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FOREWORD

This report was prepared by the Department of Aeronautical
Engineering of the University of Minnesota under the direction
of Professor John D. Akerman, Head ofthe Departiment of Aeronau-
tical Enginearing and Mr. J. Leonard Frame, Administrative
Scientist at the Rosemount Aeronautical Laboratories. Ressarch
was conducted under Contract No. AF 33(038)-5131. The project
was identified by Research and Development Order No. 458-433,
"Boundary Layer Control," and was administered by the Aircraft
Laboratory, Directorate of Laboratories, Vright Air Development
Center, with Mr. Joseph J. Flatt acting as project engineer.

Technical direction of the program was under Mr. Richard V.
Delieo, Project Scientist. Dr. Rudolf Hermann was a consultant.
Included among those who participated in the study were Messrs.
Richard D. Wood, Joseph A, Huerta, Roland Daugherty, and Ole FlLack
of the Rosemount Aeronautical Laboratories.
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ABSTRACT

The feasibility of using an ejector with heated primary flow as a
suction pump for boundary layer air removal from an aircraft has been
investigated. Effects of some of the basic ejector geometric and state
parameters were evaluated.

The results indicate that while boundary layer removal by this
method is feasible the aerodynamic benefits so obtained are accompanied
by a measurable loss of primary jet thrust. Tests show the ejector to
be relatively insensitive to the geometric parameters of primary nozzle
location and mixing section length. Ejector performance for a given
geometry was found to be a function of the primary momentum. The
-addition of a diffuser substantially increased ejector performance but
was accompanied by greatly reduced thrust. Results indicate that an
optimum geometry exists for each combination of flow conditions.

PUBLICATION REVIEW

This report has been reviewed and is approved.
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I. INTRODUCTION

The problem of controlling the boundary layer formed on the surface
of the wing of an airplane is becoming increasingly important as the
speed of present day aircraft approaches sonic velocity. At high speeds
the drag caused by separation of the flow behind local shock waves creates
a serious loss in performance. The problem of maintaining adequate
aileron control with forward separation at high speeds is an especially
serious onee. In low speed flight premature separation of the flow occurs
at high angles of attack which limits the maximum coefficient of lift as

well as causing a large increase in drag.

A previous investigation, Air Force Technical Report Number 63Ll,
Investigation of Boundary Layer Control at High Speeds, by this depart-
ment indicates that the desirable boundary layer control can be obtained

by means of suction through thin spanwise slots or a porous surface

normal to the direction of the airflow on the top surface of the wing.
The over-all economy, in terms of reduction in drag and effect on 1lift,
of this method of boundary layer control depends not only on the net
improvement in performance, but on the necessary value of the suction

coefficient at which this maximum performance takes place.

A major problem in the use of such a system is that of obtaining
a power or suction source large enough but still simple, light, compact,
and depenidable, It was felt that the inductive action of an ejector
using the exhaust gases of a turbo-jet would offer a large potential

power source for use in the removal of boundary layer air.
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Preliminary study indicated that it was both practical and feasible
to use such an ejector system as a source of boundary layer suction al-
though little experimental work had been done on the subject, A schematic
diagram of a possible ejector arrangement applied to turbo~jet alrcraft
is shown in Figure 1.

A. Scope

The objective of this project was to conduct an experimental and
analytical study of ejectors using a hot gas exhaust for primary flow for
use as a means of pumping the air necessary for boundary layer control.
The basic geometric parameters and operating conditions of the ejector
and its location with respect to the primary Jjet, over a range consistent
with the size and performance requirements of modern aircraft, were

investigated.

Operating conditions of the primary hot gas flow were held constant
for the majority of the tests since it was felt that a sufficient indica-
tion of ejector performance would be given with a great saving in the

nmumber of test runs required.

As a final part of the test program a diffuser was added to each
of several mixing tube configurations. It was realized that the addition
of a diffuser would yield a higher performance ejector configuration with
essentially zero net thrust. BSuch a configuration could be used for
boundary layer removal in a reciprocating engine installation where the
exhaust thrust is unimportant and the mass flow of the hot primary gas is
very limited,

IT. DESCRIPTION OF APPARATUS

A schematic drawing of the test installation is shown in Figure 2

with photographs of the apparatus in Figures 3, L, 5 and 6,

The basic unit is the TG-180 combustion chamber which was used as
a source of high temperature exhaust gases. The entire test set-up was

designed around this unit. Equipped with the convenbional spray fuel
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nozzle and spark ignition system the combustion chamber is mounted with

a convergent exhaust nozzle to obtain a sonic primary Jjet.

Around the exhaust jet and the end of the combustion chamber is
mounted a large chamber constructed from a section of a 20-inch diameter
steel pipe. The chamber is sealed around the burner on one end and is
open on the other. It is used both as a plenum chamber for the induced
secondary air and as a mount for the entrance cone and mixing tube of
the ejector system. Black iron pipe was used for the miking tubes and the

cones were fabricated from #10 gauge sheet steel.

The entire ejector system (cone and mixing tube) was adjustable
horizontally to allow for determination of the optimum primary nozzle
location. The cone was sealed to the plenum chamber for each test by
a special, removable, rubber coapression gasket to insure an accurate

determination of secondary operation conditions.

The entire set-up (combustion chamber, plenum chamber, and ejector
system) is mounted on a free riding thrust table, This table was allowed
to act againét a small cantilever beam fastened to a stationary frame.
Two strain gages, one glued to each side of the beam, were connected
into a wheatstone bridge circult and nressure agaianst the beam caused
an unbalance in the circuit which deflected the galvanometer. This de-

flection of the galvanometer was calibrated to read nounds of thrust.

A simnle 7 degree conical diffuser was constructed from #10 gauge
sheet steel. Built in three sections to enable its use with any of
three different diameter mixing tubes it was fastened by means of flanges

to the exit of the mixing tube.

The nrimary air was obtained from a recinrocatiﬁg comoressor deliver-
ing a mass flow of anvroximately .5 nounds ver second. Induced or secondary
air was taken from the atmosnhere. Each source of air was controlled by
a separate valve, and the actual mass of air was measured by an orifice
nlate. A htutterfly valve using a hydraulic actuator control was used on

the secondary air line,

Kerosene was used for fuel and was controlled by means of a needle

valve. Both a temperature cut-off and mercury pressure switch were
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connected in the fuel line as safety devices. Spark ignition for the

combustion chamber was obtained from a 12,000 volt transformers

All temperatures were read by means of themmocouples connected to a
2li-channel Brown 0° to ZOOOOF potentiometer, The various primary and
secondary air pressures were read both from Bourdon gages and Meriam
differential manometers, Standard U tubes were used for all orifice

and static pressure measurements.

ITI. TEST PROGRAM AND RESULTS

Barly in the test program a schedule of tests to be made was debter-
mined, It was decided to divide thetest program into five separate
sections. Completion and interpretation of the results of each section

was required before proceeding to the next test,

A, Bare Engine Thrust and Mass Flow

The initial test was a determination and verification of the thrust
and mass flow of the primary heated jet system, The entire ejector system
was omitted during these tests. Thrust and mass flow measurements were
made at five primary pressure ratios ranging from, Pl/Pa = 1,25 to 2,0,
while holding the primary stagnation temperature constant at T1 = 1200°F.
The strain gages attached to the cantilever beam were carefully calibrated
and gave an accurate measurement of the thrust at all pressure ratios,
Primary mass flow readings were obtained from an orifice plate upstream
of the unit in the supply piping. Experimental results were compared with
theoretical values calculated for the same conditions. Both theoretical
and experimental values of thrust and mass flow are plotted in Figure 7.
Good agreement between the actual and theoretical values of mass flow and

thrust was obtained with the maximum difference being less than L per cent.

Be. Primary Nozzle Location

The effect of primary nozzle location upon ejector performance was
evaluated at three diameters of mixing tubes. Nominal diameters tested
were 5, 6, and 8 inches with the primary jet diameter fixed at 3.86 inches.
The primary nozzle was fixed in location but the mixing tube and entrance

cone were moveble. Each could be adjusted fore and aft by means of
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external adjusting screws to move the mixing entrance cone with respect to

the fixed nlenum chamber and vprimary nozzle.

A realistic primary air temperaﬁure and total vnressure within the
normal ovnerating range of a modern turbo-jet is Tl/Ta= 3.32 and Pl/Pa =
1.91. The above conditions insure sonic Mach number at the exit of the
exhaust nozzle which is typical of nresent day overations. Overating
the nrimary nozzle at the above conditions, tests were made wifh the
nrimary nozzle at five different axial nositions, The position of the
jet with resvect to the entrance of the miring tube was varied from one
mixing tube diameter (D ) uostream of the entrance to one diameter down-
strean or with the nrimary nozzle actually inserted 1nto the mixing tube.
The exact vpositions were: primary nozzle vosition (&D =+ D3, t 1/2 D3,
and O D3.

As can be seen from Figure 2, a change in vrimary nozzle position
(Q) also varies the effective nixing section iength (L). To minimize
this effect, all tests were conducted with a mixing tube length of ten
diameters. Therefore, the movement of the primary jet had only a small
vercentage effect on the overall mixing tube length. Tests run later in
the nrogram showed that the above variable could be neglected at mixing
tube lengths (L) between 7 and 10 D3.

Testing results showing the effect of nrimary aozzle location on
ejector verformance are nresented in Figures 8, 9 and 10. Five test
values of mass flow ratio (Wéxwl) and thrust were obtained for each
nozzle location by adjusting the secondary throttling valve between the
limits of maximum and minirum secondary oressures. The sééondary orifice

manometers were read at each noint and the secondary mass flow calculated.

The testing results show that the ejector is relatively insensitive
to nozzle position between the limits of (Q) = + D3to -1/2 DB' Perfor-
mance definitely drops off when the vrimary nozzle is more than one half
of a mixing tube diameter (D3) uostream of the entrance to the tube or
at (g) = D3 for both the 5-inch and é-inch mixing tubes, or at (A3/Al) =
1.72 and 2.L8. Testing results for the 8-inch mixing tube, (AB/AI) = }.30,
show that variation of the orimary nozzle position had no aopreciable

effect upon the verformance within the range tested.
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An attempt was made to test the efffect of primary nozzle location
with a li-inch mixing tube, but it was found that no vacuum or secondary
mass flow was produced, so this configuration was not tested further.
Apparently, the mixing tube to primary nozz le area ratio of (AB/Al) = 1.09
was not sufficient to allow the induction of a secondary mass flow, in
fact, it was noted that a slight back pressure was built up in the second-
ary line. Evidently, the orimary jet expands to the full mixing tube

diameter at essentially ambient static pressure.

Since an examination of the plotted test values showed that the
difference in performance for the various nozzle locations was very
small, it was decided that a primary nozzle position of QQ) =0 would
give satisfactory results. Further tests were made with the primary

nozzle at the above location.

C. Mixing Section Length and Area Ratio

The purpose of this phase of the test program was to determine the
most efficient mixing section length for each of three area ratios. A
performance corarison between the mixing tube to primary area ratios,
(AB/AI), was also rmade, A strain gage diaphragm was added in the secondary
vlenum chamber to determine the magnitude of the secondary pressure
pulsations, The operéting conditions and primary nozzle location were

determined from section A and B.

Using area ratios of (A3/Al) = 1.72, 2.48 and L.30 the mixing
section was tested at four lengths of (L)} = 2-1/2 D3; 5 D3; 7-1/2 D3 and

10 DB.

This series of tests was run in a similar manner to those in section
B in that five values of thrust and secondary mass flow were obtained for

each configuration at five corresponding secondary pressure ratios.

1. Mixing Section Length

The effect of a change in mixing section length upon ejector ver-

formance has been vlotted in Figures 11, 12 and 13. These data indicate
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- that the ejector i1s relatively insensitive to a change in mixing
section length (L) between the limits 5 Dy €L >10 Dye The data

for a mixing section length of 2-1/2 D3 shows that the ejector per-
formance has fallen off sharply for the two larger ejector area ratios
(A3/A1) = [,,30 and 2,48. Thus, for a given value of secondary pressure
ratio (P2/Pa), the available mass flow ratio-(Wé/Wi) decreases with
mixing section lengths below (L) = 5 D3e At (AB/AI) = 1472, a small
decrease in performance is apparente

To determine the opbtimum mixing tube length, cross plots of
Figures 11, 12 and 13 were made, A typical value of mass flow ratio
(Wé/Wi) of 0425 and pressure ratio (PZ/Pa) of 0475 were chosen and
separately held constant. By this method it was possible to obtain
curves of secondary pressure ratio and mass flow ratio versus mixing tube
length for each of the three area ratiose The results of these cross
plots are presented in Figures 1 and 154 Irrespective of the three
area ratios tested, maximum performance was obtained for a mixing section
length (L) = 7«8 D,e On the basis of the configurations tested it can
be concluded that any mixing section length (L) from 6 to 10 Dy will
give acceptable performance with a rapid decrease for lengths less than
3 23. As mentloned in section B and shown by these curvesy a variation

in the primary nozzle location will have almost no effect upon the effective

mixing section length for values of (L) greater than 7 D,e
2. Area Ratio '

Some of the effects of area ratio on the performance range of an
ejector with constant primary flow are also shown in Figures 11, 12 and 13,
These data indicate that the slope of the mass flow ratio versus
secondary pressure ratio curve increase with area ratioe However, the
pressure intercept at (Wé/wl) = 0, which represents the minimum secondary

vacuum, increases with increasing area ratio,

Determination of the optimum area ratio was carried out by making
cross plots of Figures 11, 12 and 13 at typical values of pressure ratio
and mass flow ratioe Values were plotted for each of the four mixing
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sections lengbhs tested and are shown in Figures 16 and 17. Maximum per-
formance for the different mixing sectionstested was obtained at an areé
ratio of (A3/Al) = 2,48 with the optimum lying between 2.4 and 2.7. Maxi-
mum performance would be obtained by using an area ratio of (AB/Al) = 2.5,.
and a mixing section length of (L) = T.5 D3. For any condition other than
optimum, particularly for mixing section lengths less than 5 D,, perfor-

mance decreases rapidly.

Performance of the ejector for a number of mass flow ratios,
secondary pressure ratios,and area ratios at a constant primary pressure
ratio of (Pi/Pa) = 1,91 and primary temperature ratio of (Tl/Ta) = 3,32
has been predicted in Figure 18, A family of curves for constant second-
ary pressure ratio was developed by cross plotting, which enables one to
predict performance at a given area ratio., The curves show that there is
an optimum area ratio for maximum mass flow ratio at a given pressure
ratios It can also be seen that, as could be expected, the curve of
maximum mass flow ratio moves to the right or the area ratio increases
as the pressure ratio is increased, The curves are not completely de-
fined since only four area ratios were tested. Before exact prediction
of performance could be obtained several more area ratios would have to
be tested,

3. Thrust Performance

In addition to ejector performance data for the above configurations,
thrust data was also obtained., Readings were obtained from the strain
gage balance system, as mentioned in Section II of the report. The results
of this data is shown in Figures 19, 20 and 21,

If we consider each of the three area ratios, it is seen that in
general, as the area ratio is increased the effect of a change in mixing
section length on the thrust decreases at a given secondary presssure
ratio. As the area ratio becomes larger, the loss of thrust is increased
for a particular configuration, and it was found that keeping the mixing
section length at a minimum gave maximum thrust. For any configuration

tested, it appears that it would be possible to obtain the equivalent
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bare engine thrust if (PZ/Pa) = 0.95, with a possibility of thrust
augmentation at (PZ/Pa);>O.95. For the point of minimum secondary
pressure ratio at zero mass flow the thrust loss increases 35 to 75% as

the area ratio is increased from 1.72 to 4.30.

While running the above series of tests, a strain gage diaphragm
was mounted on the upper section of the back plate of the plenum chamber,
as shown in Figure 2, to record the magnitude of the secondary pressure
pulsations. The apparatus was run at a pressure ratio of (Pl/Pa) =191
and 1.62, with a combustion temperature ratio of (Tl/Ta) = 3,32, The
geometric configuration used was typical of those used and was a mixing
tube diameter of D3 = 51, Jength (L) = 75 D3 and (f) = 0. From the
test results it was cone¢luded that any secondary pressure pulsations are
insignificant. The only great change is at maximum suction where the
secondary mass flow is zero, This test condition shows pulsations of
varying magnitude., The pulsations of the greatest magnitude have a
amplitude equivalent to 0,075% Hg., The frequency of the pulsations is
approximately 60 cycles per second.

De Primary Temperature and Pressure

To determine the performance for a given ejector at varying primary
operating conditions, particularly the effect of temperature, a series
of test runs were made. A geometric configuration of (A3/A1) = 1,72 and
mixing section length (L) = 7.5 D, with primary nozzle in a position of

3
() = 0, was used during these tests.

1. Constant Primary Pressure

These runs were made by holding the primary pressure constant at

(Pl/Pa) = 1,91 while varying the primary temperature ratio from (Tl/Ta)= 1.09

to(fl/Ta)= 3.92. Test results are plotted as Figure 22. This figure
shows clearly that at a constant primary pressure ratio, variation of the
primary temperature ratio does not effect the mass flow ratio obtainable
at different secondary pressure ratios. A closer examination of the above

conclusion, drawn from the experimental data, indicates that the ejector
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performance must be dependent upon the momentum of the primary mass of air,
rather than its kinetic energy. A more detailed discussion and its implica-

tions is given in Appendix B.

Thrust versus secondary pressure ratio at constant pfimary pressure
is plotted as Figure 23. & variation of primary temperature at constant
primary pressure produces a finite loss in thrust as the temperature is
increased. An increasing difference in thrust obtainable at different
primary temperatures exits as the secondary pressure ratio is increased,
since AF = 7 and 14 pounds at (P2/Pa) = 0,40 and 0,90 respectively. In
all cases, maximunm thrust at a given secondary pressure ratio was obtained
at the lowest temperature and decreased as the temperature was raised.

It is probable that internmal wall friction and turbulence produces the

loss in thrust since both increase as the primary temperature becomes
higher.

2. Constant Primary Temperature

In this series of tesﬁs the primary temperature ratio was held
constant at (Tl/Ta) = 3,32, while the primary pressure varied. Mass
flow ratio versus secondary pressure ratio at constant primary tempera-
ture is plotted as Figure 2L. It is seen that the range of secondary
pressure ratios available at a given mass flow ratio increases as the
primary pressure ratio is increased up to (Pl/Pa) = 1.,91. Apparently a
new parameter takes effect as the primary pressure ratio is increased
above this value., The cause of this change is probably due to a choking
phenomina in the mixing section, and is discussed more fully in the next

sectione

A plot of the thrust versus secondary pressure ratio with the primary
temperature held constant is shown as Figure 25. It appears that the
loss in thrust for a given secondary pressure ratio is independent of a
change in primary pressure since the curves are parallel., The actual per-
centage loss decreases with increasing primary pressure ratio. A thrust
equal to that of the bare engine would be obtained ét values of secondary
pressure ratio approximately equal to 0495 for the highest three primary
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test pressures. At values of (P2/Pa) greater than 0.95 thrust augmenta-

tion can be expected.

3. Constant Primary Mass Flow

Test runs made at constant primary pressﬁre (Part 1) indicated
that the ejector performance is a function of the momentum of the
primary jete Additional tests were made to determine the effect of the
heat addition to a primary jet of constant mass flow, A series of runs
were made in this manner by varying the primary temperature directly and

adjusting the primary pressure to maintain the mass flow.

The similarity between the curves drawn from these runs, Figures 26
and 27, and those drawn for varying primary pressure, Flgures 2Ly and 25,
should be notede Actually the effect of a heat addition to a primary
Jjet of constant mass flow is to increase the total primary pressure,
The test results again show that the primary total pressure or momentum
is the important ejector parameter. In both sets of test results, it
can be noted that at a primary pressure ratio above (Pl/Pa> = 1,91,
a decided change takes place in the flow conditionse If the geometry of
the system 1s considered, it seems likely that a choking is occurring
somewhere in the ejector mixing tube. To determine the possibility of

this taking place, a number of theoretical calculations were made.

The first possibility considered was that the flow may have reached
sonic velocity at the exit of the mixing tube which would cause a choking
effect, If we do not consider heat transfer or boundary layer in the tube,
and make our calculations with the secondary mass flow, Wé = 0, w may .
derive a formula from the continuity equation giving the relationship
between primary mass flow and exit Mach number, This formula and its

derivation is given in Appendix C.

For a primary mass flow of Wi = 1,81 pounds per second obtained
at (P /P,) = 2.38, and (7)/T,) = 3,72, the calculated Mach number was
Mé = 0,78, A decrease in the temperature due to heat loss would decrease
the exit Mach number, but the effect would be small, At the above Mach
number, the ratio of the critical or throat area to mixing section area

WADC TR 52-128 Pt 1
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was (A */AB) = 0,955, and if sufficient build-up of boundary layer were
present, choking would occur at the mixing tube exit. This is probable
since only 1/16~inch boundary layer displacement thickness would be re-

quired for the 5-inch diameter mixing tube tested.

A second approach to the problem, was to consider the possibility of
full expansion of the primary jet to the mixing tube wallse Since the
actual geometric area ratio of the primary nozzle and the mixing tube is
(Al/AB) = 04,596, full expansion of the jet after leaving the primary
nozzle would produce a Mach number of (M) = 1.99. If the secondary
static pressure ratio is determined from the Mach number and the primary
pressure, we find that the secondary pressure ratio is (P2/Pa) = 0,322,
at a primary pressure ratio of (Pl/Pa) = 2,38, By consulting Figure 28,
where the secondary pressure ratio is plotted versus primary ratio at
various mass flow ratios, it is seen that a value of secondary pressure
ratio of (P2/Pa) = 0,380 was obtained at a secondary mass flow equal to
zeroe This indicates that the primary mass was not expanded fully to
the mixing section wall unless a pressure lower than (PE/Pa) exists in
the mixing tube. If we consider the effect of the addition of a finite
amount of secondary mass flow, there is a definite possibility that a re-

striction on the primary jet expansion can exist.

It is of interest to note that choking of the primary nozzle is not
a 1limiting factor in the ejector performance, In the case of the ejector,
the primary flow is exhausting into a local low pressure at the entrance
of the mixing tube, This local static pressure is essentially equal to
the secondary pressure, PZ/Pa, as shown in the data of Figures 33, 3L
and 35, Thus, for a choked primary flow P2/Pa € 0,528 Pi/Pa' The data
of Figure 28 shows that the secondary pressure ratio decreases to a value

far lower than 0,528 Pl/Pa’ or until limited by a mixing tube phenomena.

E. Performance with Diffuser

In an effort to evaluate the benefits that could be derived from
the addition of an efficient conical diffuser, a series of tests were

made with constant primary conditions, but varying ejector geometry.

WADC TR 52-128 Pt 1
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Primary conditions were held constant at a primary pressure ratio of

(Pl/Pa) = 1,91, and a primary temperature ratio of (Tl/Ta) % 3e32 to

allow a comparison with previous data obtained, without the diffuser.

The primary nozzle position was set at (ﬂ) = 0 as used in previous

tests, All diffusers had a half angle of 3-1/20, and area ratios of

(AD/AB) = 64255 Le3h; 2.k, for mixing section area ratios of (AB/Al) =1.72;
2.18; and L,30; respectively.

The effect of the addition of a diffuser at the exit of the mixing
tube upon mass flow ratio, and secondary pressure ratio for various.area
ratios, is shown by the data presented in Figures 29, 30 and 3le As can
be seen from these curves the addition of a diffuser causes the entire
ejector operation curve to shift to the left while still retaining
approximately the same slope. Thus, the addition of a diffuser will
produce a substantial increase in mass flow ratio at a constant second=-
ary pressure ratio, From the test data an average increment ofzﬁ(Wé/Wi) =
0430; 0436; 0l.L0, increase was obtained for area ratios of (A3/A1) =1.72;
2.48; and L.30 respectively at constant secondary pressure ratic. With a
constant mass flow ratio, an average decreasing increment of secondary
pressure ratio or increasing vacuum waszﬁ(PZ/Pa) = 0,12; 0,22; and 0,05,
respectively, for the above area ratios, Thus, a diffuser will produce a
definite improvement in secondary pressure ratio for a constant mass flow

ratio.

In a second series of runs as area ratio of (A3/A1) = 1,72 was
chosen and held constant while the mixing section length was changed.
The purpose of this test was to determine the effect the diffuser pro-
duced upon performance at varying mixing section lengths. Actual lengths
were (L) = O Dys 2.5 D,y 5 D35 7.5 D,, 10 Dy. The results of this test
are shown in Figure 32. The addition of a diffuser produces an increase
in general performance (both mass flow ratio and secondary pressure ratio)
irrespective of the mixing section lengthe The use of a diffuser allows
the section lengths to be considerably shortened since an (L) = 2.5 D3
gives performance equal to, or better than the longer lengths. The

effect of wall friction in the mixing tube is apparent at the higher
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mass flows since as the mixing section length is increased, there is a
slight drop in mass flow ratio at a given secondary pressure ratio. In
a special test run with a mixing section length of (L) =0 D3, or with
the diffuser connected directly to the entrance cone, the performance
of the ejector was on a par with the longer lengths at high values of
secondary pressure rabtio or at a low vacuum condition, but drops off

considerably in the intermediate range.

As could be expected, the addition of a diffuser reduced the thrust
of the system to a small percentage of its value without a diffuser.” Thus,
the system with a diffuser has no practical application to the tail pipe
of a turbo jet or where thrust is an important factor. Possible applica-
tion lies in a system where mass flow is of primary consideration, and
where thrust is not important or obtained in some other mamner than the
Jjet itself.

Fe Pressure Distribution Along Mixing Tube

In an attempt to study the internal flow process within the ejector
mixing tube a series of static pressure measurements were obtained along
the mixing section length. It was realized that a pitot-static survey
would be necessary for a complete study of the mixing process, however,

the static wall surveys gave several significant indications.

Pressure distribution along the mixing tube for area ratios of
(AB/Al) = 1,72, and a length of (L) = 5.0 Dy is shown in Figures 33, 3L
and 35 for mass flow ratios of (Wé/Wi) = 0,00, 0,15 and 0430, For the
diffuser configuration at zero secondary mass flow or (Wé/Wi) = 0, the
flow apparently expands rapidly to the mixing tube wall as indicated by
pressure discontinuity at approximately one diameter downstream. This
is probably an oblique compression shock generated at the wall necessary
to turn the expanded flow to a direction parallel to the mixing tube
wall. Beyond a mixing section length of two diameters a fairly constant
supersonic flow appears to be estéblished in the mixing tube. Since the
flow is non=-isentropic, the actual Mach number can noi be determined from

the static readings alone. With secondary flow (Wé/Wi)=O.15 and 0430, no
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pressure discontinuities at the wall are apparente. The primary flow
apparently expands less rapidly, and is accompanied by acceleration of
the secondary flow in the mixing tube. The gradual increase in static
wall pressure 1s probably‘due to the continuation of the mixing process.
In the case of the (wQ/wi) = 0,00 and 0.15 the mixing tube flow appears
to remain supersonic with a normal shock probably at the diffuser
entrance.‘nAt (WQ/Wi) = 0,30, the mixed flow may be either in the high

subsonic or low supersonic regimes

In the case of no diffuser the primary flow apparently decelerates
through a series of progressively weakening oblique shock waves without
expansion to the mixing section walls in all cases. The mixed flow is
subsonic with the condition’(PX/Pa) =1, at the exit of the mixing tube,
A similar process is apparent in the data presented in Figures 36 through
39, both with and without diffuser. These data were run with mixing tube
area ratios of (AB/Al) = 2,148 and 41,30 at (L) = 7.5 D3. In these cases
the addition of a diffuser permits the mixing section pressure to be
reduced, since the diffuser allows (Px/Pa) =1 at the diffuser exit.

Internal mixing section wall pressure distribubion data for length
of (L) = 2.5 D,y 540 Dy, T¢5 Dy and 10 Dy ab (A /Al) 1,72 are presented
in Figures L0 through L2,

Pressure distribution data without diffuser for the various mixing
section lengths are practically superimposeds If the establishment of
the exit condition of (Px/Pa>'= 1 is assumed to be an indication of the
completion of the mixing process, the data presented indicates that (L) =
5.0 Dy is sufficient at (W, /W ) = 0415 and 0430, since beyond this length

°X/P ) =1, Ejector performance data, Figures 11 through 21 established
an optimum mixing tube len"th of (L) = 7.5 D,s However, small differences
were noted at (L) = 5. 0 D3 but decreased considerably at (L) = 2.5 D3.

Thus, the performance and wall pressure tests appear to be in reasonable

agreement,
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Pressure distribution data with diffuser show relatively small changes
with mixing tube length. At all three mass flow ratios (Wé/Wi) = 0,00, '
0.15, and 0430, a higher wall pressure exists beyond (DX/DB) = 3,0 for
the (L) = 10 Dy configuration as compared to (L) =,S Dy. This may be due
to an increased boundary layer built up in the case of the longer mixing
length which could materially lower the diffuser efficiency and static
pressure recovery. The difference is particularly large at (NI/WQ) = 0,30,
where all measured static pressures are aporeciably higher at (L) = 10 D,.

3

IV. GCONCLUSIONS

The purpose of this research program was to analyze and determine
~ the geometric and state parameters of a hot gas ejector system. The
conclusions that may be drawn from this research are summarized as
follows:

l. The perforﬁance of the ejector is relatively insensitive to
primary nozzle position (f) between the limits of one mixing
tube diameter (DB) downstream and one-half diameter upstream
of the entrance to the mixing section length. Ejector per-
formance definitely decreased for a primary nozzle position
equal to one diameter upstream for secondary to primary area
ratios of (AB/Al) = 1,72 and 2,48, but showed no significant
change at (A3/A1) = [j430. The range of secondary to ambient
pressure ratio (PZ/Pa) extended from 0.45 to 0,94 and secondary to
primary mass ratio (WQ/WI) from O to, 0,45 during tests to
determine optimum primary nozzle location.

2e Optimum mixing section length irrespective of area ratio is
seven to eight times the diameter of the mixing tube,

Excluding mixing section lengths shorter than (L) = 5 Dy, the
performance of the ejector is relatively insensitive to a

change in mixing tube length.
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It was found that the optimum area ratio (AB/Al) lies between
2.4 and 2,7 for fixed primary conditions of (Pl/Pa) = 1.91,

and (Tl/Ta) = 3,32, No secondary flow was obtained for the
smallest area ratio tested, (AB/AZL) = 1,09, Evidently, the low
mixing section to primary nozzle area ratio is not sufficient

to allow the induction of any appreciable mass flow,

The relative effect on mass flow ratio and thrust for a change

in mixing section length decreases as the area ratio is increased.
The loss of thrust, when operating the system, becomes larger

as the area ratio is increased. IMixing section length should

be kepf at a minimum for maximum thruste At very high secondary
pressure ratios (PZ/Pa) E?<3.95,.it may be possible to obtain a

small amount of thrust augmentation from the system.

For the configurations tested, maximum performancelwas obtained
for an area ratio (AB/Al) = 2,48 and a mixing section length of
(L) = 7«5 D,, with a primary nozzle location of QQ) = 0,

Secondary pressure pulsations are insignificant, and the
pulsations of the greatest magnitude occur at a test condi-
tion where the secondary mass flow is zero or at maximum

suctione

For a fixed ejector geometry and at constant primary pressure
ratio, variation of the primary temperature does not affect the
secondary mass flow obtainable at different secondary pressure
ratios. This indicates that ejector performance depends en-
tirely upon the momentum of the primary mass flow. Haximum
thrust was obtained at the lowest temperature., Wall friction
and mixing losses apparently reduce the thrust as the tempera-

ture increases.
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Performance of the ejector is determined by the primary pressure
ratio. The decrease in thrust as the secondary pressure ratio
is decreased for constant primary temperature, is determined by
the geometric configuration, and is independent of a change in
primary pressure. Ihe range of secondary pressure rabtios will
increase as the primary pressure is increased to an optimum
value. This opbtimum value of primary pressure ratio for a given

geometry is determined by the mass flow ratio desired and above

this optimum a choking effect takes place which causes the per-

formance to decrease rapidly. Optimum ejector performance for

a given range of primary operating conditions is primarily a
function of ejector geometry and secondary mass flow, Know-
ledge of heat transfer ratios and boundary layer built up in

the mixing tube are necessary for exact ejector performance pre-

dictionse.

The addition of a diffuser upon the exit of the mixing tube
produced a substantial increase in ejector performance. Both
mass flow ratio and secondary pressure ratio were improved
irrespective of the mixing section length. In fact, the diffuser

almost completely neutralizes the effect of the mixing section.

This increase in performance is obtained at a sacrifice of all
but a small percentage of the thrust. Thus, a system equipped
with a diffuser has no practical application in a sys%em where

thrust loss is of importance.

Pressure distribution tests made along the mixing tube indicate
that the use of a diffuser maintains supersonic flow the entire
length of the mixing section at (AB/A1> = 1,72, and the flow is
reduced to subsonic by a normal shock in the diffuser. The dis-
tribution also shows the effectiveness of the mixing process
between the two flows. Mixing apparently is nearly complete
within five diameters downstream irrespective of the actual

mixing section length.
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11, The ejector test program has served to eliminate several
geometric variables such as primary nozzle location and mixing
section length, but it does not provide a complete set of data

to cover all jet operational conditionss

The example considered in Appendix D shows that further testing
at several more area ratios over a range of primary pressures
of 1.0 to 4,0 would be required for a complete application
analysise. Consideration of special nozzle designs to reduce

the thrust loss to a minimum would alsoc be desirablee.
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APPENDIX A

NOMENCLATURE

Al -------- Exit cross-sectional area of primary nozzle.

A3 -------- Cross-sectional area of mixing tube section.

AD -------- Exit cross-sectional area of diffuser.

A mmmm—me— Fictitious cross-sectional area of upstream throat.

AB/Al ----- Area ratio of mixing tube to primary nozzle.

AD/ AB ---= Area ratio of diffuser to mixing section. .

Dl -------- Diameter of primary nozzle.

D, -==c=mm= Diameter of mixing tube.

DX/D3 ————— pistance down§t?eam of ?ntrapce of mixing section length
in terms of mixing section diameters.

Fe ———————— Total thrust of the ejector system in pounds.

Fj -------- Thrust of the jet (Bare engine) in pounds.

KE ~==wee—- Kinetic Energy.

,e -------- Primary nozzle location in terms of mixing section diameters
up or downstream of entrance to mixing section.

L e Mixing section length in terms of mixing section diameters.

My =======-= Primary or jet mass flow in slugs per second.

My ======== Secondary mass flow in slugs per second.

m3 -------- Combined primary-secondary or ejector mass flow in slugs
per seconds

M, =—————- Mach number at the exit of the mixing tube,

Pa -------- Local atmosphere pressure,

Pl ==-meme- Minimum pressure ratio for NACA 66, - (.12) .12 airfoil section
C1 = 0,20,

Pl -------- Total primary pressure.

P2 -------- Total secondary pressure.

P3 -------- Total pressure at exit of mixing tube.,

Pl/Pa ----- Ratio of total primary pressure to atmospheric pressure.

P2/Pa ----- Ratio of secondary total pressure to atmospheric or free

stream pressure,

WADC TR 52-128 Pt 1
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P-==mmmmme Static priméry pressure.

Pp==m-m-mmm Static secondary pressure.

P3mmmmmm e Static pressure at exit of mixing tube.

L Static pressure along the mixing section length.
px/pa ..... Ratio of pressure along mixing tube to atmospheric pressure,
R oo Gas constant 1715 ftzsecz/OR.

Ta _________ Ambient air temperature.

Tl ________ Total temperature of primary mass flow.

P — Total temperature of secondary mass flow. v
t3 ________ Static temperature at mixing tube exit,

T3 ________ Stagnation temperature at mixing tube exit.

Tl/Ta _____ Ratio of primary to ambient temperatures.

Tl/T2 _____ Ratio of primary to secondary temperaturese.

Vi _________ Velocity of the primary jet mass flowe ‘

VZ““""' Velocity of secondary mass flow, approximately equal to zero
in plenum chamber,

V3 cee—meew- Yelocity of combined primary and secondary flow at the exit
of the mixing tube. ‘

L — Weight flow of primary stream in pounds per second.

Wé ceee———- Welght flow of secondary stream in pounds per second.
WE/Wi _____ Weight or mass flow ratio of secondary to primary flows.
P commicm—— Density of air in the free stream, slugs per cubic foot.

Y —eee—e—.. Ratio of Specific heats, cp/cv, (L4 for air).
a3 cemea—e=a Velocity of sound at t3.
ao3 _______ Velocity of sound at Ié.
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APPENDIX B

DERIVATION OF MOMENTUM RELATION

One of the conclusions derived from the tests made at constant v
primary pressure was that a variation of the primary temperature did not \
affect the mass flow ratio obtainable at any given secondary pressure
ratio. It may be inferred from this result that the ejector performance

must be dependent upon the momentum of the primary mass of air.

For the primary or inductive flow
Mom, = pjA; + m¥V; (at the nozzle exit)

where

P /Py = (@ *YlMl):fT

1
m o= 91A1=p°1(1+Y1Ml) YAy

=May =Ma, (14 12-‘1' My 7y
P.
=11
o, -
a, = (YRTl)l/ 2

thus ¥ Y
Moml B Al [Pl (1 + TMIZ)W +‘po Miz a02 @« I'E];Mlz)m
AR Mﬂr[— o,

=PA(1+ Ml) |:1+YM]

Therefore, for a fixed ejector geometry operating at constant primary

pressure ratio and Mach number at the nozzle exlt, the momentum is : /’i
essentially constant over the temperature range investigated, SZO?R = T1
- 166003, The variation in W over this range has negligible effect.,
Since constant mass flow ratios, at a given P2/Pa, were also obtained,
the test results indicate that the ejector performance is a function of

the primary or inductive momentum,
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APPENDIX C

DERIVATION OF EXIT MACH NUMBER EGUATION

During tests made with a constant primary temperature it was noted
that as the primary pressure ratio Pl/Pa was increased to values greater
than 1.91, a new effect is apparent in ejector performance for the con-
figuration tested. Consideration of the possibilities that would cause
this effect indicated that a choking condition could be taking place

within the mixing tube.

To determine this possibility it was first considered that the flow
may have reached sonic velocity at the exit of the mixing tube. By not
considering heat transfer or ooundary layer buildup in the tube, and making
our calculations for a secondary mass flow of W, = O, we can derive a

, 2
formula relating the primary mass flow and Mach number.

From the continuity equation we have:

Wi = P3 Vj A3'

where and
Wi = Primary weight flow V3 = M3 a3
py = Exit density ay = L9.1 (Vv i
Vj = Exit velocity ) Eé_ i fi.
Ay = Exit area | f3 Rty Rt
Then | where
Fa 12,7t
W, = =0 = l:__
17 ®E; 43 R R ke B
. -1 . 2
a5 = Ao, 1+ IE; M3 )
1/2
a03 = L9.1 (T3)
We obtain . P, ) : 1/2 : 1 1/2
1= ﬁB— 9.1 TB) 1+ 5= ) M3A3
since T3 = Tl neglecting heat transfer 1/2
L9 14+ Yok 2
_45.1 ) 2 3
Wi - Pa A3 M3 —~———EZ———~

Thus, the exit Mach numbers may be calculated from primary operating

conditions and ejector geometry.
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APPENDIX D

EJECTOR THRUST AS PREDICTED BY THE MOMENTUM EQUATION

The general momentum equation for an ejector configuration as shown

in Figure 2 can be written as follows:

i = + A
(1) m¥ +p &y + ¥y + Py = mg¥y + pgly
The nomenclature for the above terms is given in Appendix A,

In equation (1) the jet thrust, F =m ¥

the ejector thrust Fé’= m3V3.

Al so .
3= by b R A
equation (1) can be written -

(2) Fy = Fy=m (V3= V) +m,Vy -p[Al(pl/pa l)A(lpz/p]

’ : | moVo
where (F - F ) represents a static thrust loss at, negative values or
a thrust gain at positive values, The important parameters to avoid a
thrust loss are evident from equation (2). Thus, for a given ejector
operation condition the secondary area, (Az), should be kept to a minimum

and the secondary pressure ratio (p2/Pa) should be kept at a maximum.

Calculated values of (F, - Fj) were determined for a typical set
of ejector performance values at (L) = 75 D3 taken from the data of
Figure 11, Actual geometric and static conditions from the data were
substituted into equation (2), and the theoretical ejector thrust
determlned. Actual ejector thrust is given in Figure 19. A friction
drag for a mixing section length of (L) = 7.5 D was determined by the
difference in thrust between (L) = 10 D3 and 2.5 D This drag was then
added to the ejector thrust to give the equivalent frictionless value,
The calculated and experimental thrust values are in good agreement as
shown in the table below. The comparison serves as a check on the thrust
measurements and indicates that the ejector thrust can be calculated

within 2 per cent from ejector performance data,
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COMPARISON OF CALCULATED AND MEASURED THRUST

p,/P, wz/w1 Fe/Fj ' Fe/FJ.
(calculated values)  (experimental values)
(from Eq. 2) (from Fige 19)
0.5 055 776 ' . 765
0.6 118 .823 : .825
0.7 175 .882 ‘ .891
0.8 .23k 9L2 | 952
0.9 . 300 | 1.007 1.016
1.0 0367 1,071 1.076
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APPENDIX B

APPLICATION OF EJECTOR DATA TO AN AIRCRAFT INSTALLATION

The basic purpose of this experimental program has been to deter-
mine the feasibility of utilizing an ejector with a hot exhaust gas
primary flow to effect boundary layer removal from aerodynamic surfaces,
Of course an important application would be the case of a jet aircraft.
The effect of such an application on the thrust of the engine as well
as the aerodynamic benefit obtained by boundary layer removal must be

considered,

In Figure 43 and Ll, ejector data has been applied to a hypothetical
jet aircraft installation. The secondary pressure ratio (P /P ) as a
function of the exhaust pressure ratio (P /P ) at constant mass flow
ratios from 0.0 to 0.3 has been plotted in Figure L3. Also included is
a plot of minimum local pressure on a typical airfoil section as a
function of flight Mach number., To effect boundary layer removal from
the wing, ejector suction pressure must be lower than (P;/Pa) at a given
flight Mach number. This would probably be a conservative condition
since the suctlon slot location could be to the rear of the minimum
pressure point. To effect an ejector mass flow ratio of 0,2 at M = 0,80,
the jet must operate between the limits of 1.68<.P. /P <2.10. At
(Wé/wi) = 0.1 the range is from l.h3<:Pl/Péf:3.00. The action of the
ejector in conjunction with slot suction would be self adjusting.
Assuming zero pressure losses in the duct a Jet operating at (P /P ) =
2.20 at low speed, such as at take off when (P /P ) = 1.0, the ejector
would pump (W‘/W ) = 0,37, but at M = 0,90 this would be reduced to 0,21
because of the reduced airfoil pressure (P /P ) = o775, Referring to
Figure lL, the air craft at take off would then operate at an ejector jet
thrust ratio of about 1403 or at a 3 per cent thrust augmentation. A%
M = 0,90 with (Pl/Pa) = 2,20 and (wQ/wi) = 0.21, (Fe/Fj) = 0,915, but
the actual thrust loss would exceed the static value since the ejector
mixing action has reduced the jet velocity. The importance of this

effect increases with increasing flight Mach number.
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The example considered in Figures U3 and Ll is for a single ejector
area ratio over a limited range of exhaust pressure ratios, It appears
that further testing at several area ratios over a range of primary
pressures of 1,0 to L0 would be desirable for a complete application
analysis., During these tests the temperature could be kept constant
since this effect has been determined by the present program.
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FIGURE 3- FRONT VIEW OF APPARATUS
SHOWING COMBUSTION CHAMBER AND
FLEXIBLE HOSE GONNEGTIONS.

FIGURE 4—-REAR VIEW OF TEST
FAGILITY SHOWING CONE AND MIXING

TUBE OF EJECTOR SYSTEM MOUNTED
IN THE PLENUM CHAMBER.
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FIGURE 5- CLOSE UP OF BARE PLENUM
CHAMBER AND PRIMARY NOZZLE. .
PRESSURE AND TEMPERATURE PROBES
ARE SHOWN MOUNTED IN THE NOZZLE.

FIGURE 6 - RECORDING AND OPERATING
INSTRUMENTS IN THE GONTROL ROOM.
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- FIGURE 7
THRUST AND MASS FLOW vs. PRIMARY PRESSURE RATIO
T,/Ty =3.32 |
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FIGURE 14
MASS FLOW RATIO vs. MIXING TUBE LENGTH AT B,/P,=75

DETERMINATION OF OPTIMUM MIXING TUBE
LENGTH
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FIGURE 15
PRESSURE RATIO vs. MIXING TUBE LENGTH AT W,/W,=25
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FIGURE 16
MASS FLOW RATIO vs. AREA RATIO AT PR/P= 75

DETERMINATION OF OPTIMUM AREA RATIO
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PRESSURE RATIO vs. AREA RATIO AT W,/Wg=.25
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PREDICTED EJECTOR PERFORMANCE
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MASS FLOW RATIO vs. SECONDARY PRESSURE RATIO
THE EFFECT OF
PRIMARY TEMPERATURE VARIATION
ON EJEGTOR PERFORMANGE
SYMBOLS: /T,
8% pmis
= 2. A,/A.- 72
Bs 3.32 = 0
* ve392 L;QI5D,
240
220
-
I 200 §
I~ Z,
» 160
2 Y
z
= 140
120
100
[o] 0 20 30 A0 50 €60 70 80 90 100
?RES?URE RATIO—R/FR,

WADC TR 52-128

FIGURE 23

THRUST vs, SECONDARY PRESSURE RATIO
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FIGURE 24
MASS FLOW RATIO vs. SECONDARY PRESSURE RATIO
THE EFFECT OF
PRIMARY PRESSURE VARIATION
ON EJECTOR PERFORMANGE
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THRUST vs. SECONDARY PRESSURE RATIO
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DETERMINATION OF OPTIMUM
PRIMARY PRESSURE RATIO

FIGURE 28
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EFFECT OF DIFFUSER

ON

EJECTOR PEFORMANCE

(AT DIFFERENT MIXING TUBE LENGTHS)

FIGURE 32
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48 STATIC PRESSURE DISTRIBUTION
| ALONG

MIXING TUBE
(As/A= 430 Dy=8")
FIGURE 39
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