
-.J 
o 
"') 
W 

Copy 293 
RM E57F13 

NACA ... ----..... _."_. 

INTERNAL PERFORMANCE OF SEVERAL DIVERGENT -SHROUD 

EJECTOR NOZZLES WITH HIGH DIVERGENCE ANGLES 

By Arthur M. Trout, S. Stephen Papell, and John H. Povolny 

Lewis Flight Propulsion Laboratory 
Cleveland, Ohio 

ctilSsi!ir.stion c:;ncell~1J (or ,;hang~d to .. \..i.'r:\.I;.l~$.s..ik;~J ...•... ,) 

By :\uth'Jr i\" at ~'f.\SA7.&\'" R1. n;Y.W\IN~i:..~.v:-.( .. -r.r.~.3> 
~')rflCER rUIHOf<.IZ!'G TO CHANGE) 

/}JJ .................. ,/:"0 ..... ...................... . ... ~q; .. 1 V' By ....... ··· 
.' ! >::> 

............ .... h"K.. ... · ................................ : ................... .. 
GRI<DE OF O[ [[(,;E;, r.lt.Ii.it.G CHflNG[) 

....... .!..~ .. r? ~.k!' .. CR. t. ........... . 
DATE 

'I'I>!a material ccmtaIDs informa
of tbII eaploaap laws, 'nile 18, u.s.c., Sees. m 8I!d m, tbII tram_loll or rnelatloll of which In"""" 
III8lIZler to an UlUWthort .. d person Is probIbltsd by Jaw. 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 
October 2 , 1957 

'. 

Restriction/Classification Cancelled



-; 

TECH LIBRARY KAFB. NM 

I ~I~ 11[11 [[I~ 1[111 [[[:1 ill~ 1.1:1 ~ ~II 
MCA EM E5 7F13 

0143942 

NATIONAL ADVISORY COMMI'I'J!EE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

INTERNAL PERFORMANCE OF SEVERAL DIVERGENT-SHROUD E:J"EaroR 

NOZZLFS WITH HIGH DIVERGENCE ANGLES 

By Arthur M. Trout, S. Stephen Papell, and John H. Povolny 

SUMMARY 

Nine divergent-shroud ejector configurations were investigated to 
determine the e~fect of shroud divergence angle on ejector internal per
formance. Unheated dry air was used for both the primary and secondary 
flows. 

The decrease in the design-point thrust coe~~icient with increaSing 
flow divergence angle (angle measured f'rom primary exit to shroud exit) 
followed very closely a simple relation involving the cosine of the 
angle. This indicates that design-point thrust performance for divergent
shroud ejectors can be predicted with reasonable accuracy wi thin the range 
investigated. The decrease in design-point thrust coe~ficient due to in
creasing the flow divergence angle f'ram. 120 to 300 (half'-angles) was ap
proximately 6 percent. Ej ector air-handling characteristics and the 
primary-nozzle flow coefficient were not significantly affected by change 
in shroud divergence angle. 

INTRODUCTION 

The advent of supersonic flight has increased the available exhaust
nozzle pressure ratio of turbojet-powered aircraft to such an extent that 
the convergent nozzles used in the subsonic regime beccme prohibitively 
inefficient. Reference l shows that divergent-shroud ejector nozzles can 
be used to expand the engine exhaust gases efficiently at high pressure 
ratios and at the same time provide cooling air for the engine, the after
burner, and the nozzle by the flow of secondary air. 

The various configurations of reference l covered a range of design 
pressure ratios but were limited to relatively low shroud divergence 
angles. The shroud divergence angles investigated varied f'ram 30 to l20 

(see sketch). 
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Appreciable savings in structural weight and shroud. cooling-air re
quirements can be made if the shroud divergence angle J3 is increased 
for any given design, thus shortening the ejector shroud. It is to be 
expected, however, that, as the divergence angle is increased, the lossee 
due to nonaxial velocity components at the nozzle exit will also in
crease, just as is shown to be the case for conical convergent-divergent 
nozzles in reference 2. 

The investigation reported hereinafter extends three representative 
ejector designs of reference 1 to shroud angles J3 of 150 , 200 , and 250 

in order to deter.mine the effect of shroud angle on ejector'nozzle per
for.mance. The three groups of ejectors have design pressure ratios of 
approximately 6.5, 12, and 25; and the test condi tiona covered a range 
of pr~ry-nozzle pressure ratios from about 1.8 to a value beyond the 
design point far each configuration. 

Secondary weight flow was varied fran zero to a value which made the 
secondary total pressure nearly equal to the primary total pressure. This 
resulted in secondary weight flows of from zero to about 16 percent of the 
pr~ry airflow. The tests were conducted wi th dry air at approximately 
600 F for both the pr~ and secondary flows. Unpublished NACA data in
dicate that the performance of a given ejector nozzle is essentially the 
same when hot exhaust gas instead of unheated air is used for the primary 
stream. 

APPARATUS AND INSTRUMENTATION 

Test Facility 

The ejector models were installed in a 6-foot-diameter test chamber 
shown photographically in figure l. Figure 2 is a diagrammatic sketch 
of the test facility. The ejector models and the air-supply pipes were 
freely suspended in the chamber by four flexure rods. The resultant 
axial force acting on the ejector installation during the tests was 
transmitted through a flexure-Plate-s~ted bell crank and linkage to 
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a calibrated. nuJ...l-tY]?e pneumatic force-measuring cell. Pressure graa.1-
ents on the a.1ff'user section of the primary-air inlet pipe were pre
vented. by a vent line Which connected. the annular region between the 
labyrinth seals to the test chamber. This minimized. the pressure drop 
and. the airflow through the second. seal. Secondary air was supplied 
through a 6-inch flexible rUbber hose which was connected. perpena.1cu
larly to the ejector axis so that no axial forces could be transmitted. 
to the rig When the hose was pressurized. The secondary-air-supply pipe 
included an orifice assembly for measuring secondary airflow. 

Ejector Mod.els 

The geometries of the nine ejector models investigated. a~d. the 
tbree low-sbroud-angle counterparts from reference 1 are given in table 
I. The tbree groups of ejectors had. exit a.1ameter ratios of about 1.24, 
1.46, ana. 1.82, which correspond to design pressure ratios of 6.5, 12, 
and 25, respectively. 

The minimum area of the sbroud (the point at which Ds is measured) 
was arbitrarily placed in the plane of the primary-nozzle exit for this 
investigation (see sketch, table I). Practical ejector d.esign consider
ations may often make it necessary or desirable to move this sbroud mini
mum area slightly downstream of the plane of the primary-nozzle exit and. 
to contour this region of the shroud.. This would. not be expected to have 
significant effect on the ejector performance as long as the primary'jet 
does not expand to an area greater than the shroud minimum area at any 
point upstream of the minimum shroud area. 

Configurations 1 to 6 were run with a primary nozzle of' 8.30-inCh 
exit a.1ameter. This rela ti vely large nozzle passed. sufficient air, how
ever, to cause excessive pressure losses in the exhaust system, thereby 
limiting the maximum primary-nozzle pressure ratio for these six config
urations to values under 16. In ord.er to reach d.esign pressure ratio 
for configurations 7, 8, and 9, the models were scaled d.own for use with 
a 6.50-inch-diameter primary nozzle. (The primary-nozzle convergence 
angle was 80 for both primary nozzles.) 

Instrumentation 

Pressure measurements were made at the various stations ina.1cated. 
in figures 2 and 3. The type of instrumentation at each location is 
given in table II. The total temperature of the primary air was measured. 
by means of two iron-constantan thermocouples several feet upstream of 
station 1. The secondary-air temperature, measured by a single thermo
couple in the secondary-air-supply pipe, was the same as that for the 
primary stream inasmuch as both were supplied from the same header . 

. , 
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PROCEDURE 

The performance of eaCh ejector configuration was obtained as fol
lows: (1) Pressurized air (40 Ib/sq in. gage) fram the laboratory supply 
system was throttled to a reduced pressure of about 45 inches of mercury 
absolute upstream of station 1 (fig. 2). (This inlet pressure gave 
nearly the maximum primary pressure ratios obtainable with this facility.) 
(2) The test-chamber exhaust line was fully opened to the exhaust system 
(26 in. Hg, vacuum), resulting in a maximum primary-nozzle pressure ratio 
of about 16 to 18 for the 8.30-inch-diameter primary nozzle and 28 to 30 
for the 6.50-inch-diameter primary nozzle. (3) The ejector perfor.mance 
for zero secondary airflow was then obtained by maintaining a constant 
header pressure upstream of the inlet throttling valve, while the ex
haust pressure was raised in steps by closing the exhaust valves down
stream of the test chamber until a primary pressure ratio of slightly 
less than 2 wa~ obtained for each configuration. (4) The exhaust pres
sure was then reduced again to a minimum value, and secondary air-
flow was introduced through a throttling valve downstream of the 
secondary-air measuring orifice. For each setting of secondary airflow, 
the ejector perfor.mance over a complete range of primary-nozzle pressure 
ratios was obtained as in step (3). The secondary weight-flow ratio ~s 
increased in three or four arbitrary steps, with the maximum value being 
obtained when the secondary total pressure was equal to the primary totai 
pressure. This resulted in secondary weight-flow ratios of approximat;eq 
10 percent for configurations I, 2, and 3 and 16 percent for the other 
configurations. The ejector weight-flow ratio remained constant for any 
given setting of the secondary-air throttling valve even though at low 
primary-nozzle pressure ratios both the secondary passage and the" primary 
nozzle were unchoked. This was due to the fact that both primary and 
secondary flows were supplied from a cammon source and the throttling 
valves were choked at all times. 

Preliminary tests indicated no significant difference in total- . 
pressure measurements between stations s and s' (fig. 3). There were 
slight variations, however, in the circumferential total-pressure dis
tribution at station s' for high secondary weight flows. Therefore, the 
secondary pressure measurements at station s' rather than at station s 
were used in the calculations. 

Symbols are defined in appendix A, and the methods of calculation 
are given in appendix B. 

RESULTS AND DISCUSSION 

Performance of Primary Nozzles 

The thrust and flow (or discharge) coefficients for both of the 
primary nozzles which were used with the ejector models are shown in 

• • 
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figure 4 for a range of pressure ratios. The thrust coefficient (fig. 
4(a» is defined as the ratio of measured jet thrust to ideal (one
dimensional) jet thrust for the measured weight flow expanded isentrop
ically through the same (measured) pressure ratio. The flow coefficient 
(fig. 4(b)) is the ratio of measured corrected weight flow to ideal (one
dimensional) corrected weight flow for the same pressure ratio. 

The thrust-coefficient level for the primary nozzles is about 1 to 

l~ percent bj.gher than that indicated by previously published data for 
convergent nozzles (refs. 1 and 3 to 8). However, because of the ext en
si ve calibrations and checks made on the test rig, the relative thrust 
values reported herein are believed reliable. Error analysis of measure
ments showed a probable mean error of about xl percent for thrust 
coefficient. 

The flow-coefficient data are in good agreement with other data for 
similar nozzles (refs. 5 to 8). 

Ejector Performance 

Performance data for ejector configurations. - The performance of 
each of the nine ejector-nozzle configurations is presented in figures 
5 to 13. For each ejector the following data plots are shown: 

(1) Ratio of ejector thrust to ideal primary-nozzle thrust Fej/Fip 

(2) Ejector thrust coefficient Fej/(Fip + !is) 

(3) Ejector total-pressure ratio (ps/pp)ej 

(4) PrlJDary-nozzle now c<efficient eai:~)Jw,f)i 
Each of these quantities is plotted against primary-nozzle p~es-

sure ratio for several constant values of secondary-to-primary corrected 
weight-flow ratio (ws/wp}-JTs/Tp. Secondary- and primary-air temperatures 
were the same for this investigation, but the use of the conventional gen
eralized ejector performance parameter (ws/wp)~TsITp has been retained 
in the figures. U~;Jblished NACA data indicate that the weight flow cor
rection factor -JT~Tp is sufficient to correlate ejector nozzle thrust 
and pumping characteristics when hot exhaust gas rather than unheated dry 
air is used for the primary jet. 

The ratio of ejector jet thrust to ideal primary-nozzle thrust 
(isentropic one-dimensional expansion of the measured primary weight 
flow) is convenient in estimating the gross thrust of an engine of known 
thrust performance that is equipped with an ejector nozzle similar to 
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one of the model ejectors. For example, a typical use of this ratio 
would be as follows: 

FeJ = (!~~) i!~p 
where Fej!Fip is obtained from the performance data for the desired 

pressure ratio and secondary weight-flow ratio, F is the known (conver
gent) primary-nozzle (or engine) thrust with no ejector, and F IFi is P p 
the primary-nozzle thrust coefficient for the desired pressure ratio from 
figure 4. 

The ejector thrust coefficient is defined as the ratio of measured 
ejector thrust to the sum of the ideal (one-dimensional isentropic ex
pansion) thrusts of both the primary and secondary streams using the 
measured values of airflow and pressure ratio. This coefficient is a 
measure of the efficiency with which the ejector nozzle converts the com
bined available energy of primary and secondary streams to use:f'ul thrust. 
The secondary weight flow for optimum gross ejector thrust is readily 
seen from such a plot. However, the secondary weight flow giving opti
mum net-thrust would, of course, depend upon the source and state of the 
secondary-air stream for any particular installation. 

In general, the shape of- either type of thrust curve (for a con
stant corrected weight-flow ratio) is similar and is a result of the 

. following: As the primary-nozzle pressure ratio is increased from a 
value of about 2,-the thrust coefficient (or the thrust ratio) first de
creases because of- overexpansion of the flow and then increases as the 
pressure ratio is fUrther increased and reaches a peak value near the 
design pressure ratio. (The design pressure ratio is defined as that 
pressure ratio which would result from isentropiC expansion of the flow 
f'rom the area of the primary nozzle to the area of the shroud exit.) As 
the primary-nozzle pressure ratio is increased above the value for peak 
thrust coe~icient, the thrust coefficient (or thrust ratio) decreases 
because of underexpansion losses. For most values of pressure ratio, 
the value of the ratio of ejector thrust-to ideal primary thrust for a 
given corrected weight-flow ratio is approximately equal to the thrust 
ratio (or coefficient) for zero secondary flow plus the corrected weight
flow ratio. This indicates that the increase in ejector thrust ratio 
with secondary weight flow is largely due to the additional mass flow, 
and reflects the fact that the energy conversio~ of the combined primary 
and secondary streams is about the same as that of the primary stream 
alone. 

The air-handling characteristics (sometimes referred to as the 
pumping characteristics) for the ejector models are s~wn by plots of 

.. 
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ejector total-pressure ratio (ratio o~ secondary total pressure to pri
mary total pressure) against the primary-nozzle pressure ratio. From. 
these data plots it is possible to determine the amount o~ secondary air
~low the ejector will pass ~or a given primary-nozzle pressure ratio and 
secondary-passage total pressure. 

The primary-nozzle ~low coe~~icient can be materially a~~ected by 
secondary ~low in some types o~ ejectors. For divergent-shroud. ejectors, 
however, this e~~ect is small, providing the minimum area o~ the shroud. 
is not downstream o~ the primary-nozzle exit. The reduction in primary 
flow coe~ficient at the highest secondary weight flow was not greater 
than 1 percent ~or all configurations investigated. Primary-nozzle flow 
coef~icients were not a~fected by changes in divergence angle. 

E~~ect o~ ~low divergence angle on design-point thrust. - In ~g
ure 14 the design-point thrust coefficient ~or zero secondary air~low 
and for representative weight-~low ratios is plotted against the ~low 
divergence angle ( divergence angle from primary exit to shroud exit) ~or 
each o~ the nine configurations tested and also ~or the three configura
tions from. re~erence 1. (For each configuration the thrust coe~~icient 
~or all other corrected weight-~low ratios investigated ~ell within ,the 
limits o~ the two values shown.) Also shown in ~igure 14 is a theoreti-

cal curve in which the factor ~ (1 + cos ~) is used to approximate the 
expected decrease in thrust due to the nonaxial component o~ velocity at 
the nozzle exit (re~. 2). The flow divergence angle ~ resulted ina 
better correlation of data with the theoretical curve than did the 
shroud divergence angle ~. 

In a typical variable-geometry ejector-nozzle application, a high 
shroud divergence angle would re~resent the ~ ~light-speed condi
tion, usually with afterburning (sketch (a)). It may be seen from 

• 
====o::==~===......:: }20 == 

---------

Sketch (a) 

-------
Ai'terburning position (high speed) 

---------
Nonaf'terburnil!g position (c.ru:!:se) 

Sketch (b) Sketch (e) 
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figure 14 that by increasing the flow dive~gence angle ~ from 120 to 
240 (sketch (b)) there would be a loss in ejector jet thrust of about 3 
percent for any design expansion ratio in the range investigated (exit 
diameter ratios, 1.24 to 1.82). The decrease in thrust coefficient 
amounts to another 3 percent as ~ is increased from 240 to 300 (sketch 
c). It must be remembered, of course, that, at the very high flight 
speeds of modern aircraft, the decrease in net thrust can be two or three 
times greater than the loss in jet thrust. 

On the other hand, by increasing ~ from 120 to 240 , the shroud 
length would be reduced about 50 percent; and, for a full-scale ejector
nozzle design, this would mean that the shroud surface area which re
quires cooling would be reduced about 50 percent, with an attendant de
crease in weight. Also, for a ~ypical subsonic cruise condition, the 
shroud of the variable ejector would be closed down in area and become 
nearly cylindrical in internal shape (see sketches), and the design 
thrust coefficient would be about 4 percent higher than for the 240 

flow divergence angle. This increase in thrust coeffiCient, however, 
could be partly or wholly compensated for by an increase in boattail 
drag resulting from the higher boattail angles associated with the short
ened shroud in the closed position for a pod- or nacelle-mounted 
installation. 

The design of an optimum variable-geometry ejector-nozzle config
uration thus becomeS a complicated process in which the gains to be made 
in weight saving and cooling requirements f9~ a short high-flow
divergence-angle shroud must be balanced against loss in net thrust at 
high flight speeds and increase in boattail drag (or base arag) for the 
cruise condition. Of course, such an analysis must be based on the type 
of installation (pod-mounted or buried), the flight plan (mostly cruise 
or mostly high-speed), the take-off procedure (afterburning of nonafter
burning), the variation of primary-nozzle geometry, and numerous other 
factors beyond the scope of this report. It appears from the data of 
figure 14, however, that the effect of flow divergence angle on internal 
design-point thrust for divergent-shroud ejectors (generally similar to 
those examined) can be predicted with reas~nable accura~y from theoreti
cal considerations alone. 

Effect of shroud divergence angle on thrust coefficient. - In order 
to illustrate how the shroud divergence angle influences the thrust char
acteristics of an ejector nozzle, the thrust-coefficient curves for con
figurations 7 and 9 (~ of 150 and 250 , respectively) are shown in fig
ure l5(a) for a typical corrected weight-flow ratio of about 0.032. Both 
of these models have an exit diameter ratio of approximately 1.8 and a 
throat diameter ratio of 1.10. The shape of the thrust curves, which is 
typical for divergent-ejector nozzles and quite similar to that for 
convergent-divergent nozzles, can be better understood through a know
ledge 9f what is happening to the flow as ;it passes through the divergent 

-" 
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shroud. One way o~ doing this is by examining the static-pressure pro
~ile along the shroud. 

9 

Figure l6 shows the dimensionless axial shroud static-pressure pro
~ile ~or several points along the curves o~ ~igure l5. The ambient 
static-pressure level is indicated ~or each condition by a dashed line 
at the right side o~ the ~igure. This static-pressure per~ormance map 
is ~uite similar to the ~amiliar convergent-divergent nozzle pressure 
plots (e.g., re~s. 3 and 4). As explained in detail in reference 3, any 
change in thrust o~'a convergent-divergent nozzle when the throat is 
choked is brought about by changes in the static-pressure distribution 
along the divergent walls. A similar situation exists for the divergent 
ejectors, such that the changes in the tbrust-coe~~icient curves o~ ~ig
ure l5 in.ay readily be explained by exam1 ni ng the static-pressure distri
butions shown in figure l6. 

For example, in ~igure l5(a) at point A ~or the thrust-coe~ficient 
curve o:f con:figuration 7 (~ = l5o), the prilnary jet issues fran the 
choked primary nozzle near ambient pressure and the per:formance is es
sentially that o~ a convergent nozzle. The pressure distribution along 
the shroud ~or this condition (~ig. l6(a), pp/Po'= 2.56) is close to 

ambient pressure, which is represented by the dashed line ~or 
pJpp "" O.39l. The :flow through the secondary-passage exit and along 

the shroud is all subsonic. This is shown by the fact that changes in 
ambient pressure a~:fect the secondary total pressure at point A in ~ig
ure l5(b). In this region of operation, then, the primary flow is, in 
e~fect, detached fran, or not ~luenced by, the shroud. 

Between points A and B in ~igure l5(a), as the primary-nozzle pres
sure ratio is increased, the primary jet expands as it leaves the primary 
nozzle and aspirates the region between the primary jet and the shroud, 
causing the wall pressures to be lower than ambient along the shroud 
(e.g., fig. l6(a), pp/po = 4.l2), especially near the primary-nozzle exit 

(A/~ = l.2l). This pressure, lower than ambient, on the divergent area 

of the shroud creates a force term in the axial direction which opposes 
(or reduces) the available jet thrust, thus lowering the thrust 
coe~ficient. 

At point B the primary jet expands until the secondary flow near 
the shroud becomes choked, and the whole cross-sectional area of the 
divergent shroud is :filled with supersonic :flow at some plane downstream 
o~ the primary-nozzle exit. Changes in ambient pressure are no longer 
reflected in the secondary passage as the primary-nozzle pressure ratio 
is increased (fig. l5(b). Now, the primary ~low is effectively attached 
to the shroud for a short distance downstream of the primary-nozzle exit, 
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as shown by the static-pressure profile in figure lS(a) for pp/po S 4.58. 

For this condition the static-pressure ratio for the first two taps be
comes fixed at a minimum value and no longer changes as the nozzle pres
sure ratio is increased, thus indicating full supersonic flow at these 
stations. At an area ratio of about 1.8, a shock occurs and the wall 
pressures rise again toward ambient pressure as the flow travels toward 
the exit. The entire area of the shroud, however, is considerably belqw 
ambient pressure, and the thrust coefficient is thus at a. minimum. value. 

As the primary pressure ratio is increased beyond point B (fig. 
l5(a)), the flow expands supersonically farther- along the shroud. until 
at pOint-C (pressure ratio of approx. 14.08) it has expanded along the 
entire shroud length and no further changes in wall pressure occur as 
pp/po is increased (fig. IS(a)). At p01nt-C a large part of the shroud. 

wall is above ambient pressure (dashed line at p /p "" 0.071 in fig. o p 
lS(a)) so that the overexpansion losses are much smaller than at point B, 
causing a rise in the thrust-coefficient curve in figure lS(a) from point 
B to point C. 

At point D (fig. lS(a)) the static pressure at the end of the shroud 
is just eqUal to the ambient pressure, and the ejector is operating at de
sign pressure ratio. All the shroud area is at pressures above ambientJ 
and the thrust coefficient is a maximum. As the pressure ratio 1s in
creased beyond· point D, the thrust coefficient decreases because of un
derexpansion losses. (The static pressure at the exit of the shroud 1s 
greater than ambient; and, if the shroud were extended, an additional 
force in the thrust direction could be realized which 1s otherwise lost.) 

The characteristic shape of the thrust-coefficient curve for con
figuration 9 (~ ~ 25°) in figure 15(a) 1s, in general, the same as that 
for the lower-angle configuration just discussed. There are several dif
ferences (most noticeably the thrust level), however, which are due to 
the increased shroud angle (from 150 to 250 ). In the region from AI to 
BI, the thrust losses due to aspiration (shroud wall pressure reduced be
low ambient near the primary exit) are less for the high-shroud-ang1e 
configuration (at comparable pressUre ratios) because of the greater dis
tance separating the shroud and the primary jet at a given distance down
stream of the prim~-nozzle exit. This may be seen by comparing the 
pressure distribution for pp/po ~ 4.12 in figure lS(a) with that for 

pp/po:l 4.0S i.n figure lS(b). The static pressures on the shroud are 

much closer to ambient for the high-shroud-angle configuration. The 
higher-angle shroud also requires a higher primary-nozzle pressure ratio 
before the jet becomes effectively attached to the shroud. Thus, the 
pressure ratio at which the cross-sectional area of the shroud just down
stream of the primary-nozzle exit first becomes filled with supersonic 

.'\ 
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flow is increased from about 4.5 (point B, fig. 15.(a) for configuration 
7 (~= 150 ) to about 9 (point B', fig. 15(a) for configuration 9 
(~ = 250 ). It is interesting to note that in part of the off-design re
gion the high-angle shroud can give much better performance than the 
lower-angle models. For example, at a pressure ratio of about 4.5 (fig. 
l5(a» the thrust coefficient for the 250 shroud is 7 percentage points 
higher than that for the 150 shroud. 

The maximum thrust coefficient for configuration 9 (point D I, fig. 
15(a» is lower than that for configuration 7 (point D, fig. 15(a» be
cause the nonaxial component of velocity at the shroud exit increases as 
the shroud a~le is increased (ref. 2). Comparison of the shroud wall 
pressures in figures 16(a) and (b) for the completely expanded supersonic
flow case (the bottom curve in each figure) shows this thrust loss as a 
lowering of the pressures along most of the shroud - especially near the 
primary-nozzle exit - due to the higher supersonic-flow turning angle re
,!uired to attach the jet to the shroud near the primary-nozzle exit. If 
the shroud angle is further increased, point B' in figure 15 (a) will move 
to higher pressure ratiOS, and the rise in the thrust-coefficient curve 
from B I to D I will become less pronounced until eventually the perform
ance degenerates to simple convergent-nozzle performance. 

Effect of flow divergence angle on air-handling characteristics. -
Because one of the i'unctions of the ejector nozzle is to pump secondary 
cooling air for an engine installation, the so-called pumping character
istics are of interest, especially at conditions of take-off or low
speed cruise (when the source pressure, such as ram air, is insufficient 
to do the job). In figure 17 the corrected weight-flow ratio is plotted 
against the flow divergence angle for various constant values of ejector 
total-pressure ratio (Ps/pp)ej at primary-nozzle pressure ratios pp/po 
of 2, 3, 4, and 6 and above. The data for figure 17 were obtained from 
configurations 7, 8, 9, and configuration 10 of reference 1, all with 
De/TIp of about 1.82; however, the same characteristics would, in gen-
eral, apply to any series of conical divergent ejectors with Ds/Dp of 
approximately 1.10 and similar shroud angles, regardless of shroud 
length. 

For certain conditions of primary-nozzle pressure ratios below 6 
and ejector total-pressure ratios less than 0.50 or 0.60, the shroud 
angle does have an effect on the pumping characteristics (fig. 17). For 
example, at P /PO 0:\ 2 and P /p of 0.48 (which might be typical of p s p 
take-off conditions)(fig. 17(a», the lowest-angle configuration (a = 120

) 

passes ~. percent corrected weight now, the next-higher-angle model 

(a = 170 ) passes 2 percent, and the two highest-angle models (a. = 230 and 
280 ) have zero secondary flow at these conditions • 
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It should be noted, however, that these low primary-nozzle pressure 
ratios are in the off-design region of operation for-most divergent 
ejectors, and also that the external flow at flight speeds less than de
sign speed can influence the ambient pressure felt by the ejector (ref. 
9). For the latter case, the static pressure at the external lip of the 
shroud should be substituted for PO in pp/po when the ejector per-
formance is estimated. At the higher pressure ratios (fig. 17(d») which 
would be representative of operation near the design point, changes in 
divergence angle do not affect the pumping characteristics. 

Effect of secondary airflow on ejector thrust coefficient. - The 
thrust coefficient of divergent ejectors is influenced by the secondary 
flow primarily in the region of overexpansion of the primary flow. In 
order to illustrate the typical effect of secondary flow on ejector per
formance, the ejector thrust coefficient and the ejector total-pressure 
ratio for configuration 7 are shown in figure IS for the highest and the 
two lowest corrected weight-flow ratios investigated (including zero sec
ondary flOW). Because the static pressures_ ~ong the shroud are again 
useful in understanding the shape of the thrust curves, the static
pressure distribution plots for the three corrected weight-flow ratios 
of figure IS are shown in figure 19. The effect- of secondary flow on 
thrust coefficient can be conveniently examined in three regiOns of 
ejector performance: (1) very low primary-nozzle pressure ratios, where 
the flow near the wall of the divergent shrQ~ is all subsonic; (2) over
expansion, where supersonic flow first fills the cross-sectional area in 
the shroud just downstream of the primary-nozzle exit; and (3) pressure 
ratios near the design point. 

For very low primary-nozzle pressure ratios (points A, A I, and. A", 
fig. lS(a»), the primary flow is effectively detached from the shroud, 
as shown by the fact that the shroud wall pressure ratios of figure 19, 
at primary-nozzle pressure ratios corresponding to points A, A I, and A" 
(pp/po of 2.6S, 2.56, and 2.04, respectively) have not reached their mini-

mum value (lowest curve) at any point. For zero and low secondary flows 
(figs. 19(a) and (b), respectively), the shroud pressures are nearly am
bient all along the length of the shroud, and the thrust levels (points A 
and A I, fig. 18(a) are comparatively high~ the high corrected 
weight-flow ratio of figure lS(a)( (ws/wp)-v'Ts/~ = 0.163), the value of 

(p Ip ) j is 0.99 (fig. lS(b)), and the ejector is essentially a 
s p e -

convergent-divergent nozzle with a throat diameter equal to Ds. For 
this case, the shroud pressures near the primary-nozzle exit for point A" 
in figure l8(a) are very low (as shown in fig. 19(c) for pp/po = 2.04). 

This indicates relatively high velocities due to overexpansion of the 
flow in this region and is responsible for the relatively poor ~hrust 
coefficient at point A" in figure lS(a). 

1'.-

" 

.. 
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As the primary-nozzle pressure ratio is increased from point A to 
point B (zero secondary air~low, ~g. l8(a)), the thrust coe~~cient 
~alls o~~ rapidly because o~ the influence o~ the increasingly expanding 
primary jet on the shroud pressures (~ig. 19(a), pp/po ~ 5.50) until, at 

point C, the supersonic primary jet suddenly attaches to the portion o~ 
the shroud near the primary-nozzle exit, causi~ severe reductions in 
wall pressure due to overexpansion o~ the ~low (e.g., ~ig. 19(a), 
pp/po ~ 4.09). In this region o~ pressure ratios, the ejector per~or.m-

ance with zero secondary air~low becomes discontinuous, as indicated in 
~igure 18 by the vertical dashed lines (i.e., no stable operation is pos
sible between points B and C in ~g. 18). 

I~ a ~ll amount o~ low-energy secondary air is introduced 'While 
the ejector is operating in the region o~ overexpansion, it will act as 
a cushion, decreasing the sudden expansion losses as the jet leaves the 
primary nozzle and thereby reducing the thrust loss due to the lowering 
o~ shroud wall pressures in the region just downstream. o~ the primary
nozzle exit ~or pressure ratios between points A' and C' in ~igure 18. 
The pressure ratio at 'Which supersonic ~low ~irst attaches to the shroud 
is then increased beyond point C (Pp/PO = 5.5 ~or zero ~low) to point C' 

Cpp/po = 4.58 ~or corrected weight-~low ratio o~ 0.055 in ~igs. 18 and 

19(b)). Also with low secondary air~low, a shock ~orms in the shroud at 
a point nearer the primary-nozzle exit ~or a given value o~ primary
nozzle pressure ratio, thus decreasing the overexpansion losses at point 
C' and causing the thrust coe~~icient in ~igure lS(a) to be much higher 
~or the low-secondary-air~low curve than ~or zero ~low in this region o~ 
primary pressure ratios. 

For the high corrected weight-~low ratio «ws/Wp),/Ts/Tp = 0.165, ~tg. 
lS(a)) the secondary flow expands along with the primary jet and helps 
~ll the shroud, thus decreasing the amount o~ overexpansion experienced 
by the primary jet with no secondary flow and raising the thrust coe~
ficient over the 'no-~low case in the region o~ overexpansion pressure 
ratios from point C to point D". However, because o~ the high-energy 
level o~ the secondary air ~or this condition (ps = pp ), the combined 
primary and secondary stream tends to remain overexpanded at a much 
lower pressure ratio (point C") than with lower secondary ~lows. 

The peak thrust coe~~cients with secondary ~low (points D I and D", 
~ig. 18(a)) occur at progressively lower primary-nozzle pressure ratios 
than ~or zero secondary air~low (point D), because the increased mass 
~low (primary and secondary} passing through the ~xed shroud area 
reaches ambient static pressure at the end o~ the shroud at a lower 
primary-nozzle pressure ratio than when the primary jet is free to ex
pand in the entire area by itsell (Le., increasing the secondary air~low 



14 NACA RM E57Fl3 

has the same effect as decreasing the exit diameter ratio De/Dp and 
shifts the whole performance curve laterally toward lower primary-nozzle ~ 

pressure ratios. 

The peak thrust coefficient at point D is slightly lower than at 
point D' because of expansion losses associated with higher-flow angular
ity at the primary-nozzle exit and attendant lower wall pressures when 
no secondary flow is present. This may be seen by comparing the com
pletely expanded curves in figures l~(a) and (b). In figure 19(a) the 
shroud pressure ratios just downstream of the primary-nozzle exit are 
lower than in figure 19(b). A divergent ejector of this type with no 
secondary flow is thus analogous to the step nozzles (convergent
divergent) discussed in reference 10 and suffers a similar loss in peak 
thrust coefficient. For most of the models tested the level of the peak 
thrust coefficient did not change as the corrected weight-flow ratio was 
varied from the lowest value to the highest. Exceptions were configura
tions 1, 2, and 3, which had extremely short shrouds, and configuration 
7, for which point D" is slightly lower in level than point D' (fig. 
18(a». 

Reduction of overexpansion losses by means of secondary flow. - In 
order to show more clearly the effect of secondary airflow on ejector 
performance in the region of overexpansion at off-design pressure ratios, 
the maximum decrease in thrust coefficient fram the design-pres sure-ratio 
value due to overexpansion (pr1mary-nozzlepressure ratios less than de
sign) is shown in figure 20 for the nine configurations investigated for 
zero (fig. 20(a» and approximately 3-percent (fig. 20(b» secondary air
flows. By comparing figures 20(a) and (b) it may be seen that for all 
shroud angles there is a large reduction in the thrust losses due to 
overexpansion for the 3-percent secondary-flow data. For ejectors with 
exit diameter ratios under 1.5, the maximum thrust losses due to over
expansion are reduced 75 percent or more with 3-percent secondary air. 
For the ejectors with exit diameter ratios of 1.82, the reduction is 
about 50 percent~ The higher weight-flow ratios have a similar effect 
upon the ejector_thrust coefficient in the-overexpanded region but to a 
decreasing extent as the secondary flow is increased. 

Figure 20 also indicates a similar reduction in overexpansion losses 
with increasing shroud divergence angle. The overexpansion losses for 
the 250 shrouds were only one-half to one-third as large as those for the 
150 shrouds. This is due to the reduced aspiration effect for htgh-angle 
shrouds discussed previously in connection- with figure 15. Thus, a high
angle shroud, even through it has a lower design-point--thrust coefficient, 
might give much better off-design performance at low pressure ratios than 
a low-divergence-angle shroud. 

'" 
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SUMMARY OF RESULTS 

The internal performance characteristics of nine divergent-shroud 
ejector nozzles were investigated over a range of primary-nozzle pres
sure ratios and corrected weight-flow ratios. The object of this in
vestigation was to determine the effect upon ejector performance of in
creasing the shroud divergence angle from lOo to l5° J 200 , and 25° on 
three, typical, previously reported ejector nozzles. Unheated dry air 
was used for both primary and secondary flows. However, Unpublished NACA 
data indicate that there are no significant differences in ejector nozzle 
performance when hot exhaust gas instead of unheated air is used for the 
primary jet of any given configuration. 

The decrease in design-point thrust coefficient with increase in 
flow divergence angle (angle measured from primary exit to shroud exit) 
followed very closely a simple relation involving the cosine of the angle. 
This indicates that design-point thrust performance for conical divergent 
ejectors (in the range of geometries investigated) can be predicted with 
reasonable accuracy. The decrease in deSign-point thrust coefficient due 
to increasing the now divergence angle :from l20 to 240 was approximately 
3 percent, and :from. 240 to 300 was an additional 3 percent. 

Air-handling or pumping characteristics for the ejectors were not 
changed by increasing the shroud divergence angle except at low primary
nozzle pressure ratios (under 6) where under certain overexpanded condi
tions the low-angle shroud models would pump small amounts of secondary 
air but the higher-angle configurations would not. 

For off-design operation in the region of overexpansion, the thrust 
losses due to overexpansion of the flow were twice as great or more with 
no secondary airflow than with 3-percent secondary flow. Also, the over
expansion losses for the l5° divergent shrouds were two to three ~imes as 
great as those for the 250 shrouds. 

Primary-nozzle now coefficients for the models tested were not af
~cted by change in shroud divergence angle but were decreased slightly 

e..s the secondary airflow was increased. This decrease was less than l 
percent even at the highest secondary weight-flow ratios. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, OhiO, June 2l, 1957 

.. I. .... A~ 
....... ~<W~'J.l..1A.[;::J _, 
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APPENDIX A 

SYMBOLS 

A area) sq in. 

D diameter, in. 

F jet thrust, lb 

Fej measured ejector jet thrust) lb 

Fp measured jet thrust of' primary nozzle, lb 

IF resultant- axial f'orce measured by thrust ceil, lb 

g acceleration due to gravity, 32.196 rt/sec2 

L axial distance between exits of' primary nozale and ejector shroud, 

m 

P 

p 

R 

s 

T 

v 

w 

a. 

in. 

mass flow) slugs/sec 

absolute total pressure, lb/sq in. 

absolute static pressure, lb/sq in. 

pressure measured at circumference of' upstream f'ace of' secondary
air orif'ice, lb/sq in. 

gas constant, 53.35 f't-lb/(lb)(~) 

distance between outside of' primary nozzle and inside of' ejector 
shroud at plane of' primary-nozzle exit, in. 

total temperature) ~ 

velocity, rt/sec 

weight f'low) lb/sec 

measured air f'low at station 2) lb/sec 

f'low divergence angle (see sketCh, table I), deg 

angle of' shroud divergence f'rom axis) deg 
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r ratio of specific heats (1.4 for cold air) 

6 dimensionless ratio of total pressure to NACA standard sea-level 
pressure of 14.696 lb/sq in. 

e dimensionless ratio of total temperature to NACA standard sea-
level temperature of 518.7° R 

Subscripts: 

b outside of bellmouth inlet 

c center of duct 

e ejector shroud exit 

ej ejector 

i ideal (one-dimensional isentropic flOW) 

ip' one-dimensional isentropic expansion of primary flow 

is one-dimensional isentropic expansion of secondary flow 

or secondary-air measuring orifice 

p primary stream, primary-nozzle exit 

pi station pi, primary-nozzle inlet (fig. 3) 

s secondary stream or station s 

S I station s I, secondary-air plenum chamber (fig. 3) 

o free stream or ambient 

1 station 1 (fig. 2) 

2 station 2 (fig. 2) 
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APPENDIX B 

METHODS OF CALCUIATION 

Thrust Coefficient 

The ejector thrust coefficient is defined as the ratio or measured 
ejector thrust tao_the sum of the ideal (one-dimensional isentropic) -
thrust of' the primary and secondary streams; that is, 

where Fej is defined as 

and Ve is the arlal velocity. Values of~°.Fej for eacli d6.ta point were 
obtained by means of the equation . 0 

an~ the measured quantities P2' P 2, c J ~ J PO} and !F as follows: The ... 

remV)l - Al(Pb - PIn 
quanti ty t P2 J was obtained :from (P2/P 2, c) by means of a 

correlation. The correlation had been obtained by integrating the mV 
profile at station 1 and carefUlly measuring the quantities Al , 
(Pb - Pl)' and Pz for a number of pOints over a wide range of values of 

(pz/pz)c)' The calibrated effective pipe area under the Labyrinth seals 

AZ was measured by blocking off the primary and secondary passages and 
noting the variation of !F with (~ - PO). The area AZ was then cal
culated as 

The ideal primary thrust Fip is defined as the product of the 
measured primary weight flow and the isentropic velocity corresponding 
to the measured primary-nozzle pressure ratio: 

'~ . -

t o o 
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where 

and 

Tne symbols P2 and A2 are measured values, 

and K is an experimentally determined constant which is equal to the 

ratio of' ( pA.\ and the integra ted value of the parameter ( pA .\ 
m..,fgRT)2 m-J gRT) ,c 

at station 2. The value of K was f'ound to be constant for a range of 
Mach numbers. 

The ideal secondary thrust is defined as the product of the measured 
secondary weight flow and the isentropic velocity corresponding to the 

PO 
measured secondary pressure ratio p-: 

s 

Fis = (m-JgRT)s (~) 
is 

where 

= 



...... ',=: •. 
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and 

The term (m~) or was measured at the secondary-air orifice by means 

of the equation 

where Y is the expansion factor for the orifice assembly which was used 
in the secondary-air line; and K' is a constant which includes orifice 
area, discharge coefficient, and velocity of approach factor and was as
sumed constant over the range of Reynolds numbers covered in this inves
tigation. The pressure Pu is the pressure measured at the circumfer
ence of the upstream face of the orifice, and (~p)or is the pressure dif-

ference between the upstream and downstream faces of the orifice (ref. 11). 

Weight-Flow Ratio 

The corrected weight-flow ratio was calculated as 

Primary-Nozzle Discharge Coefficient 

The primary-nozzle discharge coefficient was defined as the ratio 
of actual-to-ideal corrected weight-flow parameters; that is, 

where 

and 

,.. 
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for unchoked values of primary-nozzle pressure ratio. For primary-nozzle 
pressure ratios above the theoretical choking value, the ideal weight
flow parameter was assumed constant at the critical value of 0.3432 pound 
per second per square inch for r = 1.4. 
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TABLE I. - F.J.Wl'OR COXFIGURATIONS 

I I I I I I I I I I 

Cont'igu- Frimary-nozz1e di~er, Exit Throat ADnu1us Spacing Bbroud Flow Data 
ration ~, in. diameter diameter ratio, ratio, divergence divergence in 

ratio, ratio, S/flg L/Dp angle, angle, fig-
Inside OUteide Delflg D/~ /I, !;L, ure -

deg d.eg 

1 8.:30 8.55 1.24 1.08 0.024 0.58 15 18 5 
2 8.30 B.55 1.24 1.08 .024 .28 20 23 6 
3 8.:30 B.55 1.24 1.00 .024 .22 25 28 7 

a(3) (6.02) (6.14) (1.23) (1.Q4, ) ( .010) (.47) (12) (14.) 

4 !3030 8.55 1.46 1.10 .eG6 .69 15 19 8 
5 B.30 8.55 1.46 1.10 .036 .51 20 25 9 
6 B.30 B.55 1.46 1.10 .036 .40 25 30 10 

8(5) (6.02) (6.14) (1.4,5) (1.09) ( .(35) (1.06) (9) (12) 

7 6.50 6.63 1.62 1.10 .038 1.31 15 17 11 
e 6.50 6.63 ' ,,, 1.10 .038 .98 20 23 12 .......... 
9 6.50 6.63 1.B1 1.10 .038 .76 25 26 13 

8(10) (6.02) (6.14) (1.82) (1.10) ( .(40) (1.90) (11) (12) 
I I I I I I I I I I I 

~umbere in parentheeee refer to valuee for three configura.tions ot :rei'. 1. 
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TABLE II. - INSTRUMENTATION 

Station or location Total pressure Static pressure 
(figs. 2 and 3) 

1 6-Probe equal-area rake; 5- 2 Wall taps 
probe boundary-layer survey 

Outside of bellmouth --- 7-Probe longitudinal 
inlet survey 

2 2 Radial 7-probe equal-area 4 Wall taps 
rakes, 1800 apart; 

4-probe boundary-layer survey 

pf (Primary-nozzle 14-Probe equal-area ---
inlet) diametral rake 

s Single probe ---
Sf (Secondary-air One 3--probe rake and 3 single ---

plenum chamber) probes, all spaced 900 

apart 

Ejector shroud --- Axial survey, taps 
(inside surface) approx. 1 in. apart 

a (Tank, ambient) --- 2 Wall taps 

-
~~ 
~~ 



Figure 1. - Test facility. 
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Diffuser 

Secondary-air 
orifice~ 

Figure 2. - Schematic diagram of ejector-nozzle test facility. 
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Figure 15. - Scbematic diagram or typical ejector IIssembly. (All dimensions in inches.) 
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Pr:!.ma.ry-noz zJ.e I=!fI:l=Iitftl:l:lrtl11ft:1:1t 
diameter, 

Dp, 
in. 

o 6.5 
o 8.3 

(a.) Thrust coefficient. 

8 12 16 20 24 
Primary-nozzle ~ressure ra.tio, p~/~o 

(b) Flow coefficient. 

Figure 4. - Performance of prima.ry nozdes (no eJ ector shroud). 
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(a) Thrust characteristics. 
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20 

Figure 5. - Performance of ejector 1.. Exit cll.ameter ratio, 1..24; throat 
cll.ameter ratio, 1..08; spaciDg ratio, 0.58; flow cll.vergence ~e, ~80; 
shroud divergence ~e, ~o. 
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Primary-nozzle pressure ratio, pp/po 

(b) Flow characteristics. 
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Corrected weight
flow ratio, 

Ws .~ 
wp'VTP 

o 0 
<> .025 
A .063 
~ .104 

20 

Figure 5. - Concluded. Perf'ormance of' ejector L Exit ctiameter ratiO, 
L24; throat diameter ratio, L08; spacing ratio, 0.38; flaw diver
gence angle, 1.80 j shroud divergence angle, 15°. 
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Primar,y-nozzle pressure ratio, pp/po 

(a) Thrust cbara,cteristics. 

Figure 6. - Perf9rma.nce of ejector 2. Exit diameter ratio, l.24; throa.t 
diameter ratio, l.OB; spacing ratio, 0.28; now divergence angle, 23°; 
shroud divergence angle, 200 • 
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1. 

o 4 8 ~ ~ 
PrilDary-nozzle pressure ratio, pp/PO 

(b) :now characteristics. 
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COrrected weight
flow ratio, 

W's .~ 
WP'VTP 

o 0 
¢ .027 
A .059 
b.. .101 

20 

Figure 6. - Con.cluded. Performance of ejector 2. Exit diameter ratio, 
1.24; throat diameter ratio, 1.08; spacing ratio, 0.28; flow diver
gence angle, 2:3°; shroud divergence angle, 20°. 
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(a) Thrus.t characteristics. 

Figure 7. - Performance of eJector:3. Exit diameter ratio, 
1.24; throat diameter ratio,. 1.08; spacing ratio, 0.22; fl.ow 
divergence angle, 28°; shroud divergence angle, 250. 
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1.2 ~6 

Prima.ry-nozz~e pressure ratio, pp/po 

(b) F~ow cha.racterist1cs. 
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Corrected we1ght
flow ratio, 

~~ 
o 0 
<> .027 
A .062 
tI. .~05 

Figure 7. - Concluded. Perf'ormance of' ejector 5. Exit diameter ratio, 
~.24; throat diameter ratio, ~.08; spacing ratio, 0.22; flow diver
gence ~e, 28°; shroud divergence angle, 25°. 
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(a) Thrust characteristics. 

Figure 8. - Performance of' ejector 4. Edt diameter ratio, 
L46; throat diameter ratio, LlO; S]?B.cing ratio, 0.69; 
flow divergence angle, 190 ,; shroud divergence angle, 150 • 
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Corrected weight
f~ow ratio", 
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Prima.ry-nozzle pressure ratio, pp/po 

(a) Concluded. Thrust characteristics. 

20 

Figure 8. - Continued. Performance of ejector 4. Exit diam
eter ratio, ~.46; throat diameter ratio, 1.10; spacing 
ratio, 0.69; f~ow divergence angle, 190 ; shroud divergence 
angle, 150, . 
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Figure 8. - Continued. Performance of ejector 4. Exit diameter ,ratio, L46; 
throat diameter ratio, LlO; spacing ratio, 0.69; flow divergence angle, 
190; shroud divergence angle, lSo. 
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Figure 11. - Perfo:rma.nce of ejector 7. Exit diameter ratio, 1.82; throat d.1smeter 
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Figure 13. - Performance of' ejector 9. Exit diameter ratio, 1.81; throat diameter 
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