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An experimental and numerical study of absorption of ammonia vapor bubbles
into a constrained thin film of ammonia-water solution is presented in the context of a
potential reduction in size of a heat-actuated heat pump component. A large-aspectratio channel with a depth of 600 µm restricts the thickness of the weak solution film,
while ammonia vapor bubbles are injected from a porous wall. Experiments are
performed at a nominal system pressure of 6.2 bar absolute and at an inlet weak
solution temperature of 75 ºC. A counter-flowing coolant in a minichannel removes
the generated heat of absorption. The mass flow rate of the weak solution, vapor flow
rate, coolant inlet temperature, and mass flow rate of the coolant solution are varied.
Two absorber channel geometries are considered: 1) a smooth 600 µm channel, and 2)
a stepped geometry that has 2-mm deep trenches across the width of one of the
channel walls. The 1-D, steady state species and energy transport equations, are solved
for the smooth-channel absorber to yield, along the length of the channel,

concentration and temperature profiles of the solution stream and the temperature
profile of the coolant fluid stream.
Experimental results indicate that overall heat transfer coefficients vary from
700 W/m2-K to 2,300 W/m2-K, while the mass transfer conductances range from
0.024 kg/s-m2 to 0.24 kg/s-m2. The coolant inlet temperature has a significant effect
on the mass transfer rates. At the highest inlet coolant temperature of 58 ºC, up to
1.5 g/min of vapor is at best absorbed into 35 g/min of weak solution for the smooth
absorber plate, while at the lowest coolant temperature of 30 ºC, up tp 3 g/min of
vapor is absorbed in 35 g/min of weak solution with the same absorber plate. For the
stepped absorber geometry, only 1 g/min of vapor is absorbed into 35 g/min of weak
solution for the highest coolant temperature of 58 ºC, while for the lowest coolant
temperature of 30 ºC, 5 g/min of vapor is absorbed in 40 g/min of weak solution.
Trends of local variation of temperature and convected vapor from the numerical
parametric study complement experimental results and provide further insight into the
performance of the absorber. Based on the experimental results, a preliminary size
estimate for the absorber to operate in a cooling cycle with a 6 kW evaporator load is
provided. Other considerations such as strong solution exit subcooling and porous
plate pressure drop are also addressed.

©Copyright by Ruander Cardenas
June 10, 2009
All Rights Reserved

Study of a Constrained-Film Bubble Absorber Under Cycle Operating Conditions
by
Ruander Cardenas

A THESIS
submitted to
Oregon State University

in partial fulfillment of
the requirements for the
degree of
Master of Science

Presented June 10, 2009
Commencement June 2010

Master of Science thesis of Ruander Cardenas presented on June 10, 2009.
APPROVED:

Major Professor, representing Mechanical Engineering

Head of the School of Mechanical, Industrial, and Manufacturing Engineering

Dean of the Graduate School

I understand that my thesis will become part of the permanent collection of Oregon
State University libraries. My signature below authorizes release of my thesis to any
reader upon request.

Ruander Cardenas, Author

ACKNOWLEDGEMENTS

First of all, I would like to thank God for giving me the necessary abilities and
indispensable health to arrive at this stage in my life. I am grateful for my family: my
mother Alice Salazar and my father Jose Cardenas for always encouraging personal
growth through education and for giving all they had and more to provide my brothers
and me with a world class education; my brothers Jose and Andres Cardenas for being
my best friends, for giving me support and sharing many fun moments together. Life
would not be the same without them.
I would like to express my appreciation to Oregon State University for providing a
truly remarkable learning institution, a university that makes you always feel welcome
no matter where you are from. To all my teachers, instructors and professors that have
believed in me throughout the entire course of my education, thank you all for sharing
your priceless knowledge with me; particularly my advisor, Dr. Vinod Narayanan, for
giving me the opportunity to work on this project and for having a smile every time
we encountered a problem.
I am indebted to all my peers and friends that have been close to me in some way or
another throughout the different stages along this path, through them I have grown
professionally and personally. Thank you to all the individuals that have helped and
supported me through this journey.

TABLE OF CONTENTS
Page
1

2

INTRODUCTION .................................................................................................. 1
1.1

Refrigeration Cycles ......................................................................................... 1

1.2

Types of Refrigeration Cycles .......................................................................... 2

1.3

Benefits of Vapor Absorption Refrigeration .................................................... 8

1.4

Historical Glance at the Ammonia-Water Absorption Cycle ......................... 10

1.5

Absorber Concept ........................................................................................... 11

1.6

Motivation ...................................................................................................... 13

LITERATURE REVIEW ..................................................................................... 16
2.1

Summary ........................................................................................................ 16

2.2

General Falling Film Absorption Findings..................................................... 23

2.2.1
2.2.2
2.2.3
2.2.4
2.3

Experimental Absorber Configurations .................................................. 23
Weak Solution Flow Rate, Concentration and Temperature Effects ...... 25
Ammonia Vapor Effects ......................................................................... 26
Coolant Effects ........................................................................................ 27

General Bubble Absorption Findings ............................................................. 28

2.3.1
2.3.2
2.3.3
2.3.4

Experimental Absorber Configurations .................................................. 28
Weak Solution Flow Rate, Concentration and Temperature Effects ...... 30
Ammonia Vapor Effects ......................................................................... 32
Coolant Effects ........................................................................................ 33

2.4

Falling Film vs. Bubble Mode ........................................................................ 33

2.5

Background .................................................................................................... 34

3

OBJECTIVES ....................................................................................................... 37

4

EXPERIMENTAL FACILITY AND METHODS ............................................... 40
4.1

Test Section .................................................................................................... 40

TABLE OF CONTENTS (Continued)
Page
4.1.1
4.1.2

5

4.2

Test Facility .................................................................................................... 51

4.3

Test Matrix ..................................................................................................... 57

4.4

Experimental Procedure ................................................................................. 62

4.5

Data Reduction and Analysis ......................................................................... 63

4.6

Uncertainty Analysis ...................................................................................... 66

NUMERICAL MODEL ........................................................................................ 69
5.1

Domain Discretization .................................................................................... 69

5.2

Model Assumptions ........................................................................................ 71

5.3

Governing Equations and Bubble Model ....................................................... 74

5.3.1
5.3.2
5.3.3
5.3.4
5.3.5
5.3.6
5.3.7
6

Thermal-fluidic Design of the Absorber ................................................. 40
Test Section Design ................................................................................ 47

General Conservation Equations ............................................................. 75
Auxiliary Equations for Mass Transfer ................................................... 76
Auxiliary Equations for Heat Transfer .................................................... 79
Bubble Model .......................................................................................... 85
Boundary Conditions .............................................................................. 92
Numerical Procedure and Methodology ................................................. 93
Solution Convergence Technique ........................................................... 97

RESULTS AND DISCUSSION ......................................................................... 103
6.1

Experimental Results .................................................................................... 103

6.1.1
6.1.2
6.1.3
6.1.4
6.1.5

Mass, Species and Energy Balance Verification................................... 103
Variations in the Coolant Inlet Conditions ........................................... 108
Pressure Drop across Porous Plate ........................................................ 112
Heat and Mass Transfer Variations with ΔTsub,Exit for the Smooth
Absorber ................................................................................................ 117
Heat and Mass Transfer Variations with ΔTsub,Exit for the Stepped
Absorber ................................................................................................ 124

TABLE OF CONTENTS (Continued)

Page
6.1.6
6.1.7
6.1.8
6.2

Numerical Results ........................................................................................ 141

6.2.1
6.2.2
6.2.3
6.3
7

Heat and Mass Transfer Variations with s / q for the Smooth
Absorber ................................................................................................ 130
Heat and Mass Transfer Variations with s / q for the Stepped
Absorber ................................................................................................ 135
Absorber Effectiveness-NTU ................................................................ 137

Grid Independence ................................................................................ 141
Model Validation .................................................................................. 144
Parametric Study ................................................................................... 150

Preliminary Size Estimates ........................................................................... 183

CONCLUSIONS AND RECOMMENDATIONS ............................................. 190

REFERENCES............................................................................................................ 195
APPENDICES ............................................................................................................ 199

LIST OF FIGURES

Figure

Page

1.

Vapor compression refrigeration cycle; 1→2: condensation of vapor
refrigerant; 2→3: liquid refrigerant expansion; 3→4: liquid/vapor
refrigerant mixture evaporation; 4→1: electrical/mechanical compression
of vapor refrigerant ............................................................................................. 3

2.

Vapor absorption refrigeration cycle; 1→2: condensation of vapor
refrigerant; 2→3: liquid refrigerant expansion; 3→4: liquid/vapor
refrigerant mixture evaporation; 4→1: chemical compression of vapor
refrigerant (absorption at A, pumping at P, desorption at D, expansion at
V) ....................................................................................................................... 3

3.

Ideal refrigeration cycle T-s diagram; 1→2: isobaric cooling and
isothermal/isobaric condensation; 2→3: isenthalpic expansion; 3→4:
isobaric/isothermal evaporation; 4→1: isentropic compression ........................ 5

4.

Ideal refrigeration cycle P-h diagram; 1→2: isobaric cooling and
isothermal/isobaric condensation; 2→3: isenthalpic expansion; 3→4:
isobaric/isothermal evaporation; 4→1: isentropic compression ........................ 5

5.

P-T diagram of ammonia-water chemical compressor cycle ............................. 7

6.

Primary types of absorbers ............................................................................... 12

7.

Constrained microscale-film absorber concept ................................................ 35

8.

Observed bubble geometries injected through porous media. Taken from
[27] ................................................................................................................... 46

9.

3-D model of test section ................................................................................. 47

10.

Picture of a region on the top surface of the porous plate used, taken with
a scanning electron microscope at a magnification of (a) 84 X and (b)
365 X ................................................................................................................ 49

11.

Experimental Test Facility ............................................................................... 52

12.

Absorber plates; (a): Smooth wall geometry; (b) Stepped-wall geometry ...... 60

13:

Stepped-wall configuration .............................................................................. 61

LIST OF FIGURES (Continued)

Figure

Page

14.

Overall geometry and representative ith control volume .................................. 70

15.

Temperature and concentration profiles near the liquid/vapor interface;
(a): Expected behavior; (b) Assumed behavior................................................ 74

16.

Six two-phase multipliers as a function of quality ........................................... 84

17.

Model for tracking the size and number of bubbles in each control volume
(only spherical bubbles are shown) .................................................................. 86

18.

Example values of the convected bubble diameter along the length of the
absorber for m ws =30 g/min, m v = 3 g/min, m c = 200 g/min, Tc= 45 ºC and
Hs= 600 μm ...................................................................................................... 89

19.

Steps followed for convergence of a case of complete absorption within
the absorber test section ................................................................................... 99

20.

Mass balance using measured values and Eq. 10 ........................................... 104

21.

Energy balance using Eq. 18 plotted against that determined using Eq. 17. . 105

22.

Exit mass concentration variation with circulation ratio. Legends: smth:
smooth channel; stp: stepped channel ............................................................ 107

23.

Overall heat transfer coefficient variation as a function of coolant flow
rate with weak solution flow rate as a parameter for a fixed vapor flow
rate of 1g/min ................................................................................................. 109

24.

Measured strong solution concentration variation as a function of weak
solution with varying coolant flow rate as a parameter for a fixed vapor
flow rate of 1g/min ......................................................................................... 111

25.

Pressure drop across the porous plate as a function of vapor Reynolds
number for the smooth wall geometry ........................................................... 114

26.

Pressure drop across the porous plate as a function of vapor Reynolds
number for the stepped-wall geometry .......................................................... 115

LIST OF FIGURES (Continued)

Figure

Page

27.

Smooth absorber: Overall heat transfer coefficient (a,c,e) and mass
transfer conductance (b,d,f) variation with exit subcooling. Coolant inlet
temperature is a parameter varied between the sub-plots (a,b) Tc,i = 58 oC;
(c,d) Tc,i = 40 oC; (e,f) Tc,i = 30 oC ................................................................. 119

28.

Stepped absorber: Overall heat transfer coefficient (a,c) and mass transfer
conductance (b,d) variation with exit subcooling. Coolant inlet
temperature is a parameter varied between the sub-plots (a,b) Tc,i = 40 oC;
(c,d) Tc,i = 30 oC ............................................................................................. 126

29.

Smooth absorber geometry: Overall heat transfer coefficient (a,c,e) and
mass transfer conductance (b,d,f) variation with source-to-heat-rate ratio.
Coolant inlet temperature is a parameter varied between the sub-plots (a,b)
Tc,i = 58 oC; (c,d) Tc,i = 40 oC; (e,f) Tc,i = 30 oC ............................................ 132

30.

Stepped absorber: Overall heat transfer coefficient (a,c) and mass transfer
conductance (b,d) variation with source-to-heat-rate ratio. Coolant inlet
temperature is a parameter varied between the sub-plots (a,b) Tc,i = 40 oC;
(c,d) Tc,i = 30 oC ............................................................................................. 136

31.

Heat transfer effectiveness of the constrained thin film absorber as a
function of NTU ............................................................................................. 140

32.

Solution temperature profiles along the absorber for different number of
control volumes, N, indicating little variation for N = 350 and beyond ........ 142

33.

Mass-concentration profiles along the absorber for different number of
control volumes, N, indicating little variation for N = 350 and beyond ........ 143

34.

Profiles of convected vapor mass flow rate entering the west side of a
control volume along the absorber for different number of control
volumes, N, indicating little variation for N = 350 and beyond .................... 143

35.

Numerical heat transfer solution compared to the analytical solution for a
counterflow heat exchanger with constant heat transfer coefficient and no
source term ..................................................................................................... 145

LIST OF FIGURES (Continued)

Figure

Page

36.

Convected vapor mass flow rate entering the west side of a control
volume along the absorber for different absorber limit cases at Tc= 58 ºC,
40 ºC, and 30 ºC. ............................................................................................ 147

37.

Comparison of the net amount of heat transferred as measured
experimentally, Exp, and as calculated numerically, Num, for all complete
absorption cases on the smooth channel geometry for Tc= 58 ºC .................. 148

38.

Comparison of the net amount of heat transferred as measured
experimentally, Exp, and as calculated numerically, Num, for all complete
absorption cases on the smooth channel geometry for Tc= 40 ºC .................. 148

39.

Comparison of the net amount of heat transferred as measured
experimentally, Exp, and as calculated numerically, Num, for all complete
absorption cases on the smooth channel geometry for Tc= 30 ºC .................. 149

40.

Variation of convected vapor flow rate along the absorber with coolant
flow rate. ........................................................................................................ 152

41.

Variation of solution and coolant temperature along the absorber with
coolant flow rate............................................................................................. 152

42.

Variation of overall absorber heat transfer coefficient along the absorber
with coolant flow rate..................................................................................... 153

43.

Variation of convected vapor flow rate along the absorber with coolant
inlet temperature. ........................................................................................... 155

44.

Variation of temperature profiles along the absorber with inlet coolant
temperature..................................................................................................... 156

45.

Variation of overall absorber heat transfer coefficient along the absorber
with coolant inlet temperature........................................................................ 156

46.

Variation of convected vapor flow rate along the absorber with weak
solution flow rate ........................................................................................... 158

LIST OF FIGURES (Continued)

Figure

Page

47.

Variation of solution concentration along the absorber with weak solution
flow rate; saturation concentration, Sat, also shown for the first 2 solution
flow rates ........................................................................................................ 159

48.

Variation of solution temperature along the absorber with weak solution
flow rate ......................................................................................................... 159

49.

Variation of convected vapor flow rate along the absorber with inlet weak
solution temperature ....................................................................................... 162

50.

Variation of solution concentration along the absorber with weak solution
inlet temperature ............................................................................................ 163

51.

Variation of solution temperature along the absorber with inlet weak
solution temperature ....................................................................................... 163

52.

Variation of convected vapor flow rate along the absorber with inlet weak
solution concentration .................................................................................... 166

53.

Variation of convected vapor flow rate along the absorber with inlet weak
solution concentration .................................................................................... 166

54.

Variation of solution saturation concentration along the absorber with
weak solution inlet concentration................................................................... 167

55.

Variation of convected vapor flow rate along the absorber with vapor
injection flow rate .......................................................................................... 169

56.

Variation of temperature profiles along the absorber with vapor injection
flow rate ......................................................................................................... 170

57.

Variation solution specific volume along the absorber with vapor injection
flow rate ......................................................................................................... 170

58.

Variation of overall absorber heat transfer coefficient along the absorber
with vapor injection flow rate ........................................................................ 171

LIST OF FIGURES (Continued)

Figure

Page

59.

Variation of convected vapor flow rate along the absorber with solution
microchannel height ....................................................................................... 174

60:

Variation of solution temperature along the absorber with solution
microchannel height ....................................................................................... 174

61.

Variation of overall absorber heat transfer coefficient along the absorber
with solution microchannel height ................................................................. 175

62:

Variation of convected vapor flow rate along the absorber with porous
plate length ..................................................................................................... 177

63

Variation of solution temperature along the absorber with porous plate
length .............................................................................................................. 178

64.

Variation of overall absorber heat transfer coefficient along the absorber
with porous plate length ................................................................................. 178

65.

Variation of convected vapor flow rate along the absorber with number of
sections ........................................................................................................... 181

66.

Variation of solution temperature along the absorber with number of
sections ........................................................................................................... 181

67.

Variation of overall absorber heat transfer coefficient along the absorber
with number of sections ................................................................................. 182

68.

Conceptual schematic of a stacked-up high mass flux bubble absorber
with six solution channels .............................................................................. 188

LIST OF TABLES
Table

Page

1.

Experimental falling film absorber studies ....................................................... 17

2.

Experimental bubble absorber studies .............................................................. 18

3.

Numerical falling film absorber studies ............................................................ 19

4.

Numerical bubble absorber studies ................................................................... 20

5.

Falling film vs. bubble absorber comparison studies ........................................ 22

6.

Scaling factors and the effect on absorber size and expected flow rates .......... 42

7.

Box-like bubble and non-porous length ............................................................ 46

8.

Equipment and instrumentation specifications ................................................. 56

9.

Experimental test matrix ................................................................................... 59

10.

Bias error for all experimentally measured quantities ...................................... 67

11.

Two-phase heat transfer multipliers .................................................................. 83

12.

Test conditions for variations in coolant flow rate.......................................... 151

13.

Test conditions for variations in coolant inlet temperature ............................. 155

14.

Test conditions for variations in inlet weak solution flow rate ....................... 158

15.

Test conditions for variations in inlet weak solution temperature .................. 162

16.

Test conditions for variations in inlet weak solution concentration ............... 165

17.

Test conditions for variations in vapor injection flow rate ............................. 169

18.

Test conditions for variations in solution microchannel height ...................... 173

19.

Test conditions for variations in porous plate length ...................................... 177

20.

Test conditions for variations in number of sections ...................................... 180

21.

Absorber scaling and comparison with literature............................................ 185

LIST OF APPENDICES
Appendix

Page

1.

Test Section Part Drawings ............................................................................ 200

2.

Test Section Design Considerations ............................................................... 214

3.

Standard Operating Procedures ...................................................................... 217

4.

Calibration Graphs ......................................................................................... 223

5.

Visualization Experiment Attempt ................................................................. 226

6.

EES Numerical Model Code .......................................................................... 230

7.

Numerical Scheme Accuracy ......................................................................... 240

LIST OF APPENDIX FIGURES

Figure

Page

A 1.

Part drawing for smooth wall absorber plate.................................................. 201

A 2.

Part drawing for coolant block on smooth wall absorber plate ...................... 202

A 3.

Part drawing for coolant top ........................................................................... 203

A 4.

Part drawing for gas chamber center (1) ........................................................ 204

A 5.

Part drawing for gas chamber center (2) ........................................................ 205

A 6.

Part drawing for gas chamber center (3) ........................................................ 206

A 7.

Part drawing for gas chamber side ................................................................. 207

A 8.

Part drawing for absorber test section assembly ............................................ 208

A 9.

Part drawing for stepped-wall absorber plate ................................................. 209

A 10. Part drawing for coolant block on stepped-wall absorber plate ..................... 210
A 11. Part drawing for visualization test section frame ........................................... 211
A 12. Part drawing for coolant side transparent section on visualization plate ....... 212
A 13. Part drawing for solution side transparent section on visualization plate ...... 213
A 14. Calibration curve for absolute pressure transducer at the exit CFM .............. 224
A 15. CFMs calibration curves ................................................................................ 224
A 16. Propeller flow meter calibration ..................................................................... 225
A 17. Thermocouple calibration curves ................................................................... 225
A 18. Visual absorber plate ...................................................................................... 227
A 19. Visual absorber plate after failing .................................................................. 228
A 20. Accuracy of the numerical scheme determined at z= 0.09 m for m vw ............ 241

NOMENCLATURE
A

heat exchange area, interfacial mass exchange area (m2)

cp

specific heat capacity (kJ/kg-K)

D

diameter (m)

Dh

hydraulic diameter (m)

Do

orifice diameter (m)

D12

diffusion coefficient of ammonia in water (m2/s)

f

circulation ratio (unitless)

gm

mass transfer conductance (kg/m2-s)

g*m

low mass transfer limit mass transfer conductance (kg/m2-s)

H

microchannel depth (m)

h

specific enthalpy of fluid stream (kJ/kg)

hc

coolant side heat transfer coefficient (W/m2-K)

hgf

enthalpy of condensation (kJ/kg)

hs

solution side heat transfer coefficient (W/m2-K)

i

index of control volume number

K

hydraulic conductivity (m/s)

Kl

mass transfer coefficient (m/s)

k

thermal conductivity (W/m-K)

L

length of the microchannel (m)

Lp

length of the porous plate (m)

LHS

left-hand side

M

Two-phase multiplier, mass diffusivity characteristic parameter (unitless)


m

mass flow rate (kg/s, g/min)

N

Number of control volumes; number of plate sections

NTU heat transfer unit (unitless)
nb

number of bubbles

P

pressure (Pa)

Pr

Prandtal number (unitless)

pr

reduced pressure (unitless)

q


heat rate (W)

R

thermal resistance (K-m2/W)

Re

Reynolds number (unitless)

Rev

Reynolds number for vapor;

RHS

right-hand side

Sh

g*m D
Sherwood number; Sh 
(unitless)
 l D12

St

Stefan number (unitless)

s

source rate (W)

t

thickness of stainless steel between channels (m), student t- factor (unitless)

T

temperature (K)

U

overall heat transfer coefficient (W/m2-K)

u

velocity (m/s)

Vdiff

molar volume of solute (m3/kmol)

W

width of the microchannel (m)

2m v
(unitless)
v W  H 

W

rate of work (W)

X

mass concentration (unitless)

Xtt

Lockhart-Martinelli parameter (unitless)

X̂

molar concentration (unitless)

z

axial coordinate (m)

Greek
m

mass transfer driving force (unitless)



differential quantity

Tlm

log-mean temperature difference (K)

Tsub,Exit

exit subcooling temperature (K)

Xlm log-mean mass concentration difference (unitless)


heat transfer effectiveness (unitless)

d

modified heat transfer effectiveness (unitless)

R

numerical relative residual (unitless)

m

mixture dynamic viscosity (kg/m-s)



dynamic viscosity (kg/m-s)



absolute uncertainty



density (kg/m3)

ν

specific volume (m3/kg)

Ψ

associative factor (unitless)

Subscripts
abs

absorber, absorb

b

bubble

b,inj

injected bubble

Bias

bias error

c

coolant

cond

conduction

conv

convection, convected

heat

coolant side energy balance

e

exit of the microchannel

f

single-phase

fd,h

hydrodynamic fully developed

fd,t

thermal fully developed

g

gas

h

hot

i

inlet of the microchannel

inj

injected

j

index notation

l

liquid

lam

laminar

m

mass transfer, mixture

max

maximum

min

minimum

P

precision

p

porous

TP

two-phase

s

solution

sat

saturation

sc

scale

ss

strong solution, stainless steel

sub

subcooling

v

vapor (anhydrous ammonia gas)

w

west face of a control volume

ws

weak solution

x

independent variable

y

dependent variable

Study of a Constrained-Film Bubble Absorber Under Cycle
Operating Conditions
1 INTRODUCTION
This chapter introduces the concept of an absorber in the context of an absorption
refrigeration cycle. A general summary of refrigeration cycles is first provided
followed by a comparison between vapor compression and vapor absorption cycles.
Different absorber types are discussed and the motivation to pursue this study is
presented. Background information on general characteristics of vapor absorption
cycles is also included to better understand the purpose of the absorber and the goals
of this study.

1.1 Refrigeration Cycles
A refrigeration cycle is an energy system that transfers heat from a low to a high
temperature location. The purpose of a refrigeration cycle is to lower the temperature
of a confined environment below that of its surroundings. Heat flow occurs
spontaneously from a high to a low temperature body due to spatial temperature
gradients. According to the Clausius statement of the second law of thermodynamics,
“It is impossible for any system to operate in such a way that the sole result would be
an energy transfer by heat from a cooler to a hotter body [1].” This statement of the
second law implies that energy input, whether in the form of heat or work, is required
for the refrigeration cycle to reverse the spontaneous direction of heat flow.
Refrigeration cycles are often referred to as heat pumps because the heat transfer
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process can be thought as “pumping heat” in the opposite direction of spontaneous
heat flow. This is analogous to a fluid pump which pumps fluid in the opposite
direction of spontaneous fluid flow. However, the term heat pump can in general be
used for both cooling and heating cycles.
Refrigeration cycles are common to daily life applications. For example, they are
found in portable, residential and commercial air conditioning units, refrigerators,
freezers, and chillers. Refrigeration cycles allow us to enjoy cold drinks, pleasant
room temperature during hot summer days and they are responsible for keeping food
fresh. Refrigeration cycles are also extensively used in cooling down electronic
devices to guarantee proper performance.

1.2 Types of Refrigeration Cycles
Refrigeration cycles vary in shape, size and type of refrigerant depending on the
application. However, most refrigeration cycles can be classified into two major
categories: vapor compression and vapor absorption. These two cycles are shown
respectively in Figs. 1 and 2.
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Figure 1: Vapor compression refrigeration cycle; 1→2: condensation of vapor
refrigerant; 2→3: liquid refrigerant expansion; 3→4: liquid/vapor refrigerant mixture
evaporation; 4→1: electrical/mechanical compression of vapor refrigerant

Figure 2: Vapor absorption refrigeration cycle; 1→2: condensation of vapor
refrigerant; 2→3: liquid refrigerant expansion; 3→4: liquid/vapor refrigerant mixture
evaporation; 4→1: chemical compression of vapor refrigerant (absorption at A,
pumping at P, desorption at D, expansion at V)
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An ideal refrigeration cycle can be visualized in a Temperature-Entropy, “T-s”,
and a Pressure-Enthalpy, “P-h”, diagram as shown in Figs. 3 and 4, respectively. Note
that the thermodynamic states numbered 1 through 4 in Figs. 3 and 4 correspond to the
equivalent states equally numbered in Figs. 1 and 2. Superheated vapor refrigerant is
cooled and condensed into a saturated liquid during the isobaric process 1→2 while
rejecting heat to the surroundings. The saturated liquid is then transferred from the
high pressure side to the low pressure side of the cycle in an expansion valve through
the isenthalpic process 2→3 resulting in a low quality liquid/vapor mixture. The low
quality refrigerant mixture is fully evaporated to a saturated vapor in the isobaric
process 3→4 accepting heat and thus cooling the surroundings. In the compressor
during the isentropic process 4→1, saturated vapor is transported from the low to the
high pressure side of the cycle, thereby becoming a superheated vapor.
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Figure 3: Ideal refrigeration cycle T-s diagram; 1→2: isobaric cooling and
isothermal/isobaric condensation; 2→3: isenthalpic expansion; 3→4:
isobaric/isothermal evaporation; 4→1: isentropic compression

Figure 4: Ideal refrigeration cycle P-h diagram; 1→2: isobaric cooling and
isothermal/isobaric condensation; 2→3: isenthalpic expansion; 3→4:
isobaric/isothermal evaporation; 4→1: isentropic compression
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With the exception of the isentropic compression in process 4→1, all other
processes are carried out exactly the same way in the vapor absorption cycle as in the
vapor compression cycle. The only difference between these cycles is the mechanism
utilized to transport refrigerant from the low pressure to the high pressure side. The
vapor compression refrigeration cycle uses a standard electrically or mechanically
driven compressor to accomplish this task while the vapor absorption refrigeration
cycle uses what is known as a chemical compressor. The major components of a
chemical compressor are the absorber, A, the pump, P, the desorber, D, and the
expansion valve, V (see Fig. 2). A Pressure-Temperature, “P-T”, diagram of the
chemical compression cycle is shown in Fig. 5. Saturated vapor refrigerant enters the
chemical compressor at the absorber, a. During process a→b the refrigerant vapor is
absorbed into a weak solution mixture of refrigerant and a secondary fluid at the
absorber while rejecting heat. The refrigerant can be referred to as an absorbate, and
the secondary fluid as an absorbent. Exiting the absorber is a strong solution mixture
of the absorbent and the absorbate. The mixture is transferred from the low pressure
side to the high pressure side of the cycle through a pump at process b→c. The strong
solution mixture enters the desorber where heat is added to separate the superheated
vapor refrigerant from the weak solution during process c→d. The superheated vapor
continues to the condenser while the weak solution mixture cycles back to the
absorber in the expansion process d→a. Note that in order to operate a vapor
absorption refrigeration cycle, heat input at the desorber and heat removal at the
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absorber are required. For this reason, this cycle is also referred to as a heat-actuated
refrigeration cycle.

Figure 5: P-T diagram of ammonia-water chemical compressor cycle
Vapor absorption cycles require more than one fluid type to operate. The most
popular working fluid sets are: water/lithium-bromide, ammonia/water or
ammonia/water/hydrogen [2]. The water/lithium-bromide absorption cycle utilizes
water as a refrigerant, limiting the refrigeration temperature to above 0 ºC. The
ammonia/water cycle utilizes ammonia as a refrigerant. Since the freezing temperature
of ammonia at 1 bar is -77.7 ºC, it allows lower refrigeration temperatures. The
water/ammonia/hydrogen system also uses ammonia as a refrigerant and hydrogen is
used to vary the partial vapor pressure of the refrigerant in the cycle (total cycle
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pressure remains relatively constant), thus completely eliminating the need of energy
input in the form of work into the cycle for a pump or a compressor. The ammoniawater working pair has been recommended by researchers due to its excellent
thermodynamic and physical properties as well as the promise of higher overall
system efficiencies [3, 4].

1.3 Benefits of Vapor Absorption Refrigeration
Vapor absorption cycles offer an energy optimizing and cost effective option for
refrigeration. Consider the isentropic compression in process 4→1 as illustrated in
Figs. 3 and 4 for an ideal refrigeration cycle. The amount of work per unit mass
required to carry out this process neglecting changes in kinetic and potential energy is
given by [1]
1
 W 
   vdP
  
 m isentropic
4

(1)

Since the specific volume, v, is much smaller for liquids than it is for gases
(approximately 900 times smaller for ammonia at 1 bar), the isentropic work per unit
mass required by a compressor to increase the pressure of a vapor is much more
significant than the isentropic work required by a pump to increase the pressure of a
liquid by the same amount. Therefore, a vapor absorption cycle requires significantly
less electrical energy input at the pump than does an equivalent vapor compression
cycle at the compressor. An isentropic process is an ideal concept that indicates the
most efficient performance of a system undergoing a change in thermodynamic state.
However, internal irreversibilities such as friction and heat losses within the system
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components cause the isentropic efficiency to drop. The compressor used in a vapor
compression cycle dissipates significant amounts of heat, causing a reduction in
isentropic efficiency in the range of 75 to 85 percent [1]. In contrast, the pump utilized
by the vapor compression cycle produces less heat resulting in higher isentropic
efficiencies, thus minimizing the waste energy. Significantly lower mechanical or
electrical energy input coupled with more efficient components result in a drastically
lower energy bill for the user of the vapor absorption refrigerator/heat pump.
In addition to the energy savings mentioned above, vapor absorption cycles
utilize waste heat at relatively low temperatures (approximate in the 80 ºC - 200 ºC
range approximately [2]) that otherwise would not be recovered. This characteristic is
especially attractive in industries where sources of waste heat are available. Current
research in other institutions throughout the world seeks to utilize solar energy
coupled with absorption refrigeration in a residential/domestic setting. When
available, solar energy can eliminate the difficulty of finding other sources of heat.
Typical refrigerants utilized in the vapor compression refrigeration cycles
include a series of hydrofluorocarbons (HFCs) such as R134a (HFC-134a). Even
though R134a poses a zero Ozone Layer Depletion Potential (ODP), this refrigerant
has a significant Global Warming Potential (GWP) [5]. In contrast, vapor absorption
refrigeration cycles often use working fluid sets such as ammonia-water, which have
zero ODP and GWP [5] and are recycled naturally.
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1.4 Historical Glance at the AmmoniaWater Absorption Cycle
The ammonia-water absorption refrigeration cycle was invented by Ferdinand
Carré from France. He first registered the cycle under a British patent in 1859 and
later under a United States patent in 1860 [6]. The main appeal of his invention was its
ability to cool down below 0 °C, thus providing a method to produce ice.
Carré’s refrigeration unit was first brought to the United States during the Civil War to
a military hospital in Augusta, Georgia where it was used to make ice to treat patients
with fever. With the increased and continuous use of Carré’s refrigeration cycle unit,
multiple individuals contributed further improvements to the system in the United
States. Louisiana Ice Company employed several of these individuals to build a
refrigeration plant. By 1869, the world’s largest refrigeration plant was constructed in
New Orleans. The capacity of this plant was 60 tons [6]. During the following years,
several inventors filed patents on these systems and more ammonia-water refrigeration
plants were built [6].
Several aqua-ammonia plants were constructed in Tennessee, Atlanta, New
Orleans, and Texas. Before 1900 the majority of the ice making plants in the southern
United States operated with ammonia-water absorption cycles. Even though ammoniawater absorption plants were becoming popular in the refrigeration industry, there
were operational problems with the system. The workforce required to run these plants
came from the steam engine and air compressor industries and lacked the full
understanding of the principles of absorption refrigeration. As a result, companies
often had difficulties running the plants efficiently. By 1925, with the arrival of high
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speed electric motors capable of running vapor compression refrigeration cycles more
efficiently, most of the ammonia-water vapor absorption plants had been replaced. The
remaining absorption plants mainly utilized natural gas as the main fuel for the heat
source required to run the cycle. In the early 1970s the United States government
limited the use of natural gas due to a projected supply deficit, causing several of the
remaining absorption refrigeration companies to shut down [2]. Although the
projected supply deficit never occurred, the production of new absorption refrigeration
units dropped in response to these projections to less than 10 percent of earlier
production rates prior to the political decision to limit natural gas usage.
Currently, the demand for vapor absorption refrigerators/heat pumps is on the
rise. High electric power rates, gas utility rebate programs and environmental concerns
have stimulated a renewed interest in the development of more efficient vapor
absorption cycles systems [2].

1.5 Absorber Concept
The absorber is an important component of the vapor absorption refrigeration
cycle. This device is a simultaneous heat and mass exchanger. Its purpose is to transfer
a vapor absorbate into a weak solution mixture of absorbate and absorbent to produce
a strong mixture solution while transferring the heat of absorption, which is generated
during this process (see Fig. 2). Therefore, not only should its design be made to
enhance heat transfer performance but it is extremely important to maintain good mass
transfer characteristics. Due to both constraints, which are often times contradicting,
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the absorber significantly influences the performance and overall size of the
system [7].
Three primary types of absorbers exist: falling film absorber, bubble absorber,
and spray absorber (see Fig. 6). The falling film absorber consists of cooled surfaces
on which a thin weak solution film falls under the effect of gravity, while absorbate
vapor flows alongside the solution film. The bubble absorber injects pressurized
absorbate vapor in the form of bubbles into a weak solution pool. The spray absorber
is analogous to the bubble absorber with the exception of having a weak solution mist
injected in a pool of vapor.

Figure 6: Primary types of absorbers
The falling film absorber and the bubble absorber have been recommended on
ammonia-water absorption refrigeration due to enhanced heat and mass transfer
performance [8, 9]. The spray type absorber divides the absorption process into an
adiabatic absorber followed by a single phase heat exchanger and is most commonly
used with hydroxide fluid pairs, which are characterized by lower heat transfer
coefficients in the falling film and bubble mode [10, 11].
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Several designs based on either the falling film or bubble type absorbers have
been studied quite extensively. The goal of these studies has been to reduce the overall
size of the ammonia-water absorber while maintaining good heat and mass transfer
characteristics. Falling film absorbers are stable during operation and offer relatively
high heat transfer coefficients by reducing the size of the cooled surfaces to the
microscale level [8]. The main problems to resolve in the falling film absorber are
weak solution maldistribution, non-uniform surface wetting of the cooled surface by
the weak solution, and continuous thickening of solution film for vertically cooled
surfaces. The combination of these issues causes an increased heat and mass transfer
resistance on the solution side. Bubble absorbers offer relatively high mass transfer
coefficients by distributing small vapor bubbles and thus increasing the surface area
available for mass transfer [9]. The main concern in the bubble absorber is the low
solution side heat transfer rates. Therefore, it is important for the bubble absorber to
increase the rate of removal of the heat of absorption to the coolant generated at the
vapor/liquid interface during the absorption process.

1.6 Motivation
One problem that humanity faces today is global warming and the energy crisis. The
earth is slowly but continuously warming up due to the ozone layer depletion and the
effect of green house gasses produced by burning fossil fuels. In addition, fossil fuel
sources are limited and the current human dependency on these fuels is very large. It is
today’s challenge to use energy more wisely and efficiently to protect the earth’s
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natural resources and environment and at the same time provide energy resources to an
increasing customer base.
The refrigeration industry is a sector which has potential to improve significantly
and become more environmentally friendly and efficient. Today’s refrigeration and
cooling is mainly accomplished by utilizing vapor compression refrigeration cycles. In
comparison with the vapor absorption cycle, the vapor compression cycles require
more electrical or mechanical energy input (demanding higher use of fossil fuels), use
a less efficient method to compress the refrigerant, and often utilize working fluids
which significantly impact global warming. However, vapor compression cycles have
a relative size advantage over the vapor absorption cycle. Even though the ammoniawater vapor absorption cycle has the inherent advantage of requiring less power input,
utilizing waste heat and being more environmentally friendly, this cycle suffers from
being larger in size than an equivalent capacity vapor compression cycle. Therefore,
increasing the use of vapor absorption refrigeration heat pumps will result in lower
electrical energy demands, less usage of environmentally harmful refrigerants and if
coupled with solar energy, it can offer a greener refrigeration option. However, size
remains an issue.
The fundamental drive and inspiration for the present work is to reduce the overall
size and improve the performance of an ammonia-water vapor absorption cycle by
reducing the size and enhancing the performance of a critical component: the absorber
[12]. If the size difference between the vapor absorption and the vapor compression
cycle can be reduced or eliminated, it is predicted that the use of the vapor absorption
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refrigeration will become more popular especially in small scale residential and
portable applications. Absorption refrigeration has also shown potential for high
coefficients of performance (COPs) by increasing the complexity of the cycle [13].
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2 LITERATURE REVIEW
This chapter presents a review of relevant ammonia-water absorption studies
found in literature. The review covers falling film and bubble absorption studies
performed experimentally and numerically. Other pertinent studies are included that
consider only specific aspects of the absorption process rather than the entire absorber
unit. To provide an effective comparison between studies, a set of summary tables is
first presented followed by a general discussion of the effect of varying parameters in
each absorber mode.

2.1 Summary
A collection of summary tables is presented in this section. Table 1 and Table 2
contain the experimental falling film and bubble absorber studies, respectively.
Table 3 and Table 4 correspondingly contain summaries of the numerical falling film
and bubble absorber studies. Table 5 includes one numerical and one experimental
study on the comparison between the falling film and the bubble mode. The tables
highlight the different absorber configurations used, the important physical
dimensions, the heat and mass transfer characteristics of each study, in addition to the
salient findings. For the experimental studies, the reported experimental conditions are
given. For the numerical studies, the most important model assumptions are listed.
Reported quantities are given with the same units as the units appeared in the
corresponding papers to guard against the possibility of making misleading
assumptions when unit conversion requires more than a fixed conversion factor.

Table 1: Experimental falling film absorber studies
Ref.
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14

12

Configuration

Important
Dimensions

Microchannel
horizontal
coolant tube
array with
viewing ports

-Tube ID: 1.1 mm
-Tube OD: 1.6 mm
-Overall absorber size:
0.162x0.157x0.150 m3
-Heat transfer area:
0.456 m2

Enclosed
vertical,
compactlywound helical
coil with
viewing ports

-Tube OD: 12.7 mm
-Coil D: 82.7 mm
-Vapor passage:
22.7 mm
-Nozzle D:
2 mm (x16)
-Overall absorber size:
600.6x114.3x80 mm3

Microchannel
coolant tube
array with a
crisscrossing
stretched screen
mesh/fabric

-Tube ID: 2.375 mm
-Overall absorber size:
6.35x12x63.5 cm3
-Heat transfer area:
0.24 m2
-Wire mesh D: 0.2 mm
-Meshes: 16x16 /in2

Conditions

Comments

9.5x10-5-1.58x10-4
m3/s
Xv: 93-98 %

-Sand blasted outer
tube surface area to
improve wetting
-Improved weak
solution drip tray
-ΔTLM based on
equilibrium
temperature
-Solution and vapor
in counter flow

P: 0.17-1.93 bar
m 'ws : 4.43- 90.9 g/s-m
Tws: 45- 60 °C
Xws: 3.13-30 %
Tc: 30 ºC
Xv: 45.6-96.5 %

-Vapor flow
direction was
changed from
parallel (P) to
countercurrent (C)
with respect to the
solution flow

P: 3.5-7 bar
m ws : 906-1596 g/min
Tws: 52-80 ºC
Xws: 28-32 %
Tss: 34-52 ºC
m c :

P: 2.81 bar
m ws : 666-1068 g/min
Tws: 43 ºC
Tss: 40 ºC
Xws:30 %
m c : 5322 g/min

-Absorber tested
with & without
mesh
-Experimental
conditions were
similar but not
exactly the same

Heat
Transfer

- q :
4.51-15.1 kW
-U:
545-940
W/m2K

- q : 0.6-1.5
kW
- q P slightly
higher than q
C
-Fouling
factor used in
thermal
network

Mass
Transfer

- m ws ↑: U ↑
- m v ↑: U ↑
-No MT
analysis
given

- m ws & m v more
significant than m c

-P flow had
slightly
higher
absorption
rate
- m ws ↑:
Abs. rate↑

No MT
analysis
given

significant in P flow)
-Nuf P is higher than
Nuf C
- Nuf P vs. Nuf C ↑ as
Xws↓
- Nuf P= f( m 'ws )
- Nuf C=f( m 'ws , m v )
- If m v is too high in C
flow, U ↓
- q ↑17 - 26 % & UA↑
50 % with mesh
-Liquid MT resistance
is dominant
- m ws ↑: q ↑, UA ≈
- Tc↑: q ↓, UA ≈
- Size similar to
predicted by model [20]
(± 10 tube rows)
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Tc: 20-30 ºC
Tv: 58 ºC
Xv: 96 %
↑: increase; ↓decrease; ≈: almost unaffected; C: counterflow; D: diameter; MT: mass transfer; P: parallel flow

- m c ↑: U ↑

-Wetting problem
improved but not
eliminated
- m 'ws ↑: U ↑ (less

Mesh:
q =4.1 kW
UA=483W/K
No Mesh:
q =3.4 kW
UA =
334 W/K

Salient Findings

Table 2: Experimental bubble absorber studies
Ref.
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Configuration

Long Pyrex glass
tube slug flow
absorber
Vapor in
counterflow with
solution

-Constrained
microscale film
-150, 400,
1500 μm deep
smooth channel
wall
-Cross-ribs (CR),
angled cross-ribs
(ACR) & stream
wise fins (SF)

Important
Dimensions
-Tube ID: 10 mm
-Wall thickness:
2 mm
-Tube length:
1500 mm
-Coolant jacket
(CJ) ID:16 mm
-CJ OD: 18 mm
-CJ length:
200 mm (x7)
-Coolant channel
size(m3):
0.1x0.02x0.008
-Absorber plate
size:
0.1x0.02 m2
-Heat transfer
area: 0.002 m2

Conditions
P: 5.5-6 bar
m ws : 16.7-58.3 g/min
Tws: 110-120 ºC
Xws: 2.5-21.6 %
m c : 0.08-0.4 L/min
Tc: 20-40 ºC
m v : 10-20 g/min
Xv: 99.99 %
P: 2.5-4 bar
m ws : 10-30 g/min
Xws:0-15 %
Tws: 22.5 °C
m v : 1-3 g/min
Tv: 22.5 °C
Xv: 99.999 %
m c : 269 g/min
Tc: 10.6 °C
P: 1.6-2 bar
m ws =
500-666.7 g/min
Tws: 35-55 ºC
Xws: 30-38 %
Xss: 0.31-0.42 %
m c ≈ 2333.3 g/min

Comments
-Vapor
flowed
countercurren
t with the
solution
-Flow regime
was
visualized
-Coolant
flowed C to
the solution
-Three wall
structured
geometries &
three smooth
channel
depths were
studied

- q during
absorption is
higher
→ higher hs
(possible) when
vapor present

U: {kW/m2K}
150μm: 0.753.75
400μm: 2.5-4.5
1500μm: 1-2
CR:0.9-2.2
ACR: 0.9-2.7
SF: 1.5-4

U: 2.7-5.4
kW/m2K
q : 0.5-1.3 kW
-hc found
through
experiments
-∆Tsub: 0.4-0.7
°C

Mass Transfer

Evaluated by
the length
necessary to
achieve
complete
absorption: Labs

gm: {kg/m2s}
150μm: 0.0170.138
400μm: 0.0180.09
1500μm: 0.0170.08
CR:0.02-0.07
ACR: 0.02-0.08
SF: 0.02-0.07

gm: 0.00250.0063 kg/m2s

Salient Finding
-Slug flow with Taylor
bubbles observed
- m ws ↑: Labs ↓
- m v ↑: Labs ↑
- m c ↑: Labs ↓
-Tc↓: Labs ↓
- m c effect on Labs less
sensitive than m ws
-Low m v / m ws : Hc↑, U↓
- High m v / m ws : Hc↑, U↑or↓
-Low m v : Hs↑, gm≈
-High m v : Hs↑, gm↑or↓
-Optimal channel depth
exist between 400-1500µm
-400μm smooth wall had
better combined heat/mass
transfer
- m v ↑: gm↑
Res↑: hs↑, gm≈/↑, q ↑
Xws↓: hs↑
(significant at lower Xws),
gm↑, q ↑
Tc↓: hs↑, q ↑
Rec↑: gm↑, hs≈
P↑: hs↑, gm↑
Tws↑: hs≈, gm≈
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- m c C to m ws
-Vapor in P
Type L
-Effective surface
to the
corrugated plate area in central
solution
heat exchanger
channel:
2
-Used ∆TLM
17
model NB51
0.1 m
& ∆TLM,EQ
with
-D injection
depending
on
3 channels
orifice: 1.7 mm
exit
Tc: 30-35 ºC
conditions
Tv: -8- 0 ºC
↑: increase; ↓decrease; ≈: almost unaffected C: counterflow; D: diameter; P: parallel flow

Heat Transfer

Table 3: Numerical falling film absorber studies
Ref.
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Configuration

Microchannel
coolant tube
array

Lamella plate
type absorber

Dimensions &
Method

Assumptions

Comments

Heat Transfer

-Tube ID:
1.07 mm
-Heat transfer
area: 1.5 m2
-Mass, species &
energy balances
-CV analysis

-1D
-Steady state
-Constant P
-Well mixed film
-Laminar flow inside
cooling channels
-Saturated inlet
conditions

- Absorber
divided in 5
sections
-Area efficiency
ratio introduced
for potential
improper wetting
-Results were
compared to
experiments

-hs & hc obtained
from correlations
hv source not clear
- U found through
resistance network
-ΔTLM,EQ used
-HT correction
due to mass
transfer used
- U: 120-400
W/m2-K
- q : 5-16 kW

-Plate width:
15 cm
-Plate spacing:
1 cm
-Plate length
required:
1.125-2 m
-Mass, species &
energy balance
-FD analysis

-1D
-Steady state
- Constant P
-Vapor/Liquid
interface equilibrium
-Complete surface
wetting
-No flooding between
plates

-Simultaneous HT
& MT considered
-No experimental
comparison
-Equations solved
with 99.7%
accuracy or higher

-hs, hv, hc obtained
from correlations
-HT correction
due to mass
transfer used
q = 8.34 kW

Mass
Transfer

-gm obtained
from
heat/mass
analogy
- High MT rate
theory used

-gm obtained
from
correlations
-MT resistance
on liquid &
vapor phase
- High MT rate
theory used

- Good T & X profile
predictions
-Sensible heat from V to L
was small
-Overall abs. performance
is captured
-Only 30% of heat
transfer area utilized
-HT is solution side
limited
- m ws ↑: U ↑
-Liquid HT resistance
small vs. vapor side
-Liquid MT resistance
controlled the abs.
performance
-Tc ↓ abs. rate↑
significantly
-Ts ↓ abs. rate↑
moderately
- m c ↑ abs. rate↑
-Interfacial T is highest
-Liquid HT resistance
small vs. vapor & coolant
HT resistance
-25% size reduction by
adding screen mesh/fabric
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-1D
-Simultaneous HT
Microchannel -Tube ID: 2.3 mm
-gm from
-Steady state
& MT considered -hs, hv, hc obtained
coolant tube
-Heat transfer
correlations
from correlations
-Constant P & tube T -No mesh: 1 CV
array with a
area: 0.185 m2
-MT resistance
-HT correction
-Unif. As wetting
only in cooling
crisscrossing
on liquid &
-Continuity,
due to mass
20
-No conduction
region
stretched
vapor phase
species & energy
transfer used
through mesh
-Mesh: 2 CVs→
screen
- High MT rate
balance
q =2.68 kW
-Mesh does not affect cooling region +
mesh/fabric
theory used
-FD analysis
V flow
mesh region
↑: increase; ↓decrease; CV: Control Volume; FD: Finite difference; HT: heat transfer; L: liquid; MT: mass transfer; V: vapor

Salient Findings

Table 4: Numerical bubble absorber studies
Ref.

Configuration
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Two concentric
tubes with NH3H2O in inner
tube & coolant
on outer tube in
counter flow;
vapor bubbles in
parallel with
solution

23

Plate type heat
exchanger with
an offset strip fin
on the coolant
side

Dimensions &
Method

Assumptions

Comments

Heat Transfer

Mass Transfer

Salient Findings

-Inner tube OD:
12.7 mm
-thickness: 0.9 mm
-Outer tube OD:
25.4 mm
-Tube length:
752 mm
-Mass, species &
energy balances
-CV analysis

-1 Dimensional
-Steady State
-Constant Pressure
-Spherical bb
-No bb interaction
-No MT resistance
inside bb
-Equal bb diameter
& velocity at given
location

-Vapor
allowed larger
velocity than
liquid
calculated by
terminal
velocity
-No
experimental
comparison

-Void fraction
used to predict 2
phase HT
coefficient from
single phase HT
coefficient [22]
-hs & hv found
through
correlation
- U from thermal
resistance network

-gm found through
correlation
-Water desorption
also modeled
-Low MT rate
theory

- Results varied little
with hv
- No NH3 desorption
after absorption
- H2O MT from
solution to bb at 1st
but reversed quickly
when interface
equilibrium is
reached

-Channel plate:
39x13x0.33 cm3
-Mass, species &
energy balance
-CV analysis

-1 Dimensional
-Steady State
-Constant Pressure
-No bb interaction
-Equal bb diameter
& velocity at given
location

-Solution and
vapor bubbles
in counterflow
-No
experimental
comparison

-hs, hv, hc from
correlations
-HT correction
due to MT

-gm , α, As from
correlations
-High MT rate
theory
-α correlations by
Hikita et al. and
Deckwer &
Schumpe

-HT dominant in V
-MT dominant in L
-MT area more
important than HT
area
-hc, hv, hs in
decreasing order of
dominance

-1 Dimensional
- U ↑: absorption↑
-Steady state
-Tc ↓: absorption ↑
-Tube D: 3 cm
-Constant Pressure -bb velocity
Cylindrical tube
significantly
-Tube length: 100 cm -Spherical bb
different than
- U remained as a
with gas
-Countercurrent
-D injection orifice:
parameter
-gm by correlation
-No bb interaction
the flow by
injection from
V-L flow better than
-U was varied for
3mm
-Ideal gas law
-Low MT rate
24
force balance
an orifice at the
parallel flow
different coolant
-Mass, species &
-Tv=Tws
theory
-Results
bottom with and
- T & X profiles
flow rates
energy balance
-No H2O transport
compared to
without cooling
magnitude & trends
-CV analysis
-Solution and
experiments
similar to
vapor in counter
experiments
flow
↑: increase; ↓decrease; bb: bubble; C: counterflow; CV: Control Volume; HT: heat transfer; L: liquid; MT: mass transfer; P: parallel flow; V: Vapor
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Table 4: Numerical bubble absorber studies (continued)
Ref.

Configuration

Dimensions & Method

Assumptions

Comments

Heat Transfer

Mass
Transfer

Salient Findings

-MT resistance in V
is negligible
-Flow pattern
-Tube ID: 10 mm
-1 Dimensional
significantly affects
-Steady state
-Wall thickness: 2 mm
performance
-Tube length: 1500 mm -Constant Pressure
-hs, hv, hc from
-gm from
-Mist flow with
-Coolant jacket (CJ)
-Equilibrium at
correlations
heat/mass
higher U than slug
Long Pyrex glass ID:16 mm
interface
-HT & MT
-Used EES
transfer
flow
considered in
4
tube slug flow
-CJ OD: 18 mm
-Drift flux model
- Heat transfer
analogy
-Small amount of
absorber
-CJ length:
used to calculate
L & V phase
correction due to
-Low MT rate
water desorption
200 mm (x7)
local heat transfer
mass transfer used
theory
occurs
-Mass, species &
coefficient in
- m ws & m c only
energy balance
solution side based
-CV analysis
on α
affect U in frost
region not in slug
region
-Up to 63% reduction
-Channel width:
-Effect of
in size with
0.127 m
-1 Dimensional
nanoparticles
surfactants
Plate type heat
-Channel depth: 0.02 m -Steady state
& surfactant
- Up to 54%
-hs, hv, hc from
-gm from
exchanger in
-No. of channels: 5
-Constant Pressure captured
reduction in size with
correlations
through exp.
parallel flow
-D injection orifice:
-Spherical bb
correlations
nanoparticles
-Heat transfer
25
correlations
enhanced with
0.002 m
-No bb interaction
-High MT rate -Nanoparticle wt% ↑:
correction due to
-bb had
nanofluids &
-Mass, species &
- Equilibrium at
theory
abs. size↓
mass transfer used
different
surfactants
energy balance on each V/L interface
-Surfactants wt% ↑:
velocity than
phase
abs. size≈
-CV analysis
flow
-Size reduction due to
MT enhancement
↑: increase; ↓decrease; ≈: almost unaffected; bb: bubble; CV: Control Volume; D: diameter; HT: heat transfer; L: liquid; MT: mass transfer; V: Vapor;
wt: weight
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Table 5: Falling film vs. bubble absorber comparison studies
Ref.

Configuration

9

-Plate type heat
exchanger with
offset strip fins
on the coolant
side
-Bubbles flow
countercurrent to
solution for bb
abs.
-Film flow
countercurrent to
the solution
along the cooled
surfaces in ff
abs.

8,
26

Plate type
absorber with
surface treated
by sandpaper for
better wettability

Important
Dimensions

-Overall plate size
FF:
72x13x0.6 cm3
-Overall plate size
bb:
37x13x0.6 cm3
-Comparison based
the distance required
to absorb same
amount of m v

-Overall plate
size(m3):
0.112x0.264 x0.03

Conditions

Comments

-1 Dimensional
-Steady state
-Constant pressure
-Equilibrium at interface
-No flooding
-No bb interaction
-Equal bb diameter &
velocity at given
location
-Complete wetting
-Thin film well
mixed(ff)

-Numerical
study
-Key
parameters
obtained from
correlations
-No
experimental
comparison

m ws : 0.1-1 kg/min
Tws: 20 ºC
Xws:0-30 %
m v : 1-9 L/min

-Experimental
study
-Absorber
operated under
both falling film
& bubble mode
-Vapor flow
countercurrent
to solution

Heat Transfer

Mass
Transfer

-U impacts FF
abs. size more
than bb abs.
-Temperature
profiles along
the absorber are
quite different
for bb & ff

-gm impacts
BB abs. size
more than FF
abs.
-Local
absorption
rates higher
for BB mode

ff:
U =3,75-2,700
W/m2K

ff:
gm=0.0010.09 m3/min

bb:
U =3,25-2,500
W/m2K

bb:
gm=0.0050.165 m3/min

Salient Finding
-Vapor T raises faster in
bb mode than in FF
-HT resistance in the
MT region is
negligible: Tinterface ≈ Ts
-Solution: MT
resistance dominant (bb
& ff)
-Vapor: HT resistance
dominant in bb & both
HT-MT resistances are
considerable in ff
-bb abs. 49% smaller
than FF abs.
-gm impacts bb abs. size
significantly
- m ws ↑: U ↑, gm≈/↑
- m v ↑: gm↑
- m v ↑: U ↑ on bb
- m v ↑: U ≈/↓ on ff
- m v ↑: slugging on bb
-Better U in ff
-Better gm in bb
-Best conditions are bb
with low m ws & high
m v

↑: increase; ↓decrease; ≈: almost unaffected; bb: bubble; CV: Control Volume; ff: Falling film HT: heat transfer; L: liquid; MT: mass transfer; V: Vapor
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2.2 General Falling Film Absorption Findings
The falling film heat and mass transfer performance on the ammonia-water
system has been experimentally and numerically shown to depend on different flow
conditions and geometrical arrangements. Variations in inlet absorber conditions and
the effect of these conditions on the falling film absorption performance are presented
here as well as different absorber configurations that have been tested experimentally.

2.2.1 Experimental Absorber Configurations
Adequate surface wetting of the cooled surfaces and a uniform weak solution
distribution are important factors to the performance of the falling film absorber.
Meacham and Garimella [13] utilized an array of microchannel cooling tubes to
develop an ammonia-water falling film absorber. The tube array consisted of a cluster
of horizontal cooling tubes stacked vertically. The weak solution dripped onto the
microchannel cooling tubes from the top while ammonia vapor flowed upward
alongside the falling solution. Techniques used to improve the distribution of the weak
solution flow and wetting of the surfaces included: a carefully designed drip tray with
strategically located perforations and small tubing sections at the end of each
perforation and; sandblasting the outer surfaces of the cooling tubes. The
experimentally measured absorber heat loads were as high as 15 kW, with a total
surface area of 0.456 m2 (0.0038 m3 absorber), showing a great absorber potential for
this design. Numerical simulations showed that only 30 percent of the available
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surface area for heat transfer was being utilized and that with better design higher
loads were possible [18].
Goel and Goswami [12, 20] utilized a similar absorber configuration developed
by Meacham and Garimella [13] and introduced a metal screen made of stretched
mesh/fabric that crisscrossed between adjacent vertical rows of cooling tubes to
improve flow distribution and wetting on the cooled surfaces. The studies suggested
up to a 50 percent experimental increase of the absorber heat transfer coefficient and a
maximum increased experimental absorber heat load of 26 percent compared to the
same absorber without the mesh. It also indicated up to a 25 percent overall reduction
in the absorber size, which was estimated numerically by including the metallic
mesh/fabric. Measured heat duties of around 4 kW were possible with the 0.0048 m3
test section.
Kwon and Jeong [14] studied the effect of flow configuration in the falling film
absorber by allowing the vapor to flow either parallel with, or counter to, the solution
mixture. The physical absorber configuration consisted of an enclosed vertical,
compactly-wound helical coil. The coolant flowed inside the helical coil while the
weak solution descended around the outside of the coil. Vapor flowed either up or
down inside the enclosure to provide a countercurrent or parallel flow arrangement
with the falling solution. Heat rates up to 1.5 kW were reported in the 0.0055 m3
absorber. This study concluded that higher solution side heat transfer coefficients and
absorption rates are possible in the parallel flow configuration, particularly at lower
inlet weak solution concentrations.
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Lee et al. [8] tested a plate type absorber under the falling film mode. Two
coolant parallel channels enclosed the central absorption channel. The weak solution
film descended along the walls of the central absorption channel while ammonia vapor
flowed upward alongside the solution film. The central channel surfaces were treated
with sandpaper to improve surface wetting. With the 0.00089 m3 test section, heat
generation rates were measured up to about 450 W.

2.2.2 Weak Solution Flow Rate, Concentration and Temperature
Effects
Meacham and Garimella [13], Kwon and Jeong [14], and Lee et al. [8]
experimentally found that an increase in the weak solution flow rate significantly
increased the absorber overall heat transfer coefficient. This result was previously
determined numerically by Meacham and Garimella [18]. In contrast, Goel and
Goswami [12] experimentally found that even though an increase in the weak solution
flow rate significantly increased the absorber heat duty, the overall heat transfer
coefficient continued to remain fairly constant. It should be noted that the cooling tube
inner diameter used by Goel and Goswami was twice that used by Meacham and
Garimella, while the coolant flow rate was approximately half. Therefore, it is possible
that the absorber used by Goel and Goswami [12] was coolant-side heat transfer
limited and thus no improvement in the overall heat transfer was measured with
increasing weak solution flow rate. However, more information is required to draw a
more definitive conclusion.

26
The experiments performed by Lee et al. [8] suggested that the weak solution
flow rate had almost no effect on the mass transfer coefficient. However, Kwon and
Jeong [14] noted higher absorption rates with increased weak solution flow rates.
The numerical studies of Goel and Goswami [19] established that slightly higher
absorption rates were observed with lower inlet weak solution temperatures for a
range of inlet solution subcooling of 8 ºC to 25 ºC. Kang et al. [9] found that the
temperature of the thin film quickly reached thermal equilibrium with the interface
temperature due to the heat of absorption. Therefore, it is possible that variations in
the inlet film temperature had little effect on the overall absorption process.
Kwon and Jeong [14] found that at low inlet weak solution concentrations, the
solution side heat transfer coefficient was higher when the vapor flowed parallel with
the solution than when in a countercurrent flow arrangement. The authors stated that
the inlet weak solution was in equilibrium with the vapor in the supply tank in their
experiments. Therefore, the vapor specific volume decreased with increasing solution
concentration. Kwon and Jeong [14] argued that it is expected that vapor with a
smaller specific volume would have less effect on heat transfer.

2.2.3 Ammonia Vapor Effects
Meacham and Garimella [13] experimentally found an increase in the overall
heat transfer coefficient when the vapor flow rate was increased. In contrast, Lee et al.
[8] found that an increase in the flow rate of the vapor resulted in almost no effect or a
small reduction in the overall heat transfer coefficient. Under both circumstances, the
refrigerant vapor was in counterflow to the solution mixture. Experiments performed
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by Kwon and Jeong [14] demonstrated that in the counterflow arrangement, an
increase in the vapor flow rate often increased the overall heat transfer coefficient.
However, if the vapor refrigerant flow rate increased past a certain value, which varied
depending on the other flow conditions, it affected the weak solution flow distribution,
and the wetting of the cooled surfaces, both of which resulted in a decrease in the
overall heat transfer coefficient. Kwon and Jeong [14] also found that in the parallel
flow arrangement, the heat transfer on the solution side was nearly independent of the
vapor flow rate.
Limited information regarding the mass transfer characteristics of the falling
film absorber was found in the literature. Lee et al. [8] measured higher mass transfer
coefficients with increased mass flow rate of the vapor. Kwon and Jeong [14] reported
higher absorption rates when the vapor flowed parallel to the solution flow.

2.2.4 Coolant Effects
Meacham and Garimella [13] measured higher overall heat transfer coefficients
for increasing coolant flow rates inside the microchannel cooling tubes. However, this
effect was not as significant as the effect produced by the weak solution and vapor
flow rates. The authors demonstrated that the increase in overall heat transfer
coefficient was mainly due to an increase in the coolant side heat transfer coefficient,
since the flow rate inside the tubes lead to a transitional and turbulent flow regime.
Goel and Goswami [19] numerically calculated higher absorption rates with a
higher mass flow rate of coolant. The numerical correlation used to find the heat
transfer coefficient in the coolant side depended on the Reynolds number for the
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coolant flow, and therefore, higher overall heat transfer coefficients were estimated at
higher coolant flow rates. Goel and Goswami demonstrated that the greater overall
heat transfer coefficients lead to the calculated higher absorption rates.
An experimental study by Goel and Goswami [12] suggested that the inlet
coolant temperature had no significant effect on the heat transfer coefficient.
Conversely, a numerical study by the same authors [19] found that lower inlet coolant
temperatures drastically increased the mass transfer performance of the absorber. The
experiments [12] were performed on the meshed-enhanced microchannel tube array
absorber, while the numerical computation [19] was developed for a parallel platetype absorber.

2.3 General Bubble Absorption Findings
The bubble absorption heat and mass transfer performance on ammonia-water
system has also been experimentally and numerically shown to be dependent on
different flow conditions and geometrical arrangements. Variations in inlet absorber
conditions and the effect of these conditions on the bubble absorption performance are
presented here, as well as some different absorber configurations that have been tested
experimentally.

2.3.1 Experimental Absorber Configurations
Vapor distribution and bubble dynamics have been shown to significantly
impact the bubble absorber performance. Jenks and Narayanan [16] tested three
different surface geometries and three different smooth channel depths for a plate-type
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absorber with gas injection through a porous wall. The porous wall occupied 2/3 of the
length of the absorber plate. The coolant was in counterflow with the solution and the
injected vapor bubbles flowed along with the solution. The channel depths varied
between 150 µm and 1500 µm and the surface structures were composed of fins at
different orientations. The study found that for low vapor fractions, the absorber heat
transfer performance increased with decreasing channel depth, which is expected from
the single phase heat transfer theory. However, this was not always true at high vapor
fractions. The results showed that the 400 μm smooth plate had a better combined heat
and mass transfer performance. The structured surfaces did not prove to be of any
significant benefit. The authors suggested that an optimum channel depth may exist
between 400 μm and 1500 μm. The maximum heat transfer coefficient and mass
transfer conductance reported were 4,500 W/m2-K and 0.138 kg/m2-s respectively for
a heat transfer area of 0.002 m2.
Bourouis et al. [17] tested a corrugated plate heat exchanger model NB51 in the
bubble absorber mode. The test section consisted of three parallel channels. Coolant
flowed inside the outer channels of the absorber while the weak solution flowed in
counterflow in the central channel. Vapor bubbles were injected at the inlet of the
weak solution through a 1.7-mm-orifice and they accompanied with the flow inside
the absorber. The maximum heat transfer coefficient and mass transfer conductance
reported were 5,400 W/m2-K and 0.0063 kg/m2-s, respectively, for an effective heat
transfer area in the central channel of 0.1 m2.
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Koyama et al. [15] tested a bubble absorber built by a long, vertical Pyrex glass
tube. The weak solution flowed downwards in the tube while vapor bubbles in
counterflow rose from the bottom of the tube. The absorber test section design and test
conditions focused on low solution flow rates (16.7 g/min -58 g/min) that are often
required for a generator absorber heat exchanger (GAX) cycle. This type of cycle uses
the heat of absorption to make more ammonia gas from a strong solution, coupling the
heat released by the absorber to the heat required at the desorber. The Pyrex test
section permitted visual studies of the flow without cooling. Coolant jackets were used
around the tube for the non-visual studies. Observations of Koyama et al. confirmed a
frost (churn) flow pattern near the entrance of the vapor, followed by a slug flow
pattern with well-shaped Taylor bubbles throughout the rest of the absorber. For the
10 mm tube inner diameter, absorption lengths required were as high as 1.2 m for a
vapor flow rate of 20 g/min. Visual observations confirmed that no dry patches
occurred on the walls of the test section, even at the lowest solution flow rate. In a
follow-up paper, Koyama et al. [4] captured the effect of vapor dynamics by
measuring a higher heat transfer coefficient in the frost region of the absorber
compared to the slug flow region.

2.3.2 Weak Solution Flow Rate, Concentration and Temperature
Effects
Lee et al. [8, 26] experimentally tested a bubble absorber with the vapor phase
introduced as bubbles in countercurrent to the solution mixture while Bourouis et al.
[17] experimentally tested the parallel flow arrangement. Both studies found that the
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overall heat transfer coefficient of the absorber increased significantly with increased
weak solution flow rate. Kim et al. [4, 15] observed an increase in heat transfer
coefficient with increased weak solution flow rate for the countercurrent flow
arrangement in the frost flow region, but not in the slug flow region. Jenks and
Narayanan [16] introduced vapor bubbles in crossflow to the solution and found a
more complicated relationship between the overall heat transfer coefficient and the
weak solution flow rate. For example, at the lowest vapor flow rate of 1 g/min, the
overall heat transfer coefficient for the 400 µm smooth plate decreased as the weak
solution was increased from 10 g/min to 30 g/min. However, for the highest vapor
flow rate of 3 g/min, the overall heat transfer coefficient for the same absorber plate
increased as the weak solution flow rate was increased from 10 g/min to 20 g/min, but
decreased again for a weak solution flow rate of 30 g/min. Similar unpredicted
variations were observed for different plate depths and surface structures.
The studies by Lee et al. [8, 26] and Bourouis et al. [17] suggested no variations
in overall mass transfer coefficients with weak solution flow rates. Kim et al. [4, 15]
reported shorter absorber lengths required at higher weak solution flow rates, which
would be expected in a vapor-to-solution counterflow absorber. For a fixed vapor
condition, Jenks and Narayanan [16] reported a decreasing mass transfer conductance
with increasing weak solution flow rates as a result of the increase in ΔXlm at higher
weak solution flow rates for a fixed vapor flow rate.
Bourouis et al. [17] measured higher heat and mass transfer coefficients for
lower inlet weak solution concentrations. In their experimental study, the effect of
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inlet solution concentration on the heat transfer coefficient was more noticeable at
lower concentrations. They also observed that variations in the inlet solution
temperature did not significantly affect the overall heat and mass transfer coefficients.

2.3.3 Ammonia Vapor Effects
Lee et al. [8, 26] measured higher overall heat transfer coefficients at higher
vapor flow rates. Kim et al. [15, 4] noted that the vapor flow rate improved the heat
transfer coefficient only in the frost flow region and not in the slug flow region. A
definite trend of the heat transfer coefficient with the vapor flow rated could not be
obtained by Jenks and Narayanan [16], as the overall heat transfer coefficient also
depended on other parameters, including weak solution flow rate, channel depth, and
channel structure. However, for the smooth geometries with a channel depth of
400 µm and 1500 µm, the heat transfer coefficient generally increased with increasing
vapor flow rate.
Lee et al. [8, 26] also measured higher overall mass transfer coefficients at
higher vapor flow rates. A similar relationship between the overall mass transfer
coefficient and the vapor mass flow rate was observed by Jenks and Narayanan [16].
Kim et al. [15, 4] reported that larger absorption lengths were required at higher vapor
flow rates. For large vapor flow rates, Kang et al. [9] found that slugging occurred
inside the absorber while Jenks and Narayanan reported incomplete absorption within
the test section.
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2.3.4 Coolant Effects
Bourouis et al. [17] reported increasing mass transfer coefficients with
increasing coolant flow rates, while the heat transfer coefficient remained nearly
equal. According to Kim et al. [15], increased coolant flow rates resulted in shorter
absorber distances indicating an improvement in absorption rates.
Lee et al. [24] found a major increase in the absorption performance by lowering
the inlet coolant temperature. Bourouis et al. [17] found better solution-side heat
transfer coefficients, mainly caused by a significant increase in the amount of heat
transferred with lower coolant temperatures. Kim et al. [15] also reported shorter
absorber lengths required by lowering the coolant inlet temperature.
Increasing strong solution exit subcooling is expected by increasing the coolant
flow rate and lowering the coolant inlet temperature for a fixed vapor flow rate.
Despite the changes in coolant flow rates and coolant inlet temperatures, Bourouis et
al. [17] reported very low exit solution subcoolings with a maximum of 0.7 ºC.
However, this study contained no information on the variations in vapor flow rates. No
exit subcooling information was provided in the other studies.

2.4 Falling Film vs. Bubble Mode
Kang et al. [9] and Lee et al. [8, 26] correspondingly numerically and
experimentally compared the falling film and bubble mode absorber. The numerical
computations showed that the falling film absorber size was largely dependent on the
heat transfer performance, while the bubble absorber size was significantly dependent
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on the mass transfer performance. The solution mass transfer resistance dominated the
absorption process in both cases. Local absorption rates were significantly greater in
the bubble mode for a test case with the following inlet conditions: 1) a weak solution
temperature and flow rate of 75 ºC and 3.91 kmol/h; 2) a vapor temperature and flow
rate of 12.15 ºC and 2.42 kmol/h; 3) a coolant temperature and flow rate of 46 ºC and
1,360.8 kg/h (typical condition of a GAX cycle). By comparing the length required to
achieve complete absorption at this test conditions, the bubble absorber resulted in a
49 percent reduction in absorber size compared to the falling film absorber. The
experimental results showed better heat transfer coefficients in the falling film mode
and better mass transfer coefficients in the bubble mode. Combined heat and mass
transfer characteristics favored the bubble mode absorber.
A recent experimental study by Kim et al. [7] highlighted a further
improvement in the bubble absorption mode by using nanoparticles and binary
nanofluids. On a follow-up numerical study, Kim et al. [25] quantified the effect of
these flow additives and found up to a 63 percent and 54 percent reduction in absorber
size with the addition of surfactants and nanoparticles respectively. However, the
implications that these flow additives might have in terms of the overall refrigeration
cycle have not yet been considered.

2.5 Background
Bubble absorption has been recommended by several researchers [8, 9], due to
its enhanced mass transfer performance over falling film, based on the potential to
maintain high heat transfer coefficients. Jenks and Narayanan [16] designed and
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developed a constrained microscale-film absorber to improve the heat and mass
transfer performance and to further reduce the size. The constrained microscale-film
absorber consisted of a large aspect ratio solution microchannel, a coolant minichannel
and a porous wall vapor injection section followed by a solid wall section as illustrated
in Fig. 7.

Figure 7: Constrained microscale-film absorber concept
Significantly high heat transfer coefficients arise at small length scales such as
in microchannel geometries in the order of 1 mm in diameter and less. The constrained
microscale-film absorber design captures this benefit by restricting the thickness of the
solution and coolant film to a very thin large aspect ratio microchannel and
minichannel, respectively. A key feature in a bubble absorber is the vapor distribution
mechanism similar to the liquid distribution mechanism in a falling film absorber [23].
In the constrained microscale-film, ammonia vapor microbubbles are injected in
crossflow to the solution throughout most of the length of the solution channel by a
porous medium forming one section of one of the walls of the microchannel. This
porous wall evenly distributes small vapor bubbles inside the solution channel. Small
and well-distributed vapor bubbles significantly increase the effective area available
for mass transfer per unit volume of the absorber while distributing the heat generation
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more uniformly throughout the heat transfer area. In combination, these features could
potentially reduce both the heat and mass transfer resistances on the solution side,
which have been recognized as the limiting resistances in the bubble mode [4, 8, 9, 17,
23, and 26]. The non-porous solid wall section that follows the porous section allows
the ammonia bubbles injected near the end of the porous section to be completely
absorbed into the solution prior to exiting the absorber. Unlike other absorber designs
in literature, the function of the constrained microscale-film bubble absorber does not
depend on gravity. This feature makes this absorber design appealing for microgravity applications.
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3 OBJECTIVES
The work presented in this document evolves from the work of Jenks [27] and
Jenks and Narayanan [16]. In these studies, Jenks and Narayanan characterized the
overall heat and mass transfer coefficient of the constrained microscale-film absorber
in a 10 cm long 2 cm wide microchannel at a nominal weak solution and vapor inlet
temperature of 25 ºC and a coolant inlet temperature of 10 ºC. The inlet ammonia
mass concentration was varied from 0-15 percent at a nominal absorber pressure
ranging from 1 bar to 4 bar. Absorber microchannels of three different smooth wall
depths and three different structured walls were examined. Results indicated that the
400 µm deep channel with a smooth surface provided the best combined results
between the compromised heat and mass transfer coefficient. At the most desirable
tested conditions, 3 g/min of ammonia vapor could be absorbed into 10 g/min of weak
solution. Under these conditions, an overall heat transfer coefficient of 3,250 W/m2-K
was achieved, with a mass transfer conductance of 0.09 kg/m2-s. Although these
studies highlighted the potential in size reduction of the new absorber geometry,
experiments were not performed under realistic cycle operating conditions.
A preliminary one-dimensional steady state numerical model for the constrained
microscale-film absorber was also developed by Jenks [27]. This model predicted the
temperature profiles of the coolant and the solution flow along the length of the
absorber in addition to the ammonia mass concentration profile in the solution side.
The model considered the heat transfer characteristics of the absorber including the
heat generation caused by the ammonia vapor absorption. However, the model
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disregarded any resistance to mass transfer by assuming instantaneous vapor
absorption at each vapor injection location. Under real conditions, vapor absorption
does not occur instantly and the absorption rate is dependent on local ammonia mass
concentrations and solution temperatures. Thus, the heat and mass transfer process are
coupled together.
The overall objective of this study is to further investigate experimentally and
analytically the ammonia-water absorption in the microscale constrained-film
absorber. Additional knowledge of the mechanisms that govern and limit the absorber
heat and mass transfer processes is required to optimize absorber performance for set
inlet conditions within a refrigeration cycle. It is also this study’s intention to examine
the implications of the absorber design and performance in terms of the overall vapor
absorption cycle.
The first specific objective of this study is to experimentally characterize the
performance of a constrained microscale-film ammonia-water bubble absorber under
typical system operating conditions. These conditions include a fixed weak solution
inlet temperature of 75 ºC, a fixed vapor inlet temperature of 60 ºC, a fixed inlet
ammonia mass concentration of 29 percent, and a nominal absorber pressure of
6.2 bar. Global measurements of inlet and outlet temperatures, flow rates and
pressures of all fluid streams in addition to inlet and exit solution ammonia mass
concentrations are recorded to analyze the overall heat and mass transfer performance
of the absorber as a function of varied parameters. Varying fluid parameters and
condition ranges include: 1) the coolant mass flow rate from 150 g/min to 280 g/min;

39
2) the coolant inlet temperature from 30 ºC to 58 ºC; 3) the inlet weak solution flow
rate from 10 g/min to 40 g/min, and 4) the vapor flow rate from 1 g/min to 5 g/min.
Two absorber plates, a 600 µm depth smooth plate and a 600 µm nominal depth plate
with a 2 mm deep and 5 mm wide trenches that formed a stepped pattern are also
tested. Based on experimental results, a simple geometrical scaling is performed to
determine the size of the absorber unit required with the proposed design for a
refrigeration cycle with a 6 kW evaporator load under different operating
circumstances.
The second specific objective of this study is to develop a one-dimensional
steady state computational model for bubble absorption in a constrained microchannel
film similar to those found in the literature for other absorber configurations. The
model couples the heat and mass transfer processes together within the absorber to
yield the temperatures and concentration profiles along the length of the absorber. The
intent is to provide a simple predictive tool that, once validated with experiments, can
be used in further studies as a model for optimization. Based on this model, a
parametric study of fluidic and geometrical variables is presented in order to document
the effect of these variables on the absorption process.
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4 EXPERIMENTAL FACILITY AND METHODS
This chapter highlights the most important considerations for the absorber test
section design and describes the general functioning of the test facility. The
experimental test conditions are presented and the methods used to gather the data are
explained. Finally, the general equations used for data reduction are given with an
explanation of the technique used for uncertainty analysis.

4.1 Test Section
4.1.1 Thermal‐fluidic Design of the Absorber
To continue with the studies on the constrained microscale-film ammonia-water
bubble absorber by Jenks [27] and Jenks and Narayanan [16], it was logical to
investigate the performance of an analogous absorber design under realistic cycle
operating conditions. Preliminary experiments were conducted to assess the feasibility
of adopting the same test section as that used by Jenks and Narayanan [16]. The
results demonstrated that the size of the test section limited the flow variations that
were possible at the new test conditions because of the small solution channel length
and width, and because of a lower solution inlet subcooling and higher coolant inlet
temperatures compared to the test conditions in [16, 27]. Additionally, the test section
developed significant leaks at higher temperature and pressure conditions. Hence, a
new absorber was designed and manufactured to handle the higher temperatures and
pressures while keeping a similar configuration.
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The new absorber was designed to be hydrodynamically similar to the original
absorber. Consider two geometrically similar absorbers. Let subscript 1 represent the
absorber used by Jenks and Jenks and Narayanan [27, 16] and let subscript 2 represent
the new absorber. For the new design to be hydrodynamically similar to the original,
the ratio between the Reynolds number of the new and original absorber must equal
one for both the solution and the vapor side. This is mathematically written as

Re s , 2
Re s ,1
Re v , 2
Re v ,1

1

(2)

1

(3)

where the Reynolds number length scale for the solution, s, and the vapor, v, were the
corresponding hydraulic diameters based on the microchannel height and width, and
the porous plate length and width. Rearranging and canceling terms for like-fluid
properties in both the Reynolds number of the solution and the vapor side yields the
following

m s , 2 W2  H s , 2

m s ,1 W1  H s ,1
m v , 2 L p , 2  W2

m v ,1
L p ,1  W1

(4)

(5)

where W indicates the width of the channel, Hs indicates the height of the solution
channel, and Lp indicates the length of the porous plate.
The absorber plate geometry utilized by Jenks and Jenks and Narayanan [27,
16] had a porous length, L1, of 6 cm, a width, W1, of 2 cm, and for the best
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performance, a smooth microchannel height, Hs,1, of 0.04 cm. The maximum flow
rates of weak solution, m s1 , and vapor, m v1 , were experimentally set to be 30 g/min
and 3 g/min, respectively. For this fixed absorber geometry and flow conditions,
several scaling factors were considered. The scaling factor was given by the ratios
W2  H s , 2 and L p , 2  W2 .
L p ,1  W1
W1  H s ,1

Table 6: Scaling factors and the effect on absorber size and expected flow rates
W2  H s , 2 L p , 2  W2
m s1
m s 2
m v1
m v 2
H2
W1
L1
L2
W2
H1
W1  H s ,1

L p ,1  W1

1

1

1.2

1.2

0.04 0.048

2

2.4

6

7.2

30

36

3

3.6

1.4

1.4

0.04 0.056

2

2.8

6

8.4

30

42

3

4.2

1.5

1.5

0.04 0.06

2

3

6

9

30

45

3

4.5

1.6

1.6

0.04 0.064

2

3.2

6

9.6

30

48

3

4.8

1.8

1.8

0.04 0.072

2

3.6

6

10.8

30

54

3

5.4

2

2

0.04 0.08

2

4

6

12

30

60

3

6

2.2

2.2

0.04 0.088

2

4.4

6

13.2

30

66

3

6.6

2.5

2.5

0.04

2

5

6

15

30

75

3

7.5

[cm] [cm] [cm] [cm] [cm] [cm] [g/min]
0.04 0.04
2
2
6
6
30

0.1

[g/min] [g/min]
30
3

[g/min]
3

Table 6 shows the effect of nine considered scaling factors that varied from 1
to 2.5. For example, for a scaling factor of 2, the new absorber solution channel is
0.08 cm tall and 4 cm wide with a required porous plate length of 12 cm for an
expected weak solution flow rate of 60 g/min and a vapor flow rate of 6 g/min. Taking
into account the available porous plate material, available space in the test facility and
current equipment, it was decided to increase the absorber size by a factor of 1.5. This
increase resulted in a porous plate length of 9 cm, a channel width of 3 cm, and a
channel depth of 600 µm. These dimensions allowed the absorber to fit in the current
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experimental test facility with minor modifications. The scaling factor of 1.5 resulted
in averaged flow rates of weak solution and vapor of 45 g/min and 4.5 g/min
respectively in order to achieve hydrodynamic similar flow conditions for the
30 g/min of weak solution and 3 g/min of vapor in the original absorber. These mass
flow rate values were near the mid-range of the full reading and recording scale of the
flow equipment and instrumentation available in the laboratory.
Jenks [27] and Jenks and Narayanan [16] first designed the entire length of the
channel to be porous (9 cm), but testing showed that complete absorption was rarely
achieved under that condition. Later, they arbitrarily decided to block the final 1/3 of
the channel, leaving the initial 6 cm porous and the final 3 cm non-porous. Even
though this decision was arbitrary, it performed well during the experiments and
achieved complete absorption under different test conditions. For the new absorber
design, a more quantitative estimate for the non-porous section length was attempted.
A full absorption model of the constrained microscale-film ammonia-water absorber
had not yet been developed that could predict local absorption rates and required
absorption lengths. Therefore, a simple first approximation model was developed to
determine the residence time of the vapor within the absorber test section.
A competition between convection and absorption time scales governs the
absorption process in the present absorber. The convective time scale, given by the
vapor velocity, dictates how long a vapor bubble traveling with the flow will reside
inside the absorber. The absorption time scale, given by the absorption rate, dictates
how long a vapor bubble traveling with the flow will take in order to be completely
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absorbed. Note that while the convective time scale depends on the magnitude of the
forces acting on the bubble, the absorption time length scale depends on the combined
heat and mass transfer performance of the absorber. In order to achieve complete
absorption within the absorber test section, the absorption time scale must be smaller
than, or of similar magnitude to, the convective time scale.
Suppose that a bubble was injected at the very end of the porous section and
traveled downstream while decreasing in size until it eventually was completely
absorbed. Assuming that the bubble traveled at the same velocity as the flow (the
bubble slip velocity was zero) and the weak solution flow rate was known, it would be
possible to estimate the length of the non-porous section required to allow the bubble
to be absorbed into the liquid mixture. To determine the mass transfer coefficient of
the bubble within the solution, the following calculations were performed. At the
required solution inlet concentration of 29 percent and the maximum weak solution
and vapor flow rate of 45 g/min and 4.5 g/min respectively (as estimated in Table 6 for
the selected scaling factor of 1.5) an expected exit strong solution concentration of 35
percent was obtained by performing an ammonia species mass balance over the entire
absorber assuming complete vapor absorption:

 m s X s  m v in   m s X s out

(6)

Since the bubble was injected at the end of the porous section, the bulk solution
concentration at this location was assumed to be approximately 34 percent. A
correlation used by Lee et al. [24] for the initial bubble diameter of an injected bubble
for Reo<2100 was used:
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where the orifice diameter, do, was set to the 0.5 µm mean porous diameter specified
by the porous plate manufacturer. The lower limit of the Sherwood number was
adopted with a magnitude 2 for a stationary sphere in an infinite surrounding [28]. For
an estimated value of the ammonia-water mass diffusivity, D12, of 6.5x10-9 m2/s the
mass transfer coefficient, Kl, was estimated to be approximately 0.0048 m/s:

Kl 

ShD12
Db

(8)

Using this estimate of the mass transfer coefficient and depending on bubble size and
geometry for the fixed convection velocity at a weak solution flow rate of 45 g/min, it
was possible to approximate how long it would take for the bubble to be completely
absorbed.
Looking at a bubble image taken by Jenks [27] (see Fig. 8), it is observed that
bubbles had a tendency to coalesce to form large disk-like shapes. In the worst
conditions, bubbles would coalesce across the entire channel cross-section, forming a
box-like shape, and reducing the area for mass transfer to approximately two times the
cross-sectional area of the channel. Under this assumption, several sizes of the boxlike shaped bubbles were considered in order to estimate the absorption residence time
and the required non-porous length. These estimations are tabulated in Table 7.
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Figure 8: Observed bubble geometries injected through porous media. Taken from
[27]
Table 7: Box-like bubble and non-porous length
Bubble Length (µm)
Residence time (s)
Length Needed (m)
100
0.590
0.029
150
0.884
0.043
180
1.061
0.051
200
1.179
0.057
210
1.238
0.060
250
1.474
0.071
300
1.769
0.086
350
2.063
0.100
400
2.358
0.114

A box-like bubble of 210 µm in length would have a similar volume (and thus
total mass) as the large 5 mm diameter bubble observed in Fig. 8. This bubble size
resulted in a required residence time of 1.24 s, which translates to a 6 cm non-porous
length. A non-porous length of 6 cm for a total porous length of 9 cm results in a noninjection section at the end of the absorber of 40 percent of the total channel length of
15 cm. This ratio of the non-porous to the total channel length was similar to that of
Jenks design [27], which had shown to perform well under experiments.
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4.1.2 Test Section Design
The test section consisted of three major components: a gas plenum, a solution
microchannel and a coolant minichannel; see Fig. 9 for a 3-D model of the test section.
Anhydrous ammonia gas entered the test section through a manifold through eight
1.6-mm-diameter holes from both sides of the gas plenum. The gas plenum manifolds
were designed to uniformly distribute the incoming ammonia gas throughout the
porous plate.

Figure 9: 3-D model of test section

A stainless-steel sintered porous plate, with a manufacturer rated mean pore
diameter and porosity of 0.5 μm and 0.5 respectively formed the wall of the
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microchannel adjacent with the gas plenum. Figure 10 shows two images taken with a
scanning electron microscope at a magnification of 84 X and 365 X of a region on the
top surface of the porous plate that was used. The images were taken with a Zeiss
Ultra Scanning Electron Microscope (SEM) at the CAMCOR Alice C. Tyler
Nanofabrication Imaging facility at University of Oregon. A sintered porous plate of
this type was determined by Jenks to provide the best vapor distribution characteristics
when compared to a plate with 150 µm diameter holes drilled in different patterns
[27]. Also note from Fig. 10 that the shape, size and distribution of the pores are not
uniform, but vary throughout the plate.
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(a)

(b)
Figure 10: Picture of a region on the top surface of the porous plate used, taken with a
scanning electron microscope at a magnification of (a) 84 X and (b) 365 X
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An ammonia-water weak solution mixture entered the test section at the inlet
plenum and flowed into a 15 cm long, 3 cm wide, and 0.6 mm deep large-aspect-ratio
microchannel. The porous plate occupied only 60 percent of the total length of the
microchannel. As discussed previously, this design helped reduce the presence of
vapor bubbles at the exit of the absorber by ensuring sufficient residence time for the
bubbles injected in downstream locations of the microchannel. Coolant water flowed
in a minichannel countercurrent to the absorber solution and removed heat released
during absorption at inlet coolant temperatures of 30 ºC, 40 ºC, and 50 ºC. The coolant
minichannel was 15 cm long, 3 cm wide, 1 mm in depth, and was separated from the
absorber microchannel by a 2.54 mm-thick stainless steel wall. The overall dimensions
of the absorber test section were 0.216 x 0.114 x 0.0635 m3; these dimensions could
have been substantially reduced in the absence of measurement devices within the test
section. Detail part drawings of all components of the test section are given in
Appendix 1.
The entire absorber assembly was manufactured using stainless steel. This
single material choice not only eliminated thermal expansion variations within the
absorber that could occur by combining materials, but also provided the corrosion
resistance needed for ammonia-water environments. It also offered a reasonable
thermal conductivity material to conduct heat from the solution channel where the heat
of absorption was generated, to the coolant channel where chilled water removed the
heat.
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The pressurized absorber sections were sealed using o-rings. The absorber
o-ring grooves were designed from guidelines given by the Machinery’s Handbook
[29] for static seals and based on standard o-ring sizes from the Society of Automotive
Engineers provided by the Aerospace Standard AS568A Dash No. The o-ring groove
corners were rounded with a corner radius of up to 3 times the thickness of the o-ring,
as recommended by the Machinery’s Handbook [29]. Neoprene o-rings were chosen,
since these o-rings had a sufficiently high temperature and pressure rating while
maintaining a very good compatibility rating with ammonia.
Based on preliminary experimental observations on the Jenks absorber [27],
several small screws were located around the o-rings in the new absorber design
instead of a few large screws. Adapting this design provided a more uniform pressure
throughout the seal and generated the required amount of compression in the o-ring for
a proper seal at all locations. More explanation on the different design considerations
that led the above mentioned decisions is included in Appendix 2.

4.2 Test Facility
Figure 11 depicts the experimental facility, which consisted of a pressurized
ammonia gas supply conduit, a pressurized solution loop, and a coolant loop. The
system pressure was maintained by pressurizing the inlet and exit solution reservoirs
using compressed air at a fixed nominal system pressure of 6.2 bar absolute.
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Figure 11: Experimental Test Facility

Heated anhydrous ammonia gas was introduced into the test section through
ports on both sides of the plenum at a nominal pressure of 6.4 bar absolute. The gas
flow rate was regulated and measured using a mass flow controller (Sierra
Instruments, model C100L). Following the flow controller, ammonia vapor was
directed into a heating section consisting of approximately 3 m of coiled stainless steel
tubing (1/4 inch tube diameter) immersed in a hot oil bath (Cole-Parmer, model
12107-70). The hot oil bath temperature was set at 78 ºC. The temperature of the
vapor flow was maintained through an electric rope heater (Omega, model FGR-060)
wound around the tubing between the oil bath and inlet of the gas plenum in the test
section. Anhydrous ammonia then entered the gas plenum where the absolute pressure
was measured using a capacitance-type pressure transducer (Omega, model PX302)
and the temperature was recorded using a T-type thermocouple (Omega, model
TMQSS).
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A solution of ammonia-water mixture at a fixed predetermined mass
concentration was pumped from the weak solution reservoir tank using a variable
speed gear pump (Micropump, model GA-V21). A Coriolis flow meter (Micromotion,
CMF010 sensor and 2700 transmitter) was used to measure the mass flow rate and the
density of the incoming weak solution while a capacitance-type pressure transducer
(Omega, model PX302) measured the absolute pressure and a T-type thermocouple
(Omega, model TMQSS) measured the temperature. The weak solution then entered a
pre-heating section consisting of approximately 6 m of coiled stainless steel tubing
(1/4 inch tube diameter) inside a hot oil bath (Cole-Parmer, model 12107-70) and
subsequently flowed into a section that was electrically heated by a band heater
(Minco, model HR6611). A needle valve was used to regulate the flow of incoming
weak solution into the test section. Thermocouples (Type T, Omega, model TMQSS)
were used to measure the temperature and capacitance-type pressure transducers
(OmegaDyne, model PX32B1) were used to measure the absolute pressure of the
weak solution at the inlet of test section and of the strong solution at the exit of the test
section. A translucent Teflon® PFA visualization section was located at both the inlet
and the outlet of the test section to monitor absorption within the absorber, and to
isolate the temperature probes from heat conduction effects from the heated test
section to the inlet and outlet tubing connected to it. The exiting strong solution was
directed through a custom-made shell and tube heat exchanger where it was cooled
down to approximately ambient temperature. A Coriolis flow meter (Micromotion,
CMF010 sensor and 2700 transmitter) measured the mass flow rate and the density of
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the strong solution, while a capacitance-type pressure transducer (Omega, model
PX302) measured the absolute pressure and a T-type thermocouple (Omega, model
TMQSS) recorded the temperature. A needle valve located downstream from the exit
Coriolis flow meter, in addition to the one located at the inlet of the absorber, was
used to regulate the flow in conjunction with the pump controller. Additionally, these
valves were used to control the working pressure inside the absorber channel.
A recirculation chiller (ThermoHaake C30P) supplied countercurrent coolant
water at a controlled inlet temperature. Mass flow rate of the coolant was measured
using a propeller flow meter (Omega, model FP-5061). T-type thermocouples
(Omega, model TMQSS), isolated from the test section by a segment of Teflon® PFA
tubing, were used to measure the temperature of the coolant at the inlet and outlet of
the coolant channel. A needle valve located at the exit of the coolant channel regulated
the mass flow rate.
Gaseous nitrogen was used to purge the gas and solution systems after testing.
A 3-way valve was used to direct the nitrogen gas into the same flow path as ammonia
gas.
All instruments used for measuring temperature and pressure data were
calibrated using a NIST-traceable standard, and the data were recorded using signal
conditioning and data acquisition boards using LabVIEW®. All absolute pressure
transducers were powered by a precision power supply (Tektronics, PS 5004) with
10 VDC. The voltage output reading from all absolute pressure transducers
(0-100 mV) were directly connected to a connector block (National Instruments, CB-
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68LPR) that transferred the signal to the DAQ board (National Instruments, PCI-6221)
located within a computer (Dell, PowerEdge 1500SC). A similar connection was made
for the density signal of both Coriolis flow meters. However, the density outputs were
current outputs (5- 20 mA) and therefore resistors with a nominal resistance value of
470 Ω were used across the pin connectors on the connector block to convert the
current signal to a voltage signal (2.35-9.4 V). The inlet and outlet flow rate signals
from the Coriolis flow meter were frequency signals and were measured by the digital
counter in the DAQ board. Since the DAQ board only provided one digital counter,
the channel was shared by the two signals. A separate digital external counter (Omega,
DPF701-A) was used to read the frequency signal from the propeller flow meter that
measured the coolant flow rate and the signal was converted by the counter to an
analog voltage (0-10 V) that was recorded by the DAQ board. All temperature
readings from the type-T thermocouples were recorded by using either a USB
thermocouple input module (National Instruments 9211) together with a USB module
carrier (National instruments, USB-9162) that directly connected to the USB port on
the computer or an isothermal terminal block (National Instruments, SCXI-1328)
mounted on a 4-slot chassis (National Instruments, SCXI-1000) that connected to a
separate DAQ board in the computer (National Instruments, PCI 6036E). The mass
flow controller that controlled and measured the vapor flow rate, directly
communicated with LabVIEW® through the computer’s serial port. A detailed list of
the instruments and equipment used, their measurement range, and uncertainties are
tabulated in Table 8.
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Table 8: Equipment and instrumentation specifications
Description

Quantity

Oil Bath

1

Rope Heater

1

Variable Speed
Gear Pump

1

Band Heater

1

Recirculation
Chiller

1

Computer

1

Power Supply

1

Instrumentation

Quantity

Mass Flow
Controller

1

Pressure
Transducer

3
2

T-type
Thermocouple

7

Coriolis Flow
Meter

2

Propeller Flow
Meter

1

Data Acquisition
Board

1

Data Acquisition
Board

1

Thermocouple
Input Module

1

Isothermal
Terminal Block
I/O Connector
Block
USB Module
Carrier
AC-powered
Chassis
Meter/Totalizer
with AO

1
1
1
1
1

EQUIPMENT
Make/
Range
Model
Cole-Parmer/
40 – 200 ºC
12107-70
Omega/
482 ºC max
FGR-060
Micropump/
21 – 336 ml/min
GA-V21
ΔPmax: 517 kPa
Minco/
0 – 240 V
HR6611
0-13.5 A
ThermoHaake/
-30 – 200 ºC
C30P
Dell/
Intel Pentium III
PowerEdge 1500SC
Tektronics/
0-10 V
PS 5004
300 mA
INSTRUMENTATION
Make/
Range
Model
Sierra Instruments/
0 – 7.1 g/min
C100L
NH3
Omega/
PX302
0 – 690 kPa
PX32B1
Omega/
-250 – 350 ºC
TMQSS
Micromotion/
0 – 108 kg/h
CMF010 sensor &
0 – 5000 kg/m3
2700 transmitter
Omega/
110 – 2600
FP-5061
g/min
16-Bit; 250 ks/s
NI/
16 AI
PCI-6221
±10 V
16-Bit; 200 ks/s
NI/
16 AI
PCI-6036E
±10 V
4-Channels
NI/
24-Bit; 14 S/s
9211
±80 mV
NI/
18 screw
SCXI-1328
terminals
NI/
68 terminal
CB-68LPR
NI/
1-slot
USB-9162
NI/
4-slots
SCXI-1000
Omega/
0.5-30 kHz
DPF701-A

Set point resolution
±0.1 ºC
±0.01 ºC
±0.001 V
Uncertainty
(calibrated average)
±0.7 % of reading +
±0.3 % of FSO
(±0.587 kPa)
(±0.390 kPa)
(±0.2 ºC)
(±0.22 g/min)
±0.5 kg/m3
(±1.92 g/min)
-

-
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4.3 Test Matrix
The experimental test matrix is provided in Table 9. Solid circles, ●, indicate
cases where complete absorption was achieved within the test section while empty
circles, ○, indicate cases where complete absorption was not achieved within the test
section. In the latter test condition, vapor bubbles were observed at the exit of the
absorber. The experimental test matrix was based upon variations in coolant inlet
temperature and flow rate, and variations in weak solution and vapor flow rate. As
discussed in the literature review, varying these parameters can significantly impact
the absorber performance. Weak solution and vapor flow rates were increased until
complete absorption could no longer be achieved inside the absorber.
Flow rates of the inlet weak solution and vapor were varied at nominally
constant inlet temperatures of 75 oC and 60 oC, respectively. The absorber pressure
was held nominally at 6.2 bar absolute for all experiments, while the mass
concentration of the weak solution was held nominally constant at 29 percent
(± 0.9 percent). Three different coolant flow rates, varying between 150 g/min and
280 g/min, were tested at a nominal coolant temperature of 58 °C. Since variations in
the coolant flow rate did not affect the absorber performance significantly (see
Chapter 6 for details), the coolant flow rate was fixed at 200 g/min in order to assess
variations in inlet coolant temperatures of 58 °C, 40 °C and 30 °C. Out of a total of
111 flow cases, 64 resulted in complete absorption, as verified by visual observations
of the exiting strong solution flow in the visualization section downstream from the
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absorber. Data were recorded only for those cases in which complete absorption was
achieved (indicated by solid circles in Table 9).

Table 9: Experimental test matrix
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●: Complete absorption; ○: Incomplete absorption
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Two different absorber microchannel geometries were tested: a 600 µm deep
smooth plate and a 600 µm deep plate with a step structure on one of the walls (see
Fig. 12). For weak solution flow rates in excess of 35 g/min in the smooth walled
microchannel, ammonia vapor bubbles exited the absorber even at low vapor flow
rates before being completely absorbed. This indicated that the convective time scale
was smaller than the absorption time scale. Therefore, the stepped-wall absorber was
tested in an effort to increase the bubble residence time inside the absorber.

Figure 12: Absorber plates; (a): Smooth wall geometry; (b) Stepped-wall geometry
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A similar stepped-wall geometry or cross-ribbed structure that consisted of
250 µm deep pockets had been tested by Jenks and Narayanan [16]. The tests by Jenks
and Narayanan [16] showed no noticeable improvements in the vapor residence time
with this geometry. It is possible that the depth of the pockets tested by Jenks and
Narayanan [16] might have been too small to capture vapor bubbles effectively. For
the stepped-wall structure tested in this study, 2-mm-deep pocket trenches were
manufactured in a nominal microchannel depth of 600 µm. A detailed view of the
pocket size and pitch is given in Fig. 13. As indicated in Table 9, this new steppedwall geometry configuration proved to be efficient in extending the residence time of
the vapor inside the absorber at coolant inlet temperatures of 30 ºC and 40 ºC.
However, at the high coolant temperature of 58 ºC, the structured wall diminished the
absorber’s capabilities. From the 64 complete absorption test conditions reported in
this document, 28 of them were obtained with the stepped-wall geometry.

Figure 13: Stepped-wall configuration
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4.4 Experimental Procedure
Prior to each experiment, the oil bath and the coolant water chiller were turned
on sufficiently early to allow them time to reach desired steady-state temperatures.
Cooling water flow at an inlet temperature higher than room temperature was initiated
in the test section in order to preheat it. The test facility was then pressurized using
compressed air supply to the solution tank reservoirs. A weak solution at a fixed mass
concentration of ammonia was introduced into the absorber. The pump power
controller and needle valves upstream and downstream of the absorber test section
were carefully adjusted to provide a fixed solution mass flow rate at the desired
pressure inside the absorber. The band heater power was used to regulate the
temperate of the weak solution into the test section nominally to 75 °C. The mass flow
of vapor was then introduced at a controlled flow rate using the mass flow controller.
The rope heater power was used to maintain the temperature of the ammonia vapor
inside the gas plenum nominally at 60 °C.
Steady state conditions were determined by monitoring the inlet and exit
temperatures of the solution. Extra time was provided, which corresponded to the time
required for the strong solution to travel from the exit of the absorber to the
downstream Coriolis flow meter (approximately 10 minutes extra). Data were
recorded through a computer for approximately 10 minutes at a rate of 3 Hz. The
recorded data included: 1) flow rates of solution, coolant, and ammonia vapor; 2) test
section inlet and outlet temperatures of the solution and coolant; 3) pressures at the
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inlet and outlet of the absorber microchannel; 4) temperature and pressure inside the
gas plenum; and 5) density, pressure, and temperature at the two Coriolis flow meters.
A detailed step-by-step procedure of the operation of the test facility, including
preparation, testing and shutdown is given in Appendix 3.

4.5 Data Reduction and Analysis
Inlet and exit concentrations were determined from the temperature, pressure
and density measurements obtained at the inlet and exit CFM respectively, using the
NH3H2O external call function in Engineering Equation Solver® (EES). The call
function utilizes the correlations proposed by Ibrahim and Klein [30] of the form

X  f (T , P, v)

(9)

where ν is the specific volume of the ammonia-water solution mixture.
An overall mass balance for the absorber was used to verify the mass flow rate of
the exiting strong solution measured by the Coriolis flowmeter

m ss  m ws  m v

(10)

A species mass balance yielded a check for the measured exit concentration

X ss 

m ws X ws  m v
m ss

(11)

The enthalpies of the ammonia solution at the inlet (Eq. 12) and outlet (Eq. 13) of the
absorber were found from the correlations mentioned above and presented by Ibrahim
and Klein [30]
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hws  f (Tws , Pws , X ws )
hss  f (Tss , Pss , X ss )

(12)
(13)

The enthalpy of the pure ammonia vapor was found also through EES by using the
equation of state developed by Tillner-Roth, Harms-Watzenberg, and Baehr [31]

hv  f (Tv , Pv )

(14)

The enthalpies of the inlet (Eq. 15) and exit (Eq. 16) coolant were found through EES
by using the thermodynamic property correlation of Harr, Gallagher, and Kell [32]
hc ,in  f (Tc ,in , Pc ,in )

(15)

hc ,out  f (Tc ,out , Pc ,out )

(16)

The heat transferred to the coolant, or absorber heat duty, was determined from
an energy balance equation
qabs  m ws hws  m v hv  m ss hss

(17)

Equivalently, it was also calculated from the coolant side energy balance equation
qc  m c (hce  hci )

(18)

The overall averaged heat transfer coefficient, U, with the solution flow as the hot side
and the coolant flow as the cold side of the heat exchanger, was given by
U 

qc
ATlm

where the log-mean temperature difference, ∆Tlm, was determined as

(19)
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Tlm 

Tws  Tce   Tss  Tci 
 T  T  
ln  ws ce 
 Tss  Tci  

(20)

Note that the heat exchanger analysis performed in this study was based on the
traditional heat exchanger analysis definition of U, to be consistent with the existing
body of work on absorbers in literature. However, it should be noted that unlike
typical heat exchangers, there is a source term, that of heat of absorption, which
caused conditions under which the temperature of the hot stream increased along the
length of the absorber despite removal of heat by the counter flowing coolant. A
modified heat exchanger analysis to account for this effect has been developed
elsewhere [33].
The overall averaged mass transfer conductance was determined using the
vapor flow rate and the heat exchange surface area

gm 

m v
AX lm

(21)

where ∆Xlm denotes the nominal log-mean concentration difference along the absorber
microchannel
X lm 

X

 X ws    X ss , sat  X ss 
 X
 X ws 
ln  ws , sat

  X ss , sat  X ss  

ws , sat

The saturation concentrations in Eq. 22 were determined based on the measured
temperatures and pressures, using the relation from Ibrahim and Klein [30].

(22)
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4.6 Uncertainty Analysis
The uncertainty for all measured data (independent variables) was calculated
using

x j 

 Bias    t   P 
2

2

(23)

where  Bias is the error associated with the measurement device, as determined
through calibration,  P is the error associated with the scattered of the data and t is the
Student t factor for a 95 percent confidence interval. The bias error for each instrument
was found by taking the square root of the sum of the squares of the standard fit error
provided by a linear regression of the linear calibration curve fit data and the
maximum standard deviation of the mean for all calibration points in the data set. The
determined bias errors for each measured quantity are given in Table 10.
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Table 10: Bias error for all experimentally measured quantities
Bias Error (  Bias ) ±
Quantity
Inlet CFM Pressure
0.0055

Units
bar

Inlet CFM Temperature

0.09

ºC

Inlet CFM Density

0.5

kg/m3

0.185

g/min

0.0038

bar

0.07

ºC

0.0039

bar

0.09

ºC

0.0065

bar

Exit CFM Temperature

0.09

ºC

Exit CFM Density

0.5

kg/m3

Exit CFM Mass Flow Rate

0.246

g/min

Inlet Coolant Temperature

0.34

ºC

Coolant Mass Flow Rate

1.920

g/min

Exit Coolant Temperature

0.36

ºC

0.0056

bar

Gas Plenum Temperature

0.09

ºC

Inlet Vapor Flow Rate

7.07

% reading (manuf. error)

Inlet CFM Mass Flow Rate
Inlet Absorber Solution
Pressure
Inlet Absorber Solution
Temperature
Outlet Absorber Solution
Pressure
Outlet Absorber Solution
Temperature
Exit CFM Pressure

Gas Plenum Pressure

The precision error  P was taken directly from the standard deviation for each
measurement after collecting data for approximately 10 minutes at 3 Hz for each test
condition. Due to the large number of data points taken for each measurement (large
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degree of freedom), the student t factor for a 95 percent confidence interval always
yielded a t of 1.96 corresponding to approximately a 2σ limit based on infinite
statistics.
Propagation of uncertainty of the calculated (dependent) variables was performed
with the uncertainty propagation command in EES under the method described in [34].
With the assumption that the individual measurements were uncorrelated and random,
EES determined the uncertainty in the calculated quantity by a propagation-of-errors
method [35]

 y  
 y     x j 
j 
 x j  

2

(24)

The uncertainty for each measured quantity,  x j , was directly inserted into the
EES data analysis program and associated with the corresponding independent
quantity. EES calculated the dependent variable and the corresponding propagated
uncertainty value from the input variables.
Uncertainties are represented as horizontal and vertical error bars on data plotted
in Chapter 6. Calibration curves for the different instruments are provided in
Appendix 4.
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5 NUMERICAL MODEL
The experimental ammonia-water bubble absorption tests allowed for global
measurements of the variables of interest. However, understanding what occurs locally
within the absorber can reveal much more about its abilities and limitations. This can
also help optimize absorber size and performance. For these reasons, a onedimensional, steady state model for ammonia absorption in the constrained thin film is
developed in this section. The model solves the 1-D mass, species and energy
conservation equations to predict downstream convected vapor mass flow rate,
ammonia mass concentration, and temperature distribution of the coolant and the
solution along the length of the absorber as the salient variables. The momentum
conservation equation is not solved, since the pressure difference across the large
aspect ratio microchannel was experimentally measured to be small. Jenks [27]
initiated this model by considering the heat transfer characteristics while assuming a
simplistic condition of instantaneous vapor absorption at the point of injection. He also
suggested a method by which the mass transfer could be taken into consideration.

5.1 Domain Discretization
Figure 14 shows a schematic of the absorber ith representative control volume in
the solution channel and the corresponding control volume in the coolant channel.
Both the solution and the coolant channels were divided into N number of control
volumes from inlet to outlet. The faces of the first and last control volumes coincided
with the channel boundaries.
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Xss

Xws

Xlw

Xlw

Figure 14: Overall geometry and representative ith control volume

Some control volumes, such as the one illustrated in Fig. 14, were located in the
porous gas injection section of the solution channel and others were located in the
non-porous section. Variables of interest such as temperature, concentration and flow
rate were defined at the faces of the control volume for ease of implementation of the
boundary conditions. When a bulk value of a variable at the center of the control
volume was needed, the averaged value from both faces of the control volume was
taken (piece-wise linear approximation). The subscript w in the control volume
variables indicated the west face of that control volume. The number inside the square
brackets indicated the control volume number. In the solution channel, the first control
volume (i=1) was located at the inlet of the weak solution and the last control volume
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(i=N) was located at the exit of the strong solution. In the coolant channel, the first
control volume (i=1) was located at the exit of the coolant and the last control volume
(i=N) was located at the inlet of the coolant, since the solution and coolant streams
flowed in the counterflow arrangement. The length, L, and the width, W, of both the
solution and the coolant channels were equal, 15 cm and 3 cm respectively. The
height of the coolant channel, Hc, was 1 mm.

5.2 Model Assumptions
Absorbers are challenging to model because consideration of both heat and mass
transfer in a multi-phase, multi-species flow is required. To reduce the level of
complexity and lessen the computational cost of the model, several assumptions were
made. Most of these assumptions were common to all numerical models of ammoniawater absorption found in the literature. Overall, the effect of these simplifications has
been observed in literature to be small and the results obtained with these models have
paralleled those of the experimental data.
The model was restricted to one-dimension along the length of the absorber,
neglecting gradients in any direction perpendicular to the main flow. The model
assumed the process was steady and time dependent events were not considered. The
pressure drop across the absorber microchannel was experimentally found to be small
compared with the absolute pressure in the channel and was not measured to any
degree of certainty by the absolute pressure sensors at the inlet and exit of the solution
channel. For a single-phase laminar flow, at a weak solution flow rate of 35 g/min, the
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maximum estimated pressure drop inside the solution microchannel was 0.00356 bar.
Consequently, the momentum equation was not solved and constant pressure was
assumed. Property variations are negligible for this change in pressure along the
microchannel.
The ammonia mass fraction in the vapor phase was restricted to be unity for
simplicity. This assumption should closely follow the experiments, since anhydrous
ammonia gas (99.99 percent purity) was used. A consequential assumption was that
water did not diffuse into the vapor phase at the gas-liquid interface (i.e., the total
mass flux of water was zero at the gas-liquid interface); see Fig. 15. At all times vapor
bubbles were considered to be spheres and/or cylinders depending on whether or not
the diameter of the sphere was larger than the height of the solution channel. The
newly injected bubbles from the porous plate had a fixed diameter smaller than the
height of the channel and thus were always of spherical shape. The number of vapor
bubbles per unit area crossing the boundaries of the control volume was assumed to be
constant and the effect of the unabsorbed vapor bubbles of different sizes was modeled
through a convected bubble diameter. The model for handling the number of bubbles
and the diameter of the bubbles is presented later. The vapor phase was assumed to
move with the same velocity as the flow (no slip between vapor and liquid phase).
The sensible heat transfer between the ammonia vapor bubbles and the solution
was assumed negligible as shown in Fig. 15 b. The Stefan number is defined as the
ratio between the sensible heat and the latent heat of a substance undergoing a phase
change (in this case, ammonia vapor is condensing)
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St 

c p T
hgf

(25)

The ammonia gas at the inlet required a condition of 6.4 bar absolute and 60 ºC; the
heat capacity was found by EES to be 2,401 J/kg-K. Since the weak solution entered
the test section at nominally 75 ºC, the temperature difference between the weak
solution and the vapor, ΔT, was estimated to be 15 ºC. The heat released by the
condensing ammonia vapor, hgf, at the given conditions was found by EES to be
1.221x106 J/kg. With these values a Stefan number about 0.03 was found, indicating
that the heat released by phase change was approximately 33.3 times larger than the
sensible heat transfer required to bring the liquid and vapor phase to thermal
equilibrium. For small Stefan numbers, (St < 0.14) [35], it is possible to neglect the
sensible heat transfer. This quasi-steady approximation causes no loss of conformity in
the heat transfer characteristics of the model.
Axial conduction through the fluid and material of the test section were
neglected. The model assumed no heat loss to the surroundings and only considered
heat transfer between the solution and coolant control volumes. Axial diffusion of
ammonia species was not considered. Particular implications and specifics of each of
these and other assumptions are explained in the relevant sections of the model
formulation that follow.
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Figure 15: Temperature and concentration profiles near the liquid/vapor interface; (a):
Expected behavior; (b) Assumed behavior

5.3 Governing Equations and Bubble Model
This section describes the equations that were used to model the absorption
process within the microscale thin film ammonia water absorber. The fundamental
conservation equations and the equations used to model the heat and mass transfer are
presented here for a control volume.
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5.3.1 General Conservation Equations
In the absorber microchannel, an overall mass balance on control volume i
(Fig. 14) dictates that

m lw [i ]  m vw [i ]  dm v  m lw [i  1]  m vw [i  1]

(26)

where the subscript w indicates the west face of the control volume. Equation 26
embodies the assumption that the mass of vapor injected from the top porous face of
any control volume was identical and equal to dm v . In Eq. 26, an increase in mass rate
of liquid from the inlet to the exit of each control volume was equal to the mass rate at
which ammonia vapor was absorbed

m lw [i  1]  m lw [i ]  dm abs [i ]

(27)

The rate of absorption, dm abs [i ] , is given by the mass transfer rate equation presented
in the next section.
An ammonia species mass balance on control volume i on the absorber side
requires that the mass rate of ammonia entering the control volume in the vapor and
liquid phases should equal the mass rate of ammonia leaving the control volume in
both the liquid and vapor phases

m lw [i ] X lw [i ]  m vw [i ]  dm v  m lw [i  1] X lw [i  1]  m vw [i  1]

(28)

Equation 28 assumed a vapor mass fraction of ammonia equal to one and ignored axial
diffusion of species. For a typical test case condition ( m ws = 35 g/min, Tws= 75 ºC,
Xws= 29 percent, and dz= 3.85x10-4 m) the grid Peclet number for mass transfer was
approximately 3624. A high Peclet number for mass transfer indicates that mass
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convection is more dominant than mass diffusion and thus neglecting axial diffusion
of species is validated.
The energy balance on the absorber microchannel control volume is provided
by the enthalpy carried by both liquid and vapor phases in and out of the control
volume, as well as the heat transfer rate to the coolant

m lw [ i ]hlw [ i ]  m vw [ i ]hv  d m v hv  m lw [ i  1]hlw [ i  1]  m vw [ i  1]hv  d q [ i ]

(29)

The heat transfer rate equation for dq [ i ] is given in Section 5.33. Equation 29 ignores
axial diffusion of heat through the fluid in comparison to convection (grid Peclet
number for heat transfer about 105 for a typical test case condition).
For the coolant side control volume, the overall mass balance was simply

m c [i  1]  m c [i ]  m c

(30)

The coolant side energy balance was given as

m c hcw [i  1]  dq[i ]  m c hcw [i ]

(31)

noting that the coolant flow was countercurrent to the solution flow. In stating the
energy balance equations in the form of Eqs. 29 and 31, there is an implicit
assumption that all heat was transferred from the absorber to the coolant control
volumes (no heat loss to the surroundings or axial conduction).

5.3.2 Auxiliary Equations for Mass Transfer
Since the absorption of ammonia in water is a high mass transfer rate process,
a blowing factor correction to the low mass transfer conductance [37] is used to
determine the rate of absorption at each control volume, dm abs [i ] . The high mass
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transfer rate stagnant film theory is used as the governing rate equation for the
absorption process
dm abs [i ]  m lw [i  1]  m lw [i ]  g m* [i ] A[i ] ln 1   m [i ] 

(32)

*
where g m is the low mass transfer rate conductance, A[i] is the interfacial area for

mass transfer, and  m [i] is the driving force for mass transfer, and was given by

 m [i ] 

X l [i ]  X lsat [i ]
X lsat [i ]  1

(33)

In Eq. 33, the mass fraction of ammonia in the vapor phase is assumed to be unity.
The mass fractions to be used in Eq. 33 were the averaged mass fractions in the
control volume

X lw [i ]  X lw [i  1]
2
X
[i ]  X lsat , w [i  1]
X lsat [i ]  lsat , w
2
X l [i ] 

(34)

*

The low mass transfer rate conductance, g m , in Eq. 32 was determined from an
analogy between heat and mass transfer. For cross-flow over a sphere at low Reynolds
number, the Sherwood number (Sh) is equal to 2 [28]. For cross-flow over a cylinder
at low Reynolds number, the Sherwood number is equal to 0.3 [28]. Since in the
majority of the control volumes there were combinations of spheres and cylinders, the
*
average between these values, 1.15, was used. Values of g m given as

g m* [i ] 

Sh   l [i ]D12
Dsc [i ]

(35)

varied in each control volume depending on the density value in the control volume:
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l [i ] 

lw [i ]  lw [i  1]
2

(36)

and the bubble diameter length scale, Dsc. The diameter length scale was based on an
average diameter of vapor bubbles in the control volume and is discussed further in
the next section.
The diffusion coefficient, D12, used in Eq. 35 was kept constant based on inlet
conditions for a given parametric condition, and it was determined by a modified
Wilke and Chang equation [37, 38]
D12  117.282 1018 Tm

mM m
mVdiff 0.6

(37)

where Tm is the mixture temperature,  m is the associative factor of the mixture given
by the solution molar fraction ,

X̂ , as

 m  Xˆ  NH3  (1  Xˆ ) H 2O

(38)

with  NH3 =1.7 and  H 2O =2.6. Mm is a characteristic parameter given by the solution
molar fraction,

X̂ , as
ˆ
ˆ
M m  XM
NH 3  (1  X ) M H 2O

(39)

with M NH3 =17.03 and M H 2O =18.0152, Vdiff is the molar volume of the solute calculated
by
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Vdiff 

M NH3

 NH

(40)

3

and  m is the mixture dynamic viscosity. Although the diffusion coefficient was
independent of position along the absorber, it was varied as a function of inlet
temperature, concentration, and pressure. A typical value of D12 at Tws = 75 ºC,
Xws = 0.28, P = 6 bar, was 4.94 x 10-9 m2/s. This calculated value for the diffusion
coefficient of ammonia in water agreed very well with the experimental value of
5.0 x 10-9 m2/s measured by Monde et al. [3]. Once a diffusion coefficient was
determined for a given set of inlet conditions, it was assumed constant in the model.
This assumption was deemed valid, since the diffusion coefficient did not change
significantly unless a large change in conditions was experienced.

5.3.3 Auxiliary Equations for Heat Transfer
Equations 29 and 31 were related by the absorber-averaged overall heat
transfer coefficient, U
dq[i ]  U [i ] W z Tl [i ]  Tc [i ]

(41)

where Wz was the differential area of heat exchange between the solution and
coolant control volumes. The coolant and solution temperatures were determined at
the control volume center by a piece-wise linear approximation
Tlw [i ]  Tlw [i  1]
2
T [i ]  Tc w [i  1]
Tc [i ]  c w
2
Tl [i ] 

(42)
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The overall heat transfer coefficient was found through a thermal resistance analysis
from the hot side to the cold side including the conduction thermal resistance of the
wall

U [i ] 

1
t
1
1
 
hs [i ] hc k ss

(43)

The thermal conductivity of stainless steel 316 was found using EES as a function of
an averaged absorber temperature ({Tc, in +Ts, in}/2). For example, for a Ts, in =75 ºC
and a Tc, in=58 ºC a thermal conductivity of 14.11 W/m-K was obtained. The thickness
of steel, t, separating the solution and the coolant channel was 2.54 mm in the case of
the smooth channel. The resultant conduction thermal resistance was around
0.00018 K-m2/W and varied slightly depending on different inlet temperature
conditions.
The single phase heat transfer coefficients on the coolant and the solution side
were found by the Shah and London laminar, thermally-developing-flow correlation
for parallel plate channel with a uniform heat flux given in [39] by
1


3
2.236
x
*
x*  0.001

1



Nu   2.236 x * 3 0.90 0.001  x*  0.01

0.0364
 8.235 
x*  0.01
x*


where

(44)
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x* 

L / Dh
Re Dh Pr

(45)

Dh  2 H
Note that H represents the height of the respective channels. Typical values of the
single-phase heat transfer coefficient on the coolant side and the solution side were
2,900 W/m2-K and 3,000 W/m2-K respectively. These single phase heat transfer
coefficients resulted in convective thermal resistances of about twice as high as the
conduction resistance, 0.000345 K-m2/W and 0.000333 K-m2/W respectively. Thus,
the heat transfer process was not limited by conduction through the stainless steel wall
separating the fluids.
The mass transfer process generates a blowing effect on the heat transfer
coefficient between the vapor and the liquid phase, which in general increases the bulk
solution side heat transfer coefficient. Numerical studies such as [19], [15], and [9]
have included this blowing effect into these model. The correction for heat transfer
enhancement due to mass transfer is given as [37]
 m '' c p 


h* 
h


 m '' c p 
h*
 

h* 
1 e 

(46)

where h is the heat transfer coefficient corrected for high mass transfer rate and h* is
the low mass transfer heat transfer coefficient. This correction factor was initially
incorporated in the model. However, ratios of h/h* were no greater than 1.00003. This
increment in the heat transfer coefficient was very small and the implementation was
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computationally time consuming. For these reasons, the heat transfer correction due to
mass transfer was not included in the final model.
In general, the presence of vapor increases the single-phase heat transfer
coefficient of a laminar flow by inducing turbulence [22]. In the case of the microscale
film ammonia water absorber, condensing ammonia vapor bubbles generated mixing
inside the solution microchannel. In condensation literature, the two-phase heat
transfer coefficient can be related to the single-phase heat transfer coefficient by a
two-phase multiplier
hTP
M
hf

(47)

Several correlations exist for the two-phase multiplier, M. Table 11 shows six twophase flow multipliers that were considered for use in the numerical model. Twophase multipliers in this table depend on the flow quality, x (not to be confused with
the ammonia mass concentration X), or void fraction, α. For the correlations that
depend on α, an extra correlation is required to relate the flow quality, which is
directly computed in the model, to the void fraction.
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Table 11: Two-phase heat transfer multipliers
Multiplier Reference
Comments

M1

[22]

Collier correlation
for bubbly flow
+
Homogeneous void
fraction flow model

M2

[22]
&
[39]

Collier correlation
for bubbly flow
+
Zivi’s correlation
for void fraction

M3

[39]

Shah correlation for
condensation

M4

M5

M6

[39]

Cavallini and
Zecchin correlation
for annular flow

[40]

Ananiev et al.
correlation for local
heat transfer
coefficient for
convective
condensation

[39]

Dobson correlation
for wavy-annular to
annular flow

Correlation
hTP  1 


hf  1   

0.8




  x  x  v (1  x) 
l



hTP  1 


hf  1   

1

0.8

1
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3.8  x 
 1  0.38 
 0.76 
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pr  1  x 
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P
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 2.64 1   l 
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v  1  x  
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0.8
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hTP 
2.22 
 1  0.89 
h f  X tt 
0.9

0.5

 1  x    v   l 
X tt  
    
 x   l   v 

0.1

Figure 16 shows a plot of the multipliers in Table 11 as a function of flow
quality in the range that would be expected in the present flow conditions. The vapor
quality, x, is calculated numerically at each control volume as
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x[i ] 

mv [i ]
ml [i ]  mv [i ]

(48)

Figure 16: Six two-phase multipliers as a function of quality

All six multipliers shown in Table 11 were implemented in the program and tested
against complete absorption cases obtained from experiments with the smooth plate
absorber geometry. The results showed that the multipliers that had a smaller relative
magnitude at any quality; M2, M3, and M6, predicted the heat transfer rate better at
low vapor qualities (approaching single phase flow) but significantly under-predicted
heat transfer rate at high vapor qualities. The Collier correlation along with the
homogenous flow model, M1, over-predicted the heat transfer rate for the majority of
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the cases due to very large multipliers. The Cavallini correlation was developed for
annular flow and thus did not correctly predict the heat transfer rate at low vapor
qualities. Figure 16 shows that this multiplier does not go to unity at low qualities. The
two-phase multiplier correlation suggested by Ananiev et al. [40], M5, for local
convective condensation heat transfer, best predicted the experimental heat transfer
rates. The multiplier M5 approached unity as the quality approached zero and as the
quality increased; the multiplier increased considerably but not as high as did M1. The
results obtained for the phase-change heat transfer rate with the M5 multiplier are
compared against the 36 complete absorption experimental cases obtained with the
smooth absorber geometry in Chapter 6.

5.3.4 Bubble Model
The interfacial area for mass transfer within each control volume, A[i], needs
to be known to calculate dm abs [i ] in Eq. 32. This mass transfer area is dependent on
the quantity and size of vapor bubbles available for mass transfer at each control
volume. Therefore, a model is required to keep track of the size and number of
bubbles present in each control volume. The bubble size is also required to calculate
the diameter length scale, Dsc[i], at each control volume needed to compute the low
mass transfer conductance in Eq. 35.
The complicated and unknown bubble pattern within each control volume was
simplified as per the model in the schematic in Fig. 17. This simplified bubble model
used assumed that bubbles were to be perfect spheres or cylinders. The number of new
spherical bubbles injected into a control volume per second was found by
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nb 

v

m v / N p
dm v

3
 Db ,inj
 Db ,inj 3
6

v

(49)

6

where dm v was the amount of vapor mass flow injected equally into each control
volume with a porous top, Np, and  v was the density of the vapor.

Figure 17: Model for tracking the size and number of bubbles in each control volume
(only spherical bubbles are shown)

The number of bubbles entering or exiting the control volume per second at the west
(left) and east (right) face, nbw, was kept constant for a given vapor injection rate and
was found by keeping the bubble injection flux constant and equal to that of the
porous section
H
nb w   s
 z


 nb


(50)
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In some sort of pseudo fashion, keeping the number bubbles entering at the west face
of a control volume equal to the number of bubbles exiting at the east face models the
agglomeration of vapor bubbles within the control volume.
Several correlations exist to calculate the diameter of an injected bubble from a
circular orifice into a stagnant pool of liquid at a given vapor flow rate. However, the
use of this type of correlation was not appropriate for this model. In the constrained
microscale film absorber, bubbles that were being injected were not only mainly
affected by vapor inertia and surface tension, but the bubbles were also affected by an
extra drag force imposed by the liquid flow. This tended to shear the bubbles from the
injection surface. In addition, the pores of the porous plate utilized were far different
from a circular orifice. The pores in the plate varied in size and shape and often joined
together, which made the characterization of a mean porous diameter to be used in the
program difficult. From the images in Fig. 10 in Chapter 4, it was observed that a
single porous size and shape cannot be used to accurately represent the entire plate.
However, it was noted that a constant bubble injection diameter represented quite well
the experimental data. Perhaps, the variation in bubble injection size for varying vapor
flow rates was small in the tested range. However, visual tests are required to confirm
this hypothesis. An unsuccessful attempt to perform a visualization study was made
(see Appendix 5).
Within the 36 experimental cases that were performed on the smooth plate
absorber geometry, there were cases that marked the limit beyond which complete
absorption was not achieved within the absorber test section. Utilizing this
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information, a constant injection bubble diameter of 220 µm was chosen. This
constant bubble diameter was used for all cases for different vapor flow rates, coolant
temperatures, and weak solution flow rates. It recreated the observed experimental
absorber limits very closely in the numerical model. Moreover, a bubble diameter of
220 µm is very similar to the small bubble diameters observed by Jenks [27]
(see Fig. 8). More information on the comparison of the experimental and the
numerical absorber test case limits is given in Chapter 6. Specifying a constant bubble
diameter also eliminated the uncertainty related to the porosity of the plate. The
manufacturer specified porosity was 0.5. As a verification of the manufacturer’s
specified porosity, the actual weight of the porous plate was measured and compared
to the theoretical weight of a non-porous plate. An approximate porosity of 0.28 was
measured by this method.
The effect of differing bubble diameters that entered a control volume was
modeled by the use of a convected bubble diameter. Thus, nbw bubbles, each with a
convective bubble diameter, Dconv[i], contained the same total amount of mass as that
of vapor that was unabsorbed in the previous control volume. Note that bubbles might
be injected as spheres but as the effective diameter continued to increase, the bubbles
could have turned into cylinders. Thus, the convected bubble diameter for Dconv ≤ Hs
was given based on a sphere volume

89
1/3

 6m [i ] 
Dconv [i ]   vw 
 v nbw 

(51)

and for Dconv > Hs based on a cylinder volume of an equivalent height with the channel
height
1/2

 4m vw [i ] 
Dconv [i ]  

 v nbw H s 

(52)

Figure 18: Example values of the convected bubble diameter along the length of the
absorber for m ws =30 g/min, m v = 3 g/min, m c = 200 g/min, Tc= 45 ºC and
Hs= 600 µm.

Figure 18 shows the value of the convected bubble diameter for a
representative test case, m ws =30 g/min, m v = 3 g/min, m c = 200 g/min and Tc= 45 ºC.
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Initially, the convected bubble diameter increased indicating that more vapor was
being conveted downstream; this was caused by the continuous vapor injection from
the porous section. Note that up to about 0.035 m along the length of the absorber the
convected bubbles were spheres. At approximately 0.035 m the sphere convected
bubble diameter reached the height of the channel (6.0x10-4 m) and the convected
bubble diameter was suddenly reduced. This indicated that the convected bubbles
became cylinders (for an equivalent volume, the diameter of a cylinder with a height
of 600 µm is less than the 600 µm sphere diameter). From 0.035 m up to 0.12 m the
convected bubbles were of cylindrical shape. Note that at 0.09 m, the vapor injection
section ended and no more ammonia vapor was being injected in the channel. This
caused the remaining mass of convected vapor to decrease as well as the convected
bubble diameter. At z = 0.12 m the equivalent sphere diameter for the reaming
convected vapor dropped below the height of the channel and a sudden increase in
Dconv was observed, which indicated that the convected bubbles became of spherical
shape for the remaining length of the absorber.
The diameter length scale, Dsc[i], required to calculate the low mass transfer
conductance in Eq. 35, was calculated differently depending on whether the control
volume was located in the porous or non-porous section of the absorber microchannel
Dsc [i ] 

Dconv [i ]  Db ,inj

2

 Porous

(53)
Dsc [i ]  Dconv [i ]  Non  porous

where Db,inj, is the fixed bubble injection diameter of 220 µm.
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The total area for mass transfer within each control volume, A[i], was found by
computing the area of the total injected bubbles and the convected bubbles. For
spherical bubbles mass transfer occurred over the entire surface area of the bubble. For
cylindrical bubbles only the peripheral surface area was assumed to contribute to the
mass exchange process, since the top and the bottom of the cylinder were assumed to
be in contact with the channel walls. The total surface area for mass transfer on the
porous section for spherical convected bubbles was calculated by
 z 
2
2
A[i ]  
   nb Db ,inj  nbw Dconv [i ]
ul
i
[
]







(54)

and for cylindrical convected bubbles by
 z 
2
A[i ]  
   nb Db ,inj  nbw H s Dconv [i ]
 u[i ] 





(55)

For the non-porous section the same equations were used with Db,inj=0. The quantity

 z

u[i ] was the convective time, dt, or residence time within each control volume as

suggested by [21]. The convective velocity was based on the single-phase superficial
liquid velocity within each control volume
ul[i ] 

m l [i ]
l [i]WH c

(56)

The mass flow rate at the center of the control volume was calculated by the piecewise linear approximation:
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m l [i ] 

m lw [i ]  m lw [i  1]
2

(57)

This method of determining the local fluid velocity accounted for the increase in
velocity due to mass absorption; however, changes in velocity due to the presence of
bubbles and the effect of the bubbles on the flow were disregarded.

5.3.5 Boundary Conditions
The inlet solution and coolant conditions were the specified boundary
conditions for the numerical solver. The weak solution entering the west face of
control volume number one, i=1, provided the following boundary conditions for the
mass, energy and species conservation equations in the solution side respectively
m ws  m lw [1]
Tws  Tlw [1]

(58)

X ws  X lw [1]

The coolant entering the east face of control volume number N, i=N, provided
the following boundary condition for the energy conservation equations in the coolant
side
Tc ,in  Tcw [ N  1]

(59)

Note that the control volume number N+1 represents an imaginary control volume,
which follows control volume number N; thus the west face of control volume N+1
coincides with the east face of control volume N.
In addition to the boundary conditions mentioned above, it was also necessary
to specify a boundary condition for the amount of vapor mass flow rate convected
downstream in the solution side at the inlet of the absorber (i=1). Since the absorber
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inlet was always below saturation temperature and no vapor was present at the inlet of
the absorber, this boundary condition was given by
0  m vw [1]

(60)

5.3.6 Numerical Procedure and Methodology
All governing equations, associated rate equations, and property relations were
programmed in the professional version of Engineering Equation Solver (EES). This
program was selected for the modeling because it had a built-in function call for
ammonia-water properties (CALL NH3H2O), which is based on the correlation of
Ibrahim and Klein [30]. An additional advantage of using EES was that all property
data calculations with the exception of the mass diffusivity, D12, were dependent on
the local temperature, pressure and concentration within each control volume. The
professional version of EES allowed up to a maximum of 12,000 variables, twice as
many as the standard version. A variable in this context refers to a single numerical
quantity that must be saved in memory. Therefore, the total maximum number of
variables of 12,000 includes the input-independent variables as well as the outputdependent variables. Another useful feature of EES is that the program allows the user
to input the equations either explicitly or implicitly for the variable of interest with no
added computational complexity. For example, this feature eliminated the need of
finding an explicit equation for the solution and coolant temperatures based on the
enthalpy values calculated in the energy conservation equation.
The inlet conditions of the solution and the coolant side were inputs for
boundary conditions to the program. In general, because the solution and the coolant
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were in counterflow and because several properties depended on temperature and
concentration, a forward marching scheme in the solution side is generally performed.
An initial guess for the coolant outlet temperature is often given and an iterative
process is conducted until the inlet coolant temperature boundary condition is met at
the last control volume. EES automatically guessed a value for all variables rather than
just for the exit coolant temperature and it iterated a solution as long as there were as
many equations as there were unknowns. However, for non-linear complex systems of
algebraic equations such as the ones presented here, special attention was required to
be able to successfully converge to a solution.
The iteration technique employed in EES was derived from Newton’s method of
approximation [41]. This technique involved writing all the equations in terms of an
absolute residual matrix and then finding the derivatives (Jacobi matrix). From a first
initial random guess for all variables, the solver attempted to find the values that made
the residual matrix zero, and a second improved guess was calculated by a straightline approximation of the value that would make the residual matrix zero using the
derivative of the functions. The residual matrix calculated from the new guess should
be, in theory, closer to zero than the residual matrix calculated from the initial guess
value. However, if a bad initial guess value was utilized and/or if the problem is highly
non-linear, it is possible that the new guess will result in a larger residual value than
the previous value. EES always checked to ensure that the new value resulted in a
better guess than the previous value. For the cases in which this was not true, EES
halved the calculated required increment in the new guess and computed the residual
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again. If the residual was again not improved, EES halved the step increment once
more. EES would repeat this process up to 20 times if necessary. This process of
halving the step increments is somewhat analogous to the under-relaxation technique
often employed in iterative solution methods such as Gauss-Seidel for non-linear
problems. For more information on the solution of non-linear system of equations
using EES refer to [41].
For all equations in the program the criterion for convergence was that the
maximum relative residual allowable, εR, was 1x10-3 or lower. The definition of the
relative residual given by EES is

R 

RHS  LHS
RHS

(61)

where RHS and LHS correspond to the right and left hand side of the equation
respectively. Therefore, the relative residual also corresponded to the maximum
margin of error permitted to solve each simultaneous equation and obtain a converged
solution. The equations that often presented the higher residuals were the equations
that calculated the area available for mass transfer; all other equations were solved to
significantly lower residuals. This was especially the case where complete absorption
was achieved inside the absorber and the area approached zero. For incomplete
absorption cases the numerical residual tolerance was set to 1x10-6 without difficulty
in the convergence process. In either case, the overall energy balance equation, which
was found to be the most sensitive equation, was always solved within a maximum
error of 0.5 percent.
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For the numerical solver to function properly, it was necessary to stop the
absorption process when the mass of vapor available for absorption in a control
volume was less than 0.0048 g/min (approximately 0.5 percent of the lowest vapor
flow rate tested). The reason to stop absorption is that low flow rates of convected
vapor are also associated with large areas of mass transfer (lots of smaller bubbles) per
the rate equations for mass transfer (Eqs. 52 and 54). The result is that more vapor is
absorbed than available, causing computations of negative quantities of remaining
vapor; results which are not realistic. The small amount of residual vapor did not
significantly affect the accuracy at which the conservation equations were solved and
considerably helped with convergence for complete absorption cases.
As a default, all variables in the EES code had a guess value ranging from
negative infinity to positive infinity. Because of unphysical values of variables,
especially temperature and concentration leading to divergent solutions and program
errors, the minimum guess value allowable for the temperature variables was set to the
inlet coolant temperature. This was physically the lowest temperature to be expected.
Also the guess range of mass concentration was selected from the inlet concentration
value (lowest possible) to 0.999. The minimum guess value for all the mass flow rates
was set to zero. The guess range for the quality was also limited from 0 to 1 as these
were the only quality values that were physically possible. The lower range of guess
values on the specific volume of the solution was also set to zero. Sometimes the
program EES would attempt to guess a solution temperature that was higher than the
one permitted in the range of the correlation for ammonia-water mixtures; this would
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result in a program error. Therefore, it was sometimes required to set an upper limit
for the solution temperature guess value. However, the value must be carefully
selected because even though the solution was being cooled by the coolant, it was also
being heated by the heat of absorption. For the cases presented in this report, 10 ºC
above the inlet solution temperature usually worked well as an upper guess limit for
the solution temperature.
EES maintained a high level of accuracy even at small residuals by performing
all calculations with an extended precision of 21 significant figures (96 bit precision).
EES also offered a stop criterion based on the maximum variable change from the
previous iteration to the next iteration. Since a small variable change does not
guarantee any level of accuracy in the model solution, this option was not
implemented.
The complete numerical code of the absorption model for the constrained
microscale-film ammonia water absorber presented in this document can be found in
Appendix 6.

5.3.7 Solution Convergence Technique
The numerical model was set up so the only required known conditions were the
inlet conditions to the absorber. An auxiliary program was used first to find the heat
transfer coefficients on the solution and the coolant side and the diffusivity of
ammonia into an ammonia-water solution. This was accomplished by using property
data for the actual fluids evaluated at an averaged condition based on the inlet
temperatures, concentration and expected strong solution exit concentration. These
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values, along with the inlet conditions, were inputs to the major program. The program
was then ready to be run. However, if at this point the program was run, the solution
often diverged, especially if complete absorption occurred within the absorber.
Figure 19 is a flow-chart schematic of the steps followed for convergence of a case
of complete absorption within the absorber test section. This figure indicates the
required procedures at each step and also provides a typical graph of the convected
mass flow rate of vapor, m vw , along the length of the absorber obtained after
completing each step.
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Figure 19: Steps followed for convergence of a case of complete absorption within
the absorber test section
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The success of finding a solution to the program was highly dependent on the
initial guess values and variable limits. A sequence of steps, detailed in Fig. 19, was
developed in order to ease and standardize the convergence process. The steps were:
1. The absorption rate in the porous section was numerically set to a fixed
fraction of the injected vapor into each porous control volume
( dm abs [i ] =1/5 dm v ), while the absorption rate in the non-porous section was set
to zero ( dm abs [i ] =0). The program was run with a stop residual criterion of
1x10-6 (see Fig. 19, Step#1). Once a solution was found, the guess values were
updated. This step initiated guess values that were somewhat realistic to the
program rather than being completely arbitrary.
2. The absorption rate in the porous section was set to the governing absorption
rate equation (see Eq. 32), while the absorption rate in the non-porous section
remained as zero ( dm abs [i ] =0). The program was executed with a stop residual
criterion of 1x10-6 (see Fig. 19, Step#2). Once a solution was found the guess
values were updated. This step provided more realistic guess values for all
variables.
3. The absorption in the non-porous section was set to the governing absorption
equation (see Eq. 32) but the stop residual criterion was set to 1. The program
was solved and the guess values were updated. The array of values for the
amount of vapor convected downstream was checked to see if complete
absorption occurred inside the absorber (see Fig. 19, Step#3). This step
provided an estimate of the point where complete absorption occurred, and if it
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occurred within the absorber. If complete absorption did not occur within the
absorber, the residual was set to 1x10-6 and the program was solved quickly. If
complete absorption occurred within the absorber, an estimate of the location
where the absorption ended was made. The new maximum guess value for the
vapor convected downstream on the control volumes that where located after
the complete absorption location was set to 0.0048 g/min, the limit at which
absorption was stopped (see plot of m vw in Fig. 19 Step#3).
4. The residual stop criterion was reduced by an order of magnitude, εR=1x10-1,
and the program was run again. Once solved, the amount of convected vapor
was checked again and the guess limits were adjusted if necessary. The
residual was reduced once more by an order of magnitude, εR=1x10-2, and the
program was solved again (see Fig. 19 Step#4). This process of finding a
solution, updating the guess values, checking the remaining mass flow rate of
vapor and setting the guess limits for the convected vapor on the control
volumes was done several times until the desired convergence criteria was met.
For complete absorption cases, the stop residual criterion was set to 1x10-3.
Step 4 was required because, almost always after reaching complete absorption,
EES guessed a value of remaining convected vapor that was too high in an attempt to
lower the relative residual. This often “destroyed” the initial guess values given from
step 3 as the iterations progressed. It was physically known that after complete
absorption was reached, the vapor mass convected downstream must remain below the
set limit at which absorption stops. Step 4 required a significant amount of attention
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because if the guess limits for the vapor convected downstream were set before
complete absorption took place, the program never found a solution. It was useful to
look not only at the magnitude of the relative residual but also at the magnitude of the
maximum variable change, which was also provided as the program was running.
When the maximum variable change became too low (1x10-10) and the residual was no
longer improving, it was an indication that the limit guess values were stopping the
program from finding a solution.
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6 RESULTS AND DISCUSSION
This chapter presents the salient results of this study. Experimental results are
presented first followed by the numerical results. Numerical results begin with a
model validation with experiments, followed by a parametric study. Table 9 in
Chapter 3 provides the experimental test matrix.

6.1 Experimental Results
6.1.1 Mass, Species and Energy Balance Verification
The accuracy of the measurement methods and procedures used to obtain
experiment data was checked by verification of mass and energy balance (this section
discusses the overall mass, ammonia species, and energy balance obtained for all the
64 complete absorption cases for the conditions listed in Table 9).
Figure 20 plots the strong solution mass flow rate exiting the absorber as
calculated by the overall mass balance given in Eq. 10 and the actual flow rate as
measured by the exit Coriolis flow meter. On average, the calculated values were
within 0.8 percent of the measured values. The estimated averaged uncertainty based
on propagation of errors (Eq. 10) was approximately 1.2 percent and the uncertainty
based on the CFM measurement uncertainty was about 1 percent.
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Figure 20: Mass balance using measured values and Eq. 10

Figure 21 show graphically the comparison of the energy balance on the hot
and cold side of the absorber determined using Eqs. 17 and 18 respectively. On
average, the difference in energy balance between the two sides was 8 percent with an
estimated uncertainty magnitude of approximately 9 percent. On average, the
uncertainty in the heat transfer rate lost by the hot side (absorber) was 3.7 percent and
gained by the cold side (coolant) was 8.5 percent. The cold side heat transfer
uncertainty was larger than the hot side because the temperature difference between
the inlet and outlet of the cold side was smaller than that on the hot side due to a
significantly larger mass flow rate ( m c ≈200 g/min compared with m ws ≈ 35 g/min).
The difference between the heat gained by the coolant and that lost by the solution
increased with decreasing inlet coolant temperature ( qc  qabs ). This trend occurred
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consistently for both the smooth and stepped-wall microchannel. Since the entire test
section was made out of stainless steel, it was possible for heat to be conducted from
the gas plenum directly to the coolant side (see Fig. 9). This heat loss was not taken
into account in the energy balance and it was believed to be responsible for the
observed discrepancy especially at larger temperature differences between the gas
plenum and the coolant side.

Figure 21: Energy balance using Eq. 18 plotted against that determined using Eq. 17.

Figure 22 shows a plot of exit solution concentration as a function of the
circulation ratio, f, defined as
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m ss
(62)
m v
The circulation ratio is commonly used in absorption refrigeration literature and is a
f 

measure of the amount of secondary fluid needed to pump a desired quantity of
refrigerant to the high-pressure side. In this context, a lower circulation ratio is
preferred due to the smaller volume of secondary fluid required as well as for a
reduction in the overall weight of the system in terms of pump and fluid weights. With
an increase in circulation ratio, the exit concentration decreases; this trend becomes
apparent if the species mass balance for ammonia, Eq. 11, is written in terms of the
circulation ratio,
f 

1  X ws
X ss  X ws

Therefore, the circulation ratio also serves as an alternative representation of the
ammonia species mass balance.

(63)
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Figure 22: Exit mass concentration variation with circulation ratio. Legends: smth:
smooth channel; stp: stepped channel

Given the saturation concentration of ammonia in water at P = 6.14 bar and
T = 50.7 ºC, the lowest circulation ratio theoretically possible is 3.8 for an inlet mass
concentration of 29 percent. For the present experimental conditions, the lowest
circulation ratio of 5.5 corresponded to a weak solution flow rate of 10 g/min and a
vapor flow rate of 2 g/min. Note that the dotted line represents a trend line. Because
the inlet concentration of the solid data points, corresponding to experimental cases
with Tc= 58 ºC, was slightly smaller than the others, they lie on the lower side of the
trend line. For all cases, the calculated strong solution exit concentration from Eq. 11
was within 1.2 percent of the concentration measured by the exit Coriolis flow meter.
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The measurements agreed well with the global conservation laws. The measured
and calculated quantities were on average within the experimental uncertainty
estimate. Therefore, it was confirmed that the measurement system and techniques
utilized were appropriate and that the experimental results obtained were significant
for the absorber geometry studied.

6.1.2 Variations in the Coolant Inlet Conditions
An initial set of experiments were performed to analyze the effect of varying the
coolant mass flow rate. Coolant flow rates of 150 g/min, 200 g/min and 280 g/min
were tested while the vapor flow rate was fixed at 1g/min. These coolant flow rates
represented a coolant side Reynolds number based on the hydraulic diameter of the
coolant channel of 335, 447, and 626 respectively. As indicated in Fig. 23, the coolant
flow rate had little effect on the overall absorber heat transfer performance. This result
was expected and verified the presence of laminar flow inside the coolant channel.
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Figure 23: Overall heat transfer coefficient variation as a function of coolant flow rate
with weak solution flow rate as a parameter for a fixed vapor flow rate of 1g/min

Small variations in the coolant side heat transfer coefficient could have occurred
due to the hydrodynamic and thermal entry lengths. The hydrodynamic entry length,
Zfd,h, for laminar flow can be calculated by [28]
 Z fd , h 

  0.05 Re Dhc
 Dhc lam

(64)

and the thermal entry length, Zfd,t, for laminar flow can be estimated by [28]
 Z fd ,t 

  0.05 Re Dhc Pr
 Dhc lam

For the representative coolant side Reynolds numbers of 335, 447, and 626 the
hydrodynamic entry length was calculated to be 0.032 m, 0.043 m, 0.060 m

(65)
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respectively and the thermal entry length to be 0.10 m, 0.14 m, 0.19 m respectively.
For the 0.15 m long channel these entry length values are significant especially the
thermal entry length, which for the largest coolant flow rate is larger than the length of
the channel. These significant entry lengths are considered to be responsible for the
gradual increase in overall heat transfer coefficient measured from m c = 200 g/min to
m c = 280 g/min. The change in overall heat transfer coefficient from m c = 150 g/min

to m c = 200 g/min was not consistent for the three cases. Nevertheless, the small
changes in the measured overall heat transfer coefficient were within experimental
uncertainty and therefore is concluded that, for the range of varied coolant flow rates,
changes in the coolant side heat transfer coefficient caused by the hydrodynamic and
thermal entry lengths do not cause a significant change in the overall heat transfer
coefficient of the absorber.
Experimentally it was desired to have a larger temperature difference between
the coolant inlet and outlet to reduce the experimental uncertainty. This can be
achieved at lower coolant flow rates. However, lower coolant flow rates also results in
lower local temperature differences between the coolant and the solution channel
reducing the local rate of heat transfer thereby diminishing the mass transfer
performance on the solution side. For example, as indicated in Table 9, for the coolant
mass flow rates of 280 g/min and 200 g/min, 1.5 g/min of vapor was absorbed in
35 g/min of weak solution for a coolant temperature of 58 ºC. However, for the
coolant flow rate of 150 g/min at that same temperature, 1.5 g/min of vapor in 35
g/min of weak solution resulted in incomplete absorption. This was believed to have
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been caused by a diminished mass transfer performance due to lower local
temperature differences along the absorber. Hence, for the rest of the experiments, the
coolant flow rate was held fixed at the middle value of the tested range of 200 g/min.
Under complete absorption conditions, the exit concentration of the strong
solution should only depend on the species mass balance and be independent of the
coolant flow rate. This was confirmed experimentally and is shown in Fig. 24. Similar
to the trend observed in Fig. 22, for a fixed vapor flow rate with an increase in weak
solution flow rate, the exit concentration decreases (see Eq. 11).

Figure 24: Measured strong solution concentration variation as a function of weak
solution with varying coolant flow rate as a parameter for a fixed vapor flow rate of
1g/min

As the experimental test matrix (Table 9) suggests, the number of conditions in
which complete absorption was achieved increased with decreased inlet coolant
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temperature. This indicated that absorption rates were significantly increased with
lower inlet coolant temperatures and more complete absorption flow cases were
possible. A similar trend was observed by [17, 19, and 24]. At lower inlet coolant
temperatures, the absorber operated at a lower averaged temperature within the
solution microchannel since more heat was transferred due to higher temperature
differences. A lower temperature resulted in a local increase in the saturation
concentration of the solution mixture and caused the driving force to mass transfer to
increase. The impact of the coolant temperature on the averaged overall heat transfer
coefficient and mass transfer conductance is discussed in the heat and mass transfer
section of this chapter.

6.1.3 Pressure Drop across Porous Plate
Bubble absorbers suffer from the drawback of a high vapor side pressure
needed to bubble vapor into the liquid solution. This would increase the evaporator
temperature and decrease cooling capacity, and is hence of importance to the cycle
analysis. Darcy’s law states that the volumetric flow rate per unit area, V '' , of a fluid
flow across a porous medium is proportional to the pressure drop across the medium,
dP
[42]
dL
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 dP 
V ''   K 

 dL 

(66)

where K is a proportionality constant named hydraulic conductivity. Therefore, higher
pressure drops across the porous plate are expected at higher vapor flow rates based on
Darcy’s law.
The absorber test section and experimental set up was not originally designed
to characterize the pressure drop across the porous plate. For example, pressure
transducers used were absolute pressure transducers, which were required for an
absolute pressure reading needed to characterize the thermodynamic states of the fluid
streams. A differential pressure transducer between the gas plenum and the solution
microchannel would have been more adequate for a pressure drop measurement.
However, an attempt was made to characterize the pressure drop across the porous
plate with the collected data as a way of obtaining a first approximation of this
quantity and analyze its effect on cycle performance.
The pressure drop across the porous plate was calculated by the difference
between the measured absolute pressure inside the gas plenum and the nominal
absolute pressure inside the solution microchannel, calculated by the averaged
between the measured pressures at the inlet and outlet of the absorber:
 Pabs ,out 
P
Pplate  Pgas   abs ,in

2



(67)

Figures 25 and 26 present the measured pressure drop across the porous plate
for the smooth and stepped-wall geometry respectively, as a function of the vapor
Reynolds number for various coolant inlet temperatures and weak solution flow rates.
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The vapor Reynolds number is calculated based on the absorber microchannel
hydraulic diameter and crossectional area
Rev 

m v Dhs
WH s v

(68)

On average, the uncertainty on ΔP was ±0.007 bar. Whereas the uncertainty in ΔP
accounted for some of the variation in its value at a fixed Rev, the variations in the
data could also have occurred due to the variations in system operating pressure and
temperature about the nominal values.

Figure 25: Pressure drop across the porous plate as a function of vapor Reynolds
number for the smooth wall geometry
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Figure 26: Pressure drop across the porous plate as a function of vapor Reynolds
number for the stepped-wall geometry

The minimum and maximum measured pressure drop across the porous plate
were 0.0786 bar (Rev= 95) and 0.288 bar (Rev= 142) for the stepped and smooth wall
absorber respectively. The increased vapor pressure prior to the absorber results in an
evaporator temperature increase between 0.4 ºC to 1.4 ºC respectively for a nominal
evaporator pressure of 6 bar. If an evaporator load of 6 kW is considered, the
evaporator capacity would be reduced by 0.2 percent and 0.5 percent correspondingly.
Therefore, it is concluded that the increase in evaporator temperature due to the vapor
side pressure drop through the porous plate in the present absorber can be significant
to the application while the reduction in cooling capacity can be neglected.
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Figure 25 shows that the pressure drop across the porous plate for the smooth
absorber microchannel varied noticeably for different flow conditions. With the
exception of one data point (Tc=30 ºC, m ws =20 g/min and Rev= 250) a consistent
increase in pressure drop was measured for increasing vapor Reynolds number for
fixed flow conditions. This trend agrees with the expected trend based on Darcy’s law
for flow across a porous medium.
The porous plate pressure drop for the smooth absorber geometry for fixed
flow conditions was highest at Tc= 58 ºC (see Fig. 25). At Tc= 40 ºC and 30 ºC lower
porous plate pressure drops at the lower coolant temperature were observed at
m ws =20 g/min but not at 35 g/min. However, at 35 g/min the difference between the

two pressures drops for the different coolant inlet temperatures was within uncertainty.
The general trend of the data suggests a reduction in porous plate pressure drop with
decreasing coolant inlet temperature. Consider a hypothetical case where pure
ammonia vapor and a weak solution of ammonia-water were divided by a porous
membrane but the pressure difference across the membrane was zero. Ammonia vapor
would still travel through the membrane driven not by a pressure difference but by a
concentration difference. As the temperature of the solution decreases, the saturation
concentration of the solution increases and the concentration difference for mass
transfer increases producing an increase in the flow of ammonia species. This
hypothetical situation is analogous to the trend observed in Fig. 25 for pressure drop
and coolant inlet temperature. As the coolant inlet temperature is reduced, the solution
temperature is also reduced. A lower solution temperature has a higher saturation
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concentration. Therefore, the flow across the porous plate is caused by both a pressure
difference and a concentration difference, which results in lower pressure drops for a
fixed flow rate of vapor, when the coolant inlet temperature is reduced. For all flow
cases with m ws ≥ 20 g/min, an increase in the porous plate pressure drop was observed
with increasing weak solution flow rate. However, the measurement technique used
and data collected does not allow making further conclusions about the trends of
ΔPplate with m ws .
The stepped-wall absorber shows a more predictable trend of increasing
pressure drop across the porous plate with increasing vapor Reynolds number for fixed
weak solution flow rates and coolant inlet temperatures as shown in Fig. 26, which
was anticipated from Darcy’s law. The trend of pressure drop with coolant inlet
temperature was not as consistent as in the smooth wall absorber. However, note that
the range of pressure drops across the porous plate was greater in stepped-wall
absorber showing that the main trend of pressure drop is related with the vapor
Reynolds number; other trends were not as significant.

6.1.4 Heat and Mass Transfer Variations with ΔTsub,Exit for the Smooth
Absorber
Heat and mass transfer variations in the absorber with exit subcooling are of
importance to the interpretation of the absorption cycle tradeoffs. Exit subcooling,
ΔTsub,Exit, was determined by a difference between the exit saturation temperature and
the measured exit temperature
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Tsub , Exit  Tsat , Exit  TExit

(69)

A larger exit subcooling permits larger absorption rates inside the absorber but also
requires a larger amount of heat to be supplied to the desorber (see Fig. 2).
Figure 27 shows a series of subplots depicting the effect of ΔTsub,Exit on the
overall heat transfer coefficient, U, and overall mass transfer conductance, gm, for the
smooth absorber microchannel. The flow rates of vapor and weak solution were varied
parameters in each subplot. Subplots of U and gm, respectively, are provided for each
coolant inlet temperature of 58 oC (Figs. 27a, 27b), 40 oC (Figs. 27c, 27d), and 30 oC
(Figs. 27e, 27f).
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(a) Tc,i = 58 oC

o

(c) Tc,i = 40 C

(e) Tc,i =30 oC

(b) Tc,i = 58 oC

(d) Tc,i = 40 oC

(f) Tc,i =30 oC

Figure 27: Smooth absorber: Overall heat transfer coefficient (a,c,e) and mass transfer
conductance (b,d,f) variation with exit subcooling. Coolant inlet temperature is a
parameter varied between the sub-plots (a,b) Tc,i = 58 oC; (c,d) Tc,i = 40 oC; (e,f)
Tc,i = 30 oC
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It was observed from all subplots in Fig. 27 that at all inlet coolant
temperatures tested, an increase in the vapor flow rate decreased ΔTsub,Exit. This trend
was expected since increasing the flow rate of vapor increased the heat generation
inside the absorber, which in turn increased the temperature of the solution, thereby
reducing ΔTsub,Exit. It was also observed from the subplots that for fixed flow
conditions, decreasing the temperature of the coolant increased ΔTsub,Exit. For example,
at m v / m ws =1/35, ΔTsub,Exit= 22 ºC approximately for Tc,i= 58 ºC and ΔTsub,Exit= 43 ºC
approximately for Tc,i= 30 ºC. This result was also anticipated since lower inlet
coolant temperatures achieved lower strong solution exit temperatures at a fixed
pressure and concentration, thus increasing ΔTsub,Exit.
For coolant temperatures of 58 ºC and 40 ºC at a fixed vapor flow rate,
increasing the weak solution flow rate increased the amount of subcooling at the exit.
For example, for Tc,i= 40 ºC and m v = 2 g/min, ΔTsub,Exit increased from 12 ºC to about
28 ºC as m ws increased from 10 g/min to 35 g/min. For a coolant temperature of 30 ºC
this tendency was only observed at higher vapor flow rates. This trend might not be
obvious because it might be expected that an increase in the weak solution flow rate
decreases the residence time within the absorber for heat transfer resulting in a lower
subcooling. However, with an increase flow thermal capacity of the solution stream
with an increasing weak solution flow rate, there was also a significant increase in
solution side phase-change heat transfer coefficient. This resulted in an increase in the
amount of exit subcooling, which is in general not desired. At the lower coolant
temperature of 30 ºC and low vapor flow rates of 1 g/min and 1.5 g/min, it is
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conjectured that absorption occurred at a faster rate after injection due to a larger
concentration difference for mass transfer and smaller vapor bubbles. This could have
caused the flow to remain predominantly single-phase and fully developed throughout
the absorber microchannel with an almost constant heat transfer coefficient. Thus no
significant increase in subcooling was observed with increasing weak solution flow
rate for those conditions (see Figs. 27e and f).
General trends of U for all Tc,i (Figs. 27a, c and e) indicated that the heat
transfer coefficient significantly increased with increasing weak solution flow rate and
slightly increased with increased vapor flow rate. The single-phase flow for the
Reynolds number range of 29-103 (corresponding to the weak solution range of 1035 g/min inside the solution microchannel) was in the laminar regime with fairly
constant heat transfer coefficient. In which case, U should be independent of m ws .
However, mixing induced by the vapor phase increased the heat transfer coefficient
[22]. It is hypothesized that for a fixed weak solution flow rate, increased vapor flow
rate caused the bubbles to grow larger in size locally but did not disperse them better
throughout the entire channel. This often increased the heat transfer coefficient only
by a small amount as the vapor flow rate was changed.
The drag force on a spherical object based on a laminar drag coefficient of 0.5
was estimated to be 12.3 times larger (independent of sphere diameter) for a weak
solution flow rate of 35 g/min compared to a weak solution flow rate of 10 g/min
inside the solution microchannel. Therefore, for a fixed vapor flow rate, increased
weak solution flow rate dragged the bubbles more and possibly caused early bubble
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departure, bubble breakup, and more liquid/vapor interactions scattering the vapor
phase better throughout the entire channel enhancing the mixing induced, thereby
increasing the heat transfer coefficient. Thus, higher overall heat transfer coefficients
were observed for increasing weak solution flow rates. This result was not expected
from single-phase laminar flow theory.
Among the three coolant temperatures of 58 ºC, 40 ºC and 30 ºC, the extent of
increase in U with m ws decreased for decreasing coolant inlet temperature. For
example, consider a vapor flow rate of 1 g/min for an inlet coolant temperature of
58 ºC. U changes from 1,450 W/m2-K at 20 g/min of weak solution to 2,200 W/m2-K
at 35 g/min of weak solution, whereas for an inlet coolant temperature of 30 ºC, U
changes from 1,375 W/m2-K at 25 g/min of weak solution to 1,470 W/m2-K at
35 g/min. This trend was perhaps caused by the larger absorptions rates for lower
coolant temperatures, which reduced the overall flow quality inside the microchannel.
The mass transfer conductance subplots in Fig. 27b, d, and f for a coolant
temperature of 58 ºC, 40 ºC, and 30 ºC, respectively, show an increase in mass transfer
conductance for increasing vapor flow rates and decreasing weak solution flow rates.
Since only complete absorption cases were considered, this trend was expected
because the mass transfer conductance (as predicted by Eq. 21) should be larger for
higher vapor flow rates absorbed in lower weak solution flow rates. A low circulation
ratio caused by increasing m v for a fix m ws also results in a lower ΔXlm. Note that
increasing the weak solution flow rate resulted in opposite effects for the overall heat
transfer coefficient and the mass transfer conductance indicating a compromise
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between heat and mass transfer. For example, at a coolant temperature of 40 ºC and at
a vapor mass flow rate of 2 g/min the heat transfer coefficient increased from
900 W/m2-K to 1,800 W/m2-K as the weak solution flow rate increased from 10 g/min
to 35 g/min. For the same increase in weak solution flow rate, the mass transfer
conductance decreased from 0.140 kg/s-m2 to 0.075 kg/s-m2. With a reduction in
coolant temperature, the effect of the weak solution flow rate on the mass transfer
conductance was diminished. Larger exit subcooling produced by lower inlet
temperatures increased ΔXlm by increasing the saturation concentrations and thus the
effect of weak solution flow rate on gm is not as noticeable.
It was observed from the data that low exit subcooling was achieved by a
combination of high vapor flow rate and low weak solution flow rate. Therefore from
a practical point of view, to achieve high U and gm while maintaining low ΔTsub,Exit,
the highest vapor flow rate was desired. The weak solution flow rate variation showed
a tradeoff between heat and mass transfer. The main purpose of the cooling in the
absorber is to remove heat at a rate that allows significant mass transfer to take place
in the solution microchannel while still exiting near saturation conditions. Therefore,
operating the absorber at the highest heat transfer coefficient (most efficient heat
transfer rate) might not be desirable in a practical vapor absorption cycle situation,
since some of that heat removed was perhaps removed unnecessarily. For example, 3
g/min of vapor were experimentally determined to absorb in 20 g/min and 35 g/min of
weak solution at coolant temperatures of 30 ºC and 40 ºC. The overall heat transfer
coefficient for the 35 g/min case was larger; however, this improvement in the heat

124
transfer coefficient did not increase the net amount of vapor mass absorbed. It only
increased the amount of subcooling at the exit of the absorber, which was not desirable
from a viewpoint of the overall cycle. In addition, by increasing the weak solution
flow rate, the overall system size and weight would increase, which is also not
desirable. Therefore, for the example case given, the most desirable operating
condition of the absorber in a refrigeration cycle would be 3 g/min of vapor, 20 g/min
of weak solution and a coolant temperature of 40 ºC, which also reduces the exit
subcooling when compared to the 30 ºC coolant temperature.

6.1.5 Heat and Mass Transfer Variations with ΔTsub,Exit for the Stepped
Absorber
Figure 28 shows a series of subplots depicting the effect of ΔTsub,Exit on the
overall heat transfer coefficient, U, and overall mass transfer conductance, gm for the
stepped absorber microchannel. The flow rates of vapor and weak solution were varied
parameters in each subplot. Subplots of U and gm, respectively, are provided for each
coolant inlet temperature of 40 oC (Figs. 28a, 28b) and 30 oC (Figs. 28c, 28d). Cases
for inlet coolant temperature of 58 oC were not included since, as indicated by the
experimental matrix in Table 9, complete absorption under this condition was
achieved only for a vapor flow rate of 1 g/min.
Note that the area used to calculate the heat and mass transfer coefficient for
the stepped geometry was the same as that of a smooth plate area (projected plate
area). Whereas this area did not take into account the increase in area available for
heat transfer due to the presence of the steps, it provided a simpler method to compare
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both the stepped and smooth absorber geometry. The actual area for heat transfer in
the step geometry was approximately 1.5 times larger than the area for heat transfer in
the smooth absorber geometry. If the steps were considered fins, the fin efficiency of
the steps with single-phase flow heat transfer coefficient was found to be
approximately 66 percent with a fin thermal resistance that was about 345 times lower
than the wall conduction resistance through the 2.54 mm thick wall dividing the
solution and coolant channels. Therefore, the net thermal resistance of the absorber
was not increased significantly by the presence of the steps. The fin effectiveness,
given by the ratio of the heat transfer with the fin divided by the heat transfer without
the fin, was estimated to be around 1.3. In general the fin effectiveness should be at
least equal to or higher than two to justify the use of fins for heat transfer enhancement
[28]. However, it is important to keep in mind that the steps were introduced in an
attempt to increase the vapor residence time inside the absorber rather than to increase
the surface for heat transfer.
Similar to the smooth channel case, it was observed from the subplots that for
the inlet coolant temperatures plotted, an increase in the vapor flow rate decreased
ΔTsub,Exit and a greater subcooling was measured for lower coolant temperatures. At a
fixed vapor flow rate, increasing the weak solution flow rate increased the amount of
subcooling at the exit mainly due to an increase in the overall heat transfer coefficient.
The solution subcooling for a fix flow condition was almost always higher for the
stepped geometry than for the smooth geometry. The greater subcooling was attributed
to the larger surface area available for heat transfer in the stepped geometry that
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resulted in greater rates of heat transfer (the fin effectiveness predicted approximately
1.3 times larger heat transfer rates).

(a) Tc,i =40 oC

(b) Tc,i =40 oC

(c) Tc,i =30 oC

(d) Tc,i =30 oC

Figure 28: Stepped absorber: Overall heat transfer coefficient (a,c) and mass transfer
conductance (b,d) variation with exit subcooling. Coolant inlet temperature is a
parameter varied between the sub-plots (a,b) Tc,i = 40 oC; (c,d) Tc,i = 30 oC

Equivalent to the smooth absorber geometry, the overall heat transfer
coefficient for the stepped geometry showed an increase with increasing weak solution
flow rate and vapor flow rate. The effect of the weak solution flow rate on the heat
transfer coefficient appeared to be reduced as the weak solution flow rate increased.

127
For example, at a coolant inlet temperature of 40 ºC for a fixed vapor flow rate of
2 g/min, the overall heat transfer coefficient increased from 1,300 W/m2-K to about
1,510 W/m2-K as the weak solution flow rate increased from 10 g/min to 20 g/min. As
the weak solution flow rate increased from 20 g/min to 35 g/min, the heat transfer
coefficient increased to 1,610 W/m2-K. Finally, at the maximum weak solution flow
rate of 40 g/min, the heat transfer coefficient measured approximately 1,625 W/m2-K,
which was only slightly higher than U at m ws = 35 g/min.
The increase in heat transfer coefficient for increasing vapor flow rate was also
larger for the lower vapor flow rates and decreased at higher vapor flow rates. For
example, for a coolant inlet temperature of 40 ºC, and a weak solution flow rate of
20 g/min, U increased from 1,280 W/m2-K to 1,650 W/m2-K as the vapor flow rate
increased from 1 g/min to 2 g/min. At the same inlet coolant temperature and for a
weak solution flow rate of 35 g/min, U increased from 1,610 W/m2-K to 1,720 W/m2K as the vapor flow rate increased from 2 g/min to 3 g/min of vapor ( about an 18
percent smaller increase than prior).
For the same flow conditions, the overall heat transfer coefficients were very
similar (within uncertainty) in the stepped and smooth absorber geometry. For
example, for a coolant temperature of 30 ºC at a fixed ratio of m v / m ws =3/35 the
overall heat transfer coefficient was about 1,620 W/m2-K for the smooth absorber. For
the same flow ratio in the stepped absorber the overall heat transfer coefficient was
approximately 1,610 W/m2-K. For a coolant temperature of 40 ºC at a fixed ratio of
m v / m ws =1/20 the overall heat transfer coefficient was about 1,350 W/m2-K for the

128
smooth absorber. For the same flow ratio in the stepped absorber the overall heat
transfer coefficient was approximately 1,280 W/m2-K. A representative uncertainty in
U for these cases is about ±100 W/m2-K.
The stepped geometry showed an increase in the mass transfer conductance
with increasing vapor flow rate similar to the smooth absorber geometry. However, for
the stepped geometry, the mass transfer conductance remained almost unchanged with
increasing weak solution flow rate. This is contrary to the reasoning that for the same
amount of vapor absorbed, an increase in weak solution flow rate causes a decrease in
the exit solution concentration. A lower exit concentration increases ΔXlm (see Eq. 21)
and thus, reduces the mass transfer conductance gm. This trend was observed for the
smooth absorber geometry. In the stepped absorber, however, for a fixed vapor flow
rate, higher exit subcooling was obtained at lower weak solution flow rates when
compared to the smooth geometry. This higher subcooling at the exit could have been
caused by the increase in the area for heat transfer produced by the presence of the
steps, which increased the amount of heat transfer (fin effectiveness estimated as 1.3)
and reduced the exit temperature of the solution. As a result, for the stepped geometry,
the expected higher mass transfer conductance at lower weak solution flow rate was
reduced by a higher ΔXlm due to higher saturation concentrations at the lower solution
exit temperatures.
In general, the mass transfer conductances for the smooth and stepped-wall
absorber geometries were similar for a fixed flow condition with slight variations
caused by the different trends observed with weak solution flow rate. For example, at

129
Tc,i=30 ºC and for a fixed flow ratio of m v / m ws =3/20 the mass transfer conductance
for the smooth absorber was 0.135 kg/s-m2 and for the stepped absorber was about
0.127 kg/s-m2. At Tc,i=40 ºC and for a fixed flow ratio of m v / m ws =1/20 the mass
transfer conductance for the smooth absorber was about 0.032 kg/s-m2 and for the
stepped absorber was also about 0.032 kg/s-m2.
Even though complete absorption was not observed for a vapor flow rate of
1.5 g/min at Tc,i=58 ºC in the stepped absorber geometry, the steps were able to
increase the limit of absorption at inlet coolant temperatures of 40 ºC and 30 ºC when
compared to the smooth absorber geometry. It is hypothesized that by increasing the
residence time of the vapor within the test section, the stepped absorber geometry was
able to absorb 3.5 g/min of vapor in 40 g/min of solution at an inlet coolant
temperature of 40 ºC and up to 5 g/min of vapor in 40 g/min of solution at a coolant
inlet temperature of 30 ºC, cases that were not possible with the smooth absorber
geometry. The reason why the performance of the stepped absorber resulted in less
absorption cases at Tc,i = 58 ºC are unclear. Since lower absorption rates are
experienced at higher solution temperatures (due to a lower driving force for mass
transfer at higher coolant temperatures), it is possible that at this higher coolant
temperature, the vapor that was trapped in the pockets created by the steps was
absorbed at a much slower rate and stayed in contact with the heat transfer wall for a
longer period of time; thus, diminishing the heat transfer from the solution to the wall
(by increasing the resistance to heat transfer). However, this is just a suggestion of a
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possible cause because with the gathered information it is not possible to arrive at a
definite conclusion.
Note that by maximizing the amount of vapor absorbed at a coolant inlet
temperature of 30 ºC (star data point in Fig. 28c and d) the heat transfer coefficient
and the mass transfer conductance were also a maximum while the subcooling at the
exit was a minimum for all the cases tested with the stepped geometry. It can be
concluded that in order to maximize the heat and mass transfer performance of the
microscale film absorber and to reduce the subcooling at the exit, an effort should be
made to maximize the amount of vapor absorbed by either tuning the flow conditions
and/or the physical structure of the absorber.

6.1.6 Heat and Mass Transfer Variations with s / q for the Smooth
Absorber
To document the effect of the heat of absorption on the heat and mass transfer
coefficients, Jenks and Narayanan [16] suggested plotting these coefficients against a
ratio of the source-to-heat rate, s q . The heat source rate, s , accounts for the heat
generation inside the absorber solution microchannel due to the heat of absorption, and
was approximated to be [33]
s  m v (hv  hws )

(70)

Ratios of s q less than unity ( s q < 1) signify that the heat rate remove by the
coolant, q , is larger than the heat generation rate, s . As a result, the solution exit
temperature is lower than the inlet solution temperature in the microchannel. In
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contrast, ratios s q greater than unity ( s q > 1) indicate that the heat generation rate,
s , is larger than the heat rate removed by the coolant, q . As a result, the exit solution

temperature is larger than the inlet temperature despite the removal of heat by the
coolant. In the present study, ratios of s / q were always measured to be less than
unity. However, in a previous study performed by Jenks and Narayanan [16] on a
similar microscale constrained film absorber, source-to-heat ratios greater than one
were reported. Source-to-heat ratios larger than one were not measured in this study
because the inlet weak solution subcooling was relatively low (approximately 10 ºC).
Therefore, the heat removed by the coolant needed to be greater than the heat of
absorption generated to have considerable rates of ammonia mass absorption within
the absorber. In the study by Jenks and Narayanan [16] the inlet weak solution
subcooling was significantly larger than in the present study (approximately 80 ºC for
the documented pressure of 4 bar, inlet weak solution concentration of 0.15 and inlet
solution temperature of 22.5 ºC). Therefore, considerable rates of ammonia absorption
were observed even for the reported cases when s q > 1.
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(a) Tc,i=58 °C

(b) Tc,i=58 °C

(c) Tc,i=40 °C

(d) Tc,i=40 °C

(e) Tc,i=30 °C

(f) Tc,i=30 °C

Figure 29: Smooth absorber geometry: Overall heat transfer coefficient (a,c,e) and
mass transfer conductance (b,d,f) variation with source-to-heat-rate ratio. Coolant inlet
temperature is a parameter varied between the sub-plots (a,b) Tc,i = 58 oC; (c,d) Tc,i =
40 oC; (e,f) Tc,i = 30 oC
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Figure 29 shows a series of subplots depicting the effect of s q on the overall
heat transfer coefficient, U, and overall mass transfer conductance, gm for the smooth
absorber microchannel. The flow rates of vapor and weak solution were the varied
parameters in each subplot. Subplots U and gm, respectively, are provided for each
coolant inlet temperature of 58 oC (Figs. 29a, 29b), 40 oC (Figs. 29c, 29d), and 30 oC
(Figs. 29e, 29f).
A general trend to note in all subplots is that the source-to-heat ratio increased
with increasing vapor flow rate and with higher inlet coolant temperatures. This result
was intuitive since for a fixed weak solution flow rate, a higher vapor flow rate
increased the heat generation inside the absorber while higher inlet coolant
temperatures reduced the net amount of heat exchange, both resulting in an increase in
s q . A more interesting trend was observed with the weak solution flow rate. For a fix

vapor flow rate (fixed value of s ), the source-to-heat-rate-ratio decreased with
increasing weak solution flow rate. This result indicated that greater amounts of heat
were transferred from the solution microchannel side to the coolant side at higher
weak solution flow rates. Such a result would have been expected of a single-phase
fully developed laminar flow. However, note that as the weak solution flow rate was
increased, the overall absorber heat transfer coefficient was significantly increased.
This result was not expected of a single-phase fully developed flow inside the solution
microchannel and indicated that the solution-side two-phase flow heat transfer
coefficient had increase for increasing weak solution flow rates.
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Variations in U at a fixed flow condition among the three inlet coolant
temperature subplots in Figs. 29a, c, and e are worth noting. As opposed to singlephase, single-component flow where U is independent of the inlet temperature, U of
the absorber was seen to decrease with decreasing coolant inlet temperature. This
trend can be explained by the solution side two-phase heat transfer coefficient. At
lower inlet coolant temperatures, absorption rates of the vapor phase were higher and
thus for a fix flow condition, the absorber area-averaged flow quality was reduced.
The reduction in flow quality resulted in a reduction in the solution side two-phase
heat transfer coefficient, which in turn resulted in a reduction in the measured overall
heat transfer coefficient.
Comparing the subplots in Fig. 27 and Fig. 29, it is observed that lower s q
ratios corresponded to higher solution exit subcooling (lower m v ). In Fig. 29f, which
shows a plot of gm vs. s q for Tc,i= 30 ºC , it appeared that for the vapor flow rates of
1 g/min, 1.5 g/min, and 2 g/min the mass transfer conductance was increasing with
increasing weak solution flow rate for a fix vapor injection rate. This trend, which was
contradictory to the trend in other mass transfer conductance plots in Fig. 29b and d
for Tc,i= 58 ºC and 40 ºC respectively, was a result of slightly lower subcooling
measured for some of the higher weak solution flow rate cases (note: higher
subcooling has been more consistently measured for higher weak solution flow rates).
A lower exit subcooling resulted in a decrease in ΔXlm and thus, higher gm. The log
mean concentration difference, ΔXlm, was very sensitive to temperature since small
temperature changes can change the saturation concentrations. At higher inlet coolant
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temperatures and vapor flow rates, the effect of the two-phase flow in the measured
quantities was dominant and consistent in the data. For low coolant temperatures and
low vapor flow rates, such as for a coolant temperature of 30 ºC and vapor flow rates
of 1 g/min, 1.5 g/min, and 2 g/min, the flow behaved more closely to a single-phase
flow and the conduction temperature gradients within the body of the test section were
large. For these cases, heat conduction within the stainless steel test section could have
lessen the temperature gradients in the solution set by the two-phase flow and thus the
subcooling trends were not as consistent at the lowest inlet coolant temperature and
low vapor flow rates.

6.1.7 Heat and Mass Transfer Variations with s / q for the Stepped
Absorber
Figure 30 shows a series of subplots depicting the effect of s q on the overall
heat transfer coefficient, U, and overall mass transfer conductance, gm for the stepped
absorber microchannel. The flow rates of vapor and weak solution were parameters
varied in each subplot. Subplots for U and gm, respectively, are provided for each
coolant inlet temperature of 40 oC (Figs. 30a, 30b), and 30 oC (Figs. 30c, 30d). Once
again, the results for an inlet coolant temperature of 58 ºC are not shown since, at this
coolant temperature, all of the 1.5 g/min of vapor cases resulted in incomplete
absorption. The trends presented in Fig. 30 for the stepped absorber channel were
similar to the trends presented in Fig. 29 for the smooth absorber channel. These
trends have already been discussed under the smooth channel absorber section for
variations in U and gm with s / q .
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(a) Tc,i = 40 °C
(b) Tc,i = 40 °C

(c) Tc,i = 30 °C

(d) Tc,i = 30 °C

Figure 30: Stepped absorber: Overall heat transfer coefficient (a,c) and mass transfer
conductance (b,d) variation with source-to-heat-rate ratio. Coolant inlet temperature is
a parameter varied between the sub-plots (a,b) Tc,i = 40 oC; (c,d) Tc,i = 30 oC

For a fixed flow condition, the ratio s / q was most often a little lower for the
stepped geometry than for the smooth geometry. Since s was fixed for a fixed flow
condition, this observation indicated that q was a little larger on the stepped
geometry. This result agreed with the anticipated larger amount of heat transfer as a
result of the surface area increase on the stepped channel geometry. However, note
that even though the increase in surface area for the step geometry was approximately
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1.5 times that of the smooth channel, the find effectiveness of the steps was
approximately 1.3. Therefore, the expected increase in the amount of heat transfer for
the step geometry was not expected to be major, as verified by the experiments.

6.1.8 Absorber Effectiveness‐NTU
In heat exchanger literature, the effectiveness of a heat exchanger is defined as
the ratio of the actual amount of heat transfer rate to the theoretical maximum heat
transfer rate [28]



q

(71)

qmax

where q max is calculated by the product of the largest temperature difference possible
and the minimum flow thermal capacitance [28]
 p
qmax   mc

min

T

h ,i

 Tc ,i 

(72)

Due to smaller solution side flow rates compared to the coolant flow rate, the
minimum flow thermal capacitance of the absorber was always dictated by the
solution side. For the absorption process studied here, q max must be modified to
account for the heat generation term, the increase in solution mass flow rate as well as
the property variations due to changes in the solution ammonia mass fraction. For
these reasons the maximum theoretical heat transfer for the absorber was defined as
qmax

abs

 m ss  hs ,in  P, X ws , Tws   hs ,out  P, X ss , Tc ,in    s

(73)
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Based on this qmax

abs

, a modified heat transfer effectiveness for the absorber was

defined as the ratio of the actual heat rate transfer divided by the maximum theoretical
absorber heat load

 mod 

q
qmax

(74)
abs

The effectiveness of any heat exchanger is a function of the number of transfer
units, NTU, and the ratio of the thermal capacitances of the flow [28]. The number of
heat transfer units is defined as
NTU 

UA
 p
 mc

(75)
min

A constant NTU value could be considered a constant m ws value since NTU is more a
function of m ws than it is of m v . The ratio of the thermal capacitances of the flow is
often referred as Cr and is calculated by
Cr 

 
 mc
 
 mc

p min

(76)

p max

Figure 31 shows the absorber modified effectiveness as a function of the number
of heat transfer units for all 64 complete absorption cases obtained with the smooth
and stepped absorber geometry. The range of ratios of the thermal capacitances of the
flow, Cr, for all experimental cases was small (between 0.055 and 0.273) and its effect
could not be distinguished to any degree certainty. Figure 31 also plots the analytical
effectiveness profile as a function of NTU for a counterflow concentric tube heat
exchanger for a Cr value of 0.25 as given by [28]. Note that despite variations in flow
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conditions and absorber plates, the experimental data followed the general trend of a
counterflow heat exchanger fairly well. The lowest and highest experimental
effectiveness measured were 0.75 and 0.98 respectively while the number of heat
transfer units varied between 2 to 9 approximately. Greater heat transfer units and thus
greater heat transfer effectiveness were obtained with the stepped channel geometry.
This trend was perhaps a consequence of a higher surface area for mass transfer on the
stepped geometry which permitted a larger q to be transferred. Even though
variations in the weak solution flow rate were not differentiated in Fig. 31 for clarity,
the heat transfer effectiveness of the absorber decreased with increasing weak
solution. This behavior can be attributed to a larger theoretical qmax

abs

due to the

increase in the solution flow rate which in turn resulted in a lower effectiveness. The
compromise between heat and mass transfer in the absorber can also be seen in this
figure since to absorber higher vapor flow rates, higher weak solution flow rates were
required which in turn decreased the heat transfer effectiveness of the absorber.
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Figure 31: Heat transfer effectiveness of the constrained thin film absorber as a
function of NTU

For a fixed NTU value (approximately constant m ws ) as the vapor flow rate
was increased, the absorber modified heat transfer effectiveness was decreased
slightly. This effect could be explained by an increase in qmax

abs

which reduces  mod .

As a result the data points in Fig. 31, which includes the whole range of vapor flow
rate tested from 1 g/min to 5 g/min, show some scatter. However, changes in  mod
with m v at a fixed weak solution flow rate were relatively small, always within
uncertainty estimates, suggesting that the absorber heat transfer effectiveness can be
considered almost independent of m v .
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6.2 Numerical Results
6.2.1 Grid Independence
In order to assess grid independence of the numerical model developed for the
microscale thin film ammonia-water absorber, some preliminary simulations were
undertaken. For these simulations the flow rates of the coolant, weak solution and
vapor were fixed at approximately 200 g/min, 35 g/min and 3 g/min, respectively. The
coolant, weak solution and vapor inlet temperatures were also fixed at about 40 ºC,
74 ºC and 58 ºC respectively. The inlet weak solution concentration was set at
29 percent with a constant system pressure of 6.1 bar. The effect of varying the
number of control volumes, N, ranging from 150 to 390 control volumes, for the
solution temperature, mass concentration, and convected mass flow rate of vapor is
shown in Figs. 32, 33 and 34, respectively. These three variables presented the larger
variations among all the variables in the code with varying control volumes. A total of
390 control volumes indicated the maximum number of control volumes possible with
the memory available in the program (12,000 variables max).
As seen in Fig. 32 and Fig. 33, the solution temperature and mass
concentration differences between 350 and 390 control volumes were insignificant
throughout the length of the absorber. It appeared that the more sensitive variable to
the number of control volumes was the convected vapor flow rate, which differed by a
maximum of 0.7 percent of its local value between 350 and 390 control volumes at an
axial location of z = 0.09 m. The length of the control volume, Δz, and the superficial
velocity of the solution, u, were used to calculate the convective time, Δt = Δz/u,
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required for bubbles of a fixed surface area to be absorbed into solution. Therefore as
N decreased, Δz increased and the time for absorption into each control volume
increased, resulting in a decrease in the amount of vapor convected downstream; see
Fig. 34. However, as N changed from 390 to 350, very little change was observed and
therefore the solution was deemed to be grid independent. The coolant temperature
profile for 390 control volumes was almost indistinguishable from the solution at 350
control volumes. Henceforth, 390 control volumes will be used for all the results
presented here. It was also determined from the grid independence study that the
numerical scheme was second order accurate (see Appendix 7).

Figure 32: Solution temperature profiles along the absorber for different number of
control volumes, N, indicating little variation for N = 350 and beyond
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Figure 33: Mass-concentration profiles along the absorber for different number of
control volumes, N, indicating little variation for N = 350 and beyond

Figure 34: Profiles of convected vapor mass flow rate entering the west side of a
control volume along the absorber for different number of control volumes, N,
indicating little variation for N = 350 and beyond
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6.2.2 Model Validation
Three different methods were used to validate the numerical model. The first
method entailed comparing the analytical solution for a counterflow heat exchanger
with the numerical heat transfer solution for a non-absorption condition. For a typical
counterflow heat exchanger with no source, constant heat transfer coefficient and
specific heats, the analytical solution for the local temperature difference is given as
[28]
 1
 Ts  x   T c  x  
1
ln 

  U Wx  
 Tws  Tco

 m s c p , s m c c p ,c





(77)

Note that since the temperature difference Tws  Tco  was not known a priori, an
iterated solution for the analytical profiles was also required. To compare the solutions
obtained by the two methods, the coolant and the weak solution flow rates were fixed
at 200 g/min and 50 g/min, respectively. The inlet temperature of the coolant and the
weak solution were set to 10 ºC and 80 ºC respectively. A value of 440 W/m2-K was
input as the constant heat transfer coefficient. Pure water was used as both hot and
cold fluid and thus the inlet weak solution concentration and vapor flow rate in the
numerical program were set to zero. Figure 35 shows that practically no differences
were observed between the analytical and the numerical temperature profiles for the
hot, Th, and the cold, Tc, streams. This result validated the heat transfer modeling in
the numerical program.
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Figure 35: Numerical heat transfer solution compared to the analytical solution for a
counterflow heat exchanger with constant heat transfer coefficient and no source term

The second model validation was performed by looking at the absorption-limit
cases observed experimentally. An absorption-limit case refers to the flow conditions
for the highest weak solution and vapor flow rate that was absorbed at a given coolant
inlet temperature. The injected bubble diameter of 220 µm was set by tuning the
numerical program to the limit case of m ws = 35 g/min and m v = 1.5 g/min at a coolant
inlet temperature of 58 ºC so that complete absorption occurred at almost the end of
the channel. Two other limiting cases existed: (a) at a coolant inlet temperature of
40 ºC and (b) at a coolant inlet temperature of 30 ºC. For both limiting cases (a) and
(b) m ws = 35 g/min and m v = 3 g/min. Figure 36 shows the convected vapor mass flow
rate entering the west side of a control volume along the absorber for the three
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different coolant inlet temperatures tested. Note, from the figure, that the program
predicted almost complete absorption at Tc= 40 ºC with very little vapor exiting the
absorber and complete absorption at Tc= 30 ºC with vapor being completely absorbed
towards the end of the absorber channel at about 85 percent of the total absorber
length. For the 40 ºC coolant case, it was estimated that complete absorption would
have occurred at the end of the channel for m ws =2.9 g/min. For the 30 ºC coolant
temperature, the model predicted that complete absorption within the channel could
have occurred up to m ws = 3.8 g/min. In the experiments, the vapor flow rate was
increased in increments of 0.5 g/min, indicating that a vapor flow rate of 3.5 g/min
was not absorbed at either of these coolant temperatures. Therefore, the model
predicted the absorption limit within about ± 0.5 g/min of m v for all coolant
temperature tested.
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Figure 36: Convected vapor mass flow rate entering the west side of a control volume
along the absorber for different absorber limit cases at Tc= 58 ºC, 40 ºC, and 30 ºC.

The last model validation was performed by comparing the measured total
amount of heat transferred for all 36 complete absorption cases obtained with the
smooth absorber geometry against the total heat transferred as calculated by the
numerical model. The total amount of heat transferred calculated numerically was
given as the sum of all the local amounts of heat transferred at each control volume.
The local amount of heat transferred at each control volume depended upon all the
local variables such as temperatures, absorption rates and flow quality since heat and
mass transfer process were linked together. Therefore, a comparison of this type was
believed to provide a good method of validation between the experimental values and
the numerical results. Note that in order to make this comparison, it was necessary to
obtain a converged numerical solution at each experimental condition tested.
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Figure 37: Comparison of the net amount of heat transferred as measured
experimentally, Exp, and as calculated numerically, Num, for all complete absorption
cases on the smooth channel geometry for Tc= 58 ºC

Figure 38: Comparison of the net amount of heat transferred as measured
experimentally, Exp, and as calculated numerically, Num, for all complete absorption
cases on the smooth channel geometry for Tc= 40 ºC
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Figure 39: Comparison of the net amount of heat transferred as measured
experimentally, Exp, and as calculated numerically, Num, for all complete absorption
cases on the smooth channel geometry for Tc= 30 ºC

Figures 37, 38, and 39 show the comparison of the experimentally measured
net amount of heat transferred and the numerical estimate for this same quantity as a
function of vapor flow rate and weak solution flow rate at inlet coolant temperatures
of 58 ºC, 40 ºC, and 30 ºC respectively. At all coolant temperatures, the total amount
of heat transferred increased with increasing weak solution flow rate and vapor flow
rate. This same behavior was captured by the numerical model. Note that at Tc= 58 ºC
and Tc= 40 ºC (Fig. 37 and 38 respectively) the numerical estimate of the net heat
transfer rate agreed well with the experimental values, to within uncertainty for almost
all cases for m ws = 10 g/min and 20 g/min. At 35 g/min the numerical program
underestimated q . At Tc= 30 ºC (Fig. 39) good agreement between the numerical
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model and the experiments was always found at around m ws = 20 g/min. At
m ws = 25 g/min the numerical model underestimated q for the low vapor flow rates of

1 g/min and 1.5 g/min, while good agreement was found at the higher vapor flow rates
at this same weak solution flow rate. For m ws = 35 g/min the model also
underestimated the net amount of heat transferred at this lowest coolant temperature.
Overall, the maximum difference between the experimental q and the numerical q
for all 36 cases was 35 percent with an average difference over all of the values of
9 percent. Given the complicated flow and heat transfer phenomena in addition to the
various assumptions that were used in the model, it was concluded that the model
predicted what happed in the experiments to a reasonable extent. In the worst case, it
provided a rather conservative estimate of the absorber performance.

6.2.3 Parametric Study
Presented in this section is a parametric study of the constrained thin film
bubble absorber performance by using the validated numerical model. The study is
presented in two parts: the first discusses variation of fluidic parameters, and the
second discusses geometrical variations. In particular, the varied fluidic parameters
consisted of the coolant flow rate, coolant inlet temperature, weak solution flow rate,
weak solution inlet temperature, weak solution inlet concentration, and the injected
vapor flow rate. The nominal absorber operating pressure and ammonia vapor
temperature were held fixed at 6 bar absolute, and 55 oC, respectively, since these
were the experimental conditions under which the absorber performance was
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quantified by global measurements. Also, these conditions would be representative of
those in the absorber of an absorption refrigeration system. The absorber channel
geometry was kept fixed at 15 cm in length, and 3 cm in width. Geometrical variations
presented in this parametric study related to the height of the solution microchannel,
length of the non-porous section as well as to the variation in the number of the porous
versus non-porous sections along the length of the absorber. For each parameter
varied, only the quantities that showed more interesting results were plotted to avoid
overpopulating this section with figures.

6.2.3.1 Fluidic Parameters
Variations in Coolant Flow Rate

Figures 40, 41 and 42 show the effect of varying the coolant flow rate on the
convected mass flow rate of vapor, temperature profiles, and overall heat transfer
coefficient, respectively. Table 12 summarizes the conditions under which the coolant
flow rate parametric study was performed.
Table 12: Test conditions for variations in coolant flow rate
m ws
m c
m v
Tws
Tc
Tv
P
[bar]
6

[g/min]
35

[ºC]

Xws

75

0.28

[g/min]
VARIED

[ºC]
50

[g/min]
2

[ºC]

Hs
[mm]

Lp

Sections

55

0.6

3/5L

2
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Figure 40: Variation of convected vapor flow rate along the absorber with coolant
flow rate.

Figure 41: Variation of solution and coolant temperature along the absorber with
coolant flow rate.
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Figure 42: Variation of overall absorber heat transfer coefficient along the absorber
with coolant flow rate.

Figure 40 shows a reduction in the mass flow rate of vapor convected
downstream for increasing coolant flow rates. As the coolant flow rate was increased,
 p  , increased, thereby reducing the
the coolant flow thermal capacity,  mc
c

temperature drop along the coolant channel for a fixed q . As a result, the local coolant
temperatures are lower (see Fig. 41). Lower local coolant temperatures increased the
rate of heat transfer, resulting in lower solution side temperatures, as seen in Fig. 41.
Lower solution temperatures caused an increase in the mass transfer driving force, and
hence decreased the convected residual vapor along the channel.

154
Figure 42 indicates the variation in local overall absorber heat transfer
coefficient over the length of the channel. The overall heat transfer coefficient was
slightly larger throughout the first section of the channel for increasing coolant flow
rates. This trend was expected from the increase in the coolant side heat transfer
coefficient, due to the entry length effect on higher mass flow rates (see Eqs. 44 and
45). However, lower coolant flow rates exhibited higher convected vapor mass flow
rates (see Fig. 40), which indicate higher flow qualities. From the two-phase heat
transfer multiplier, M5 in Table 11, in Eq. 47, higher solution-side two-phase heat
transfer coefficients are expected at higher qualities. This trend was observed during
the last section of the channel where lower coolant flow rates had higher overall
absorber heat transfer coefficients because of the higher flow qualities on the solution
side. Overall, the area-averaged absorber heat transfer coefficient for the four coolant
flow rates tested differed only by a maximum of 1.1 percent, indicating little variation
in overall averaged U with m c . This result was also obtained experimentally
(see Fig. 23).
Variations in Coolant Inlet Temperature

Figures 43, 44 and 45 show the effect of varying the coolant inlet temperature
on the convected mass flow rate of vapor, temperature profiles, and overall heat
transfer coefficient, respectively. Table 13 summarizes the conditions under which the
coolant inlet temperature parametric study was performed.
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Table 13: Test conditions for variations in coolant inlet temperature
m ws
m c
m v
Tws
Tc
Tv
P
Hs
[bar]
6

[g/min]
25

[ºC]
75

Xws

0.28

[g/min]
200

[ºC]

VARIED

[g/min]
2

[ºC]

[mm]

55

0.6

Lp

Sections

3/5L

2

Figure 43: Variation of convected vapor flow rate along the absorber with coolant
inlet temperature.
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Figure 44: Variation of temperature profiles along the absorber with inlet coolant
temperature.

Figure 45: Variation of overall absorber heat transfer coefficient along the absorber
with coolant inlet temperature.
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Figure 43 shows that there was a strong link between the vapor flow rate
convected downstream and the coolant inlet temperature. The impact of coolant inlet
temperature variations was larger than that produced by the increase of the coolant
flow rate seen in Fig. 40. The reasoning for the larger absorption rates for lower
coolant temperatures was similar to that of the coolant flow rate variation- an increase
in the driving force for mass transfer at lower solution temperatures. This becomes
apparent in looking at Fig. 44, which shows the impact of the coolant inlet temperature
on the solution temperatures. As the coolant inlet temperature decreases, the local
solution temperatures are reduced significantly. Also note in Fig. 44 that at the highest
coolant temperature of 60 ºC the solution temperature increases at the beginning of the
channel despite the removal of heat, indicating a higher local heat generation rate
compared with local heat removal rates.
In a single-phase flow with no phase change, the heat transfer coefficient is
expected to be independent of inlet temperature. Figure 45, which plots variations in
overall heat transfer coefficient along the length of the absorber, shows a significant
increase in the local absorber overall heat transfer coefficient with increasing inlet
coolant temperature. The increase in the absorber heat transfer coefficient was a direct
consequence of the rate of absorption of the vapor phase. The vapor absorption rate
was decreased with increasing coolant inlet temperature, which resulted in a higher
flow quality throughout the solution channel. Higher local flow qualities increased the
solution-side heat transfer coefficient (see Eq. 47 with M5 multiplier in Table 11) and
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thus increased the overall absorber heat transfer coefficient. For fixed flow conditions,
higher heat transfer coefficients were also measured experimentally at higher coolant
inlet temperatures (see Figs. 27-30).
Variations in Weak Solution Flow Rate

Figures 46, 47 and 48 show the effect of varying the inlet weak solution flow
rate on the convected mass flow rate of vapor, ammonia concentration, and solution
temperature, respectively. Table 14 summarizes the conditions under which the inlet
weak solution flow rate parametric study was performed.
Table 14: Test conditions for variations in inlet weak solution flow rate
m ws
m c
m v
Tws
Tc
Tv
P
Hs
[bar]
6

[g/min]
VARIED

[ºC]
75

Xws

0.28

[g/min]
200

[ºC]
45

[g/min]
3

[ºC]

[mm]

55

0.6

Lp

Sections

3/5L

2

Figure 46: Variation of convected vapor flow rate along the absorber with weak
solution flow rate
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Figure 47: Variation of solution concentration along the absorber with weak solution
flow rate; saturation concentration, Sat, also shown for the first 2 solution flow rates

Figure 48: Variation of solution temperature along the absorber with weak solution
flow rate
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The variation of convected vapor flow rate with weak solution flow rate shown
in Fig. 46 exhibited an important and interesting trend that was also indicated during
experiments by visual observations at the absorber exit. At the lowest weak solution
flow rate, m ws  10 g / min , complete absorption was not achieved because of the
larger local concentration of ammonia (see Fig. 47) that significantly reduced the
driving force for mass transfer (see Eq. 22), and hence the mass transfer rate. Note that
for mass transfer limited case of 10 g/min, the solution concentration quickly
approached the saturation concentration near the entrance of the absorber and
continued to follow the saturation concentration almost parallel, with an offset of
about 0.017 as seen in Fig. 47. As the solution flow rate increased to m ws  20 g / min ,
complete absorption was achieved. Increasing the weak solution further once again
resulted in incomplete absorption. For these larger weak solution flow rates,
incomplete absorption was caused because the bubble residence time inside the
absorber was insufficient for complete absorption. Thus, a balance between the
convective time and the absorption time dictated the degree of completeness of
absorption. Experimentally, it was observed that irrespective of the inlet coolant
temperature, complete absorption at any significant vapor flow rate (> 1 g/min) was
not possible at a weak solution flow rate higher than 35 g/min.
A consequence of increasing the weak solution flow rate was manifested as an
expected decreased in local ammonia concentrations, as seen in Fig. 47. Also
illustrated in this figure are the saturation concentrations for m ws  10 g / min and
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m ws  20 g / min . The saturation concentration increased along the length of the

absorber as a result of lower local solution temperatures (see Fig. 48). The inlet weak
solution concentration of 28 percent was about 6 percent lower than the inlet
saturation concentration. Therefore, without heat removal at the absorber, no
significant mass transfer rates can take place for the tested conditions.
Figure 48 shows that the solution temperature exited at a lower temperature for
lower weak solution flow rates. This general trend was expected because increasing
the weak solution flow rate increased the solution flow thermal capacity, resulting in
lower temperature differences between solution inlet and outlet. However, the local
solution temperature variation showed a more interesting trend. Note that the solution
temperatures near the entrance of the absorber were slightly higher for lower weak
solution flow rates. Heat generation rates inside the absorber changed the expected
temperature profile near the microchannel entrance, where lower weak solution flow
rates measured slightly higher temperatures than higher weak solution flow rates. For
example, at m ws  10 g/min, it is clear that the solution temperature was the highest
near the entrance of the channel.
Variations in Weak Solution Inlet Temperature

Figures 49, 50 and 51 show the effect of varying the inlet weak solution
temperature on the convected mass flow rate of vapor, solution concentration, and
solution temperature, respectively. Table 15 summarizes the conditions under which
the inlet weak solution temperature parametric study was performed.
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Table 15: Test conditions for variations in inlet weak solution temperature
m ws
m c
m v
Tws
Tc
Tv
P
Hs
[bar]
6

[g/min]
40

[ºC]

VARIED

Xws

0.28

[g/min]
200

[ºC]
30

[g/min]
4

[ºC]

[mm]

55

0.6

Lp

Sections

3/5L

2

Figure 49: Variation of convected vapor flow rate along the absorber with inlet weak
solution temperature
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Figure 50: Variation of solution concentration along the absorber with weak solution
inlet temperature

Figure 51: Variation of solution temperature along the absorber with inlet weak
solution temperature
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Figure 49 shows an increase in the mass flow rate of vapor convected
downstream with increasing inlet weak solution temperature. This behavior was
caused by larger absorption rates near the entrance of the absorber for lower inlet
weak solution temperatures, due to a larger driving force for mass transfer. When the
temperature of the inlet weak solution is low, the inlet subcooling is high and thus the
mass transfer rate is high. As absorption takes places near the entrance more rapidly
for a lower inlet solution temperature, the ammonia mass concentration becomes
locally higher (see Fig. 50), compared to a higher inlet weak solution temperature.
Furthermore, the higher local absorption rates for the lower inlet solution temperature
also increase the local heat generation inside the absorber such that the heat source
rate is greater than the heat removal rate, and thus the solution temperature increases
(see Fig. 51). There is a point at which the higher solution temperature, combined with
a higher local concentration, begins to limit the mass transfer rate. This is the reason
for which at the exit of the channel, the vapor convected downstream was not much
different for the four weak solution temperatures despite the large differences in vapor
convected downstream near the absorber entrance. The experimental study performed
in this report did not test different weak solution temperatures. However, Bourouis et
al. [17] indicated that the temperature of the inlet weak solution rarely affected the
overall mass transfer conductance measured in their experiments for a bubble
absorber. A numerical study by Goel and Goswami [19] reported that the increase in
absorption rates with lower inlet weak solution temperatures was small for the falling
film absorber.
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Figure 51 show that at lower inlet weak solution temperatures, the solution
temperature was increased, despite the removal of heat by the coolant. This significant
solution heating at lower weak solution temperatures was caused by larger absorption
rates and thus large heat generation rates as discussed above. Note that for
Tws= 45 ºC, the solution exited at a higher temperature than the inlet temperature. This
case would have corresponded to an experimental value of s / q greater than 1
compared to those seen in Fig. 29 and Fig. 30, which were all less than unity.
Variations in Weak Solution Inlet Concentration

Figures 52, 53 and 56 show the effect of varying the inlet weak solution
concentration on the convected mass flow rate of vapor, solution temperature and the
saturation solution concentration, respectively. Table 16 summarizes the conditions
under which the inlet weak solution concentration parametric study was performed.

Table 16: Test conditions for variations in inlet weak solution concentration
m ws
m c
m v
Tws
Tc
Tv
P
Hs
[bar]
6

[g/min]
30

[ºC]
75

Xws

VARIED

[g/min]
250

[ºC]
58

[g/min]
1.5

[ºC]

[mm]

55

0.6

Lp

Sections

3/5L

2
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Figure 52: Variation of convected vapor flow rate along the absorber with inlet weak
solution concentration

Figure 53: Variation of convected vapor flow rate along the absorber with inlet weak
solution concentration
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Figure 54: Variation of solution saturation concentration along the absorber with
weak solution inlet concentration

Figure 52 shows that when the weak solution concentration was significantly
less than 0.3, the vapor flow rate convected down was reduced significantly. This was
due to a high mass transfer driving force (see Eq. 33), a consequence of the larger
difference between the local solution concentration and the local saturation solution
concentration. However, as the concentration approached the saturation concentration
for the fixed pressure and inlet temperature conditions, Xsat=0.34, the mass transfer
driving force was decreased significantly, resulting in incomplete absorption for
Xws= 0.3.
As illustrated in Fig. 53, with an increase in inlet concentration, lower solution
temperatures were observed in the porous section, but higher temperatures were
observed in the non-porous section, including the exit temperature of the solution. The
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convected vapor flow rate profiles in Fig. 52 can be used to explain this trend in
solution temperature. At low concentrations, the larger mass transfer driving force
caused absorption of a fixed amount of vapor to occur in a smaller length of the
channel. With an increase in inlet concentration, less vapor was absorbed in each
control volume within the porous section, consequently resulting in a decrease in
temperature for the same amount of injected vapor as compared with the lower weak
solution concentration condition. Also, a more substantial portion of convected vapor
entered the non-porous portion of the absorber and was absorbed in that section,
resulting in an increase in temperature in this latter section of the absorber.
Figure 54 plots the saturation concentration along the length of the absorber for
the varied weak solution inlet concentrations. As mentioned earlier, the saturation
concentration at the inlet of the absorber was about 34 percent. For the lower inlet
solution concentrations, absorption occurred at a fast rate, maintaining a fairly even
solution temperature while vapor was present in the channel and thus maintaining a
somewhat stable saturation concentration. As soon as complete absorption occurred
within the absorber, the saturation concentration rapidly increased due to the cooling
of the solution stream by the coolant. For the highest inlet weak solution concentration
of 30 percent, the saturation concentration increased steadily from the beginning of the
channel, indicating the heat removal rates cooled the solution faster than the heat
generation rates could heat it. This effect was desired, since a higher saturation
concentration is needed to increase the driving force for mass transfer (Eq. 33) and
thus allowing vapor absorption to take place at the higher inlet solution concentration.
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Variations in Vapor Injection Rate

Figures 55 and 56 show the effect of varying the vapor injection rate on the
convected mass flow rate of vapor and absorber temperature profiles, respectively. It
is also interesting to note the local variations in solution specific volume and absorber
overall heat transfer coefficient, as shown in Fig. 57 and 58, respectively. Table 17
summarizes the conditions under which the vapor injection rate parametric study was
performed.
Table 17: Test conditions for variations in vapor injection flow rate
m ws
m c
m v
Hs
Tws
P
[bar]
6

[g/min]
30

[ºC]
75

Xws

0.28

[g/min]
200

Tc [ºC]
50

[g/min]
VARIED

Tv [ºC]
55

[mm]
0.6

Lp

Sections

3/5L

2

Figure 55: Variation of convected vapor flow rate along the absorber with vapor
injection flow rate
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Figure 56: Variation of temperature profiles along the absorber with vapor injection
flow rate

Figure 57: Variation solution specific volume along the absorber with vapor injection
flow rate
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Figure 58: Variation of overall absorber heat transfer coefficient along the absorber
with vapor injection flow rate

For low vapor flow rate trends, Fig. 55 indicates that complete absorption was
observed. With an increase in vapor injection rate, the vapor flow rate convected
downstream increased until it finally resulted in incomplete absorption. This was
expected because, with an increase in vapor flow rate for a fixed weak solution flow
rate, ammonia concentration in the solution was closer to the saturation concentration
value, indicating a decrease in the driving force for mass transfer. In addition, higher
vapor flow rates also resulted in a reduction in effective surface area for mass transfer.
As the amount of vapor convected downstream increased, the convected bubbles
became a cylinder. Cylindrical bubbles have a smaller area for mass transfer than
spherical bubbles and thus, the mass transfer rate was diminished.
Higher solution temperatures and corresponding higher coolant temperatures at
all locations within the absorber were observed at higher vapor flow rates; see Fig. 56.
This trend was expected since higher vapor flow rates also increased the overall heat
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source term inside the absorber, heating the solution more significantly. However, at
the higher vapor flow rates, the increase in solution temperature with increasing vapor
flow rate became less significant as the solution approached saturation conditions and
no further vapor could be absorbed.
Figure 57 shows an interesting trend presented by the solution specific volume.
For ammonia-water solution, the specific volume (inverse of the density) should
increase with increasing concentration and decreasing temperature. At the lower vapor
flow rates, the specific volume continuously decreased throughout the absorber, while
at high vapor flow rates, the solution specific volume generally increased throughout
most of the channel. This observation indicated that at low vapor flow rates, the
solution density was mainly affected by the rate of heat removal that cooled down the
solution, while at higher vapor flow rates, the solution density was mainly affected by
the absorption of the ammonia vapor. It should then be possible to find an intermediate
condition in which an increase in solution density caused by the cooling is matched
with an equivalent decrease in solution density caused by vapor absorption, so that the
solution density remains fairly constant throughout the entire channel. For the

 v =1 g/min condition best represents this compromise
variations shown in Fig. 57, m
condition.
From Eq. 47 with multiplier M5 in Table 11, it is expected than the two-phase
solution side heat transfer coefficient is higher at higher flow qualities. Figure 58
shows how significantly this two-phase heat transfer coefficient in the solution side
affected the overall heat transfer coefficient of the absorber. Local overall heat transfer
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coefficients ranged from 1.23 kW/m2-K up to 1.63 kW/m2-K, demonstrating heat
transfer coefficient variations up to about 28 percent, due to two-phase flow in the
solution microchannel. Despite having the higher heat transfer coefficients, higher

 v > 2 g/min, as seen in Fig.
vapor flow rates resulted in incomplete absorption for m
55. Higher heat transfer coefficients at higher vapor injection flow rates were also
measured experimentally, as seen on Figs. 27 and 30.

6.2.3.2 Geometrical Parameters
Variations in Solution Microchannel Height

Figures 59, 60 and 61 show the effect of varying the solution microchannel
height on the convected mass flow rate of vapor, solution temperature and overall
absorber heat transfer coefficient, respectively. Table 18 summarizes the conditions
under which the solution microchannel height parametric study was performed.

Table 18: Test conditions for variations in solution microchannel height
m ws
m c
m v
Tws
Tc
Tv
P
Hs
[bar]
6

[g/min]
35

[ºC]
75

Xws

0.28

[g/min]
200

[ºC]
45

[g/min]
3

[ºC]

[mm]

55

VARIED

Lp

Sections

3/5L

2
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Figure 59: Variation of convected vapor flow rate along the absorber with solution
microchannel height

Figure 60: Variation of solution temperature along the absorber with solution
microchannel height
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Figure 61: Variation of overall absorber heat transfer coefficient along the absorber
with solution microchannel height

Figure 59 shows that with an increase in microchannel height from 0.6 mm to
1.2 mm, the remaining vapor at the exit of the absorber decreased so that complete
absorption was achieved for this higher microchannel height, compared to the
incomplete absorption condition observed for the 0.6 mm channel. This was a result of
more vapor bubbles remaining spherical inside the absorber as the microchannel
height was increased and thus maintaining a larger surface area for mass transfer. In
addition, an increase in solution channel height decreased the mean flow velocity,
which increased the residence time of the vapor within the absorber. However, at
Hs= 1.5 mm and greater, the trend reversed and complete absorption cases began to
occur further down in the channel. For example, for Hs= 2.1 mm, complete absorption
occurred further downstream in the channel when compared to Hs= 1.2 mm. This trend
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was opposite to the trend observed when Hs increased from 0.6 mm to 1.2 mm. The
observed reversal in the trend occurred because of the continuing drop in the overall
absorber heat transfer coefficient caused by a reduction in single-phase heat transfer
coefficient on the solution side, with increasing Hs (see Fig. 61) compromising the
mass transfer performance of the absorber. These observations suggest that for a fixed
weak solution and vapor flow rate, there is an optimum channel height that maximizes
the mass transfer while providing an adequate heat transfer coefficient in the solution
side. For the flow case considered in Fig. 59, this optimum channel high appeared to
be between 1.2 and 1.5 mm.
Figure 60 shows lower solution temperatures at smaller solution channel
heights. This trend was a result of the combined lower absorption rates (heat
generation rates) and higher heat transfer coefficients for smaller solution channels
heights. Figure 61 shows higher local overall absorber heat transfer coefficients at
smaller channels depths. This was a combined result of the increased in the singlephase solution side heat transfer coefficient on smaller solution channels, along with
higher flow qualities.
Variations in Porous Plate Length

Figure 62, 63, and 64 show the effect of varying the length of the porous plate
on the convected mass flow rate of vapor, solution temperature, and overall absorber
heat transfer coefficient, respectively. Table 19 summarizes the conditions under
which the porous plate length parametric study was performed. It should be noted that
in the model, as the porous plate length decreased, the number of injection bubbles
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from the porous plate into each control volume had to increase (see Eq. 49) for a fixed
vapor flow rate. As a consequence, the number of bubbles entering the west face of a
control volume, nbw, also increased. This increase was mainly artificial, since nothing
had changed between different Lp that would physically change the number of vapor
bubbles that could potentially enter the west face at each control volume. Therefore,
for this parametric study only, the number of bubbles entering a control volume from
the west was set equal for all the cases to the value predicted when Lp= 3/5 L, which
corresponded to experimental porous plate length that was used to tune the program.
Table 19: Test conditions for variations in porous plate length
m ws
m c
m v
Tws
Tc
Tv
P
Hs
[bar]
6

[g/min]
35

[ºC]
75

Xws

0.28

[g/min]
200

[ºC]
50

[g/min]
3

[ºC]

[mm]

55

0.6

Lp

Sections

VARIED

2

Figure 62: Variation of convected vapor flow rate along the absorber with porous
plate length
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Figure 63: Variation of solution temperature along the absorber with porous plate
length

Figure 64: Variation of overall absorber heat transfer coefficient along the absorber
with porous plate length
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Figure 62 shows that when the porous plate length was small compared with
the total channel length (1/5L), the convected vapor flow rate increased very rapidly in
the initial section. This rapid increase in the convected vapor flow rate generated large
and mainly cylindrical bubbles (which decreased the total surface-to-volume ratio of
vapor-liquid interface). As a result, incomplete absorption was observed at the end of
the absorber. Also note that for large values of porous plate length (1L or 4/5L)
complete absorption was not achieved, with a remaining convected vapor flow rate
much larger than any of the other cases. Although a larger porous plate generated
smaller and mainly spherical bubbles for the same fixed vapor injection rate, the
residence time for absorption of bubbles injected towards the latter portion of the
absorber was insufficient. For the fixed fluid parameters in this section, a porous plate
length of 3/5L resulted in the best compromise between the size of the bubbles and the
residence time for absorption, resulting in the smallest vapor residual at the end of the
absorber. Even though the vapor residual at the end of the absorber was close for Lp=
1/5L, 2/5L and 3/5L, the general trend showed that there must exist an optimum
porous plate length for a given set of inlet conditions.
Figure 63 shows that the solution temperature decreased with a smaller slope
during the injection section and decreased faster during the non-injection section for
all Lp. This trend was caused by the newly injected spherical bubbles in the porous
plate section, which locally increased the absorption rate and thus the heat generation
rate. Overall, slightly higher exit solution temperatures were observed for longer
porous plate lengths, since for these cases, vapor absorption and thus heat generation
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was still significantly occurring toward the end of the channel, along with a lower
averaged heat transfer coefficient over the entire channel. Figure 64 illustrates that
higher overall absorber heat transfer coefficients were obtained with shorter porous
plate lengths. This was a direct result of higher flow qualities at shorter porous plate
lengths. The higher flow quality resulted from more cylindrical bubbles and thus a
reduction in overall mass transfer area.
Variations in Number of Sections

Figure 65, 66 and 67 show the effect of varying the number of sections on the
convected mass flow rate of vapor, solution temperature and overall absorber heat
transfer coefficient, respectively. Table 20 summarizes the conditions under which the
number of sections parametric study was performed. Two sections indicated that there
was one porous section, followed by a non porous section. Four sections indicated that
there were two porous sections separated by a non-porous section between them, and
with a non-porous section ending, and so on, as illustrated in Table 20. Note that even
though the porous plate length was fragmented, the total porous plate length remained
constant at 3/5L.
Table 20: Test conditions for variations in number of sections
m ws
m c
m v
Tws
Tc
Tv
P
[bar]
6

[ºC]

[g/min]
35
75
2 SECTIONS

Xws

0.28

[ºC]

[g/min]
[g/min]
200
49
2.5
4 SECTIONS

[ºC]
55

Hs
[mm]

Lp

Sections

0.6
3/5L VARIED
6 SECTIONS
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Figure 65: Variation of convected vapor flow rate along the absorber with number of
sections

Figure 66: Variation of solution temperature along the absorber with number of
sections

182

Figure 67: Variation of overall absorber heat transfer coefficient along the absorber
with number of sections

From Fig. 65 it is observed that with an increase in the number of injection
sections, the convected vapor flow rate at the absorber exit increased. Once again, this
trend was due to the competing effect between absorption time and residence time.
From the tested conditions, it appeared that two sections (1 injection + 1 non-porous)
are preferred, since it resulted in the lesser amount of vapor exiting the absorber.
For four and six sections, corresponding to two and three injection sections,
respectively, a periodic variation in solution temperature due to the different injection
sections was observed in Fig. 66. At each injection section, newly spherical bubbles
were injected which locally increased the heat generation and thus heated up the
solution. As the number of sections increased, the exit solution temperature also
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showed an increase. It should be noted that the coolant side temperature profile was
not affected as much, since the flow rate was much greater than that of the hot side. It
is interesting to note that for most of the absorber channel, that the local overall
absorber heat transfer coefficient was reduced as the number of injection sections was
increased (see Fig. 66). The overall averaged heat transfer coefficient was 3.1 percent
higher for two injection sections than for four injection sections and 4.4 percent larger
for two injection sections than for six injection sections.

6.3 Preliminary Size Estimates
The required cooling capacity for a given refrigeration system depends to a large
extent on the application and surrounding heat sink environment. For example, the
amount of cooling required to air condition a home could depend on outside weather
conditions, how well is the house insulated and how many people live in it. In the
northern United States and Canada, from 700 ft2 to 1,000 ft2 of home could be
considered to be adequately cooled by a 1 ton air conditioning unit [43]. The unit of
ton is often used in the air conditioning industry and it refers to the amount of heat rate
required to melt 1 ton of ice in 24 hours and is equivalent to approximately 3,517 W
[43]. Therefore, a 6 kW cooling capacity could then be used to cool the living space of
a small house ranging from 1,194 ft2 to 1,706 ft2.
The absorber test section studied in this report was of small capacity and could
support an evaporator cooling load ranging from 34 W to 110 W at 6.25 bar (measured
absorber heat loads ranging between 30 W and 225 W). A preliminary estimate of the
size of a 6 kW evaporator cooling load (~11.5 kW absorber heat load) was performed
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on linear scaling of the geometry of the current absorber. The corresponding flow rate
of ammonia refrigerant required for this cooling capacity was 4.9 g/s at an evaporator
pressure of 6.25 bar.

Table 21: Absorber scaling and comparison with literature
Conditions

Constrained thin film microscale bubble absorber
(Scaled up linearly for a 6kW evaporator load)

Meacham &
Garimella
[13, 18]

Goel
& Goswami
[12, 20]

Bourouis
et al.
[17]

Tsat-Tin [ºC]

10

15.9-11.5

14.4

3-12

Not known exactly
(approx. 34-52)

20-30

30-35

Tc,i [ºC]

58

40

30

Geometry
Type

Smooth

Step

Smooth

Step

Smooth

Step

Microchannel tube
array (falling film)

Tubes with
aluminum screen
mesh (falling film)

Corrugated heat plate
exchanger model NB51
(bubble absorber)

Circulation
Ratio (f)

24.3
(1.5/35)

36
(1/35)

12.7
(3/35)

11
(3.5/35)

12.7
(3/35)

9
(5/40)

4.9
(Typical)

8
(Typical)

6-15 estimated

Absorber Heat
Duty [kW]

11.7

11.7

11.5

11.5

11.5

11.4

10.5
(On average)

4

Heat Transfer
Area [m2]

0.882

1.32

0.441

0.378

0.441

0.265

0.456

0.24

0.1

qabs
[kW/m2]
A

13.3

8.9

26.1

30.4

26.1

43.0

23.0

16.7

5-13

Scaling Factor

196.1

294.2

98.1

84.1

98.1

58.8

ACTUAL TEST
SECTION SIZE

ACTUAL TEST
SECTION SIZE

ACTUAL TEST
SECTION SIZE

Tsat-Tout [ºC]

18

19

21

18.5

28

19.5

~8

~2

0.4-0.7

0.5-1.3
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Table 21 shows the results of geometrically scaling up the present absorber
linearly for an evaporator cooling capacity of 6 kW. For example, for the smooth
channel geometry at a coolant inlet temperature of 58 ºC, a maximum of 1.5 g/min of
vapor were absorbed in 35 g/min of weak solution (f =24.3). This resulted in a scaled
heat transfer surface area by 196 times equivalent to 0.882 m2. For the stepped channel
at an inlet coolant temperature of 30 ºC, a scaled area of 0.265 m2 was required for the
same cooling capacity. Note that lower inlet coolant temperatures, in addition to the
stepped channel, reduced the scaled up absorber heat transfer area.
Table 21 also compares the scaled up absorber with two falling film absorbers
[12, 13] and one bubble absorber [17] design suggested in literature. To calculate the
inlet and exit subcooling (when not provided explicitly), the saturation temperature at
the inlet and exit were respectively determined as a function of concentration and
pressure using the correlations for ammonia-water solutions in EES. Values of inlet
coolant temperatures for literature comparisons were obtained directly from the
papers. Note that Meacham and Garimella [13, 18] did not explicitly report the inlet
coolant temperature. This value was approximated from the reported exit solution
temperatures. Also note that the absorber heat duties for the different absorbers were
different (different cooling capacities). A direct comparison between absorbers for the
same inlet coolant temperature and heat duty was not possible due to the large
variations of these quantities between studies.
As seen in Table 21, significant reduction in absorber size was obtained for
Tci = 30 oC stepped-wall absorber geometry compared with those in literature. For the
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similar absorber heat duty and inlet coolant temperature range given by [13, 18], the
scaled-up absorber resulted in smaller heat transfer areas. The heat transfer area for the
scaled-up stepped absorber at Tc=30 ºC was similar to that given in Goel & Goswami
[12, 20], even when the absorber head duty was almost 3 times higher. The heat
transfer area for the absorber given in Bourouis et al. [17] was the lowest, but this
absorber also had a significantly lower heat duty than the rest. It should be pointed out
that the microscale thin film absorber presented the largest exit subcooling. This result
was perhaps due to the small height of the solution microchannel, which was
concluded from the numerical results to favor higher heat transfer rates over than mass
transfer rates. This is a drawback in terms of overall cycle performance for this
absorber design. However, increasing the solution microchannel height, as shown in
the numerical parametric study, can further improve mass transfer while maintaining
adequate heat transfer rates and thus lowering the exit subcooling.
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Figure 68: Conceptual schematic of a stacked-up high mass flux bubble absorber with
six solution channels

Figure 68 shows a configuration similar to the one proposed by Jenks [27] of a
multichannel absorber. The total size of the absorber could be reduced by having a
central coolant channel sandwiched in between solution channels. For example, in a
stacked-up configuration with repeated components as shown in Fig. 68 ( 6 solution
channels, 3 coolant channels and 4 vapor injection plenums), an 11 kW heat load
smooth plate absorber with an inlet coolant temperature of 58 ºC could be 0.588 m
long, 0.25 m wide, and 0.043 m high, occupying a total volume of 0.0063 m3. These
calculations assumed that the solution channels, the coolant channels, the vapor
plenums and the walls thickness had a value of 0.6 mm, 1 mm, 1 mm and 2.3 mm,
respectively. The flow rate of water necessary to absorb the 4.9 g/s of ammonia would
be 114 g/s (~ 7 l/min). In comparison, the overall dimensions of the microchannel
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falling film absorber reported by Meacham and Garimella [13, 18] was 0.0038 m3
(0.162 m x 0.157 m x 0.150 m) for a 15.1 kW maximum absorber heat load. The
overall dimensions of the fabric/mesh falling film absorber of Goel and Goswami
[12, 20] was 0.0048 m3 (0.0635 m x 0.12 m x 0.635 m) for a 4.09 kW absorber heat
load. Overall dimensions for the absorber in [17] were not reported. Although the
projected dimensions of the smooth plate absorber were larger than the ones above,
the coolant inlet temperature, at 58 oC, was substantially larger than cited literature.
Higher coolant temperatures at the inlet of the absorber are often required as a result of
the overall cycle set up (especially in portable applications), where the coolant coming
into the absorber was first used to remove the heat rejected at the condenser,
improving the rate at which condensation can occur for the entire cycle. At the lowest
coolant temperature of 30 ºC with the stepped-wall channel geometry, an 11 kW
absorber could be 0.3 m long, 0.15 m wide, and 0.0428 m high, occupying a total
volume of 0.0019 m3, which is much smaller than others.
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7 CONCLUSIONS AND RECOMMENDATIONS
An experimental and numerical study of an ammonia-water microscale
constrained thin film absorber microchannel was presented. The experimental work
entailed characterizing the overall absorber heat and mass transfer performance by
recording global measurements of inlet and outlet conditions under different operating
circumstances. Fixed fluid parameters included a nominal absorber pressure of 6.2 bar,
an inlet weak solution temperature of 75 ºC, an inlet solution ammonia concentration
of 0.29 percent, and an inlet vapor temperature at approximately 60 ºC. Varied fluid
parameters included the coolant mass flow rate varying from 150 g/min to 280 g/min,
coolant inlet temperatures varying from 30 ºC to 58 ºC, weak solution flow rates
varying from 10 g/min to 40 g/min, and vapor flow rate varying from 1 g/min to
5 g/min. Two absorber plates were also tested, a smooth wall plate with a height of
0.6 mm, and a stepped-wall plate with 2-mm-deep trenches into a nominal
microchannel depth of 0.6 mm.
The numerical work focused on developing a simple one-dimensional model to
characterize the local absorber performance by simultaneously solving for the heat and
mass transfer processes. The model predicted local solution and coolant temperatures,
solution concentrations and heat and mass transfer rates locally along the length of the
absorber. Inputs to the program only included the known prescribed inlet conditions of
the solution, the coolant and the vapor flow. The program was tuned by adjusting the
bubble injection diameter for one test condition that corresponded to a limiting case of
absorption and this injection diameter then remained constant for all other cases. The

191
model was validated by comparing model predictions with the experimental data and
to the analytical temperature profiles for a counterflow heat exchanger. The validated
model was used to perform a study on the effect of varying different parameters on the
absorber performance. Varied fluidic parameters included the coolant flow rate,
coolant inlet temperature, solution flow rate, solution inlet temperature, solution inlet
concentration, and vapor flow rate. Varied geometric parameters included height of
the solution channel, length of the porous plate and number of injection sections.
Measured overall absorber heat transfer coefficients varied between
700 W/m2-K and 2,300 W/m2-K, with similar magnitudes between the smooth and
stepped-wall geometry for fixed flow conditions. Experimental and numerical results
showed in general an increased overall heat transfer coefficient with increasing weak
solution flow rate, vapor flow rate and inlet coolant temperature as a result of a
sustained higher flow quality. The experiments and simulations also indicated that the
overall heat transfer coefficient was significantly less sensitive to coolant flow rate
than to coolant inlet temperature. Even though higher overall heat transfer coefficients
were obtained at higher weak solution flow rates, the heat transfer effectiveness of the
absorber decreased with increasing weak solution flow rate.
The experimentally measured mass transfer conductance varied from
0.024 kg/s-m2 to 0.24 kg/s-m2. Larger mass transfer conductance values were
measured for increasing vapor flow rate absorbed into lower weak solution flow rate.
The maximum vapor flow rate that could be completely absorbed within the absorber
test section depended on the required time for absorption and the convected time that a
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bubble had to reside inside the absorber. Therefore, increasing the weak solution flow
rate did not always allow for a higher vapor flow rate to be absorbed, since the
convected time scale was also decreased. Alternatively, decreasing the flow rate of the
weak solution did not allow for higher vapor flow rates to be absorbed because the
absorption time scale was increased. This trend was verified by the numerical
simulations performed on the effect of varying the weak solution flow rate.
In general, higher solution exit subcooling were observed at lower vapor flow
rates and higher weak solution flow rates. Higher vapor flow rates increased the heat
generation inside the absorber and decreased the subcooling. Higher weak solution
flow rates increased the heat transfer coefficient and increased the exit saturation
temperature for a fix vapor flow rate increasing the subcooling at the exit. The
numerical results indicated that the high solution side heat transfer coefficient
produced by the small solution microchannel height was helping to cool the solution
more than necessary while constraining the mass transfer rate. The numerical program
also showed that even though larger solution channels heights can improve the mass
transfer rate by keeping the bubbles spherical and decreasing the convective time scale
of the vapor inside the absorber for fixed weak solution flow rates, larger heights can
significantly reduce the solution side heat transfer coefficient, negatively impacting
the overall absorber performance. Therefore, an optimum channel height exists that
can maximize the mass transfer rate without unnecessarily compromising the heat
transfer performance. The model predicted this channel height to be between 1.2 mm
and 1.5 mm for the flow condition considered.
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A preliminary size estimate for an absorber in a 6 kW cooling capacity cycle
was performed based on a linear scaling of the absorber geometry studied. For an inlet
coolant temperature of 58 ºC, a smooth plate absorber required 0.883 m2 of heat
exchange surface area while for a 30 ºC inlet coolant temperature; a stepped plate
absorber required 0.265 m2. A drawback to the bubble absorption is that a higher
pressure is needed in the evaporator to bubble the vapor inside the ammonia solution.
Experimental data showed that the pressure drop across the porous plate varied from
0.0786 bar to 0.288 bar. This increment in evaporator pressure for a nominal
evaporator pressure of 6 bar would result in 0.2 percent to 0.5 percent reduction in
evaporator cooling capacity, with an increase in evaporator temperature ranging from
0.4 ºC to 1.4 ºC respectively.
Continuing work on the microscale thin film bubble absorber is required to
better understand the local vapor and temperature distribution within the absorber.
High speed imaging coupled with infrared thermography would be a valuable tool to
provide local information on bubble dynamics and temperature maps throughout the
absorber plate for different flow conditions. The information gathered by imaging the
flow can be used to implement an improved method to model the bubble dynamics
inside the absorber. Developing other geometrical variations such as structured
surfaces that can increase the residence time of the vapor inside the absorber can
significantly benefit the absorber performance. Manufacturing a larger capacity
absorber could also be of importance to provide a broader range of testing conditions
at which complete absorption is achieved. It would be worth experimenting more with
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solution minichannels instead of microchannels, which, as suggested by the numerical
model, can improve the mass transfer performance while still obtaining adequate heat
transfer rates. A more complex computational model with individual bubble tracking
in two or three dimensions and perhaps an improved correlation for convective heat
transfer for condensing mixtures in microchannels can further improve the simple
model provided here.
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Appendix 1 Test Section Part Drawings
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Fig.A 1: Part drawing for smooth wall absorber plate
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Fig.A 2: Part drawing for coolant block on smooth wall absorber plate
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Fig.A 3: Part drawing for coolant top
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Fig.A 4: Part drawing for gas chamber center (1)
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Fig.A 5: Part drawing for gas chamber center (2)
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Fig.A 6: Part drawing for gas chamber center (3)
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Fig.A 7: Part drawing for gas chamber side
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Fig.A 8: Part drawing for absorber test section assembly
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Fig.A 9: Part drawing for stepped-wall absorber plate
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Fig.A 10: Part drawing for coolant block on stepped-wall absorber plate

211

Fig.A 11: Part drawing for visualization test section frame
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Fig.A 12: Part drawing for coolant side transparent section on visualization plate
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Fig.A 13: Part drawing for solution side transparent section on visualization plate
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Appendix 2 Test Section Design Considerations
The original absorber tested by Jenks [27] had a major setback: once exposed
to the higher temperatures and pressure, leaks occurred in nearly every seal. Small
ammonia leaks were easy to detect because of the strong distinct smell of ammonia
gas. However, locating the leaks with typical leak detection techniques such as soapy
water was difficult, since the ammonia gas was absorbed in the water and no bubbles
were observed. Because ammonia is a strong base, a leak detection technique was
employed in which wet ph indicator paper was closely moved around the
circumference of the absorber seals. Due to the high affinity of ammonia-water,
ammonia gas was quickly absorbed in the wet ph indicator paper turning it dark blue
within seconds where leaks were present. Even small leaks were causing significant
errors specifically in the energy balance of the absorber.
A single reason that prevented the original absorber to seal effectively was not
found. However, it was thought that the absorber was not completely sealed due to
material combination, poor o-ring design, and non-uniform sealing pressure. The
original absorber tested by Jenks [27] was made out of a combination of PEEK plastic
and stainless steel. The linear coefficient of thermal expansion for PEEK is about
40x10-6 K-1, while for stainless steel is about 17x10-6 K-1. This difference of almost 2.4
times larger linear coefficient of thermal expansion for PEEK could have affected the
seals of the absorber when operated at the higher temperature.
Even though the original absorber o-ring design was effective in sealing the
absorber at the lower pressures, the o-rings were not effective at the higher tested
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pressure. The corners of the o-ring grooves were sharp, some of the o-ring groves
were inappropriately-sized for utilization, and one o-ring needed to be cut shorter and
glued together in order to fit the groove. For the new absorber, the o-ring groves were
carefully designed to properly fit standard o-ring sizes. The process of designing the oring grooves was iterative; the o-ring was chosen to design the grove and then checked
to ensure the groove met all the recommended specifications. By using standard oring sizes, the o-rings were more accessible and affordable. It was challenging to
choose an o-ring material because no material had an excellent rating with pure
ammonia and there was a limited amount of rated materials to use with this compound,
in addition to the temperature and pressure requirements. Neoprene was found to have
the best combined characteristics.
During the preliminary tests with the original absorber, it was discovered that
tightening the screws did not reduce the leaks. However, if several c-clamps were used
to apply a more uniform pressure around a leaking seal, the leak was reduced
significantly. It was concluded that more screws were needed around the seal.
The absorber was initially designed from inside out. First, the solution
microchannel was sized, then the o-ring grooves were designed and located, and the
fittings and screws were fit to ensure proper size and space. From this process, the
overall size of the absorber would follow automatically. However, the manufacturing
of this absorber size was not cost effective. Stainless steel is a difficult material to
machine and is time consuming to reduce a standard stock material size to a smaller
custom size, which eventually translates into a greater machining cost. To improve the
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cost effectiveness of the new design, an iterative design process was carried out that
made the design fit as close as possible to standard stock size material. By doing so,
not only was machining cost reduced but the amount of wasted material was also
decreased. Detailed part drawings for all test section components are found in
Appendix 1.
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Appendix 3 Standard Operating Procedures
SOP: Absorber Test Facility in Rogers 434
By: Ruander Cardenas
Last Update: 7-1-2008
Preliminary check before operating:
1. Check that the valve located after the ammonia vapor mass flow controller is
closed
2. Check that the 3-way valve located prior to the ammonia vapor mass flow
controller is closed
3. Check that the valves located at the bottom of both weak solution and strong
solution tanks are open to the operation position (connecting to the stainless
steel tube and not to the plastic draining hoses)
4. Check that the valve located after the inlet CFM is closed
5. Check that the needle valve of the inlet weak solution of the absorber is closed
Operating steps:
1. Turn on power supply and set it to 10 volts. This will provide power to all the
pressure transducers. Don’t forget to push the ON/OFF button to close the
circuit after setting it up. Remember that a higher voltage could damage the
pressure transducers; be careful
2. Turn on the Thermocouple module by triggering the switch located on its side
(Green LED light on switch indicates that the module is on)
3. Turn on Computer and run the required Labview program in the following
directory: C:\Absorper_labview\Ruander_Programs. The program is called:
MasterProgram_Ruander
4. Make sure that the valves are in the corresponding position as indicated in the
preliminary steps to proceed with pressurizing the system.
5. Fully open the leakage needle valve located inside the fume hood connected to
the compressed air supply
6. Open the compressed air valve (Yellow handle) located inside the fume hood.
Compressed air will begin to escape from the just-opened leakage needle valve
7. Open the air valve (black handle valve located inside fume hood) to direct the
flow of compressed air into the system
8. Close the leakage valve to begin pressurizing the system.
9. The desired operating pressure is 5.5 bar, which is equivalent to about 80PSIA,
as read by the computer or about 65PSIG, as indicated by the compressed air
pressure gage located inside the fume hood. If needed, utilize the pressure
regulator located between the compressed air valve and the leakage needle
valve inside de fume hood to regulate and maintain the desired 5.5 bar of
pressure.
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10. Do not over-pressurize the system. The tanks are rated for 100PSIA from the
factory but some modifications were made and this limit could be lower. If
over pressurizing occurs, quickly depressurize by opening the leakage valve
11. Once the system is at the desired pressure, close the compressed air supply
12. Close the air valve with the black handle inside the fume hood. This avoids
ammonia vapor to flow back in this line and reach the pressure regulator,
which is not rated for ammonia.
13. Make sure the chiller flow loop is connected to the absorber and that the water
level inside the water chiller is good. If refill is needed, use de-ionized water to
refill.
14. Open the quarter turn valves located at the end of both inlet and outlet hoses
connected to the chiller
15. The needle valve on the coolant loop located at the absorber coolant exit is
used to regulate the flow rate. Open this valve half way initially to start the
chiller.
16. Turn on the chiller. Set the pumping speed to slow (this is shown to provide a
more steady flow rate), set the chiller temperature to the desired value and start
the flow into the absorber.
17. Use the needle valve on the coolant loop to regulate the mass flow rate. The
frequency counter (black box with red numbers) reads the non-calibrated mass
flow rate in g/min. Use the reading from the LabView program, which has
been calibrated, to set the mass flow rate at the desired value. These 2 readings
do not differ greatly
18. Once the system has reached the steady desired pressure, use a wrench to open
the ammonia tank main valve (keeping all other gas valves closed). To do this,
open the valve all the way with the wrench and close it back with 3 turns.
19. Watching the regulator pressure gage, use the regulator to adjust the ammonia
vapor pressure to about 123PSIG; this is about 3 bar above 5.5 bar. This
pressure difference is required for proper functioning of the ammonia vapor
mass flow controller and also ensures that no liquid solution will flow back
into the gas line (especially into mass flow controller, which will be damaged
if this happens)
20. Open the 3-way valve prior to the mass flow controller in the direction that
connects the ammonia gas tank to the mass flow controller
21. Ensure that the mass flow controller is set to automatic valve mode at the
desired mass flow rate set. Do not open the valve located after the mass flow
controller yet
22. Open the valve located at the exit of the inlet CFM
23. Slowly and carefully open partially the solution needle valve to allow solution
to flow into the absorber. Since both tanks should be under the same pressure,
solution will not spontaneously flow. Therefore turn on the pump and adjust
the speed usually at 18% but not necessarily. Keep it between 10%-50%).
24. Using the pump speed control and both needle valves located at the inlet of the
absorber and after the outlet CFM, set the flow rate of the weak solution. This
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measurement is taken by the inlet CFM. It usually takes careful and fine
adjustment to get a steady reading on both CFMs.
Note: The pump should not make a loud sound since this is a sign of over
loading and thus it is not desired. If the pump is being loud, open the needle
valves more and reduce the power of the pump to keep the same flow rate. It
takes very fine adjustment to get it just right.
25. Solution should be flowing from the weak solution tank to the strong solution
tank. Turn on oil bath and set it to achieve the desire weak solution
temperature at the inlet of the absorber (pre-heating the oil before testing helps
to reduce the waiting time at this step).
Note: execute next step inmediatly
26. Open the needle valve that allows the flow of tap water into the PVC pipe heat
exchanger. Adjust the valve as necessary to maintain the strong solution
temperature going into the outlet CFM similar to the inlet temperature of the
weak solution going into the inlet CFM
27. Use the voltage regulator (make sure it is connected to the power outlet) that
controls the heaters on the solution side to help maintain the inlet temperature
of the weak solution at the desire value.
28. Open the mass flow controller program located in the following directory:
C:\Absorper_labview (The program is called Sierra GFM serial com) set the
mass flow rate of ammonia gas to the desired output. After setting the mass
flow controller, open the valve located after the ammonia vapor mass flow
controller to allow ammonia gas to flow to the absorber.
Note: Make sure there is not back flow of ammonia solution into mass flow
controller by looking at the transparent tubing section.
29. Use the voltage regulator (make sure it is connected to the power outlet) that
controls the heaters on the gas side to heat up the ammonia gas and achieve the
desire temperature of the ammonia gas inlet.
30. Once the system has reached steady state and all the state points are as desired,
record the data needed.
Steps to change points of state during testing:
1. Change the vapor flow rate by accessing the mass flow controller program (see
operating step #28 for details)
2. Adjust the weak solution flow rate (see operating step #24 for details)
3. Modify coolant flow rate and temperature (see operating step #17 for details)
4. Allow sufficient time for the system to reach steady state once more plus some
extra time for the solution to travel from the absorber outlet to the outlet CFM.
5. Record data and repeat as necessary.
Steps to shut down:
1. Turn oil bath off and unplug
2. Set voltage regulators (for both the gas and solution rope heaters) to zero and
unplug
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3. Close the valve located right after the mass flow controller
4. Set the mass flow controller to “valve closed operation” either manually by
utilizing the controls on the device itself or by accessing the mass flow
controller software.
5. Close the 3-way valve located prior to the mass flow controller
6. With a wrench, close the main ammonia gas valve in the tank
7. Turn off the ammonia solution pump
8. Close the quarter-turn valve located right after inlet CFM
9. Fully open the leakage needle valve located inside fume hood
10. Close the valve located right after the pressure regulator (to avoid ammonia
gas to flow into the pressure regulator)
11. Open the black handle air valve (system will start to depressurize through the
leakage valve), close the fume hood door and turn fume hood on
12. Wait until system has completely depressurized
13. Close the black handle valve located inside the fume hood that allows
compressed air to flow into the tanks
14. Turn off needle-valve that allows tap water to flow inside PVC pipe heat
exchanger
15. Stop the chiller coolant flow. Wait until it cools off a little bit and turn off the
chiller
16. Turn off the thermocouple module
17. Turn off the power supply for the pressure transducers
18. Log off from the Computer
Steps to empty solution tanks:
1. Make sure that the system is depressurized completely and that everything is
shut down, including gas flow, solution flow, heating elements, and so on.
2. Wear safety equipment, including glasses, gloves and facial mask.
3. Locate the waste containers. These containers have a tag on them indicating
HAZARDOUS WASTE
4. Bring these containers close to the fume hood. Keep the fume hood on all the
time during this operation.
5. Open a container lid and introduce the exiting end of the plastic tubing located
underneath the table inside the container. This plastic tube comes from a
plastic valve with a red handle located by the outlet tank
6. Inside the fume hood, there is a retractable white plastic duct. Stretch this duct
and position it on top of the open container mouth. This will help take
ammonia vapor out through the fume hood. Closing the door of the fume hood
as much as possible without deforming the duct will allow for a larger suction
through the retractable plastic duct
7. Position both stainless steel valves at the bottom of the weak solution and
strong solution tank to allow solution to flow from the tanks to the plastic
tubing, which eventually connects to the plastic valve with the red handle
8. Open the plastic valve with the red handle
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9. Fully open the leakage needle valve located inside the fume hood connected to
the compressed air supply
10. Open the valve that is located right after the pressure regulator inside the fume
hood.
11. Open the compressed air valve (Yellow handle) located inside the fume hood.
Compressed air will begin to escape from the just-opened leakage needle valve
12. Open the air valve (black handle) to direct the flow of compressed air into the
tanks
13. Partially close the leakage needle valve as needed to begin draining the tanks
14. When the container is getting full (do not fill completely), you can quickly
close the plastic valve by turning the red handle, introduce the tubing into
another already opened container and open the valve again. Remember to
change the retractable duct, too.
15. Close full containers immediately and write on the tag the following: “~ 40%
Ammonia”
16. When tanks are empty, close the compressed air valve with the yellow handle
and the plastic valve with the red handle and wait for the tanks to completely
depressurize.
17. Close the black handle valve that directs the air into the tanks and close the
plastic red handle valve that allows draining.
18. Set the stainless steel valves at the exit of the tanks back to the operating
position (connecting to the stainless steel tube not the plastic tubing)
19. Close the valve located after the pressure regulator inside the fume hood.
20. Email OSU Hazardous waste (email located on tag) to pick up the waste.
Include in the email the building, room number, # of containers and what’s in
them. Also request more containers for next time.
Steps to fill inlet tank:
1. Make sure that the system is depressurized completely and that everything is
shut down, including gas flow, solution flow, heating elements, and so on
2. Wear safety equipment, including glasses, gloves and facial mask.
3. Find the concentration you want in the inlet tank. The black barrel of ammonia
is about 30% by weight and that is the higher concentration available. For
lower concentrations, combine with de-ionized water as necessary.
4. Clear the area inside the fume hood and set the white gallon containers inside.
5. Turn on fume hood, and try to work as much as possible with the door as
closed as you can to avoid ammonia vapor escaping the hood
6. Use the Black Hand pump to pump ammonia solution out of the black barrel.
You must open the barrel valve and manually pump ammonia out of the barrel
and into a gallon container. Pump as many gallons out as you need. Keep full
containers closed to avoid vaporization of the ammonia out of solution
7. Remember to close the valve from the black barrel at the end of the process to
avoid losing the high concentration
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8. Set the stainless steel valve at the exit of the inlet tank to connect to the plastic
needle valve coming out of the filling container located in the fume hood
9. Fully open the plastic needle valve that connects to the filling container
10. Fill the filling container with the solution out of the gallon containers and if
necessary any water to reduce the concentration
11. Connect the filling pump power cord to the electrical outlet to start filling up
the inlet tank. If necessary, plug it and unplug it intermittently at the beginning
to start the flow.
12. When finished filling up, disconnect the filling pump
13. Restore both valve (stainless steel and plastic) to operating position

Steps to purge the system with Nitrogen:
1. Make sure that the system is depressurized completely and that everything is
shut down, including gas flow, solution flow, heating elements, and so on
2. Make sure that the solution tanks are empty
3. Turn the 3-way valve located prior to the mass flow controller in the position
that connects to the Nitrogen tank (black plastic tubing)
4. Open the air black handle valve and the leakage valve located inside the fume
hood
5. Make sure that the valves located at the bottom of the solution tanks are open
in the operating position (Connecting to the stainless steel tubing and not the
plastic tubing)
6. Open the rest of the valves (except the one right after the mass flow controller)
in the solution and gas loop to ensure that nitrogen will travel through all the
lines
7. Set the mass flow controller to the “purge” option and change the gas type
from Ammonia to Nitrogen. This can be done either manually through the
controls on the device itself or by accessing the mass flow controller software
8. Run the fume hood and close its door
9. Open the valve located after the mass flow controller. Complete next step
immediately
10. Manually open the nitrogen tank valve all the way. The maximum pressure the
regulator will allow is 25 PSIG
11. Let the system purge for about 45 minutes. Nitrogen will flow through the
whole experiment flow loop and will exit at the leakage valve inside the fume
hood
12. After purging, set the mass flow control back to the “close” option and change
the gas type back to ammonia for future use
13. Return all valves to the original position
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Appendix 4 Calibration Graphs
The following figures, Fig.A 14 through Fig.A 17, show the calibration curves
for the different instruments used to measure pressure, flow rates and temperatures.
Each figure shows the calibration data points taken and the linear trend line used to
curve fit the data. The calibration equations are also shown in each graph. Some of the
measurement instruments used were the same as used by Jenks [27]. Therefore, the
calibration curves for some of these quantities were taken from directly from this
study while other required recalibration. The calibration curves taken from [27] were:
-Inlet CFM pressure
-Inlet Abs. pressure
-Outlet Abs. pressure
-Inlet coolant temperature
-Outlet coolant temperature
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Fig.A 14: Calibration curve for absolute pressure transducer at the exit CFM

Fig.A 15: CFMs calibration curves
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Fig.A 16: Propeller flow meter calibration

Fig.A 17: Thermocouple calibration curves
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Appendix 5 Visualization Experiment Attempt
Jenks [27] performed a visual study of the constrained-film bubble absorber at
1 bar without a counterflowing coolant stream to remove the heat of absorption. This
study provided great insight of the bubble injection distribution from the sintered
porous plate into the weak solution stream. However, without the coolant stream, it
was not possible to remove the heat of absorption and the solution saturated with
ammonia at low injection rates. In the studies performed by Jenks [27], a maximum of
0.5 g/min of vapor were absorbed in to 36 g/min of weak solution.
An attempted was made to visualize the absorption process in the constrainedfilm bubble absorber under realistic cycle operating conditions while removing the
heat of absorption. For this visual experiment, a new absorber plate was designed and
manufactured; see Fig.A 18. The visual absorber plate consisted of a stainless steel
frame and two polycarbonate sections that confined the coolant channel. The
visualization plate integrated with the gas plenum chamber (see Fig. 9) such that vapor
bubble injection still occurred from the porous plate. The transparent polycarbonate
sections that confined the coolant channel allowed a viewing port through the laminar
counterflowing coolant stream in a 1 mm channel.
The bottom polycarbonate section was in direct contact with the ammoniawater solution, which is the high pressure side in the absorber. Therefore, this section
was made thicker than the top section to sustain the 6.2 bar testing pressure. Metallic
inserts were used in the bottom polycarbonate section to avoid tapping small screw
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holes on this transparent plastic material. Tapping the small screw holes directly on
the polycarbonate section would not have provided the required torque on the screws.

Fig.A 18: Visual absorber plate

During a preliminary proof of concept test, the visual absorber plate worked
well at low solution pressures (< 4.5 bar) and it was verified that observations through
the laminar counterflowing coolant were possible. In fact, it was difficult to tell if the
coolant was flowing inside the channel since it appeared laminar throughout the entire
field of view and almost undetectable to the eye. At this point, no visual data recording
instrumentation was being used as a precaution measurement in case the visual test
section failed to hold the pressure, which could damage the visual measurement
equipment. Unfortunately, after about 7 minutes of testing at 6.2 bar, the bottom
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polycarbonate section fractured and caused high pressure solution to enter the coolant
channel which also fractured the top polycarbonate section. Fortunately, this incident
caused no personal damaged or equipment damage.
Visual examination of the failed absorber plate showed that the polycarbonate
section fractured around the metallic inserts; see Fig.A 19. It is hypothesized that
when the metallic inserts in the bottom polycarbonate section were press-fitted in the
holes, a high stress concentration zone was created in the material around the inserts,
causing the polycarbonate section to fail at this locations under the high pressure test.

Fig.A 19: Visual absorber plate after failing

Even though no data was collected with this visual absorber plate, the test
served as a proof that it is possible to perform a visual study on the constrained film
bubble absorber at the cycle operating pressure while still having a counterflowing
coolant stream. It is a matter of modifying the original design to avoid having a high
stress concentration near the high pressure side. Perhaps, the bottom polycarbonate
section can be made thicker so that there is enough material between the high pressure
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side and the bottom of the inserts. For the visual absorber plate tested, this distance
was only 2.7 mm. The design originally minimized this distance in order to reduce the
heat conduction resistance through the polycarbonate material. Other design
modifications could explore the idea of not having the inserts and hold the two
polycarbonate sections in a different way. Detailed part drawings for the visual
absorber plate components used for this visualization test attempt are found in
Appendix 1.
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Appendix 6 EES Numerical Model Code
Main Program
"********************************************************************************************************"
"1-D Numerical Model for a Constrained Film Ammonia-Water Bubble Absorber"
"Ruander Cardenas"
"OSU 2009"
"Last Update 5-8-2009"
"********************************************************************************************************"

"********************************************************************************************************"
"Inlet Conditions"
Mws=35/60000
"kg/s"
"Mass Flow rate of Weak Solution"
Mv=2/60000
"kg/s"
"Mass Flow rate of vapor"
Tws=75+273.15
"K"
"Temperature of the Weak Solution"
Tv=55+273.15
"K"
"Temperature of the vapor"
P=6
"bar"
"Nominal Pressure"
Xws=0.28
"Concentration of weak solution"
Tc=50+273.15
"K"
"Inlet Temperature of the Coolant"
Mc=200/60000
"kg/s"
"Mass Flow rate of the Coolant"
"********************************************************************************************************"
"Physical Geometry"
L= 15/100
"m"
"Total Length of the channel"
W= 3/100
"m"
"Width of the channel"
Hc=1/1000
"m"
"Height of Coolant Channel"
Hs=0.6/1000
"m"
"Height of Solution Channel"
Lp= (3/5)*L
"m"
" Lenght of Porous Plate"
ep=0.28
"Porosity of the Porous Plate"
Asx=W*Hs
"m2"
"Area Cross-section of solution channel"
"********************************************************************************************************"
"Numerical Discretization"
N= 390
"Total Number of Control Volumes"
dx=L/N
"m"
"Length of a single control volume"
Np=Lp/dx
"Control Volumes with vapor injection from
Porous Plate"
dmv= Mv/Np
"Kg/s-Cv"
"Mass flow rate of vapor into each control volume"
"**********************************************************************************************************
"
"Initial Injected Bubble Size and Shape"
"Do=226e-6" "0.5e-6"
"m"
"Mean
Diameter of holes on Porous Plate"
Db=220e-6 "0.0287*Do^(1/2)*Reo^(1/3)"
"m"
"Initial bubble diameter. From J. Lee, et.al. for Reo<2100"
"Reo=rhov*Vo*Do/muo"
"Definiton of the Reynolds number at the orifice"
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rhov=Density(Ammonia,T=Tv,P=P)
"kg/m3"
ammonia vapor"
Vo=Mv/(rhov*(Lp*W*ep))
"m/s"
Velocity of the ammonia vapor at the orifice"
muo=Viscosity(Ammonia,T=Tv,P=P)
"kg/m-s"
ammonia vapor"
hv=Enthalpy(Ammonia,T=Tv,P=P)
"kJ/kg"
ammonia vapor, assumed constant"
Vs=(pi*Db^3)/6
"m3"
of a single injected bubble if spherical"
Dc=(4*Vs/(pi*Hs))^(1/2)
"m"
of Cylinder from equal volumen of injected sphere"
nb=(dmv/rhov)/(Vs)
"#bubbles/s-Cv"
bubbles injected in each CV per second"
Ai=IF(Db,Hs,pi*Db^2,pi*Db^2,pi*Dc*Hs)
"m2"
of injecte bubble (Spherical or Cylindrical)"
cpa=Cp(Ammonia,T=Tv,x=0)
"kJ/kg-K"
Capacity of Ammonia at saturated conditon for given Temperature"

"Density of
"Mean
"Viscosity of
"Entalphy of
"Volume
"Diameter
"Number of
"Surface area
"Heat

"**********************************************************************************************************
***"
"Mass Transfer Characteristics"
ShL=(2+0.3)/2
"Sherwood number
averaged for a sphere and a cylinder moving at same speed as the flow"
D=3.926e-9
"m2/s"
"Diffusion Coefficient
of Ammonia into water"
"mvw[N+1]=0"
"Force Complete
Absorption"
"**********************************************************************************************************
***"
"Heat Transfer Characteristics"
hmc=2874/1000
"kW/m2-K"
"Heat Transfer
Coefficient Coolant Side"
hms=3526/1000
"kW/m2-K"
"Heat Transfer
Coefficient Solution Side"
Rw=0.0001809*1000
"m2-K/kW"
"Conduction
Resistance"
DTLM=((Tlw[1]-Tcw[1])-(Tlw[N+1]-Tcw[N+1]))/LN((Tlw[1]-Tcw[1])/(Tlw[N+1]-Tcw[N+1])) "LOG
MEAN T DIFFERENCE"
Qtotal=mc*(Enthalpy(Water,T=Tcw[1],P=1)-Enthalpy(Water,T=Tcw[N+1],P=1))
ULM=Qtotal/(W*L*DTLM)
"**********************************************************************************************************
****"
"Boundary Conditions"
mlw[1]=Mws
"Kg/s"
"Inlet Mass Flow rate of solution"
mvw[1]=0
"Kg/s"
"Inlet Mass Flow rate of ammonia vapor"
Tcw[N+1]=Tc
"K"
"Inlet Coolant Temperature in Counter Flow with solution"
Tlw[1]=Tws
"K"
"Inlet Weak Solution Temperature"
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xlw[1]=Xws
"Inlet Solution ammonia mass fraction"
"hcw[N+1]=Enthalpy(Water,T=Tcw[N+1],P=1)"
"kJ/kg"
"Inlet Enthalpy of Coolant in Counter Flow with solution"
Deff[1]=0
"m"
"Inlet effective bubble diameter"
mabs[1]=gm[1]*A1*LN(1+Bm[1])
Aeff[1]=0
A1=(dx/u[1])*nb*Ai
CALL NH3H2O(123,Tlw[1],P,xlw[1]: Tlw1[1],Plw[1],xlw1[1],hlw[1],slw[1],ulw[1],vlw[1],qlw[1])
CALL NH3H2O(128,Tlw[1],P,0:
Tlws[1],Plws[1],xlwsat[1],hlws[1],slws[1],ulws[1],vlws[1],qlws[1])
"**********************************************************************************************************
*****"
"Porous Plate"
"Total number of Conservation Equations"
Duplicate i=1,Np
"Overall Mass Balance"
mlw[i+1]=mlw[i]+mabs[i]
mlw[i]+mvw[i]+dmv=mlw[i+1]+mvw[i+1]
"Species Balance"
mlw[i]*xlw[i]+mvw[i]+dmv=mlw[i+1]*xlw[i+1]+mvw[i+1]
"Energy Balance Solution"
mlw[i]*hlw[i]+mvw[i]*hv+dmv*hv=mlw[i+1]*hlw[i+1]+mvw[i+1]*hv+dq[i]
"Energy Balance Coolant"
Mc*Enthalpy(Water,T=Tcw[i+1],P=1)+dq[i]=Mc*Enthalpy(Water,T=Tcw[i],P=1)
"Local Heat Transfered"
dq[i]=Umm[i]*dx*W*((Tlw[i]+Tlw[i+1])/2-(Tcw[i]+Tcw[i+1])/2)
"Local Ammonia-Water Mixture Properties"
CALL NH3H2O(123,Tlw[i+1],P,xlw[i+1]:
Tlw1[i+1],Plw[i+1],xlw1[i+1],hlw[i+1],slw[i+1],ulw[i+1],vlw[i+1],qlw[i+1])
"Local Saturated Ammonia-Water Mixture Properties"
CALL NH3H2O(128,Tlw[i+1],P,0:
Tlws[i+1],Plws[i+1],xlwsat[i+1],hlws[i+1],slws[i+1],ulws[i+1],vlws[i+1],qlws[i+1])
"Flow Velocity"
u[i]=((mlw[i]+mlw[i+1])/2)/(((1/vlw[i]+1/vlw[i+1])/2)*(Asx))

"Flow Quality"
k[i]=((mvw[i+1]+mvw[i])/2)/((mlw[i+1]+mlw[i])/2+(mvw[i+1]+mvw[i])/2)
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"Flow Void Fraction based on Zivi's Correlation"
"alpha[i]=(1+((1-k[i])/k[i])*(rhov/((1/vlw[i]+1/vlw[i+1])/2))^(2/3))^(-1)"
"Flow Void Fraction based on Homogeneous Flow model"
"alpha[i]=k[i]*(k[i]+(1-k[i])*rhov/((1/vlw[i]+1/vlw[i+1])/2))^(-1)"

"Local Heat Transfer Coefficient"
Umm[i]=(1/(1/hmc+Rw+1/((hms*(1-k[i]+k[i]*((1/vlw[i]+1/vlw[i+1])/2)/rhov)^(1/2)))))"1.5"

"Mass transfer Coefficient based on Low mass transfer theory"
gm[i]=ShL*((1/vlw[i]+1/vlw[i+1])/2)*D/((Db+Deff[i])/2)
"Driving Force for Mass Transfer"
Bm[i]=((xlw[i]+xlw[i+1])/2-(xlwsat[i]+xlwsat[i+1])/2)/((xlwsat[i]+xlwsat[i+1])/2-1)

End
"Number of bubbles comming from the west face keeping bubble density equal as during
injection"
nbw=(Hs/dx)*nb
Duplicate j=1,Np-1
"Effective Bubble Diameter: Finds respective spherical bubble diameter or the cylindrical
bubble diameter"
Deff[j+1]=IF(((6/pi)*mvw[j+1]/(rhov*nbw))^(1/3),Hs,((6/pi)*mvw[j+1]/(rhov*nbw))^(1/3),((6/pi)*m
vw[j+1]/(rhov*nbw))^(1/3),((4/pi)*((mvw[j+1]/(rhov*nbw*Hs))))^(1/2))
"Mass Transfer Area from Effective Bubble Diameter: Either Spherical Area or Cylindrical area
accordingly"
Aeff[j+1]=IF(((6/pi)*mvw[j+1]/(rhov*nbw))^(1/3),Hs,pi*Deff[j+1]^2,pi*Deff[j+1]^2,pi*Deff[j+1]*Hs)
"Mass Transfer rate found utilizing Blowing Parameter"
mabs[j+1]=IF(mvw[j+1]+dmv,2e8,0,0,gm[j+1]*(dx/u[j+1])*(nb*Ai+nbw*Aeff[j+1])*LN(1+Bm[j+1]))"1/5*dmv"
end

"**********************************************************************************************************
****"
"No Porous Plate"
dmvb=0
"Total number of Conservation Equations"
Duplicate i=Np+1,N
"Overall Mass Balance"
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mlw[i+1]=mlw[i]+mabs[i]
mlw[i]+mvw[i]+dmvb=mlw[i+1]+mvw[i+1]
"Species Balance"
mlw[i]*xlw[i]+mvw[i]+dmvb=mlw[i+1]*xlw[i+1]+mvw[i+1]
"Energy Balance Solution"
mlw[i]*hlw[i]+mvw[i]*hv+dmvb*hv=mlw[i+1]*hlw[i+1]+mvw[i+1]*hv+dq[i]
"Energy Balance Coolant"
Mc*Enthalpy(Water,T=Tcw[i+1],P=1)+dq[i]=Mc*Enthalpy(Water,T=Tcw[i],P=1)
"Local Heat Transfered"
dq[i]=Umm[i]*dx*W*((Tlw[i]+Tlw[i+1])/2-(Tcw[i]+Tcw[i+1])/2)
"Local Ammonia-Water Mixture Properties"
CALL NH3H2O(123,Tlw[i+1],P,xlw[i+1]:
Tlw1[i+1],Plw[i+1],xlw1[i+1],hlw[i+1],slw[i+1],ulw[i+1],vlw[i+1],qlw[i+1])
"Local Saturated Ammonia-Water Mixture Properties"
CALL NH3H2O(128,Tlw[i+1],P,0:
Tlws[i+1],Plws[i+1],xlwsat[i+1],hlws[i+1],slws[i+1],ulws[i+1],vlws[i+1],qlws[i+1])
"Flow Velocity"
u[i]=((mlw[i]+mlw[i+1])/2)/(((1/vlw[i]+1/vlw[i+1])/2)*(Asx))

"Flow Quality"
k[i]=((mvw[i+1]+mvw[i])/2)/((mlw[i+1]+mlw[i])/2+(mvw[i+1]+mvw[i])/2)

"Flow Void Fraction based on Homogeneous Flow model"
"alpha[i]=k[i]*(k[i]+(1-k[i])*rhov/((1/vlw[i]+1/vlw[i+1])/2))^(-1)"
"Flow Void Fraction based on Zivi's Correlation"
"alpha[i]=(1+((1-k[i])/k[i])*(rhov/((1/vlw[i]+1/vlw[i+1])/2))^(2/3))^(-1)"

"Local Heat Transfer Coefficient"
Umm[i]=(1/(1/hmc+Rw+1/((hms*(1-k[i]+k[i]*((1/vlw[i]+1/vlw[i+1])/2)/rhov)^(1/2)))))"1.5"
"Mass transfer Coefficient based on Low mass transfer theory"
gm[i]=IF(mvw[i],8e-8,0,0,ShL*((1/vlw[i]+1/vlw[i+1])/2)*D/Deff[i])
"Driving Force for Mass Transfer"
Bm[i]=((xlw[i]+xlw[i+1])/2-(xlwsat[i]+xlwsat[i+1])/2)/((xlwsat[i]+xlwsat[i+1])/2-1)

End
Duplicate j=Np,N-1
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"Effective Bubble Diameter: Finds respective spherical bubble diameter or the cylindrical
bubble diameter"
Deff[j+1]=IF(((6/pi)*mvw[j+1]/(rhov*nbw))^(1/3),Hs,((6/pi)*mvw[j+1]/(rhov*nbw))^(1/3),((6/pi)*m
vw[j+1]/(rhov*nbw))^(1/3),((4/pi)*((mvw[j+1]/(rhov*nbw*Hs))))^(1/2))
"Mass Transfer Area from Effective Bubble Diameter: Either Spherical Area or Cylindrical area
accordingly"
Aeff[j+1]=IF(Deff[j+1],Hs,pi*Deff[j+1]^2,pi*Deff[j+1]^2,pi*Deff[j+1]*Hs)
"Mass Transfer rate found utilizing Blowing Parameter"
mabs[j+1]=IF(mvw[j+1],8e8,0,0,gm[j+1]*((dx/u[j+1])*nbw*Aeff[j+1])*LN(1+Bm[j+1]))"1/5*dmv*0"
end
"*********************************************************"
"Checks with gobla conservation Equations"
Mss=Mws+Mv
"Mass Conservation"
Mws*Xws+Mv=Mss*Xss
"Species Conservation"
Mws*hlw[1]+Mv*hv=Mss*hss+Mc*(Enthalpy(Water,T=Tcw[1],P=1)Enthalpy(Water,T=Tcw[N+1],P=1))
"kW"
Conservation"
Mass=((mlw[N+1]-Mss)/Mss)*100
Species=((xlw[N+1]-Xss)/Xss)*100
Energy=((hlw[N+1]-hss)/hss)*100

"kg/s"
"kg/s"

"Energy
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Auxiliary program for single-phase heat transfer and mass diffusion coefficient
"This Program Finds the Averaged Single Phase Heat Transfer Coefficients based on inlet
conditions"
"For Both the Coolant Side and the Solution Side"
"Using Thermally Developing Flow Correlations from Shah and London"
"For Parallel Plates"
"It includes propoerty effects of Ammonia-Water Mixture"
"It also finds the ammonia-water mixture mass diffusitity"
"And the conduction heat transfer resistance"
"Created by: Ruander Cardenas"
"OSU 2009 "
"Last Updated: 5-5-2009"
"****************************************************************************************************"
"Inlet Conditions"
Tm=(Tws+273.15+Tcc+273.15)/2
Tv=Tvv+273.15
Tc=(Tcc+273.15+Tws+273.15)/2
Mc=Mcc/60000 "Kg/s"
Mws=Mwss/60000 "kg/s"
Mv=Mvv/60000 "kg/s"
mss=(mws*m+mv)/(mws+mv)
mm=(m+mss)/2
"P=6.2"
CALL NH3H2O(123,Tm,P,m:Ts,P1,xs,h,s,u,v,q)
"**********************************************************************************************************
*"
"Geometry"
t=0.00254 "m"
Lc=15/100 "m"
L=15/100 "m"
Hc=1/1000 "m"
W=3/100 "m"
Hs=0.6/1000 "m"
Lp=9/100 "m"
ep=0.28
"**********************************************************************************************************
*****"
"Constants for Pure Water"
Tc_H2O=647.14
Pc_H2O=220.64
rhoc_H2O=322
MH2O=18.0152268
psi_H2O=2.6
Acp_H2O=3.665785
Bcp_H2O=0.236312
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"**********************************************************************************************************
***"

"Constants for Pure Ammonia"
Tc_NH3=405.4
Pc_NH3=113.336
rhoc_NH3=225
MNH3=17.03026
psi_NH3=1.7
Acp_NH3=3.875648
Bcp_NH3=0.242125
"**********************************************************************************************************
*****"
"Conversion from mass fraction to mole fraction"
x=(mm/MNH3)/(mm/MNH3+(1-mm)/MH2O)
"CALL NH3H2O(138,Tm,m,0: T,P,xsat,h,s,u,v,q)"
"CALL NH3H2O(238,P,m,0: Tm,P1,xsat,h,s,u,v,q)"
"FINDS THE Critiral Temperature of the mixture"
Tcm=647.14*x^(0)-199.822371*x^(1)+109.035522*x^(2)-239.626217*x^(3)+88.689691*x^(4)
"**********************************************************************************************************
********************************"
"FINDS THE DYNAMIC VISCOSITY OF THE SOLUTION"
eta_NH3=Viscosity(Ammonia,T=TNH3star,x=0)*1e6
eta_H2O=Viscosity(Water,T=TH2Ostar,x=0)*1e6
LN(eta_m)=x*LN(eta_NH3)+(1-x)*LN(eta_H2O)+Deta
Deta=(0.534-0.815*(Tm/Tc_H2O))*F
F=6.38*(1-x)^(1.125*x)*(1-EXP((-0.585*x)*(1-x)^(0.18)))*LN(eta_NH3^(0.5)*eta_H2O^(0.5))
"**********************************************************************************************************
************************************"
"FINDS THE DIFFUSION COEFFICIENT OF AMMONIA VAPOR INTO AMMONIA-WATER
SOLUTION"
rho_NH3m=Density(Ammonia,T=Tm,x=0)
psi_m=x*psi_NH3+(1-x)*psi_H2O
M_m=x*MNH3+(1-x)*MH2O
Vdiff=MNH3/rho_NH3m
D=117.282e-18*Tm*((psi_m*M_m)^(1/2))/(((eta_m*1e-6))*Vdiff^(0.6))
"**********************************************************************************************************
*************************************"
"FINDS THE SPECIFIC HEAT OF THE MIXTURE"
Theta=Tm/Tcm
Theta=TNH3star/Tc_NH3
Theta=TH2Ostar/Tc_H2O
Tau=(1-Theta)
Cp_NH3star=Acp_NH3+Bcp_NH3*Tau^(-1)
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Cp_H2Ostar=Acp_H2O+Bcp_H2O*Tau^(-1)
Cpm=x*Cp_NH3star+(1-x)*Cp_H2Ostar
"**********************************************************************************************************
**************************************"
"FINDS THE THERMAL CONDUCTIVITY OF THE MIXTURE"
"rho_NH3plus=Density(Ammonia,T=TNH3star,X=0)*x^(0.425)"
rho_NH3plus=Density(Ammonia,T=Tm,X=0)*x^(0.425)
Lambda_NH3=b0*rhostar^(c0)+b1*rhostar^(c1)+b2*rhostar^(c2)+b3*rhostar^(c3)+b4*rhostar^(
c4)
"rhostar=rhos/rhoc_NH3"
rhostar=rho_NH3plus/rhoc_NH3
b0=IF(rhos,rhoc_NH3,56.204417,-278.262375,-278.262375)
b1=IF(rhos,rhoc_NH3,-72.140043,859.993184,859.993184)
b2=IF(rhos,rhoc_NH3,133.084367,-502.818171,-502.818171)
b3=IF(rhos,rhoc_NH3,33.202225,86.142775,86.142775)
b4=IF(rhos,rhoc_NH3,15.190265,0.485818,0.485818)
c0=0
c1=1/3
c2=2/3
c3=5/3
c4=16/3
"Lambda_m=(x*Lambda_NH3+(1-x)*Conductivity(Water,T=TH2Ostar,P=P)*1000)/1000"
"W/m-K"
Lambda_m=(x*Lambda_NH3+(1-x)*Conductivity(Water,T=Tm,P=P)*1000)/1000
"**********************************************************************************************************
*****************************************"
"WALL RESISTANCE"
ks=k_('Stainless_AISI316', (Tws+273.15+Tcc+273.15)/2)
Rw=t/(ks)
"**********************************************************************************************************
*****************************************"
"Finds the Heat Transfer Coefficient in the Solution Side"
rhos=1/v
eta_m/1e6=mus
Asx=W*Hs
Ds=4*(Asx)/(2*W+2*Hs)
Vl=Mws/((1/v)*Asx)
rhov=Density(Ammonia,T=Tv,P=P)
Vinjection=Mv/(rhov*Lp*W*ep)
Prs=(1-m)*Prandtl(Water,T=Tc,P=1)+m*Prandtl(Ammonia,T=Tm,x=0)

"6"
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"Thermally Developing Paralle-Plate constant heat flux by Shah and London, 1978"
NuDs=IF(xstars,0.001,2.236*xstars^(-1/3),2.236*xstars^(-1/3),S6)
S6=IF(xstars,0.01,2.236*xstars^(-1/3)+0.90,2.236*xstars^(-1/3)+0.90,8.235+0.0364/xstars)
NuDs=hms*(2*Hs)/Lambda_m "Note that the length scale use here is different"
xstars=(L/(2*Hs))/(ReDs*Prs)

ReDs=rhos*Vl*(2*Hs)/mus
ReDse=rhos*Vl*(Ds)/mus

"Entry Length of Solution"
(Lentrys/Ds)=0.05*ReDse
"**********************************************************************************************************
*******************************"
"Coolant Side Heat Transfer Coefficient"
Dc=4*(Hc*W)/(2*W+2*Hc) "m"
Prc=Prandtl(Water,T=Tc,P=1)
muc=Viscosity(Water,T=Tc,P=1)

"6"
"Thermally Developing Paralle-Plate constant heat flux by Shah and London, 1978"
NuD=IF(xstarc,0.001,2.236*xstarc^(-1/3),2.236*xstarc^(-1/3),C6)
C6=IF(xstarc,0.01,2.236*xstarc^(-1/3)+0.90,2.236*xstarc^(-1/3)+0.90,8.235+0.0364/xstarc)
NuD=hmc*(2*Hc)/kc
xstarc=(L/(2*Hc))/(ReD*Prc)

rhoc=Density(Water,T=Tc,P=1)
Vc=Mc/(rhoc*Hc*W)
ReD=rhoc*Vc*(2*Hc)/muc
ReDe=rhoc*Vc*(Dc)/muc
kc=Conductivity(Water,T=Tc,P=1)

"Entry Length of Coolant"
(Lentryc/Dc)=0.05*ReDe

"**********************************************************************************************************
**********************************"
"Overall Heat Transfer Coefficient"
1/(Um)=1/hms+Rw+1/hmc
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Appendix 7 Numerical Scheme Accuracy
To determine the accuracy of the numerical scheme, the difference in m vw with
increasing number of control volumes at an axial location of z= 0.09 m was plotted as
a function of the grid size, dz. This plot is shown in Fig.A 20. In a log-log plot scale,
the data points lie on a straight line. The slope of the line indicates the accuracy of the
numerical scheme. To find the slope of the line, the data was curve fitted with an
exponential function. The exponent on the x variable indicates the slope of the line on
the log-log plot. As indicated in Fig.A 20, the numerical scheme is second order
accurate (x exponent of approximately 2). For example, in a second order accurate
scheme, if the grid size is reduced by a factor of 10, the error of the numerical solution
is reduced by a factor of 100. A second order accurate numerical scheme was
anticipated since the central differencing approximation was used to estimate the value
of variables at the center of the control volume from the known values at the faces.
The central differencing scheme has been analytically shown to be second order
accurate [44].
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Fig.A 20: Accuracy of the numerical scheme determined at z= 0.09 m for m vw

