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NATIONAT., ADVISCRY COMMITIEE FOR AERONAUTIGS

RESEARCH MEMORANDUM

PERFORMANCE CHARACTERISTICS OF A DOUBLE-
CYLINDRICAL-SHROUD EJECTQOR NOZZLE

By El1i1 Reshotko

SUMMARY

The performance characteristics of a double-shroud eJector were
investigated for the purpose of evaluating 1ts effectiveness as an
exit nozzle. Calculatlions based on ejector performence data, taken
with the ejector discharging into guiescent alr, indlecate that thruat
performaence on the order of 1ldeal nozzle thrust mey be obtained over
8 Mach number range of 0.8 to 2.3 from a double-shroud ejector. Maxi-
mum thrust is obtalned with maximum pressure recovery of the secondary-
end tertiary-air inlets. ©Short secondary shrouds, high secondary welght
flows, end low {(not necessarily zero) tertlary weight flows are
desirable.

The results of e simplified theoretical analysis are in fair agree-
ment with those experimentally obtsined.

INTRODUCTION

Numerous investigations have recently been made of the performsnce
characteristics of eJectors. The ejector sppears attractive for tail-
pipe and other cooling, since it can perform i1ts coollng function and
still give greater thrust than an uncooled convergent nozzle over a
wide range of Mach number. In a single-shroud ejector, the secondary
flow may be used for afterburner cooling; in the double-shroud ejector,
the secondary flow mey be used for afterburner cooling and the tertiary
flow for structural cooling.

The pumping characteristics and gross thrust performance of single-~
shroud ejectors with both cylindrical and conical shrouds are given in
references 1 to 4. References 5 and 6 are concerned with double-shroud
ejector performance, but principally for the specisl case of secondary
totel pressure equal to tertiary total pressure.
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In considering the ejector ms en exhaust nozzle, it is reasoned
that the secondary flow cdushions the expansion of the primary stream
in such & way that the primsry flow approximates an isentropic expan-
sion. 1If the ejector is to be considered.as a varisble nozzle, then
it must operate close to design conditions and wilthout overexpansion
over a wilde range of pressure ratio. Isentropic expansion can be more
closely spproximated by a double-shroud ejector than by a single-shroud
ejector of the same over-all diameter ratio, provided that the secondary
and tertiary flows enter the ejector at thelr proper respective pressure
levels, which are generally not the ssme.

The purpose of this investigation was, therefore, to determine the
effect of varying shroud lengths and weight flows on the performance
characteristics of a double-cylindricsl-shroud ejector. The investi-
gation was restricted to a single pair of shroud diasmeters; the ejector,
in the experimental portion of the investigation, discherged into gqui-
escent alr. An extension to the ejector theory of reference 1 is pre-
sented in order to predict the performance of a double-shroud ejector.
Comparison is made with the experimentally obtelned performance in
order to show the capabilities and limitations 6f the théory. This
investigation was conducted at the NACA lewis laboratory.

APPARATUS AND PROCEDURE

A sectlonsl drawing of the ejJector used in this investigation is
shown in figure 1. The tertlary-shroud diameter was chosen as that
giving the area ratio corresponding to a pressure ratlioc of 10 for
isentropic expansion of the primary flow. The secondary-shroud disme-
ter was chosen as that giving the largest Mach number at the tertiary
exlt with the assumption of no secondary or tertiary flow. The
secondary- and tertiary-shroud dlemeter ratios are 1.17]1 and 1.396,
respectively. The method used In these calculations 1s based on the
development in appendix B, part I. The secondary end tertiary flows
each entered the ejector through s separate set of eight equally spaced
tubes, as indicated in figure 1. Preliminsry total-pressure surveys
were teken around the secondary and tertiary annuli with zero primary
flow. The permanent secondary and tertiary total-pressure tubes were
placed at angulaxr locations, which gave average readings in the pre-
llminary surveys. Secondary-shroud length was varled from 0.11 to 0.51
primary-nozzlie dlameter by translation of the primary nozzle wlth a fixed
secondary shroud. Tertlary-shroud length could be varled about 0.35

primary-nozzle dlameter by tranmlation of the secondary shroud. Two addi-

tional tertiary-shroud pieces were provided to allow varlation of the
tertlary-shroud-length increment L% over a range including 0.16 to

0.86 primary-nczzle diameter.

3008
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The ejector was mounted in a duct station as showm in figure 2.
Heated dry air was available through the top header. The operating
total temperature varied between 180° and 220° F, and the dewpoint
between 0° and -15° F. The cambination of dewpoint and total tem-
perature was at gll times checked to satisfy the criteria for con-
densationless flow of reference 7. Varying nozzle pressure ratios
were provided by controlling the pressure in the exhauster line. The
intet total pressure was relatively constant at spproximately atmos-
pheric pressure. For each setting of exhaust-line pressure and sec-
ondery and tertiary welght flows, readings were taken of the secondary
and tertiary total pressures. These pressures were read on & mercury
manometer board to 0.05 inch. It is estimated that these pressures
are correct to +3 percent. The wall pressure taps indicated in fig-
ure 1 were recorded for-only a few runs. Both secondary and tertlary
welght flows were origlnally measured with rotameters; however, an
orifice meter was later required for the higher secondary weight flows.
The arrangement of these flow meters 1s indicated in figure 2.

The combinations of secondary- and tertiary-shroud lengths tested
in this investigation are listed in table I. TFor each shroud length
with secondary-shroud-length ratio Lg/D, 5 0.21, data were obtalned

for the 16 weight-flow combinations that arise from varying both sec-

Wg [Tg Wy [Ty
ondary and tertiary weight-flow parameters v A and w AT
P iy D P

(hereafter symbolized as (w4/T)g and (wa/T )4, respectively) through
the values O, 0.015, 0.030, and 0.045. For the shroud-length ccmbi-
nations with LS/DP = 0.11, only the data for (w4/T)g = O could be

obtained, as the short secondary shroud csused complete blockage of
the secondary-flow feeder tubes. For the combinations LS/Dp = 0.21,

Ly/Dy = 0.54, and Lg/D, = 0.21, Ly/D, = 0.90, additional date were
taken for (wAfT)g = 0.06, 0.02, 0.11, and the aforementioned values
for the tertiary flow; for the combinstion LS/DP = 0.41, Lt/Dp = 0.74,
additionsl date were taken for (w«ﬁ?)s = 0.06, 0.09, 0.12, and the
aforementioned values for the tertiary flow.

All symbols gre defined in appendix A.

RESULTS AND DISCUSSION

The ejector performance data obtained in this investigetion are
presented in figure 3, which includes data over the caomplete range of
tertiary-shroud~length increment for a single secondary-shroud length
and over the complete range of secondary-shroud length for a single
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tertiary-shroud-length increment. Also presented are the data for the
combination of the shortest secondary-shroud length snd shortest
tertiary-shroud-length increment (fig. 3(a)}). The nozzle pressure
ratio indicated (less than unity) is the reciprocal of the conventional
nozzle pressure ratio.

Examingtion of the curves indicates that for moderate or long
shrouds at low nozzle pressure ratios, the minimum secondary and ter-
tiary pressure ratlios are constant independent of primary pressure
ratio. At a certain pressure ratio, the flow breaks away from the
shroud (fig. 3(c), e.g.); and, st higher nozzle pressure ratios, the
secondary pressure ratio becames directly dependent on the primary.
The secondary performance is simllar to the single-shroud ejlector
performance of reference 1. The tertiary pressure ratio for high
nozzle pressure ratios is epproximetely equal to the nozzle pressure
ratio. It is to be noted from examinstion of figures 3{c), (d), (n),
(i), and (J) that the secondary pressure ratios are almost completely
independent of tertiary weight flow snd shroud length. This fact is
discussed further when the agsumptions made in the double-shroud ejec—
tor theory of appendix B are cohisidered. .

The varistion of minimum secondary pressure ratio with tertiary-
shroud-length lncrement 1s plotted in figure 4. Except at short sec-
ondary shroud lengths and high secandary weight flows, the minimum
secondary pressure ratlio i1s relatively independent of the tertiary-
shroud-length Increment and the tertiary weight flow. For high sec-
ondary weight flows there is a slight variation with tertiary-shroud-
length increment, while for short secondery-shroud lengths there is
some varlation with tertiary weight-flow parsmeter.

Comparison of Experimental Data with Theoretical Analysis

An spproximste theory for the prediction of ejector performance
is presented in appendix B. The assumptions in this theory are as
follows: (1} The shroud lengths are sufficiently short that no mix-
ing takes place between adjacent stresms. (2) The primary expansion
is 1sentropic in the cases involving secondary flow. (Where no sec-
ondary filow 1s lnvolved, a free-jJet expansion ls cbtained as the simnl-
taneous solution of the contimuity and momentum equetions.) (3) The
secondary flow and tertisry flow expand to sonic condition at the
extremities of their respective shrouds. (4) In the case of tertiary
flow, the secondary expands lsentropically within the tertiary shroud.

In figure 5, the data of figure 4 are replotied against secondary-
shroud-length ratio for comparison with the values predicted by the
theory of appendix B, part II. The values obtained experimentally
are generally below the theoretical prediction; agein, it is seen that
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for the short secondary-shroud lengths, there is a slight variation with
tertiary welght-flow parameter. For short secondary-shroud lengths and
high secondary weight flows, values of minimum secondary pressure ratio
are obtained that are significantly above the theoretical predlction.
The reason for this is not known. It 1s also seen In the case of
(m«ff)s = O +that the theory indicates a shorter critical secondary-

shroud length than was obtalned experimentally. This shorter length
is perhsps due to the inability of the Prandtl-Meyer expansion to
describe adequately a three-dimensional effect.

Figure 6 is presented in order to help evaluate the effect of the
secondary expansion on the tertiary expsnsion. There is fair sgreement
(£0.015) between the theoretical predictlion and the average experi-
mental value of minimum tertiary pressure ratlo for given secondary and
tertiary welght flows. It is observed that, for Lg Dp=> 0.2, minimum

tertiary pressure ratio decreases wlth increasing secondary-shroud
length. This variation is not obtained theoreticelly. The variation
of minimum tertisry pressure ratio with tertiary-shroud length is
slight.

Therefore, in the absence of experimental information, spplication
of the presented spproximste theory to calculate pressures for given
welght flows will give some indicatlion of the obtainasble performsance.
However, the lnverse calculation of welght flows for given pressures
may be greatly in error.

Ejector Thrust Performance

The thrust characteristics of the double-shroud ejector are cal-

culated on an Iincremental thrust basis. The incrementel thrust ratio
Fp - (Fn)c

is defined as —Fal where the Fn quantities are net intermal
c,i

thrusts. The comparison indicated by the incremental thrust ratio is
for equal throat areas (equal primary weight flow); thus, the incre-
mental thrust ratios are an Indication of the thrust augmentstion due

to the secondary and tertiary shrouds. The expressions for incremental
thrust ratio are derived in appendix C. Momentum losses due to friction
are entirely neglected. Since net thrusts are involved, some assumption
must be made regarding the flight plan for the configuration of which
the ejector is a part. These flight plan assumptions are given in
appendix D and in figure 7. It was also assumed that the secondary

air provided all the afterburner cooling, while the tertiary air was
assumed unhested. The temperature rise of the secondary sir was
estimated from information in reference 8.

-
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Incrementsl thrust ratio as a functlon of secondary weight-flow
paremeter 1s plotted in figure 8 for the most pramising shroud-length .
combinations at six values of flight Mach number. The most promising
ghroud-length combination for a glven Mach number 1s that which had
the largest secondary and tertiary pressure ratios at the nozzle pres-
sure ratio corresponding to the Mach number. The most promising
gshroud-length coambinations have short secondary shrouds. The incre-
mental thrusts for these shroud-length combinationes increase continu-
ously with increesing secondary weight flow. For Mg ® 1.1, the

shroud-length combination Lg/Dp = 0.21, Ly/D, = 0.54 with zero ter-

tiary weight flow gives the highest incremental thrust ratios of the
secondary welght-flow range. For Mg > 1.4, the shroud-length combi-

nation Ls/DP = 0.21, Lt/Dp = 0.90 with (wa/T)y = 0.015 generally

gives the largest incremenmtal thrusts. Two limiting lines are indi-

cated in each part of figure 8, the maximum velues of the secondary N
welght flow that can be taken in (1) through an auxiliary free-stresm
normal-shock inlet and (2) through a boundary-lsyer scocp, as deter-
mined fram the experimental data using the maximum available secondary
pressure ratios of figure 7. (The maximm secondary weilght flow avail-
able to the ejector 1s slightly less than the precedlng maximum, aince
there is a total-pressure lose assoclated with the additlon of heat to the
secondary flow in the afterburner. 8ince no assumptions are made re-
garding the afterburner dimenslons, this reductlion in secondary welght
flow is not considered.) Therefore, the largest incremental thrust 1s
obtained at the largest availeble secondary weight flow, and the latter

is & function of the auxiliary inlet performance. The optimum value of
the tertiery welght-flow parameter was about 0.015 for the free-stream
scoop at all Mach numbers. For the boundary-layer scoop, the optimum
velues of the tertiary weight-flow paremeter were zero for M, less -

than about 1.2, 0.030 for Mg between 1.2 and 1.6, and 0.015 for Mg
greater than sbout 1.6.

3006

The largest obtainable ilncremental thrust ratio for the shroud-
length combinations LS/DP = 0.21, Ly/D, = 0.54, and LB/DP = 0.21,

Ly/Dp = 0.90 is plotted in figure 9 as a function of flight Mach

nunber for both an auxiliary free-stream scoop and an suxiliary
boundary-layer scoop. The Ilncremental thrust-ratio curve for the
idesl nozzle (from ref. 9) is presented for comparison. Within the
limits of the assumptions in caleculating incremental thrust ratio,
the nature of the data (pressure rather than force), and the esti-
mated accuracy of the lncremental thrust ratios, values approsching
those of the ldeal nozzle geem obtainable by using the given double-~

gshroud ejector over the Mach number range of 0.8 to 2.3. For i
My > 1.33, the thrusts obtainable from the combination Ls/Dp = 0.2},
Lt/Dp = 0.54 are inferior to those obtained fram the cambination . -
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Ls/Dp = 0.21, Lt/Dp = 0.90. It i1s thus implied that the tertiary-shroud
length should be increased with increase in flight Mach number for maxi-
mum thrust. However, the incremental thrust ratios for the shroud-
length combination Lg/Dy = 0.21, Ly/D, = 0.90 are greater than the

ideal-nozzle values over the range of Mach number considered. The
thrusts obteinable by using & boundary-layer scoop are 2 to 4%—percent

(of convergent-nozzle thrust) smaller than those cbtalnsble by using
& normal-shock free-stream scoop.

The secondary and tertiary flows must be independently controlled,
since they have no common pressure when operating at best thrust
conditions.

It was mentioned previocusly thet thrusts lerger than idesl-nozzle
thrusts are obtaingble. A calculation using hest-transfer cocefficients
from reference 10 indicates that, for (w4/T)g = 0.09, an increase in

fuel rate of sbout l% percent is required in order to maintaein the pri-

mary total tempersture at 3900° R. The secondary cooling alr acquires
a portion of this heat energy and converts it into thrust. This added
fuel is not considered in the case of the ideal nozzle, since the
ideal-nozzle calculation does not involve cooling or heat transfer.

Pumping Characteristics at Take-0Off

At teke-off (My = 0), the nozzle pressure ratio 1s equal to PO/PP;
for s turbojet power plant, the nozzle pressure ratio is about 0.515 for
e typical case. This value is glso the maximmm pressure ratio gvailable
to the secondary and tertiary at take-off, by assuming no total-pressure
losses in the secondeary- and tertiary-flow passages. By reference to
figure 3, it is seen that this value corresponds to (w4/7T)s and
(w4/7}y, which are between 0.03 and 0.06 for the pair of diameter ratios

considered in this investigation. Thus, at take-off, the pumping char-
acteristics of the ejector are sufficient to provide a nominal smount
of cooling.

SUMMARY (OF RESULTS
The following results were cobtained from the present investigation
of the flow cheracteristics and thrust performance of a double-
cylindrical-shroud ejector:

1l. Thrust performsnce on the order of that cobtainable from an idesl
nozzle may be obtelned in the Mach number range of 0.8 to 2.3 when the
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secondary flow is alsoc used for afterburner cocling. Short secondary-
shroud lengths are prescribed throughout, while an inerease in tertiary-
shroud length with increasing Mach number is indicated. Also high sec-
ondary end low tertiary weight flows (not necessarily zero) are
desirable. - : - - ;

2. The level of obtainable thrust performance is greatly dependent
on the over-all performance of the auxiliary air inlet.

3. Falr agreement is obtained when experimental pressure data are
campared with velues obtalned from the double-shroud ejector theory
presented herein. The assumption of relative independence of the sec-~
ondary and tertiary processes is partiaslly confirmed.

Lewis Flight Propulsion Laboratory
Rational Advisory Committee for Aeronsutics
Cleveland, Chio, September 3, 1953

3003
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

ares perpendicular to ejector axis

projected area in free-stream direction of auxiliary scoop

Ag
AS,Z + Az

Ap
Ay
Ap
diameter

ratio of turbine-exit total pressure to compressor-entrance
total pressure

2
impulse ratio, 1 +ﬁrM 1 T
2(T+l)(} + = M?)

2
net internal thrust
acceleration due to gravity
shroud length

tertiary-shroud-length increment, Lt - Ls

critical shroud-length ratio

Mach number
total pressure

statlic pressure
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R gas constant -

o' pressure recovery of auxilisry bourndary-layer scoop

Tin pressure recovery of inlet

ry pressure recovery of auxillary free-stream scoop

T total temperature g
t stetic tempersture ¥
W welght flow

_

T ratioc of specific heats

T T/T,

v Prandtl-Meyer angle .
o W/w,

Subscripts: )
a auxiliary scoop

b boundary-laeyer scoop

c convergent nozzle

cr critical

e ejector exit

i ideal-nozzle value

in inliet - . "
1s isentropic
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m miminum

P primary, or station at exit of primary nozzle
r ram scoop

g secondary

t tertiary

o free stream

1 station at end of secondary shroud

2 station at end of tertiary shroud
Superscript:

* sonic condition
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APPENDIX B

APPROXTMATE THECRY FOR DOUBLE-CYLINDRICAL-SHROUD EJECTOR

An approximste theory based on that of reference 1 is presented
herein. The assumptlons in this theory are as follows: (1) The
shroud lengths are sufficiently short that no mixing takes place between
adjacent streams. (2) The primery expansion is isentroplc in the cases
involving secondary flow. (Where no secondary flow is involved, a free-
Jet expansion is obtalned as the simultaneous solution of the conformity
and momentum equations.) (3) The secondary flow and tertisry flow ex-
pand to sonlc condition at the extremitles of their respectlve shrouds.
(4) In the case of tertiary flow, the secondary flow expands isentrop-
ically withln the tertiary shroud.

3006

I. No Secondary Flow; No Tertiary Flow

The one-dimensional continuity and momentum equations between sta-
tions p and 1 are considered. It is assumed thet total temperature is
conserved so that Tp =Ty, Pg =Py, Py = Py, and also that the shroud

lengths are greater than critical. The critical secondary-shroud
length, as Indicated in figure 5, is that beyond which there 1s negli-
gible change in minimm secondary pressure ratio with an increase in

secondary-shroud lengbth. The continulty and momentum equatlons are

M - pyag g3+ I (52)

P A (L + er)) + _(As - A )py = pA (L ¢ mﬁ) (B2)
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As
By letting a = A_B and solving (Bl) and {B2) simul taneously,
P

(B3)

(l + TT'J' MS:? (134)

But, in the primsry expension, B&, is assumed equsl to unity.
Therefore, (B3) and (B4) became

a = 1 (B3a)

and
1 ﬂ)
Py 1+ 71" 2 \2 \r-1 1
P Y Y+l -
P Y1 1+ r-1 M2
(Y_+l)*‘ Z 1
P

or, in alternste form,

1 (r+_l)
(2"
D -
aMy 4/1 + L= My
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where a 1is determined for a given value of M; by equation (B3a).

The equatlions for the flow between stations 1 and 2 are identical
to equations (B3) and (B4), except that subscript p 1s replaced by
subscript 1, subscript 1 by 2, and & by b/a where b = At/Ap° These

equations thus become
M
(%)
Mz

b =
1l + IZ& 2 (BS)
v z_ "
L+ 7M) g | —=—= - T M,
1+ 2L
2 1
and
. 2(y-1
P M (l LEM:%)
2.2 1 z (B6)
P1 b M2 Y1 2
L+ ¥
but
®
¥*,
i.._ A Ml:is
PP 8 o
A _ T+1
(B y (o132 2) T
Pa el A T
P = 5 E—z' =1 (Bﬁa.)
L+ 520G

The method of solution is, therefore, ss follows:
(1) M; is assumed.

(2) From equations (B3a) and (B4a), a and Pl/Pp are calculsted,
to give the variation of a and p/P, Wwith M.

(3) My and desired values of a, My, and pl/EP are assumed.
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(4) From equations (B5) and (B6a), b and pz/Pp are calculated,
to give the variation of b and PZ/Pp with M, for the assumed
secondary conditions. '

For shroud lengths smaller then (%;) , approximate values of
cr

p/P, and po/P can be obtained by assuming that the primary fluid
1/ p 2/*p

undergoes a Prandtl-Meyer expansion so that the fluid just strikes the
shroud extremity. Therefore,
D
AP/

@

D/~ D,/ T \D,
1 M8/ o tap-l X B/ D/ (B8)
I L}
5, e
Equation (B7) can also be used for the tertiasry shroud when the sec-

ondary shroud is shorter than (L/Dp)cr. In that case, the pressure
ratio corresponds directly to v as read in tables of Prandtl-Meyer

v = tan~t (B7)

and

v -V = tan~
£ - VM

O ; Li
flow. Equation (B8) is used when T— > but{s)<is] . In
Dp ﬁ; cr Dg DgJer

that case,
(IX)
A%
My

- (8, —— (29)

The calculation is only approximate, slnce g three-dimensional
effect is being calculsted by a two-dimensional method.
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II. Secondary Flow; No Tertisry Flow

| e |
|

PB:TE“-_\____¥“’,,—T——P

R : By DAy
____———’”'———-—-_‘T\-~
I
P 1 2

1

For the case of gecondary flow and no tertiary flew and for further
cases, 1t 1s assumed that there is no mixing of the verious flows. It
is also assumed that the secondery flow becomes sonic at station 1, that
the primary flow iz always isentrqpic, end that there is no energy
interchange, so that :P = ?P;l = TP,Z and Tg = T§’1 = Ts,Z'

The equations for primary and secondary continuity between sta-
tions p and 1 are, respectively,

, T , ’ -
WS 8 -
'\/FR'g —-A%E = pgM (a-1) 4/1 + L2 = py(ea) AfTEE (311)

and

where

|
PeET I

3006
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' (). -5 0

The expression for comservation of momentum between stations p and
1l is written:

Po(l +7v) + (2 - 1)p (1 + TMﬁ) =p(a - «}(1 + v) + pya(l + TMi)

w
§ (B13)
By using relations (B10) and (Bll), equation (B1l3) can be written
(F*)Ml -t
(wafT)s = (B12)
F* Mg
vhere (F/F*)y =1 +ﬁrM? : 1 T . Tables of F/F* as a
- 2(r+l)(l + % MZ)
é function of Mech number are found 1n reference 11.

Between statione 1 and 2, the equations of primary and secondary
contlinuity are

,B W T f l 2

(1315)

W

and the expression for conservation of momentum 1s

pra(l + TM) + py(a - a}(l + 1) + pe(b - &)

= poB(1 + TME) + pa(b - BY(1 + rMSZ,g) (B17)

The static pressure at the tertiary shroud py 1s teken equal to p,
and Ps,2s since this pressure gpplies d11 slong the free boundary and

the calculation i1s made for the case of the secondary flow Just atfach-
ing to the end of the tertiary shroud. Thus,
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(b-a) = Pﬂa(l + M) (F - 1]+ (e-a) (1) [(F/F*)Ms,z - 1]

(B18)

i
-1

~1
Py 1+ IE_ Mg
1 1
and, from the secondary continuity equation,

M, :\/1 12 Mg,z - (%E—g)@—lé) (B20)

Since a, o, M, Pl/?p’ and (F/F*)Ngl are known from the first

part of the solution of this case, the method of procedure 1s as fol-
lows for a flxed value of b:

.‘

(1) My is assumed. After PZ/EP and B are determined, then

r-1 .2
pl/pz and the quantity M )2 w/l + 5= Mg , ere calculated from

8
equation (B20).

(2) Next, Mg,z is calculated; then, (F/F*)Ms,z is determined and
(F/F*)M2 is calculated from the following form of equation (B18):

] 22 (5-a) - (aa)(L+r) [(%)Ms,z ] ]

(ﬁ)MZ = (F%)Ml L a(l + 1) (B21)

(3) Then My 1s determined and checked with the initial assumption.

3006
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ITI. No Secondary Flow; Tertlary Flow

Py, Ty W [ Dbl — = T_'—T
gt B

Pp,Tpy  Wp—> lay, As abg

The solution between stations p and 1 is the same &s that of part
I. The continuity relations for the primary and tertiary flow are
written

1 2 1.2
:\/ 4/ = apiM; 1+r = BpM, 1+"f——2 M5

(B22)

,\/;E; EJAPTE = (b-a)pyM, «fl + L2 = (b-B)p, :\/% (B23)

The momentum relstion between stations 1 and 2 is written

and

apy (1 + TH0) + (b - a)p (1 + TM@) = Bp,y(1 + 1¥2) + (b - B)py(1 + 1)
(B24)
Solution of eq'uations (B22), (B23), and (B24) yields

(s

B=g_ 2 (B25)

X
A My



20 e NACA RM ES3H28

(w4/T)y = (1"5—1)T_1 -’;—; (b-B) ——2 (B26)

(FF—*) My (Fb:_*) My

(%)Mt - (wa/T)

(B27)

and

. (0NT)g (%*)Mt (B28)
(P_;)m - (b-=a)

The method of calculation between stations 1 end 2 1s as follows:

(1) M, 1is assumed, and B 1s then calculated from equation (B2<).
(2) From equation (B26), (wa/T)y is calculated.

(3) The values of (F/F*)Mi and (F/F*)Mé are determined. Then

(F/F*)M, 18 calculated from equation (B27). The value of My 1s
obtained fram tables of (F/F*).

(4) The value of <A/A*)Mt is obtained from isentroplc-flow tables.
Then (Pt/Pp)m 1s calculated from equation (B28).

IV. GSecondary and Tertlary ¥low

L |

Pg,Tg N‘t—b H lf — --—'*r
|~ /_—-1

Bip

[ - s

P,,T, Vo Ap eAp bap BAp |° 4 "
— Pk
— ] T~ =

— [
P 1 2

3006
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The solution with both secondary and tertisry flow between stations
p and 1 is the same as that of part II. The continuity relations for
primary, secondary, and tertisry flows are as follows:

&E;Apﬂzppqlrg—l=mlelq,l+Lé—ll€=ﬁpzMg l"'Ié_lMg
(B29)
T_f; % (a-1)p Mg /\/1 + ‘%l 12 = (a-a)py ‘V%

-1 ,.2
(B—B)pzMs’z »\/1 + 5= Ms’z (B30)

»\/% L;\_ﬁT—t (b-a)p:M; 4/1 + ‘”;zl Mi = (b-B)py :\/T—’z“i (B31)

It is assumed that Mf,z = 1. Also, it is assumed that the pri-

mary and secondary flows between stations 1 and 2 are isentropic. The
momentum relaetion between stations 1 and 2 is

pya(l + ¥M) + py(a - a}(L + 1) + 0, (b - a)(1 + 1)

= PpB(1 + TMZ) + pa(B - B)(1 + ¥MZ ) + pp(b - BY(L +7)  (B32)

From the assumption of lsentropic primary and secondery flows between
stations 1 and 2 and the assumptlions Ps,2 = P2s Pg,1 = P1s Mﬁ,l =1,

the followling relation is obtained:

' r-i
1+L-£M§2=(T+l\l+ 2 % (B33)

2
From solution of equations (B29) through (B32), the following
values are obtalned:

(B-8)=(a- a)(j‘—*)Ms , (34)
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T
(04/T) = (b-B) %— (Jg’—l)r_l (B35)
5 (2 oL (@) - (&
1-~i*)mG =L e [(F*)Ms’z(mq/:]?): (F*)MZ (F )Ml (B36)
(), - e (&), s

The known quantities between stations 1 and 2 are a, o, My, and
(oafT)g, a8 determined from part II. The method of calculation is as
follows:

(1) My is assumed, and My » 1s celculated from equation (B33).
Fram isentropic-flow tebles, B = (A/A*)y 2 and pp/Pp are calculated.

(2) Fram equation (B34), (B ~ B) is calculated.

(3) Then b 4is assumed, and (wa/T)y is calculated from
equation (B35).

(4) From equation (B36), (F/F*)Mt is calculated.
(5) Then M, is determined, and (A/A*)M_t is calculated.

(6) Pram equation (B37), (P‘b/PP)m is calculated.

3006



9002

NACA RM ES3H28 S 23

APPENDIX C

CALCULATION OF NET INTERNAT. THRUST FOR DOUBLE-CYILINDRICAT-SHROUD

EJECTCR - INCREMENTAL THRUST RATIO

Tertiary

8COO0p
Secondary sco \-I [
— A
Yo _Af:!-_ PpsTp As Alt I
y b b

From momentum considerations, the net intermnal thrust for a double-
cylindrical-shroud ejector can be written

Fp = Agpp(1 + 1) + (Ag - Aydpg (1 + 180) + (&g - Ag)py (1 + 1) -

Agpo(L + YME) + polag - Ay) - (A, o + Ay pJregMf  (C1)
This expression is made dimensionless through division by APPP:

Fn 1+ ng PB 1+ TMé
APP = + (a-l) B - +
® 1 2\T-T ? 1 2\T-1
Y- - Y- -

(l + 3 MP) (l + 5 )
(b-a) fE 1+YN€ -A_OP_OYMg -P_ob_(Aa,,s'*‘Aa_ t)T_P_O (c2)

Fp L Pp Pp Ap Pp

1+ r=1 2 ¥
2 t

By assuming choked flow in the convergent nozzle, l& = 1. Also, the

expression for the ideal net thrust of a choked convergent nozzle (from
ref. 9, appendix C) is the following:
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.
(F,) T
Y-1 Ag D 2 P
5 = (1) 21) - = T e
PED U b ol
X
2 \r-1 ™y to _Po
- (1+T)(—‘+1) 5 (c3)
Y «/2(r+15

P 1+ P 14 Aa,s * Aat
(a-1) o -——_E + (b-a) g%' _—_T{-T (b'l) ( 5 "g
Fo - () Jl LI Q (1,,“ o “f) (ce)
Fale,s =

From mess-flow considerations,

W W T
Aa,s=§§ _W—IB;V?[‘-IS_, ’V%AO:(“’W)S'\[%AO
and
(wAf)y, ‘V-@T%Ao
Therefore,

(A_aaﬁf_g‘*ﬁa_‘e)l: TM5=%>§9TMO (QWQ)BI‘/ +(cn4,/_)tl\/

but, from continuity between stations O and p,

~r+l

__-_%__Plz TO Y+l
My B,

1‘/1+ -l

3006
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Thus,

T+l

\ B
Ap “a,8  “a,t Po MCZ) ™o ‘\/_)s'\/:_{_ (CDA\F)-[;[

rl
l+2

Equation (C4) then becomes:

P, 1+l Py 14 T i)
(wr) gt |[—% |4 (oa) 2 - (b2) 2 - = Z cmmJ—]
Pk e ik e B ke

« LG aE)

oo - ]2

(cs)

L e

The Mach numbers Mg and M; ere found from their respective ares
ratios by using the following derived relations:

a- PS
(B, - o (%) (2]
and
A)  _ _(b-s) (B a
(8, - 1 (=) ez
where
T+L
- a(r-1
A 1 2(1 +%M2)—,
AT WM T+L ]
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APPENDIX D

FLIGHT-PLAN ASSUMPTIORS

The schedule of engine pressure ratio E, lnlet recovery ryp,, ram-
scoop recavery T,, and boundary-layer scoop recovery Iy for the
sssumed turbojet flight plan is listed in the following table:

E Tin Ty Ty Altitude TP

&

2.169(0.96 |1.00]0.87
2.021]0.95 {1.00]0.79 Tropopause
1.846|0.925]0.95} 0.685 3900°
1.6620.89 [0.86|0.56 |tg = 392° R

1.47410.85 10.72]0.43
1.299(0.81 |0.5910.32

nfo | Pl l=lo
vi|o| | |-|o

Nozzle pressure ratio Pd/Pp is determined as follows:
D P . S -
0 0 _ 1 | (D1)

Py PoEryy Y
-1 2\r-1
E]’.‘inl+—2——M0

The maximum availeble pressure ratios used in connection with figures 8
and 9 are cobtailned from the following relations:

Ps Ty

= = D2
(Pp)max Erqn (p2e)

Pg Ty

—_ = DZ2b
(PP)max Tin ( )

Equation (D2a) applies to the use of an suxiliary ram scoop, while
equation (D2b) epplies to the use of an auxiliary boundary-layer scocp.
These quantities, calculated by using the representative values 1n the
preceding table, are plotted in figure 7.

3008
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TABLE I. - SHROUD-LENGTH COMBINATIONS TESTED

Secondary- Tertiery-shroud-length ratio,
shroud-length Lt/Dp: at -~
ratio
Ls/Dp, Tertiary-shroud-lez7th-increment retio,
LY/Dp
0.16 0.33 0.50 0.69 0.86
0.11 0.27 0.44
.21 .37 .54 0.72 0.90 1.07
.31 .64
41 74
.51 .84

AT
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Secondary pressure ratio, Ps/Pp

Tertiary pressure ratio, Pt/Pp

.3

'3

.2

NACA RM ES3H28
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G
.015
.030
.045
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Va

/

.1 .2 B 4 5 .6

Nozzle pressure ratlo, po/Pp
(a) Becondary-shroud-length ratio, 0.11; tertiary-
shroud-length ratio, 0.27; secondary weight-
flow parameter, O.

Figure 3. - EJector performance curves.
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Nozzle pressure ratio, pO/Pp
(v) Secondary-shroud-length ratioc, 0.11; tertiary-
shroud-length ratio, 0.44; secondery weight-
flow parameter, O.

Figure 3. - Continued. EJector performance curves.
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