(T L2 +4{LOH/DQI=A{12,4J2)
JTL =T=-A{1lsJ1)

JTe = A(l 4 d2)-T
Po=(TL/DTY=P2+(PLXQTRY /DT

CONT INUE

R TURN

it
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DATAHO

SUBRUUTING DATAHO(T Q4P A)
DIMENSICN A(50,50)

[=2

IF (T-allsi)) 40433,30
I=]+1

GC Tu 29

CCMTINUL
DI=A{I,. ) -a(l~-1,01)
OH=A11,1)-1

ot=T-nl(l~14+1)

Pl=(A{ 142070 L+A0I=1,2)%0H) /DT

P=P1l*»4
RETURN
END

63
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Appendix D.

Cost Data

Diameter, ft.

Fob.lsquipment cost, $1,000

A. Flash Chamber [33]
10 VAR A 2
9 // 77 A L L1 /L L
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7 / 4 “ - 74
sfmmmfmmt oA A H =S DA 1 £ Lv/ A
. A ALV W LA
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B RS O Y A N g %
20 / //
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/I
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e
[} Vartical fabrication = /'
e
3 //
2 . s
/ // // /<Horizonta! fabrication
1 "//
Z

0.7—4- —
05 P

Required Time base Included

Diamaeter, ft. Mid-1968 Verticak

Langth, ft. Shell and 2 heads

Design pressure, psig Exponent Nozzles and manways

Shell matarial Size exponent vertical 0.65 Skirt, base ring and lugs

Fabrication (horlz, or vert.)

8asis of chart

Carbon steel material

50-psl. design pressure
Average nozzles and manways
ASME code construction

Shop fabrication

horizontal 0,60

Tray supports
Horizontal:

Shell and 2 heads

Nezzles and manways

Saddles, 2




Flash Chamber (cont'd)

Proceas Vesael Coat, $ w [Baze cont x Fs X Fplindex

Adjustmeal factors
Fy Fu Ptesswe Factoe
Shell Natezial Clad Solid Psl. Fy
Cazbon steel 100 Loo Upto 30 1.00
Stainleas 316 2.25 3.67 100 1.05
Mooel 3.89 6,34 200 115
Titanjum 472 7.89 300 1.20
400 1.3%
500 143
600 1,60
700 180
800 1.90
900 2.30
1,000 2.40
Flold iustallation modulan
Veriicol fabrication
Hodule 5A (V) | 3B (V) | SC(V) [ 5D (V) | SE(V)
Base dollar maguilude, $100,000 | Upw 2§ 2to 4 [ 4106 | SwoB |8to 10
Egripwent fob. coat, B 100.0 §100.0 |100.0 |100.0 | 100.0
Piping 60.0 59.6 39.3 59.4 39.3
Concrete 0.0 9.9 9.8 2.8 9.6
Steel 8.0 7.9 7.8 7.8 7.8
Inseruments 1.5 1.5 | 11.4 113 1%.3
Electeical 5.0 4.9 49 4.9 4.9
Insulition 8.0 8.0 8.0 8.0 8.0
Paint 13 1.3 1.3 1.3 13
Fiold materizla, m 103.8 | 103.1 | 1027 | 102.5 | 102.4
Direct 13, E + m = M 203.8 ) 203.1 |202.7 j202.5 |202.4
Materinl erection 84.0 83.5 B3.2 B3.0 B2.9
Equipment setting 15.2 14.9 14.0 13.3 13.2
Diroct Iield iabor, L 99.2 985 | 97.2 | 96.5 96.1
Direct M & L coat 303.0 3016 |299.9 |299.0 (2985
Feeight, insurnace taxes 8.0 8.0 a.0 B.0 8.0
Iedivoel cont 112.0 §102.5 98.9 § 98.7 | 95.5
Bure moduls cost 423.0 [412,1 | 406.8 [ 405.7 |402.0
L/M mtiop 0.48 0.47 0.47 0.47 0.46
Matecial factor, E + m 2.04 2.03 2.03 2.02 2,02
Dirtect cost factor, M & L 3.03 3.02 3.00 2.99 2.98
Indizect factor 0.37 034 033} 0.33| 0.32
Module factor (norm) 423 4.12 4.07 4.06 4,02
Hoto: All dace are based on 100 for equipwent, E.
Dollat magnitudes are based on carbon seeel.
Fleld ingtallation modules
Horizontal fabrication
Hodale SA (H) §5B (M) }5C(H) [ 5D (H} | 5E (H}
Base dollar mygnitnde, $100,000 [tUpra2 |2t04 (4106 68 |8 10
Kguipaseat fob. coat, £ 100.0 |100.0 [100.6 | 100.0 | 100.0
Piping 411 | 401 | 397 | 39.4 7 392
Concrece 6.2 6.1 6.0 5.9 5.9
Steel - — - - -
Instruments 6.2 6.1 6.0 3.9 5.9
Elecurical 3.2 5.1 3.0 5.0 3.0
Jnsulsiion 5.2 5.1 | 350 5.0 3.0
Paine 0.3 0.3 0.5 Q.3 0.5
Fiald watarials, m 64,5 63.0 | 62.2 | 61.7 | 6L3
Biroct matewial, £ + m w M 164.5 |163.0 [162.2 | 1617 | KSL3
Nacecial erection 32.2 51.0 50.4 30.0 49.8
Equipment serting 9.3 8.3 7.7 7.2 7.0
Direct field laber, L 61.5 | 59.3 | 6.1 57.2 36.6
Direct M & L coat 216.0 j222.3 12203 | 219.0 | 218.3
Freight, insurence, taxes B.0 8.0 8.¢ 8.0 8.0
Iudisect cost 836 | 73.6 | 72.7 723 | 69.8
Bare module coat 317.6 {305.9 |301.0 | 299.3 | 296.1
L/M ratios 0.37] 036 0.35 0.33 0.3%
Materiat facror, £ + m 1.64| 1.63 1.62 1.62 1.61
Direes cost factor, M & L 26| 2.22 2.20 2,19 218
lndirece aceor 0.371 034} 0.33 0.33 0.32
MNodule faetor {(oorm) 3.18] 3.08| 3.01 2.99 2.9

Hote: All data ace bazed on 100 for equipament, E.
Dollar megnitudes wre based on carbon ateel.
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B. Vacuum Pump
1,000 e
4 /
4
8 100 I'/
=1
“ P
z > . —
8 Centrifugal/turbine 4 — v
5 3
£ ~ -
e LA A~
@ = P b
é PSP B S —_t | W (NS O N NP « i S
1 M., R
e g |4 v P g Centrifugal/motor
a 1 !
E 10 == il
& =
"
L - |
Pt |
|
}
]
|
1 !
10 100 1,000 10,000 100,000
C/H factor, gpm, x psl,
Required Time basa Inchuded
Cepacity, gpm. Mid-1968 Pumpling unit
Differential pressure, pal, Driver and coupling
Suctlon pressure, pslg. Exponent Base plate
System temp.'F. Average exponent 0.52
Casing meterial
Centrifagal Pump Coat, § = [Base cost  F,, x Follndex
Adfustment factors
Muterial Fn QOperating Limits Max, value
Cust jron 1.00 Suction preasure, psig. 150 500 1,000 Flald lustaliation modules
Bronze 1.28 System t tore, °F. 230 550 850
Cost ateel  1.32 ¥atem temperature, Modalo GA 68 | 6c | 6D | GE
Sminleos 1.93 Factot F, 10 1.5 1.9 Base dollor magnitude, $100,000 {Upto2] 2w d [ 4106 | 608 |[Broll
Cnrpenter 20 2,10
Worthite 2.44 Equipment fob, coat, E 100.0 | 160.6 {1000 |100.0 |100.0
Hastelloy C 2.89
Monel 3,23 Piping 30.2 29.8 29.6 29.5 29.4
Nickel 3.48 Cencrete 4.0 3.9 3.9 a9 3.9
Titanium 8,99 Steel - - - - -
lasteuments i0 2.9 2.9 2.9 2.9
Elecrrical 360 30.3 30.3 30.3 30.2
Insulation 2.5 2.3 2.5 2.4 2.4
Paint 9.8 6.8 0.8 0.8 0.8
Fiold materials, m 713 704 | 70.0 | 69.8 | 69.6
Direct matetial, £ + m + M 17,5 | 1704 | 1700 | 169.8 | 169.6
Material erection 60.0 59.2 | 39.0 58.6 | 58.5
Equipment setting 9.7 9.2 8.9 8.7 B.6
Diract fiold 1abor, L. 69.7 68.4 1 679 | 67.3 | 67.1
Direct M 6 L coat 241.2 1 238.8 [237.9 |237.1 |236.7
Freight, insumnce, taxer 8.0 8.0 8.0 8.0 8.0
Indirect cost 89.2 81.2 | 785 78.2 | 5.7
Bate module coat 338.4 [ 3280 3244 }323.3 | 3204
L/M zatlon G.4t 0.46 0.40 0.40 0.40
Mazerial factor, £ + m 1.72 170 1.70 1.70 1.69
Dizect coxt faceor, M & 1. 2.4} 2.39 2,38 2.37 2,36
Indirect factar 0.37 0.34 G.33 0.33 0.32
Module fsctor {(norm) 3.36 3.28 3.24 3.23 3,20 I

Note: All data are based on 100 for equipment, E.
Dollar magnitudes are based on carbon steel.




C. Ejector )
@, exponent—1,3 1.2 1.1 1.0
100,000 = >
7 4 v.4 0.9
7 4
yA
Chart based on: Cost = unit factor [new size]® V4 V4
bt b /
Use chart by first locating required size or capacity on the y 4 /‘ 0.8
- horizonial scale, proceed vertically to the required exponential
line (see Tabie IV for exponents), move left horizantally and read /' / /] 1
the finear multiplier Fx. Multiply the unit cost by this factor to A /] /1 d
10,000 F establish equipment cost in mid-1968. Adjust for escalation. "4 Z "
= Z 4
v V.4 p // 0.7
{]
/ /. / W4
WA
/) H/ ,1/ / /’ 0.6
A A / '
. / 1 rd
A1V /) d
1,000 ya va e
. ra va .
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a /1 v . L 05
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° A7 7 (D P /
2 p il YL LT 7
§ AL/ AL af Rt
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=] q 4 1 L~ 0.4
A MM VA | 1P
100 y4
Z i L. L .
v .l ]
7 2 P
pAVA 7 o % A e
VAR AV » ). o 03
/ / P L~ 4]
e < -
/AU // ] ol AT
WA e T | L :
[P URNDN J . = 02
10 As Sl s P2 P L—
FAYi :’I I 9 ]:? o T
v , // g H S i .
LA L Gl r -
#e i A0 L ul
/, . ot 1] et i 0.1
ﬂr“:ﬂ"/ V!’ | 41T . BEEN s
AT A
",qﬂ-‘:-'_—--%q_‘p——lr-ﬂL
1 i
1 0 . 100 1,000 10,000 100,000
New size
Field
Unit Instal-
Cost Size lation L/M
Unit $ Exponent Factor Ratio
Ejectors (cap.)
4N, HE SUCHON. ci ettt taiiiiatncsnsrisonrsnsanens eereceraras Lb./hr. 2,000 0.79 1.10 0.10
-, 200 0.67 1.10 G.10
& A 200 0.55 1.10 0.10
4-stage barometric
2.5 mm. HE SUCHON. et ciitnietierisantonrannanesernerarnsnae Lb./hr. 2,500 0.45 1.12 0.12
5.0uiiiiiiieiieieiiiineaas N 1,400 0.48 1.12 0.12
10.0... 900 0.53 1.12 0.12
20.0... 700 0.54 1.12 0.12
5-stage barometric
0.5-mm. HE SUCHON tiisit it raieniinersarciranervaranaronnen Lb./hr. 4,200 0.50 1.15 0.18
OB.vriviiaerinn cevivaee . 3,200 0.50 1.15 Q.15
10 e eanen e 2,800 0.48 1.15 0.15
O Cerareavares Chrrasrrraras [ 2,500 0.49 1.15 0.15
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F. Ejector Steam Usage

Ejector Suction Pressure , mm. Hg. Abs.

. . : \ I . 02 03 05 07 10
1000, —~ 0.04 0.02 003 005007 0. 1000
‘ — NTREAY '
0 700
o Four Stoge oT6) N NS T 6)
00 |_Four Stage ,¢id I ix Stage , ¢ 50
5 /100% Air | x{Two Stage,nc(3}(5) AN : 0
. Three Stage, Baromelric NN
300 i \ / Inlerlcond'ensers(S) Xoﬂl\—k \i i\ 300
RN & \ ! v
o \)‘\/IOO% Air in Mixture \’,}0\ \ Single S?a(qse, N N 200>
¥ 200 NRRE T e ORI TN 0%
K \ N\ \ ol \ N Five Stage , ¢ {6} r:
= N | [N 2 NN :
z \ N WINLE NN 1190 =
<100 X \\ N ARG N S \F 6} 100 =
Q X \‘\ <- < »‘p 3 < - \\our Stage,c E
70 - \ P RN 70
€ NN B N [
250 | A EEAN LN p \§ 7 N 50 &
&» NN N RTTANN N N 3
=30 N \ ‘I\J\H\ \\s l\ All Curves ~h1 130
< N lO%Air\ Al Two Stage, N N 00% Aie e
e 20 in Mixtured\_ |Borometric \ 20 =
5 AN < ntercondenser {4){5)[—N AN >
g: N N N .
o [\qy—lo% Air in N \ E
e s \\ N Mixture X | <
:‘."0 - Py \\ C o] (‘/_,
ny : NS
107 Steam Pressure = 100 psig. N
% - e o Condensing Curves based on B5°F Water,Correction 13 (10% for 70° F
54— o For Air Quantities between [0% snd 100%, Requirements Located by Proportion, -T
b e Mixtures Assumed to be Air and Waler Vapor, it other Vapors or Gases Conver?
to Air Equivalent.
03 ¢ = Condensing , with Barometric Intercondenser.
nc =Non-Condensing.
0z !
Oyl—

i 2 3 5 7 10 20 30 50 70 100 200 300 500 700 1,000
Ejector Suction Pressure, mm. Hq. Abs.

.
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D. Utilities Prices (Self-generated)

Steam (100 psig)  $1.00/1000 1bs

Electricity $0.02/KWH

E. Sample Calculations
Data: Table 3 in text

Steam usage for ejector 1.1 lbs steam/lb mixture
Ref. Figure 6-25, Vol. I, Reference #22.
Total 1bs mixture based on 1000 1lbs moles
Feed/unit time = 205 lbs
Total steam required = 226 lbs
Cost of steam = 22.6¢ or $.226/min

Equivalent cost of electricity

2
a. Work = - f vdp = f BRL 4p
P
P
Assume discharge pressure P2 = 5 psig = 1018 mm Hg
_ BTU X CAROD % 1018
W=6.29 x 2 i};;;ﬁ;;ﬁﬁi 545°R in 401
W = -4990 BTU = 1.47 KWH
Assume Efficiency = 50%

b. Total KWH = 3.0
Cost of Electricity = $0.06

.01 * 34 + ,99 * 18 = .34 + 17.82

it

Average molecular weight of feed

18.16 1bs/lb mole

Weight of feed = 18.16 * 10°

1bs/unit time = 2180 gallons/unit time (min)
Flash Chamber Size

3 o
359 ft 545°R. ,760
(lb mole)(492°R)(491)

Vapor Volume = 6.29 1b mole * = 3870 ft3/min

= 64.5 ft3/sec



Linear Velocity < 2 ft/sec

1/2

3
4 * 64.5 ft2/sec ) = 6.4 ft diameter

3.1416 * 2 ft/sec

Vessel Diameter = (

Vessel Height = 30.65 ft (based on Figure 2 text)

Vessel Cost = $53,000 (Stainless 316 (100 psig rating))
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