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1. Infroduction

ABSTRACT: A study of an alternative ejector cooling system is proposed in this paper. A
mathematical model without irreversibility is developed and simulated. The numerical
results are validated with literature data for two working fluids (R134a and R152a). The
performance and behavior of the system using conventional refrigerants (HFC’s, HC’s)
and unconventional (R717, R718) is obtained; the process uses 100 kW of heat available
in a waste stream. Finally, the paper explores the reduction of problems associated with
the use of conventional refrigerants by introducing the use of R718 (water) as the working
fluid of the proposed system.

RESUMEN: Un estudio de un sistema de refrigeracion alternativo con eyector es propuesto
en este articulo. Se desarrolla y simula un modelo matematico sin irreversibilidades.
Se realiza una validacién de los resultados numéricos con datos de la literatura para
dos fluidos de trabajo (R134a y R152a). El rendimiento y el comportamiento del
sistema usando refrigerantes convencionales (HFC, HC] y no convencionales (R717,
R718) es estudiado, el proceso utiliza 100 kW de calor disponible en una corriente de
desecho. Finalmente, se explora la reduccion de los problemas asociados con el uso
de refrigerantes convencionales introduciendo el uso de R718 (agua) como el fluido de
trabajo del sistema propuesto

Approximately 15% of total electricity consumption is
used for refrigeration [2-4]. Research and development

The constant demand for thermal comfort rapidly (R & D) of thermal energy refrigeration using low-grade

increased the use of the cooling system.

Reducing heat may considerably decrease in energy consumption.
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the electricity consumption used for refrigeration is an
effective strategy for mitigating the constantly growing
energy and environmental impact (COzq and greenhouse
gas emission) [1-3].
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Ejector refrigeration systems (ERS) seem a promising
alternative to traditional compressor-based systems due
to their reliability, low maintenance needs, and small
initial and operational costs. Furthermore, ERS can
help reduce greenhouse gas emissions due to the use of
primary energy and avoidance of environmentally harmful
refrigerants [5-10]. Nevertheless, ejector refrigeration
has not been able to position itself in the market due to
its low-performance coefficient and severe reduction in
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performance when not operating under design conditions
[6, 11, 12].

Many theoretical and experimental works of the ejector
refrigeration systems are documented in the literature for
various cooling fluids, including R113 [12], R123 [13, 14],
R134a [15-17], R141b [14, 18], R152a [13-16, 19], R245fa
[14, 18, 201, R290 [14, 16, 17, 19], R600 [14, 17], R600a
[16, 18,19, 21, 22], and ammonia [15, 20, 23].

This work aims to numerically study an ejector
refrigeration system (ERS). This paper is organized as
follows: Section 2 describes the ERS and its operation. The
processes of the ejector, which is considered the principal
unit, are detailed. A comprehensive mathematical model,
along with a solution process and its comparison with
the literature results, are presented in section 3. Finally,
a comparative study of performance systems at several
refrigerant fluids is presented in section 4. In this work,
a comprehensible mathematical model is presented, and
a comprehensible solution procedure is developed. The
fluids analyzed are HFC’'s (R134a, R152a), HC s (R290,
R600a), R717 (N Hs3) and R718 (H50). The performance of
the ejector cooling system is analyzed. The COP behavior
is shown, and the maximum Qevap is calculated for
all work-fluid. Using R718 as a working fluid provides
many advantages: it has a high heat of vaporization, is
inexpensive, and has minimal environmental impact;
however, the cooling cycle temperature is limited to above
0 °C [24].

2. System description

The alternative ejector refrigeration system (ERS) is a
closed system. ERS is composed of six elements: a
generator heat exchanger, supersonic ejector, pump,
expansion valve, condenser, and evaporator, as shown in
Figure 1. The system comprises two circuits: the coolant
loop (3-4-5-6) and the power loop (1-2-4-5). The coolant
loop has the same functional principles as a conventional
cooling system by compression [5-7, 11].

The heat exchanger generator recuperates the remainder
of the heat. This thermal energy is absorbed by the
working fluid that is in a liquid state in point 1, producing
a high temperature, and high-pressure vapor in point 2.
The high-pressure vapor (primary fluid) flows through the
ejector, where it is accelerated as it passes through the
supersonic nozzle. At the nozzle exit, the primary fluid
pressure becomes lower than the entry flow pressure.
At this point, the inside evaporator flow (point 3, second
fluid) is suctioned into the ejector and is mixed with the
primary fluid. The fluid mixture emerges from the mixing
chamber and is compressed in two steps: firstly, the
shock wave (supersonic - subsonic regime). And secondly,

a diffuser increases the pressure. The pressure of the
emerging flow (point 4) is the condenser pressure. The
fluid inside the condenser becomes liquid by rejecting
heat from the environment (point 5). A portion of the
liquid is pumped to the generator to complete the power
loop (point 1). The rest of the refrigerant fluid (point 4)
is expanded through a throttling valve (point 6], and a
mixture of vapor and liquid enters the evaporator. In
the evaporator, all the fluid is transformed to vapor by
absorbing heat from the cooled space (point 3] and enters
the ejector, which completes the refrigeration cycle [11, 25]

The ejector is the heart of the system. Figure 2 shows
a scheme diagram of a pressure and velocity ejector
profile. The primary fluid (2) is expanded through the
convergent-divergent nozzle in the ejector to produce
high-velocity vapor (I). At this point, the inside nozzle
flows out with supersonic speed (Match>1) to create a very
low-pressure region. Consequently, the high-pressure
fluid called secondary fluid (3) can be entrained from the
evaporator into the mixing chamber [ii). The fluid mixture
emerges from the mixture chamber with supersonic
speed (iii). Due to the downstream high pressure of the
ejector, at the constant area, a shock wave occurs at the
end of the contact area zone, when regime flow is changed
to subsonic (Mach<1) [(iv): the shock wave occurs before
the diffuser (v). This shock wave contributes to a major
compression effect. A low contribution of compression
effect occurs in the diffuser (iv) [26-28]. The ejector
takes advantage of the kinetic energy present in fluids
(gases) to be accelerated and decelerated by changes in
the cross-sectional area of a pipe. Figure 3 shows a T-s
diagram of the ejector refrigeration cycle. The primary
fluid (point 1) is expanded in the isentropic process (Figure
2, point [ii)). The process of mixture in the diffuser and
pump is also isentropic.

Nozzle
2
3
4
Generator heat
€ | |
| \
| |
1 Condenser Evaporator
5 6
( < \ &-/
J
— Throttle valve

Figure 1 Scheme diagram of an ejector cooling system



L. Pacheco-Sandoval et al., Revista Facultad de Ingenieria, Universidad de Antioquia, No. 113, pp. 19-27, 2024

pressure
Profile

Mach 1

Welocity » . !
Profile Lot . » 4

o f @i v v vi

Figure 2 Scheme diagram of pressure and velocity ejector
profile

w |

5
/ E
(i

s[kJ/kgK]

Figure 3 Schematic T-s Diagram of an ejector refrigeration
cycle

3. Mathematical model

An ideal model (without irreversibility] under steady
conditions is developed. The mathematical model applied
the equations of mass and energy conservation. Several
assumptions on the physical conditions are made:

a) Flow is axisymmetric and steady,

b) Physical properties are thermo-dependent,

c) adiabatic condition at the ejector,

d) Pressure losses negligible at the generator, condenser,
evaporator, and connection tube,

e) Kinetic energy negligible out of the ejector,

f) The sizing equation model is for the nominal charge,

gl Fluid acceleration processes in the nozzle, in the
diffuser, and in the pump are adiabatic and reversible,
Equations 1-2-3-4. Therefore, they are isentropic
processes,

S5 = S1 [1]

53 = 53 (2)

83 = S(i) = S(ii) = S(iii) (3)
54= S(v) = S(vi) (4)

h) isobaric processes in the generator, Equation 5; in the
condenser, Equation 6, and in the evaporator, Equation 7,

P1:P2:Pgen [5]
P4:P5:Pcon [6]
P3:P6:Peva [7]

i) steam and liquid saturate at condenser exit, Equation 8
and evaporator exit, Equation 9, respectively,

T3 = 1 [9]

The physical model consists of the following set of
equations for energy balances applied in the generator
Equation 10, the condenser Equation 11, and evaporator
Equation 12.

Qgen =111 (hg — h1) (10)
Qcon =1y (hs — hy) (11)
Qeva = 13 (hg — he) (12)
The kinetic energy contribution changes the

thermodynamic state of the primary fluid, Equation
13, and the secondary fluid, Equation 14. The enthalpies
at the into, Equation 13 - 14 and exit ejector, Equation 15,
are shown in the following equations,

ho = hi +0,5% V3 (13)
hs = h; + 0,5 % V3, (14)
hy = hy 4+ 0,5 % V2 (15)

The mixing relation of the primary and secondary fluid
emerges from the mixture chamber, Equation 16,

(P, — P,) Ay, = 1thoVo; + 13V, — (the +103) Vi (16)

Overall material balance and entrainment ratio (w),
Equation 17-18, between the primary and the secondary
fluid,

T + g = iy (17)
w=12 (18)
ms

An isentropic expansion for the primary and secondary
fluid (at the nozzle and suction chamber) is expressed
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in terms of the Mach number at the nozzle exit of the
primary fluid and the secondary fluid, Equations 19 and 20
respectively [5, 25].

Mzi:\/Q *((&73“1)—1) (19)
y—1 Py

M3i=\/2 *((Eiy—l)fl) (20)
y—1 Py

The evaluation of the critical Mach number of the mixer
was carried out for the conditions of the primary and
secondary fluids, see Equation 21. The relation between
the Mach number and critical Mach number is given for
Equation 22. The Mach number after the wave shock is
evaluated with Equation 23

(M*2; +wM*3;) * 4/ %
M*iv = [21]

(14 w) (1 +w%>

M* = M2y +1) (22)
M2(y—1)+2
M2 + 2
Mvzﬂiy_l (23)
T_ylMiv2 -

The pressure increase in the shock wave is shown in
Equation 24, and the pressure increase in the diffuser is
shown in Equation 25:

P 1+yM2
P’i'u 1+ ny

(24)

Y

Peon _ (Th'v(yf 1) ME +5> y—1 (25)

P, 2

Internal areas of the ejector in relation to the conditions of
pressure and temperature are given by Equations 26, 27
and 28:

H

+
i RT: 1
A, = M 2 *(y+ ) (26)
Pgen Y xne 2

[
[

AL [i (1+M*M§.)]“1 (27)
Ao M3, ly+1 2 g

5
ﬁ Peon 1 %
Av  Pgen \ (14 w) 1 wT—3
PPcon chon
gei 1 _ 1fcnl (28)

Y

1
2 y— 1 1 _ f
y+1 y+1

The coefficient performance system (COP] is given by the
Equation 29:

COP = Qeva _ Qeva {29]

Qgen + Wpump i (he — hs)

3.1 Solution process model

The numerical simulations were carried out using
the Engineering Equation Solver (EES) software. The
calculation steps are described below:

Step 1: Specify the refrigerant and operating pressure
Pgen7Pcon7Peva

Step 2: Specify the available heat flux in the generator,
Qgen

Step 3: Obtain 75, hs, s5 from the P,,, and z5 =0

s1 = s5 and Py, obtain Ty, hy.

he = hs and Pey, obtain Ty, Sg.

P.,, and X35 = 1 obtain T3, hs, S3.

Sg = sz and Pyen get Th, ho.

Step 4:  Calculate 1; clearing Qgen = 111 (ho — h1).
Step 5: Calculated m3 = (h?ia;‘be) and calculate the

1y

entrainment ratiow = =
3

Step6: hy = hzﬁ#“ and from Py, get Ty, s4
Step 7: Using Equations 18 - 22, the pressures within the
ejector are calculated. The calculating process is iterative
assuming P.,s > P; until an exit pressure from the ejector
is equal to the condenser pressure. Finally obtaining P; y
P,

Step 8: P; and ¢ = s9 it can be obtained ¢, h;, p;

Step 9: Calculate A,, A; and A;,.

Step 10: Applying the first law of thermodynamics in the
ejector is obtained V5; and Vs;
Step 11: From (P, — P,) A, =
(g + 1hag) V,, is calculated V..
Step 12: hy = hy, + 0.5 % V.2 allows us to find the enthalpy
hy.

Step 13: Since P, and h,, get s,,.

Step 14: Repeat stage 7 until 5, = s4.

Step 15: Calculate Qon

Step 16: Get representative values of operation as COP
and W4

g Vo, + msVs —
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3.2Simulation condition and model

validation

Simulations are carried out for the conditions presented
by Dahmani et al. (2011) [16]. Two cooling fluids (HFC)
are used in model validation: R134a and R152a. Table 1
shows the properties of the cooling fluids. The heat flux in
the evaporator was fixed: Qeva = 5[ kW]. The operation
pressures by Dahmani et al. (2011) [13] are:

* Generator: Pyen = 2400 — 3200[kPal,

» Condenser: P, = 665.8[kPal

e evaporator: P, = 349.9[kPal
Figures 4 and 5 show comparison of the numerical and
literature data for the R134a. In Figure 4, the mass flow
in the generator for the different operating pressures is
shown. Less than 2% of errors are observed. As the
heat flux in the evaporator Qe is fixed, pressure in the
generator increases, and the mass flow rate and the heat
flux in the generator Qgen decrease. Due to less Qgen
and pump work, the COP increases, Figure 5. Errors of
less than 5% are observed. Model validation with the
refrigerant R152a causes a similar behavior, showing a
slight increase in error rates, as shown in Figures 6 and
7 from mass flow in the generator and COP, respectively.
Errors of less than 7% are obtained. Errors lower than
15% are obtained in the calculation of the COP, as shown
in Figure 7.

Table 1 Properties of R134a and R152a refrigerants [29]

R134a R152a
chemical formula CF3CHeFF CH3CHF>
molecular weight [kg/kmol] 102.03 66.05
Boiling at normal condition T[°C] -26.11 -24.7
critical P[kPa] 4068 4760
critical T[°C] 101 114
Toxicity Al A2
ODP 0 0
GWP 1300 120

The trend of the mass flow ratio in the generator is
maintained for the two refrigerants (R134a and R152a) as
shown in Figures 4 and 6.

The results obtained for the COP using R134a and R152a
refrigerants fall within the ranges reported by various
researchers. The reported COP ranges in the scientific
literature were (0.1 - 0.65) and (0.25 - 0.7) for R134a and
R152a, respectively [30-32].

4. Results discussion

The performance of the ejector cooling system (COP,
mass flow rate, pump work) was evaluated using different
conventional and non-conventional refrigerants: HFC's
(R134a, R152a), HC’s (R290, R400a), R717 (ammonia) and

Table 2 Properties of the refrigerants [29]

Thoiling Crit‘ic‘:al Security

Cooling conditions _

Fluid [fal] [kga] Trecl Y ammability
R134a -26.14 4059 101 A 1
R152a -24.05 4520 113.3 A 2

R290 -42.8 4247 96.68 A 3
R600a -10.2 3647 135 A 3

R717 -33 11333 132.3 B 2

R718 100 22064 374 A 1

Table 3 Work pressure in the condenser and evaporator, and
latent heat of vaporization at Pey, for refrigerants

Pressure [kPa] h¢s @
Cooling 00 denser Evaporator FPevap
Fluid [kJ/kgl
R134a 665.8 349.9 194.7
R152a 597.2 315.2 301.2
R290 952.2 551.2 367.4
R600a 350.8 187.5 345.8
R717 1003 516 1244
R718 3.169 0.87 2460

R718 (water). Table 2 shows the properties of each

refrigerant used. In this process, the operating parameters
are constant in the generator, the condenser, and the
evaporator, Qger, = 100 kW from a diesel engine that has
a generation of 318 kW and 31.45 % of performance; Py,
and P.,, are considered saturated pressures at 5°C and
25°C respectively.

Table 3 shows the condenser and evaporator pressure for
each refrigerantused. The pressure range in the generator
for each refrigerant is fixed, ensuring the heating of the
primary fluid and the vacuum pressure in the suction
chamber in the ejector.

4.1 COP

Figure 8 shows the behavior of the COP for each refrigerant
based on the pressure relation between the generator
and the condenser: Pgen/Peon. In Figure 8, the different
ranges of Pge, are shown to which the system must
operate for each studied refrigerant. A trend of increasing
COP is observed when the pressure of Py, increases.

The R718 works at high pressures in the generator
and at very low pressures in the condenser and evaporator
(see Table 3 and Figure 8). The low-pressure condition
in the condenser and evaporator causes operational
problems in the system due to the air filtration. The R718
is recognized for its ability to support a wide range of
operating pressures in contrast with the others, where the
operating range is limited. The refrigerant with a higher
COP observed is the R717. Table 4 shows the COP at the
maximum value of Pgen/PCOn for each working fluid. The
refrigerants that obtain a higher COP are the R717, the
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Figure 4 R134a mass flow rate of the generator for experimental data [16] and present numerical predictions.
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Figure 5 R134a COP for experimental data [16] and present numerical predictions
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Figure 6 R152a mass flow rate of the generator for experimental data [16] and present numerical predictions
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R125a, and the R600 with a COP of 0.6766, 0.669, and
0.6391, respectively.

4.2 Mass flow

Table 4 shows the mass flow of each cooling fluid for
Qgen = 100 kW and COP maximum. Table 4 shows that
R718 and R717 have a lower cooling mass flow rate, with
a flow of 0.05202 kg/s and 0.1197 kg/s, respectively. The
lower cooling mass flow rate is due to the high vaporization
heat latent of cooling fluids R718 and R717, as shown in
Table 3. The lower flow used represents a reduction of the
environmental impacts and system cost due to the use of
refrigerants and the scale of the system.

4.3 Pump

The main advantage of the proposed system lies
in substituting the mechanical compressor with a
thermo-compressor, significantly reducing the power

Figure 8 Pressure range in the generator

consumption of the cooling system. However, it is
necessary to use a hydraulic pump, which ensures the
refrigerant flow in the generator. Table 4 compares the
pump work from COP maximum for each cooling fluid.
Table 4 shows that the pump work used in the R718 is very
low and negligible in the energy balance. This is due to the
low mass flow required when R718 is used, 0.05202 kg/s.
Refrigerants R134a, R152a, R290, and R717 have power
consumption in the pump (0.8-1.5 kW] close between
them due to the similar pressure range in the generator.
R600a has a high consumption in the pump due to the high
pressure that it operates in the generator (2.6 kW), 10 to
12 times the pressure in the condenser; see Figure 8.

5. Conclusions

The study presents a mathematical model that calculates
the thermodynamic states, the operating conditions for the
operation, and the sizing of the constituent elements. An

25
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Table 4 COP, Mass flow rate, Wpump , and Qevap

mass
coP flow  Wemp  Qevap
[kw] [kw]

[kg/s]

R134a  0.6053  0.8201 1.289 61.31
R152a  0.6871  0.5373 1.220 69.55

R290 0.6022  0.4354 1.636 61.21
R600a  0.6394  0.4702 2.569 65.58
R717 0.6957  0.1203 0.822 70.14
R718 0.6005 0.0500 0.006792  60.05
Nomenclature
Symbols
A m?2 area
h J/kg enthalpy
M Mach number
m kg/s mass flow rate
P Pa pressure
Q J heat
S J/kg. K entropy
T K temperature
x vapor quality
\% m/s speed
w entrainment ratio
Y compressibility relation
Subindex
1,2,3, .. position in the system
o, i, ii, iii,... position in the ejector
con condenser
evap evaporator
gen generator

Superindex
* critical conditions

acceptable validation of the model was performed, finding
an adequate deviation between the results obtained and
the experimental results reported in the literature, which
were nearly 5% and 15% for R134a and R152a, respectively.

Six types of refrigerants were studied (HFC's (R134a,
R152a), HC's (R290, R600a), R717 (ammonia), and R718
(water) with their respective operating conditions. The
R717 and R152a have a high COP, 0.6957 and 0.6871,
respectively. However, the R717 requires a lower mass
flow rate than the R125a and, consequently, a lower power
consumption in the pump.

Lower pump consumption (0.006792 kW) is presented
by R718 due to a lower mass flow (0.05 kg/s). R718 is
considered a natural refrigerant (working fluid] because
of its non-toxicity, non-flammability, and very low cost.
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