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Abstract

Vapour ejector refrigeration system yields better performance when the ejector operates at choking-mode. A computer code based or
existing one dimensional ejector theory has been developed to carry out a study on performance of the system. When operating conditions
are changed, the critical performance parameters of the system get shifted to different critical values. The code includes effects of change
in specific heat of the working fluid and friction at the constant-area mixing chamber besides internal irreversibility of the ejector. The
simulated performance results are compared with the available experimental data from the literature for validation. The effects of operational
parameters and ejector configurations of the system on critical performance are studied. Also, comparison of performance of the system with
environment friendly refrigerants, R134a, R152a, R290, R600a and R717 is made.
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1. Introduction Ozone depletion and possible global warming by halo-
genated chlorofluorocarbons have become international is-
. : . sues due to the potential harm to the environment. In ac-
Compression refrigeration system consumes large cordance with the Montreal and subsequent Protocols on

amount of high-grade energy. Hence, greater emphasis wagpgtances that deplete the ozone layer, CFCs and HCFCs

made to replace the above system with heat-operated sysz e gybjected to total phase-out in a scheduled time-frame.

tems that can use abundantly available low-grade energy asyith the above fact in mind, environment friendly refrig-
the main driving source. Among the heat-operated systems,erants are considered for the analysis of the system in the
the absorption refrigeration system requires relatively high nresent study.
temperature heat source. On the other hand, the ejector re- The ejector is the vital component of the VER system.
frigeration system is found attractive because it requires rel- Design of an ejector and evaluation of its Operationa| charac-
atively low temperature heat source. Though steam-ejectorteristics have become the core topics of interest for research
refrigeration system became popular as the first type of ejec-in recent years. With an aim to predict the satisfactory
tor refrigeration system, the need for higher intensity heat performance of the ejector, theories on the basis of fluid
source above 150C made it disadvantageous when com- dynamics were proposed in the middle of the last century.
pared with the vapour-ejector refrigeration system (VERS), Keenan et al. [1] developed a 1-D ejector theory based on gas
which could be operated satisfactorily at generator tem- dynamics with ideal gas as a working fluid. Heat and friction
perature as low as 6% with suitable refrigerants. The losses were not considered for the analysis. Defrate et al. [2]
temperature of this magnitude can easily be achieved by har-proposed a computer code for the evaluation of performance
nessing solar energy with a flat plate collector or any other of an ejector system working with ideal gases using the
source like geothermal energy, waste heat, etc. above theory. With a new ejector theory, Munday et al. [3]
postulated that primary stream does not mix with entrained
stream until the onset of secondary choking at a hypotheti-
* Corresponding author. cal throat in the converging section. After mixing, the mixed
E-mail address: mania@iitm.ac.in (A. Mani). stream starts with a supersonic velocity at a uniform pressure
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Nomenclature
A =1 D m 41 diffuser inlet
d diameter...........cooi i i m d2 diffuser outlet
f friction factor e evaporator
h specific enthalpy ............... ki 1K1 g generator
l length. ... m is isentropic
m massflowrate....................... kgt m mixing chamber
P PIESSUNE ..ttt e et e kPa opt optimum
T TEMPErature .. ...t eeee e, K p primary fluid
v specificvolume .................... Skg ! pe primary fluid exit
1% VeloCity ... oot sl t throatd i
s secondary flui

Greek symbols sc secondary flow choking
n efficiency se secondary fluid exit
I critical entrainment ratios mg/mp, o
& driving pressure ratioPg/ Pc) Abbreviation

) CFC chlorofluorocarbon
Subscripts COP  coefficient of performance
as after shock CR compression ratics Pc/ Pe
c condenser HCFC hydrochlorofluorocarbon
d diffuser VER  vapour ejector refrigeration

till it experiences a normal shock at the constant area cross-same line by developing a simulation program, Bourmaraf
section and further decelerates to condenser pressure in thet al. [12] have investigated and compared the performance
diffuser. Eames et al. [4] cagdl out an analytical study for  of a jet cooling system using zeotropic and azeotropic refrig-
predicting the performance of the VER system with steam erant mixtures as substitutes of pure refrigerants. Cizungu et
as working fluid. With a computer simulation model, Sun et al. [13] developed a computer code and analyzed the per-
al. [5] examined the performae of a ejector refrigeration ~ formance of an ejector refrigeration system operating with
system with HCFC-123 as working fluid. They included a pure refrigerants that are environment friendly. Research
regenerator and a pre-cooler for improving the system per-Works on VERS with ejectors having fixed geometrical pa-
formance. Huang et al. [6-8] carried out a 1-D analysis for fameters are found in many literatures [6-8,10,13,14]. The
the prediction of the ejector flermance with an assumption ~ €jector with fixed geometrical dimensions gives a better per-
that hypothetical throat occurs inside the cylindrical cham- formance with higher entrainment ratio, when it is operated
ber and mixing occurs in this constant-area mixing chamber & choking-mode [5]. To obtain this better performance at

at a fairly uniform pressureSince the assumption of ideal  différent operating conditions, area ratio of the ejector is
gas for analysis could bring significant error, Zeren et al, Variéd. A computer code has been written to analyze per-

[9] described mathematicalpn ejector cooling system with fof;m?n;:;a _oI_the f{;etor at LUC?I mode._T_he Cg de ;)ndUsz f
R12 as refrigerant and solar energy as the driving source.f ?C fo h”%'onii ecicf)inshan t'aﬁz m\';/(mrgiﬁ af?nlide;)anide )
They have directly introduced thermodynamic properties of ect of change In spectiic heat ot the working fiuld besides

the working fluid for the analysis. With the analytical re- gﬁrgf (I)Ir:;/t?(;ilglllItgrg];ntgtirijce)ﬁtorénl‘grmsnrc):?)?;htehse :tf(-am
view of experimental study, Paliwoda [10] has illustrated b P P Y

. ) . -, with environment friendly refrigerants like, R134a, R152a,
that halocarbon vapour jet refrigeration systems are suit- R290, R600a and R717 is presented. Validation of simu-
abl;:lpre:er.rlgq when Iovv.]ggelldel h_eaft ar;]d amplel Zor;dehnserlated performance results is carried out with the available
cooling facilities are avaliable. t IS furt er conclude that experimental data from the literatures. The performance is
though superheating of primary jet results in a considerable g, 5| ated within the range of generator temperature that can
increase in entramment_ratl(_) and system eﬁ|C|ency, it do_eseasily be achieved by harnessing solar energy with a flat
not bring any cost benefit. With the thermodynamic analysis plate collector.

of the cycle and making use of an empirical correlation ob-

tained from experimentation, Dorantes et al. [11] predicted

the performance of a jet cooling system operating with pure 2. Description of the system

refrigerants and non-azeotrgpiixtures. They have con-

cluded that the entrainment ratio and the system efficiency = Schematic diagram of the VER system selected for analy-
depend mainly on the nature of the working fluid. In the sis is shown in Fig. 1. A descriptive configuration of the
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Ejector

flow to subsonic, is expected before the fluid enters the dif-
fuser. The plane of choking at which Mach number becomes
unity is supposed to get merged with that of the shock wave.
Thus, in the mixed fluid flow, the phenomenon of shock

CCD overtakes the choking predominantly and makes the formu-
lation for analysis of mixed fluid choking insignificant.
C —Condenser . . . -
E - Evaporator When the working fluid passes through ejector, it is
! ED oD - Expansion device subjected to losses of flow due to fluid and wall frictions
P - Pump at different sections. These losses are accounted in terms
P Q = = of efficiencies referred to ideal isentropic transforms. They
are generally identified on ¢hbasis of the flow passage
Fig. 1. Schematic diagram of paur ejector refrigeration system. like nozzle efficiency for prhary fluid flow, suction or
secondary fluid flow efficiency, mixed fluid flow efficiency
se and diffuser efficiency. Coefficients of losses for primary
et Mixing chamber Diffuser fluid flow, secondary fluid flow and mixed fluid flow in the

diffuser are not very sensitive to analytical results. But, when
mixed fluid passes through cylindrical mixing chamber, it
experiences loss due to friction at the wall surface. During

Pris
gr??lrr?ﬁm } _¢_/_) the analysis it is observed that the coefficient of friction is
S

P pe, d, d,
1
1

I R —]__To condenser a very sensitive factor in deting the efficiency of mixing

and subsequently the exit pressure of the ejector. Since the
fluid enters the constant-area mixing chamber at supersonic
velocity with high Reynolds number, the friction factor is
found out using the following equation with the assumption

Seconday that the inside surface of the mixing chamber is smooth [16]
Vapour from
evaporator 1
—— =2.0log(Reu+/fn) — 0.8 (1)
Fig. 2. Schematic diagram of ejector. N fm

The above expression is an equation of straight line, with
which the velocity is assumed to vary linearly along the
constant area section. Hence the friction factor is computed
as an arithmetic mean value be@n the inlet and exit of this
mixing chamber.

The following assumptions are made for the analysis:

ejector is depicted in Fig. 2. The system consists of a gener-
ator, ejector, condenser, expansion device and liquid pump.
The generator supplies high-pressure vapour by converting
liquid due to absorption of heat. This high-pressure vapour
is expanded through the convergent—divergent nozzle in the
ejector to produce high velocity stream, which entrains the
vapourized refrigerant from the evaporator. Both the fluids
mix together in the mixing chamber. Pressure raise occurs
in the ejector due to formation of shock followed by flow
through thc_e diffuser. The pressurlzgd fluid undergoes con- are 0.95, 0.95 and 0.85, respectively, [15];
densation in the condenser. A portion of the condensate is . . L
: . (3) The heat loss from the ejector is negligible;
passed through an expansion device to the evaporator for
o : . C oo L 7 (4) Normal shock occurs at the end of the constant-area
realizing the refrigeration effect. The remaining liquid is

- mixing chamber;
pumped back to the generator through the liquid pump. (5) Velocities at the inlets of primary and secondary fluids

and at the exit of the diffuser are negligible.

(1) The flow inside the ejector is steady and one dimen-
sional;

(2) The coefficients accounting for losses in the primary
flow nozzle, the secondary fluid passage and the diffuser

3. Analysis of the gjector Governing equations for analysis of flow through ejector

. . . ] are obtained by using laws of conservation of mass, momen-
Choking of flow is observed at different sections of ,m and energy.
an ejector. ‘Primary flow choking’ exists at the throat of For driving fluid through primary convergent—divergent
the primary convergent-divergent nozzle. ‘Secondary flow nozzle, area to mass flow rate at any cross-section is
choking’ occurs at the interface between primary and sec- gxpressed as,
ondary fluid before mixing. These choking phenomena play v
a vital role in deciding the critial operational parametersof —=—_*£2__ (2)
an ejector. ‘Mixed fluid choking’ is expected to occur in the 7 /21p(hp = ;g
constant-area mixing chamber. Since flow of mixed fluid is Primary flow choking occurs at the section (throat) where

supersonic, formation of a normal shock, that converts the the area to mass flow rate at given inlet pressure and
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temperature becomes minimuBy varying enthalpy along Incorporating the frictional effect, the expression for crit-
the flow path, the minimum area per mass flow rate is ical entrainment ratio is ohtned from momentum balance
evaluated through iterative process. Hence, the area of thebetween inlet and exit sections of the mixing chamber as,

throat per mass flow rate is computed as, 1

A, v _ Vpe— Va1 — Qlefm(lm/Dm)

I[,L =
= 3 Va1 — V. ly Im/D
o TRTEIOR 3) 11— Vse+ 5 Va1 fn(ln/Dm)
For secondary flow choking before mixing, the hypo-
thetical area to mass flow rate at given inlet pressure and
i he — he
temperature of the evaporator is found out as, COP=p (hc hc) (14)
A _ Vs (4) ( b — C)
mg A/ 277.5' (he — h)is
Hence, the critical pressure of the secondary fluid at the 4. Computation methodology
beginning of the mixing is obtained. It is assumed that the
primary fluid and the secondary fluid start mixing at this A computer simulation model has been developed on the

(13)

Critical performance of the cycle excluding the energy
imparted by pump is expressed as,

critical pressure. basis of the one dimensional ejector theory and its control-
Velocity of primary fluid leaving the nozzle is, volume-based analytical equations. The model includes
operating parameterg,, T, T, P;, P. and P. as the input
Voe=/2np(hy — hpe)jg (5) for solving the equations described above. Thermodynamic
Velocity of the secondary fluid just before meeting properties of working fluids are ot_)tained with the package
primary fluid is, REFPROP. The ratio of cylindrical chamber length to
diameter is assumed to be 10 [10]. With the inlet pressure,
Vse= v/ 215 (he — hsois (6) P, of the primary fluid, the throat area, of the nozzle
From mass balance, the mass flow rate of mixed fluid is IS OPtained for maximum floveondition corresponding to
determined as, primary flow choking at the throat. It is assumed that the
mixing of primary and secondary fluids starts at a pressure,
My =mp + Mg (7) Pse. This pressure is determined with the inlet pressiie,

By app|y|ng momentum balance between inlet section from choking of the Secondary fluid at a hypothetical throat
and section before shock in the mixing chamber, the velocity near the entrance of the mixing chamber. The state of the

of the mixed fluid is expressed as, mixed fluid is checked for supersonic flow condition and
the friction factor within the mixing chamber is computed
Vin = (mpVoe t msVse) + (Pse = Pu)An (8) as explained in Section 3. Subsequently, the existence of
mpy(1+ %flﬁ) a normal shock at the end of the constant-area mixing
By mass balance, area of constant area mixing chamberchamber is probed if the flow before the shock is supersonic.
for unit mass flow rate of mixed fluid flow is rewritten as, Neglecting the velocity at the diffuser exit, the total pressure
A y raise across the shock and diffuser is matched for the exit
L] (9) pressure of the diffusef,. by an iterative process wherein
Mm Vi the entrainment of secondary fluid is varied and checked for
The characteristic area ratio for ejector is found out with satisfactory results. This computational procedure yields the
the help of the following expression as, output of critical entrainment ratiqy, and critical COP at
different operating conditions.
AR (10) PerEe
t Up Vin

The normal shock is assumed to occur at the mixing 5 Results and discussion
chamber. Using mass, momentum and energy balances, the

static pressure rise across the shock is given as, Validation of the computer simulation model is carried

out for R11 with entrainment ratio at two different condi-
Um tions, one at compression ratiGR = 2.2 and another at
Assuming that the pressure after the shock and the CR= 2.3, by varying the generator temperature. The sim-
pressure at the diffuser inlet are equal and the mixed streamUlated performance is compat with that of experimental
leaves the diffuser at negligible velocity, the velocity of the data available in the literature [14]. Fig. 3(a) shows the ef-

fluid at diffuser inlet is determined as fect of driving pressure ratioP, / P.) on critical entrainment
ratio. For both cases the simulated results agree fairly well

Vir = 2(hg2 — hal)is (12) with the experimental data and the maximum deviation is
a1 = Py found to be 15%. The validation of simulation code is further

V,
Pas— Py =~ (Vi — Vag) (11)
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Fig. 3. (a) Comparison of simulatedsidts for R11 with experimental data
[14]. (b) Comparison of the simulated critical entrainment ratio with that

from the literatures [11,12].

extended for comparison of the simulated critical entrain-
ment ratio with the critical entrainment ratio described in

the literatures [11,12] as,

_ 330 1 L 1.21\\1%*?
=332 g (1 (757) )

Fig. 3(b) depicts the effect of driving pressure ratio on
entrainment ratio in the selected operating range for R134a.
The variation of simulated results in this case also is in good
agreement with that of data eguted using the empirical
correlation (15), with a maximum deviation of 7%.

In both of the above cases, the numerical results are
interpolated to obtain continuous lines using polynomial

functions of the form,

2
y= Z b x"
n=0

wherex andy stand for driving pressure ratio and critical
entrainment ratio respectively, ahdtands for constants that
make the uncertainties intting continuous lines to be less

than 0.01%.

(15)
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Fig. 4. Effect of compression ratio on critical entrainment ratio.
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Fig. 5. Effect of driving pressure ratio on critical entrainment ratio.

Fig. 4 shows the effect of compression ratio on critical en-
trainment ratio obtained for different working fluids. When
compression ratio increases at a constant evaporator temper-
ature, the back pressure at the ejector exit increases. Any
increase in the back pressure reduces driving pressure ratio
and subsequently entrainmeatio. Hence, critical entrain-
ment ratio decreases when camgsion ratio increases. It
can be noticed that critical entrament ratio of working fluid
with higher molecular weight is higher compared to that
of fluids with lower molecular weight. Also, the pattern of
performance remains same agjhér generator temperature.
Fig. 5 portrays the variation of critical entrainment ratio with
driving pressure ratio at a constant compression ratio. Any
increase in driving pressure leads to increase in entrainment
from the evaporator. Hence, thetical entrainnent ratio in-
creases with increase in the driving pressure ratio. Among
the working fluids selected, R134a gives better entrainment
ratio at the same operating conditions.

Fig. 6 depicts the variation of critical COP with compres-
sion ratio. As stated earlier, the increase in compression ratio
at constant evaporator temperature decreases the entrain-
ment from the evaporator. Consequently the refrigerating
capacity of the system decreases. Hence COP decreases for
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T 6. Conclusions
0 ' ' The influence of compression ratio, and driving pres-
2 3 4 5

sure ratio on critical entrainemt ratio and critical COP of
the ejector are studied within the operating range obtain-
Fig. 7. Effect of driving pressure ratio on critical COP. able using a simple solar celitor, waste heat etc. As the
compression ratio increases the entrainment ratio and COP
decreases. As the driving pressuatio increases the entrain-
ment ratio and COP increases. Among the working fluids

all refrigerants as compression ratio increases. Among theconsidered, the system with R134a gives better performance.
working fluids considered, R134a gives better COP in the

range considered. Fig. 7 discerns the variation of critical
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