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ARTICLE INFO ABSTRACT

The diffusion-absorption refrigeration (DAR) cycle has characteristics as the use of three working
fluids and a low COP. In this work, an analytical and experimental investigation of a household
refrigerator operating under a H,0-NH;-H,DAR cycle is performed. A thermodynamic model of
the DAR cycle was developed and adjusted based on models available in the literature. An
experimental investigation was performed aiming to validate the developed DAR model using
operating data collected in a real refrigerator. Subsequently the role of refrigerant rectification in
the cycle was investigated and it was found that the temperature at the outlet of the rectifier
should not exceed 70 °C. In addition, the importance of the production of liquid refrigerant in the
condenser was investigated. It was observed that the COP decreases with the increase in the
temperature of the inert gas entering the liquid heat exchanger (LHE). Finally, it was
demonstrated that by increasing the amount of inert gas in the evaporator, there is a drop in
evaporation temperature and consequently in the system COP.The model proved to be robust in
the operational conditions tested experimentally.
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INTRODUCTION

Two Swedish engineers, Von Platen and Munters (1928), designed
the diffusion-absorption refrigeration (DAR) cycle. It has a unique
characteristic when compared to other conventional refrigeration
cycles: operation with three working fluids (ammonia refrigerant,
water as a transport fluid and an inert gas, usually hydrogen or
helium). The function of the inert gas is to reduce the partial pressure
of the refrigerant in the evaporator, allowing it to evaporate at lower
temperatures and, consequently, producing the refrigeration effect.
This cycle operates under a constant pressure and the refrigeration
circulation is obtained through a bubble pump (internal tube of the
generator). It only requires a heat source to operate and, by having no
moving parts, it is reliable and quiet. All these characteristics make
the system compact and easy to manufacture, but with a very low
COP in comparison to other refrigeration cycles. Several studies
aiming to increase the efficiency of the DAR cycle are being
developed focusing on a better understanding its processes and

behavior. Chen et al. (1996) redesigned the generator, in order to
include a heat exchanger that reuses the heat from the weak solution,
returning from the separator, to the preheat the strong solution
entering the generator, leading to a 50% increase in the system COP.
Srikhirin and Aphornratana (2002) developed a mathematical model
in order to describe the DAR cycle operating with helium as inert gas.
The authors performed an experiment with air and water to determine
the bubble-pump performance. When comparing the numerical results
with the experiment data, it was found that the system performance
had a strong dependence of the bubble-pump characteristics, in
addition to the absorber and evaporator mass transfer performances.
Regarding the modeling of the DAR cycle, Zohar et al. (2005)
developed a model for a system operating with ammonia-water-
hydrogen and, subsequently, helium as an inert gas. The authors
considered the effect of the subcooling at the outlet of the condenser
and the presence of an internal heat exchanger. They concluded that
the ideal mass fraction of ammonia in the strong solution entering the
generator was within the range was 0.2 to 0.3. These authors
recommended a mass fraction of ammonia equal to 0.1 for the weak
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solution leaving the separator. Starace and De Pascalis (2013)
improved the Zohar et al. (2009) model by taking into account the
water that escapes along with the ammonia and enters the condenser.
The effect over the results showed differences between the
predictions of the two models from 2.0% of COP to 8.5% of molar
concentration of ammonia in the weak liquid solution. Other studies
focused on the investigation of the behavior of the DAR cycle
through heat transfer analysis. Mazouzet al (2014) used a steady-state
method and the dynamic method to evaluate the characteristics of a
refrigeration system operating under the DAR cycle. As a result, they
obtained all the main heat transfer characteristics of the system,
especially the global heat transfer coefficients. Mansouri et al (2015)
collected data experimentally and used this data as input data in a
theoretical simulation model using the Aspen-Plus software. The
results were validated by comparing the model's predictions with the
experimental data. They concluded that the best performance is
experimentally obtained with an input power of 46 W at a generator
temperature of 167 ° C. Jelinek et al. (2016) investigated different
configurations to obtain a determined subcooling degree at the
condenser outlet: no subcooling, partial subcooling, and full
subcooling. The authors reported that, for the same heat input, the
partial subcooling configuration resulted in the highest refrigeration
effect and hence, the highest COP. Adjibade et al (2017)
experimentally compared two energy sources for the DAR cycle:
electrical energy from the grid and heat exchange with exhaust gas
from an internal combustion engine. They used heat transfer analysis
associated with thermodynamic balances to understand the behavior
of each component. The temperature required for operation varied
between 140 ° C and 152 ° C for gas and electrical sources,
respectively. They concluded that it is possible to use exhaust gases
as an energy source for the DAR cycle.

Mansouri et al (2017) investigated experimentally a low capacity
commercial DAR refrigerator during transients (dynamic operation)
and used the collected experimental data to determine global heat
transfer coefficients of the system components. They performed tests
imposing different powers on the electrical resistance of the
generator. With the data obtained, they developed a dynamic model
called black box. They found that a minimum power of 35 W is
necessary for the cycle to operate with stability. When comparing the
model with the experimental data, they verified a maximum relative
deviation of 8.2% (between the predicted values by the model and the
experimental data) and the maximum relative deviation in COP
prediction is about 8.0%. Saafi, et al (2019) studied the behavior of
the DAR cycle under different operating conditions and evaluated its
performance. A DAR machine was equipped 18 thermocouples type
K fixed by clamps on the outer surfaces of the tubes at specific
positions, each one representing a cycle state. A series of tests were
carried out, varying the generator power from 15 W to 63 W. They
verified that a minimum of 23 W of power is necessary to guarantee
the production of cold.

They concluded, through analysis of the different conditions that the
studied machine reaches a maximum COP of 0.15 under 43 W of
power in the generator. One of the major difficulties when analyzing
a DAR cycle is the calculation of the mass flow rate. Most of the
authors compute this quantity considering a mass balance in the
generator. In this case, the mass fraction of ammonia in the ammonia-
water solution should be known. When the concentration of the
solution is unknown, the results might lose their accuracy. Rezende et
al. (2020), proposed a mathematical model to compute the ammonia
mass flow rate based only on the inlet and outlet temperatures and the
geometric parameters of the condenser. Using experimental data
collected in-situ using a thermographic camera, and solving a set of
equations using the Engineering Equation Solver (EES®) software
the mass flow rate can then be determined. This article aims to apply
a thermodynamic model of the DAR cycle and using data
experimentally collected in a domestic refrigerator, to evaluate its
accuracy. The model can be used as a tool to assess cycle behavior
and characteristics.

MATERIALS AND METHODS

DAR system description: Its operation (Fig. 1) can be explained as
follows, by starting with the reservoir: the strong liquid solution
leaves the reservoir (11) and follows, by gravity, to the LHE, where
the solution absorbs part of the heat from the weak solution returning
from the generator. Upon reaching the generator (2), the strong
solution absorbs heat from any available heat source (Qg) and vapor
bubbles are formed inside the tube. Due to the difference in the
specific volume, the bubbles begin to rise along the tube, carrying the
liquid solution that has not evaporated to the top of the generator.

Rectifier

Reservoir Generator

- Weak ammonia solution
_ Strong ammonia solution
- Liquid ammonia
Ammonia vapor

| Auxiliary inert gas

Augiliary inert gas + Ammonia vapor

Fig. 1. Schematic view of a DAR system - Adapted from
Santner (2009)

The strong solutionenters the rectifier (4), while the remainingweak
solution (3) enters the absorber, due to the pressure difference. The
weak solution transfers heat to the strong solution in the liquid heat
exchanger. The weak solution returns to the top of the absorber (8),
flowing through the tubes. Meanwhile, it absorbs the ammonia from
the hydrogen gas, which takes the reverse path, until it reaches the
reservoir. At the top of the generator, the strong solutionenters the
rectifier (5), where the remaining water will condensate. In the
condenser, the ammonia reaches its saturation temperature (7), due to
heat transfer to the environment. A by-pass tube is required to ensure
that excess ammonia vapor can escape into the reservoir. The liquid
ammonia from the condenser flows through a tube with a smaller
section. In addition, effects of heat transfer from the sub-cooled liquid
in the gas heat exchanger (GHE) and the evaporator are present. Upon
entering the evaporator, liquid ammonia is in contact with almost pure
hydrogen. Through the phenomena involving Dalton's law,
psychrometric imbalance and diffusion, there will be an ammonia
temperature drop.From the evaporator, the mixture of ammonia vapor
and hydrogen gas enters the reservoir (10) through the absorber,
transferring heat to the weak solution, following in the opposite
direction. As follows, ammonia is absorbed by the solution. Upon
reaching the gas heat exchanger, there will be almost pure hydrogen,
which will transfer heat to the mixture returning from the evaporator.
This causes the condensation of the remaining ammonia. The cycle
closes when the hydrogen finally reaches the condensed ammonia in
the evaporator (9).

Experimental setup: In order to experimentally verify the accuracy
of the model developed, a small refrigerator operating under a DAR
cycle was considered. The inlet and outlet temperatures of the
generator, condenser, and evaporator were measured. The outlet
temperature of the absorber reservoir, the inlet temperature of the
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weak solution at the top of the absorber and the ambient temperature
are also measured. The mixture heating in the generator is carried out
by means of an electrical resistor. Based on the Joule’s effect the
energy dissipation can then be measured. The voltage (U) applied in
the resistor was measured and its resistance (Rel), that is fixed value,
was obtained. The measurements of the voltage and the
resistancewere taken with a multimeter with + (1% + 4D) accuracy
for AC voltage in the 200 V range with 0.1 V resolution (D) and
precision of 1%. For the resistance + (1% + 3D) accuracy for
resistance in the 200 Q range with 0.1 Q resolution (D). Therefore,
the power dissipated by the resistor (Qg) was calculated from:

U2

Q=75 (1

Nine DS18B20 sensors were used, with a reading within the range of
-55°C to 125 °C, with an accuracy of + 0.5 °C within the range of -10
°C to 85 °C and precision of 0.4%. For the measurement points
represented by the points 2, 3 and 4 (3 and 4 are in the same position)
shown in Fig. 1, since the temperature reaches values higher than 80
°C, two type K thermocouples with a MAX6675 module were
used(precision of 0.2%). These thermocouples operate within the
range of 0 °C to 800 °C and accuracy of + 1.5 °C. The sensors were
placed in contact with the outer surface of the tubes and insulated
with polyurethane foam for accurate measurements. The sensors were
connected to a protoboard and to an Arduino Uno R3 microcontroller
that sent the data to a computer. Following the methodology proposed
by Holman (2012), the combined uncertainty for the global heat
transfer coefticient was found to be 1.1%.

Thermodynamic model: The following simplification assumptions
are considered for the development of the thermodynamic model:

e  Pressure drop at the tubes and the hydrostatic pressure are
disregarded,;

e The weak solution (point 3 + Sof Fig. 1) is not heated by the
generator before flowing to the liquid heat exchanger;

e An amount of the heat input on the generator (Qp) is lost to
the surroundings;

e  Inside the generator, the liquid solution (point 3) and the vapor
bubbles (point 4) exit the pump at the same temperature, e. g.,
Ty=T;;

e  The vapor and gases properties were computed assuming ideal
gas behavior;

e At the inlet of the condenser, it was considered a mixture of
ammonia and water. Thisis a more realiable approach for
themodel;

e At point 7, the refrigerant is assumed to be saturated liquid
and there is no by-pass gas;

e Since the air is the external fluid, the outlet temperature of the
strong solution leaving the reservoir (point 11) is the same as
the refrigerant (point 7), e. g. T; = Ty;

e At the outlet of the GHE (point 10), the refrigerant is saturated
vapor;

e There is no absorption inside the reservoir;

e The mixture process between the H, and the refrigerant at the
inlet of the evaporator (point 9) was assumed adiabatic;

e The weak solution at the inlet of the absorber (point 8) and the
strong solution at the inlet of the absorber (point 1) were
considered to be under equilibrium;

e  The LHE was assumed adiabatic;

e The temperature of the H, at the points 9 and 10 is the same as
the refrigerant, e.g., Tog; = Toand T g, = T1o.

e  The temperature of the H, at the inlet of the GHE (point 8gi)
is equal to the temperature of the weak solution (point 8) at
the inlet of the absorber, €. g. Tgy = Tg;

First-principles Equations: The model is based on the mass and
energy conservation equations, considering Fig. 1. Each component
of the DAR system is analyzed separately.

Generator

The general mass balance equations can be written as:

iy = 1, @)
my = 1y + my 3)
The mass balance for the ammonia is expressed as:

my X, = mzXz +myuX, “4)

At the generator, the energy balance is:
Qp = mz(hy — h3) + My (hy — hy) (5)

The specific enthalpies at the points 3 and 4 refer to the adiabatic
condition at the bubble pump: T, =Tz =T,.

The general energy equation can be written as:

Q¢ — Qp = 1ighy — 1y hy + 1itghy (6)
Rectifier

The general equation for the balance is:

Th4, = ms + Th6 (7)
For the refrigerant, the mass balance is:

My Xy = msXs + 1MmeXe (®)
The general equation for the energy balance is written as:

Qr = 1ghy — (ishs +1ighe) O]
Condenser

The energy balance equation is:

Qc = mg(he — h7) (10)

Evaporator andgas heat exchanger (GHE): On the refrigerant side,
the following mass balance equations can be written:

me = My, (11)
m,; = Mg (12)
Mg = 1y (13)

Since the concentration of the refrigerant is constant through the
evaporator:

Xe = X7 =X = Xq9 (14
The calculation of the mass flow rate of the inert gas, Eq. (15), was
performed following the hypothesis of ideal gas and that it is at the
temperature of the refrigerant at the same points. In addition, it is
worth mentioning that the gas constant in the case of the use of

hydrogen as an inert gas is that of hydronium, due to the interaction
of hydrogen under high pressure with water.

mgi — (P;jg) (XGRNH3+;1E:X6)RH30) Titg (15)

The energy balance for the evaporator is given by:

Qg = mo(hio — hy) + g (hiogi — hegi) (16)
Liquid heat exchanger

The mass balance equations are:

My =1y 17
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mg = mz + ms (18) mentioned that since the circulation ratio is dependent on the flow

The energy equation is given by:

mzhs + Mmshs — mghg = 1y (hy — hyq) (19)
Absorber

The energy balance is expressed as:

Qa = Myghyg — Mythyy + Mghg +1igi(hiog; — hegi) (20)
Coefficient of performance and circulation ratio

The COP is defined as the ratio between the refrigeration capacity and
the heat transfer rate supplied by the generator:

coP = % Q1)

G

The circulation ratiois defined as the ratio between the mass flow rate
of the strong solution that enters the generator and the flow rate of the
refrigerant that goes to the evaporator. This quantity is expressed as:

f= (22)

the
Validation of the analytical model

Validation with models from the literature

The model developed in this work was validated by comparison with
the model published by Starace and De Pascalis (2013). It is worth
mentioning that in order to verify the consistency of the results, the
present model was adapted to replicate the results obtained by Starace
and De Pascalis (2013), when subjected to the same operation
conditions, as shown in Table 1.

Table 1. Operation conditionsadapted from the model of Starace

and De Pascalis (2013)
Operation conditions Value  Unit
Inlet temperature of the strong solution at the generator (T;) 135 °C
Refrigerant vapor temperature after the rectification (Te) 95 °C
Evaporationtemperature (T9) -10 °C
Operationpressure (P) 25 bar
Heat source at the generator (Qg) 100 \
Same working fluids: ammonia, water and hydrogen
The heat loss at the generator is neglected =>T, = T3 =T,
fifs:;
7
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8.5 3y
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Fig. 2. Comparison of the results of circulation ratio versus the
temperature of the generator from the present

Fig. 2 shows the results obtained by the presented model and the
onesobtained byStarace and De Pascalis (2013). The maximum
relative error is 3.34%. Despite the excellent results, it should be

rates of the rich solution and the refrigerant produced, only the
generator, bubble pump and rectifier influence the result. Thus, a
further comparison is necessary to ensure that the model is reliable. It
is important to state that the comparisons were made only by varying
the generator temperature (T,).Hencethe other variables of the model
are held constant, such as the heat source of the generator (QG) and
the outlet temperatures of the generator (T; and Ty4). Fig. 3 shows the
results of COP versus the temperature of the generator (T,). It can be
seen that, unlike the good agreement shown in Fig. 2, a significant
disparity that continually increases as the temperature of the generator
decreases is observed. It was obtaineda maximum relative error of
16.2% between the results of the models within the range of
temperatures considered.
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—-Model —Starace and De Pascalis (2013)
Fig. 3. Comparison of the results of COP versus the generator
temperature between the present model and Starace and De
Pascalis (2013)

It was found that when the temperature difference Tg,iminus Ty is
equal to 7.5°C (Tgy- Ts= 7.5°C), the maximum relative error for the
COP is 2.7%. In Fig. 4, the COP values versus generator temperature
is presented.

0.35

0.3

015 \

N

150 160 170 180 180 200 210 220
Tz [°C]
—Starace and De Pascalis (2013)

—-Model

Fig. 4. Comparison between the results in the presented model
and Starace and De Pascalis (2013) for the COP versus generator
temperature after an increase in the temperature drop between
points 8 and 8gi

Experimental validation: A small commercial DAR cycle
refrigerator was used in order to verify the accuracy of the analytical
model. Fig.5 presents the experimental setup and the main points of
interest. Before starting the experimental tests, the refrigerator was
turned off for approximately two hours, in order to ensure thermal
equilibrium with the environment. The 119 + 1.49 Q resistor used as
the heating source in the generator works at 127 V, connected to the
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electrical grid, where the voltage was measured. With a maximum
observed variation of 2.5 V, the resistor dissipated an average power
of 143.57 W, leading to a maximum variation of 5.49 Win the heat
transfer rate to the refrigerator during the tests, as can be seen in Fig.
6.

Fig. 5. Experimental setup

146

I
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Heat transfer rate (W)
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=
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Fig. 6. Measured heat rate (Qg) in the generator during the
experimental tests

Figure 7 shows the temperature variation at the measured points of
the refrigerator (see Fig. 5). The data acquisition system captured data
every four seconds, generating 1,600 values for each sensors during
the total period of test.
160
140
120
100

Temperature (°C)
o]
o

0 10 20 30 40 50 60 70 80 90 100 110 120
Measurement Time (min)
[T 0Ty, =Tas #Tg T7 ~Tg #Tgy =Ty
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Fig. 7. Transient temperature measurements at the points of
interest of the refrigerator

The model requires seven input data, including operating pressure,
which was estimated from the condenser data. In this case, an external
function available in the EES® software was usedfor determining
ammonia-water mixtures properties. It is considered that the
refrigerant enters the condenser as saturated vapor and leaves it as

saturated liquid. The temperaturesused when comparing theoretical
and experimental results were collected between 120 and 122 minutes
of system operation, in which the maximum temperature fluctuation
in the points did not exceed 0.5 °C. Within this time interval, the
average heat rate in the generator was 144.21 £ 42 W and the
operating pressure was 18.91 = 0.25 bar. The input data for the
analytical modelare the temperatures atthe points: 1, 2, 3, 4, 6, 9, the
operating pressure and the heat rate of the generator. The temperature
at point 7 was used to obtain the operating pressure. The properties at
point 8 are computed considering the weak mixture is in the state of
saturated liquid and that its concentration is the same as that in point
3. The third independent property at that point is the enthalpy,
whichis obtained considering that the LHE is isolated from the
environment and calculated using Eq. 19.

As shown in the validation section, the temperature at the point 8gi
was initially consideredequal to the one at point 8. After the
comparison with Starace and De Pascalis (2013), a temperature
difference of 7.5 °C between these points (Tg,; = Tg - 7.5°C) was
considered. Point 10 is calculated taking into account the saturated
vaporwith the same concentration as at point 9 (Xs = X; = Xg = X).
Also, the partial pressure of the mixture with the H, is equal tothe one
at point 9. Finally, point 11 is determined taking into account that it
has the same concentration as point 1, which is the state of saturated
liquid at the same temperature as point 7. Table 2 shows the
comparison between the analytical and experimental results.

Table 2. Comparison of the analytical and experimental results of
the temperatures

Points Analyticalmodel Experimental data A%
(°C) (°C)
1 89.6 £0.5 89.6 £0.5 0%
2 144.6 1.5 144.6 £1.5 0%
3 127.9 £1.5 127.9 £1.5 0%
4 127.9 +£1.5 127.9 +1.5 0%
5 127.9 £1.5 1279 £1.5 0%
6 62.3+0.5 62.3+0.5 0%
7 47.3 0.5 473 +0.5 0%
8 68.6 £1.11 57.1+0.5 20%
8gi 61.1<£1.11 35.1+0.5 74%
9 -8.3+0.5 -8.3+0.5 0%
10 and 10gi 21.5+0.72 20.1+0.5 7%
11 47.3+0.5 41.6 0.5 14%

The results on Table 2 show some considerable discrepancies for the
temperatures at the points 8, 8gi, 11, 10 and 10gi. At point 8, the
difference is explained by the hypothesis that the LHE is isolated. The
results clearly show that there is a small heat exchange, which
generated a temperature difference of 11.5 °C for the condition
measured. This difference also affects the absorber's heat transfer rate
computation. As the point 8gi, in the theoretical model, is dependent
on point 8, the difference between the calculated value and the
measured one also influence this result. However, with an even higher
discrepancy (~26 °C). In addition, this affects directly the calculated
COP, because the enthalpy of the H, (point 8gi) has a direct effect on
the heat absorbed by the evaporator, as shown in Table3.

Table 3. Comparison of the analytical and experimental results of
heat transfer rates, COP and the circulation ratio

Results Analyticalmodel ~ Experimental data A%
results
Q4 (W) 64.35+£2.7 72.78 £3.2 11.6%
Qr (W) 239+1.8 239+1.8 0%
Qc(W) 53.56 £2.4 53.56 £2.4 0%
Qr (W) 36.35+£1.7 46.63 2.1 22%
Qp (W) 19.38 £2.2 19.38 £2.2 0%
Qs (W) 144.21 +4.2 14421 +4.2 0%
QLue 0 1.85 +0.67 100%
(W)
cop 0.252 +0.009 0.323 £0.011 22%
f 3.655+0.111 3.655+0.111 0%
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The model operates under the hypothesis of a temperature drop of 7.5
°C between points 8 and 8gi. However, the measured data showed an
even higher temperature drop (~22 °C). This difference indicates that
it may not be possible to correlate these two points, as was performed
in the models developed byStarace and De Pascalis (2013) and Zohar
et al. (2005). Thus, new experimental tests were conductedto further
investigate this issue. New experimental tests, namely tests 2 and 3
were carried out at lower and higher ambient temperatures,
respectively. The remaining conditions are heldthe same as the prior
tests.As in the experimental test 1, the average of the results obtained
in the last minutes of the data collection was used for comparisons
(see Table 4)

Table 4. Comparison of the average values used to collect the
experimental data from the different tests

Points Test 1 Test 2 Test 3 Uncer-tainty Units
1 89.5 87.8 89.3 +0.5 °C
2 144.6 141.8 1439 +1.5 °C
3e4 127.8 124.7 129.1 +1.5 °C
6 62.3 60.8 64.5 +0.5 °C
7 473 425 47.7 +0.5 °C
8 57.0 54.5 57.7 +0.5 °C
8gi 35.0 29.0 35.8 +0.5 °C
9 -8.2 93 -7.0 +0.5 °C
10 and10y; 20.0 17.5 233 +0.5 °C
11 415 38.0 40.8 +0.5 °C
Tamb 20.0 17.8 23.0 +0.5 °C
Q¢ 144.21 144.21 139.84 +4.2 w
Ts - Tsei 22.0 25.5 21.9 +0.5 °C
T7 - Tsgi 12.3 135 12.0 +0.5 °C
T;-Ty 5.8 4.5 7.0 +0.5 °C

The new tests show that, in fact, it is not possible to admit a direct
dependence between points 8 and 8gi. Although test 3, with its
highest ambient temperature, showed a quantitative agreement for the
difference (T8 — T8gi), test 2 shows that lower ambient temperatures
may increase this difference considerably. These observations suggest
that the ambient temperature is the variable that most influences the
temperature of point 8gi, the same form it influences the temperature
of point 7 (condenser outlet). In this sense, also in Table 4, it is
presenteda comparison of the difference between these points, aiming
to verify the possible relationship that would allow discarding the
need to transform the temperature of point 8gi point into an input
data. As can be seen, all tests showed a coherent relationship of about
12 °C between points 8gi and 7.

Model corrections based on experimental validation: In order to
improve the model, some adaptations are made to the simplifying
hypotheses. Starting with point 8gi, which will no longer be
dependent on point 8, but point 7. Point 8 will become an input data
allowing the LHE to be evaluated. Also, point 11 will remain related
to point 7, however, with a minor correction.

In the refrigerator used in the experimental tests of this work, the
correction hypotheses are:

*  The temperature of the strong solution that leaves the reservoir
(point 11) will be dependent on the temperature of the
refrigerant that leaves the condenser (point 7), which, in this
case, is cooled by ambient air. The order of magnitude will
depend specifically on the refrigerator, which in the case of
this work is T;; = T; -5 °C;

*  The temperature of the Hyat the inlet of the GHE (point 8gi)
will also be dependent on the heat exchange with the ambient
air. Hence, it can be related to the temperature of the
refrigerant at the outlet of the condenser (point 7). The order
of magnitude will depend specifically on the refrigerator, in
the case in question, Tgy = T; — 12 °C;

*  The temperature of the weak solution returning to the absorber
(point 8) is now an input data, eliminating the hypothesis of an
isolated liquid heat exchanger. In this case, Equation 19 is
rewritten as:

thshy + thshs — thghy = iy (hy —hyy) + Qe (23)

With this procedure, as shown in Tables 5 and 6, the accuracy of the
model increases considerably, thus being able to more accurately
represent the behavior of a real refrigerator.

Table 5. Comparison of the analytical and experimental results of
temperatures after adding the corrected hypotheses

Points Analyticalmodel. (°C) Experimental data (°C) A%
1 89.55+0.5 89.55+0.5 0%
2 144.55 £1.5 144.55 £1.5 0%
3 127.85 1.5 127.85 1.5 0%
4 127.85 1.5 127.85 1.5 0%
5 127.85£1.5 127.85£1.5 0%
6 62.25 +0.5 62.25 +0.5 0%
7 47.25+0.5 47.25+0.5 0%
8 57.05+£0.5 57.05£0.5 0%

8gi 35.25+0.5 35.05+0.5 0.6%
9 -8.25+0.5 -8.25+0.5 0%
10 21.45£0.72 20.05 £0.5 7%
11 42.25+0.5 41.55 +0.5 1.7%

Table 6. Comparison of the analytical and experimental results of
heat transfer rates, COP and the circulation ratio after adding
the corrected hypotheses

Results Analyticalmodel Experimental result A%
Q4 (W) 72.56 £3.2 72.78 £3.2 0.3%
Qr (W) 23.9+1.8 23.9+1.8 0%
Q0c (W) 53.56+2.4 53.56 +2.4 0%
Q0 (W) 47.02£2.1 46.63 £2.1 0.8%
Qr (W) 19.38 £2.2 19.38 £2.2 0%
Qc (W) 144.21 4.2 14421 +4.2 0%
Quur 2.45 £0.6 1.85 £0.67 32.4%
(W)
cop 0.326 £0.011 0.323 £0.011 0.8%
Ji 3.655+0.111 3.655 £0.111 0%

RESULTS AND DISCUSSION

As previously shown in Fig. 2, there is a direct reduction in the
circulation ratio with the increase of the temperature of the generator.
This is due, in large part, to the reduction in the flow of strong
solution and, to a lesser extent, to the reduction in the flow of
refrigerant. As the generator heat transfer rate (Qg) and the
generator’s outlet temperatures (T; and T,) remain constant in the
current analysis, the mass flow rates decrease so that the overall
energy balance is maintained. In addition, the reduction in refrigerant
mass flow rate results, as shown in Fig. 3, in a decrease of the COP.
This is explained by its dependence on the heat absorbed by the
evaporator, which, in turn, is dependent on the mass flow rate of
refrigerant produced in the generator. As the outlet temperature of the
rectifier (Tg) increases, the purity of the ammonia in the refrigerant
decreases, that is, there is an increase in the amount of water in the
refrigerant. The more water there is in the refrigerant, the more
difficult it will be for the condenser to reject the extra heat to the
environment. Consequently, less ammonia will be condensed. In
addition, excess water entering the evaporator may freeze, thus
interrupting the operation of the system. Fig. 8 shows the influence of
the rectifier temperatureover the degree of rectification at different
working pressures. In order to maintain high ammonia purity, the
temperature at the outlet of the rectifier must remain below 70 °C.
Fig. 9 presents the behavior of the COP versus the temperature the
H,, entering the GHE. The behavior observed could be explained by
the fact the purpose of the hydrogen in the system is to cause the
evaporation of ammonia in the refrigerator, generating the refrigerator
non-equilibrium effect. The higher the temperature of the inert gas,
the less useful heat will be absorbed by the ammonia, which, instead
of absorbing heat from the cabinet, will heat up because of the inert
gas. It can be noticed that an increase of 40 °C in the temperature
resulted in a 28.4% reduction in the COP.
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CcoP

Tegi [C]
Fig. 9. Results of the COP versus the temperature at the point 8gi

This effect over the COP is not too severe, taking into account such a
wide variation in temperature. This is explainedby the fact that the
contribution of the thermal capacitance of hydrogen is not as
predominant as the ammonia. The condenser is one of the most
important components in the system, as it is where the refrigerant
condenses to be able to descend, by gravity, to the evaporator. Fig. 10
shows the results of COP versus the amount of saturated liquid
produced during the operation.

0.35

Fig. 10. Results of the COP versus the solution quality at the
condenser outlet

The results shown in Fig. 10 were obtained taking into account the
purity of 99.8% of ammonia in the solution. As can be seen, the
production of condensate is vital to the system. With only half of the
solution not condensing, the COP is reduced by 50%, due to the
change in enthalpy, which affects the heat to be absorbed in the
evaporator. It is noteworthy that this evaluation did not consider the
deviation that allows excess vapor to escape to the absorber, which, if
considered, would further increase the COP drop due to the decrease
in the produced condensate mass flow rate. The temperature drop
induced by H, in the refrigerant is the reason for its presence in the
cycle and the order of magnitude of this drop will depend on the
amount of H,. Fig. 11 shows the behavior of the evaporator
temperature with the mass flow rate of H,.

T, [°C]
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Fig. 11. Results of the evaporator temperature versus the hydrogen mass
flow rate

As expected, as the amount of H, interacting with the liquid ammonia
newly arrived at the evaporator increases, higher is the temperature
drop due to the evaporation induced by the psychometrics imbalance.
However, as can be inferred from Fig. 11, the necessity for a lower
cooling temperature has other consequences. The Fig.12 shows the
drop in COP with the increase in hydrogen mass flow rate.

cop
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|
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Fig. 12. Results of the COP versus the hydrogen mass flow rate

The COP is directly dependent on the evaporator capacity and its
reduction is related to the lower heat transfer in the evaporator, as the
hydrogen mass flow rate increases. This is explained by the fact that
the ammonia will need to absorb more heat from the higher amount of
hydrogen during its evaporation. This is associated with the negative
effect of hydrogen, which adds an extraenergy to be absorbed by the
ammonia. The real consequence of this is that it will be necessary a
longer time for cooling the cabinet. Therefore, it is important to
address a kind of equilibrium for the evaporator temperature, so that
the amount of inert gas required for this does not significantly affect
the evaporator capacity.

CONCLUSIONS

A thermodynamic analytical model for a H,0-NH;-H,diffusion-
absorption refrigeration (DAR) system was developed and its
efficiency was analyzed for different simulation conditions. As
demonstrated, the model is robust and its results are consistent when
compared to data available in the referenced bibliography. The model
validation was performed comparing the predictions of the theoretical
model with the data collected experimentally. It was observed that
some of the simplifying assumptions preliminary used in these work,
as well as by other models in the literature, although useful for
understanding the theoretical behavior of the cycle, proved inefficient
in accurately describing the actual behavior of DAR refrigerator.
Thus, a correction procedure was developed, which, after being
tested, proved to be efficient in making the model more similar to the
real system, which represents an important contribution for modeling
and analyzing DAR systems. The purity of ammonia as a refrigerant
after its rectification was also investigated as it represents an
important parameter in the performance of the system. It was found
that the higher the temperature at the outlet of the rectifier, the lower
the purity of the ammonia. Therefore, to ensure less water flowing
with ammonia, i.e., the high purity of the ammonia, the temperature at
the outlet of the rectifier must be below 70 °C. It was verified that the
temperature of the H, that goes to the GHE has a negligible impact on
the COP, since the thermal capacitance of hydrogen is low when
compared to the contribution of the ammonia enthalpy (energy) in the
evaporator. The amount of saturated liquid produced in the condenser
was evaluated and, differently from what was seen with the hydrogen
temperature, it was observed that the COP is strongly affected by the
quantity of condensate produced. For a 50% reduction in ammonia
condensation, COP also reduces by 50%.This effect shows the
importance of heat transfer by natural convection is in this system.
Finally, it was investigated how the temperature in the evaporator
reduces due to the presence of the inert gas. It was found that the
penalty for the operation at lower temperatures is a decrease in the
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COP. The model proved to be robust in the operational conditions
tested experimentally, but more tests under different operational
considerations should be evaluated to improve the model's application
range.
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