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ABSTRACT

This investigation involved the development of a numerical model
for the transient simulation of the double-effect, water-lithium bromide
absorption cooling machine, and the use of the model to determine the
effect of the various design and input variables on the absorption unit
performance. The performance parameters considered were coéfficient of
performance and cooling capacity. The sensitivity analysis was per-
formed by selecting a "nominal condition" and determining performance
sensitivity for each variable with others held constant. The variables
considered in the study include source hot water, cooling water, and
chilled water temperatures; source hot water, cooling water, and chilled
water flow rates; solution circulation rate; heat exchanger areas; pres-
sure drop between evaporator and absorber; solution pump character-
istics; and refrigerant flow control methods.

The performance sensitivity study indicated in particular that the
distribution of heat exchanger area among the various (seven) heat
exchange components is a very important design consideration. Moreover,
it indicated that the method of flow control of the first effect refrig-
erant vapor through the second effect is a critical design feature when
absorption units operate over a significant range of cooling capacity.

The model was used to predict the performance of the Trane absorp-
tion unit with fairly good accuracy. The dynamic model should be valu-
able as a design tool for developing new absorption machines or modify-
ing current machines to make them optimal based on current and future

energy costs.
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NOMENCLATURE

Variable Description

A Heat transfer area

AR Outside-to-inside heat transfer area ratio

C Ratio of capacity rates (me)i/(me)j

o Pressure drop coefficient

CP Specific heat

CcopP Coefficient of performance

d Diameter

G Condensate loading (mass flow rate per unit length)

g Acceleration of gravity

h( ) Enthalpy at the designated state point

hi’ho Inside or outside heat transfer coefficient

k Thermal conductivity

L Tube Tength

M Total mass for designated component

m( ) Flow rate at designated flow station

N Number of tubes

NTU Number of transfer units Cué

P( ) Pressure at designated staﬁ}gn

Pr Prandtl number

Q Total heat transfer of designated component

R Resistance term (includes tube wall resistance andlfou1ing
factor) '

Re Reynolds number

T( ) Temperature at designated state point




Variable Description oo

T12 Equilibrium temperature at state point 12

TC Cooling water temperature entering absorber
TC' Absorber exiting cooling water temperature
_TC“ Condenser exiting cooling water temperature
Te Chilled water temperature exiting evaporator
Te' Temperature of water entering the evaporator
Ts Source hot water entering temperature

TS' Source hot water exiting temperature

U Overall heat transfer coefficient

X( ) Concentration of solution at designated state point
€ Heat exchanger effectiveness

u Viscosity

v Kinematic viscosity

p Density

0 Time

Subscript Description

A Absorber

C Condenser

ch Chilled water

o Cooling water

E, e Evaporator

Gl First generator

G2 Second generator

min Refers to the minimum value

X1




Subscript Description

nom Refers to the nominal condition

S Refers to the source hot water supply

xii




1.0 INTRODUCTION

1.1 Background

Considerable research is currently being done to improve available
methods and to find new or alternative methods for air conditioning
buildings. One such concept is double-effect absorption cooling. The
particular advantage of the double-effect concept over singje—effect is
the possibility of considerably improved coefficients of performance
(COP), of course at the expense of a higher required input temperature.

The current project arose from an interest in examining the poten-
tial of the double-effect absorption cooling concept for applications
involving solar, geothermal, or waste energy input. Initially the
interest was focused on the possible advantages of separating the_
"regeneration" and "heat pumping" portions of the cycle and inserting
refrigerant and solution storage reservoirs between. The purpose of
separation would be both to provide chemical storage and possibly to
permit improved operation of each of these functions if they were allowed
to operate independently. Subsequently the effort was directed primarily
toward developing a dynamic simulation program to model the water-
Tithium bromide system and to use-the model to develop parametric perfor-
mance data for the éystem. Secondarily.the project examined the cost of
doub]e-effect‘units;-,Theﬂjnterestﬂrégujted.in a contract. between the
U.S. Department of,Enefgy and- The University.of;Texas.at Austin, Center
for Energy Studies: ,VMultip}ééEffeQ;_Absorptfon Cycle Solar Cooling,"
Contract DE ACO3-79SF10540, for the period September 1, 1979, to

November 30, 1980.




1.2 The Absorption Cooling System

The absorption process was first demonstrated by Michael Faraday in
1824 using ammonia as the refrigerant and silver chloride as the absor-
bent [1]. Since that time, many absorption systems using various
refrigerant/absorbent combinations have been developed. Auh provides an
overview of absorption cooling [2].

The absorption process can be compared to the vapor compression system
in that the process of mechanical compression of the refrigerant gas is
replaced by the absorption of the gas into a liquid (solution), followed by
pumping the Tiquid to the required pressure where the refrigerant vapor is
liberated from the solution by application of heat. Figure 1.7 illustrates
the flow of a typical single-effect absorption system.

Refrigerant vapor (water in the water-lithium bromide system) produced
in the evaporator is absorbed in strong (in 1lithium bromide) solution in
the absorber, thus maintaining the low pressure and Jow temperature required
in the evaporater. Dilute solution at low pressure in the absorber is
pumped through a heat exchanger to a higher pressure in the generator. In
the generator, this solution is boiled and the refrigerant is released,
leaving a solution that is stronger in the absorbenf (Tithium bromide in
the water-lithium bromide system). The strong solution is then returned
through the other side of the heat exchanger and back to the absorber.

The heat exchanger has two functions: to heat the solution going
to the generator to reduce the source heat requirements of the gener-
ator; and to cool the strong solution before returning to the absorber,

making it a more efficient absorbent and also reducing the cooling
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demand of the absorber. These three components, together with the
solution pump, accomplish the task of the compressor in a conventional
vapor compression system.

The remaining part of the cycle is almost identical to a vapor com-
pression cycle. Superheated vapor produced in the generator is cooled and
condensed in the condenser to a saturated liquid state. This liquid refri-
gerant is then throttled across a valve into the evaporator, where upon
evaporation at low pressure it absorbs energy from the water being chilled.
It lTeaves as nearly saturafed vapor and flows to the absorber, where it is
absorbed into the solution. The required low pressure and low temperature
in the evaporator are made possible by the absorption process.

The coefficients of performance of single-effect systems are less
than unity because energy added in the generator must necessarily over-
come both the heat of solution and heat of evaporation, but only the
heat of evaporation may be used for cooling in the evaporator. Consid-
ering other situations that are not ideal, the maximum COP for single-
effect absorption cycles is typically about 0.7, with actual cycles
operating under steady-state conditions exhibiting COPs near 0.6.

In the single-effect cycle the heat delivered to the generator is
rejected in the condenser. However, if the vapor produced in the
generator is condensed instead by transferring its energy to solution
leaving the generator at lowér pressure, additional refrigerant vapor
can be produced, thus resuiting in a higher cycle COP.

Figure 1.2 shows this so-called double-effect absorption system,
which utilizes two generators. The superheated refrigerant of the first
generator is used as a heat source in the Tower pressure second gener-

ator, to produce additional refrigerant in the second generator.
4
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Ideally, the first generator's refrigerant will leave the second gener-
ator as saturated liquid at the pressure of the first generator. The
salient feature of the double-effect concept is that a high COP is
achieved, since the source energy produces more refrigerant vapor. Thus,
a larger coo]iﬁg effect is achieved in the evaporator for the same

source energy, compared to a single-effect unit. The water cooling load
in the double-effect system is also lower per ton of coo]ing than that

of the single-effect system. The disadvantages are that higher source
temperatures are needed in the double-effect system, a second heat
exchanger is required, and the system is somewhat more complex. However,
with markedly increasing energy costs, the potentially greater COP makes

. the double-effect system very attractive.

1.3 Commercial Double-Effect Absorption Systems

There has been only limited manufacture of double-effect absorption
systems, all of which use the water-lithium bromide system. The first
prototype double-effect unit was developed by Southwest Research
Institute in 1956-58 with funding from the American Gas Association [3,
4]. Later, the Iron Fireman Company of Cleveland, Ohio, purchased the
manufacturing rights and began production of the "Iron Fireman" unit in
1963. This gas-fired unit had a capacity of 15 tons and a measured
gross COP of about 0.9 to 1.0 at design capacity. On the basis of the
net heating value of the gas, this should result in an actual COP of 1.2
to 1.3. Only a few of these units were manufactured, and it is not
known if any are still in operation. The unit is no Jlonger in produc-

tion.




The Trane Company, in 1973, introduced its double-effect absorption
units with capacities between 385 and 1,060 tons. These units have COPs
in the range of 0.9 to 1.0 attdesign capacity. The Sanyo Company of
Japan had previously built a line of double-effect units; however, the
Tine has been discontinued. Yazaki, also of Japan, has announced it
will introduce a gas-fired unit of 20 tons in the fall of 1980.

Although several double-effect cooling systems have beén designed,
the designs do not appear to be as efficient as they should be; probably
because they were designed in the time of cheap energy. Preliminary
investigations of double-effect systems indicate potential COPs for the
water-1ithium bromide systems to be well above those achieved in commer-

cial units [5].

1.4 Study Objectives

The objectives of this study were threefold:
(a) To develop a dynamic numerical computer model to simulate the
- water-1ithium bromide double-effect absorption cooling system,

including all major components and allowing flexibility in
operation. . - v . |

(b) To develgp-with the modé],.performance_curves for the unit,
indicating how coefficient of performance and capacity are
affected by its_severa]gdeéign and input-variables. These
variables include sonce hdt;-éOOTing, and chilled water
temperatures and flow ratéé; solution circulation rate; and
heat exchanger areas; In additibn, other factors such as:

pressure drop between evaporator and absorber, solution pump




characteristics, control of refrigerant flow from the first
generator, and limits of operation were to be examined.

(¢) To assess projected costs for infermediate—size double-effect

units.

These results will hopefully be used as the basis for designing
new, more efficient double-effect water-Tithium bromide absorption
units. They can also be used to estimate the reduced capacfty of units
operating at off-design conditions. The computer program itself should
be a valuable design tool for optimizing uhit performance, and in con-
junction with a more general systems program could be used to predict
and optimize the performance of cooling units with widely varying heat
input sources, such as solar or geothermal energy or waste heat.

This study shows that ddub]e—effect absorption units can be operated
at Tower temperatures than are generally reported in the literature,
with Tittle effect on COP but with sacrifice in capacity. . In addition,
the actual cooling unit performance should be greater than tHat of
available commercial units. Finally, it is hoped that this report will
reveal that double-effect machines are a viable alternative to other
cooling systems and éan operate over a wide range of conditions in many

more applications than those in which they are presently being used.




2.0 MODEL DEVELOPMENT

2.1 The Physical Model

The basic system configuration is shown schematically in Figure 1.2.
Mass and thermal storage are allowed in the first generator, the second
generator, the condenser, and fhe absorber; however, the evaporator has
no mass storage capability. The first and second generator§ have fixed
mass levels, but the condenser and absorber masses are allowed to vary.
The variable masses in these components allow the concentration levels
in the unit to adjust as required to satisfy mass, energy, and equilib-
rium criteria. In specifyiné many of the details of the design that are
discussed below, the Trane double-effect units have been used as guides.

The first generator is a vessel containing water-lithium bromide
solution which is heated by heat exchanger tubes with a heating fluid
(water in the results which follow), thereby generating refrigerant
(water) vapor from the solution. In the second generator the slightly
superheated water vapor produced by the first generator is condensed in
heat exchanger tubing to generate additional refrigerant (water) vapor
from solution. The solution in the second generator is weaker (in
refrigerant) than in the first but exists at a lower pressure because
it is throttied after leaving the first generator. Constant masses in
each of the generators are maintained by float control valves.

The condenser is configured so that the cooling water is carried in
horizontal tubes and condensation of the refrigerant (water) vapor
occurs on the outside of the tubes. A storage trough for 1iquid refrig-
erant collection is incorporated below the condenser tubes in the

condenser design.




The evaporator heat exchanger is assumed to be a horizontal tube-
type configuration where the chilled water is cooled inside the tubes
and the liquid refrigerant from the condenser is sprayed over the outside
of the tubes, where it is evaporated.

The absorber is configured so that solution returning from the
second generator is sprayed over horizontal tubes through which the
cooling water flows. This solution absorbs water vapor comihg from the
evaporator, thus ﬁaintaining a low evaporator pressure. Solution, rich
in refrigerant falling from the tubes, is collected in the bottom of the
absorber. An option in the model allows solution from the absorber

basin to be recirculated and mixed with the solution from the second

generator before being sprayed over the absorber tubes. Solution from
the absorber is pumped through two preheating heat exchangers on the way
to the first generator..

While shown as individual components, the second generator and the
condenser are commonly housed in a single container. Similarly, the
evaporator and absorber are often combined. The reason is that the
evaporator and absorber operate at essentially the same low pressure, 5
to 8 mm of mercury, while the condenser and second generator both operate
in the range of 50-80 mm of mercury, which is also quite low. A1l four
components operate well below atmospheric pressure.

The two liquid-ligquid heat exchangers are of the shell-and-tube
type. Dilute (in refrigerant) solutions flow through the tube sides and
the strong (in refrigerant) solutions flow through the shells. These
heat exchangers are assumed to contain negligible mass.

The main solution circulation pump can be either a centrifugal

pump, for which flow is a function of the pressure head or, possibly, a
10




constant displacement pump, which maintains constant flow rate at any
pressure differential. In the performance analyses that follow, emphasis
is placed on the case of constant solution circulation rate. However,
comparisons are made of the effect of centrifugal pumps with different
characteristics. Pumps for recirculation of liquid over the tubes in
the evaporator and absorber are not considered. In the evaporator,
however, the evaporation coefficient could be adjusted to aécount for
recirculation if desired. The absorber includes the option for recir-
culation of solution, though recirculation was not used in this study.
The effect of recirculation in the absorber would be to change the
states (temperature and concentration) of the solution distributed over
the tubes and also the nature of the fluid mechanics and heat and mass
transfer for the falling film.

Another important choice in the physical configuration of the
system is the mechanism for flow control of the refrigerant from the
first generator through the second generator to the condenser. This
flow can be controlled so that the fluid leaving the second generator is
only liquid, by incorporating a float valve that does not allow vapor to
pass. The other alternative is’a fixed area orifice-type of restriction
which is commonly used in commercial absorption machines built today.
The float valve design is used in viftua]]y all of the analyses since it
maximizes performance. However, the relative performance of systems

with an orifice control is also examined. -

2.2 The Computer Model -

The numerical computer model for this investigation of the water-

1ithium bromide double-effect absorption cooling system was developed in
11




the FORTRAN language for use on the CDC CYBER 170/750 computer at The
University of Texas. Appendix A contains the complete computer program
Tisting. Much of the preliminary work in developing the program was
done by Rodolfo A. Lithgow [6].

Basically, the model requires the solution of a large set of non-
linear equations. The solution involves two methods. The first is an
iterative method called the "Wegstein Method for Algebraic Convergence."
The second is the integration of a computed differential which is deter-

mined from the convergence step. Both methods are described by Franks

[7].

2.2.1 Variables

Three kinds of variables--two algebraic forms and one derivative
form--are included in the program. The first type is one which is
explicitly defined by an algebraic expression. Implicit variables,
determined from an equation in which the variables appear on both sides
of the equation, are the second type. The third is an integrated
variable. For each integrated variable, a derivative of that variable
with respect to time is formed from one of the governing equations (mass
of energy), and the variable is integrated to obtain a new value for the

next time step.

2.2.2 Method of Solution

In mathematically defining a double-effect water-lithium bromide
absorption system, a geometry must first be selected. Then equations
for energy, mass, mass species, and state are written for each component

in the system.
12




The equations are arranged sequentially so that variables solved
for in one equatidn can be used in the solution of the next equation.
This is continued to a point where the next equation is implicit rather
than explicit. This chain of equations defines an iterative loop to be
solved by the '"Wegstein Method." Optimization and selection of these
Toops are discussed by Himmelblau and Bischoff [8].

The Wegstein method is carried out in the program by the subroutine
CONV, which is listed in Appendix A. Its function can be explained
graphically by using Figure 2.1. The desired solution is shown by the
intersection of the function and the 45° diagonal line, where X-calculated
(XC) is equal to X. To start, an assumed value, X1, is chosen for X.
Using this value for X in the right-hand side of the equation results in
a computed value of XC1 (point 1). The value XC1 is then used as a
value, X2, for the variable X resulting in a computed value, XCZ2, at
point 2. A straight line through points 1 and 2 is extrapolated to
intersect with the 45° diagonal at point 3 which gives the new value for
X. When this value is used in the solution of the equation as above,
the value at point 4 is found. Then a line using péints 2 and 4 s
constructed. The intersection of this:]iné‘and the 45° diagonal gives a
more éccurate value of X. This process is continued until the desired
accuracy is obtained. |

Since in this method the equations must be gfouped together in an
algebraically logical manner rather ‘than a functionally logical manner,
extreme care must be taken'td'%ﬁguré:tﬁai all fUnéEidna1 requirements
are met. However, when the prob]em‘1s'§roper1y'defined and constrained,

this technique for solution is rapid.

13
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2.3 Component Models

Figure 2.2 shows a schematic of the system for which the state
points correspond to those in the computer model. In the model, the
following units are used:

] Temperaturgs, °F
. Pressures, 1bf/1'n2

® Flows, 1b/hr

° Concentrations, 1b LiBr/1b solution
° Linear dimensions, ft

° Areas, ft2

° Masses, 1b

. Times, hr

2.3.1 The First Generator

The first or high-temperature generator is modeled as a pool of
water-Tithium bromide solution heated by a submerged tube bundle through -
which pressurized hot water is circulated. For this component, a trans-

port equation can be written in the following form:
[TS - T(1)] - (TS' - T12)

Oy = ms(Tg = T') = (Uh)gy- T =TT ' (1
n :I:;ﬂ—_—.l.—]—z— :

Note that specific heat%here is inferred to be 1.0 since the heating fluid
is water. In the cohbuféfyprogram, the equation is: rewritten in an implicit
form so that T_' is the unknown. The overall heat transfer coefficient-area

product, UA, is obtained by

(0A) g = Bl - (2)
6 TR, T,
htR R
1 0

15
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where

023 - k - Re08pp03
- 0.023 kd Re%8Pros (3)

h
which is the commonly used expression for a fluid in turbulent flow

being cooled inside tubes, for example, [9]. The outside heat transfer

coefficient is given by
h, = f(Q/A.P.X) . (4)

The particular functional relationship was determined from the experi-
mental results of Minchenko and Firsova [10] for water-lithium bromide,
and is plotted in English units in Appendix B. Subroutine HOGEN shown
in Appendix A gives the curve fitted equations used in the program to
calculate ho. The term AR is the outside to inside heat transfer area
ratio, and R is the combined tube wall/fouling factor resistance. (AR
is set to 1.08 throughout the program, and the resistance is set to
zero for this study.)

An energy balance equation written for the generator results in a
time derivative for T(1):

&5 DMy €T = m(12)h(12) - m(1)h(1) - m(13)h(13) + Qg (5)

which simplifies to
L dC,
ar(1) _ M12)h(12) - m(1h(1) - m(13)h(13) + Qgq + Mgy T(Ngg™

de MG]Cp

X
© (6)

Q
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Approximating the value for the variation of specific heat with respect
to concentration as 0.7157 (derived from data in reference [11]) gives
the final form:

dT(1) m(12)h(12) - m(1)h(1) - m(13)h(13) + Qgp * O.7157MG]T(1)%é
do T (7)
G17p

This expression (Equation 7) is linearly integrated after all the
convergence criteria have been met. T12, the remaining variable in the
log-mean temperature expression (Equation 1), is determined by the

equilibrium condition at state point 12 and is given by
T12 = f[P(12), X(12)]. : (8)

An equilibrium chart to evaluate this function is given in
Appendix C. The subroutine TEMPSOL, shown in Appendix A, presents the
numerical method for evaluating the function in the program. It should
be noted that in order to use the log-mean temperature approach, state
point 12 must be at the equilibrium condition, or else the log-mean
approach is a poor approximation. The actual temperature at state
point 12, T(12), is not the equilibrium temperature, but a better repre-
sentation for the heat transfer is obtained when the equilibrium temper-
ature T12 is used in the log-mean temperature difference expression than
the actual temperature T(12).

The actual temperature is given by an energy balance on heat

exchanger 2:
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m(1)¢,[1(1) - 7(2)]
T(12) = (1) + T (9)

where the specific heats are each functions of the concentrations of
the two streams.

In addition to the energy and transport equations, a species mass
balance equation for the first generator is obtained by writing a con-

centration derivative for X(1):

- M, x(1)1 = m(12)x(12) - m(1)X(1) (10)

which simplifies to

dx(1) _m(12)Xx(12) - m(1)X(1
= ) . m ( Mg] m (1) (11)

since the generator mass is constant.

Finally, the overall mass balance on the first generator is given

by

m(1) = m(12) - m(13) (12)

2.3.2 The Second Generdator =

As in the first generator,‘theﬁsecond or 1ow-temperature generator
is modeled as a pool of water-Tithium bromide solution with' submerged
heat exchanger tubes. Refrigerant vépdf from the first generator con-

denses on the insides of these tubes.
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The transport equation for the second generator is:

_ T(4) - 1(3 "
Gez = (UA)g ;;[T%zx)fg %7(33} (13)
T(T4) = T(4

where the overall heat transfer coefficient is obtained as it was for
the first generator (Equation 2). The inside condensing heat transfer

coefficient is specified by:

-1/3 1/3
he = 1.5] <3%> <k3o29> . (14)

H

This inside heat transfer coefficient is based on an expression from
Kern for condensing vapors [12]. For vapors condensing inside hori-

zontal tubing, the loading G in the above equation is defined as:

(15)

fp}
I
=8

where m, L, and N are the mass flow rate, tube length, and number of
tubes, respectively.

The outside heat transfer coefficient is calculated as it was for
the first generator (Equation 4), using subroutine HOGEN, which is
based on the boiling heat transfer coefficient data of Minchenko and
Firsova.

When an energy balance is written for the second generator, the

following time derivative for T(4) results:

o

10 MGZCpT(4)] = m(3)h(3) - m(]ﬁ)h(16) - m(4)h(4) + QG2 (16)
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which simplifies to

4T(8) m(3)h(3) - m(16)h(16) - m(4)n(4) + QG2 + 0.7157MGZT(4)9§éﬂl

de M

62%p

This is then integrated to obtain a value for T(4).

The temperature (T14) is forced to the saturated condition
T(14) = f[P(14)] (18)

by the float flow control feature. The actual functional relationship
is given in subroutine TVSP, which is available in Appendix A. When
an orifice-type of control is used, Equation 18 is appropriate if
complete condensation does not occur, but if complete condensation and
subcooling occur, this is accounted for correctly in the program.

The solution at state point 3, entering the second generator, is
assumed to be in equilibrium. Thus, T(3) in the log-mean temperature

difference (Equation 13) is derived as:
T(3) = f[P(3), X(3)]. (19)
The overall mass balance on the second generator is given by:
m(4) = m(3) - m(16). : (20)

The species mass balance is determined by writing a time derivative

for the concentration at state point 4 as follows:
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DMK (8)] = m(3)X(3) - m(8)X(4) - (21)

which simplifies to

d§é4) _ m(S)X(B)Mme(4)X(4) . (22)

2.3.3 The Condenser

The condenser is modeled assuming the refrigerant vapor condenses
on the outside of the tubes through which the cooling water flows. A

Tog-mean temperature difference equation is written as:

T T
Q¢ = me (T." - T = (UA)¢ 'T%17) —CTC' ' (23)
| zn{T 7y - T, }

This can be simplified to

[T(17) - 7.']
exp zUA)C

m
C

T = T(7) -

which is the form used in the program. The overall heat transfer
coefficient is determined as it was for the generators (Equation 2).
On the inside, the heat transfer coefficient is again based on the

turbulent correlation for flow inside tubes [9]:

- - 0.8py04
- 0.023 k RelSpr (25)

h; d
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(Note that for the case of fluid being heated, the Prandtl number
exponent is 0.4.) The outside condensing heat transfer coefficient is
obtained using a similar expression to that used for the inside heat
transfer coefficient equation from the second generator (Equation 14),
except that since the fluid is condensing on the outside of horizontal

tubes, the loading is changed to

G = rmyzrT - (26)

as suggested by Kern [12].

Two energy balance equations can be written for the condenser.
One is for the cooling tube bundle which is located above the refrig-
erant storage trough, and the other is for the trough. For the tube

bundle:
QC = m(16) [h(16) - h(17)] + m(15) [h(15) - h(17)] (27)

For the trough, the energy balance results in the following time dif-

ferential for T(18):
gg{MCCpT(18)] = [m(15) + m(16)Tn(17) - m(18)h(18) (28)

which simplifies to

dM

ar(1g) _ [M(15) + m(16)1 h(17) - m(18)h(18) - T(18)—% -

de MC
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where
—& = m(15) + m(16) - m(18). (30)

Equation 30 is also the mass balance for the condenser.
The condensation temperature, T(17), used in Equation 23, is

determined by the pressure in the condenser as follows:

T(17) = f(P(17)). (31)

Subroutine TVSP in Appendix A evaluates this expression. TC , for

Equation 23, is determined from the absorber and is discussed in

Section 2.3.5.

2.3.4 The Evaporator

The evaporator is modeled as a heat exchanger in which the chilled
water flows inside the tubes and is cooled by the evaporation of a
liquid refrigerant (water) sprayed on the outside of the tubes. The

transport equation can be written as:

Qe =m (T.' -T.) = (UA) Ten’ ~ Ten (32)
E ch''ch ch E Tchl - T(20)
M T T(20

This equation is rearranged to produce T(20) as the dependent variable

in the program.
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For the evaporator, the UA is calculated as it has been for the
other components using Equation 2. The inside heat transfer coefficient
is calculated by the turbulent expression (Equation 3) presented

earlier. The outside heat transfer coefficient is determined either by

v

1/3
3 ~022
h, = 0.822] (‘—‘«zﬂ> Re (33)

if the outside film is laminar, or by

13 1/3
= 04py065
h0 0.0038Re"*Pr < ) (34)

<

if the flow is turbulent. The equation for the determination of laminar

or turbulent flow is given by

- 106
Re = 5,800Pr (35)

Transition

These equations are based on experimental data from Chun and Seban [13]

for film flow on vertical tubes where the loading is defined as

_m |
R | (36)

For horizontal tubes, these correlations can be used 1f_G is given by

° T T - | VR
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The film Reynolds number for these expressions (Equations 33 and 34) is

calculated by
Re = — ., . (38)

Because the evaporator has no mass storage, unlike the other major

components of the system, the energy balance is simply
QE = m(18)[h(20) - h(19)] (39)

and the mass balance is

m(19) = m(20). (40)

The implication is that all refrigerant entering the evaporator is evaporafed.
It should be pointed out that the evaporator is modeled somewhat ficti-
tiously, because the refrigerant is always assumed to leave the evaporator
in a saturated vapor condition. Since the evaporator chilled water exiting
temperature is assumed to be fixed in the program and the chilled water flow
rate is also fixed, the chilled water entering temperature must be the
external parameter that changes. This method is unrealistic when considering
actual machine operation, but it makes the reporting of machine performance
easier, since most performance charts are reported at a fixed chilled water

exiting temperature.

2.3.5 The Absorber
| The absorber is modeled as a bundle of cooling tubes over which

solution returning from the second generator is sprayed in the presence
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of refrigerant vapor from the evaporator. During this process, the
refrigerant vapor is absorbed into solution. The combined heat of
condensation and solution is then removed from the absorber through the
cooling tubes. As in the condenser, the cooling tubes are situated
above a storage trough.

For the absorber, the heat transfer is written as:

[7(7) - 7.'1 - [7(8) - T_]

Gp = (UAJy 7y - T (41)
T,
C

Again, the UA is calculated by Equation 2. The inside heat transfer
coefficient is given by the turbulent flow expression (Equation 25),
and the outside heat transfer coefficient is assumed to be a constant

with a value of 400 BTU/hr ft2 °

F. This value was selected after con-
sultation with a representative of Arkla Industries, who indicated that
heat transfer coefficients from 350 to 450 BTU/hr ft2 °F can be obtained
with proper solution distribution, tube spacing, and surface qualities
in Arkla's absorption machines [14]. Furthermore, the solution leaving
the tube bundle can be'assumed to be-at-an equilibrium condition.

The decision to use a constant outside heat transfer coefficient
and assume the equilibrium condition.for‘the solution at the tube bundle
exit was made because'no Suftab]é'mathematﬁca1im0de1 could be defined.
An extensive literature search; édnsu]tationlwith industry representa-
tives [14], [15], and considgnab]é‘indépehﬁent«hork'revealed that the
coupled mass and heat transfer phehomenonroccurring in the absorber was

too physically and mathematically complex to be analyzed within the
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scope of this study. Thus, more reliable experimental data were used.
Work is now being done, however, at The University of Texas at Austin
to solve this problem for future absorber models.

T(7) and T(8), which are used in the heat transfer equation
(Equation 41), are each assumed to be at an equilibrium condition and
are evaluated at each state point's concentration and pressure as -

follows:

fLP(7), X(7)] (42)
fIP(8), X(8)] (43)

-
— —
o~
S g
1] "

These functions are evaluated in the program by subroutine TEMPSOL.

Tc' is determined by the equation
To' = Qpfme + T, ' (44)

Two energy balance equations can be written for the absorber as a
result of a separation of the cooling tubes and trough storage, as
mentioned above. The energy equation for the tube section of the

absorber is
QA = m(20)h(20) + m(7)h(7) - m(8)h(8). (45)
For the trough section, the energy equation is

%[MACPT(]O)] = m(8)h(8) - m(10)h(10) (46)
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which, when simplified to the time derivative of T(10), becomes

dMA
m(8)h(8) - m(10)h(10) - T(]O)Cp~ag-+ 0.7157T(10)M

dx(10)

d1(10) _ A de . (47)

de MACp

The overall mass balance for the absorber is written'as

dMA
5 = m(8) - m(10) (48)

which is also a term in the above energy equation. The species mass

balance equation is

4_IM,x(10)] = m(8)X(8) - m(10)X(10) (49)

or in the form used in the program

dMA

ax(10) _ M(B)X(8) - m(10)X(10) - X(10)—g5 509

de MA

Additionally, a pressure drop is allowed for the refrigerant vapor
which flows from the evaporator to the absorber. This is determined in

the model by
P(8) = P(20) - c[m(20)]2 (51)

The actual value of this pressure drop is small, but it has a consider-
- able impact on system performance. The quantity ¢ is a coefficient whose

influence is examined in Chapter 3.
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2.3.6 The Heat Exchangers

Both 1iquid-to-liquid heat exchangers are assumed to be counter
flow-type shell and tube heat exchangers. In order to avoid specifying
considerable geometry, a scaling approach was used to calculate the
performance of each heat exchanger. A heat transfer coefficient was
first calculated by hand for the tube side of the heat exchangers using
Equation 25. It was then assumed that a geometry could be found so
that the shell side heat transfer coefficient would be equal to the

tube side. This was done for a "nominal condition," which is discussed
further in Section 3.2. Then the shell side heat transfer coefficient

was calculated as:

m
h = (52)
0 nom [ mnom ]
and the tube side as
08 _
hi = hnom m (53)
mnom

The exponents in the above equations typify the effect of mass flow on
heat transfer coefficients for the shell and tube sides respectively.
The coefficients were combined using Equation 2. Then using the effec-
tiveness-NTU method, the effectiveness of each counter flow heat

exchanger was found by [16]

_ 1 - [-NTU(1 - C)]
R gx? exp[-NTU(T - CJ] (54)

where
30




NTU = c (55)
min
and
C .
C = C””" ‘ (56)
max

The quantities Cmin and Cmax are the minimum and maximum flow thermal

capacitances, me, for the two fluid streams.

2.4 Model Limitations

The computer model is a dynamic program that is capable of respond-
ing accurately to changing external conditions. For short periods after
discontinuous inputs, errors may result.

Iterative variables are considered converged when

X

- X
old new
G | < 0.0005 (57)
Xo]d * Xnew

This degree of accuracy has been found to be a reasonable compromise of
accuracy and combUteF“FUn'time.

The time integration is broken into 0.005-hr steps. This time
interval has provided good results during test runs, but is only of
importance when "transient solutions" are of interest. ‘The size of the
interval does not-affect final steady state values.

A minor limitation is the modeling of the heat transfer in the

first generator where the entering solution temperature in the log-mean
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temperature difference is assumed to be saturated. (The actual solution
temperature is used in the overall heat balance; thus, energy is properly
conserved.) This represents an error of only about 0.3% for the log-
mean temperature difference and gives a conservative value of heat
transfer.

Similarly, the second generator assumes the incoming vapor to be
saturated rather than slightly superheated in the log-mean femperature
difference calculation. Although on the conservative side, this pro-
cedure results in no more than a 4% error at most conditions. (The
second generator energy balance is modeled exactly.)

Frictional pressure drop is not used in the program, except that
for the refrigerant between the evaporator and the absorber. With the
exception of this pressure loss, most frictional Tosses are insignifi-
cant compared to the system pressure reduction between state point
pairs 2-3, 5-7, 14-15, and 18-19. Careful system design could eliminate
the remaining areas where frictional pressure drop could be of concern.

The model uses mass rather than volume for controlling solution
storage. The reason was more for convenience than for accuracy of
modeling. Relative changes in specific volume (or density) for typical
operating ranges are shown in Table 2.1. Density changes are signifi-
cant for.components containing water-lithium bromide. The modeling for
the first and second generators is the most critical since they main-
tain constant levels in practice but are assumed to maintain constant
mass in the computer program. The absorber, on the other hand, is not
as critical since it is free to adjust its level as the conditions

warrant.
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Lastly, it should be pointed out that the boiling heat transfer
data of Minchenko and Firsova [10] are being extrapolated to consider-
ably Tower heat flux levels than those for which the data were obtained.
The accuracy of the results for the two generators is quite dependent

upon these extrapolations.
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Table 2.1 VARIATION IN FLUID SPECIFIC VOLUME OVER EXTREME OPERATING RANGE

Percentage
Change in
Component Operating Range Specific Volume
Evaporator 40-90°F 0.5
Condenser 75-115°F 1.0
First generator 0.5-0.6 concentration 3.0
200-300°F
Second generator 0.53-0.65 concentration 9.0
130-200°F
Absorber 0.45-0.57 concentration 12.0

77-97°F
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3.0 RESULTS

3.1 Method of Analysis

Because the number of design and input parameters which may be
varied in a water-Tithium bromide double-effect absorption unit is
large, it is not feasible to develop performance data for the entire
range of these quantities. For this reason the technique of varying one
parameter at a time while holding all others at a "nominal condition"
was applied. The result is a sensitivity scan of system performance for
each of the variables being analyzed, compared to the nominal condition.
To good approximation, the individual sensitivities can also be linearly
combined over small variations to determine system performance when
varying multiple parameters.

In this study, sensitivity scans were produced for the external
variables of the system (such as cooling and chilled and source water
temperatures) as well as design variables (such as heat exchanger areas,
flow rates, and certain other internal flow control features). Table 3.1
provides a summary of the sensitivity scans performed. The second column
represents the "nominal condition" about which individual variables were
varied, and the third column indicates the range of variation for each.
The table also identifies the figure which illustrates the effect on COP
and capacity for each variable. Most of the performance sensitivity

results presented herein are the work of Lawson [17].

3.2 The Nominal Condition

For this parametric analysis, a nominal condition for system oper-

ation was established. Appendix D outlines the external constraints
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Table 3.1

NOMINAL CONDITIONS AND PARAMETER RANGES

Investigated Condition Nominal Condition* Range Figure
TS Source hot water temperature 280°F 220-320°F 3.2a
TC Cooling water temperature 85°F 50-3700°F 3.2b
TCh Chilled water temperature 44°F 34-74°F 3.2¢
mg Source hot water flow rate 5,000 1b/hr 2,000-10,000 1b/hr 3.3a
m. Cooling water flow rate 18,000 1b/hr 8,000-28,000 1b/hr 3.3b
L Chilled water flow rate 10,000 1b/hr 5,000-15,000 1b/hr 3.3¢c
m(10) Solution flow rate 900 1b/hr 500-1,500 1b/hr 3.4
. Area of first generator 35 £t? 5-105 ft° 3.5
AG2 Area of second generator 20 ft2 5-105 ft2 3.5b
AC Area of condenser 20 ft2 5-105 ft2 3.5¢
AE Area of evaporator 55 ft2 5-105 ft2 3.5d
AA Area of absorber 60 ft2 5-105 ft2 3.5e
AHX] Area of first heat exchanger 5 ft2 0-20 ft2 3.5f
AHX2 Area of second heat exchanger 5 ft2 0-20 ft2 3.5¢
o Pressure drop coefficient between -6 -6

the evaporator and the absorber 0.5x10 0-5x10 3.6

Orifice flow control (varying Ts) 220-320°F 3.7

Centrifugal pump I (varying TS) 220-320°F 3.8a

Centrifugal pump 11 (varying T.) 220-320°F 3.8b

Orifice flow control with

centrifugal pump I (varying TS) 220-320°F 3.10a

Orifice flow control with

centrifugal pump II (varying Ts) 220-320°F 3.10b

*The nominal condition corresponds to a cooling capacity of approximately 10 tons.

N\




chosen for this "Nominal -Condition." An attempt was made to apply the
same external parameters used by industry wherever applicable, but
others were selected to provide a reasonable range for the analysis of
a 10-ton unit.

External conditions, including cooling water temperature, cooling
water flow rate (per ton), and chilled water exiting temperature are
standard values for the Trane "Two-Stage Absorption Cold Geﬁerator"
units at their design conditions [18]. Inlet hot water temperature,
inlet hot water flow rate, and chilled water flow rate were arbitrarily
picked near the middle of a reasonable range for 10-ton units.

The nominal condition also requires that certain geometrical con-
straints be defined. A1l the tubes in the various heat exchange compo-
nents were chosen to be 1/2 inch in outside diameter. The number of
tubes in each unit was selected to obtain velocities of approximately
4 ft/sec. This velocity allowed reasonably good heat transfer character-
istics but avoided large pressure drops.

The area ratio (AR), defined as the ratio of the outside to inside
heat transfer area, was chosen arbitrarily to be 1.08. This ratio was
considered reasonable and consistent with currently available heat
exchanger tubing.

The areas of the heat exchange components chosen were based on two
constraints. The first was that the total capacity at the nominal con-
dition be 10 tons. The second required that changes in the areas of
each of the components must have an approximately equal effect on the

capacity of the system. : S
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Additionally, certain f]ow control methods were specified for the
nominal condition. The solution flow rate was fixed, assuming the use
of a constant displacement pump. The refrigerant flow through the
second generator was assumed to be controlled by a float-type valve,
which required all the refrigerant to be in the condensed phase (liquid)
at the generator exit.

Finally, the nominal condition was assumed to have a pfessure drop
between the evaporator and the absorber of 5% of the absolute pressure
in the evaporator. This corresponds to a coefficient of 5x1077 [see
Equation (51)].

Figure 3.1a illustrates the state points of a 10-ton system charac-
terized by the external constraints mentioned above and defines the
nominal condition. Figure 3.1b presents the state points for the
double-effect cycle operating at the nominal condition on a pressure-
temperature-concentration diagram. It is important to note that many

computer runs were made to iterate toward this chosen nominal condition.

3.3 Individual Sensitivity Scans

The individual scans are tabulated in Table 3.1 in the order in
which they are discussed below. The range for each variable is also
specified in the table.

Figures 3.2 through 3.6 present individual performance curves for
each external and design variable of the system, with ail other vari-
ables remaining at the nominal condition. Figures 3.7 through 3.10
illustrate the effect on performance of changing various control methods

in the system. For example, most double-effect systems would use a
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centrifugal solution pump rather than the constant displacement pump
specified by the nominal cdﬁd{fion. Thus, to std%i#this effect, two
pumps with different head-flow characteristics are examined. Addition-
ally, the more commonly used orifice flow control, rather than the
float control method specified by the nominal condition, is investi-
gated. Then, the combinations of orifice flow and centrifugal pump
flow are explored.

For each scan, the fractional capacity and the coefficient of per-
formance are plotted as functions of the changing variable. (The actual
machine capacity can bekdetermined by multiplying the fractional capac-
ity by 10-tons. Note that at the nominal condition, the fractional
capacity is 1.0, or 10 tons.) The curve characteristics are also dis-
cussed and operational Timitations of the variables are defined in the

following paragraphs.

3.3.1 Scans Based on the Nominal Condition

{a) Source Hot Water Temperature: Figure 3.2a shows the effect on

performance of the source hot water temperature. As the hot water
temperature increases, the COP increases asymptoticalily to about 1.37.
The capacity, however, increases in an approximately Tinear fashion.
The source hot water temperature is Timited on the high end by the
crystalization 1limit, which occurs at 320°F. It is Timited at low
temperature to about 190°F, where the COP and capacity approach zero.
Another interesting trend is the shifting of the concentration
levels in the system with an increase in operating temperature. The

weakest concentration of the cycle (occurring in absorber) will change

41




A

COP and Fractional Capacity

cop

Nominal Condition

1

crystallization '
4t \}

220 240 260 280 300
Source Hot Water Temperature ~°F

Figure 3.2a EFFECT OF SOURCE HOT WATER TEMPERATURE ON PERFORMANCE

320




from 0.516 1b LiBr/1b solution at 220°F to 0.533 at 320°F. This
difference is caused by the change in generator temperature and is
allowed by an increase in the refrigerant storage in the condenser.

(b) Cooling Water Temperature: Figure 3.2b shows the effect of

cooling water temperature. The COP remains nearly constant until rather
“high-temperature cooling water is used, beyond which system performance
degrades sharply. The capacity of the system, on the other hand, is a
nearly linear decreasing function of cooling water temperature. The
cooling water temperature is limited at low temperature by the crystali-
zation limit, which occurs near 52°F. The upper range is Timited to
approximately 108°F, where both COP and capacity approach zero.

(c) Chilled Water Temperature: Figure 3.2c shows the effect of

the chilled water exiting temperature on system performance. As this
temperature increases, the COP asymptotically increases to a maximum of
about 1.54, and the capacity increases in a linear fashion. The lower
limit on chilled water temperature is determined by the approach temper-
ature in the evaporator and the freezing point of water. The upper
limit is determined only by the application for which the chilled water
is used. These results show that for highest machine performance, the
highest chilled water temperature that is acceptable for the application
should be used, However, for air-conditioning purposeé, chilled water
temperatures above 60°F are normally inadequate.

(d) Source Hot Water Flow Rate: The effect df source hot water

flow rate is shown in Figure 3.3a. The COP is, for all practical pur-
poses, independent of this parameter. The capacity of the system,
however, is dependent on source hot water flow rate at low flows, but

asymptotically approaches 1.05 (10.5 tons) for high flows.
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(e) Cooling Water Flow Rate: Figure 3.3b gives the system perfor-

mance as a function of cooling water flow rate. Both COP and capacity
are asymptotic functions of this variable. The COP reaches a limiting
value of 1.4, while the capacity approaches about 1.2. This study
examined the cooling water flowing only in series between the absorber
and condenser. Future work should include a study of the effect of
cooling water flow in reverse series and in parallel to detérmine the
most efficient use of cooling water for these systems.

(f) Chilled Water Flow Rate:» The chilled water flow rate as shown

in Figure 3.3c does not significantly affect system performance. The
very slight decrease in capacity with flow rate is due primarily to the
method used in the program model, which specifies the chilled water
exit temperature. As the flow rate increases, the chilled water in]et
temperature decreases, resulting in a lower effective temperature dif-
ference for heat transfer. This lower effective temperature difference
is, however, offset by a rising overall heat transfer coefficient due
to increasing the flow. The evaporator was configured so that the
outside heat transfer coefficient had the dominant effect on the
overall heat transfer coefficient, but an evaporator could be designed
in which the inside heat transfer coefficient is dominant and the
chilled water flow rate would then have a more pronounced effect. This
effect would still be small compared to those other system parameters.

(g) Solution Circulation Rate: Figure 3.4 shows the performance

due to variations in solution circulation rate. With increased
circulation, the COP decreases almost Tinearly. Increasing the flow

rate increases the capacity asymptotically toward about 1.1. Increasing
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the circulation rate also has a tendency to narréw the concentration
range over which the system operates. This affects the pressure levels
in the system and makes the second generator more effective at lower
circulation rates, a condition which in turn increases the COP, but at
the expense of capacity. An increased circulation rate also allows
greater heat transfer to occur in the generators, thus raising system
capacity.

(h) Areas of Generators, Condenser, Evaporator, and Absorber: The

next series of figures shows the effects on performance of varying the
heat transfer surface areas of the different heat transfer components.
The first, Figure 3.5a, shows the effect of changing the first generator's
surface area. The nominal area for the generator is fairly high on the
curve, indicating a larger generator area alone will not produce a
significantly larger COP or capacity. This is also true of Figures
3.5b-e, which illustrate the effects of the second generator, condenser,
evaporator, and absorber areas. The slopes at the nominal conditions
are similar because of the selection criteria for the nominal design
condition described in Section 3.2. This means that a small change in
surface area in any of these components will produce essentially the

same effect on system performance.

(i) Heat Exchanger Areas: While both COP and capacity are affected
by the heat exchange components discussed above, the influence of the
areas of the two heat exchangers on performance is quite different.

The COPs are shown in Figures 3.5f and 3.5g to be strong functions of
the heat exchanger areas, while capacities are very weakly affected.

Heat exchanger 1 affects capacity only slightly, and heat exchanger 2
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has virtually no effect on capacity. These results indicate that the
proper selection of heat exchanger areas should be a major consideration
during system design, in order to yield optimum performance in terms of
COP and capacity. These results also show that the two heat exchangers
are almost equally important to the overall system performance.

Figure 3.6 shows the importance of minimizihg the pressure drop
between the evaporator and the absorber, particularly becauée of the
effect of the pressure drop on capacity. Although it is not great in
absolute terms, this pressure drop is important because of the extremely
low pressures that exist in the two components. At the nominal condi-
tion the evaporator operates at 0.136 psi. With the nominal 5% pressure
loss (¢ = 5x10"7), the absorption process takes place at 0.129 psi.

This is a pressure reduction of only 0.007 psi (0.4 mm of Hg), yet it

results in a reduction in capacity of approximately 5%. Figure 3.6 also
shows that a 50% pressure drop (c = 5x10-6) or 0.068 psi (3.5 mm of Hg)
can reduce the COP by 6% and the capacity by 30%. Thus, this parameter

is of considerable importance in the design of absorption systems.

3.3.2 Effect of Orifice Flow Control

A1l of the above results are based on a float control device which
requires that all refrigerant vapor from the first-effect generator be
condensed in the second-effect generator. The following results examine
the comparable performance when orifice control is used. The size of
the orifice is opfional, but in the results that follow the orifice was
sized such that at the nominal condition (280°F) all of the refrigerant

vapor from the first effect is condensed in the second effect. That is,
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at the nominal conditions the two designs will give the same performance.
At other than the nominal condition differences will arise because
complete condensation of refrigerant may not occur with orifice control.

Figure 3.7 shows the effect of source hot water temperature on
performance for the nominal system run with an orifice-type of flow
control device between the second generator and the condenser. Com-
paring this to the float control results in Figure 3.2a shoWs that the
COP curve for the orifice device is generally lower than the COP curve
for the float device, but the two curves become almost tangent in the
range of 275 to 310°F source hot water temperature. In fact, if a series
of different-sized orifices were used, a family of COP curves would be
generated, with the maximums from these curves effectively representing
the parformance locus for the float control device of Figure 3.2a.

When an orifice control device is used, the COP drops considerably
faster at Tower temperatures than with the float control device, because
the refrigerant vapor flow to the second generator cannot be totally
condensed. For example, at a source temperature of 225°F, the quality
of the refrigerant leaving the second generator is 99%. The system is
then effectively operating as a single-effect unit. At the other
extreme, with a source temperature of 320°F, the system could condenée
even more refrigerant in the second generator. The system under these
conditions is capable of totally condensing the flow and partially sub-
cooling it. Thiéleffect Timits the performance at high temperatures and
causes the COP curves to begin to slope down. It also decreases the
slope of the capacity curve. For comparison, the performance with the

float control device is presented in Figure 3.7 as dashed curves.
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3.3.3 Effect of Variable Solution Flow Rate

A11 of the performance curves up to this point have been based on a
constant solution circulation rate of 900 1b/hr, (i.e., assuming a
constant displacement pump). Figures 3.8a and 3.8b show the effect (for
float refrigerant control) of having solution pumps with the character-
istics shown in Figure 3.9. Notice that at high operating temperatures,
the capacity levels off in Figure 3.8a and actually turns déwnward in
Figure 3.8b. As the operating temperature increases, the pressure
differential against which the pump must work increases and, therefore,
decreases the solution flow rate. This change is the opposite of what
is desired at these higher operating temperatures. Figures 3.8a and
3.8b also show as dashed curves the performance with constant solution
circulation rate. Below the nominal condition of 280°F source hot water
temperature, constant solution circulation results in better COP but
slightly deteriorated capacity, while above 280°F the reverse is true.
These effects should be considered when designing systems that have

widely varying input source temperatures, such as solar input.

3.3.4 Effect of Combined Orifice Flow Control and Variable Solution
Flow Rate |
The éurves of Figure 3.10a show the results of using an orifice-
type of flow contfo] and‘a pump-w{th charafteristics of curve I‘in
Figure 3.9. They fo]]bw fairly é1ose1y the performance curves of the
system with the orifice-type of flow control at low temperatures
(Figure 3.7), and follow the performante curves for pump I at higher

temperatures (Figure 3.8a). This is to be expected because of the
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domihance of each of these variables in their respective regions. Thus
the worst characteristics of each type of orifice control (pressure
driven flow) and the pump characteristic are seen at the extremes of
the range of source hot water temperatures.

Using the pump with curve II characteristics (Figure 3.9) in com-
bination with orifice-type of flow control produces the curves in
Figure 3.10b. This very sensitive pressure pump and orificé-type flow
control give the worst performance of any condition examined. These
types of curves, however, show performance very similar to real absorp-

tion machines.

3.4 Performance Maps

Three of the parameters examined previously--the source hot,
cooling, and chilled water temperatures--are operationai variables,
while the remainder are selected design variables. It is of interest
to observe how the system performance varies simultaneously with all
three of these operational variables. The results discussed below are
based on the nominal condition (including float control and constant
circulation) except for variation in the three fluid temperatures.

Figures 3.11a-c are general performance maps of the system, each
the effect on performance of source hot and cooling water temperatures
for a different chilled water temperature. They illustrate that these
three variables can have a great impact on system COP and capacity. For
example, if the cooling water temperature is decreased to 75°F and the
chilled water temperature is increased to 60°F, while the nominal 280°F

source hot water temperature is maintained, the capacity of the system

68




69

COP and Fractional Capacity

Canacity
o Orifice Flow Control
{ e Centrifugal Pump II

@ Float Control
—— —— — e Constant Circulation

- 1 1

220 240 260 280 300
Source Hot Water Temperature ~°F

Figure 3.10b EFFECT OF ORIFICE FLOW CONTROL WITH CENTRIFUGAL PUMP II

320

- .;"
247




0L

COP and Fractional Capacity

Cooling
crystallization —s= Water
Temperatures

Capacity

—_— — —— — (0P

40°F Exit Chilled Water Temperature
| L 1 I .

200

220 240 260 280 300 320 . 340
Source Hot Water Temperature ~°F

Figure 3.11a PERFORMANCE FOR 40°F EXIT CHILLED WATER




LL

COP and Fractional Capécity

. . Cooling
\
crystallization —s s Mater

N Temperatures/

Capacity

cop

_ 50°F Exit Chilled Water Temperature
{ 1 1 1 1

220

240 260 280 300 320
Source Hot Water Temperature ~°F

Figure 3.11b PERFORMANCE FOR 50°F EXIT CHILLED WATER

340




A

COP and Fractional Capacity

crystallization —e\ ¢ Cooling
\ Water
N\ Temp
AN
BN
“ N
N\
N\
93
-~
~
~
e
”~
—2 35
T T
Capacity
— o — __Cop
60°F Exit Chilled Water Temperature
| 1 { 1 1

200

220 240 260 280 300 320
Source Hot Water Temperature ~°F

Figure 3.11c PERFORMANCE FOR 60°F EXIT CHILLED WATER

340




can be nearly doubled and the COP increased to 1.5 compared to the
nominal condition. Conversely, if the cooling water temperature is
95°F, the chilled water exit temperature is 40°F, and the source hot
water temperature remains at its nominal condition, then the capacity
will drop 44% with a COP of only 1.16. It is encouraging to note,
however, that the COP is still greater than 1.0 for most conditions in

which an actual system might operate.

3.5 Comparison with Trane Two-Stage Absorption Unit Performance

Although it was not an identified task in the contract objectives,
some effort was directed toward predicting the performance of the Trane
“Two-Stage Absorption Cold Generator" using the computer model, and
comparing these results with the available data from Trane. This com-
parison is presented in Figure 3.12.

To simulate the performance of the Trane unit, all quoted flow
rates and areas for thé-385»ton machine were used [19, 20, 21]. The solu-
tion circulation rate was somewhat uncertain, as were the solution pump
characteristics. The Trane unit is normally steam fired with 123 psig
saturated steam; however, the equivalent performance is achieved with
approximately 370°F hot water. The COP predicted by the model is pre-
sented in Figure 3.12. It is compared with the COP of the Trane unit,
which is very close to 1.0 when operating at the 370°F design hot water
condition. The prediction shows a'COP-approximatelyv10% higher. The
predicted and actual Trane capaC%ty.daia pfesented in Figure 3.12 have
been normalized by 385 tons, and thus represent fractional capacity.

The predicted capacity at the design condition is approximately 30%
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above the capacity of the Trane unit. The reason tHat data for the
Trane unit are shown only for one temperature is that COP and capacity
are not given as functions of hot water temperature.
The reasons for the predictions not being better are several. Only
a modest effort was made to truly simulate the Trane unit's performance.
Some specific differences are:
° The absorber heat transfer coefficient used was that recomm-
ended for another machine
0 The Trane unit has an absorber recirculation pump
° The Trane unit has an evaporator recirculation pump
0 More accurate heat exchanger tubing resistance and fouling
factor data could be used
o The heat transfer coefficient data for water-lithium bromide
solutions is extrapolated to heat fluxes below that for which
the experimental data were obtained.
Considering the several sources of error and the limited effort expended,
the comparison is reasonably good. The predicted COP is within 0.1 of
the actual Trane performance, and earlier data showed that COP can be
considerably greater than for the condition predicted; thus, the COP

of the Trane unit could presumably be increased considerably.

3.6 Cost Projections

Figure 3.13 presents cost data for single--and double-effect
absorption machines in the form of purchase price per ton as a function
of machine tonnage. Cost data for single-effect machines were obtained

from Arkla Industries, Yasaki, and Trane, while only data from Trane
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were available for doub]e-efféct machines, since at this date Trane is
the only manufacturer of the latter. The single-effect units range in
size from the 1.5-ton Yasaki units to the nearly 1,000-ton Trane units.
Yasaki modularizes two of its units to produce larger tonnage machihes.
The range of the Trane double-effect units is 385 to 1,000 tons. The
Trane double-effect machines are approximately 70% more expensive than
the single-effect for the same tonnage. It is anticipated that if manu-
factured in the 50- to 100-ton range the relative costs would be similar.

Particularly in a solar cooling application where the collectors
represent a large fraction of system cost, it would appear that double-
effect machines would have potential merit. Even for other applications
it would seem that double-effect machines would find favor because of

current high fuel costs.

77




4.0 SUMMARY

4.1 Conclusions

This study has developed a tool for use in analyzing the perfor-
mance of double-effect absorption cooling systems and has examined the
effect of the several design and operational variables on system per-
formance. These latter results provide better insight into.the effects
of certain design features on the cycle operation. The major results
include:

1. A.computer model has been developed which simulates the dynamic
behavior of double-effect water-lithium bromide absorption cooling
systems.

2. The computer model was used to predict the performance of the
Trane double-effect unit, and the results were found to be in fair
agreement.

3. Double-effect systems can be operated at much Tower tempera-
tures than generally accepted. Most sources report that double-effect
systems require hot water temperétures of 350 to 400°F to obtain good
performance. This study indicates that for operation at source temper-
atures as low as approximately 230 to 240°F, the COP is maintained
remarkably flat and the penalty is mainly in capacity. The coefficients
of performance for source hot water temperatures of 320°, 280° and 240°F
are 1.372, 1.376, and 1.312 respectively, and the relative capacities
are 1.37, 1.0, and 0.57 tons respectively. Coefficient of performance
is quite constant, while capacity is nearly linearly dependent on source
hot water temperature (in contrast to the Rankine cycle concept, where
COP is strongly affected by source temperature).
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4. COPs approaching 175%an be obtained with Favorable external
conditions: chilled water temperatures above 50°F and cooling water
temperatures lower than 80°F.

5. The spurce hot water temperature, cooling water temperature,
and chilled water temperature have strong effects on system performance.
Capacity increases nearly linearly with hot and chilled water tempera-
tures and decreases nearly linearly with cooling water température.

6. The flow rates of source hot water, cooling water, and chilled
water have relatively small influences on coefficient of performance.

/. The sizes of the two liquid-liquid solution heat exchangers
have a significant impact on system performance. Although the capacity
of the system is not appreciably affected by them, there are significant
increases of COP with increased heat exchanger area. Therefore, new
double-effect systems should incorporate as much heat transfer surface
area into these two heat exchangers as the economic constraints will
allow.

8. The use of a float control valve (to insure that all refrigerant
vapor from the first-effect generator is condensed in the second effect)
is necessary to obtain maximum performance for units that will experi-
ence large variations in source hot water .temperatures. This design
feature would be highly desirable for so]ar;dniven double-effect systems
where the source temperature may"vaty;strongly. The orifice-type of
control, on the other hand, would be‘adequate.for constant source
temperature applications .:and when very little on-off cycling is

expected.
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9. The selection of the main solution pump is an important design
consideration for absorption systems that operate with a wide range of
source hot water temperatures. Ideally, for this type of app]icatioh,

a constant displacement pump or a variable rate pump with a control
system that increases the flow with increasing pressure head is desir-
.able. For systems that operate continuously and at a constant tempera-
ture, pump selection is not so critical.

10. Refrigerant pressure drop between the evaporator and absorber
is an important design consideration. Often these components are in the
same pressure vessel and a uniform pressure is considered throughout.

But pressure drops of only 0.5 mm of mercury can cause a noticeable

loss in system capacity, since the evaporator and absorber operate at
only a few millimeters of mercury.

11. Cost data assembled for single- and double-effect machines
suggest that in the 50- to 100-ton capacity double-effect:machines
should cost about 70% more than single-effect machines of the same

capacity.

4.2 Recommendations

It has been shown in several investigations that from a performance
standpoint, double-effect absorption systems are more than competitive
with conventional vapor compression systems for the cooling of buildings
using moderate grade thermal energy. The major drawback to the double-
effect system is the cost. However, with rising costs of fossil fuel,
the potentially high coefficients of performance make this system very

attractive for geothermal and waste heat applications as well as for
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solar. More emphasis should be placed on optimizing the performance and
expanding the applications Qﬁ“doub]e—effect absorption systems.

The computer model, LIBR, developed in this study could be incor-
porated into a system simulation model for analysis and optimization of
solar heating and cooling systems using double-effect absorption cooling.
Simplified algorithms describing the performance of double-effect
absorption systems should be developed from the results of ﬁrogram LIBR
for use in large HVAC programs and for solar simulation programs such as
TRNSYS. This capability would enable building and system designers to
assess the relative merit of double-effect and single-effect systems.

Several additional tasks should be undertaken to further improve
and justify the accuracy of the model. Specific effort should be
devoted to comparing the predictions with the actual performance data of
the Trane machines, and to improve the model where appropriate. While'
performance trends predicted by the model are felt to be valid, it is
important for future users to know the quantitative accuracy of the
results.

The current program, LIBR, should be a valuable design tool for
either developing an absorption machine or modifying an existing design
to optimize operation based on today's and future energy costs. The
computer model developed under this study should be valuable in reevalu-
ating the double-effect absorption system. Most of the available
literature and the current hardware are from a time before the cost of
energy was a primary concern. With the past and expected continuing

escalation in energy costs, double-effect systems show real promise.
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Because of different design criteria brought on by rising energy costs,
analytical tools 1like the model developed for this study can play an
important part in developing a new generation of energy-efficient

double-effect systems.
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COMPUTER PROGRAM LIBR
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NOMENCLATURE

VARIABLE DESCRIPTION

AABS AREA OF THE ABSORBER

ABM MASS OF SOLUTION INSIDE THE ABSORBER

ACOND AREA OF THE CONDENSER

AE AREA OF THE EVAPORATOR

AGEN1 AREA OF THE HIGH TEMPERATURE GENERATCR

AGEN2 AREA OF THE LOW TEMPERATURE GENERATOR

AHX1 AREA OF THE LOW TEMPERATURE HEAT EXCHANGER

AHX2 AREA OF THE HIGH TEMPERATURE HEAT EXCHANGER

Al FLOW AREA OF THE TUBES IN THE HIGH TEMPERATURE
GENERATOR

AL ABSORBER TUBE LENGTH

AN NUMBER OF TUBES IN THE ABSORBER

AR OUTSIDE TO INSIDE AREA RATIO FOR ANY HEAT EXCHANGE
TUBE SURFACE

COM MASS OF FLUID IN THE CONDENSER

cOoX MAXIMUM MASS POSSIBLE IN THE CONDENSER

CHW CHILLED WATER FLOW RATE

cL CONDENSZR TUBE LENGTH

CN MUMBER OF TUBES IN THE CONDENSER

CONDG1 CONDUCTION TERM IN CALCULATION OF THE U.Ae FOR THE
HIGH TEMPERATURE GENERATOR

CONDG2 CONDUCTION TERM IN CALCULATION 3F THE Ue.As FOR THE
LOW TEMPERATURE GENERATOR

cop COEFFICIENT OF PERFORMANCE

CPH SPECIFIC HEAT OF MATER

CW COOLING WATER FLOW RATE THROUGH THE ABSORBER

CHC COOLING WATER FLOW RATE THROUGH THE CONDENSER

CXC ) CONCENTRATION AT SPECIFIC STATE POINTS

DA DIAMETER OF ABSORBER TUBES

DABM DM/DT DERIVATIVC, THE CHANGE IN MASS IN THE ABSORBER
WITH RESPECT TO TIME

DC DIAMETER OF THE CONDENSER TUBES

DCOM DM/DT DERIVATIVE, THE CHANGE IN 4ASS IN THE CONDENSZR
WITH RESPECT TO0 TIME . :

DE DIAMETER OF THE EVAPORATOR TUBE

DELP PRESSURE DOIFFERENTIAL OF PUMP ,

DG1 DIAMETER OF THE TUBE IV THE HIGH TEMPERATURE
GENERATOR

DG2 DIAMETER OF THE TUBE IN THE LOW TEMPERATURE GENERATOR

DP18 TEMPORARY VARIABLE FOR CENTRIFUGAL PUMP FLOW

(
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DT
DT1

DT10

DT18

DT4

DXA
DX1

DX10

D X4

EFF1
EFF2
EL
EN
FLW(
FNR
F8C
F13C
F8T
GM1
GM2
GPP2

GX1

GX2

G1L
G1N
G2L
G2N
HC )
HD
HF14
HF 20
HGT14
HIL

HI2

HO1

HO2

H14

CALCULATION

CHANGE IN TIME q

DT/DT DERIVATIVE, THE CHANGEWIN T(1) WITH RESPECT TO
TIME

oilor'DERxVATIVE. THE CHANGE IN T(10) WITH RESPECT
TO TIME

DT/DT DERIVATIVE, THE CHANGE IN T(18) WITH RESPECT
TO TIME

DT/DT DERIVATIVEs THE CHANGE IN T(4) WITH RESPECT
TO TIME

DX/DT DERIVATIVEs THE CHANGE IN X(1) WITH RESPECT
TO TIME

DX/DT DERIVATIVEe THE CHANGE IN X(10) W4ITH RESPECT
TO TIME '

DX/DT DEZRIVATIVEs THE CHANGE IN X(4) WITH RESPECT
TO TIME

FFECTIVENESS OF THE LOWd TEMPERATURE HEAT IXCHANGER
EFFECTIVENESS OF THE HIGH TEMPERATURE HEAT EXCHANGER
TVAPORATOR TUBE LENGTH

NUMBER OF EVAPORATOR TUBES

FLOW AT EACH STATION

TIME TJ FINISH RUN

TEMPORARY VARIABLE REPRESENTING THE FLOW AT STATION 8
INTERMEDIATE VALUE FOR FLW(13J)

ITERATIVE VARIABLE FOR THE FLOW AT STATION 8

MASS OF SOLUTION IN THE HIGH TEMPERATURE GENERATOR
MASS OF SOLUTION IN THE LOW TEMPERATURE GENERATOR
MASS FLOW RATE INSIDE THE TUBES OF LOd TEMPERATURE
GENERATOR

AVERAGE CONCENTRATION IN THE HIGH TEMPERATURE
GENERATOR

AVERAGE CONCENTRATION IN THE LOW TEMPERATURE
GENERATOR

LEN6TH OF TUBES IN THE HIGH TEMPERATURE GENERATOR
NUMBER OF TUBZS IN THE HIGH TEMPERATURE GENERATOR
LENGTH OF THE TUBES IN THE LOW TEMPERATURE GENERATOR
NUMBER -OF TUBES IN THE LOW TEMPERATURE GENERATOR
ENTHALPY AT THE DESIGNATED STATICNMN

MASS TRANSFER CGEFFICIENT

ENTHALPY OF SATURATED LIQUID AT STATION 14

ENTHALPY OF SATURATED LIQUID AT STATION 20

ENTHALPY OJF SATURATED VAPOR AT STATION 14

INSIDE HEAT TRANSFER COEFFICIENT FOR THE HIGH
TEMPERATURE GENERATOR

INSIDE HEAT TRANSFER COEFFICIENT FOR THE LOW

" TEMPERATURE GENERATOR

OQUTSIDE HEAT TRANGSFER COEFFICIENT FOR THE HIGH
TEMPEZRATURE GENCZRATOR

DUTSIDE HEAT TRANSFER COEFFICIENT FOR THE LOM
TEMPERATURE GENERATOR

ENTHALPY CF SATURATED LIQUID AT STATION 14
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OO0 000000000OON OO0 OOO0O0O0O0O0000On0

ICHAR
1ER
IFF

IFLO

IMAGA4
INC
I0
I0PT
ISTEPS
IY

J

JA
JB
JN
Js§s
JS4
JU
JUuu
K

KC
KJ
KK
KL
KP
Ltc
LH
LIM
LL
cp
LpPC
L13
L8

M

NC
NCURVES
NF

NH

NP

NPTS
N13

N8
PC)
PI
PR

PRI

DUMMY VARIABLE

ARRAY FOR TITLE IN PLOTTING ROUTINE

FLAG-FROM PLOTTING ROUTINE

FLAG FOR CONSTANT DISPLACEMENT PUMP CR CENTRIFUGAL
PUMP OPTICON

( 0 = CIMNT PUMPy 1 = CONSTANT DISPLACEMENT )

FLAG FOR REFRIGERANT FLOW CONTROL OPTICN

( 0 = FLOAT CONTROL 3 1 = ORIFICE CONTROL )

VARIABLE REQUIRED FOR USPLT ROUTINE
INTEGRATION ORDER (LINEAR ALWAYS USED)
PARAMETER REQUIRED FOR USPLT ROUTINE
NUMBER OF STEPS PER HGUR (1/0T) '
PARAMETER REQUIRED FOR USPLT ROUTINE
NUMBER OF POINTS STORED FOR PLOTS
TITLE ARRAY FOR PLOTTING ROUTINE
COUNTER FOR JA

LOGP COUNTER
LJ0P COUNTER

COUNTER FOR TIMZ INTERVAL FOR PRINTING
FLAG FOR PRINTING INTERVAL

CCUNTER FOR TIME INTERVAL FOR PLOTTING

LOOP COUNTER FOR T(20) LOOP

LOOP COUNTER FOR T(B8) LOQCP

MAXIMUM LIMIT FOR IMPLICIT LOCPS

LOOP COUNTER FOR SUBROUTINES ABST AND GEN

LOOP COUNTER FOR TCP LOOP

LOOP COUNTER FOR PRINT STATEMENTS

LOOP COUNTER FOR FLW(13) LOOP

LOOP COUMTER FOR FLW(R) LOOP

INDEX FOR READING TITLES FOR PLOTS AND PARAMETER FOR
USPLT ROUTINE

CONVERGENCE PARAMETER FROM CCNV ROUTINE ¢ T(20) LOO?)
PARAMETER FOR CECPLOT ROUTINE

FLAG FOR ENDC OF PROGRAM IN SUBROUTINE PRNTF
CONVERGINCE PARAMETER FROM CONV ROUTINE € T(3) LOIP )
CONVERGENCE PARAMETER FROM CONV ROUTINE ( TCP LOGP )
PARAMETER FOR CECPLOT - NUMBER OF POINTS

CONVERGENCE PARAMETER FROM CONV ROUTINE

(FLW(13) LOOP) '

CONVERGEIMNCE PARAMETER FOR CONV RCUTINF

(FLW(8) LOOP)

PRESSURES AT DESIGNATZD STATICN

PI = 3.1415926

PRANDTL NUMBER INSIDE THE TUBES OF THE HIGH
TEMPERATURE GENERATOR

PRINT INTERVAL
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QABS
QCOND
QEVAP
QGEN1
QGEN2
Qx
RE1
R6
SC))
SC
STR
SHK

SwPT
TC )
TCP
TCPC
TCPP
TCPT
TCH

TE

TEP

6

TG1
162

™
TPRINT
TSM

Tiz2
TL4
T20C
7297
UAGEN1

UAGENZ2

UAHX1
UAHX2
Ve )
X¢ )
XAC )
X8

XX )
XXXC )
XXYC )
X1l4

YC o )
Y1i¢(
Y2¢(
Y3(
Y4(
YS¢(
Ye(
ZRHO

w y w W W w

HEAT TRANSFER IN THE ABSORBER

HEAT TRANSFER IN THE CONDENSER

HEAT TRANSFER IN THE EVAPORATOR

HEAT TRANSFER IN THE HIGH TEMPERATURE GENERATOR
HEAT TRANSFER IN THE LOW TEMPERATURE GENERATOR
QUALITY AT STATION 20

REYNOLDS NUMBER IN THE FIRST GENERATOR IN THE TUBES
TITLE VARIABLE FOR PLOTS

ENTROPY RETURNED FROM SUBROUTINE 'SUPER?

AMOUNT 3F SUB-COOLING

STARTING TIME

SOURCE WATER FLOd RATE TO THE HIGH TEMPERATURE
GENERATOR

SOURCE WATER PER TUBE

TEMPERATURE AT THE INDICATED STATION

COOLING  WATER TEMPERATURE EXITING FROM THE ABSORBER
TEMPORARY VARIABLE FCOR TCP

COOL ING WATER TEMPERATURE EXITING FROM THE CONDENSER
TEMPORARY VARIABLE FOR TCP

EMTERING COOLING WATER TEMPERATURE TO THE ABSCRHER
CHILLED WATER EXITING TEMPERATURE

ENTERING CHILLED WATER TEMPERATURE

AVERAGE SOURCE WATER TEMPERATURE ((TG1+TG2)/2)
ENTERING SORCE WATER TIMPERATURE

EXITING SCURCE WATER TEMPERATURE

TIME

TOTAL SUM OF THE MASS IN COMPCNENTS THAT HAVE A
LIBR-W4ATEZR SOLUTION

EQUILIBRIUM TEMPERATURI AT STATION 12

SUB-COOLED TEMPERATURE AT STATION 14

TEMPORARY VARIABLE FOR THE TEMPERATURE AT STATION 20
TEMPORARY VYARIABLE FOR THE TEMPERATURE AT STATION 20
OVERALL HEAT TRANSFER COEFFICIENT OF THE HIGH
TEMPERATURE GENERATOR

OVERALL HEAT TRANSFER COEFFICIENT OF THE LOW
TEMPERATURE GENERATOR

UA OF THE LOW TEMPEZRATURE HEAT EXCHANGER

UA OF THE HIGH TEMPERATURE HEAT EXCHANGER

SPECIFIC VOLUME RETURNED FROM SUBROUTINE *SUPER®

AVERAGé CONCENTRATION OF SOLUTION IN THE SYSTEM

ARRAY FOR PLOTTING OF TG1
ARRAY FOR PLOTTING OF TM~
QUALITY AT STATION 14
ARRAY FOR PLOTTING

AARRAY FOR PLOTTING TC(I)

ARRAY FOR PLOTTING T(4)

ARRAY FOR PLOTTING T(8)

ARRAY FOR PLOTTING CX(1)

ARRAY FOR PLOTTING CX(4)

ARRAY FOR PLOTTING CX(8)

DENSITY OF WATER INSIDE TUBES OF SECOND GENERATOR
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SUBROUTINE

ABST
CEPLOT
coMpsOL

COND
CONV

CcP

CRYSTAL

EHX
ENTHSOL

EVAP
GEN

HF VST
HGT
HOGEN
INTG
INTI
PRESSOL

PRNTF
SUPER

TEMPSOL

TSOL

TVSP

TVSPH
useLT
VAPR
IKHW

ZMU

FUNCTION

- D e e S D D AR WR D e D W W U TS G WD M e WD A P AE W P AP WD G Gm WD MDD TD WD AR WS W W SR W B e e W

CALCULATE QASRS

FUNCTION CALCULATES CONCENTRATION GIVEN TEMPERATURE
AND PRESSURE

CALCULATES TCPP AND QCOND

CALCULATES NEW ITERATIVE VARIABLI s CONVERGES
SUBROUTINES

CALCULATCS SPECIFIC HEAT AS A FUNCTION OF
CONCEMTRATIOCN

SUBROUTINE TO TEST FOR CRYSTALIZATION LIMIT FOIR
LIBR

CALCULATES THE EFFECTIVENESS GOF THE HEAT EXCHANGERS
CALCULATES THE EZNTHALPY GIVEM TEMPERATURE AND
CONCENTRATION

CALCULATES T(20?

CALCULATES T7G2

CALCULATES THE ENTHALPY OF WATER AT SATURATED
LIQUID CONDITIONS

CALCULATES ENTHALPY OF WATER AT SATURATED VAPCR
CONDITIONS

CALCULATES THE BDILING HEAT TRANSFER COEFFICIENTS
GIVEN HEAT FLUXs PRESSURE AND CONCENTRATION
INTEGRATES ALL DIFFERENTIAL VARTABLES

INTEGRATES TIME

FUNCTION CALCULATES THE PRESSURE AT GIVEMN TEMPERATURE
AND CONCENTRATION

SUBROUTNE TO DO PRINTING

CALCULATES THE ENTHALPY COF WATER IN SUPERHEATED
STATE GIVEN PRESSURE AND TEMPERATURE

FUNCTION CALCULATES TEMPERATURE GIVEN PRESSURE AND
CONCENTRATICN

FUNCTION CALCULATES TEMPERATURE GIVEN ENTHALPY AND
CONCENTRATION

CALCULATES THE TEMPERATURE CF SATURATED WATER GIVEN
PRESSURL

CALCULATSS TEMPERATURE GIVEN PRESSURE AND ENTHALPY
PLOT ROUTINE

CALCULATES VAPOR PRESSJURE GIVEN TEMPERATURE
CALCULATES THERMAL CONDUCTIVITY CF SATURATED WATER
GIVEN TEMPERATURE

CALCULATES THE VISCOSITY 0OF SATURATED WATER AS A
FUNCTION COF TEMPEZRATURE

I S 2SR AR 22 EZZ 2R R ARSI R RS E RS S NSl ANELRERE SRR R AR RS R RXERENNEENRZEN
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COMMON /CC/ CX(30)oFLHW{20)y TC20)9 HC(30)y P(30)
COMMON/CINT/TMeDTodSesJdNsDXAC3)IeXAL 30)9I09JS4yTPRNT
DIMENSION S(5)sV(9)
DIMENSION XXX€121)4Y(12195)9IMAG4(5151)
REAL JACl44) A St
DIMENSION RG(4)9ICHAR(10)
DIMENSION XC151)9Y1(151)9Y2C151)9Y3(151)yY4(151),9Y5C151)9Y6(131)
DIMENSION XXC151)9XXYC151)
NAMELIST/DATA/FNR yPRI 9KCoKP»ISTEPS

TGleTCWeTE9SWeCWeCHWy

DGl 9 AGEN19DG2 9 AGEN29G2L9DCy ACONDyCLWDE9AELEL yUAABS

sAHX1 9 AHX2 ¢y GM1 yGM29yABMsCDMy XBopHDyA2

2T oTG29T20T o TEP ¢ TCPwIFFoFLWesFLB8yDPL189EFFL4EFF2,4IFLD

DO 3 I=1,.30
XAC(I)=0.0
3 DXACID)=0.0

P

Pt s = ps

PROGRAM CONSTANTS #xexax
PI=3414159265358979
AR=1.08
CPw=1.0
ZRHO0=6045

#*« TIME AND PRINT VARTIABLES #«
TM=STR=0es $ FNR=18.
10=1
DT7=«005
PRI=e2
KC=100
KP =40
ISTEPS=200

*+x EXTERNAL VARIABLES =«
TG61=2380a
TCW=85e.

TE=44.
SW=5000.
Cw=18000.
CH%=10000.

*x SYSTEM DESIGN GCOMETRY ==

*« GENERATOR 1
DG1=e5712.

AGEN1=35.
G1lL=60.
G1MN=AGENL/(PI+0G1+G1lL)

~« GENERATOR 2

DG2=e¢5712.

AGENZ2=20.

G2L=S.

G2N=AGEN2/ (PI~DG2+G2L)

«x CONDENSOR
DC=e5/12.

ACOND=20e.
CL=10.
CN=ACDND/C(PILsDC«CL)
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»
*

EVAPORATOR
DE:OS,IZO
AE=55.

EL=52.
EN=AE/(PI«DCxCL)

ABSORBER
DA=e5/12.
AABS=60.

AL=32.
AN=AABS/(PI+«DA*AL)

OTHER
AHX1=5.0
AHX2=5.0

=% MASS

6M1=238.

6M2=208.

ABM=208.

CDM=104%e. 3

XB=-e566
** STARTIMG VALUES FOR ITERATIONS «»
TEMPERATURES

T(l)=266.

T(4)=181.

T(8)=87.

T(10) =87.

T(18) =99

T62=263.

T20T=40.

TEP=55.

TCP=93.
FLOWS

IFF=1

FLW(S5)=0.

FLW(8)=900.

FLW(10)=900.

FLA(13)=54%.
PUMP CHARACTERISTICS

FL8=1584%.

DP18=20.

ANA=DP1B/FLS

HEAT EXCHANGERS

EFFl=.8

EFF2=.8

»
»

* &

COX=203.

«+{ ITM IS THE MAXIMUN NO. OF TTEZRATIONS

LIM=25

N=0 $ JSa&a=0 0.0
0

g 3

JS=0 $ TPRNT =
KK
KJ
JU
JUU = 0
READ 80y (JAC(JB) »JB=1s144)
80 FORMAT ( 72A1/7/72A1)

JN=
$ J
$ J

H u

KL =2 $ K =20

"ol

$
0
0
0

90
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c

READ 814(RG(I)sI=194)
81 FORMAT (4F10.0)

READ 82+ (ICHARI(ID)¢I=142)
82 FORMAT (10A1l1)

READ(S59DATA)
IF(EDOF(S)aNELO) GO TO 4
4 CONTINUE
TSM=GM1+GM2+ABM
CX(1)=X8
CX(4)=XB*.04%
CX(10)=(TSMaXB=-(CX(1)*GM1)=-(CX(4)=xGM2))/ABH
CX(8)=CX(10)

OTHERS
CuC=CH
TCPT=TCP

QAGENL=SKH*(TG1-TG2)
QGEN2=e8«QGEN]
FLWC1B8)=e1l0*FLW(10)
TCPP=TCP#+3.5
URITE(64DATA)
PRINT 600 9sSTR9FNR9DTyPRTI ¢KCeKP
600 FORMATCLIHL o/ 91X ot STR=# gF 4 295X 92FNR=#9F56246X920T=¢F4.346X
1#PRIS* gF3e300X o2 KC=ny [39INeeKP=2,3]3/)
PRINT 6019 TGl o TCUeTEy SHeCHWyCHW
601 FORMAT(IX p*#TGLl-apFSel o X g o TCH-*9F 341 96Xy TE=x9gFSel oD XgrSW=1y
1FS 096X 92CHo* ) FHe 096X 2CHW=yFTe0/)
PRINT 6029DG1lsAGENL+GIL9yDG2yAGEN2,G2L yDCy ACOND9CLyDE9ACZEL Y
1DAJAABSyAL oAHX1 9AHX2 '
602 FORMAT(LIX s *DG01=%9F 544 95X 9 *AGENLI=29F 4019y Xe*GlL=29FDaly4Xy*0G2=2
19FSeB9OXy«AGEN2=w
19F 361 95X 2021 =x gF %429/ 91 X9*DC=#9F 54 96X9 4« ACOND=*9F 415Xy
2aCl=wgF8al s X gD ETagF S0 e X9 AE=#gFoa29T X9 *EL=*9F4a1l9/9y1Xy
3aDASA gF a4 9B X9 *AABS=* g FQal B X o *AL=*9gFSal e DXy *AHXI=4yF3e2y
44X 9*AHX2=%24F542/)
PRINT 603, GHI,GHZ,ABW’CDMQCX(IO"CX(I)’CX(4)
603 FORMAT(1IXy*GML1 =2 3FSel 90X 9 *GM2=-#%9F3.1 06Xy *ABM=wgFSelpd Xy *CDMz=2,
1FS5 199X CXCL10) =2 gF4a344XoaCXC1) =0 3F4e394XexCX(2)=%9F4.3/)
PRINT 604eTC1)sTC4)oTCB)9TC13) oT(138)9TG2+sT20TyTEP9TCP,
LIFF FLW(B) yFLUCL10) sFLByDPLByEFFLyEFF2 ;
608 FORMATUOLIX e *TCLl) =2 oF Sel o XoaT(4)=agFS5a190XeaT(BI=29FSe1y3Xy
15T C10)=2gF 5el g3Xo*T(18)=29F0el 98 XoxTG2=9F 541 9OXe*T20T=29F4ely
25 X g *x TEP - g FDal 93X *#TCP =23 FTal g/ 91 Xov IFF=29 1 93Xe*FLUB=2sFS.0y
39Xy *FLWI0=xyFSa09p2X9rFLB=#,4F5. 095X9'DP18‘*9F4 196Xeg*EFF1l=%y
4F 4.345X g 2EFF2=24F 443)

PRINT 271
LPC=0 .
271 FORMAT(1HLI ¢35Xy*TM TG61 TG2 TC1) T(12) - TC2) ty

1«T¢3) T(4) Tl4 TC17) TCPP T(20) TE TEP TCW  TCP «
2% TCT) TC8) TC10) TCLLI«9//9TX9*CX(1) CX(4) . CX(8) =
3«CX(12) P(L1l) PC4) P(20) FLW12 FLHA1 FLW13 . SHW Flan,
4« FLW1lé4 FLW20 CHC CHW CHx98XoeFLHGH 9/ /99X 9*COP _ -QGENL#,

LR QGEN2 *y . :
5+«QCOND QLVAP QABS EFF1 EFF2 COM ABM QX20 AX1429/)
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7 JUU = Juu+1
IF (JUUCZQeISTEPS) 319253
31 CONTINUE
JU = JUe+l
Y(JUy1)= QEVAP/120000. $ YCJUes2)= QIVAP/QGENL
XXXCJUI=TGL
TG1=TG1-5.
PRINT 20,761
20 FORMAT(1Xy«TGl=%9F103)
Juu =10
253 CONTINUE

OO0

«*ABSORBER PRESSUREw«®
TC20) = T207
LC = 0 $ NC =0

START OF ITERATIVE LOOPS

BEGIN T(20) LOGP
Y R R e R R R I T N YT REY
33 CONTINUE
PC(20)=VAPR(T(20))
PC19)=P(20)
P(R)=P(20)-<.0000005+«FLW(18)+FLW(18)

o LIMIT IMPOSED BY 32 DEGREE F FREEZING POINT
IF(P(8).LT««08839) P(8)=.08859
PC7)=P(8)

C ««CVAPORATOR TEMPERATURE x«

TC 19) = T(20)
HC(20) = HGTCT(20))
CX(12) = CXC10)
C as ENTHALPY OF THE SOLUTION LEAVING THE ABSORBER
HC10) = ENTHSOL €T(10)sCX(10))
TIT = T(1) & T(13) = T(1)
P(1l) = PRESSOL (TC1)yCXC1))
PC10) = PC(11) = P(12) = P(13) = P(14) = P(2) = P(1l)
C FOR FIXED FLOW IFF=0s VARIABLE FLOW IFF=1
IF(IFF.NE«.O) GO TQ 35
DELP=P(1)-P(8)
FLW(10)=SQRT(1000000e-2742.,139+DELP«DELP)
35 FLWC12) = FLW(1D)
HC1) = ENTHSOL (TC1)yCXC1))
I =13
CALL SUPER (P(IDsTC1)s 1y 19SCIDoHCID V(I )
TC14) = TVSP (P(14))
T14=T(14)
sa« SECOND GENERATOR «ws
36 P(4) = PRESSOL(T(4)9CX(4))
P(3) = P(5) = P(1S) = P(16) = P(1T) = P(4)
TC1L7) = TVSP(P(1T7))
H(17) = HFVST (T(17))
HC19) =H(17)
IF (IFLD.NEeL) GO TO SO
FLHC13)=1e0%((P(1)-P (%)) 92144.) 22,59
FLWCL)=FLHC(12)-FLH(13)
FLWC3)=FLW (1)
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50

301

37
C LAW

38

C LAW

55

245

40

CONTINUE

TC(3) = TEMPSOL (P(3),CX(1))

IFCT(14)eLET(3)) PRINT 3019T(14)9sT(3)9T(4)
IF(TCLl4)eLEeTC4)) PRINT 30L9TC(14),T(3)sT(4)
FORMAT(1Xe*T(Ll4)=e9gFTe29x [S LESS THAN T(3 OR 64)e*y2F9,2)
IF(TC(14)4GTeT(4)) GO TO 37

T(#)=T(14)-,1

PREVENTS BAD LOG-MEAN TEHPERATUR’ CALCULATION

60 TO 36

CONTINUE

% CALCULATION FOR UAGEN? sttt sttt aad t aa kA b hbdt b A Akt SA ko Ak kA &
GX2=(CX(1)+CX(4)) /2.
HO2=HOGEN(QGGEN2/AGEN2 9P (&) +GX2)

L13=N13=0

CONTINUE

GPP2=2,*FLW(13)/(G2L+«G2N)

HI2=1 5100 4a*GPP2/2ZMUCT(14)))xa(~1a/3, )t(((ZHU(T(14)))'t2 /ZK%W(T(1
13) )42 3,/2RHO0*«2,/417000000e))22(~1e/3.)

CONDG2=0.

UAGEN2=AGEN27/{(AR/HI2)0(1/H02)+CONDG2)

I Z 2 N N R N N N R R R R R R I T T T I I T ™"
QGEN2 = UAGEN2+(T(4)=-T(3))/ALOGLLTCL4)-T(3))/(T(14)~-T(4)))
IF (IFLO.NE.1) 60 TO 355

H14MIN=HFVST(T(3))

HC14)=HC(15)=H(13)-QGEN2/FLW(13)

IFC(HC(14)e LEeH14MIN) HC(14)=H14MIN

H14=HFVST(T(14%))

SC=H14-H(14)

IF(SC.LEsDe) SC=0e

CP OF LIQUID WATER IS ASSUMED 1.

T14=T(14)~-SC

IF(T14.6T«T(3)) GO TO 40

TL4=T(3)

HC(14)=H(15)=H14-(T(14)~-T14)
QGEN2=FLW(13)«(H(13)-H(14))

GO TO 40

HC14)=HFVST(T(14))

FLUCL3I=QGEN2/(H(13)-H(14))

F13C=FLW(13)

CALL CONV(FLH(13)4yF13C929N135.0005)

L13=L13+1

IF(L13.6GELIM) PRINT 245,L13

FORMAT(1Xy~CONV WAS CALLED BY F13 LOOP*yI442TIMESSY)
IFCL13.GE.LIM) GO TO 999

IFI(N13«NEel) GO TO 38

FLWCL)=SFLW(12)~FLW(13)

FLU(3I)=FLW(1)

CONTINUE

HC4) = ENTHSOL (T(4)yCX(4%))

I =16

T(16) = T(4)

CALL SUPER (PCI)oTCI)y 19 1, S(I)'H(I)’V(I) )

T(S) .= T(R)-EFFL«(T(4)~-T(10))

HOTI=HCSIZENTHSOL (TC(S)»yCXC4))

CX(7) = CX(9) = CX(4)

TCT) = TEMPSOL (PLT)CXCTM

LH = 0 $ NH =0

W s
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c BEGIN T(8) LOOP
231 CONTINUE
LP = 0 $ NP = O
CRER AR R A AT N AR NARA A NSRRI R AR A AR AR AN C NN N R AN R AR R AR R AN
c BEGIN TCP LOOP
34 CONTINUE
aae® CONDENSER ewne : .
CALL COND CACONDoCHCoyTCPoTUC17) yDCoCPHsFLHC18) yCLyCNyTCPP»QCOND)
FLW (16) = (QCOND=-FLW(LI3I)*(H(14)-H(1T)))/ (H(16)=H(1T))
FLH(%) = FLUW(L1)-FLW(1l6)
FLHC(7) = FLHCY)
FLU(I)I=ZFLUH(7)+FLW(6)
CX(TF)=(CX(B)«FLW(H)+CX(T)aFLUCTII/FLH(I)
TEI)=(CPUCXCT)I*T(TI+*FLHCT)+CPACX(BII*T(BI+FLH(E6)I/
1(CP(CX(9))*FLW(I))
HCI)=ENTHSOL(T(I) yCX(9))
HCB8)=ENTHSOLLT(B) yCX(8))
CALL ABST(TCWs TCPoT(9),T(8)9yQABSsyCWdeDAgAABSHAN)
L8=N8=0
CARR R AR A AR AR AR A AR A SRR AR N A AR A ST RN I AR AN AR AN A AN AR AR AR
C BEGIN FLW(8) LOOP "
39 CONTINUE
FLW(18)=(QABS+FLW(8)*H(B8)~-FLH(I9)+H(I))I/H(20)
FLWH(20)=FLUW(18)
FLWC(B)=FLWC(20)+FLH(I)
F8C=FLW(8)
CALL CONV(FLW(B)sFB8Ces3yNB8s0005)
L8=L8+1
IF(LB8+GEsLIM) PRINT 246,L8
246 FORMAT(1X9s+«CONV WAS CALLED BY F8 LOOP«yI4 ¢+ TIMES«)
IF(LB«GEsLIM) GO TO 999
IF(N8.NEel) 60 TQO 39
C END FLW(8) LOOP
CORRARAAARE A AAACARA R AR A AR AL A AR A A AR A A MA AN AR A A bR A AR Eh RN RSN
P(8)=P(20)~-0000005+FLW(18)+FLW(18)
IF(P(8).LT+s08859) P(8)=.08859
P(T)=P(8)
TCP = QABS/CH+TCHW
C L ~v« CONVERGENCE AID =+«=x 'R Xy *xk YR X hx
IF(TCPLETCH) PRINT 3029TCPoTCW
IF(TCP eLZ « TCHW) TCP=TCW+(SH*{(T51-TG2))/CU
302 FORMATCLIX o *TCP=%yF6429%« HAS LOWER THAN TCNWeyF5.2)

C L *»en Ahkk hkhk &kk * kK * kK k& k& & Voaarn khkh x
TCPC = TCP
CALL CONV (TCPTyTCPCs 69yNP»s0003)
TCP = TCPT

IF(TCP«GET(9)) TCP=T(S9)~-el
IF(TCPLELTCH) TCP=TCW+.1
LP = LP»]
IF (LP<GESLIM) PRINT 24T4LP
IF (LP.GE.LIM) GO TO 999
IF (NP.NE.1) 60 TO 34

C END TCP LOOP
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247 FORMAT (+« CONV WAS CALLED BY TCP-LDOOP«xyI44¢¢ TIMESH)
CX(8)=FLW(I)*CX(F)I/FLUW(8)
TBC=TEMPSOLLP(B)yCX(B))
CALL CONV (T(8)sT8C9s5sNH».0005)
IF(T(8)elLE«TCW) T(8)=TCH+.l
LH=LH+1
IF(LHeGESLIMIPRINT 250,9LH
IF(LH«GE-.LIM) GO TO 399
IF(NH.NE.1) GO T0O 231
Cc END TI8) LOOP
CR A A R A AR R A AR AN RN AN AN R AR AR AN AR RN A A AN R AR AR AR RN AN N RN
IF (T(T)=-TCP +LTe0.0) PRINT 10,4T(T7)yTCP
10 FORMAT (+ TT79TCP *y 2FT7.1)
250 FORMAT (&« CONV WAS CALLED BY T8=LOOPw%sI%y « TIMESH)
wat HEAT EXCHANGERS w# e«
TCI1) = TCL0D+FLWC4DsCPICXC(AI )= (TCA)-T(S))/(FLUW(12)+CP(CX(12)))
TC2) = TCL)-EFF2«(T(1)~-T(11))
HC(3) = HC(2) = ENTHSOL {(T(2),CX(1))
TC12) = TOCLLD+FLWCLDeCPCCXCLD I A (TCL) -TL2))/CFLW(12)+CP(CX(12)))
H(12) = ENTHSOL (T(12)+CX(12))
T12 = TEMPSOL (P(1)4CX(10))
C LAW ~« SECTION TO CALCULATE UAGENL errossrnrat tadtd bt at b At Adbhanatns
GX1=(CXC(10)+CX(1))/2a
AI=D61+DG1+PI/4./AR/AR
HO1=HOGEN(QGEN1/AGENL1sP(1),6X1)
TG=(TG1+7G2)/2.
SWPT=SW/G1IN :
RE1=DG1/AR«SHPT/AI/ZMU(TG)
IF(REL1«LT.2300s) PRINT 280,REL
280 FORMAT(1Xe++RE OF GENL IS NOT TURBULENT«4F10.0)
PR=CPY4*ZMU(TG)/ZKH(TG)
HI1=e023%RE1%x#x o8*PR2*#{o3) «ZKU(TG)/(DG1/AR)
CONDG1=0.
UAGEN1=AGEN1/(C((AR/HI1)+(1/H01)+CONDG1)
C LAW 2 aa st s a da A R A e kA R AR AR A AR A A AN A AR AR AR AR A AN R AR AR AR RN AN AR AN AR AN
CALL GEN (UAGENL9SWeTGLleTG029 T12 +TC(1)eLLoLIMy»1 )
QGEN1 = SW*(TG1-TG2)
HC18) = HFVST(T(18))
C L ~»+ NOTE IF FLW(1B8)=0-===QEVAP=D #n» KA ke
QEVAP = FLW(18)*(H(20)-H(18 ))
TEP=TE+QEVAP/CHHW/CPH
T20C=7(20)
CALL EVAP (TEsTEP ¢T20C +QEVAPsCHHeDEJAEICPWoFLWC20)9EL9EN)
CALL CONV (T20TsT20Cs 39NCye0003)
T€20) = T20T7
LC = LC+1"
IF (LC.GE.LIMY PRINT 446,4LC
IF (LCeGESLIM) GO TO 999
IF (NCe.NEe 1) GO TO 33
c END T(20) LOOP

Cttt...ttﬁt..t.t.ttitﬁttt.tﬁttkttt.tt. [ 2L NEESEEELE R RERER R}

446 FORMAT(* CONV WAS CALLED BY T20 LOOP*eI&9g+ TIMESe )
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CL =+« TEST FOR CRYSTALIZATION st¢ tae teaa exax
IF(CX(4)el Tee66D) GO TO 300
IF(T(O) el Tell5ee0ReT(T)elTllS5e) GO TO 300
IF(T(4).LTe115.) GO0 TO 300
CALL CRYSTAL (TC€&3)9TC(3)yT(T)yCX(4))
300 CONTINUE
s«+ DEFINING QUANTITIES FOR PLOTTING w~a«
IF ((KJeEQeO)eORe(KJeEQeKC)) 25349257
235 J = J+1
XXY(J) = TM _
YIQJI=TCL1) & Y2CJI=T(4) 3 Y3CJ)I=T(8)
YA4(J)=CXC(1) $ Y5(JI=CX(4) 3 Y6(J)I=CX(8)
K = 0 ’
257 KJ = KJ+1l
HF20 = HFVST (TC20)) _
QX = (HC20)=-HF20) / (HGT(T(20))-HF20)
HF14 = HFVST(T(14))
HGT14 = HGT(T(14)) _
X14 = (HC(14)-HF14)/(HGT14 -HF14)
COP=QEVAP/QGENL
C
e DERIVATIVE SECTION #x=»
C
DABM = FLW(8)-FLW(10)
DCDOM = FLWC(L6)+FLY(13)-FLW(18)
DX1 = (FLW(C(12)*CX(12)-FLUWC(1)*CX(1))/GM]1
DX4 = (FLWC(L)*CXC1)-FLW(4)*CX(4))/GM2
DX10 = (FLU(B)*CX(8)-FLUCL0)~CX(10)~CAC10)«DABMI/ABM :
DTl =(FLWCL12)#HCL12)=-FLAWC(LI*HCL)-FLW(13)«H{13)«QGENL+GML*T (1) 27157
1+DX1)/GM1/CP(CX(1))
DT4 = (FLW(3)«H(3)+QGEN2-FLUCL1O)4HCLE)-FLW(4)+*H(4)+GM2¢T(4)x,T157
1+DX4)/GM2/CP(CX(4))
DT10 = (FLW(8)*H(B)~-FLW(10)~H(10)~T(10)*CP(CX(10))+«DABM+ABM*T(10) »
1 <7157+DX10)/ABM/CPLCX(10))
DT18 = (C(FLWA13)+FLW (16D ) *HCLT)-FLAC(LB)*H(18)-T(18)«DCOM)/CDM

C #+TEST FOR PRINT AND FINISH=«

CALL PRNTF(PRIsSTRsFNRYNFTGLyTG29T144TCPPyTEyTEPsTCWsTCPySWy CHC
19yCHUWeCHoCOPyQGENL yQGEN29y QCONDy QEVAP» QABSyEFF1L s EFF29COMy ABM9QX

2X14%4)
60 TO (598)eNF

«*«INTEGRATION SECTIONw«

OO0

S CALL INTI ¢ TMsDT ,I0 )
CALL INTG (CX(1)yDX1)
CALL INTG (CX(4)yDX4)
CALL INTG (CX(10) 4DX10)
CALL INTG (T(1),DT1)
CALL INTS (T(4)9DT4)
CALL INTG (TC10),0T10)
CALL INTG (T(18),DT18)
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IF (T(18)eGET(1T)) T(18) = TC(1T)

CALL INTG (CDM4DCDM)

IF (CDM.GE.CDX) CDM=CDX *

CALL INTG (ABMyDABM)

EFFL=EHXCAHX1y1)

EFF2=EHX(AHX242)

60 T0 7

8 CONTINUE

NPTS = J

NCURVES = 3

CALL CECPLOT (NCURVES¢NPTSyXXY sY449Y5,Y6 )

NCURVES = 3 -

CALL CECPLOT (NCURVESsNPTS o XXY 9s¥1yY2,Y3)

INC = 1 8 Iy = 121 $ M = 2 3 IJPT =1

CALL USPLT (XXXeYoIYsJUsMyINC, JA RG9ICHARYIOPT sIMAGG9IER)

R6(3)=0e $ RG(4)=2.

CALL USPLTC(XXX3YsIY9JUsMoINCyJASRGyICHARyIOPTyIMAGGIER)

IF (IER.EQe65) PRINT 85

85 FORMAT (« M IS LT 1« )

216 IF ((FLW(13)elEe0a0)e0Ra(TC(L7)eLEeTCP)a0R(T(4)eLELT(3)))

1 PRINT 21S4FLWC(L3)eTC17)sTCPeT(2)»T(3)
215 FORMAT(/* FL13=%9F6el/* T1I=%gFbelyr TCP=#oF6el/* T4=4yFBaly

2% T3=#4F6e1 )
999 STOP $ END

END OF MAIN PROGRAM
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BEGINNING OF SUBROUTINES AND FUNCTIONS

SUBRDUTINE EVAP (TEsTEP9T209QEVAP9CHUWsDE9AEyCPWeF209ELVEN)
AR=1.038
AK=100.
IF(QEVAP.LE<Oe) GO TO 1
PR=CPW*ZMU(T20)/ ZKUW(T20)
VEK=(ZKW(T20) **«3.+416900000e/( (ZMU(T20)/62.4)@224))ax(1e/3)
GEO=F20/(EL*EN*x*(2./34))
REO=4.+GEO/ZMU(CT20)
TLB=5800e2(le/PR)*21.05
IF(RED.G6TeTLB) GO TO 3 .
HO0=e8221%VGK*(1a/REQ) *+e 22
60 TO 4
3 HOZe0038#(REQ4#.4)*(PR**,65)+#VGK
4 TEAVG=(TE+TEP) /2.
CHWPT=CHW/EN
GE=CHWPT/ (+785398163397448+«DE+2DE/ (AR®AR))
RE=DE/AR«GE/ZNMU(TEAVG)
IF(RE«GT&2300.) GO TD 5
HI=3.656*ZKW(TEAVG)/DE/AR
GO TO o
5 HI=e023%(RE**¢8)*((CPW*ZMU(TEAVG)/ZKW(TEAVG) ) a2 (o 35) ) ZKH(TEAVG)/
1(DE/ZAR) '
6 CONTINUE
COND=(.5+«DE~ALOGCAR))} /AK
CL =~»» QUTSIDE BASIS sw=
UA=AE/C(CAR/HI ) +(1 ./HO0) +COND)
E=EXPC(CUA/QEVAP) »(TEP-TE))
T20=(TE«E-TEP)/(E-14)
IF(T20LE«32«)PRINT 24720
2 FORMATC(1Xy«REFRIGERANT WILL FREEZE9yT20=#4FB8.39y*CHANGE AE OR TEs)
RETURN
C L »x« PREVENTS NEGITIVE LOG MEAN TEMP CALCULATION w~xs
1 T20=TE~-e01
RETURN $ END

SUBROUTINE ABST (TCuWeTCPeTI9T84+QABSsyCHeDAyAABSHAN)
CPW=1.0
AR=1.08
HO=400«

C G6IVEN HO BY ARKLA
TV=(TCP+TCH)/ 2.
CWUPT=CW/AN
AI=DA*DA*.785338163397448B/7/(AR*AR)
RE=DA/AR«CHUPT/AL/ ZMU(TV)
PR=CPH*ZMUCTV) /7ZKH(TV)
IF(RE«LT+2300e) PRINT 10sRE

10 FORMAT(1Xy+RE OF ABSORBER IS NOT TURBULENT=yF1040)

HIZe023%REA% 5 +PRE2x 4+« ZKW(TVY/ (DAZAR)
CON=0.
UAABS=AABS/C(AR/HI)+(1-/HO)+CON)
IF(TCP.GE«T9) TCP=T9-.1
IF(TCH«GELT8) T8=TCW+e.l
QABS=UAABS+«((T9=TCP)=(T8~TCW))/C(ALOGC(TI-TCPI/(TR~-TCWI))
RETURN $ END
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SUBROUTINE COND C(ACONDCWCoTCP9T1T9DCoCPWoF184yCLyCNeTCPP9QCOND)
C FOR TURBULENT LIQUID FLOW INSIDE TUBES AND HEATING (PRee.4)

AR=1.08

AK=100.

ZRHO=61.9

TICA=(TCP+TCPP)/2.

CWCPT=CHC/CN
GC=CWCPT/(.785338163397448+«DC+»DC/(AR*AR))
HI=a0234C((DC/AR*GC/ZMUCTICAI I**o8)«((CPW*ZMU(TICA)/ZKW(TICA)
1)*+(a4))«ZKU(TICAI/(DC/AR)

CONDUC=(«5+DC«ALOGCARDI I/ AK

C FOR CONDENSING ON THE OQUTSIDE OF HORIZONTAL TUBES (LAMINAR)

GPPC=F18/(CL*(CNx*(2s/34)))

HO=1e51%(%.¢6PPC/ZMU(T1IT) I ex(~-1./3. )ﬁ((ZKU(T17)tt3)t(ZRHO**Z)t417
1000000e7CZMUCTLT) #%2) ) ee(le/3e)

UACOND=ACOND/ ((AR/ZHI) +(1/HO)+CONDULC)

B = UACOND/CHC

TCPP = T17-(T17-TCP)/ EXP(B)

QCOND = CUC«(TCPP-TCP)

RETURN $ END

SUBROUTINE GEN (UAGEN s SW sTHIgTHOeTCIsTCOsLLyLIM,I )
c I IDENTIFIEZS THE FIRST OR SECOND GENERATOR
NC =0 $ LL =0
A UAGEN /S $ TT = THO
8 B THI=TCO-TT+TCI
IF (CTHIeLE«TCO)e ORe{TTeLESTCI)) PRINTI9THISTTHTCITCO
9 FORMAT (* TGleTG2yT129T1 ® 4F8.1 )
c AN ATTEMPT TO HELP CONVERGENCE
IF (TT oLEe TCI ) TT=TCI+1l.
TC = THI-A«B/ALOGC((THI~-TCO)/(TT-TCI))
CALL CONV (TT9TCe 1LsNCye0005)
LL = LL+}
IF (LLeGESLIM)Y PRINT 149I,LL
IF (LLeGESLIM) 60 TO 16
IF (NCeNEe. 1) GO TO 8
THO = TT
14 FORMAT (» CONV WAS CALLED BY GEN«I19Il49s TIMESs ) .
16 RETURN $ END

I

FUNCTION CP(X)

CP = «8732-,7157« X

RETURN $ END

FUNCTION ENTHSOL (TIsXI)

El = 673.65 $ £2 =-410.15 % E3 =-206.81 $% E4 = 45.0416
ES = 8732 $ £6 ==67157 . o

ENTHSOL = XI*(XIt(XI*El*:Z)*ES)*EQ*(LS*EG*XI)t(TI-TT )

RETURN & END
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FUNCTION PRESSOL (TIexI) »
AAl = -17.86920 $ AA2 = .880241 $ AA3 =-.00736302
BBl = 250935599 $ B8BB2 =-1026.057 &% BB3 = 9.16021

CCl =-7844330e« 3 CC2 = 2826067 $ CLC3 =-2626.9764
XT = XI*100. '

TT = TI + 42967

AA = AAL+CAA2+AA3«XT)*XT

BB = BB1+(BB2+BB3+«XT)«XT

CC = CCL+(CCR+CCIxXT)«XT

PL = AA#(BB+CC/TT) /7 17T

PRESSOL = 10e*#*PL
RETURN $ END

FUNCTION COMPSOL (TIyPI)

AAlL = =~17.86920 $ AA2 = .880241 $ AA3 =-,00796302
BB1 = 250935599 $ B32 ==-1025.037 $ BB3 = 9.16021
CCl =-7844330e 3 CC2 = 2826067 3 CC3 =-26269764
T = TI+459.67

AA = TaTxAA3+T»BB3+CC3
BB = T«T~AA2+T+«BB2+CC2
CC = T+«T«(AA1-ALOG10(PI))+T+«BB1+CC1

X = (-BB=SQRT(BB+*BB=4++AA*CC))/2./AA
COMPSOL = X/100.
RETURN $ END

FUNCTION TEMPSOL (PIyXI)

AAl = =-17.86920 $ AA2 = .8802%! $ AA3 =-.00796302
BBl = 25093.55399 ¢ BA2 =-1026.057 $ BB3 = 9.16021
CCl =-T78449930. & CC2 = 282606.7 % CL3 =-2626.91764%

X7 = XI +100.

AA = AAL+(AA2+AAJIXXT)«XT
BB = BBl+(BB2+B833«XT) &+ XT
CC = CCLr(CCRR+CCI+XT)«XT

ALP = ALOG10 (¢ PI )-AA

TT = (BB-SGRT (BBx+2¢4.,«ALP*CC)) / (2.%ALP)
TEMPSOL = TT-453.67

RETURN s END

FUNCTION TH2C (HI)
TH20 = 31493785 + 1.00081138+«HI
RETURN $ END

FUNCTION TSOL (HI«XI)

El = 671365 3 E2 =-410.15 § E3 =-205.81 $ £4 = 45.0416

£9 = 8752 $ £6 ==-.7157

TSOL = (HI-XI*(XI«(XI*E1+E2)+53)=-E4) / (ES+E6+XI) ¢ T7.
RETURN % END
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FUNCTION VAPR (TI )

D1 = 614170 $ 02 ==-2799.22 $ D3 =-364222.
TT = TI + 4539.a47

PL = Dl*(DZ*D3/TT)/TT w Sy
VAPR = 106 #«PL

RETURN $ ENO

FUNCTION HGT (T)

TK=(T-32.0)/1.8¢273616

X=647.27-TK

=X0(362338+4(3.8683E-03+¢1.1T7024E-0BeXeX)eX)/(TK*(1.0+2.18785E-03eX

1))

P=14.696+218. 167/(10 O**Y)

X=ALOG10(P)
HE6T=1105¢9387+(32+755807T+(46198474+(0.20672996+(-0.54116330
1+4(0647241362-0.17884885«¢X)aX)eX)oX)eX)eoX

RETURN $ END

SUBROUTINE SUPER (PPsFTyNFLAGLyNFLAG2¢SyHeV )

c DETERMINATION OF THE ENTROPYSENTHALPYe OR SPECIFIC VOLUME OF STEAM
c IN THE SUPERHEATED REGTIONe OR OM THE SATURATED VAPOR LINEsy GIVEN
c PRESSURE AND TEMPERATURE.

60 TO (192)sNFLAG2
1 P=PP/14.6959
T=255638¢5.2FT/9,
B1=(264162/T)*10++4{80870./T*%x2) $ BO0=1.89~-8B1 $ B2=82.546
B3=162460./T $ B4=0.21828+«7T $ B5=126370./7
FO0=189-B1+(372420e/7(TeT)+2.) & B6=8B0+*B3~-2.«FO«(B2-83)
BT=2.#%F0+(B4-B5)-BC«BS $ BQA=0e5+B0+(P/T)ee?
CeeeWHICH PROPERTY IS WANTED
2 G0 TO (3+4493)yNFLAGL
Cee e COMPUTE ENTHALPY
3 F=775.59640.632936xT+0.000186245T7+TaT+47.3635«AL0G10(T)
H=F+0 «0343557«(FO«P+BQ+( -Bo+BO+«(B2-83+2.eB87+83)))
RETURN
Cee«COMPUTE ENTROPY
4 BETA=(1l./T)x((BO- FO)'P*BQ*(BS*BJ'BO*(BO*(84‘85) 2¢«BT)))
S=08036931+ALOGI0(T) =0, 253801*AL0510(P)*0 000180952+T~11.42756/T~
10355579~-04 0241983*BLTA \ .
RETURN :
Cee«COMPUTE SPECIFIC VQLUME
S BZ=BO0«P/(T=«T) T & o
B=BO+(l.+BZ+(B2- 83*82'(84 BS)*BO*P))
V=0.0160185+(4%. SSSOQ'T/P*B)
RETURN $ END
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FUNCTION TVSP(P)
Coso o DETERMINATION OF THE SATURATION TEMPERATURE OF WATERs GIVEN PRESSURE
DIMENSION A(8)
C ees DETERMINE PRESSURE RANGE =--
IF (P-450e)192,2 <
C eee COMPUTE TEMPERATURE FOR PRESSURE. IN LCW RANGE =--

1 A0=35.157890 % A(1)=24.592588 3 A€2)=2.1182059 $ AC3)=-0e3414474)
AC4)=0.15741642 $ A(5)=-0e331329585 % A(6)=0.0038658282
AC7)=-0.00024901784 $ A(8)=0.0000058401559
X=ALOG(10e*P)

TVSP=AO+A (1) &X
DO 10 I=2,8
10 TVSP=TVSP+A(I) «Xa»]
RETURN
C eee COMPUTE TEMPERATURE FOR PRESSURE IN HIGH RANGE ==
2 A0=11545.164 5 A(1)=-8386.0182 5 A(2)=2477.7661 $ AC3)=-363.44271
© A(4)=25.690978 $ A(35)=-0.73073813 % X=ALOG(P) 5 TVSP=AO+A(Ll)+*X
‘ DO 11 I=245 '
© 11 TVSP=TVSP+A(I)exe«]
RETURN $ END

FUNCTION HFVST (T)
C DETERMINATION OF THE EMNTHALPY OF WATER AT THE SATURATED LIQUID
c CONDITIONy GIVEN TEMPERATURL
DIMENSION A(3)
C eee DETERMINLZ TEMPERATURE RANGE -~
IF (T-360e)19242
C ees SET CONSTANTS FOR LOW RANGE --
1 AD==-32.179105 3 A(1)=1.00848084 % A(2)=-1.1516996E~-4
AC3)=4.855636E-T § A(4)=-T7.3618T78E~-10 $ A(5)=9.6350315E~13
GO TO 100
C eee SET CONSTANTS FOR HIGH RANGE --
2 AD==904+11706 ¢ A(1)=10673802 $ A(2)=~4.2793336E-2
AC3)=9.41244E-5 & AC4)=-1.0313357Z-7 $ A(S5)=4.560246E-11
C o e e COMPUTE ENTHALPY -
100 HFVST=AQ+A(1)+T
DO 10 I=245
10 HFYST=HFVST+A(I)eTee]
RETURN $ END

FUNCTION ZKW(T)
CL #»x» FUNCTION TO FIND THE THERNMAL CONDUCTIVITY CF
cL SATURATED LIGQUID WATER
IF(T.LT.32..OR-T.GT.400.) PRINT liT
ZKW==o0000012+T«T+.000644+7+.3199633
1 FCRMAT(1X9FSa2y« IS JUTSIDE THE RANGE FOR ZKHW#)
RETURN $ END

FUNCTION ZMUCT)
CL #*e«x FUNCTIIN TO FIND VISCOSITY JF SATURATED WATER AS A
cL FUNCTION OF TEMPERATURE
IF(T.LT.32000ROTO0T0350.) pRINT l'T
ZMUZ2114363177*x(1a/(T*%1.068252605))
1 FORMAT(LIXeF6e29+IS OUTSIDE THE RANGE FOR ZMUx) '
RETURN s END »
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FUNCTION TVSPH (P yH)
ITERATIVE DETERMINATIOM OF THE TEMPERATURE OF STEAM IN THE

SUPERHEATED REGION AND CN THE SATURATED VAPOR LINES,GIVEN PRESSURE

AND ENTHALPY
ees SET CONSTANTS
AD0==282T7¢7 $ A1=3.0391 ¢ A2=-0.00035413
B0=24+318 $ B1==-0071479 $ B2=0.000045305
eee ESTIMATE TEMPERATURE
TOZAOD+ALl*H+A2+H+*H+P/(BC+Bl«H+B2aHxH)
eee CALCULATZ SPECIFIC HEAT
CPRTIAL+2.¢A24H=-P2 (B142.4B2«H}/ (BO+*BleH+B2eHaH) x22
ese COMPUTE ENTHALPY FOR GIVEN PRESSURE AND ESTIMATED TEMPERATURE
100 CALL SUPER (P9TOelslySSeHPyV)
eee CORRECT TEMPERATURE
DELT=CPR*(H~HP)
TI=TO+DELT
ees TEST FOR CONVERGENCE
IF (ABS ( DELT /T70)~0.001)210¢10912
12 TO=TI
GO 1O 100
10 TVSPH=TI
RETURN $& END

SUBROUTINE CRYSTAL (Ta,TSeTT4X4)
CRYSTALIZATION LIMIT WAS CURVE FITTED FROM THE RANGE
OF «65 TO .70y NUMBERS OUTSIDE THIS RANGE WILL NOT GIVE
600D RESULTS. ‘
IF(X4eLTes65) PRINT 1009X4
IF(X4.6Teo70) PRINT 100yX4
100 FORMATL1Xp*CX(4)=*¢FSa3,+IS OUTSIDE THE RANGE OF SUB CRYSTAL#)
TLIM=231681e89823764X4+43-484334,430771¢X 4422
14+338982.858958+X4-7921640048132
IF(T4eGE« TLIM) PRINT 19T&yTLIM,yXS
IF(TSeGELTLIM) PRINT 29TSyTLIM XS
IFCT7eGEeTLIM) PRINT 3oTToTLIMyX4
1 FORMAT(1Xy*T49(*9FBe29%) IS GREATER THAN THE CRYSTALIZATION
1 LIMITC(*9FHbe29 %) e CX(4)=%9FSFe3)
2 FORMATC1Xg*TSge(%9yF6e294) IS GREATER THAN THE CRYSTALIZATION
1 LIMITCxgF6e294) 9CX(4)=44F5.3)
3 FORMAT(LXy*TT7(*9yF6e29%) IS GREATER THAN THE CRYSTALIZATION
1 LIMITC*9F6e29#) 9CXCa)=%4F5,.3)
RETURN $ END

FUNCTION HOGENCQ9PyX)
H25=EXP(e795%AL0G(Q)-2132249348+AL0G(P)=-,T73381733)
[F{XeEee25) GO TO 25
H10=EXP(«78+ALOG(2)~2158899633«ALIG(P)I-.401968398)
HOGEN=H25-(( 25~ X).(HZS-HIO))/.IS
GO TO 99

25 HSC=EXP(.66+AL0OG(Q)=e 162354479«ALOG(P)++492493016)
HOGEN=((X-a25) «(HS0=-H25))/.25+H25

99 CONTINUE
RETURN $ END
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FUNCTION EHXCAHX9I)

COMMON /CC/ CX(30)oFLHC20)9T(20)sHC(30)P(30)
SK=25.

THICK=4003

HN1=307.

HN2=41 4.

FL¥10N=900.

FLW4N=781.

FLYIN=83%.

IF(IEQe2) GO TO 2
HI=HN1*(FLW(10)/FLALION)#* .83
HO=HN1«(FLW(%)/FLWEN) *%x,55
60 T0 3
HIZHN2*(FLWC(13)/FLWIOND)*%,8
HO=HN2«(FLW(L)/FLWIN)*%,55
CON=THICK/ SK .
UA=AHX/(1l e /HI*+14/HO+CON)
IF(I«EQel) IF=4

IF(leEQe2) IF=1
CH=FLW(IF)~CP(CX(IF))
CC=FLW (1)) «CP(CX(10))
C=CH/CC

IF(CelLEsle) GO TO 6

¢=CC/CH

ZNTU=UA/CC

GO T0 7

ZNTU=UA/CH
EHX=C(1e=EXP(=2ZNTU*(1e~=C)) )}/ (1le=C*EXP(-ZNTU*(1.-C)))
RETURN $ END

SUBROUTINE INTI (TDeDTD,IOD )

COMMON/CINT/T oDV 9dJSeJNsDXAC30 Yy XAL 30)9I0yJS4 9 TPRNT
10 = 10D

JN = 0

GO TO (69591l91)yI0

JS = 2

GO Y0 7

JS=JdS+1l

IF(JS.EQe2) RETURN

DT = DTD
TD = TO+DT
T =T7TD
RETURN

JS4 = JSarl
IF(JS4.EQe5) J34=1
IF(JS4.EQe1l) GO TO 2
IF(JS4.EQe3) GO TO &

RETURN

DT = DTD/2.
GO 10 3

TD = TD+0T
DT = 24*DT7
T = 71D

RETURN $ END
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SUHROUTINE INTG (XyDX )
COMMON/CINT/T 40T oJSeJNyDXA(30) 9 XA( 30)9I09sJS49TPRNT
JN = UN+1 :
GO TO (99893+3)410

X = X+DX«DT

RETURN

GO TO (1421448

DXA(JN)=DX

X=X+DX*DT

RETURN
X=X+(DX=DXACJN)I)I«DT /2.
RETURN

GO TO (449519697)9J34
XAC(JN) = X

DXACJNI=DX

X = X+DX+0OT

RETURN
DXACJUNI=DXACIN) ¢2 o2DX

X = XACJUN)+DX+«DT

RETURN

DXACINIZOXACJIN) +2.+DX

X = XACGJN)+DX DT

RETURN

DXACJN) = (DXACJUNI+DX) /6.
X = XACJIND) +DXACUNI «DT
RETURN & END

SUBRODUTINE CONV (XeYyNRyNCHER )

DIMENSION XAC10) o YAC10)
IFC(ABS((X=Y)/(X+Y))elTe ER ) GO TO 6
IF(NC.LE.1) 60 TO 5

XT = C(XACNR)*Y=YA(NRI*X) / C(XA(NR)=X+Y=-YA(NR))
XA (NR) X

YACNR) Y

X = X7
RETURN
XA(NR)
YA{NR)
X =Y
NC=2
RETURN
X =Y
NC=1
RETURN
END

(1]

[T
>
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SUBROUTINE PRNTF(PRIsSTR9FNRoONF TGl TG29T14¢TCPPyTEWwTEPeTC Wy
1TCPeSHeCHC sCHA9CH 9COP 9 GGENLALGTINZ29yQACONDy QEVAP+QABSWEFF19EFF2,
2CDMyABMyQX9X14)

COMMON/ZCC/CXC3I0) 9yFLHC20) ¢ TC(20) yHL30) 9 PL30)

COMMON/CINT/TMeOToJSeJNeDXAC30)eXA{ 30)9I04JS4y TPRANT

100 FORMATC/ 9yl X9F3e291XeF5el90FBel gl XoFIel92FTelp2FSalelXy
13F6 el 91 X9 3F6el192FS5e09 /7 38X 14FB8e39FB8e291FBe397F6eI392FTelesFbely
2F6e09F 7T el 32FSel9FTaly FOaloF7el9gF el s/ sl X pFSe395FB8el9FBe39FTal39lXy
32F6el19F6a2¢FT1s2)

IF (TPRNT.LT.PRI) GO TO 4

IF(CTM=STReGE«FNR=STR=DT/24)aANDe((JSeEQe2)a0RelUS4e5Qe4)))G0 TO 6

I=INTCTM)

A=TM=-FLOAT(I)

B=le=2esDT

C=A-8B

D=ABS(C)

IF(DsLTeDT/24) 60 TO 8

RETURN

a4 NF =1

S TPRNT = TPRNT+PRI

3 PRINT 1009TMsTGLeTG29TCLD) e TULI2) o TC2)»TC3)sT(4)3T144TC17)sTCPPy
1TC20) ¢ TESTEP 9 TCHey TCPy TCT7) s T(8) oTC10) o TCL1)CXCL1)oCX(4)9CX(8)y
20XC12)sPC1) P4 ¢P (20 ) o FLAWCL2) gFLUWACL) yFLUHACL3) o SHeFLW(4G)y

IFLHCLS) o FLWC20) gy CHCyCHWy CdoFLHY(B) 2 COP9QGENLIyQGGENZ2sGQCOND9QEVAP 9QA3S
443EFF19EFF2+CDOM9ABMeQXe X114

IF(TMeEQeDedLPC=0

LPC=LPC+1

IF(LPC.NE«12) GO TG0 9

PRINT 271

271 FORMATL1IHL ¢3Xy*TM  TG61 762 TCL) T(12) TC2) *

19+T(3) T(4) T14 T(17) TCPP T(20) TE TEP TCAx,
2« TCP TCT) T(B) TC10) TCL1d *e/ /9T Xy=CX(1) CX(48) °
J39+xCX(8) CX{(12) PC(1) PC(4) P(20) FLW12 FLW1 FLW13x,
4= SH FLWE4 FLW1S6 FLW20 CHWHC CHW CHreBXe*FLWGRy//
59X,+COP QGEN1 - QGEN2 ACOND QEVAP QABS EFF1l+,

6* EFF2 COM ABM QX20 AX1 4 ~)

LPC=0
9 CONTINUE

RETURN
& TM= FNR

TPRNT = 0.0

NF = 2

DO T J=1+30
T XACJ) = 0.0

GO0 10 8

END
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APPENDIX B

HEAT TRANSFER COEFFICIENTS FOR WATER-LITHIUM BROMIDE
SOLUTIONS AS FUNCTIONS OF HEAT FLUX,
PRESSURE, AND CONCENTRATION

(Data from Minchenko and Firsova [10])
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APPENDIX C

EQUILIBRIUM CHART FOR WATER-LITHIUM
BROMIDE SOLUTIONS

(From ASHRAE Handbook of Fundamentals [22])
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Appendix D

THE NOMINAL CONDITION
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NOMINAL CONDITITHNS

(for 10-ton system)

Source hot water temperature
Cooling water temperature
Chilled water temperature
Source hot water flow rate
Cooling water flow rate
Chilled water flow rate
Circulation flow rate
Generator 1 Area

Generator 2 Area

Condenser area

Evaporator area

Absorber area

Heat exchanger 1 area

Heat exchanger 2 area

Tube size

Area ratio

Evaporator to absorber pressure
drop coefficient
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280°F
85°F
44°F
5,000 1b/hr
18,000 1b/hr
10,000 1b/hr
900 1b/hr
35 ft
20 ft
20 ft
55 ft
60 ft
5 ft
5 ft
0.5 1in
1.08

7 1bf-hr?

5x10
in%-1b
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