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RESEARCH MEMORANDUM

PRELIMINARY IRVESTIGATION OF A TECHNIQUE OF PRODUCING A
HEATED CORE IN A SUPERSONIC WIND-TUNNEL STREAM

By Morris D. Rousso and Milton A. Beheim

SUMMARY

An investigation at Mach numbers 1.9 and 3.0 has shown that a2 cen-
tral core of air of high stagnation temperabture can be produced in the
test section of a supersonic wind tummel. Air hested by combustion was
injected into the tunnel in a streamwise direction fram & sonic nozzle
near the tunnel throet. The cross-sectional area of the core at the
test section, which wes within 90 percent of the maximm attaingble
stagnation-temperature rise, was sbout 35 percent of that predicted for
isentropic, one~dimensional, nonmixing flow &t Mach number 1.9. At
Msch number 3.0 the core size was about 25 percent of the theoretical.
Core size and shape could be controlled by core-nozzle dimensions and
location with respect to the tumnel throat. Mach number profiles at the
test section in the region of the core were fairly uniform and could be
varied by controlling core to tumnel main air stream total-pressure
ratlo. In addition, core Mach number was affected by core-nozzle loca-
tion and stagnation temperature of the heated air.

INTRODUCTION

During sctual flight through the atmosphere, stagnation conditioms
are dependent upon flight Mach number and altitude. It is desirable to
duplicate as many flight conditions as possible in the wind tunnels; this
1s especially true Ffor propulsion system research. Some difficulties are
encountered, however, when en attempt is made to match the high stagna-
tion temperatures by heating the entire tunnel air stream. The high
temperatures csuse mechanical and operating problems with the tummnel
and assoclated equipment. In addition, the cost of heating the air,
especially for tunnels with high weight-flow rates, becomes very great.

One method of alleviating these problems is to heat only the central
portion of the air stream. Test models could then be located at the test
section within the heasted core. Although verious methods may be used to
heat this air, one of the easliest is to burn fuel in the alr before
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inJecting it into the tunnel msin air stresm near the tummel throat.
The apparatus required has the advantages of smell size and low initisal
and operating cost. Disadvantages include the change in air properties
and comrogition resulting from the combustion process. In addition,
disturbances including turbulence may result from the presence of the
injection nozzle and the hot core of air in the tunnel main alr stream.

The present investigation, which was conducted at the NACA Lewis
laboratory, is a partial evaluation of thils method of producing a heated
core. The size and shape of the core and the Mach number profiles re-
sulting at the test section are the msin factors considered.

SYMBOLS

The following symbols are used in this report:

M local Mach number
m mess flow passing through diffuser
mg naximum-capture mass flow of diffuser
Pa aversge total pressure of heated air at core nozzle
Pp average total pressure of tumnel main alr stream at tunnel throat
P average total pressure at diffuser exit
T local stagnation temperature at test section
TC' average stagnetion tempersture of heated air at core nozzle
TO average stagnation temperature of unheated tunnel mein air stream
T ratio of specific heats :
T - T

temperature-difference ratio, -fc—_——T-c;

geometric angle between diffuser axis and line Joining apex of
cone to cowl lip, deg
AFPARATUS AND FPROCEDURE
The installation of the test apparatus in two tunnels with normal

operating Mach numbers of 1.9 and 3.0 is shown in figure 1. Both tunnels
normally operate with approximately atmospheric inlet stagnation
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pressureé a stagnation temperature of 150° F, and dew pointg less than
gbout -8~ F. The Reynolds numbers are approximately 3.3x108 and 1.9x108
per foot for the Mach numbers of 1.9 and 3.0, respectively. The test
section of both tunnels is 18 by 18 inches. The nozzle of the Mach num-
ber 1.9 tunnel is of conventional design, whereas the Mach number 3.0
tunnel utilizes an abrupt expansion on both walls In the initisl expan-
sion part of the nozzle In the manner of reference 1. Atmospheric air
was heated for the core in a parallel arrangement of four Jet-engine
carbustors using JP-4 fuel. The tunnel main sir stream was dried as in
normal operation bult was not heated for these tests; it therefore had =a
stagnation temperature of sbout 50° F. Test Reynolds numbers were some-
what less than in normsl coperatlon because the core to main ailr stream
total-pressure ratlo was controlled by throttling the main sir stream.

The exterior of the convergent sonic core nozzle was designed to
conform to the walls of the subsonic portion of the tummel nozzle in
order to avold choking upstreem of the throat. All nozzles were two-
dimensional. On the basis of an isentropic, one-dimensional, nonmixing
expansion to the normael operating Mach number of the tunnel, the core-
nozzle sizes were designed to create approximately a 9- by 9~inch core
in the test section. These calculations assumed equal total pressures
in the core and tunnel air streems and equal static pressures at the
test section. A constant value of ¥y = 1.4 was used for all calcula-
tions throughout the report with negligible loss of accuracy.

The flow in the test sectlon was surveyed with a reke extending the
width of the test sectlon, where 11 pltot tubes and 11 aspirating ther-
mocouples were equally spaced in alternating sequence. 1In additlon,

five static-pressure orifices were located on the rake within 471: inches

of the tunnel wall, and wall static pressures were measured at stabion
60.

RESULTS AND DISCUSSION
Core Studies at Mach Number 1.9

Pregsented in figure 2 are the results of a survey of the test sec-
tion st Mach number 1.9 under conditions that generated cores of the
greatest extent and uniformity. The contour lines of constant 6 were
obtained by interpolation of tempersture profiles, such as the ones
shown, taken at l-inch increments In the plane of expanslon at each
axial station. ¥For these data & 9- by 5.4-Inch core nozzle was located
at the tumnel throat. For ideal, inviscid flow a 8- by 8.4-1inch core
slze at the test section was predicted. However, at sctation 74 the
cross-gectional area of the portion of the actual core that was within
90 percent of the maximum atteinsble temperature rise was about 35 per-
cent of the theoretical area. As expected, the size of the useful
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portion of the core diminished downstream in the test section. Becsause
of shock interference on the survey rake at this Mach number , hmeasured
stream static pressures could not be used and it was necessary to com-
pute Mach number from wall static pressures at station 60 and fraom local
pitot pressures at the various axial stations. Thus, the computed val-
ues of Mach number may not be exact, but the date indicate the approxi-
mate variation across the test section. The Mach numbers are fairly
uniform in the reglon of the core where a uniform temperature exists.
Check points In other planes at the same station give the same results.
Without the core in the tumnel, Mach numbers near the center line gen-
erally did not vary by more than 0.0l across the test section amnd 0.03
along the test section.

Figure 3 shows the effect of varying the core-nozzle exit location
from that used for figure 2. Although the core- to tunnel-total-pressure
ratio for figure 3 1s less than that for the previous figure, it will be
shown later that the temperature date of both figures can be compared
directly, although the Msch number profiles cannot be sc treated. The
lgrgest core sizes and best core shapes were obtalned with the core-
nozzle exlt located at the tunnel throat or slightly downstream.

The effect of core- to tunnel-total-pressure ratio PC/PT 1s shown
in figure 4. For all core-nozzle locatlons, increased pressure ratios
produced increased Masch numbers in the region of the core with little
effect on temperature proflles and contours. For comparable core- to
tunnel-total-pressure ratios, higher Mach numbers resulted with the core
nozzle located upstream of the tunnel throat. Thus, in all probability
the originsl tunnel Mach number can be reproduced in a heated-core
installation.

All the data presented thus far heve been obtained with & core-exilt
temperature of about 500° F. At Mach number 1.9 such a stagnation tem-
persture roughly corresponds to that attalned in flight at sea level.
At altitude, the required stagnation temperature would be less. The
effect of red.uc:Lng core-exit tempersture to sbout 300° F is indicated
in figure 5. Core size and Mach numberg in the region of the core were
somewhat reduced fram those attained with core temperatures of 500° F.
With cold flow through the core nozzle, appreciable turbulence and buf-
feting of the rake resulted, especlally with core-exit locations near
the tunnel throat. With the core flow heated, buffeting was not
noticeable. ’ C

Core Studies st Mach Number 3.0

The 9~ by 5.4-inch core exlit used at Mach number 1.9 was also used
in the Mach number 3.0 tunnel. The nozzle location (12 in. upstreem of

the tunnel throet) was such that by isentropic, one-dimensional, nonmixing
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flow & core approximately 9 by 9 inches would result at the test section.
With such an extreme nozzle location, the actual core st the test sec-
tion wes very narrow, with the long dimension at right angles to the
long dimension of the core exit. The temperature-difference ratio 8
was less than 0.75. Results were so poor that date are not presented.
Thus, for veriable Mach number tunnel operation, & veriable-size core
nozzle may also be needed.

Because of the particular geometry of the nozzle used in the Mach
number 3.0 tunmnel, 1t was impractical to locate a reasocnably sized core-
nozzle exit at what had previously been determined as the best positiom,

that is, at the tunnel throat. A 9- by 2-inch core nozzle located 4%'

inches upstream of the tunnel throat produced the best results attainable
under the circumstances. A core- to tunmel-total-pressure ratio of 0.96
and & core-exit temperature of 500° F were the only conditions investi-
gated at thils Mach number. The data for these conditlons are presented
in figure 6. The core shape wes approximately rectangulasr rather than
square, & trend also observed at Mach number 1.9 with upstream core-exit
locations. Core size was gbout 25 percent of the theoretical. Mach
numbers were computed from the average of the rake static pressures in
the main air stream and the locel plitot pressures at each gtation. The
wall stabic pressure neer the beginning of the test sectlion was 2bout

10 percent greater than the average stream statlic pressure.. As noted
previcusly, the Mach number profiles are falrly uniform in the region

of the core in all planes. The varistlon in Mach mumber across the test
section was greater than at the lower Mach number. Computed free-stream
total pressures in the core at the test section generally decreased in
the downstream direction and were between 88 and 80 percent of the core-
inlet stagnation pressure. Becsuse undried atmospheric alr was used for
the core and water vepor was one of the products of combustion, the dew
point of this air was high. Consequently, in spite of the high inlet
temperature, condemsation shocks could be expected (ref. 2) which would
decreage total pressures in the core.

Data were also cbtained with larger core nozzles located
Parther upstream of the tumnel throat. As expected, any dimension of
the core in the test section could be Increased by increasing the cor-
responding dimension of the core exit provided the core exit wes reason-
ably close to the tummel throat. 8Since stagnation temperatures in the
core at the test section were low when the core exit was located ferther
upstream, the date are not presented.

Diffuser Performsnce in Heated Core at Mach Number 1.9
A conical shock diffuser with s cowl~inlet diesmeter of 2.74 inches

was operated at zero angle of attack and Mach mmber 1.9 in the heated
core neaxr axisl statlon 81 in order to determine resulting diffuser
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performance. The performance data are presented in figure 7. As de- «
scribed in detail In reference 3, the subcriltical stabillity of this dif-
fuser was very sensltive to cowl-lip position. Two cowl-lip positions
that had ylelded steble subcritical operation to mass-flow ratios of
about 0.22 without the core were investigeted within the core. With e
cowl-1lip position paremeter 91 of 45.8%, the conical shock was well
within the cowling. Operstion in the heated core somewhat diminished

the subcritical stability. During such stable suberitical operation, the
normal shock was cobserved to be shaky. A high-speed motion picture study
showed that this shekiness wag not true inlet buzz wherein the normal
shock surges in and out of the diffuser, but only a local oscillation of
the normal shock, perhaps due to varyling free-stream conditions. Buzz
conditions indicated in the data were of the conventional type. During
operation without the core wilith a cowl-1ip position parameter of 44.70,
the conicel ghock was still within the cowling but closer to the 1ip.
Subcritical stebility remained very extemsive, but the inlet gecmetry

was approaching one where shock instebility would occur. During opera-
tion within the core, the conical shock was generally on the cowl 1lip

and there was virtually no stabllity. Variations In conical shock angle
would result from changes in Mach number and the ratio of specific heats .
Y. Use of the indicated core Mach numbers to calculate & core total pres- ¥
sure yielded the impossible situastion of an irregulsr variation along the
tunnel test section of the core total pressure between 90 and 105 percent
of ite upstream plenum velue. Therefore, diffuser pressure recovery w
Pl/Pc, computed with no losses assumed from the core nozzle to the test
section, may not be exactly representative of the effect of the variocus
condltions of core operation on recovery.

®x

Typical schlieren photographs of this diffuser under simllar oper-
ating conditions with and wilthout the heated core are presented in fig-
ure 8. The exposure time of the photographs was 1 microsecond and
1/200 second, respectively.

SUMMARY OF RESULTS

An investigetion has been conducted of a method to incresse the
stagnation temperature of a core of the air gtream in g Mach number 1.9
and a Mach number 3.0 tunnel. A portion of the air wes heated by com-
bustion and injected in a stresmwise dlrection from sonic nozzles Into
the tunnel main air streams near the tunnel throats. Temperature and
pressure surveys in the test sectlons' indicated the followlng results:

1. A heated core could be produced along the center line of the test .
sections. With the best conditions Investlgated, the croes-sectlonal
area of the core that was within 90 percent of the meximum attainable
stagnation-temperature rise was about! 35 percent of that predicted for
igentropic, one-dimensional, nonmixing flow at Mach number 1.9. At Mach
number 3.0 the core size was about 25 percent of the theoretical size.

»
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2. The best core shapes and sizes at the test sections were obtained
with the core-nozzle exits located near the tunnel throats or slightly
downstream. Core-nozzle dimensions directly affected core shapes and
sizes.

3. Mach numbers at the test sections in the region of the core were
failrly uniform end varied directly in the Mach number 1.9 tunnel with
the core to tunnel main air stream total-pressure ratio at the throat.
There was little effect of pressure ratio on core size and shape.

4. Tncressing the stagnation temperature of the core in the Mach
number 1.9 tunnel produced slight increases in Mach number in the region
of the core at the test section and in core size.

5. The subcritical stebility of a supersonic diffuser located within
the heated core in the Mach number 1.9 tunnel was comparable to that

without the core with same diffuser geametries.

Lewis Flight Propulsion Leboratory
Nationel Advisory Committee for Aeronautics
Cleveland, Ohio, November 17, 1954
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Figure 5. - Tempersture and Mach number distributions with
decreased core temperatures in Mach number 1.9 tunnel.
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Filgure 6. - Temperafure and Mach nunber distributions in

test section of Mach number 3.0 tunnel. Core-nozzle

exit, 4—% inches upstream of tunnel throat; Pp/Pq = 0.96;

_ o
Tg = 5007 F.



NACA RM E54K0Z e

18
3 5 |Profile througn tumel ¢ in
16 ansion plane
]
14 o8
T~
2 \/ ™~
/—\),—.9
10 s ) / 1.0
|
3.3 8 /i( 1 \ N
6 lé \‘\-\> \|
I N 7
~ \
3.1 8 4 ? \—L h_
g 4 N M ﬁ N
3 ¥ ®
29 5 O S
§ (c) station 87.
3 18
g
= & 16
-~ @
] 2
T Ewn 8
s B S
i 12 s
(/—.f.s
10 ¥ 1.0
- T f v
1 i .
& - | -

5.1 4 / \S,Z\ M o X‘:Z
. S .
Lo T T N, LY

2.9 G- 2 4 6 8 10 12 1 8
Distance from tunnel wall in expansion plane, in.

(&) Station 91.
Figure 6. - Concluded. Temperature and Mech nurber dis-
trivutions in test section of Mach number 3.0 tunnel.
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Figure 7. - Effect of heated core on diffuser stability in Mech mmber 1.S tunmel. Ty = 480° F. .
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Flgure 8. - Bchlleren photographs of diffuser in Mach mumber 1.9 tymnel. sz = 45.80.

:
2
:

T2




08t - gg-g1-§ ~ LRUWT-YOVN

A
L -;»‘
» .
b,

L

. | : e 1

Without heated core. With heated core, T, = 480" F; PC/PT = 1.0; core exit,
3 inches upstream Of tunnel throat.

(b) Minimum stable Aiffuser Tlow operatiom.

Flgure §. -DConcluded. Schlieren photographs of diffuser in Mach mmber 1.9 tummel.
8, = 45.8".
1

22

S0APSHE WH VOVN




