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SECTION I i
INTRODUCTION

Ejector devices are distinguished by their simple . :chanical construc-
tion derived from a simple working principle which consists in transferring
momentum from one fluid to ancther by fluid shear in a mixing process. This
apparent simplicity, however, does not extend to the performance analysis of
these devices. A sufficient comprehensive analysis which accounty for
compressibility, conservation of energy, and also heterogeneous operating ;
media results in lengthy rslations which in part can be solved only by- ;
iteration. Ejector layout requizements can differ drastically with the type
of application, meking an extensive iandividual treatment for each application |
necessary. Since g great variety of operating conditions are of technical
interest, a large number of varizbles have to be dealt with in a general j
analysis.

L e

Due to the analytical complexities ejector performance calculations
usually either employ extended simpliZfications or are directed toward specific
applicaions (Refs. 1 to 6). As a consequence general trends in the behavior
of ejectors and also the optimization of thelr performance remain in an un-
clarified state. The present analysis attempts to bring the system of
relations governing the ejector performance into a form which facilitates
numerical evaluations and allows explicit illustrations of results while main-
taining a minimum of simplifying assumptions. The final performance relations
are still rather lengthy, but they can be readily managed on a programmable
desk calculator. Though the specific ejector devices considered, which are
the common ejector pump and the "thrust augmentexr', require still a consider-
able amount of individual treatment, new unifyirg trends become apparent in
the present treatment.

A special effort is devoted to the study of the loss mechanism in an
ejector. This study provides a way for the systematic optimization of the
ejector performance and clarifies the role of the mixing modes in this
process. Three modes of mixing are considered in the ejector performance .
calculations: at constant area, at constant praessure, and at a defined
pressure rise, Mixing is always assumed to be completed at the end of the
mixing section, and no detailed considerations of the mixing process,
including those for the mixing length, enter the analysis,

The flow 1s treated as one~dimensional, a basic assumption which previous
ejector treatments have found to be a falrly r2alistic one. Conservation of
. energy, a condition which is in general not very influent:al for the ejector
- behavior (Ref. 5}, is fully observed in the present analysis. Otherwise,

compressibility and heterogeneous properties of the operating media are
‘ accounted for. Diffuser and wall friction losses enter the aralysis in
' parametric form. Some comsideration is given to the influence of inccoplete
g mixing.

o |
| r
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The principle result of the analysis consists :.n the presentation
of the performance behavior of ejeztor devices in comparatively simple
graphs and in providing a process to arrive at optimum ejector geometries.
As an additional result the present analysis allows a reinterpretation of
the simplified ejector analysis presented in Ref. 5, extending greatly
its general validity.

Under the conditions assumed for the present analysis the ejector
performance, i.e,, the pressure ratio and the mass ratio of the ejector,
can be presented as an explicit function of the ejector inlet conditions.
For the reversed case where the inlet conditions must be derived for a
given ejector performance, no algebralc solution of the ejector equations
1s possible and iteration methods must be applied for a solution. In the
( following the basic ejector equations are first derived for the direct case
which allows a straightforward solution. Whenever advantageous for the
representation of the characteristic ejector behavior the reversed case is
applied and the necessary iteration process developed.

X
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SECTION II
THE BASIC EJECTOR EQUATIONS

1. GENERAL CONSIDERATIONS

In the following the various modes of mixing are analyzed and compared
with each other in their performance as a matter of free choice of the
mixing mode. Also a free choice is given to the ratios of thke iniet Mach-
numbers and the inlet areas for the primary and secondary operating media.
The ejector loss considerations in Section IV will show that quite specific
choices must be made for these three design parameters to arrive at an
optimum ejector performance.

2. CONSTANT AREA MIXING
a. Ejector Flow Scheme

Figure 1 shows the ejector flow scheme for constant area mixing.
Three essential cross sections enter the analysis with the following
specifications:

(1) At the entrance to the mixing section the driver-gas and the
driven gas which are referred to as primary and secondary medium, respectively,
enter with the Mach numbers M and Mg. The static pressure for each medium
is assumed to be the same at Ehis cross section.

For supersonic inlet conditions this assumption implies that the flow
enters the mixing section through a properly expanded supersonic nozzle,
The assumption reflects desirable conditions for an ejector device, but
restricts the analysis to design point conditions, i.e., ideal inlet nozzles.
The restriction is not severe. If we compare the momentum of a gas expanded
through a correct supersonic nozzle and through the same nozzle with the
expanded part cut off, we find the difference to be negligible for low super-
sonic velocities up to, say, Mach number 1.2. At Mach number 2 the momentum
loss 1s about 5%. At Mach number infinity the loss is still only 30% at
Y = 1.4. The comparatively small losses at these extreme off design condi-
tions indicate that the performance of an ejector ILs not very sensitive to
incorrect nozzle designs, provided the nozzle is underexpanded. For an
overexpanded nozzle, i.e. if the Mach number 15 lower than the nozzle is
designed for, the overexpanded part of the mozzle acts as a flow blockage
and interferes with the mixing process.

(2) At thc cad of the mixing section both media are assumed to be
completely mixed. 1In case of supersonic inlet conditions it is assumed that
due to a normal or pseudo-shock the exit Mach number is always subscnic.

(3) At the exit of the diffuser, conditions vary significantly with
each ejector application. For the ejector pump a maximum of static pressure
should, in general, be obtained. Therefore, the specific assumption is in
this case that the exit velocity from the diffuser is low, and the static
and total pressure at the diffuser exit are for piactical purposes the same.

e e oo et e o o o SO A . A o A0 e e S8 A A 0 At | PSRt i e o S
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For the thrust augmenter, there is an optimum pressure rise in the diffuser
for best performance. To find these optimum conditions, the diffuser area
ratio will be treated as an independent variable.

[N Y

b. Derivation of the Basic Equations
(1) Mass Ratio

The ratio between primary and secondary mass flow is an
important design magnitude for any ejector device. With the continuity law,

msavep-A (1)

velocity of sound,

; o =YpReT (2)
the equation of state,
P RT @

and the temperature change during adiabatic expansion,

o o+ HLy? (4)

the mass ratio can be expressed in terms of essentlal ejector data:

?- My Ap My 1/ 8 Rs(To)o 24(25-) M7 (5)
s " As s Fs Rollo)y 2 (1) ]

5 This relation is independent of the mixing conditions and therefore applies
to all cases of mixing treated in this analysis.

FGRTY

"gj\

(2) Pressure Rise During Mixing

%’?/
E The pressure cise dvring mixing camnut be immediately determined.
K How er, from conservailon of mowmzntum, its dependency from ejector operating
- cond.tions can be narrowed down:
O t
jol
L IPN
N t . ) _ - + -
. My Yyt Ml (mp+ﬂ?;) Y (4 As)[ﬁgx P;MPw) (6)

&

Ap,, accounts for the pressure loss due to wall friction. This term will be
examined later in Section II, paragraph 1.b (5). Dividing Eq. 6 by the
. area term gives

|
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5 mp+ ms

+ Vo, = Pey Ps 4P, )]
A A Ex Ex S w
Considering
. 2
Yo pyH ®
we obtain, when dividing also hY Pg»
M e Mf
s’ S 4p P, 2. ,).
________‘2’/: Ap'f‘—-"——"AP + [ - __ph/_ = ij [yfx%x'*/):BA 9)
/.}-..é. |+ S .
4p As

For the complete determination of pEx/ps from this equation, the exit Mach
number MEx and also Yey must be known. In abbreviated form the pressure
rise during mixing can be expressed by

Pex 8y
= 10
Fs (3?x/?2ﬁf47 (10

BA is in general given by the ejector design. MEx and YEx will be
determined next.

{3) Exit Mach Number MEX

Deternining MEx requires the solution of the thermodynamic
mixing relations for the ejector operating media. From continuity one has

v Mex
E

= (11)
¥ AgyPex

Using Eqs (2) and (3) and normalizing the equation with the flow condi-
tion of the secondary medium before mixing, we can write



Mer . _mex-As pe 1/ s Rex ' Tex ‘ (12)
Ms M Ay 'Pex Yex R Ts

The following mixinz relations can be applied to evaluate Eq (12):

Mass
Mey  Mp* s Do g (13)
Ms Mmg Mg
Crxoss section area
AEgx Apt AS Aj’ .
= = +/
As As A (14)
Gas constant
REX / m )
E L, L R —R 15
Rs Rs | Mg Rs mEX (13)
. _ms mp
mpt M * mp+mg RS (15a)

Ratio of specific heats

FVex . B[ ms mp_ ) (16
Vs P | Mex 2’-!- Mgy % )
[ mg mp 2
P("Pw‘ms mp+ms P (16a)




The factor B has been added in this relation to allow an independent change
of the gas properties of the mixed gases beyond those resulting from the
perfect gas mixing laws. By a proper choice of this facto} gas imperfections
as they are associated with dissociation and condensation can to some degree
be accounted for. An example for its use 1s given in Reference 5. In this
analysis only perfect gas conditions are considered and this factor is taken
as unity.

Relations (15a) and (1l6a) combined give

mp Rp
P Rex . I+ ms Rs (17)
Hex' s /?(//-f p 25
ms 7s

Total temperature

(Bx)y 1. Cop'o'(Bd*Cos™s (%),

T 18
(T-;)o (75)0 Cp-p My + CP'S me (18)
M (B, |
Cp-s Ms(7s )
(18a)

C .gmg
p.sm_s + /

P

For a perfect gas c¢_ 18 a unique function of y and R, The specific heat ¢

is, however, carried in the following as an independent variable to account
for gas imperfections (see remark to Eq (16)).

We write alsc

Tox  (Bdo, Tex  (Tedo (19) |
73 —(73)0 (72‘,\’)0 75'

Iy

= r,"{g"(” =

Introducing the mixing relations into Eq (12), we obtain
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To evaluate this equatlon further we substitute for pq/pEx and TEx/(TEK)o

by means of Eqs (10) and (4) respectively and bring all terms which depend
on MEx and Yy to the left side. We obtain

ol 2t o (32 41)(1B2) (B2REEE ) (5),

(21)
I+ mtit B (2 +1) ﬁ(/+ﬁ"{;§’£’)[ﬂ‘§.‘§'£§“) s

The right side of Eq (21), abbreviated by E,, coatains only ejector design
data or derivatives of them. Equation (21)“can be readily solved for MEx:

o O ]
zcyEXZEA ”})EA +

(22)

Only the positive root in this relatioa, which yields the subsonic flow con-
ditions, applies in the present case of constant area mixing.

with M known, Eq (10) can be solved for the pressure rutlo pg /a‘

Ex
across the mixing process. Also the layout of rhe flow diffuser following
the mixzing secticn ¢.n now be completed. A discussion on EA ay a meaningful
i ejector paramerer 13 given in the following.

i
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(4) TFlow Density Parameter EA

Equation (21) can be given a useful interpretation. With the
help of already cited relatione the left side of this equation can be

written
Yey=l v 2YVE
Mol 5110 2 o W P (23)
14 %y Mef BT s By
or
- Y ..{.7_51’.__}07?-’-‘)/__/_ (23a)
Ex fEX "}]E)( ‘Ds BA

The expresaion \(Tp,)o Rpy/Ypx /B, also occurs on the right side of

£ Eq (21) as can be proven by means of Eqs (10), (17), and (18a). Dividing
%g; both sides of Eq (21) with this expression, we obtain

- TR m

; s 4/ 2
R b

E%\ ' > (71# As ) Rs s

P or

:i:' L / __/__ /n70+m5‘) AS (25)
2 | Vs:'?sx';o;"’ 5" Ss Ps Mg (Ap*4s)

If we multiply both sides by p , we obtain the original continuity condition
for deriving Eq (21), but writfen in a somewhat different form,

, o (Mpr M) As
< | Vex " Sex = % Ss Mg (Ap*4s) (26)

G The product v, . p. remaining on the left side is the flow density, i.e.,

the mass flow per unit area at the mixing section exit. Thus E, is the flow
density at the mixdng section exit made dimensionless by the expression

\J(TEx)o REx/YEx' /p8 and extended by the dimensionless magnitude B,

: In this form the flow density can be solely expressed either in terms of
A exit conditions (left side of Eq (21) or in terms of inlet conditions (right
side of Eq (21)) and equated as in Eq (21). The particular meaning of this
equation for the ejector analysis is the following:
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The left side gives a dimensionless flow density E, expressed in turms
of the flow Mach number. Iigure 2 gives a plot of the relation Ek = £Q ).
As expected, the flow deneity 1s highest at M¥__ = 1. 1In the uppe% part E?
the curve a subsonic and a supersonic Mach number satisfy the relation,
representing _he condition for a normal shock ox a pseudo-shock in a constant
area duct., From Eq (22) follows that EA br-omes a maximum 1f the rocti is
zero or

| e 1
Amax | 2(3:+1) (27)

MEx becomes infinite if the denominator of Eq (21) becomes zerc or

J -
L LyfZerl
| e 70172 (28)

; The right side of Eq (21) is a complex expression made up of design

' data which can be chosen arbitrarily. Howsver, only such combinations of
design data which result in an E, 2qual to or smaller than EA- can be
reelized in a constant area duct. Certain combinations of des?gg data which
lead to an exit Mach number of one, i.e., to cholking, are possible. Equation
(21) 1s too complex to allow recognition of trends for choking. However, or
physical grounds it cdn be stated that any increase in the heterngeneity of
the operating media brings any ejector with subsonic exit Mach number closer

‘ to choking siace the mixiug losses associated with heterogeneous operating

! conditions have the effect of an internal heat addition during mixing,

leading to an increase of the exit Mach aumber, Fxamples in Section III will

show this trend.

If the primary and secondary flow are identical, their common

i Mach number correspoads to that upstrzam of a normal shock. Thig
condition is useful in the interpretation of ejector characteristics dis-
cugssed in Sectlon III. Equation (21) proyerly modified, appears again with
the other mixing modes treated in this analysis.

(5) Pressure Loss Due tp Wall Friction

The pressure loss Ap,, accounting in Eq (6) for wall frizcionm,
depends on the specific design of Yhe mixing chamber, as for instance on the
position of the primary and secondary flow with respect to the wall, It
depends also on the mixing process itself as far as it influences the
velocity distribution along the wall. In particular, it will be different .
e ‘ with the type of mixing. Above all it depends on the mixing length, which |
- by itself depends strorgly on the number of primary nozzles provided, An
expliciv determination of Ap,, is not pessible under the given conditions. i
A paranetric approach based on a simple pipe friction analogy is therefo:ze i
used. '

10 ;
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As with pipe friction the pressure drop due to wall friction is referred

to a significart dynamic pressure of the flow system. The analysis allows the
determination of the dynamic pressure at three locations of the mixing section:
at the inlet of the primary and secondary flow and at the exit. In the
analysis all three dynamic pressures are used as reference pressures. Which
pressure to chocse in an evaluation depends on the design and the operating
conditions of an ejector device. For subsonic flow, as typical for thrust :
augmentation, the secondary flow inlet is the best reference point, since the ’
secondary flow is an essentially constant velocity flow predominantly in
touch with the wall. For supersonic flows with shocks occurring during
mixing, the mixing section exit may be preferrable as reference., For con- f
stant pressure mixing, where the velocity on the wall generally increases !
along the mixing section, the exit becumes particularly significant as
reference location.

. 2 2
(a) pr Referred to Ms and MD

Analogous to the pressure loss in a pipe, we can write
for the pressure drop in the mixing section

4o, = , . _Ef_ 4 €29
Pw=% L' 27 & 29)
Considering
[ Vzn O 'Mz

$s "V = B X% (30)
we can write for (Ap/ps)w in Eq (9)

4 2

S g % @

The mixing chanber geometry given by £/(2d) appears now in explicit form.
The pipe friction coefficient is a well known function of the pipe £low
Reynolds number.

The case of referring the wall friction losses to the dynamic pressure
at the primary flow inlet instead of at the secondary flow inletr is obtained
from above derivations by simply switching indices for the primary and
secondary flows.,

(b) Wall Friction Losses Referred to MEi

In this case the derivations are much more involved. If we write the
analog to Eq (31)

dpy .2 1
R YexMex 2d (32)

and introduce this relation into Eq (9), we obtain

b AU _‘?f«;'f'lz _ P 2 0 ]____
/:fg- ' /.;...ﬁ_l;’_ "-;5& MEXJZ'X(C,\' 2d +l)+/ —BA-W (9a)
P 'S

11

Nt e i

1Y 4




J——

and

pEX - BA‘W (108)
Ps MEfZ&'x [Cf'z%[ +/)+/

Then the flow density parameter becomes

L
e /H )0 (21a)
> . 3 s K
‘I"-‘?Z‘x Exﬂfzd /)
and the solution for Mé is
X
T [V’ Yoot 7, Pex -1)+ (22a)
Ex

e /EA 2’5¥+/

where 2
o2 Eyly ©

¢ e

The flow density parameter F accounts for an external pressure forze
acting on the flow, such as wa&l frictlon., It reaches a maximum at a MEx
smaller than one. This is a consequence of the basic assumption, as
expressed by Eq (32), that the impulse loss due to wall friction increases
with ¥ 2, For ¢ = 1.0 all relations revert to those originally derivsd

in paragraph (3) of this section.

3. CONSTANT PRESSURE MIXING
a. Basic Flow Schemes
For constant pressure mixing it is assumed that no shocks occur

during mixing. Thus the flow can be subsonic as well as superscnic at the
mixing section exit. Two flow schemes result. At subzcnic exit velocity

(Figure 3a) a subsonic flow diffuser follows immediately the mixing section.
For a supersonic exit velocity (Fig. 3b) a shock diffuser is placed between

the mixing section and subsonic diffuser.

To maintain constant pressure during mixing, the flow cross section
must in general be reduced toward the mixing sectilon exit. The area change
along the mixing section is a function of the state of mixing. For the
purpose of the analysis the state of mixing 1s specified only for the
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mixing section exit, i.e. mlxing is completed. This assumption 1s sufficient
for the analysis. Th2 contour of the mixing sectlion remains undetermined.

b, Derivation of Basic Equatilons

The derivation of the relations for constant pressure mixing follows
in principal the same pattern which applies to constant area mixing. Equa«
tione (1) to (5) remaln unchanged. Since for constant pressure mixing p

= Pgy MO net pressure forcee act on the flow. Expressing for the mameﬁt

tge wall friction forces summarily by FF, one obtains for the basic Eq (6)
m. ’ -f Py
My'ip + Ml (’”p*”’é‘) Vee (6a)

Introducing Eq (8) and dividing the equation by Ap+ A and by the pressure

term, considering Ppy = pp B Py We obtain

‘ 2
By | K By
g T TR T Aptis T (e ths) Py

(9b)

The wall friction forces are agailn expressed in parametric form. Pressure
losses due to wall friction occur for constant pressure mixing predowminantly
at the mixing section exit sincz the flow velocity along the wall ia here

in general the highest. The proper dynamic pressure to be used for reference
in expressing the wall losses 1s therefore the one at this location. To
arrive at a simple formulation for the wall frictdicn term in the ejector
equations the pressure loss in the conical mixing section 1s expressed in
terms of an equivalent cylindrical sectilon with A as cross section area,
The length to diameter ratio 1/d of this equivalen§ section must be chosen
such that its pressure loss is the same as that of the actually conical one.
A crude approximation for this procedure is to take the median length to
diumeter ratio of the actual conilcal mixing section. With above equivalence
asgumption we can write for the wall friction force

. l 2,
Ff" = [Cf "2“(:'”) " Pey' Yex '%x AEX (33)

The expression in parenthesis appears again as the wall friction parameter
in the analysis,

With Eq (33) the ejector equation for constant pressure mixing becomes

2 2
Yo M, 7 M / P A = p

+ -y M LA = B
(2% ] T i e
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For determining the mixing section exit Mach number » Eq 712) applies
again, All mixing relations except Eq (14) remain the sam€., The area ratio
AEx/As must now be derived from Eq (9b) and is written in the form

2
As _ Zey: Mex (34)
A E$(7+‘ff)

Equation (20) becomes then, upon considering p. = Py» bringing again all the
terms which depend on MEx to the left side, angxalso utilizing 3q (4},

Zel [
[+%~ f") w, (RN (1 R fﬁﬁ,’,’,;"g-”)’j )(T) (21h)

Pex Mex a Bf’ (/'*Aﬁ) ﬁ[’*ms)’s Cps m_e, +I)

The right side of Eq (21b) is agaln given by initial ejector data. Equation
(21b) can be readily solved for M;

/
Mys = T T (22b)

é&wﬁk)"

The mixing se¢ction exit conditlons are now completely determined. The
mixing section contraction ratio becomes with Eq (9¢)

Agx w o bp 5
¥
Ap*As Fex Mex

(35)

4. MIXING AT A DEFINED PRESSURE DISTRIBUTION

If in a conical mixing section as necessary for constant pressure mixing
(Figure 3) the pressure actually rises during mixing, wall forces acting
in the iirection of the flow appear, and an accounting for these forces in
the eje.tor equations becomes necessary. If A is the wall orea projection
in the direction of the flow and p _ is the lochl prescure in the mixing
section the resulting wall pressurg force acting on the flow is

Apths

45 jf(p,, ps)dAy (36)
e
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For the purpose of the analysis this relation is expressed ir a form
which allows a simple parametric presentation

AFy (A As A ) PR (37)

i.e. we agssume that the median pressure difference between inlet and exit of
the mixing section acts uniformly on the flow throughout the mixing section,
modified by the factor i so that the resulting forceaF acting on the walls

in flow direction becomes equal to the integrated valub. If the pressure
rises proportionally with the cross section, the factor i is one. If there

is no pressure rise along the entire mixing section, the faztor i 1s zero.

If the pressure in the mixing section would rise to its final value immediate-
ly at the inlec and stay constant throughout the mixing section, the walue of
i would be 2. Further implicatiouns of the factor i are discussed at the end
of this sectiom.

Due to the pressure rise during mixing the pressure force

AFP -AEX.pfx - Agx .p_g (38)

acts also on the flow. The total pressure force acting on the flow is then

P - ]
AFiep n[APMS ~Agy “%—p’? " M£x( pzfps) (39)

Using the abbreviation

e (40)

one can transform Eq (39) into

Aﬁnp"‘[PEx"Ps )'i"/Ap*A,s)/Z“% t/ - -Zé' (39a)

With the abbreviation

oy (41)
we obtain
P
A Fyp = tAt Ay T(EE 1) (39b)
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%;* o The basic momentum equatlon for the ejector process with inclusion ,
% of the pressure forces is /
3 My Yy o+ Mg -ﬁnp~f ”’.s‘) Vey ® JF,:,T,, *Age 4oy (6b) |

¥ Introducdng Eq (35b) into this relation and using previous transformatlons, '

wa obkain

; +
e 2)./\7'2 2.M2 P ) Pry ¢ 2 & ;
< i s L .........E:Y ) 2. “ .f"‘ ...‘..g;'.'..'._) uﬁi.l "-N ':‘t R t
3 J R "/.,v.‘...ﬁ;i Pe ’qu\‘Mg” bt Ps /al Ps Zc(o?‘;'v\' & (3d)
L/ Ap s
a
T ar, somewhat rearrangad,
“ 5 5
P A&) 2o M V) ‘Zr 2 { -
: ‘ e LS +Z"...._..€L2)M Cosimt) )+ 2 B
' YL Ap Ps | Tlx " Ex(“t2d EOp- (9e)
: . iﬂv‘zi) l‘(/"‘z:f) f
fuis equation yielda p x/p for inmerticn into the continuity equation in
accordance with the procedﬁr& applied for the other mixing modes, resulting
in the following relation for tha flow density parameter:
g . f? M [/." _2%_/;_/'”3)% {/m‘g+/) ﬁ‘f Mp 7?‘? /C}»p /'7//7/3) +0 \
g ‘ &x S Me (Mg g Re/ (Cpes M5 (T5)y /(T 210)
¢

{ %x%f/c,‘,‘éaﬁ)-ﬁf ) by (24‘54/) ﬂﬂ*rlr):;pg)cﬁzfg)'fy ’s

&L

For T = 1, vhich occurs if elther L = 0 or t = 1, E_ becomes equal to EA
glven by 32q (21). Thig is obvious for the condition t = 1, since it
regresents constant area mixing and no wall forcas can appear for any
pregsure rise, For the condition i = 0 the equality of E_ and E, means that
the flow density in the exit 1s independent of t. Zero pressure rise, i.e.,
‘ i -0, 18 not a readily obtainable condition. For supersonic conditlons

‘ it is difficult to avold a prussure rise during mixing since shocks are

lisble to occur.

e

TEEE

Tor condlir.cns with pressure rise in the mixing section it is essential to
note that the flow density decreases with increasing t. This is shown in

" | y




Figure 4, where E_ is plotted over M. . The curve with T = 1 is ldentical

with the curve shown in Figure 2, Curves with higher T = values lie below
this top curve,

Equation (2lc) can be solved for the exit Mach nuwbez with the result

o BB
¢ 0 Pow = Faxt!

{
Ce(Csg +/)

=LYy bpC

Equation (9e) then yields the pressure rise PEx/pe during mixing., ‘Together
with the przssure recovery obtalned from MEx in the subsonic diffuser the
ovarall pressure ratio (pExc)olps of the ejactor can ba determined.

By the nature of its definition the factor i can account for any kind
of pressure distributicn along the mixing section. The practical difficulry
is that the pressure distribution is in generel not known. Theoretical
evaluations are too complex and experimentation in this area seems to be
lacking., For special cases, however, the pressure distriburicvs can be
readily derived. Values of 1 determined from these cases, together with the
ohvious ones cited in connectior with the definitiov of the factor i above,
can serve as a measure for estimating i values for practical cases. The
following special case is very instructiva: The primary and sa~endary flow
entering a mixing section with a reducing cross section axea ar> supersonic
and equal; 1.e., mixing s reduced te zero. For ideal flow conditions, i.e.,
no supersonic shocks, the flow becomes sonic at the mixing cection exit if
sufficient area reduction is provided. This case is simply that of the
reversed flow in a supersonic expansion nozzle. With the help of common
flow tables and some simple plotting the following i-valuee, where M ils the
crmmon Mach number of the entering flows can be determined:

M= 2 3 4
i= 0.49 0.23 0.08

17




T

T

e

The characterilstic pressure distribution in this case is that of a slow
pressure rise in tbe beginning and a steep rise toward the exit, more
pronounced with increasing entrance Mach number.

If the above considered entrance Mach number iz the result of mixing
two flows with different Mach numbers under constant pressure, the inicial
rise in a mixing section, which accommodates such process, will be zero,
causing above i-values to become even smaller. In real cases supersonic
shocks occur during the mixing process; i.e., a pressure rise occurs right
from the beginning. Due to the shocks, which occur particalarly during
the compression phase, the exit pressure is much lower than in the ideal
case. Thus, a pressure distribution where the pressure rises strongly first
to taper off toward the end of the mixing section results., Such a pressure
distribution is charicterized by i-factors larger than one, as is readily
seen from its definition. The essential point to make here is that in
ejector cases where ti\e mixing section exit number is sonic i-values must
be invariably above onz:, approaching possibly values not too far from two.

0f special interest is also the supersonic ejector case where the
area reduction of the mixing section is not sufficient to reach sonic
conditions at the exit. In this case the exit velocity is supersonic and
shock compression occurs in the supersonic diffuser (Fig. 3b). Analytically
this process is equal to a normal shock occurring at the mixing section
exit. The pressure distribution is in this case such that the pressure
rises first more or less steadily, jumps, however, suddenly at the exit to
ite final value due to the normal shock assumed at this location. The
pressure distribution resembles in its shape somewhat that of the ideal
case and results in i-values below one; however, with the essential differ-~
ence that the exit Mach number is beiow one, the more so the higher the
Mach number before the shock at the exit, which also means the lower the
resulting i~value.

Above consideratious show that the as such desirable condition of a
low i-value together with a scnic mixing section exit velocity can never

occur in the real case. This has important consequences for the optimiza-
tion of the ejector performance, as will be shcwn in Section IV.
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SECTION III

PERFORMANCE CHARACTERISTICS

1. EJECIOR PUMP
a. Constant Area Mixing
(1) "Ejector Pressure Ratio"

For an ejector pump maximum pressure recovery in the diffuser
is a typical requirement. This implies that the static pressure and the
total pressure are very nearly equal at the diffuser outlet. TFor adiabatic
compression in the diffuser, the static pressure ratio across the diffuser,

upon using the polytropic diffuser efficiency to acccunt for flow losses
becomes

\ Pex

( Pexsy Pex~l ns2 :/”{}’ /
=/ | 4 LE Ex-

= ( /g M X) (42)

Pey

(See Section III, 3 Zor the defirition of the polytropic efficiency.)
The polytropic efficiency has thke advantage, as compared with other commonly
used efficiency definitions, that it is least influenced by the diffuser flow
conditions, in particular by the diffuser inlet Mach number (Ref. 6). For
the overall "ejector pressure ratio", i.e., the total pressure at the

diffuser exit over the static pressure at the mixing section inlet, we
obtain with Eq (10)

P
(p 5"')0 -7 , (/ . %x-/Mz)’#"';é;/ (43)
B (PexMed+l) z =

In this equation BA is determined from Eq (9) and Mpy from Eq (22), using
Eq (21) to find Ejy and Eq (5) to find m_/m_., Thus a direct though lengthy
process is obtained to determine the ejgctgx pressure ratio from the ejector
inlet conditions. For calculating the wall frictilon term in Eq (9) a value
for the product of length to diameter ratio of the mixing section times the
friction coefficient must be chosen and the wall friction term be determined
with Eq 31 or 32, depending on the desired reference Mach number.

(2) Presentation of Results

With the help of Eq (43) any desired plot between magnitudes of
the ejector problem can be made by utilizing graphical cross plotting., This
is, however, in general a cumbersome procedure, In Ref. 1 it has been shown
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and 1t will be explained later in this report, that a particular useful plot
to demonstrate the performance of an ejector pump is one in which the
gecondary inlet Mach number is plotted against the primary inlet Mach number
in two sets of curvas, one with the mass ratio and the other with the ejector
pressure ratio as parameter, The first set is directly given by Eq (5); the
other one darivas from Eq (43) and requires iteration for an analytical
golutlon, Such a solution is preferrable since it allows <o plot the ejector
pexformance curves directly on an automatic plotter., The necessary relations
for the plotting procees are derived in the following.

< ) e N
[
o B s A A ——
'

Tor the curves with tha msas ratio as parameter, Eq (5) can be solved
for the secondary Mach number!

é 2 V/+A4?;:Z?'/
f %‘“ ?g -/ (44)

with the abbraviation

[Apins 27 Rs (%), 3/ AR 2 45
VeI e e (2]

Equation (44) can be readily plotted in a M_ - M_diagram with m /m8 as
parameter., Magnitudes assumed to be given gor sgch a plot are tge inlet=~arca
| ratio and the thermodynamic properties of the operating media in the form of
their ratios,

To obtain the sacond set of curves with the ejector pressure ratio
(pEx)ﬁ!p‘i as parameter an iterative solution, as indicated above, is required.

The following procedure, first applied in Ref, 5, leoads to a fast convergence.
Equation (43) can be written in the form

o o, (e (46)
gt
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where the factor f stands fou

(Pex Me 1)

= ey
(25t ) T

r (47)

As shown in Ref. 5 the factor £ varies fox npolv = 1 at the most from 1.0 to
about 1.26 (depending also slightly on YEx) for'MEx changing fzom Q¢ to 1.0,

By choosing for f an intermediate value, for Instance 1.2, an approximate B
ean ba detewmined with Eq (46) and an approximate value for M, with Eqs (2?)
and (22). This approximate value is then used to obtain an improved £ value.
The procags is repsated until the approximated and the last calculated £
value coincide., In the caleculations carried out for the following examples,
high accuxacy was in general obtained within about three iteration cycles.
Calculation time on the Hewistt-Packard Calculator 9100B with Extended
Memory 9101A, used for all num arical evaluations in this report, was about

3 sac for one curve point,

The number of cycles necessary for conversion begins to increase sharply if
MEx approaches one, However, in general MEx values of up to, say, 0,98 are

reached without difficultics, If in the plotting process the dapendent
variabla approaches values which arve small in comparison to those of the
independent vardable, the iteration process does not convarga. A simple
changae in coordinates overcomes this problem.

The above described evaluation has been used to determine the typlcal
performance of the ejector pump with constant ares mixing., The resu'ts are
ghown in Flgures 5 and 6, and discussed in the next paragraph.

(3) Discussion of the Characteristic Ejcctox Behaviox

The solid curves in Fig 5 represent particularly simple
sjector conditions. The inlet area ratio is one and the primary and
secondary medium have the same thermodynamic properties, including equal
total inlat temperature. Diffuser and wall friction losses are assumed zoro.
For this didealized "homoganeous" ejector leyout the shape .. the curves for
constant ejector pressure ratio (pEx)olpe hecome very nearly circular, the

mere so the higher the pressure ratio, (Details about the basic curve shape
will be discussed in Section III.2,) As expected, thae curvas are symmetric
to the line M = Ms' Along this line the operating media become identical in

all details, and pressure ratios along this linu pertain to the case of a
single flow through a conetant area duct where mixing is absent and only
supersonic shocks occur. Along this line praessure ratics and Mach numbers
are related to each uvihws by the lssatroplc compreusion relations 4in the sub-
gonlc region and by normal shock relations in the suparsonic region with
subgsonic isentropic compression added to obtain total pressure recovery. At
the conrdinate axis, where either M or M is zero, again the case of a

single flow medium is represented; gowevec, in this case it is subject
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to a sudden expansion to twice its original flow cross sectionm.

For comparison with this kind of basic performance curves a number of
heterogeneous operating and external flow loss conditions are entered in
Fig. 5. Table I identifies these various operating conditions. No. 2 in
this table represents purely heterogeneous operating conditions for which
the inlet total temperature ratic for the operating media is 4. Fig. 5 shows
that such a temperature ratio has a comparatively small influence on the
ejector pressure ratio in contrast to its great influence on the mass ratio
of the operating media, which will be dealt with later. A new phenomenon
appears, however. Due to the addition of thermodynamic mixing losses to
the shock losses, the mixing section exit Mach number can become sonic in a
wide region around the point M8 =M = 1, For the idealized homogeneous

ejector this is the only point where the mixing section exit Mach number can
become one, i.e., no choking will occur. The region of choking for the
heterogeneous case is indicated in Fig. 5.

External flow losses have a somewhat different type of influente on the
ejector performance than the mixing losses. The influence is comparatively
small at high ejector pressure ratios, but quite substantial at lower
pressure ratios. This is true for both, the diffuser losses and the wall
friction losses; but is more pronounced for the latter ones (compare No. 3
and 4 operating conditions). The wall friction losses assumed here corres-
pond to those of a mixing section with an £/d of about 6. The choice of

the reference dynamic pressure for the wall friction losses (see Sec. II-l-b
(5)) is of 1little influence here if the comparison is made near the Mp - Ms

line, where all reference dynamic pressuretbecome nearly the same or even
identical, as is the case for the liomogeneous ejector.,

Heterogeneous conditions combined with external flow losses are covered
by the No. 6 operatiny conditions. They represent an example of a practical
heterogeneous ejector for nearly equal inlet total temperatures.

In general all operating points for heterogeneous media and with
external flow losses are located to the right of the basic perfcrmance
curves (solid lines); i.e., higher driver Mach numbers than those applying
to the basic ejector are required in all these cases to obtain a given
ejector pressure ratio., However, the solid lines in Fig. 5 present not
necessarily the upper liw’t of performance. For the case in which the ratio
of the specific heats is larger for the primary medium than for the secondary
medium (case No. 5) the performance is better than for the homogeneous case,
and the operating points fall to the left of the solid curves in Fig. 5.
This can be readily explained. In accordance with Eq (9) a higher specific
heat ratio gives a higher flow momentum at a given Mach number, or a given
flow momentum is obtained with a lower flow Mach number.

For the performance curves in Fig. 6 all operating conditions remain
the same as used in Fig. 5 with the only exception that the inlet area ratio
A_/A is now changed from 1.0 to 0.2. The performance curves are now drasti-
c?i‘y changed. The previously circular shape is changed to an elliptic one,
he_zver, in such a way that all points along the line Mp = M8 have been
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preserved. The position of the operating points for heterogeneous and
external flow loss conditions relative to the solid base line remains about
the same as in Fig. 5. If the reciprocal values of the magnitudes in Table I
are taken as operating conditions, the complete set of curves and points is
mirrored on the iine M = Ms with the operating points along this symmetry

P
line remaining unchanged. Thus for an inlet area ratio of 5 the performance
can be obtained from Fig. 5 by switching coordinates.

From the examples given above it becomes clear that the external flow
losses have the dominant influence over that of the heterogeneous operating
conditions. As we will see in the next paragraph, the reverse is true for
the effects on the ejector mass ratio.

(4) Ejector Mass Ratio

Figures 7 and 8 glve the ejector mass ratios as determined with
the help of Eq (44) for the idealized homogeneous ejector together with the
pressure ratio curves shown already in Figs. 5 and 6. The mass ratio curves
away from the line M_ = M are slightly bent. This is due to the influence
of compressibility. The effects of heterogeneous operating conditions on the
mass ratio for a given ejector pressure ratio are much too large to be shown
properly in Figures 7 and 8. They can, however, be readily recognized from
Eq (5), from which the mass ratio curves are derived. This equation shows
that the mass ratio m_/m is directly proportional to the inlet area ratio

and to the square root of the product of the thermodynamic property ratios
[ 205 )/ [5-50 (5))]

The specific heat ratio appears a second time in the expressions in brackets,
increasing the overall influence of the speclfic heat ratio,

- | The external flow losses do not directly enter the relation for the mass
- ratio., However, due to the change in Mach number caused by the external flow
losses at a gilven ejector pressure ratlio, as evident from Figs. 5 and 6, a
slight change in mass ratio occurs with a change in the flow losses.

4

g

gl (5) Total Ejector Pressure Ratio

In many practical cases the plenum pressure of the secondary
\ medium is a given constant. Then the total ejector pressure ratio (p )0/

(ps)o becomes an important design parameter. By replacing the ejector
pressure ratio in the pertinent equations by

? - Cbsx2; C&BJO 6&529
o & (Bl A
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vhere (ps)o/pS is a function of Ms and Yoo the total ejector pressure ratio
can be readily introduced as parameter for making the Mp - MS plots.

Figures 9 and 10 give the total pressure ratio curves together with the
mass ratio curves for the inlet area ratios 1.0 and 0.2, respectively. In
both figures one recognizes that a mass ratio curve can intersect s given
pressure ratio curve twice, indicating that the ejector operation can be
optimized for a minimum mass ratio by choosing the proper secondary inlet Mach
number. The curves also show that the primary Mach number can be considerably
reduced by choosing a lower secondary Mach number at the expense of requiring
a higher mass ratio. A complete performance optimization must alsc allow a
change in inlet area ratio and mixing mode. Such complete optimization of
the ejector operation is given in Section IV.

b. Constant Pressure Mixing.
(1) "Ejector Pressure Ratio"

For constant pressure mixing the "ejector pressure ratio"
(pE )olp derives from the recompression of the mixing section exit flow; i.e.,
1t"¥s% Punction of the mixing section exit Mach number MEx as obtained from

Eq (22b).

1f - is subsonic, the ejector pressure ratic is determined by the
relation for adiabatic compression

'Wgo/%g
(P) Pl g 2] Fepl
ol %o/ N "

with the polytropic diffuser efficiency npol accounting for diffuser flow
losses.

If M. 1is supersonic, a realistic assumption is that the flow is first

converted to subsonic flow In a pseudo ~ -~k diffuser with a pressure ratio
accross the shock system equal to that « a normal shock,

2
6%?%ﬁwk = zé%kﬁék _A%%X—4)
E? ?Qm'+/

(49)

The subsequent subsonic diffusion takes place again according to Eq (48) with
the Mach number being that down stream of the normal shock, given by the
relation

2
2 _ :@’fr'{) Mg~ +2
( Ex - 2 /s
Grshock 291 Mo ~(2%0 1)
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The "ejector pressure ratio" becomes then

Dot dex
ﬂDEX)o _ /'%x)s/wa(’ / + 2_;5_'&’.:///\7‘2) PEx! (51)
'DS - IDS Z A shock
or

Ton 2

) (pol o Fx
ﬁ” 0 _ 2% ME?'[%EF//) /4 225~/ /;fz‘x_/)%f'/'z 7‘?;5"'”/ (51a)
P, Y 2 2Pk |

(2) Mixing Section Contraction

With the inlet Mach numbers M_ and Mg of the operating media
given, the following sequence of equationsg (5) (9b) (21b) (16a) (22b) (35)
and (5la) yields directly the ejector pressure ratio and the mixing sectiomn
contraction ratio. A useful plot of the results is that given in Fig. 11.
In this figure the ejector pressure ratic is plotted over the mixing section
contraction ratio with three independent parameters, primary inlet Mach
number M , inlet area ratio A /As, and mass ratio m_/m_. The secondary
Mach number M_ is in this casé a constant. Diffuser and wall friction
losses are asSumed zero. Figure lla shows the same plot with the properties
of the operating media changed. In this plot the strong degradation of the
performance due to diffuser and wall friction losses is also shown. Figure
12 shows dnother version of the plot where the inlet area ratio is a constant
and the secondary inlet Mach number appears as curve parameter. Figures 1l
and 12 show tha. constant pressure mixing requires considerable contraction
ratios for small inlet area ratios and small secondary Mach number, respec-
tively. Figure 12 shows that the contraction can change over to an
expanding mixing section for high secondary Mach numbers in comnection with
heterogeneous operating media. Further implications of the mixing section
contraction are discussed in Section III.2.

(3) Comparison with Constant Area Mixing.

For the constant area mixing case a useful presentation
of the ejector performance consisted in plotting primary against secondary
inlet Mach number with the ejector pressure ratio's serving as curve para-
meter. The same type of plot can be made for comstant pressure mixing;
an iterative solution for the applicable equation is now required.
It was found ccnvenient to use the mixing section contraction ratio as
iteration criterion. The process starts with solving Eq (48) (subsonic
case) or Eq (5la) (supersonic case) for the exit Mach number with a crude
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estimate of Ve (it is sufficient to take Ypg = Yg OF Yp). Equation (48)

yields
92&'/
2 2 6’&?)0
M., = Toot Pex — (52)
£x Xex/ /Ps/ f //

Equation{5la), which applies for supersonic ME , cannot be algebraically
solved. However, it is of the form

<[]

and can be represented by the series

y = L4 @x+(a)xt e

Breaking off with the quadratic term, one can obtain an algetraic solution
for MEx with an accuracy of around 99%. The solution 1s rather lengthy:

z_b+1/53- 4ac (53
MEX— 2a

where a = 77pa/07£'x/%x— /)[%x+ Zg‘c'/‘@pol)é_x“[%x‘_//)]"f 4‘2’55 (53a)

b Yt otnt Bt 2 2 o) 2l )] o

c /ggx //[PE’”[;JEX /) /;f;// Toud% Ex‘ / %{—%—/}/ (53¢)

With M kncwn a preliminary solution for Mp can be obtained from Eq (9b)
by taking (t§ in this equation as unity for a first step:

2 Ap?fo/%xMEx ZL[/"'A )/IfoZa’) ~ /s _Z/ (54)
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Next, Eqs (5) and (16a) can be solved for a first approximation, and
finally t is obtained from Eq (21b) with the result

\
. 7p
Me (o)) (1 R el L ) )
= - T My Por y Cop /77
Meyl! *?%zx /%%)z@f*a Al *m;%p)/ cﬁ.ﬁ mg +) 7

r (53)

The sequence of above equations is repeatedly solved until

t =+t
n n-1

In general sbout five itc.:ation cycles are required., With the Hewlett-
Packard calculator 9100B with Extended Memory 9101A calculation time is in
general 5 to 10 sec for a curv2 point. In certain regions Eq (22b) becomes
unmanageable., This difficulty can be overcome by switching coordinates.

Since these regions are of little practical interest they are left blank in
the following graphs.

Figure 13 presents a plot for constant pressure mixing with the same
set of operating conditions used in Fig. 5 for constant area mixing. From
the latter plot portions of the solid lines are replotted in Fig. 13 for
comparison. The most conspicuous change against the previous performance
curves is that the ellipses have become smaller, znd for lower secondary
inlet Mach number the required primarvy inlet Mach number became much lower
than before; i.e., the ejector performance became much better. As expected,
the operating points along the line M = M remain the same for the homo-
geneous case (solid line)., For the heterogeneous case the performance curves
for both modes of mixing cross each other, and above a certain secondary
inlet Mach number constant pressure mixing is no longer superior. A most
sigrificant feature of the plot is that in contrast to comstant area mixing
heterogeneous operating conditions and external flow losses have now a much
larger influence on the performance curves.

In comparing the performance for the two mixing modes it must be con-
sidered that constant area mixing constitutes a very realistic case, whereas
constant pressure mixing cannot be readily realized due to impact phenomena,
particularly for supersonic flows.

(4) Ejector Mass Ratio and Total Ejector Pressure Ratio

Eiector Mass Ratio, As stated in connection with the derivation
of Eq (5) the same mass ratio relations apply to all mixing modes. In Fig. 14
the ejector pressure ratio curves for constant pressure mixing are combined
with the mass ratio curves previously determined for constant area mixing.
For cuuparison, part of the pressure ratio curves for constant area mixing
are alsc entered in the figure. The curves show that, for obtaining a
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certain ejector pressure ratio at a given secondary inlet Mach number,
constant pressure mixing requires a somewhat smaller mass ratio than constant
area mixing with the primary Mach number appreciably reduced, as discussed
before.

Ejector Total Pressure Ratio. Figure 15 shows the ejector perform-
ance for constant pressure mixing with the total ejector pressure ratio used
as parameter. The basic shape of these curves is similar to that found for
constant area mixing. Again there is a minimum mass ratio for a given total
nressure ratio. As a comparison with Figure 9 shows, constant pressure
mixing requires a smaller Mach number to accomplish a certain total pressure
ratio at a given secondary Mach number than constant area mixing does,

particularly for small secondary Mach numbers, as already evident from
Fig. 13.

¢. Mixing at a Defined Pressure Distribdution

For plotting an ejector characteristic with M_ and M_ as coordinates
s
and (p. ) /p_ as parameter, as done for the other mixgng cases, the applicable
PEx’2'Pg

equations must be solved by iteration, The same iteration method can be
applied here as for constant area mixing (Section IIX.l.a). %The right side
of Eq (9e) can be written in analogy to Eq (46),

6051)0 /DE i 2 /A 7
By Ps (Pij; Jéx%x/c;czg+/)+lj (56)
or

{
5 ey P B39 1)+ 0] ) )
r Ps - 73”927 - P ) T

(57)

2 Pex =/

The factor f£_ is again used as the iteratiown criterion. For the first step
in the iteration it can be taken to be unity. A preliminary M_ can then
be determined from Eq (9e). Next, the mass ratio m /mS is found from Eq (5).

Also, ET can be determined from Eq (2lc). Then Eq (1l6a) is solved and MEx

is obtained from Eq (22¢). Finally, a refined value for f_ can be determined
with Eq (57) to repeat the above process for solving for an improved fT.
The iteration is completed if after n cycles

(fT)n = (fT)n~1

As with the previous iterations the conversion requires in general ounly a few
cycles.

Figure 16 gives an example for an ejector characteristic determined with
the above iteration process. The design conditions for the ejector are
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indicated on the figure. The contemplated ejector has a mixing section exit
to inlet area ratio t = 0.3. The value i = 0.6 has been chosen in accordance
with some preliminary experimental data from an ejector of similar lay-out.
This choice of i is still subject to discussions. More experimental sub-
stantiation is required to make this value typical for the present case (see
discussion at the end of this paragraph and in Section ([.4). Also, the
diffuser efficiency of 0.6 in the present example had been chosen to match

an available experimental point at prassure ratio (pEx)o/(ps)o = 6.

In determining the present operating characteristic a second iteration
process was superimposed on the above explained one to adapt at each point
the inlet area ratio A /AS to the primary Mach number in such a way that the

primary nozzle is always ideally expanded for the primary Mach number. This
represents very closely actual conditions in a given ejector when operated
at different primary Mach numbers. As indicated on the figvre the geometric
primary nozzle expansion ratio is 13.3; i.e., the primary nozzle is properly
expanded for a Mach number of about M_ = 3.8. As discussed in Section II.a
for higher Mach numbers, the flow adaBts itself to a good degree to condi-~
tions which a properly expanded nozzle will provide. For Mach numbers

lower than 3.8 the overexpanded part of the nozzle becomes increasingly a
physical obstruction in the path cf the primary as well as the secondary
flow, and the analytiral values become too optimistic.

The characteristic shown here represents the operating behavior of an

ejector with given geometry as closely as the present analysis is able to
do.

In Fig. 16, choking conditions (MEx = 1) are indicated as the upper
limit for the secondary inlet Mach numbers. This limit i actually too
high. According to the discuscions in Section II.4, a sm.1ll t-value (large
mixing section zontraction) does in reality not allow one to obtailn sonic
velocity in the mixing section exit. If an attempt is made to increase the
secondary Mach number abovz its limit, which may be actually near MEx = 0.6,

shock diffusion in the mixing section increases, leading to an earlier
pressure rise in the mixing section. The result is an increased i-value.
This can then be ceause for immediate choking.

7 BASIC EJECTOR BEHAVIOR

The operational behavior of ejectors is primarily determined by the
cendition for conservation of momentum. This is bcrne out by the operating
characteristics shown in Figs. 5-8, which have very nearly the shapes of
ellipses, reflecting the basic form of the momentum equation. The deviations
from the pure elliptic form are due to compressibility and heterogeneity of
the operating media. For incompressible, homogeneous operatiug medfia (and
zero wall friction and diffuser losses) the operating characteristics for
the various modes of mixing all become true =2l1lipses.

For a comparison of the mixing modes the study of the relative posi-

tions of these ellipses is very helpful. In the following for the three
modes of mixzing treated in this analysis the momentum equation is written
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for the incompressible lLomogeneous case, and the resulting characteristics
are plotted.

a. Constant Area Mixing

For incomprecsible, homogeneous media, disregarding incidental flow
losses, one can write Eq (%)

2 -
% . v - +[ Ex - b | (58)
As e/

Ap
|+ /*“E

The expression in brackets is the "total head" of the ejector, which,
correspouding to the p-eviously used "ejector pressure ratio", is a constant
in the 2jector characteristic. With the continuity condition the exit
velocity, Vg, can be expressed by the entrance conditions

3 . . L3 i/ + .
o he Lot AR et s

V., = (59)
g (Ap *As ) Pex Ap * As

Upon using Htot and this relation the momentum equation expressed in initzal
magnitudes becomes

i e o

This quadratic equation presents an elliipse with its axis turned against the
coordinates vp and A by the angle o, where

A
g% = = (61)

and with the length ratio of the axis

- (62)
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It is interesting to note that this relation does not allow a circle as a
realistic case of ejector operation. The ellipse given by Eq (60) is
plotted in Fig. 17 for A /A = 0.2 and H = 1, as the larger one of the

two ellipses shown in thgs figure.

b. Constant Pressure Mizing

Equation (6) written for the incompressible homcgeneous case without

incidental flow losses becomes

2 2__2 Ap
K Kb (3/ *, k%x

(63)

Constant pressure mixing implies that the ejector "total head" derives

solely from the mixing section exit velocit:

2
H - B
tot 2

With this consideration Eq (63) can be written in the form

B, VT

A A@of APy Hypp
(+ 73 /+_2_a.

(64)

(65)

This equation represernts an ellipse which has its center at a peint shifted

in the positive direction of both coordinates by the amou.st H

has as axis ratio
b .V._/J.e.
e AS

For plotting the ellipse Eq (65) is written in the form
"'f’stH/oi (V Z/Zioz‘/

and is readily solved for v
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Again, for Ap/AS = 0.2 and Htot = 1 the equztion is plotted in Fig. 17 as the :

smaller of the two ellijses,

Before proceeding to the third mode of mixing the typical ejector
behavior represented by the two ellipses in Fig. 17 is discussed first.

Comparison of Congtant Area and
Constant Pressure Mixing Performance

The solidly drawn portion of the two ellipses in Fig. 17 represent
operating conditions which have a meaning for an ejector. Along the line
v_ = v_the two ellipses have a common point. Otherwise, the constant

pressure cllipse lies completely inside the constant area ellipse. This
means that for the here assumed incompressible, homogeneous ejector media
constant pressure mixing is always superior since it requires the lower
driver velocity to obtain a certain ejector pressure ratio. This superiority
can be postulated from mixing efficiency considerations, as will be shown in :
Section III.5. The difference in performance between the two mixing cases :
varies greatly with the secondary velozity, with the greatest difference
for v_= 0,
s

In comparing the two ellipses in Fig. 17, it is interesting to note that
for constant pressure mixing the primary velocity is the same for Ve =V

and v_= 0. This is understandable since for zero secondary flow constant
pressure is maintained if the exit cross section is the same as the primary ‘
inlet cross section. As in the case of A A the point v, = 0 represents |

eimply straight pipe flow. In the latter case, however, the flow is inter- )
rupted by a sudden cross sectlon enlargement, followed by an area reduction

to that of vhe original cross section similar to an open jet wind tunnel,

If the seconaarv fiow is no longer zero, the exit cross section must be |
enlarged with larger secondary flow until vhe constant area case (vS = vp) is j

reached. The mechanism of constant pressure mixing consists in accelerating
the secondary flow at each location of the mixing section very nearly to the
primary velocity before mixing itself occurs, avoiding at the same time
impact compression in the primary flow. Such a process fulfills nearly
ideally the requirements of ar efficient ejector operation (see Section IV),
Tt is obvlous that maintaining constant pressure during the mixing process
is In reality a sensitive process and not readily attainable, particularly
in the supersonic case.

Constant pressure during mixing is not a limiting case since, as will be
sbown in the next paragraph, the pressure during mixing can also be reduced,
constituting, at least theoretically, the most ideal ejector conditions
possitle,
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If we select the portion of the performance curves above the line
Vp = Vg where the secondary velocity is higher than the primary one, the

roles of the operating media are exchanged. Consistently with this switch,
the inlet area ratio becomes 5 instead of 0.2. Then the region above the
line vy =V gives a consistent presentation of the behavior of an ejector

with an inlet area ratio /Ls larger than one. We find that for this corndi-
tion the pe.formance difference for the two mixing cases practically
disappears.

d. Mixing at a Defined Pressure Distribution

For incompressible, homogeneous operating media and zeroc incident:
flow losses Eq (6) can be written in this case, upon utilizing Eq (39b),

/
%2',4/, + l{s.zAS - ng, Ag, =t ‘(LV/DA-X’/’S)/AP +A,s) 52 (68)

or, somewhat transformed,

9 2 2

Per™2 fo/ Ve o B2 (49
ik [ 2

The expression in brackets constitutes again the "ejector total head".
Expressing Vex by initial magnitudes according to Eq (59), one can transform

Eq (69) into

2. 2T ] BEED | afh 2T (fE)]
%/21‘[—‘3#) /A"+/) V A5 "2t /Ap/ Zf M (70)

In this form the equation representing a true ellipse can be readily solved,
and Vv, can be plotted against vp. (No attempt has been made to derive

criteria for shape and position of the resulting ellipse since they appear
not to serve any essential purpose in the present discussion.)

The pressure distribution faccor 1, as contained in T, occurs as an additional
parameter in Eq(70). Its pertinent value cannot be readily estimated. For
specific flow conditions it can be derived analytically as it will be shown
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further below. At first its influence is shown in a simple parametric form.

In Fig. 18, which contains also the two previously treated mixing cases,
Eq (70) is plotted for three t-values and a certain number of i-values. As
expected from the definition of the factor i along the constant pressure
mixing curve, the influence of i vanishes. Inside this curve the pressure
during mixing decreases, and outside it increases.

There is a basic limit to the decrease in pressure during mixing. This
becomes immediately obvious for the special operating point where v_ = Vg

since this point represents strictly potential flecw conditions. For the first
two mixing cases the flow is that in a straight pipe; in the third case it
represents the flow in a Venturi tube. In all three cases the total pressure
must be the same, The Venturi case provides the criterion for the largest
pressure drop possible for a given cross section reduction, namely,
Bernoulli's criterion for potential flow. For v, = vy the factor i follows

P
then under this condition from Eq (68):

e oy nt)
Lpo =2t 7 32) (71)

In Fig. 19 the ejector characteristic for the limiting i-value at a mixing
section contraction ratio t = 0.3 has been entered. As expected this ci.arac-
teristic meets the t = 1 curve at the Vp = Vg line. Inside this limiting

characteristic ¢{-~haded area) no ejector operation is possible for the given
mixing section contraction ratio.

For 1 = 0, Eq (70) applies to an increasing mixing cross section area;
i.e., t > 1 in the form of a sudden enlargement at the entrance. In Fig. 19
an example is shown for 1 = 0, t = 2, At the point where the characteristic

Intersects with the line Vp = Vg the conditions in a so called shock-diffuser

are represented.

The present mixing case shows that the ejector performance can be im-
proved against that for constant pressure mixing, at least theoretically,
by providing a decrease in pressure during mixing. As expected, the ejector
performance will be still more sensitive to incidental flow losses and
effects of hecrerogeneity of the operating media, as was the case with con-
stant pressure mixing, since lowering the pressure implies an increase in
flow velocity during mixing and thus an increase in losses associated with
flow velocities. It is also obvious, that an increase of velocity augments
the danger of choking the mixing section outlet.

To show the influences of the incidental losses the fully implimented
ejector characteristics as derived in Section IIT.l.c. have been applied
to the present incompressible case by choosing z~ ejector pressure ratio of
1.1, which is low enough to be representative for the present case. The
mixing sectior area reduction was chosen as t = 0.7, for which an optimized
factor i was determined from Eq (71). Figure 20 shows the results for three
different loss conditions. For comparison the c.rresponding three curves
for constant area mixing (t = 1) are also entered.
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The main result of the plot in Fig. 20 is that it shows the devastating
influence of the incidental flow losses on the theoretically optimum ejector
performance below a primary to secondary Mach number ratio of about 3 o 4
At the terminal point of the t = 0.7 curves with losses (bending over to
higher primary Mach numbers) Mach number one is reached at the mixing section
outlet. The comparison shows that, for very high ratios of primary to
secondary Mach number, the optimization of the pressure distribution in the
mixing section appears to be worthwhile. Since the present thoughts apply
to incompressible media, they should be representative for ejector pumps
operating with liquids; i.e., proper contouring of the mixing sectilon to
minimize the pressure rise during mixing at comparatively low secondary inlet
velocities appears to be a desirable design feature.

In the next paragraph it will be demonstrated that for a good perfor-
mance the thrust augmentor requires an inlet Mach number ratio in the
neighborhood of three. For this requirement Fig. 20 indicates that constant
area mixing is equal or better than mixing with area reduction and optimized
pressure distribution.

e. Thrust Augmentation

In the basic ejector performance plot of Fig. 17 thrust augmentation
can be assigned a definite region. This allows one to determine the importance
of the type of mixing for thrust augmentation. The concept of thrust aug-
mentation consists in distributing the kinetic energy of a low mass high
speed jet over a large alr mass, resulting in a large mass, low speed jet,
Thus, a primary requirement for a thrust augmentation ejector is a secondary
to primary mass ratio essentially larger than one. For the plot in Fig. 17
this means that the ejector operating point will be above the axis of the

inclined ellipse.

Since the secondary velocity can never be higher than the primary
velocity, the operating point can never be above the line Vg = Vg As we

we will see later (Section III.3), wall friction and diffuser losses prevent
the operating point to even remotely reach this line. Anticipating results
from Section III.3, a realistic inlet velocity ratio v /vS of about 2.5 can
be given for the present case. For smaller inlet area ratios, as they are
actually common for thrust augmenters, the optimum inlet velocity ratio
decreases to about 2.

From the above considerations we see that the operation of thrust
augmenters falls Into a region where the two types of mixing cause relatively
little difference in ejector performance. In addition, the difference
between the two types of performance curves becomes less with the reduction
of flow losses, in particular, of the diffuser, since the optimum operating
point meves to higher mass ratios ms/mp. As previcusly stated, flow losses
in general deteriorate the comstant pressure mixing performance more than
the constant area mixing performance. Thus, no obvious advantage remains
for thrust augmentation to be designed specifically for constant pressure

mixing.
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The discussion in Section IV will show that above considerations for the
optimum operating regime of thrust augmenters simply reflect requirements
which are applicable for the optimization of ejectors in general.

3. THRUST AUGMENTER
a. Derivation of Specific Equatioms g
(1) Operating Conditions

For the thrust augmenter, the diffuser pressure ratio, and thus
the diffuser area ratio, must be tailored to the requirement that a maximum
of fluid momentum is added to that of the primary flow. In general, the
diffuser discharges to ambient, and the diffuser exit pressure is equal to
ambient. The total pressure of the secondary medium at the ejector inlet is
also ambient if the augmenter is stationary. If the augmenter is moving, the
dynamic pressure of the alr moving relative to the augmenter is added to the
total pressure at the ejector inlet, and an inlet momentum must be considered
for the secondary flow.

For the definition of the thrust augmentation one must consider that the
primary medium expands in the ejector to a pressure lower than ambient. For
the thrust produced without the augmenter the expansion of the primary medium
is only to ambient pressure. Thus the definition of thrust augmentation is

They™ Th
Thug = "2, (72)
9 T

Each of the thrust components occurring in this definition is developed in the
following in terms of ejector operating data. For each thrust component the
general relation applies:

Th=Ap-vi=p-p M4 (73)

with all magnitudes occurring in this relation referred to the pertinent flow
cross sections, i.e., to the diffuser exit cross section, the inlet cross
section of the alr scoop which catches the secondary air, and the exit cross
section of the primary air if expanded to ambient pressure from the given
plenum pressure.

(2) Exit Thrust

For exit thrust one has (for notations see Fig. 21)

They=Pre i Vexal Apnd (74)
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From primary assumptions it is PEx~d = pamb. The specific heat ratio YEx

will be fourd from Eq (16) after the mass ratio is known from Eq (5). 1In the
following, tie diffuser exit Mach number Mpy.q and the diffuser exit area

Apg-q will be expressed in terms of ejector operating conditions. Quite a

number of relations must be introduced to accomplish this. These relations
will first be derived separately.

As illustrated in the sketch of an I-S diagram in Fig. 21 we can write
for the enthalpy change in the diffuser with losses,

_ L@fz %s%d
[4’% =2 T 72 73)
It is also
/AH))Z =Cp 7‘;,\'—&' _Cp Té"X (76)
Considering
REW
C,. = an
P pl
we can write
2 2, PeclerTer [ Teed 78

or in terms of Mach numbers

- _7_5.{. 2_ 2 Tex-d __) (79
Mee-d ~'/'z-.%f-cz’[ME"' 75,\7// Tex /]
T [.2 2 2
T Y A . (79a)
My T [ e T o —// Y=l
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From the definition of the polytropic diffuser efficiency, (Ref. 6)

in Tgpys — o

Tpot * InTg, 4 = In Tz, (80)
follows
Te -o / TEx-is
ln = 80
Tex M pot g lex (80a)
or
s
Tex-o - [ Tev.is ]72/’0/ (80b)
Tex TEx

The diffuser pressure ratio related to this temperature ratioc is given
by the adiabatic relation

- r P! !
Exd  _ Pamb] Pex Tpol (81)
Tex Pex

The pressure ratio in Eq (81) can be written as the product of two pressure

ratios:

Pame = Pamé  Ps
Pey Ps  Pex

Then Eq (81) reads

D~/
72' -d /Damé P.S 2’ /
ey [ Ps Fex o e (812)
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The first pressure ratio in Eq (8la) is a function of the inlet conditionms. |
With the augmenter moving with flight Mach number Mg, !

/D:zmbsfbs)o Fams
Ps Ps (Ps)y

The first pressure ratio in this identity is determined by the ejector inlet
Mach number MS, and the second one by the £light Mach aumber Mfl' Assuming

isentropic changes cf state in each case, we chtain

Bl pp2 .l
Fams | ! M 75!
De P =1 2
LISy

(82)

The second pressure ratio in Eq (8la) is given by Eq (10):

Pex B4
Ps sz/v%ﬁ'*/

Equations (79a), (8la), (82) and (10) determine now the diffuser exit
Mach number in terms of ejector operating conditions.

For determining the exit thrust with Eq (74) the diffuser exit area is
still needed. It is obtained from contdinuity,

Pey Pamé

A — =, st ma——"
Ver Mo Ry Ty Ered Aer-d Rey Tex-a 83
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Abr-d _ ex Py Rex Tex-a (84)
Agx Vey-a " Pamb %ee Ter

or in terms of Mach numbers

Aex-d _ _Mex Pex || Tex-d (85)
Aex Mg Pamb| Tex

The temperature ratio in Eq (85) can again be replaced by pressure ratios
with the help of Eqs (8la), (82), and (10).

Equations (74) and (85) combined give for the exit thrust

= ’ ' N M Z:M Z
They = Ve Med “Aer "Pex Ver Tey (88

In this short form we will later enter ThEx into Eq (72).

(3) 1Inlet Thrust

The basic relation for the inlet thrust is in accordance with
Eq (73)

. 2
Thin= fams * Pamb" Mt * P (87)

The flow cross section A required for the secondary mass MS at flight

o speed Vey follows from continuity,
| .
. Lo
A Famb Ps
T Y A o} 1, et =A 'V — (88)
. Pam W Rslyms S S Rs'Ts
5("‘ 1
N
|
f¢ E or in terms of Mach numbers,
Pams bLs
. . = . —— 89
! Aomb* M1 ]/f—‘ A V7= (89)
i amb s
¢
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then

Ms _Ps 7Emé
Aamt™As M; Pamb 0

The inlet thrust becomes now
Tamb
Ty =M s M e

with

avnb /20n6 ;@

(91a)
.S
aad pamb/p8 glven by Eq (82)
4 Primary Thrust ;
We write for the primary thrust with basic Eq (73)
T/’przAp-am& "Pams 7 %-amé (92)
From continuity
A é'V_ b v pd”)é = DV . ——’L (93)
B T ams 0" 1P Re
or in terms of Mach numbers
A M y L A, M p -—-——,-L\ (94)
pamb " p-amb " Pamb Veme P P 7% (94)
y - Ap’ /VP Pp amé (95)
pamé™ M p-amé *Pymb z 7"
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We can write for the primary thrust

77’,0/' = hp 677’ ‘ /70 '/7"(””5 _77—3_ (96)

For the primary Mach number without che presence of the thrust augmenter,
i.e., for expanding the primary medium from its supply pressure to ambient,
we can write, assuming isentropic expansion,

27!
2 (5ol ) 2p —7 (97)

2 =
MP"’”’é Fp / Pamb

For the pressure ratlo in Eq (97) we can write

ﬂ’p)o - (Bl Lo
Pamb P Pamsb

(98)

The first pressure ratio is given by the ejector primary Mach number Mp.'

Pp
(P/)o . 30—/ 2/ @p~
-—/gp—-—=— /+ '—"2—‘—'% (98a)

The second pressure ratio is given by Eq (82) after considering p_ = p

iccording to basic assumptions. With Eqg(97) and (91a) the primary thrust as
given by Eq (96) can be determined in terms of ejector operating data.

(5) Thrust Augmentation Ratio

With Eqs (86) (91), and (96) we can form an expression for the
thrust augmentaticn in short form:

fied” . Tams
- e Per e Ty '%x—d]/"%? = B As B ) (99)
) amb

AU
I Ap'bo P Mp- /Wp-amb T
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with

+
¥ P
and
F%v - A%x £%

=7

Ps f% :2ﬁ7/32§+/

Equation (99) becomes

y B . Tovd As 0y ps | Tame
A (i *ﬁ)(mf% "Gl T R K- (100)
Aug waé\

/v/;o #p /\,70-0/776 N

Equation (100) allows to determine the thrust augmentation ratio in a
straightforward though lengthy way from the ejector inlet conditionms.
For this determination the following sequence of equations must be applied

(5) (9 (21) (16) (22) (79a) (8la) (82) (91la) (97) and (98a)

As we will see in the next paragraph the diffuser area ratio can be
presented also as a unique function of the ejector inlet conditions. This
allows to present the thrust augmentation ratio as a unique function of the
diffuser area ratio. This form of presentation allows toc readily recognize

the potential of thrust augmentation under the influence of various design
conditions.

(6) Diffuser Area Ratio

The amount of static pressure recovery in the diffuser of the
thrust augmenter is an essential criterion for maximizing the thrust augmen-~
tation ratio, For the ejector design this means that the diffuser inlet to
exit area ratic appeiars as an essential geometric condiiion for maximizing
the thrust. To introduce this area ratio into the present analysis the

following procedure is applied. The continuity condition written in the
form (see Eq (12))

m=M°A'p']/; T—/F-\
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allows one to relate entrance to exit area of the diffuser in the following
way:

AEy—omb - Mey * Deye ] Z‘;‘amb
Aex Meeemb B | Tex

(101)

Using Eqs (79) and (81, and applying some transformations, we cbtain

A P! y
! dl'ﬂb 7‘00/ ?JEX
Aec-amb - ﬁéyL /
LEx-amo . ‘ (101a)

Aex
2, 2 2 _[Bamé
%EX T B ;ﬂ; 7%0/ g

1

Considering ¥
2 :
St _ _fomb Fox Meyt [ (102) |
Pey P B |

one can evaluate Eq (10ls) in terms of ejector Inlet conditions in the same
way that the thrust augmentation ratio can be obtained from Eq (100).
Thrust augmentaf.ion ratio can be presented as & function of the diffuser
area ratio.

(7) Mags Ratilo

In Eq (100) and associated equations which yield the thrust
augmentation ratic, the secondary inlet Mach number Ms 1s carried as an
independent variable. By means of Eqs (44) and (45) the secondary Mach
number can be replaced by the mass flow ratio m_/m_. This procedure allows
one to enter lines of constant mass flow ratiosPin®the performance presenca-
tion ¢f the thrust augmenter, as will be shown in the next chapter.

b. Presentation of Results

As indicated before, the thrust augmentation ratlo is a strong
function of the diffuser area ratio. In particular there is an optimum
diffuser area i1atio, where the augmentation becomes a maximum. The value -
of this optimum area ratio changes not only with a change in any of the ‘
remaining ejector design parameters but also with the flight speed of the
propulsion device employing the thrust auvgmenter. The individual depend-
encles of the diffuser area ratio are shown in the Figures 2la-g for air
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as the operating medium. The first figure, for instance, shows the

strong influence of the inlet area ratlo for two diffuser efficiencies.

For the following figures the inlet area ratio has been chosen as 20, repre-
senting a practical layout. Figure 21b shows the extreme importance of a
good diffuser efficiency. Figure 2lc indicates that the primary flow Mach
number is of minor importance in optimizing the augnentation, though it
influences to a degree the diffuser area ratio for optimum augmentation.
Figure 21d points out the importance of low wall friction losses upon
considering that a value of cgl /(2d) = .01l5 may be achievable in an actual
case, Figure 2le demonstrates the enormous influence of the flight speed.
A few m/sec degrade appreciably the augmentation ratio. The influences of
temperature differences in the operating media are comparatively modest, as
Fig. #1f, shows in terms of the temperature ratio of the operating media.
In 7igs 21g and h the mass flow ratio has been entered as an additional
parameter to the diffuser efficiency. These latter two figures allow one
to recognize the appreclable increase in mass flow ratio by changing the
operating media temperature ratio from 1 to 3.

From Eq:' (44) and (45) follows that along a line of constant mass vatio y
the szcondary inlet Mach number must be alco constant for a given primary '
Mach number.

4. INCOMPLETE MIXING

The effects of incomplete mixing in an ejector device are not readily
assessable since mixing itself is not a very well defined process., TFor the
purpose of the analysis, it had bezn assumed that mixing is completed at
the mixing sectlon exit. This represents desirable conditions. However, it
1s not necessarily very detrimental 1f mixing continues into the subsonic
diffuser. If the unmixed state 1s of such a nature that the higher velocities
are near the wall, such a condition will actually be beneficial for the dif-
fusion process since it energizes the boundary layer. In an actual ejector
device the primary injection nozzles may be purposely arranged in chis way to
benefit the diffusion process. This possibility of trade-offs between mixing
and the diffusion process can substantially reduce detrimental effects of
incomplete mixing at the mixing section outlet.

To oblain an estimate for the influence of incomplete mizing on the
mixing process alone, the pressure rise in a constant area mixing process 18
determined and compared with the pressure drop caused by wall friction. The
advantage of this comparison is that wall friction, as shown in Section II.2,
can be given in very simple terms. It is then necessary only to define the
state of incomplete mixing in tzrms of two different velocities, i.e., by a
single step velocity profile, to determine how the pressure loss, due to the
fact that mixing does not take place, ranks with the pressure loss due to
wal. friction.

T« make this comparison we simply assume an ejector with constant area ;
mixing and express in the pertinent Eq (7) the pressure rise during mixing din |
terms of the pressure drop due to wall frictlon as a pure formality, leaving ‘
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the wall friction term itself zero in Eq (7). The pressure rise during

mixing reads then
Pex = Ps =(£%F5lv

or pEY - [dp)'/’ +
Ps — Ps /

or with Eq (31)

p 2

Solving Eq (9) with this substitution, we obtain
As [ MZ
2 o L., _ 25

This equation can be solved only by iteration since the mass ratio must be
known fos determining Mg, in this equation by means of Eq (22). A sufficient

condition for starting the iteration is M_ = M since for the here considered

case of comparing the effects of incomplege mixing with those of wall friction
the two inlet Mach numbers newver differ excessively,

As a result of this iterative solution the primary inlet Mach number can
be plotted over the secondary one with the appearance of the wall friction
term c, 1/(2d) as curve parameter. Such a plot is shown in Fig 22. In this
plot we see, for instance, thet with a primary Mach number of cne and a
secondary Mach number of (.8 the curve parameter reads about 0.015; i.e., in
a mixing process with the above assumed initial Mach numbers the pressure rise
during mixing is of the order of the pressure drop due to wall friction given
by the parameter value, For a fricticen coeificient c. of 0.02 the length to
diameter ratio of the mixing section would have to be 1.5 to obtain above
parameter value.

If we consider the above ejector case as the state of incomplete mixing at
the mixing section exit of an ejector, the implication is that the deficiency
in the presgure rise due to incomplete mixing s of the same magnitude as the
pressure loss due to wall friction if taken into account in the calculations.
In other words, incomplete mixing in this case doubles the pressure loss due
to wall friction alone. This procedure gives some idea ~f the conditions
under which incomplete mixing will become a major effect. Since mixing con-
tinues in the diffuser, as pointed out before, some of the pressure loss Iin
the mixing section is recovered in the diffuser. As also mentioned betfoure,
depending on whether the high velocity in the state of incomplete mixing is
near the wall or in the center, the diffuser process itself may gain or lose.
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SECTION IV

THE OPTIMUM EJECTOR

1. GENERAL CONSIDERATIONS

In the preceding part of the analysis 1t became obvious that the ejector
performance can, for given thermal properties of the operating media, be
influenced in three ways, by the mixing mode, the inlet area ratio, and the
inlet Mach number ratio. In each case a trade-off between the ejector mass
ratio and the primary Mach number is involved. The analysis made it, however,
not clear how these three ways to influence the ejector performance can be
utilized to arrive at an optimum ejector lay-out. In the following 1 will
be shown that the study of the loss mechanism in an ejector provides the
clue for a systematic optimization procedure, Although the considerations
apply to ejector devices in general, the following treatment concentrates on
the optimization of the ejector pump. The optimization of the thruvst aug-

nenter appeared already in Section III, 3 as an inherent part of the augmenter
performance presentation.

2. EJECTOR LOSS MECHANISM

Five different processes which cause losses in an ejector cco} be distin-
quished:

fluid dynamic mixing
thermodynamic mixing
shock diffusion

diffuser pressure recovery
wall friction

The division into five kinds of losses occurring in an ejector has so
far not appeared in the present analysis, since the basic ejector equations
account for the first three kinds of losses in a summary process. Only the
last two kinds of losses appear in an explicit form. To understand properly
the ejector optimization process it 1s necessary to look at the influence of
each loss separately, in particular the first three kinds.

Diffuser Pressure Recovery and Wall Friction. As we will see later, the
losses accrued in the subsonic diffuser and due to wall friction are closely
tied to the conditions under which mixing takes place. The outcome of the
optimization can be strongly affected by these losses. However, their basic
cause is independent of the ejector process itself, and for the optimization
they must be simply minimized by making the diffuser and the walls as nearly
perfect as possible. In contrast, the first three loss processes listed
above are in their cause inherently connected to the ejector process and
require a more specific consideration. They are discussed in the fi.llowing
in the order of their increasing influence on the optimization process.

Thermodynamic Mixing. The thermodynamic mixing losses can be understood

as being caused by an irreversible expansion process, i.e., by a throttling
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process to which each operating medium is subjected during its expansion to
its partial pressure in the mixing process. These thermodynamic losses do
not directly affect the momentum exchange in the mixing process. This has
already been shown in Section III.1, where a change in the thermal properties
of the operating medla hardly changed the primary sach number necessary to
achieve a given elector pressure ratio (see Figures 5 and 6 ). The
exceptlon is the ratio of the specific heats. An increase of this ratio for
the primary medium allows a decrease of its Mach number. The thermal
properties of the vperating media affect primarily the ejector mass ratio,
as dictated by the cehtinuity requirements at the inlet to the mixing
section. The influence on the mass ratio translates into a change in the
primary Mach number if the mass ratio is considered a given magnitude in the
optimization process. This indirect influence of the thermal properties on
the ejector performance is then very obvious in its character; a combination
of thermal properties which allows one to lower the ejector mass ratio,
allows on the other hand a lower primery Mach number if the mass ratio is
maintained ccnstant by a proper change of the mixing section inlet areas.
Thus the influence of the thermal properties can be readily predicted and
thierefore need not be a part of the optimization process. This leaves only
two loss processes a3 essential in the present consideration, shock diffusion
and £iuid dynamic mixing.

Shock Diffusion. This flow process occurs quite frequently in fluid dynamics
and concerns the pressure rise in a flowing medium due to a sudden enlargement
of its flow cross section, or also in case of s supersonic flow due to a
change of state in the gas, made possible by the inherent instability of
supersonic flows, Shock diffusion of either kind or of both kinds together
occurs in the operating media while undergoing mixing at a rising pressure in
the mixing section. Since shock diffusion 1s inherently connected with
losses, a pressure rise obtained by shock diffusion is basically undesirable:
i.e., constant pressure mixing is the desirable mixing mode. The pressure
rise to be produced by the ejector should be accomplished after mixing in as
near an isentropilc process as possible, As already pointed out, constant
pressure mixing is not a matter of free choice. While it can be readily
achieved in subsonic flows, it is nearly impossible to produce in supersonic
flows due to the flow instabilities inherently present in this case. The
study of the remaining loss process, fluid dynamic mixing, will show that the
optimization of the mixing process itself calls for wmixing section inlet con-
ditions which minimize by themselves the pressure rise during mixing, de-
emphasizing the importance of the mixing mode for the optimization.

Fluid Dynamic Mixing. The implications of the mixing of two flows for the

ejector optimlzation can best be conveyed by a basic consideration of the
mixing efficlency. We assume the simplest case, the mixing of two homo-
geneous, incompressible media at constant pressure and for a mass ratio of
unity. 1F we also assume zero wall losses and isentropic pressure recovery

of the kinetic energy remeining after mixing, the mixing efficiency is also
the efficiency of an ejector operating under the here assumed conditions.

This extensi-n to a whole ejector system is useful for the definition of the
mixing or ejector efficiency. Various definitions are possible, depending on
the application of the system. Since we are specifically interested in the
ejector pump, we choose the definition which suits best to compare the ejector
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pump with other pump types. We relate the isentroplc work necessary for the
ideal compression of the secondary medium to the actual work expended by the

primary medium in the ejector process. We call this ratio "compression
efficiency".

The above definition of the efficiency applied to our simple mixing
case we can write 2 2
Ve — e

co P

The exit velocity vEy of the mixing process in this relation follows from
the momentum law i

Introducing this relation in our efficileacy equation, we obtain after some
simple transformations

2 2
/= ——EE-H)
Y

T

The simple point to make here is that the ejector efficiency is basically a
function of the mixing section inlet velocity ratio vs/v + The closer this

ratio is to one, the higher is the mixing efficiency. This simple rule is
declsive for the optimization process. Before going into more details of
this process, a differently defined mixing efficiency is derived to show the
independence of this rule from the efficiency definition.

(103)

We consider a kind of energy 'transfer efficiency' of the mixing process
for the conditions assumed above, relating the total kinetic energy of the

operating media after mixing to the total kinetic energy before mixing with
the result P
Ve
=2 2
72# v+ %

Eliminating in the same way as above the exit velocity Ve from this relation

with the help of the momentum law, we arrive after some simple transformations

at a relation for the transfer efficiency as a function of the inlet velocity
ratio,

g
T2 T %, % (104)
%"
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Azain the efficiency increasec with the inlet velocity ratio.

In the actual ejector design the requirement for a high inlet velocity
ratio carn be readily fulfilled by expanding the secondary medium before
mixing begins, i.e., by lowering the inlet pressure of the mixing section.
In this preexpansion process both media gain in velocity. However, due to
the quadratic dependence of the kinetic energy of a flow on its velocity the
absolute gain in velocity is higher for the slower medium, i.e., the secondary
mediuwn., Thus preexpansion brings the flow velocities of the operating media
closer to each other and their ratio increases.

The limitations to preexpansion are obvious. Since the exit pressure of
an ejector is a given design magnitude, the pressure recovery in the diffuser
of the ejector must be the larger the more preexpansion is applied. For a
given diffuser design the absolue flow losses in the diffuser must increase
with increasing preexpansion anu override eventually gains obtained by a high
velocity ratio., To strike the proper balance between these two losses is the
most essential part of the optimization process. Since all the other ejector
loss processes play their role in this balance, the quantitative detexmina-~
tion of the optimum inlet velocity ratio is rather complex and requires the
full implementation of the ejector analysis. In the following practical
examples Ifor the optimization are calculated. Dealing with compressible
media, one conveniently replaces the inlet velocities by inlet Mach numbers
without loss in the basic meaning of the above considerations. qThere is
still the question: Which mixing mode is to be chosen for 2 realistic
ejector design in view of the difficulties to accomplish cunstant pressure
mixing? The results of the following examples will give the essential lead
in this respect.

3. OPTIMUM INLET MACH NUMBER RATIO

To facilitate the determination of the optimum Mach number ratio the
following system of evaluation is employed: For a given total ejector pres-
sure ratio snd a given mass ratio the primary Mach number is determined as a
function of the secondary Mach number. This is possible only if the inlet
area ratio enters as a dependent variable. In anticipation of certain results
of the optimization constant area mixing is assumed.

2

Solving Eq (9) for Mp and Eq (5) for (AS/AP)Z, one obtains

4 (Prx)o 2’2;35 M2 L
Mﬁfﬁé ) R g ]

(105)

u?‘}@
%\"
‘}l‘c o

AS 2 m_gz (?’p'RS '/75)0 . M2 - 2 (106
) = e wE g e )]
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In Eq (105) the total pressuce ratio (pEx)o/(ps)o has been introduced with
the help of Eq (47), and the relation for an adiabatic change of state.

This allows one to use the total ejector pressure ratio as a parameter in the
derivations.

This system of two equations is first solved for the inlet area ratio
A /A . This can be done only in an approximate way since the factor "f£" in
tge first equation is not exactly known. In accordance with previous con-
siderations (Section III.l) we assume for £ a value ¢ 1.2. To avoid
lengthy expressions the following abbreviations are used:

a - A (Pe)o // +2§ M)yds/ (108)
% (B5),
L[ p?c 5% =1 (109)
%= 75 |85 G 2d

This relation facilitates the iteration process to arrive at an exact £ -
value, Further abbreviations are

b= %' ME (110)

‘2'¢?}" R; .(/2;22
Tt B () (2081 = 1%)

Eliminating M_ by introducing the first equation into the second one, one
obtains an uuique relation for the inlet area ratio,

) ) ) ) B

or, written for its solution, in the form

(111)

Ag
(P) ‘A - —'B -¢ =0 (112a)
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where

421 ~cla-t)12-1) 13
B = Zcﬂrb)[@/;/ja +/] (114)
= C"Z[Z*a/yp ”/// (115)

The equation yields the following standard sclution:

As -B+)B*~44C

-/Tp— = A (116)

Only the positive root sign 1s applicable in the present case., With the
approximated value of the inlet area ratio so found an improved f-value can
be determined with the help of Egs (21), (22), and (47), The iteration is
terminated if

fn+1 = fn

All magnitudes of the ejector problem are then known, and the ejector
performance in terms of the required primary Mach number can be plotted as an
unique function of the secondary Mach number with the ejector mass ratio as a
parameter and the ejector total pressure ratio a given magnitude of the
problem, Figure 23 presents such a plot into which the inlet area ratios
have been also entered., These inlet area ratios have been obtained in this
case independently of the above derivations, They have been plotted in the
same way as the total pressure ejector curves in Figures 9 and 10. This
method allows the area ratio to appear as a parameter.

In Figures 24(a~d) and 25 a number of optimization examples covering a
wide span of perfoxrmance conditions have been plotted. For clarity's sake
the inlet area ratioc curves have been omitted in these examples. These
optimization plots reveal the following remarkable features.

(1) The performance maxima are in all cases very pronounced; il.e.,
it is quite essential to choose the proper secondary Mach number. (This is
true even for the case with the perfect diffuser in Figures 24a and 24c.
Since mixing is assumed to take place under constant area, shock diffusion
occurs, limiting the optimum secondary Mach number,)

(2) The optimum inlet Mach number ratio, taken in the following as
Mp/Ms’ 18 of a comparatively uniform value when one considers the wide spread

of the chosen performance requirements, never deviating too far from about 4
to 5 , where the higher value pertains to higher ejector pressure ratios,
These prevailing values are quite significant for the choice of the mixing
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mode. In Section III we have seen that for an inlet Mach number ratio below
about 4 the performance for constant pressure mixing and constant area mixing
is no longer significantly different. (See, for instance Figure 13,) Thus,
the important conclusion can be drawn in our optimizati.. cnnsideratiouns,
that an ejector which is optimized for constant area mixing is fairly near
its absolute performance potential with the added feature that the basic
agsumption of constant area mixing can be realistically fulfilled.

For extremely heterogeneous operating media, such as mercury vapor as driver
medium and hydrogen as secondary medium, the optimum inlet Mach number ratios
can readily reach values of ten or higher. Since the near equivalence of the
ejector performance for constant ares and constant pressure mixing shifts in
this case also to these higher inlet Mach number ratlos, optimizing the
performance of extremely heterogeneous ejectors for constant area mixing also
yields theilr near maximum possible performance,

As will be shown in the next paragraph, the optimized performance with
constant area mixing can still be improved to some degree by reducing the
mixing section exlt cross sectlon, The effect of the cross section reduction
is that the pressure i1s lowered during mixing, and, thus, as explained before,
shock diffusion losses are reduced,

An optimization problem which has to rely mainly on empirical methods for
its solution concerns the flow of the secondary medium around the primary
inlet nozzles in the actual ejector., To obtain intense mixing within a short
length multiple primary inlet nozzles are quite often employed. The here
established optimization requirements call for fairly high secondary inlet
Mach numbers. In i1ts flow around the primary nozzles the secondary medium
may be subject to essential losses before it enters the mixing section. Thus,
a proper compromlse and a careful nozzle design must solve this problem. For
the subsonic ejector, which includes liquid operating media, constant pres~
sure mixing may be preferable in view of this inlet loss problem.

The here derived optimization requirements allow one also to give the
simplified ejector layout presented in Reference 5 a more generalized aspect
than originally assumed. This will be discussed in Section VI,

4, MIXING SECTION AREA REDUCTION

Instead of using constant area mixing, the optimum inlet Mach number ratio
will now be determined under the more generalized condition of mixing at a
defined pressure distribution with the pertinent relations of Secticn II.4.
Equation (112), which ylelds the inlet area ratio, remains the same as
derived for the constant area case, except that two of the coefficients are

different: )
£y / V) )
My )75 108
2 ??[Sb s (308a)
a, = ;JP (109a)
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Constant area mixing appears now as a special case with t = 1. The only
difference is that the wall losses are now referred to the flow conditions at
the mixing section exit.

Figure 26 gives an example for the improvement of the performance
optimized under constant area mixing by reducing the mixing section exit area.
It was assumed that t and i are related as given by the following table

t = 1.0 0.9 0.
i 0 0 0.

0.7
0.6

8 0.6
2 1.0

L

These values are very rough estimates. However, the trend they represent,
that the pressure distribution in the mixing section becomesless favorable
with increasing area reduction of che exit, should be falrly realistic. The
above table has been assumed to be applicable equally for all ejector pres-
sure ratios shown. Figure 26 can serve only to show the trends in view of
the uncertainty of the s.2cific arsumptions for the pressure distributions in
the mixing section.
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SECTION V

EJECTOR EFFICIENCY

1. "TRANSFER EFFICIENCY"

This efficiency relates the total kinetic energy available at the diffuser
exit to the total kinetic energy of the primary and secondary flow entering
the mixing section. Available kinetic energy at the diffuser exit means the
kinetic energy obtained by expanding the exit flow without joss to the
ejector inlet pressure. (Conditions at the end of such expansion are

indicated by index "e".) iith this consideration the transfer efficiency can
be written )
(Mp*ms ) ¥ i
?Zﬁ_= 2 Y (117)
My ™ 1M " bg

or upon introducing Mach numbers

= > ep' 118)
VS 7. - :
My MRy 2 Ty + g PR 9T
or
mp Re%
mP 2 Pp%zo +M3 -
ms''P Rep Ts S

[/ x)o __{/7

and the term (R, v, T o) /R T ) expressed by initial ejector conditions with
the help of Eqs (lg) to (50), wé can write

/77p
PR ¥ T T

where P in this equation stands for the entire expression under the root in
Eq (20).

Consdideri
onsidering MZ'.‘];Q - "//-/_ l% ) ] (121)
), 2l ((Pec)y/
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and

TP [T)o [+ %_/Mz

(122)
/7‘)0 /+ Mp

one can write the transfer efficilency in terms of initial ejector conditioms

and the ejector pressure ratio:

_ H/ (?’e‘/[/ Pfx)o) :?’ej P

" _@efp%//p/u 2 2%~ )/‘752+ 2 (123)
e RsPs(Tly P 2+(y-Nrf TF

In Fig 27 the transfer efficiency is added to the ejector performance
curves already shown in Fig. 16. In Fig., 28 the transfer efficiency is

indicated in the performance characteristic for a jet pump which has a Lay-out

typically applicable to thrust augmentation. In both these cases one recog-

nizes that the transfer effir-“encies reach fairly high values for high
secondary Mach numbers.

2. "COMPRESSION EFFICIENCY"

The T~S - diagram in Fig. 29 illustrates the defirition of the compres-
sion efficiency. The compression work required for the secondary medium is
that which brings it adiabatically from the initial total pressure (ps)

the ejector exit total pressure (p Thus, for the efficiency for thiﬂ
compression process follows from tEe T-$

- diagram
T
77co (omp) /} /??_5_. Cp-s (124)
( 77 ¥ ) ey P CPp

or

cwan?
My Cps  (T5)y /T)o (125)
o Cop (7)) ( - (Tz, g)o)

(72 )0
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(2500) /’EXQZ7 P ;
(Z&Zy Z; {2529

Fo-1 ~
[ (Pedo | 55 g
£p (126)

et
I+ 5= 1y

one can write the compression efficiency in terms of the ejector lay-out and
magnitudes readily available from the ejector analysis:

9@-/
()
- Mg Cp-s /V~Z7 fﬁ)o

N m = e e (127)
(co My Cpp [7;27 Zf(%kw) -f%— ’
L
2,-/ 2 |
(1 +%=12) |

.

If the compression efficiency 1s also to account for the work required
to separate the operating media, leaving the ejector in a mixed state, the
work necessary for thelr separation or the equivalent work lost in the
mixing process must be added in Eq 124,

The expansion energy lost in the mixing process can be readily derived
on the basis of Dalton's law, which requires that each component in the
mixing process behaves as if the other component were not present. During
mixing each component expands to its partial pregsure in the mixture without
performing external work; i.e., the expansion work is converted into heat and
the expansion process is therefore isothermal. The expansion work converted
to heat is then for both components

K n 25 (128)

i =P l';) A

e £ i o . i A

Vol o+l :
= p[g-l-lé/.)/m ln pl; 2 + Vlflé ln p% S/ (128a) -

We Introduce the equation of state

RT
Ve m-—
P X
J
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Since we want only to find the work lost in the mixing process as the equiva-
lent to the separation work, the temperatures of the media are the same in
the present derivation. It is another process, not considered here, to heat
and cool, respectively, the media to bring them to their original states in

a complete thermodynamic cycle process. Thus, with T = T_we can write for
the separation work P s

o) nfi e |

Qi (m 7Lm) /@x s Rs . e Re (129)
mp T, R, [ g R
\ ‘\Z e

or, written somewhat differently with the expression in brackets abbreviated
by (%),

Mp * Mg ;%Ex Rs /7. n ,b D I /

—7( 7, s (129a)
P py;,//) Mp R R (%) (7 )?jo
Considering
R _ZL =C
p %—/ p-p (130)

and abbreviating now the expression in brackets by L, one can write the
compression efficiency with an accounting of the work necessary to separate
the operating media in the form of Eq (127) with simply adding L in the

denominator:
(Z%XZDZ Do — —/7
7? _ s Sps (5 | (b)), / (131)
- m, Cp- 7.
cosep Mp Cpp (. )0 /Dfx) 7/

+ L,

BT
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The expression represented by L still has to be given in terms of
initial ejector conditions. We can do this with the help of Eqs (15a) and
(18a). Performing also some simpie transformations, we can finally write
for this expression

G, m/T)

(%) %l CP'S”?s(r)o Mg R m, R,
L= G ) 7, [C G ‘ / ) R, /n/v‘ ) (132)

p-5 ms

In Fig. 30 the compression efficiency is entered as a parameter curve,
and the compression efficiency with accounting for the separation work is
entered as single points. The two compression efficiency versions do not
differ greatly.
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SECTION VI
SIMPLIFIED EJECTOR ANALYSIS -

The findings of the preceding section, concerning the ex:istence of a :
preferred range of inlet Mach number ratios, has an essential impact on the
simplified ejector analysis reported in Ref, 5. 1In thig earlier analytical
effort the influence of energy conservation was approximated by an estimate
of the factor f, which occurs also in the present analysis where it is
utilized for solutions by iteration. This simplification allowed one to
avold considerable complexities in the analysis and led to a very simple ‘
graphic presentation of the performance potential of the ejector with f
heterogeneous operating media.

This simplified analysis was, however, only applicable t¢ constant area
mixing and therefore comsidered limited in its application. Tue use of
selective inlet Mach number ratios gives now a unique preference to constant
area mixing in the lay-out of ejzctors. Since the inlet Mach number ratio
occurs typically in the simplified analysis it can be readily used to account
for optimization requirements.

The simplified analysis can be derived from Eq (9) of this report by
introducing the factor f with the help of Eq (47) and taking it as a constant,
The resulting equation can be written in the following form

s

6@&%9
¢ __/ l
/ 2/ 7fz~/ Ps Ty i
[N S + = + 133
where m RT
n = P p’p (134)
’”sz RsTs
g =_}"7/72_ _}_}?}; (135) ‘
S S ;

The magnitudes ldentified by Eq (134) and Eq (135) represent the
coordinates of the simplified ejector lay-out diagram originally given in
Fig., 3 of Ref. 5 and repeated here in Fig. 31. The curve parameter in this
diagram represents the right side of Eq (133). All terms in the diagram use
notations of this report, except for the diffuser pressure recovery factor
n,. Its use to account for diffuser losses contributes to the simplification

of the analysis. It has, however, the disadvantage that, in contrast to the
polytropic diffuser efificlency, it varies greatly with the diffuser flow con-
ditions. Its numerilcal relaticy to other diffuser efficiency definitions are
given in Ref. 6, for the adiabatic diffuser efficiency also in Ref., 5. A
typically occurring value for ejectors lies near 0.95.
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The usefulness of the simplified lay-out diagram is based on the fact
that the curve parameter P is given by the ejector problem, except for the
factor f, which can be readily estimated (see Ref. 5). The secondary Macn
number MS can, as such, be chosen freely. A given P-curve provides the
ejector lay-out in terms of the inlet Mach number ratio and the inlet area
ratio in dependence of the desired mass ratio. With the free choice of the
secondary inlet Mach number different P-values are possible for a given
ejector problem. The optimization requirements narrow down this choice
considerably, since only a limited range for the inlet Mach number ratio is
desirable. This ratio occurs as the principal magnitude in the abescissa of
the diagram and can be readily used to indicate preferred ejector lay-out
conditions.

To give a direct numerical demonstration for the preferred range of
lay-out conditions performance peaks from Fig. 23 have been transferred to
Fig. 31, They appear in this figure as more or less straight lines. They
represent the portions of the performance curves which are within 1% of the
minimum primary Mach number in Fig. 23, The location for the minimum primary
Mach number is also indicated. This plot allows to recognize that near top
performance can be achieved within a fairly narrow range of inlet Mach
number ratios for all cases.

Not all optimized ejector.designs fall necessarily within the preferred
range. Combinations of high ejector pressure ratios with low mass ratios or
extreme heterogeneous conditions have their peak performance in Fig. 31 con-
siderably outside the preferred range at higher abscissa values. Since,
however, higher abscissa values are assoclated with a decrease in ejector
efficiency they actually do not represent a desirable design range.

In analogy to Eq (133) mixing at a defined pressure distribution yields

g Lok o

= f- ATy " + ?f[
/+:q_ n M2+ 2% 4 (133a)
where
f yEX MEA"a +T’
=
(?+ ) ah:f (47a)

The right side of Eq (133a) provides again a parameter value for Fig. 31l.
The dependencies involved are now more complex (see Eq (41)). However,
the parameter is again made up of magnitudes essentially given by the
ejector problem.
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SECTION VIIL

CONCLUSIONS

) In a one-dimensional flow analysis the performance of an ejector, i.e.,
its pressure ratio and mass flow ratio, can be obtained from the inlet condi-

tions by a straightforward algebraic solution of the governing f£luid dynamic
and thermodynamic relations (conservation of momentum and energy, and con-
tinuity) with no essential difficulties in accounting for compressibility,
heterogeneous operating media, wall friction, and diffuser losses. The
descriptisn of the mixing process amounts in this one-dimensional analysis
to the assumption of complete mixing of the primary and secondary media
before entering the diffuser and to prescribing the integrated wall forces
in the mixing cection. Constant area mixing and constant pressure mixing
appear as special cases. The resulting performance equations are rather
lengthy, but they can be easily handled on a programmable desk calculator.

For determining the performance characteristic of an ejector, in which
the primary inlet Mach number is plotted against the secondary inlet Mach
number and the ejector pressure ratio appears as a parameter, the analytical
problem to find the initial flow conditions for a given ejector performance
arises. No explicit solutions for the ejector equations are possible in
this case, and an iterative solution must be employed. Fast converging
iteration methods have bzen worked out for this purpose. Performance charac~
teristics of the indicated typa= are very helpful for studying the effects of
the various possible operating copditions, including the mizing modes, on
the ejector performance. Findings are gilven below.

At glven inlet conditions, i.e., at a given inlet area ratio, and given
primary and secondary inlet Mach number, heterogeneous operating conditions
(primary and secondary operatiag media having different thermodynamic
properties) affect the ejector pressure ratio only slightly. Due to thermo-
dynamic mixing losses the influence is degrading., However, an increase of
the specific heat ratio of the primary medium over that of the secondary
medium brings an improvement of the ejector pressure ratio. The reason is
that at a given inlet Mach number the nhigher specific heat ratio gives the
flow a higher momentum. Hetercgeneous operating conditions influence the
ejector mass flow ratio in correspondence to the change they cause in the
flow densitiles at the ejector inlet., They also lead to choking in a constant
area mixing section for a primary Mach number not too fax from cne.

The influence of the incidental flow losses (wall and diffuser losses)
is the reverse of that of the heterogeneous operating conditions. At given
ejector inlet conditions they heavily degrade the ejector pressure ratio but
hardly affect the mass ratio.

Again, for a given inlet area catlo, constant pressure mixing is, at
least analytically (see below), far superior to constant area mixing for
very small inlet area ratios (primary over secondary) and very small
secondary inlet Mach numbers. Incidental flow losses can strongly reduce
this superiority and can even make constant area mixing superior. An
important fact is that each mixing mede gives a similar performance if the
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inlet Mach number ratio (primary to secondary) approaches a value of about 3
to 4, with less difference in performance as this ratio decreases.

Superficially, it appears that the best ejector is obtained with constant
pressure mixing, a very low primary to secondary inlet area ratio, and a very
low secondary inlet Mach number. However, constant pressure mixing is a
highly unrealistic condition for supersonic mixing due to the occurrence
of supersonic shocks, and it is even only conditionally applicable for sub-
sonic mixing since shock diffusion due to sudden flow cross sectilon changes
cannot be completely avoided in this case.

A lead for a realistic optimization of the ejector performance comes from
a study of the ejector loss mechanism. This study provides the inlet Mach
number ratio as the governing criterion for the optimization. This ratio
establishes the all important balance between a high mixing efficiency and a
minimum of losses for the compression process in the ejector. To find the
inlet Mach number ratio which gives the best ejector the inlet area ratio of
the ejector mixing section is introduced as a variable into the analysis.
Then for a given ejector total pressure ratio and a glven mass flow ratic the
primary inlet Mach number is plotted against the secondary inlet Mach number
for a realistic mixing wode., In this way the minimum primary inlet Mach
number for a given ejector task can be determined.

Using constant area mixing as the most realistic case, which is not
impaired by choking as it can occur with deviations from constant area mixing,
gives the interesting result that the optimum inlet Mach number ratio
(primary to secondary) falls quite generally into a range of about 4 to 6.
This 1s a range where the mixing mode ceases to be a strong influence on the
ejector performance (for extremely heterogeneous operating media this condi-
tion is fulfilled also at much higher inlet Mach number ratios). Thus for
the highly realistic condition of constant area mixing and an optimum inlet
Mach number ratio the ejector performance is near its full capacity. Mixing
section area reduction can still bring performance improvements. However,
with a tapered mixing section wall forces in the direction of the flow effect
the ejector process, and it depends entirely on the pressure distribution
along the mixing section whether an area reduction can bring a worthwhile
performance improvement. For supersonic mixing conditions it is obvious that
compression shocks unfavorably influence the pressure distribution, upon
considering that the wall forces should be a minimum for an effective ejector
process. Pressure distributions along the mixing section cannot readily be

predicted, and only very rough estimates are possible. Only experiments can
give the proper answer in this case.

The present ejector analysis has been extended to describe the performance
of the thrust augmenter. An explicit solution of the relations allows one to
plot the thrust augmentation ratio against the diffuser area ratio, yielding
directly the maximum augmentation ratio obtainable under given operatinz
conditions. A numbex of such plots have been prepared to show the influence
of diffuser efficiency, inlet area ratio, wall friction, primary Mach number,
temperature ratio of the operating media, and flight speed on the augmenta-
tion ratio. An interesting result is that the primary to secondary inlet
Mach number ratio assoriated with the maximum augmentation ratio falls into
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the range of 3 to 4, as similarly found for the optimized ejector pump. Thus
the optimum performance of an ejector device appears to be quite generally
connected to the indicated range of inlet Mach number ratios.

The analysis has been used also to determine ejector efficiencies for
which various definitions are possible, depending on the ejector application,
The formulations are quite lengthy, and, in addition, the concept of an
efficiency is only of limited usefulness for the description of ejectors,

A "compression efficiency", which allows a direct performance comparison with
other pump types, such as mechanical pumps, can, however, be formed.

The present analysis by no means exhausts all aspects of the ejector
principle, obviously by the simple fact that it is a one-dimensional analysis.
Nonuniformity of the flow outside the mixing section influences, for instance,
the diffuser perfocmance, but may also affect choking conditions. Another
important aspect which has not been dealt with in this analysis is the occur-
rence of a phase change during mixing, which is an essential fezature of the
wridely used steam ejector. The analysis has provisions to account in a
:implified way for changes of the thermodynamic properties of the operating
ve:dia during the ejection process as they occur with dissociation or recombi-
nation. Condensation can be accounted for in this way as long as the
condensatior process can be represented as a polytropic change of state, 1.e.,
if the condensation rate is not too high.

The ejector optimization considerations of the present analysis have also
an impact on a simplified method for the lay-out of heterogeneous ejectors
reported in Ref. 5. In this method a simple diagram allows one to determine
the ejector performance unuer the influence of various operating conditionms,
in particular, the thermal properties of the operating media. A region can
now be readily defined in this diagram where near optimum ejector lay-outs

are obtained.
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Figure 1. Basic Ejector Flow Scheme for Constant Area Mixing. f
(The entrance geometry shown is completely incidental ’
to the analysis, since only the inlet area ratio enters
the analysis and details of the mixing process are not y
considered. For a discussion of the condition p = p ¢
see page 3 of the text. P s
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Flow Density Parameter EA’ (This parameter can be
interpreted as a dimensionless flow density in a

given cross section, depending for a given Ypx solely
on the flow Mach number. It has therefore the property
that a line of constant EA connects upstream and down-
stream Mach numbers of a normal shock. Its more
general feature is that it allows one to relate the
upstream and downstream flow condition of a mixing
process by means of Eq (21), which gives EA from the

upstream conditions.)
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Figure 3. Basic Ejector Flow Scheme for Constant Pressure Mixing.
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Flow density parameter ET. For T = 1.0 identical
with EA shown in Figure 2 for equal Yegt T values
larger than 1.0 account for wall pressure forces in
a nonconstant area mixing section. For T = 1.0 the

wall pressure forces become zero.
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Characteristic Behavior of the Constant Area Mixing Ejector for
Inlet Area Ratio A /As = 1.0, (Showing the influence of inciden-
tal flow losses ang heterogeneous operating media. The solid lines
give the performance for the homogensous ejector without wall
friction and diffuser losses. The marked points give the perfor-

mance for operating conditions listed in Table I. The plot shows
that the influence of the media properties on ejector pressure

ratio is almost negligible in contrast to the influence of the
incidental flow losses. {For the influence of the media proper-
ties and flow losses on the ejector mass ratio, see Figures 7 and
! and page 23) The points to the left of the solid curves show
that it is advantageous for the driver medium to have a high ratio
of specific heats. Pcints marked ( # ) indicate sonic speed at
tie mixing section exit. For operating conditions #3 and #4
choking of mixing section exit occurs inside curve marked

(—-—-—))
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EJECTOR OPERATING CONDITIONS FOR FIGS.

TABLE I

thermodynamic properties

5 TO 8, AND 13

incidental
flow losses

NO. Yp Ts RS/Rp cp_s/cp_p (Tp)o/(’l‘s)o M50l cg %E
solid
1. |[line 1.4 1.4 1.0 1.0 1.0 1.0 0
2, ] 1.4 1.4 1.0 1.0 4,0 1.0 0
3. + 1.4 1.4 1.0 1.0 4.0 .8 0
4, 0 1.4 1.4 1.0 1.0 4.0 8 .1
5. A 1.6 1.4 1.0 1.0 1.0 1.0 0
6. u] 1.25 1.48 2.6 2,1 1.2 .85 .05
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Primary to Secondary Mass Ratio mp/ms Together With the Ejector

Pressure Ratio (p X) /p_for Constant Area Mixing (same as in
Figure 5) for Operating Conditons #1 and #2 (see Table I) at an
Inlet Area Ratio Ap/As = 1.0.

#1 solid lines
#2 dotted lines
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’ Exampie cf the Relation Between the Ejector Pressure Ratio and

! Figure 11,
; the Mixing Section Contraction Ratio for Constant Pressure Mix-
e ing at a Given Secondary Inlet Mach Number Mg = 0.2.
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Example for the Influence of the Incidental Losses (Wall Fric-
tion and Diffuser) on the Ejector Performance and the Required
Mixing Section Contractior. (The solid line diagram converts to
the one given by the dotted lines if the incidental losses are
changed from zero to the indicated values.)
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Figure 12. Example of the Relation Between the Ejector Pressure Ratio and
‘ the Mixing Section Contraction Ratio for Constant Pressure Mix-
! ing at a Given Area Inlet Ratlo Ap/AS = 0.5.
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Figure 16,

(4p/As) geo 11

Yp 1.26

Ys 1.48

Re/R, 2.60

¢p-s/Cp-p 2.10

(Tp)o/ (Tg) g 1.20

Npol .60

cpl/(2d) .05

B8 1.00

t .30

i .60
(Ap)geo/A* 13.30 A* = primary nozzle

throat area

Example of a Performance Characteristic of an Eiector With a
Mixing Section Contraction of t = 0.3 and a Pressure Digtribution
Factor 1 = 0.6. (Plotted are the total ejector pressure ratio and
the mass ratio for the condition that the ejector geometry is
fixed except for the injection nozzle of the primary flow, which
is assumed vo be always properly expanded, i.e., the inlet area
ratio changes with M_. This condition approaches fairly closely
that for a completelg fixed geometry (see page 3 of the text).
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Basic Comparison of the Ejector Performance for Constant Area
and Constant Pressure Mixing. (Shown is the case for the
ejector with homogeneous, noncompressible operating media.

In this basic case the performance curves appear as true
ellipses, as indicated by the dashed part of the curves.
Since heterogeneous conditions, which comprise also
compressibility, have no crucial influence on the performance
curves (ejector pressure ratic curves) as shown in Figures 5,
6, 7, 8, and 13, the curves shown are typical in general for
ejectois. They allow one to recognize the apparent advantage
of constant pressure mixing with decreasing secondary flow
velocities. Whether constant pressure mixing can actually be
established in all cases is a problem of the detailed flow
conditions, particularly for supersonic flows. The excentricity
of the ellipses shown is mainly a functilon of the inlet area
ratio. TFor the case shown the inlet area ratio A /AS is 0.2,

Lower values of this ratio stretch out the ellipses in such a
way that the point, which is common to the curves at v_ = Ve
maintains its positicn.) P ’
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Figure 18.

/

Basic Performance Characteristic for Ejectors With Fixed Mixing
Saction Area Ratio t = AEx/( + As) and Certain Pressure Dis-
tribution Factors i. (The performance curves for constant area
and constant pressure mixing, shown already in Figure 17, are
also entered. All performance curves for a given value of t
must cross at one point on the constant pressure mixing curve,
since at this point the pressure distribution influence must
disappear. In the region inside the constant pressure mixing
curve the pressure drops during mixing; outside, it increases.
Since the pressure during mixing cannot be reduced arbitrarily
only a limited region exists insides the constant pressure mix-
ing curve where ejector operatiors are possible. These limita-
tions are demonstrated in the next Figure 19,
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Figure 19.

Limiting Regions for the Ejector Operation With Given Mixing Sec-

tion Area Reduction t. (Fo. a given t-value only such a minimum
i-value is possible which makes a constant t-curve meet the con-
stant area mixing curve at the point v ,
tential flow conditions exist fc- .11 pmixiﬁg section area reduc~
tions since no mixing losses are present if primary and secondary
flow have the same velocity.
head of the £low must be the same for all area reductions. The
flow conditions are simply those in a Venturi pipe becoming a
straight pipe for t = 1. The potential flow requirements allow
one to determine the minimum i-value admissible for a given
t-value. Inside the resulting limit curves (shaded area) no
ejector operation is possible.
example for the use of the pressure distvibution factor i to
describe the flow conditions in a sudden enlargement. At the
point v_ = v_ the curve presents the conditions for the so-
called p"impgct diffuser", which consists of a sudden enlarge-
ment in a flow duct.)

&5

v _. At this point po=

This also means that the total

The curve t = 2, i = 0 is an
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Figure 20.

t =0.7 i = 0.824 (optimized)

= 1.0 (constant area mixing)

Influence of Wall Friction and Diffuser Losses on the Idealized
Ejector Performance Shown in Figure 19. (The curves are obtained
from the fully implemented analysis to allow inclusion of losses.
The chosen ejector pressure ratio is sufficiently low to be repre-
sentative for the incompressible case. For mixing section area
reduction t = 0,7 the performance is increasingly reduced by the
losses with increasing secondary Mach number. By comparison the
influence remains small for constant area mixing (t = 1), The
incompressible case is representative for thrust augmenta. .on.
Since thrust augmentation employs fairly high secondary velocities
area reduction is not advantageous in this case. For the area
reduction influence on the perfnrmance of high pressure ratio
ejectors see Figure 26.)
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Figure 21. Notations for the Thrust Augmenter,
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Figure 25. Perforuwance Optimization for Constant Area Mixing and
Low Total Ejector Pressure Ratjios.
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. (/46 geo 11
2 Yp 1.26
3 Ys 1.48
4 RS/RP 2.60
5 cp—slcp—p 2.10
s (T)o/ (T,  1.20
7 Npol .60
8 cgl/(2d) .05
9 B 1.00
10 t .30
11 i .60
12 (Ap)geo/A* 13,30
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Figure 27. Ejector Performance Characteristic Shown in Figure 16 With
Ejector "Transfer Efficiency" Added.
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1 (8,/48) geo .11

2 Yp 1.26
3 Ye 1.48
4 Rs/Ry 2.60
5 cp-s/Cp-p 2,10
6 (Tp) o/ (Tg) g 1.20
7 Npol .60
8 cgl/(2d) .05
9 B 1.00
10 t .30
11 i .60
12 (Ap) geo/ B* 13.30
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Figure 30. Ejector Performance Characteristic, Shown in Figure 16,
With the Ejector Compression Efficiency Added. (Points
marked © include separation work.)
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LIST OF SYMBOLS

m mass flow rate

v flow velocity

p mass density

4 flow cross section

a sonic speed

Y ratio of specific heats

R gas constant

T abs static temperature

P static pressure

M Mach number

cf pipe friction coefficient

1/d length-diameter ratio of mixing section

t flow cross section area reduction of mixing chamber
(Eg 35)

i pressurc distribution parameter (Eq 37)

npol polytropic compression efficiency

f factor for iteration process (Eq 47)

cp specific heat at constant pressure

Indices

p refers to primary ejector medium

s refers to secondary ejector medium

Ex refers to mixing section exit

( )0 indicates stagnation condition

For further explanation of symbols see Figures 1, 3, and 21.
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