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I. INTRODUCTION

+ The jet thrust augmentation of an ejector system is governed by certain

] fluid mechanics phenomena associated with the entrainment of surrounding

atmospheric air by the primary jet flow and subsequent mixing of this en-
I trained fluid with the primary jet. Previous research has provided consider-
able insight into the operation of ejectors(1,2,3), These studies have shawn

that the ejector thrust augmentation results from the low pressure on the

shroud entrance region caused by entrainment of secondary fluid. Pressure
recovery is achieved by turbulent mixing between the primary jet and the
i secondary stream. The use of a diffuser further enhances thrust augmentation
by reduction of the entrance pressure. Ultimately, these flow processes
! result in a pressure distribution on the shroud and primary nozzle surfaces.
The integrated effect of the pressure forces over these surfaces gives a posi-
tive contribution to the system thrust. The fundamental processes that relate
entrainment, mixing and diffusion with the pressure distribution on the ejec-
tor shroud and primary nozzle surfaces are as yet not adequately understood

and are some of the main objectives of the present research.

Large scale testing and aircraft development programs which incorporate
thrust augmenting ejectors have identified a number of problem areas which
must be solved to achieve full implementation of the ejector concept in V/STOL
applications(4,5). Among them, the requirement of high augmentation within
the limited volume available in high performance aircraft results in insuffi-
cient mixing and in flow separation. Although ejector geometry is the primary
design variable, from a fluid mechanical point of view it is valuable to re-
late these problems to the shroud surface pressure distribution and turbulent
characteristics of the primary jet. Thus flow separation results from the

inability of the boundary layer on the shroud surface to manage a large

|
]
|




adverse pressure gradient. It can be prevented using suitable boundary layer
control devices(6), In order to determine the need of these devices and to
optimize their design, more quantitative information is necessary on the flow
processes near the shroud surfaces.

For a given geometrical configuration insufficient mixing results in
flow non-uniformities at the exit plane of the ejector and consequently in
performance losses. Since the velocity distribution at the entrance section
of the ejector is not uniform, it is important to quantify the combined
effects of pressure gradient and turbulent structure on the downstream evolu-
tion of the velocity distribution. Qualitatively, the effect of adverse pres-
sure gradient tends to increase flow non-uniformities while the effect of tur-
bulent mixing is to reduce them(1), Consistent with this qualitative argument
is the increased performance found witﬁ hypermixing nozzles(657) and pulsatile
primary jets(8),

An important aspect of thrust augmenting ejector operation is the influ-
ence on performance of primary flow total pressure and temperature. There is
an extensive literature on the effects of pressure ratio across the primary
nozzle on ejector performance at ambient total temperature(z). In contrast,
there is scarce information on the effect of primary flow total temperature.
This information is limited to overall system performance and ejector shroud
surface pressure distribution. There is no information however on the effect
of these parameters on the turbulent structure within the ejector.

A number of mathematical models have been used to'investigate ejector
flows. One-dimensional analysis is useful in evaluating performance trends
associated with changes in the geometrical configuration(9:10) and thermo-
dynamic parameters of the ejector system(1l), The effect of the efficiency

of individual elements on overall system performance has also been investi-

.




gated using one-dimensional analysis(5a11). Other models include phenomeno-
logical models(12-15) and finite difference models(16,17), The latter provide
great flexibility in analyzing complex inlet geometries. The development of
mixing is incorporated through a suitable turbulence model. In order to eva-
luate the accuracy of these models, detailed measurements of the ejector flow
field including measurements of the turbulent quantities are needed(3).

An experimental research program was initiated by the JPL Experimental
Fluid Dynamics Group to investigate the fluid dynamics of thrust augmenting
ejectors. The objectives of this research are:

(A) To determine the role of entrained fluid and its mixing with the
primary jet on the shroud surface pressure distribution and on ejector
performance,

(B) To measure the evolution of the various profiles and determine the
effect of the confining shroud surfaces on their evolution,

(C) To determine the effect of primary flow total pressure and
temperature on the flow characteristics within the ejector and on its thrust
performance,

(D) To provide basic data to support analytical research.

The emphasis in this investigation is on the basic fluid dynamics pheno-
mena which influence the thrust augmentation performance of an ejector. The
ejector configuration chosen consists of a primary two-dimensional jet dis-
charging into a rectangular ejector shroud. Simple shroud geometries are
being used in order to minimize instrumentation difficulties. They are a con-
stant area ejector and a constant area mixing chamber followed by a diffuser.
Measurements are being made of the system thrust, shroud surface pressure dis-
tribution, mean velocity field and turbulent stresses field.

The velocity measurements are being obtained using a two-component lLaser

Doppler Velocimeter. This technique is used because of the following reasons:

3




1) It has been used successfully to measure the velocity field in flows with
large temperature gradients(13); 2) it does not require calibration; 3) the
technique is non-intrusive and 4) it can measure the velocity in reverse flow
regions if these regions are present. Hot Wire Anemometry, the only available
alternative, has never been used successfully in non-uniform temperature flow
fields. Probe calibration is required for velocity magnitude and direction;
probe interference at the shroud can significantly influence the results of
the measurements there and does not give direction discrimination in reverse
flow regions, However, Laser Doppler Velocimetry requires the flow to be
seeded with particles. Thus proper seeding devices must be built into the
flow facility and the effect of particle concentration and size on measurement
accuracy needs to be evaluated.

This interim report includes preliminary results obtained in a constant
area ejector with ambient primary flow stagnation temperature and a maximum
primary nozzle pressure ratio of 3.0. The effort to obtain measurements on
the ejector with diffuser and heated primary flow is continuing., The report
is organized as follows. In Section II the flow facility and instrumentation
are described. A significant part of this section is devoted to the Laser
Doppler Velocimeter. In it a detailed description of the system, data acqui-
sition and data processing techniques is presented. The results of the mea-
surements are described in Section IIlI. They include measurements of the
ejector configuration and free primary jet as well. MWhen possible, the re-
sults of different measurements are compared against each other to verify
their accuracy. Furthermore, the measured velocity has been used to evaluate
mass, momentum and kinetic energy fluxes through the ejector in order to ob-
tain additional insight into the performance characteristics of thrust aug-
menting ejectors, The results are discussed in Section IV and summarized in

Section V,
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II. FLOW FACILITY AND INSTRUMENTATION
To acquire detailed and systematic ejector flow field measurements, the

facility shown in figure 1 was designed and built. Some of the design goals
of this facility included adequate control and reproducibility of the primary
nozzle filow as well as flexibility to position the ejector shroud relative to
the primary nozzle. Particular emphasis was given to the compatibility of the
flow system with the Laser Doppler Velocimeter and the thrust balance. There-
fore a system approach, in which the instrumentation played an important role

as discussed below, was taken in the design of the facility.

2.1 Ejector Facility

A two-dimensional configuration was designed and tested in the ejector
facility., The test apparatus consists of a two-dimensional jet discharging
into the symmetrically located ejector shrouds. A maximum pressure ratio
across the primary flow nozzle as high as Pg/Pg = 4.0 can be obtained. The
span of the primary jet is 50.8 c¢cm and the width h is 0.762 cm, which gives an
aspect ratio of 66.7. The maximum expected primary jet mass flow rate is 4,2
kg/sec, with the corresponding Reynolds number based on the jet width 5.2 «x
106, There are no restrictions in the ejector shroud geometry other than
those imposed by the primary jet dimensions, as discussed later in this
section, The geometrical parameters of the final configuration used in the
present research are summarized in Table 1.

The various hardware elements of the facility are shown in figure 2.

The ejector system is mounted on a thrust balance with the span directed ver-
tically upwards, This configuration was used for better spatial resolution of
the Laser Doppler Velocimeter. The primary jet nozzle is attached to the ba-
lance with two horizontal plates limiting the flow in the spanwise direction.

These plates are also used to support the ejector shroud,




Pressurized air at ambient temperature was provided by a compressor
plant. The plant can deliver 4.5 kg/sec. of dry air at 3 x 106 pascals, which

exceeds the requirements of the ejector facility.

2.1.1 Primary Nozzle
In addition to the parameters specified earlier, namely a maximum
operating pressure four times the ambient pressure and the exit area 0,762 cm
x 50.8 cm, the primary flow nozzle was designed to allow direct thrust mea-
surements, It also incorporates appropriate turbulence-reducing elements and
seeding elements for lLaser Doppler Velocimetry and flow visualization.

The various hardware components that form the primary nozzle are shown in
figure 3. The nozzle consists of a stagnation section and a 20:1 contraction
section, The stagnation section is rectangular in cross-section, 15 x 50.8
cm, with a total length of 37 cn. Pressurized air enters this section through
two perforated tubes directed along the span, perpendicular to the system
thrust as shown in figure 4. Four flexible tubes 5 cm in diameter are used to
couple to the air supply so that not only a direct thrust measurement can be
made but also any possible contribution of the inflow momentum to the measure-
ment is avoided.

Several turbulence-reducing elements are used to minimize the primary jet
turbulence level below 1 percent as indicated in figure 4, A 50 percent open
area perforated plate with 3.2 mm diameter holes and 3.2 mm thick is located
7.6 cm downstream of the feed tubes. It is followed by a 80-mesh stainless
steel screen 5 cm from the plate and a honeycomb element (1.6 cm cell size, 15
cm long) located 5 cm downstream of the screen. A second screen of identical
dimensions is positioned 1 c¢cm from the honeycomb.

The 20:1 contraction section follows immediately after the second screen.

[t has a straight section, 60° included angle, and a circular arc section as
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indicated in figure 4. The contraction is two-dimensional, i.e. no area re-
duction in the span direction. Two pressure taps located on the center line
at the entrance and exit area, respectively, were used to monitor the oper-
ating point of the system. In order to minimize any effects on the induced
flow, the outer part of the nozzle was carefully machined at a 30° angle as
shown in figure 4,

Two seeding Tocations are available in the primary flow system for Laser
Doppler Anemometry and flow visualization., One is located upstream of the
stagnation section in the air supply line; it was used primarily for flow
visualization., The other, two spray bars of the type described in Section
2.2.2, is located 2.5 c¢cm downstream of the first screen, The spray bars were

used for the velocity measurements,

2.1.2 Ejector Shroud
Important parameters of the ejector are the shroud area ratio r =
H/h and the shroud aspect ratio A = S/H (see Table 1), The fixed primary jet

geometry limits these parameters to values satisfying the egquation
- = 66.67 = rA (1)

where S is the span of the facility, h the primary jet width and H the ejector
shroud spacing.

Experiments were conducted with an area ratio r = 16.7, A = 4, The flow

was found highly unsteady within the ejector with flow separation on at least
one ejector shroud surface. For this reason a smaller value r = 13.3, with
A=5 was used in the measurements. A brief description of the flow field
encountered in the larger area ratio ejector configuration will be presented
in Section III,

A constant area ejector was tested first, The geometry is shown in




figure 5. The constant area length is 30.5 cm which normalized with the
shroud spacing gives L/H = 3. A 5,1 cm diameter bell-mouth nose at the en-
trance of the mixing region was used to provide adequate flow characteristics
of the secondary flow. In the final configuration tested, the ejector shroud
was located 10.2 cm from the primary jet exit which gives a normalized value
X/H = 1.

One ejector shroud surface was instrumented with surface pressure taps
along the mid-span. The taps are spaced 30° apart along the nose and 1.3 cm
in the straight section as shown in figure 5.

The ejector shroud surfaces were attached to the top and bottom walls
with a clamping device that allows continugus adjustment of their position.
This technique was found useful for alignment purposes. Alignment was
achieved by positioning the ejector shroud parallel to the jet exit edge and
the centerline defined by the jet maximum velocity.

Seeding of the secondary flow for the Léser Doppler Velocimeter was im-
plemented with six spray bars described in 2.2.2. They were positioned along
the span supported by the top and bottom walls at the locations indicated in
figure 6. No attempt was made to remove the wake of the spray bars since any
technique used will negatively affect the spray characteristics. This aspect

will be discussed further in Section 2.2.2.

2.2 Llaser Doppler Velocimeter

The velocity field in the ejector was measured with a two-component two-
color Laser Doppler Velocimeter (LDV), The accuracy of the velocity measure-
ments obtained with a LDV system is influenced by all! its optical elements and
by the particle size and distribution(19), Therefore an iterative process

was needed to determine the optimum configuration for this application., A




picture of the system in its final configuration is shown in figure 7. It is
a forward scatter configuration and the processor was operated in single-burst
mode. Two atomizers were used to produce the particles needed for the mea-
surements. The LDV processor operated with a minicomputer system which was
also used for processing the results. A description of the various elements

and data processing follows.

2.2.1 Optical System
A forward scatter configuration was used in these experiments with

the transmitting and receiving optics located at either side of the facility
as shown in figure 8., The transmitting optics components are presented
schematically in figure 9. A two watt argon-ion laser is used as the light
source, Past a collimating lens, a color separator provides two lines of the
laser, the 514 nm green line and 488 nm blue line. Each beam is split into a
pair of equal intensity beams by a polarization rotator and a beam splitter,
The focal volume is formed by focussing the four parallel beams by a single
598 mm focal length lens. The ccllimator is used to minimize the lateral
extent of the focal volume.

The receiving optics components are shown schematically in figure 10.
The scattered light from the particles is collected by a 761 mm focal length
lens, A dichroic mirror is used for color separation, with a focussing lens
used to focus the scattered light of each of the two colors into a pin-hole
(250 pm) and photomultipliier tube assembly.

The physical arrangement of the LDV optics relative to the facility is
shown in figure 8. The transmitting and receiving optics are mounted on an
optical table with their optical axes parallel to the flow direction. A first-

surface flat mirror is used to rotate the beam 90°. Consequently the focal
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volume has its longitudinal axis along the span of the facility, A second
mirror is used to deflect the scattered light into the collecting optics.

The component of the velocity vector measured by the LDV and the Doppler

constant, the conversion factor from frequency to velocity, is determined by
L the transmitting optics. The configuration used is shown in figure 11. The

green beams pair enters the test section in a plane forming an angle of +45°

with the downstream direction, while the blue beams plane forms an angle of 1
-45°, Therefore, there is no need for frequency bias elements with the cor-
responding increase in the signal to noise ratio. Th2 Doppler constant which
is related to the fringe spacing within the focal volume is given by the equa-
tion
A
KD = mm—— (2)
a
2 SiN «m
2
where A is the light wavelength and « the angle at which the beams cross in
the focal volume., An angle a = 4.72° was used which gives Doppler constants
for the green and blue components «pg = 6.24 (m/sec) (MHz)-l and kpg = 5.92
(m/sec) (MHz)-1 respectively. The geometrical characteristics of the focal
volume are summarized in Table 2.

The focal volume can be moved within the facility by means of remotely
operated stepping motors. Motion on a fixed span plane was obtained by
corresponding motion of the optical table. Motion along the span resulted
from the displacement of the focussing lens and receiving optics along their
! optical axis. The table position was controlled with a resolution better than
100 pm.

A minimum distance from the focal volume to the ejector shroud wall of 1

cm can be obtained with the two-component LDV configuration described above.
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At shorter distances two beams are interrupted by the shroud as they enter the
test section, thus preventing the formation of the focal volume. Measurements
were made at shorter distances operating the LDV in a single component con-
figuration. In this case the green beams were positioned on a plane parallel
to the shroud wall, therefore only the downstream component of the velocity
was measured. A minimum distance to the ejector wall of 0.25 cm can be ob-

tained in this configuration,

2.2.2 Particle Generator and Injector
In order to measure the velocity with a Laser Doppler Velocimeter

the air flow must be seeded with particles. The objective of the seeding de-
vice is to provide a spatially uniform concentration of particles, their size
small enough to follow the flow while providing sufficient scattered light for
an adequate signal to noise ratio. Propylene Glycol was used in these experi-
ments, the particle diameter was 2 um which gives a terminal settling velocity
Cs = 1.36 x 10-2 cm/sec (reference 20). The transient or lag time required
for the particle to follow sharp changes in velocity is tg = 14 psec.

Both the primary and induced flows were seeded, Two particle generators
were used, A commercial unit was used for the primary flow. It was found
that the Propylene Glycol particles at the high concentration required at the
exit of the generator increase in size presumably by collision among them-
selves. To prevent large particles from entering the primary flow, a size
discriminator was included prior to andhas close as possible to the primary
flow spray bars,

A different system was used for the induced flow. A particle generator
was designed and built. It incorporates the particle generator and the size
discriminator in the same unit. The resulting aerosol is introduced into the

induced flow by six spray bars as described earlier,
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The spray bars of the primary and induced flows are similar in construc-
tion. They were made from 0.95 cm stainless steel tube with 0.64 cm diameter
perforations spaced 2.54 c¢m apart as shown in figure 12. This configuration
was obtained after testing of different diameter perforations. Small perfora-
tions resulted in excessive loss of particles by collisions with the wall,
This design resulted in no loss of particles while providing uniform seeding
across the span of the facility.

The resulting seeded flow was found to have adequate particle size and
controllable concentration, However, no attempt was made to measure the par-
ticle concentration and size distribution directly. The particle concentra-

tion was adjusted using the data rate of the processors as reference,

2.2.3 Signal Processor and Data Acquisition
The measurement of the velocity can only be obtained after suit-

able processing of the photomultiplier tubes output as the scattering par-
ticles move across the focal volume. Two counter processors were used, one
for each velocity component. They were operated in the single-burst mode,
i.e, only one particle is present in the focal volume when the measurement is
made. In addition, the system is operated in coincidence mode in which the
output of the processors is tested for coincidence in time so that the two
components of the velocity vector as determined by the optical setup are mea-
sured on the same particle, In the single component configuration used in
measurements near the shroud, only one processor was needed.

The signal processing is accomplished in four stages: analog processing,
burst processing, coin.idence test and transfer to the computer. The analog
processing involves suitable filtering and amplification of the signal for

optimum signal to noise ratio, Both high pass and low pass filters are used.
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The low pass filter is used primarily for pedestal removal and low frequency
noise removal; low frequency noise is introduced by imperfections of the
optical system. The cut-off values used varied from 300 kHz to 1 MHz de-
pending on the flow velocity. The low pass filter is used for removal of high
frequency noise, Cut-off values from 2 MHz to 100 MHz were used depending on
flow velocity. The output of the filter is processed by an amplifier. In the
present experiments however, the gain was set at unity, thus no amplification
was needed for adequate operation of the system. Typical signal to noise
ratio past the amplification stage was in excess of 100.

The burst processing encompasses the required electronics for the actual
measurement of the particle velocity. A level detector determines the pres-
ence of a burst. Measurements are made of the total number of cycles in each
burst, i.e. the number of fringes crossed by the particle, and its total time
duration. The resolution of the time measurement is 1 nsec. Only bursts with
more than 16 cycles are used for processing. The output of the burst pro-
cessor is in digital form. It feeds into the computer interface that incor-
porates the coincidence test between the two processors. The coincidence test
consists of the initiation of a time window after completion of processing by
one of the processors, If data from the other processor is not received be-
fore the end of the window the data is discharged, otherwise coincidence is
attained and the data from both processors is transferred to the computer, A
time window of 17 nsec was used in all the experiments.

A minicomputer was used to acquire and store the data. A computer
program was developed for data acquisition using the LDV system. This com-
puter program accomplishes two tasks. It generates a header which contains
information relevant to the conditions of the experiment and LDV setup. It

also acquires a buffer of 4016 words of data. This buffer size corresponds to

13
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a total of 1004 velocity measurements in two-component measurements, since two
words are generated for each component when a particle is found in the focal
volume. The same program was used in single component measurements. In this

case the buffer size corresponds to 2008 velocity measurements.

2.2.4 (Qperating Procedures
Prior to every experimental run with the LDV system, a variety of

tests was conducted to verify adequate operation of the sytem, e.g. the trans-
mitting optics alignment and overlapping of the green and blue focal volumes.
The fringes within the focal volume were also inspected to prevent distortions
and intensity nonuniformities. The alignment of the receiving optics was
verified with the facility in operation. Adjustment of the location of the
pin-hole and photomultiplier assembly was often necessary for maximum data
acquisition rate at the operating conditions of the atomizers.

After the high-pass and low-pass filters were set to their predetermined
values, the gain of the amplifier stage was adjusted for optimum signal to
noise ratio, If at this point the data rate was found b+low 1L. .r ahove 1000
particles/sec, the atomizers were adjusted to correct thit condition. coinci-
dence between bursts occurring on the blue and green channels was also checked
and the coincidence window varied if necessary.

After these tests were completed, actual measurements were initiated.

The measurements reported here involved traverses across the flow at different
downstream locations, The focal volume was moved in increments of 0.51 cm
across the flow and 7.6 cm in the downstream direction, the measurements being
made with the focal volume stationary. A 4016 word buffer was obtained at
every point, The data was stored temporarily on disk. At the end of the test

run, all the data was transferred to a magnetic tape for permanent storage and
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processing at a later time. The size of the data buffer, 4016 words, combines
with the data rate to give a total sample time between 1 and 10 sec. This
sample time was considered adequate to properly characterize mean turbulent

quantities.

2.2.5 Data Processing

The velocity data generated by the data acquisition programs was

, processed using the minicomputer system. Processing involved several steps,

e.g. error detection, computation of flow characteristics in the frame of
reference of the optics, transformation of those quantities to the physical

frame of reference, and the computation of integral quantities in the physical

reference frame,

There are two conditions that can lead to a significant error in the mea-
surement, The first condition arises due to transmission line noise, a spuri-
ous data word can be included in the stream of data as it is transferred to

the computer, Because catastrophic effects can resuit from this condition,

the data processing progrums verify that the data is in the right order. 1If
an error is detected the data point is discarded. The second error condition
results from the occasionad data points which have very large or small fre-
» quency. They are due to very 1arge;part1cles that do not follow the flow and
to transient electronic noise not completely eliminated by the filters., A
test is made to isolate these points in which each data point is compared with ¢
the running mean of previous data, If the modulus of the difference is larger
than five standard deviations, the data point is not used in the processing.
In a total of over 500,000 measurements, the total number of errors recorded
due to these conditions was less than 10. At every measurement point, a fre-

quency histogram was constructed for the blue and green channelis., A typical
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example is shown in figure 13. This histogram provided information about the
proper operation of the system, i.e. filter setting, and the electronic
noise,

The frequency information is utilized to calculate the flow velocity
using the appropriate Doppler constant. The mean, second moment and cross-
correlaiion between the two velocity components were evaluated using several

weighting functions. The expressions used are

N
i'l’_ 1 Z (i) 3
(U)G,B- e (w")G,B (U")G,B (3)
G,B  p=)
N
(M) 1 (i) 2
2 - —
N O D R CON S (4)
G,B =1
N
e U 115_ 1 zz (1)
(Ug Ug) sy (wn)x (Un)G (Un)B (5)
X n=1
with
iy N (i)
G,B.X nzl n)G,8,x (6)

where (w)é:g’x are the weighting factors and N the total number of data. The
subscripts G, B refer to the velocity measured by the green and blue beams
respectively, and the subcript X applies to the cross-correlation calcula-
tions. The superscript i indicates the type of weighting used. Three types
of averaging were implemented: a straight forward averaging (i=1), indepen-

dent velocity bias correction of the blue and green components (i=2), and the
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velocity bias correction for simultaneous two component measurement (i=3) (see

reference 19). The weighting factors for each one of these cases are given by

(1)_ (1) (1)

(wn)G = (wn)B = (wn)x =1 (7)
) () (tn)B+ (tn)B

(wn)GI = (tn)G; (wn)B = (tn)B; (wn)x= '-";--- (8)

(3)_ (3)_ (3)_ 1
(wn)G = (wn)B = (wn)x = IU;T (9)

with |Up| = \/ (Un)Z+ (U")z and t, the total burst time,

0f these three types of averaging, type (2) does not have any "“a priori"
justification and was used for comparison purposes only. Type (3), on the
other hand, represents the correct velocity bias correction provided that the
concentration of particles is spatially uniform. This condition is not neces-
sarily satisfied in the present experiments since the primary and induced
flows may have different particle concentrations.

A simple transformation relates the mean values and correlation of the
measured velocity components with those in the x and y directions. This
transformation is illustrated in figure 14, The equations relating the mean

and the correlations of the various velocity components are

u =Tg cos ¢ - Ug sin ¢ (10)
v = Ug sin ¢ + Ug cos ¢ (11)
2 2 2 2
U +u u - U
G 8 G B
w2 = + cos 26 - Uglg sin 2¢ (12)
2 2
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2 2
U + U u -u
G B 6 B
ve = - cos 26 + Uglg sin 2 (13)
2 2
2 2
u -Uu
___ G B
UV = e Sin 2¢ + Uglg cos 2¢ (14)
2

where ¢ is the angle between the direction of the velocity component measured
by the green beams and the downstream direction, positive in the counter-
clockwise direction. The average bar indicates any of the three types of
weighting described previously. From these quantities, the rms fluctuations
of the u and v velocity components and their correlation can be calculated

using the following relationships:

PN 5

vio= V2 - VP (16)
uv =uv -uv (17)

The accuracy of the mean and the correlations of the measured u and v
components of the velocity depend on a number of factors, e.g. particle con-
centration and spatial distribution, velocity bias(21), fringe bias(22), There
is not a sufficiently general theory that allows evaluation of these effects.
Existing theories based on spatially uniform concentrations of particles
suggest that velocity bias effects on the mean and r.m.s. fluctuations of the
measured velocity components, Ug and Ug, are small(19), 2 percent, The ac-
curacy of these results was explored by computing the averaged values using
weighting factors (i=1) and (i=3) described previously. Comparison among the

mean u results indicates that (i=3) gives slightly lower values, typically
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one-third of the Tocal u' which amounts to 5 percent accuracy. The effect on

u' is below 10 percent. The accuracy of v, v' and u'v' are estimated as 20
percent. Only the results obtained with i=1 will be presented in this
report.

The flux per unit span of several relevant quantities across several

downstream locations within the ejector was calculated. They are the mass

flow rate

p [ udy (18)

n

the momentum flux

M=p [[u2+ (u2-v'2)]dy (19)
the mean kinetic energy flux

K=p [ [U (u2+V2)]dy (20)
and the turbulent kinetic energy flux

k=p [ LU (u?2+v'2)] dy (21)

The integrals were evaluated using Simpson's rule. The two velocity

components were assumed to vary linearly from the nearest measurement point to
the wall where a zero value was assumed. The error is estimated to be less

than 10 percent.

2.3 Other Instrumentation

In addition to the velocity measurements, other measurements made in
experiments conducted in the present investigation included surface pressure,
direct thrust, and flow visualization. Surface pressure measurements were
used to monitor the operation of the facility and to measure the static pres-

sure distribution on the surface of the ejector shroud. Strain gauge pressure

transducers were employed for these measurements. The optimum full-range

values were used depending on the specific measurement since their accuracy is

better than 0.1 percent of the full range value.
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Direct thrust measurements of the ejector system were made using a thrust
balance. A diagram of the thrust balance is shown in figure 15. A load-cell
located as indicated in the figure is utilized for this measurement, A 2,000
Nw range transducer was required to measure ejector thrust at the high primary
nozzle flow rates. The resolution of the measurement is 20 Nw,

Flow visualization using the shadowgraph technique was implemented with a
spark source located 4 m from the top wall of the facility and the photo-
graphic plate positioned against the bottom wall. Changes in index of refrac-
tion were obtained by injecting small amounts of CO2 (up to 10 percent of the
mean flow) to the primary flow for low primary jet Mach numbers. For primary
jet Mach number close to 1, injection of CO2> was not required. The refraction
effects caused by the expansion of the primary jet were sufficient to obtain

good shadow effect.
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I1T. EXPERIMENTAL RESULTS

The experimental results on thrust, surface pressure and velocity
measurements at various pressure ratios across the primary nozzle for both the
primary jet and the ejector configurations are presented. Because the
different quantities measured are mutually related through the fundamental
conservation equations, a variety of tests were conducted which allowed
verification of their consistency and accuracy. Throughout this report the
coordinate system shown in figure 16 was used, the x-axis is directed
downstream and the y-axis across the flow with the origin at the center of the

primary jet on the mid-span plane.

3.1 Primary Jet Characterization

The flow characteristics of the primary jet were explored with a pitot
tube probe and shadowgraph flow visualization at various exit Mach numbers.
The spanwise uniformity of the primary jet at the exit was measured with the
pitot probe and found better than 0.5 percent in all cases., The free-jet
characteristics for a Moy = 0.5 are summarized in figures 17-20.

Flow pictures at different pressure ratios up to py/pg = 1.94 were
obtained, All the pictures showed similar features as indicated in figure 17
at po/ps = 1.19 (Mex = 0.5). The initfal region is characterized by the
presence of the potential core; its length xc/h = 8 is somewhat larger than
those reported in other investigations{(23,28), Further downstream the jet
grows linearly with distance as expected from similarity(23-28),

A more precise measure of the jet growth can be obtained from pitot
measurements. These results are shown in figure 18 where the normalized width
of the jet §, defined as the distance between the points where the velocity is

one-half the local centerline velocity, is plotted versus downstream distance.
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It is found that after a region of slow growth rate, the jet width increases
linearly with downstream distance., A least squares fit to the data for

x/h > 10 gives

o

X - Xo
= = 0.19 emm——= $+0.19 (22)
h

b~

with xo/h = 3.0 where xo is the distance to the virtual origin, This value
can be compared with those obtained for the visual growth determined by the

lines shown in figure 17. They give

6V X=X0
o= = 0,39 em— (23)
h h

that is 6y = 2.0 8.

The decay of the centerline velocity is shown in figure 19. The velocity
equals the jet velocity inside the core region and decays as x-1/2 further
downstream. A core length of xc/h = 8.5 is obtained from these measurements,
consistent with the value found from the pictures.

The expected self-similar velocity decay law is found to be

Ue X - x0 \~-1/2
- = 2.68 (-——-) +0. 005 (24)
Uj h
with the virtual origin located at the same distance downstream as for the
growth rate,

Comparison of these data with available results is made in figure 20.

The results collected in reference 24 and summarized by the continuous line in
figure 20 cover Reynolds numbers up to Rep = 3.4 «x 104 (c.f. Rep = 8.5 «x 104
in these measurements). The self-similar growth rate and center-line velocity
decay are found in agreement with the results of other investigations(23-28),
The location of the virtual origin is also within the scatter of those
measurements, The significant scatter among the results obtained by different

investigators should be pointed out.
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3.2 Constant Area Ejector

The configuration investigated in detail was chosen after some
preliminary tests were conducted with constant area ejectors of different
geometry, at moderate primary nozzle exit Mach numbers, from Mgy = 0.3 to 0.7.
Tests were first conducted with an ejector of area ratio 16.7, nose radius of
3.8 cm and mixing chamber length of 30.5 cm. This shroud geometry had no
thrust augmentation irrespective of its location relative to the primary
nozzle. Flow visualization showed that within the range of primary nozzle
Mach numbers and shroud locations tested, a large reverse flow region existed
covering one shroud wall while the flow remained attached to the other wall.
The particutar shroud wall at which the flow remained attached appeared to

depend on initial conditions at the start of the flow. However after the flow

was established the wall at which the flow remained attached could be changed
by externally inducing separation on that wall. The flow will then remain
attached to the other wall even after the external disturbance was removed.

The area ratio was reduced to 13.3 while the length of the mixing chamber
was maintained at 30.5 cm. Flow separat%on was not encountered for this area
ratio with two nose radii of 3.8 cm and 5.1 cm. The thrust augmentation
performance was found to improve as the shroud was moved downstream. A 10
percent increase in thrust augmentation occurred when the location of the
shroud was changed from x = 5,1 ¢m to 10.2 cm. #

The geometrical parameters characterizing the final configuration are
given in Table 1. The non-dimensional values are: the area ratio H/h = 13,3,
the distance from the primary jet to the ejector shroud X/H = 1, mixing

chamber length L/H = 3, nose radius of curvature R/H = 0.25 and ejector aspect

ratio S/H = 5. The primary nozzle pressure ratio was varied to achieve exit

Mach numbers from 0.2 to 1.0 and underexpanded primary jet conditions.
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3.2.1 Flow Visualization
A typical shadowgraph picture obtained at a pressure ratio pg/ps =

1.18 (Mgx = 0.5) is shown in figure 21. The general features revealed by this
and other pictures are very similar to those of the free-jet (figure 17); in
particular, the core length is not changed by the presence of the ejector
shroud. A comparison can be made with the help of the visual growth lines of
the free-jet, also drawn in figure 21, The growth rate is somewhat reduced in
the presence of the ejector shroud as compared to the free-jet visual growth
rate.

A second feature of interest found in the flow visualization study is the
distance at which fluid from the primary nozzle first reaches the ejector
shroud. This location is downstream of the region covered by the picture in

figure 21 at x/H = 3.

3.2.2 Thrust and Surface Pressure Measurements

Measurements of the system thrust were made in order to determine
the ejector thrust augmentation performance. The ejector thrust normalized
with the measured primary nozzle thrust is plotted as a function of pressure
ratio in figure 24, The measured values are of the order of 1.2, in agreement
with previous experimental results compiled in reference 2. The variation of
the thrust augmentation with pressure ratio (figure 22) shows a minimum at Mgy
= 0.2 and a maximum of 1.23 at Mgx = 1.0. At higher pressure ratios the
thrust augmentation decreases uniformly.

Surface pressure measurements were made around the nose and along the
mixing chamber at the mid-span section. These results are presented in
figures 23 to 25 where the local Cp is plotted as a function of nose angle and
downstream distance (see figure 5) for various pressure ratios. The local Cp

is defined as
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p = —— (25)

1 2

5 pex Yex
Therefore, Cp is negative in regions where the pressure is lower than ambient
(i.e. suction).

The general features of the pressure distributions are a large suction
around the nose, followed by a region of high adverse pressure gradient at the
entrance of the mixing chamber. The pressure gradient decreases considerably
in the middle section, to increase again towards the end of the mixing
chamber. These features are similar to those encountered in axisymmetric
constant area thrust augmenting ejectors(S).

The maximum value of the pressure coefficient (lowest pressure) is found
on the nose, 30° from the entrance to the mixing chamber, This maximum value
increases with pressure ratio from Cp = 0.053 at po/ps = 1.06 (Mex = 0.3) to
Cp = 0,065 at po/ps = 2.91. The pressure gradient in the entrance region of
the mixing chamber increases with pressure ratio because of both an increase
of the suction around the nose and a reduction of the distance along which the
pressure increase occurs. Downstream of this point the measured pressure
coefficients show less sensitivity to the pressure ratio.

In order to evaluate the relative contribution to the system thrust of
pressure forces acting on the primary nozzle external surfaces and on the
shroud walls, the thrust contribution by the shroud was calculated from the

measured surface pressure distribution, This contribution, AT¢ is given by
]
ATc = 2RS [ (ps - p) sine de (26)
o

where (pg - p) is the local pressure diffe ntial, e is the angular location

on the nose, R is the nose radius and S the span of the system. The
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assumptions have been made that both shroud surfaces contribute equally to
system thrust, skin friction can be neglected and the spanwise static pressure
distribution is uniform.
The measure thrust increase ATM is

ATM = Tg = Tp (27)
The values of ATg and ATM are given in Table 3. The calculated values, AT(,
are higher than the measured values, ATM, by 10 percent of the primary nozzle
thrust. This result suggests a negative contribution to the system thrust due
to the pressure forces acting on the primary nozzle external surfaces. Skin
friction can also contribute to this result. However, the values of AT(
obtained with egquation (26) should be considered upper limits since the effect
of spanwise non-uniformity of the pressure distribution is likely to reduce

them,

3.2.3 Mean Velocity Results
Extensive velocity measurements were made in the ejector facility

using the LDV system. Both u and v velocity components were measured on the
mid-span plane at various primary jet pressure ratios inside the ejector
shroud and, to a limited extent, at the entrance. Measurements were also made
with the LDV operating in a single component configuration that allows
positioning the focal volume 2,5 mm from the ejector shroud. Mean u and v
velocity profiles were obtained at the downstream locations indicated in
figure 16. These profiles were used to calculate the mass, momentum and
kinetic energy fluxes inside the ejector.

The angle ¢ between the physical frame of reference and the optical frame
of reference was obtained for each profile from the condition of zero Vv on the
centerline, The values of ¢ obtained under this assumption are given in Table

4.
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The measured mean U velocity profiles at primary nozzle pressure ratios
1.08, 1,19, 1.45 and 1.94 are presented in figures 26 to 29, respectively.
The mean u velocity profiles in the entrance region of the ejector shroud are

given in figure 30 for a pressure ratio 1.19. These measurements were

obtained with the LDV system operating in the standard two-compcnent
configuration. Measurements of U inside the ejector at a pressure ratio of
1.19 were also obtained with the LDV operating in a single component
configuration. They are presented in figure 31.

As expected, the velocity profiles broaden with downstream distance.
Simultaneous with the spreading of the primary jet, the centerline velocity
decreases with x. The centerline velocity decay is shown in figure 32 at
several pressure ratios. Also plotted in this figure are the free jet results

presented in figure 19. The measurements indicate a 10 percent increase of

the normalized centerline velocity at the downstream end of the ejector above
the measured velocity without the shroud. A small increase of the normalized
centerline velocity with pressure ratio is apparent at the downstream end of
the ejector.

The measured u velocity component away from the centerline, say at y =
+4,1 cm, in the entrance region (figure 30) is found to increase with
downstream distance. Thus, the primary jet evolves in a accelerating )
coflowing stream. An important parameter that characterizes the evolution of
the jet on a coflowing stream is the ratio of the coflowing stream velocity to
the jet centerline velocity(29). This quantity varies from 0.06 at x = 2.5 cm
to 0.15 at x = 10.2 cm. A velocity ratio of 0.29 is found inside the ejector
at the entrance of the mixing chamber independent of pressure ratio. The
results presented in reference 29 indicate that the coflowing stream will

reduce the centerline velocity decay and the primary jet spreading rate,
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The velocity variation with downstream distance at y = 4 cm, inside the
ejector, is shown in figure 33. The velocity decreases in the entrance of the
ejector and increases further downstream. The minimum velocity is encountered
at approximately x/H = 3. The reduction in the first part of the mixing
chamber is a specific feature of thrust augmenting ejectors since velocity
measurements in other configurations do not show this behavior(14,16), It is
interesting to compare the velocity near the shroud surface with the values
derived froﬁ the pressure on that surface, in the limit of incompressible
irrotational flow is given by:

u = Ui V(-Cp) (28)
The calculated values of u are also plotted in figure 33. Good agreement is
found in the entrance region of the mixing chamber, up to x/H = 3. Downstream
of this location the approximation is not accurate, turbulent transport of
high momentum fluid towards the wall results in an increase of u even though
the pressure is also increasing,

Further insight into the velocity field near the shroud surface can be
obtained from the measurements presented in figure 31. These measurements
show a rapid change of the velocity profile near the wall in the entrance
region of the mixing chamber. At x = 12,7 cm the velocity increases as the
wall is approached while at x = 20.3 cm or higher, a reduction of the velocity
is observed. This behavior suggests that there is a thin boundary layer on
the shroud nose. Its thickness quickly increases in the large adverse
pressure gradient at the entrance of the mixing chamber,

The measured mean value of the transverse velocity component, v, inside
the ejector, are shown in figures 34 to 37 for primary nozzle pressure ratios
1.08, 1.19, 1.49 and 1.94, respectively. The v velocity profiles in the

entrance of the ejector are given in figure 38. The general characteristics
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of the profiles encountered in free-jets(zﬁ) are found here for x < 20.3 cm,
Namely, the velocity near the centerline is directed away from it, but far
from it is directed towards the centerline., This second feature is associated
with entrainment. An additional feature encountered in the ejector
configuration is the increase of v outside the primary jet with downstream
distance observed in the entrance region {(figure 38). The maximum absolute
values of v are found at x = 12.7 cm inside the mixing chamber. The
qualitative features of the v velocity profiles change downstream of x = 20.3
where the flow is directed away from the centerline throughout most of the
cross-section. The implication of this result is that not only turbulent
transport of momentum by shear stresses occurs, but also the high momentum
near the centerline is being convected towards the wall in the second half of
the ejector,

0f considerable interest is the downstream evolution of mass, momentum
and kinetic energy fluxes through the ejector. In figure 39 the mass flow per
unit span normalized with the ideal primary jet mass flow is plotted as a
function of downstream distance within the ejector. The ideal mass flow was

calculated using the equations

v+l

. 2 -
mj = po 8 Aex Mex (1 + l%l Mex) 2(y-1) (29)
2 ((po/ps)(Y'l)/Y - 1) . Po ¢ 1.803
2 v-1 Ps
Mex = (30)
1 s POy 1,893

Ps
for a value of y = 1.4 and the measured total and ambient static pressures pg

and pg, respectively.
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If the flow is assumed perfectly two-dimensional the mass flow per unit
span inside the ejector is constant, independent of downstream distance. The
results shown in figure 39 for low pressure ratio (Py/Ps < 1.19) show 4
percent fluctuations with downstream distance too small to be significant
because of experimental error (see Section 2.2.5). At high pressure ratio, a
systematic increase of the measured mass flow with downstream distance is
observed, Although there is some uncertainty in these results due to poor
definition of the velocity profiles near the shroud surfaces, the measured
increase of mass flow with downstream distance can result from the boundary
layers on the top and bottom surfaces and corner flow effects which can result
in significant spanwise non-uniformity of the velocity profile at the exit of
the shroud. These calculations give a value for the mass flow ratio of the
ejector of 7.3 +0.3. The mass flow ratio is defined here as the ratio of
total mass flow to primary nozzle ideal flow.

The results of the momentum balance calculation are presented in figure
40 (a), (b). The momentum flux per unit span, M, normalized with the primary
jet momentum per unit span is plotted in figure 40 (a) as a function of
downstream distance, The momentum flux decreases within the ejector by as
much as 40 percent of the primary jet momentum. Momentum conservation within
the constant area section of the ejector requires the momentum flux reduction
to be balanced by pressure forces, provided that skin friction and end-wall
boundary layer effects are negligible. Therefore, the quantity M + P where P
= (p -ps)H should be constant independent of downstream location under those
conditions. The computed values of M + P from the velocity profiles and
surface pressure measurements normalized by the primary jet momentum are
presented in figure 40 (b), The results at low pressure ratio support the

approximations described earlier, but at high pressure ratios, po/ps » 1.49, a
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significant increase in M + P is observed. These calculations can also be
compared with the results of the thrust measurements since the normalized
momentum at the exit of the ejector shroud is the thrust augmentation ratio.
The results of the calculation are significantly higher than the measured
thrust efficiency which further indicates the importance of spanwise
non-uniformity of the flow.

The calculated values of the mean kinetic energy flux are presented in
figure 40, It has been demonstrated that kinetic energy dissipatio. is one of
the essential features of ejector operation(30). It is therefore not surpri-
sing that rather small amounts of kinetic enerqgy are left at the exit of the
ejector, 30 percent of the primary jet kinetic energy. The striking feature
revealed by these measurements is that the dissipation occurs primarily in the
entrance region of the ejector where more than 50 percent of the kinetic
energy is dissipated. These calculations do not include the contribution to

the mean kinetic energy flux of the spanwise velocity component,

3.2.4 Turbulence Measurements
Turbulent fluctuations were measured inside the ejector at the
same conditions and locations as the mean velocity. The measured quantities
include the rms value, u' and v' components of the velocity fluctuations, and

the velocity correlation u'v’

. The accuracy of these results depends on the
particular parameter under consideration. For the rms fluctuation of the
downstream velocity component the resultant accuracy is 10 percent after
normalization. The accuracy of v' and u'v' is 20 percent after normalization.
The measured rms values of the downstream velocity, u', normalized with

the local centerline velocity, uc(x), at several downstream positions and

pressure ratios are given in figure 42, Pressure ratio within the range
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covered does not significantly influence the profiles. The profiles have a
local maximum on each side of the centerline. The value at the peaks is
independent of downstream location u'/uc = 0.25. The minimum value at the
centerline is u'/uc = 0.2, The distance between maxima increases with
downstream distance for x < 35.6 cm., The last two profiles do not show
appreciable changes.

The measured u'/uc using the single component LDV configuration at a
pressure ratio of 1.19 (Mex = 0.5) are shown in figure 43. These profiles are
in agreement with the results presented in figure 42. Near the wall,
measurements show the development of a local maximum at x = 20.3 cm which is
not found further downstream.

The measured rms values of the transverse velocity fluctuation, v',
normalized with local centerline velocity are given in figure 44 for various
downstream loca*tions within the ejector and four pressure ratios. The
variations with pressure ratio are within measurement error. In contrast with
the u' results, these profiles show a single peak at the centerline. The
maximum value v'/uc = 0.18 is slightly lower than that found for u'/uc at the
same location.

The measured velocity correlation, u'v', normalized with the local
centerline velocity squared is plotted in figure 45, These profiles were
obtained at the same locations and pressure ratios as the v'/uc measurements.
The scatter found with pressure ratio is within the measurements uncertainty.

A positive U'v' velocity correlation indicates turbulent transport of
downstream momentum in the positive y-direction. At the entrance of the
ejector shroud, significant values of U'v' are found only in the primary jet.
They indicate transport of downstream momentum away from the jet. The low

values found in the entrance region outside the primary jet are consistent
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with the agreement found between the measured velocity and the calculated
values from the surface pressure (see figure 33). Downstream of x = 27.9 cm,
non-neglegible u"v' correlation is measured near the wall. This indicates
transfer of momentum to the wall region. In each profile, a maximum absolute
value of UTVT/uC2 = 0.03 is found, 1Its location continually moves away from
the centerline up to the last two downstream locations where no significant
changes are observed.

Shown in figure 46 are the turbulent kinetic energy fluxes per unit span
associated with the measured velocity components. The turbulent kinetic
energy flux is approximately 10 percent that of the mean flow. These results
indicate a uniform decrease of the turbulent kinetic energy within the ejector
at low pressure ratios. At a pressure ratio of 1.94 an increase of the
turbulent kinetic energy flux 1s observed in the first half of the mixing

chamber,
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IV, DISCUSSION

The discussion of these results will focus on two general areas selected
because of their relevance to the design of a thrust augmenting ejector for
aircraft applications. They are: modification of the two-dimensional jet
characteristics introduced by the ejector shroud and shroud aerodynamics.

The development of the two-dimensional jet in the confined area provided

by the shroud diminishes the spreading rate of the primary jet as shown by the AI
flow visualization. The centerline velocity decay shown in figure 32

indicates that the decreased growth also occurs upstream of the region of the

interaction between the turbulence and the wall (x/h ~ 40). Possible causes o
for this reduction are the presence of the coflowing induced flow and the

imposed pressure gradient. The presence of a coflowing stream has been shown

to result in reduced growth rates of a two-dimensional jet(29). Although

there is a limited region near the entrance where a favorable pressure .-?
gradient may be present, the pressure within the ejector increases downstream,
The expected effect of such an adverse pressure gradient is to increase the
jet growth rate. The measurements indicate that the presence of a coflowing
stream dominates over the pressure gradient in the evolution of the jet,

The entrainment characteristics of the jet are also modified by the
ejector shroud. In a two-dimensional free jet the entrainment velocity, i.e.
the absolute value of v velocity component measured far away from the jet
centerline, decreases with downstream distance, The presence of the ejector
wall modifies the flow field in the entrance region (x < 10 ¢cm). The measured
v velocity component at y = +4 cm increases in absolute value with downstream
distance as shown in figure 38.

The turbulent intensities and Reynolds stresses measured in the ejector

configuration normalized with the centerline velocity are similar to those
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measured in free jets(23:26), This result suggests that the underlying
turbulent structure is not significantly modified by the presence of the
shroud. However, the evolution of the u', v' and u'v' profiles is strongly
influenced by the presence of the shroud,

The basic mechanism that determines the pressure distribution on the
shroud surface and therefore the thrust augmentation is what we refer to as
ejector aerodynamics. There are two distinct regions in the ejector shroud:
the entrance region and the interaction region. The flow field in the
entrance region can be characterized as inviscid and incompressible flow.
The pressure distribution can be approximately obtained using Bernoullis'
equation as shown in figure 33. For the configuration investigated the
pressure distribution shows a sharp peak around the nose followed by a rapid
pressure rise and a relatively constant pressure region (figures 23 to 25).
Because of the adverse pressure gradient, flow separation is likely to occur
in this area.

The interaction region was defined as the region where the jet evolution
is directly influenced by the ejector shroud. From the point of view of
ejector aerodynamics this region is characterized by a steepening of the
surface pressure gradient. Other features are an increase of the velocity
near the wall (figure 33), non zero u'v' velocity correlation near the wall

(figure 45) and mixed fluid along the wall in the flow visualization pictures.

Each one of these features allows an independent characterization of the f
origin of this region which varies between x/H = 2,75 to 3.5 depending on the
particular feature used. The fundamental process in this section is the

turbulent transport of momentum into the wall region.

The measured mass flow through the ejector gives a mass flow ratio

between the total and primary flows of approximately 7. The momentum flux
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calculation gives a thrust augmentation in the range 1.3 to 1.4. Comparison
of these values with thrust measurements suggests that the neglected end walls
momentum deficit has a significant negative contribution to the ejector
performance. Furthermore these results suggest that significant pressure
gradients occur at the entrance section, where the local wall pressure can not
be assumed constant throughout the cross-section. The degree of mixing can be

characterized for the purpose of ejector performance by the parameter

(31)

This parameter was calculated from the measured data. It varies from a value
of 1.5 at the entrance to 1.2 at the exit of the ejector. Pressure ratio did
not significantly influence these results. The exit values can be compared
with the values found with hypermixing nozzles n = 1.01-1.03(7)., These exit
values, as well as those presented in reference 7, are based on a single
velocity profile, Spanwise non-uniformities can significantly alter these
results, These effects will be further studied and will be presented in the

final report of this effort.




V. CONCLUSIONS

1. The primary jet growth rate is significantly reduced in the ejector
configuration as a result of the coflowing induced flow. Associated with this
phenomena, the centerline velocity decay is reduced by 10 percent at the
ejector exit.

2. The values of normalized turbulent properties are in agreement with
those of a free-jet. This result suggests that the underlying turbulent
structure is not modified by the presence of the shroud.

3. The observed phenomena in the neighborhood of the ejector shroud can
be used to identify two distinct regions.

(a) The entrance region. It covers approximately the first half of the

ejector shroud. The flow field around this area is irrotational flow except
for the boundary layer near the wall. Turbulent transport is confined to the
jet which does not interact with the ejector walls,

(b) The interaction region. This region extends across the second half

of the ejector shroud. It is characterized by the interaction between the
walls and the jet. Turbulent transport towards the wall is the most
significant feature of this region.

4, The surface pressure distribution on the ejector shroud shows a large
suction around the nose. The pressure recovery occurs in both regions with
steepest gradient in the entrance region.

5. The effects of pressure ratio on the characteristics of ejector flow

in the configuration studied are not significant.
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Table 1. Dimensions of the Ejector System

L —ﬁ-1-r—- U'__-_‘i
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Physical Dimensions Normalized Parameters

Span, S = 50.8 cm Primary jet aspect ratio, S/h = 66.7
Primary jet width, h = 0.762 cm Mixing chamber aspect ratio, S/H = 5.0
Ejector width, H = 10.2 cm Ejector area ratio, H/h = 13.3
System width, H' = 20.3 cm Diffuser area ratio, 1.35
Mixing chamber length, L = 30.5 Em Mixing chamber length ratio, L/H = 3.0
Diffuser length, L' = 20.3 cm Normalized nose radius, R/H = 0.25
Diffuser angle, B = 5° Normalized system length:

- Nose radius, R = 2.5 cm Constant area ejector, 4.3

Constant area mixing chamber and
diffuser, 6.3




st

Table 2, Laser Doppler Velocimeter Focal Volume Characteristics

Lens focal length, f = 598 mm

Beams crossing angle, a = 4,72°

Beams diameter, Dg-2 = 1.3 mm

Focal volume length*, & = 7.3 mn
Focal volume width*, d = 0.3 mm

Fringe spancing®, df = 6.1 pm

Number of fringes, Nfp = 48

*These parameters vary by 5% for the blue and green focal volumes. The mean
value is given,
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Table 3. Comparison of Surface Pressure Measurements With Thrust Measurements

To ATc(*)
(Nw) (Nw)

ATM
(Nw)

39.1 10.3
113.3 28.1
263.2 64.6
506.7 122.5
548.9 129.3

1028.4 197.9

T
(*)AT = RS [ (ps - p) sine de
0

7.8
23.0
58.0

116.5
119.2
190.0

Table 4, Centerline Velocity Angle in the Optical Frame of Reference

X(Cm) Mex = 0.3 Mex = 0.5 Mex = 0-75 Mex =

2.5 45.09
5.1 45.09
44.70
45,01
45.69
44.38
44,18
45.10
45.29
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Figyure 2, Diagram hardware components of ejector facility.
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Figure 33. Downstream variation of the velocity at y = 4.0 cm. n ,

symbols measured velocity. Closed symbols u = Ujy(-Cp).
x1 = 12,7 cm (see Figure 16).
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Figure 39. Downstream variation of mass flow ratios.

X1 = 12.7 cm
(see Figure 16).
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(a) Downstream evolution of the momentum flux.
(b) Momentum conservation within the ejector shroud.
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l ] Figure 40. Momentum balance calculation. X1 = 12,7 cm (see Figure 16).
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Figure 41, Mean kinetic energy flux evolution within the
ejector shroud. x) = 12.7 cm (see Figure 16).
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Figure 46. Downstream evolution of the turbulent kinetic energy
(two components). xj = 12.7 cm (see Figure 16).




