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• Conventional compression-refrigeration systems not only consume a large 
amount of electric power, but also cause serious environmental pollution. 
Among the various possible approaches in overcoming these two problems, 
a steam-ejector refrigeration system is believed to be most effective. This 
paper experimentally investigates the controlling parameters of a steam 
ejector, including operating conditions and the exit Mach number of the 
primary nozzle. Operation maps useful to the practical design are con- 
structed from experimental results, and the empirical equations are corre- 
spondingly derived. Excessively increasing the exit Mach number of pri- 
mary nozzle is unnecessary, and 4.35 should be a moderate value. With 
regard to the performance characteristics of the ejector itself, a steam 
ejector is better than an Rl14 ejector and is comparable to an Rl13 
ejector. Moreover, with the use of a two-stage ejector, the required pres- 
sure to drive a steam ejector is reduced, and the low-grade heat source can 
be efficiently used. The results of primitive observation of the flow field are 
also discussed in this work. © Elsevier Science Inc., 1997 
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I N T R O D U C T I O N  

Currently, compression-refrigeration cycles are used 
mostly in air conditioners owing to their compactness and 
efficiency. However, the compressor is a large power-con- 
suming compartment.  In residential or office buildings, 
the compressor often places a heavy load on the electricity 
supply, especially in the summer. Therefore, greater em- 
phasis must be placed on the research and development of 
nonmechanical refrigeration systems in which geothermal, 
solar, or waste heat can be used as the driving heat 
source. 

Generally, the absorption machine is classified as the 
first type of nonmechanical refrigeration system. However, 
the initial investment in such a cycle is too high, and its 
maintenance is a rather specialized task, so its economic 
feasibility is limited. The ejector refrigeration cycle is 
classified as the second type. Zeren et al. [1] considered 
the commercial potential of  the solar-driven ejector cycle 
with R12 as the refrigerant. They concluded that the 
efficiency of  such a system depended mainly on the avail- 
ability of  a free solar heat source. Chen and Hsu [2] 
conducted a theoretical analysis of  an ejector-compression 
heat pump cycle with R l l  as the refrigerant. The esti- 
mated coefficients of performance are about 0.3 at practi- 

cal operating conditions for air conditioning. Sokolov and 
Hershgal [3-6] undertook a series of work that experi- 
mentally and theoretically investigated the operation per- 
formance of Freon (Rll4)-ejector  refrigeration systems. 
They used a booster and a two-stage ejector with an 
intercooler to enhance the system efficiency. In the re- 
search of Chen [7], the solar-driven ejector refrigeration 
system with Rl13 or R l14  as the refrigerant was consid- 
ered. In addition to the experimental study, they used the 
MacCormack TVD scheme to numerically calculate the 
flow field of ejector. However, there were still some dis- 
crepancies between the results of experiment and numeri- 
cal analysis. 

In addition to the problem of electricity supply, the use 
of  refr igerants--mainly F reon- - i s  another considerable 
problem in the operation of refrigeration systems. Chlo- 
roflurocarbon (CFC) refrigerants, such as R l l ,  R12, Rl13, 
and Rl14,  have been found to be seriously harmful to the 
ozone layer, and their uses are now restricted. Accord- 
ingly, the ejector refrigeration system with steam as refrig- 
erant would be an attractive alternative for overcoming 
the two aforementioned problems. 

The steam-ejector refrigeration system has many out- 
standing advantages, including simplicity, freedom from 
vibration, high reliability, and low operation and mainte- 
nance costs [8]. Therefore, it is used in a variety of  
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applications, such as the freeze-drying process of preserv- 
ing food, the crystallization of chemicals, and air condi- 
tioning. As illustrated in Fig. 1, an ejector refrigeration 
cycle basically consists of two subcycles: one is the power 
subcycle (1)-(2)-(3)-(4)-(5)-(1) and the other is the refriger- 
ation subcycle (3)-(4)-(5)-(6)-(3). The pump is the only 
system compartment containing moving parts. It differs 
from the conventional Rankine refrigeration cycle in which 
the mechanical compressor is replaced by an ejector. The 
high-pressure vapor (2) provided by the generator is al- 
lowed to expand through a (typically converging-diverging) 
nozzle in the ejector. The low pressure produced by this 
expansion causes suction of vapor from the evaporator (3). 
The two streams mix in the ejector and then enter the 
diffuser part where the kinetic energy is converted back 
into an enthalpy increase. The resultant stream (4) leaving 
the ejector is condensed by a condenser. 
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Figure I. Schematic view of ejector refrigeration cycle. 
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The steam ejector was first used by LeBlanc and Par- 
sons [8]. Many papers investigating the ejector characteris- 
tics have been published, most of which have concerned 
analysis of air-to-air [9-11], steam-to-air [12, 13], or other 
combinations [14, 15]. Through the efforts of these re- 
searchers, we have a better understanding of ejectors. 
However, the applicability to steam-to-steam ejectors 
seems to be questionable. Furthermore, the very compli- 
cated flow structure inherent in the supersonic steam 
ejector makes it difficult to precisely predict the ejector 
behavior by means of simplified theoretical analysis. 
Moreover, although ejector manufacturers possess much 
valuable experimental data, they are understandably re- 
luctant to publish this data. 

To experimentally investigate the performance charac- 
teristics of the steam-ejector refrigeration cycle, a rela- 
tively small scale system was built and tested at various 
operating conditions--namely, primary-flow pressures, 
secondary-flow pressures, and back pressures of the ejec- 
tor. The effects, including the exit Mach number of the 
primary nozzle and the two-stage ejector, also are dis- 
cussed. In addition, a transparent ejector was designed to 
primitively observe the flow field and, for future work, 
examine the flow structure by using the holographic inter- 
ferometry method. 

EXPERIMENTS 

A p p a r a t u s  

A schematic representation of the experimental setup is 
shown in Fig. 2. The apparatus consists mainly of a steam 
generator, a superheater, an ejector, an evaporator, a 
condenser, a water receiver, a liquid pump, and measuring 
devices. The steam generator is equipped with a 12-kW 
heating element and a safety valve. A SCR controller is 
used to control the temperature to within +0.1°C. A 
vapor-liquid separator was installed between the genera- 
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Figure 2. Schematic description of experimental 
setup: (1) generator; (2) superheater; (3) ejector; 
(4) evaporator; (5) condenser; (6) water receiver; 
(7) liquid pump. 
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Figure 3. Configuration and dimen- 
sions of ejector; (1) primary nozzle; 
(2) mixing section; (3) constant area 
section; (4) diffuser section. 

tor and superheater. The high pressure vapor leaving the 
superheater is about 1-2°C of superheat. The evaporator 
is equipped with a 6-kW heater controlled by a SCR 
controller to within + 0.1°C. The exit mixture vapor from 
the ejector is condensed in a shell-and-tube condenser 
having a 2.0-m 2 heat transfer area. The cooling water 
used in the condenser is provided by a 5-ton refrigeration 
capacity chiller. A PID controller is used to control the 
condensing temperatures to within ___0.2°C, thus adjusting 
the back pressures of the ejector. Figure 3 shows the 
configuration of the ejector used, which is the most impor- 
tant compartment of the system. The corresponding geo- 
metric dimensions also are listed in Fig. 3. According to 
the work of Huang [16], the location of the primary nozzle 
significantly affects system performances, and the opti- 
mum position of the primary nozzle exit is at the entrance 
plane of the mixing section. In the present work, three 
sizes were designed for testing [13]. If isentropic and 
one-dimensional flow is assumed, the exit Mach numbers 
of the primary nozzle are 2.70, 4.35, and 5.0 for ejectors 1, 
2, and 3, respectively. In addition, the wall pressures of 
the ejector were measured by six pressure sensors 80, 115, 
170, 195, 230, and 265 mm from the inlet of the mixing 
section. 

The sheath thermocouples were installed in the desired 
locations (T1-T9) for temperature measurement. Calibra- 
tion of the thermocouples indicates the accuracy to within 
_0.1°C. Variable capacitance-type pressure transducers 
(P6, P7) were installed in the inlet of the secondary flow 
and the exit of the ejector to measure their absolute 
vacuum pressures. The accuracy of such a sensor is 
+0.25% of the full scale (100 torr). The inlet pressure of 
the ejector was measured by a strain-gauge pressure trans- 
ducer (P5) whose accuracy is +0.1% of the full scale (10 
kgf/cm2). Solid-state pressure sensors were used to mea- 

E j e c t o r  1 

dr1 5.8 

dr2 17.8 

dx 12.5 

E j e c t o r  2 E j e c t o r  3 

2.0 1.4 

17.8 1 7 8  

9.3 8.7 

unit  : mrn 

sure the wall pressures with an accuracy of about +1.0 
torr. The primary flow rate was measured by a differential 
pressure-type flow meter that uses the theory of the 
conservation of energy in a fluid flowing through a pipe of 
specific design. After calibration the accuracy of this flow 
meter is +1.0% of the reading value. Considering the low 
absolute pressure of the secondary vapor flow, we did not 
try to measure its flow rate directly. Instead, a marked 
glass tube of 25.4-mm i.d. and 300-mm length was in- 
stalled under the condenser to collect the mixture water 
flow leaving the condenser. The time period for the liquid 
level to reach the bottom and top marks of the glass tube 
was measured by a digital timer. Then the mixture flow 
rate can be simply calculated by dividing the time period 
into the known volume between the two marks. Accord- 
ingly, the secondary mass flow rate was obtained by sub- 
tracting the primary mass flow rate from the mixture mass 
flow rate. 

Experimental  Procedure 

The experimental system is first evacuated by a vacuum 
pump until its pressure is equal to the saturation pressure 
corresponding to the water temperatures at the generator 
and evaporator. The tap water in the generator is then 
heated to generate the driving high-pressure vapor. Be- 
fore the SCR-controlled heater of the evaporator is turned 
on, the tap water in the evaporator is initially cooled to 
the required temperature by a 2-ton refrigeration capacity 
chiller. The high-pressure vapor (primary flow) enters the 
primary nozzle of the ejector and induces the low-pressure 
vapor (secondary flow) from the evaporator. The mixture 
vapor formed is condensed in the condenser and flows 
down into the water receiver by gravity. When the steady- 
state condition is reached (after about 10 rain), the corre- 
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sponding flow rate, temperatures, and pressures are 
recorded. At this point, valves V7 and V9 are closed and 
valve V6 is opened to measure the mixture flow rate 
several times, as described in the preceding section. 

The batch-type experimental system is designed to run 
at least 1 h. After one experiment has been conducted, 
valves V12-V14 are opened and the others are closed. 
The water in the receiver is then pumped back to the 
generator and evaporator to restart another experiment. 

Experimental  Uncertainty 

Uncertainties in three diameters of the ejector, dtl  , dt2 , 
and dx, are less than _+5.0%. A detailed error analysis 
based on the inaccuracies in the measurement of temper- 
ature, volume between two marks of the glass tube, and 
the time period shows the maximum uncertainty in the 
calculated value of the mixture mass flow rate to be 
_+ 3.7%. From the error in the measurement of the mix- 
ture mass flow rate and the primary mass flow rate, the 
uncertainties in the secondary mass flow rate and the 
entrainment ratio are determined to be _+5.0% and 
+6.2%, respectively. 

RESULTS AND DISCUSSION 

The coefficient of performance (COP) of a refrigeration 
cycle is defined as the ratio between the generated refrig- 
eration and the energy input into the cycle. Let Qe and Qg 
be the heat-exchange rates in the evaporator and genera- 
tor. Let Wme c be mechanical power required by the cycle 
(by the pump). The COP of the ejector refrigeration cycle 
is then defined as 

COP = Qe/(Qg + Wmcc) 

= m s × A h e / ( m  p X A h g  + W m e c )  

(1) 

Here ,  Ah e and Ahg are enthalpy differences in the evapo- 
rator and generator, and m s and mp are the mass flow 

rates of the secondary vapor and primary vapor, respec- 
tively. In the ejector refrigeration cycle, Wm~ can be 
neglected compared with the energy required in the gen- 
erator. The entrainment ratio to of the ejector is defined 
a s  

tn = m s / m  p. (2) 

Accordingly, the COP of the cycle can be rearranged as 

COP = to × (Ahc /Ahg) .  (3) 

Therefore, the entrainment ratio is an important parame- 
ter in the evaluation of the performance characteristics of 
ejector refrigeration cycles. 

The present study relates to the following parameters: 
(1) the primary-flow pressure, Pp; (2) the secondary-flow 
pressure, Ps; (3) the back pressure of the ejector, Pb; and 
(4) the exit Mach number of the primary nozzle, Ma. The 
range of parameters covered during experimentation are 
given in Table 1. 

Effect of Back Pressure of Ejector 

Figure 4a shows how the entrainment ratio to varies with 
the back pressure of the ejector, Pb. The exit Mach 
number, Ma, is 4.35 and the primary-flow pressure, Pp, is 
1.98 bar. The secondary-flow pressure, Ps, is 9.8 torr (the 
corresponding saturation temperature T~ = 11.0°C), which 

Table 1. Range of Experimental Parameters 

Pp P~ Oorr) Pb (tort) 

Ejector 1 89.3, 116.0, 146.8 7.5,9.8, 13.6 10.0-50.0 
(Ma = 2.70) 186.3 torr 

Ejector 2 1.16, 1.53, 1.98, 9.8, 14.5, 17.6 10.0-50.0 
(Ma = 4.35) 2.70 bar 

Ejector 3 4.23, 4.89, 5.46, 9.2, 12.5, 17.6 10.0-50.0 
(Ma = 5.00) 6.10 bar 
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Figure 4. (a) Effect of back pressure of ejector. (b) Distribution of wall pressure along axial direction. 
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is almost the same as that of the evaporator. As shown in 
Fig. 4, the secondary vapor flow begins to be entrained by 
the ejector when the back pressure is brought down to 
about 32 torr. The entrainment ratio increases first, with a 
decrease of the back pressure in the range of about 
29.3-32.0 torr, and then oJ remains virtually constant. 
These two limited values are respectively termed the 
critical back pressure, Pg', and the critical entrainment 
ratio, ~o*, as shown in Fig. 4a. 

Figure 4b presents the variations in the ejector wall 
pressure along the axial direction. At Pb = 17.1 torr, 
there is an obvious wall pressure jump between measure- 
ment points 5 and 6, and the corresponding entrainment 
ratio is said to be oJ*. It seems to be implied that the 
resultant flow proceeds at sonic speed in the constant area 
section, and an oblique shock appears in the diffuser 
section that causes a sudden pressure increase. As the 
back pressure increases to 27.2 torr (slightly smaller than 
P~'), the wall pressure jump moves upstream to between 
the measurement points 3 and 4. In addition, the pres- 
sures in front of the jumps do not change with the back 
pressures. These two limited cases represent the choking 
condition associated with the entrained flow rate of the 
secondary flow from the evaporator not being affected by 
the back pressure. When the back pressure further in- 
creases to 30.1 torr, exceeding P~, the oblique shock is 
pushed to pass through the constant area section. As a 
result, the constant area section is not in the choking 
condition, and the entrainment ratio has begun to de- 
crease below oJ*. Therefore, P~ would be the critical 
value at which an oblique shock occurs right at the en- 
trance plane of the diffuser section• Below this value, the 
choking (sonic) condition is attained at the constant area 
section and the entrainment ratio would become indepen- 
dent on the back pressure• In other words, P~" is the 

maximum back pressure needed to obtain a critical (sta- 
ble) entrainment ratio to*. 

Effect of the Pressure of Primary Flow 

Figure 5 plots the entrainment ratio against the back 
pressure of the ejector for four tested primary-flow pres- 
sures, Pp. The exit Mach number, Ma, is 4.35 and the 
secondary-flow pressure, Ps, remains constant at 9.8 torr. 
The variations of ~o with Pb for these four values of Pp 
are similar, as described in the preceding section. Let Px 
be the discharged pressure of the primary nozzle. For a 
given supersonic primary nozzle, the pressure ratio Px/Pp 
will remain almost constant such that an increase in Pp 
will cause a subsequent increase of Px, resulting in a 
decrease of the pressure difference Ps - Px. Obviously, a 
lower Ps - Px would yield a less-entrained flow rate from 
the evaporator. Therefore, ~o* would decrease as the 
primary-flow pressure increases. On the other hand, a 
larger P_ would push the oblique shock wave occurring in 

• 1 J 

the diffuser section more downstream, thus increasing the 
shock intensity. Consequently, the critical back pressure is 
increased by increasing Po, which would be useful for the 
condenser operation in the refrigeration cycles. 

Effect of Pressure of Secondary Flow 

The pressure of secondary vapor flow, Ps, is another 
controlling parameter for the ejector performance. Figure 
6 presents the entrainment ratio as a function of the back 
pressure at three values of Ps for a given P = 1.98 bar. p 
The variations of to with Pb for the three tested values of 
Ps are qualitatively similar to the curves depicted in Fig. 5; 
that is, a sharp decrease in the ejector entrained rate 
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4 5  

Figure 6. Effect of pressure of secondary flow. 

when Pb exceeds the critical back pressure• An increase 
in Ps would always cause an increase in the driving 
pressure difference P~ - Px for the given Pp and Ma and 
thereby increases the entrainment ratio• Furthermore, 
increasing the secondary-flow pressure would increase the 
critical back pressure for a reason similar to that de- 
scribed in the preceding section. Although a larger sec- 
ondary-flow pressure has the advantages of increasing 
both to* and P~', the increase in Ps is limited by the 
saturation water temperature for the practical use of a 
refrigeration system• 

D i s c u s s i o n  a n d  Comparison of Performance 
Characteristics of an Ejector 

The back pressure of the ejector is nearly the same as that 
of the condenser, provided that the pipe length between 
the ejector and condenser is short enough. The condenser 
pressure and its corresponding saturation temperature are 
determined by the cooling-water temperature required for 
cooling purposes. In other words, the back pressure of the 
ejector is directly controlled by the cooling-water temper- 
ature. Usually, the cooling-water temperature should be 
less than the saturation temperature of vapor entering the 
condenser at the condenser pressure by at least 5°C. This 
is normally limited by the water available for cooling. On 
the basis of this consideration, the critical back pressure, 
P~', determined previously is an important value for prac- 
tical operation• 

Figure 7 plots the variations of P~' with the correspond- 
ing critical entrainment ratio to* at different operation 
conditions--say, Ps and P~. The solid lines (1-4 and a -d)  

• ~ . . . 

represent the cases in which the ejector is running at a 
given value of Pp for different P~, and the dashed lines 

(5-7 and e-g)  represent those at a given value of Ps for 
different Pp. The constructed maps can be viewed as the 
operation maps for the ejectors tested here• As shown in 
Fig. 7, the extent of the effect of P_ on P~' is larger than 
that of Ps on P~'; however, the effec~ts of Pp and Ps on to* 
are similar. A comparison of operation maps obtained for 
different Ma reveals that the critical entrainment ratios 
for Ma = 4•35 are always larger than that for Ma = 2•70 
at a given critical back pressure. In other words, the 
ejector operat ing at a higher Ma has the better perfor- 
mance characteristics. However, to what extent should the 
exit Mach number be increased? As shown in Fig. 8, the 
effect of increasing Ma from 2.70 to 4•35 on the critical 
entrainment ratio is more pronounced than that of in- 
creasing Ma from 4•35 to 5.0. For a given critical compres- 
sion ratio, such as P~/Ps  = 3•2, the critical entrainment 
ratios are 0•15, 0.35, and 0.40 for Ma = 2.7, 4•35, and 5•0, 
respectively. Although to* is slightly increased by increas- 
ing Ma from 4•35 and 5.0, the required Po is greatly 
increased by about three times• The higher driving pres- 
sure means higher initial and running costs for ejector 
operation. Therefore, it seems to be unnecessary to exces- 
sively increase the exit Mach number, 4•35 should be a 
moderate value for practical operation of a steam ejector• 

From a summary of experiment results, the following 
empirical equations are derived by the power regression 
method in the current experimental ranges: 

1. Ma = 5.0 

Pp/Ps = 125 .5 (P~/P  s) - 26•80, 150 < Pp/Ps < 500, 

(4) 
, 2 

to* = 4.806 - 3.858(P~/es) + 1.15o(Pb/Ps) 
(s) 

, 3 

- O.117(eb/Ps)  
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Figure 7. Variation of critical entrainment ratio 
with critical back pressure for different operating 
conditions. 

2. Ma = 4.35 

Pp/P~ = 60.13( P~ / P  s) - 23.09, 
(6) 

50 < Pp/P~ < 250, 

o~* = 3 . 0 1 8  - 2.206(P~/Ps) + 0.640(P~/Ps): 
( 7 )  

- O.066(P~/p~) 3 

3. Ma = 2.70 

ep/P~ = 8.652(e~/e~) - 3.671, 5 < Pp/Ps < 25, (8) 

to*  = 0 . 7 5 5  - 0.27l(W,/es) + o.029(W,/Ps): 
(9) 

, 3 
- 0 . 0 0 1 ( e  b / P ~ )  

The standard deviations of Eqs. (4)-(9) are 8.5%, 7.1%, 
6.3%, 7.3%, 7.4%, and 6.8%, respectively. For the given 
primary-flow pressure and secondary-flow pressure, the 
critical (maximum) back pressure of  the ejector required 
for stable operation can be calculated by Eq. (4), (6), or 
(8), and then the corresponding critical entrainment ratio 
can be calculated by Eq. (5), (7), or (9). 

Figure 8 also gives comparisons of  performance curves 
for different refr igerants--namely,  steam, R113, and R114. 
The experimental conditions are Pp = 2.4-4.1 bar (Tp = 
77-97°C) and Ma = 2.3, for Rl13,  and Pp = 9.3-13.6 bar 
(Tp = 80-98°C) and Ma = 2.2, for R l14  [7, 17]. The per- 
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I I l l l l l l l l l l l l l l l  

\ 

i i i i  I l l l  ~ I i i i i  J l l l t l J  J i I  l l l a l l i l  I i 

lO 15 20 25 30 35 40 45 

C r i t i c a l  b a c k  p r e s s u r e  P~* ( t o r r )  

formance for Rl13  and Rl14  are better than that of  
steam in this condition. However, with the help of increas- 
ing Ma to 4.35 or 5.0 (corresponding to higher primary- 
flow pressures), the performance for the steam ejector is 
better than that of R l14  and is comparable to that of 
Rl13. When the critical compression ratio P~/Ps  exceeds 
about 3.3, the performance for the steam ejector with 
Ma = 5.0 is even better than that of Rl13. For a Freon 
ejector, increasing to* with Ma is limited by practical 
design considerations for the endurable pressure of pres- 
sure vessels. It should also be noted that the required 
condenser temperature for a given P~/Ps  is lower for the 
steam ejector than for the Freon ejector, which means 
that a more efficient and larger condenser should be 
considered in the steam-ejector refrigeration system. 

Two-Stage Ejector  

The primary-flow pressures required to drive the ejector 
of  Ma = 2.70 are relatively low at 80-200 torr, with the 
corresponding saturation temperatures at about 47-67°C. 
This indicates the potential use of  low-grade heat, such as 
solar energy or waste heat from industrial plants. How- 
ever, its available critical back pressures are still too low 
for the efficient operation of  the condenser, particularly in 
summer. For example, for Pp = 200 torr and Ps = 10 torr, 
the available P~ is only 27.4 torr, corresponding to the 
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saturation temperature of 27.5°C. To overcome this prob- 
lem, a two-stage ejector was considered, and its configu- 
ration is presented in Fig. 9a. For a two-stage ejector, 
after a suitable intermediate pressure, Pi, is chosen, each 
stage can be treated independently [14]. Therefore, the 
performance of a two-stage ejector can be evaluated from 
the experimental results of single-stage ejectors obtained 
previously. The total critical entrainment ratio of a two- 
stage ejector, to*, is defined as 

tot* = m s / ( m p A  + mpa)  
(io) 

= toT," t o ~ / ( ]  + to~, + to~) ,  

where to~', and to~ are the critical entrainment ratios for 
ejector A (first stage) and ejector B (second stage), defined 
as 

to~ = m s / m p s  , (11) 

to~ = (ms + m p A ) / m p a .  (12) 

Entrainment ratio to~', can be calculated from Eq. (5), (7), 
or (9) by substituting Pi for P{, P~ being the given 
secondary-flow pressure. On the other hand, to~ is calcu- 
lated by substituting Pi for Ps, and P~ being the given 
critical back pressure. 

The evaluation results for two combinations are shown 
in Fig. 9b. For one combination (case 1), Ma is 2.70 for 
the first-stage ejector and 4.35 for the second-stage ejec- 
tor. In the other (case 2), Ma for both stages is 2.70. The 
secondary-flow pressure, P~, and critical back pressure, 
P~, are held constant at 9.8 and 37.8 torr, respectively. 
Generally, the intermediate pressure is chosen to be be- 
tween Ps and P~. Therefore, compared with those of a 
single-stage ejector, the back pressure for the stable oper- 
ation for the first-stage ejector is consequently decreased 

from P~' to e l ,  and the entrainment ratio of the second- 
stage ejector is increased because its secondary-flow pres- 
sure has been increased from Ps to Pi- As shown in Fig. 
9b, the total critical entrainment ratio of case 1 is much 
larger than that of case 2. The performance of case 1 is 
more sensitive to Pi than that of case 2, and an optimum 
Pi of about 20 torr exists for both cases. 

With the use of the two-stage ejector, the required 
critical back pressure is increased and the low-grade heat 
can be practically used to drive ejectors (for case 2), 
although the total critical entrainment ratio is relatively 
low. At least, it can be used to enhance the entrainment 
ratio of the second-stage ejector (for case 1). This would 
be of considerable economic benefit, provided that the 
low-grade heat could be obtained inexpensively or even at 
no cost. 

Description of Flow Structure 

Further improvement of the ejector efficiency requires a 
greater understanding of its flow structure. Optical obser- 
vation and measurement are thought to be the best meth- 
ods for this purpose. Figure 10a shows a typical holo- 
graphic interferogram of the ejector [18]. This picture 
would be a good indication of the flow field of a steam 
ejector, although it was obtained for an air ejector. As 
shown in Fig. 10, a diamond-like wave pattern is gener- 
ated at the exit of the supersonic primary nozzle, because 
the exit pressure, Px, is smaller than the secondary-flow 
pressure, Ps. An oblique shock appears again in the dif- 
fuser section owing to a choking condition at the constant 
area section. This behavior is consistent with the present 
measurements of the wall pressures in a steam ejector, as 
shown in Fig. 4a. Figure 10b is a schematic description of 
the flow structure together with that observed in a steam 
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Figure 10. (a) Holographic interferogram .of supersonic air- 
ejector [18]. (b) Schematic description of flow structure of 
ejector. 

ejector in the present work. Water droplets repeatedly 
appear in the mixing section. The motion of these droplets 
implies that a circulating flow exists in the edge region, 
which seems to arise from the large velocity difference 
between the primary flow and the secondary flow. In 
addition, some smaller mists are retained at both the 
mixing section and the constant area section, but most of 
them are reevaporated and almost do not appear in the 
diffuser section. These condensed droplets and mists can- 
not be eliminated by increasing the superheat of primary- 
flow vapor even by as much as 10°C. The phenomenon of 
phase change (condensation) is more apparent with M a  = 

4.35 than with M a  = 2.70, which can be attributed, at 
least partly, to the fact that a higher exit Mach number 
yields a smaller exit temperature at the primary nozzle. 

Considering this observation, it may be necessary to 
reconsider the validity of the usual assumptions made in 
the theoretical analysis, including that the flow is one- 
dimensional or even axisymmeric, that the behavior of the 
fluid is like that of an ideal gas, and that the phase change 
due to heat interaction is not considered. However, such 
reconsideration would greatly increase the difficulties of 



Steam-Ejector Refrigeration System 393 

theoretical or numerical methods. Accordingly, in future 
work, we would like to further investigate the complicated 
flow structure of  a supersonic steam ejector by holo- 
graphic interferometry. 

P R A C T I C A L  S I G N I F I C A N C E  

Not only can the experimental results help to understand 
the performance characteristics of  a steam ejector, but the 
corresponding operation maps (Figs. 7 -8)  and empirical 
equations [Eqs. (4)-(9)] are useful for the practical design 
of  steam-ejector refrigeration systems. For example, if 
Ps = 12 torr, P~' = 36 torr, and Ma = 4.35 are used, then 
the required motive pressure, calculated from Eq. (6), is 
2.52 bar. Accordingly, the choking mass flow rate is calcu- 
lated to be m_ = 1.2 x 10 -3 k g / s  by assuming an isen- 

P , 

tropic and one-dimensional flow. From Eq. (7), the en- 
trained mass flow rate from the evaporator is determined 
to be m s = 4.5 × 10 -4 kg / s ,  and the generated refrigera- 
tion capacity is about Qe = 1 kW. On the other hand, if 
one desires the refrigeration capacity to be larger or 
smaller for the foregoing conditions, the geometric dimen- 
sions of  the ejector should be proportionally changed. For 
example, if Oe = 4 kW is desired, then the required mp 
must be increased by a multiple of  four to m = 4 8 × 

. . . .  P . " 

10 -3 kg/s .  Accordingly, the geometric dimensions includ- 
ing dtl, dt2, dx, and the axial lengths of the three sections 
of  ejector are all doubled ( =  v/4 -) to 4.0, 35.6, 18.6, 214.0, 
144.0, and 214.0 mm, respectively. 

C O N C L U S I O N S  

To experimentally investigate the performance character- 
istics of  the steam-ejector refrigeration cycle, a relatively 
small scale system was built and tested at various operat- 
ing condi t ions--namely,  primary-flow pressure, P_; sec- 

and back pressure of  the ejector, ondary-flow pressure, Ps; ~" 
Pb. The effects including the exit Mach number, Ma, of 
the primary nozzle and the two-stage ejector also were 
evaluated. The following important  conclusions can be 
drawn: 

1. Both the critical entrainment ratio, to*, and the critical 
back pressure, P~', are greatly affected by the operating 
conditions. For  a given Ma and Ps, a larger P J P s  
would yield a higher P~/Ps  but a lower to*. The effect 
of  increasing Ma from 2.7 to 4.35 on P~ and to* is 
pronounced,  and a further increase of  Ma to 5.0 has 
only a slight effect. However, the required Pp is conse- 
quently increased by about three times. Accordingly, it 
seems to be unnecessary to excessively increase Ma, 
and 4.35 should be a moderate  value for practical 
operation of  a steam-ejector refrigeration system. 

2. A comparison with other refrigerants reveals that the 
performance characteristics of  the steam ejector itself 
are better than those of  the R l14  ejector and are 
comparable to those of  the Rl13  ejector. 

3. Primitive observation of  the flow field reveals that 
there exist condensed droplets and mist, and a circulat- 
ing flow is formed in the edge region of  the mixing 
section. This indicates the necessity to further examine 
the flow structure of  a steam ejector by experimental 
methods, among which holographic interferometry is 
suggested. 

The authors acknowledge the financial support of the National 
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NOMENCLATURE 

d diameter, mm 
Ma exit Mach number of primary nozzle 

m mass flow rate, k g / s  
P pressure, bar or torr 
Q heat transfer rate, kW 
T temperature, °C 

Wine c mechanical power, kW 

Greek Symbols 
Ah enthalpy difference, k J / k g  

o~ entrainment ratio 

Subscripts 
A first-stage ejector 
B second-stage ejector 
b back condition of ejector 
e evaporator 
g generator 
i intermediate 

p primary flow 
s secondary flow 
t total condition 

tl  primary nozzle throat 
t2 ejector throat 
x exit of  primary nozzle 

Superscript 
* critical condition 
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