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A SYSTE HATIC STUDY OF A VARIABLE AREA

SBR rUm OUrBROUNLIC FiIND TUNRELS

Prepared by:

J. L. Digginz and A. H. Lange

ABSTRACT: A diffuser of variable geomeiric shape was
teated feor premsure yecovery at Mach numbers 1.9, 2.5,
2.8, and 4.% in tbe continuous NOL 18 x 18 cn Aerophysics
Tunnm- ¥o. 3. The diffuser conzsisted of s converging-
divorging, two-dimensional, wvariable-arsa duct. The
opening of the diffuser throat and the location c¢f the
throat along the center line of The duct was varied
systematicaelly during the tests. Furihermore, the
effect of closed or hali cpen test section on diffuser
efficlerncy and thet of & model in the air stream were
investigated.

Orerating and starting pressure ratios of the wind
tucnel were determined and performance data of the
diffuser ars given for both cases. Prossure rccoveries
cf the operating tunnel were obtained for optimum
diffuser configurations with diffuser end-pressure
ranging up to 1.8 times pitot pressurc in the test
section at K = 4.9, Also lcover pressure ratios to
start the tuannel than previously known were found.
This means that, using this diffuser, a continuous
tunrel can now e operated with less power, cr an
intermittent tunnel can run for a longer time, 224
that théy both can be staried with a s=aller (closer
to one) over-all pressure rstio.

The pressure recoveries obtained in £ balf open test
section and with wmodels in the stream are somewhat
iower, but ik3 serformance of the diffusexr is not
seriouvsly offset by those modificetions.
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This NAVORD “iscusses a systematic study qf a high
efficiency diffuser for a suvyerronic wind tutnei.
It wvas decided in 1946 *¢o dbuild a new version of
the NOL 18 x 18 cm continucus wind tunnel.

Dr. H. H. Kurzweg initiated the derign of an
improved diffuse> as a 'part of this project. The
firot results c» pressure recovery were publisghed
in 1949 anc¢ the efficiency attained was higher
than that of previous difsusers. Mr. J. L. Diggins
then carziec out a systemziic study on optimum
diffuser coafiguration in a range of Mach numbers.
Before completion of this work Mr. Diggins trans-
ferred from WOL and dr. A H. Lange completed the
investigation and thereiore reports the data.

The authors wish to acknowrledge the work of
Mr. H. W. Henderson wvho dnsigned the complex
diffuser mechanisa.

EDVARD L. WOODYARD
Captain, USN
Commander .

H. H. KURZWEG, Chief
Aeroballistic Research Departaent
By direction
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LIST OF SYMBOLS
Diffuser entrance area_equal to nozzle
exit area - 18 x 18 cm?
Diffuser throat area
Nozzle throat area
Diffuser widtbh - 18 cm
Lengih of diffuser - 12.7D = 228.6 cm

Distance from diffuser entrance to diffuser
throat

Supply pressure
Pitot pressure ccrresponding to M

Static pressure (free stream) corresponding
to M

Sphere pressure - pressure in the vacuum

vessel ususlly given for starting conditions

End pressure - sphere pressure at flow
breakdown

Pitot pressure recovery

Supply pressure recovery

Starting pressure ratio

Diffuser area ratio

Mach number of flow entering diffuser

= MdD rhe , Reynolds nuamber refsrred
Sl &0 o

to tunnel width and free stream conditions
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A SYSTEHATIC STUDY OF A VARIABLE AREA
DIFFUSER FUR SUPERSONIC 'IN“ TUEHELS

I. INTRODUCTION

1. Until 194¢, diffusers in superscnic wind tunnels
were generaily shaped foilowing a design given by
Prandtl in 1926 fZor the small 6 x § ¢m Goettingen

tunnel (reference 1) or simple diverging ducts were
smployed a& in subsonic tunnels. Prandtli's variable
ares diffuser, however, was -ainly meant to he @&

device to keep thc {low steady and independent of

the pressure in the vacuum vessel over the blow-down
period of intermittent wind tunnels and irreversi-
bilit!es in ths flow were of little concern at that
time. Later, the high power requirement of larger
tunnels directed the attention to the more a2fficient
transiormation of the kinetic emnergy contained in the
flow into pressure by the use of better difiusers. In
1944, Oswatitsch (refer=nce 2) demornstrated experimental-
iy for a ramjet diffuser that pressure recoveries higher
than those attained by & normal shock and subgsequeant
igentrepic deceleration {pitot recovery) could bhe
obtained when the fluid was made to pass through :
number ©f oblique shocks. The application of these
results to the design of wiad-tumnel dififusers was
initiated at NOL by Kurzweg (raference 3) in 1946.

Undexr his direction, subaequeantly, a "wedge" diffuser
was designed and incorporated in 1949 (reference 4)

as part of the NGL Aercophnysica Tunnel No. 2. The first
above pitot recovery diffuser end nrsssurs was demon-
strated by Rurzweg at M = 2.48 (reference 5). In the
foiliowing, the detailed results obtained from this
diffuser are reported. ¥Yinimu= pressure ratios
necessary for starting ¢the tumnel wsere alsc determined
because the miagimum pressure ratio that must be produced
by a pump strongly influences its size, cost, and

the total cost of 2 wind-tunnel installation. The final
dats will be compared wi¢h Gther higher efficlency
diffusers suchk as these given by Neumann and Lustwerk
{referances 6 and 7) rd others (references 8, 9, and 10).

1.
-
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11, TEST EGUIPMENT

2. A description of the NOL Aercphysics Tunnel No. 3
and particularly the elaborate diffuser mechanism, is
given in reierence 4. The tunnel (gsee Figure 1) has
an 18 x 18 om cross-gection and parallel sidewszlls.
The test section Mazch number is changed by ingerting
various nozzle blocks. The dr.ied supply air has
atmospheric temperatures and pressure. The air is
taken irom the atucsphere through drier and +unne
into the vacuum vesseél callied "sphere." This vessel
iz evacusted by a set of vacuum pumps suificiently
large to permit continuouz tunuel operation. (The
sphiere i= needed for iarger tunuels operated inter-
mititently by the same plant.) The difluser is 228.6
cm or 12.7 D long. It consists of two puirs of

plane hinged piates which are held between the
parallel sidewzlls. These plates form a convergent-
divergent duct with the diffuser throat, at the hinge
The front plate and the rear plate of a pair of hinges
{(Figure Z) are connected, with the edge of the resr
plate Baving & 6.4 cm radius. The throat can be set
at variouz locaticns between 0.7 D and 1i.7 D down-
stream from the diziuzar entrance gnd ¢an be Gpéﬁéu
or closad during the blow by sn electric drive. The
axial distance between nozzle exit and diffuser
entrance is 25 cm or 1.4 D. ¥ith twc parallel piates
connecting diffuser entrance with nozzle exit, the
test section arrangement is called "closed tunnel.”
With these plates removed the arrungement iz cailsd
"half-opea tunnel.” The model used in some tests is
a 60° total sngle cone of 3 cm base diameter on =
circulgy awvc support with 2 total projected area of
8.7 cm® or 0.027 A. Pigure 3 shows th® model in the
tunnel and the top plate removed,

IXx, TEST PROCEDURE

3. The tust procedure is as follows:

2. listablish & vacuur in the sphere considerably
higier than nzeded for startimg the tunnel.

b. Oper valve betweern tunnel and sphere (blow
valve, Figure 4) while having diffuser throat

-
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open uncil supersounic flow is established
iz the tegct section.

c. Jlosa diffuser throat to predotermined
value of throat opening.

d. Let spherec pressure rise slowly (by
opeuning 2f a bleeding valve or stopping of
pumps) and rcad the sphere pressure at the
mnomer:t the flow breaks down. (The flow
breakdown is “etermined firom schlieren obl-
servaticn in the test section.

The following quantities were measured. (See

Pigure 4)

‘s,

6.

a. Mach number, M, in the test section, teken
from nozzle calibrations.

b. Sphere pressure pg,at the start and at
flow brezk down, Py §o average accuracy of
0.1 mm Hg.

¢c. Ditfuser throat opening A®s,
Variable paia-eiers tor different groups of tests.

a. 'Location of the diffuser throat, placed at
various positions between 1.i4 D and 9.53 D
downstream of the diffuser entrance.

b. S&Shape of the duct upstream of the diffuser
entrance. The three configurations tested were

the closed tunnel wiih nozzile and diffuser connect-
ed flush, the half-cpen tunnel with top and bottom
of the counnecting duct removed, and ftinsally the
closed turnel with a xwodel placed into the test
section.

iV. RESULTS

To present ths results, the pressure at the end o

the diffuser (pg or pE) is divided by:

&. the pitot pressure ), in the test section at
the specified Mach nu-be? viz. pp ,

Pp

5
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b. the supply pressure p, viz. PE
Po
The ratios formed in this manner are called pressure

recoveries and one must therefore disgtirguish hetween
"pitot-recovery"” and "supply recovery.'

7. The pitot recovery is plotted versus the diffuser
area ratio in Fipgures 5 through 8 for the Mach numbers
1.86, 2.48, Z2.83, and 4.52. 7Three curves are shown

o each graph for the three duct configurations in-
vestigated. The four grapas reprs=szent the »ziation

of pg/pp vS. A**/A for the optimuam diffuser geometry:
i.e., for the locatiorn of thc throat where the high-
est recoveries were obtained. This optimum location
is different for each Mach number snd is ncted cn

the grapis.

€. The break-off of the curves at the right @nd
denotes the minipum diffuger throat area required
for starting the tunnel, while the lei{ side break-
off: marks the minimum area for running the tunnsl.

2. It is scen that after supmsonic flow is established
it can be maintained up to pressure® wiaich are larger
than pitct pressurs with the excepiion oi the icwest
Mach number. The gein in terms of pitct recovery be-
comes more pronounce: with increasing Mach number.

A pressurs ratio of p./pp = 1.81 im reached at M = 4.92
with the preseat diffuser. The pressure recovery is
sdversely afifected by a model in the test section or

a half open test section. The added model gives the
lowest recovery. The detrimental affest of the mcdel
is less provounced at the higher Each numbers where
losses due to frictionm ard wake are partiy compensatcd
by the oblique shock system added by the model. The
effect of thke model may be negligible at Mach numbers
abovs € as demonstrated in reference 10.

10. The influence o2f variscvinns in threat location
i3 shown in Figure 9 and Figure 10. Here, the high--
&¢8t values ~f pressure recovery referred tc pitot
prexsura and =uttly oresaure cobtained for the closed
tunnel, (without 2 model), are plotted vs. throst
location 1#=*/D. Iciermined by the mechanical
construction of the diffuser, the throat could not

be shifted coatinuously but had to be set at discrete
points, the exact location of which is noted at the
top of the figurcs. However, there is gooda reason

to assume that no =xtreme values were missed by the
densely sraced setiiungs. It must be reaiized that
evory vervical line in the graphs represents a diffuser

4
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of different basic geometry and that the points

shown indicate the optimux pressure recovery
attainable.

l11. it can be seen that in contrast to the pitot
recovery the suppiy recovery decreases with Mach
number. This is to be expected from the fact
that static pressurs rsailog drop strongly with
increasing Mach nusber. Purtherzore the Reynolds
numbers of the flow (noted next to ¥ in Figures

9 and 10), decreass with increzsing Mach numbers,
(constant supply preasure).

12. It is interesting to note the optimum throat
location in Pigure 9. The optimum of the recovery
&3 a function of throect location is not pronounced

up to M -« 2.53. However, at M z 4.2 a definite
optimum is noted at 4 D.

13. Pigure 11 shows under the designation '"operation
closed" & plot of the difiuser arsa ratios that yield
optimum values of pressure recovery vs. Mach number

for the operating tunnal. Also given is the theoretical
nozzle sree ratio for potentizi flow. Tiais curve
represents an idesl liaiting case (rsference 1l1) that
can never be reached actually. The group of curves

of the same figure (Figure 11) shows the other diffuser’
area ratios required for atarting the flow in the
tunnel for the case of the closed tunnel and the

closed tunnel with the model mounted in the air stream.
Additional area is required to start the tunnel with
the model but this additional area becomes smaller

with increasing Mach number and is insignificant at
M- 4.92.

14. Another fact of practical iaportance is borne out
by the experimental curves; i.e¢., that area ratioe

greater than 1 are required to starf! and operate the
tunnel at M = 1.56.

15. The oxporinontal values are compared with:

A A p
O 7 b (1)

the theoretical miniaum opening (see e.g. refererce 1l1l)
required for "swallowing" the -~»mg) shcck. Here it

is zeen that the qualitativa benaviuir is well represeunted

S
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by the thecratical curve irc & certsin Mach nuaber
range ( 2<M<4 ) in which the deviation is

e T e %
arproxXisatsly constant,

15. The press&ure ratic requiraed fcr starting the

fiow in the tuansl is shown in Figzure 12 28 & furction
of the diffuser arca ratio. The vertical tangents of
the curves on tholir ieft indicate that closiug the
diffuser throat beyond s definite area ratic prevents
the flow from zeiiing established and that even very
high vacus are unable to overcome a small defect in
throst arez.

i7. Although starting of the tunael in the fashion
described in section III im not fZeasibie xt ¥ - 1.56,
it was possible t2 estsbiish and hold flow in the
tunnel by firct epening ths blow-vxive while having
a plug iz the nozzle throat and then quickly removineg
this plugz.

18. PFigure 13 shows 2 comparison of the optimum pressure
recoveries obtained at various facilities. The pressgure
data ars compared with those msasured at HIT (reference 7)
in the WACA Langley Eypersoric Tumnnel (reference 8) snd in
the NOL 12 x 12 c= Hypersonic Tunnel Mo, 4 (rgfsrence 9).
The soiid line (p,/p,) represents the faired recoveries
obtained ir variolis tunnels. I¢ is represented by

2

;fk = , .-0.0885M .-

=} 08¢ in the range [ 75 <M< ) {2)
-] . .
All the tunzels are in the zume range of Reynolds
numbers and have approximately similar diffusers.

19. The pitot recoveries ars faired by the dashed 1lirne
and show scatter, that is not noticesble in the izsensitive
supply pressure recovery plot.

20, The optimum starting pressure, i.0., the highest
pressures (referrad to pitct prassure and static presanrse)
with wkich flow caa be esisblished are shovn in Figure 14.
The results of the NOL hypersonic diffuser inve=ztization
{reference 9) are alzo shown and again these data ars on
one curve with the data of the present investigation.

The sterting pressu: 2 relerred to the pitci pressure

suows the following deviation over the whcle Mach number
TRLES:

B4 =107 12.5 % ; (1.8 <M< 2.6) (3)
&
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21. A seories of schlieren picture frames of the

fiow in the diffuser throat selected from s wmoving
Plcture f1ila is showan in Figure 15. The pictursz were
taken witih rising pressure at the diffuser exit {left
gide) which produced finally the breakdows of supnrr-
sonic flog. They were taken at a rate ¢f 24 frames
De>r second &nd with a {iow of M = 1.8& a2t the diffuszer
entrance. The 27 picturez gsclected are typical ==nd
e presenied in frue saguence, however, they do not
reprecent aguel time intervals., The shock sysiesm
causing fincl transition to subsonic flow wmoves up-
stresm spyro2cihing the threoszt, getting unstable,i.e.,
oscillating with increasing vioclence, until it finally
passos the throat. Picture No. 12 is typicsl for the
ghock configurstion with which the cptimum recoveries
&re obiained and ig aimiiar to those obtained for ithe
othexr lach numbersg.

¥. COKRCLUSION

22. A two-dimenszionsl. converging - diverging duct
vith plane walls is an efficient diffuser for a
muparecnic wind tunnel. In crdser to obtain optimum
Presaurs ruSSTSrics aLove ihose o & pitot tube in

the test secticn the throat opening of the diffuser
must be varishle. &lsc the throat mugt be clossd <o
a point where maximum prossure secovery is obtained
after supersonis flow has beeu 2stablished in the test
section.

23. The distancse of the throat from the diffuser
ertrance (c5 nozzie exit) that gives maximum pressure
fecovery varies slightly with Mach number and Reynolds
aumber. However 1t is possible to choose as &
compromnise for a practical design a fixed throat
location such that ths preasure recovery is reascnably
congtant ovar a wide range of Mach numbers.

24 The pressure ratics needed to start the tuannel
warc ound ¢o be lower (closer to one) than those
previously kunown.

7
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