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Abstract—

Solar Absorption refrigeration is one of the most important
method on utilizing thermal energy. In recent years, the
research interest on hydrogen diffusion absorption refrigeration
(HDAR) techniques has been increased significantly.

In this study, a detailed thermodynamic analysis of the
hydrogen-ammonia-water diffusion absorption refrigeration
machine is performed by numerical simulation.

The influences of driving heat temperature T, cooling
medium temperature T, , absorber effectiveness Eff,,s and
concentration of ammonia solution on the thermal loads of
components, on coefficients of performance COP, on minimum
evaporation temperature and on the circulation ratio are
investigated and discussed.

The performance characteristics of this system is analyzed
parametrically by computer simulation with two cooling
mediums, viz. water (27°C) and air (35°C). In the case of air-
cooled machine with absorber effectiveness of 80%, the
optimum driving temperature is around 140°C, and the
corresponding COP reaching 0.22. In comparison, the
performance of the water-cooled cycle is better with a lower
optimum driving temperature around 120°C and a higher COP
is up to 0.36.

Keywords— Modelling, Simulation, Coefficient of performance,
Absorption, Refrigeration

I. INTRODUCTION

In recent years, research has been devoted to
improvement of absorption refrigeration systems. Mechanical
vapour compression refrigerators have been used in many
refrigeration and air-conditioning applications. However,
increased global warming and environmental effect of
chlorofluorocarbon has stimulated interest in the development
of absorption refrigeration.

Vapour compression technologies require high grade energy
for their operation, however, absorption refrigeration systems
harness inexpensive waste heat, solar, etc. The Hydrogen
Diffusion Absorption Refrigeration cycle HDAR invented by
the Swedish engineers von Platen and Munters [1] has been
recognized as one of the most promising technologies for
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refrigeration and cooling production. The corresponding
thermodynamic cycle is based on refrigerant/absorbent pair
mixture as working fluids and hydrogen gas for pressure
equalization. A thermally driven bubble pump, which can be
powered by waste heat or solar thermal energy, is used to lift
the liquid solution. As a result of the absence of any
mechanical moving part, the refrigerator is silent and very
reliable [2] in addition of an economical and natural relative
cycle.

The most used working fluid for this called hydrogen
diffusion  absorption refrigerator, ~manufactured and
commercialised by Electrolux AB Sweden (today Dometic
AB) [3], is the ammonia/water system with ammonia as
refrigerant, water as absorbent and hydrogen as auxiliary gas
[4, 5].

Over the years, numerous researches in this field have been
done and a lot more is still undergoing. Works were mainly
focused on thermodynamic modelling, finding new working
fluids and improving the heat and mass transfers in mainly
components of the DAR. Kouremenos et al. [6] examined the
possibility of using helium instead of hydrogen as inert gas.
They found that this gas behaves in a similar manner as
hydrogen. Srikhirin et al. [7] developed a mathematical model
of the cycle with ternary mixture ammonia/water/helium. The
performance of the bubble pump was obtained from a simple
experiment. This model was validated using experimental
tests. Zohar et al. [8] also compared the COP of two cycle
configurations, and investigated the influence of the generator
and bubble pump configuration on the cycle performance [9].
A parametric study shows the best performances would be
obtained with an ammonia mass concentration of 30% for the
rich solution and 10% for the weak solution. In reference [10]
Ben Ezzine et al. presented an experimental investigation of
air-cooled DAR operating with light hydrocarbon mixture
(C4/C9) and helium as inert gas. They produced cold at
temperatures between —10 and +10°C for a driving
temperature in the range of 120-150°C. Zohar et al.
[11] examined numerically the performance of a DAR system
working  with an  organic  absorbent (DMAC-
dimethylacetamide), five different refrigerant and helium as
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inert gas. Ben Ezzine et al. [12] investigated the feasibility of
a DAR operating with the working fluid system DMAC-
R124-He and coupled to a solar collector. The results
indicated that at the same driving temperature (140 °C), the
COP of the DAR system working with R124-DMAC was
equal to 0.32 (maximum value) that was approximately 50%
higher than that of the ammonia water refrigerator. Moreover,
the lowest evaporation temperature was obtained as
—14.8 °C at the driving temperature of 180 °C.

In this paper, the performance of a single pressure
hydrogen diffusion absorption refrigeration cycle operating
with ammonia-water mixture as working fluids and hydrogen
as auxiliary inert gas has been analyzed by numerical
simulation. The developed model is then used to investigate
the effects of different operating parameters on the system
performances.

Il. WORKING PRINCIPAL

A single pressure hydrogen diffusion absorption
refrigerator is shown schematically in Fig. 1. The system
consists, basically, of an absorber, an evaporator-gas heat
exchanger, a rectifier, a condenser, a solution heat exchanger
and a generator where the boiler and the bubbles pump are
combined. The rich solution (6) leaving the absorber flows to
the generator where it is heated causing the evaporation of
some ammonia refrigerant. The resulting vapour bubbles rise
in the tube. These vapour bubbles, which are separated by
small liquid slugs, occupy the complete cross- section of the
tube due to its small diameter. Each bubble acts as a gas
piston and lifts the corresponding liquid slug to the top of the
pump tube. Usually the vapour leaving the generator (10)
contains a quantity of absorbent (H,0). This vapour is then
purified in the rectifier. The ammonia vapour (1) is then
liquefied in the condenser. The liquid refrigerant (2) passes to
the evaporator top. Since the evaporator is charged with
hydrogen, the partial pressure of refrigerant decreases. It
results that the ammonia evaporates at law temperature. As
long as the refrigerant continues to evaporate, its partial
pressure is rising. The resulting NHs/hydrogen vapour
mixture (5) flows out of the evaporator into the absorber
which is continuously cooled and where the NH; weak
solution absorbs the NH3 from the vapour phase and forms an
NHs;/H,0 rich solution (6).

I11. METHODOLOGY OF THE SIMULATION

A. Modelling

The performance equations for the components considering
mass and energy balances are established as follows.
Generator

Total mass balance, ammonia mass balance, and energy
balance of the HDAR generator are expressed as follows:

M, +m,, =M +m,, @

S-m, +& .My, =&,.Mg + .My, )

Qeer + My H, +my Hy, =g Hg +1h.H,, (©)

The weak solution temperature Tg leaving the generator is the
highest temperature in the cycle. The leaving liquid solution
and the vapor are in saturated state and at the same
temperature, i.e.

Te=Tio 4

Fig. 1 Schematic view of the Diffusion Absorption Refrigeration Machine

Modeling for the Absorber

Total mass balance, ammonia mass balance, and the heat
released by the exothermic process and rejected to the
environment medium are expressed as follows:

ms,Hz = '3,H2 (11)
m5,NH3 +Mmy = m3,NH3 +Mmg (12)
mS,NHS +§w'm9 = mS,NH3 +§r'm6 (13)
Q.Abs_'_rh(i'HG_'_rh.’:],NH3'H3,NH3_'_rh3.H2'I-|3‘H2 = (14)

n.']9'H9_‘_I'T-]S,NHB'HS,NHS_'_rﬁS,HZ'HS,HZ
Since the condenser has the same cooling medium, we
assume that the same temperature difference prevails between

the cooling medium and the exiting condensate, i.e.
To=T,=Tc+ ATcon (15)

The ammonia rich solution (9) leaving the absorber is in sub-
cooled state.

To characterize absorption process absorber effectiveness is
defined as the ratio between the quantities of refrigerant



absorbed to the maximum refrigerant quantities that can be
absorbed in the same operating conditions.

Eff e Abs —

m5,NH3 B m3,NH3

m5,NH3 - (m3,NH3)min

Eff*, = —ore —oulll_ (17)
érMax‘meMax - §W'm9

Where &y Mowax and (M y3) i are defined as the
thermodynamic limits of the absorption process in the bottom
and top of the absorption column. In fact, &, is the

highest NH; mass fraction that can be contained in the rich
solution and which can be reached when the thermodynamic
equilibrium in the absorber’s bottom is established at the
partial pressure of the refrigerant leaving the evaporator. In
such condition mass flow rate of the rich solution reaches its

maximum value Mgy, . finally (M 43) ., IS the lowest
mass flow rate of the NHj; residual in the gas mixture leaving
the top the absorber and which can be reached when the gas
mixture is in equilibrium with the weak solution (9) at the

same temperature.

Modeling for the Evaporator-gas heat exchanger

Contrary to conventional two pressure absorption
refrigeration systems when refrigerant is evaporated at
constant evaporation low pressure, the evaporation process in
hydrogen based triple fluid diffusion absorption refrigeration
system is effectuated between two refrigerant partial pressure.
At the evaporator entrance, the sub-cooled liquid refrigerant
(2) leaving the condenser at the total system pressure arrives
at the evaporator entrance, relaxes into the hydrogen and NH;
mixture and the result is that the partial pressure of the sub-
cooled liquid NH; drops and it starts to evaporate at low
temperatures. More the liquid evaporates while traversing the
evaporator more the refrigerant partial pressure in the vapor
phase increases. Therefore temperature through the
evaporator-gas heat exchanger increases and the evaporator-
gas heat exchanger outlet temperature Ts is then fixed.
Many factors affect the evaporation process such as
refrigerant mass flow, NH; partial pressure, temperature,
absorber effectiveness, etc. The partial pressure of NH; in the
gas mixture is defined as:

M g (18)

n?\lH3 + r:IH 2 o

Part

P = h* P (19)

PartMax - g . Syst
n5,NH3 + r]S,H 2

ne (20)

p _ 3,NH3 *

PartMin — . g N
I’]3,NH3 + n3,H 2

Syst

The lowest temperature attempted in the evaporator’s top can
be calculated when P, i, is known. Total mass balance,

ammonia mass balance, and energy balance on the HDAR
evaporator are expressed as follows:

. o 21
r‘nS,HZ - m3,H2 21)
m3,NH3+m2 _mS,NH3 (22)
QEvap+m2-H2+m3,NH3-H3,NH3+m3,H2-H3,H2 = (23)

rT15,NH3'H5,NH3 + r’nS,HZ'HS,HZ

Modeling for the Rectifier

The vapor leaving the generator is not pure refrigerant; it
contains yet a small amount of absorbent. It is purified by a
partial condensation in the cooled rectifier. Total mass
balance, NH3; mass balance, and energy balance are expressed
as follows:

m, +my, =m, (24)
My + &My =My (25)
QRec’( + ml'Hl + m11-H11 = mlO'HlO (26)

The refrigerant vapor leaves the rectifier in a saturated state
(location 1). A temperature difference of ATgey = 2°C is
assumed between exiting vapor (10) and refluxing liquid (11),
i.e.

T10=Tiy + ATrect (27)

B. Cycle performance
Coefficient of performance is defined as:
3 3 28
COP= —Q.Evap = QEVﬁ? )
QGen QB + QBP

The correspondent theoretical reversible cycle is assumed to
operate between three thermal sources, a cold source at TF =
T4 = Twin, @ medium source at T and a driving heat source at
Tg = Tg. The theoretical COP is then:

COP TF (TG _TC ) (29)

e TG (Tc _TE)

The cycle efficiency writes:
_ CoP (30)
7= cop

rev

The circulation ratio is defined as the ratio between the rich
solution mass flow rate and that of the refrigerant:
M (31)

my

C. Numerical resolution

The numerical simulation model is constituted of a large set
of non-linear equations (mass and energy balances and



thermodynamic properties equations) is simultaneously
solved using a FORTRAN program based on the CONLES
algorithm [23, 24].

IV.RESULTS AND DISCUSSION

The performance of hydrogen based ammonia-water
diffusion absorption cycle is simulated in two cooling modes,
viz. water cooling and air cooling.

The cycle is then simulated in the two cooling medium cases,
27°C for water-cooling and 35°C for air-cooling. Simulation
is performed for three driving temperature 90°C, 120°C and
140°C for water-cooled cycle and 120°C,140°C and 180 °C
for air-cooled machine. Simulation’s inputs and calculation
results of the NHs/H,O diffusion-absorption refrigeration
cycle for the two cases are presented in Table 1.

In table 2 the exchanged heat rates, the circulation ratio and
the coefficient of performance of the various configurations
are given. We remark that in the case of water cooling,
driving heat temperatures above 120°C are not necessary,
unlike the case of air cooling where higher temperatures are
needed to enhance the coefficient of performance.

TABLE |

BASE CASE SIMULATION RESULTS

TABLE Il

HEAT EXCHANGE RATES AND PERFORMANCES OF THE MACHINE.

Parameter \ Water cooled, Tc =27 °C | Air cooled, Tc =35 °C
Tviax 90°C 120°C | 140°C | 120°C | 140°C | 180°C
QE (W) 1000. 1000. 1000. 1000. 1000. 1000.
vap
QGen W) 3964. 2767.2 | 3222.6 | 6104.7 | 4554.8 | 7517.
QAbs W) 2119.2 | 1604.2 | 1623.4 | 2616.6 | 2026.7 | 1998.9
QCond W) 2357.4 | 1454.8 | 1386.4 | 3155.9 | 2037.7 | 1731.8
QRw W) 487.3 708.2 1212.6 | 1332.2 | 1490.3 | 4786.2
f 9.27 4.1 3.29 6.95 4.56 3.12
cor 0.252 0.361 0.31 0.163 0.22 0.133

Water cooled, Tc=27 °C | Air cooled, Tc=35°C

Parameter \

Totax 90°C 120°C

140°C | 120°C | 140°C | 180°C

Pyyst (bar) 14.73 | 1473 | 1473 | 18.35 | 18.35 | 1835

Poarviax 021) | 5.15 5.15 5.15 515 | 515 | 515

Poarwin ®@21) | 3.438 | 1408 | 0734 | 256 |[142 | 036

Prais (bar) 3828 | 2375 [ 1917 | 3156 | 232 | 158
T: (°C) 4725 | 4725 | 4725 |53 53. 53.
T (°C) 37. 37. 37. 45, 45, 45,
T (°C) 37. 37. 37. 45, 45, 45,
Ti= Tvin (°C) | -3 148 [-198 |79 |-154 | 24
Ts (°C) 5, 5, 5, 5, 5, 5,
Ts (°C) 37. 37. 37. 45, 45, 45,
T7 (°C) 78.9 8648 | 911 [ 1008 | 106. | 1152
T (°C) 88. 108. |138. |118. [138 | 178
Ti1 (°C) 86. 106. | 136. | 116. | 136. | 176.
&, (%) 50.8 48. 462 | 611 |593 |567
&y (%) 447 303 |[215 |524 |434 |306
m, (g/s) 212 13 124 | 2932 | 1.8% | 161

Mgz &) | 6.09 203 | 172 [626 |301 |[212

My 1) (&/5) 1322 | 0.44 0.36 1.876 | 0.9 0.62

My nra) ©/5) | 3.97 072 |o048 333 [112 |o051

My2) (8/5) 1322 | 044 | 036 |1876 |09 0.62

m, (s/s) 1967 |53 408 | 2036 | 863 |503

m,, (g/s) 1755 [399 [284 [1743 673 |[343

V. PARAMETRIC STUDY ON PERFORMANCE

The variation of the coefficient of performance vs. the
driving heat temperature for different absorber efficiencies in
the base case air cooled DAR is presented in figure 2. When
the absorber efficiency is constant, the COP firstly increases
to a maximum value with driving temperature increasing and
then diminishes. On the other hand, the coefficient of
performance is largely affected by the absorber efficiency.

0,30 Air cooled DAR, 35°C

0,25

020 /// o S Effyes=1
/ o e ----t-Effg= 08
, oN e - Eff._=05
Q.
S 0,15 B
O ~
0,10

0,05

0,00

100 110 120 130 140 150 160 170 180 180 200 210

Driving temperature, T, (°C)
Fig. 2 COP vs. driving temperature for different absorber efficiencies

In figure 3 the evolution of the weak solution concentration
exiting the generator with the driving heat temperature Tmax
for air cooling is depicted. It's clear that the refrigerant mass
fraction decreases with higher temperatures. This decreases is
good for the absorption process in the absorber and then
enhances the performance of the refrigerator. On the other
hand, as presented in figure 4 which shows the heat rejected
by rectification process vs. the maximum driving heat
temperature Tmax. The rejected heat increase first slowly
until a driving temperature of 140°C.




04

Air cooled DAR, 35°C

0.3

gw 02

0,1

0.0

100 120 140 160 180 200 220

Driving temperature, Thax (°C)
Fig. 3 Concentration of weak solution vs. driving temperature for constant
absorber efficiency

The higher the driving temperature, the greater the
rectification heat and consequently the decrease of the COP
beyond the optimal temperature.

Figure 5 shows the variation of the circulation ratio, f as a
function of the driving temperature for the two case of
cooling medium temperatures, 27°C for water-cooling and
35°C for air-cooling. It can be deduced from this figure that
the circulation ratio f increases rapidly as more as the driving
temperature is decreasing. In general, it can be seen from the
thermal coefficients that in order to obtain a higher operation
efficiencies it is essential to operate the DAR cycle at lower
circulation ratio, which implies higher values of Tmax and
lower cooling medium temperatures. That same figure shows
also that at absorber efficiency about 80%, the water-cooled
DAR circulation ratio varied from 4.5 to 2.4 when Tmax was
varied from 110°C to 200°C but in the air-cooled DAR,
circulation ratio varied from 10.45 to 2.75 for the same
operation conditions.

50 |
Air cooled DAR, 35°C |

40 {

30

Q. [kW]

100 120 140 160 180 200 220

Driving temperature, Tpay (°C)
Fig. 4 Rejected heat from rectifier vs. Tmax

9 \ ——— Water cooled, 27°C
\ ~===== Air cooled, 35°C

2

80 100 120 140 160 180 200 220

Driving temperature, Tmax (°C)
Fig. 5 Circulation ratio vs. driving temperature and cooling medium
temperature

The last figure (Fig. 6) reports the investigation of the
conjugate effect of the absorption temperature (resulting from
varying cooling medium temperature) and the driving heat
temperatures on the COP of the DAR for constant absorber
efficiency. For each driving temperature (12, 140 and 160°C)
the COP decreases rapidly when the temperature TC is
increased. This shows again the predominant role of the
absorber and how it largely affects the performance of the
DAR.
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Fig. 6 COP vs. cooling medium and driving heat temperature

V1. CONCLUSIONS

A thermodynamic model for ammonia-water-hydrogen
DAR cycle is developed and the system performances are
analyzed parametrically by computer simulation. With the
thermodynamic model developed, the numerical simulation
shows that for absorber effectiveness of 80%, the optimum
driving temperature for the air-cooled DAR cycle is around
140°C, and the corresponding COP reaching 0.22. In
comparison, the water-cooled performance cycle is better
with a higher COP is up to 0.36 and a lower optimum driving
temperature around 120°C.
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NOMENCLATURE

COP  coefficient of performance

m mass flow rate (Kg.s-1)

n molar flow (mol.s-1)

Q heat flow (KW)

H enthalpy (KJ.Kg-1)

P pressure (bar)

T temperature (°C)

AT heat exchanger pinch

SRC  condenser sub-cooling

X,y liquid and vapor molar composition

DAR  diffusion absorption refrigerator

Greek letters

¢ NH3 solution mass fraction

v NH3 gas mass fraction

Exponents

V.0 gas phase

Subscripts

Abs absorber

Cond condenser

Evap evaporator

Gen generator

Rect rectifier

SHX solution heat exchanger

H2 hydrogen

Min minimal

Max maximal

Part partial pressure

r rich solution

w weak solution

1,2..14 system's state point
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