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ABSTRACT

This paper provides a comprehensive description of the design of the ejector dimensions based on
the thermodynamic properties of the refrigerant without allowing the ejector to experience shock. A
nozzle and a diffuser with converging-diverging sections are used to avoid formation of shock along the
mixing section of the ejector. The analysis of the fluid flow within the system is assumed to be
homogenous and one-dimensional. The program produced in this paper is used for determining the
geometry of the ejector based on the input parameters in the system—evaporating and condensing
temperature, evaporator mass flow rate, and entrainment ratio. This paper also presents the
performance of different refrigerants used in the compressor-driven refrigeration system with the same
input parameters. The program has produced the corresponding ejector profile along with the pressure
and velocity across the geometry for a certain set of input parameters. It is also found out that anmonia
has the highest coefficient of performance (COP) among the refrigerants used in the study.
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1. INTRODUCTION

One of the emerging technologies in refrigeration is the ¢jector-refrigeration system (ERS).
Ejector refrigeration systems are refrigeration systems wherein the use of an ejector is utilized as a
compressor or as an expansion device. ERS seems to be more attractive than the traditional vapor
compression refrigeration systems because of its simplicity in construction, installation, and
maintenance. However, this type of refrigeration system has relatively low COP which made it less
dominant in the market than the conventional one. Thus, currently, researchers are engaged in
enhancing ERS performance by combining it with other refrigeration cycles or by varying the
ejector’s function within the cycle to improve the system overall performance. Consequently,
different configurations of gjector refrigeration system have becn developed for both heat-driven
and compressor-driven setups.
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The purpose of the ejector in the compressor-driven ejector refrigeration cycle is to improve its
coefficient of performance (COP) by minimizing the throttling losses caused by the conventional
expansion devices. These throttling losses reduce the refrigerating effect of the system, thus also
reducing its efficiency and COP.

Figure 1 shows the standard vapor-compression cycle (VCC) and the compressor-driven
ejector refrigeration cycle (CDERC) on a P-h diagram. In the standard VCC, the refrigerant flow
is point 8, 2b, 3, 11 and 8. Meanwhile, the CDERC has two refrigerant flows: the primary and the
secondary flow. The primary flow is circulated by the compressor through condenser, ejector, and
separator (point 1, 2, 3, 4, 10, 5 and 1); while the secondary flow circulates in the expansion device,
evaporator, ejector, and separator (point 6, 7, 8, 9, 10, 5, and 6) [1].

In the CDERGC, the refrigerant at its saturated vapor state (state 1) enters the compressor and is
then compressed, increasing its pressure to state 2. The compressed fluid enters the condenser
which results in a temperature drop (state 3). The refrigerant enters the ejector as the primary fluid
(state 4), where it draws in vapor from the evaporator (state 9). It is then diffused in the diffuser
where it recovers pressure (state 5). At the vapor-liquid separator, the refrigerant is separated into
two: saturated vapor, which returns to the compressor (state 1), and saturated liquid, which enters
the expansion device (state 6). The pressure drops as the fluid exits the expansion device (state 7),
and the refrigerant enters the evaporator. It then turns into saturated vapor (state 8) and returns to
the ejector as the secondary fluid (state 9).

As shown in Figure 1, the CDERC has a higher suction pressure compared to the standard
VCC. Thus, the compressor work for the CDERC is lower than of the standard cycle.
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Figure 1. P-h diagram of the CDERC and the standard VCC

Figure 2 and Figure 3 show the schematic diagrams of the CDERC and the standard VCC. The
vapor refrigerant in the separator circulates through the compressor and condenser as the primary
flow, whereas the liquid refrigerant from the separator circulates through the expansion valve and

evaporator as the secondary flow. o
The goal of this paper is to produce a model for designing the ejector by specifically

determining dimensions that include the nozzle, pre-mixing chamber, mixing chamber and
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diffuser. The design is based on the thermodynamic properties of the refrigerant without allowing
the ejector to experience shock. Pressure and velocity can be also determined across the length of
the ejector together with the thermodynamic values at discreet points. The model will be also used

in producing the ejector geometry, with its pressure and velocity profiles, based on desired input
parameters for the system.
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Figure 3. Schematic diagram of the standard VCC
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2. THEORY AND METHODOLOGY

2.1. Governing Equations for the Two-Phase Flow

The analysis of two phase flow within the system is assumed to be homogenous, and it is
limited to one-dimensional flow [2-3]. The quality of the fluid is integrated in all of the governing
equations used.

2.1.1. Conservation of Mass
The fluid is considered to undergo steady flow process in an open system, this means that the

mass that flows in must flow out, then

m, = n, (1)
w4, u4,
= @
12 v,
w4 _ 1,4, 3)
Vit AV VitV
where,
m = mass flow rate
u = velocity of the fluid
A = cross-sectional area of the channel
v = specific volume of the fluid
x = quality of the fluid

2.1.2. Conservation of Energy
The assumption is that the flow is adiabatic and the effect of gravity is negligible because the

ejector is placed horizontally. Then the conservation of energy equation in quality form (since the
fluid is in two phase flow) will be

(h/l +x1h/g1)+uz_'2 = (h/2 +x2};m2)+§

4)
where,

h = enthalpy of the fluid
2.1.3. Conservation of Momentum

The momentum equation to be used is based on the equation derived by Berana [3] which
incorporates the friction factor f, based on the fluid’s Reynold’s number, Re.

dP d(i4* u?
¥z dz[ 2 ) ’D )

Copyright € 2014 Philippine Engineering Journal Phil Eng’g. J. 2014, 35: 38-56



42 JC.S. GARCIA, J.T. ALCARAZ, JR A. ALVAREZ ET AL.

The Blasius-type friction factor was used in this paper and it is written in the form [4-5]

f=CRe™ 6)
where,
C = 0.118 (constant coefficient)
n = 0.165 (Blasius index)
Re= uD/vu

The Reynolds number can be modified to fit two-phase model to be

Re = w2 ™

("f TXVe )(/‘f +x/‘fg)

2.1.4. Speed of Sound

The speed of sound calculation is based on Berana’s formulation of the speed of sound under
the two phase region [3]

_? dP
oP T
C'2 = (—) =__dT (8)
op dav
dTr
where,
dP ) Se =S,
i ©)
(dT Ve =V,
is the Clausius-Clapeyron equation, and
_cil:— xﬂ-{-(]_x)ﬁ L + dvg 1 dvl
dT dT ar || P xﬁ‘*‘( _X)d_T (10)
dT

The Mach number which is the ratio of the local speed of the fluid to the corresponding local
speed of sound is the one used in the program to show velocity profiles.

2.2. Ejector Parts Numerical Scheme [6]
The parts of the ejector are shown in Figure 4.

2.2.1. Nozzle
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The equations for conservation of mass, momentum and energy were used to simulate the
changes in properties of the flow and determine the difference in cross-sectional area along the
length of the nozzle.

D
i 3 | 4
o

Figure 4. Parts of the ejector: (1) nozzle, (2) pre-mixing section,
(3) mixing chamber, (4) diffuser
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Figure 5. Nozzle diagram with states 1 and 2 and their
corresponding thermodynamic values
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Figure 6. Geometry of the converging-diverging nozzle

Shown in Figure 5 are the thermodynamic values of state 1 (T}, Py, hy, s1, vi, us, U), My, and
D)) which is the inlet of each discrete section of the nozzle. State 2 (T3, P», h2, s2, v2, u,, Uz, M> and
D;) will be determined using the three governing equations stated below.

For an adiabatic process, the conservation of energy equation can be simplified as

_an=d| ™
1 (2] (11)

The equations for continuity and conservation of momentum will be the same as that of Eq. (3)
and (5). From Eq. (11), we can solve the velocity to be

U,= 2(171"}72) (12)

The length L of the converging nozzle can be solved using Eq. (13) and the diameter for the
converging section from the continuity equation to be Eq. (14).

-]

2tand,

D, = D, ~2Ltané, (14)

The next iteration will be computed by testing convergence with the combination of the energy and
the momentum equation
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2

dh=vdP+2qudz (15)

The iteration will continue until the Mach number of the fluid becomes 1. This means that the
iteration finally reaches the throat of the converging-diverging nozzle. A different but similar set
of equations is used for the diverging part of the nozzle

o+
u, Y
L=
2tand, (16)

D, = D, +2LtanB, (17)
Eq. (15) is used as the convergence criterion for the iteration.

2.2.2. Pre-Mixing Section
The primary fluid is the one that passes through the converging-diverging nozzle for it to

achieve a high velocity and relatively lower pressure. Since the velocity of the secondary fluid (the
one entrained from the evaporator) is subsonic, there will be a sheer layer/boundary to overcome
before they will be fully mixed. The condition for mixing is for the two fluids to achieve the same
pressure and for the secondary flow to achieve Mach 1.

The diverging stream from the primary flow should be opposed by a converging stream from
the secondary flow; this will also accelerate the secondary fluid to achieve sonic flow [3]. The way
of solving for this section is the same as that of the converging part of the nozzle; thus, Eq. (1) to
(15) are applicable. The equations for length and diameter of the converging pre-mixing section

will be generalized as

L= 18
2tand,, (18)

D, =D, -2Ltand,, (19)

The iteration will stop if the two fluid flows have the same pressure and if the secondary flow
achieves a sonic velocity. Hence, it is assumed that the two fluids are fully mixed and Eq. (15) is

still used as the convergence criterion for the iteration.

2.2.3. Pre-Mixing Section o .
For the mixing section, the assumption is that the system is not allowed to experience shock;

therefore, a good choice from ASHRAE [7] and EDSU [8] is needed. For this paper, it is assumed
that
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L,=3D, (20)
2.2.4. Diffuser

The completely mixed fluid at the end of the mixing section will now flow through the diffuser,
shown in Figure 7, where its pressure will be elevated but should not reach the superheated state.

Figure 7. Geometry of the converging-diverging nozzle

The velocity of the fluid will decrease throughout the end of the diffuser. The angle range for the
diffuser is also based from ASHRAE [7] and EDSU [8]. For the diffuser, the equations used for the
previous sections can also be used. By applying the conservation of mass and the geometry
equations, the length and diameter can be computed as:

a2+ [2)3)
WA
(21)
2tan6,,

L=

D, = D, +2Ltant,,, (22)

Eq. (15) is used as the convergence criterion for every discrete point. One of the stopping
conditions for the diffuser is to achieve a velocity less than 20 m/s based on ASHRAE, but in the
program we force the velocity to achieve 0 m/s to use all the kinetic energy in the fluid. The outlet
quality of the fluid at the diffuser should also be checked. It should follow the condition:

Xy =——— (20)

where, w is the entrainment ratio.
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3. LIMITATIONS AND PROBLEMS ENCOUNTERED

The program produced for this paper is used to design an ejector as part of a compressor-driven
refrigeration system with an evaporating temperature of -5°C, condensing temperature of 40°C,
and evaporator mass flow rate of 0.2 kg/s. The input parameters are varied for each of the eight
refrigerants consisting of ammonia, water, R22, R134a, R1234yf, R245fa, and propane.

The program was compiled and executed using MARUO [9] software to call values from
REFPROP [10] by using functions made using FORTRAN and coded using the C programming
language. The program follows the equations presented in Section 2.

The output of the program such as the ejector radius/diameter, pressure, and velocity/Mach
number are tabulated and plotted using MS Excel. The first program which only operate under the
vapor dome, works for the entire refrigerant list except for water and CO,. The ejector system
however was impossible to work with water as its refrigerant because the expansion and
compression processes hits the triple point of water. For the case of carbon dioxide, it is transcritical
across the ejector, meaning at some point on either compression or expansion, it will bypass the
vapor dome and be in the single phase region. The governing equations and iterative equations
Jiscussed above will not work outside of the vapor dome; therefore, an established number of

equations working in the single phase region was implemented.

4. RESULTS AND DISCUSSION

The program for the compressor-driven refrigeration ejector was simulated using different
refrigerants with the same input temperature for the evaporator and condenser which are -5°C and
30°C, respectively, and the same evaporator mass flow rate of 0.2 kg/s. The data produced by the
program was post-processed using MS Excel and the geometry together with the pressure and
velocity profile for the entire length of the ejector was plotted and presented as graphs. It can be
easily seen in the graphs that across the ejector profile, the pressure and velocity follow the desired

trend for the flow inside the ejector.

4.1. Resulting Graphs for a Compressor-Driven Ejector System Using Ammonia as Refrigerant
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Figure 8. Ejector profile for ammonia
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Figure 10. Mach number profile for ammonia

4.2. Resulting Graphs for a Compressor-Driven Ejector System Using R22 as Refrigerant
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Copyright © 2014 Philippine Engineering Journal Phil. Eng’g. J. 2014; 35. 38-56



EJECTOR PROFILE MODELLING FOR REFRIGERATION SYSTEM 49

1800000

1600000

0 0.05
Length (m)

Figure 12. Pressure profile for R22

0.15

ch Number
-

2 0.6
= \

0.4 \

\

0 T

0 0.05

T —

0.1 0.15
Length (m)

Figure 13. Mach number profile for R22

4.3. Resulting Graphs for a Compressor-Driven Ejector System Using R134a as Refrigerant
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Figure 14. Ejector profile for R134a
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4.5. Resulting Graphs for a Compressor-Driven Ejector System Using R245fa as Refrigerant
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4.6. Resulting Graphs for a Compressor-Driven Ejector System Using Propane as Refrigerant
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4.7. Comparison among the Refrigerants |
Another goal of the study is to observe the performance of the six refrigerants when used in a

compressor-driven ejector refrigeration system. Initially, the following input parameters are the
same for all refrigerants: evaporating temperature, condensing temperature and evaporator mass
flow rate.

The entrainment ratio is varied until it satisfies the criterion set by Eq. (23).

As seen in Table 1, R245fa has a different evaporating temperature compared to other
refrigerants. This refrigerant is not suitable for given set-up wherein the evaporating temperature
is at -5°C. It requires a lower temperature.

The following separator temperatures are also obtained from the program: ammonia (-1.4°C),
R22 (2.5°C), R134a (2.8°C), R1234yf (-4.7°C), R245fa (-26.3°C), and propane (4.3°C).
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Entrainment ratio (w) is defined as the ratio of the amount of secondary fluid to the amount of
primary fluid. For CDERC, it is expressed as

COP = Refrigerating Capacity _ Lewp

- (25)
Compressor Power W

comp

Table 1. Input parameters of each refrigerant

Evaporator
. Condenser Evaporator Mass Entrainment
Refrigerant Tem;()oeé)ature Temperature (°C) Flow Rate (kg/s) Ratio, w
Ammonia -5 40 0.2 0.85
R22 -5 40 0.2 0.78
R134a -5 40 0.2 0.75
R1234yf -5 40 0.2 0.72
R245fa -35 40 0.2 0.63
Propane -5 40 0.2 0.76
Table 2. Performance of each refrigerant for the two systems
Refrigerating Specific
. Effect Compressor CcopP coP
Refrigerant
etrig (kJ/kg) Work (kJ/kg) Improvement
vcc CDERC VCC CDERC VCC CDERC

Ammonia  1066.01 1263.12 215.5 193.4 4.95 5.55 12%

R22 153.51 200.22 32.36 25.91 474 6.03 27%

R134a 139.25 191.89 29.75 23.78 4.68 6.05 29%

R1234yf 105.12  153.91 23.89 18.05 4.40 6.14 40%

R245fa 12663 21216 56.89 48.45 2.23 2.76 24%

Propane 262.12  358.48 56.97 43.46 4.60 6.27 36%

Using Eq. (25) and Tables 1-2, the COP for a standard VCC and for CDERC is obtained.

COP... = ’hcw'p (hg —h”) — (118 _h|l)
vee n,. (hz;, —/18) (th _ hs) (26)

i (h, =} h, —
COP.p . = ”.zuup( T 77) =(z)( L3 177) 27

Py (B =1) (B —h)
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For the VCC the mass flow rates in the evaporator and in the condenser are the same. Thus, the
COP of a standard VCC is also expressed in the ratio of the enthalpy differences of the two said
heat exchangers.

Using Eq. (26) and (27), the COP of each refrigerant for both the standard VCC and CDERC
is calculated. Table 2 shows the summary of the refrigerating effect, specific compressor work, and
COP of each system for different fluids.

All fluids show that the system is improved when an ejector is used. However, R1234yf is not
applicable for an ideal compressor-driven ejector refrigeration system. The compression work of
the system is in the two-phase fluid which is not advisable because this can harm the compressor.
The evaporating temperature of R245fa is lowered to avoid the same problem encountered in

R1234yf which is compression work in the two-phase region.

5. CONCLUSIONS AND RECOMMENDATIONS

The model can determine the ejector profile given the condensing and evaporating temperature,
evaporator mass flow rate, and entrainment ratio. It is shown in all refrigerants used in the study
that the standard vapor compression cycle is improved by using a compressor-driven ejector.
However, it is observed that R1234yf is not suitable for an ideal CDERC given the initial
conditions.

One of the parameters that can improve the performance of the ejector is the entrainment ratio.
Increasing the mass entrainment ratio will reduce compressor mass flow rate for a given cooling
capacity. However, the entrainment ratio cannot be increased as high as possible. This can cause
the primary flow to be weak.

A good area for study is choosing the best refrigerant given certain parameters like refrigerating
capacity, and operating temperatures of the condenser and evaporator. This will further optimize
the compressor-driven ejector refrigerating system. Another area of study is using an internal heat
exchanger for CDERC. This could improve the performance of the system using refrigerants like

R1234yf and R245fa.
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