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FOREWORD

This report was prepared for the Air Force Office of Scientific Research,
United States Air Force by the United Technologies Corporation Research Center,
East Hartford, Connecticut, under Contract F49620-78-C-0064, Project Task No.
2307/A4 61102 F, The performance period covered by this report was from 1 June
1978 to 31 January 1981. The project monitors were Dr. D. G. Samaras and Dr. James
Wilson.
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INTRODUCTION

Experimental research has been conducted to determine the influence of a free-stream
turbulence on zero pressure gradient, fully turbulent boundary layer flow. Convective heat
transfer coefficients, boundary layer mean velocity and temperature profile data and wall
static pressure distribution data were obtained for five flow conditions of constant free-

stream velocity and free-stream turbulence intensities ranging from approximately %% to 7%.

Free-stream multi-component turbulence intensity, longitudinal integral scale, and
spectral distributions were obtained for the various turbulence levels. A comprehensive
report containing a description of the experimental equipment, a presentation of the
reduced data and an analysis of the results is available in Ref. 1. In Ref. 1 it has
been shown that the test results with %% free-stream turbulence are in excellent
agreement with classic two-dimensional, low free-stream turbulence, turbulent boundary
layer correlations, thus establishing the absolute accuracy of the experiment. The
data obtained for the test cases with higher free-stream turbulence indicate that the
turbulence has a significant effect on turbulent boundary layer skin friction and heat
transfer. It has also been shown in Ref. 1 that these effects are a function of the
free-stream turbulence intensity, the turbulence length scale, and the boundary layer
momentum thickness Reynolds number. Suggested correlations for the influence of free-
stream turbulence on skin friction, heat transfer, and the Reynolds analogy factor are
given.

Mean velocity and temperature profile data for the individual boundary layer
traverses are presented in this report.

e e e -
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DESCRIPTION OF BOUNDARY LAYER DATA REDUCTION SYSTEM

A computer program has been written which reduces, plots, and tabulates the velocity
and temperature boundary layer profile data obtained by the UTRC Boundary Layer Wind
Tunnel Data Acquisition System. Following is a brief description of this reduction
program.

(a) Mean velocities (U) are measured with miniature flattened pitot probes.
These velocities are corrected for probe Reynolds number and wall blockage effects
using the results of Refs. 2, 3, and 4. Except for those measurements extremely
close to the wall (y ~ < 0.010 in.) the corrections were less than 1% of the measured
velocity. The maximum velocity correction (57%) resulted for the case of the probe
touching the wall.

(b) Friction velocities (U. ) for each profile are determined by a least squares
fit of the velocity profile data from 50~<y+~<500 to the "law-of-the wall".

yu 1
Ue % ut +C ()

where K = 0.41
C=5.0
as recommended by Coles (Ref. 5).

Using this value of U; the velocity and temperature data are plotted in universal

coordinates v'=3; and oo Ua N Pulp YT/ g, ,*:!.L;L . The velocity profile data

N
are compared with Eq. (1) and the“temperature data with Eq. (2).

2
t*= Pr'<-,|7f2n yt+C+R,) @
where Prt = 0.9
k = 0,41
c =5.0
Ps =-2.0

(c) The following integral properties are determined

8
(1) displacement thickness 8.= f (— PY dy
° Pe Ue
8
o: [ LU (- L)
(11) momentum thickness o PeUe Ue y
os o pPU 2
(ii1) energy-dissipation thickness azf | — A dy
o FUe Ue?
3
(iv) enthalpy thickness aH:f '_’_U. (Hl)d
o AU\ Te y
3
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B
) kinematic displacement thickness 5 -.-f (I— UL) dy
[} ]
5 U
(vi) kinematic momentum thickness 3,‘ =j; u—e-(l— UU:) dy
8 U.'U
(vii) Clauser delta b= —_Ur_) dy
0
2
D) Clauser <h o- L [ (%Y) q
(viii) auser shape parameter A Ut y

Measurement of velocity profile data very close (y+~<30) to a wall is difficult
because of the extremely large local velocity gradients and the finite probe tip size.
For the velocity profiles measured in this program a flattened impact probe with a probe
tip height of approximately 0.007 in. is employed. This tip height corresponds to
Ay+=10 for most of the profiles (depending on the individual profile U;). Because the
true distance from the wall to the effective center of the probe tip is uncertain
(uncertainty of approximately #0.001 in.) the recommendation of Coles (Ref. 6) has
been followed and the integral thicknesses are evaluated using standard sublayer functions
very close to the wall. For values of y+<35 (approximately three probe tip heights)
the integral thicknesses are evaluated using the standard velocity sublayer and buffer
zone function of Burton (Ref. 7).

v eut e (d) )

The thermocouple boundary layer probes are constructed with 0.00l1-in.-dia sensing
elements. Because of this design, accurate temperature data can be obtained very
close to the wall (for some profiles even within the viscous sublayer). For this reason
it has been possible to use measured temperature data for evaluation of the integral
thicknesses from y+ = 5 to the edge of the boundary layer. For y+<5 (viscous sublayer)
the integral thicknesses are evaluated using FEq. (4).

t*=prut (4)

(d) The profile "wake strength" (1) is determined from an iterative solution
of two "local frictionlaw'" formulations from Coles (Ref. 6).

V] | . 1V] 2
i ——'—:— L1 ——
(1) Ur Kln " +C+ =
°

(11) 8:" - 65

SuUy =1+ 0

1 4

4
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vrd
Since the term - can be eliminated from Eqs. (i) and (ii) all that is required
to solve for T are values of Ue, U;, and &*.

The wake component

is plotted vs.

wed [ - (vt )] (5)

% and compared to Coles (Ref. 6) zero pressure gradient wake function

W= 2 sin? (% -sy-) (6)

(e) Defect velocities are calculated using the value of U; determined in (b).

Velocity defect =

The velocity defect distribution is plotted vs. %

region defect

(i) In
(Ref. 8).

(ii) in

U= Ue
e ee———
Ur
and compared with inner and outer
correlations.

the inner region (% <(0.2) with the correlation of Schubauer and Tchen

%}%U-! =+ in(§)-235 1)

the outer region (%?>0.2) with the correlation of Hama (Ref. 9)

(f) The following is a list of all plots constructed, including those discussed
in parts (b), (d), and (e):
Y y
1) — vs -
Ue [
T -T
ii) v vs y_ W
Ty-Te 8 4
i11) Ut vs Y* (see b)
+ +
iv) T" vs ¥ (see b)
9
5
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v) u-ug Y (see d)
vs _—
UT [
‘ y
vi) W Vs 5 (see e)

(g) The following boundary layer values are tabulated
y U Tw-T U-Ue

Y u T U+ ARE
s YR P Ue'Tw—-T'e Us

Sample reduced boundary layer profile data

Typical mean velocitv and temperature boundary layer profile data obtained in the

UTRC Boundary Layer Wind Tunnel with the test section adjusted for zero pressure
gradient flow are presented in the following example figures. For these example

figures the various analytical curves are labeled with their respective equation numbers.




VELOCITY AND TEMPERATURE RATIOS

[
[ J
L 4

[ ]

.

@
Jl_lLllLLllllLllLllJ_'

¥/

.o. T T
6.0
U T, T
AGBiF
e w '@
3. — VELOCITY AND TEMPERATURE DISTRIBUTIONS IN UNIVERSAL COORDINATES
-

AAA“WA

.' L IrllTll] 1 ITIYIITI I LA

10 L 103

Fxample Profile Plot A - Typical Boundary Layer Velocity and Temperature Profiles

78-12-100-1




’ WAKE FUNCTION
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Example Profile Plot B - Typical Boundary Layer Velocity Profiles
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FILES 117-137, RUNS 8.01-8.,21

TAPE 3166R-

RUN NO,
REDUCED PROFILE DATA
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FILES 117-137, RUNS 8.01-8.21 0Du4/05/79%

TAPE 3166R-

JOB KLD4S

1

8. POINT 14, 6RID NO.
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