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Abstract

Steam jet ejectors are an essential part in refrigeration and air conditioning, desalination, petroleum refining, petrochemical and
chemical industries. The ejectors form an integral part of distillation columns, condensers and other heat exchange processes. In
this study, semi-empirical models are developed for design and rating of steam jet ejectors. The model gives the entrainment ratio
as a function of the expansion ratio and the pressures of the entrained vapor, motive steam and compressed vapor. Also,
correlations are developed for the motive steam pressure at the nozzle exit as a function of the evaporator and condenser pressures
and the area ratios as a function of the entrainment ratio and the stream pressures. This allows for full design of the ejector, where
defining the ejector load and the pressures of the motive steam, evaporator and condenser gives the entrainment ratio, the motive
steam pressure at the nozzle outlet and the cross section areas of the diffuser and the nozzle. The developed correlations are based
on large database that includes manufacturer design data and experimental data. The model includes correlations for the choked
flow with compression ratios above 1.8. In addition, a correlation is provided for the non-choked flow with compression ratios
below 1.8. The values of the coefficient of determination (R?) are 0.85 and 0.78 for the choked and non-choked flow correlations,
respectively. As for the correlations for the motive steam pressure at the nozzle outlet and the area ratios, all have R? values above

0.99. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Currently, most of the conventional cooling and re-
frigeration systems are based on mechanical vapor
compression (MVC). These cycles are powered by a
high quality form of energy, electrical energy. The
inefficient use of the energy required to operate such a
process can be generated by the combustion of fossil
fuels and thus contributes to an increase in greenhouse
gases and the generation of air pollutants, such as NOx,
SOx, particulates and ozone. These pollutants have
adverse effects on human health and the environment.
In addition, MVC refrigeration and cooling cycles use
unfriendly chloro-floro-carbon compounds (CFCs),
which, upon release, contributes to the destruction of
the protective ozone layer in the upper atmosphere.
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Environmental considerations and the need for efficient
use of available energy call for the development of
processes based on the use of low grade heat. These
processes adopt entrainment and compression of low
pressure vapor to higher pressures suitable for different
systems. The compression process takes place in ab-
sorption, adsorption, chemical or jet ejector vapor com-
pression cycles. Jet ejectors have the simplest
configuration among various vapor compression cycles.
In contrast to other processes, ejectors are formed of a
single unit connected to tubing of motive, entrained
and mixture streams. Also, ejectors do not include
valves, rotors or other moving parts and are available
commercially in various sizes and for different applica-
tions. Jet ejectors have lower capital and maintenance
cost than the other configurations. On the other hand,
the main drawbacks of jet ejectors include the
following:
e Ejectors are designed to operate at a single optimum
point. Deviation from this optimum results in dra-
matic deterioration of the ejector performance.

0255-2701/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S0255-2701(01)00176-3


mailto:eldessouky@kuc01.kuniv.edu.kw

552 H. El-Dessouky et al. /| Chemical Engineering and Processing 41 (2002) 551561

o FEjectors have very low thermal efficiency.
Applications of jet ejectors include refrigeration, air
conditioning, removal of non-condensable gases, trans-
port of solids and gas recovery. The function of the jet
ejector differs considerably in these processes. For ex-
ample, in refrigeration and air conditioning cycles, the
ejector compresses the entrained vapor to higher pres-
sure, which allows for condensation at a higher temper-
ature. Also, the ejector entrainment process sustains the
low pressure on the evaporator side, which allows
evaporation at low temperature. As a result, the cold
evaporator fluid can be used for refrigeration and cool-
ing functions. As for the removal of non-condensable
gases in heat transfer units, the ejector entrainment
process prevents their accumulation within condensers
or evaporators. The presence of non-condensable gases
in heat exchange units reduces the heat transfer effi-
ciency and increases the condensation temperature be-
cause of their low thermal conductivity. Also, the
presence of these gases enhances corrosion reactions.
However, the ejector cycle for cooling and refrigeration
has lower efficiency than the MVC units, but their

merits are manifested upon the use of low grade energy
that has limited effect on the environment and lower
cooling and heating unit cost.

Although the construction and operation principles
of jet ejectors are well known, the following sections
provide a brief summary of the major features of
ejectors. This is necessary in order to follow the discus-
sion and analysis that follow. The conventional steam
jet ejector has three main parts: (1) the nozzle; (2) the
suction chamber; and (3) the diffuser (Fig. 1). The
nozzle and the diffuser have the geometry of converg-
ing/diverging venturi. The diameters and lengths of
various parts forming the nozzle, the diffuser and the
suction chamber, together with the stream flow rate and
properties, define the ejector capacity and performance.
The ejector capacity is defined in terms of the flow rates
of the motive steam and the entrained vapor. The sum
of the motive and entrained vapor mass flow rates gives
the mass flow rate of the compressed vapor. As for the
ejector performance, it is defined in terms of entrain-
ment, expansion and compression ratios. The entrain-
ment ratio (w) is the flow rate of the entrained vapor
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Fig. 1. Variation in stream pressure and velocity as a function of location along the ejector.



H. El-Dessouky et al. /| Chemical Engineering and Processing 41 (2002) 551561 553

divided by the flow rate of the motive steam. As for the

expansion ratio (Er), it is defined as the ratio of the

motive steam pressure to the entrained vapor pressure.

The compression ratio (Cr) gives the pressure ratio of

the compressed vapor to the entrained vapor.

Variations in the stream velocity and pressure as a
function of location inside the ejector, which are shown
in Fig. 1, are explained below:

o The motive steam enters the ejector at point (p) with
a subsonic velocity.

e As the stream flows in the converging part of the
ejector, its pressure is reduced and its velocity in-
creases. The stream reaches sonic velocity at the
nozzle throat, where its Mach number is equal to one.

o The increase in the cross section area in the diverging
part of the nozzle results in a decrease of the shock
wave pressure and an increase in its velocity to
supersonic conditions.

o At the nozzle outlet plane, point (2), the motive steam
pressure becomes lower than the entrained vapor
pressure and its velocity ranges between 900 and 1200
m/s.

e The entrained vapor at point (e) enters the ejector,
where its velocity increases and its pressure decreases
to that of point (3).

e The motive steam and entrained vapor streams may
mix within the suction chamber and the converging
section of the diffuser or it may flow as two separate
streams as it enters the constant cross section area of
the diffuser, where mixing occurs.

o In cither case, the mixture goes through a shock
inside the constant cross section area of the diffuser.
The shock is associated with an increase in the
mixture pressure and reduction of the mixture veloc-
ity to subsonic conditions, point (4). The shock
occurs because of the back pressure resistance of the
condenser.

o As the subsonic mixture emerges from the constant
cross section area of the diffuser, further pressure
increase occurs in the diverging section of the dif-
fuser, where part of the kinetic energy of the mixture
is converted into pressure. The pressure of the emerg-
ing fluid is slightly higher than the condenser pres-
sure, point (¢).

Summary for a number of literature studies on ejector
design and performance evaluation is shown in Table 1.
The following outlines the main findings of these studies:
e Optimum ejector operation occurs at the critical

condition. The condenser pressure controls the loca-

tion of the shock wave, where an increase in the
condenser pressure above the critical point results in

a rapid decline of the ejector entrainment ratio, since

the shock wave moves towards the nozzle exit. Oper-

ating at pressures below the critical points has negli-
gible effect on the ejector entrainment ratio.

e At the critical condition, the ejector entrainment ratio
increases at lower pressure for the boiler and con-
denser. Also, higher temperature for the evaporator
increases the entrainment ratio.

o Use of a variable position nozzle can maintain the
optimum conditions for ejector operation. As a re-
sult, the ejector can be maintained at critical condi-
tions even if the operating conditions are varied.

e Multi-ejector system increases the operating range
and improves the overall system efficiency.

e Ejector modeling is essential for better understanding
of the compression process, system design and perfor-
mance evaluation. Models include empirical correla-
tions, such as those by Ludwig [1], Power [2] and
El-Dessouky and Ettouney [3]. Such models are lim-
ited to the range over which it was developed, which
limits their use in investigating the performance of
new ejector fluids, designs or operating conditions.
Semi-empirical models give more flexibility in ejector
design and performance evaluation [4,5]. Other ejec-
tor models are based on fundamental balance equa-
tions [6].

This study is motivated by the need for a simple
empirical model that can be used to design and evaluate
the performance of steam jet ejectors. The model
is based on a large database extracted from several
ejector manufacturers and a number of experimental
literature studies. As will be discussed later, the model
is simple to use and it eliminates the need for iterative
procedures.

2. Mathematical model

The review by Sun and Eames [7] outlined the devel-
opments in mathematical modeling and design of jet
ejectors. The review shows that there are two basic
approaches for ejector analysis. These include mixing of
the motive steam and entrained vapor, either at constant
pressure or at constant area. Design models of stream
mixing at constant pressure are more common in litera-
ture because the performance of the ejectors designed by
this method is more superior to the constant area
method and it compares favorably against experimental
data. The basis for modeling the constant pressure
design procedure was initially developed by Keenan [6].
Subsequently, several investigators have used the model
for design and performance evaluation of various types
of jet ejectors. This involved a number of modifications
in the model, especially losses within the ejector and
mixing of the primary and secondary streams. In this
section, the constant pressure ejector model is devel-
oped. The developed model is based on a number of
literature studies [8—11].

The constant pressure model is based on the following
assumptions:
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Table 1

Summary of literature studies on ejector design and performance
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Reference

Fluid

Boiler, evaporator and condenser
temperature (°C)

Conclusion

(19

[20]

[21,22]

(8]

(13

(23]

[24]
[25,26]

[27]

[28]

4

[29]

[24

[30]

[l

31]

O]

R-113

R-113; R-114;
R-142b; R-718

R-114

Water

Water

R-113

R-11
R-114

R-134A

Water

Water

Water

R1I; R113;
R114

R113; R114;
R142b

R134a

R11; HR-123

60-100; 5-18; 40-50

80-95; 5-13; 25-45

86; —8; 30

120-140; 5-10; 30-65

120-140; 5-10; 30-60

70-100; 6-25; 42-50

82.2-182.2; 10; 43.3
90; 4; 30

—15; 30

100-165; 10; 3045

93.3; 10; 43.3

120-140; 65-80

5, —12, —18; 40

80; 5; 30

Basis for refrigerant selection for solar system, system performance
increased with increasing boiler and evaporator temperatures and
decreasing condenser temperature.

Comparison of ejector and refrigerant performance. Dry, wet and
isentropic fluids. Wet fluid damage ejectors due phase change during
isentropic expansion. R-113 (dry) has the best performance and
R142b (wet) has the poorest performance.

Increase in ejector performance using mechanical compression
booster.

Choking of the entrained fluid in the mixing chamber affects system
performance. Maximum COP is obtained at the critical flow
condition.

Effect of varying the nozzle position to meet operating condition.
Increase in COP and cooling capacity by 100%.

Entrainment ratio is highly affected by the condenser temperature
especially at low evaporator temperature.

Entrainment ratio is proportional to boiler temperature.

Combined solar generator and ejector air conditioner. More efficient
system requires multi-ejector and cold energy storage (cold storage in
either phase changing materials, cold water or ice).

Modeling the effect of motive nozzle on system performance, in
which the ejector is used to recover part of the work that would be
lost in the expansion valve using high-pressure motive liquid.

Combined solar collector, refrigeration and seawater desalination
system. Performance depends on steam pressure, cooling water
temperature and suction pressure.

Developed a new ejector theory in which the entrained fluid is
choked, the plant scale results agree with this theory. Steam jet
refrigeration should be designed for the most often prevailing
conditions rather than the most severe to achieve greater overall
efficiency.

Model of multistage steam ejector refrigeration system using annular
ejector in which the primary fluid enters the second stage at annular
nozzle on the sidewall. This will increase static pressure for
low-pressure stream and mixture and reduce the velocity of the
motive stream and reduce jet mixing losses shock wave formation
losses.

Measure and calculate ejector entrainment ratio as a function of
boiler, condenser and evaporator temperatures. Entrainment ratio
decreases for off design operation and increases for the two stage
ejectors.

Effect of throat area, location of main nozzle and length of the
constant area section on backpressure, entrainment ratio and
compression ratio.

Mathematical model use empirical parameters that depend solely on
geometry. The parameters are obtained experimentally for various
types of ejectors.

Combined ejector and mechanical compressor for operation of
domestic refrigerator-freezer increases entrainment ratio from 7 to
12.4%. The optimum throat diameter depends on the freezer
temperature

Performance of HR-123 is similar to R-11 in ejector refrigeration.
Optimum performance is achieved by the use of variable geometry
ejector when operation conditions change.
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. The motive steam expands isentropically in the
nozzle. Also, the mixture of the motive steam and
the entrained vapor compresses isentropically in the
diffuser.

. The motive steam and the entrained vapor are
saturated and their velocities are negligible.

. Velocity of the compressed mixture leaving the ejec-
tor is insignificant.

. Constant isentropic expansion exponent and the
ideal gas behavior.

. The mixing of motive steam and the entrained
vapor takes place in the suction chamber.

. The flow is adiabatic.

. Friction losses are defined in terms of the isentropic
efficiencies in the nozzle, diffuser and mixing
chamber.

. The motive steam and the entrained vapor have the
same molecular weight and specific heat ratio.

. The ejector flow is one-dimensional and at steady
state conditions.

The model equations include the following:

o Overall material balance

My + M = m (D

where m is the mass flow rate and the subscripts c, e
and p, define the compressed vapor mixture, the
entrained vapor and the motive steam or primary
stream.

Entrainment ratio

w=my/m, 2)

Compression ratio

Cr= PP, (3)

Expansion ratio

Er=P,/P, @)

Isentropic expansion of the primary fluid in the
nozzle is expressed in terms of the Mach number of
the primary fluid at the nozzle outlet plane

2,7 PN\O—1»
M, = (=2 —1
SN 1[G ®

where M is the Mach number, P is the pressure and
y is the isentropic expansion coefficient. In the above
equation, 7, is the nozzle efficiency and is defined as
the ratio between the actual enthalpy change and the
enthalpy change undergone during an isentropic
process.

Isentropic expansion of the entrained fluid in the
suction chamber is expressed in terms of the Mach
number of the entrained fluid at the nozzle exit plane

2 pe (y—1/p)
M%:/y—l [<P> ‘1} (©)

The mixing process is modeled by one-dimensional
continuity, momentum and energy equations. These
equations are combined to define the critical Mach
number of the mixture at point 5 in terms of the
critical Mach number for the primary and entrained
fluids at point 2

M — My, +wME L\ JT,T, )
w1+ wTT,)

where w is the entrainment ratio and AM* is the ratio

between the local fluid velocity to the velocity of

sound at critical conditions.

The relationship between M and M* at any point in

the ejector is given by this equation

« | MO+
M= MY(y—1)+2 ®

Eq. (8) is used to calculate M¥, M ?2, M,
Mach number of the mixed flow after the shock
wave

2
M3+
M. (y—1
5_2?—
M3
(=1

©)

Pressure increase across the shock wave at point 4
Ps 1+ yM;
P, 14+yM?
In Eq. (10) the constant pressure assumption implies
that the pressure between points 2 and 4 remains
constant. Therefore, the following equality con-
straint applies P, = Py = P,.

Pressure lift in the diffuser

P v—1 (/7 — 1)
“eo [’7‘*(’ v 1} (1)

(10)

P, 2

where 74 is the diffuser efficiency.
The area of the nozzle throat

RT NG+ DD
4, = / b V+> T
PP

Ma \ 2

The area ratio of the nozzle throat and diffuser
constant area

Al_Pc< 1 >1/2
Ay P \(1+w)1 +w(T./T,)

#) (-G )

2 1—( =2

P, P,

2 \V&—=D 2 \12 (13)
1—

<y + 1) ( 7+ 1>
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® The area ratio of the nozzle throat and the nozzle
outlet

A2 1 2 ()/— 1) GG+D/y—1
m= R . 1 M? 14
A, \/M§2<(V+1< T e (1

3. Solution procedure

Two solution procedures for the above model are
shown in Fig. 2. Either procedure requires iterative
calculations. The first procedure is used for system
design, where the system pressures and the entrainment
ratio is defined. Iterations are made to determine the
pressure of the motive steam at the nozzle outlet (P,) that
gives the same back pressure (P.). The iteration sequence
for this procedure is shown in Fig. 2(a) and it includes
the following steps:

e Define the design parameters, which include the en-
trainment ratio (w), the flow rate of the compressed

Define Design Parameters:
w, mg, Pe, Pe, Py, R, v, mp, g

y

Calculate Stream Temperatures:
Te(Po). Ty®p). Te(Pe)

\ 4

Calculate flow rates of Motive Steam
and Entrained Vapor:
my, me Eqns. (1-2)

\ 4
Assume Value of Py: | @q@—mM

\ 4
Solve the Eqns. (5-11) and Calculate:

* * *
Me,, Mp,, Meg, Mp2 , My, My, M5, P5, P,
\ 4
Check Convergence: No

| P (Design) — P, (Calc.) | <¢

Yes|
y

Calculate the Area Ratios and the Cross
Section Areas of the Ejector:
A1, A9, Ag, A1/Ag and Ag/A{, Eqns. 11-13

vapor (m,) and the pressures of the entrained vapor,
compressed vapor and motive steam (P, P,, P.).
Define the efficiencies of the nozzle and diffuser (7,
Na)-

Calculate the saturation temperatures for the com-
pressed vapor, entrained vapor and motive steam,
which include T, T, T., using the saturation temper-
ature correlation given in the appendix.

As for the universal gas constant and the specific heat
ratio for steam, their values are taken as 0.462 and 1.3.
The flow rates of the entrained vapor (m,) and motive
steam (m,,) are calculated from Egs. (1) and (2).

A value for the pressure at point 2 (P,) is estimated
and Egs. (5)—(11) are solved sequentially to obtain the
pressure of the compressed vapor (P,).

The calculated pressure of the compressed vapor is
compared to the design value.

A new value for P, is estimated and the previous step
is repeated until the desired value for the pressure of
the compressed vapor is reached.

Define Performance Parameters:
Aly A2’ AS, Pe’ Pp7 R’ Y? Tln» nd

A

Calculate Stream Temperatures:
Tp(Pp). Te(Pe)

A 4

Calculate Flow Rate of Motive Steam
and Properties at Nozzle Outlet:
my, Py, Mp2, Me2 Eqns. (5, 6, 12, 14)

A 4

Assume Value of w:

A

A
Solve Eqns. (7-11, 13) and Calculate:

* * *
Me, . My, » My, My, M5, P5, Pe, wisq

No

Check Convergence:
| wi-wit1 | <e

Yes|
A

Calculate the Ejector Capacity
mg, mg, Eqns. 1-2

Fig. 2. Solution algorithms of the mathematical model. (a) Design procedure to calculate area ratios. (b) Performance evaluation to calculate w.
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o The ejector cross section areas (4,, 4,, A;) and the
area ratios (A4,/A; and A4,/A4,) are calculated from
Egs. (12)-(14).

The second solution procedure is used for perfor-
mance evaluation, where the cross section areas and the
entrainment and motive steam pressures are defined.
Iterations are made to determine the entrainment ratio
that defines the ejector capacity. The iteration sequence
for this procedure is shown in Fig. 2(b) and it includes
the following steps:

o Define the performance parameters, which include
the cross section areas (A,, A,, A;), the pressures of
the entrained vapor (P.) and the pressure of the
primary stream (P,).

e Define the efficiencies of the nozzle and diffuser (7,
1a)-

o Calculate the saturation temperatures of the primary
and entrained streams, T, and T, using the satura-
tion temperature correlation given in the appendix.

e As for the universal gas constant and the specific
heat ratio for steam, their values are taken as 0.462
and 1.3.

o Calculate the flow rate of the motive steam and the
properties at the nozzle outlet, which include m,, P,,
M,,, M, These are obtained by solving Egs. (5),
(6), (12) and (14).

e An estimate is made for the entrainment ratio, w.

o This value is used to calculate other system parame-
ters defined in Eqgs. (7)—(11), which includes sz,
MY, Mi, My, Ms, Ps, P..

® A new estimate for w is obtained from Eq. (13).

® The error in w is determined and a new iteration is
made if necessary.

o The flow rates of the compressed and entrained
vapor are calculated from Eqgs. (1) and (2).

4. Semi-empirical model

Development of the semi-empirical model is thought
to provide a simple method for designing or rating of
steam jet ejectors. As shown above, solution of the
mathematical model requires an iterative procedure.
Also, it is necessary to define values of #, and 74. The
values of these efficiencies widely differ from one study
to another, as shown in Table 2. The semi-empirical
model for the steam jet ejector is developed over a wide
range of operating conditions. This is achieved by using
three sets of design data acquired from major ejector
manufacturers, which includes Croll Reynolds, Graham
and Schutte—Koerting. Also, several sets of experimen-
tal data are extracted from the literature and are used
in the development of the empirical model. The semi-
empirical model includes a number of correlations to
calculate the entrainment ratio (w), the pressure at the
nozzle outlet (P,) and the area ratios in the ejector

Table 2
Examples of ejector efficiencies used in literature studies

Reference N N4 N

[27] 0.9 0.75

[32] 0.8 0.8

[33] 0.85 0.85

[31] 0.7-1 0.7-1

[10] 0.8-1 0.8-1

[24] 0.85-0.98 0.65-0.85

[8] 0.85 0.85 0.95
[34] 0.75 0.9

(A,/A4,) and (A,/A4;). The correlation for the entrain-

ment ratio is developed as a function of the expansion

ratio and the pressures of the motive steam, the en-
trained vapor and the compressed vapor. The correla-
tion for the pressure at the nozzle outlet is developed as

a function of the evaporator and condenser pressures.

The correlations for the ejector area ratios are defined

in terms of the system pressures and the entrainment

ratio. Table 3 shows a summary of the ranges of the
experimental and the design data. The table also in-

cludes the ranges for the data reported by Power [12].
A summary of the experimental data, which is used

to develop the semi-empirical model is shown in Table

4. The data includes measurements by the following

investigators:

e Eames et al. [8] obtained the data for a compression
ratio of 3-6, expansion ratio 160-415 and entrain-
ment ratio of 0.17-0.58. The measurements are ob-
tained for an area ratio of 90 for the diffuser and the
nozzle throat.

e Munday and Bagster [4] obtained the data for a
compression ratio of 1.8—2, expansion ratio of 356—
522 and entrainment ratio of 0.57-0.905. The mea-
surements are obtained for an area ratio of 200 for
the diffuser and the nozzle throat.

® Aphornratana and Eames [13] obtained the data for
a compression ratio of 4.6—5.3, expansion ratio of
309.4 and entrainment ratio of 0.11-0.22. The mea-
surements are obtained for an area ratio of 81 for
the diffuser and the nozzle throat.

e Bagster and Bresnahan [14] obtained the data for a
compression ratio of 2.4-3.4, expansion ratio of
165-426 and entrainment ratio of 0.268—-0.42. The
measurements are obtained for an area ratio of 145
for the diffuser and the nozzle throat.

e Sun [15] obtained the data for a compression ratio of
2.06-3.86, expansion ratio of 116-220 and entrain-
ment ratio of 0.28—0.59. The measurements are ob-
tained for an area ratio of 81 for the diffuser and the
nozzle throat.

o Chen and Sun [16] obtained the data for a compres-
sion ratio of 1.77-2.76, expansion ratio of 1.7-2.9
and entrainment ratio of 0.37-0.62. The measure-
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ments are obtained for an area ratio of 79.21 for the
diffuser and the nozzle throat.

o Arnold et al. [17] obtained the data for a compres-
sion ratio of 2.47-3.86, expansion ratio of 29.7—
46.5, and entrainment ratio of 0.27-0.5.

o Everitt and Riffat [18] obtained the data for a com-
pression ratio of 1.37-2.3, expansion ratio of 22.6—
56.9 and entrainment ratio of 0.57.

The correlation for the entrainment ratio of choked
flow or compression ratios above 1.8 is given by

pa €+

W = aEr*Pe :
A G b

15)

Similarly, the correlation for the entrainment ratio of
un-choked flow with compression ratios below 1.8 is
given by

4 (e+fIn(P)))

W = aEr®pep
A e G T n(P)

(16)

The constants in Egs. (15) and (16) are given as
follows

Entrainment ratio Entrainment ratio
correlation choked correlation non-choked
flow (Eq. (15); Fig. 3) flow (Eq. (16), Fig. 4)

a 0.65 —1.89% 103
b —154 —5.32

¢ 1.72 5.04

d 6.79v102 9.05% 102
e 2282 22.09

£ 421x10~* —6.13

g 1.34 0.82

h 9.32 —3.37%10°5
j  1.28x10"! -

j 1.14 -

R> 085 0.79

Fitting results against the design and experimental
data are shown in Figs. 3 and 4, respectively. The
results shown in Fig. 3 cover the most commonly used
range for steam jet ejectors, especially in vacuum and

Table 3
Range of design and experimental data used in model development

vapor compression applications. As shown in Fig. 3,
the fitting result is very satisfactory for entrainment
ratios between 0.2 and 1. This is because the major part
of the data is found between entrainment ratios clus-
tered over a range of 0.2-0.8. Examining the experi-
mental data fit shows that the major part of the data fit
is well within the correlation predictions, except for a
small number of points, where the predictions have
large deviations.

The correlations for the motive steam pressure at the
nozzle outlet and the area ratios are obtained semi-em-
pirically. In this regard, the design and experimental
data for the entrainment ratio and system pressures are
used to solve the mathematical model and to calculate
the area ratios and motive steam pressure at the nozzle
outlet. The results are obtained for efficiencies of 100%
for the diffuser, nozzle and mixing and a value of 1.3
for y. The results are then correlated as a function of
the system variables. The following relations give the
correlations for the choked flow:

P,=0.13 P03 P78 (17)
Ay/Ay=0.34 PLOOP 112y~ 0116 (18)
A/ Ay = 1.04 P OB POy~ 012 (19)

The R? for each of the above correlations is above 0.99.
Similarly, the following relations give the correlations
for the un-choked flow:

P, =1.02 p;0-000762p0.5 (20)
AyfA3 =032 PLILP 113y =036 (21)
Az/Al — 122 P; 0A81P(r);81w70‘0739 (22)

The R? values for the above three correlations are
above 0.99.

The semi-empirical ejector design procedure involves
sequential solution of Egs. (1)—(14) together with Eq.
(17) or Eq. (20) (depending on the flow type, choked or
non-choked). This procedure is not iterative in contrast
with the procedure given for the mathematical model in
the previous section. As for the semi-empirical perfor-
mance evaluation model, it involves non-iterative solu-
tion of Egs. (1)-(14) together with Eq. (15) or Eq. (16)
for choked or non-choked flow, respectively. It should
be stressed that both solution procedures are indepen-

Source Er Cr P, (kPa) P_ (kPa) P, (kPa) w
Experimental 1.4-6.19 1.6-526.1 0.872-121.3 2.3-224.1 38.6-1720 0.11-1.132
Schutte-Koerting 1.008-3.73 1.36-32.45 66.85-2100.8 790.8-2859.22 84.09-2132.27 0.1-4
Croll-Rynolds 1.25-4.24 4.3-429.4 3.447-124.1 446.06-1480.27 6.2-248.2 0.1818-2.5
Graham 1.174-4.04 4.644-53.7 27.58-170.27 790.8-1480.27 34.47-301.27 0.18-3.23
Power 1.047-5.018 2-1000 2.76-172.37 3.72-510.2 344.74-2757.9 0.2-4
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Table 4
Summary of literature experimental data for steam jet ejectors
Ag/A; P, (kPa) P, (kPa) P_ (kPa) P,/P, P /P, w Reference
90 198.7 1.23 3.8 161.8 3.09 0.59 [8]
232.3 1.23 4.2 189.1 3.42 0.54 [8]
270.3 1.23 4.7 220.1 3.83 0.47 [8]
313.3 1.23 5.3 255.1 431 0.39 [8]
361.6 1.23 6 294.4 4.89 0.31 [8]
90 198.7 1.04 3.6 191.6 3.47 0.5 [8]
2323 1.04 4.1 223.9 3.95 0.42 [8]
270.3 1.04 4.6 260.7 4.44 0.36 [8]
313.3 1.04 5.1 302.1 491 0.29 [8]
361.6 1.04 5.7 348.7 5.49 0.23 [8]
90 198.7 0.87 3.4 227.7 3.89 0.4 [8]
2323 0.87 3.7 266.2 4.24 0.34 [8]
270.3 0.87 4.4 309.8 5.04 0.28 [8]
3133 0.87 5.1 359 5.85 0.25 [8]
361.6 0.87 5.4 414.4 6.19 0.18 [8]
200 834 1.59 3.2 521.7 2.0 0.58 4]
400 1.59 3.07 250.2 1.92 1.13 [4]
669 1.71 3.67 392.3 2.15 0.58 4]
841 1.59 3.51 526.1 2.19 0.51 [4]
690 1.94 3.38 356 1.74 0.86 4]
690 1.94 3.51 356 1.81 0.91 [4]
81 270 0.87 4.1 309.5 4.7 0.22 [13]
270 0.87 4.2 309.5 4.8 0.19 [13]
270 0.87 4.4 309.5 5.04 0.16 [13]
270 0.87 4.5 309.5 5.16 0.14 [13]
270 0.87 4.7 309.5 5.39 0.11 [13]
145 660 1.55 5.3 426.5 3.42 0.27 [14]
578 1.55 5.3 373.5 3.42 0.31 [14]
516 1.58 5.3 326.9 3.36 0.35 [14]
440 1.57 5.03 280.6 3.21 0.38 [14]
381 1.59 471 239.9 3 0.42 [14]
312 1.62 4.23 192.6 2.61 0.46 [14]
278 1.68 4.1 165.1 2.44 0.42 [14]
81 143.4 1.23 2.53 116.8 2.06 0.59 [15]
169.2 1.23 2.67 137.8 2.17 0.51 [15]
198.7 1.23 3.15 161.8 2.56 0.43 [15]
2323 1.23 4 189.1 3.26 0.35 [15]
270.3 1.23 4.75 220.1 3.87 0.29 [15]
1720 57.7 143 29.7 2.47 0.5 [17]
1720 514 143 33.5 2.78 0.4 [17]
1720 45.5 143 37.8 3.14 0.3 [17]
1720 37.01 143 46.5 3.86 0.27 [17]
79.21 116 67.6 119.9 1.7 1.8 0.62 [16]
153 67.6 151.7 23 22 0.49 [16]
270 67.6 224.1 3.9 33 0.34 [16]
198 121.3 195.1 1.6 1.6 0.78 [16]
198 99.9 195.1 1.9 1.9 0.64 [16]
198 67.6 186.2 29 2.8 0.37 [16]
57.9 1.02 2.3 56.9 2.3 0.57 [18]
474 1.2 23 38.6 1.9 0.56 [18]
38.6 1.7 2.3 22.6 1.4 0.57 [18]
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Fig. 3. Fitting of the entrainment ratio for compression ratios higher
than 1.8.
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Fig. 4. Fitting of the entrainment ratio for compression ratios lower
than 1.8.

dent of the nozzle and diffuser efficiencies, which
varies over a wide range, as shown in Table 2.

5. Conclusions

A semi-empirical model is developed for design and
performance evaluation of steam jet ejector. The
model includes correlations for the entrainment ratio
in choked and non-choked flow, the motive steam
pressure at the nozzle outlet and the area ratios of
the ejector. The correlations for the entrainment ratio
are obtained by fitting against a large set of design
data and experimental measurements. In addition, the
correlations for the motive steam pressure at the noz-
zle outlet and the area ratios are obtained semi-em-
pirically by solving the mathematical model using the
design and experimental data for the entrainment ra-
tio and system pressures. The correlations cover a

wide range of compression, expansion and entrain-
ment ratios, especially those used in industrial appli-
cations. The developed correlations are simple and
very useful for design and rating calculations, since it
can be used to determine the entrainment ratio,
which, upon specification of the system load, can be
used to determine the motive steam flow rate and the
cross section areas of the ejector.
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Appendix A. Nomenclature

A cross section area (m?)

COP coefficient of performance, dimensionless

Cr compression ratio defined as pressure of com-
pressed vapor to pressure of entrained vapor

Er expansion ratio defined as pressure of com-

pressed vapor to pressure of entrained vapor

m mass flow rate (kg/s)

M Mach number, ratio of fluid velocity to speed
of sound

M*  critical Mach number, ratio of fluid velocity
to speed of sound

P pressure (kPa)

AP  pressure drop (kPa)

R universal gas constant (kJ/kg °C)

Rs load ratio, mass flow rate of motive steam to
mass flow rate of entrained vapor

T temperature (K)

w entrainment ratio, mass flow rate of en-
trained vapor to mass flow rate of motive
steam

Greek symbols
y compressibility ratio
n ejector efficiency

Subscripts

1-7  locations inside the ejector
boiler

condenser

diffuser

evaporator or entrained vapor
mixing

nozzle

primary stream or motive steam
throat of the nozzle

~o BB ®aco
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Appendix B
B.1. Correlations of saturation pressure and temperature

The saturation temperature correlation is given by

3892.7
(In(P/1000) — 9.48654)

T= <42.6776 — ) —273.15
where P is in kPa and 7 is in °C. The above correlation
is valid for the calculated saturation temperature over a
pressure range of 10—1750 kPa. The percentage errors for
the calculated versus the steam table values are < 0.1%.

The correlation for the water vapor saturation pressure
is given by

In(P/P,)
— TC 1
\T'+273.15

8
x Y f(0.01(T+273.15 — 338.15))¢~ P

i=1

where T, = 647.286 K and P, = 22089 kPa and the values
of f; are given in the following table

S 12 Ve fa

—7.419242  0.29721 —0.1155286  0.008685635
s s 17 fs

0.001094098  —0.00439993  0.002520658 ~ —0.000521868

where P and T are in kPa and °C. The above correlation
is valid over a temperature range of 5-200 °C with a
percentage error of < 0.05% for the corresponding
values in the steam tables.
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