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ABSTRACT

The overall objectives of this project are to evaluate, develop, and proof-test advanced absorption
refrigeration cycles that are applicable to residential and commercial heat pumps for space
conditioning. The heat pump system is to be direct-fired with natural gas and is to use absorption
working fluids whose properties are known. Target coefficients of performance (COPs) are 1.6 at
47°F and 1.2 at 17°F in the heating mode, and 0.7 at 95°F in the cooling mode, including the effect
of flue losses.

The project is divided into three phases. Phase I entailed the analytical evaluation of advanced cycles
and included the selection of preferred concepts for further development. Phase II involves the
development and testing of critical components and of a complete laboratory breadboard version of
the selected system. Phase III calls for the development of a prototype unit and is contingent on the
successful completion of Phase II. This report covers Phase I work on the project.

In Phase I, 24 advanced absorption cycle/fluid combinations were evaluated, and computer models
were developed to predict system performance. COP, theoretical pump power, and internal heat
exchange were calculated for each system, and these calculations were used as indicators of operating
and installed costs in order to rank the relative promise of each system. The highest ranking systems
involve the cycle concepts of absorber/generator heat exchange, generator heat exchange/absorber
heat exchange, regeneration, and resorption/desorption, in combination with the NH,/H,O/LiBr
ternary absorption fluid mixture or with the NH,/H,O binary solution.

The user economic analysis concludes that the gas-fired absorption heat pump can be an attractive
alternative in the commercial market, especially in areas which have high heating loads. The
economic analysis shows simple payback and internal rate of return to be about the same for a highly
complicated advanced cycle using the ternary solution and for a relatively simple advanced cycle using
the binary solution when compared to a conventional gas boiler and air-cooled reciprocating
compressor chiller. Therefore, the simpler cycle, which involves absorber heat exchange,
absorber/generator heat exchange, and generator heat exchange using NH,3/H,O, was chosen for initial
breadboard testing in Phase II. Consideration of the NH,/H,O/LiBr ternary and other advanced cycle
features, which offer the potential of higher COP at a higher first cost, was postponed until a later
date.

Compared to the conventional, electric air-conditioner/gas boiler system used as the reference system
in this study, the gas-fired advanced absorption cycle heat pump accomplishes the U.S. Department
of Energy’s (DOE) goal of conserving energy and provides much more balanced loads for both
electric and gas utilities.

Based upon these conclusions, the recommendation was made to proceed to Phase 11, the laboratory
breadboard proof-of-concept.



L. INTRODUCTION AND SUMMARY

The overall objectives of this project are to evaluate, develop, and proof-test advanced absorption
refrigeration cycles that are applicable to residential and commercial heat pumps for space
conditioning. The heat pump system is to be direct-fired with natural gas and is to use working fluids
whose properties are known. Target COPs are 1.6 at 47°F and 1.2 at 17°F in the heating mode, and
0.7 at 95°F in the cooling mode, including the effect of flue losses.

This report covers the work completed in Phases I and IA of the project. The objectives of this work
were to analytically evaluate advanced absorption heat pump concepts and to select a preferred
concept for breadboard demonstration in Phase II.

The work steps in Phases I and IA of the project included:
® Sclect cycle/fluid combinations to be evaluated.
® Develop fluid property subroutines and add to computer data files.
® Develop computer models of selected cycle/fluid combinations.
® Conduct preliminary cycle analyses.
® Sclect preferred concepts for further analysis.
® Estimate hardware costs.
® Study user economics.
® Sclect preferred system for Phase IT demonstration.

The selection of cycle/fluid combinations for detailed evaluation was based on the results of a
literature review and of a simplified "ideal" cycle analysis. The cycle concepts selected for detailed
analysis included double-effect cycles, generator heat exchange/absorber heat exchange,
absorber/generator heat exchange, regenerative cycles, and resorption/desorption cycles. Fluids were
restricted to combinations whose properties were reasonably well known and whose corrosion and
stability characteristics were thought to be reasonably good in the region of interest. These included
the binary combinations NHy/H,O, R22/DMETEG, R123a/ETFE, and LiBr/H,O, and the ternary
combinations NH,/H,0O/LiBr, CH;NH,/H,0O/LiBr, and CH;OH/LiBr/ZnBr,.

A total of 24 cycle/fluid combinations were evaluated in preliminary computer calculations. These
results indicated that project efficiency goals can be attained, especially with ternary fluid systems.
Based on these results, five combinations were selected for further analysis, which included
preliminary design for a 155-ton application, hardware cost estimates, and user economics studies.

User economics studies were based on an apartment building application. Design capacity was 155
tons cooling. This application was chosen for its relatively high heating/cooling load ratio; it is the
type of application in which the absorption heat pump is expected to compare most favorably with
conventional equipment. Results of this study showed that the best absorption heat pumps offer a
2.2-year payback and 37% internal rate of return (IRR) compared with a reciprocating chiller/gas



boiler for an installation in Chicago, Illinois. Other conclusions from the user economics study were
as follows:

® Annual electricity usage for the absorption systems was about the same as for the reference
system, because the pumps running year-round offset the lower electricity usage during the
summer.

® Annual electricity costs were slightly lower for the absorption systems because of lower
demand charges.

® The savings in gas during the winter more than offset the cost of gas used for air-
conditioning during the summer.

® Annual operating cost savings for the absorption system were primarily attributable to lower
gas usage.

The cycle selected for breadboard demonstration in Phase II includes generator heat
exchange/absorber heat exchange, absorber/generator heat exchange, regeneration, and
resorption/desorption. The preferred fluid is the ternary NH4/H,O/LiBr.



IL PRELIMINARY SCREENING OF ADVANCED CYCLE CONCEPTS

The advanced cycle concepts considered in this investigation were primarily obtained from an
extensive literature survey. The concepts selected for more detailed evaluation were based on a
simplified analysis described in this section of the report.

In the preliminary screening of advanced cycle concepts, simplified Duhring plots were used, such as
the one shown in Figure 1.
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. Fig. 1. Conventional single-cffect absorption cycle.

Basically, the simplification introduced is that all lines of constant concentration will appear as 45°
lines when plotted as refrigerant temperature vs. solution temperature, although real fluids depart
from this simplification to varying degrees. In the final evaluation of advanced cycles, real fluid
properties were used.

Table 1 summarizes the basic cycle alternatives that were considered, alone or in combination, to
achieve the project goals. This table also shows the approximate ideal COPs for the concepts. A
discussion of the concepts and of the method of calculating the ideal COPs follows.



Table 1. Types of advanced cycles

Ideal COP
Cooling Heating
Single effect (with liquid/liquid heat 1.0 2.0
exchange
Double (or multiple) i  n=2 2.0 3.0
effect !' """""" v
i n=3 3.0 4.0
Generator heat exchange/ 1 2-¢
absorber heat exchange % 1e
peemmmmmmmm
I e=1/3 1.5 2.5
Absorber/generator heat exchange 1 2-8
1-6 1-6
_______________________ e
Binary L §=1/4 1.33 2.33
Ternary E 5=1/2 2.0 3.0
Absorber/generator heat exchange 1 1 1 .
combined with generator heat A8y 1= T Ao 1)
exchange/absorber heat exchange (1-8)(1-¢) (1-9)1-¢)
"""""""""""" Tttt :
Binary | d=1/4 2.0 3.0
: €= 1/’3
l. ___________
Temnary | 6=1/2 3.0 4.0
| =173
Regenerative cycles 1 n-1 1 n-1
— )+(—= 1+(—)+(—=
(1) )+ (D)
_______________________ e mmmmmmee
Binary i 6=1/4 1.83 2.83
! n=2
i. ___________
: n=3 2.0 3.0
_______________________ Formm
Ternary E 6=1/2 25 35
! n=2
l. ___________
i n=3 2.67 3.67




Table 1. (continued)

Ideal COP
Cooling Heating
with generator heat exchange 1 1 n-1 1 1 n-1
— ) —)+(— 1+(— ) (—)+{(—
(EX)* ) | 1)+ ()
[T R HE
: : 6:1/4’El=1 2.75 3.75
i Binary | /3,;n=2
Absorber ! — .
heat . t  n=3 3.0 4.0
exchange | | 5=1/2,¢=1 3.75 4.75
i Ternary L /3,n=2
; i n=3 4.0 5.0
Resorption/desorption cycles

with double evaporation 2.0 3.0
with double effect generator 2—x 3—x
For X=1/2 1.5 25

A. SINGLE EFFECT (WITH LIQUID/LIQUID HEAT EXCHANGE)

The conventional single-effect absorption cycle is illustrated in Figure 1. External heat is added in
the generator F-G to boil off the refrigerant. The refrigerant is condensed at C and ‘evaporated at
E with external heat input. The evaporated refrigerant is absorbed back into the solution in the
absorber A-B. Heat input is conserved by transferring heat from the strong solution to the weak
solution, so that the only external heat input is at F-G.

Each unit of refrigerant vaporized at F-G provides one unit of cooling at E. Thus, the ideal cooling
COP is 1. Similarly, in the heating mode, each unit vaporized at F-G provides one unit of heating
at C and one unit at A-B. Thus, the ideal heating COP is 2.

B. DOUBLE (OR MULTIPLE) EFFECT

The most widely known advanced absorption cycles are double-effect cycles. There are several types
of double-effect cycles, with the most common being double-effect generator/common condenser,
double-effect generator/common absorber, and double evaporation. If the solution properties permit
the use of double-effect cycles, ideal cooling COPs twice as large as those of the conventional single-
effect cycle can be obtained.

A double-effect generator/common condenser cycle is shown in Figure 2.

5
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REFRIG. TEMP.

SOL. TEMP.

Fig. 2. Double-effect generator/common-condenser cycle.

One unit of refrigerant is produced in the first-stage generator, F-G, as before, using an external
source of heat. Another unit of refrigerant then is produced in the second-stage generator, F’-G’,
using heat from the first-stage absorber. Thus, for one unit of heat input, two units of cooling are
produced, resulting in an ideal cooling COP of 2. The corresponding ideal heating COP is 3.

The concept illustrated in Figure 2 can be extended to three or more effects if the solution field is
wide enough, in which case the ideal cooling COP equals the number of effects.

C. GENERATOR HEAT EXCHANGE/ABSORBER HEAT EXCHANGE

Efficiency improvements can be made on the conventional single-effect cycle without the complication
of double-effect machines. The simplest improvements are generator heat exchange and absorber
heat exchange. The effects are illustrated in Figure 3.

Basically, this concept reduces losses associated with temperature differences in the liquid/liquid heat
exchanger of the conventional cycle. As shown in Figure 1, a significant temperature difference exists
between the strong solution G-A and the weak solution B-F throughout the length of the heat
exchanger. Cycle efficiency can be improved by using heat from the highest-temperature strong
solution (G-G’) to boil off refrigerant in the first part of the generator (F-F’). The maximum
fraction, ¢, of generator heat that can be supplied in this manner is about 1/3 for the NH,;/H,O binary,
which has a high ratio of refrigerant latent heat to solution specific heat. For fluids with a low ratio
of refrigerant latent heat to solution specific heat, the ratio may be in the range of 3/5; but these
fluids usually are not the best absorption fluids for other reasons. Liquid/liquid heat exchange in this
case is between the strong solution (G’-A) and the weak solution (B’-F), but in this ideal case the

6



REFRIG. TEMP.

SOL. TEMP,

Fig. 3. Generator heat exchange/absorber heat exchange.

temperature difference for heat transfer is zero. To supply the additional heat for the weak solution
between B and B’, part of the high-temperature absorber heat (A-A’) is used.

What has been achieved is that the external heat required has been reduced to 1—e for each unit
of cooling. The ideal cooling COP is then

cop - L
c T 1

—€

For e = 1/3, COP, = 1.5.
D. ABSORBER/GENERATOR HEAT EXCHANGE

Absorber/generator heat exchange requires significant overlap of solution temperatures at the high-

temperature end of the absorber and at the low-temperature end of the generator, as shown in Figure
4.

External heat input to the generator is reduced by an amount § by utilizing absorber heat A-A’. The
principle is the same as that used in the double-effect generator/common-condenser cycle, in which
the first-stage absorber supplies heat for the second-stage generator, except that in this case the effect
is achieved in a single-effect cycle.

Absorber/generator heat exchange appears best with a wide solution field. The maximum fraction
of generator heat that can be supplied with absorber heat is typically 1/4 for binary fluids but may be

7
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Fig. 4. Absorber/generator heat exchange.

as high as 1/2 for ternary fluids. The simplified relation for the ideal cooling COP is

cop, - L

For binary fluid, § = 1/4: COP, = 1.33. For ternary fluid, § = 1/2: COP_ = 2.0.

E. ABSORBER/GENERATOR HEAT EXCHANGE COMBINED WITH GENERATOR HEAT
EXCHANGE AND ABSORBER HEAT EXCHANGE

Generator heat exchange and absorber heat exchange can be utilized with other single- and double-
effect efficiency improvement concepts. An attractive combination is to combine them with
absorber/generator heat exchange. The resulting simplified relation for the ideal cooling COP is as
follows:

1

COP, = -,
© (1-8)1-¢)

where

Qx + 0 +e=1,
q.x = fraction of generator heat supplied externally,

8



6 = maximum fraction of generator heat supplied by absorber,
e = maximum fraction of generator heat supplied by strong solution (generator heat exchange),
p :

€ =
qex+ ¢

For binary fluid, 6 = 1/4, ¢, = 1/3: COP, = 2.
For ternary fluid, § = 1/2, ¢, = 1/3: COP, = 3.

F. REGENERATIVE CYCLES

Regenerative processes use vapor transfer at one or more intermediate pressures (refrigerant
temperatures) to achieve a larger overlap of absorber/generator heat exchange.

Figure 5 shows a possible regenerative cycle with one intermediate pressure compared with the
one-step absorber/generator heat exchange cycle FGAB with overlap 6.

!

REFRIG. TEMP.
m

——
SOL. TEMP.

Fig. 5. Regenerative cycle.

In this cycle, vapor is generated at intermediate pressure between B’ and H using absorber heat
A’-A". The vapor is absorbed at intermediate pressure between G’ and I, and the absorber heat is
used in the high-pressure generator between F' and F". As Figure S shows for the example chosen,
the fraction of generator heat supplied by absorber heat exchange has increased from 1/2 for the
one-step process to 3/5 for the two-step process. The simplified analysis yields the following
expression for the ideal cooling COP:



cop - 1 .,n-1
© 1-6 n

where

n = number of pressure levels at which vapor is generated (n=1 for conventional cycle),
6 = maximum fraction of generator heat supplied by absorber, for n=1.

If generator heat exchange and absorber heat exchange are also utilized,

1 1 n-1
COP, = (lTel)(l_—B) + (—r'l—)

Typical values for binary and ternary fluids are shown in Table 1.
G. RESORPTION/DESORPTION CYCLES

A resorption/desorption cycle is defined as a cycle in which the flow is the opposite of that in the
conventional absorber/generator cycle. In the resorption/desorption cycle, refrigerant is desorbed
(generated) at the low pressure and resorbed (absorbed) at the high pressure, just the reverse of the
conventional absorber/generator cycle.

The resorption/desorption cycle can be used in combination with a conventional absorber/generator
cycle in a variety of ways. The combined effects might range from a double-effect machine to a
system with reduced operating pressures. Three examples follow that illustrate the benefits of
resorption/desorption cycles:

1. Double-Effect Evaporator Cycle

The resorption/desorption cycle allows double-effect evaporation to be achieved. For
example, in the double-effect evaporation cycle shown in Figure 6, one unit of refrigerant is
generated with external heat in the generator/absorber loop FGAB, producing one unit of
cooling at e.

The refrigerant evaporated at ¢ is resorbed at A’-B’ of the resorption/desorption loop and
desorbed at F’-G’, producing a second unit of cooling and thus allowing an ideal cooling COP
of 2 to be attained. The refrigerant desorbed at F’-G’ is absorbed at A-B. Thus, the
resorption/desorption cycle in this case is crucial to allow double-effect evaporation to be
achieved at the same temperature.

2. Double-Effect Generator with Resorption/Desorption Cycle
Another application of resorption/desorption cycles lies in achieving intermediate COPs if the
solution stability and refrigerant vapor pressure do not allow the benefits of a full double-

effect cycle to be attained. This concept is illustrated in the double-effect generator cycle

10
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Fig. 6. Double-cffect evaporation employing resorption/desorption cycle.

shown in Figure 7.

One unit of refrigerant is boiled off in the first-stage generator F,-G; using an external source
of heat, but a fraction of this refrigerant, x, is resorbed at high pressure in a resorber cycle
PQRS, while the rest goes to the first-stage condenser CI.

Another unit of refrigerant is boiled off in the second-stage generator F,-G, using heat from
the first-stage condenser C1 and the resorption process P-Q. This refrigerant is condensed
in the second-stage condenser C2. Part of the heat from the second-stage condenser is used
to generate vapor at R-S in the low-pressure section of the resorption cycle. This vapor, as
well as vapor from the evaporator E, is absorbed at A-B.

The simplified expression for the ideal cooling COP of this cycle is

COPC =2-x ,

where x is the fraction of refrigerant generated in the first-stage generator that is resorbed
in the resorption/desorption cycle. Because this refrigerant provides no useful cooling effect,
the ideal COP of the cycle is less than 2, even though it is a double-effect cycle.

11
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Fig. 7. Double-effect generator with rcsorption/désorption cycle.

3. Resorption/Desorption Circuit Substituted for Evaporator/Condenser Circuit

A final example of the application of a resorption/desorption circuit entails replacing the
conventional condenser/evaporator circuitry of the system. This would not affect an ideal
cycle COP, but it would lower the operating pressure of the system and might reduce auxiliary
power and system cost.

The primary purpose for discussing these examples is to clarify terminology and to develop a first-
order summary of the efficiency potential of the various cycle concepts. Many variations and
combinations of these concepts can be formed. Although it was not possible to consider every
variation and combination in this investigation, a representative number of them were evaluated using
real fluids and representative design conditions.

While one normally first thinks of double- or multiple-effect cycles when considering advanced
absorption concepts, Table 1 shows that there are a number of alternatives for achieving high
efficiencies. Choosing a cycle must therefore include consideration of other factors, including system
cost and complexity, manufacturability, reliability, and auxiliary power requirements.
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1. FLUIDS

The fluid mixtures considered in this investigation are listed in Table 2. Initially, the selection of
fluids was based on binary mixtures whose properties were reasonably well known and whose stability
and corrosion characteristics were thought to be reasonably good in the region of interest. The list
of fluids was later expanded to include ternary mixtures when it was determined that binary mixtures
showed marginal prospects for achieving project efficiency goals. This expansion, however, introduces
more uncertainty into property data and stability/corrosion characteristics and thus will require that
more consideration be given to these uncertainties in Phase II of the program.

Table 2. Fluid properties

Mixture

NH,/H,0

R22/DMETEG

R123a/ETFE

LiBt/H,O

NH,/H,O/LiBr
CH,NH,/H,O/LiBr

CH,OH/LiBr/ZnBr,

Data Source

Macriss, R. H. et al., Physical and Thermodynamic Properties of
Ammonia-Water Mixtures, Research Bulletin 34, prepared for the
American Gas Association (AGA), Chicago: Institute of Gas
Technology (IGT), September 1964.

Macriss, R. A., and D. Mason, Physical and Thermodynamic Properties
of New Refrigerant-Absorbent Pairs, Project ZB-85 Final Report,
prepared for the Air Conditioning and Prime Mover Research
Committee of the AGA, Chicago: IGT, October 1964.

Murphy, K. P. et al., Development of a Residential Gas-Fired
Absorption Heat Pump—Physical and Thermodynamic Properties of
R123a/ETFE, System Development and Testing and Economic Analysis,
ORNL/Sub/79-24610/4, Oak Ridge, Tennessee: Oak Ridge National
Laboratory (ORNL), Martin Marietta Energy Systems, Inc., August
1985.

McNeely, L. A., "Thermodynamic Properties of Aqueous Solutions of
Lithium Bromide," ASHRAE Trans. 85, 413 (1979).

Radermacher, R., "Working Substance Combinations For Absorption
Heat Pumps," Dissertation, University of Munich, January 1981.

Aker, J. E, R. G. Squires, and L. E. Albright, "An Evaluation of
Alcohol-Salt Mixtures as Absorption Refrigeration Solutions,"
ASHRAE Trans. 71 (Pt. 1), 14 (1965).

Curve-fit equations were developed for the fluid properties needed for computer modeling work on
each fluid pair. Coefficients for the curve-fit equations were determined by log-mean-square fit of

the source data.



IVv. COMPUTER MODELING

Steady-state computer models were developed for selected cycle/fluid combinations. Modeling
involved writing energy balances, flow balances, concentration balances, and transfer rate equations
for the various components of the system. This resulted in the need to simultaneously solve 23 to
54 equations for each cycle in order to determine conditions throughout the system. The sets of
nonlinear equations were solved using Newton’s method and Gaussian elimination.

In order to demonstrate the development of the modeling equations, an example is given for the
ammonia/water cycle that is shown in Figure 10. This figure illustrates a simple absorption cycle
incorporating generator heat exchange/absorber heat exchange and absorber/generator heat exchange.
Four types of equations—energy balance, flow balance, concentration balance, and transfer rate—may
be written for each component.

The following equations and assumptions were developed for the cycle represented by Figure 10.
The nomenclature for the variables is given in Table 3.

Table 3. Nomenclature for example computer model description

Variable | Definition
Q.ps Rate of Heat Removal from Absorber
Qgen Rate of Heat Input into Generator
Qrect Rate of Heat Removal from Rectifier
Qeond - Rate of Heat Removal from Condenser
Qevap Rate of Heat Addition at Evaporator
My Mass Flow Rate at Point "N"
Xx Liquid Refrigerant Concentration at Point "N"
Yy Vapor Refrigerant Concentration at Point "N"
Ty Temperature of Fluid at Point "N"
Hy Enthalpy of Fluid at Point "N"
EFFABS Absorber Efficiency
SHTM Degree of Superheat Entering Condenser
FRACMR Fractional Minimum Reflux
DYHYO Y-Yo, NHy/Mix Specified Entering Rectifier Condition
EFFHXZ Effectiveness of Refrigerant Vapor/Liquid Heat Exchanger
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Mass Transfer Rate: XE — XL = (XE,,, — XK) ¢« EFFAAB
Heat Transfer Rate: Ty = T; — 2
Assumption: F = Saturated liquid

ABSORBER EQUATIONS
Energy balance: Q,,, = M, -H)-(M,-Hp)+(My-Hy)
Mass balance: M, = M, +M,
Concentration
balance: M- X; = M ‘X, +M;'Y,
ABSORBER/GENERATOR HEAT EXCHANGE EQUATIONS
Energy
balance: M -Hp) + (M, -Hy) - M, -H;) = (M5-H) + Mg Hy) - (M5 -Hp)
M; = M+ M,
Mass balance: M =M +M,
M, = M, + M,
Concentration ' Mg+ X;) = Mg X)) + M- Yy)
balance: M, - X)) = M Yy + (M,Y,)
Assumptions: L = Saturated liquid
O = Saturated liquid
S = Vapor saturated
Ty =To
GENERAL EQUATIONS
Energy Qe = M- Hp) + My Hy) - (Mg -Ho) - (M;-Hy)
balance: T. = T.+10
H Q
Mass balance: M, +M, = M.+ M,
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Concentration
balance: (MO X)) + (M, Xp) = (M- X))+ (M- X))

Assumptions: K = Saturated liquid at absorber pressure
J = Saturated liquid at generator pressure
T = Superheated vapor at Ty + 10

Yr=Ys=Y,
RECTIFIER EQUATIONS
Energy balance: Q.. = M, H)-M,H,)-MH)
Flow balance: M, = M - M,
Heat transfer rate: TM = TMSTAT + SHTM
Reflux MI
requirement: Mo (Yo - Y )Xo -X,) - FRACMR
H
Entering rectifier
condition: Y, = Y, +DYHYO

Assumptions: I = Saturated Liquid
M = Superheated Vapor

CONDENSER EQUATIONS

Energy balance: Q.4 =M,:(H,-H,)

Assumption: A = Saturated liquid

HEAT EXCHANGER NO. 2 EQUATIONS

Energy balance: H,-H; = H,-H_

Heat transfer
rate: T, = T+ (T, - To) - EFFHX2

17



EVAPORATOR EQUATIONS

Energy balance: QMp = M. (H. - Hp)
Assumption: C = Saturated vapor

The input parameters for each model consist of refrigerant flow rate and concentration, saturated
condensing and evaporating temperatures, generator and absorber fluid leaving temperatures,
fractional minimum reflux and entering rectifier concentration differences, the efficiencies of the
absorber and the refrigerant vapor/liquid heat exchanger, and the degree of refrigerant superheat
entering the condenser. Output consists of the thermodynamic properties and the flow rates at each
designated point in the cycle, all external and internal heat transfers, and the COP. The flow chart
in Figure 8 shows the solution procedure followed in the program.

All other computer models were developed in a similar manner. The primary changes in each model

include defining a new equation subroutine (EQNS) and modifying the input and output to match
the assumptions and desired results.
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ESTIMATE V

1

SUBROUTINE EQNS £(V,)
i —
SUBROUTINE PARDIF f(Vi)

SUBROUTINE GAUSSY
1 i+l
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i i+1| LT.Ol
v

IV -V

i

Fig. 8. Flow chart for computer models.
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V. CYCLE/FLUID COMBINATIONS

This section describes the 24 cycle/fluid combinations that were selected for more detailed evaluation.
Outputs from the computer models also are given, and the conditions to which the computed results
apply are listed below. The latter were selected to be representative of conditions that might be
experienced in an air-cooled unit at the heating rating point of 47/43/70 and at the cooling rating
point of 80/67/95.

Maximum solution temperature = 400°F

Minimum absorber solution temperature = 110°F

Minimum internal heat exchanger approach temperature = 10°F
Condenser saturation temperature = 120°F (130-110 for resorber type)
Evaporator saturation temperature = 37°F (25-43 for desorber type)

A. COMBINATIONS ABS1, ABS2, ABS3, AND ABS21

These combinations all utilize the concept of the generator heat exchange/absorber heat exchange
cycle. Combinations ABS1, ABS2, ABS3, and ABS21 incorporate the fluids NHy/H,0,
R22/DMETEG, R123a/ETFE, and CH,OH/LiBr/ZnBr,, respectively.

Figure 9 shows the cycle on the NH4y/H,O equilibrium diagram along with a flow chart. Refrigerant
A is generated at O-J by direct burner-heat input and by heat recovered in generator heat exchange.
The latter is recovered from the strong solution at J-N, and the refrigerant is evaporated at C and
is absorbed at K-E. Absorber heat exchange occurs between K-E and E-G, and sensible liquid/liquid
heat exchange occurs between N-K and G-O.

Computer model outputs for ABS1, ABS2, ABS3, and ABS21 are shown in Tables 4, 5, 6, and 7,
respectively. Several points should be noted. The first is that the fluids R22/DMETEG (ABS2) and
CH,;OH/LiBr/ZnBr, (ABS21) do not require a rectifier because adequate separation can be achieved
in the generator. Second, slightly higher COPs are achieved with the fluids R22/DMETEG and
R123a/ETFE than with NH,/H,O. These higher COPs are attributable primarily to the fact that R22
and R123a have significantly lower latent-heat/specific-heat ratios than NH;, which allows a greater
fraction of the generator heat to be supplied from the sensible heat in the strong solution. On the
other hand, a slightly lower COP is achieved with CH;OH/LiBr/ZnBr, because of its higher latent-
heat/specific-heat ratio and because the maximum generator temperature is limited by stability
concerns. Finally, the COP advantage of the fluids with lower latent-heat/specific-heat ratios is offset
by the significantly higher sensible heat transfer required between the high side and low side. This
offset is reflected in the absorber heat exchange and generator heat exchange values listed in the
tables and results in larger heat exchangers and higher product costs.
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Table 4. Computer model output for ABS1 (refer to Fig. 9)

Fluid: NH/H,O
Basis: 12,000 Btu/h evaporator input
Point Pressure Temp. Flow Concen. H
(psia) (°F) (Ibm/h) (NH,/mix) (Btu/lb)
A 286.5 120.0 24.9 0.998 101.0
B 286.5 89.2 24.9 0.998 64.5
C 68.9 37.0 24.9 0.998 546.1
D 68.9 110.0 24.9 0.998 582.6
E 68.9 110.0 72.5 0.447 -24.5
G 286.5 2119 72.5 0.447 91.1
H 286.5 229.2 27.1 0.995 650.3
I 286.5 208.7 2.2 0.458 87.4
J 286.5 3320 477 0.157 267.7
K 68.9 222.0 47.6 0.157 150.6
M 286.5 160.0 249 0.998 579.0
N 286.5 2229 47.6 0.157 151.5
O 286.5 2124 72.5 0.447 91.7
External Heat Transfer, Btu/h

Absorber 18,000

Generator 17,950

Rectifier 2,960

Condenser 11,900

Evaporator 12,000

Internal Heat Transfer, Btu/h

Abs. heat exch. 8,400

Gen. heat exch. 5,500

HX1 50

HX2 900

COP (thermodynamic), heating 1.67
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Table 5. Computer model output for ABS2 (refer to Fig. 9)

Fluid: R22/DMETEG

Basis: 12,000 Btu/h evaporator input

Point | Pressure Temp. Flow Concen. H
(psia) (°F) (Ibm/h) (R22/mix) | (Btu/lb)
A 276.4 120.0 160.0 1.000 14.4
B 276.4 80.2 160.0 1.000 1.8
C 78.8 37.0 160.0 1.000 76.5
D 78.8 109.2 160.0 1.000 89.0
E 78.8 110.0 456.0 0.428 —-4.7
G 276.4 214.0 456.0 0.428 40.3
J 276.4 343.0 296.0 0.119 110.9
K 78.8 2244 296.0 0.119 56.9
M 276.4 235.0 160.0 1.000 106.5
N 276.4 224.8 296.0 ~0.119 571
O 276.4 214.3 456.0 0.428 40.4
P 276.4 235.0 160.0 1.000 106.6
External Heat Transfer, Btu/h

Absorber 12,600

Generator 15,500

Condenser 14,700

Evaporator 12,000

Internal Heat Transfer, Btu/h

Abs. heat exch. 19,200

Gen. heat exch. 15,800

HX1 0

HX2 2,100

COP (thermodynamic), heating 1.77
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Table 6. Computer model output for ABS3 (refer to Fig. 9)

Fluid: R123a/ETFE

Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. H
(psia) (°F) (Ibm/h) (R123a/mix) (Btu/lb)
A 289 120.0 166.7 0.998 39.5
B 28.9 72.8 166.7 0.998 27.6
C 4.9 37.0 166.7 0.998 100.0
D 49 115.8 166.7 0.998 1119
E 4.9 110.0 490.0 0.393 34.6
G 28.9 186.8 490.0 0.393 66.0
H 28.9 219.1 181.7 0.956 122.6
1 289 198.8 15.0 0.464 67.8
J 289 306.0 3233 0.081 142.1
K 4.9 191.7 3233 0.081 84.2
M 28.9 160.0 166.7 0.998 116.8
N 28.9 225.9 323.3 0.081 100.9
O 28.9 214.5 490.0 0.393 77.5
External Heat Transfer, Btu/h

Absorber 13,500

Generator 16,200

Rectifier 1,700

Condenser 12,800

Evaporator 12,000

Internal Heat Transfer, Btu/h

Abs. heat exch. 15,300

Gen. heat exch. 13,300

HX1 5,300

HX2 2,000

COP (thermodynamic), heating 1.75
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Table 7. Computer model output for ABS21 (refer to Fig. 9)

Fluid: CH,;OH/LiBr/ZnBr,
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen.
(psia) (°F) (Ibm/h) (CH;OH/mix)
A 40 120 255 1.0
B 40 83 25.5 1.0
C 6 37 25.5 1.0
E 6 110 216.5 04
G 40 153 216.5 0.4
O 40 198 216.5 0.4
J 40 250 191.0 0.32
K 6 163 191.0 0.32
M 40 208 191.0 0.32

External Heat Transfer, Btu

Absorber 15,600
Generator 18,300
Condenser 13,300
Evaporator 12,000
Internal Heat Transfer, Btu/h
Abs. heat exch. 4,300
Gen. heat exch. 2,900
Liquid/liquid heat exch. 3,100
Vapor/liquid heat exch. 600

COP (thermodynamic), heating 1.58

B. COMBINATIONS ABS4, ABSS, ABS12, AND ABS15

Cycle features for these combinations include generator heat exchange/absorber heat exchange and
absorber/generator heat exchange. The combinations ABS4, ABSS, ABS12, and ABS15 utilize the

fluids NH,/H,O, R22/DMETEG, NH,/H,0O/LiBr, and CH;NH,/H,0/LiBr, respectively.

In this cycle, the maximum generator temperatures have been increased to achieve an overlap in
temperatures between the high end of the absorber and the low end of the generator, thus allowing

absorber/generator heat exchange, as shown in Figure 10.
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Absorber/generator heat exchange occurs between K-L and G-O. The rest of the cycle is basically
the same as the cycle shown in Figure 9.

Output from the computer model calculations for ABS4, ABSS, ABS12, and ABS15 is shown in
Tables 8, 9, 10, and 11, respectively. For the binary fluids operating at the same maximum generator
temperature, Tables 8 and 9 show a slight efficiency advantage of the R22/DMETEG fluid over
NH,/H,O. This is a carry-over from the advantage of a lower latent-heat/specific-heat ratio in
generator heat exchange/absorber heat exchange.

Table 10 shows that there is a significant COP improvement when the ternary NH,/H,O/LiBr is
substituted for the binary NH,;/H,O. Adding the lithium bromide to the NH;/H,O lowers the vapor
pressure of the solution. This allows operation at higher generator temperatures and thus increases
the overlap for absorber/generator heat exchange. The NH3/H,O system (Table 8) is limited to a
maximum generator temperature of 380°F, at which point the concentration of ammonia in the
solution is 6.5%. Operation at higher temperatures is not deemed practical because of the difficulty
of separation beyond 6.5%. The ternary system, on the other hand, is operated at the imposed
stability limit of 400°F, at which point the concentration of ammonia in the solution was 13%, a
considerably easier separation (Table 10).

It is evident when comparing Tables 8 and 10 that the vapor pressures of ammonia in the condenser
are different, although the condensing temperatures are the same. This difference arises from the
different sources of data used for the NH,/H,O and NH,/H,O/LiBr properties. It is not expected to
have much effect on the performance comparisons.

Table 11 shows that an alternate ternary fluid, CH;NH,/H,O/LiBr, also exhibits higher efficiencies
than those of the binary fluids, although not as high as that of NH,/H,O/LiBr.

C. COMBINATIONS ABS13 AND ABS16

These combinations also utilize generator heat exchange/absorber heat exchange and
absorber/generator heat exchange. Absorbent recirculation.is added to maximize the amount of
absorber/generator heat exchange that can be achieved. Combinations ABS13 and ABS16 utilize the
ternary fluids NH,/H,O/LiBr and CH;NH,/H,O/LiBr, respectively.

The previous cycle (Figure 10) shows a temperature rise in the low end of the generator (G-O) that
is smaller than the temperature drop in the high end of the absorber (K-L) during absorber/generator
heat exchange. This smaller rise is caused primarily by the fact that the specific heat of the strong
solution entering the absorber is less than that of the weak solution entering the generator.
Absorber/generator heat exchange can be improved by increasing the circulation rate in the high end
of the absorber by absorbent recirculation until the temperature differences at both ends of the
counterflow heat exchanger are approximately the same, as shown in Figure 11. As a result, the
COPs of the NH,/H,0O/LiBr and CH;NH,/H,O/LiBr systems are increased from 2.08 to 2.19 and from
1.87 to 2.09, respectively (Tables 12 and 13).
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Table 8. Computer model output for ABS4 (refer to Fig. 10)

Fluid: NHyH,O
Basis: 12,000 Btu/h evaporator input
Point Pressure Temp. Flow Concen. H
(psia) (°F) (Ibm/h) (NH;/mix) (Btu/lb)
A 286.5 120.0 249 0.998 101.0
B 286.5 89.2 24.9 0.998 64.5
C 68.9 37.0 249 0.998 546.1
D 68.9 37.0 24.9 0.998 582.6
E 68.9 110.0 61.5 0.442 —-24.4
G 286.5 214.0 61.5 0.442 93.5
H 286.5 224.1 274 0.945 650.5
I 286.5 230.4 2.5 0.395 1144
J 286.5 380.0 36.6 0.065 3449
K 68.9 266.2 36.6 0.065 +219.7
L 68.9 224.0 40.6 0.153 153.7
M 286.5 160.1 249 0.998 579.1
0] 286.5 2329 48.1 0.388 117.8
S 286.5 232.9 5.2 0.940 . 655.9
External Heat Transfer, Btu/h

Absorber 12,750

Generator 15,930

Rectifier 3,090

Condenser 11,900

Evaporator 12,000

Internal Heat Transfer, Btu/h

Abs. heat exch. 7,270

Gen. heat exch. 4,610

Abs./Gen. heat exch. 4,060

HX?2 920

COP (thermodynamic), heating 1.74
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Table 9. Computer model output for ABSS (refer to Fig. 10)

Fluid: R22/DMETEG
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. H
(psia) (°F) (Ibm/h) (R22/mix) (Btu/lb)

A 276.4 120.0 162.2 1.000 14.4
B 276.4 83.5 162.2 1.000 2.8
C 78.8 37.0 162.2 1.000 76.5
D 78.8 103.4 162.2 1.000 88.0
E 78.8 110.0 433.0 0.427 -4.7
G 276.4 214.8 433.0 0.427 40.7
J 276.4 380.0 270.8 0.083 1294
K 78.8 254.5 270.8 0.083 72.2
L 78.8 224.8 282.2 0.118 57.1
M 276.4 2343 162.2 1.000 106.4
O 276.4 226.2 403.8 0.384 46.9
S 276.4 226.2 29.2 1.000 104.7

External Heat Transfer, Btu/h

Absorber 11,840
Generator 14,800
Condenser 14,900
Evaporator 12,000
Internal Heat Transfer, Btu/h
Abs. heat exch. 19,600
Gen. heat exch. 15,600
Abs./Gen. heat exch. 4,400
HX2 1,900

COP (thermodynamic), heating 1.81
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Table 10. Computer model output for ABS12 (refer to Fig. 10)

Fluid: NHy/H,O/LiBr
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. Enthalpy

(psia) (°F) (Ibm/h) (NH,/mix) (Btu/lb)
A 276 120 24.9 1.0 497
E 69 110 80.2 0.4 164
G 276 198 80.2 0.4 229
J 276 400 553 0.13 287
K 69 283 553 0.13 218
I 276 - 0.6 0.6 418
D 69 110 24.9 1.0 980
H 276 198 25.5 0.991 996

External Heat Transfer, Btu/h

Absorber 10,500
Generator 11,200
Condenser + rectifier 12,700
Evaporator 12,000
Internal Heat Transfer, Btu/h
Abs. heat exch. 5,200
Gen. heat exch. 3,800
Abs./Gen. heat exch. 7,600
Vapor/liquid heat exch. 900

COP (thermodynamic), heating 2.08
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Table 11. Computer model output for ABS15 (refer to Fig. 10)

Fluid: CH;NH,/H,O/LiBr
Basis: 12,000 Btu/h evaporator input

Point Pres§ure Temp. Flow Concen. ‘ Enthalpy
(psia) (°F) (Ibm/h) (CH;NH,/mix) (Btu/lb)

A 112 120 388 1.0 276

E 22 110 88.6 0.463 108

G 112 197 88.6 0.463 167

J 112 400 49.7 0.045 261

K 22 296 49.7 0.045 209

I 112 --- 35 0.68 222

D 22 110 388 1.0 587
H 112 197 42.6 0.981 642

External Heat Transfer, Btu/h

Absorber 10,100
Generator 13,800
Condenser + rectifier 15,700
Evaporator 12,000
Internal Heat Transfer, Btu/h
Abs. heat exch. 5,300
Gen. heat exch. 2,600
Abs./Gen. heat exch. 8,300
Vapor/liquid heat exch. 900

COP (thermodynamic), heating 1.87
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Table 12. Computer model output for ABS13 (refer to Fig. 11)

Fluid: NHy/H,O/LiBr
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. Enthalpy

(psia) (°F) (Ibm/h) (NH,/mix) (Btu/lb)
A 276 120 24.9 1.0 497
E 69 110 73.4 0.4 164
G 276 198 734 0.4 229
J 276 400 67.7 0.13 287
K 69 283 67.7 0.13 218
W 276 --- 0.6 0.60 418
C 69 110 249 1.0 980
G 276 198 25.5 0.991 996

External Heat Transfer, Btu/h

Absorber - 9,400
Generator 10,100
Condenser + rectifier 12,700
Evaporator 12,000
Internal Heat Transfer, Btu/h
Abs. heat exch. 4,800
Gen. heat exch. 4,600
Abs./Gen. heat exch. 8,500
Vapor/liquid heat exch. 900
Abs. recycle heat exch. 800

COP (thermodynamic), heating 2.19
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Table 13. Computer model output for ABS16 (refer to Fig. 11)

Fluid: CH,;NH,/H,O/LiBr
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. Enthalpy

(psia) (°F) (Tbm/h) (CH3NH,/mix) (Btu/lb)
A 112 120 389 1.0 276
E 22 110 70.9 0.463 108
G 112 197 70.9 0.463 167
J 112 400 74.9 0.045 261
K 22 296 74.9 0.045 209
Q 112 286 42.9 0.215 204
A 112 3.5 0.68 222
C 22 110 38.9 1.0 587
G 112 197 423 0.981 641

External Heat Transfer, Btu/h

Absorber 7,300
Generator 11,000
Condenser + rectifier 15,700
Evaporator 12,000

Internal Heat Transfer, Btu/h

Abs. heat exch. 4,200
Gen. heat exch. 3,900
Abs./Gen. heat exch. 10,500
Vapor/liquid heat exch. 900
Abs. recycle heat exch. 2,000

COP (thermodynamic), heating 2.09
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D. COMBINATIONS ABS6A AND ABS6B

Combinations ABS6A and ABS6B employ generator heat exchange/absorber heat exchange and
absorber/generator heat exchange as in Section B, but in these combinations the concept of
regeneration is added in order to increase absorber/generator heat exchange. The combination
ABS6B employs NH,;/H,O and is the simpler of the two, as is shown in Figure 12. This combination
uses one stage of regeneration (F-N), and the regenerated vapor is absorbed at R-S. The net effect
is to increase the overlap for absorber/generator heat exchange, increasing the COP from 1.74 to 1.94
(Table 14).

The combination ABS6A employs R22/DMETEG and two stages of regeneration (Figure 13). Two
stages of regeneration were selected because there is very little temperature overlap between the
absorber and generator with this fluid. This small overlap is evident because adding
absorber/generator heat exchange (ABSS) to the generator heat exchange/absorber heat exchange
cycle (ABS2) increases the COP from 1.77 to only 1.81. Adding regeneration in this case, however,
actually results in a lower COP (Table 15), because the effective temperature overlap actually
decreases when the temperature differences for the two additional heat exchanges are included.
Thus, it has been concluded that neither absorber/generator heat exchange nor regeneration are
effective cycle concepts to use with R22/DMETEG.

E. COMBINATIONS ABS14 AND ABS17

Combinations ABS14 and ABS17 were used to evaluate the concept of adding regeneration to the
generator heat exchange/absorber heat exchange, absorber/generator heat exchange, and absorbent
recirculation cycles of ABS13 and ABS16. The fluids employed for combinations ABS14 and ABS17
are NH3/H,O/LiBr and CH,NH,/H,O/LiBr, respectively.



s

S

4

M
- s
“
I CONDENSER A
é GRECT
RECTIFIER % X SEPARATOR
HX7
y SEPARATOR ,——— —
\
GEN : R ‘:—‘_—I J m— -
HX HAY '
HX1 | HX2
AJG
GENERATOR H{é P‘ ' F l =
S |
— IC B
/ ‘ ABS —> |
/7 ; HX3 Hx %8s | L
QGEN L.__/\_ 1 __]I \
K - \
N ABSOREKER QEVAP
(a) EVAPORATOR
. HEAT
WEAT OUT FROM BURNER
A\
280 -
/
)%
/
«
Z i
3 &/
¥ ¢y
- HEAT IN e
0 !
= \2/_/
T0 T e
/ HEAT OUT
-20 [o] 50 {00 130 200 250 300 350
(b) TEMPERATURE °F

400

Fig. 12. (a) Circuit schematic and (b) pressure-temperature-composition chart of generator heat
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Table 14. Computer model output for ABS6B (refer to Fig. 13)

Fluid: NHy/H,O
Basis: 12,000 Btu/h evaporator input
Point Pressure Temp. Flow Concen. H
(psia) (°F) (Ibm/h) (NH;/mix) (Btu/lb)
A 286.5 120.0 249 0.998 101.0
B 286.5 89.2 249 0.998 64.5
C 68.9 37.0 249 0.998 546.1
D 68.9 110.0 249 0.998 582.6
E 68.9 110.0 79.7 0.449 -24.5
F 135.0 155.9 79.7 0.449 27.6
G 286.5 242.4 533 0.361 131.5
H 286.5 294.5 271 0.952 683.9
I 286.5 209.7 2.2 0.455 88.5
J 286.5 390.0 45.6 0.046 363.3
K 68.9 204.4 54.8 0.198 121.3
L 68.9 165.9 62.2 0.295 56.0
M 286.5 160.0 249 0.998 579.0
N 135.0 186.0 533 0.361 67.9
O 286.5 2903 42.8 0.248 204.7
P 286.5 197.1 42.8 0.361 80.4
R 135.0 3258 45.6 0.046 . 289.0
S 135.0 252.4 54.8 0.198 173.6
X 135.0 170.9 9.0 0.970 626.3
Y 286.5 285.3 10.5 0.820 721.9

External Heat Transfer, Btu/h

Absorber
Generator
Rectifier
Condenser
Evaporator

11,400
12,800

1,600
11,900
12,000

Internal Heat Transfer, Btu/h

Abs. heat exch.

Gen. heat exch.

Abs./Gen. HX1

COP (thermodynamic), heating 1.94
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Table 15. Computer model output for ABS6A (refer to Fig. 13)

Fluid: R22/DMETEG

Basis: 12,000 Btu/h evaporator input
Point Pressure Temp. Flow Concen. H
(psia) (°F) (ibm/h) (R22/mix) (Btu/lb)
A 276.4 120.0 160 1.000 144
B 276.4 78.8 160 1.000 1.4
C 78.8 37.0 160 1.000 76.5
D 78.8 111.7 160 1.000 89.5
E 78.8 110.0 746 0.437 —49
F 85.0 1194 746 0.437 -1.0
G 276.4 209.1 632 0.336 40.4
H 276.4 261.1 125 1.000 111.9
1 276.4 246.1 35 1.000 108.8
J 276.4 350.0 472 0.111 114.5
K 78.8 150.8 586 0.282 16.5
L 78.8 1294 645 0.349 5.3
M 276.4 2577 160 1.000 111.2
N 85.0 133.4 674 0.376 6.2
0] 276.4 2511 597 0.296 61.0
P 140.0 133.8 674 0.376 6.4
Q 140.0 179.7 632 0.336 27.2
R 140.0 281.6 472 0.111 82.8
S 140.0 228.7 514 0.182 55.5
T 140.0 228.7 514 0.182 39.2
w 85.0 192.4 514 0.282 16.6
X 85.0 1264 72 1.000 91.9
Y 140.0 174.7 42 1.000 98.7
External Heat Transfer, Btu/h Internal Heat Transfer, Btu/h
Absorber 13,100 Abs. heat exch. (Abs. HX) 2,900
Generator 16,600 Gen. heat exch. (Gen HX) 15,000
Condenser 15,500 Abs./Gen. HX1 11,500
Evaporator 12,000 Abs./Gen. HX2 17,000
Abs./Gen. HX3 200
Abs./Gen. HX4 14,700
HX2 8,300
HXS 2,100

COP (thermodynamic), heating 1.72




Utilizing regeneration with absorbent recirculation is best facilitated with another version of the
regeneration concept, as is indicated in Figure 14. The concept is the same in that
absorber/generator heat exchange is effected between H-L and F-I, L-K and G-O, and S-M and O-V,
with vapor transfer occurring between F-I and S-M. The results are shown in Tables 16 and 17 for
combinations ABS14 and ABS17, respectively. Adding the regeneration feature to the NH,/H,O/LiBr
system increases the COP from 2.19 to 2.32 (Tables 12 and 16). The corresponding increase for the
CH,;NH,/H,O/LiBr system is from 2.09 to 2.18 (Tables 13 and 17).

F. COMBINATIONS ABS18, ABS19, AND ABS20

Combinations ABS18, ABS19, and ABS20 examine the effect of replacing the conventional
condenser/evaporator circuit with a resorption/desorption circuit in combinations ABS12, ABS13, and
ABS14, respectively. In all cases the fluid is NH,/H,O/LiBr.

The resorption/desorption circuitry is shown schematically in Figures 15, 16, and 17, along with its
location on a cycle diagram for combinations ABS18, ABS19, and ABS20, respectively.

In an ideal cycle the primary effect of substituting a resorption/desorption circuit for the
condenser/evaporator is to reduce the operating pressure of the system, possibly resulting in lower
auxiliary power and system cost. But in a real fluid system in which the lines of constant
concentration tend to diverge at higher pressures, there may be an efficiency advantage because the
overlap for absorber/generator heat exchange is greater at lower operating pressures.

These effects can be observed by comparing Tables 18, 19, and 20 with Tables 10, 12, and 16,
respectively.

A summary of the COP values is shown below:

System Features CQOP Values _
Resorp./Desorp.
Conv. Cond./Evap. for Cond./Evap.
Gen Q-X/Abs Q-X, Abs/Gen Q-X 2.08 2.0
With Absorbent Recirculation 2.19 2.29
Plus Regeneration 2.32 2.45

The resorption/desorption circuit apparently has a negative effect in the basic absorber/generator heat
exchange cycle, as indicated by the first line of the above table. This is surprising because the
absorber/generator temperature overlap is about 10°F greater for the resorption/desorption system
than for the conventional condenser/evaporator system. This anomaly cannot be explained at present,
but it will be examined further in Phase II of the project. As expected, when absorbent recirculation
and regeneration are added, the resorption/desorption system shows higher COP values than does
the conventional condenser/evaporator system.
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Table 16. Computer model output for ABS14 (refer to Fig. 14)

Fluid: NH4/H,O/LiBr
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. Enthalpy

(psia) (°F) (Ibm/h) (NHy/mix) (Btu/ib)
A 276 120 24.9 1.0 497
E 69 110 91.3 0.4 164
F 140 154 91.3 04 195
G 276 198 64.9 0.4 229
I 140 198 234 0.322 203
J 276 400 96.0 0.13 287
K 69 283 583 0.13 218
M 140 341 37.7 0.13 252
Q 276 273 15.2 0.225 230
S 140 283 40.7 0.195 230
U 69 164 234 0.322 178
\'% 276 331 40.7 0.195 260
w 276 --- 0.6 0.60 418
C 69 110 24.9 1.0 980
P - 140 154 31 0.994 973
G’ 276 198 25.4 0.991 996

External Heat Transfer, Btu/h

Absorber 8,400
Generator 9,100
Condenser + rectifier 12,700
Evaporator 12,000

Internal Heat Transfer, Btu/h
Abs. & resorber heat exch. 6,900
Desorber & gen. heat exch. 5,900
Abs./Gen. heat exch. 11,500
Vapor/liquid heat exch. 900

COP (thermodynamic), heating 2.32
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Table 17. Computer model output for ABS17 (refer to Fig. 14)

Fluid: CH,;NH,/H,O/LiBr
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. Enthalpy
(psia) (°F) I (Ibm/h) (CH;NH,/mix) (Btu/Ib)

A 112 120 38.9 1.9 276

E 22 110 90.4 0.463 108

F 51 154 90.4 0.463 138
G 112 197 64.6 0.463 167

I 51 197 21.5 0.36 154

J 112 400 107.7 0.045 261

K 22 296 65.2 0.045 209
M 51 347 42.5 0.045 234

Q 112 286 35.1 0.215 204

S 51 296 46.8 0.13 210
U 22 167 215 0.36 137

v 112 337 46.8 ‘ 0.13 231
' 112 3.5 0.68 222

C 22 110 389 1.0 587

F 51 154 4.2 0.988 613
G 112 197 42.8 0.981 641

External Heat Transfer, Btu/h

Absorber 6,400
Generator 10,200
Condenser & rectifier 15,800
Evaporator 12,000

Internal Heat Transfer, Btu/h
Abs. & resorber heat exch. 7,200
Desorber & gen. heat exch. 4,800
Abs./Gen. heat exch. 13,700
Vapor/liquid heat exch. 900

COP (thermodynamic), heating 2.18
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Table 18. Computer model output for ABS18 (refer to Fig. 15)

Fluid: NH3/H,O/LiBr
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. Enthalpy

(psia) (°F) (Ibm/h) (NH3/mix) (Btu/lb)
A 97 105 123.0 0.46 367
B 97 110 144.6 0.54 376
C 19.5 56 144.6 0.54 316
D 195 45 123.0 0.46 301
E 195 110 87.4 0.275 135
G 97 197 87.4 0.275 190
J 97 400 66.0 0.04 264
K 195 292 66.0 0.04 210
I 97 120 2.1 0.5 383
D 19.5 110 214 1.0 989
H 97 197 235 0.975 1032

External Heat Transfer, Btu/h

Absorber 9,800
Generator 12,000
Condenser + rectifier 14,300
Evaporator 12,000
Internal Heat Transfer, Btu/h
Abs. heat exch. 4,900
Gen. heat exch. 3,500
Abs./Gen. heat exch. 8,700

Vapor/liquid/liquid heat exch. 8700

COP (thermodynamic), heating 2.00
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Table 19. Computer model output for ABS19 (refer to Fig. 16)

Fluid: NH,/H,O/LiBr
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. Enthalpy
(psia) (°F) (Ibm/h) (NH,/mix) (Btu/lb)
A 97 105 122.7 0.46 367
B 97 110 144.0 0.54 376
C 19.5 56 144.0 0.54 316
D 19.5 45 122.7 0.46 301
E 19.5 110 72.6 0.275 134
G 97 197 72.6 0.275 190
J 97 400 89.8 0.04 264
K 19.5 292 89.8 0.04 210
Q 97 282 38.7 0.13 218
w 97 120 2.1 0.5 383
C 19.5 110 21.4 1.0 989
G 97 197 23.5 0.975 1032
External Heat Transfer, Btu/h

Absorber 7,700

Generator 9,600

Condenser + rectifier 14,300

‘Evaporator 12,000

Internal Heat Transfer, Btu/h

Abs. heat exch. 4,000

Gen. heat exch. 4,800

Abs./Gen. heat exch. 10,100

Vapor/liquid/liquid heat exch. 8,700

Abs. recycle heat exch. 1,700

COP (thermodynamic), heating 2.29
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Table 20. Computer model output for ABS20 (refer to Fig. 17)

Fluid: NHyH,O/LiBr
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. Enthalpy
(psia) (°F) (lbm/h) (NH,/mix) (Btu/lb)

A 97 105 123.0 0.46 367
B 97 110 144.4 0.54 376
C 19.5 56 144.4 0.54 316
D 19.5 45 123.0 0.46 301
E 19.5 110 111.5 0.275 134
F 46.3 153 111.5 0.275 161
G 97 197 584 0275 190
| 46.3 197 48.6 0.208 178
J 97 400 115.7 0.04 264
K 19.5 292 66.1 0.04 210
M 46.3 347 49.6 0.04 237
Q 97 257 262 0.19 213
S 46.3 267 54.2 0.12 208
U 19.5 163 48.6 0.208 157
Vv 97 197 54.2 0.12 237
W 97 - 2.1 0.5 383
C 19.5 110 214 1.0 995
F 46.3 153 4.6 0.985 982
G 97 197 23.5 0.975 1016

External Heat Transfer, Btu/h

Absorber 6,200
Generator 8,400
Condenser + rectifier 14,300
Evaporator 12,000

Internal Heat Transfer, Btu/h

Abs. & resorber heat exch. 7,700
Desorber & gen. heat exch. 5,900
Abs./Gen. heat exch. 15,200
Vapor/liquid/liquid heat exch. 8,700

COP (thermodynamic), heating 2.45
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G. COMBINATIONS ABS7A AND ABS7B

These combinations utilize generator heat exchange/absorber heat exchange, absorber/generator heat
exchange, and flash regeneration. The fluids utilized for combinations ABS7A and ABS7B are
R22/DMETEG and NH3/H,0, respectively.

This cycle, shown in Figure 18, is a variation of the regeneration concept designed to increase the
temperature overlap for absorber/generator heat exchange. Refrigerant is boiled from solution until
concentration J is reached in the generator. The solution is then flashed to an intermediate pressure,
releasing additional refrigerant. Additional burner heat input may be required to reach concentration
Q. The refrigerant released in the flashing process J-Q is absorbed by the solution at F-P, which
widens the overlap of absorber/generator operating temperatures and increases the potential for
absorber/generator heat exchange between K-L and O-G.

The results for ABS7A are shown in Table 21 and can be compared with the results for the
conventional absorber/generator heat exchange that are shown in Table 9. The results in Table 21
indicate that the COP actually has decreased slightly from 1.81 to 1.77.

The results for ABS7B (NH,/H,0) are shown in Table 22. Figure 18 also applies to ABS7B, except
that a rectifier section is required at the top of the generator. In this case, a comparison of the
results with the conventional absorber/generator heat exchange cycle (Table 8) shows a larger
decrease in the COP, from 1.74 to 1.59. This decrease is partly the result of not including a rectifier
on the flash regenerator.

In summary, this concept is not successful in increasing cycle COP. The only real benefit is that
lower maximum generator temperatures are required to reach a given solution concentration. Thus,
at the expense of a slight decrease in COP, improved stability and corrosion characteristics may be
achieved.
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Table 21. Computer model output for ABS7A (refer to Fig. 18)

Fluid: R22/DMETEG
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. H
(psia) (°F) (Ibm/h) (R22/mix) (Btu/b)

A 276.4 120.0 160.0 1.000 144
B 276.4 79.7 160.0 1.000 1.7
C 78.8 37.0 160.0 1.000 76.5
D 78.8 110.0 160.0 1.000 89.2
E 78.8 110.0 408.0 0.425 —4.6
F 146.6 156.1 408.0 0.425 14.6
G 276.4 209.4 424.0 0.447 37.8
J 276.4 350.0 264.0 0.111 114.5
K 78.8 286.9 248.0 0.054 88.1
L 78.8 2194 267.0 0.125 54.3
M 276.4 240.4 160.0 1.000 107.7
O 276.4 234.1 363.0 0.355 514
P 146.6 146.6 424.0 0.477 9.9
Q 146.6 350.0 248.0 0.054 115.7
R 146.6 175.0 16.0 1.000 98.5
S 276.4 234.1 61.0 1.000 106.4
T 276.4 244.1 99.0 1.000 . 100.4

External Heat Transfer, Btu/h

Absorber 9,300
Generator 1 15,500
Generator 2 0
Resorber 3,400
Condenser 14,900
Evaporator 12,000
Internal Heat Transfer, Btu/h
Abs. heat exch. 1 7,800
Abs. heat exch. 2 11,800
Gen. heat exch. 7,200
Abs./Gen. HX 9,100
HX2 2,100

COP (thermodynamic), heating 1.77
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Table 22. Computer model output for ABS7B (refer to Fig. 18)

Fluid: NHyH,0O
Basis: 12,000 Btu/h evaporator input.
Point Press_ure Temp. Flow CODCCI.I. H
(psia) (°F) (Ibm/h) (NH;/mix) (Btu/lb)
A 286.5 120.0 24.9 0.998 101.0
B 286.5 89.2 24.9 0.998 64.5
C 68.9 37.0 24.9 0.998 546.1
D 68.9 110.0 24.9 0.998 582.6
E 68.9 110.0 62.2 0.442 —24.4
F 166.4 164.9 62.2 0.442 379
G 286.5 206.0 68.5 0.466 84.4
H 286.5 230.5 27.9 0.957 53.4
I 286.5 167.7 3.0 0.608 534
J 286.5 330.0 43.6 0.162 264.7
K 68.9 262.8 373 0.071 214.5
L 68.9 216.1 24.9 0.171 140.8
M 286.5 160.1 24.9 0.998 579.0
O] 286.5 222.6 62.2 0.417 104.1
P 166.4 154.9 68.5 0.466 26.3
Q 166.4 330.0 373 0.071 286.8
R 166.4 3154 6.2 0.707 . 813.7
S 286.5 2226 6.2 0.957 646.6
T 286.5 223.6 21.7 0.957 651.6

External Heat Transfer, Btu/h

Absorber 11,400
Generator 1 16,300 .
Generator 2 4,200
Resorber 5,700
Rectifier 3,500
Condenser 11,900
Evaporator 12,000

Internal Heat Transfer, Btu/h

Abs. heat exch. 1 3,900
Abs. heat exch. 2 4,000
Gen. HX 3,100
Abs./Gen. HX 4,700
HX2 900

COP (thermodynamic), heating 1.59
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H. COMBINATION ABSS8

Combination ABS8 incorporates a double-effect generator and a cascaded evaporator/absorber with
the fluid H,O/LiBr. The flow chart and equilibrium diagram are shown in Figure 19.

The basic H,O/LiBr cycle cannot operate at nominal heat pump conditions because the salt is not
sufficiently soluble to provide the needed vapor-pressure depression for design conditions of 37°F
evaporator / 110°F absorber. In addition, pure water cannot be used as refrigerant below its 32°F
freezing point, so the cycle cannot operate at the specified low outdoor temperature (17°F).

The cycle shown in Figure 19, however, will operate at the nominal heat pump conditions. This cycle
includes two evaporator/absorber stages in cascade arrangement to provide the needed vapor lift, a
provision for running 20% LiBr in the low-temperature evaporator to prevent freeze-up, and a
double-effect generator to achieve high COP.

As shown in Figure 17, high-pressure refrigerant at V is boiled from the solution in the high-
temperature, direct-fired generator at U-J. The intermediate solution is cooled in the liquid/liquid
heat exchanger and then goes to the low-temperature generator.

Condensation of the refrigerant from the high-temperature generator acts as the heat source for
boiling more refrigerant from the solution in the low-temperature generator at G-S. The strong
solutions at S and Y are passed through the liquid/liquid heat exchangers and then to the absorbers,
where vapor is absorbed at P-O and K-E. Condenser A and absorber P-O both reject heat to the
conditioned space in the heat pump mode. Taking heat from the outdoor air at the low ambient
condition, water evaporates from the saltwater (20% LiBr) refrigerant in the low-temperature
evaporator at B-C and is absorbed in the low-temperature absorber at K-E. The heat sink for this

absorber is the high-temperature evaporator Z-H, connected in cascade arrangement along with
absorber P-O.

Initial computer modeling of this concept was done with an outdoor temperature condition of 47°F.
Using this temperature simplified the model because a saltwater refrigerant liquid was not needed.
The results are shown in Table 23. Because the calculated COP at this condition is well below the
project goal, the concept was dropped from further consideration without actually modeling a
saltwater refrigerant loop.

1. COMBINATION ABS9

Combination ABS9 incorporates a resorption/desorption cycle to achieve double evaporation using
NHy/H,O. The flow chart and equilibrium diagram are shown in Figure 20.

Refrigerant is generated by direct heat input at O-J. This refrigerant is condensed at A and
evaporated at C. The evaporated refrigerant is resorbed at L-R in the resorption/desorption cycle
and then is desorbed at V-Y, producing double-effect evaporation. Absorption of this vapor occurs
at K-E.

This combination has a reasonably high COP, as shown in Table 24.
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Fig. 19. (a) Circuit schematic and (b) pressure-temperature-composition chart of double-effect
generator with cascaded evaporator/absorber.
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Table 23. Computer model output for ABS8 (refer to Fig. 19).

Basis: 12,000 Btu/h evaporator input

Fluid: H,O/LiBr

Point Pressure Temp. Flow Concen. H

(psia) (°F) (Ibm/h) (NHy/mix) (Btu/lb)

A 1.69 120.0 329 1.000 88.0
C 0.11 37.0 11.8 1.000 1077.6
E 0.11 76.0 77.6 0.489 —658.2
G 1.69 184.0 78.9 0.489 -301.5
H 0.32 97.7 21.0 1.000 1104.5
J 14.13 310.0 116.7 0.398 -22.8
K 0.11 107.8 65.8 0.398 —537.4
N 1.69 131.7 216.7 0.489 —460.7
O 0.32 110.0 139.1 0.489 ~534.1
P 0.32 141.7 118.0 0.398 —-4244
Q 0.32 141.7 65.8 0.398 —424.4
R 1.69 131.7 77.6 0.489 —460.4
S 1.69 204.8 66.7 0.398 -242.7
T 1.69 184.0 137.8 0.489 -301.5
U 14.13 260.8 137.8 1.000 —115.0
A" 1413 270.8 21.0 1.000 1178.9
w 14.13 210.0 21.0 1.000 178.1
X 1.69 194.1 11.8 1.000 1147.2
Y 1.69 204.8 116.7 0.398 —242.7
Z 0.32 66.0 21.0 1.000 88.0

External Heat Transfer, Btu/h

Absorber 2

Generator 1

Condenser
Evaporator

37,300
37,800
12,500
12,000

COP (thermodynamic), heating 1.32
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Internal Heat Transfer, Btu/h

Abs. 1
Gen. 2
HX1
HX2
HX3

21,400
20,900

8,100
44,700
25,700
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Table 24. Computer model output for ABS9 (refer to Fig. 20)

Fluid: NH,/H,O
Basis: 12,000 Btu/h evaporator inputs 1 and 2
Point Pressure Temp. Flow Concen. H
(psia) (°F) (Ibm/h) (NH;/mix) (Btu/lb)

A 286.5 120.0 12.4 0.998 101.0
B 286.5 88.5 12.4 0.998 63.7
C 68.9 37.0 12.4 0.998 546.1
D 68.9 111.7 12.4 0.998 583.5
E 12.3 110.0 94.2 0.188 20.9
G 286.5 137.7 939 0.188 510
H 286.5 287.9 15.7 0.857 706.8
I 296.5 262.9 32 0.312 161.8
J 286.5 380.0 81.5 0.065 3449
K 123 165.4 81.5 0.065 114.6
L 68.9 110.0 03 0.188 20.9
M 286.5 160.0 12.4 0.998 579.0
N 286.5 321.1 81.5 0.065 278.8
O 286.5 3180 93.9 0.188 246.9
P 286.5 338.2 21.2 0.659 833.6
Q 286.5 3195 8.8 0.185 249.0
R 68.9 110.0 161.4 0.459 —24.6
S - 68.9 100.0 1489 0.415 —343
T 68.9 54.9 161.5 0.459 -85.5
v 12.3 30.9 161.5 0.445 -93.7
W 12.3 37.0 11.2 0.985 567.3
Y 12.3 37.0 150.3 0.420 —-103.2
External Heat Transfer, Btu/h Internal Heat Transfer, Btu/h

Absorber 1 6,100 Abs. 2 HX 2,800
Absorber 2 11,700 Gen. HX 5,400
Generator 15,100 Rectifier 2 1,400

Rectifier 1 3,300 HX2 500
Condenser 5,900 HX3 9,800
Evaporator 1 6,000 HX11 13,400
Evaporator 2 6,000 HX12 5,000

COP (thermodynamic), heating 1.80




Several disadvantages of this combination should be considered: (1) the narrow concentration spread
requires a high solution-circulation rate, (2) the low refrigerant concentration in the generator feed
stream requires a relatively high reflux rate, and (3) the combination cannot work in the heating
mode at the low-temperature outdoor rating condition because of the narrow concentration spread.
Provision would have to be made to switch to the simple single-stage absorption cycle at low-
temperature outdoor conditions.

J. COMBINATIONS ABS10A AND ABS10B

Combinations ABS10A and ABS10B attempt to use R123a/ETFE in a double-effect generator cycle.
Combination ABS10A utilizes a resorption/desorption cycle, and combination ABS10B utilizes
regeneration. Cycle diagrams for ABS10A and ABS10B are shown in Figures 21 and 22, respectively.
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Fig. 21. Pressure-temperaturecomposition chart of doubleeffect generator with
resorption/desorption circuit.
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Fig. 22. Pressure-temperature-composition chart of double-effect generator with regeneration.

The conventional double-effect generator cycle (as used commercially by Trane in water-cooled LiBr
machines) was considered not practical for air-cooled heat pump operation with R123a/ETFE,
because first-stage generator temperatures of about 450°F would be required. Two modified versions
of the double-effect concept, involving resorption/desorption and regeneration, were therefore
considered. Each appeared potentially to offer the equivalent of about a 1.5-effect generator cycle.

The cycle for ABS10A is illustrated on the equilibrium diagram in Figure 21. In the high-temperature
generator, refrigerant is boiled out of solution at G-J. Part of the vapor is condensed as pure
refrigerant at M1, and the rest is resorbed by solution P-Q in the resorber. The heat of condensation
at M1 and the heat of resorption at P-Q both are used to boil refrigerant out of solution in the low-
temperature generator at G1-J1, and this refrigerant is condensed at A. Disregarding heat losses, two
units of heat input to the high-temperature generator produce one unit of pure refrigerant at M1 and
two units of pure refrigerant at A, thus the 1.5-effect equivalence.

To continue description of the cycle, refrigerant at C is evaporated by heat from the outdoor air and
is absorbed by solution K-L-E. The heat of absorption from K-L is used to heat the conditioned air
in the heating mode. The heat of absorption from L-E is transferred to the desorber component at
R-§S where it boils refrigerant from the solution, which in turn is absorbed at E-F. The heat of
absorption evolved at E-F also goes toward heating the conditioned space.
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This cycle is quite complicated, involving at least 3 solution pumps and several parallel solution-flow
paths. The initial results of computer calculations reveal relatively low COPs, as shown in Table 25.

Table 25. Computer output for ABS10A (refer to Fig. 21)

Fluid: R123a/ETFE
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. H
(psia) (°F) (Ibm/h) (NH,/mix) (Btu/Ib)

A 289 120.0 169.0 0.998 39.5
C 49 370 169.0 0.998 100.0
E 49 106.2 642.0 0.435 32.0
F 6.3 110.0 703.0 0.476 325
G 28.9 198.5 313.0 0.476 67.2
J 137.2 400.0 260.0 0.233 180.2
K 49 140.6 475.0 0.233 532
L 49 110.0 607.0 0.401 344
N 137.2 3353 260.0 : 0.233 - 144.6
@) 137.2 291.8 390.0 0.476 105.2
P 137.2 250.0 49.0 0.531 84.8
Q 137.2 260.0 108.0 0.743 78.8
R 137.2 180.3 108.0 0.743 53.4
S 6.3 100.0 49.0 0.531 . 276
1, 28.9 252.6 215.0 0.233 103.8
M, 137.2 230.0 69.0 0.998 65.2
External Heat Transfer, Btu/h Internal Heat Transfer, Btu/h

Absorber 17,700 Q1 4,700
Generator 16,400 Q2 4,500
Rectifier 3,000 Other exchangers 60,200
Condenser 7,800

Evaporator 12,000

COP (thermodynamic), heating 1.73
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The addition of more heat recovery schemes to improve COP makes the cycle so complex that the
system is impractical. Preparation of a schematic diagram of the cycle for this report was not
considered justified because of the cycle’s complexity and the lack of further interest in the cycle.

The cycle for ABS10B is illustrated on the equilibrium diagram in Figure 22. At the high
temperature, intermediate-pressure refrigerant is regenerated by direct heat input at conditions O-J,
and this regenerated refrigerant is absorbed at P-Q. Solution Q is pumped to the first-stage
generator where refrigerant is boiled out of the solution by direct heat input at conditions R-S, and
this refrigerant is condensed as pure refrigerant in the high-temperature condenser at M2. The heat
of absorption evolved at P-Q and the heat of condensation evolved at M2 are used to produce more
pure refrigerant from the low-temperature generator at G-J1. Thus, if heat losses are disregarded,
one unit of burner heat input at O-J and one unit of burner heat input at R-S combine to produce
one unit of refrigerant at M2 and two units at A, hence the 1.5-effect equivalence.

To continue the cycle description, refrigerant is evaporated at C and is absorbed by solution at K-E.
The solution K comes from both the first-stage generator R-S and the second-stage generator G-J1.

The computed results are shown in Table 26. Like the preceding example, this cycle is quite
complicated, especially when several heat exchangers are added to raise the COP to a reasonable
value. It was concluded that this cycle also is too complicated to be practical and that preparation
of a schematic diagram was not justified.
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Table 26. Computer output for ABS10B (refer to Fig. 22)

Fluid: R123a/ETFE
Basis: 12,000 Btu/h evaporator input

Point Pressure Temp. Flow Concen. H
(psia) (°F) (Ibm/h) (NHy/mix) (Btu/lb)

A 289 120.0 169.0 0.998 395
C 49 37.0 169.0 0.998 100.0
E 49 110.0 548.0 0.395 34.5
G 289 203.3 308.0 0.395 72.7
J 95.8 400.0 166.0 0.126 190.7
K 49 1714 213.0 0.126 190.7
@) 95.8 291.1 238.0 0.395 1104
P 95.8 317.8 91.0 0.383 123.6
Q 95.8 241.3 166.0 0.657 75.8
R 153.0 288.8 166.0 0.657 92.9
S 153.0 363.9 91.0 0.383 146.3
1, 289 287.8 2130 0.126 129.0
M, 153.0 240.0 74.0 0.998 67.6
External Heat Transfer, Btu/h Internal Heat Transfer, Btu/h
Absorber _ 15,500 Q1 4,700
Generator 1 10,800 Q2 5,900
Generator 2 8,100 Other exchangers 48,800 .
Rectifier 1 3,700
Rectifier 2 1,700
Rectifier 3 1,900
Condenser 8,100
Evaporator 12,000

COP (thermodynamic), heating 1.63
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K. COMBINATION ABS11

Combination ABS11 incorporates a double-effect generator, common-condenser cycle with generator
heat exchange/absorber heat exchange. The fluid employed is NH,/H,O.

The flow schematic and equilibrium diagram are shown in Figure 23. Refrigerant is generated at
O1-J1 by direct heat addition and at O-J by heat Q2 from the high-temperature absorption process
at E1-K1 and by heat Q1 from the high temperature rectifier. All the refrigerant is condensed at A
and is evaporated at C, with some of it going to the high-temperature absorber at E1-K1 and some
to the low-temperature absorber at E-K.

Table 27 shows computer model calculations for ABS11. The COP is the highest of any of the binary
fluid systems investigated, but this concept has the same disadvantages as combination ABS9: (1) the
narrow concentration spread requires a high solution-circulation rate, (2) the low refrigerant
concentration in the generator feed stream requires a relatively high reflux rate, and (3) the
combination cannot work in the heating mode at the low-temperature outdoor heating condition
because of the narrow concentration spread. Provision would have to be made to switch to the
simple single-stage absorption cycle at low-temperature outdoor conditions.
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Table 27. Computer output for ABS11 (refer to Fig. 23)

Basis: 12,000 Btu/h evaporator input

Fluid: NH,/H,0

Point Pressure Temp. Flow Concen. H
(psia) (°F) (Ibm/h) (NH,/mix) (Btu/lb)

A 286.5 120.0 24.9 0.998 101.0
B 286.5 89.2 24.9 0.998 64.5
C 68.9 37.0 249 0.998 546.1
D 68.9 110.0 249 0.998 582.6
E 68.9 110.0 99.5 0.456 —24.6
G 286.5 137.9 99.5 0.456 7.0
J 286.5 250.0 82.6 0.345 142.0
K 68.9 147.7 82.6 0.345 26.7
M 286.5 160.0 24.9 0.998 579.0
N 286.5 2235 82.6 0.345 112.3
O 286.5 209.3 99.5 0.456 88.1
E, 68.9 220.0 81.6 0.157 148.5
G, 286.5 254.2 81.6 0.157 185.1
H 286.5 3442 14.9 0.627 854.4
1 286.5 3159 6.9 0.193 2437
J; 286.5 380.0 73.5 0.065 344.9
K, 68.9 266.2 73.5 0.065 . 2197
N, 286.5 333.0 81.6 0.065 3126
01 286.5 333.0 81.6 0.157 268.8

External Heat Transfer, Btu/h

Absorber
Generator
Rectifier
Condenser
Evaporator

11,300
12,100

900
11,900
12,000

Internal Heat Transfer, Btu/h

Abs. HX1
Abs. HX2
Gen. HX1
Gen. HX2
HX1

HX2

HX3

Q1

Q2

COP (thermodynamic), heating 1.99

3,100
3,000
2,500
2,400
7,100

900
6,800
6,400
5,700




VL. SELECTION OF PREFERRED CYCLE/FLUID COMBINATIONS

A summary of the cycle/fluid combinations described in the previous section is provided in Table 28.
Table 29 shows the primary outputs that are of interest from the computer model calculations,
namely, heating COP, theoretical pump power, and internal heat transfer. Basically, heating COP
and theoretical pump power affect operating cost, while internal heat transfer influences the first cost
of the system.

To make a rigorous comparison of the various systems including the effects of the three parameters,
a rating procedure was developed based on penalty points. The method of assigning penalty points
is shown in Table 30. The ranking of the systems according to this procedure is shown in Table 31.
The following are some observations concerning the rankings:

1.

2.

The nine highest-ranking cycle/fluid combinations are ternary fluid systems.

The four highest-ranking systems utilize the ternary mixture NH,/H,O/LiBr.

. The three highest-ranking binary mixture systems utilize the mixture NH,/H,O.

. The highest-ranking binary system utilizes regeneration, absorber/generator heat exchange, and

generator heat exchange/absorber heat exchange.

. The second highest-ranking binary system is a double-effect generator, common-condenscr system

with generator heat exchange/absorber heat exchange. Nevertheless, while the system looks good

at the 47/43/70 rating condition, operation would not be possible in the double-effect mode at the
17/15/70 condition. '

. The third highest-ranking binary system is a somewhat simpler system utilizing both

absorber/generator heat exchange and generator heat exchange/absorber heat exchange.
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Table 28. Cycle/fluid combinations

Cycle/Fluid

Designation Fluid Cycle
ABS1 NH,/H,0 Generator heat exchange/absorber heat exchange
ABS2 R22/DMETEG Generator heat exchange/absorber heat exchange
ABS3 R123a/ETFE Generator heat exchange/absorber heat exchange
ABS4 NH,/H,0O Absorber/generator heat exchange, generator heat exchange
/absorber heat exchange
ABSS R22/DMETEG Absorber/generator heat exchange, generator heat exchange
/absorber heat exchange
ABS6A R22/DMETEG Regeneration, absorber/generator heat exchange, generator
heat exchange/absorber heat exchange
ABS6B NH,/H,0O Regeneration, absorber/generator heat exchange, generator
heat exchange/absorber heat exchange
ABSTA R22/DMETEG Two-stage absorption, flash regeneration abs./gen. heat
exch., gen. heat exch./abs. heat exch.
ABS7B NH,H,O Two-stage absorption, flash regeneration abs./gen. heat
exch., gen. heat exch./abs. heat exch.
ABS8 LiBr/H,O Double-efiect generator, cascaded evaporator/absorber
ABS9 NH,/H,O Use of resorption/desorption cycle to achieve double effect
evaporation
ABS10A R123a/ETFE Double-effect generator with resorp./desorp. cycle
ABS10B R123a/ETFE Double-effect generator with regeneration
ABS11 NH,/H,O Double-effect generator, common condenser, generator
heat exchange/absorber heat exchange
ABS12 NHyH,O/LiBr Abs./gen. heat exch., gen. heat exch./abs. heat exch.
ABS13 NH,/H,O/LiBr Same as ABS12 plus absorbent recirculation
ABS14 NHyH,O/LiBr Same as ABS13 plus regeneration
ABS15 CH,;NH,/H,O/LiBr Same as ABS12
ABS16 CH;NH,/H,O/LiBr Same as ABS13
ABS17 CH;NH,/H,0O/LiBr Same as ABS14
ABS18 NH,/H,O/LiBr Same as ABS12 except resorption/desorption cycle
substituted for conventional evaporator/condensor
ABSI19 NH,H,O/LiBr Same as ABS13 except resorption/desorption cycle
substituted for conventional evaporator/condensor
ABS20 NH,/H,O/LiBr Same as ABS14 except resorption/desorption cycle
substituted for conventional evaporator/condensor
ABS21 CH,OH/LiBr/ZnBr Generator heat exchange/absorber heat exchange
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Table 29. Computer model results

Cycle/Fluid COP,* Theoretical Pump Internal Heat
Designation Power, W** Transfer, Btu/h**

ABS1 1.67 6.5 6,000
ABS2 1.77 333 16,200
ABS3 1.75 3.9 15,300
ABS4 1.74 59 7,200
ABSS5 1.81 324 18,600
ABS6A 1.72 54.6 30,100
ABS6B 1.94 83 14,000
ABS7A 1.77 33.0 16,600
ABS7B 1.59 6.0 6,100
ABS8 1.32 0.3 29,100

ABS9 1.80 14.7 17,000
ABS10A 1.73 21.0 29,300
ABS10B 1.63 12.0 23,100
ABS11 1.99 20.1 18,900
ABS12 2.08 6.6 9,100
ABS13 2.19 7.8 10,800
ABS14 232 10.0 14,300
ABS15 1.87 29 8,000
ABS16 2.09 39 11,200
ABS17 2.18 39 14,400
ABS18 2.00 7.2 12,800
ABS19 2.29 8.5 16,000
ABS20 245 9.9 22,000
ABS21 1.58 2.8 10,900

* Neglecting flue losses.

** Per 12,000 Btu/h Heating.
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Table 30. Definition of penalty points

Penalty Points COPy Theoretical Pump Internal Heat
Power, W* Transfer, MBH*+

-5 2.5 - ---
-4 24 --- -
-3 23 --- -
-2 22 - ---
-1 21 - ---
0 2.0 0 0

1 1.9 10 12

2 1.8 20 24

3 1.7 30 36

4 1.6 40 48
etc. etc. etc. etc.

* per 12,000 Btu/h heating
¥ MBH = million Btu/h
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Table 31. Ranking of cycle/fluid combinations

Rank Cycle/Fluid COP Penalty Points IHE Total Sensitivity
Designation Pump Power Analysis

**1 ABS20 -45 1.0 1.8 -1.7 0.1
2 ABS14 -32 1.0 1.2 -1.0 0.2
3 ABS19 =29 0.8 1.3 -0.8 0.5
4 ABS13 -1.9 0.8 0.9 ~-02 0.7
5 ABS17 -18 0.5 1.2 -0.1 1.1
6 ABS16 -09 0.4 1.0 0.5 1.5
7 ABS12 -0.8 0.7 0.8 0.7 1.5
8 ABS18 0 0.7 1.1 1.8 29
9 ABS15 1.3 0.3 0.7 23 3.0
**10 ABS6B 0.6 0.8 1.2 2.6 38
1 ABS11 0.1 2.0 1.6 3.7 53
**12 ABS4 2.6 0.6 0.6 38 44

**13 ABS3 25 0.4 1.3 4.2 55
**14 ABS1 33 0.7 0.5 45 50
15 ABS9 2.0 1.5 1.4 4.9 6.3
16 ABS7B 4.1 0.6 0.5 52 5.7
17 ABS21 4.2 0.3 0.9 5.4 6.3
18 ABSS 1.9 3.2 1.6 6.7 8.3
19 ABS10B 3.7 1.2 1.9 6.8 87
20 ABS2 23 33 1.4 7.0 8.4
21 ABS7A 23 3.3 14 7.0 8.4
22 ABS10A 2.7 21 24 72 9.6
23 ABS8 6.8 0 24 9.2 11.6
24 ABS6A 2.8 5.5 25 108 133

* Total with double penalty points for Internal Heat Exchange.
** Selected for more detailed economic analysis.

SENSITIVITY ANALYSIS

Questions might be raised about the validity of the penalty point method of ranking systems as
defined in Table 30. Concerning the relative importance of heating COP and theoretical pump
power, however, it can be shown that a 1-penalty-point differential translates into approximately the

73



same operating-cost differential for gas and electricity usage when burner efficiency, pump efficiency,
motor efficiency, and typical electricity and gas prices are used. The biggest question is how the
penalty points assigned to operating cost (COP and pump power) compare with the penalty points
assigned to first cost (internal heat transfer).

A first-order analysis shows that a 1-penalty-point differential in internal heat transfer will give a 5-
to 10-year payback if an efficiency improvement can be achieved comparable to a 1-penalty-point
differential in heating COP and pump power. Because this payback is longer than is generally
accepted in commercial and residential products, the ranking is repeated with the penalty points for
internal heat transfer doubled. This would translate into a 2.5- to 5-year payback. The results are
shown in the far right column of Table 31.

Doubling the penalty points for internal heat transfer has no effect on the ranking of the top ten
cycle/fluid combinations. Nevertheless, it does affect the relative ranking of the second through the
fifth highest-ranking binary fluid systems, with the double-effect system moving from the second to
the fourth highest-ranking binary fluid system.

The five systems selected for further economic analysis are identified in Table 31. Four of these were
selected from the top five binary fluid systems, primarily because this work was done before the scope
of the project was expanded to include ternary fluids. The other system chosen was the highest
ranking ternary fluid system. The second-ranking binary system, the double-effect generator, was
dropped from consideration because of its operational problems at low ambient temperatures and
because the sensitivity analysis showed a lower ranking when more empha51s was placed on first cost
in the ranking procedure.
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VIL PRELIMINARY SYSTEM DESIGNS AND INSTALLED COST ESTIMATES

Preliminary system designs were developed for each of the five systems selected for further economic
analysis. The design concept selected would use a secondary fluid loop for both the indoor and
outdoor coils. System reversal was accomplished by switching secondary fluid flows. Parametric
studies were conducted using the computer models to investigate efficiency/cost trade-offs for each
design. Designing the ABS1 and ABS3 systems to meet or exceed project COP goals was determined
to be impractical, so designs were selected that did not meet the goals. The other three systems met
or exceeded project COP goals, although ABS4 required very small approach temperatures for the
solution-side heat exchanger and relatively large air-side heat exchangers. Cost estimates were
developed for a 100-ton unit of each of the five preliminary designs. In most cases, cost estimates
were based on the fabrication costs of similar equipment in this size range. Thus, heat exchanger
designs and materials were not specified, but costs were assumed to be similar to the costs of
two-stage absorption chillers with comparable heat transfer requirements.

A summary of the performance and installed-cost estimates of the five preliminary designs are given
in Table 32. The high installed cost of the ABS3 system should be noted,; it is caused in large part
by an attempt to utilize brazed aluminum construction in the design. It was found, however, that
large-frontal-area brazed exchangers were required to avoid flooding in the rectifier and absorber
sections, resulting in higher-than-expected exchanger costs. Although the costs of a more
conventional design were not estimated, they would be higher than those of the ABS4 or ABS6B
designs because of lower heat and mass transfer coefficients for the R123a/ETFE vs. NH,/H,O and
because of higher internal heat transfer requirements. Thus, the ABS3 was dropped from further
consideration.
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Table 32. Summary of preliminary system performance and installed cost

(Size basis for all systems is 100-ton cooling capacity @ 95°F.)

Cycle Designation
Characteristic
ABS1 ABS3 ABS4 ABS6B ABS20
Cooling (45 °F glycol solution circulated to conditioned space)
Capacity (MBH) @ 1200 1200 1200 1200 1200
95°F
(MBH) @ 115°F 1060 -- 960 1020 9000
COP (incl. 85% @ 0.56 0.65 0.80 0.91 1.21
95°F comb. eff.)
@115°F 0.51 - 0.64 0.78 0.90
Heating (120°F glycol solution circulated to conditioned space)
Capacity (MBH) 2880 2880 2380 2170 2050
@47°F
TTTT@17°F 2740 - 2060 1870 1570
COP (incl. 85% @ 1.35 1.55 1.61 1.65 2.08
47°F comb. eff.)
@ 17°F 129 - 1.40 1.41 1.59
Parasitic power
Fanpower, outdoor 15 15 15 15 15
(kW)
indoor (kW) . 13 13 13 13 13
Glycol sol’'n pump, 4 4 4 4 4
outdoor, kW
" indoor, kW 4 4 4 4 4
Solution pump, kW 6 35 5.3 7.4 9
Cost
Installed cost $60,900 $143,200 $78,500 $79,500 $90,500
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VIL USER ECONOMICS

The parameters used in examining the economic feasibility of the absorption heat pump systems were
simple payback (SPB) period and after-tax internal rate of return (IRR). The following assumptions
were used in computing these parameters:

® Equipment Life 20 years
e Tax Rate 48%
® Investment Tax Credit 10%
® Property Tax 1%
® Insurance 0.5%
e Inflation Rate 7%
® Energy Cost Escalation Rate (including inflation)
Gas: 1984, 1985 12%
after 1985 9%
Electricity: 1984, 1985 10%
after 1985 7%

TRACE, Trane’s computer program for building-system energy and economic analysis, was used to
compare the various system alternatives. An apartment building with a design cooling load of 155
tons was used. System alternatives were compared to a reference system that included an air-cooled
reciprocating water chiller and a gas-fired boiler. The primary analysis was conducted using Chicago
weather data, 1983 Commonwealth Edison electricity prices, and $0.55/therm gas prices. In addition,
the effects of geographic region and electricity prices were investigated by including weather data
from New York and Atlanta and electricity prices of Con-Edison and Georgia Power.

Typical results from the TRACE program are shown in Table 33 for the Chicago location. SPB and
IRR values look quite good for the ABS4, ABS6B, and ABS20 systems when compared with the
reference system. There is not a great deal of difference among the three systems, but ABS4 is best.
System ABS3 was discarded previously, and System ABS1 is not shown in Table 33 because it has a
negative payback (i.e., operating costs are higher than those of the reference system). This is not
surprising because neither of these systems met project design goals for efficiency.
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Basis: Apartment building in Chicago climate with Commonwealth Edison rate structure. All costs

in 1983 dollars.

Table 33. Results of user economics analysis

System
Parameters Conven- | ABS4 | ABS20 | ABS6B
tional

Size, tons cooling 155 155 155 155

Installed cost, $/ton 490 678 780 687

Heating COP, 47°H 0.8 1.61 2.08 1.65

Heating COP, 17°H 0.8 1.37 1.59 1.41

Cooling COP, 95°F 3.0 0.80 1.21 0.91

Cooling COP, -- 0.64 0.90 0.78
Input ll115°F

Parasitic power, 0.18 0.283 0.319 0.304

kW/ton

Ann. elec. 1022 1017 1074 1044

consump., kW/h

Ann. gas consump., 83.1 64.5 48.1 63.7

therms

Elect. cost, energy 50.5 49.3 51.5 50.5
Output Elect. cost, 15.0 12.9 13.3 13.1

demand, $

Gas cost, $ 45.7 35.5 27.7 35.0

Total utility cost, $ 111.2 97.7 91.7 98.7

SPB, years -- 22 2.3 2.5

IRR, % -- 37 30 34.2

Other points to be noted concerning Table 33 are as follows:

® The installed cost figures do not agree with those in Table 32 because $/ton decreases with
increasing tons.

®  The annual electric consumption numbers include everything for the building, not just HVAC
equipment.

® Two of the three absorption systems require more annual electrical energy than does the
conventional system, because the absorption system pumps were assumed to run continuously

while gas flow was modulated.

® The absorption systems all show slightly lower electric energy costs because of lower demand
charges. Demand charges are higher today than in 1983 and are on an increasing trend.
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® The primary operating-cost savings result from less gas consumption by absorption heat pumps
during the heating season. Thus, the economics of absorption heat pumps will improve as the
cost of gas increases and will be related primarily to the cost of gas rather than to the relative
cost of gas and electricity.

The results of a parametric study for the Chicago location are shown in Figure 24. SPB and IRR are
plotted vs. installed cost in $/ton for various efficiency levels. These curves can be used to set cost
goals for a given efficiency level.

The effects of geographic location on the economics of the ABS4 system are illustrated in Table 34,
which shows that the economics are marginal in New York and probably are not widely acceptable
in Atlanta. The reason for this is that in warmer climates more gas is burned during the summer, and
less gas is saved during the winter, which suggests that a system with a higher cooling COP likely will
be required in warmer climates. Although a TRACE run was not made for the ABS20 system in
Atlanta, an approximate calculation indicates that the SPB for the ABS20 system would be less than
S years there.
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Table 34. Summary of trace runs

Basis: Apartment building in various locations, all having the same (Commonwealth Edison) energy
price structure.

Parameters Run No.
9-1 9-2 10-1 . 10-2 11-1 11-2
Weather (location) |Chicago|Chicago| New New | Atlanta | Atlanta
York York
System conv. | ABS4 | conv. ABS4 conv. ABS4
Heating COP, 47°F | 0.8 1.61 --- 1.61 --- 1.61
Heating COP, 17°F | 0.8 1.37 -- 1.37 --- 1.37
Cooling COP, 95°F | 3.0 0.80 --- 0.80 - 0.80
Input |[[Cooling COP, 115°F| --- 0.64 - 0.64 - 0.64
Cost, $/ton 490 678 490 678 490 678
Data g rasitic power, kW | — | 0283 | — | 0283 | 0283
[ “so’n pump — | 0.053 0.053 0.053
| OD.fan 014 | 0.15 0.15 0.15
[ glycol pumps 004 | 008 0.08 0.08
| size, tons cooling | 155 | 155 163 | 163 161 161
Ann. elec. consump.,| 1022 1017 1045 1029 1071 1021
103 kW/h :
Ann. gas consump., | 83.1 64.5 66.6 56.3 52.2 523
103 therms
Elec. cost, energy, 50.5 493 51.5 49.8 52.6 49.5
103 § ,
Output
Elec. cost, demand 15.0 129 14.4 13.0 15.7 12.8
Data ||103 %
Gas cost, 103 § 45.7 35.5 36.6 31.0 28.7 28.8
Total utility cost, 1112 | 97.7 102.5 93.8 97.1 91.2
103 §
SPB, years --- 2.2 - 4.3 --- 6.5
IRR, % --- 37.2 --- 22,6 - 15.2
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IX. CONCLUSIONS

The primary conclusions of this program to date are as follows:

1.

The gas-fired absorption heat pump can be an attractive heating/cooling alternative in the
commercial market. The economics look best in areas that have high heating loads.

. The economics of the commercial gas-fired absorption heat pump will improve as the cost of gas

increases, at least to the point at which an all-electric system shows lower operating costs in
northern climates.

. Compared to the conventional electric chiller/gas boiler system used as the reference system in this

study, the gas-fired absorption heat pump accomplishes the DOE’s goal of conserving energy, and
it provides much more balanced loads for both electric and gas utilities.

. The preferred absorption cycle for commercial gas-fired heat pumps contains the following

efficiency enhancement features:

® generator heat exchange/absorber generator heat exchange,

absorber/generator heat exchange,
® regeneration, and

®  a resorption/desorption circuit to replace the conventional condenser/evaporator circuit.

. The preferred fluid at this point appears to be the ternary mixture NH,/H,O/LiBr, with

CH,;NH,/H,O/LiBr as a possible alternative. The preferred binary mixture is NH,/H,0.
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