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This work develops simulation models for absorption heat pumps
(AHPs) with the goal of enabling a more analytical approach to their
study and design. A continuous, liquid absorbent AHP with chemical
storage is modeled using mass and energy balances and assuming mass
transfer equilibrium. This model is used with the TRNSYS program to
simulate the performance of an AHP in a residential solar-driven
heating and cooling system. For the three U.S. climates investigated,
an AHP wusing the NaSCN—NH3 chemical system provides significant
non-purchased energy to the load. Compared to a conventional solar
system, the heating performance of the AHP system is better at low
collector areas but the cooling performance is slightly lower. The
performance 1is generally improved by increasing the storage mass or
thermal capacitance of the system. The two alternate control
strategies studied were of little advantage.

The steady-state and cyclic testing of a prototype gas—fired
ammonia-water AHP in an envirommental chamber is described; measure-
ments include temperatures, pressures, absorbent concentrations, flow
rates and heat flows. The coefficient of performance and heating
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capacity depend most strongly on ambient temperature; varying the load
water temperature and flow rate has lesser effects. The performance
of the wnit is sensitive to refrigerant charge, with the optimum
charge varying with ambient temperature. This AHP shows a significant
performance degradation in cyclic operation.

A modular, steady-state simulation program for absorption heat
pumps is developed and validated with experimental data. The model
utilizes an analysis of the refrigerant and absorbent inventory to set
the system pressures. Property relations are supplied as separate
subroutines. The rectifier, condenser, evaporator, and refrigerant
heat exchanger are modeled with a general N-stream heat exchanger
component employing a finite difference formulation. The analyzer is
treated as a series of equilibrium stages. An analysis of
simult aneous heat and mass transfer is applied to each row of the
falling-film  absorber. The agreement between experiments and
simulations is generally good, although several needed refinements to
the model are identified. A factorial design 1is carried out to

investigate the performance sensitivity to design parameters.

iii



ACKNOWLEDGEMENTS

One cannot complete a task such as the one represented by this
thesis without the support and assistance of many others. Most of all
I would like to thank my advisors in this project, Professors Sanford
Klein and John Duffie. Sandy's unfailing enthusiasm for the project
and his belief in me made it much easier to keep plugging away at
those times when it seemed like the light at the end of the tunnel was
actually an oncoming train. Jack's broader perspective was invaluable
and his ability to keep things afloat in the always uncertain area of
research funding enabled the project (and I) to survive. Together,
they gave me the freedom to learn and pursue my own ideas but they
always steered me back on course when I started to wander. Professors
Duffie and Klein, along with Professors John Mitchell and William
Beckman, also deserve credit for the stimulating yet relaxed
atmosphere that exists at the UW Solar Energy Laboratory.

I am extremely appreciative of the opportunity to do experimental
work at the National Bureau of Standards. Although everyone in the
Building Equipment Division was very helpful, I would especially like
to thank Reinhard Radermacher for all of his help and my past (and
future) group leader David Didion for turning a fledgling
experimentalist lose in the absorption lab.

I would like to thank my colleagues in the Solar Lab for their

willingness to exchange ideas and help out when the Univac was

iv



yielding only IGDM and DQO errors. But more importantly, thanks for
your friendship over the course of the years. One could not hope for
a better group of people to work with.

To all of my friends, but especially Bob, Daryl, Kim, Mick, Bob,
Bill and Susie, thanks for helping me keep my perspective and giving
me a chance to occasionally clear my mind of things associated with
research. To my parents, I owe so much to you; thank you for getting
me started on the right track.

Finally, I would 1like to acknowledge the organizations that
funded the various phases of this endeavor. Thanks to the Department
of Energy's Office of Conservation and Solar Energy, Oak Ridge
National Lab (with funds from DOE), and the Graduate School and
Chemical Engineering Department of the University of Wisconsin. The
fellowship support of the Wisconsin Alumni Research Foundation and the
Department of Chemical Engineering's Schulte Fellowship 1is sincerely

appreciated.



ABSTRACT

TABLE OF CONTENTS

ACKNOWLEDGEMENTS .

LIST OF FIGURES

LIST OF TABLES .

NOMENCLATURE . . . . . . « .« « « .
SUMMARY
CHAPTER 1 INTRODUCTION . . . . . . . .
1.1 Concept of the Absorption Heat Pump .
1.2 Heat-driven Heat Pumps . . . . . . « « .« .
1.2.1 Performance of heat-driven heat pumps
1.2.2 Heat pump driven by a heat engine
1.3 Thermochemical Devices
1.4 Absorption Heat Pumps . . . . . . . . . . .
1.4.1 Cycle description and variations
1.4.2 Historical perspective . . . . . .
1.4.3 Chemical systems for absorption heat pumps
1.4.4 Applications for absorption heat pumps .
1.5 Objectives . . . . . . . . . . ..
CHAPTER 2 SIMULATION OF ABSORPTION HEAT PUMPS WITH CHEMICAL
STORAGE IN SOLAR ENERGY SYSTEMS
2.1 Solar Energy Applications of AHPs With

Chemical Storage . . . . . . « . . « . .

vi

ii

iv

xii

XV

xviii

11

14

17

17

21

23

26

27

29

29



2.2

2.3

2.4

2.5

2.6

2.7

Review of Solar Absorption Heat Pump Work .

2.2.

2.2.

2.2.

1

2

6

AHPs with thermal energy storage . . . . . .
Solid absorbent AHP systems

Liquid absorbent systems

Absorbent suspended in an inert solvent

Modeling of AHPs with chemical energy
storage . . . . . . ... ...

Previous work by author

Transient Simulation and the TRNSYS program .

Description of Simulated System .

Transient Simulation Model

2.5.

2.5.

2.5.

2.5.

2.6.

2.6.

1

2

3

4

5

6

Absorption heat pump component .
Heating and cooling load model
Control strategy . . . . . . . . . . . .

Conventional solar heating and cooling
system . . . . . 4 0 .0 ..

Simulations--Results and Discussion
Effects of collector area and storage mass .
Effects of climate .

Effects of storage mass and additional
thermal capacitance . .

Effects of chemical system .
Effects of heat exchanger effectiveness

Effects of alternate control strategies

Summary and Conclusions for Solar AHP Systems

vii

31

31

35

37

39

40

43

45

47

51

51

58

58

61
62
62

68

72

78

81

82

86



CHAPTER 3 EXPERIMENTAL INVESTIGATION OF AN ABSORPTION

HEAT PUMP . . . © + ¢ ¢ v o o o o o o o o o o o o« o 88
3.1 Description of the AHP . . . . . . . . . .+ . .« « . . 88
3.2 Test Facility . . . v v ¢ ¢ v v v v v v v 0 0 e e 94
3.2.1 Envirommental chamber . . . . . . . . . . . . 94

3.2.2 Load water system . . . . . .« . . . o . . . . 96

3.2.3 Instrumentation . . . . . . .« « « <« « 4 . 97
3.3 Test Procedure . . . « ¢ ¢ ¢« « o o o« o o 4 e e e e 99
3.3.1 Steady-state tests . . . . . . . . . . . . . . 99

3.3.2 Absorbent solution sampling . . . . . . . . . 100
3.3.3 Cyclic tests . . . . . . . « v « .+ .« . .. .. 101
3.4 Steady-State Test Results . . . . . . . . . . . . . . 103
3.4.1 Overall performance tests . . . . . . . . . . 103
3.4.2 Cycle investigation tests . . . . . . . . . . 107
3.4.3 Component analysis . . . . . . . « « « . . . . 112
3.5 Cyclic Performance of the Absorption Heat Pump . . . 115
3.5.1 Cyclic test results . . . . . . . . . . . . . 115

3.5.2 Cyclic performance considering the effects
of load . . . . . . . . v o o e ... 12

3.5.3 Frost accumulation test . . . . . . . . . . . 123

3.6 Summary and Conclusions for the Experimental
Investigation . . . . . « « + + + « 4+« e 4 o o« . . 123

viii



CHAPTER 4 STEADY-STATE MODELING OF ABSORPTION HEAT PUMPS

4.1

4.3

4.4

4.5

Review of Existing Absorpion heat pump models

4.1.1
4.1.2
4.1.3
4.1.4
4.1.5
4.1.6

4.1.7

Koenig, et al.

A.D. Little Company

Anand, et al.

Vliet, et al.

Grossman, et al.

Other absorption heat pump models

Synopsis of existing AHP models

Characterization of System

Steady-State Modeling Techniques

Steady-State Absorption Heat Pump Model .

Component Descriptions

4.5.1

4.5.2

4.5.3

4.5.4

4.5.5

4.5.6

4.5.7

4.5.8

Generator

Analyzer .

General N-stream heat exchanger
Falling-film absorber

Throttle valves

Solution pump

Stream mixer/vapor-liquid separator

Convergence component

ix

125

125

125

127

128

129

132

135

137

137

145

147

150

150

154

158

168

177

179

181

183



4.6

4.7
4.8
4.9

4.10

CHAPTER 5

APPENDIX A

A.l

A.2

A.3

APPENDIX B

B.1

B.2

Simulation of the Prototype AHP .

4.6.1

Cycle representation . . . .

4.6.2 Iteration sequence .

4.6.3 Estimation of heat pump parameters

Comparison with Steady-State Experimental Data

Sensitivity Study of an Absorption Heat Pump

Inventory Analysis and Pressure Iteration .

Summary and Conclusions for the Steady-State
Modeling of Absorption Heat Pumps .

CONCLUSIONS AND RECOMMENDATIONS

USER DOCUMENTATION FOR TRNSYS COMPONENTS

Absorption Heat Pump Subsystem

AHP Controller Component . . . . .

Heat Exchange Switching Component .

USER DOCUMENTATION FOR STEADY-STATE
SIMULATION PROGRAM

Simulation Deck . . .

Component Specifications

B.2.1 Type

B.2.2 Type

B.2.3 Type

B.2.4 Type

B.2.5 Type

1 generator . . . . .

. . .

AHP

2 falling-film absorber .

3 pump
4 throttle

5 general N-stream heat

exchanger .

189
189
191
193
197
206

214

223
226
230
230
235

239

242
242
248
249
250
252
253

254



B.3

APPENDIX C

c.1

APPENDIX D

D.1

D.2

D.3

APPENDIX E

REFERENCES

B.2.6 Type 6 analyzer

B.2.7 Type 7 flow mixer/stream splitter

B.2.8 Types 8 and 9

B.2.9 Type 10 convergence component . .
Example Simulation Deck and Program Qutput . .
PROPERTY RELATIONS

Sodium Thiocyanate-Ammonia System e e
C.1.1 Empirical property relations

C.1.2 Subroutine TMIXU . . . . . . . . . . .
Ammonia-Water System . . . .

c.2.1 Pressure—temperature-compositioﬁ behavior
C.2.2 Enthalpy .

C.2.3 Specific volume . . . . . . .

C.2.4 Subroutine YT

C.2.5 Table interpolation for P-T-x behavior .
TEST DATA FOR THE PROTOTYPE ABSORPTION HEAT PUMP
Overall Performance Steady-State Tests

Cyclic Tests . . . . . ¢« « v v v o o o

Cycle Investigation Tests . . . . .

COMPUTER PROGRAMS . . . . . . . . . . . .

xi

257

258

258

259

260

264

264

264

267

268

271

274

275

276

278

280

285

296

302

318

322



LIST OF FIGURES

Figure

1-1

1-5

1-6

2-1

2-2

2-3

Operation of a heat-driven heat pump to produce high
temperature heat . e

Operation of a heat-driven heat pump to upgrade low
temperature heat . e e e e e

Carnot analysis of a heat-driven heat pump . . . . . . .

Carnot COPs for a heat-driven heat pump for a load
temperature of 20C . . . . . . . . . . .

The basic absorption heat pump cycle . . . . . . . . .

Continuous absorption heat pump cycle incorporating
chemical energy storage . .

Solar-powered absorption chiller with hot-side thermal
energy storage .

Absorption heat pump with combined condenser/refrigerant
storage tank and absorber/absorbent storage tank .

Absorption heat pump solar heating and cooling system

Relationship between condenser temperature and generator
concentration and temperature for the NaSCN—NH3
chemical system . . . . . . R

Effect of collector area and storage mass on seasonal

FNP for AHP system in Columbia .

Effect of collector area on seasonal F for conventional

solar heating and cooling system in Columbia

Effect of collector area on seasonal FNP for AHP system
in Madison . . . « ¢« .+ v v v v e e e e e e e e e e

Effect of collector area on seasonal F for AHP system
. NP
in Fort Worth . . . . . . « « « « o 0 v v o o 00 e

xii

Page

10

10

12

13

18

22

32

48

50

54

65

67

69

70



Figure Page

2-9 Monthly average diurnal distribution of heat rejected to
ambient during August in Columbia for varying thermal
capacitance added to storage tanks; chemical mass = 100 kg 75

2-10 Monthly average diurnal distribution of heat rejected to
ambient during August in Columbia for varying thermal
capacitance added to storage tanks; chemical mass = 500 kg 76

2-11 Monthly average diurnal distribution of heat extracted
from ambient during January in Columbia for varying
thermal capacitance added to storage tanks; chemical
mass = 500 kg . . . . . L 0 o0 0 0 0 0 e e e e e e e e 79

3-1 Schematic of the Arkla prototype absorption heat pump,
including location of instrumentation . . . . . . . . . . 90

3-2 Heat pump test facility at the National Bureau of
Standards . . . . . . . . 0 h 0 e e e e e e e e e e e e 95

3-3 Coefficient of performance and heating capacity for the
Arkla AHP as a function of ambient temperature . . . . . . 104

3-4 Effect on COP of varying inlet load water temperature
for three ambient temperatures . . . . . . . . . . . . . . 106

3-5 COP of the Arkla AHP as a function of ambient temperature
and relative refrigerant charge . . . . . . . . . . . . . 113

3-6 Cyclic performance of the Arkla AHP in terms of part load
and heating load factors for two cycling rates . . . . . . 118

3-7 Heating capacity and evaporator inlet and outlet
temperatures as a function of time for a cyclic test

with a 50 percent burner on time . . . . . . . . . . . . . 119

3-8 Assumed heating load and calculated cyclic COP for the
Arkla AHP as a function of ambient temperature . . . . . . 122

4-1 Schematic for the characterization of the absorption heat
pump cycle . . . . . . o . . . 0 0 o e e e e e e e e .. 139

4-2  Overall structure of the steady-state simulation program . 149
4-3  Schematic representation of the generator model . . . . . 153
4-4  Modeling of the analyzer with equilibrium stages . . . . . 155

xiii



Figure Page
4-5 General N-stream heat exchanger component schematic . . . 158
4-6  Behavior of the unmodified fourth-order Runge-Kutta

integration for the solution of an evaporator node

nearing saturation . . . . . . . . . . . 4 4 4 e . . . . . 164

4-7 Falling film absorber component schematic . . . . . . . . 169

4~-8 Flowrate-pressure drop behavior as a function of outlet
quality for the condenser throttle . . . . . . . . . . . . 180

4-9 Schematic representation of the stream mixer/vapor-liquid
separator model . . . . . . . . . . . 4 . 0 4 e e e .. . 182

4-10 Recyclic information loops and the location of the
convergence component in a simulation . . . . . . . . . . 184

4-11 Geometric interpretation of the Wegstein and successive
substitution iteration methods . . . . . . . . . . . . . . 186

4-12 Simulation schematic for the Arkla prototype absorption
heat pump . . . . . . . . . . . o . . o . v e o .o . 190

4-13 1Iteration sequence for the simulation of the Arkla AHP . . 192

4-14 Measured and simulated cycle COPs for the Arkla AHP as a
function of ambient temperature . . . . . . . . . . . . . 198

4-15 Contours of constant inventory as functions of low and
high side system pressures calculated for the Arkla AHP
at an ambient temperature of -9 C . . . . . . . . . . . . 222

A-1 Schematic representation of the TRNSYS absorption heat
pump subsystem component . . . . . . . . .« .« 4 « 4 . . . . 231

xiv



LIST OF TABLES

Tab le Page

2-1 Summary of property relations needed for the TRNSYS AHP
model . . . . . . . . . e e e e e e e e 52

2-2  Fixed parameters for the solar AHP simulation . . . . . . . 63

2-3  Average collector and refrigerant tank temperature,
absorbent tank concentration, collector efficiency, COP,
tank losses and load for the base case sigulation
(Columbia, 1000 kg chemical storage, 25 m" collector) . . . 66

2-4 Effect of location and collector area on fraction non-
purchased energy, load, and non-purchased energy delivered
to the load for systems with 1000 kg chemical storage . . . 71

2-5 Effect of chemical storage mass and additional thermal
capacitance on F__ for AHP system in Columbia
(August results) . . . . + v v ¢ 4 4 e 4 e e e e e e e . T4

2-6 Effect of additional thermal capacitance on F__,
absorbent tank concentration and collected energy for
AHP system in Columbia (January results; chemical storage
mass = 500 kg) . . . . . . e 0 e h e e e e e e e e e e e 78

2-7 Average collector temperature and efficiency, COP and
fraction non—Eurchased energy for sulfuric acid-water
AHP with 25 m~ collector and 1000 kg chemical storage . . . 80

2-8 Effect of heat exchanger effectiveness on F and the
ratio of the heats of condensation and absorption for
AHP system in Columbia (seasonal results) . . . . . . . . . 81

2-9 Effect of not supplying auxiliary energy through the heat
pump on absorbent tank concentration, collector
temperature, collected and auxiliary energy and F

. . NP
for system in Columbia e 83

2-10 Effect of generator bypass control option and collector
type on FN , collected energy, and collector
operating gime for system in Columbia . . . . . . . . . . . 85



Tab le Page

3-1 Effect of varying load water flow on the COP and heating
capacity of the Arkla AHP for two ambient temperatures . . 107

3-2 Effects of varying condenser and absorber flows on
system pressures, concentrations, and COP . . . . . . . . . 108

3-3 System pressures and concentrations, and evaporator
conditions for varying refrigerant charges and ambient
temperatures . . . . .+ 4 . 4 e 4 e e e e e e e e e ... 111

3-4 Conditions of streams in the absorption cycle for an
ambient temperature of 8.6 C, standard load water
conditions, and original refrigerant charge . . . . . . . . 116

3-5 Measured and calculated heat flows for the components of
the Arkla AHP . . . v v v v v v 4« « v o o o o o o « « o+ . 116

4-1 Summary of property relations referenced by the steady-
state simulationmodel . . . . . . . . . . .. .. ... . 151

4-2  Comparison of heat flows for a condenser simulated with
Euler and second and fourth order Runge-Kutta integrations
for varying numbers of nodes . . . . . . . . . .. .. .. 167

4-3 Primary component parameters for the simulation of the
Arkla absorption heat pump . . . . . . . . « « « « . . . . 194

4-4 System pressures and measured and simulated COPs and
stream temperatures for varying ambient temperatures . . . 200

4-5 Simulated stream qualities and concentrations, refrigerant
mass flow rate, and heat flows for varying ambient
temperatures . . . . . .+ + + ¢ 4 4 4 4 4 4 4 4 e 4 . . . . 203

4-6 Comparison of measured and simulated compositions,
heat flows, and refrigerant mass flow rate for tests at
two ambient temperatures . . . . . . .+ « 4 « « « « « o . . 205

4-7 System pressures, COP, change in COP from standard load
water conditions, and simulated solution compositions and
heat of evaporation for varying inlet load water
temperature at three ambient temperatures . . . . . . . . . 207

4-8 Main effects for factorial analysis of the Arkla AHP . . . 211



Table Page

4-9  Main effects and interactions for second factorial
analysis of the Arkla AHP . . . . . . . . . « « ¢« « « « « . 215

4-10 Refrigerant and absorbent inventories for varying ambient
temperatures calculated using measured system pressures
in the simulation . . . . . . . . . . . . . o o .. ... 217

4-11 Distribution of refrigerant and absorbent inventory
within the absorption cycle calculated for an ambient
temperature of -8 C . . . . . . . . . . . . o . . . . . .. 218

4-12 1Iterations in pressure and resulting refrigerant and
absorbent inventories for an ambient temperature of
-9 C; input inventories calculated for system pressures

of 0.246 and 2.101 MPa . . . . . . + « + « « + o « .« & . . 220
C-1 Correlation coefficients for the polynomial fits of liquid

and vapor enthalpy for the NaSCN—NH3 chemical system . . . 265
C-2 Dimensionless coefficients for the Schultz equation of

state for ammonia-water mixtures . . . . . . . . . . . . . 270

D-1 Summary of ambient and load water conditions for the
overall performance steady-state tests of the Arkla AHP . . 282

D-2  Summary of cycle times and load water conditions for the
cyclic testing of the Arkla AHP . . . . . . . . . . . . . . 1283

D-3  Summary of ambient and load water conditions and relative
refrigerant charge for the steady-state cycle investigation
tests of the Arkla AHP . . . . . . . « « « « « « « « « .« . 284

E-1 TRNSYS components and related computer programs for the
modeling of an absorption heat pump with chemical storage . 319

E-2 Computer programs comprising the steady-state absorption
heat pump simulation program . . . . . . . . . . . . . . . 320

xvii



NOMENCLATURE

This 1list contains the symbols wused in the main body of this

thesis. Symbols arrearing in the Appendices are defined as they first

appear.
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b, d constants for linearization of vapor-liquid equilibrium data
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Equation [4-89]
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f, g general (unspecified) functions

FNP fraction of load met by non-purchased energy

FR collector heat removal factor
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SUMMARY

This thesis 1is concerned with the modeling of absorption heat
pumps (AHPs). Currently, absorption machines are designed more by a
combination of art and cut-and-try methods than by scientific
analysis. This work develops the capability to model AHPs, enabling a
more analytical approach to their study and design. This research
consisted of three major parts: the modeling of absorption heat pumps
with chemical energy storage in a solar space heating and cooling
application; the testing of a prototype, fuel-fired AHP designed for a
residential heating application; and the development of a modular,
steady-state absorption heat pump simulation program and its
application to the prototype AHP.

The absorption heat pump cycle, through reversible absorption
processes, uses the thermodynamic availability of a high temperature
heat input to upgrade the femperature of a lower quality heat input.
In Chapter 1, the theoretical 1limits to the performance of an
absorption heat pump are presented and the AHP is discussed in the
context of a larger group of related thermochemical and heat pumping
devices. The operation of the basic AHP cycle is presented, along
with variations on the basic cycle. Chemical energy storage within
the absorption cycle can be obtained by separately storing the
refrigerant and absorbent. Storage would be useful in an application

with an intermittent heat source. The properties required of an



absorbent-refrigerant pair are considered. Finally in Chapter 1, the
present and potential applications of absorption heat pumps are
discussed.

Because of its ability to combine energy storage and heat-driven
heat pumping and air conditioning in a single device, the AHP has
potential applications in solar energy systems. Chapter 2 begins with
a discussion of the characteristics of AHPs in this application and a
review of solar AHP work.

The nature of a solar-driven AHP with chemical storage
necessitates a transient simulation over a heating or cooling season.
These simulations were carried out using the modular simulation
program TRNSYS. The absorption heat pump modeled is a continuous,
liquid absorbent system with a combined condenser/refrigerant storage
tank and an absorber/absorbent storage tank. This configuration has
the ability to store thermal energy by raising the temperature of the
tank contents.

The absorption heat pump model developed for use with TRNSYS is

based on mass and energy balances written around various parts of the

cycle. Property relationships are supplied as separate subroutines,
making the model independent of chemical system. The major
assumptions employed in the model are: the reaction rates are

controlled by heat transfer resistances; the capacitance of the
generator and evaporator are mnegligible compared to those of the
storage tanks; all vessels are fully mixed; and the absorbent is

nonvolatile. Thus, this model represents a best-case approach in



several respects. Chapter 2 continues with a detailed presentation of
the AHP model and a description of the control strategies and load
model.

Simulations wusing this model have shown that a solar-driven AHP
system can supply a significant fraction of a residential space
heating and cooling load with non-purchased energy in the three U.S.
climates studied. The AHP system delivered a significant amount of
non-purchased energy at zero collector area (because of auxiliary
energy supplied through the heat pump) but at higher collector areas,
the performance of the AHP and conventional solar heating systems
approached each other. 1In the cooling season, the AHP system produced
a lower solar fraction than a solar-fired 1lithium bromide-water
absorption chiller with hot water storage.

The collector temperatures necessary to operate the AHP were high
and thus high-performance collectors (such as evacuated tubes) were
required for effective solar operation. Adding thermal capacitance
and additional chemical storage mass to the cycle had the effect of
leveling out the diurnal distribution of the heat exchange with
ambient and in most cases increased the fraction of non-purchased
energy supplied to the load. Two alternative heating season control
strategies (in addition to the baseline strategy) were investigated in
the Columbia, Missouri, climate and found to be of little advantage.

In the second phase of research, a prototype gas—fired,
ammonia-water absorption heat pump developed by Arkla Industries was

tested at the National Bureau of Standards in order to obtain data for



comparison to the simulation model. Chapter 3 describes the operation
of the heat pump, the instrumentation installed, and the procedures
for the steady-state and cyclic tests which were carried out in an
envirommental chamber.

The coefficient of performance (COP) and heating capacity
depended most strongly on ambient temperature and ranged from 0.81
(including burner 1losses and electric input) and 12.0 kW at -21 C to
1.14 and 15.9 kW at 16 C; the COP and capacity tended towards constant
values at the extremes of ambient temperature. Lower inlet load water
temperatures resulted in slightly higher COPs, especially at lower
ambient temperatures. The performance of the heat pump was sensitive
to refrigerant charge. A higher charge resulted in higher COPs at
high ambient temperatures but lower COPs at low temperatures; a lower
charge resulted in a more nearly constant COP. The measured heat
flows agreed well with those calculated wusing measured absorbent
concentrations, strong absorbent flow rate, and system temperatures.
The prototype AHP showed a significant performance degradation in
cyclic operation. Although the steady-state COP was greater than
unity for ambient temperatures above -5 C, the cyclic COP calculated
for a representative application had a maximum of 0.94 at -3 C.

The final phase of the research was the development of a
steady-state absorption heat pump model. Chapter 4 begins with a
review of the AHP models in the literature. A shortcoming of the
existing AHP models is the need to input or make assumptions about a

number of system states (e.g., pressures or compositions). A number



of these models are also quite specific to a given machine. The goals
of the model developed here were to be as general and flexible as
possible and to not require assumptions about system states.

An exercise identifying the total number of unknowns in an
absorption cycle and the relationships available to solve for them
showed that an analysis of the absorbent and refrigerant inventory is
necessary to fully specify the system. A modular, steady-state
simulation program for AHPs was developed incorporating an inventory
analysis in an outermost iteration loop to set the low and high side
pressures. A modular simulation approach was felt to be more
consistent with the goal of a general model than a simultaneous
(equation-based) approach. Property relationships were supplied as
separate subroutines.

The models formulated for the various components in the cycle
neglected pressure drops and heat losses to the surroundings. The
generator was treated as a fully-mixed tank with known heat input.
The analyzer was modeled as a series of equilibrium stages, with the
heat transfer in each stage treated with a constant heat transfer
coefficient. A general N-stream heat exchanger component was
developed and used for the rectifier, condenser, evaporator and
refrigerant and flue gas heat exchangers. This model divided the heat
exchanger into nodes and employed a fourth order Runge-Kutta solution
of the differential equation describing the heat flow between
streams. Local heat transfer coefficients were supplied by a separate

subroutine. The falling-film absorber model applied an analysis of



combined heat and mass transfer for vapor absorption into a laminar
film to each row of heat exchange tubes. The throttle valve model
used an empirical fit of experimental flow rate and pressure drop data
to a functional form applicable to homogeneous flow through a
sharp-edged orifice. The option of specifying both pressure drop and
flow rate was also implemented. The solution pump component modeled
both constant volumetric and mass flow rate devices. Finally, a
separate component for the convergence of tear streams was developed.

Chapter 4 continues with a comparison of experimental and
simulation results. The qualitative behavior of the simulated COPs as
a function of ambient temperature agrees well with experimental
values. The simulated values of COP were comnsistently high (by 0.10
to 0.18 for varying ambient temperatures); this difference is at least
partially due to not considering heat losses to the surroundings or
pressure drops through components in the model. Simulated system
temperatures, compositions, and heat flows were also in generally good
agreement with experimental values. The model correctly predicted the
trends resulting from changing load water temperature.

A factorial design investigating the effects of 15 operating and
design variables on the heating COP was carried out. The factors of
ambient temperature, low and high side pressure, generator heat input
and condenser and evaporator areas had effects on COP of 0.071,
-0.072, 0.063, -0.035, 0.056 and 0.055, respectively (for a change of
7 C in temperature, and changes of + 5 percent in pressures and heat

input, and * 20 percent in heat exchanger areas relative to the base



values) . Similar changes in the other heat exchanger areas and the
solution pump, and throttle valve parameters had effects on COP of
less than 0.01.

The use of the inventory relationships to iterate for the low and
high side system pressures was not successful and thus experimentally
measured pressures were used in the simulations of the Arkla AHP. The
iteration for pressures did not reliable converge because of
oversimplifications in the modeling of the inventory of components
with changing liquid and vapor volumes and the inability of the
two-variable secant method to converge for the non-linear inventory
functions. However, the usefulness of the inventory analysis was
demonstrated and the general trends between system pressures and the
calculated ammonia inventory corresponded with the experimentally
observed behavior.

In Chapter 5, general conclusions pertaining to absorption heat
pumps are presented and recommendations for further study are made.
Because of equipment and safety considerations, it is felt that
solar-driven AHPs with chemical storage will not be practical in
residential or commercial applications. Thus it is recommended that
further modeling efforts be directed at more promising applications
for AHPs. The performance of the prototype AHP tested was
disappointing, but fuel-fired AHPs in general show promise. The
steady-state simulation model would be suitable for a detailed
investigation of the absorption cycle or the design of AHPs. The

further development of this model is recommended.



CHAPTER 1

INTRODUCTION

This thesis is concerned with the modeling of absorption heat
pumps (AHPs). This chapter places AHPs in the context of a larger
group of thermochemical and heat pumping devices. The basic
absorption cycle is described along with possible variations.
Finally, an overview of the objectives of this thesis and the

organization of the subsequent chapters are presented.

1.1 Concept of the Absorption Heat Pump

An absorption heat pump is a device which, through reversible
absorption processes, uses the thermodynamic availability of a high
temperature heat input to extract heat from a low temperature heat
source and upgrade its temperature. Absorption heat pumps can be
considered as a member of a larger group of thermochemical devices.
These devices utilize reversible chemical reactions and their
accompanying heat effects to store, transport or pump energy (1,2).

An absorption heat pump is also one type of heat-driven heat pump.

1.2 Heat-driven Heat Pumps

Heat-driven heat pumps are devices which upgrade the temperature
of some low to moderate temperature heat input. In contrast to a
vapor compression heat pump, however, they are powered by a heat input

and not by the input of mechanical work.



There are two fundamental ways of operating a heat-driven heat
pump. One method (shown in Figure 1-1) is to produce a quantity of
high temperature heat from a larger input of moderate temperature
heat. A heat pump operating in this manner might be wused in an
industrial process to recover part of the energy presently wasted in
some process stream.

The other method of operation (shown in Figure 1-2), and the one
that this work will focus on, is to use the thermodynamic availability
of a high temperature heat input to extract heat from a low
temperature heat source. This type of device could be wused as a
heat-operated refrigerator or air conditioner or as a heat pump in an
application where a moderate temperature heating load is met by a high

temperature heat source.

1.2.1 Performance of heat-driven heat pumps

The performance of a heat pump extracting heat from a low
temperature heat source is measured in terms of its coefficient of
performance (COP). The COP is defined as the ratio of the desired
energy flow to the "high quality" energy (as opposed to "low quality"
or low temperature heat from an ambient source) that is input to the

device. In a heating application:

COPheating - Qmed / thgh (1-1]
and in an air conditioning or refrigeration application:
0Py /¢ = Qow / hign [1-2]
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where élow’ émed and 6high are the low, medium and high temperature
heat flows shown in Figure 1-2.

The maximum COP of a heat-driven heat pump is limited by the
second law of thermodynamics and can be computed by conceptually
connecting a Carnot heat engine with a Carnot heat pump as shown in
Figure 1-3. This analysis yields the following expressions for

heating and air conditioning COPs:

T (r.. . -
COP ) - _med ""high low [1-3]
heating (T T )
high " “med low
T (r... -T, )
COP - _med "high low” 1 [1-4]
alc o (T - T
high " “med low

Equation [1-3] is plotted in Figure 1-4 for a value of Tmed of 20 ¢
(i.e., the temperature of a space heating load). Even though it
represents an upper limit, this figure indicated the tremendous
improvement in overall energy efficiency that is possible by using a
heat-driven heat pump in a heating application presently met by a high
temperature heat source. An example would be space heating vwhere a
need for heat at 20 C is met by burning oil or natural gas with a

flame temperature of well over 1000 C. (Here the low temperature heat

source might be ambient air.)

1.2.2 Heat pump driven by a heat engine
One way to achieve the overall effect of a heat-driven heat pump

is to drive a vapor compression heat pump with a heat engine. This
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type of device was conceptually used in finding the maximum COP of
heat-driven heat pumps. Although it qualifies as a heat-driven heat
pump if considered as a single unit, it is actually composed of two
distinct subunits (the heat engine and heat pump) with an exchange of
mechanical work between them.

Such devices have been proposed. In one system, a linear
free-piston Stirling engine fired by natural gas directly drives a
reciprocating heat pump compressor (3). Both components are contained
in a hermetically sealed unit with only refrigerant passing in and
out. Although an elegantly simple concept, the first prototypes of
this design have not been successful. Another design employs a
Brayton cycle gas turbine magnetically coupled to a heat pump
compressor (4).

This work, however, will deal with devices that do mnot involve
mechanical work in their operation (except for possibly pumping

liquids, etc.)--namely devices utilizing thermochemical processes.

1.3 Thermochemical Devices
A thermochemical process makes use of reversible chemical
reactions and their accompanying heat effects. The general chemical

reaction to be considered is:

A + heat == B [1-5]

where A and B are general chemical species. In the energy field,
thermochemical processes can be used for energy transport and storage

and heat pumping.
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Energy storage or transport is achieved by inputing heat to the
forward endothermic reaction (the charging process) while preventing
the reverse reaction from occurring; the product is then stored until
energy is needed (or transported to where energy is needed) at which
time (or place) the reverse exothermic reaction (or discharging
process) is allowed to occur. Since energy is stored in this scheme
in the form of chemical reaction potential, the reaction products can
be stored at ambient temperatures with no loss in energy storage
capacity (except for the heat involved in cooling the products from
the reaction temperature to ambient). This is in contrast to thermal
energy storage devices (e.g., a hot water tank) which must be
maintained at a high temperature.

One way to control when (or where) the reaction (Equation [1-5])
takes place is to choose substances which react only in the presence
of a catalyst. This is done in the ADAM-EVA chemical heat pipe system
(2). 1In this system, methane and water are reacted in the presence of
a nickel catalyst to produce carbon monoxide and hydrogen; these gases
are transported to the load where they are reacted (again in the
presence of a nickel catalyst) to reform methane and water which are
returned to the heat source to be recharged. A similar system using
the reaction of 002 and CH4 to form CO and H2 is used in the Solchem
process (5,6).

A second method of controlling the reaction in a thermochemical
process is possible if the product of the charging reaction is

composed of two or more chemical species which can be separated until
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heat from the discharging reaction is required. Separation 1is most
easily accomplished if one species either precipitates or is evolved
as a gas 1in the reaction. Most of the systems wunder current
consideration use the latter method of separation (2).

When a gas is evolved in the charging reaction, it can either be
stored, thus resulting in a closed system, or rejected to the
atmosphere, yielding an open  system. Because of cost and
envirommental considerations, any gas evolved in an open system would
have to be a component of the atmosphere. Water vapor is usually used
in open cycle devices. An example is a desiccant air conditioner
(7,8) which utilizes the adsorption of water vapor onto a desiccant to
dry out a process air stream; this stream 1is then sensibly and
evaporatively cooled to meet a cooling 1load. The desiccant is
recharged by heating.

In a closed cycle device, the gaseous species 1is condensed to
avoid the need for large gas storage containers. The heat of
condensation is released in this process and it can be wutilized to
meet part of the heating load. The condensate can be directly reacted
in the discharging step, resulting in chemical energy storage system
such as the sulfuric acid-water system proposed by Huxtable and Poole
(9). The condensate can also be revaporized with heat from a low
temperature (e.g., ambient) heat source before reaction in the

discharging step to yield a heat pump.
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1.4 Absorption Heat Pumps

Heat-driven heat pumps are most commonly based on reversible
absorption processes. The absorption process involves an affinity
between the absorbent and absorbate accompanied by a heat effect.
Absorption takes place through the bulk of the absorbent, as
contrasted with adsorption which is a surface process. The absorbent
can be either a liquid solution or a solid. (A solid adsorbent could
be employed in the same manner as a solid absorbent. For brevity, the
term absorbent will be used.) An AHP can also be classified according

to its mode of operation--either batch or continuous.

1.4.1 Cycle descripti§n and variations

The basic absorption heat pump cycle, shown in Figure 1-5,
consists of four major components and operates in a continuous
fashion. In the generator, high temperature heat (typically at 80 to
150 C) is applied to a mixture of refrigerant and absorbent to boil
off refrigerant vapor, producing strong absorbent. (The term "strong
absorbent" refers to a high affinity for absorbing refrigerant; the
"weak absorbent' entering the generator has a low affinity for
refrigerant.) The refrigerant vapor travels to the condenser where it
releases the heat of condensation at an intermediate temperature (30
to 50 C).

The 1liquid refrigerant passes through a throttling device to the
low pressure side of the system where it is vaporized by the addition
of low temperature heat (at -20 to 10 C) in the evaporator. The

refrigerant vapor is reabsorbed into the strong absorbent solution in



——

Refrigerant

| ! Vapor
Q G
gen enerator -
] S~
I Condenser %é\on d
High Pressure
Y I S | g Throttle
U Valve
1 l Low Pressure
P Absorber ﬁevap
/ —
Q = Evaporator “—
abs , —

Figure 1-5 The basic absorption heat pump cycle

18



19

the absorber, releasing the heat of absorption at an intermediate
temperature. The resulting weak absorbent is pumped to the high side
pressure and returned to the generator, completing the cycle.

The actual heat pumping occurs between the evaporator and
absorber. The process is driven by the reduction in the partial
pressure of refrigerant which occurs over a mixture of refrigerant and
absorbent. Thus, a given low side pressure will result in different
temperatures in the evaporator and absorber.

Many variations on the basic cycle have been put forth (10). The
cycle COP can be improved by adding a heat exchanger between the
streams entering and leaving the evaporator and especially between the
absorbent circulating between the generator and absorber. If the
absorbent is volatile, the vapor produced in the generator will
contain absorbent as well as refrigerant and must be purified; this is
done in an analyzer and/or rectifier, which are basically a
distillation column and partial condenser, respectively. A double-
effect cycle 1is obtained by condensing the vapor from the first
generator to supply heat to a second, lower pressure generator; the
vapor produced in this generator 1is condensed in a condenser and
combined with the condensate from the first effect before passing
through the throttle valve. Johnston (11,12) has proposed and
constructed modified absorption cycles involving complex heat
exchanger geometries in an effort to reduce cycle irreversibilities.
Streams of similar temperature are thermally contacted in heat

exchangers formed of plates with milled fluid passages.
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A simpler configuration for an absorption heat pump, operating in
an intermittent or batch cycle, is also possible. The batch cycle
consists of absorbent and refrigerant tanks connected by a vapor
duct. These two tanks alternately serve as generator and condenser
(in the charging mode) and then as absorber and evaporator (in the
discharging mode). A disadvantage of the batch system is that in
switching from charging to discharging and vice versa, the contents of
the tanks must be brought to different temperatures; these sensible
heat effects can result in a significant performance penalty (1).
Batch systems are the most common way of employing solid absorbents,
although it 1is possible to use a suspension of a solid absorbent and
inert solvent in a continous cycle (13,14).

It is possible to incorporate chemical energy storage into the
absorption cycle; such systems have been termed chemical heat pumps.
The nature of the batch cycle inherently includes storage. In a
continuous system, storage is provided by inserting separate storage
tanks (one each for the absorbent and refrigerant) into the cycle or
by enlarging one or two of the components to serve a dual purpose
(e.g., a combined condenser and refrigerant storage tank). Storage
would be wuseful if the heat source were intermittent (such as solar
energy or off-peak electricity) or to reduce the penalties of
transient operation associated with an on-off control strategy. The
addition of storage allows the charging and discharging portions of
the cycle to operate independently; for example, to provide cooling,

only the evaporator and absorber need operate. One example of a
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continuous absorption heat pump with storage is shown in Figure 1-6.
This configuration is the conventional absorption cycle with absorbent

and refrigerant storage tanks added.

1.4.2 Historical perspective

The use of the absorption process for heat pumping is not new.
Bjurstrom and Raldow (15) have provided an historical survey of the
absorption process, concentrating on the types of equipment developed
to wutilize this phenomena. They report that Sir John Leslie used a
batch AHP (with sulfuric acid as the absorbent) to freeze water in
1810. The continuous absorption cycle was presented in a series of
patents by Ferdinand Carré between 1859 and 1862. The first
practical wuse of the absorption process was for refrigeration and in
the early 1920's a number of periodic (batch) household units were
developed by manufacturers in the United States and Germany. These
met with limited success and were supplanted by the highly successful
continuous units (notably the Servel refrigerator) in the 1930's.
Bjurstrom and Raldow present a number of other applications and
conclude their survey with a discussion of recent developments in
chemical energy storage and chemical and absorption heat pumps.

The use of chemical reactions for energy storage was discussed by
Goldstein at the 1961 UN conference (16). He discussed energy storage
using aqueous solutions (e.g., HZSO4 and HZO) and solid absorbents
(particularly solid hydrates) and computed energy storage densities
for a number of chemical systems. While Goldstein points out many of

the thermodynamic considerations applying to absorption heat pumps, he
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stops short of proposing these reactions as a means of heat pumping.

1.4.3 Chemical systems for absorption heat pumps

The absorbent-refrigerant pair in an absorption heat pump must
satisfy a number of requirements. Most importantly it must possess
favorable thermodynamic characteristics, i.e., the ability to pump
heat across a useful temperature difference with reasonable charging
temperatures. The requirements for liquid absorbent systems have been
discussed by Buffington (17). He sets out a number of criteria that
should be met, including high solubility of refrigerant in the
absorbent, rapid absorption kinetics and a nonvolatile absorbent.
Solutions with a large negative deviation from Raoult's Law are
required and Buffington reasons that small, polar molecules are the
best choices for both absorbent and refrigerant. Gomez and Mansoori
(18) have presented a technique for evaluating a given refrigerant-
absorbent pair with limited thermodynamic data; the cycle COP is
computed by fitting the chemical system to the Redlich-Kwong equation
of state. Raldow and Wentworth (19) have investigated the
thermodynamic requirements for an optimum solid absorbent chemical
system for a given set of heat input and output temperatures.

Aside from purely thermodynamic requirements, a suitable chemical
system must satisfy other, more practical considerations, as a number
of authors have pointed out (17,20-22). The two most important
features are suitable cost and safety factors; an otherwise suitable

chemical would be unfeasible if it were too hazardous or costly.
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Several authors, inclﬁding Macriss (21) and Stephan and Scher
(23), have surveyed a large number of chemical systems for use in
absorption systems. The refrigerants considered include water,
alcohols, ammonia, amines, halogenated hydrocarbons, and silanes; a
wide variety of inorganic salts and organic compounds are candidates
for the absorbent. Several systems which have received attention are
sodium thiocyanate-ammonia  (24,25); ethyltetrahydrofurfuralether
(ETFE) and Rl123a (26); and tetraethyleneglycoldimethylether (E181) and
R22 (difluoromonochloromethane) (27).

Ternary mixtures may offer advantages, particularly in reducing
or avoiding the need for rectification of the refrigerant vapor. An
example is a system wutilizing ammonia or methylamine as  the
refrigerant and a mixture of lithium bromide and water as the
absorbent (28).

Most commercially produced machines utilize either the lithium
bromide-water or ammonia-water systems. The use of water as a
refrigerant has the advantage of a high heat of vaporization. Water
is very inexpensive and very safe, but its low vapor pressure requires
operation at very low pressures and its high freezing point precludes
its use in refrigerating or low temperature heat  pumping
applications. Care must be taken to prevent the lithium bromide
absorbent from crystalizing out of solution. The absorbent solution
is also viscous and corrosive.

The wuse of ammonia as a refrigerant has the major advantage of a

low freezing point (-78 C), but this is accompanied by high vapor
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pressures (e.g., 2.0 MPa (20 atm) at 50 C) requiring heavy
construction. Ammonia is toxic and a strong irritant. The safety
hazard is aggravated by the high operating pressures: ammonia would
leak out of a defective system. While water is an excellent absorbent
for ammonia, it is volatile and rectification is necessary to separate
it from the refrigerant vapor produced in the generator. Despite the
disadvantages of these chemical systems, they have been made to work
successfully in commercially produced machines.

The systems discussed thus far all condense the refrigerant to a
liquid. The refrigerant vapor can also be absorbed into a second
absorbent; an example is a system utilizing ammoniates of FeCl2 and
CaCl, (2).

A heat pump cycle can also be based on a set of three reversible
reactions rather than the usual absorption cycle. Fujii, et. al. (29)
propose a process to upgrade the temperature of an industrial waste
heat stream, using an endothermic reaction at the temperature of the
waste heat and exothermic reations at low and high temperatures. An

example of such a reaction scheme is:

Cao(s) + st(g) - CaS(s) + H20(g) T = 1073 K
Ca(OH)Z(s) - CaO(s) + H20(g) T= 823K
CaS(s) + 2H,0 > Ca(OH)z(s) + 1,8 T = 300K

This cycle could truly be called a chemical heat pump. Lauerhaus (30)

has developed a technique to identify other such reaction cycles.
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1.4.4 Applications for absorption heat pumps

Presently, the primary application of absorption heat pumps is in
air conditioning, particularly very large machines fired by low
pressure steam in industrial and commercial applications. The most
common application of AHPs in the past, domestic refrigeration, has
now been almost entirely supplanted by vapor compression cycles. The
potential of the absorption cycle is, however, much greater than its
present limited use.

Space heating represents some 18 percent of the current energy
use in the United States; approximately 87 percent of this is met by
the direct combustion of fossil fuels (31). While recent furnace
designs are achieving annual fuel utilization (first law) efficiencies
over 90 percent, their second law efficiencies remains very low.
Absorption heat pumps offer a way to achieve heating COPs greater than
one, improving on the second law efficiency associated with meeting a
heating load at 20 C with a heat source temperature of well over
1000 C. The same machine could also provide cooling at a primary
energy efficiency comparable to an electrically-driven vapor
compression heat pump (4).

The International Energy Agency (4) states that absorption heat
pumps in heating applications will receive stiff market competition
from high efficiency furnaces and vapor compression heat pumps,
primarily in the area of initial cost. Nevertheless, the AHP remains
under active development, with optimism high in Europe and Japan. In

the United States, a residential AHP providing both heating and
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cooling is under development by Phillips Engineering Company (27,32).
Both the Trane Company and Carrier Corporation are developing
"advanced concept" AHPs for commercial applications (33).

The absorption cycle is also one of the more feasible ways to
obtain solar-powered cooling. Indeed, much of the recent absorption
literature has been concerned with solar cooling. Machines which have
been modified for solar operation are commercially available (34,35),
(although the only U.S. manufacturer of residential scale absorption
equipment has recently withdrawn from the market). But beyond
inserting an essentially standard absorption chiller into a solar
system with hot water or other thermal energy storage, an absorption
heat pump combining heating, cooling, and chemical energy storage into

a single unit has interesting possibilities.

1.5 Objectives

The primary objectives of this research are to develop the
capability to model absorption heat pumps and to study them in space
conditioning applications. Currently, absorption machines are
designed more by a combination of art and cut-and-try methods than
scientific analysis. While successful absorption machines have
resulted from these traditional methods, their performance could
almost certainly be improved by a detailed component and cycle
analysis. This work develops simulation models for absorption heat
pumps with the goal of enabling a more analytical approach to their
study and design. Computer simulation is also useful for

investigating a system existing only as a conceptual design and is
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perhaps the only practical was to compare the effect of many design
variables on the 1long termm performance of systems with time-varying
inputs.

The applications of a solar-driven system with chemical energy
storage and a fuel-fired AHP without storage are investigated. These
two applications require different modeling approaches. The system
with storage is dominated by the state of charge of the storage tanks
and this, combined with the highly variable nature of the solar and
ambient temperature driving forces, dictates a long-term (annual)
simulation with small (one hour or less) timesteps. For a system
without storage, the response of the heat pump is typically much
faster than changes in the building load and thus the heat pump would
ideally operate at a quasi steady-state. While significant periods of
transient operation may result from a control strategy, the
steady-state performance must be characterized as a first step. A
steady-state simulation permits a much more detailed study of the
absorption cycle itself and the availability of experimental data

makes this level of detail meaningful.



CHAPTER 2
SIMULATION OF ABSORPTION HEAT PUMPS WITH CHEMICAL STORAGE

IN SOLAR ENERGY SYSTEMS

Absorption heat pumps driven by solar energy in space heating and
cooling applications are considered in this chapter. The possible
advantages and disadvantages of AHPs in this application are
discussed. A review of solar absorption heat pump work is presented,
concentrating on systems with chemical storage and their modeling.
Finally, the simulation model for an AHP system with chemical storage
developed in this research is presented and its application in a solar

energy system investigated.

2.1 Solar Energy Applications of AHPs With Chemical Storage

Because of its ability to combine heat pumping, heat-driven air
conditioning and energy storage in a single device, the absorption
heat pump has interesting possibilities for wuse in solar energy
systems. The greater than one heating COP might allow the use of
smal ler solar collector areas; also, auxiliary energy might be input
through the AHP, taking advantage of its COP in the backup heating
mode. The highly variable nature of incident solar radiation and
heating and cooling loads results in a need for energy storage; thus
the low temperature, high density chemical energy storage in an

absorption heat pump is very attractive.
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But these advantages for solar operation do not come without
penalties. The greater than one heating COP requires higher collector
temperatures (and therefore lower collector efficiencies) as compared
with a conventional solar heating system. The equipment that
comprises an AHP with chemical storage is likely to be more complex
than a conventional solar heating system, but perhaps comparable to a

solar heating system combined with a solar-powered absorption air

conditioner. Finally. chemical energy storage requires sizable
quantities of chemicals which may be expensive or have safety hazards
associated with them.

The continuous AHP is better suited for use in solar applications
than the batch system in a number of ways. The temperatures of the
two tanks in a batch system are significantly different in the
charging and discharging cycles. Thus, if only a small quantity of
solar heat were available during a charge cycle, the refrigerant tank
would not be heated to a temperature useful for heating and no heat of
condensation would be available to the load. For this same reason, it
may not be feasible to input auxiliary energy through a batch AHP.
Since backup heating would be required only when the AHP becomes fully
discharged, an input of auxiliary heat would have to meet the heating
load and heat the refrigerant tank to a usable temperature before
operation with a COP greater than one is possible.

The batch AHP also has a serious limitation in air-conditioning
operation. The peak cooling 1load (which requires operation in the

discharge mode) is approximately coincident with the available solar
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heat input (which implies operation in the charge mode). These
drawbacks can be avoided, however, if two batch AHPs are used, with
each being alternately charged and discharged (37). This arrangement
would make the use of solid absorbents more feasible.

Taube and Furrer (13) point out that a significant amount of
energy (for chemicals, storage tanks, etc.) is required to construct a
chemical energy storage system. This storage capacity must be cycled
many, many times (presumably saving fossil fuel in doing so, by
storing solar energy for example) in order to repay the "borrowed"
energy used in its construction. Based on this type of analysis,
they conclude that long term (seasonal) chemical energy storage is not

feasible, but that daily or weekly storage is.

2.2 Review of Solar Absorption Heat Pump Work

2.2.1 AHPs with thermal energy storage

An absorption heat pump without storage can be teamed with a
separate thermal energy store. This type of system has received
considerable attention in the literature and is the most common way of
providing solar-powered cooling. A typical system which stores
solar-heated water until needed by the chiller is shown in Figure
2-1. This same system could be used as a conventional liquid-based
solar heating system by bypassing the absorption chiller.

Ward (38) has assessed the feasibility of solar-powered
absorption cooling. He cites experimental studies that have

confirmed that solar absorption cooling is technically feasible wusing
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flat plate solar collectors. Thermal 1losses from the hot water
storage tank are a potential problem. If the storage is inside the
building, losses will not only degrade the quality of the stored
energy but will also increase the cooling load. Thus, Ward recommends
outside hot water storage and also indoor chilled water storage.

Ward found the overall efficiency of absorption and vapor
compression machines to be roughly equal in terms of primary energy
(i.e., accounting for the conversion of heat into electrical energy).
The solar-powered air conditioner was also compared to a conventional
vapor compression machine on economic grounds. In this analysis, it
was assumed that a solar heating system was already in place so that
the cost of the collector, storage tamk, etc. were not charged to the
solar cooling system. The basic conclusion was that the economics of
solar cooling are marginal and highly dependent on the economic
parameters assumed in the analysis. Since a solar heating and cooling
system with thermal storage is comparable in terms of system
complexity to an AHP system with chemical storage, Ward's general
conclusions might also apply to the AHP system.

Blinn (39) has modeled a lithium bromide-water chiller using a
"black box'" approach; equations for COP and capacity were fit to
manufacturer's steady state performance data of the machine being
studied (in this case the Arkla WF-36 water chiller). The
steady-state performance was modified to account for start-up
transients by assuming that all of the capacitance of the machine was

lumped in the generator. This model was used to simulate the
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performance of solar air conditioning in three locations with a range
of collector areas. The presence of start-up transients was found to
reduce COP and the cooling load met by solar by 5-8 percent compared
to a machine which responded instantly. Blinn also compared various
methods of providing back-up cooling and concluded that using a vapor
compression air conditioner would be cheaper than firing the
absorption chiller with auxiliary energy. (He did not, however,
account for the capital cost of the separate vapor compression
machine.)

A similar black box modeling tecnique, but not accounting for
transient effects, was used by Butz, et al. (40) to simulate the
performance of a solar heating and cooling system in the Albuquerque
climate. The ecomonic factors required for the solar system to be
competetive with a conventional heating and cooling system were
discussed. The model of Butz was extended by Oonk, et al. (41) and
used in the design of a solar heating and cooling system in an
experimental house at Colorado State University. A number of modeling
studies of solar-powered absorption cooling have been presented in the
literature. Most of these models are based on an analysis of the
absorption cycle and will be discussed in Section 4.1.

Lazzarin (42) has tested an AHP used as a solar-assisted heat
pump. In this system, low temperature (10 to 25 C) solar-heated water
is supplied to the evaporator of a standard gas-fired lithium
bromide-water absorption chiller. The performance of this system was

simulated for several Italian locations and compared to a conventional
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solar heating system and a system which could provide solar heat
either to the heat pump or directly to the load. The dual-sink system
resulted in the best performance of the three systems. The AHP system
without direct solar heating met a higher fraction of the load with
nonpur chased energy than the conventional solar system at low
collector areas. At higher collector areas, the performance of the
single-sink AHP system was limited by the requirement of supplying all
of the heat through the heat pump and thus met a smaller fraction of

the load.

2.2.2 Solid absorbent AHP systems

A heat pump utilizing the solid absorbent calcium chloride has
been extensively studied by Offenhartz and co-workers at EIC
Corporation (43,44). Methanol was selected as the refrigerant since
its polarity and small size promised a reactivity similar to that of
water or ammonia without the problems of low freezing point or high
vapor pressures, respectively. The flammability and toxicity of
methanol were noted as potential problems. Calcium chloride was
found to have the best properties amoung the salts screened. It is
inexpensive and has a high reactivity with methanol (two moles CH30H
per mole of CaClz). An x-ray diffraction study revealed that the
reaction of calcium chloride and methanol forms the distinct chemical
species CaClz-CH3OH. No side reactions were observed and the
temperatures of methanolation and demethanolation are consistent with

a solar-driven heat pumping application. Equilibrium and kinetic

measurements were performed to characterize the pressure-temperature
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relationship and the reactivity of calcium chloride and methanol.

Further work by Offenhartz, et. al. (43,44) dealt with the
design, construction and testing of a bench scale CaClz-CH3OH heat
pump and a test unit of about one-fifth scale. Possibly the greatest
disadvantage in the use of a solid absorbent is the difficulty of heat
and mass transfer into a fixed absorbent bed. Mass transfer into the
bed was aided by the use of flaked calcium chloride and by vapor flow
channels between trays of absorbent. Heat transfer into the bed was
accomplished by a network of externally finned tubes carrying the heat
exchange fluid; the CaCl2 was packed into the space between the fins.
The large heat exchanger area thus obtained compensated for the
inherently low heat transfer coefficients of the packed bed.
Of fenhartz has also simulated the performance of AHPs and this work
will be discussed in Section 2.2.5.

A system employing sodium sulfide as the absorbent and water as
the refrigerant (termed the "Tepidus system') has been reported by
Brunberg (45). A prototype system has been installed in a single
family house in Sweden and is sized for seasonal storage of energy
with 7000 kg of salt. A soil heat exchanger consisting of 900 m of
plastic pipe provides the 1low temperature heat source. A novel
application for the Tepidus system is to charge the salt tanks with
industrial waste heat and then transport the tanks to the residence
where they are discharged.

Tchernev (46) has proposed a system employing a zeolite to adsorb

water vapor. The zeolite is contained within a solar collector where
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incoming radiation drives off water vapor which is condensed (with the
heat of condensation being used for heating or rejected) and stored.
To provide cooling, water 1is evaporated and readsorbed into the
zeolite. This can occur only at night when the collector/zeolite
store can lose heat to the surroundings; thus, some type of energy
storage is needed to provide cooling during the day. Because of the
high freezing point of water, this system is not used as a heat pump
in winter; the heat of condensation is used to meet the heating load
but the condensate merely drains back into the collector/zeolite store
to complete the cycle. A similar system, used for refrigeration in
the tropics, has been tested and modeled by Monnier and Dupont (47).
An energy storage system based on the decomposition of inorganic
hydroxides (e.g. Mg(OH)Z) to oxides (e.g. Mg0) has been proposed by
Ervin (48) and Bauerle, et. al. (49). These reaction require very
high charging temperatures (375 C for magnesium hydroxide) and thus
their use would likely be limited to high temperature heat storage

applications and not solar heat pumping.

2.2.3 Liquid absorbent systems

The sulfuric acid-water chemical heat pump has been extensively
studied by Clark and co-workers at Rocket Research Company. The
system originally proposed by Huxtable and Poole (9,50) was strictly
an energy storage system. A dilute solution of acid was concentrated
by the application of heat and stored; the water vapor driven off in
this process was condensed and stored but the heat of condensation was

rejected to ambient. Acid and liquid water were recombined to recover
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stored energy. Sulfuric acid was chosen because of its low cost and
high reactivity. This work included compiling materials compatibility
and thermodynamic data for HZSO4—H20 solutions.

The chemical energy storage system was then modified into a
chemical heat pump. The construction and testing of a small scale heat
pump operating in the batch mode is described by Clark, et al.
(51-53). This test unit confirmed calculations of energy storage
density and provided data on heat and mass transfer rates. (Modeling
of this system is discussed in Section 2.2.5.)

The separation of the acid and water was accomplished by heating
the entire acid tank. A similar approach (i.e., cooling the entire
tank) did not work well for absorption, however. Water vapor was
absorbed in the top layer of the acid, forming a water-rich region
which diffused very slowly throughout the bulk of the acid. Agitating
the acid improved the mass transfer performance, but at a high cost in
pumping power. Absorption into an acid spray was acceptable at low
acid concentrations but more concentrated solutions would not
atomize. The most suitable technique found was absorption into a
packed bed. This absorption column was located in the head space of
the acid tank and also served as an entrainment separator during
charging. Tests indicated that the charge and discharge rates were
limited by heat transfer and not chemical reaction.

Further work by Clark, et al. (54) has been concerned with system
optimization, economic analysis, and assessment of commercialization

possibilities. A system similar to that shown in Figure 1-6 was
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proposed for a solar heating and cooling application with seasonal
storage for a commercial building. More recently, the sulfuric acid
heat pump has been proposed for temperature boosting in industrial
applications (55).

Jaeger and Hall (56,57) have investigated the  ammonium
nitrate-ammonia system. Ten compounds that react with ammonia to form
liquids were identified from the literature and tested to determine
their physical and thermodynamic characteristics. Of these ten,
NH4CI, NH4SCN and NH4NO3 were selected for further study. They were
tested in a test reactor to determine heat transfer coefficients.
Corrosion testing was also carried out. The NH,NO, system was chosen

4773
because of its lowest cost. (Daniels (58) has reported that NH4N03 is
potential ly explosive; he could not, however, find any mishaps in a
refrigeration application.) A prototype residential system composed

of two batch AHPs in parallel was designed; its cost was estimated to

be about $4,000.

2.2.4 Absorbent suspended in an inert solvent

A solid absorbent can be suspended in an inert solvent, avoiding
the difficulties of heat and mass transfer into a solid absorbent bed,
but retaining the thermodynamic characteristics of a solid absorbent
AHP. Taube and Furrer (13) have investigated an ammoniated salt
suspension with kerosene as the solvent. They found that the wuse of
liquid suspensions has a number of problems. The heat capacity of the
solvent will 1lower the COP unless high effectiveness heat exchangers

are employed. The storage and reactor volumes are increased (solid
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content of the slurry is less than 25 percent) and there are potential
problems with flamability of the solvent and carryover of the solvent
vapor.

Suspensions of ammoniated salts have also been investigated by
Wentworth (14). He found that a colloidal suspension of CaCl, could

2

be obtained with n-heptanol as the solvent (NH3 was the refrigerant).
The vapor pressure-temperature relationship of this combination was
confirmed to be independent of the concentration of refrigerant (i.e.,
characteristic of a solid absorbent). The reaction kinetics were
found to be good; also, no side reactions were observed. Finally,
methods of maintaining the suspension were investigated; bubbling

ammonia through the slurry gave good reaction and required less

solvent than stirring the suspension.

2.2.5 Modeling of AHPs with chemical energy storage

Grassie and Sheridan (59) have extended the absorption air
conditioner model of Duffie and Sheridan (60) to include absorbent and
refrigerant storage. The performance during a single design day was
simulated and described in some detail for a set of design
parameters. From these simulations, it was concluded that chemical
storage within the absorption cycle is feasible and offers advantages
for solar operation.

Clark, et al. (51) describe a computer model of their sulfuric
acid-water chemical heat pump. One part of the program calculates the
required size of the storage tanks, heat exchangers and vapor duct for

a given system size and required rate of charging and discharging.
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The program was also used to simulate the performance of the system
for a single charge and discharge cycle. Fairly detailed heat
transfer relationships were taken into account. The pressure drop
through the vapor duct was accounted for, but equilibrium of mass
transfer processes was otherwise assumed. The model of Clark, et al.
is quite detailed and gave good agreement with experimental results,
but is specific to their particular system and is not suited to
long-term performance simulations.

An extensive simulation study of solar AHPs has been carried out
by Offenhartz, et al. This work began with a study of various energy
storage options, including AHPs (2,61). The performance of a sulfuric
acid-water chemical energy storage system was simulated (using the
TRNSYS simulation program (36)) and found to be quite similar to a
conventional hot water storage system except for a four-fold advantage
in energy storage density. This system did not wutilize the heat of
condensation and thus had a maximum COP of wunity; also, a low
temperature heat source at a constant 5 C was assumed. The heating
season performance of a calcium choride-methanol heat pump with an
ambient air heat source was also simulated. Its performance in the
Madison climate was better than a solar system employing hot water
storage if collectors with a low heat 1loss coefficient (e.g.,
evacuated tubular collectors) were used.

The performance of liquid and solid absorbent systems was again
simulated by Offenhartz (62,63) using TRNSYS, extending and improving

upon his earlier work. The 1liquid absorbent system studied had a
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separate generator, condenser, evaporator, and absorber in addition to
absorbent and refrigerant storage tanks (i.e., the system in Figure
1-6) and utilized either the HZSOA-HZO or NH4N03—NH3 chemical
systems. The vessels were assumed to be fully mixed and equilibrium
with respect to mass transfer processes was assumed. The heat and
mass capacitance of the fluid in the small system components (e.g.,
generator) were accounted for; this necessitated the use of very small
timesteps and thus resulted in large computing expenses.

The solid absorbent CaClz-CH3OH chemical heat pump was also
studied; it wutilized two absorbent beds, which were alternately
charged and discharged, along with a condenser, evaporator, and
refrigerant storage tank. Pressure equilibrium was not assumed
between the charging and discharging vessels; rather the ratio between
the absolute temperatures of the two components exchanging methanol
vapor (i.e., the charging bed and the condenser or the discharging bed
and the evaporator) was assumed to be constant. This relationship was
experimental ly found to be '"reasonably accurate." The heat capacity
of the containers and heat exchange piping was also accounted for.

Heating and cooling simulations of the CaClz-CH30H and H2804—H20
systems were carried out for AHPs located in the Washington, DC and
Fort Worth, Texas, climates. These simulations were carried out for
"typical" weeks in January and July for each of the two cities. The
systems were sized to provide a high fraction (greater than 90

percent) of the cooling load. The reason for this requirement is that

providing back up cooling with fossil fuel would be inefficient
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because of the relatively low cooling COP and using a conventional
vapor compression air conditioner would result in higher system costs
and aggravate wutility peak load problems. The requirement of 90
percent cooling provided by solar was satisfied by approximately 30 m2
of evacuated tubular collectors in both locations for an average
residence. The higher cooling load in Fort Worth was offset by
greater solar insolation.

The sulfuric acid system had a cooling COP of 0.7 to 0.8 compared
to 0.6 to 0.7 for the calcium chloride system. The collector
temperatures in the liquid absorbent system varied widely, ranging
from 70 C to about 200 C. This is in contrast to the solid absorbent
system which had a much more constant collector temperature (in the
range of 100-120 C). The H,80,-H,0 system also had a higher COP in
the heating simulations. This was offset, however, by higher
collector temperatures, so that both the solid and 1liquid absorbent
systems provided nearly the same fraction of the load despite major
differences in system configuration and performance details.

The ammonium nitrate-ammonia liquid absorbent system was compared
to the sulfuric acid-water system. The performance of both systems
was very similar, leading Offenhartz to suggest that the performance

of liquid absorbent systems may be independent of the particular

chemical system used.

2.2.6 Previous work by author
A modeling study of absorption heat pumps in solar heating

systems was carried out by the author in work leading to a masters
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thesis (64). A summary of this work is presented by McLinden and
Klein (65). A number of batch and continuous AHP configurations were
presented and their possible advantages and disadvantages discussed.
A simple equilibrium, steady-state analysis of the continuous AHP
cycle was carried out for three chemical systems. The COPs at given
generator, condenser, absorber and condenser temperatures for the
sulfuric acid-water and lithium bromide-water systems were virtually
identical and were higher than those for the sodium thiocyanate-
ammonia system.

Models for use with the TRNSYS simulation program were developed
for two configurations: the batch AHP and a continuous AHP with
combined condenser/refrigerant storage tank and absorber/absorbent
storage tank. Each of these models treated an entire AHP, including
the control strategy, and considered heating operation only. These
AHP systems were simulated with the sodium thiocyanate-ammonia
chemical system and were compared to a conventional solar heating
system for three locations. The continuous AHP provided a higher
fraction of the load than the conventional system with low collector
areas and/or low loss (high performance) collectors. With increasing
collector area, the collector efficiency and heat pump COP decreased
and the performance of the AHP and conventional systems approached
each other. The batch system had a seasonal COP of approximately
unity and gave a fraction non-purchased energy slightly lower than the
conventional solar heating system over the entire range of collector

areas.
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The present work generalizes the earlier continuous AHP model and
extends it to include cooling operation. A much more extensive

simulation study is carried out with the new AHP model.

2.3 Transient Simulation and the TRNSYS Program

The nature of a solar-driven AHP with chemical storage
necessitates a transient simulation over a heating or cooling season.
In a transient simulation, the time period of interest is broken into
timesteps and the external variables driving the system are supplied
to the simulation at each timestep. The equations describing the
simulated system are solved for each timestep with the end conditions
of one timestep becoming the initial conditions for the next.

The equations describing the system of interest can be directly
programmed and solved. A more general and flexible method is to
decompose the system into a number of smaller sub-problems. These
sub-problems would correspond to components in the physical system and
would be easier to formulate than the entire system of equations.
Furthermore, once a component model is formulated, it could be used in
the simulation of many different systems.

The TRNSYS simulation program (36) developed at the University of
Wisconsin wuses this modular approach. The TRNSYS program  was
originally developed for the simulation of solar energy systems and
more recently has been extended to include more general HVAC systems.
It has a library of Fortran subroutines which model components
typically found in solar energy and HVAC systems. The components

present in a simulation and the manner in which they are connected are
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specified by the user with a simple simulation language.

The differential and algebraic equations describing a physical
system are solved numerically by TRNSYS. Variables which are present
as time-derivatives in a component model are specified in the
simulation deck and are solved by a modified Euler method. In this
method the value of the integrated variable at the end of a timestep
is a function of the value at the beginning of the timestep and the

derivative evaluated at the midpoint of the timestep:

T, . = (T,_pp + £(T - 0t/2, T

T ) At [2-1]

-At/2,i-1

f(t, T) = dT/dt [2-2]

where T is the integrated variable, T is time, At is the timestep and
the subscripts refer to time and the iteration number. The value of

the integrated variable at the midpoint of a timestep is given by:

TT—At/Z,i-l =0.5 (TT,i_l + TT;Ax) [2-3]

Algebraic equations are solved by successive substitution concurrently
with the iteration for the differential equations. A component is
called until its inputs between successive iterations have converged
within a specified tolerance.

The absorption heat pump is just one component in the complete
solar heating and cooling system. It is advantageous to model this
system using a general simulation program in order to utilize its
building load model, weather data processing routine, etc. The TRNSYS

program is well-suited for the system of interest and was used.
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2.4 Description of Simulated System

The absorption heat pump modeled is a continuous, liquid
absorbent system with a combined condenser/refrigerant storage tank
and an absorber/absorbent storage tank as shown in Figure 2-2. This
configuration is simpler than a system with separate generator,
condenser, evaporator, and absorber and has a number of other
potential advantages. By combining the condenser and absorber with
the refrigerant and absorbent tanks, the heats of condensation and
absorption can be stored by raising the temperature of the contents of
the tanks. This feature would allow, for example, the heat of
condensation generated during the charging process to be stored if it
were not immediately needed to meet the heating load. 1In addition,
the evaporator could operate during the daytime hours when ambient
temperatures are higher, storing the heat of absorption for use at
night. In an air conditioning application, the ability to store the
heats of condensation and absorption would permit rejection of heat
throughout the night. With this more constant heat rejection rate,
cooling tower requirements would be reduced, possibly allowing the use

' rather than an evaporative cooling tower.

of a "dry'

This configuration also has possible disadvantages. Storing the
heat of condensation by raising the refrigerant tank temperature
increases the temperature of the generator and that of the collector,
thereby reducing collector efficiency. The required evaporator

temperature in the discharging process is increased as storing the

heat of absorption raises the absorbent tank temperature. Of fenhartz
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Figure 2-2 Absorption heat pump with combined condenser/refrigerant
storage tank and absorber/absorbent storage tank
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(66) has pointed out that thermodynamic availability may be lost by
absorbing refrigerant directly in the absorbent tank rather than in a
separate absorber where concentration can be controlled.

The chemical system chosen for use in this study employs ammonia
as the refrigerant and a solution of sodium thiocyanate (NaSCN) and
ammonia as the absorbent. This choice is based primarily on three
considerations. First of all, the 1low freezing point of ammonia
allows wintertime heat pumping. The NaSCN absorbent is non-volatile,
avoiding the need for rectification. Finally, thermodynamic data is
available for this pair (25,26). It is recognized that this chemical
system may not be optimum from thermodynamic, safety and practical
standpoints.

The effects of different chemical systems are considered by
simulating an AHP using sulfuric acid and water. The data given in
References (50) and (67) were used to generate the necessary property
correlations. The vapor pressure of water was extrapolated below the
freezing point to allow wintertime heat pumping. It is possible to use
water below 0 C, as pointed out by Hiller and Clark (68), by adding an
anti-freeze to the evaporator, although this would lower the vapor
pressure and reduce the temperature difference across which heat could
be pumped.

The complete heating and cooling system consists of the AHP,
load, solar collector, ambient heat exchanger, etc. as shown in Figure
2-3. The AHP is connected to the load and ambient heat exchangers by

heat exchange loops. These would be required to prevent any
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potentially hazardous chemicals in the AHP from leaking into the
conditioned space. Heat exchange loops also permit switching from
heating to cooling operation. Heat can be supplied to the generator
by either the solar collectors or an auxiliary source. The auxiliary
heat source and an auxiliary air conditioner directly supply the load

when the solar AHP cannot.

2.5 Transient Simulation Model

2.5.1 Absorption heat pump component

The AHP model is based on mass and energy balances written around
various parts of the cycle; it thus represents a thermodynamic
approach  rather than a 'black box" approach wusing empirical
performance curves. The property relations are supplied as Fortran
function subroutines and are referenced directly by the component
models, making the model itself independent of chemical system. The
required subroutines are described in Appendix C.l1 and are summarized
in Table 2-1.

The major assumptions employed in the model are that:

1. the reaction rates are controlled by heat transfer
resistances, i.e., mass transfer equilibrium is achieved

2. the thermal and mass capacitance of the generator and
evaporator are negligible compared to those of the storage
tanks

3. all vessels are fully mixed

4. the absorbent is completely non-volatile

Thus this model represents a limiting, best case analysis in several

respects.
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Table 2-1 Summary of property relations needed for the TRNSYS AHP
model
Function Independent Dependent
name variables variables Description
HMIX T, X4 hli enthalpy of liquid mixture of
4 4 absorbent and refrigerant
HVAP T, Tsat hvap enthalpy of refrigerant vapor
VPRES T, x,. P vapor pressure of liquid
liq .
: solution
TMIXH hl’ y Ko T saturation temperature of
iq liq sat .. -
liquid solution
TMIXVP P, X5 T saturation temperature of
iq sat .. X
liquid solution
TMIXUC Utot’ Mobs TSat temperature of a two ph?se,
m ,» v two component mixture given
( r?f tot .
mC X total internal energy, volume
p container
and masses
RHOLQ T, x1iq pliq density of liquid mixture
RHOVP T, P o) density of refrigerant vapor

vap
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Overall mass and energy balances are written for each tank and
reaction vessel; absorbent mass balances are also written for the
generator and absorbent tank. (In the following equations, numbered
subscripts refer to points in Figure 2-2. The sign convention
employed is that heat flows into the system are positive and mass
flows are positive in the direction of the arrows in Figure 2-2.) For

the generator plus heat exchanger, these balances yield:

0= ﬁl - ﬁ4 - mg [2-4]
0= xlﬁn1 - x4ﬁ14 [2-5]
0= ﬁllhl - 614h4 - 1.BShS * égen * éaux * éloss,g [2-6]
For the refrigerant tank, the mass and energy balances give
dm /dt = 1315 - :’n6 [2-7]
dUc/dt - ﬁ5h5 - l‘116116 * c.2cond * Qloss,c [2-8]

where m is mass flow rate, x is the mass fraction of absorbent, U 1is
.
total internal energy and the Q terms are heat flows described below.

The assumption of mass transfer equilibrium implies:
P =P =P, =P =P_=P [2-9]

This high side pressure relates the temperature and concentration in
the generator with the refrigerant tank temperature; by choosing two,
the third is determined. This relationship is shown in Figure 2-4

where vapor pressure data for the NaSCN—NH3 system are plotted as



54

4.0
[ °
~ e
) =
2 -
O Pl
s I.O >
a »
g o
o a
= 0.4
P o
g S
S >

0.l

-40
0] 40 80 120

Solution Temperature (C)

Figure 2-4 Relationship between condenser temperature and generator
concentration and temperature for the NaSCN-NH3
chemical system



55

vapor saturation (condenser) temperature versus liquid solution

(generator) temperature. Note that the generator temperature 1is

increased by an increase in concentration or condenser temperature.
Energy and mass balances on the counter-current heat exchanger

yield:
-T,) [2-10]
m, =m [2-11]

where €g—a is the effectiveness of the heat exchanger and (1'nC)min is
the minimum capacitance rate through the heat exchanger. (The heat
exchanger effectiveness is that fraction of the maximum possible heat
trans fer which takes place (69).)

The Q. tem in Equation [2-6] is the rate of auxiliary heat
input to the generator. The remaining heat flows in [2-6] and [2-8]

are given by simple heat transfer relations. Modeling the heat

exchangers in the tanks as constant effectiveness devices yields:

Qgen = (mC)hx’gE:g(Thx’g - T3) [2-12]
Qcond N (mC)hx,csc(Thx,c - T6) [2-13]
where Thx,g and Thx,c are the temperatures of the heat exchange

streams entering the generator and refrigerant tank. The tank losses

(actually negative heat gains because of the sign convention) are:

= UAg(Tenv - T3) [2-14]

Qloss,g
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= UA (T -T,) [2-15]
C env

Qloss,c 6

vhere Tenv is the temperature of the tank environment.
A similar set of mass and energy balances can be written for the

absorbent tank:

dma/dt = ﬁ4 + ﬁs - ﬁl [2-16]
dmabs,a/dt = x4ﬁ4 - xlﬁl [2-17]
du /de = dyh, + dghg - @by + Qo+ Qoo . [2-18]
and evaporator:
0= ﬁ6 - ﬁ8 [2-19]
0 =meh, - mghy - Qevap * éloss,e [2-20]

66 88

The heat flows in [2-18] and [2-20] are described by expressions
analogous to [2-12] to [2-15]. The assumption of mass transfer

equilibrium implies:

P, =P, =P [2-21]

The above equations describing an AHP are implemented as two
separate TRNSYS components—--the generator and refrigerant storage tank
and the evaporator and absorbent storage tank. (A pump component 1is
also required.) This approach was felt to be the best compromise
between the flexibility and generality of separate TRNSYS components

for a generator, storage tank, etc. and the computational efficiency



57

of modeling the entire AHP including the control strategy as a single
component.

For the solution of the generator and refrigerant tank, the mass
and internal energy derivatives ([2-7] and [2-8]) are integrated by
TRNSYS and supplied to the component. The refrigerant tank
temperature and pressure are computed by the property relation TMIXU
(described in Appendix C.l1). An iterative loop is then entered for
ﬁs, the mass flow rate of vapor between the tanks; the initial guess
for m, is that from the previous call to the component. With this

5

value and the inputs of m and m_, Equations [2-4], [2-5] and

1 I X 6
[2-9] to [2-15] can be solved. Equation [2-6] is used as a test for

convergence; if this is not satisfied, a new m, is found by a secant

5
method iteration. When the vapor flow rate has converged, the mass
and energy derivatives ([2-7] and [2-8]) are calculated and returned
to the TRNSYS integrator.

The calculations for the evaporator and absorbent storage tank
are similar but do not involve an iterative loop. Again, the total
internal energy of the storage tank is provided by a TRNSYS solution
of the governing differential equation. The mass of absorbent is

found by the difference between the total mass of refrigerant in the

entire AHP (a constant) and the mass in the refrigerant tank:

mref,abs tank mref,tot - mref,ref tank [2-22]

The state of the absorbent tank contents determines the pressure and

thus the temperature of the evaporator as well. With this
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information, the remaining equations, including the derivative for
internal energy, can be solved and the outputs of the component

found.

2.5.2 Heating and cooling load model

The heating and cooling load modeled in this study represents a
two-story house with 165 m2 of floor and 22 m2 of window area. It
utilizes a transfer-function load model and temperature-level control
as described in the TRNSYS manual (36). The infiltration rate is 0.5
air changes per hour and the walls and ceiling are insulated with 7.5
and 22.5 cm of fiberglass insulation, respectively. The overall loss
coefficient is 167 W C-l. Internal heat generation averaged 656 W.

Solar heat gains through windows are included but latent loads and

domestic hot water loads are not.

2.5.3 Control strategy

An absorption heat pump system has a large number of control
options which may have a significant effect on its performance.
Several strategies have been investigated. The baseline control
strategy 1is determined, in large part, by a multi-stage room
thermostat with the heating/cooling mode determined by the time of
year. The first stage heating mode is to use the heat of condensation
to supply the load, provided that the refrigerant tank temperature is
above some minimum useful temperature. When the room temperature
falls below a second set point, heat from the absorbent tank is also

used. (This order minimizes the generator, and thus collector,
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temperature.) If the room temperature falls further, auxiliary heat
is added to the generator and finally, below a fourth set point
temperature, auxiliary heat is added directly to the load. All of
these stages employ deadbands and can operate simultaneously except
that auxiliary heat cannot be supplied both to the generator and
directly to the load at the same time. The heating set points used in
the simulations were 21, 20, 19 and 18 C with a 0.5 C deadband. Heat
is extracted from ambient and added to the evaporator whenever the
ambient temperature exceeds the evaporator temperature by a minimum
value (2 C in the simulations).

Cooling 1is supplied by the AHP when the room temperature rises
above the cooling set point and the evaporator temperature is below a
maximum value. Auxiliary cooling 1is provided by a separate vapor
compression device and is supplied directly to the load when the room
temperature exceeds a second cooling set point. Cooling set points of
23 and 25 C were simulated. In the cooling season, heat is rejected
to ambient whenever the refrigerant or absorbent tank temperature
exceeds the ambient temperature by at least 2 C. The ambient heat
exchanger is modeled as a '"dry," constant effectiveness device and
cooling water flows in parallel to the condenser and absorber.

The collector is controlled in the conventional manner with a
differential on-off controller sensing the collector and generator
temperatures. The collector and auxiliary input to the generator are
not operated when the system is fully charged (to prevent

crystallization of absorbent out of solution at high concentration).
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In addition to the baseline control strategy, two other heating
season control strategies were considered. In the first alternate
strategy, the auxiliary energy input to the generator was disabled in
order to study the interaction between solar and auxiliary energy
supplied through the generator. Supplying auxiliary through the heat
pump takes advantage of its greater than one COP but would result in a
higher average state of charge of the system, leading to higher
collector temperatures and reduced energy storage capacity for solar
energy.

During times of marginal solar collection, the greater than one
COP gained by supplying solar through the heat pump may be more than
offset by low collection efficiency. During these times, the overall
system performance might be improved if solar energy could "bypass"
the generator and deliver heat at a lower temperature. In the second
alternate control strategy, collected energy is delivered to the

absorbent storage tank rather than to the generator when:

nbypass

cop ngen

>1 [2-23]

where n and n are the collection efficiencies when delivering
bypass gen
heat to the absorbent tank and generator and the COP 1is an average
value.
This option was implemented by computing each efficiency using

the Hottel-Whillier (70) collector equation:

\
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(Tabs N Tamb)
nbypass = FR(Toc) - FU [2-24]
G
T
(Tgen - Tamb)
ngen = FR(ﬂu) - FRUL [2-25]
GT

where FR is the collector heat removal factor, (TQ) is the

transmittance-absorptance  product, UL is the collector 1loss

coefficient, T is the ambient temperature and GT is the solar

amb
irradiance on the collector plane. If the generator is not operating,
its temperature, Tgen is taken as the saturation temperature
corresponding to the pressure over the refrigerant tank and the
concentration in the absorbent storage tank. Although it would be
difficult to physically implement, this control strategy serves to
identify the performance implications of the greater than one heating
COP of an absorption heat pump.

The baseline and alternative control options were included in a
single controller component. This componment returned control

functions for the collector, solution pump, ambient and load heat

exchangers, and auxiliary heating and cooling units.

2.5.4 Conventional solar heating and cooling system

For comparison, a liquid-based solar heating system with sensible
heat storage was simulated. It includes a solar-fired 1lithium
bromide-water absorption chiller with an evaporative cooling tower.
This system is modeled with standard TRNSYS components and was shown

in Figure 2-1. Except for using the transfer function load model as
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described above, it is very similar to the example solar heating and

cooling system given in the TRNSYS manual (36).

2.6 System Simulations--Results and Discussion

Heating season and cooling season simulations were conducted with
the absorption heat pump model to study AHPs in a solar application
and to determine the effects of several design variables and control
options. This investigation has been summarized by McLinden and Klein

(70). The primary index of system performance is F the fraction of

NP’

the total load met by non-purchased energy, defined as:

FNP =1- Qaux/Qload [2-26]

where Qaux is the total auxiliary supplied and Q1°ad is the total
energy used to meet the heating or cooling load. The important fixed
parameters used in the simulation are as listed in Table 2-2 (except
where noted in the text). The collector was modeled as a flat plate,
but the values of FRUL and FR(Ta) were chosen to represent an
evacuated tubular collector. Such a collector was selected on the
basis of earlier work by the author (64) and others (e.g., Offenhartz

(62,63)). A collector with a higher loss coefficient 1is also

investigated in relation to one of the control strategies.

2.6.1 Effects of collector area and storage mass
The AHP system was simulated using SOLMET TMY (typical
meteorological year) (72) weather data for Columbia, Missouri, with

three collector areas and two storage sizes (expressed as total mass



Table 2-2 Fixed parameters for the solar AHP simulation

Collector

slope = latitude

m
col

FR(TOQl)

/Acol

FRUL

Heat exchangers

€
g—a

€ (all other heat exchangers)
heat transfer fluid capacitance

Heat exchanger flow rates

g-a
m +m
abs - cond
.

evap

M 1ient (air side)

M ad (air side)

Storage tanks
height/diameter ratio

loss coefficient

0.015 kg sec ' m
0.55

0.83 Wm 2 ¢l

0.75
0.60

3.5 kJkg ! ¢t

150 kg hr L

1500 kg hr‘-1
1500 kg hr *
2500 kg hr *

2500 kg hr *

1.0

0.437 Wm © C

63
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of refrigerant and absorbent) to determine the effect of these
variables on system performance and to identify appropriate base case
values for subsequent comparisons. The timestep for most of the
simulations was 0.2 hours.

The results of these simulations, presented in Figure 2-5, show
that the AHP supplies a significant fraction of the heating load with
non-purchased energy at zero collector area. This is because the
auxiliary energy supplied through the heat pump can extract additional
energy from ambient and deliver it to the 1load. In the cooling
season, the FNP curve starts at zero because here the useful energy
flow is the low temperature heat extracted from the load. The cooling
results for 1000 and 2000 kg of storage were virtually identical,

' may have been reached in the F__ versus

indicating that a '"plateau' NP

storage curve. For heating, the curves for the two storage sizes
intersect; at 1low collector areas, increased tank losses offset any
effect of greater storage capacity.

Monthly and seasonal average values of several quantities for the
system with 1000 kg storage and 25 m2 collector are shown in Table
2-3. The average collector operating temperature is quite high (137 C
in January and 115 C in July). It is higher in January than July
because of the higher condenser temperature and higher absorbent
concentration. This 1is primarily because auxiliary energy input
through the generator keeps the system at a moderately high state of
charge during mid-winter. The high collector temperatures, combined

with low ambient temperatures, result in a January collector
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efficiency that 1is substantially lower than the July figure and
roughly half of its maximum value (i.e., FR(Ta)). The January heating
COP is 1.40 and the July cooling COP is 0.55. The heating COP 1is

penalized because of tank losses.

Table 2-3 Average collector and refrigerant tank temperature,
absorbent tank concentration, collector efficiency, COP,
tank losses and load for the base case sigulation
(Columbia, 1000 kg chemical storage, 25 m~ collector)

FNP Tcol Tcond xabs ncol cop Qloss Qload
c) ) (GcJ) (6J)
January 0.54 137 39  0.59 0.28 1.40 0.4 8.5

Heating season 0.64 151 49 0.61 0.20 1.33 4.2 36.5
(Oct-Apr)

July 0.71 115 33 0.52 0.42 0.55 0.3 6.1

Cooling season 0.81 117 28 0.55 0.39 0.52 1.2 22.6
(May-Sept)

Simulations were also carried out in the Columbia élimate with
the conventional solar heating and cooling system. The results of
these simulations are given in Figure 2-6. The conventional system,
of course, provides no non-purchased energy with zero collector area.

In the heating season the F__ curve has a greater slope, especially at

NP
low collector areas, than the AHP system because of lower average
collector temperatures. Thus, the performance of the two systems

approach each other at high collector areas. In the cooling season,

the performance of the two systems is qualitatively similar; the
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LiBr—Hzo absorption chiller provides a higher FNP because of a
combination of higher COP, lower collector temperatures, and the lower

cooling water temperatures provided by the evaporative cooling tower.

2.6.2 Effects of climate

The AHP system with 1000 kg of chemical storage was also
simulated in the Madison, Wisconsin, and Fort Worth, Texas climates.
The solar contribution to FNP in the Madison heating season 1is
relatively small as shown in Figure 2-7 due to a combination of lower
ambient temperatures and radiation levels as compared with Columbia,
leading to 1low collector efficiency. During the cooling season,
however, 25 m2 of collector meets 92 percent of the relatively small
(12 GJ) load.

The opposite situation occurs in the Fort Worth climate. Here,
25 m2 of collector can supply 84 percent of the 13 GJ heating 1load
with non-purchased energy as shown in Figure 2-8. With 25 m2 of
collector, most of the auxiliary energy is required during a
relatively few cold, cloudy days when the collector cannot operate;
thus an additional 25 m2 of collector results in only a small increase
in F__. The large (34 GJ) cooling load in Fort Worth, however, leads

NP

to the lowest cooling FNP of the three locations.

In order to evaluate the relative merits of the AHP system in the
three locations, it 1is necessary to compare the magnitudes of the
non-purchased energy provided by the system, rather than the fraction

of the total load. These results are given in Table 2-4. (The loads

vary with collector area because systems which meet a higher fraction
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Table 2-4 Effect of location and collector area on fraction non-
purchased energy, load, and non-purchased energy delivered
to the load for systems with 1000 kg chemical storage

Heating Cooling Annual
C°lle°t‘2’r P Yoada Qe Fyp QUoad  Qp Qvp
Area (m”) (1) (GI) (¢J1) (GJ) (6J)
Madison
0 0.28 55.5 15.5 0 - 0 15.5
25 0.52 57.0 29.4 0.92 11.3 10.4 39.8
50 0.58 57.4 33.2 0.99 12.3 12.2 45.4
Columbia
0 0.27 34.6 9.5 0 - 0 9.5
25 0.64 36.5 23.4 0.81 19.8 16.0 39.3
50 0.70 36.8 25.9 0.98 21.5 21.1 47.0
Fort Worth
0 0.28 11.9 3.3 0 - 0 3.3
25 0.84 13.6 11.5 0.67 33.6 22.7 34.2
50 0.88 13.8 12.1 0.92 35.9 33.0 45.1
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of the 1load keep the room temperature higher in the winter and lower
in the summer.) The total amount of non-purchased energy provided
over the entire year 1is quite similar between the three locations
except for the zero collector area case. The incremental gain in
total non-purchased energy in doubling the collector area from 25 m2

to 50 m2 is small.

2.6.3 Effects of storage mass and additional thermal capacitance

The absorption heat pump configuration studied has the ability to
store chemical and thermal energy. The energy storage capacity of an
absorption heat pump is the energy deliverable to the load as the
system goes from fully charged to fully discharged. Using the
NaSCN-NH3 chemical system, the maximum mass fraction of absorbent is
about 0.65 due to the crystallization limit. The minimum useful mass
fraction is about 0.50, corresponding to a heat pumping temperature
difference of 30 C. Thus, if there are equal masses of absorbent and
refrigerant in the cycle (to give x = 0.50 when fully discharged), the
amount of "active" refrigerant, (i.e., the amount that must be boiled
off to yield a concentration of 0.65), is 46 percent of the
refrigerant or 23 percent of the total system mass.

In a fully charged system, 77 percent of the system mass is in
the absorbent tank with a concentration of 0.65. During discharging,
the other 23 percent of the mass enters the absorbent tank as
refrigerant vapor, yielding a final state with all of the mass in the

absorbent tank. Assuming equal initial and final temperatures, the

internal energy change in this process is 410 kJ per kg of total
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system mass. For a system able to store thermal energy, the thermal
storage capacity of the chemicals over say a 30 C temperature swing
can be added to yield a total energy storage capacity for heating of
roughly 500 kJ kg-l. By comparison, a water tank with a 30 C
temperature swing stores about 125 kJ kg-l; the maximum swing for
unpressurized water storage in a heating application would be about 60
C (e.g., from 95 C to 35 C), yielding a capacity of 250 kJ kg_l.

The cooling energy storage capacity would approximately be the
fraction of "active" refrigerant multiplied by its heat of
vaporization or 290 kJ kg_l. Stored thermal energy is not directly
usable during the cooling season but, as will be seen, may have other
performance benefits. Unpressurized hot  water storage for a
conventional lithium bromide-water absorption chiller would have a
useful temperature swing of about 20 C (95 to 75 C). Taking into
account a COP of 0.7 for the chiller, the cooling storage capacity

would be 50 kJ kg-l.

The energy storage capacities for the sulfuric
acid-water chemical system are 1150 kJ kg—1 for heating and
870 kJ kg-1 for cooling.

It was argued above that the ability to store thermal energy has
performance advantages. It 1is difficult, however, to separate the
effects of the thermal storage from those associated with the chemical
storage. By adding additional thermal storage to the system, the
effects of the thermal storage are amplified and can be investigated.

This thermal capacity is at an intermediate temperature and can be

contrasted with the hot or cold side storage usually employed in solar



74

AHP systems without chemical storage. The additional capacitance was
modeled as -a separate water tank surrouﬁding (and having the same
temperature as) the refrigerant or absorbent tank.

The effects of thermal capacitance were simulated using August
weather data for Columbia with systems having 100 or 500 kg of
chemical storage and 5000 kJ C-l of thermal storage (corresponding to
roughly 1200 kg of water) added either to the refrigerant tamnk or
absorbent tank or split between the two. The results given in Table
2-5 show a moderate increase in the fraction of non-purchased energy
supplied to the load with either increased chemical storage or thermal
capacitance.

Table 2-5 Effect of chemical storage mass and additional thermal
capacitance on F__ for AHP system in Columbia (August

results) NP
Added thermal -1
capacitance (kJ C *) Fyp
ref tank abs tank m = 100 kg m = 500 kg
0 0 0.63 0.71
2500 2500 0.68 0.75
5000 0 0.69 0.76
0 5000 0.67 0.73

Figures 2-9 and 2-10 show the monthly average distribution of

rejected heat (the sum of Uon

4 and Qabs) over the day for the two

storage masses and four cases of added thermal capacitance. The
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system with 100 kg of chemical storage and no additional thermal
capacitance 1is typically fully discharged at 8:00 pm and cannot
operate again until solar is input the next morning. With additional
chemical storage the system does not swing from fully discharged to
fully charged back to discharged in the course of a day. Additional
thermal capacitance and, to a lesser extent, greater chemical storage
mass result in a more nearly even rejection of heat over the entire
day. The combination of the larger storage mass and added thermal
capacitance lowers the peak heat rejection rate from 33 to 19 MJ hr_1
and shifts it to later in the day. This ability to level out the heat
rejected to ambient might permit the use of a smaller ambient heat
exchanger or a "dry" heat exchanger rather than an evaporative cooling
tower. These results are not very sensitive to where the additional
capacitance is placed; splitting it between the condenser and absorber

appears to offer a compromise between highest F__ and lowest peak heat

NP
rejection rate.

January results for a system with 500 kg of chemical storage and
varying thermal storage are given in Table 2-6 and Figure 2-11. In
heating operation, additional thermal capacitance in the absorbent
tank lowers its temperature and results in greater heat extraction
from ambient during daytime hours. The resulting lower daytime
absorbent concentration leads to lower collector temperatures and a

higher value of FN There is less heat extracted from ambient during

p
the night because of lower average absorbent concentrations as

compared with the case of no added thermal capacitance. Adding
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capacitance to the refrigerant tank has much less of an effect; there
is little energy to store because the heat of condensation usually
goes directly to the load. Increased tank losses (because of the

larger tank surface area) decrease the value of FNP for the case of

5000 kJ C-1 added to the refrigerant tank.

Table 2-6 Effect of additional thermal capacitance on F,__,
absorbent tank concentration and collected energy for
AHP system in Columbia (January results; chemical storage
mass = 500 kg)

Added thermal -1
capacitance (kJ C ) Fyp X bs Qo1
ref tank abs tank (c1)
0 0 0.48 0.60 1.9
2500 2500 0.49 0.59 2.1
5000 0 0.46 0.60 1.8
0 5000 0.50 0.58 2.2

2.6.4 Effects of chemical system

The effects of the refrigerant—absorbent pair on performance were
investigated by simulating an AHP wusing the sulfuric acid-water
chemical system, but otherwise having the base case parameters. The
seasonal values of collector efficiency and COP for the sulfuric acid
system (given in Table 2-7) are slightly higher than those for the
NaSCN system (given in Table 2-3). The sulfuric acid system provides

a significantly higher value of FNP' Recall, however, that the
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sulfuric acid system was operated below the freezing point of water;
thus the advantage of the HZSO4-H20 system may not be practically
realizable. This result is contrary to the speculation by Offenhartz
(62) that the performance of all liquid absorbent chemical systems are

similar; his conclusion was based on a limited comparison of the

HZSO4-H20 and NH4N03-NH3 systems.

Table 2-7 Average collector temperature and efficiency, COP and
fraction non—Burchased energy for sulfuric acid-water
AHP with 25 m~ collector and 1000 kg chemical storage

T.o1 (©  Neo1 cop Fyp
January 123 0.32 1.45 0.61
Heating season 163 0.24 1.37 0.73
July 100 0.42 0.66 0.81
Cooling season 111 0.40 0.59 0.89

The better performance of the sulfuric acid AHP is at least
partially due to its higher equilibrium, steady-state COP (64). It
also has a higher energy storage density and can pump heat across a
slightly greater temperature difference than the NaSCN-NH3 system for
a given charging temperature. (For example, a generator temperature of
80 C and a condenser temperature of 40 C would yield an equilibrium
mass fraction in the generator of 0.52 for the NaSCN system and 0.63
for the H2804 system; with these mass fractions in an absorber at 40

C, the equilibrium evaporator temperatures would be 6.8 C and 4.8 C

for the NaSCN and HZSO4 systems respectively.)
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2.6.5 Effects of heat exchanger effectiveness

The sensitivity of performance to the effectiveness of the heat
exchangers in the system was studied. The results are given in Table
2-8. The effectiveness of the counter-current heat exchanger between
the generator and absorbent tank, Eg—a’ was varied independently of
all the others 1in the system, €. Heating season performance is not
very sensitive to varying eg-a but cooling season performance is quite
markedly affected. With a lower eg—a a greater fraction of the energy
input to the generator is required merely to raise the temperature of
the incoming stream to the generator temperature, leaving less energy
to boil off refrigerant. (This effect is reflected in the ratio of

Q

cond to Qabs') This 1is not a severe penalty in heating since this

energy can be recovered in the absorbent tank, although at a COP of

Table 2-8 Effect of heat exchanger effectiveness on F__ and the
ratio of the heats of condensation and absorption for
AHP system in Columbia (seasonal results)

c € FNP Qcond/Qabs
g-a heat cool heat cool
0.60%* 0.75% 0.64 0.81 0.75 0.71
0.30 0.75 0.50 0.71 0.73 0.67
0.30 0.35 0.47 0.50 0.39 0.39

*base case conditions



82

essentially unity. GCooling, however, can be produced only by the
evaporation of refrigerant; thus anything which reduces the vapor

production rate in the generator will affect performance.

2.6.6 Effects of alternate control strategies

The effects of the two alternate heating season control options
described earlier were investigated. The simulations were performed
in the Columbia climate with 25 m2 of collector and 1000 kg of
chemical storage and are compared to the base case results. Adding
auxiliary energy through the heat pump takes advantage of its greater
than one COP, but penalizes solar energy collection by raising the
average absorbent concentration. This interaction is most pronounced
when auxiliary input is high (i.e., mid-winter) and unimportant when
solar is meeting a high fraction of the load as shown in Table 2-9.
In April, solar supplies a high fraction of the load and the small
quantity of auxiliary has little effect. In January, however, the
alternate strategy of not supplying auxiliary through the generator
significantly decreases the average absorbent concentration, resulting
in lower collector temperatures, thus increasing the amount of solar
energy collected. The overall performance (expressed by FNP)’
however, is reduced when auxiliary 1is mnot supplied through the
generator. The gain in collector performance is more than offset by
not taking advantage of the COP of the heat pump in the backup heating
mode. This result applies to every month and the heating season as a

whole.
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2-9 Effect of not supplying auxiliary energy through the heat

pump on absorbent tank concentration, collector
temperature, collected and auxiliary energy and F

system in Columbia NP

A--Auxiliary through the heat pump (base case)

¥abs col Qcol Qaux FNP

(c) () (GJ)

January 0.59 137 2.3 3.9 0.54
April 0.64 168 1.6 0.1 0.95
Heating season 0.61 151 14.7 12.9 0.64
B--No auxiliary input through the heat pump
January 0.56 121 2.8 4.5 0.45
April 0.64 169 1.7 0.1 0.94
Heating season 0.60 141 16.3 15.0 0.57
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The benefit of a greater than one heating COP comes at the
expense of higher collector temperatures and thus overall performance
might be improved if solar energy could "bypass' the generator and
supply energy to the lower temperature absorbent tank. This control
option should be more important as the collector loss coefficient
increases. A collector with a FRUL of 3.3 W m_ZC“1 and a FR(Ta) of
0.70 (representing a single-glazed, selective surface, flat plate
collector) was simulated in addition to the base case (high
performance) collector. Table 2-10 gives the results of these
simulations.

For the high performance collector, the option of bypassing the
generator resulted in a significantly larger total of collected energy
as well as increased collector operating time. However, the value of
FNP is only slightly increased because much of the solar bypassing the
generator is collected early and late in the heating season. During
these times, the system is often fully charged and the collector is
prevented from supplying energy to the generator. But it can (and
does) supply energy to the absorbent tank where much of the additional
collected energy is dissipated as increased tank losses. For this
reason, the January results given in Table 2-10 are much more
indicative of the actual merits of this strategy. These indicate that
with high performance collectors there is a modest increase in FNP as
a result of this alternate control strategy.

The flat plate collector provided significantly less solar energy

and gave a lower value of FNP than the evacuated tubular collector.



Table 2-10 Effect of generator bypass control option and collector
type on F__, collected energy, and collector operating
time for system in Columbia

A--Evacuated tubular collector (seasonal results)

Q (cJ) col. on time (hrs)
col
Bypass FNP
gen abs tank total gen abs tank total
no* 0.64 14.7 0 14.7 698 0 698
yes 0.67 10.7 11.3 22.0 480 654 1134
B--Evacuated tubular collector (January results)
no¥* 0.54 2.3 0 2.3 112 0 112
yes 0.58 2.4 0.5 2.9 104 52 156
C--Flat plate collector (seasonal results)
no 0.47 7.6 0 7.6 400 0 400
yes 0.56 3.6 12.1 15.6 174 523 697

*base case conditions
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With the option of bypassing the generator, the collected energy and
FNP increased significantly (but were still lower than with the high
performance collector). In this case, however, only 23 percent of the
solar was input through the generator of the AHP. These results
strongly suggest that a solar-driven absorption heat pump requires

high performance collectors (such as evacuated tubes) for effective

operation.

2.7 Summary and Conclusions for Solar AHP Systems

A model of an absorption heat pump which is based on mass and
energy balances written around the components has been developed for
use with TRNSYS. Simulations using this model have shown that a
solar-driven AHP system can supply a significant fraction of a
residential heating and cooling load with non-purchased energy. The
annual non-purchased energy supplied to the load was similar for the
three locations studied. In the Columbia climate, the AHP system gave
a higher FNP than a conventional solar heating system at small

collector areas, while with larger areas, the F__ of the two systems

NP
approached each other. In the cooling season, the AHP system gave a
slightly lower FNP than a solar-fired lithium bromide absorption
chiller with hot water storage.

The collector temperatures are high and thus high performance
collectors (such as evacuated tubes) are required for effective solar
operation. The performance of the AHP is  affected by the

effectiveness of the heat exchangers in the system; the heat exchanger

between the generator and absorbent tank has a large effect in cooling
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operation. The refrigerant-absorbent pair has a significant effect on
system performance, with the HZSO4 system having better performance

than the NaSCN-NH, pair.

3

The two alternative  heating season control strategies
investigated have little advantage in the Columbia climate compared to
the baseline control strategy. Not supplying auxiliary energy through
the heat pump increases solar energy collection at the expense of
overall system performance. The option of "bypassing" the generator
significantly improved performance only for the high loss collector
studied.

Adding thermal capacitance and (to a lesser extent) additional
chemical storage mass to the cycle had the effect of leveling out the
daily profile of heat rejected to ambient during cooling operation.
In the heating mode, additional thermal capacitance shifted the times
of heat extraction from ambient more towards daytime hours. In most
cases, additional thermal capacitance resulted in a higher value of
FNP' In cooling operation, the location of the additional capacitance
had a small effect; in heating operation, however, adding thermal
capacitance to the absorbent tank resulted in a larger gain in F__ as

NP

compared to adding it to the refrigerant storage tank.



CHAPTER 3

EXPERIMENTAL INVESTIGATION OF AN ABSORPTION HEAT PUMP

An experimental investigation of an absorption heat pump was
conducted during a five month period at the National Bureau of
Standards in Gaithersburg, Maryland. The AHP was a prototype unit
developed by Arkla Industries under contract to the U.S. Department of
Energy and was sent to NBS for testing. This chapter describes the
prototype heat pump and the experiments carried out at NBS. The
results of this investigation are summarized by McLinden, Radermacher
and Didion (73).

The testing of the heat pump was carried out in two phases. The
overall steady-state and cyclic performance of the AHP as delivered by
the manufacturer was first determined. A requirement of this phase of
testing was to not make any modification to the machine which might
affect its performance. With the first phase completed, a second
series of tests designed to study the operation of the absorption
cycle itself and to provide more detailed data for model verification
were carried out. These tests required cutting into the cycle and

varying the charge of the umit.

3.1 Description of the AHP

In 1980, the U.S. Department of Energy contracted with Arkla
Industries, Incorporated of Evansville, Indiana, to design an
absorption heat pump and build a prototype. The design was to apply

88
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the technology of existing absorption chillers to a heating
application. The resulting unit was an air-to-water heat pump using
ammonia and water as the refrigerant and absorbent. It 1is fired by
natural gas and is designed for heating-only operation in a
residential application. The complete absorption cycle, burner,
controls, etc. are contained in a single package 1.22 by 0.52 by
0.99 m which would be located outside, only the load heat exchanger
and load water circulating pump would be located inside.

The heat pump utilizes an ammonia-water absorption cycle
(including an analyzer and rectifier) with the addition of a flue gas
heat exchanger as shown in Figure 3-1. (This figure is adapted from a
similar  schematic provided by the manufacturer. The following
description of the machine is drawn from conversations with Arkla
engineers and inspection of the unit. This heat pump 1is also
described by Kuhlenschmidt and Merrick (74).) The entire cycle is
constructed of welded mild steel. A one percent sodium chromate
solution acts as a corrosion inhibitor.

A single solution-filled vessel houses both the generator and
analyzer. The generator comprises the lower segment of this vessel
and is located within the burner box. The combustion products
circulate around and transfer heat to the generator to boil off
refrigerant vapor from the entering weak absorbent solution. The
outlet for the resulting strong absorbent is located near the bottom

of the generator.
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The analyzer countercurrently contacts the refrigerant vapor
leaving and the weak absorbent entering the generator; the strong
absorbent flows through the analyzer in a heat exchange coil. Baffle
plates serve to increase the heat and mass exchange between the vapor
and liquid. Mass transfer between the contacting streams removes
water from the refrigerant vapor. The analyzer also acts as a heat
exchanger, preheating the weak absorbent entering, and cooling the
vapor and strong absorbent leaving the generator.

The rectifier further purifies the refrigerant vapor and heat
exchanges the strong and weak absorbent streams. This component is a
vessel extending horizontally from the vapor space at the top of the
analyzer and contains a concentric tube heat exchanger. This 'triple
heat exchanger" preheats the weak absorbent flowing in the annulus by
both cooling the strong absorbent flowing in the inner tube and
partially condensing, and thus purifying, the refrigerant vapor on the
outside of the heat exchanger. The condensate and weak absorbent mix
as they flow into the analyzer.

The condenser is a concentric tube heat exchanger. Refrigerant
vapor condenses in the annulus, transfering heat to the load heat
exchange stream flowing countercurrently in the inner tube. To save
space and reduce heat losses to ambient, the condenser is fabricated
as a helical coil which fits around the absorber.

The refrigerant is vaporized by heat transfer with ambient air in
the evaporator where it flows in series through three finned coils. A

four-bladed fan blows ambient air across the coils. Defrosting of the
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evaporator coil is accomplished by routing refrigerant vapor from the
rectifier through the solenoid-operated defrost valve directly to the
evaporator. During a defrost cycle, which lasts for approximately
seven minutes, the burner, solution pump and fan are off and the
residual heat in the cycle is utilized. A defrost is called for when
the difference between the ambient and evaporator outlet temperatures
exceeds a given value which depends on ambient temperature. In this
prototype unit, these temperatures were monitored and the defrost
cycle initiated manually.

The refrigerant streams entering and leaving the evaporator flow
through the  concentric tube refrigerant heat exchanger. For
conditions where a high quality stream exits the evaporator, this heat
exchanger increases the heat extracted from the ambient by reducing
the quality of the evaporator inlet stream, thus increasing the amount
of refrigerant that can be vaporized. The enthalpy of the absorber
inlet is also increased. For conditions where a two phase stream
enters the absorber, the refrigerant heat exchanger has little effect
(and perhaps a detrimental effect by promoting a higher mass flow of
refrigerant through the throttle.)

The Arkla AHP has two fixed-orifice throttling devices between
the condenser and evaporator. The presence of a throttle ahead of the
refrigerant heat exchanger would seem to be detrimental to the
performance of that component. The pressure of the liquid refrigerant
leaving the condenser is reduced to a value intermediate between the

low and high side pressures. Because of flashing in the throttle, the
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available temperature difference in the refrigerant heat exchanger is
thus reduced.

Two throttle valves are used not to improve performance so much
as to avoid the even worse performance that would result under certain
conditions if only a single fixed orifice throttle were used (75).
Under conditions where a two-phase mixture exits the evaporator, the
heat transfer in the refrigerant heat exchanger 1is increased,
resulting in increased sub-cooling of the refrigerant stream entering
the throttle. As the quality of the throttle inlet stream decreases,
the flow rate through the throttle for a given pressure drop
increases. Thus, with a single throttle, a two-phase stream leaving
the evaporator would result in a higher refrigerant flow rate which
would further decrease the quality of the evaporator outlet. The
throttle at the condenser outlet always provides some degree of flow
control, although not eliminating this problem entirely. (This
problem is associated with fixed throttles and would not be present
with a controllable throttle. Fixed orifice throttles were used
because of their lower first cost and greater reliability.)

In the falling-film type absorber, absorbent solution enters at
the top and is distributed over heat exchange tubing wound into a
helical coil. As the solution flows over the tubes and drips between
rows, it absorbs refrigerant vapor. The resulting heat of absorption
is transfered to the load heat exchange fluid flowing countercurrently
within the tubes. The refrigerant inlet is near the bottom of the

absorber. Any liquid entering with the refrigerant, along with the
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weak absorbent dripping off the bottom row of heat exchange tubes,
flows into a sump at the bottom of the absorber.

The inlet of the solution pump is coupled to the absorber and
draws solution out of the sump. The positive displacement,
diaphragm-type pump is hydraulically driven by a separate hydraulic
pump.

The flue gas heat exchanger uses thekexiting flue gases to heat
the strong absorbent solution flowing to the absorber. This component
extracts additional energy from the natural gas input and delivers it
to the load heat exchange fluid in the top rows of the absorber. The
higher strong absorbent temperature reduces the vapor capacity of the
absorber, reducing to some extent the benefit of a higher combustion

efficiency.

3.2 Test Facility

The test facility for absorption heat pumps at the National
Bureau of Standards is centered around an envirommental chamber. Much
of the load water apparatus and instrumentation and data logging
equipment were previously installed for investigations of an
absorption chiller carried out by Lindsay and Didion (76) and
Rademacher, Klein and Didion (77). This  facility is  shown

schematically in Figure 3-2.

3.2.1 Envirommental chamber
The heat pump was tested in an envirommental chamber with

controlled dew point and dry bulb air temperatures. The desired dew
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point temperature was obtained by passing the supply air through a
cooling coil which was sprayed with water or an antifreeze solution to
insure a saturated leaving air stream. This air stream was then
brought to the desired dry bulb temperature by electric heating coils
and delivered to the chamber through a plenum extending across the
entire ceiling area. A uniform temperature was further insured by an
additional circulating fan installed near the floor. The chamber air
temperature was maintained within +0.3 C of a constant value during
steady-state tests and within %1 C during cyclic tests. The flue
gases were exhausted to the outside through a flexible duct installed

near the heat pump stack.

3.2.2 Load water system

In normal operation, an antifreeze solution would circulate in a
closed loop between the heat pump and the indoor heating coil. 1In the
test facility, a once-through flow arrangement with tap water was
employed. Hot and cold tap water were mixed in a supply tank and
punped into the envirommental chamber. The flow rate was controlled
by a pair of globe valves. Solenoid-operated valves either sent the
flow to the heat pump or diverted it to the drain. This flow
arrangement eliminated any transient effects of an indoor coil during
cyclic operation and provided an constant (+0.2 C) water temperature
to the heat pump.

Inside the heat pump, the load water split and flowed in parallel
to the condenser and absorber. This flow split was preset by the

manufacturer to provide approximately equal flows to the absorber and
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condenser (78). After the first series of tests were completed, the
internal piping of the heat pump was modified to independently control

and measure these two flows.

3.2.3 Instrumentation

The mass flow rate of the load water was measured with a
IIT-Barton turbine flow meter connected to a frequency counter. The
temperature rise of the 1load water in flowing through the AHP was
measured with a 16 junction copper-constantan thermopile installed in
thermowells just outside of the machine. Thermocouples were also
installed in the thermowells to determine the water temperature.

The ambient air temperature was measured with a 14 junction
averaging thermocouple installed on the inlet louvers to the
evaporator. To determine relative humidity, the wet bulb temperature
was measured. For tests below freezing, the dew point temperature was
either measured with a EG&G dew point hygrometer or taken to be the
temperature of the cooling coil of the envirommental chamber.

The natural gas input to the burner was measured with a Sprague
dry volume flow test meter. The gas temperature and pressure were
measured at the meter 1inlet with a thermocouple and manometer,
respectively. The volume of gas used by the heat pump over a given
time period was corrected to standard conditions and multiplied by the
higher heating value of the gas, which was determined by a calorimeter
on the NBS site, to obtain the energy supplied. The heat lost through
the exhaust stack was determined by a combustion analysis. A sample

of the flue gases was drawn continuously and passed through a
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desiccant column. The CO2 content of the flue gas was measured with

an MSA Lira infrared analyzer which was calibrated using standard CO2
samples. A Lynn oxygen analyzer was also used. The resulting values
of excess combustion air were averaged and combined with the
temperature of the flue gases (measured with a six junction averaging
chromel-alumel thermocouple) to compute the burner efficiency.

In addition to these data, the temperatures at various point in
the cycle (as indicated in Figure 3-1) were measured with
copper—-constantan thermocouples attached to the outside of the tubes.
The thermocouple sites were heavily insulated. The pressure in the
rectifier and absorber vapor spaces were measured with Transducers,
Inc. pressure transducers. Bourdon tube pressure gauges were also
installed on the same pressure taps. The electrical energy needed to
power the solution pump, fan, and controls was measured with a General
Electric watt-hour meter connected to a Landis and Gry pulse counter.

The output signals of the thermocouples, thermopiles, and
pressure transducers were scanned by a Fluke data logger and
transfered to a Cromenco or Hewlett-Packard microcomputer for storage
and later analysis. The remaining instrumentation readings were
recorded manually. The output of the load water thermopile was also
sent to an Esterline-Angus strip chart recorder; this provided a trace
of the heating capacity of the heat pump and was the primary indicator
of whether steady-state operation had been reached.

After the first series of tests were completed, additional

instrumentation was installed. A TFoxboro turbine flow meter and
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control valve were installed in the load water line to the condenser.
A 10 junction copper-constantan thermopile was installed between the
inlet water thermowell and a thermowell at the condenser outlet.
These measuréments allowed the heat of condensation to be calculated.

A thermopile was installed to measure the temperature drop of the
air flowing across the evaporator. The air velocity was measured by a
35 point traverse of an Envit vane anemometer across the face of the
evaporator coil. The temperature difference was multiplied by a
measured correction factor to account for the non-uniform temperature
distribution and combined with the average air velocity to calculate
the ambient heat supplied to the evaporator.

Sample taps for the strong and weak absorbent were provided by
the manufacturer at the absorber inlet and solution pump outlet,
respectively. Small diameter tubing was run from these taps to the
outside of the heat pump cabinet and terminated in needle valves.
Solution samples were taken and analyzed by titration as described in
Section 3.3.2. Finally, a Flow Technology turbine flowmeter was

installed in the strong absorbent line near the absorber inlet.
3.3 Test Procedure

3.3.1 Steady-state tests

The steady-state tests followed, where applicable, the procedures
outlined by Parken, et al. (79) for the testing of vapor compression
heat pumps. The heat pump, envirommental chamber, and load water

supply were operated until steady conditions were obtained (typically
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90 minutes). A steady-state test lasting for 30 minutes was then
started. The data logger recorded thermocouple, thermopile, and
pressure transducer readings every two minutes; the gas, electric and
turbine meters were recorded at the beginning and end of the test.
The combustion analysis was done midway through the test. Average
values for all measurements were then used for analysis.

The primary indices used for the performance of the AHP were COP
and capacity. The heating capacity of the unit was determined by the

flow rate and temperature rise of the load water:

C AT

Qload " Moad p load [3-1]

with the literature value of the heat capacity of water being used.

The coefficient of performance is defined as:

COP = [3-2]

where ans and E are the gas and electric energy inputs to the

elec
heat pump.

3.3.2 Absorbent solution sampling

Sampling of the strong and weak absorbent solution was done
immediately after the conclusion of a steady-state test with the heat
pump still operating. The strong and weak absorbent streams are
sub-cooled liquids at the operating pressure of the AHP but flash to a
two-phase mixture at atmospheric pressure. In order to prevent the

loss of ammonia, samples were taken into a solution of sulfuric acid.
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The sample lines were purged into flasks containing 125 ml of 5 N (for
the strong absorbent sample) or 1 N sulfuric acid for the weak
absorbent sample until a methyl red indicator changed color. (This
quantity of acid corresponded to the flow of solution necessary to
purge the sample line volume.)

A sample was taken into a preweighed 125 ml flask containing
50.0 ml of sulfuric acid of known normality (approximately 1.00 N) and
methyl red indicator. The solution was allowed to flow from the
sample line through a short length of flexible tubing, into glass
tubing extending into the acid at the bottom of the flask until the
indicator changed color. The tubing was then stoppered. A duplicate
sample was taken and the procedure repeated for the other sample tap.
The flasks were reweighed (using a Mettler analytical balance) to
determine the quantity of sample taken and titrated back to the
endpoint with sulfuric acid to determine the amount of ammonia in the
sample. The ammonia concentration of the absorbent solution could

then be calculated.

3.3.3 Cyclic tests

In the cyclic tests, which also followed the procedures of (79),
part load operation was simulated by manually cycling the heat pump on
and off. The chamber and water supply were allowed to reach the
desired conditions and then the heat pump was turned on and operated
until the capacity just reached its steady-state value as indicated by
the strip chart recorder. The unit was then turned off for the

predetermined time and cycled on and off for two or three complete
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cycles until a reproducible capacity behavior was observed. The next
cycle was then used for the determination of cyclic performance.
During the "off" portion of the cycle, load water did not flow through
the heat pump but the load water system continued to operate with the
water being diverted past the heat pump to insure a constant
temperature.

The total heat provided by the AHP during a cycle is given by:

t2 _
Qload,r.'yc = mloadcpf AT dt [3-3]
%o

where the temperature rise of the water flowing through the unit, AT,
is integrated between tO’ the time at which the unit is turned on and
tys when the machine shuts off. This was determined by integrating
with a planimeter the output of the load water thermopile recorded on
the strip chart recorder. The energy input to the machine during a
cycle is the sum of the gas input from to to tl’ the time that the
burner was operating, and the electrical input for the entire cycle
length, T. (The heat pump continues to operate for a 3.5 to 4 minute

"spindown'" ©period after the burner shuts off to recover residual

heating capacity.) The cyclic coefficient of performance is:

Q
_ load _
COP, . = ) = [3-4]
ans de + fEelec de
to 0

Here the integration is done by the gas and electric meters.
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The cyclic performance can also be expressed as a fraction of the
steady-state performance. The heating load factor, Ph’ represents the

fractional capacity in cyclic operation:

Q 1
r = load ,cyc [3-5]

T Qload,ss

where Qload,ss is the steady-state capacity at the same ambient
temperature. The COP penalty in cyclic operation is given by the part
load factor:

CcoP

PLF = — 3¢ [3-6]

COopP
ss

where COPss is the steady-state coefficient of performance.
3.4 Steady-State Test Results

3.4.1 Overall performance tests

In the first series of tests, the performance of the heat pump in
steady-state operation was tested over a range of ambient and inlet
load water conditions. The coefficient of performance and capacity
for a range of ambient temperatures are shown in Figure 3-3 for a load
water temperature of 41 C and flow rate of 0.38 1 sec_1 (which are the
manufacturer's design conditions). The COP and capacity curves have
similar shapes because of the nearly constant energy inputs. The gas
input varied from 13.4 to 14.3 kW and the electric input from 0.55 to

0.65 kW; both inputs were higher at lower temperatures.
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The performance levels off at both high and low ambient
temperatures. Below about 0 C, a two-phase mixture of liquid and
vapor refrigerant exits the evaporator; this was indicated by a
constant temperature profile through the evaporator. At the extreme
case of -21 C, the COP of 0.81 is slightly lower than the combustion
efficiency of 0.84; thus, any heat extracted from ambient is offset by
heat 1losses from the unit. Above about 5 C, the performance is
relatively insensitive to ambient temperature, indicating that the
evaporator (i.e., the only component having significant heat exchange
with the ambient) is not the limiting component in the cycle wunder
these conditions.

Most of these tests were carried out at an ambient relative
humidity of approximately 80 percent as directed by (79). Although
frost might be expected to form on the evaporator coil at this
humidity, very little actually did because of the small temperature
drop of the ambient air flowing across the evaporator.

The effect of varying inlet load water temperature on COP is
shown in Figure 3-4. At ambient temperatures of -21 C and -9 C, the
COP decreases as 1inlet water temperature increases. At an ambient
temperature of 8 C, performance does not depend on water temperature
over the range investigated.

The 1load water flow rate was varied 6 percent above and 16
percent below the nominal value of 0.38 1 sec_1 at 8 C and -8 C
ambients with only minor effects on COP and capacity as indicated in

Table 3-1. A wider variation in flow rate, especially lower flows,
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would be expected to result in a greater variation in performance.
The range of flow rates was constrainéd. The load water pump was not
capable of flows over 0.4 1 sec-l. At flows below about 0.3 1 sec-l,
a high temperature limit switch on the load water outlet shut off the

burner. (This safety device is designed to sense a low flow of load

water and prevent the resulting high pressure in the condenser.)

Table 3-1 Effect of varying load water flow on the COP and heating
capacity of the Arkla AHP for two ambient temperatures

Load flow Ambient Capacity

(1 sec-l) Temperature (C) CoP (kW)
0.32 -9.0 0.98 14.2
0.37 -8.0 0.96 13.9
0.40 -8.9 0.98 14.3
0.32 8.4 1.13 15.9
0.37 8.2 1.13 15.8

3.4.2 Cycle investigation tests

Upon completion of the first set of tests, the additional
instrumentation described in Section 3.2.3 was installed. A second
set of steady-state tests was carried out to more closely examine the
individual components of the absorption cycle and to investigate the
design variables of load water split and refrigerant charge. These
tests were carried out with dew point temperatures sufficiently low to

ensure no frost or condensation on the evaporator coil.
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The split of load water between the condenser and absorber was
investigated at -8 C and 8 C ambients. The most pronounced effect is
in the opressures as indicated in Table 3-2. With a higher flow
through the condenser, the high side (generator and condenser)
pressure 1is decreased and the 1low side (absorber and evaporator)
pressure is increased. A small, but interesting, effect is seen 1in
the solution concentrations. At higher condenser flows, the ammonia
concentration in the strong absorbent 1is lower, presumably because
more ammonia 1is contained in the condenser as a liquid. This would
decrease the ammonia fraction in the generator and is also consistent
with the lower generator pressure. The effect on COP is small,
indicating that, at least for the total flows investigated, the
cooling water split is not a critical parameter. (For all subsequent

tests, the condenser and absorber flows were equal.)

Table 3-2 Effects of varying condenser and absorber flows on
system pressures, concentrations, and COP

Total Fraction Ambient |Pressure (MPa) NH3 conc

flow of total Temp copP

(1/sec) to cond (c) gen abs strong we ak
0.34 0.33 -8.9 2.25 0.24 0.137 0.322 0.97
0.34 0.50 -8.7 2.10 0.25 0.134 0.320 0.97
0.35 0.35 8.3 2.25 0.35 0.179 0.367 1.18
0.33 0.51 8.6 2.20 0.38 0.173 0.369 1.16
0.28 0.67 8.3 2.17 0.42 0.162 0.361 1.16
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The performance of this absorption heat pump is sensitive to the
total amount of refrigerant in the cycle. This is a result of the
interaction between the absorber and the rest of the cycle. As the
ambient temperature decreases, the evaporator temperature and thus
evaporator and absorber pressure also decrease. Because the absorber
operates at a relatively constant temperature (determined largely by
the load water temperature), a lower pressure dictates a lower (i.e.,
stronger) concentration for the absorbent. The majority of the
absorbent in the cycle is contained in the generator, analyzer and
absorber; since the absorption cycle is closed, the total amount of
absorbent is constant and a lower absorbent concentration can be
achieved only by displacing refrigerant contained in these components
to elsewhere in the cycle.

This excess refrigerant will accumulate in the -evaporator,
condenser, and refrigerant heat exchanger. But not all of the excess
refrigerant can be displaced out of the generator, analyzer, and
absorber, 1leading to a higher than optimum absorbent concentration.
The result is a higher than optimum low side pressure, reducing the
temperature difference for heat pumping in the evaporator and
resulting in a two-phase mixture exiting the evaporator at low ambient
temperatures. Conversely at high ambient temperatures there is
insufficient refrigerant in the system, resulting in an excessively
low evaporator pressure and temperature.

To study these effects, the refrigerant charge of the heat pump

was varied above and below the original charge of the unit. (The
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total amount of water in the cycle was not varied except to
periodically replace the small amount lost in sampling.) The effects
of refrigerant charge on evaporator pressure and temperature are given
in Table 3-3. At the lower ambient temperature, higher refrigerant
charges result in a two-phase mixture leaving the evaporator, as
indicated by the low values of Qevap (the rate of heat extraction from
ambient) and the identical evaporator inlet and outlet temperatures.
As the charge was reduced, the evaporator pressure decreased and the
temperature difference between the ambient and evaporator increased,

thus increasing Q At the lowest charge, the small temperature

evap’
rise for the refrigerant leaving the evaporator indicates mnearly
complete vaporization. (Because of the small quantity of water in the
refrigerant, this temperature rise indicated a high quality, rather
than superheated, stream.)

At the higher ambient temperature (8 C), the lower ammonia
charges also resulted in lower evaporator pressures and temperatures.
But since the exiting refrigerant was nearly completely vaporized for
all cases at this temperature, the effect on Qevap was much smaller.

The dependence of solution concentrations on the refrigerant
charge and ambient temperature are also given in Table 3-3. The
absorbent concentrations were lower at the lower ambient temperature.
They were also lower with reduced refrigerant charges; this is
consistent with the lower absorber pressures observed. It is

interesting to note the nearly constant difference of 0.19 between the

strong and weak absorbent concentrations.



Table 3-3 System pressures and concentrations, and evaporator
conditions for varying refrigerant charges and ambient
temperatures
Relative Ambient Pressure (MPa) NH3 conc Evap Temp (C) Q
NH3 charge Temp evap
(kg) (c) gen abs strong we ak inlet outlet (kW)
+1.0 -9.1 2.15 0.27 0.169 0.363 -10.8 -10.9 0.9
+0.6 -8.4 2.14 0.26 0.149 0.342 -11.2 -11.3 2.2
0 -8.7 2.10 0.25 0.134 0.320 -12.1 -12.1 2.8
-0.5 -8.9 2.10 0.21 0.096 0.280 -13.7 -12.5 5.5
+1.0 8.8 2.22 0.44 0.200 0.393 2.4 3.4 6.5
+0.6 8.0 2.22 0.41 0.186 0.381 0.8 8.0 7.0
0 8.6 2.20 0.38 0.173 0.369 -0.4 8.8 6.6
-0.5 7.5 2.15 0.27 0.129 0.316 -7.5 6.8 7.1

Ammonia charge is relative to original charge of heat pump
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The overall effect of a decreased refrigerant charge is to give a
more nearly constant COP over a range of ambient temperatures as shown
in Figure 3-5. An increased charge improves the performance at high
ambient temperatures but decreases it at low temperatures; a reduced
charge results in a more nearly constant COP over a range of ambient
temperatures.

According to the manufacturer(78), the optimum refrigerant charge
would result in a temperature difference between the ambient and
evaporator sufficient to result in a small (2 C) temperature rise for
the refrigerant flowing through the evaporator. A higher temperature
rise would require a lower absorber pressure; no temperature rise
would indicate incomplete vaporization in the evaporator. The charge
of the unit as received from the manufacturer was optimized for
operation at an ambient temperature of approximately 2 C. The highest
and lowest charges investigated were optimized for 8 C and -8 C

ambients, respectively.

3.4.3 Component analysis

A turbine flowmeter was installed in the cycle to measure the
flow rate of the strong absorbent (absorber inlet) stream. This flow
information, along with pressure, composition  and temperature
measurements taken at various points in the cycle allowed the
computation of the heat flows for the various components in the
cycle. These calculated heat flows can then be compared to measured

quantities, providing a check on the consistency of the measurements.
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Overall and ammonia mass balances can be written for the absorber
to yield the weak absorbent and refrigerant flowrates in terms of the

(measured) strong absorbent flowrate, ﬁl’ and concentrations:

X, - X
A _
my = m — [3-7]
5 2
m, =m, + mg [3-8]

wvhere the subscripts refer to state points indicated in Figure 3-1.

The refrigerant composition, x was found by assuming the vapor

5°
leaving the rectifier to be saturated at the measured temperature and
pressure. The heat flows for the generator, condenser and evaporator
can be found by energy balances (for this analysis, the generator,

analyzer, rectifier, and flue gas heat exchanger are treated as a

single unit as are the evaporator and refrigerant heat exchanger):

Qgen = mlh1 + m3h3 - m2h2 [3-9]

Qond = M4P4 ~ m3h3 [3-10]

n h, - m,h [3-11]

Qevap M50 474

The solution pump is considered along with the absorber to yield:

R I L T LT S, [3-12]

Note that Qabs includes not only the heat evolved in the absorption of
ammonia vapor but also the sensible cooling of the hot inlet stream

exiting the flue gas heat exchanger. The pump work plus losses
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imparted to the fluid were estimated to be 120 W.

The conditions existing in the various streams for a test at 8 C
and standard flow conditions are given in Table 3-4. The
ammonia-water properties given by the Institute of Gas Technology (80)
were used. The results of the energy balance calculations, along with
the measured heat quantities are given in Table 3-5. The agreement
between the calculated and measured heats of condensation is very good
and confirms the usual practice of calculating the flow rates based on
that heat measurement. The fact that the measured Qcond is high is
consistent with the condenser being a concentric tube heat exchanger
which is physically wrapped around, and in thermal contact with, the
warmer absorber. A portion of the difference in Qabs would also be
accounted for by a heat loss to the condenser. The discrepancy in the
heats of evaporation is within the error tolerances of the air
velocity and temperature measurements. The error in the overall
energy balance is consistent with a small heat 1loss from the warm

components of the heat pump to ambient.
3.5 Cyclic Performance of the Absorption Heat Pump

3.5.1 Cyclic test results

In normal operation, a heat pump will cycle on and off to meet
varying loads, thus the cyclic performance is of interest. Part load
operation was simulated by cycling the heat pump on and off in a
predetermined pattern. Cycling rates of 1.5 and 3 cycles per hour at

50 percent burner on time were tested; at 20 percent on time, the



Table 3-4 Conditions of streams in the absorption cycle for an
ambient temperature of 8.6 C, standard load water
conditions, and original refrigerant charge
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Stream flow rate Temp Pressure NH3 conc Enthalpy
(kg sec 1y (c) (MPa) (kJ kg-l)

1 0.0164 76.1 0.38 0.173 216

2 0.0215 47.6 2.20 0.369 -26

3 0.0051 73.8 2.20 0.99% 1375

4 0.0051 45.7 2.20 0.99% 216

5 0.0051 34.5 0.38 0.99% 1344

Table 3-5 Measured and calculated heat flows for the components of
the Arkla AHP

Heat flows (kW)

Component me asured calculated difference
generator 11.5 11.2 0.31
condenser -6.1 -6.0 -0.16
absorber -10.3 -11.1 0.85
evaporator 6.6 5.8 0.80
error in energy

balance* 1.7 0

*energy balance: 6gen + éevap + écond + éabs
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rates were decreased to 1 and 2 cycles per hour following the
parabolic behavior of thermostats as discussed in (81). The slower
cycling rate is sometimes used for absorption chillers. The tests
were performed at the design load water conditions and an ambient
temperature of 8 C, except for a single test at a -8 C ambient.

The results of these tests, expressed in terms of the part 1load
and heating 1load factors, are presented in Figure 3-6. These tests
indicate that there is a substantial performance penalty associated
with cyclic operation for this heat pump. At a heating load equal to
20 percent of the steady-state capacity, for example, the COP 1is
reduced by 30 to 34 percent from the steady-state value. The slower
cycling rate results in somewhat better performance. It is not clear,
however, whether it would provide adequate comfort in a heating
application because of the longer off periods.

The part load factor for the single test at an ambient
temperature of -8 C was 0.04 lower than the corresponding test at
8 C. This indicates that at least a portion of the performance
degradation upon cycling is due to heat losses to ambient while the
heat pump is off.

The capacity of the heat pump as a function of time for a cyclic
test with 10 minutes on, 10 minutes off is shown in Figure 3-7. This
response 1is typical. The capacity rose very quickly when the machine
turned on as the warm load water which was sitting in the unit flowed
out across the exit thermopile. The capacity then dropped and began to

rise towards steady-state after about 3 minutes. (The cause of the
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small "bump" in the curve at 4 minutes was not determined but was very
reproducible and appeared in varying degrees in all the tests.) The
unit had not reached steady-state when the burner shut off, the
capacity continued to rise briefly and then fell off sharply during
the spindown cycle.

While the machine was off, the difference in the high and low
side pressures caused solution to migrate from the generator to the
absorber, from there it backed up into the evaporator. (This was
deduced from the evaporator temperatures, which are also plotted 1in
Figure 3-7.) This migration of solution into the evaporator resulted
in a significant heat loss to ambient. (In several instances, small
quantities of frost which had accumulated on the evaporator coil were
observed to melt and steam off after the spindown cycle.) Because of
the solution migration, when the heat pump cycled back on, the
absorber was partially filled with (and the generator depleted of)
solution. Solution migration would interfere with the normal
operation of these components until the solution pump could return the
solution to the generator.

Another heat 1loss to ambient occurred from the generator.
Although the burner was shut off during spindown, the burner blower
continued to operate. Ambient air was thus drawn past the hot
generator for 3.5 to 4 minutes. The other components of the heat pump

were heavily insulated and lost heat much more slowly.
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3.5.2 Cyclic performance considering the effects of load

The effects of cyclic operation discussed in the previous section
can be combined with the steady-state performance presented in Section
3.4 to yield a more realistic assessment of the Arkla AHP operating in
an actual application. If a heating load as a function of ambient
temperature is assumed, the part load factor from Figure 3-6 can be
combined with the steady-state COP to yield a cyclic COP as a function
of ambient temperature. A heating load varying linearly between 12 kW
at -20 C and a balance temperature of 16 C was assumed, representing a
well-insulated house in a moderately cold climate. The part load
behavior at the higher cycling rate tested and 8 C ambient was assumed
to apply for all conditions. This analysis somewhat overestimates the
cyclic COP because the effects of frosting of the evaporator coil and
of lower ambient temperatures on the part 1load factor were not
considered.

The results of this simple analysis are presented in Figure 3-8.
At the lower ambient temperatures, the cyclic COP is only slightly
lower than the steady-state values. As the temperature increases, the
heat pump would operate a smaller fraction of the time and as a
result, the cyclic COP peaks at about -3 C and then falls off very
rapidly. The cyclic COP of the AHP does not exceed unity and for most
of the temperature range would be comparable to a well designed

furnace.
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3.5.3 Frost accumulation test

The effects of frost accumulation on the evaporator coil were
investigated according to the procedures outlined in (79). The heat
pump was brought to steady-state operation at a 1.5 C ambient with
-1 C dew point (corresponding to a relative humidity of 80 percent).
A defrost cycle was manually initiated and upon its completion, the
frost accumulation test was begun. The evaporator accumulated frost
very slowly and operated for 8.4 hours before requiring defrosting.
The average COP and capacity over the test were 0.96 of steady-state,

dry coil values at the same ambient conditions.

3.6 Summary and Conclusions for the Experimental Investigation

A prototype absorption heat pump developed by Arkla Industries
was tested in an envirommental chamber under steady-state and cyclic
operating conditions. The steady-state COP (including burner losses)
and capacity depended most strongly on ambient temperature and ranged
from 0.81 and 12.0 kW at -21 C to 1.14 and 15.9 kW at 16 C. Lower
inlet load water temperatures resulted in slightly higher COPs,
especially at lower ambient temperatures. Varying the load water flow
rate and distribution between condenser and absorber had minor effects
on COP for the relatively narrow ranges tested.

The performance of the heat pump was sensitive to refrigerant
charge. There is no single optimum charge; rather the optimum varies
with ambient temperature. A higher refrigerant charge results in
higher COPs at high ambient temperatures but a lower COP at low

temperatures; a lower charge results in a more nearly constant COP.
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The measured heat flows agreed well with those calculated wusing
measured absorbent concentrations, strong absorbent flow rate, and
system temperatures.

The prototype AHP tested showed a significant performance
degradation in cyclic operation. Although the steady-state COP was
greater than unity for ambient temperatures above -5 C, the cyclic COP
calculated for a representative residential application has a maximum
of 0.94 at -3 C. These results would suggest modifications to the
heat pump design to improve cyclic operation or possibly some type of

storage system designed to reduce the need for cycling.



CHAPTER 4

STEADY-STATE MODELING OF ABSORPTION HEAT PUMPS

This chapter first reviews the absorption heat pump models which
have appeared to date in the literature; several of these models are
sufficiently detailed and similar to the model presented here to
warrant detailed discussion. A number of other models are also
discussed briefly. The general nature of the problem is considered,
including a discussion of several general purpose simulation programs
and the need for, and goals of, the present model. The steady-state
simulation program developed 1is then presented, including the
treatment of individual components. Finally a comparison with
experimental data is presented along with a sensitivity study of the

Arkla prototype AHP.

4.1 Review of Existing Absorption Heat Pump Models

4.1.1 Koenig, et al.

In perhaps the earliest serious detailed modeling effort of the
absorption cycle, Koenig, et al. (82) at Carrier Corporation carried
out an analysis of a gas-fired ammonia-water absorption chiller. The
machine was a residential-sized unit; the condenser and absorber were
air-cooled and a water loop connected the evaporator and load heat
exchangers. The analysis was carried out by writing mass and energy

balances and heat transfer relationships (using constant heat transfer
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coefficients) for each component in the cycle. Equilibrium was
assumed between contacting liquid and vapor using the polynomial fits
of ammonia-water properties developed by Jain and Gable (83).

Several of the components were divided into nodes and required
iterative loops to converge on the outlet conditions of counterflow
streams. The refrigerant leaving the condenser was assumed to be
subcooled by a constant amount and the high side pressure was varied
to meet this condition. The low side pressure was varied iteratively
to obtain a constant subcooling in the solution leaving the absorber.
For each iteration of the low side pressure, the performance of the
evaporator and refrigerant heat exchanger was calculated. The
convergence of the entire cycle was based on the temperature of the
weak absorbent entering the solution pump. The weak absorbent
concentration was input to the simulation and was varied in an
outermost iteration loop to obtain the maximum cooling capacity. This
iteration corresponded to adjusting ("trimming") the refrigerant
and/or absorbent charge on an actual machine.

Although the use of this program in the design and development of
absorption heat pumps is mentioned, no simulation results or
comparisons with experimental data were presented. While this model
requires a number of assumptions regarding system states, it
represents a significant accomplishment. Unfortunately, this work was
presented only at a conference and has received very limited

circulation; it is not publically available.
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4.1.2 A.D. Little Company

A steady-state AHP simulation model has been developed by the
A.D. Little Company (84) as part of a larger program sponsored by
Allied Chemical Company and the U.S. Department of Energy to develop
an absorption heat pump using organic working fluids. The refrigerant
is R133a and the absorbent is ethyltetrahydofurfuralether (ETFE). The
machine modeled is currently under development by Phillips Engineering
Company (27,32). It is a residential-sized gas-fired unit which both
heats and cools by the switching of heat exchange loops to the load
and ambient. The model was based on mass and energy balances and heat
transfer relations for the components in the cycle. The equations are
solved by a set of nested successive substitution loops which are
built into the program code.

An approach to equilibrium (similar to that defined by Duffie and
Sheridan (60)) was assumed for mass transfer in the generator and
absorber. The treatment of these two components was similar; each was
broken into several sections with balance and transfer equations
written for each section. The heat exchange processes were treated
with constant heat transfer coefficients except for the evaporator and
precooler which were treated as constant effectiveness devices. The
values of overall heat transfer coefficient were estimated from
correlations and experimental experience and were supplied to the
model as parameters. Pressure drops (except across throttle valves)

were not accounted for.



128

Because equations were not written for the throttle valves and
refrigerant and absorbent inventory, the A.D. Little model requires as
inputs the high and low side pressures and the concentration of the
generator feed stream. The weak absorbent mass flow rate 1is also
required; this 1is equivalent to assuming a constant mass flow rate
pump.

The results predicted by the model were in good agreement with
experimental results. The average error in stream temperatures was
1.2 C, the simulated heat flows were within 10 percent and the COPs

agreed within 10 to 15 percent.

4.1.3 Anand, et al.

Anand and co-workers at the University of Maryland at College
Park have carried out a range of investigations of 1lithium bromide-
water absorption chillers. In an early work, Allen, et al. (85)
developed a steady-state model with the performance of the various
components expressed in terms of overall heat transfer conductances.
The primary use of the model was to investigate, for varying UA
values, the range of inlet firing and cooling water temperatures over
which useful cooling could be produced.

In another work Anand, et al. (86) estimated the seasonal
performance of a solar-powered absorption air conditioner using
stochastic weather models. But here the emphasis  was on
characterizing ambient weather conditions (and thus operating
conditions for the chiller) in terms of a joint probability matrix of

solar radiation and temperature. The absorption machine was merely an
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example system and was modeled with empirical curve fits to
performance data.

Finally, Anand, et al. (87) have carried out a transient analysis
of a residential-sized lithium bromide—water chiller. The main
feature of this work 1is that the transient response of the
hydrodynamic processes in an absorption cycle are considered. For
example, the refrigerant vapor entering the condenser is modeled as
condensing on the heat exchange tubes, building up a film which
becomes unstable and drips off; the condensate must then fill up a
connecting tube before finally entering the evaporator. The other
components were treated in a similar fashion.

The transient response of isolated components to step changes in
inlet conditions representative of chiller start-up were
investigated. The predicted time constants ranged from a few seconds
for strong absorbent circulating through the absorber to as much as 16
minutes for the evaporator. In an analysis of the complete cycle, the
absorber and the condensate film growth portion of the condenser model
were replaced with quasi-steady-state models. The predicted response
of the model was in good agreement with start-up responses measured by

Auh (88).

4.1.4 Vliet, et al.

Vliet and co-workers at the University of Texas at Austin have
modeled a double-effect lithium bromide-water absorption chiller
(89,90). Although no particular machine was modeled, the design

details of double-effect units manufactured by the Trane Company were
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used as a general guide. The model is based on heat transfer
relationships and mass and energy balances for the various components
in the cycle. The equations are solved iteratively using a
combination of the Wegstein convergence algorithm (discussed in
section 4.5.8) for recyclic information loops and transient mass and
energy balances for the generators, condenser, and absorber. The
transient equations are solved by a simple Euler integration and
account for the inventory of refrigerant and absorbent in the system.

The component models assume mass transfer equilibrium and employ
overall heat transfer coefficients. The film coefficients for pure
species (including two-phase mixtures) are estimated from generalized
correlations. Coefficients for 1lithium bromide-water solutions are
based on correlations specific to that mixture; a constant coefficient
typical of commercial machines is assumed in the absorber. As sumed
values of the heat transfer coefficients at the '"nominal condition"
were used for the two sensible heat exchangers in the «cycle; these
values were then scaled for varying flow rates. Constant mass flow
rate and centrifugal solution pumps were modeled. The throttle on the
second generator refrigerant line was modeled both as a fixed orifice
and as an ideal "float valve" which passes only saturated liquid. The
other throttles were implied via assumptions of saturated liquid or
vapor leaving the generator and evaporator, respectively.

This model was used in a parametric study of external and design
variables. The parameters were varied one at a time with all others

being held at a nominal condition (chosen to represent typical
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operating conditions). A conclusion of this study was that double-
effect systems can be operated with lower firing water temperatures
(as low as 100 C) than generally accepted. The cooling COP of 1.15 at
100 C was slightly lower than for higher firing water temperatures but
the cooling capacity was markedly reduced. The temperatures of the
heat exchange streams had a strong effect on performance but flow
rates did not. The float valve type throttle and constant mass flow
rate solution pump gave better performance over a broader range of
conditions as compared to a fixed orifice restrictor and centrifugal
pump. Finally, any pressure drop between the evaporator and absorber
was found to cause a significant loss in performance.

This model suffers from a lack of generality and flexibility.
Much of the equation solving logic as well as many of the mass and
energy balances and even component parameters and initial guesses for
stream conditions are included 1in single main program. Although
refrigerant properties are contained ©primarily in  function
subroutines, the properties of the lithium bromide-water system are
directly incorporated into the code of the main program in several
instances. Although transient balances are written for several
components, no discussion of transient behavior is presented. An
inspection of the program listing (given in Reference (89)) reveals no
way to input transient forcing functioms. Apparently the transient
equations are used as an aid 1in solving the overall system of
equations (improving the stability of iterative loops) and to account

for the inventory of refrigerant and absorbent.
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In a related project, Andberg and Vliet (91) have presented a
theoretical analysis of an absorber. A falling-film type absorber is
represented as a laminar absorbent film flowing down a vertical
isothermal plate in the presence of refrigerant vapor. This system is
solved for the 1lithium bromide-water system by finite difference
me thods . Results are presented in terms of "absorption percentage"
(which is the same as the "approach to equilibrium" of Duffie and

Sheridan (60)), and '"percent absorption length," L which is the

Ap’
plate length necessary to achieve a given absorption percentage.

The LAp was found to be proportional to the 1.33 power of mass
flow rate per unit plate width. Varying the solution inlet
concentration and temperature, vapor pressure and wall temperature
over relatively narrow ranges were found to affect the LAP by less
than six percent. The results are presented for the lithium

bromide-water sytem rather than in terms of general fluid properties.

A calculation sequence for the design of absorbers was also given.

4.1.5 Grossman, et al.

Grossman and co-workers have carried out a number of studies
concerning the absorption cycle. Reference (92) discusses three
modifications to a lithium bromide-water chiller used in solar cooling
applications: a solution preheater, a generator with two separate
heat exchangers and a cycle with two separate generators. These
modifications are designed to allow the input of auxiliary heat to the
generator while still making use of solar-heated water at marginal

temperatures.



133

The performance of the modified cycles was investigated with a
computer model briefly described by Lando, et. al. (93). Energy and
mass balances were written for the main components of the cycle; heat
trans fer was treated with constant UA values and mass transfer
equilibrium was assumed. The model solves the complete set of
equations describing the system using an iterative technique.

Grossman, Blanco and Childs (94,95) have simulated an absorption
heat pump operating in a reverse or temperature-boosting cycle. A
lithium bromide-water cycle is used to boost the temperature of a
waste heat stream (at approximately 60 C) by 20 to 40 C, rejecting
heat to a sink at approximately 15 C. The simulation model 1is an
extension of that by Lando, et. al. (93). The analysis showed that
the temperature boosting capacity was increased by an increase in the
waste heat supply temperature or a decrease in the sink temperature.
The COP of the cycle was relatively constant at about 0.5 for a wide
range of waste heat and cooling water temperatures. Adiabatic
gas-liquid contacting sections at the top of the absorber and desorber
were found to increase the COP and temperature boost. The effects of
varying solution mass flow rate and a constant temperature deviation
from the assumption of equilibrium in the adiabatic absorption and
desorption sections were also studied.

In a more detailed, theoretical analysis, Grossman (96,97) has
investigated the process occurring in an idealized absorber. This
analysis deals with the simultaneous heat and mass transfer occurring

as refrigerant vapor is absorbed into a laminar 1liquid film flowing
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down a plate. The cases of adiabatic and constant temperature plates
are treated. The system was defined by differential heat and mass
di ffusion equations with boundary conditions given at the entrance,
wall and vapor-liquid interface. These balances were written in terms
of Sherwood, Nusselt and Reynolds  numbers and dimensionless
temperature and concentration profiles. The liquid flow was assumed
to enter the system at a uniform concentration and temperature (equal
to the wall temperature for the constant wall temperature case) and be
hydrodynamically fully developed for the entire length of the plate.
Equlibrium was assumed and natural convection and shear forces
neglected at the vapor-liquid interface. The physical properties of
the liquid film were assumed to be constant with the vapor-liquid
equilibrium behavior linearized about the inlet conditions.

The temperature and concentration profiles both across the film
and down the length of the plate were solved by finite difference
methods and by an analytical solution using Fourier series. These
solutions involve very lengthy calculations and would not be suitable
for use in an absorber model in a heat pump simulation.

An integral solution was also used to solve for the bulk average
concentration and temperature down the length of the plate. This
solution divides the plate into the regions of developing
concentration and temperature profiles, developed temperature but
developing concentration profile, and fully developed flow. A
numerical integration is used to solve for the boundary between the

later two regions. The integral solution is better suited for use in
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an absorber model where detailed information on the temperature and
concentration profiles is not required. Grossman's integral solution
is similar to an analysis by Nakoryakov and Grigor'eva (98) which will

be discussed in Section 4.5.4.

4.1.6 Other absorption heat pump models

A number of other investigators have developed absorption heat
pump models. These models are often used as one unit in a system
study and in general make a large number of assumptions regarding
system states. While the assumptions may be reasonable for a machine
operating under normal conditions and are therefore acceptable for
system studies, they are questionable for a detailed investigation of
the absorption cycle itself or for machine design purposes.

Kaushik and Sheridan (99) have presented an analysis of an
ammonia-water AHP driven by solar energy. Sufficient assumptions are
made, and state points supplied, to permit a non-iterative calculation
of the cycle. The effects of generator, absorber, condenser and
evaporator temperature, refrigerant concentration and heat exhanger
effectiveness on cycle COP are determined for three variations of the
absorption cycle.

Trommelmans, et al. (28) have developed a model for an AHP using
R22 (diflouromonochloromethane) and E181 (tetraethylenegycol-
dimethylether) as working fluids. The E181 absorbent is non-volatile
and thus a rectifier is not needed, making the system similar to some
lithium bromide-water machines. The primary assumptions were a

constant generator temperature and constant superheat and subcooling
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in the evaporator and condenser respectively. The effects of absorber
area, solution circulation rate and solution heat exchanger UA were
investigated.

Elsayed, et al. (100) simulate a lithium bromide-water chiller
connected to a solar collector and hot water storage tank. Mass and
energy balances (including one differential equation for  the
temperature of the storage tank) were written around each of the
components and combined with simple linearizations of property data to
yield a set of equations describing the system. These equations were
then solved using nested iteration loops to predict the performance of
the system over the course of a day.

A residential-sized ammonia-water chiller manufactured by Arkla
Industries has been modeled by Klein (101). The heat exchange
processes assume constant UA values and the program requires the
solution pump mass flow rate and the high and low side pressures as
inputs. The model is modular in nature but the components present and
the iteration between then are part of the program itself and cannot
be changed by the wuser. The model parameters were empirically
ad justed to agree with test results at one ambient temperature. Using
these values, a sensitivity study was performed by singly varying each
of the input parameters five percent above and below its base value to
determine the change in machine capacity. The capacity was found to
be most sensitive to the inlet <chilled water temperature  and
evaporator pressure. The capacity was relatively insensitive to

changes in heat transfer area.
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4.1.7 Synopsis of existing AHP models

As discussed above, a number of absorption heat pump models have
been presented in the literature. But to varying degrees, they all
fall short of the goal of a flexible model which would allow the
simulation of a variety of system configurations and refrigerant-
absorbent pairs. To simulate a machine which has not been built and
to be fully useful in design studies, a model should require only
design data as program inputs. System states (e.g. high side pressure
or weak absorbent concentration) which can be obtained only by testing
or by experience with other, similar machines should not be required
as inputs. Most of the existing models require system states as
program inputs; although an assumption such as a constant subcooling
in the condenser may be applicable for a given machine under normal
operating conditions, it cannot be true for all possible operating
conditions or component parameters. Although a major wuse of
simulation is to study machines or configurations which have not been
built, a simulation model should be validated against experimental

data.

4.2 Characterization of System

The solution of a system as complex as an absorption heat pump
cycle involves a large number of equations. While it is clear that it
must be possible to write a sufficient set of equations to completely
describe any real physical system, it is instructive to actually carry

out this exercise.
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The system to be considered is shown in Figure 4-1. This 1is
somewhat simplified from the configuration of the Arkla heat pump but
contains all of the essential components of the cycle. There are also
two additions to the cycle at the absorber: a liquid-vapor stream
splitter component which allows only vapor to flow to the absorber and
a stream mixer which recombines the weak absorbent out of the absorber
with any liquid refrigerant or unabsorbed vapor. This analysis is
based on the implicit assumption that by specifying the conditions of
the input streams to a particular component (along with design
parameters), the conditions of the outlet stream(s) are uniquely
specified. These outlet streams are, 1in turn, inputs for other
components. A second assumption is that a stream 1is completely
specified by its stream type (i.e. heat exchange fluid versus
absorbent-refrigerant mixture), mass flow rate and the three
thermodynamic variables of pressure, composition and enthalpy. This
implies that any two phase streams passing between components are in
thermodynamic equilibrium.

For the 20 total streams in the system, the stream type is known
a priori, leaving four variables per stream; including the generator
heat input, there are thus 81 variables, requiring 81 relations to
specify the system. The external operating variables must be input to
the cycle; these consist of the heat exchange streams and the

generator heat input:
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