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Abstract

A refrigeration system, which can be operated using environment-friendly refrigerants, is most welcome nowadays to
mitigate environmental issues. In this regard, six refrigerants (R290, RE170, R717, R123, R600a and R601) possessing zero-
ODP but GWP less than 100 have been chosen for assessing their performance in vapour jet refrigeration system. A
simulation code in FORTRANT77 has been developed to investigate the performance of the refrigeration system along with
that of ejector at its choking-mode of operation. The influence of nature of refrigerants as wet and dry fluids on the overall
performance has also been investigated. It is understood that the nature of working fluids does not influence much on the
performance of the system so as to ascertain that a wet or dry fluid is better than the other in the selected range of operation.
The study reveals that the performance of the system with wet or dry refrigerants depends on the thermal and thermodynamic
properties, while the physical and chemical properties of refrigerants are predominant in differentiating the performance of
dry and wet refrigerants from one another.
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1. INTRODUCTION

The global energy consumption for cooling applications and air conditioning commercial and residential
buildings is found close to 40% of the electricity produced from depleting energy sources predominantly fossil
matters available below the Earth’s surface [1]. The utilization of electrical energy in larger quantity abets
greatly to global warming and greenhouse gas emissions. Since refrigeration along with cooling of space finds a
vast application ranging from safeguarding medicines and other health-care consumables to preservation of
perishable items like beverage, baked food, meat, poultry, fish, fruits, vegetables, it has become an inevitable
part of day-to-day life of people in this modern era. With a view to implement energy security and conserve
fossil resources, cooling technologies are being redesigned and tested for their satisfactory performance with
renewable and low-grade energy like solar energy to power the technological systems including refrigerating
machines. Though vapour compression refrigeration system (VCRS) has made its presence in the field of
refrigeration and air-conditioning for more than one century, the requirement of high-grade energy such as
electricity for its actuation has made VCRS unsuitable for utilizations of low-temperature sources economically.
Owing to the above fact, thermal operated refrigeration systems have become popular and made a revolutionary
impact especially in industrial refrigeration and air-conditioning in recent years. A thermal operated refrigeration
system can be actuated with solar energy or waste heat from industrial processes. It is always perceived that
operation of a thermal operated system is more cost effective when compared with that of work-operated system
like VCRS. Vapour absorption, adsorption and vapour jet system technologies are popular among thermal
operated refrigeration systems. A vapour absorption refrigeration system fails to realize cooling at generator
temperatures less than 80 °C. Further these systems require specialized skills for their construction, operation and
maintenance. A vapour adsorption refrigeration system is highly intermittent and restrictive to large scale
applications. However, a vapour jet refrigeration system is simple in its operation and maintenance and has very
stable performance characteristics. Further, this system can be operated with thermal energy sources at
temperatures as low as 60 °C. Heat energy at these temperatures is available from solar flat plate collectors,
exhausts from automobiles and waste heat from many industrial processes.

The performance of a vapour jet refrigeration system (VJRS) depends on physical and operational parameters of
the ejector, the vital component and the working fluid. Extensive research has been done to understand and
improve the performance of VJRS particularly during the second half of the last century [2-8]. The beginning of
this century has also witnessed detailed research on VJRS [9-15]. Theories on the basis of fluid dynamics have
been proposed for the design of ejector [16-18]. Since jet refrigeration system operating with steam has the
drawbacks of very low COP values and being unable to realize temperatures below 0 °C, halocarbon compound
refrigerants have found their wide usage for achieving higher values of COP [19-25]. With the total ban on
refrigerants in the families of CFCs and HCFCs, which are major contributors to the environmental hazards,
much attention is given for halocarbon compound refrigerants that have zero ODP. Many researchers have
reported the use of different working fluids in VJRS through their experimental and theoretical investigations.
However, optimization of performance of this refrigeration system has become a topic of core interest in order to
identify the conditions for the best performance of VJRS. Since a jet refrigeration system involves an ejector as a
typical component that emulates the operation a mechanical compressor, the methodology of optimization in
VJRS as a whole brings in two different approaches, namely, (i) geometrical optimization that relates to
identifying the physical dimensions and features of the ejector, and (ii) thermodynamic optimization that helps to
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know the right values of operating parameters like pressure and temperature for maximizing the performance of
the system. The former method adopts generally a variable area of ejector by changing the ratio of the area of
cross section of mixing tube to the nozzle throat area in an ejector. This paper presents a theoretical analysis of
optimal performance of VJRS using variable area method with six different refrigerants (R290, RE170, R717,
R123, R600a and R601) that have zero-ODP with GWP less than 20 except R123 which has value of GWP
around 77. Among the refrigerants selected for investigation, R290, RE170 and R717 are classified as wet
refrigerants while R123, R600a and R601 belongs to dry group. This study probes also the impact of wet and dry
refrigerants on the optimal performance of VJRS in the selected range of operating parameters.

2. DESCRIPTION OF THE SYSTEM

The schematic diagram of VJRS is shown in Fig. 1. The system consists of a generator, ejector condenser and
evaporator. The ejector is the heart of the system. It consists of a convergent-divergent nozzle which is housed in
the suction chamber followed by a mixing chamber and diffuser as illustrated in Fig. 2. High pressure primary
vapour received from vapour generator passes through the convergent-divergent nozzle. The expansion of
primary vapour in convergent-divergent nozzle creates a low pressure at its exit that causes entrainment of
secondary vapour from evaporator. When the mixed stream of primary and secondary flow passes through the
mixing chamber, it experiences a normal shock that raises the static pressure of the mixed stream. The
expansion of primary vapour in convergent-divergent nozzle creates a low pressure at its exit that causes
entrainment of secondary vapour from evaporator. The expansion of primary vapour in convergent-divergent
nozzle creates a low pressure at its exit that causes entrainment of secondary vapour from evaporator. When the
mixed stream of primary and secondary flow passes through the mixing chamber, it experiences a normal shock
that raises the static pressure of the mixed stream. A further rise in static pressure occurs in the diffuser. Thus
vapour leaves the ejector at a pressure equal to that in the condenser. This vapour is transformed into a saturated
liquid in the condenser.

— C - Condenser
G ED - Expansion device
t EJ - Ejector

EV - Evaporator
G - Generator (vapour)
l “|ILP  LP - Liquid pump

Ed%g% - t

EV —<——

l EDt
(c\ =

Fig.1 Schematic diagram of VJRS
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Fig.2 Schematic diagram of ejector

A portion of the liquid refrigerant necessary for realizing refrigeration at the evaporator branches out to the
evaporator through expansion device. The remaining portion of the liquid refrigerant is pumped back to the
generator through a diaphragm pump. Heat from renewable energy source helps in generation of the primary
vapour that actuates the ejector.

3. THERMODYNAMIC ANALYSIS
Figure 3 depicts the thermodynamic diagram of vapour jet refrigeration system cycle. The thermodynamic
analysis is carried out for a refrigeration system having 0.75 kW of refrigeration capacity.

T T
2 2
3 .
1 >
i - ﬁ'/ 4V -
N
5 - 6 5 -
abc
S ] S ]
(i) Wet fluid (ii) Dry fluid

Fig. 3 Thermodynamic cycle of VIRS

3.1 ASSUMPTIONS
The following are assumptions made for the analysis:
(i) One dimensional flow through the ejector with negligible heat loss
(i) Efficiencies of the primary nozzle, the secondary stream passage and the diffuser are 0.95, 0.95 and
0.85 respectively [23]
(iii) Normal shock occurs within the constant-area mixing chamber

It is learnt from literature [21, 26, 27, 28] that the effect of flow friction in the mixing chamber is more sensitive
on ejector performance than factors. Since the mixed vapour enters the mixing chamber at supersonic velocity
with high Reynolds number, the friction factor is expressed as [27, 28],

% = 2.0log(Re,, /T, )-0.8 )

m

The velocity at the throat of primary nozzle is evaluated as

5757



Turkish Journal of Computer and Mathematics Education Vol.12 No.11 (2021), 5755-5768
Research Article

Vt = 277p (hg - ht ) is 2
The ratio of area of the throat to mass flow rate is computed as,
A VY
I S ®)
m, V,

Velocity of primary vapour leaving the nozzle is
Vye =21, (0, —h,.), )

Velocity of the secondary vapour just before meeting primary fluid is expressed as,
Vse = 2775 (he - hse )is (5)

The hypothetical area for unit mass flow rate of secondary vapour at given inlet pressure and temperature is
found as,

A v,
AN (6)
mS VSE
The mass flow rate of vapour in the mixing chamber is expressed as,
m, =m, +m, )

Neglecting the body force and internal drag force, the momentum balance across a differential element of
thickness dx and flow area, A can be obtained by equating change of momentum, net pressure force in the axial
direction and wall friction force. Thus, for the horizontal mixing chamber, the differential equation for
momentum balance is obtained as,

Adp+mdV +dF, =0 (®)
For the cylindrical mixing chamber, the wall friction force is expressed as,
pV 2 f dx
OF = —m- 9

where dh is the hydraulic diameter and it is equal to dm.
In the ejector both primary and secondary vapours enter the mixing chamber and leave it as mixed vapour.
Hence, momentum balance between inlet section and section before shock in the mixing chamber can be
obtained using Eq. (7) and (8) as,
fol
mpvpe + mSVSe + PseAm = mme + PmAm + mme (fdl (10)
m

Using Eqg. (10), the velocity of the mixed vapour stream is obtained as,

V. = (m pre + msvse )+ (Pse - Pm )Am

m,, 1+f—m|—m
2.d,

By mass balance, area of the constant area mixing chamber for unit mass flow rate of mixed vapour flow is
rewritten as,

(11)

vV
An _Vn (12)
mm Vm
The characteristic area ratio for the ejector is obtained with the help of the following expression as,
v,V
§=tr = e )it @
At Vme

The normal shock is assumed to occur at the mixing chamber. Using mass, momentum and energy balances, the
static pressure rise across the shock is given as,

Vv
Pas - I:)m = _m(vm _Vas) (14)
vm
Assuming that the pressure after the shock and the pressure at the diffuser inlet are equal and the mixed stream
leaves the diffuser at negligible velocity, the velocity of the fluid at diffuser inlet is determined as,

2(hy, —hyy )i
4

Vg = (15)
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The expression for maximum entrainment ratio is obtained from momentum balance between inlet and exit
sections of the mixing chamber as [27, 28],

1 |
Vpe _le - Evdl fm (dmj

#e 1 |
le _Vse + Evdl fm(dmmj

Generally, the work imparted to the pump is neglected when compared with the heat input to the generator.
Hence the COP of the VIR system is expressed as,

(e C)

3.2 COMPUTATIONAL METHODOLOGY
A simulation model has been developed in FORTRAN 77 language on the basis of the one dimensional ejector
theory and control-volume-based analytical equations.

(16)
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Figure 4 Flow chart depicting simulation methodology

Thermal and thermodynamic properties of working fluids are obtained from literature [29, 30]. The operating
parameters, namely, Tq, Te, Tc, Pg, Pe and P along with mass flow rates of primary and secondary streams have
been chosen as inputs for solving the governing equations. The ratio of cylindrical chamber length to diameter is
assumed to be 10 [21]. Choking of primary stream as well as secondary vapour at the respective passage has
been found out with the ratio of area of the critical sections such as throat to mass flow rate in accordance with
Egs. (3) and (6). The state of the mixed fluid is checked for supersonic flow condition and subsequently the
existence of a normal shock at the constant-area mixing chamber is probed if the flow before the shock is
supersonic. Neglecting the velocity at the diffuser exit, the total pressure raise across the shock and diffuser is
matched for the exit pressure of the diffuser, P by an iterative process wherein the entrainment of secondary
fluid is varied and checked for satisfactory results. The procedure followed for analysis is shown in the flow
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chart, Figure 4. This computational procedure yields the output of maximum entrainment ratio, x, characteristic
area ratio, ¢ and maximum COP.

4. RESULTS AND DISCUSSION

41 VALIDATION OF SIMULATION CODE

Validation of the simulation model has been carried with R141b as refrigerant. The influence of generator
temperature on characteristic area ratio of ejector has been investigated at T, = 305 K and T. = 281 K and the
simulated performance is compared with that of experimental data available in the literature [23] as shown in
Figure 5. It is observed that this simulated performance results are fairly in good agreement with experimental
data with a deviation ranging from — 5.8 % to + 4.2 %.

12
. T,=281K
S 10 A
K
- 81
o
2
g 6
]
Iy
(&)
g 2 - —Simulated line using code
3] ¢ Experimental data from literature [18]
S
m ) ) ) ) )
) 345 350 355 360 365 370 375

Generator temperature in K
Figure 5 Effect of generator temperature on characteristic area ratio with R141;

4.2 VARIATION OF MAXIMUM ENTRAINMENT RATIO

Figure 6 shows the effect of generator temperature on maximum entrainment ratio for the selected six
refrigerants. When both condenser and evaporator temperatures remain constant, an increase in generator
temperature causes an increase in velocity of driving vapour which is related to the difference in enthalpy
between inlet and exit sections in accordance with Eq. (4). This higher velocity of primary stream entrains more
secondary stream resulting in an increase in entrainment ratio. In fact, when the ejector operates at its critical
mode the maximum entrainment ratio increases with the increase in generator temperature. The back pressure at
the ejector exit goes up. Any increase in the back pressure at the given generator and evaporator temperatures
reduces the rate of entrainment due to increase in compression ratio. Hence critical entrainment ratio decreases as
the condenser temperature increases. The performance of R290 is found better among the wet group while that of
R123 is comparatively higher. The lowest performance is observed with R717 among wet refrigerants and R601
among dry refrigerants.
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Figure 6 Variation of maximum entrainment ratio with generator temperature

It is observed that the maximum entrainment ratio increases with increase in evaporator temperature as illustrated
in Figure 7. The increase in evaporator temperature results into an increase in enthalpy of secondary stream at its
entry to the ejector system. This higher enthalpy at the entry section leads to a rise in the velocity of secondary
stream in line with Eq. (5), which results in induction of more secondary vapour into the mixing chamber. The
better as well as poorer performance among the selected refrigerants is found to show similar trends as that of
generator temperature presented earlier.

Maximum entrainment ratio

0.8
—=-R290 Tg =348 K
-6-RE170 T.=300 K
06 - —A—-R717
—>R123
—6—R600a
04 =*%—R601
0.2 1
0 -
270 275 280 285

Evaporator temperature in K

Figure 7 Variation of maximum entrainment ratio with evaporator temperature
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Figure 8 Variation of maximum entrainment ratio with driving pressure ratio

The effect of driving pressure ratio on maximum entrainment ratio is shown in Figure 8. The driving pressure
ratio is always related to Pqand hence an increase in driving pressure ratio at the given condenser pressure makes
the maximum entrainment ratio increase due to increased momentum of primary stream. The selected
refrigerants show similar order of merits of performance in comparison with that of generator temperature and
evaporator temperature.

0.8
T, =348 K —-8-R290
T.=300 K -6-RE170
o 0.6 —A—-R717
§ —>R123
= ——-R600a
(«B]
£ 04 - —%-R601
[
©
1=
[<b]
c 0.2 -
>
e
<
©
S 0
1 1.5 2 2.5 3 3.5

Compression ratio
Figure 9 Variation of maximum entrainment ratio with compression ratio
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The compression ratio (Pc/Pe) is directly related to the ratio of respective temperatures. This implies that an
increase in compression ratio necessitates more primary vapour mass flow to entrain the same secondary vapour
flow at the given condenser and generator temperatures. This higher quantity of primary streams leads to
reduction in maximum entrainment ratio as shown in Figure 9. It is noted that this decrease in maximum
entrainment ratio with the increase in compression ratio is common for all six working fluids but at different
ranges of values. It is observed further that the influence of compression ratio on maximum entrainment ratio
becomes insignificant for two working fluids, namely, R717 and R601. Because the induction of secondary
vapour is found to be negligible at higher compression ratio which in turn makes the value of maximum
entrainment ratio approaching to zero in the selected range of operating conditions. It is further observed that
R290 (wet refrigerant) and R123 (dry refrigerant) perform better in their respective range of compression ratio.

4.2 VARIATION OF MAXIMUM COP

It is understood from Figure 6 that the maximum entrainment ratio increases with increase in generator
temperature while the condenser and evaporator temperatures remain constant. It can be further noted that the
increase in enthalpy difference (hg - hc) dictates a reduction in primary vapour flow rate to entrain the same
secondary vapour flow. But the reduction in the primary vapour flow rate overrides the increase in enthalpy
difference (hg - hc). Also, COP is directly proportional to entrainment ratio. Hence the critical COP increases
when the generator temperature increases as shown in Figure 10. The rank of performance of wet and dry
refrigerants is found similar to that of maximum entrainment ratio illustrated in Figure 6.

Figure 11 portrays the variation of maximum COP with evaporator temperature at the given generator and
condenser temperatures. The refrigerating effect (he - h¢) increases when the evaporator temperature increases for
the given condenser temperature while the denominator in Eg. 17 remains the same. Hence the maximum COP
increases when the evaporator temperature increases. The better and poor performances of wet and dry
refrigerants are found similar to that of maximum entrainment ratio illustrated in Figure 7.
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Figure 10 Effect of generator temperature on maximum COP
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Figure 12 Effect of driving pressure ratio on maximum COP

Figure 12 discerns the variation of maximum COP with driving pressure ratio. It is noted from Figure 7 that
when the driving pressure ratio increases at the given condenser temperature the back pressure at the ejector exit
decreases. This helps to induct more secondary vapour from the evaporator. The rate of removal of more quantity
of secondary vapour causes an increase in refrigerating effect and a simultaneous increase in maximum COP.
R290 and R123 exhibit better performance among wet and dry groups respectively.
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When the compression ratio increases at the given evaporator temperature the back pressure at the ejector exit
increases. This retards the induction of secondary vapour into the ejector and consequently reduces the
entrainment ratio. A lower entrainment ratio indicates in turn a drop in COP. Thus the maximum COP decreases
when compression ratio increases as shown in Figure 12 for all selected refrigerants.
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Figure 13 Effect of compression ratio on maximum COP

5. CONCLUSIONS

The maximum entrainment ratio and maximum COP of R290 and R123 are found higher in comparison with
other refrigerants in wet and dry fluids respectively. It is difficult to assess from the level of performance of each
refrigerant that a wet refrigerant performs always better than a dry refrigerant or vice versa. However, it is
inferred that the disparity in performance of the selected refrigerants is attributed to the momentum of primary
vapour issuing from the nozzle along with that of secondary vapour before mixing and the viscous force
experienced by each stream of respective refrigerant at the hypothetical shear layer formed between primary and
secondary stream [27]. Further, the performance of the system with wet or dry refrigerants depends on the
thermal and thermodynamic properties, while the physical and chemical properties of refrigerants are
predominant in differentiating the performance of dry and wet refrigerants from one another.

Nomenclature

A area (m?)

d diameter (m)

f friction factor

h specific enthalpy (kJkg™* K1)
I length (m)

m mass flow rate (kg s™)

P pressure (kPa)

T temperature (K)

v specific volume (m® kg™)
v velocity (m s?)

Greek

i characteristic area ratio of ejector, ¢ =An/A;
n efficiency

7 maximum entrainment ratio, 4 = ms/mp
Subscripts

c condenser

d diffuser
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dx
d,
e
g
IS
m
p
pe
t
S
se

diffuser inlet
diffuser outlet
evaporator
generator
isentropic

mixing chamber
primary fluid
primary fluid exit
throat

secondary fluid
secondary fluid exit

Abbreviation

CFC  chlorofluorocarbon

COP coefficient of performance

GWP  Global warming potential

HCFC hydrochlorofluorocarbon

ODP  Ozone depletion potential

VCRS vapour compression refrigeration system

VJRS  vapour jet refrigeration system
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