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Abstract

This paper presents a mathematical model which has been built to design a combined
ejector-absorption refrigeration system, as well as another mathematical model built to
design a conventional absorption refrigeration system. Both of these models use lithium
Bromide-water as a working solution. The Engineering Equation Solver (EES) Software
has been used to perform the mathematical analysis and the design. A comparison of the
results for both of the absorption systems for a cooling capacity of (5 Ton) has been done at
the same operation conditions, which was obtained from the simulation of the conventional
absorption to optimize the system performance, represented by (40.41°C) condenser
temperature, (9°C) evaporator temperature and (36.12°C) absorber temperature. But the
generator temperature was different for both of the systems. The coefficient of performance
obtained was (0.7871) for the conventional absorption refrigeration systems at the
generator temperature of (81.94°C), while the value of coefficient of performance was
(1.026) for the proposed absorption system at the generator temperature of (200.5°C) which
is higher than the coefficient of performance for conventional absorption refrigeration
system by about (30.35%) .

Keywords: Refrigeration System , absorption , water-lithium bromide solution , ejector ,
COP, design .
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Nomenclature
a Cross sectional area. m’
A Surface area. m’
COP | Coefficient of performance. =~ | —r
C, Specific heat at constant pressure. kJ/kg . K
D Diameter. m
dy Lithium bromide strong-weak solution concentration differences. | = -------
G, Refrigerant mass flux through the throat of the nozzle. kg/m’.s
Gy Secondary refrigerant mass flux to the constant area chamber. kg/m’.s
h Enthalpy. Jrkg
k Heat capacity ratio=C,/C,. | emeee-
L Length. m
Ly Length of the diffuser. m
M Mach number. | e
m Mass flow rate. kg/s
P Pressure. N/m’
0 Heat energy. w
R Gas constant. J/kg. K
T Temperature. K
T.is Critical lithium bromide strong solution temperature. K
T pinch Minimum temperature difference between the hot and cold curves. K
U Overall heat transfer coefficient. Wim’.K
V Fluid velocity. m/s
v Specific volume of the fluid. m’/kg
Woump | Work input to the pump. w
X Solution concentration. | —memee-
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Greek symbols

& | Effectiveness. | ------- 03 | Diverging diffuser angle. Degree
1] | Efficiency. | - P | Density. kg/m’
0, | Converging nozzle angle. | Degree | ® | Entrainmentratio. | -------
0, | Diverging nozzle angle. | Degree | AT,, | Log-mean temperature difference. K
Subscripts
12.. Condition at state. m Mixing.

a Absorber. N Nozzle.

c Condenser. p Primary stream.

d Diffuser. pump | Solution pump.

e Evaporator. S Secondary flow, steam.

g Generator. shx Solution heat exchanger.

i Point at the nozzle outlet. strong | Lithium bromide strong solution.

is Isentropic state. t Throat of the nozzle.

Jj Point at the diffuser inlet. w Water.

k Throat of the diffuser. y Section (y-y).

1. Introduction

There are several heat powered refrigeration systems such as adsorption system, ejector
system, and absorption system. Of the three types of heat powered system , the absorption
refrigeration system is considered to be the best in terms of energy performance and it is
environmental suitable , which works with different heat sources such as steam , electric
heaters or by burning the natural gas and light oils , solar energy or geothermal energy . It
consumes a small amount of a mechanical work by its pump. It is also quiet and vibrationless
. As well as the working fluid of this systems (lithium bromide-water , ammonia-water) are
environmentally friendly which have no threat to global environmental ozone depletion and
may have less impact on global warming and these working fluids are available
commercially. The real problems for water-lithium bromide systems are: crystallization and
corrosion when the solution concentration and the temperature are high. Current commercial
available lithium bromide absorption refrigeration systems are not suitable for working at a
solution concentration greater than (65%) and a solution temperature greater than (200)°C
because of crystallization and corrosion and this problem inevitably reduces the efficiency of

the system when using high temperature heat sources " .

An ejector is a device which utilizes the momentum of a high — velocity jet vapour to
entrain and accelerate a slower moving medium into which it is directed. The resulting kinetic
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energy of the mixture is subsequently used for self compression of the substance to a higher
pressure in the device, which thus fulfills the function of a compressor. It is used instead of a
compressor in a vapour-compression system. To treat the crystallization problem which may
occur in the conventional absorption refrigeration system (CARS) at high temperature and
high concentration for a strong lithium bromide solution. An ejector — absorption refrigeration

system (EARS) has been developed and tested by researchers in recent years.

Zong — Chang and Jian — Wei (2008)"®! Proposed a novel ejection — absorption heat
pump by adding an ejector between the generator and condenser in absorption cycle used a
lithium bromide — water as a working fluid . Based on the theories about ejector and
absorption cycle, the thermodynamic performances of this novel ejection — absorption heat
pump are simulated in details. Researchers calculated the coefficient of performance (COP)
and entrainment ratio of ejector under different conditions. They also analyzed the effects of
entrainment ratio, condensation, evaporation and generation temperatures on the coefficient
of performance and exergetic efficiency . When compared the results with a conventional
absorption heat pump, the coefficient of performance of the novel heat pump is increased

obviously, while system complexity is increased a little.

Ereira (2009)! studied the use of a liquid-vapour ejector without phase change for the
pressure recovery in the absorption refrigeration system , where the ejector was installed at
the absorber inlet in a single-stage absorption cycle working with a low temperature heat
source and an ammonia-water mixture , therefore converting the cycle into an advanced three
pressure level ejector — absorption cycle (TPL) . He developed and applied a new two — phase
flow model for the liquid — vapour ejector as a simulation program in order to find the
possible pressure recovery and respective ejector design, within the desired cycle's working
conditions. It was found that the pressure recovery increases for lower diffuser angles, with a

maximum pressure recovery of (0.05)bar for a tube of (20)cm length .

Daliang Hong et al (2010)"*! simulated a novel ejector — absorption combined
refrigeration cycle . When the temperature of heat source is high enough, the cycle worked as
a double — effect cycle. They noted that, if the temperature of heat source is lower than the
required temperature of the heat source used to drive conventional double — effect absorption

refrigeration cycle but much higher than required temperature of heat source used to drive
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conventional single — effect absorption refrigeration cycle. The results showed that the
coefficient of performance of a new cycle will be higher than that of the conventional single —
effect absorption refrigeration cycle. Where the simulation results showed that the coefficient
of performance of the cycle is (30%) higher than that of the conventional single — effect
absorption refrigeration cycle at the condensing temperature and absorption temperature of
(40)°C , evaporation temperature of (5)°C and the temperature of the heat source was higher
than (122.5)°C . Also they showed that the relative increasing ratio was increased as the
temperature of the heat source increases. When the temperature of heat source reaches to
(130)°C, the relative increasing ratio is higher than (10)% , when it reaches to (136)°C , the
relative increasing ratio is higher than (20)% , when it reaches to (142)°C , the relative
increasing ratio is higher than (30)%. When the temperature of the heat source is higher than

(150)°C , new cycle will work as a double — effect cycle .

2. Proposed refrigeration system

The proposed refrigeration system is an absorption refrigeration system using a lithium
bromide — water as a working solution. It contains an ejector between generator and
condenser and using the thermal energy as a heat source in order to produce a saturated steam
in the generator. Referring to the figure(1) the lithium bromide — water solution is heated in
the generator by heat source in order to produce a very high — pressure steam refrigerant at
state point(1) . This steam (primary fluid) expands when flows through the convergent —
divergent nozzle of the ejector shown in figure(2) , accelerated to a high velocity stream and
reaches a supersonic velocity at the exit of the nozzle producing a low pressure at state
point(i) , the low pressure caused by this expansion induces vapour (secondary fluid) from
the evaporator at state point(13) . The two streams are mixed in the mixing chamber and enter
the diffuser where most of the remaining velocity head is converted back to pressure. The
pressure rise is accompanied by a rise in temperature, and when the vapour moves into the
condenser, heat begins to be lost to the surroundings, allowing the fluid to condense. The
condensate at point(3) is then expanded through a throttling valve to a low — pressure at state
point(4) and enters the evaporator where it is evaporated to produce the necessary cooling
effect . Then some of the evaporated vapour at point(5) is entrained by the ejector and the
remainder at point(6) is absorbed by the strong lithium — bromide solution coming from the

generator (10) via the solution heat exchanger (11) and a throttling valve (12) to form a weak
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lithium — bromide solution at state point(7) . The heat produced by this absorption process is
rejected to the environment. Finally the weak lithium — bromide solution at state point(7) is
pumped back to the generator at state point(9) via the solution heat exchanger . Thus gaining
sensible heat from the strong lithium — bromide solution returning to the absorber and hence

completing the cycle.

The location of the ejector in the (EARS) is between the generator and condenser ,
where the ejector entrains some amount of the evaporated vapour from the evaporator that is
mixed with the primary fluid coming from the generator in the mixing chamber , after that it

is passing through the diffuser and from there to the condenser .

Q, \is|_1 16l
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Spolution heat .
xXpansion , Y
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Figure(1) The schematic of the(EARS) Figure(2) Ejector structure

3. Theoretical analysis and design of the (EARS)

3-1 Absorber

The mixing process of the absorbent and the refrigerant vapour generate latent heat of
condensation and raise the solution temperature. Simultaneous with the developmental
processing of latent heat, heat transfer with cooling water will then decrease the absorber
temperature and , together with the solution temperature, creates a well blended solution that

will be ready for the next cycle .
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The energy balance in the absorber is :

@ =t by + ilyphyp-iiphy = thae Cpw(Tay -Tao) ..(1)

and the amount of heat transfer in the absorber is given by :

e =Wy 3,80, Q)
The following equation are used to evaluate the Log-mean temperature difference for

the absorber ! :

] (le - Tm]‘ (Tf' Tzn]

ATy
ET -T l
Ln iz~ i
(- T20) ..(3)
The temperature of the absorber is expressed as % :
Tz =T2q *Thinches (4
Where ,

Tetuen =Tie -Ta ..(5)

The mass and concentration balance for the strong and weak solution of the lithium

bromide at the absorber can be expressed in the following equation :

iy Xz=mie X1e ...(6)

By using EES External routines , the concentration of the lithium bromide weak solution
that depart the absorber is determined at the absorber temperature and pressure which is
calculated in the evaporator analysis . However, the concentration of the strong solution that
get in the absorber is equal to the concentration of the lithium bromide that depart the
generator. Also, the temperature of the solution get in the absorber is obtained at the
concentration and pressure in that point , however the enthalpy for the solution that depart the

absorber is obtained at the absorber temperature and the concentration of the weak solution .

3-2 Solution pump

A solution pump will mainly circulate and lift the solution from the lower pressure level

side to the higher pressure level side of the system .
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The power required to lift the solution from the lower pressure level side to the higher

pressure level side is ! ;

v (B
B Noumg

(7) The energy balance across the solution pump can be expressed as :

iy by + Wygap = g
..(8) The specific volume of the solution get in the solution pump is obtained
by using EES External routines according to its concentration and temperature , while the
temperature of the solution depart the pump is also obtained at the concentration and the

enthalpy .

3-3 Solution heat exchanger

Qp =ty (g ~hyp] =g, (be - bel ...(9)
The area and the Log-mean temperature difference for the solution heat exchanger are

calculated by using equations (2) & (3) at the corresponding information associated with the
solution heat exchanger .
The temperature of the strong solution depart the solution heat exchanger is expressed in

the following equation ! :

T1s =Tg » aghy (1-8ani - T1o ..(10)
The temperature and the enthalpy of the strong solution that depart the solution heat

exchanger is obtained by using EES External routines .

3-4 Generator

The generator is a heat exchanger which generates vapour and extracts the refrigerant
from the LiBr-water weak solution by the addition of the external heat from the heat source.
The refrigerant vapour travels to the condenser while the LiBr-water strong solution is
gravitationally settled at the bottom of the generator; the pressure difference between the
generator and the absorber then causes it to flow out to the absorber through an expansion

valve.

VY



Journal of Engineering and Development, Vol. 17, No.2, 2013, ISSN 1813- 7822

The energy balance equation in the generator is :

Qg =y hy+ dyphyg- dghe= dyy . Cpg(T14-Tas] ..(11)
The area and the Log-mean temperature difference for the generator are calculated by

using equations (2) & (3) at the corresponding information associated with the generator .

The concentration of the strong lithium bromide solution is evaluated by ! :

Xpp= Xz 1 d, ..(12)
The generator temperature and the enthalpy of the strong solution depart the generator

are obtained by using EES External routines .

3-5 Ejector

The analysis is based on the following assumptions :
1.The primary and the secondary fluids are typically based on the theoretical expression of
ideal gas dynamics .
2.The primary and the secondary fluids have the same molecular weight and ratio of specific
heats .
3.Mixing of the primary and the secondary fluids starts at the onset of the constant — area
section .
4.The unity mach number is assumed at the throats of the nozzle and the diffuser .
5.Friction and mixing loss is accounted in the form of isentropic efficiency for the nozzle and
the diffuser .
6.Kinetic energy of the inlet and outlet flows is not considered .

The pressure at the throat of the nozzle is calculated from the following equation ®):

]_1_-1 k-2
R= R (1s 1T .(13)
The velocity of the refrigerant at the throat of the nozzle can be expressed as :
?t=_J3-TTN-':hl -bt-L'n] (14)

The entropy , the enthalpy and the specific volume of the refrigerant at the throat of the
nozzle are obtained by using EES External routines .

The refrigerant mass flux through the throat of the nozzle is expressed as *! :
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W
b Vi ..(15)
The secondary refrigerant mass flux at section (y-y) , as shown in figure (2) , can be
calculated in a similar way that expressed in the nozzle . By known the temperature and the
pressure of the evaporator (T, , Pe) , the pressure of the secondary refrigerant at section (y-y)

can be calculated ¥ :

le-1 Rl
Fop =R (1+—-1F ..(16)

The velocity of the secondary refrigerant at section (y-y) can be expressed as ' :

Vgp= j2ay-{hy 5 b
The mass flow coming from generator and passing through the convergent — divergent

nozzle at choking condition can be calculated from ! :

Htdy

g & 2 3

thy = Brap. fh ()
TR'E+1 (18)

In order to calculate the diameter at the nozzle inlet (D¢) , the velocity is assumed very small
thus by using the equation of the mass balance between the inlet and the throat of the nozzle

we can obtained the area at the nozzle inlet :

PyViay =p, Vi ...(19)
The density of the refrigerant at point (1) and at the throat of the nozzle is obtained by using

EES External routines and the length of the convergent nozzle is evaluated by ! :

Lom Dy -1
" 2tan8, ..(20)
In order to obtained the mach number of the fluid at the nozzle exit at state point (i) , as

shown in figure(2) , we use the following equation ! :

..(21)
IHI lFlrl o ® 1{{{"2. ",-r-l-l l- NI ngb_ ] lll_ﬂ [I{I IP.I ll rl !IPI ,Ill I]I l I{Ib_ll !Ih. II'I
The pressure and the cross sectional area at the nozzle exit are evaluated by using the

following equations *

A%



(1" M }( (22)

k+1
=EL Z ( k_-l )’] "":1': Ay !
AT i .(23)

The length of the dlvergent nozzle is evaluated by °!:

L. = Dy - I
* Z1anBy (24)
The velocity of the refrigerant at the nozzle exit can be expressed as :

vi

h=h-zgp .(25)
The mach number of the primary flow at cross section(y-y) can be calculated from [8]
k
k-1 L1
Py _| 17 ':TIM*
T
14 (Mt .(26)

The area of the primary flow at the section(y-y) is calculated by using the isentropic relation

including an arbitrary coefficient (%) , signifying loss in the flow point (1) to (y-y) section 15l

...(27)

apy = %‘{“Fk {1‘(&-— )MF& Z{k 11
o +1{1*(E-f}Miz ]

The arbitrary coefficient for the primary flow (%;) leaving the nozzle can be assumed to be

around (0.88) ",

The secondary flow rate at (y-y) section is illustrated as

My k& Z Llﬁ;
_lTLﬂ: R[k-l- 1:l
[8].

TFI': = FlHIEE}:I
...(28)
The secondary flow rate at (y-y) section is also obtained by using this equation

1, =dgy EE: (29)

Assuming that the entrained flow reaches choking conditions , the mach number of the

secondary flow at section (y-y) is illustrated as '®!

V\lo



...(30)
b {IEF- - _ Ll J{Hz- !.k".l- lll_p l.ﬁ- "Pl *llal !lr.- {.EF L] IJ-I ] 1ﬁlb1l !lk,- J]J.
A cross — sectional area at (y-y) is the summation of the area for primary flow (a,,) and

entrained flow (as,) 81,

ap =ayy vag .(31)
The temperature and the mach number of the streams at section (y-y) can be written as 1*

7y ..(32)
Ti =1 k;lmgiy
Ty 2 .(33)
The mass conservation law of impulse can be written as

$ualmp - Yoy »m, . Vg Jmlmp »my) Vo | (39)

An arbitrary coefficient accounting for friction loss (# ,,) , varies with the ejector area ratio

(ai/a;) and it is obtained by using this equation

a
Pp,=1037 - 0L.OIBET . —
ar ...(35)

The length of the mixing section is generally defined in terms of the throat diameter , for

steam jet ejectors , the recommended lengths are different , depending on the research .

However , all of them are in the range of (6 — 10) times the throated diameter *' :
L:=6.Dy _(36)
The length of the subsonic conical diffuser can be written as :

L= Doy
“Ztan®y | (37)

The total length of the diffuser can be expressed as :
Ls =L; +Ls | (38)

The velocities of the primary and secondary flows at section (y-y) can be expressed as *! :

-EF}E =MP:‘E " ER- TF}r (39)

In order to obtained the temperature at the mixing point (7,) , the energy balance at the

mixing point can be expressed as ! :
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Vi Vi V2
thip (€, Ty Tk] +riiy [EL, Tgy % = (dvp-+fty] € Ty ?‘“I

..(41)
The enthalpy at the mixing point is obtained by using the equation *' :
Vi
b = T 5~ (42)
The mach number of the mixing point is obtained by :
MEI. =?m f krR-Tm .“(43)

Assuming that the mixed flow after the shock undergoes an isentropic process , the pressure

of the mixed flow from the mixing point to point (k) is constant at (Py) :

2
B (B ()l g

The mach number of the mixing point is obtained by using this equation ' :

1+ (‘-‘zi) ME

1] k-i
KM -() | (45)
The temperature of the refrigerant stream at point (k) is obtained by using this equation :

My =V f,fk-R-Tk ..(46)

While the velocity of the refrigerant stream at point (k) be estimated as :

Hf=

Ya_, W
byt 7= = g - .(47)
The enthalpy of the refrigerant stream at point (k) is obtained by using EES built in
thermophysical property functions , with the pressure and temperature known .

The enthalpy of the refrigerant stream at the exit of the ejector can be estimated as :

hy = [{f
2 =hy * - ..(48)
While the velocity of the refrigerant stream at the exit of the ejector can be estimated as :
Vi
Ty = Ty*
fTORLEL ..(49)

The cross sectional area at the exit of the diffuser can be depicted as :

E+1

_ 1 [z +e1)Mz |5ﬂ<-11
AR [ k+1

..(50)
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The mach number at point (2) is given by :

M =¥z [ fkRTy (51)

The velocity of the refrigerant stream at point (2)is given by the following equation :

?E
nty by +niy hyg(nigenty ) bye=5) (52)
The pressure lift in the diffuser can be estimated as *! :

Ng [k_—l}

By =R (—5—M{+1] N .(53)

e
k-1

The entrainment ratio (®) can be written as

o= 2z
e ...(54)
3-6 Condenser
The energy balance in the condenser is :
Qc=(mh, +iiip . (hyD3) = fgg .Cpwe (Trz-Tye) ...(55)

The area and the Log-mean temperature difference for the condenser are calculated by
using equations (2) , (3) at the corresponding information associated with the condenser .

The condenser temperature is expressed as [ :

T3 =T1g *Tpinm ...(56)
The enthalpy of the refrigerant (water vapour) at the exit of the condenser are obtained by

using EES built in thermophysical property functions .

3-7 Evaporator
The energy balance in the evaporator is :

..(57)
| u m.llﬂ. I]I {I Ihl l‘I5r| _um Ih” l.'!". I]l [ ] - [ ] .d:. lliul Ill l.cF. : lI_“I l{l Il'l lliul _u Il'l lligl I1I
The area and the Log-mean temperature difference for the evaporator are calculated by
using equations (2) , (3) at the corresponding information associated with the evaporator .
The evaporator pressure , temperature and dryness fraction of the refrigerant entering
the evaporator , and the enthalpy of the refrigerant leave the evaporator are obtained by using

EES built in thermophysical property functions .
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3-8 Crystallization problem

Aqueous lithium bromide is a salt solution substance where the salt component will start
to precipitate when the mass fraction of salt exceeds the maximum allowed of solution
solubility .

The crystallization problem appears when the absorption refrigeration system is off and
the flow is stopped due to a significant temperature drop ; during the operating stage ,
crystallization tends to occur at the outlet of the solution heat exchanger where temperatures
are relatively low and mass fractions are high .

A complete mixing process between refrigerant and absorbent in the absorber is one of
the main keys to preventing crystallization because the salt fraction is completely mixed with
the refrigerant preventing the saturation of liquid solubility . A complete mix of refrigerant
and absorbent is controlled by the heat rejection process in the absorber so the absorber
temperature is maintained at the design condition .

The coefficient of performance of the (CARS) using lithium bromide-water as a
working solution can be improved by reducing the condenser and absorber temperatures or
increasing the generator and evaporator temperatures . However , the temperature of the
condenser and the absorber depend on the cooling fluid available , and the temperature of
evaporator depends on the refrigerating temperature requirement . Thus , the coefficient of
performance can be maximized only by raising the generator temperature . However , even if
a high-temperature heat source is available , the generator temperature , normally , cannot be
increased beyond the solution saturation temperature . Lithium bromide solution is saturated
at a concentration around 70%. If the solution is already saturated , reducing the pressure or
increasing the temperature , crystallization will occur, and the system can no longer be
operated M1 .

If an ejector using high-pressure steam from the generator as the primary fluid is
introduced between the condenser and the generator , the cycle can be operated with the
generator pressure higher than that in the condenser . If a high-temperature heat source is
available , the generator temperature may be raised and the solution concentration can be
maintained constant and the crystallization problem is not occur .

Dong-Seon Kim ! did a polynomial fit for solubility of pure lithium bromide in water

and groups it in four regions :
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Region T, Xstrans=48.5%
Tere =-398.3+25.197 Xppang-0.253 Xgrrang- o
58) Region 11 , 485 Rtrongr; =57 2%
Taie =-9194+38.51957477 Xgipang-0.3080928653 Xgrone® .
59) Region II, 372 Xetrany;=63.5%
Tgy =-11594 4427386184 Xypons-1.308288545 Xgrpons? o
60) Region IV , Xstrons=65.5%
Tery =-2046.536869458.34181996 Xorron-0.3391180069 Xarrons® o
61)

3-9 System performance

The overall energy balance equation for the whole system will be :

g+ Qe *Wopunyp Q-0 = 0 ..(62)
The coefficient of performance for the both (CARS) and (EARS) is given by :

e

COPz ————
T *Woum (63)

4. Results and Discussion

A comparison between the conventional absorption refrigeration system (CARS) and a
combined ejector — absorption refrigeration system (EARS) is illustrated in figure (3) . It can
be seen that as the mass flow of the steam inlet to the generator increase , the generator
surface area required decrease , because when the mass flow of steam inlet to the generator
increase , the temperature of the steam leave the generator increases , and hence the Log-mean
temperature difference increases and the generator surface area decreases according to

equation (2) .
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—— (CARS)
—— (EARS)
L4r T,=36.12 [°C]
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Figure(3) The effect of the steam mass flow on the generator surface area for
both system.

Figure (4) shows the variation of generator surface area with the mass flow rate of the
LiBr — H,O weak solution for the (CARS) and the (EARS) . The figure shows that the
generator surface area for the (EARS) is less than that for the (CARS) , this is because the
heat source temperature of the (EARS) is higher than that for the (CARS) which is led to
increase the Log — mean temperature difference for the generator and hence the generator

surface area is reduced .
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Figure(4) The effect of the weak solution mass flow on the generator surface area for
both system.

The effect of the generator pressure on the ejector area ratio (ax/a,) is illustrated in
figure(S) , where the area ratio (ai/a,) increase as the generator pressure and entrainment
ratio increased , therefore the relationship between the area ratio and the pressure is linear as

shown , since when the generator pressure is increased , the throat diameter of the nozzle
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decreases according to the equation (18) for a certain entrainment ratio and this will lead to

increase the area ratio (ay/a,) .
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Figure(5) The effect of generator pressure on the area ratio.
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Also , the area ratio is reduced by increasing the evaporator pressure ¢ because when the
evaporator pressure increased the mass flow rate of the secondary refrigerant coming from the
evaporator is also increased , and this caused by increasing the primary refrigerant for a
certain entrainment ratio and this guide to increase the throat area of the nozzle (a,) according

to equation (18) and hence reduce the area ratio (a/a,) as shown in figure (6) .
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Figure(6) The effect of evaporator pressure on the area ratio.

Figure (7) showed the evaporator surface area as a function of the chilled water mass
flow for the (CARS) and the (EARS) at the same chilled water inlet temperature (T1g) . It is
illustrated that the evaporator surface area for the (EARS) is larger than that for the (CARS)
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because the cooling effect is increased for the (EARS) due to the increasing of the refrigerant

flow rate through the evaporator .
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Figure(7) The effect of the chilled water mass flow on the evaporator surface

area for both system.

Whereas figure (8) explain the effect of the mass flow rate of the weak solution on the
area of the absorber for both (EARS) and (CARS) . It is noted that the increase of the mass
flow rate of the weak solution caused by increasing the absorber surface area at constant
absorber temperature .

The increasing of the mass flow rate of the weak solution entering the generator will lead
to reduce the concentration of the strong solution and this mean that a small amount of the
refrigerant vapour can be absorbed by the strong solution in the absorber in order to reduce its
concentration and reach it to the condition of the weak solution . Therefore the refrigerant
mass flow through the condenser and evaporator is decreased and thus reducing the cooling

effect and the coefficient of performance .
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Figure(8) The effect of the weak solution mass flow on the absorber surface
area for both system.

Figure (9) indicated that the values of the coefficient of performance for the (EARS) are
higher than that for the (CARS) . This is due to the existence of the ejector that caused by
increasing the refrigerant mass flow in the evaporator , hence the cooling effect of the

evaporator is increased and as a result , the coefficient of performance is increased .
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Figure(9) The effect of the weak solution mass flow on the COP for both
system.

The variation of the coefficient of performance with generator temperature is illustrated
in figures (10) , (11) , and (12) . In all cases , it can be seen that as the generator temperature
increases , the coefficient of performance will increase . To interpret this increasing in the
coefficient of performance , it can be said that the increasing in the generator temperature
caused by increasing the concentration of the strong solution and holding the mass flow rate
and concentration of the weak solution constant resulting in a reduction in the mass of the

strong solution and hence the heat input to the generator is reduced which leads to a higher
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coefficient of performance . In addition , the (EARS) operates at a higher generator
temperature and pressure as compared with that of the (CARS) . The higher pressure causes
the ejector inlet pressure to increase and the pressure at the throat is also increased , then the
shock advancing downstream the nozzle exit , and the flow in the divergent section of the
nozzle is entirely supersonic . This caused by increasing the vacuum at the nozzle exit ,
resulting in large pressure difference between the mixing section and the evaporator .
Therefore , the mass flow of the sucked vapour will increase and as a result the cooling effect

will increase and hence the coefficient of performance will improve as shown in figure (13) .
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Figure(10) The effect of generator temperature on COP under different absorber
temperatures.
1.08 ‘ ‘ ‘
1.04
l,
0.96
%4 0.92F
Q

0.88}-

0.84

0.8 il .
T,536.12[°C]
0.761 T =40.41 [°C] i

165 170 175 180 185 190 195 200

Tz (°C)
Figure(11) The effect of generator temperature on COP under different

evaporator temperatures.
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Figure(12) The effect of generator temperature on COP under different
condenser temperatures.
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Figure(13) The comparison of the performance between CARS and EARS under
the variation of the generator temperature.

Figure (14) showed the effect of the condenser temperature variation on the coefficient of
performance for both (EARS) and (CARS) . For (CARS) , the pressure of the condenser and
generator will increase when the condenser temperature is increased . This will require higher
generator temperature in order to vaporize a certain amount of refrigerant , and as the
temperature of the generator is originally constant , therefore the amount of the refrigerant
that vaporized in the generator will reduce as the condenser temperature increased . This is
caused by reducing the coefficient of performance . Also , in (EARS) , it can be seen that the

performance of the system suffers with an increase in condensing temperature . Since the

yv1



Journal of Engineering and Development, Vol. 17, No.2, 2013, ISSN 1813- 7822

condenser pressure is increases as the condenser temperature increases , the back pressure of
the ejector will increase . This caused by moving the shock out of the nozzle . i.e the pressure
in the mixing section is increased and the pressure difference between the evaporator and the
mixing section will decreased , resulting in a reduction in the suction flow and then the

coefficient of performance is decreased .
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Figure(14) The comparison of the performance between CARS and EARS under
the variation of the condenser temperature.

A comparison of the evaporator temperature effect on the coefficient of the performance
for the (CARS) and the (EARS) is illustrated in figure (15) . In the (CARS) , the pressure of
evaporator and absorber will increase when the evaporator temperature increased and hence
the concentration of the weak solution is reduced and this means that the amount of
refrigerant will reduce while the concentration of the strong solution remains constant in the
generator and caused by reducing the amount of the strong solution that leave the generator
and as a result the heat energy required is reduced . It can be concluded that the coefficient of

performance increases when the evaporator temperature increased .

The coefficient of the performance for the (EARS) is also increased when the evaporator
temperature increased for the same reason mentioned above . In addition , when the
evaporator temperature is increased its pressure increased and hence increase the velocity of
the secondary refrigerant stream which is leads to increase the entrainment ratio and the

refrigerant vapour mass flow rate through the condenser and the evaporator leading to
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increase the coefficient of performance for the system . Therefore we notice that the

coefficient of performance for the (EARS) is higher than that for the (CARS).
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Figure(15) The comparison of the performance between CARS and EARS under
the variation of the evaporator temperature.

Figure (16) shows the effect of the absorber temperature on the coefficient of
performance for both systems . It can be seen that , when the temperature increased
concentration of the weak solution in the absorber will be increased . Therefore more solution
is required to produce a certain amount of refrigerant vapour for the same amount of the
strong solution leaving the generator and hence larger amount of heat energy is required in the
generator . As a result , the coefficient of performance is increased as the absorber
temperature increases . Also , it can be noted that the performance of the (EARS) is higher
than that for the (CARS) . This is due to the increase in the amount of refrigerant flow rate

through the evaporator in the (EARS) .
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Figure(16) The comparison of the performance between CARS and EARS under
the variation of the absorber temperature.

A comparison between the (EARS) and the (CARS) is illustrated in figure (17) , it
shows the effect of the temperature of the cooling water entering the absorber on the
coefficient of performance. when the temperature of the cooling water increased the absorber

temperature is also increased according to equation (4) so that the coefficient of performance

1.051 M

will decrease.
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Figure(17) The comparison of the performance between CARS and EARS under
the variation of the cooling water temperature.

Figure (18) showed the variation of the coefficient of performance with the absorber
pinch temperature . It can be seen that as the pinch temperature increases , the absorber
temperature is also increased and hence the coefficient of performance will decrease for both
(EARS) and (CARS) system , but the performance for the (EARS) is higher . This is due to

the increase of the refrigerant flow rate passing through the evaporator .
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Figure(18) The comparison of the performance between CARS and EARS under
the variation of the absorber pinch temperature.

The coefficient of performance for the (EARS) extremely depends on the entrainment
ratio of the ejector . The effect of the entrainment ratio on the coefficient of performance is
illustrated in figure (19) . It can be noted that the coefficient of performance will increase
with the increase of the entrainment ratio . This is because the increase of this ratio will lead
to increase the mass flow rate of the secondary refrigerant for fixed mass flow of the primary
refrigerant , since the mass flow rate passing through the condenser and evaporator is

increased and the cooling effect is also increased , so that the coefficient of performance will

increase .
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Figure(19) The effect of entrainment ratio on COP under different evaporator
temperatures.
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The problem of crystallization is an important factor to monitor for a water-lithium
bromide absorption system because it might affect the operation and the lifetime of the
absorption system . Crystallization tends to occur between the expansion valve and the
absorber where the pressure level is low enough and the solution temperature is close to the
crystallization line . A higher concentration difference means the fraction of lithium bromide
at the outlet of the generator is high and more of the water fraction is extracted from the low
weak solution as a refrigerant . Since the solubility limit is a strong function of mass fraction
and temperature, the salt substance of aqueous lithium bromide solution tends to precipitate
easily at a higher solution concentration. It is important to keep the solution temperature
above and not allow it to go below the crystallization temperature line. As seen in Figure
(20), the temperature along the expansion valve and absorber was monitored since the

crystallization process appears most at this part of the lithium bromide absorption system .

45
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dx
Figure(20) The effect of the strong—weak solution concentration difference on

the critical strong solution temperature.
It can be concluded that , the addition of the ejector caused by increasing the coefficient
of performance by about (30.35%) and prevent the crystallization to be occurred .
Table (1) shows the results of the design of the ejector , while table (2) shows the
results of the design of the heat exchangers for the (EARS) and the (CARS) .
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Table(1) : the results of the design of the ejector

description symbol value unit
Entrainment ratio 0] 0.46
Mass flow of primary refrigerant from the generator. Py 0.007487 kg/s
Mass flow of secondary refrigerant from the evaporator. N 0.003444 kg/s
diameter at the nozzle inlet. D; 0.025 m
Diameter of the throat of the nozzle. D; 0.0032 m
Diameter at the exit of the nozzle. D; 0.009674 m
Diameter of the mixing section. Dy 0.03655 m
Diameter at the exit of diffuser. D, 0.08059 m
The length of the convergent nozzle. L; 0.01299 m
The length of the divergent nozzle. L, 0.02303 m
The length of the mixing section. L; 0.2192 m
The length of the subsonic conical diffuser. Ly 0.1567 m
The total length of the diffuser. Ly 0.376 m

Table(2) : the results of the design of the heat exchangers for the (EARS) and

the (CARS)
description value unit
(CARS) (EARS)
Generator surface area. 1.292 0.9593 m’
Absorber surface area. 1.871 1.399 m’
Solution heat exchanger surface area. 0.4541 0.1491 m’
Condenser surface area. 1.692 2.581 m’
Evaporator surface area. 1.755 3.195 m’
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