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Abstract. In this paper, we present a numerical study of a single-stage absorption refrigeration machine,
operating with a couple of water-ammonia fluids, equipped with a distillation column and associated with a

solar heating system using solar collectors.

The study has showed the benefit of using the distillation column which is manifested by:

= The decrease of the operating temperature,

= The improvement of the coefficient of performance,

= Surface reduction of the solar collectors,

= The improvement of the solar coefficient of performance.
The solar study shows that the absorption refrigeration machine equipped with a distillation column is better
suited to solar energy with significantly better performance compared to the simple absorption refrigeration

machine.

1 Introduction

Environmental pollution and the energy crisis have led
in recent years to many studies on the rational use of
energy[1].

Especially in the field of industrial refrigeration which
exhausts a large part of energy in air conditioning
[1.2].

Absorption refrigeration machines use a mixture of
fluids (Absorbent fluid - Refrigerant fluid) for their
operation. In order to select the best mixture of active
fluids, several mixtures of CFCs (chloro-fluoro-
carbons) with organic absorbers were studied [3-6].
But because CFCs have a destructive effect on
atmospheric ozone, the mixture of water-ammonia
fluids remains the best, especially if one is trying to
produce cold at temperatures below zero degrees
Celsius as well as because of its low price [7-10].
Since the Montreal Protocol (1987), CFC and HCFC
refrigerants have been progressively replaced (most
often by HFCs) and the production of these fluids has
been discontinued (CFC) or severely restricted
(HCFCs). But the Kyoto Protocol (1997) points to
these first HFC-type refrigerants (which are classified
as greenhouse gases) and therefore aims to reduce the
fluid load in refrigeration plants.

In addition, Morocco has a significant solar potential.
Annual sunshine is always above 20000 kj per m® of
collector area.it is therefore important to exploit this
deposit, free and non-polluting, in the field of cold
production, especially in remote rural areas. The
market for solar absorption refrigeration machine
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installations is growing, and the quantity of the energy
used for cooling buildings has greatly increased in
recent years [11-20].

The present work deals with the study of a solar
absorption (water-ammonia) refrigeration machine
equipped with a distillation column. We have realized
a program of simulation of the machine, based on the
laws of conservation of the mass and the energy
applied at the level of each element of the machine
and actual operating conditions of the machine, and
the thermodynamic properties of the ammonia
mixture. And real solar data from the Rabat
site(Morocco).

The results of the numerical simulation of the
absorption machine with and without a distillation
column show a gain on the coefficient of performance
of 30%. The optimum operating temperature of the
absorption machine at the generator has been reduced
by twenty-five degrees, which influences the choice of
appropriate collectors for the operation of the machine
and makes it possible subsequently to use simple flat
plate collectors less expensive and available in the
market, while the absorption machine without
distillation column requires for its operation evacuated
tube collectorsexcessively expensive and less
available in the markets of developing countries.

2Principle of operation of the solar
powered absorption machine

The main components of the solar absorption
refrigeration machine are solar thermal collector, an
evaporator, an absorber, generator, distillation column,

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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a condenser, an expansion valve, a heat exchanger and
a pump. A simplediagram of the solar absorption
refrigeration machine is shown in Figure 1. Two kinds
of working medium are used at the same time in
refrigeration and absorption processes.

In this machine the solar thermal collector collects
heat by absorbing sunlight. The heat collected in the
solar collector is transferred to the generator and it is
used for heating an ammonia-water solution and send
the vapour to the condenser. Remaining weak solution
flows to the absorber through heat exchanger where
the heat is transferred to the strong solution. Liquid
refrigerant from the condenser goes through an
expansion valve while the pressure is decreased to an
effect is achieved by the vaporization of the
refrigerant at a low temperature. Refrigerant vapor
from the evaporator continues to an absorber and
dissolves in a weak refrigerant solution, and it
becomes a stronger refrigerant solution, which is
called “rich solution”. A pump is the only moving part
in this system. The “rich solution” is pumped to a
generator. At the generator, the rich solution is heated
up; the refrigerant is separated from the solution. The
refrigerant is vaporized and goes to the condenser
while the weak solution is passed through a heat
exchanger and returned to the absorber to absorb the
refrigerant vapour. The refrigeration process and the
regeneration process operate at the same time as the
continuous process, producing a continuous cooling
effect. A simple flat plate collector can maintain the
operating condition at the generation temperature[21-
22].
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Fig. 1.Schematic representation of the solarabsorption
refrigeration machine with distillation column.

3Mass and energy balances of the
different elements

3.1 Distillation column
The conservation of the total mass is given by:

gmyg+qmz=qm =0
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The conservation of mass by element is expressed as
follows:

gmy4-Y14+qm13.-X13—gm.Y1=0 @)

The enthalpy balance of the distillation column is
given by:

qmi4-h14+qmy3.-h13—qmy-h1= QDC 3)

WithDC:  The amount of heat supplied to the

distillation column
This system of equations gives:

qm14+qm13—qm120
gmy4-Y14+qmy3.X13—gmy.Y1=0

“4)
The resolution of this system of equations gives:
Y14—Y
gmy3=qmy. 14— 1]
Y14—X13
Y1—X13
gm4=qmy
Y14-X13 )

From this system of equations we can be deduce the
expression of the quantity of heat supplied to the
distillation column

9pc

Y14-Y1)
i:(hm_hl)ﬂhm_hm)(mil
gmy

(Y14—X13) ©)

3.2We can summarize the heat flow of the
machine as follows

Using mass balances, energetic and enthalpic balances
on various machine components and operational
hypotheses, we find the expression of the heat flux at
the levels of the different organs of the machine[22]:

Table 1.The heat flows of the various units of the single -
stage absorption refrigeration machine with distillation
column.

Generator
Qc = qml’hl + qmm'hlo - qmn-h,; - qmo'h9
Absorber
QA =qm_-h,—qm,,-h,~qm.h,,
Condenser Evaporator
Qc:qm14(h2_hl4> Qp - qm14(hs_h4)
ExchangerE‘ Exchanger E
hs=hs=h.-h, gm,hy,—hy=gqm, (h,~ h.)
Regulator D Regulator b
h.=h; hi.=h,
Pump Distillation column
p-y PP O,.=qm -h,+qm_h,-qm.h,
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Thus, by determining the thermodynamic properties
(temperature, pressure, composition, enthalpy,
entropy, specific volume, vapor and liquid titre) of the
water-ammonia fluid pair, the method is based on
equilibrium  quantities  (temperature,  pressure,
composition), determined using the Peng-Robinson
state equation , and the specific volume, entropy and
enthalpy at each point of the machine cycle is
calculated from the analytical expression of the Gibbs
free energy given by Ziegler, The high and the low
pressure are calculated by the formula of Antoine , we
can determine the coefficient of performance (COP) of
the refrigeration machine with absorption[23-29].

cop = 0, _ gm,h.~h.) ™
QG qml'h1 + qmm'hlo - qm13~h|3 - qmg'ho
The coefficient of performance of the absorption
machine becomes:

Y1-X13
(h5—h4)4[ J
Y14-X13

COP =

<h1—h9)+[ Yi4-¥) ]{ Yl—Xn}hg{ X9-11 { Yi4-¥) }[Xm—)@ﬂhm
Y14-X13)\ X10- X9 X10- X9 Y14-X13 )\ X10- X9

[ Y14-71 },@
Y14-X13

®)

The efficiency of a collector depends on its
temperature. The higher the temperature of a given
collector, the greater its heat loss. In designing solar

absorption refrigeration, the collector efficiency (77 ),
N
which is defined as the ration of the output ( 0 ) to the

incident solar power (/ s ), is very important:
0, ©)
)

Taking into account the temperatures reached by solar
collectors, we have selected the evacuated tube
collectors.The efficiency of which is given by Hottel-
whilier:
773 = FB (77 - u(TS[ TM )J (10)
N
Where

F,=F, (I_FRﬂ)il,FR - 1_exz(_ﬂ),ﬁ= #

mc,

(11)

With the following characteristics:77 = 0,7 is the
optical efficiency, 4 =2 VV 2k is the coefficient of
m

thermal losses, m =50 K%mz is the flow rate by

surface unit, / ¢ = 800 VV , is the global irradiation
m
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of an inclined plane,c, =4186 %(gK is the

specific heat of working fluid (water),T1is the

temperature of heat source and 7, is the condenser
temperature.
The overall COPS of the solar absorption

refrigeration is equal to the product of the efficiency
of the solar collector and the absorption refrigeration
given equation [30].
COP; =qp .coP  (12)
N

4 Test conditions in Morocco

The measurements used in this work were carried out
in the laboratory of solar energy and environment
station of the Faculty of Sciences of Rabat Figure 2.
The city of Rabat, latitude 34°02' North and longitude
6°51'West.

The station has been equipped with complementary
instruments for measuring the spectral components.
The station provides three types of measurements: the
usual solar components (global, direct and diffuse),
the solar spectral components and the climatic
variables. These measurements are managed by a data
acquisition and storage system.

The data acquisition program that we have developed
can perform, for each solar component, flow
measurements (in W/m?) at a pace of five seconds; it
calculates the sum of the measurements made for one
hour and finally records a mean hourly irradiation.
Thus, each hourly average represents an energy
expressed in Wh/m? since it corresponds to the
product of an average flow in W/m? per hour of
integration [31, 32].
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Fig. 2.Diagram of the measuring station located at the
Laboratory of Solar Energy and Environment
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5Main refrigerants

Since the invention of absorption refrigeration
machines several refrigerants were used, Table 2
shows some examples of used couples, it is noted that
the most common is the H,O-LiBr couple and the
oldest is the NH;3-H,0 couple. These couples are the
best known.

Table 2.couples used for absorption machines.

Refrigerants Absorbents
Ammonia Water
Water Lithium Bromide
Ry Dimethylether Tetraethylene Glycol
Methylamine Water
Methanol Lithium Bromide
6Thermodynamic study of the

properties of the solution (NH; - H,0)

The determination of the thermodynamic properties of
the water-ammonia solution and enthalpy, the
temperature, the pressure, the composition, entropy,
specific volume, vapor and liquid titer is based on
equilibrium  quantities  (temperature,  pressure,
composition ) determined using Peng Robinson's state
equation.

The specific volume, entropy and enthalpy at each
point of the machine cycle are calculated using the
analytical expression of the free Gibbs energy given
by Ziegler, and the high and low pressure that are
calculated by the formula of Antoine[33-36].

6.1Analytical expressions of enthalpy,

entropy and specific volume (NH; - H,0)

From all the experimental data of the water-
ammonia pair which it had and from Viriel's equation
of state:

PV =RT+B(T)-P(13)
With
B(T):R-[al Tra, +%)(14)

For the vapor phase, as well as the equation of
state:

V(T,P)=C,+C,-P+C,-T+C,-T*(15)
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For the liquid phase, Schultz has gaven analytic
expressions of Gibbs' free energy as a function of
temperature, pressure and title:
G=G(T,P,x)(16)

These equations give a good representation of the
experimental data in the temperatures range from 200
to 450 k and at pressures range from 0.01 to 25 bar.
Based on the Schultz equations, B. Ziegler and Ch,
Trepp, have established other analytic expressions of
Gibbs free energy. The area of validity has been
extended:

230K < T<500K

0,2bar < P< 50bars

From these expressions of the Gibbs free energy and
the specific heats Cp all the other thermodynamic
quantities can be determined by differentiation
techniques, notably the enthalpy, the entropy and the
volume which are the ones that interest us:

6.1.1Liquid state

dGa.r.) (
(06 TPX)) e T g - (06 (T.P.Y)
ap T ’(’ aT ’ P.X

6.1.2 Gaseous state

VV:[@G‘(T,P,X)] 18)
Py

dG a.rr)) (19)

HY =-T? T
or

,
g oG (T,P,Y) 20)
o),

To make the equations adimensional, they have
introduced the following reduced variables:

T
r=—p-L,c_-9
To E) )

C H S
c, ==, g_-H1 §=""m
n= g H, T R()

0

T P
The values of the constants ©,” ¢ and R are:
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T 100 K, B0 bars, R=38,3143Kj/ (k.molek)

6.2Pure state

6.2.1Liquid phase:
2

Gl -, 4 [l a1 O e e, T - ) )
7, T O

3)
With

Ch. =B +B,-T.+B,-T’ 24

6.2.2Gas phase:

v Vv V ’ vV K CI”/ P
Gl =H,, —T,-S), + |Cl,-dT, T, | =*=-dT, +In| ==
7, Tor 7, R’*

”

P P T,
s ror e D —a o wsro T

C3~7“712~F%1+11P »%2
or
+ 7 Tor 7
3 3 T
Pr/ —12.Por/  q1p3,.
. P,
+c4.A‘ Tor 12(25)
; 3

With
Cop =D+ D, T, +D; ‘T,-z (26)
6.3 Mixture state:

6.3 .1Liquid state:

G =(1-X) G+ X -Gy +T[(1= X)-In(1- X)+ X -In X]

[M:-Pw(ﬁua-e)f, +%+%z+[m+a-f’,+(EQ+EW-R.)-T,+E%+E%1H
r

+

(2)(—1){1213 +E, P +E% +E%Z}(2X—1)2X(l ~X)
+ r ;

27

6.3 .2 Gaseous state:
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G =(1-Y)-Gpy+Y -Gy + T[1=Y)-In(1-Y)+Y - In ¥](28)

7Results and discussion

We propose in this part, the results obtained from the
simulations of the operation of the solar machine with
and without distillation column.

The area of the solar collectors required to produce a
cooling effect of 1 kW is shown in Figure 3. The
COPS in terms of Ts is illustrated in Figure 4.

10 4 A machine|withouta distillation column

| Amachine with a distillationcolumn 1, = 20°C, Te=0°C

24 15=800w/m?, Qe=1Kw

60 80 100 120 140 1680 180 200
TS(°C)

Fig. 3.Evolution of the surface of the solar collectors for the
two types of machines with and without a distillation
column in terms of Ts

35
30 - Tm =20°C, Te=0°C
E 25| 15=800w/m’ Qg =1Kw
g | 0%t
© | /
18 / T 57 %
10 4 ‘ 4
5 ] A machine without a distillation column
0 L T T T T T T T T
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Ts(°C)

Fig.4.Evolution of the solar performance of coefficient for
the two types of machines with and without a distillation
column in terms of TS.

It can be seen from this curve that the use of a
distillation column reduces the area of the solar
collectors by 30%.

It is noted that the curves shown in Figure 4have the
same pace, except that the maximum is slightly shifted

towards the low values of Ts.

8Conclusions

The comparative study shows that the machine with
distillation column is best suited to solar energy
because it can be powered by simple flat plate
collectors that are available and cheaper.
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