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1. INTRODUCTION
This report is the Final Technical Report on AFOSR Grant
84-0061, monitored by Drs. M. Francis and J. McMichael. The
o . . .
report describes experimental work on longitudinal curvature
effects in turbulent boundary layers performed in the Department
of Mechanical and Aerospace Engineering of Princeton University
@ .
during the period February 15, 1984 to February 14, 1985.
The e¢ffect of curvature on boundary layer bebavior is of
great fundamcental and practical interest. In particular, tLhe
impulsive application of convex curvature reduces viscous drag,
and the rate of recovery of the boundary layer downstream is
therefore important because of the implications for drag reduc-
o .
tion.
The current report summarizes the work performed with the
support of Grant H4-00061. This work was principally concerned
with a sludy ot subsonic bounduary layer belhavior downstream of o
94U convex bend with a boundaryv-laver thickness to radius-of-
curvature ratio of approximotely 0.1. The preliminary work
® required to set up the experiment is described in Section 2, and
the experimental results are summarized in Section 3. Some
additional work was performed as preparation for extending this
b investigation to supersonic flow. This work is described in
Section 4. Further details, such as a description of the test
facility, and a list of publications produced under the sponsor-
ship of this grant, are given in the Appendices.
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2. PRELIMINARY WORK
The existing wind tunnel (described in Appendix A) was
° extensively modified for the experiment. Firstly, a considerable
amount of work was performed to improve the quality of the
incoming boundary laver. Initial testing revealed that the
® existing inlet section produced spanwise skin friction variations
of up to 16% (sec Fig. 2). The magnitude of these variations
was completely unacceptable, particularly because any
° pre-existing spanwise variutions would be considerably amplified
in the concavely curved region. A number of modifications were
implemented including new screens and altering the contraction.
The final peak-to-peak variations, simown in Fig. 3, are every-
¢ where less than  4%. We believe this lTevel to be acceptable.
Secondiyv, the three convex bends were designed (30+, 60°
° and 90+ .. The oulvr wall shapes were designed using an inviscid
Laplace solver to minimize the pressure gradients on the inner
ltest wal.. To Keep the boundary layer on the outer wall
° attached, suction was appli?d along a slot in the region of
maximum pressure gradient. The inner and outer walls were
constructed, and the suction system was extensively tested.
. Thirdly, the downstream test wall was modified to accept a
ot standardized probe mounting system. This system consider-
ably simplifies data taking procedures.
Fourthly, software appropriate for subsonic single and
° crossed hol-wire anemometr); was developed and tested.
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3. EXPERIMENTAL WORK

The experimental arrangement is shown in Fig. 4. An

23 m/sec, grows

incompressible turbulent boundary layer, Ue
over a 1.5 m flat plate before being turned over o convex
surface. At the entrance to the curvature, §/R ~ 0.1 and Reem
4700. Through the bend, the boundary layver expericences a modest
pressure gradient see Fig. 5. After the curvature, the
boundary layer tecovers on a 4.6 m flat plate (v 1208,

At present, only mean flow results from the 90 degree bend
case are available, They indicate that the boundary layver,
severely distorted when it exits from the curved region, exper-
iences several stuges in the recovery process as it rcelaxes on
the flut plate. This recovery pattern is shown by the skin
friction, the shape factor, the extent of the wall region, and
the wake factor. In the first stage, these paramcters undergo a
sudden i1ncrease at the exit to curvature and recover approxi-
matcly halfway to their flat plate values in a distance of 10§.
The second stage is a continuation of this trend, although the
changes are less pronounced and occur over a much longer dis-
tance. However, the recovery does not asymptotically approach
the flat plate state; instead, the boundary layer "over-recovers"”
after about 608. This third stage shows no sign of reversal
after 1206.

These stages are demonstrated in Figs. 6 and 7. Figure 6

shows the skin friction as a percent of the value predicted by

P




a flat plate correlation based on distance from the virtual
origin. At the second measuring station, 28 after the curved
region, the skin friction is 45% of its equivalent flat plate
value. At the next measuring station, 58 farther downstream,
the skin friction has increased to 70% of this reference value.
Subsequently, the recovery rate decreases with streamwise posi-
tion, and 658§ after the end of curvature, the measured skin
friction agrees wilh Lhe predicted value. After this point the
skin ftriction continues to increase and eventually overshoots the
flat plate vatue by 15% at a point ]206 downstream of the end of
curvature.

IF'igurte 7 shows some selected velocity profiles plotted in
wall coordinates. The upstream profile indicates a standard flat
plate boundery laver, 1n lerms of both the wake factor {(2.8) and
the extend of the wall region {y+- v 250, At the first measuring
station downsticam of the curved wail, the protile is markedly
distorted: the wahe tactor has increased to 17.2 and the wall
region ehds al y+ NV 40, The nexnt profile cleurly shows the fasl
recovery. Here, the wake factor drops to 9.0 and the wall
region extends to 150 wall units. The last profile demonstrates
the "over-recovery"”, and the wall region extends beyond y+ =
1000 as the wake factor drops to its minimum value of 1.2.

It is not yet known whether this "over-recovery" represents
some new cquilibrium condition, or whether the mean flow para-

meters are demonstrating underdamped second order behavior
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before eventually returning to standard flat plate levels.
Turbulence measurements should shed some light on this question;

in particular, they will tell us whether the "active"” layer

¢ . ¥ %
mentioned ubove has filled out the whole boundary layer after v.;‘;:;'t

) 3

NN

1208. These turbulence measurements are currently being taken a’:"}
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with support from AFOSK Grant 85-0126. o
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4. ADDITIONAL WOKK
It is the intention of this research program to-extend the
study ol curvature effects to boundary layers in supersonic
@

flow. To study the turbulence behavior, we intend {o use

constant-temperature hot-wire anemometry. However, our previous

measurements in supersonic turbulent boundary layers were

considered accurate oniv if the local Mach number, or the normal

St
Mach number component in the case of inclined wiresi, was ;zizi
]
~eates: than 1.2, raie
o great e 1 & M
b
To extend our measurement range, a lest program was con- o
LIt
ducted to studyv the transonic response of constant temperature %}“ﬁ
:j;"
" Lo B
. . . . . . MR
hot -wires, By dircect calibration in a variable density blow-down rf‘
' i
wind tunnel, the wire sensitivities to mass-flow rate and &Tﬁy
gt
. . . . . »
density were found as o function of Mach number. Mach numbers w4 %
“
v
wetoe varted from 0.5 to .4, and the wire Reynolds numbers é:'f
£
® .
ranpea trom iul (o aUU. T
"'_:_g
\
It was found that within these test conditions, the Q 5
L) 3
mass-flow rate and density sensitivities were almost equal and Wiy
® :
essentially independent of Mach number and Reynolds number.
Hence, this study showed that our normal wire turbulence measure-
ments near the wall are not significantly effected by transonic
®
effects. Inclined wires were also tested but the results are
still being analyzed and no conclusions are currently available.
®
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In further additional work, the Principal Investigator has
written two review articles (1) "The Response of Turbulent

t

Boundary Lavers to Sudden Perturbations,”" with D. H. Wood,
Annual Review of Fluid Mechanics, 17:321--58, 1985, and (2) "The
Control of Turbulent Boundary Layers by the Application of Extra
Strain Hates,” A1AA Paper #85-0538, Al1AA Shear Flow Control
Conference, Bouilder, Colorado, March 1985.

These articles were stimulated at least in part by the
Principai Investigator’s commitment to AFOSKR under Grant 81-0061,

and thev therefore carrv an appropriate acknowledgement .,
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APPENDIX A

Mcusurements were taken in the new subsonic wind tunnel,
located at the Gas Dynamics Laboratory, Forrestal Campus. This
tunnel is of the open- return suction type, and is powered by a
two speed, 10 H.P. fan. The outlet from the 6:1 contraction has
a rectangular cross-—-section of 6" x 48" (150mm x 120mm) and exit
velocities of approximately 23 m/s and 34 m/s. One of the 48"
wide veritilcal sides is used as a test wall.

The tunnel has been modified to incorporate a short,
convexly rurved bend of cither 30, 60¢ or 90° turning angle.
The outer wall of the bend is designed to minimize the pressure
gradients on the inner test wall, and suction is provided to keep
the outer wall boundary laver attached. The upstream boundary
laver develops in a Zero pressure gradient until low Revnolds
number effects are negligible (Re > 4000), and the 99% thickness

e approximutety 25 mim ot a freestream velocitv of 23 m/s).
Downstream of the curved section, there is a 4.6 m long working
section with an adjustable outer wall, used to minimize the

pressure gradients in the recovery zone (see Fig. 4.

23
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APPENDIX B

Publications produccd with the support of AFOSR Grant 81-0061

Smits, A. J. and Wood, D. H., "The response of turbulent
boundary layvers to sudden perturbations,” Annual Review of Fluid
Mechanics, 1985, 17:321-58.

Smits, A. J., "The control of turbulent boundary lavers by
the application of extra strain rates," AIlAA Paper 85-0538, AIAA
Shear Flow Control Conference, March 1985, Boulder, Colorado.

Ronyg, B. &., Tarn, D.K.M. and Smits, A. J., "Calibration of
the constani temperature normal hot-wire anewmometer in transonic
A 3

flow,"” Frinceton University, Dept. of Mechanical & Aerospace
Engincering, Xeport MAE- 1696, April 19854.
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