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USE OF FENCES TO INCREASE UNIFORMITY OF BOUNDARY IAYER ON

SIDE WALLS OF SUPERSONIC WIND TUNNELS

By Rudolph C. Hazefeli

SUMMARY

An investigetion of the use of solid fences installed on the side
walls of a supersonic wirnd tunnel to retard the development of trans-
verse flow and thus to increase the uniformity of the side-wall bound-~
ary lsyer 1s reported. 3Beneflclal results were cbitained wlth fences
which had depths of the order of the boundary-lsyer displacement thick-
ness and which followed potentlial-flow streamlines through the nozzle.
Reduction of the number of fences or each side wall from four to two
eliminated their effectiveness.

INTRODUCTION

Because of the static-pressure gradient normal to The axis of two-
dimensional supersonic nozzles, transverse veloclty components are ini-
tiated which cause large deviatlons of the boundary-lsyer streamlines
from potentisl-flow stresmlines (reference 1). Immediately downstream
of the throat the pressure is greater at the center line of the tunnel
than at the contour walls; therefore the side-wall boundary-layer flow
is deflected farther away from the center line than the potential flow
(fig. 1). Farther downstream, but still near the throat in the nozzle,
the pressure becomes less at the center lline than at the contour walls;
the boundary-layer flow along the side walls therefore turns towerd the
center line. This transverse flow conbinues to increase in megnitude
downetream of the nozzle because of the secondaxy flows peculiar to
noncircular ducts (reference 2). Therefore, except close to the throat,
the low-enexrgy alr of the boundasry layer is continuelly swept toward the
center line of the side walls as the flow progresses downstream
(fig. 1). As a result » the boundary lasyer grows more rapidly along the
side-wall centexr line. This growth ls more proncunced at higher Mach
nunmbers because the transverse pressure gredient in the nozzle increases
with the deslgn Mach number of the nozzle.

Some experimental date obteined 1n reference 3 and unpublished
Investigations which illustrate this boundary-layer growth are shown in
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figure 2, in which the displacement thickness 8% 418 plotted at various
distances fram the side-wall center line. The data of figure 2(a) were
obtalned by cross-plotting data presented in reference 3. The coordinate
x', used in figure 2(a) to indicate the relative separation of the axlal
stations, is zero &t the centér of the test rhombus. The data of fig-
ures 2(b) and 2(c), obtained in the Lewls 12- by 12-inch and 6~ by
6-I1nch tunnels, respectively, have not previously been reported. These
data clearly show the lncrease of center-line displacement thlckness
wlth distance fram the throat and with Mach number for these ‘tunnels.
The cusps, at 2z = 0, are indlicative of pecondary flow normal to the
side wall within the boundary layer at the center line (fig. 1). It

1s apperent that at hlgh supersonic Mach numbers the dlsplacement thick-
ness may become an appreclable fractlion of the oross-section dimsnelons
of small tunnels.

Theoretlcal predictlions of the growth of the boundary layer along
the side walls are difficult because of the complexity of the equationa
requlred to describe the flow. The existence of secondary flow In
stralght noncircular chennels ls, however, proved in reference 4 by an
application of the vortlelty transfer theory. Additional analyses of
three-dimensional boundary-layer flows are presented in references 5
to 7. A method for calculating turbulent boundary-layer growth 1ln the
presence of pressure gradlents along streamllines 1s given In refer-
ence 8. An application of this method to supersonlc nozzle flow, how-
ever, ylelds values of dlsplacement thlckness which are not as large
along the slde-wall center llne ag those cbtalned experlimentally.

Although the phenomenas of the large boundary-layer growth along
the center line can be explalned, as yet, only qualltatlvely, several
experimental means for Increasing the uniformlty of the boundary layer
and thus increasing the useful test-pectlon area and the maximmm size
of test models have been proposed. One of these, the installstion of
80lld fences along potentlal-flow streamlines wlthin the slde-wall
boundary layer to retard the transverse flow, has been Investlgated
in the NACA Lewls 6- by 6-inch tunnel. .The results of thls investl-
gation are presented herein.

Apparatus

This investlgetlon was conducted in the Iewls 6- by 6-inch hyper-
sonic continuous-flow wind tunnel. Further informatlon about thils
tunnel is glven In reference 8. The Instrumentation lncluded & plitot-
pressure probe and & static-pressure probe (fig. 3) which were used
with a mercury menometer and a differential butylphthalate mancmeter,
respectively, for determining Mach numbers. A set of four fences,
curved to follow potential-flow streamlines, was made to be mounted
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on the side walls of the tunnel (figs. 4 and 5). The depth of protru-
gion into the stream was initially chosen approximately equel to nine
tenths of the boundary-layer thickness (0.98). Two sets of fences wlth
depths approximately equal to the displacement thlckness 8% and to
twice the displacement thickness 25% were also used. These depths
were determined experimentally wlthout the fences at two axlal gtations
on the fence streamlines and interpolated llnearly. The fences, made
from cne-elghth inch brass strips to compromise between thinnesg and
rigidity, were set In milled grooves and fastened to the slde walls
wilth screws. The upstream ends of the fences were tapered to a polnt,

Operating Condlitlions

The tests were conducted with an inlet pressure of 125 +£3 pounds
per square inch gage within two temperature ranges, 125° £3° F and
193° £13° ¥. The dew-point temperature was less then ~10° F at atmos-
pheric pressure. The flow emptled Into an exhaust line where a pressure
of between 2 and 3 inches of mercury absolute was maintained. The
test-section Reynolds numbers (computed from pressures measured in the
test-section) were 1.8 to 2. 7%x106 per foot at a nomingal Mach number of
5.5. No significant changes In the boundary-layer proflles could be
attributed to inlet conditlions within the ranges of these tests.

RESULTS

Mach number profiles with and without the fences (depths based on
0.98) installed are compared in figure 6. The Ffences reduce the boundary-
layer thickness near the side-wall center line (z = 0) and increase the
boundary-layer thickness nearer the contour wall (z = 1). The uniform-
ity of the slde-wzll boundary layer ls therefore lncreased. In addition,
the fences reduce the distortion of the proflles at =z = 0. In flg-
ure 6(b) the data for 2z = 1 &are not shown because the Pencee extended
through this station.

The exial varletions of dlsplacement thickness &% and momentum
thickness € obtained from these and other Mach number proflles are
shown in Plgures 7 and 8. Values of &% and 6 <for the profiles of
figure 6 are glven in table I. These data show again that the uniform-
1ty of the boundary layer ls Increased by the fences.

The effect on the boundary layer of the fences with depths based
on 0% and 28% was about the seme as that of the fences wlth the
intermediate depth of 0.95; consequently, data are presented only for
the Pences with depth of 0.95. The deepest of the three sets of Pences
(those of depth of 285%), however, caused undesirable dilsturbances in
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the stream. Although the effect of the wldth of the fences was not
investigated, one might expect to reduce thege dlsturbances by using
thinner fences.

In order to determine whether the length of the fences beyond the
lagt tunnel expansion waves had an effect on thle uniformlty of the
boundary layer, the fences wlth depths based on &% were shortened so
that they extended only slightly into the test rhombus (downstream end
indicated by X in fig. 4). These fences were as effective as the
original fences in Increasing the boundary-layer uniformity.

With the two internal or with the two extermal Pfences (depths
based on 0.90) alternately removed there was no significant improvement
on the results obtalned without fences.

CONCLUSION

Blde-wall fences which follow potentlal-flow streamlines through
the nozzle effectively retard the secondary flow and lnorease the
uniformity of the boundery layer on the side walls of two-dimenslonal
supersonlc tunnels. These fences need have depths no greater than the
displacement thickness. The number of fences installed on each gide
wall affects the extent to which the secondary flow 1ls retarded.

Lewis Flight Propulsion Laboratory
Natlional Advisory Commlittee for Aercneutics
Cleveland, Ohlo .. . o

REFERENCES

1. Brinich, Paul F.: Boundary-layer Measurements In 3.84- by 10-Inch
Supersonic Chammel. NACA TN 2203, 1950,

2. Goldstein, Sidney: Modern Developments in Fluld Dynamiocs. Vols. I
and II. Clarendon Press (Oxford), 1938, pp. 358-360.

3. Bollay, W.: Aerodynamics of Supersonic Aircraft and Missiles.
Symposium on Ordnesnce Aercballistics (Maryland), NOLR 1131,
June 28, 1949, pp. 27-51.

4. Howarth, L.: Concerning Secondary Flow In Straight Pipes. Prooc,
Camb. Phil. Soc., vol. 34, pt. 3, July, 1938, pp. 335-344.

5. Moore, Franklin K.: Three-Dimensional Compressible Laminar Boundary-
Layer Flow. NACA TN 2279, 1951.

2584



¥8s¢

NACA RM ESZE19 5

6. Moore, Fraenklin K.: Displacement Effect of a Three-Dimensionsal
Boundary-layesr. NACA TN 2722, 1952.

7. Mager, Artur: Generalization of Boundary-ILayer Momentum-Integral
Equatlons to Three-Dimenslonal Flows Including Those of Rotating
System. NACA TN 2310, 1951,

8. Tucker, Maurice: Approximate Calculation of Turbulent Boundary-Iayer
Development 1n Compressible Flow. NACA TN 2337, 195l.

$. Bloom, Harold L.: Prellminsry Survey of Boundary-Layer Development
at a Nominal Mach number of 5.5. NAGA BM E52D03, 1952.



NACA RM ESZE1S

TABLE I ~ VALUES OF DISPLACEMERT THICKNESS
AND MOMENTUM THICENESS FOR PROFILES

OF FIGURE 6
Disgtance Without Fences l With fences
from [Digtance from side-wall center line, %, in.
throat 0 1 0 il
(1n.) [ax | 6 3% | 68 | &% e |8 | @
16 0.50(0.034]0.14/0.010|0.34 |0.022 |~ |mmmee
27.;_ .73| .052| .22 .016| .49 .034 [0.48 [0.033
38% .88| .057| .22| .013| .63 | .040| .54 | .035
49% 94| .088| .34 | .024| .65| .042 | .44 | .029
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Figure 1. - Schematle disgram illustrating growth of boundary layer om tunnel walls. Arrovs
indicate direction of secondary flow; shaded area indicates boundary-layer reglon.
Coordinate system is aleo shown.
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Figure 2. - Displacement thicknese measured on side walle of three tuonels. X, -dista.nce from throat, in.;
x', diptance from center of test rhombus, in.

6THZSE WY VOVN




2S NACA RM ES52E19

2584

(a) Side views of piltot- and statlc-pressure probes.

0.006" by 0.040"
outside dimensiona

C-29724

(b) Front view of piltot-pressure probe (magnified).
Figure 3. - Pltot- and stetlic-pressure surve'y probes.
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(b) Dimensions of fences with depths based on nine tenths of
boundary-layer thickness.

Figure 4. - Geometry of fence instsllatilon.
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Figure 6. - Comparison of Mach number profiles at various axial distances from
throat with and without fences.
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Figure 7. - Variation of displacement thickness with distance from throst.
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Momentum thickneass, 9, in.
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Figure 8. - Varistion of momentum thickness with dilstance from throat.
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