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By Morris D. Rousso and MIlh A. Beheim 

An bwestigation at Machnmibers 1.9 and 3.0 has shown that a cen- 
tral core of air of high stagpatian temperature can be produced in  the 
test  section of a supersonic w - b d  tunnel. A i r  heated by  conibuatian was 
injected in to  the tunnel Fn a streamwise airection frm a sonic nozzle 
near the  tunnel throat. The cross-sectioaal area of the core at   the  
test section, which was withh 90 percent of the maximum attainable 
sta@pation-taperature rise, was about 35 percent of that predicted f o r  
isentropic, one-dimensional, nonmixbg flow at Mach rider 1.9. A t  
Mach number 3.0 the core size w a s  about 25 percent of the theoretical. 
Core size and shape could be controlled by core-nozzle dimensions md 
location with respect to  the  tunnel throat. Mach nmiber profiles  at   the 
test  section in the  region of the core were fairly uniform and could be 
varied by controlling core t o  tmnel  main air stream tow-pressure 
ratio. In addition,  core Mach nmiber was affected by core-nozzle loca- 
tion and stagnation teraperature of the heated air. 

During actual flight through the  atrt~jsphere,  stagnation  conditions 
are dependent  upan flight Mach number and d t i tude .  It is desirable t o  
dqplicate as m&ny f l ight  conditions as possible fn the w h d  tunne&s; this 
is especially  true for propulsion system research. Some Wficul t iea  are 
encountered, however, when an attempt is made t o  match the high st&-- 
tion tp-mperatures by heating  the  entire tunnel air stream. The high 
tpsrperatures  cause mechanical and ope ra thg  problems with the t m e l  
and associated  equipent. In addition, the cost of hea;ting the air, 
especia3ly  for  tunnels with  high weight-flow rates, becomes very great.  

One method of a l l e d t l n g  these problems is t o  heat only the central 
portion of the air stream. Test models could then be located a t   the  test 
section within the heated  core. Although various nethods may be used t o  
heat this air, one of the easiest is to burn fuel in the air before 
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bject ing it into the tunnel m i n ’ a i r  st- near the tunnel throat. 
The apparatus requtred has the advantages of small size and low i n i t i a l  
and operating  cost. Disadvantages include the change i n  aLr properties 
and coq-ositim resulting f r o m  the cambustion process. I n  addition, 
disturbances including turbulence may result fram the presence of the 
injection nozzle and the hot  core of a&- Fn the tunnel main air stream. 

The present  investigation, which was conducted a t  the NACA Lewis 
laboratory, Is a partial evaluation of this 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 main factors considered. 
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SYMBOLS 

The following symbols are used in  th i s  report: 

local Mach  number 

-6s flow passing through diffueer 

maximum-capture mass flow of diffuser 

average to ta l  pressure of heated’air   at  core  nozzle 

average to t a l  pressure of tunnel nab a i r  stream at  tunnel throat 

avexage total pressure at  diffuser exit 

loca l  stagnation temperature at test  section 

average stagnation tatperataxre of heated air at core nozzle 

average stagnation temperature of unheated tunnel main air stream 

ratfo of specific  heats 

temperature-difference rat io  

geometric angle between difflrser axis snd line joining apex of 

T - To 
,TC’% 

cone t o  cowl lip, deg 

m~mpRoc- 
The installation of the t e s t  appmatus in two tunnels with normal 

operating &ch nmibers of 1.9 and 3:O is shown in figure 1. Both t m e l s  
normally operate  with approximately atmospheric inlet stagnation 
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pressure a stagnation  taperahme of 150° F, and dew points  less than 
about -8 F. The Reynolds numbers are approximately 3. 3X106 and 1. %lo6 
per foot  for  the Mach umbers of' 1 .9  and 3.0, respectively. The test 
section of both  tunnels is  18 by 18 inches. The nozzle of the Mach nun- 
ber 1.9 tunnel ia of conventional des-, whereas the Mach n M e r  3 .O 
tunnel  utilizes an abrupt eqansion on both walls in  the   in i t ia l  expan- 
sion  part of the nozzle in the m e r  of reference 1. Atmospheric a i r  
was heated for  the core in a parallel arrangement of four  jet-engine 
c&ustors us- JF-4 fuel. The tunnel main air stream was dried  as in 
n o r "  upemtian but M not  heated f o r  these  tests; it therefore Bad a 
stamation temgerature of abmt XIo I?. Test Reynolds numbers  were some- 
wplat less than in no1ll1&1 operation because the core t o  main air  stream 
total-pressure r a t i o  was controlled  by  throttling  the main air  stream. 
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The exterior of the convergent sonic  core  nozzle w&8 designed t o  
canform t o  the walls of the subsonic portion of the tunnel nozzle tn 
order t o  avoid choking upstream of the throat. All nozzles were two- 
dbens iona l .  On the basis of an isentrapic, one-dimensional, nonmixhg 
expansion t o  the normal operathg 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 t o t a l  pressures 
In the core and tunnel air  stream and equal s t a t i c  pressures at the 
test  section. A constant  value of y = 1.4 was used. f o r  a l l  calcula- 
tions throughout the repor t  with negligible loss of accuracy. 

The flow in the test  section w&s surveyed with a rake extenaing the 
width of the t e s t  section, where 1l pitot  tubes and U sspirathg  ther- 
mocouples  were equally spaced i n  alternating sequence. In sddition, 
five  static-pressure  orifices w e r e  located an the rake within % inches 
of the  tunnel waU, and wall s t a t i c  pressures e r e  measured at station 
60. 

1 

Presented in figure 2 are the  results of 8 survey of the test sec- 
tion at Mach number 1 .9  under conditions that genemted  cores of the 
greatest exbent and uniformity. The contour lInes of constant 8 were 
obtained by interpolation of teqerature  profiles,  such as the ones 
shown, taken a t  1-inch increments in  the plase of -ion at each 
axial station. For these data a 9- by 5.4-inch core  nozzle was located 
at  the  tunnel throat. For ideal, hwiscid flow a 9- by 8.4-inch  core 
size at the test section was predicted. However, at  szation 74 the 
cross-sectional area of the portion of the  actual core that was within 
90 percent of the maxjmum attafnable temperature rise was about 35 per- 
cent of the  tbeoreticsl  area. As expected, the size of the  useful . 
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portion of the core d3miniahed downstream in the test sectim. Because 
of shock interference on the survey rake at this Mach nuniber, measured 
stream s ta t ic  pressures could not be used and it was necessary t o  com- 
pute Mach number f r o m  wall s ta t ic  pressures at statim 60 and froan local 
p i t o t  pressures at the various axial  stations. Thus, the ccaPputed val- 
ues of Mach rider may not be exact,  but the data indicate the approxi- 
mate variation acros8 the test section. The Mach  numbers are fa i r ly  
uniform Fn the region of the core when+ a uniform temperature exists. - .  
Check points Fn other  planes at  the same station give the 68me results. . . 
Without the core In the tunnel, Mach nuniber6"neir the center line gen- 8 
erally did not vary by more than 0.01 &cross the test  section and 0.03 8 
along the test  section. 

Figure 3 shows the effect of varying the core-nozzle exit  location 
from that used f o r  fi@;ure 2. Although the core- t o  tunnel-total-pressure 
rat io  f o r  figure 3 is less than that f o r  the previous figure, it w i l l  be 
shown later that  the temperature data of both figures can be compared 
directly, although the Mach nrmiber profiles cannot be so treated. The 
largest core sizes and best core shapes were obtained with the core- 
nozzle exit located at the tunnel throat or slightly downatream. 

d he effect of core- to tmne~tot&.-presmre r a t i o  pCbT sho~n 
in figure 4. For all core-nozzle locations,  increased pressure ratios 
produced increased Mach ntmibers i n  the region of the core with l i t t l e  
effect on temperature profile8 and cmtoura. For carparable  core- t o  
tunnel-total-pressure  ratios,  higher Mach nmibers resulted with the core 
nozzle located upstream of the tunnel throat. Thus, i n  all probability 
the original tunnel Mach  number can be reproduced in a heated-core 
installation. 

All the data presented thua far have been obtained with a core-exit 
t q e r a t u r e  of about 500' F. A t  Mach  number 1.9 such a stagnation tem- 
perature roughly corresponde t o  that attained in flight at sea  level. 
A t  altitude, the required s t a p t  ion temperature would be lesa. The 
effect of reducing core-exit temperature t o  about 3Klo F is indicated 
i n  figure 5. Core size and Mach number@ i n  the region of the  core were 
somewhat reduced from those attained with core temperatures of 5ooo F. 
With cold flow through the core nozzle, appreciable  turbulence and buf- 
feting of the rake resulted, especially with core-exit  locations near 
the tunnel throat. With the core f l o w  heated, buffetlng was not 
noticeable. 

Core Studies at Mach Number 3.0 

The 9- by 5.4-inch  core exit used at Mach number 1.9 m a  also used 
in the Mach nuniber 3.0 tunnel. The nozzle location (12 in. upstream of 
the  tunnel throat) waa such that by isentropic, one-dimensional, nozlmlxbg 
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I flow a core approximately 9 by 9 inches would result at the test section. 
.1 With such an extreme nozzle location, the actual core at the  tes t  sec- . tion was very narrow, w i t h  the l m g  dimension at right  angles t o  the 

l a g  dbension of the core exit. The temperature-difference r a t i o  8 
was less than 0.75. Results were so poor that data are not  presented. Thus, for variable Mach rider tunnel Operation, a variable-size  core 
nozzle may also be needed. 

CN Because of the particular geometry of the nozzle used in the Mach 
0) nuzDber 3.0 tunnel, it was inrpractical t o  locate a reasonably sized core- 
0, nozzle exit at a t  had previously been detezmhed as the best position, 
tp 

that is, a t   the  tunnel throat. A 9- by 2-inch  core nozzle located 3 1 

inches upstresm of the  tunnel throat produced the best results attainable 
under the circumstances. A core- t o  tunnel-totabpressure r a t i o  of 0.96 
and a core-exit  temperature of 500° F were the only cond.itFons investi- 
@tea  a t  this Mach nmiber. The data for these cadi t ions are presented 
in figure 6. The core shape WE approximately rectangular rather than 
square, a trend also ob-served at Mach nmiber 1 .9  with upstream core-exit 
locations.  Core size was about 25 percent of the theoretical. Mach 

the main air streem and the local pitot pressures at  each station. The 
wall static pressure ne= the b e g d i n g  of the test section waa about 

previously, the Msch number profFles a m  fairly uniform in  the  region 
of the  core in all planes. The variation in Ihch nmiber across the test  
section w&8 greater than at the louer Mach nmiber. C-ted free-stream 
total  pressures in the core at the test section  generally  decreased in 
the damstream d3zection ehad were between 88 and 80 percent of the core- 
m e t  stagnation pressure. Because undried atmospheric air was used f o r  
the core and water vapor was m e  of the products of cmibustion, the dew 
point of this a i r  was high. Consequently, i n  spite of the high inlet 
temperature,  condensation shocks could be expected (ref. 2 1 which  would 
decrease t o t a l  pressures in the  core. 

C nunibers were cnnrputed from the average of the rake s t a t i c  pressures in 
4 

a 10 percent  greater  than the average stream s ta t ic  pressure. , As noted 

Data were a lso  obtained with larger core  nozzles located 
farther upstream of the tunnel. throat. As -cted, any dimension of 
the  core in  the  test  section could be increased by increasing the cor- 
responding dimension of the coxe exit provided the core exit was reason- 
ably close t o  the tunnel thmat. Shce  stagnatian tenperatms fn the 
core at the test  section were law when the core exit was located farther 
upstream, the data are not presented. 

D i f f u s e r  Performance in Heated Core a t  Mach Ifumber 1.9 
2 

A conical shock diffuser with a cowl-Met diemeker of 2.74 inches 
was operated at zero angle of attack and h c h  rnrmber 1.9 in  the heated . core near axial station 81 in order t o  determine resulting diffuser 
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performance. The performance data are presented in figure 7. As de- 
scribed i n  detai l  in reference 3, tbe  subcritical. stability of th i s  dif- 
fuser was very sensitive t o  cowl-lip  position. - Two cowl-lip  positions 
that had yielded &able subcritical  operation t o  mass-flow ratios of 
about 0.22 without the core were Fnvesti  ted within the  core. With a 
cowl-lip position parameter 1 9 ~  of 45.8T the  conical shock was w e l l  
within  the cowling. Operation in the heated  core somewhat diminished 
the  subcritical  stability. DurFng such stable subcritical operation,  the 
normal shock was observed t o  be sha,ky. A high-speed  motion picture study 
showed that this shakiness was not t rue  inlet  buzz  wherein the normal 
shock surges i n  and aut of the iiiff'uker,  but only a local   osci l la t im of 
the normal shock, perhaps due t o  varying free-stream  conditions. Buzz 
conditions  indicated in the data were, of the conventional  type. DurFng 
operation without the core with a cowl-lip  position parameter of 44.7O, 
the conical shock w a s  still WlthFn the cowling but  closer t o  the l ip .  
Subcritical  stability remained very  extensive, but the in le t  geometry 
W E ~ B  appraching one h e r e  shock instabil i ty would occur. DurFng opera- 
tion wi tha  the core, the conical shock was generally on the cowl Lip . 
and there wa6 vir tual ly  no stabi l i ty .  Variations in conical shock angle 
would result  from changes in Mach rimer and the r a t i o  of specific  heats 
y .  Use of the indicated  core Mach  numbers to  calculate a core to t a l  pres- Y 

sure  yielded  the impossible situation of an irregular  variation along the 
tunnel test section of the core t o t a l  pressure between 90 and 105 percent 
of its upstream plenum value.  Therefore, diffuser  pressure recovery 
Pl/Pc, carnputed with no losses assune'd frm the core nozzle t o  the t e a t  
section, may not  be exactly representative of the effect  of the  variaue 
conditions of core  operation on recovery. 
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Typical  schlieren photographs of, this diffbser under eimilar oper- 
ating  conditions with and without the heated  core are presented fn fig- 
ure 8. The exposure time of the photoyaphs was 1 microsecond  and 
1 / 2 0  second, respectively . 

An investigation ha8 been  conducted  of a method t o  increase the 
stagnation temperature of a core of we air stream in  a MEtch nuuiber 1 .9  
and a Mach number 3 .O tunnel. A portion of the air  was heated by cm- 
bustion and injected i n  a  streanrwise a i rec t im frcan sonic  nozzles into 
the  tunnel mafn air  streams near  the  tunnel throats. Terqperature and 
pressure  sunrep  in the test  sections  fndicated the followhg results: 

1. A heated core could be  produced along the center  line of the  test  
sectkons. With the best  conditions  investigated,  the  cross-sectional 
area of the core that was within 90 percent of the maximum attainable 
stagnation-temperature r i se  was about! 55 percent of that predicted f o r  
isentropic, one-dimensional, nonmixing flow a t  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 sbapes and sizes at the  test  sections were obtafned 
with the core-nozzle exits  located near the  tunnel throats or slightly 
downstream.  Core-nozzle  dimensions directly  affected  core shapes and 
sizes. 

3. Mach nuuibers at the test  sections in the region of the core were 
fairly uniform and varied  directly i n  the kch number 1 .9  tunnel with 
the core to tunnel main sir stream total-pressure  ratio at the throat. 
There was l i t t l e   e f f ec t  of pressure ratio on core  size and shape. 

4. Increasing  the sta-tion temperature of the  core in the Mach 
number 1.9 tunnel produced slight increases i n  bkch nmiber Fn the  region 
of the core at the test section and in core size. 

5. The subcritical. stability of a supersonic d3fRzser located within 
the  heated  core in the Mach nunber 1.9 tmnel  was carparable t o  that 
without the  core  with sane afffueer g e m t r i e s .  

L e w i s  Flight Propulsion Laboratory 
National Advisory C a m i t t e e  for  Aeronautics 

Cleveland, Ohio,  November 17, 1954 

1. Pinkel, I. Irving: EQuations for the Design of Two-DimenSionaL 
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2. Burgess, Warren C . , Jr . , and Seashore, Ferris L. : Criterion8  for 
Condensation-Free Flow in Supersonic Tunnels. NACA TN 2518, 1951. 
(Supersedes NAca RM E9E02.1 

3. Behew, Milkan A. : A preliminary Lnvestigation at Mach  Number 1.91 
of a Diffuser Employing a Pivoted Cone t o  Improve Operation at 
Angle of Attack.  NACA RM E53l30, 1953. 
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Figure 1. - Installation of heated-core test agparatue in Mach number 1.9 and 3.0 tunnels. 
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Figure 2. - Temperature and Mch number distributions  in 
teat sect ion of Mach number 1.9 tunnel. Core-nozzle 
exit Located at tunnel throat; PCPT = 0.93; Tc = XI@ F. 
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Figure 2. - Continued. Temperature  ond M c h  number dia- 
tributions in t e a t  section of Mach number 1.9 tunnel. 
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Figure 2.  - Concluded. Temperature and W h  number dis- 
tr lbutlons In t es t   sec t ion  of Mach number 1.9 tunnel. 
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Figure 3. - Effect of core-nozzle exit location on tempers- 
ture and Mach number dietribu€iozm i n  Mach number 1.9 
tunnel .  Axial etation, 811 Pc/PT = 0.88; Tc = 5ooo F. 
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(c)  Core ex i t ,  3 inches  upstream of tunnel  throat.  

Figure 3 .  ..I Concluded. Effect of core-nozzle  exit  location 
on temperature and Mach number dis t r ibu t ions   in  Mach num- 
ber 1.9 tunnel. Axial station, 81; Pc/PT = 0.88; Tc = 500' F. 
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Figure 4. - Continutd. Eiiect of core- to tuprrel'-totkl- 
pressure ratio Pc/PT on temperature and HBch nuaer  
distributioue in Msch rimer 1.9 tunnel. Axial station, 
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