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A Development of ejector refrigeration cycle: The application in non-mechanical

work operated refrigerant circulating device
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A Development of ejector refrigeration cycle: The application in non-mechanical
work operated refrigerant circulating device
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Abstract

This paper proposed a Workless-Generator-Feeding (WGF) system for a jet
refrigeration cycle, using R141b. This feeding system does not require any
mechanical power. The liquid refrigerant from the condenser was fed to the vapour
generator by means of the generator pressure and gravitational force. The system was
tested and compared with a conventional system that uses a mechanical pump. It was
found that this system was workable. The heat input to the generator was slightly
higher than that for a system using a mechanical pump. The jet refrigeration cycle
employing this new feeding system provided a slightly lower Coefficient of
Performance (COP) compared to a system using a mechanical pump. However, this
new system did not require any mechanical energy. Therefore, the jet refrigeration

system employing this WGF system is truly a heat-power refrigeration cycle.
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Abstract

This paper proposes a circulating system for a steam jet refrigeration system that does not require
mechanical power. In this system, the liquid from the condenser is fed to the beiler by means of the boiler
pressure and gravity force. This feeding system was tested separately. Tt was found that the heat input to the
boiler was relatively similar to the one in a conventional system using a mechanical pump. The steam jet
refrigerator employing this workless boiler feeding system was also tested. It was shown that this system
gave a similar COP to that from a system using a mechanical pump.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

A steam jet refrigerator is a heat-operated refrigeration cycle. It can be driven by low temper-
ature thermal energy, 100 °C-200 °C, normally wasted from many industrial processes or cheap to
produce. Although it is classified as a heat-operated cycle, the system still requires some amount
of mechanical power to circulate the working fluid within the system (by means of a mechanical
pump). Although the power consumption of the pump is almost negligible compared with the
thermal energy required, the use of electricity for this heat operated system is sometimes not prac-
tical in a place where an electricity supply is not available [1-3].

* Corresponding author. Tel.: +662 986 9009x2210; fax: +662 98659009x2201.
E-muail address: satha@sii.tu.ac.th (S. Aphornratana).

1359-4311/% - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi;10,1016/i.applthermaleng.2004.12.008
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To make a steam jet refrigerator become a true heat operated system, the mechanical pump
must be eliminated. In this paper, a workless boiler feeding system is proposed and tested. This
system feeds the liquid condensate back to the boiler by means of gravity force and the boiler pres-
sure. With the use of this new circulating system, a steam jet refrigerator becomes almost indepen-
dent from electricity and moving parts. Thus the cost and maintenance should be reduced and
overall, the system would be more practical and competitive.

Although there was a study proposed about the workiess feeding system by using gravity head
for circulating water [4], the system required a large number of pressure heads for its operation,
which was not feasible for a low height situation. Because of this disadvantage, the use of a work-
less boiler feeding system sounds practical and simple to construct compared to the use of a grav-
ity head system. '

The main purpose of this paper is to prove that this new boiler feeding system can be used to
replace a conventional mechanical pump in a steam jet refrigerator with no or very little perfor-
mance degradation. In this study, a “workless boiler feeding system™ was designed and con-
structed. It was tested separately to determine the power input required by the boiler. It was
found that heat input to the boiler for this new system was very similar to that for a conventional
system using a mechanical pump. Moereover, the steam jet refrigerator employing this workless
feeding system was also tested. It was shown that this system gave a similar COP to that of a sys-
tem using a mechanical pump.

2, Operation of a steam jet refrigerator

A schematic view of a typical steam ejector is shown in Fig. 1. As the high pressure steam (P),
known as “‘a primary fluid”, expands and accelerates through the primary nozzle (i), it fans out
with supersonic speed to create a very low pressure region at the nozzle exit plane (i) and subse-
quently in the mixing chamber. This means *‘a secondary fluid” (S}, can be entrained into the mix-
ing chamber. The primary fiuid’s expanded wave was thought to flow and form a converging duct
without mixing with the secondary fluid. At some cross-section along this duct, the speed of sec-
ondary ftuid rises to sonic value (iii} and chokes. Then the mixing process begins after the second-
ary flow chokes. This mixing causes the primary flow to be retarded whilst secondary flow is
accelerated. By the end of the mixing chamber, the two streams are completely mixed and the sta-
tic pressure was assumed to remain constant until it reaches the throat section (iv). Due to a high-
pressure region downstream of the mixing chamber’s throat, a normal shock of essential zero
thickness is induced (v). This shock causes a major compression effect and a sudden drop in
the flow speed from supersonic to subsonic. A further compression of the flow is achieved (vi)
as it is brought to stagnation through a subsonic diffuser.

Fig. 2 shows a schematic diagram of a steam jet refrigeration cycle. A boiler, an ejector, and a
pump are used to replace the mechanical compressor of a conventional vapour compression
refrigeration system. As heat is added to the boiler, the high pressure and temperature steam is
evolved and used as the primary fluid for the ejector. The ejector draws low pressure water vapour
from the evaporator as its secondary fluid. This causes the water to evaporate at low pressure and
produce the useful refrigeration. The ejector discharges its exhaust to the condenscr where it is
liquefied at the ambient temperature. Part of the liquid is pumped back to the boiler whilst the
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Fig. 2. A steam jet refrigeration cycle.

remainder is returned to the evaporator via a throttling device. The input required for the pump is
typically less than 1% of the heat supplied to the boiler, thus, the actual COP [3]) may be given as:

refrigeration effect at the evaporator ()
heat input at the boiler

Figs. 3 and 4 show typical performance curves of a steam jet refrigeration cycle [1,3]). At the con-

denser pressure below the “critical value™ [5), the ejector entrains the same amount of secondary

fluid. This causes the cooling capacity and COP to remain constant. This phenomenon is thought
to be caused by the flow choking within the mixing chamber. When the ejector is operated in this

COP =
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Fig. 3. Performance of a steam jet refrigerator based on experimental data provided by Eames and Aphomratana [3].
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Fig. 4. Effect of operating temperatures on performance of a steam jet refrigerator based on data provided by Eames
and Aphornratana [3],

pressure range, a transverse shock, which creates a compression effect, is found to appear in either
the throat or diffuser section. The location of the shock process varies with the condenser back
pressure. If the condenser pressure is further reduced, the shock will move toward the subsonic
diffuser. When the condenser pressure is increased higher than the critical value, the transverse
shock tends to move backward into the mixing chamber and interferes with the mixing of primary
and secondary fluid. The secondary flow is no longer choked, thus, the secondary fiow varies and
the entrainment ratio begins to fall off rapidly. If the condenser pressure is further increased, the
flow will reverse back into the evaporator and the ejector loses its function completely.

For condenser pressures below the critical value, the mixing chamber is always choked. The
flow rate of the secondary flow is independent from the downstream (condenser) pressure. The
flow rate can only be raised by an increase of the upstream (evaporator) pressure, The critical con-
denser pressure is dependent on the momentum and pressure of the mixed flow. The pressure is
equal to that of the evaporator. As the secondary flow enters the ejector at low speed, momentum
of the mixed flow is equal to that of the primary fluid exiting from the primary nozzle. Thus, to
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increase the critical condenser pressure, the pressures at the boiler or the evaporator must be
increased.

A decrease in the boiler pressure causes the primary fluid mass flow to reduce. As the flow arca
in the mixing chamber is fixed, an increase in the secondary flow results. This causes the cooling
capacity and COP to rise. However, this causes the momentum of the mixed flow to drop. Thus,
the critical condenser pressure is reduced. On the other hand, an increase in the evaporator pres-
sure, which is the ejector’s upstream pressure, will increase the critical condenser pressure. This
also increases the mass flow through the mixing chamber. Thus, increases of cooling capacity
and COP result. Even though raising evaporator pressure would help to increase the entrainment
ratio, this would sacrifice the desired cooling temperature.

3. Development of a workless boiler feeding system

It can be seen that, the mechanical pump is the only moving part in the system. If this pump is
eliminated, the system becomes a true heat-operated cycle and non-moving part system. This
should make the system more reliable, vibration free, quiet, and less expensive.

Fig. 5 shows a schematic view of a pump-free steam jet refrigerator. The system configuration is
similar to a conventional system, except the mechanical pump is replaced with a workless boiler
feeding system. This feeding system transfers the condensate accumulated at the condenser to the
boiler by means of gravity and boiler pressure. Therefore, the condenser must be located above
the boiler. This feeding system operates alternately between a filling phase and an emptying phase.
This is achieved by closing and opening of the three valves: valve A, valve B, and valve C.

During the filling phase, valve A is opened while both valve B and valve C are closed. This al-
lows the liquid condensate from the condenser to fill the feeding tank. After a desired amount of
liquid is accumulated in the feeding tank, valve A is closed.

In the emptying phase, after valve A is closed, valve B is opened causing the pressure in the
feeding tank to rise to the value of that in the boiler. Then valve C is opened. This allows the

Ejector Condenser

Eva tor
~Epo L, Valve A

0 o‘
q;..oo Valve B

Boiler Valve C

o o]
e o Rl
o 0

Fig. 5. A steam jet refrigeration cycle with workless circulating system.
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liquid to feed the boiler by means of gravity. This emptying phase lasts until the feeding tank is
empty (all the liquid is transferred to the boiler). Valve C and B are then closed and the filling
phase starts. In practice valve C can be replaced with a check valve. This makes the system simpler
since only two control valves are needed (valve A and valve B).

Actually, a similar idea, known as a “transfer-tank”, was applied to an absorption refrigeration
cycle [5]. However, that system was more complicated than the boiler feeding system discussed in

this paper.

4. Experimental refrigerator

The experimental refrigerator used in this study was modified from the one used in the previous
study [2]. A workless boiler feeding system was added as shown in Figs. 6 and 7. The experimental
refrigerator was designed so that it could be operated as a conventional system (using a mechan-
ical pump) or a pump-free system (using a workless boiler feeding system). Therefore, perfor-
mance of these two systems could be compared.

In this system, electric heaters were used as a simulated heat source and cooling load. The maxi-
mum heating capacity of the boiler was 8 kW. The boiler was insulated by a glass fiber wool with
aluminum foil backing. The evaporator design was based on a spray and falling film column. A
3 kW heater was used to simulate the cooling load. Power of the heaters was controlled by means
of electronic devices. A shell and coil condenser was used and cooled by water. Two mechanical
pumps were used. A pneumatic operated diaphragm pump was used as a boiler feed pump. A

cooling water
valve conrol unit

-

4

feeding sysiem

evaporator
boiler valve C
-
H "
: ola
: ol )
- b receiver
i
b
WA Electric heater =~ Liquid level sensor

m Pressure transducer —at Type K thermocouple

Fig. 6. Schematic view of the experimental refrigerator.
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Fig. 7. A photograph of the experimental steam jet refrigerator with workless boiler feeding system.

magnetically coupled centrifugal pump was used to promote evaporation rate at the evaporator.
Liquid levels in the boiler and in the evaporator were controlled using capacitive type level sen-
sors. Temperatures and pressures of the fluid in each vessel were controlled and measured sepa-
rately by a data acquisition board connected to a personal computer. The ejector used has a
primary nozzle with a throat diameter of 2 mm. The mixing chamber throat was 19 mm. More
detail of the ejector is provided in literature [2].

As shown in Fig. 8, the feeding tank was constructed from a thin wall stainless steel tube. The
size of the feeding tank was arbitrarily chosen with 7.5-cm diameter and 30-cm length. Each end
of the tank was welded with a semi-spherical cap. 1t had total volume of 1330 ml. Water contained
inside the tank was about 1010 m]. Valve A was a motor-drive 0.5-inch ball valve. Yalve B was an
on-off solenoid valve. Valve C was a swing-type check valve. The level sensor was a capacitive-
type. A sight glass was also used for easy observation. The system was designed to be fully auto-
matically controlled using the programmable timer circuit.
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Fig. 8. A photograph of workless boiler leeding system.

5. Experimental result and discussion

At first the workless boiler feeding system was tested separately. The evaporator and the recei-
ver were isolated from the system by closing some valves. The power consumption of the boiler
heater was evaluated at saturation temperatures from 110 °C to 140 °C. The condensate temper-
atures were fixed at 20 °C and 25 °C. The ejector’s primary nozzle acted as a steam flow regulator.
Since the primary nozzle of the ejector was always choked, the steam mass flow rate was indepen-
dent from downstream condition {(condenser pressure) and was constant for each boiler temper-
ature setting. The experimental steam mass flow rate is listed in Table 1. The boiler heater power
consumption was measured and averaged for a period of two hours. Then, the system was tested
with a mechanical feed pump, so that the results could be compared. The experimental results are
presented in Table 1 and Fig. 9.
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Table 1
Power consumption of boiler and operating time of the workless feeding tank
Temperature Mass flow Power consumption (W) Filling phase Emptying phase
(°C) rate (kg/min) 20°C) 25(°C) period (min) period {min)
A B C D '
HE 0.0436 1967 2000 1889 1943 23 0.5
120 0.0576 217 2744 2631 2655 17 0.5
130 0.0761 3605 3650 3429 3446 13 0.5
140 0.0990 4775 4805 4440 4474 10 0.5

{A) System using a mechanical feeding system at 20 °C condensate temperature,
(B) System using a workless feeding system ai 20 °C condensaie temperature. -
{C) System using a mechanical feeding system at 25 *C condensaie temperature.
(D) System using a workless {eeding system at 25 °C condensate temperature.
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Fig. 9. Comparison of power consumption of boiler.

Total heat input to the boiler for a workless boiler feeding system was found to be almost equal
to the conventional system using a mechanical pump for all cases. To be precise, the heat input to
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the workless boiler feeding system was about 1-2% higher than the conventional system on aver-
age. This was thought to resuit from the following effects.

First, at the end of the filling phase, the feeding tank was full with condensate. Thus, the tem-
perature of the feeding tank was low (at the condensate temperature). When the emptying phase
started, valve B was opened to allow the high pressure steam to enter the feeding tank to push the
condensate down to the boiler. During this phase, the tank’s temperature was increased since it
was filled with high temperature steam. Due to this phenomena, the steam from the boiler caused
the temperature of the tank to increase from low (condensate} to high (boiler} temperatures. Sec-
ondly, when the filling phase started, and valve A was opened, the high pressure steam accumu-
lated in the feeding tank would move to and be condensed inside the condenser. Therefore, it
might be said that the change in feeding tank temperature and the accumulated steam inside
the feeding tank that moved to the condenser made the boiler of a workless feeding system require
some extra energy. :

Also, it was found that operating time in the filling phase was dependent on the mass fiow rate
of the refrigerant, but in the emptying phase was found to be almost the same.

In conclusion, the complete experimental refrigerator was then tested with a mechanical feeding
pump and with a workless feeding system. The results were compared and are shown in Fig. 10.
Since performance of the ejector is dependent on the conditions in the boiler, the evaporator, and
the condenser, both systems could provide the same cooling capacity. The boiler input of both
systems were almost the same. Even the boiler feed water was cooler when decreased the con-
denser pressure, however the effect to the boiler heat input was rather small. From Fig. 10, it
can be seen that both systems produced very similar COP. Thus, it can be concluded that a work-
less boiler feeding system can replace a mechanical pump without any degradation in system
performance.

Boiler Temperature 120°C,
/-— Evaporator Temperature 5°C

0.40 ¥ Eoiler Temperature 130 C,
0.35 = Evaporator Temperature §°C |
0.30 71
025 fE====== 'ﬁ----x ----- === Fhdninir A
B \D \\ n
8 0.20 \ By
0.15 .
\ R
0.10 \?
0.05 t b
0.00 1 N,
Y 35 40 45 s0 55
Condenser Pressure (mBar)

~A- COP Using Workless 2t 130°C
=@~ COP Using Mechanical Pump at 130°C

-©- COP Using Workless at 120°C
-5 cop Using Mechanical Pump a1 120°C

Fig. 10, The performance characteristic of the experimental refrigerator.
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6. Conclusion

In this paper, a workless boiler feeding system was proposed. This workless boiler feeding sys-
tem was tested under various boiler saturation temperatures. The results show that it can be ap-
plied to a steam ejector refrigerator without any degradation in system performance compared
with a system employing a conventional mechanical boiler feed pump. The use of this workless
boiler feeding system would make a steam ejector refrigerator become a true heat powered refrig-
eration cycle.

Effect of the feeding tank’s volume on the system performance should also be investigated.
Enlarging the feeding tank may cause temperature variation inside the boiler tank during the feed-
ing period. However, decreasing the size would make the filling and emptying phases occur more
frequently which creates rapid change of temperature inside the tank, and thermal fatigue prob-
lems may occur in long term operation. Due to these factors, a long term investigation is needed
to prolong its operation and obtain satisfactory performance.
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Abstract

The aim of this study is to investigate the wse of CFD in predicting performance of a steam ejector used in refrigeration applications. This
study is reponied in a series of two papers. In this part, the CFD results were validated with the experimental values, The effects of operating
conditions and geometries on its performance were investigated. The CFU's results were found to agree well with actual values obtained from the
experimental sieam jet refrigerator. The CFD was found to be not onty a sufficient toel in predicting ejector performance it also provide a better
understanding in the flow and mixing processes within the ejector. Phenomena on choke flow, mixing behavior, jet core effect and the presence of

obligue shock will later be discussed in Pant 2,
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

A steam jet refrigeration can be considered as one of the
most suitable refrigeration systems for the present energy and
environment situations. It utilizes a low temperature thermal en-
ergy (100-200°C} from inexpensive or even free sources such
as industrial wasted heat or a solar collector. The working fluid
used is water, the most environmental friendly substance. The
major disadvantage of a steam jet refrigeration is its relatively
low Cocfficient of Performance (COP), compared to other types
of refrigeration cycles.

From the survey of literatures [1—4], performance of a steam
jet refrigeration system depends greatly on an equipped ejector.
In order to design and develop a high performance ejector, a
clear understanding of the flow and mixing inside the ejector is
first needed.

In the past, ejectors were designed and analyzed based on a
classical theory developed by Keenan and Neumann [1] which
was based on one-dimensional gas dynamic thecry. This theory

* Cormresponding author. Tel.; +(662) 986 9009 2210; fax: +662) 9869009
2201.
E-mail address: satha@siitw.ac.ah (5. Aphomratana),
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was later modified to account for loss coefficients at the primary
nozzle, the mixing chamber and the diffuser [2]. However, this
theory can be used te predict the performance when the ejec-
tor is operated at its design condition (at critical back pressure)
only. Moreover, effects of the cjector’s geometries were not
included. Recently, with the rapid development of numerical
solution method, some researchers attempted to apply Com-
putational Fluid Dynamics (CFD) in modeling the flow within
gjectors [5,6].

Riffat and Omer [5] used a commercial CFD package to pre-
dict performance of a methanol driven ejector. Unfortunately,
the calculaled results were not validated through any experi-
mental data. Rusly et al. [6] simulated the flow through a R141b
ejector. The effects of ejector geometries were investigated nu-
merically. The CFD's results were validated with experimental
data provided by others [7].

In this study, a CFD package (FLUENT) was used to analyze
a small steam ejector which was equipped in an experimental
steam jet refrigeration cycle. The results were presented in two
papers, Part 1 and 2. In this paper, Part 1, the effects of operat-
ing conditions and geometries on its performance were inves-
tigated and validated with the actual values. Even though no
correction factors were added as was done in one-dimensional
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Nomenclature

Cp specific heal capacity ............... Jkg~'K!
d diameter of constant area throat............. mm
k thermal conductivity ............... Wm—! K-}
! throattength............... ..ot mm
mn massflownmate . ................. o kgs™!
M molecular weight.................... kg kmol ™!
P CPTESSUTE ...t eee et mbar
Rm entrainment ratio

T 103197575 ¢:110) £ °C
X primary nozzle throat’s diameter............ mm
Y primary nozzle exit’s diameter.............. mm
zZ mixing chamber inlet’s diameter............ mm
1, i, ki, Iv, v, vi vii state of the flow in an ¢jector as shown

in Fig. 1

Greek symbols
" VISCOSITY . ..ot ~kgm~
Subscripts
downstream fluid

primary fluid
secondary fluid

e -N e

Abbreviation

cop
NXP

coefficient of performance
nozzle exit position

.. Mixing Chamber

Throat,  Subsonic Diffuser

Primary Fluid _____ |
——

haY

Primary —
Nozzle : EJ L.
i ipersomc jet core
[ H : ! -
8 { il Secondary Fluid ]
& L } ' /
L :
: g I
175 ] Y ! »
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g | ___Sonic Velocity _
°
>
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>

Fig. 1. Schematic view and the variation of stream pressure and velocity as a function of location along & sieam ejector.

theories, it was found that the CFD method provides reliable re-
sults compared to the actual vaines from the experiment. Unlike
one-dimensional theories, a constant mass flow which is a typi-
cal characteristic of an ejector was shown. The fiow and mixing
process within the ejector will be explained in Part 2 [8)].

2. Background of steam ejector

A schematic view of a typical steam ejector based on one-
dimensional theory {1] is shown in Fig. 1. As the high pressure
steam, known as “a primary fluid”, expands and accelerates
through the primary nozzle (i), it fans out with supersonic speed
to create a very low pressure region at the nozzle exit plane (ii)
and subsequently in the mixing chamber. This means “a sec-
ondary fluid” can be entrained into the mixing chamber.

The primary fluid’s expanded wave was thought to flow and
form a converging duct without mixing with the secondary
fluid. At some cross-section along this duct, the speed of the
secondary fluid rises to sonic value (iii) and chokes [9]. Then
the mixing process begins after the secondary fiow chokes.
This mixing causes the primary flow to be retarded whilst sec-
ondary flow 1s accelerated. By the end of the mixing chamber,
the two streams are completely mixed and the static pressure
was assumed to remain constant until it reaches the throat sec-
tion (iv). Due to a high pressure region downstream of the
mixing chamber’s throat, a normal shock of essentially zero
thickness is induced (v). This shock causes a major compres-
sion effect and a sudden drop in the flow speed from supersonic
to subsonic. A further compression of the flow is achieved (vi)
as it is brought to stagnation through a subsonic diffuser.
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0.8~ Rm Primary fluid saturated temperature (Tp) 130°C
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Fig. 2. Performance characteristics of 2 steam ejector based on experimental
data provided by Eames et al. [2).

An important parameter used to describe the performance of
an gjector is “"an entrainment ratio” [10]:
R = mass flow of secondary fluid _ mg

™= " nass flow of primary fluid ~ mp

Consider a typical performance curve of a steam ejector for
the specified pnmary and secondary fiow pressures as shown
in Fig. 2. There are three operating regions distinguished by
the critical back pressure and the breakdown back pressure:
the choked flow, the unchoked flow, and the reversed Aow of
secondary fluid. In the “‘choked fiow” region, where the back
pressures are below the “critical value”, the secondary flow
choking in mixing chamber causes the ejector Lo entrain the
same amount of secondary fluid. This causes the entrainment
ratio to remain constant all over this region. This essential char-
acter is called “constant-capacity characteristic” of an ejector.
In this “choked flow” region, a transverse shock, which creates
a compression effect, was thought to appear in either the throat
or diffuser section. The location of the shock process varies
with the back pressure. If the back pressure is increased, the
shock will move upstream into the ejector throat without dis-
turbing the mixing process.

In the “unchoked flow™ region, where the back pressures are
in excess of the critical value, there is no secondary flow chok-
ing. The entrained secondary fluid varies and the entrainment
ratio begins to drop rapidly. The transverse shock was believed
to move upstream into the mixing chamber and disturb the mix-
ing between primary and secondary fluid.

Further increase in the back pressure to the point called
“break down” pressure {“reversed flow” region) causes the flow
to reverse back to the secondary flow inlet and the ejector fi-
nally malfunctions.

Fig. 3 shows the effect of operating pressures on the perfor-
mance of a steam ejector based on experimental data provided
by Eames and Aphomratana [2]. A decrease in the primary fluid
saturated pressure causes the primary fluid mass flow to reduce.
As the flow area in the mixing chamber is fixed, an increase
in the secondary flow results. This causes the entrainment ra-
tio of the ejector to rise. However, this causes the momentum
of the mixed flow to drop. Thus, the critical pressure is re-
duced. On the other hand, an increase in the secondary fluid
pressure, which is the ejector’s upstream pressure, will increase
the critical pressure. This also increases the mass flow through

(1)

0871 pm o Tp=120°C, Tg = 7.5°C
. 4 Tp=130°C, Tg = 10.0°C
P ® Tp=130°C, T5=1.5°C

/T=130°C

0.4 — "‘-y s=1.5°C
Secondary Fluid Line
0.2 —
Back Pressure (mbar)
0.0 T i T .l T T
30 40 50 “0

Fig. 3. Effect of operating pressures on performance of a steam jet refrigerator
based on experimental data provided by Eames et al. [2].

the mixing chamber, which results in an increase of entrainment
ratio.

Many past studies [1,3,11-14] show that, not only operating
conditions, but ejector geometries were also found to affect the
gjector performance. The experimental studies of the effect of
primary nozzle throat size and ejector geometry on system per-
formance were conducted {3]. The influence of using a small
primary nozzle throat diameter was similar to that of decreas-
ing primary fluid pressure, whilst the influence of the primary
nozzle exit diameter was not significant [12].

3. Experimental and CFD model setup
3.1. Test facilities

3.1.1. Small scaled steam ejector refrigerator

The schematic diagram and photograph of an experimental
steam cjector refrigerator is shown in Fig. 4. This steam ejector
refrigerator consisted of 7 major components: a steam boiler,
an evaporalor, a condenser, a receiver tank, a pumping sys-
tem, a pressure manifold and an ejector. Two electric immersion
heaters were uscd as simulated heat source and cooling Joad at
the boiler and the evaporator, respectively. The condenser was
a water-cooled shell and coil type. A liquid refrigerant in the
receiver tank was retumned back to the boiler and the evapora-
tor via an air-driven diaphragm pump. The boiler was covered
by glass fiber wool with aluminum foil backing to prevent the
thermal loss from the machine. The evaporator shell was well
insulated, by neoprene foam rubber, from an unexpected heat
gain from the environment.

3.1.2. Instrumeniation and control

In this experimental steam ejector refrigerator, the operating
conditions of cach vessel could be controlled separately using
the data acquisition systemn, connected to a personal computer.
Parameters to be measured and controlled while the system was
operated were temperature, pressure and mass flow rate of the
refrigerant.

Type K thermocouples with uncertainties of £0.5°C were
used to detect the temperature change of the interested posi-
tion as shown in Fig. 4. The detected signal of each probe
was connected to the compensator and signal amplifier circuit.
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Fig. 4. Experimental refrigerator.

All probes were carefully calibrated using a precision glass
thermometer. Pressures were detected by the absolute pressure
transducers. At the evaporator and the pressure manifold, the
ranges of the attached transducers were the same at 0-0.25 bar
absolute, while the range of the one at the condenser was
0-1.2 bar absolute. All pressure transducers with uncertainties
of £0.25% were calibrated using a double stage liquid ring vac-
wum pump and & standard mercury barometer for absolute zero
and atmospheric pressure values, respectively.

The operating conditions of the boiler and the evaporator
were controlled by applying the ON/OFF logic to the respective
heaters. Concerning the condenser, the operating pressore was
controlled by adjusting appropriate volume flow rate of chilled
water via a flow control valve and an on-off valve in the cooling
water circuits. This allowed the system to maintain the operat-
ing condition of the condenser at the desired back pressure.

Liquid level in each vessel could be observed by using at-
tached sigh glasses as shown in Fig. 4. During each test run,
the mass flow rates of the refrigerant could be determined by
measuring the decreased level of the working fluid, during the
certain interval of elapse time in 2 steady operation, via the
attached sight glasses. This allowed the evaluation of ejector
enirainment ratio at the particular operating condition.

In addition, for the system to operate continuously, the liquid
in the receiver tank was fed back to the boiler and the evaporator
via the pumping system. The liquid level in the evaporator and
the boiler tank were automaticaliy controlied using the detected
signal from liquid level sensor.

3.1.3. Experimental steam ejector

The experimental ejector consisted of 4 parts which were the
primary nozzle, the mixing chamber, the constant-area throat
and the subsonic diffuser, as shown in Fig. 5. All geometries
of the ¢jector were based on a recommendation by ESDU [11].
Each of them was designed to be easily fitted and interchanged
with others,

The tests were conducted using 3 primary nozzles, which
were fabricated with three different throat diameters ( X). Even
though their throat diameters arc different, they bad the same
area ratio (throat to the exit plane) of 16 and included a diver-
gent angle of 10 degrees. As seen in Fig. 5, the NXP (Nozzle
Exit Position) was defined as a distance between the primary
nozzle exit plane and the mixing chamber inlet planes. In this
study the nozzle was fixed at NXP = +35 mm.

To study the effects of mixing chamber geometries on the
performance of the ejector, its inlet diameter was varied. There
were 3 mixing chambers constructed with 3 different inlet di-
ameters (Z). Two of them were converging ducts (constant
pressure type), while the other one was a straight duct (con-
stant area type). The entry sections of the mixing tubes were
bell mounted.

in order to investigate the influence of the length of the throat
section (1) on the ejector performance, 4 pieces of throat section
were constructed. The cross-sectional area of these throats was
constant throughout the conduit. The significant geometries of
the experiment nozzles, the mixing chambers and the throat are
listed in Table 1.

Please note that, the diffuser was thought to have a very
small influence on ejector performance, Therefore, the studying
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Fig. 5. Schematic diagram of experimental ejector.
Table 1
Ejector's geometry
Primary nozzle geometries Mixing chamber infet diameter Throat length
Nazﬂc Mo, - X (mm) Y (mm) Mixing Z {mm) Throat No, !
chamber No. mm Times of
diameter
1 2.00 8.00 1 24.00 1 19.00 1d
2 1.75 7.00 2 19.00 2 57.00 3d
3 1.50 6.00 3 29.00 3 95.00 54
4 114.00 6d

of the effect of the diffuser geometries was omitted and every
test was done with the same diffuser,

Along the wall of the ejector, a static pressure at each op-
erating condition was tapped and measured using a pressure
transducer attached at the pressure manifold (Fig. 5). This in-
formation was used to create the plots of the static pressure
distribution along the ejector and they became the significant
information for the validation of the simulated CFD ejector

. models.

3.2. CFD model

The problem under investigation here involved the super-
sonic flow inside the flow passage of the experimental steam
ejectors. Working conditions of the model were set at the same
ranges as was done in the experiments. In order to simulate this
particular situation, Gambit 2.1 and FLUENT 6.0 were used as
the grid generator and the CFD solver, respectively.

3.2.1. Geometries and grids

As proposed, Gambit version 2.1 was used 10 create the cal-
culation domain and grid elements of the model. The mesh and
model were created in a two dimension (2-D) domain. However,
the axisymetric solver was applied and therefore, the three-
dimensional effect (3-D) was taken into account in the simula-
tion. The geometries of the calculation domain of the modeled
steam ejectors were taken from those which were used in the
experiment. Their significant dimensions have already been de-
scribed in the previous section. The mesh was made of 43,000
structured quadrilateral elements, as shown in Fig. 6. To retain
the calculation speed advantage coming with the use of regular
block-structure element, the multi-block technique was applied
to the complex geometries of the ejector wall. The concentra-
tion of grid density was focused on the areas where significant
phenomena were expected.
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3.2.2. Case setup

FLUENT 6.0 is a commercial CFD software package which
utilizes the control-volume-based techniques to convert govern-
ing equations to algebraic equations that can be solved numer-
ically. As the supersonic fiow field was expected, the flow was
thought to be a turbulent compressible flow. The “realizable
k—& model” was selected to govern the turbulence character-
istic. This model was the improved version of the conventional
“standard k—c model”. It is believed that the “realizable k—¢
model” is able to predict a more accurate spreading rate of a
round jet [15]. Moreover, it was likely to provide a superior
performance of the flows involving rotation, boundary layer
under strong adverse pressure gradient and separation as pre-
sented in our g¢jector model. The non-linear governing equations
were solved using the “coupled-implicir” solver. The near wail
treatment was left as the “standard wall function”, which gave
reasonably accurate results for the wall bounded with very high
Reynolds number flow,

3.2.3. Working fluid properties

Water vapour, used as the working fluid of the model, was
treated as the assumption of an ideal gas. Even though the
ideal gas relation seemed to be the vnrealistic assumption to the
meodel, for the ejector application where the operating pressure
is relatively fow, it was proved by some researchers [16] that it
provided similar results to a real gas model. The properties of
water vapour, as provided in FLUENT database, are shown in

Table 2
Properties working fluid (water vapour) vsed in the CFD simulation

Vatues
134 x 1073 kgm~! 5!
0.0261 Wm— 1K1

2014.00 Jkg~} K~!
18.01534 kg kmol™!

Properties

Viscosity, u

‘Thermal conductivity, &
Specific heat capacity, Cp
Molecular weight, M

Table 2. Note that, the density of the working fluid is evaluated
using the ideal gas relation as part of the calculation as it pro-
gresses. Other properties are defined as constant throughout the
simulation.

3.2.4. Boundary conditions

Boundary conditions of two faces entering a primary noz-
zle and ejector were set as pressure-inlet, whilst the one leaving
ejector was set as pressure-outlet. These parameters were var-
ied with the same operating condition as was conducted in the
experiments. The values of each boundary were assigned as the
saturation propertics (temperature and pressure) of each operal-
ing state, Since the velocity of the flow entering and leaving the
domain was thought to be relatively small compared with the
supersonic speed during the flow process of the ejector; there
was no difference between an input of the stagnation pressure
and static pressure.
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4. Resulis and discussion

The calculations were considered as converged when the fol-
lowing two converging criteria were met. Firstly, every type of
the calculation residual must be reduced lower than the speci-
fied value (in this case, Jess than 10~). Secondly, the calculated
mass fluxes of every face of the model were stable, In addition,
the converged solutions have 1o satisfy the principle of conser-
vation of mass. That means the diffcrence between the summa-
tion of mass fluxes entering and Jeaving the model should not be
greater than 107 kgs—!. The evaluation of mass fluxes enter-
ing the primary nozzle and the mixing chamber also introduces
the calculation of entrainment ratio and, hence, the prediction
of the ejector performance. Normally, in this study, the calcula-
tion of each mode! was not longer than 8,500 iterations.

However, before the calculated results of each particular sit-
uation were analyzed and the precision of the performance pre-
diction was evaluated, the correctness of the simulated model
had to be venified. In order o do so, the slatic pressure dis-
tribution along the wall of the experiment ejector was used as
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geometries. (a) Experimenta) results, (b) simulated results of CFD.

the reference data for validating with one from the simulated
solution. Fig. 7 illustrates the comparison between the static
pressure distributions from the two different approaches, the
experimental versus the simulated results. The comparison was
conducted when the ejector was operated at primary fluid sat-
urated temperature (Tp) of 120°C, secondary fiuid saturated
temperature (T} of 10°C and downstream pressure (Pc) of
30 mbar. The primary nozzle exit position was placed at NXP
of 35 mm.

At a glance, it is obvious that static pressure profiles, from
the experiment and CFD method, are similar to those presented
by Huang et al. [10], Eames et al. [12] and Chunnanond and
Aphomratana [3). From Fig. 6, the distribution of an exper-
imental static pressure is offset lower than the one from the
simulation. One possible reason for this error may come from
the difficulty of calibrating the absolute pressure transducer at
very low range near the absojute zero Jevel. If the distribution of
the tested curve is shifted up, it can be said that the calculated
slatic pressure profile agrees very well with that from the exper-
iment. More comparisons between static pressure profiles from
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experiment and CFD results at various operating pressures and
the ejector’s geometry are shown in Figs. 8, 9, and 10.

Regarding the calculated entrainment ratio, it is found that
the comparison of entrainment ratio is very fruitful. Figs. 11 and
12 show the similarity in the cjector performance characteristic,
when the ejector’s operating conditions and geometries were
varied, from the two different approaches, the experiment and
the CFD method. Please note that ail dots lie in each of the CFD
curve represent the interested predicted values.

The comparison between the CFD analysis and the experi-
mental results of the ejector’s performance at the critical peint
and critical back pressure of the experiment steam ejector are
also illustrated in Table 3. Fig. 13 shows the comparison be-
tween the CFD and the experimental results of the entrainment
ratio in the choked and the unchoked flow region. At the un-
choked flow region, Fig. 13(b). the distribution of the error
in predicted valucs of the entrainment ratio te the experimen-
ta! ones is more than the ones at the choked flow region, Fig.
13(a). Possible reasons for this error may come from, firstly,
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Fig. 14. Comparison between the CFD and the experimental results of the critical back pressure for various operating conditions and geometries.

the difficulty of calibrating the absolute pressure transducer. In
the unchoked flow region, the entrainment ratio is subjected
to change sensitively to the change of downstream pressure.
A slight change in the downstream pressure causes more effect
to the entrainment ratio than that was found in the choke fiow
region, Hence, a small error in calibrating the absolute pressure
transducer may result in an error in reading the entrainment ra-
tio, Secondly, a very complicated flow at the unchoked flow
region, due to shocking behavior, probably gives unexpected
results in the experiment. Comparison between the CFD and
the experimental results of the critical back pressure is shown
in Fig. 14. It is obvious that the overall CFD calculated resulis
agree well with actual value. Average errors of the predicted en-
trainment ratio and the critical back pressure were both found
1o be less than —7%. Note that the negative sign indicates that
the CFD calculated results are underestimated.

In overall, it may be concluded that, the comparison demon-
strates the proficiency of the CFD model in predicting an ac-
curate performance for both entrainment ratio and critical back
pressure of a typical designed ejector.

5. Conclusion

it was verified that the CFD method is an efficient tool to
predict the entrainment ratio and critical back pressure of the
¢jector. The tabulated ejector performances from the experi-
ment and the calculations show the accuracy of the model. The
advantages of CFD over other conventional methods were pro-
posed. Even though the errors of calculations were found to be
quite large at some points, they could be clarified. However,
it can be said that the CFD study in this research was just a
pioneer study in the field of the ejector in refrigeration appli-
cation. In order (o utilize this method more efficiently, further
studies are needed. From the study, it was shown that the con-
structed CFD model may not represent the experiment ejector
perfectly; therefore, some improvements on the model setp
and the calculation domain are needed. For instance, the real
gas equations should be applied as the properties of the working

fluid rather than using the perfect gas assumption. Moreover,
the heat transfer function at the wall sorfaces, that allows not
only the investigation of heat transfer, but also of condensation
during the process, should be turned on so that the model could
be more realistic.

In addition, Part 2 [8] also shows another advantage of CFD
over other analysis. Using the CFD, the graphic flow visualiza-
tion of the modeled ejector could be created, and the phenom-
ena inside the flow passage were explored.
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Abstract

The aim of this study is to reveal the complication of the flow and the mixing process of a steam ejector used in a jet refrigeration cycle by using
the simulation software package (FLUENT). In Part 1 of this work, the CFD results of the steam ejector’s performance were validated with the
experimental values. After the validation is satisfied, this paper is able to analyze the flow phenomena inside the steam ejector when its operating
conditions and geometries were varied. Using the applications provided by the CFD software, the flow structure of the modeled ejectors couid be
created graphicaily, and the phenomena inside the flow passage were explored. The CFD method was evaluated as an efficient tool to represent

the flow inside a steam ejector.
© 2006 Elsevier Masson SAS. All rights reserved.

Keywords: Ejector; Jet refrigeration; Flow visualization, CFD

1. Introduction

Steam jet refrigeration is a refrigeration system that uses
water as its working fluid. It utilizes a low temperature ther-
mal energy (100200 °C) from inexpensive or even free sources
such as industrial wasted heat or a solar collector. A major com-
ponent that makes the system usable is a steam ejector. 1t is
recognized that the performance of the system depends greatly
on the performance of the ejector. Hence, in order to improve
the performance of an ejector, understanding of the flow inside
the gjector is needed.

In this study, Computational Fluid Dynamics (CFD) was
used to analyze the flow phenomena inside a steam ejector. Ac-
cording to the validation of the static pressure profile along the
wall of the ¢jector, entrainment ratio, and critical back pressure
as was done previously in the first part [1], it was concluded
that the CFID model can efficiently represent the flow inside the
steam ejector. This paper, which is the second part of the study,

* Corresponding author. Tel.: (+662) 986 9009 ext 2210; fax: (+662) 9869009
ext 2201,
E-maif address: satha@siit.tu.ac.th (S. Aphomratana).

1290-0729/$ - sec front matter ® 2006 Elsevier Masson SAS. All rights reserved.

doi:10.1016/djthermalsci.2006.10.012

concentrates on the use of CFD in visualizing the change in the
flow structure and the mixing process inside the steam ejector
as influenced by interested parameters, ejector’s operating con-
ditions and geometries. Using the post processing available in
the CFD software, the created contours of Mach number and
the calculated pressure distribution at any point of interest, the
flow structure and the mixing process within a steam ejector can
be clearly explained. Consequently, it is believed that, with the
CFD software, the better understanding of the flow within the
ejector could help to improve the design of the ejector.

2. Flow and mixing process of the steam ejector

Before investigating the change in flow structure of the
steam ejector influenced by interested parameters using CFD
visualization, detailed explanation of the simulated flow struc-
ture is provided. Fig. 1 illustrates the contours lines of Mach
number and static pressure distribution of the steam ejector
when it operates at the choked flow mode.

As the high-temperature and high-pressure primary fiuid en-
ters the convergent section of the primary nozzle, the subsonic
motive flow accelerates to sonic value and chokes at the nozzle
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Nomenclature

d diameter of constant area throat .. ........... mm
! throatlength............ooiii it mm
P PIESSULE . ..o titvneneenrnnn e carnnnnaranas mbar
Rm entrainment ratio

T TeMPErature. .. oo vvve v eeeeeieeen s °C
X primary nozzle throat’s diameter............ mm
4 © primary nozzle exit's diameter.............. mm
z mixing chamber inlet's diameter .. .......... min

Subscripts

C downstream fluid
P primary fluid

5 secondary fluid
Abbreviation

NXP  nozzle exit position

throat (1). In the divergent portion of the nozzle, the primary
fluid accelerates and expands further to achieve a supersonic
speed.

Al the nozzle exit plane (2), it is found that the supersonic
primary stream leaves the primary nozzle with its static pres-
sure greater than that in the mixing chamber. Therefore, it is
capable of additional expansion and acceleration as an “under-
expanded” wave [2] with some value of the “expansion angle”.
To preserve the static pressure across the free boundary between
the primary jet core (3) and the surrounded fluid, the first se-
ries of oblique shock and expansion waves, called the “diamond
wave” patiern (4), is induced. This phenomenon can be inves-
tigated from the fluctuation of static pressure at the center line
of the ejector while the flow passes through a mixing chamber
(Fig. 1{b)).

The occumrence of a diamond wave jet core in the mixing
chamber indicates the semi-separation between the high speed
primary flow and the surrounded secondary fluid. Thus, the con-
verging duct (5) for entraining a secondary fluid into the mixing
chamber, similar to that was proposed by Munday and Bag-
ster [3], is formed. Moreover, according to the large velocity
difference between these two streams, the shear stress layer (6)
interfacing between them is presented, The shear mixing of two
streams begins as the secondary fluid is entrained and interfaces
with the expanded wave. Flowing through the converging duct,
the shear mixing process causes the secondary fiuid to acceler-
ate, conversely, the shear mixing and the viscosity of the fluid
cause the diamond wave to decay. As investigated in Fig. 1(b),
the static pressure of the flow steadily decreases at the begin-
ning of the flow process, and the violence of the diamond wave
reduces, respectively.

At the throat of the mixing chamber, most of the entrained
secondary fluid accelerates and reaches the sonic velocity. Very
small amounts move slightly faster than the sonic value when

it lows close to the shear stress layer, but slower when it Alows
close to the wall boundary layer. Moreover, it is seen that the
violence of the diamond wave reduces as the primary jet core
travels with lower supersonic speed, consequently, a relatively
smooth jet core resulls. Therefore, the secondary flow can be
considered as choked. The choke area or “effective area” [3]
of the secondary fluid can be estimated from the annulus area
between the wall of an ejector throat and the primary fluid jet
core. Despite using the CFD visualization, it is difficult to locate
the exact position of the effective area within the ejector. During
the choke flow mode, the entrainment ratios remained constant,
the effective area, hence, can be estimated at anywhere within
the constant area ejector’s throat.

At a certain distance into the ejector throat or in the begin-
ning of the diffuser section, called the “shocking position” (7},
a non-uniform stream produces the second series of oblique
shock waves (8). Therefore, when the flow is dominated by a
series of oblique shocks, the static pressure gradually recovers
to discharge value and the flow speed gradually decreases to
subsonic level, while it passes through the diffuser, Fig. 1(b).
In addition, across this process, the mixed stream loses most of
its total pressure. However, in concept, a series of obligue shock
should provide smaller pressure loss in total pressure than a nor-
mal shock. ‘

3. Ejector’s geometries and CFD model set up

In the simulation, the geometries of the calculation domain
of the modeled steam ejectors were taken from those which
were used in the experiment as described in Part 1. The ejector
model consists of 4 parts which are the primary nozzle, the mix-
ing chamber, the constant-area throat and the subsonic diffuser
as shown in Fig. 2. The significant geometrics of the primary
nozzles, the mixing chambers and the throats were listed in Ta-
ble 1.

Table 1
Ejector's geometry variation
Primary nozzle geometries Mixing chamber infet diameter Throat length
Nozzle No, X Y Mixing Z Throat No. i
. mm mm chamber No. mm mm Times of diameter
1 2.00 8.00 1 24.00 1 19.00 1d
2 1.75 700 | 2 19.00 2 57.00 3d
3 1.50 6.00 3 29.00 3 95.00 5d
4 114.00 6d
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Mixing Chamber

(130mm)

9775 mmy Eﬁ—h—f’\/} iﬁo‘

e — ]

25.7mm

Subsonic Diffuser
(180mm)

Throat
(1d to 6d)

Fig. 2. Schematic diagram of the steam ejector.

Please note that in this study, the nozzle exit position (NXP)
was Kept constant at a positive distance of 35 mum. Every noz-
zle was modeled with the same area ratio, the nozzle exit to
the throat. The diffuser was thought to have very small influ-
ence on ejector performance. Therefore, the studying of effect
of the diffuser geometries was omitted and every test was done
with the same diffuser. Details on the CFD model setup, grid
generation, boundary conditions, working fluid properties were
already explained in Part 1.

4. Effect of operating pressures

The investigations of the effects of operating pressures were
carried out over a variety of upstream and downstream oper-
ating pressures. During the simulation, the primary fluid satu-
rated temperature (boiler tlemperature, Tp) ranged from 120 to
140°C, corresponding to absolute pressure of around 2000 to
3600 mbar. The secondary fluid saturated temperature (evapo-
rator temperature, Ts) was varied in the range of 5 10 15°C,
corresponding to absolute pressure of around 8.5 to 17 mbar.
Lastly, the back pressure (condenser pressure, P}, the “down-
stream of the ejector”, was varied from 30 to 60 mbar. To avoid
any unwanted influences from uother parameters, the studies
were done with a fixed geometnes ejector, The modeled ejector
was constructed from primary nozzle No. 1, mixing chamber
No. 1, throat section No. 3 and the subsonic diffuser.

Fig. 3 represents the calculated entrainment ratio when up-
stream and downstream pressures of the ejector were vaned. At
each setting of the primary fluid and secondary fiuid condition,
the operation of an ejector can be categorized into 3 regions,
the choked flow, the unchoked flow and the reversed flow of
secondary fluid as already discussed in Part 1 [1]. The ejector
entrains the same amount of secondary fluid when it operates
under critical back pressure. If the ejector operates beyond the
critical point, the entrainment rate drops with an increasing of
the downstream pressure.

Considering filled contours of Mach number simultanecusly
with static pressure profiles along the centerline of the steam

0.7
o7, 130°C g 7,7120°C _, T,e130°C
0.6 T, e T.= H'C T,= 5°C
F
P LR '
0.5 -
3 v
= " g
; A \
e L A S
5 i
o 4 '
g .
g 034 G :
E . [N, -
E
0.2+
o .
0.1+ K
1 : B
0.0 T T T T T : T M T T T T

Ejector Back Pressure (mbar)

Fig. 3. Vanation of calculated entrainment ratio of a steam ejecior, effect of
operaling pressures.

gjector as shown in Figs. 4 and 5, increasing downstream pres-
sure from A to E caused the shocking position to move up-
stream into the ejector throat. However, when a back pressure
is not exceed the cntical point or within the choked flow region
(A, B and C), the shock will not affect the mixing behavior of
the two streams. Flow structures in front of a shocking posi-
tion are shown unchanged and the size of the primary jet core
remained constant and independent from downstream condi-
teons. It was thought, that during this choke flow region, the
effective areas were always forced to appear within the constant
area throal, since, the entrainment ratio remained constant. This
proved the existence of the choking phenomenon.

When a downstream pressure increased higher than the crit-
ical point (D and E), the second series of oblique shocks was
forced to move further upstream and combine with the first se-
ries of oblique shocks to form a single sefes of oblique shocks.
This movement of the second series of oblique shocks caused
the secondary fluid to be no longer choked, hence, disturbed
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Fig. 4. Filled contours of Mach number: Effect of downstream pressure. (Al} operating points, A, B, C, D, and E, correspond to those shown in Fig. 3.}
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Fig. 5. Static pressvre distribution along the centerline of the sieam ejector: Efect of downstream pressure,

the entrainment process. This can be investigated from the low-
ering of an entrained Ruid speed and hence, the increasing of
static pressure before shock. It should be noted that the size and
the momentum of the jet core was independent from the varia-
tion of downstream pressure.

Fig. 6 (F and A) shows that increasing the primary fluid
pressure, the Mach number of motive fluid leaving 2 pnmary
nozzle remains unchanged. This obeys the principle of super-

sonic compressible flow; the supersonic flow leaves the differ-
ent converging-diverging nozzles at the same speed when those
nozzles are modeled with the identical area ratios. However, the
mass flow through the primary nozzle and the momentum of the
flow were increased. The increasing of momentum allowed the
primary fluid to leave and further under-expand and accelerate
with larger expansion angle. This causes the diamond Aow 10
shock at a higher Mach number at the first oblique shock as
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Fig. 6. Filled contours of Mach number: Effect of primary and secondary fluid saturated pressure. (All operating points, A, F, and G, correspond to those shown in

Fig. 3.)
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Fig. 7. Siatic pressure distribution along the centerline of the steam ejector: Effect of primary and secondary Auid saturated pressure.

can be seen in Fig. 7. The increased expansion angle causes the
enlarging of a jet core, therefore, the annulus effective area is
reduced and less secondary fluid can be entrained and acceler-
ated through the steeper converging duct. However, with higher
momentum of the jet core, the shocking position moves down-
stream, and the ejector can be operated at a higher discharged
pressure.

When secondary fluid pressure is increased, it can be seen
from the Mach number contours, Fig. 6 (G and A), that the
expansion angle of under-expanded wave was influenced by an
increasing of the secondary fluid pressure. The pressurized con-
dition causes the lowering of expansion angle, thus smaller jet
core and larger effective area result. The expanded wave was
further accelerated at a lower Mach number. Therefore, mo-
mentum of the jet core was reduced. However, an enlarged
effective area aliows a larger amount of secondary fluid 1o be
entrained and passed through the converging duct. Total mo-
mentum of the mixed stream which was decreased by the jet
core is compensated by the higher secondary fluid pressure. So,

it can be concluded that the total momentum of mixed stream
becomes higher, and the shocking position moves downstream
as the secendary fluid saturated pressure rises. This cnables the
ejector Lo be operated at higher downstream pressure,

5. Effect of ejector geometries

To study the effect of ejector geometries on the performance
of the ejector, 3 interested parameters concerning the geome-
tries were (1) the primary nozzle geometries, (2) the geometries
of the mixing chamber, and (3) the geometries of the ejector’s
throat section. Te investigaie the influences of each parameter,
the ejector was modeled with the differemt pieces of compo-
nents. During the simulation, the upstream operating conditions
were fixed, i.e., poimary fluid saturated temperature of 130°C
and secondary fluid saturated temperature of 5°C. Please also
note that, the comparisons of flow structures in this section
were made when the ejectors were operated at the choke flow
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mode or at the downstream pressure of 30 mbar as shown in
Fig. 8.

From Fig. 8, point I and H, it is seen that when the ejector
is equipped with a smaller primary nozzle (I), the entrainment
ratio of the ejector can be increased. However, the ejector has
to be operated at a lower critical back pressure.

Fig. 9 shows the contours of Mach number of a steam ejec-
tor, when its primary nozzle geometry is varied. When the
ejector is equipped with a larger primary nozzle, a larger jet
core which has higher momentum is preduced. Therefore a
smaller amount of the secondary fluid is allowed to be en-
trained through the resultant smaller effective area. On the other
hand, the total momentum of the mixed stream increases and a
stronger second series of oblique shock can be induced as seen
in Fig. 10. Consequently, less compression process from the

divergent diffuser is needed, and the shocking position moves
forward closer lo the ejector exit. In conclusion, these flow
structures cause a decrease of the entrainment ratio. However,
an ejector can be operated at a higher critical back pressure.
Fig. 11 demonstraies the contours of Mach number of a
steam ejector, when its mixing chamber inlet diameter is var-
ied. The investigations are made al a downstreamn pressure of
30 mbar. Obviously, when the ejector is assembled with the
converging duct mixing type., H and K, the graphic flow vi-
svalization indicates that there is not much effect of the shear
mixing and the viscosily of the fluid on the expanded wave.
The primary jet core of the smaller entrance ejector moves
with slightly greater speed and hence higher momentum. On
the other hand, entraining the secondary fluid under a higher
effect of the shear mixing and the viscosity of the fluid on
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the expanded wave introduces the higher total pressure loss to
the mixed stream. Therefore, it is investigated that the shock-
ing position and the critical back pressure of both converging
duct mixing e¢jectors are almost unchanged. Moreover, it is seen
that the size of jet core and the effective area of both ejec-
tors are similar. Therefore, they can draw the identical amount
uf secondary fuid, and their enlrainment ratios remain the
same.

Concerning the constant-area mixing ejector, J, the flow
structures of this type of ejector are apparently different from
the converging duct mixing ejector. The effect from the mixing
chamber inlet is obvious. Less shear mixing and viscous effect
in the mixing wbe causes the expanded wave to leave the noz-
zle with a large expansion angle. A very large high speed pri-
mary jet core, and consequently a very small converging duct,
is the result. Therefore, smaller amounts of the secondary fluid
can be entrained through this converging duct, and the ejector
has less entrainment ratio. Since the flow siructures inside the
constani-area mixing ejector are quite different from those of
the converging duct mixing ejector; the position of the effective
area is moved. Thus, the comparison between the shocking po-

sitions of two different types of ejector cannot be used to predict
the trend of the critical condenser pressure.

Referring to Fig. §, point H, L and M illustrate the perfor-
mance charactenistic of a steamn ejector when its threat length
was varied, It is clear that the length of the ejector throat section
has almost no influence on the entrainment ratio of the ejector.
However, when the ejector is assembled with a longer throat
(H), the ejector can be operated at a higher cnitical back pres-
sure.

Fig. 13 illustrates the graphic flow visualization inside the
steam ejector, when the Iength of the ejector’s throat section
is vaned. It is seen Lhat the length of the ejecter throat has al-
most no influence on the flow structure inside the steam ejector.
These modeled ejectors show the identical sizes of the primary
jet core, the expansion angle and resulted in the same size of
the effective area. Therefore, the same amount of the secondary
fluid can be drawn into the ejector, and consequently the en-
trainment ratio remains constant.

One interesting point is that the shape of the second series
of oblique shock can vary with the length of ejector throat. It
is thought that better mixing between the primary jet core and
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the entrained fluid can be achieved when the longer contact
time is provided, as the gjector is fitted with a longer throat
section. The better mixing causes the smaller difference be-
tween the speed of the primary jet core and the surrounding
secondary fluid. Thus the mixed stream becomes more uniform.
The induced oblique shock is flattened and a higher compres-
sion effect across the shock wave can be achieved, as can be
seen in Fig. 14. Therefore, less compression effect from the
divergent portion of a subsonic diffuser is required, and the
shocking position moves closer to the diffuser exit. In conclu-
sion, the extended length of the throat section, plus the moving
downstream of the shocking position provide a longer distance
between the shocking position and the effective area. There-
fore, the ejector can be operated at a higher critical back pres-
sure,

However, please note that the elongation of the gjector throat
introduces the pressure loss from the interaction of the flow
with the viscous boundary layer on the ejector wall. In addi-

tion, the reduction of total pressure of the mixed stream is also
a result of the induced stronger shock wave, Even though these
losses are believed 10 be small, the accumulated losses from
a very long throat and the very strong shock can mitigate the
advantage of ejector throat length on the criuical point of an
ejector.

From the study, it is found that the location of the second
shock wave can be varied between the end of the ejector throat
and the beginning of the divergent portion of the diffuser. It
is determined by the ejector operating conditions which affect
the increase of static pressure across the shocking process, plus
that in the divergent portion of the subsonic diffuser behind the
process. Therefore, in some situation when the shocking posi-
tion is created in the subsonic diffuser, the supersonic stream is
first further accelerated, and its static pressure decreases. How-
ever, right after the first shock, its static pressure rebounds and
rises to the discharge value.
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6. Conclusion

In this paper, afier the validation of the ejector’s model was
satisfied as described in Part 1 [1], the theory describing the
flow and mixing process in the steam ejector is proposed. The
static pressure distribution, the graphic flow visnalization and
other related flow information were used to explore the changes
of flow structures and its behaviors inside the ejector conduit
which caused the variation of its performances. With help of the
CFD, the flow phenomena in the steam ejector are summarized
as follows.

¢ The CFD visualization shows that the effective area as pro-
posed by Huang [4) does exist; however, it is difficult to
locate the exact position of the effective area within the

gjcctor. In the choke flow mode, the entrainment ratios re-.

mained constant, the effective area, hence, can be estimated
at anywhere within the constant area ejector’s throat.

s Two series of oblique shocks were found in the simula-
tion. The first series was found immediately after the pri-
mary fluid stream leaves the primary nozzie and begins to
mix with the secondary fluid stream. The second series of
oblique shock was found at the beginning of the diffuser
section as a result of a nop-uniform mixed stream. A ma-
Jjor compression effect is caused by this second series of

Table 2

cblique shock. This latier shock is definitely contrary to
a single normal shock which was proposed by Keenan’s
theory [5,6]. This is probably because this study utilized
relative lower pressure of the primary fluid (boiler saturated
temperature of 120-140°C), while others used larger in-
dustrial boiler to produce the higher pressure primary fluid
(boiler saturated temperature of 160-220°C).

The influences of the studied paramelters on the performance
characteristic of a steam ejector are presented in Table 2.

From this table, it can be seen that both entrainment ratio and
critical back pressure can be varied simultaneously by adjusting
3 parameters, which are (1) the primary fluid saturated pressure,
(2) the secondary fluid saturated pressure, and (3) the primary
nozzle size. However, when adjusting the primary fluid satu-
rated pressure and primary nozzle size, the entrainment ratio
and the critical back pressure cannot be increased together. The
only adjustment which can increase both performance parame-
ters simultaneously, the most desired condition, is the increase
of the secondary fluid saturated temperature. Unfortunately, this
achiecvement comes with the sacrifice of the refrigerated tem-
perature.

The critical back pressure of a steam ejector can be increased
by using an ejector with a longer throat section. As described
previously, the elongation of the ejector throat has no influence

Effect of operating pressures and ejector’s geometries on the performance of steam ejector

Parameter Action Performance characteristic
Entrainmentratio (Rm) Critical backpressure (P)

Ejecior operating pressures

Primary fluid saturated pressure 1 4 1

Secondary fluid saturated pressure 1 t t
Ejector geometries

Primary nozzle size 1 I} +

Mixing chamber inlet diameter 1 - Unpredictable

Ejector throat Jength 1 - 1
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on its entrainment ratio; however, if the throat section is too
Iong, the loss in total pressure may mitigate its advantage on
the back pressure which the mixed stream can emit.

In conclusion, this study shows the proficiency of CFD in
predicting the performance of the ejector, both entrainment ra-
tio and critical back pressure. It also provides a good explana-
tion of the flow structure in the ejector. Using the information
obtained from the CFD leads to the development in the design
of high performance ejéctor.
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Abstract

This paper proposed a Workless-Generator-Feeding (WGF) system for a jet
refrigeration cycle, using R141b. This feeding system does not require any mechanical
power. The liquid refrigerant from the condenser was fed to the vapour generator by
means of the generator pressure and gravitational force. The system was tested and
compared with a conventional system that uses a mechanical pump. It was found that
this system was workable. The heat input to the generator was slightly higher than that
for a system using a mechanical pump. The jet refrigeration cycle employing this new
feeding system provided a slightly lower Coefficient of Performance (COP) compared
to a system using a mechanical pump. However, this new system did not require any
mechanical energy. Therefore, the jet refrigeration system employing this WGF system
is truly a heat-power refrigeration cycle.

Keywords: Refrigeration; Ejector; Jet; R141b
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tank
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specific heat capacity of the tank (0.49 k). kg™ K for stainless steel)
specific enthalpy of the vapour refrigerant at the generator exit (k] .kg™)
specific enthalpy of the liquid refrigerant at 30° C (kJ.kg™)
refrigerant mass flow rate at the generator (kg.sec™)

mass of the feeding tank (kg)

number of operating cycle per hour

saturation temperature of the generator (° C)

saturation temperature of the evaporator (° C)

saturation temperature of the condenser (° C)

volume of the feeding tank (m?)

density of the vapour refrigerant at the generator exit (kg.m™)



1. Intreduction

Most industrial processes use a significant amount of thermal energy, mostly by
burning fossil fuels in a furnace or boiler. During the process, some heat is rejected to
the surrounding area as waste, If this waste heat can be used in other processes, such as
drying of agriculfural products, geﬂerating hot steam, or producing some refrigeration
effects, more efficient energy use is the result. This promotes mitigating the problems
related to the environment, particularly by reduction of CO; emission.

A jet refrigerator is a heat-powered refrigeration cycle [1]. Unlike a conventional
refrigeration system, a vapour-compression refrigeration cycle, it is powered by low-
grade thermal energy. Figure 1 shows a schematic view of é conventional jet
refrigeration cycle. The system consists of five major components: boiler, evaporator,
condenser, ejector, and expansion valve. As heat is added to the generator, high-
pressure and high-temperature vapour is evolved and used as the pn'mafy fluid for the
¢jector. The ejector draws a low-pressure refrigerant vapour from the evaporator as its
secondary fluid and causes the liquid to evaporate at low pressure. Thus, the useful
refrigeration is produced. The ejector exhausts to the condenser where the refrigerant
vapour is liquefied at the ambient temperature. Part of the liquid accumulated in the
condenser is fed back to the generator by means of a mechanical pump, whilst the
remainder is returned to the evaporator via a throttling device. Typical performance
characteristics of the jet refrigerator are well known and have been described in many
literatures [2, 3].

Although the jet refrigerator is classiﬁed as a heat-operated refrigeration cycle,
some amount of mechanical power is still required to circulate the working fluid within

the system by means of a mechanical pump.



e

I3

BTy |

Many researches on jet rcﬁjgeration cycles with various refrigerants have been
carried out [1]. Using water as reﬁigerant in a steam jet refrigeliation cycle has some
drawbacks. The cooling temperature is limited to above 0° C. The systém must be
operated under a vacuum condition. Experimental studies [2, 3] have shown that a
steam jet refrigeration cycle requires the generator saturation temperature between

120° Cto 160° C. The system also needs to be operated at a relatively low condensing

temperature. Therefore, a water-cooled condenser is necessary. Experimental study by
Holton [4] showed that an ejector performed’ better with high molecular weight fluid.
Many attempts have been made by using various kind of halocarbon refrigerants such as
R11 [5], R12 [6], R113 [7], R123 [8], R134a [9], and R141b [10].

Pumping of halocarbon refrigerants such as R11, R123, or R141b is no easy task
with commercially available hardware. For examﬁ]e, when R141b is used as the
refrigerant, the major difference between R141b and steam-water is their heat of
vaporization. At 100° C, for water, the heat of vaporization is around 2,257 kl/kg
compared with 182.8 ki/kg for R141b. This causes the feeding rate of the generator for
a R141b system to be more than ten times greater than that of the generator for a steam-
water system.

Due to the large differential pressure across the pump, a positive displacement
type pump (gear pump, diaphragm pump, or piston pump) must be used. Both.
diaphragm pumps and piston pumps are always equipped with a check-valve at the
inlet, Which will significantly result in pressure drop in the suction-line. Since the liquid
refrigerant at the pump inlet is always in saturated condition or slightly sub-cooled, a
reduction in pressure, caused by the inlet check-valve, will cause the liquid refrigerant

to evaporate and results in cavitations problem. For a gear pump, there 1s no inlet check-



valve, therefore, the pressure drop at the inlet is minimal. However, because halocarbon
refrigerants, such as R141b, have .extremely low lubrication charactéristics, this soon
will cause the moving parts and mechanical seal to wear away. Therefore, the
commercially available pumping system for a jet refrigeration cycle using R141b is
more critical than that for a steam-water sﬁtem.

Although the power consumption of the pump is almost negligible compared
with the thermal energy required, the use of electricity for this refrigeration system is
sometimes not practical in a place where an electricity sup;.le is not available. If this
pump is eliminated, the system becomes a true heat-powered cycle and non-moving part
system. This should make -the system more reliable, vibration free, quiet, and low cost.

There were a few studies proposed about pump-free jet refrigeration cycles.
Nguyen et al. proposed a pump-free steam jet refrigeration cycle [11]. The liquid
circulating effect was achieved by means of a gravity head. The condeﬁser was located
at a level of 7 meters above the vapour-generator to induce a sufficient pressure head for
returning the lignid to the generator. The working fluid used was limited to water only.
_This system was not feasible for a low height situation. A prototype refrigerator with 7
kW of cooling capacity was constructed and tested. The experimental COP was 0.32 at

a generator temperature of 77° C, a condensing temperature of 27° C, and a cooling

temperature of 1.5° C.

A pump-free jet refrigeration cycle, by Huang et al. [12], was operated using
" R141b. This system consisted of two vapour-generators, generator A and generator B.
While generator A was operating as a vapou-r—generator, generator B was operating as a
liquid-condensate receiver, and vice versa. A prototype refrigerator with 0.75 kW

cooling capacity was constructed and tested. The experimental COP was 0.185 when



the system was operatéd 'continuously at a generatoi' temperature of 90° C, a
cc;ndcnsing temperature of 32.4° C and a cooling tem'pefature of 8.2° C. The major
disadvantage of this system was the generator needed to be cooled and heated
alternately. A large amount of extra thermal energy was needed for this process and
resulted in a lower COP compared with a conventional jet refrigerator using a
mechanical pump (COP of 0.218).

In this paper, a WGF system for a jet refrigerator using R141b is proposed and
tested. This system feeds the liquid condenséte back to the generator by means of
gravitational force and the generator pressure. With the use of this WGF system, a jet -
refrigeration system becomés almost independent from electricity and moving parts.
Thus the cost and maintenance should be reduced and, overall, the system would be

more practical and competitive.

2. Operation of a WGF system

~ Figure 2 shows a schematic view of a jet refrigeration system employing a WGF
system. The system configuration is similar to -a conventional system, except the
mechanical pump is replaced with a WGF system. This feeding systemn transfers the
condensate accumulated at the condenser to the boiler by means of gravity and the
generator pressure. Therefore, the condenser must be located above the generator. This
feeding system operates alternately between a filling phase #nd a feeding phase. This is
achieved by closing and opening of the three valves: valve A, valve B, and valve C.
During the filling phase, valve A is opened, while both valve B and valve C are

closed. This allows the liquid condensate from the condenser to flow into the feeding



tank. After a desired amount of liquid is accumulated in the feeding tank, valve A is
closed.

In the feeding phase, after valve A is closed, valve B is opened causing the
pressure in the feeding tank to nise to the value of that in the generator. Then valve C is
o.pened. This allows the liquid to feed the generator by means of gravity. This feeding
phase lasts until the féeding tank is empty (all the liquid is transferred to the boiler).
Valve C and B are then closed and the filling pbase starts. In practice, valve C can be
r;:p]aced with a check valve. This makes the system simpler since only two controlled

valves are needed (valve A and valve B).

3. Experimental refrigerator

An experimental refrigerator used in this study is shown in Figure 3. All vessels
were fabricated from stainless steel (SUS 304). The generator was designed to generate
R141b vapour up to 150°C. It was designed to be electrically heated. One set of 8 kW
(three-phases) electric heater was located at the lower end of the vessel. Power of the
heater was controlied by means of a digital thermostat. At the upper end, three baffles
were welded to the vessel to prevent liquid droplets being carried over with refrigerant
vapour. The generator was well insulated with glass-fiber-wool with aluminum-foil
backing. The level of liquid in the vessel could be observed and controlled via the
attached sight glass. The evaporator design was similar to the generator. One set of 3
kW electric heaters was used to simulate a cooling load. The evaporator was insulated
with neoprene-foam-rubber. Electrical power input to the heaters (both geherator and

evaporator) were measured using digital power analyzer. A water-cooled plate-type heat



exchanger was used as a condenser. Condensed-liquid refrigerant was collected in the
receiver tank. |

A diaphragm pump was used to circulate liquid refrigerant from the receiver
tank to the generator and evaporator. This pump was driven by a variable-speed % hp
electric motor. Thé drawback of using this diaphragm was a cavitations problem of
liquid refrigerant in the suction line due to pressure drop caused by the inlet-check-
valve of the pump. A small chiller was used to sub-cool the liquid R141b before
entering the pump in order to prevent the cavitations problem.

The ejector used was designed based on methods provided in literature [2, 3].
The pnimary nozzle had a throat diameter of 2.5 mm and was mounted on a thread shaft,
which allowed the position on the nozzle to be adjusted. The mixing chamber with a
throat diameter of 8 mm. was used. Details of the ejector are shown in Figure 4.

The experimental refrigerator was equipped with two sets of WGF system. The
use of two sets of feeding system has an advantage in that the system can be tested with
parallel or series operation;s. For parallel operation, both feeding systems are operated
ridentica]ly. The liquid refrigerant from both tanks is .fed back to the generator
simultaneously. For series operation, both feeding systems are operated sequentially.
The liquid refrigerant from each tank is fed back to the generator separately aﬂd n
parallel. However, in this study, only };aral]el operation was experimentally
investigated.

Each feeding tank was constructed from a thin wall stainless steel (SUS 304).
The size of the feeding tank was arbitrarily chosen with 7.5 cm. diameter and 45 cm.
_length. Each end of each tank was welded with a semi-spherical cap. Each tank had a

capacity of 1.65 liters and a mass of 1.5 kg. Valve A was a motor-drive 1-inch ball



valve. Valve B was a motor-drive 2-inch ball valve. Valve C was a swing-type check
valve. Eéch tank was equipped with a sight glass for easy observation. A schematic
view of the WGF system is shown in Figure 5. The system was designed to be fully
automatic controlled using a programmable timer circuit.

The use of 1-inch ball valve of valve A was so that, liquid and vapour can flow
counter-current simultaneously during the filling phase. However, during the test, it was

found that the liquid refrigerant was blocked at the valve’s orifice, by the vapour
releasing from the féeding tankl. Therefore, another valve, valve D (a motor-drive %-

inch ball valve) for the vapour flowing up to the condenser, was added to the system.
Moreover, a small plate heat exchanger was added. The purpose was to condense the
vapour releasing from the feeding tank before it entered the main condenser, thus

preventing the sudden increase in the condenser pressure.

4. Experimental results and discussion
4.1. Power input to the generétor

At first the WGF system was tested separately. The evaporator and the receiver
were isolated from the system. Electrical power consumption of the generator’s heater

was evaluated at the saturation temperature of 90° C to 120° C. The condensate
temperature was fixed at 30° C. The ejector’s primary nozzle acted as a flow regulator,

since the nozzle was always choked. The actual critical mass flow rate through the

prirnary nozzle was obtained by observing the decreasing rate in level of the liquid in

I
During the feeding phase, the feeding tank is filled with the high pressure vapour from the generator, At

the end of this phase, this high pressure vapour, trapped in the feeding tank, will release back to the
condenser during the filling phase.



the generator, via the aftached sight glass, over a finite time interval. The ideal power

input to the generator was obtained from:

Qgen—idea! = ’href(hg@rm "hf@so"c) ) ' (1)
The power input obtained from the above equation, is the minimum input required for
the generator, which does not include the unwanted heat losses. These values are
provided in Table 1.

In this study, the WGF system was tested in parallel operation only. The

generator power input was measured at various saturation temperatures and number of
. 2 . .
operating cycles (n) . The results were also compared with those for the conventional

system using a mechanical pump. Thes¢ are shown in Figure 6 and Table 2. The figure
shows that, when the WGF system was used, the generator input is around- 10 to 15%
greater than that for the system with a mechanical pump. The increase in the generator
input was thought to be the energy required to drive the WGF system. Therefore, this
system feeds liquid to the generator by using thermal energy from the generator.

During the feeding phase and for 6ne cycle of operation, the high pressure
vapour (from the generator) required to push the liquid condensate back to the generator
is equal to that filled in the feeding tank, therefore the energy required to generate this
amount of this vapour is:

(Prporar, Vet Wigar = Hrasec) @)

Moreover, temperature of the feeding tank (stainless steel) is varied between the
30° C and Tgen. During the feeding phase, the tank is heated by the high pressure

vapour from the generator. This caused some of the vapour to condense. During the

One operating cycle consists of one filling phase and one feeding phase.
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filling phase, the tank is cooled by the liquid-condensate. This heat causes the filling-
li_quid {condensate) to evaporate..This evaporated vapour is then condensed in the
c.ondenscr. Therefofe, the feeding tank is heated and cooled alternately between the
temperature of the high pressure vapour (Tge, during the feeding phase) and the
condensate temperature (30° C, during the filling phase). For one cycle, the energy
required to heat and cool the feeding tank (stainless steel) is:

Pyant Coant (Tpen —30°C) 3)

Overall, the thermal energy rate required from the high pressure vapour for the WGF

system (one feeding tank) is estimated from:

Qfeea‘ Y ant (hg@ Tow h f@30°C) + 7t Cront (I;m - 30°C)] 4

3600 Prepour @1,
This amount of thermal energy is obtained at the generator and is rejected to the
surrounding area via the condenser.

The actual thermal energy required by the WGF system was estimated as the
difference in the generator input between the system using the mechanical pump and the

system using the WGF system. These actual values are then compared with the -

‘calculated values obtained from Equation 4. These are shown in Figure 7. It can be seen

that, the tendency of both results agree quite well, however, the actual values are lower
than the calculated results from Equation 4. This can be explained by the difference
between the actual energy required to heat and cool the tank obtained in Equation 3. In
the equation, the tank temperature is assumed to be varied between the generator
temperature (at the end of the feeding phase, the tank is filled with high temperature

vapour at Tgen) and 30° C (at the end of the filling phase, the tank is filled with liquid

. condensate at 30° C). During the experiment, it was found that the tank temperature



was actually varied in a narrower range than that used in the equation. Therefore, the
actual temperatures were measu;'ed and used in the calculation. The corrected
calculation values were found to be very close to the experimental values as show in the
figures. Moreover, the WGF system was completely insulated with neoprenee-foam-
rubber; therefore, the error associated with the unwanted heat loss was minimized.

One can also note that, the operating frequency (numbers of operating cycle per
hour) also has an effect on the WGF system. Therefore, for each generator temperature
(or feeding rate), the WGF system should be adjusted to operate at its mimmum
frequency in order to minimize the thermal energy required. While the system is
operated at its minimum frcquency, for one operating cycle, the maximum amount of

liquid is fed to the generator.

4.2. Performance of the jet refrigerator

In conclusion, the complete jet refrigeration cycle was tested. The system COP

was evaluated. The COP is defined as:

cop=-2o (5)

generator
Both the conventio‘nal system using the mechanical pump and the system using the
WGF system were tested and compared. All the tests were performed to cover the
operation ranges of an ejector, constant performance curve (choked flow mode), critical

mode, and unchoked flow mode3. With a fixed geometry of ¢jector, the cooling capacity

obtained at the evaporator and the critical condenser pressure were dependent on not

3
Evidences of performance characteristic range of jet refrigerator were already provided by man;(
literatures [1, 2 and 3].



only the generator saturation temperature but also the cooling temperature. They were
independent from the feeding sy.stem used. The COP values of the experimental
refrigerator are shown in Figure 8. In all cases, COP values for the system employing
the WGF system are slightly lower than that of the conventional system using the
mechanical pump. This was due to the cx.tra therma! energy required by the WGF
system.

The utilization of a WGF system on a steam jet refrigerator was previously
reported [13]. In that paper, similar to this current study, the WGF system and the
generator was first tested separately to determine the power input required by the steam
generator. It was found that the amount of heat input was very close to that for a
conventional system using a mechanical pump. Then the steam jet refrigerator
employing this WGF system was tested. The system gave a similar COP to that from a
system using a mechanical pump. The results were quite a contrast to this current study,
due to the differences in physical properties of the working fluid used. For water, the
heat of vaporization is much greater than that of R141b as mention previously in this
paper. Therefore, for the R141b generator, a much greater liquid feeding rate per unit of
flcat mput to the generator is required. This causes the WGF system to operate at a
higher frequency, thus a greater thermal energy input is required. Therefore, for the
R141b system, heat input to the generator with the WGF system is higher than that for a

system using a mechanical pump.

5. Conclusions

In this study, a WGF system was proposed and tested with a jet refrigerator

using the refrigerant R141b. It was found that, the WGF system could replace a



mechanical pump in order to circulate liquid refrigerant to the generator. The power
consumption of the generator using this new feeding method was only 10-15% higher
than that for the conventional system using a mechanical pump. This was thought to
result from the thermal energy required for the WGF system. The energy consumed by
this system was also found to be inpreased while the number of operating frequency
Increases.

The COP of the experimental jet refrigerator with WGF system was slightly
lower than the conventional one using a mechanical pump. This WGF system gave a
lower COP because power consumption at the generator was increased according to the
extra thermal energy requifed for its operating charactenstic.

Therefore, in order to rﬁinimize the thermal energy required, this WGF system
should be adjusted to operate with its minimum frequency. Thus, the jet refrigerator
with the WGF system can be operated with little or no degradation in systemn
performance.

Another important point is that, during the test, the temperature inside the
generator fluctuated due to the lower temperature liquid feeding refrigerant. To give the
generator temperature more stability at the desired value, the operation of the feeding
tanks could be alternatively controlled to operate sequentiaily. It is expected that the
sequential operation of the two tanks could reduce the fluctuation in the generator
temperature.

In conclusion, it was proved that this novel feeding system, the Workless-
Generator-Feeding system, provides significant progress on the development of the
circulating characteristic used in jet refrigerators. It can be practically operated by

simply applied on the conventional jet refrigerator.
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Figure 2: A jet refrigeration cycle with WGF system.
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Figure 5: Schematic view of WGF system.
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Figure 7: Comparison of thermal energy used for the WGF system.
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Table 1: Critical mass flow rate and the power input for the generator.

Temperature  Pressure  Critical mass flow  Ideal power input Actual power input*

¢ O {bar-abs) {kg/min) (W) (W)
90 5.39 0.643 2834 2922
95 6.05 0.680 3029 3259

100 6.77 0.735 3336 3802

105 .56 0.800 3648 4517

110 8.40 0.880 4076 ' 5145
115 9.32 0.954 4456 5671

120 10.3i 1.060 5012 6524

*Using mechanical pump

Table 2: Power input to the generator when the WGF system was used.

n Generator temperature (° C)

{cycle/hour) 90 95 100 105 110 115 120
25 3443 3883 4522 5290 5861 6480 7404
35 3430 4050 4592 5409 5987 6679 7295

40 3523 4186 4800 5485 6240 6717 7482
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ABSTRACT
s

This paper proposed a ‘workless feeding
system’ for a steam jet refrigeration cycle that
does not require mechanical power. In this
system, the liquid from the condenser was fed
to the boiler by mean of the boiler pressure
and gravity force. This feeding system was
tested separately. It was found that the heat

input to the boiler increased slightly when

compared with a conventional system using
mechanical pump. The steam ejector
refrigerator employing this workless boiler
feeding system was also tested. It was the
shown that this system gave a similar COP to
that from a system using mechanical pump.

INTRODUCTION

A steam jet refrigerator is a heat-operated
refrigeration cycle, It can be driven by low
temperature heat energy, (100°C to 200°C)
normally wasted from many industrial
processes or cheap to produce. Although it is
classified as a heat-operated cycle, the system
still requires some amount of mechanical
power to circulate the working fluid within
the system (by mean of mechanical pump).
‘Even the power consumption of the pump is
almost negligible compared with the thermal
energy required, the use of electricity for this
heat operated system is sometime not
practical in a place where electricity supply is
not available [Chunnanond and Aphornratana,
2004; Aphornratana and Eames, 1997; Eames
et al., 1995).

*Corresponding author.

To make a steam jet become a true heat

“operated cycle, a mechanical pump must be

eliminated. In this paper, a workless boiler
feeding system is proposed and tested. This
system feeds the liquid condensate back to the
boiler by means of gravity force and .the
boiler pressure. With the use of this new
circulating  system, a steam ¢jector
refrigerator  almost  independent  from
electricity and moving part. Thus the cost and
maintenance should be reduced. In overall,
the system becomes more practical and
competitive.

Even though there was a study proposed
about the workless feeding system by using
gravity head for circulating water [Nguyen et
al., 2001]. But the gravity head circulating
water system required a large number of
pressure head for its operation, which is not
feasible for a low height situation. According
to this disadvantage, the use of workless
boiler feeding system sounds practical and
simple to construct compared to the use of
gravity head system.

In this paper a ‘workless boiler feeding
system’ was designed. It was tested separately
to determine the power input required by the
boiler. It was found that heat input was
slightly increased when compared with a
conventional systemn using mechanical pump.
Moreover, the steam ejector refrigerator
employing this workless feeding system was
also tested. It was shown-that this system gave
a similar COP to that from a system using
mechanical pump.
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OPERATION OF A STEAM EJECTOR
REFRIGERATOR

Figure la shows a schematic view of a
conventional steam jet refrigerator. The
system consists of five major components,
boiler, evaporator, condenser, ejector, and
valve. As heat is added to the boiler, the high
pressure and temperature steam is evolved
and used as the primary fluid for the ejector.
The ejector draws low pressure refrigerant
from the evaporator as its secondary fluid and
cause the liquid to evaporate at low pressure.
Thus, the useful refrigeration is produced.
The -ejector exhausts to the condenser where
the water vapour is liquefied at the ambient
temperature. Part of the liquid accumulated in
the condenser is fed back to the boiler by
mean of a mechanical pump whilst the
remainder is returned back to the evaporator
via a throttling device. It can be seen that, the
mechanical pump is the only moving part in
the system. If this pump is eliminated, the
system becomes a true heat-operated cycle
and non-moving part system. This should
make the system more reliable, vibration free,
quiet, and low cost.

Figure 1b shows a schematic view of a pump-
free steam ejector refrigerator. The system
configuration is similar to a conventional
system except the mechanical pump is
replaced with a workless boiler feeding
system. This feeding system transfers the
condensate accumulated at the condenser to
the boiler by mean of gravity and boiler

. condenser
ejector
f—
cvaporator %
0.2 ©
[-]
boiler
10 (1]
=)
Mechanical purnp

a) Conventional system

pressure. - Therefore, the condenser must
locate above the boiler. This feeding system
operates alternately between filling phase and
emptying phase. This is achieved by closing
and opening of the three valves, valve A valve
B, and valve C.

The filling phase, valve A is opened while
both valve B and valve C are closed. This
allows the liquid condensate from the
condenser to fill the feeding tank. After a
desired amount of liquid is accumulated in the
feeding tank, valve A is closed.

The emptying phase, after valve A is closed,
valve B is opened causing the pressure in the
feeding tank to rise to the value of that in the
boiler. Then valve C is opened. This allowed
the liquid to feed the boiler by mean of
gravity. This emptying phase last until the
feeding tank is empty (all the liquid is
transferred to the boiler). Valve C and B are
then closed and the filling phase starts.

In practice valve C can be repiaced with a
check valve. This makes the system simpler
since only two control valves are needed
(valve A and valve B)

Actually, a similar idea, known as a ‘transfer-
tank’, was applied to an absorption
refrigeration cycle, [Karthikeyen et al., 1994].
However, their system was more complicate
than this boiler feeding system discussed in
this paper.

o Valve A
Tl vawe B,‘m
L Ia o . Valve C
| oo
o O

Workless circulating system

b) Pumpless system

Figure 1: Steam jet refrigeration cycle.
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EXPERIMENTAL
REFRIGERATOR

The experimental refrigerator used in
this study was modified from the one
used in the previous study
[Chunnanond and  Aphornratana,
2004]. A workless boiler feeding
system was added as shown in Figure
2. 1t was designed so that it could be
operated as a conventional system
(using mechanical pump) or a pump-
free system (using workless boiler
feeding system). Therefore,
performance of these two systems
could be compared.

In this system, electric heaters were
used as a simulated heat source and
cooling load. The maximum heating
capacity of the boiler was 7 kW. The
evaporator design was based on a
spray and falling film column. A 3 kW
heater was used to simulate the cooling
load. Power of the heaters couid be
controlled by mean of -electronic
devices. A shell and coil condenser
was used, cooled by water. Two
mechanical pumps were used. A
pneumatic operated diaphragm pump

ejector

‘was used as a boiler feed pump. A

magnetically coupled centrifugal pump
was used to promote evaporation rate
at the evaporator. The primary nozzle
of the ejector had a throat diameter of
2 mm. The mixing chamber throat was
19 mm. More detail of the ejector was
provided:  in the literature,
[Chunnanond and  Aphornratana,
2004]. Liguid levels in the boiler and
in the evaporator were control using
capacitive type level sensors.

‘Figure 3a shows a photograph of an

experimental steam ejector refrigerator
with workless boiler feeding system.
As shown in Figure 3b, the feeding
tank was constructed from a thin wall
stainless steel tube with 3-inch
diameter and 30-cm long. Each end

‘was welded with a semi-spherical cap.

Vaive A was a motor-drive 0.5-inch
ball valve. Valve B was an on-off
solenoid valve. Valve C was a swing-
type check valve. The level censor was
a capacitive-type. A sight glass was
also used for easy observation. The
system was designed to be fully
automatically control using the
programmable timer circuit.

cooling water .
valve control unit

feeding system

valve C

{eed pump

s .
Electric heater
‘D Pressure ransducer

—=~-- Liguid level sensor

—=t Type K thermocouple

Figure 2: Schematic view of the experimental refrigerator
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a). A steam ejector refrigerator with
workless boiler feeding system

b). Workless boiler feeding system

Figure 3: An experimental steam ejector refrigerator with workless boiler feeding
system

EXPERIMENTAL RESULT AND
DISCUSSION

At first the workless boiler feeding
system was tested. During the test, the
evaporator and the receiver were
isolated from the system. The power
consumption of the boiler heater was
evaluated at saturation temperatures
from 110°C to 140°C. The condensate

temperature was fixed at 25°C. The
ejector’s primary nozzle was acted as a
steam flow regulator. As the primary
nozzle of the ejector was always
choked, the steam mass flow was
constant for each boiler temperature.
The results were compared with those
obtained from a system using a
mechanical feed pump as shown in
Table 1.

Table 1: Power consumption of boiler at saturation temperature 110°C to 140°C

Power
Temperature | Mass flow rate| Consumption (W)
(°C) (kg/min) A B
110 0.0436 2,282 | 2,350
120 0.0576 3,020 | 3,090
130 0.0761 3,850 | 4,000
140 0.0990 4,990 | 5,100

{A) System using a mechanical feeding system.

(B) System using a workless feeding pump.
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Figure 4: The performance characteristic of the experimental refrigerator at fixed
boiler temperature 120°C and evaporator temperature at 5°C

The experimental refrigerator was then
tested with a mechanical feeding pump
and with a workless feeding system.
The result was compared and shown in
Figure 4. It can be seen that both
systems produced very similar COP.
Thus, it can be concluded that, a
workless boiler feeding system can be
replaced a mechanical without any
degradation in system performance.

CONCLUSION

In this paper, a workless boiler feeding
system was proposed. This workless
boiler feeding steam was tested under
various boiler saturation temperatures.
The result shows that it can be used
with a steam ejector refrigerator
without any degradation in system
performance compared with a system
employing a conventional mechanical
boiler feed pump. The use of this
workless boiler feeding stem would
mark a steam ejector refrigerator
become a true heat powered
refrigeration cycle.
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