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Abstract— Solar thermally driven cooling systems offers a more
sustainable and low-energy solution for refrigeration and air-
conditioning applications. The common basic configuration of
hydrogen diffusion absorption refrigerator BHDAR is the Pluten-
Munters invented in the 1920s and manufactured by Electrolux
(today Dometic AB).

In this study three hydrogen-ammonia-water diffusion
absorption cycles with increasing internal heat recovery have
been investigated and compared by numerical simulation.
Simulations are performed for two cooling medium temperatures,
27°C and 35°C, and four driving heat temperatures in the range
[90°C - 180°C]. The performance characteristics are analyzed
parametrically by computer simulation. Results show that the
system performance and the lowest (minimum) evaporation
temperature reached are largely dependent upon the absorber
efficiency and the maximum driving temperature.

The second novel enhanced MHDAR? cycle reaches a maximum
COP of 0.38 and minimum evaporation temperature of -24°C in
the air cooled case. While for the same conditions, the
conventional BHDAR cycle COP cannot exceed 0.22 with a
generator driving temperature of about 140°C.

Keywords— Modelling, Simulation, COP, Absorption,
Refrigeration, Coefficient of performance, Enhancement design,
heat recovery

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.

Hydrogen Diffusion absorption refrigeration (HDAR) cycle
invented by the Swedish engineers von Platen and Munters [1]
has been recognized as one of the most promising technologies
for refrigeration and cooling production. The corresponding
thermodynamic cycle is based on refrigerant/absorbent pair
mixture as working fluids and an inert gas for pressure
equalization. A thermally driven bubble pump, which can be
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powered by 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.

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 HDAR. Ben Ezzine et al.
[10] presented an experimental investigation of an air-cooled
diffusion absorption machine operating with a binary light
hydrocarbon mixture (C,H1o/CyH,0O) as working fluids and
helium as pressure equalizing 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 HDAR
system working with an organic absorbent (DMAC-
dimethylacetamide) and five different refrigerant which were
chlorodifluoromethane (R22), difluoromethane (R32), 2-
chloro-1,1,1,2-tetrafluoroethane  (R124), pentafluoroethane
(R125) and 1,1,1,2-tetrafluoroethane (R134a) and helium as
inert gas. They compared performance results of their systems
with the performance of the same system working with
ammonia-water and helium. They found out that similar
behavior for all systems, regarding the coefficient of
performance (COP) and rich and poor solution concentrations
as functions of generator temperature. Ben Ezzine et al. [12]
investigated the feasibility of a HDAR operating with the
working fluid system DMAC-R124 and coupled to a solar
collector. The performance characteristics of this system were
found by a computer simulation. They showed that the COP
and the produced cold temperature depend largely on the
effectiveness of the absorber and on the generator temperature.
The results indicated that at the same driving temperature
(140 °C), the COP of the HDAR 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.
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Most of the work on hydrogen diffusion absorption
refrigerators reported in the literature involves thermodynamic
modelling and looking for new fluids associated or not to
experimental tests. However few research has been performed
on theoretical and practical enhancement design of the basic
conventional HDAR. The present paper is a contribution to
enhancement and research for new enhanced HDAR
configurations. Numerical investigations are then performed
for three studied hydrogen-ammonia-water cycles with
hydrogen as the auxiliary gas. The effects of different
operating parameters on the system performances are analysed
and discussed.

I1. DESCRIPTION OF THE HDAR CYCLE

The conventional Hydrogen Diffusion Absorption system
shown in Figure 1 is the Platen-Munters HDAR (Basic
Hydrogen Diffusion Absorption Refrigerator) manufactured by
Electrolux. It includes 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. It relies on a bubble pump to pump the solution
from the lower level to the higher one.
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Fig. 1 Schematic representation of view of the Platen-Munters HDAR

The BHDAR may be simplified on a schematic diagram as
shown in Figure 2. The rich solution (6) leaving the absorber
flows to the generator where it is heated causing the
evaporation of some ammonia refrigerant. The resulting vapor
bubbles rise in the tube. These vapor 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. Under the effect of the difference in height
between the top of the bubble pump tube and the top of the
absorber, the weak solution (8) flows to the absorber via a
solution heat exchanger SHX. Usually the vapor leaving the
generator (10) contains a quantity of absorbent (H,O). This
vapor is then purified in the rectifier. The ammonia vapor (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 vapor mixture
(5) flows out of the evaporator into the absorber which is
continuously cooled and where the NH; weak solution absorbs
the NH; from the vapor phase and forms an NHs/H,O rich
solution (6).

The HDAR is a self circulate system. The solely circulation is
due to the gravity and density difference between the
components working fluid.

Fig. 2 Circulation patterns of the Basic Hydrogen Diffusion Absorption
Refrigerator BHDAR

I111. MODELLING AND SIMULATION

A numerical model should be developed first. The modeling
proceeds by formulation of the mass and energy balances,
specification of the fundamental operating conditions,
characterization of the heat and mass transfer processes in the
various heat and mass exchanging devices and specification of
the state of the working fluid and operating conditions at
several locations of the installation. Thermodynamic properties
of working fluids are calculated in a subroutine incorporated in
the main program [20-23].

Generator

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

M, + My, = Mg + My, (1)
SeeMy +&yp.Myy =&, Mg + 0. @)
Qgen + My Hy +100 Hyy =g Hy + 1y Hyg (3)

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



Tg =T 4)
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 )
m5,NH3+m9 :mS,NH3+m6 (6)
mS,NH3 + é:wmg = m3,NH3 +§r'm6 (7
Qpos + Mg Hg + 1My 5. Hy s + My 0. Ha o = (8)

m9'H9 +m5,NH3'H5,NH3 +m5,H2'H5,H2

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=Ty=Tc+ ATcond ©)]
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.

Effé = ms,NH3 B m3,NH3 (10)
Abs — . .
m5,NH3 - (m3,NH3)min
L ég -me_g -mg
Eff Abs — - . ﬁ . (11)
é:rMax'm6Max é:w'mg

Where &\ Meax @A (M 15) 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 ri,,,,., finally (, ,..), .. is the lowest mass

flow rate of the NH; 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.
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 NHs in the gas
mixture is defined as:

Poar = M* Py (12)
al - . yst
n?\IHS +nH2
A9
P _ r.]5,NH3 * P (13)
PartMax — . g . Syst
n5,NH3 + r-]5,H2
19
P _ N3 NH3 * (14)

PartMin — Syst

=g .
r]3,NH3 + n3,H2

The lowest temperature attempted in the evaporator’s top can

be calculated when Prariin is known. Total mass balance,

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

ms,Hz = .3,H2 (15)
m3,NH3 +m, = m5,NH3 (16)
QEvap+m2'H2+m3,NH3'H3,NH3+m3,H2'H3,H2 = (17)
Mg na-Hs s + M o-Hg
A. HDAR performances
Coefficient of performance is defined as:

QEvap — ﬂ (18)

COP =— - :
QGen QB +QBP

The theoretical reversible cycle is assumed to operate between

three thermal sources, a cold source at Tr = T4 = Ty, @

medium source at T¢ and a driving heat source at Tg = Tg. The

theoretical COP is then expressed:

— 19
cop_ —1ele=Tc) (19)
TG (Tc _TE)
The cycle efficiency writes:
_ CoP (20)
T=cop

rev

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



M, (21)

f=Te
ml

B. Numerical resolution

The simulation model, performed later on a well designed
computer code, is constituted of a large set of non-linear
equations (mass and energy balances and thermodynamic
properties equations) which is simultaneously solved using a
FORTRAN program coding the CONLES algorithm [23, 24].

IV. SIMULATION RESULTS AND DISCUSSION

The thermodynamic properties of the NH3/H,O solution at
various locations of the cycle are calculated in the basis of the
correlations between P-T-x—y for the liquid phase and vapor
phases and the h-x-T diagram correlations [20, 21].

The cycle is simulated with two cooling medium temperatures,
27°C for water-cooling and 35°C for air-cooling. For each
cooling medium temperature the cycle is simulated with 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.
The most important calculation results of the BHDAR cycle
for the two cases presented in table 1 provides the exchanged
heat rates, the circulation ratio and the coefficient of
performance of the various configurations. We notice 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.

Based on the simulated results, the thermodynamic cycle of
the air-cooled HDAR is represented on the NHs/H,O
OLDHAM diagram shown in figure 3. In this figure, real
values of temperatures, mass concentrations, and partial
pressure of different HDAR’s components respect the points’
state referenced to figure 2. The transformation (2-4)
represents the refrigerant relaxation caused by the presence of
hydrogen in the evaporator inlet and the transformation (4-5-6)
corresponds to the NH; evaporation process inside the
evaporator.

TABLE |

BASE CASE SIMULATION RESULTS: HEAT EXCHANGE RATES AND
PERFORMANCES OF THE MACHINE.

Parameter \ Water cooled, Tc =27 °C | Air cooled, Tc=235°C
Tvax 90°C 120°C | 140°C | 120°C | 140°C | 180°C
QE a0 (W) 1000. 1000. 1000. 1000. 1000. 1000.
Vi
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
QRect (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
CcopP 0.252 0.361 0.31 0.163 0.22 0.133

V. SYSTEM PARAMETERS EFFECT ON PERFORMANCE

Figure 4 represents the evolution of the base case air cooled
HDAR coefficient of performance vs. the driving heat
temperature for different absorber efficiencies. It shows that
for constant absorber efficiency the COP increases first to a
maximum value with increasing temperature and then
diminishes. On the other hand, the performance of the
installation is largely affected by the absorber efficiency: it
diminishes sharply when the efficiency gets lower. Some cycle
parameters are influenced by the driving temperature variation.

109 Air cooled DAR cyele, TC—SS"‘,("/ S / e —
Cond’y/
2:"

,'ﬁec[// ,/Gen"/s e .
.

e = 197

-.l‘ . /

partial pressure [bar|

‘_,=m|:|4'.- / /

L IR %;Ir E.vap-,GH;"'

P, e = 082

ww/ S S

40 20 0 20 40 60 8 100 120 140 180 180 200
T[°C]
Fig. 3: Thermodynamic cycle of air cooled HDAR in the OLDHAM diagram
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The dependency of the minimum evaporation temperature, T4,
in the air cooled DAR on the driving temperature and the
absorber effectiveness is also studied and depicted in figure 5.
It can be clearly observed that the minimum evaporation
temperature decreases by increasing the driving temperature. It
is also found that the higher absorber effectiveness, the lower
T4, i.e. that more refrigerant NH3 is absorbed by the weak
solution.

VI.FIRST ENHANCED MODIFIED CYCLE, MHDAR1

This new enhanced configuration of HDAR shown in figure 6,
is an extension of the standard BHDAR composed of a
condenser, an evaporator/gas heat exchanger, an absorber, a
solution heat exchanger, a generator and an external cooled
rectifier.

The higher the temperature of the driving source increases
more rectifier losses to the external cooling environment are
more interesting. For recovering of this amount of energy lost



a new internal rectifier is then integrated between absorber and
the solution heat exchanger SHX. The amount heat generated
by the rectification effect is then is then recovered by rich
ammonia solution (6) leaving the bottom of the absorber. The
obtained preheated rich solution (12) through the rectifier is
then mixed with the liquid reflux (11) at the mixer. New rich
ammonia mixture (13) leaving the mixer is forwarded to
generator bubble pump via the solution heat exchanger (SHX)
as presgznted in figure 6.
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Fig. 5 Minimum evaporation temperature vs. driving heat temperature and
absorber efficiency

Fig. 6 Circulation patterns of the MHDAR1

Figure 7 reports the results of the comparison between the
basic BHDAR and the first enhanced modified MHDAR1
performance in air cooled case for varying driving heat
temperatures. It shows clearly that MHDAR1 is more
performing. The COP is at maximum with a value of 0.24 with
a driving temperature of 140°C, that is higher than that of the
BHDAR operating in the same conditions.

VII. SECOND ENHANCED MODIFIED, MHDAR?2
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Fig. 8 Circulation patterns of the second enhanced MHDAR?2

This second new enhanced configuration of DAR shown in
figure 8, is also an extension of the BHDAR. The novel
enhancement consist to integration of three-fluid-ways heat
exchanger RECT-SHX. When passing through the RECT-
SHX the rich solution (6) is preheated simultaneously by the
hot weak solution (9) leaving generator and vapor (10)
containing some amount of absorbent vapor to be purified.
Resulting rich preheated solution (12) and liquid rectification
reflux (11) are then mixed and forwarded to generator.

In the same operating conditions simulation was then
performed for the different case study. In the case of 35°C air-
cooling medium the three investigated cycles are simulated
and compared. Table 3 includes the most important calculation
and comparison simulation results for the different studied
cycles.

The last figure (Fig. 9) reports the results of the comparison
between the basic Platen-Munters hydrogen diffusion
absorption refrigerator cycle BHDAR and the two enhanced
cycle MHDAR1 and MHDAR? investigated in this work for
varying driving heat temperatures. It shows clearly that the



second modified cycle MDAR?2 is more performing. For the
air cooled MDAR2 and when the driving temperature reaches
a value of 150°C and beyond, the COP is at maximum with a
value of 0.37, that is approximately 68% higher than that of
the basic diffusion absorption refrigerator.

TABLE Il
Heat exchange rates and performances comparison of the HDAR studied
cycles
Parameter BHDAR MHDAR1 MDAR2
QE (W) 1000 1000 1000
vap
Q (W) 4554.8 4291.8 3064.5
Gen
QAb (W) 2026.7 3254. 2026.7
S
Qc ’ (W) 2037.7 2037.7 2037.7
on
QRw (W) 1490.3 = -
f 4.57 4.83 4.83
COP 0.22 0.233 0.33
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Fig. 9 COP vs. driving temperature for the three studied DAR configurations

VIII. CONCLUSIONS

In this investigation, we proposed two novel enhanced
configurations  of  Hydrogen  Diffusion  Absorption
Refrigeration cycle with different internal heat recovery. This
new cycles are then simulated and compared to the basic
conventional Pluten-Munters cycle BHDAR.

A thermodynamic model for ammonia-water HDAR cycle is
developed and the system performances are analyzed
parametrically by computer simulation. The simulation results
show that the driving temperature and the absorber efficiency
have the largest effect on the COP and the minimum
evaporation temperature. In the air cooled case, the minimum
temperature in the evaporator is about -8 ° C with the absorber
effectiveness of 50%; while it drops to -27°C with absorption
efficiency of 80%.

The numerical simulation highlights the improved
performance of the novel modified cycles. The COP of
MHDAR?2 is at maximum with a value of 0.37, that is
approximately 68% higher than that of the basic hydrogen
diffusion absorption refrigerator BHDAR (COP=0.22).
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