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ABSTRACT
The present work deals with numerical and experimental investigation of supersonic air-air
ejectors. The numerical investigation is based on flow equations governing turbulent,
compressible, two-dimensional, steady, time averaged and boundary layer equations. These
equations are continuity, momentum and energy. In addition, turbulent shear stress and heat
{ransfer are calculated wsing eddy viscosity model. These equations are solved iteratively using
finite difference method under the conditions of differcnt flow regimes which can be divided into
several distinctive regions where, the methods for estimating the mixing length are different for
cach flow region. The first region depicts the wall boundary layer, jet shear layer and secondary
and primary potential flow. The second one contains a single region of developing flow. The
present results are concerned with the static pressure coefficient, temperature and velocity
distributions ajong the mixing duct and diffuser. Also the overall efficiency of the ejectors for
different flow conditions such as, motive air stagnation pressure and temperature, secondary air
temperature and mass ratio is calculated. A simple gjector with convergent-divergent primary
nozzle was fabricated and expetimentally tested. The present theoretical and experimental results
are compared with published data. This comparison shows a good agreement. The results obtained
help to understand the flow behavior and physical phenomena occuiring in the flow through
ejectors.
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1. INTRODUCTION

Supersonic ejectors are widely used in many
applications such as aerospace, propulsion and
refrigeration. Ejector performance has been studied
experimentally and numerically by many researchers.
Fabri and Paulon [1] studied experimentally and
theoretically supersonic air-air ejectors. The
theoretical analysis was based on one-dimensional
flow and experimental study was conducted on a
constant-area mixing ejector. The effects of different
parameters such as length of the mixer, terminating
diffyser length, cross section of the mixer and
primary flow Mach number were studied

theoretically. Barna [2] investigated experimentally
the aerodynamic performance and noise generation
characteristics of five constant-area mixing gjectors
having subsonic secondary flow. The investigations
given in [1, 2] were carried out on constant-area
mixing ejectors. It is well known that constant-
pressure mixing ejectors have a better performance
than the constant-area mixing ¢jectors which were
investigated by [1, 2]. Hickman et al. [3] developed
an analytical model to predict the performance
characteristics of two-dimensional axisymmetric
single-nozzle ejector with variable area mixing tubes
“constant-pressure mixing”, Abou-taleb [4] studied
experimentally and anaiytically the -effect of
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geometric parameters on the performance of ejectors.
Approximate formulae for calculating pressure ratio
and optimum entrainment ratio as well as the
optimum desigh conditions were derived. Raman and
Taghavi [5] provided a detailed experimental
evaluation of a rectangular multi-element supersonic
jet mixer-ejector nozzle. The obtained results show
that the ejector configuration that produced the
maximum entrainment ratio also exhibited the lowest
wall pressures in the inlet region and maximum
thrust augmentation. Huang et al. [6] carried out a
one-(imensional analysis for the prediction of gjector
performance at critical-mode operation. Experiments
using 11 ejeciors were conducted to verify the
analytical results. The fest results were used to
determine the coefficients defined in the 1-D model
by matching the test data with the analytical results.
Several assumptions were made in their model. De
Chant and Nadell [7] developed a system of
analytical . and  numerical two-dimensional
mixer/ejector nozzle models that required minimal
empirical input. Four sample problems, three gjector
nozzles and one mixer nozzle were studied. De Chant
et al. [8] extended the work given in [7] by
developing an enhanced modeling which extends
beyond the simple primary/secondary mixing
configuration to a multiple stream forced and
entrained mixing capability. Szabo [9] studied
analytically the influence of the material quality of
the primary gas jets on the final vacuum created by a
supersonic gas ejector. Examined cjectors showed
that their geometry greatly depended on the quality
changes of the operating primary gas due to
temperature and pressure changes. Arbel et al. [10]
analyzed and characterized the irreversibility of the
ejector’s internal processes in an effort to improve its
overall performance. The analysis was based on
entropy production methedology. Bartosiewicz et al.
[11] investigated experimentally and numerically the
performance of supersonic ejectors. In the numerical
investigation six well-known twrbulence models were
used. The tested model turned out to be an efficient
diagnosis tool of gjector analysis and performance
optimization  (optimum  entrainment  and
recompression ratios). Kandakure et al. [12]
developed a numerical model to understand the
hydrodynamic characteristics with reference to
ejector geometry and the effects of operating
conditions on the ejector performance. Most of
previous literature have not investigated the effects of
inflow parameters on the ejector efficiency.
Therefore in the present study the effects of inflow
parameters on the ejector performance especially its
efficiency and efector mass ratio are experimentaily
and numerically investigated. In addition the effect of
heat transfer between the motive fluid and the
entrained fluid is also studied.

2. EXPERIMENTAL SETUP

The experimental installation is schematized in
Fig. (1). Compressor of sufficient capacity is used to
ensure the continnous operation of the ejector.
Compressed air (at a maximum pressure of about 8
bar and an ambient stagnation temperature) is filtered
to remove large particles such as dust and
compressed oil droplets. The compressed air is then
directed towards an air reservoir which is connected
to the entrance of the primary flow nozzle of the
egjector just after passing through a pressure control
valve to adjust the primary flow stagnation pressure
P,. The entrained air flow is taken from the

-surrounding atmosphere. The entrained mass flow

rate can be regulated by means of a valve located at
the entrance of the aspiration tube.

8- Tested ejector
9« Multi-U-tube manometer
10- Surrounding atmosphere

1~ Air compressor

2- Air filter

3- Compressed air reservoir
4- Pressure control valve 11« Throttling valve

5- U-tube manometer 12- Pitot-static tube of sucked

6~ Pitot-static tube of motive flow
flow 13- Pitot tube of total flow

7- Pressure gage
Fig. (1) Experimental setup.

" Apparatuses installed on the primary and
secondary air circuits to measure the stagnation
pressures and mass flow rates are also shown in Fig,
(1). Wall static pressure measureiments along the
ejector were measured wsing an inclined multi-U-
tube manometer.

In the tested ejector as illustrated in Fig. (2), the
exit diameter of the primary flow nozzle is 6.2 mm
(inner), the dimensionless constant pressure mixing
section length (La/Db), constant area mixing section
length (Lb/Db), diffuser section length (Lc/Db) and
area ratio (Ar) are 4.08, 446, 8.9 and 17.38
respectively while the total angles of the constant
pressure mixing section and the diffuser section, 6,
and 0, are 5.456° and 2.664° respectively. The
uncertainty for all the measuring devices is found to
be in the range of 0.002% to 5.55%.
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Fig. (2) Typical ejector geometry.
3. MATHEMATICAL MODEL

The fiow through the gjector is modeled on the
governing flow equations based on the following
assumptions:

- Two dimensional and steady flow.

- Both stcam flows are the same perfect gas.

- No heat transfer across the walls of the gjector.

- Both streams are assumed to be shockless.

- Static pressure is constant at any section normal

to the axial direction.

3.1. Governing Equations

The conservation equations governing turbulent,
compressible, fwo-dimensional, steady, time-
averaged and boundary layer are comntinuity,
momentum and energy equations.

- Continnily Equation

opa 1 0(p¥Y")
t =0 4y
dx ¥ 2y
- Momentum Eguation

__Bu __2&u dp
pl—— +Pp¥— == — +
dx 8y X
_ (2)
1 3 « 0 o .
—r—[ y — ¥ u(m)}
y 9y oy
- Energy Equation
T ___ 8T _op _(ou)
pucp——— +pvcp — =8 — +h| —
X ¥ X oy
€))
1 9| - o6 gu
] 7T ym(pv)'T' -u' (v —
3’“637[ ay P dy

Where o = 1, y = r for axisymmetric flow and &= 0
for two-dimensjonal flow.

For axisymmetric flow, the above system of
equations can be rewriften in terms of stream
function, y using the proposed transformation by
Krause [13] as follows:

_ a1 1 dp
g— == — +
dx p dx
€Y
i o |ppur éu
— — —— ' {(pV)'r
2w dyl 2y By

&)

— — -Ep T'(pv)'r:l

Since, N is an integer value greater than one, in the
present study n=2.

Using the eddy viscosity model, the “turbulent shear
stress” and “turbulent heat transfer” are defined by:

— 2 =
T =ﬁe§£=-u‘(pv)'=p ure é_ll (6)
T dr 2y Ay
_ 8T _ Piar_ aT
A =P Tty —= C(pV) T'= Cobry — (D
TP ptr T ptf 2y PHGy

Where ¢ is termed the “eddy momentum diffusivity”
and g, is the “eddy thermal diffusivity”.

After substitution from equations {6) and (7),
equations (4} and {5) become:

8 14dp i & |(tpe Sl A1
ﬁjﬂ__,@+i_{@_iﬂ)i__“} ©

ox pdx 2ydvy 2y gy

— 2
T §0p (E+ps)(purod
T, o =P_——r_ap+_%__(LL Ps)[_"‘”a“] +
5

Pax X P y Oy (9)
T 0 |fm. pur o T
—W—I:(k-I-pcPEH) P —_—
2y dy 2y dy

3.2, Dimensionless Groups
Equations (8) and (9) can be expressed in a

dimensionless form through the following
dimensionless parameters:
uzi ; k*:li | cp*zi ; u*:,l}_
U k Cp M
U K c P
X:x 1 ’Ezi ; P = Lop ’p*z'.g.
Y Y k, M
; ~
y=21 ) p=_ L - ; B = £
v, 05, U, gy
- (T -Tl) Ul 1m
(Twr - T]) " vy
12
U, v [U, J
1= 7z - -
('YRT1) ViLh
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After substitution of these parameters and
regrouping, equations (8) and (9), in X - w*
coordinates, become:
1 d &
pLu. L dp, v @ [g0n ) gy
0X 2pdX 2wEFOyF Owy*

2
i@_=_C£_u_(1_pl+___CLuS u +
X 2p* dX 2yF¥F\Owvy*

u J 08
Q

Where:

_ (7 - l)Mlz

®
ucp

(1D

Q= [_’f + Ep*)Yz p*u
Pri Prt ZW*

*+E * ‘
§ = wrep P v? p*u
.2\;1*

3.3. Turbulent Shear Stress and Heat Transfer

The well-lmown Prandtl assumption for the
turbulent shear stress and heat transfer is;

au
g=1 %~ 12
"ot (12
In a dimensionless form and X - y* coordinates,
equation (12) becomes:
up*yY L 2| du l
R 7
For specifying the approximate relationship
between the mixing length and the mean flow
variables, confined jet mixing, as reported in [14],
can be split into several distinctive regions as shown
in Fig. (3). The first region is called regime-1, which
contains the wall boundary layer, jet shear layer,
secondary and primary potential flow regions. While
the second one is called regime-2 which contains a
single region of developing flow. The methods of
cstimating mixing length are different in each flow
region.

E=

[

Regime 1 1 Regims 2

i

ATWall boundary

Secnndag .
Secondary potential

flow flow

Py

b

r
Tet shear layer T

Primary .
- > . ——dem x

flow
Potential
core

Fig. (3} Flow regions.

3.3.1 The jet shear layer
The mixing length is assumed to be dependent

only on the shear layer width,
L,, = function (b)

(h-b) <r<h , Lp=kb a3
The effect of compressibility on the mixing length
coefficient k,, to which was assigned a value of
0.08, has been reported by Hedges and Hill [14], to
be equivalent to multiplying k, by D, which is
defined by:

D, = (0.6 +0.34 e@ (-342M, ))"2 (14)

Where M_ is the Mach number evaluated at the
radial position where the local velocity is the
arithmetic mean of the secondary and centerline
velocities.
3.3.2 The wall boundary layer
Dimensional analysis of the variables known to
affect the wall boundary layer mixing length yiekls:
L Y, -Y
~m = function] v*, —¥
A A

Where,

r -1 12
y =2—(zp
~2(s7)

The following forms were used in regime-1 in the
wall boundary layer:

0<(Y,-Y) s A, L, =041(Y, -Y) (15
A<(Y,-Y) A, L,=k A (16)
The “change-point” A, is defined as the point at
which the viscosity model predicts a larger value of
L, than k, A and k, is a mixing length cocfficient, to
which was assigned a value of 0.09. The definitions
of the wall boundary layer thickness and shear layer
thickness were based on the value of r at which the
local velocity was 0.99 of the external stream
velocity. In regime-2; the downstreamn mixing length
distribution adopted is:
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. L, =041 (Yy, -Y) (7

(¥, -¥) < =226
0.41
(v, -Y) = %1?12 , L=k, Y, D, (18
In which k, is the downstream mixing length
coefficient, to which was assigned a value of 0.28.
To prevent an abrupt change in the mixing length
distribution at the end of Region-1, a tramsition
distance was introdnced, over which the mixing
length distribution varied linearly with X between the
upstream distribution at the end of Region-1 and the
value obtained by equation (18), i.¢., for

X, <X< (X, +%, )

w5 ()4 )

w

A [—Y—] is the distribution at the end of regime-1

Y
fa («—J is the distribution given by equation (18)

X, is the vatue of X at the end of regime-1

X, is the transition length, arbitrary sit at 6
mixing section diameters.

The fluid ﬁroperties were evaluated as follows:
The turbulent Prandil number was assumed equal to
0.9. The ideal gas law provides;
p* = _IT)-_. = ___13 Tl_
o nT
For viscosity, Sutherland’s formula {15] can be used ;

. N\32
Ky T T+C,

Where C» = 110 K for air. The molecular Prandtl
number and specific heat were assumed constant, so

that

B*
3.4 Finite Difference Equations
The general form of differential equations (10 and
11) summarized in table (I) in finite-differencing
form according ta grid lines shown in Fig.(4) is:

An~1 Bnﬁ'],ﬂ +Bn~] Bm+]_n+] +Cn-] Bm+1.n-l=Du-l (19)

Table (1) differential equations in finite-difference form

Variables B An-l Bn—l n-1 Dn—l
2
1 u
Momentum u Z, v Z, + Ymn -Z, -Z, - (dp’ + dpl }_;. m,n
apr\ax|, dxi.. ) ax
um,n em,n + CLum,nSm,n A‘PZ (um,n+l - um,n)
. AX 2y* Ay, (dy +ay, )
Energy o Z,+Z,+—= ~Z, -Z, )
AX . Ay, (um- um,n_]) 2 Sl ( a} ]
AWZ (A\U] +Al§!2) 4 p*],n dX m ax m+1
Where; 7 = U, Q. +Q,
rn Sw1 * 5, ) v LAY (A‘Ifl + A‘lfz)

7 =
L2y, (A\,u} (v, +A‘="2)]

= llm,n Sn + Sn i
2v*, (A, (B, +Ay,)
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3.5 Boundary Conditions
Along the axis of symmetry, the following
boundaty conditions were used;

du =‘0 . 06 =0

o u* T B ¥
And the wall boundary conditions are:

Y=0 ; y*=0 ;

Y=f(X) (known wall geometry) ;.
a0

By

yE=constant ; u=0 ;

3.6 Solution Procedure

1- A precise specification will often not be
essential because the mathematical nature of the
parabolic equations is such that major portion of the
flow will not be affected by small changes in these
conditions. For this reason, the dimensionless eddy
viscosity was initialized at zero, and “top-hat’’
velocity and temperature profites (uniform values in
primary and secondary streams) were assumed.

2- The calculation procedure starts with the upstream
flow boundary, where the values of all flow variables
must be known or assumed. The known Initial
conditions, m = 1 line, as shown in Fig. (4), are
related to the unknown conditions, m = 2 line, by the
previously derived equations, and known boundary
conditions.

3- A set of N-2 simultaneous algebraic eguations are
obtained and the coefficients of these equations form
a tridiagonal matrix except for the initial and final
rows which only contain two terms,

4- Rapid and exact solution to a tridiagonal matrix is
obtained using the Thomas algorithm. Thomas
algorithm uses a successive elimimation technique,
The Solution for the variables is iterative, the
procedure adopted was fo cstimaie the pressure
gradient and solve the equations using the algorithm,
5- The equations automatically satisfy conservation
of mass, momentum and energy, but only one
pressure gradient yields the correct wall geometry.

6- The duct radius corresponding to the estimated
pressure gradient was calculated from the M = 2 line
variables. The pressure gradient was then
incremented by a small percentage of its initial
estimated value, and the calculation process is
repeated for a new duct radius.

7- A third estimate of the pressure gradient was
obtained by interpolationt between the calculated, and
the actual duct radii. In alf the calculations performed,
this value has been acceptably close, within 0.001
percent, to the actual duct radius. If this condition is
not met, a further iteration is applied until reaching
the proper solution.

"

A
w*

Ay*,

Ayr¥,

n-1

AX

i S

——
-

X
Fig. (4) Grid lines used in finite difference equations.

3.7 Model Verification

In order to extend the theoretical study, the model
must be firstly validated. The model has been tested
against published experimental and analytical results
of [3]. These comparisons are presented in Figs. (5-7)
under the same conditions of motive stagnation
pressure and temperature, Py & Te through the tested
gjector. It is evident from Fig. (3) that the present
predicted wall static pressure distributions and
experimental one [3) are in closer agreement than the
predicted and experimentai of [3]. While Figs. (6,7),
show the present predicted, experimental and
theoretical velocity and temperature profiles at four
axial locations of [3].The comparison show
acceptable agreement. The discrepancy of results may
be due to the empirical input of the velocity and
temperature profiles into the analytical model
presented in [3].

The model has been also validated against the
present experimental results as shown in Fig. (8), for
wall static pressure coefficient distributions at five
different values of motive stagnation pressure
coefficient. The comparison is in a reasonable
agreement,

4. RESULTS AND DISCUSSION

4,1 Effect of motive flow stagnation pressure, P,
Effect of motive flow stagnation pressure is
studied for an isothermal flow, where ihe
temperatures of both motive and entrained flows are
300 K. Effect of molive stagnation pressure
coefficient on wall -static pressure coefficient
distributions along the tested ejector is shown in Fig.
(9). While its effect on centreline Mach number is
illustrated in Fig. (10), the highest motive stagnation
pressure coefficient line, 4 shows an increase in Mach
number due to extension of the supersonic regime in
the convergent part of the mixing duct. Velocity
profiles at seven axial locations are shown in Fig.
(11). It can be seen at locations x / R, = 9.1 and {2.29
that the velocity profiles are nearly the same, this is
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because complete mixing and fully developed flow
have already been accomplished and the length of the

constant area section is longer than the required

length.
The detailed Mach number contours are given in

Fig. (12) at different values of Cp . It can be

concluded that an carlier mixing is accomplished with
a lower stagnation pressure coefficient. Figure (13)
represents the effect of motive stagnation pressure
coefficient on the ejector efficiency and pressure ratio
for three different mass ratios. Here the ejector

efficiency is defined as:

_ Useful power _ V, ( ) ¢

Input power ¥ (01 ) T (1 (-9
It is clear from Fig, (13) that the ejector efficiency
decreases with decreasing the mass ratio. Also the
results reveal that at constant mass ratio, the
efficiency is improved by increasing the motive

stagnation pressure coefficient until the pressure ratio
becomes remarkably small. While Fig. (14) illustrates

the effect of motive stagnation pressure coefficient on
gjector efficiency and pressure ratio for four different
values of temperature ratio. It is noticed that at a
cerfain - value of motive stagnation pressure
coefficient, the ¢jector effictency is enhanced by
decreasing the temperature ratio. This may be due to
a decrease in the input energy to the ejector system
represenied in a decrease in the primary flow static
temperature, see the above efficiency definition. It is
weil known that a larger motive stagnation pressure
results in a lower mass ratio , a larger entrained mass
flow rate and consequently a lower efficiency.
4.2 Effect of temperature ratio, s

The critical inotive mass flow rate passing through
the motive nozzle decreases by increasing its
stagnation temperature (higher values of A ), which
results in a Iower jet velocity, lower Mach number,
and a higher static pressure at the nozzle exit plane.
The entrained flow stagnation temperature is kept
constant, T,; = 300 K, while that of the mative flow,
Te is varied in order to investigate the effect of
temperature ratio on the gjector performance.

0.4

8
[
2
g
s
16 - J Data[3] Theo.[3] PresentTheo.
'.\X X ox o x L —_—— .- 17
; N " S R P
2.0 —————— ——— —————
) 4 8 12 16 20 24 28
1 x/Ry

Fig. (5) Comparison between predicted wall static pressure distributions and
published theoretical and experimental data, Ref. {3] for different
entrainment ratios. { Poy= 24 bar, Tgy = 706 K)
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Fig, (6) Comparison between predicted radial variation of axial flow velocity, published
theoretical and experimenia)l data, Ref. [3], at four axial locations.
(Por= 24 bar, Toy = 706 K)

Present theoretical

Data, Ref.[3] Theoretical, Ref.[3]
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' Fig.' (7) Comparison between predicted radial variation of stagoation tempetature, published
theoretical and experimental data, Ref. {3] at four axial locations.
{(Po1=24bar, Tor = 706 K)

Present theoretical

Data, Ref.[3] Theoretical, Ref.[3]
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Fig. (8) Comparison between predicted wall static pressure coefficientdistributions
and experimental data at different inflow conditions.
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Fig. (11) Effect of motive stagnation pressure on velocity profiles along ejector at different locations, (1= 5.
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Fig. (12 ) Effect of motive stagnation pressure on Mach number contours, p = 5.
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Fig. (13) Effect of motive stagnation pressure on
gjector efficiency and pressure ratio, A = 1.

Figure (15) illustrates the effect of temperature ratio
on the ejector efficiency and pressure ratio for four
different mass ratios at a constant motive stagnation
pressure coefficient. It is clear from the figure that at
a certain value of A, the efficiency is improved by
increasing the mass ratio, while at constant mass
ratio, increasing temperature ratio firstly increases the
efficiency due to an increase in the total exit
stagnation pressure, However efficiency is then
decreased due to increasing the primary flow static
temperature at the nozzle exit which is inversely
proportional to ejector efficiency. Figure (16) shows
the effect of temperature ratio on the gjector

- 0.036

n% SRR

10

i - 0.032
1 A=10 | 3
2 =15 H
3 =20
4 =25 1
0 ; . ' . 0.028

150 175 200 225 250 275
CPO
Fig. (14) Effect of motive stagnation pressure on
gjector efficiency and pressure ratio, p = 5.

cfficiency and pressure ratio for different motive
stagnation pressure coefficients at constant mass
ratio. From the figure it is seen that at a certain value
of temperature ratio, the ejector efficiency is
improved by increasing the motive stagnation
pressure coefficient as a result to the increase in the
total stagnation pressure at the ejector exit plane. A
hotter entrained flow (smaller values of A ),increases
the efficiency, while a larger motive stagnation
pressure coefficient line has a lower efficiency due to

“an increased energy input represented in motive flow

stagnation pressure,
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Fig. (15} Effect of temperature ratio on gjector
efficiency and pressure ratio, Cp = 1.97.
[+]

4.3 Characteristic curves of the tesied ejector
The results obtained from the present study can be
represented as shown in Fig. (17). The figure shows

the dependence of operating parameters ¢, Cp .7,
+]
% and p to each other for the iested ejector for the

shown ranges of the parameters. From these curves,
one may determine the suitable operating conditions

3 ——— Efficiency 0.04
............. Pressure ratio
40 - |
- 0.03
30 o
0 II
n% | ¢
2041 )
Y
i
10 - A=19
1 CPO = 1.96
2 =1.76
3 =1.54
0 T T — — 0.01
3 S 7 9
- Ei -

3

0.038

40
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-~ - 0.034

a
——————
Trr——

=~

[ - 0.030
i
)
1 Cp =176 | L
12 =197 |
3 =217 — Efficiency
4 =2.34 --=- Pressure ratio
0 B T e S T S e 0,026
0.50 1.25 2.00 275 3.50

A

Fig. (16) Effect of temperature ratio on gjector
efficiency and pressure ratio, i = 4.5.

to meet the required mass ratio n. For example, if the
required value of p = 6 for an isothermal ejector
under study (A = 1), then the suitable motive

stagnation pressure coefficient Cp  should be about
aQ

1.54 which produces a pressure ratio ¢ of about
0.037 and the ejector has an efficiency of 1 =31%.

30 — Lfficiency 0.04
------ Pressure ratio
- 0.03
~ 0.02
0.01
10

-b-

Fig. (17) Operational characteristic curves of the tested ejector at four different temperature ratios.
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Fig. (17) continued: Operational characteristic curves of the tested ejector at four different temperature ratios.

5,CONCLUSIONS c
The present study deals with numerical and P
experimental investigation of supersonic air-air
gjectors, The present theorctical and experimental C'p
results are compared with published data. The
comparison shows a goed agreement. Therefore, the
obtained results help to understand the flow
behaviour and physical phenomena occurring in the d
flow through ejectors. The operating conditions must
be chosen carefully together with the dimensions of D
the ejector which greatly influence the ejector
performance. D
b
NOMENCLATURE D,
A, coefficient in equation (19) Dot
Ar area ratio, (D / d)z E
b local jet shear layer width
B,, ocoefficient in equation (19) y
'c'p time-average specific heat at constant
_ pressure k
. : p k*
p dimensionless specific heat, —
Cpl k
2
C, B -) M, !
L ckert number, ~——— m
- .1 L
T o
C,, coefficient in equation (19) ;,{n
64

B-F
wall static pressure coefficient, — -

P

ol

-P

ref

05p, U}

Spy
primary flow stagnation pressure coefficient,

2

internal exit diameter of the primary flow

nozzle

diameter of the constant pressure mixing

section at the nozzle exit plane

diameter of the constant arca mixing section
mixing length compressibility correction

factor
coefficient in equation (19)

.. E
dimensionless eddy viscosity, —
Vi

wall static pressure head

distance from shear layer outer edge to the

jet centreline
time-average thermal conductivity

dimensionless thermal conductivity,

thermal conductivity
mixing length
dimensionless mixing length

mass flow rate
mach number
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M,

mgupc‘fo

R

T

S

=

§ e

-
.-<D
=~

i

primary flow mach number at nozzle

exit plane, LU
T rT)”

time-average static pressure

dimensionless pressure, —W-L—z
50 U

wall static pressure

stagnation pressure

reference atmospheric pressure

€
turbulent Prandtl number, —
&y

Cpl

1
dimensionless parameter in equation {11)
turbulent heat transfer, (pv)' T
gas constant
radius of the constant pressure mixing section
at the nozzle exit plane
dimensionless parameter in eguation (10

and 11)
local static temperature

time-average temperature
instantaneous fluctuating temperature

stagnation temperature

[t
Prandtl number, :

wall reference temperature

time-average velocity in x-direction
instantaneous fluctvating axial velocity
component

local axial velocity in x-direction

. . s . \ u
dimensioniess velocity in x-direction, —-
1
time-average flow velocity in r-direction
instanianeous fluctuating radial velocity
component
space coordinate in the axial direction

U, x

dimensionless space coordinate,
Wi

transition length

step size in x-dircction

space coordinate in the radial direction.

dimensionless space coordinate in the

o U, r
radial direction, ——
Y
a variable used in the calculation of

mixing length
volume flow rate

constant, nnity for axisymmetric flow and

a
zero for two-dimensional flow
N gjector efficiency
: 0e PDZ
b pressure ratio, ————
ol ~ P 02
¥ ratio of specific heats
: : To]
A stagnation temperature ratio, —
02
W stream function
i dimensionless sireamn function,
2
n .
y* = v 5 (for axisymmetric flow)
P v
p fluid density
] time-average fluid density
pt dimensionless fluid density, L
£
[+]
Loom,
i ruass ratio, —
m
n time-average absolute viscosity
¥ dimensionless absolute viscosity, —
"
T primary flow viscesity at nozzle exit plane
T local shear stress
Tr turbulent shear stress, (pv)'u'
g€ eddy momentum diffusivity
gy  eddy thermal diffusivity
o T-T
] dimensionless temperature,
wa - 'Ii
0, total angle of constant pressure mixing
section
0, total angle of diffuser section
v kinematic viscosity
3 local wall boundary layer thickness
A dimensional boundary layer thickness,
u, &
1"1
k, mixing length coefficient used in
equations (13, 16)
k,  mixing length coefficient used in
equations (17, 18)
Subscripts
1 primary stream condition at nozzle exit plane
2 secondary stream condition at nozzle exit
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plane
e mixing section exit condition
i an integer number denoting the pressure tap

number or location of pressure
w wall condition
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