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DEFINITION OF SYMBOLS

Symbol Definition
Re Reynolds number, pUL/p

o] . density

L reference length

dynamic viscosity coefficient

M Mach number

Pc ;ressure in settling chamber

D* nozzle threoat diameter

m mass flow rate

Tc chamber temperature’

v kinematic viscosity, p/p

jif mean veloceity

J distance between wire centers of screen (mesh length)
X distance downstream from screen

X5 congtant distance

Al settling chamber cross-sectional area
A nozzle throat area

u veloeity fluctuation

q dynamic pressure, %‘pUE

B turbulence energy per unit volume

k pressure drop coefficient of a screen
S(£) power spectral density

£ frequency



DEFINITION OF SYMBOLS (Continued)

Subscripts

1,2,3 indicate x, y, and z directions, respectively
c denotes settling chamber

Superscripts

* denotes nozzle throat

denotes time average



IN~AERO=69-1

AERODYNAMIC DESTIGN AND CALIBRATION OF THE
MSFC THERMAT~-ACOUSTIC JET FACILITY - COLD FLOW DUCT

SUMMARY

The aerodynamic design of the Cold Flow Duct is reviewed, and some
of the data obtained in the calibration test of the facility are pre-
sented, The calibration test showed that good control of the settling
chamber pressure could be maintained from 0.689 x 10° N/m® to 17 x 10° N/m%,
well within the # 1 percent design limits, and that the facility was
generally suitable for a variety of tests requiring a cold jet exhausting
into the atmosphere.

I, INTRODUCTTION

The Thermal-Acoustic Jet Facility (TAJF) contains hardware for a
cold flow jet (designated the "Cold Flow Duct') and a heated flow jet
(designated the "Helium Heater"). The two systems provide MSFC with a
versatile facility for experimental research on cold or heated jets (up
to 1088 °K). In addition to the useful purpose served by each jet alone,
the availability of the two control systems makes it possible to study
the intetraction of hot and cold jets and jets of two different gases,
This note deseribes only the Cold Flow Duct.

The Cold Flow Duct consists of a pressure regulation system, turbu-
lence control assembly, settling chamber, and a contraction séction to
which a nozzle, or nozzle cluster, can be attached. The working gas can
be air at pressures up to about 17 x 10° N/m® (depending on mass flow
rate) or other gases at pressures up to 10 x 10° N/m=, The high supply
pressures are desired to achieve exbaust jets with high Mach numbers (up
to about 4) and large expansion angles so that high altitude plume
impingement effects can be partially simulated. The stagnation tempera-
ture is always approximately atmospheric or slightly less.

The Cold Flow Duct was designed for jet turbulence and noise studies.
However, the system is quite yersatile and should be useful for other
purposes, The primary features are (1) a large pressure range, (2)
variable turbulence, and (3) choice of working gas. Some investigations
for which the Cold Flow Duct is suitable are (1) jet noise and turbulence,
(2) multiple jet impingement and base flow, and (3) jet impingement on
plate or deflector.



II. DESCRIPTION OF FACILITY

A layout of the facility is drawn in figure 1. The Cold Flow Duct
is located in the west end of the building, the Helium Heater in the
center, and the control and instrumentation room in the east end. The
instrumentation room has a double-wall construction and is insulated to
reduce the noise level inside.

The test air is supplied by the Test Laboratory's general purpose
air storage tanks located about 183 meters (600 feet) west of the TAJF.
The average storage pressure of this supply is 22 x 10% N/m® (3200 psi).
These tanks are connected to the TAJF by two 12.7 em (5 in) pipes, Four
auxiliary storage tanks with a total volume of 136 m® (4800 cu. ft.) are
located on the north side of the TAJF. However, these tanks are limited
to a storage pressure of 12,7 x 10% N/m® (1850 psi). The auxiliary tanks
can be used to store either air from the Test Laboratory or any other
suitable gas which can be brought pre-compressed to the TAJF by truck,

Figure 2 is a photograph of the Cold Flow Duct. The schlieren
system (large box frame) which is available for the TAJF is shown pushed
forward in its storage position. An optical "crossed~beam' apparatus is
shown in the measuring position near the nozzle. An adjustable support
which can hold various probes, such as pressure and temperature probes,
is also available for this facility. The vacant space in the foreground
of figure 2 is now filled by the Helium Heater.

Figure 3 is a close-up photograph of the settling chawber, and fig-
ure 4 is a cross-sectional drawing of the settling chamber. The large
hole in the settling chamber shown in figure 3 is an access port through
which 2 rake was mounted during the calibration test. A drawing of the
rake is given iIn figure 5. The port could also be used to inject tracers
or, conceivably, be used for a low-speed "wind tunnel." )

By use of a special extension pipe, the settling chamber can be
rolled outside the building to reduce sound reverberation for jet noise

tests.

An adapter is available so that all nozzles used on the Cold Flow
Duct can also be used on the Helium Heater. Also, the nozzle centerlines
of the Cold Flow Duct and Helium Heater are at the same height (123.4 cm
above the gurface of the supporting rails), and the rails are identical
in design so that all instrumentation is interchangeable between the
two jets.



ITT. AERQODYNAMIC DESIGN

The aerodynamic design is rather simple. The objective was to
provide for exhaust plumes whose Mach numbers, expansion angles, and
turbulence levels can be varied over a wide range by using different
nozzles, varying chamber pressure, and/or interchanging screens

upstream from the nozzle. The design considerations and specifications
were given in reference 1.

The following design limits or cperating conditions were fixed:
Chambex pressure, P, = 0.69 x 10% to 23.1 x 10° N/m®.

Nozzle throat diameter, D* = 1.27 to 5.08 cm (or equivalent
for clustered nozzles).

Mass flow rate, m = 2.27 to 81.66 kilogram/sec.

Chamber temperature, T, = 255°K to 322°K,

Because Astronautics Laboratory does not maintain the air supply
pressure much over 20.7 x 10%® N/m®, the maximum operating chamber pres-
sure is approximately 17.2 x 10 N/m=3,

A, Settling Chamber Design

1. Diffuser

The diffuser (section I of figure 6) is a tramnsition section
between the supply pipe and the settling chamber., The airspeed decreases
and the static pressure increases in this section causing an unfavorable
pressure gradient which tends to separate the flow. However, it was
. not considered worthwhile to shape the diffuser to prevent separation --
a very small divergence angle would be required [2] -- because the length
and cost increases would outweigh the advantages of maintaining attached
flow. The mean velocity variations and turbulence introduced by separa-
tion can be removed in the settling chamber by screems without undue
losses in total pressure. A divergence half-angle of 35 degrees was
chosen, A total temperature probe is mounted on a strut in this section.

2. Settling Chamber

The settling chamber {section II of figure 6) consists of a
turbulence control assembly and a smooth pipe section downstream, The
turbulence control assembly includes a honeycomb and system of screens
to produce uniform, low turbulence flow. If higher turbulence levels



are desired, screens can be inserted in a higher velocity region down-
stream (to be discussed later). .The smooth pipe section is necessary
to allow the residual turbulence to decay before passing through the
nozzle.

The diameter and length of the settling chamber were determined
primarily by the requirement of low turbulence at the nozzle entrance.
Also, the diameter must be large enocugh so that the maximum required
mass flow can be achieved at sufficiently low speeds so that pressure
losses across screens and loads on the screens are not excessive. But
the diameter should be small enough to keep wall thickness (determined
by structural loads) and fabrication costs within reasonable limits,

a. Length Considerations

Sixty-one centimeters of lepgth in the settling chamber is
allowed for the turbulence control assembly, The length of the pipe
section is determined by the distance required for the eddies emerging
from the last screen in the turbulence control assembly to decay, In
the initial period of decay the energy decays inversely with distance
downstream the screen [3], i.e.,

= 1
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where X, is a constant. However, farther downststream, after a transi-
tion period, the final period of decay begins in which the decay is much
more rapid,

2
LL 1
T x X, 5/=2 *
<I ) 7)

The distance required for the final period to set in increases with
increasing Re, Ug/v, as shown in the following table taken from fig-
ures 1, 2, and 3 of reference 4:

Re @Qg) X approximate distance from screen to
> £ ° start of final period of decay.
650 450
950 500
1360 600




Since the largest eddies persist for the longest time, the
mesh size of the last screen, which determines eddy sizes, should be
small; ¢ = 0,1587 cm (0.0625 in) was chosen, TUsing this mesh length,
the maximum Re for this settling chamber is on the order of 150,000
which is an order of magnitude greater than that of the above data.
Therefore, the final period of decay will begin at much greater dis-
tances in the settling chamber. 1In fact, it is impractical to extend
the length to accomplish the desired low turbulence level, because this
result can also be accomplished by making the contraction ratio, A./A%,
sufficiently large. A length of about 700g is considered appropriate.

Length = 700(0.1587) =~ 111 cm (44 inches).

This gives an overall settiing chamber length (turbulence control
assembly + pipe section) of about 175 cm (69 in)., However, about 18 cm

(7 in) of this is a contraction section leading te the single nozzle
adaptor.

b. Dizameter Considerations

Information on how turbulence behaves in a contraction
section is limited, Theoretical results in reference 3 indicate that
the rms longitudinal component of velocity f£fluctuations,

]
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decrease and the rms lateral fluctuations
J;g and Jﬁg s

increase across a rapid contraction. This is bormne out by experimental
evidence in reference 5, except that the lateral fluctuwations reach a
maximum in the contraction and then decrease rapidly toward the throat,
However, in the cold f£low jet, the contraction takes place in three
stages, and hence does not meet the requirement of being "rapid";
therefore, the behavior of turbulence in the contraction remaing in
doubt. However, it is believed that opposite changes in

——— st

=] = 2
wa and  pp oy



will occur, and the resultant rms velocity fluctuation
=, 2 4 =vif2

can be assumed roughly constant throughout the contraction., Therefore,
the relative turbulence level,

W2 + 12 + B3/,

decreases markedly as U increases in the contraction section.

A contraction ratio such that the relative turbulence level
is decrease by a factor of 1/40 from the settling chambexr to the throar
of the largest nozzle (D¥ = 5.08 cm) is considered adequate, Using the
continuity equation dnd the known ratio of densities at nozzle throat
to settling chamber, we can obtain the diameter,

* pA A
Uc TaE 1,577 oF 40

or

D¢ -] DC =]
G = Goog)” = 2B

D, = 25.58 cm (10.07 inches),

The settling chamber diameter was therefore fixed at 25.4 centimeters
(10 inches).



B. Maximum Speed and Dynamic Pressure

Since the settling chamber diameter and maximum mass flow rate
have been fixed, the maximum speed and dynamic pressure in the settling
chamber can be calculated.

* oAk . wOAw 75
U =E_i_[]“=.9_.%_ 7R'%—'~’T.
¢ P B¢ Be “¢ c ¢

Thus, V. depends only on A¥ and Tc- Using the maximum values of A™ and
To (Apax = 20.2 cm®, Temax = 322°K), we can find the maximum speed in
the settling chamber:

2

U. = 0.6339 (%ggg- J1.4(R) (.8333) N322 = 8.351 m/sec

max (27.4 ft/sec).

Wow, the dynamic pressure is computed below.

X % ok

2 X }zé'_’..E_T
U, =% Cg-) G °®

c c c

-1
qc 2 pc ¢’

Therefore, q, depends only on A* and P.. However, for any given A%, P,
is limited by the requirement that the mass flow not exceed 81,6 kilo-
grams per second (5.59 slugs per second).

Thus, the maximum operating P, with A* = 20.2 cm® is computed below:

A*Pc = 81..56 kilograms/sec.

or

. B1.56NRTe 81,56 JR(322)
Cmax ot | 20.2(.6339) J1.4(.8333)

A‘a’i‘ Pl e
pC 7 TC'.
= 17.8 x 10° SeWtoll  y580 psi)
¢ meter P *



Using P, « = 17.8 x 10° N/mZ, we can find the maximum operating dynamic
pressure in the settling chamber:

4

1.4 3.08
S5+ (0.6339)2 (25_4 (0.8333) (17.8 x 109

Il

Newton
6. 3 .
67 x 10% Corer?

€. Turbulence Control Assembly

The purpose of the turbulence control assembly is to produce uni-
form flow with only fine scale turbulence which will decay to an accept-
able level before passing through the nozzle. The turbulence control
devices (see figure 4) consist of a honeycomb at the upstream end of
the section and 5 screens of successively finer mesh spaced at 10.16 cm
intervals downstream of the honeycomb. The flow approaching the honey-
comb has a non-uniform mean velocity profile, V, due to flow separation
in the diffuser, Superimposed on the mean flow is intense turbulence
which is dominated by large eddies generated in the control valves, pipes,
and separated flow.

The effect of the honeycomb is to break up the largest eddies into
smaller eddies, damp out transverse fluctuating velocity components, turn
the mean flow parallel to the settling chamber walls, and make the mean
velocity profile more uniform through frictional resistance. According
to reference 1, the average eddy size in a circular pipe may be of the
order of 0,15 of the radius. The honeycomb should be several times
longer than the mean eddy size; therefore, the length was fixed at
20,16 cm. The honeycomb consists of 0.53 cm diameter holes drilled at
approximately 0.71 cm between centers through a 20,16 cm long cylinder.
The 0,53 cm hole size was selected so that a typical eddy, whose size is
of the order of 2.54 cm, would be forced through several different tubes,
thus leosing its identity and being broken up into several smaller eddies,
However, the wake from the honeycomb cells introduces additional turbu-
lence into the flow, but the eddies thus generated are much smaller than
the mean eddy size on the upstream side of the honeycomb, Therefore, a
reduction in turbulence at the nozzle is obtained, provided there is a
sufficient length of settling chamber, even though the turbulence
intensity might be greater immediately downstream of the honeycomb than
upstream. This is because small eddies decay faster than large.ones [3].



The screens decrease turbulent motions of larger scale than the
mesh size and, at the same time, if Re is greater than critical [5],
introduce turbulent motions of smaller scale. Although it is desirable
to keep Re less than critical (Recpjt is of the order of 100 based on
mesh length), it is impossible to do so under the specified operating
limits of this facility., The mesh size of the most downstream screen
was chosen previously as £ = 0,.1587 om. The mesh size and wire diameter
are increased successively on each upstream screen as shown in figure 4,

D. Single Nozzle Adaptor

Any desired single nozzle or nozzle cluster configuration can be
fitted to the downstream end of the settling chamber, Nozzle clusters
can be fitted directly ta the end of the settling chamber (Sta. A in
figure 6) by means of a "Gray-lock" coupling. The inside diameter at
this location is 15.24 cm. The nozzle assembly can be rotated teo any
desired angular position because there are no bolt holes to match in
the Gray-lock coupling method.

To mount a single nozzle, the single nozzle adaptor (section IIT of
figure 6) is used to reduce the inside diameter at the mounting position
(Sta, B) to 7.112 cm so that the nozzles will not be unnecessarily large.
The single nozzles are also mounted with Gray-lock couplings.

The inside walls at the joints at stations A and B are parallel to
the centerline for 3.8l cm on each side of the joint.

An adaptor is available for the Helium Heater, which has a 15,24 cm
ingide diameter Gray-lock fitting at its downstream end. Therefore, any
nozzle which can be fitted to the Cold Flow Duct can also be fitted to the
Helium Heater.

E. Turbulence-Generating Screens

If it is desired to create turbulence in the jet core, a coarse
screen can be placed at station A or B, or at both places. Tt seems
paradoxical that screens can be used either to damp out turbulence or
to generate it. However, by choosing the proper mesh size and location,
either of these effects can be attained [7]. We have seen before that
the proper method to reduce turbulence is to place fine-mesh scxeens in
a low speed section far upstream of the region where low turbulence is
desired. Conversely, to generate turbulence, one can place a coarse
screen in a high speed section near the region where a high turbulence



level is desired. In this way, large eddies are created which do not
have time to decay before they reach the area of interest. The stream
energy per unit volume converted into turbulence is proportional to the
dynamic pressure; therefore, it is advantageous to place the screen in
a high speed region to create intense turbulence.

E = kq. (1)

The constant k, usually called the "pressure drop coefficient,"” is a
function only of the screen geometry [2]. Substituting expressions for
E and q in the above equation, we get

E_:: k (2)

where NuZ is the resultant rms fluctuating velocity:

NpZ =Npd o+l + . 3

The presence of the screen does not decrease the mean dynamic pressure,
as can be secen by applying the continuity equation, but the turbulence
energy results from a decrease in the static pressure.

From equation 2, to produce a resultant rms velocity fluctuation
equal to the mean velocity, a k of one is needed; this need is not at

all uncommon. However, because the mean speed increases dramatically
in going through a supersonic nozzle, the ratio of

/TE
)
to U is drastically reduced, assuming
,KTE
i3
remains constant, However, the effect that the passage through a super-

sonic nozzle has on
,f 2
1

'is unknown.
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The screens which are available to insert at stations A and B are
listed below:

Station A

meshes per 2.54 em (1 in) Wire diameter k
(cm)

10 x 10 0.063 1.3

6 x6 0.119 2.0

4 x & 0.160 0.6

Station B

meshes per 2,54 em (1 in) Wire diameter k
(cm)
8x8 0.063 0.7
6 x 6 0.119 2.0 |
A A 0.160 06

b1
If a turbulence~free jet core is desired, no screem is placed at
stations A or B and filler rings are placed in the slots to maintain a
smooth wall contour,

F, TYNozzles

Any desired single nozzle or nozzle cluster configuration which is
consistent with the size and mass flow limitations listed previously may
be used on the Cold Flow Duct, However, two existing single nozzles
are of special interest because they were designed to produce shock-free
jets when run at their design stagnation pressures. These nozzles (shown
in figure 7) have exit Mach numbers of 2.46 and 3.34. The schlieren and
shadowgraph pictures 1in reference 8 show that the objective of shock-free
plumes was attained, These two nozzles were used in the facility calibra-
tion tests,

11



The nozzle contours, which were computed using the method of charac-
teristics, were corrected for boundary laver displacement thickness follow-
ing the method of reference 9. The relative size of the two nozzles was
chosen so that they produced equal thrust when operated at their design
stagnation pressures.

IV. GENERAL DISCUSSION

A, Control System and Mechanical Design

The design of the pressure control system and the hardware were
performed by the Hayes International Corporation under contract to the
Manufcaturing Engineering Laboratory. The pressure régulation system
is analyzed in reference 10. Because of the large mass flow range which
was required, two control circuits were used (see figure 1), The low
. flow rate circuit is used for mass flows in the range O kg/sec = m =

“ 4 kg/sec, and the high flow rate circuit for 4 kg/sec = 1 = 82 kg/sec.

B. Contamination of Jets

The primary use envisioned for the Cold Flow Duct, at least init-
ially, was for research involving optical techniques. For some applica-
tions, it is desirable to have the jet free of solid and liquid -particles.
Therefore, precautions were taken to minimize the particles in the flow.
All hardware downstream of the shut-off valves (valves 3 and 4 in fig-
ure 1) is made of stainless steel to prevent corrosion and the comsequent
roughening of the walls and contamination of the flow with rust particles.
Also, the compressed air supplied by the Test Laboratory is dried to a
specific humidity of approximately 10-% to 3 x 108, so that practically
no corrosion occurs in the supply pipes. Keeping the supply air at this
low moisture content also limits the formation of water droplets in the
jet core to negligible proportions. However, because moist air is
entrained im the turbulent shear layer of the jet and because the jet
is necessarily cold, condensation of water droplets in the shear layer
is unavoidable. TIf an experiment requires the jet to be free of water
drops, then -the, heater should be used. If the chamber pressure, P,
exceeds about 6.2 x 10° to 8,2 x 10° N/m® (depending on T.), the equi~
librium liquefaction temperature of air is reached in the jet core {see
a temperature-entropy diagram for air)., The liquid air phenomenon is
easily visible at pressures of 8.2 x 10° N/m? and above.

12



It is sometimes desirable to introduce a contaminant in the jet to
act as a tracer. A system is available for injecting a volatile liquid,
with solid particles suspended in it, into the auxiliary aix storage
tanks. The liquid droplets evaporate leaving the solid particles
suspended in air. This system has been used to inject teflon particles
suspended in freon for an optical "crossed-beam" test in which light
scattering from the particles produced the desired attenuation of light
beams. A tracer injector is also being developed to inject particles
in solid form into the flow just upstream of the setitling chamber.

Tf particles are desired only in the jet shear layer, the condensa-
tion droplets might be sufficient. However, it is unlikely to obtain a
uniform concentration of tracer particles across the shear layer either
from water vapor condensation or tracer injection, because the turbulent
mixing in the shear layer of "traced" air with "un-traced" air produces
a gradient in tracer concentration,

¢. TInstrumentation

The only permanent items of instrumentation on the Cold Flow Duct
are the total temperature probe (item #1 in figure 6) and the wall pres-
sure measurement in the settling chamber (item #2). However, other
instrumentation was used during the calibration testing, and it can be
used, if desired, for any experiment., The instrumentation is listed
and discussed below:

1, Total Temperature Probe (Item #1) - Type: Conax Copper-
Constantan Thermocouple - Accuracy of Measurement =
£0.55°K from 215°K to 360°K

This thermocouple is mounted op a pipe at the entrance to
the diffuser. The thermocouple is in a region of near-stagnant air
because of the presence of the pipe. 1In any case, the static tempera-
ture in this section does not vary significantly from total temperature
because the flow is in the low subsonic range. The temperature probe
was not installed downstream of the screens because it was desired to
avoid creating flow disturbances there.

2. Wall Pressure Measurement (Ttem #2)

A pressure transducer is attached to the outside wall of
the settling chamber for measuring the settling chamber static pressure.
This measurement is used both to control and record the settling chamber
pressure, By interchanging pressure transducers for different ranges
of pressure, the chamber pressure can be controlled so that the maximum
deviations from the mean are less than * 0.3 percent of the mean pressure.

13



3. Fluctuating Pressure Transducer (Item #3) - Type: Kistler
Model 601 L (0.063 cm dia.)

This transducer was used to measure the wall pressure fluc-
tuations in the settling chamber during the calibration test.

4, Pressure and Temperature RaKe (Item #4)

This rake consists of 6 temperature probes and 5 pitot
pressure probes. Tt was used during the calibration test to verify
that (1) the flow is uniform across the settling chamber, (2) the wall
static pressure could be assumed equal to the stagnation pressure with
acceptable accuracy for pressure control purposes, and (3) the stagna-
tion temperature measured upstream the honeycomb and screens is approxi-
mately equal to that obtained in the settling chamber; i.e., the heat
transfer to or from the honeycomb and screens is negligible. For normal
testing, this rake is removed, leaving the settling chamber unobstructed
and the walls smooth,.

5. Static Pressure Tubes (Item #5)

Static pressure tubes were used to méasure the static pres-
sure distribution along the walls of the Mach 2.46 and 3.34 nozzles.

6. TFluctuating Pressure Transducer (Item #6) - Type: Kistler
Model 601 L

Purpose: To measure the wall pressure fluctuations near
the exit plane of the mnozzle.

7. Pressure Tubes (Item #7)

Pressure tubes are placed just upstream and downstream of
stations A and B to obtain wall pressure measurements when sereens are
used at these locations. Using these measurements, the stagnation pres-
sure downstream of the screens can be estimated by subtracting the pres=-
sure drops across the screens from the measured settling chamber pressure.

8. Microphone - Type: Bruel and Kjaer Model 4135

The microphone was placed at different locations about the
jet during the calibration test to monitor the sound intensity,

9, Schlieren System - Type: Unertl
The schlieren system is mounted on a large box frame which
can be rolled to the desired location at the jet or back into its storage

position (see fig. 2). It has a circular field of view (dia. = 15.2 cm,
nominally).
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D. Facility Operation

A preliminary operation manual for the Cold Flow Duct was prepared
by Hayes International [l1l], and it is expected that the manual will be
revised and expanded for this facility by R-AERO-AE personnel,

The operation and performance of the facility have proved quite
satisfactory. The compressed air supply is adequate. Sufficient air
has normally been available to run as long and frequently as desired.
Figure 8 shows a typical schlieren made in the TAJF. )

YV, CALIBRATION TEST

Shakedown runs on the Cold Flow Duct were begun in September 1966.
The operation of the pressure control system was first checked out, and
then the tests described below were performed. An extensive quantity
of data was obtained of which oniy a small, representative amount is
presented in this note,

Unfortunately, the filler rings at statioms A and B were inadvert-
ently omitted during this test, leaving large circumferential slots. It
is believed that the presence of these slots did not sigmificantly
affect the data, A limited amount of data was later ébtained with the
slots filled for comparison with the earlier data.

A. Measurements in Settling Chamber

1. Rake Data

Figure 9 shows typical stagnation pressure distributions
across the settling chamber which were obtained by the rake for dif-
ferent stagnation pressures. These measurements were made using both
the Mach 2.46 and 3.34 nozzles and with all screens installed in the
turbulence control assembly. The results show that there were no
appreciable variations in pressure across the settling chamber, which,
of course, was to be expected.

Figure 10 gives the ratio of the wall static pressure to the
average rake pressure (average over all probes) as a function of the
rake pressure, Data for both nozzles are included. The bulk of these
data is in the range 0.995 to 1.005. The variations in Pyg11/Prake avg.
are considered to be within the measuring accuracy of the pressure
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transducer system which was used. Therefore, the stagnation pressure
can be considered equal to the measured wall static pressure without
any correction, This result was expected since the maximum speed in
the settling chamber is quite low.

Figure 11 shows typical stagnation temperature distributions
across the settling chamber. The maximum deviations of about * 0,55 °K
are considered to be within the measurement accuracy of the thermocouples,
The stagnation temperature measured upstream of the turbulence control
assembly was usually within * 3,3 °K of the rake measurements. There
was no consistent trend in the difference between T, (temperature in
diffuser) and Tysre. ¥or some runs, T; could be as much as 3.3°K
greater than T,..,. The magnitude of T, usually varied less than
+ 0.28°K about the mean during a run,

2. Fluctuating Pressures

The fluctuating pressures measured at the wall of the settling
chamber, P;, are presented in figure 12 in decibels as a function of the
stagnation pressure. The db levels were considerably higher for the ™
Mach 2.46 nozzle than for the Mach 3,34 nozzle. However, the Mach 2.46
nozzle has a larger throat area and therefore has a greater mass flow.
It is interesting that the db level reaches a peak, at least for the
Mach 2,46 nozzle, at about 5.5 x 10% N/m® and decreases with increasing
pressure (and mass flow rate) thereafter. :

The spectral analysis of the above wall pressure fluctuations
was presented in reference 12. Most of these data had a peak at about
5000 cps. Reference 12 also gives the spectral analysis of the output-
of an accelerometer which was attached to the outside wall of the settl~
ing chamber.

B, Measurements of, Nozzle Flow Field

It is believed that the two nozzles used in this test will be of
interest to other experimenters because it is possible to achieve shock-
free jets with them, Therefore, some of the experimental data on these
nozzles are presented.

Figure 13a shows the Mach number profiles along the walls of the
two nozzles as determined by static pressure measurements, These data
are given with and without the circumferential slots at stations A and B,
The presence of the slots had no appreciable effect on the Mach number
profiles, The cause of the upturn in indicated Mach number near the
exit of the Mach 3.4 (design Mach number) nozzle is not known. However,
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since it was consistent throughout the calibration test at various stagna-
tion pressures, it might be a real effect, Figure 13b shows the Mach
numbér distributions, determined from the pitot pressure rake measurements
of reference 13, across the nozzle exit plames. Both sets of data show
that the actual Mach numbers obtained at the nozzle exits were slightly
less than the design values, i.e,, M = 2,5 and 3.4, The approximate Mach
numbers obtained by averaging these results are 2,46 and 3,34. The dis-
crepancies were perhaps partially caused by inadequate correction for
boundary layer displacement thicknesses since errors of 0.066 cm

M = 2.5 nozzle) and 0,0736 cm (M = 3.4 nozzle) at the nozzle exits

would account for the observed effects.

Figure 14 shows that the Mach number along the wall of the nominal
Mach 2.46 nozzle increases with increasing Reynolds number. This is con-
sistent with a thinner boundary layer at higher Reynolds number. The
downsturn in Mach number near the nozzle exit at P, = 6.89 x 10° W/m2
indicates boundary layer separation. Figure 15 gives similar data for
the nominal Mach 3.34 nozzle. The variation in Mach number is not
nearly so large as for the Mach 2.46 nozzle; however, .neither is the
‘Reynolds number variationm,

Detailed pitot pressure and stagnation temperature profiles in the
jets from the two nozzles are given in reference 13 for several stagna-
tion pressures, P,.

C, Woise Produced by the Jets

The noise levels measured at two locations near the jets are given,
for both nozzles, as a function of chamber pressure in figure 12. The
noise levels at several other positions are given in reference 14, The
microphone was mounted at the same elevation as the nozzle. For a given
location and chamber pressure, the Mach 2,46 nozzle produced more noise
than the Mach 3.34 nozzle, The minima at position no. 1 at the chamber
pressures corresponding to the design (no-shock) walves are interesting.
The noise at this locatiom appears to be dominated by the interaction of
the lip shock with the turbulent shear layer, which can be readily seen
in shadowgraphs that show sound waves emanating from the shock-shear layer
intersection position. When the shock wave is removed by changing P. to
the design value, the sound level is reduced. Figure 16 shows the sound
waves emitted by the cluster jet model as seen by the shadowgraph tech-
nique. Figure 17 is a shadowgraph showing the jet exhaust from a single
nozzle
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The power spectrum of the noise measured at mike location 12 (see
figure 12 for mike position) is glven in figure 18 for the Mach 2.46 nozzle
operating at P, = 1.58 x 10° N/m®, the design stagnation pressure. These
data were obtained using an Allison one-third octave frequency analyzer.
The use of this machine is described in reference 12. The power spectrum
is rather peaked with the peak oOccurring at about 1000 cps, The mean
square sound pressure level can be found by taking the area under the
S(£) curve:

oo}

P2 = fs(f) af.

[+]

This integration was performed mechanically using a planimeter.
The results were converted to decibel form:

PE
db = 20 log o 53— P R
ref
where
_ Newton
Pref = 0,00002 moterZ °

‘The sound pressure level at this location obtained by the above
method was 147 db. This compares with 149 db obtained with an rms meter.
This is a satisfactory agreement consmderlng the possible errors involved

in the two methods.

The power spectrum of the noise at mike location 1 is given in fig-
ure 19 foxr the Mach 3.34 nozzle at 6,55 x 10° N/m®, The peak in the
power spectrum occurred at the same frequency as in figure 18, although
the Mach number, chamber pressure, etc., were different, Similar data
aré given in figure 20 at mike location 12 for the Mach 3.34 nozzle.
Comparison of figures 19 and 20 reveals the strong dependence of sound
pressure level on position along the jet, the level being much higher
1.524 m dovmstream from the nozzle than near the nozzle exit.

Figures 21 and 22 give the power spectra of the noise measured 3,35
and 4.87 m, respectively, from the Mach 2.5 jet centerline at 15.24 cm
downg tream of the nozzle exit. The sound pressure level falls off
markedly at this distance from the jet.
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FIG. 8. TYPICAL SCHLIEREN OF NEEDLE PROBE IN
PLUME OF CLUSTER JET 27
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A. MACH NUMBER DISTRIBUTIONS ALONG NOZZLE WALLS
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FIG. 46.  SHADOWGRAPH OF CLUSTER-JET EXHAUST
P, = 6.205 x 10° N/m2, ENGINE 2 AND 3
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SHADOWGRAPH OF JET EXHAUST
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