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When Government drawings, specifications, or other data are used for any purpose
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FOREWORD

This report was prepared by Dr. Anthony W. Fiore and Mr. Norman E.
Scaggs of the Aeromechanics Division of the Air Force Flight Dynamics
Laboratory, Air Force Systems Command. The research was conducted under
work unit number 2307P424 entitled, "Viscous and Interacting Flow Fields
about Flight Vehicles." This particular effort concerns itself with a
boundary layer fence technique for measuring the surface shear stress
from which the skin friction coefficient can be obtained. The experiments
were performed between October 1977 and April 1978. They were carried out

at a nominal Mach number of three and in the range of momentum thickness

Reynolds numbers 2 x 10* < R, < 54 x 10,
8
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SECTION 1
INTRODUCTION

In most aeronautical applications a knowledge of the total drag
created when an aircraft moves through the atmosphere is essential to the
understanding of the performance of such a vehicle. Because of recent
energy shortages, this knowledge is becoming increasingly important.
Considerable effort has been devoted to the measurement of the surface
shear stress in the hope that the total drag of these vehicles can be
decreased by reducing the skin friction drag. Eventually it is hoped
that the skin friction drag can be controlled in order to either conserve
fuel for a given flight condition or increase the flight range for a given
fuel load.

Prior to conducting research on various methods for decreasing the
skin friction drag, it is necessary to develop the instrumentation and
testing techniques required for making these measurements. The purpose
of this report is to describe a method referred to as the boundary Tlayer
fence technique for obtaining the wall shear stress. In all probability
the boundary layer fence for measuring the wall shear stress was first
introduced by Konstantinov and Dragnysh'® in 1955. The same technique
was employed by Vagt and Fernholz!! to measure the three-dimensional
surface shear stress in an incompressible flow field. Like the Preston
tube,’ the fence can be used to obtain the shear stress in a non-separated

compressible two-dimensional turbulent boundary layer.® However, its
greatest advantage is its use in a three-dimensional flow field in the
presence of both strong pressure gradients and separation.®’'! In this
experiment the fence was calibrated in a two-dimensional flow field based
on the assumption that the resultant surface shear stress vector in a
three-dimensional boundary layer is related to the skewed velocity profile
in a similar manner as the two-dimensional surface shear stress vector is

related to its two-dimensional velocity profile. The results of this
experiment indicate that this technique is a valid method for measuring
the Tocal wall shear stress in a compressible two-dimensional turbulent
boundary layer.
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y SECTION II
EXPERIMENTAL APPARATUS

1. The Wind Tunnel

The facility used in the experiment was the Air Force Flight Dynamics
Laboratory's Mach 3 high Reynolds number wind tunnel. It is a blowdown wind
tunnel with an 8.2 x 8 inch closed test section whose upper and lower walls
are contoured. It operates at stagnation pressures of 50 to 600 psia. Since
the facility does not possess a stagnation temperature control system, the
stagnation temperature is slightly below ambient temperature resulting from
the Joule-Thompson effect. At these conditions the facility is capable of
operation in the range of freestream unit Reynolds number extending from
107 to approximately 108 per foot. It is designed to run continuously for a
maximum period of 10 minutes. Runs during this investigation averaged about
30 seconds. Further details on operating procedures and calibration of this
wind tunnel are available in Reference 2.
2. Instrumentation

a. Surface Shear Stress Balance

The surface shear stress was measured directly with a floating-element
balance shown in Fig. 1. It was manufactured by the Kistler Instrumentation
Company.‘ It is a self sealed unit with a flat surface permitting flush mount-
ing in the tunnel wall. The floating element is 0.37 inches in diameter and
has a peripheral gap of 0.003 inches. The balance is self-nulling to the
center position and is statically balanced about all three axes.

During testing, the electrical components were at ambient pressure and

temperature. Prior to installation in the tunnel the balance was calibrated
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by applying known weights. Before and after each run the calibration was
constantly checked with a self-calibration coil contained within the balance
housing. The read-out and electronic calibration control is shown in Fig. 1.
Primary concern was the destruction of the balance when exposed to
tunnel starting and stopping loads. In order to avoid catastrophic failure
| the balance retraction system described in Reference 3 was employed.
| b. Preston tubes
Two Preston tubes and their related wall static pressure and temperature
instrumentation were used to provide a second method for measuring the wall

shear stress (see Fig. 2).

These Preston tubes consisted of cylindrical pitot pressure tubes placed
tangential to the surface. They were constructed from #304 annealed stainless
steel tubing with an outside diameter of 0.062 inches and an inside diameter
of 0.0472 inches. The streamwise lengths of these pitot tubes were 0.125 inches.
In this investigation a new form of the Keener and Hopkins Preston tube equation“
was used in arriving at the surface shear stress. This relationship will be
described in detail in a later section,

c. Boundary Layer Fence

The design of the boundary layer fence is relatively simple and is shown

in both Fig. 2 and Fig. 3. It has been determined that the best fence

configuration should have square corners.® This feature was incorporated in the

design used in this investigation. The fence had a span of 0.2 inches while its

height and width was 0.01 inches. On either side of the fence there is a

pressure port, in the form of a slot, used to measure the lateral pressures when

the fence is aligned with the flow field velocity vector.
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These same ports give the pressure differential, APf=Pf-Ph, when the fence

is rotated ninety degrees to the local velocity vector at the wall. The
former gives the direction of the surface shear stress vector while the latter
is related to the magnitude of the surface shear stress vector. These pressure
slots are shown in Fig. 3, They are the same length and width as the fence.
The pressures sensed by these slots are transmitted to the proper recording
instrumentation through isolated chambers on both sides of the fence. The
fence and the main body are fabricated as a unit thus insuring a high degree
of fence structural integrity. As shown in Fig. 2 this unit is placed in the
base of the test plate and attached to a shaft which is connected to an
external drive motor used to rotate the fence. The previously mentioned
Preston tubes, the two wall static pressure orifices, and the two wall temper-
ature thermocouples are also shown in Fig, 2. The Preston tubes were placed
sufficiently far apart so no aerodynamic interference would occur between them
and the fence.

The fence operational procedure is relatively simple. It is remotely
rotated until the pressure differential between the two orifices becomes zero.
At this position the angle is taken as the direction of the local velocity
vector which is assumed to correspond to the local surface shear stress vector.
The fence is rotated ninety degrees to this position and the two pressures,
i.e., forward and aft of the fence are recorded. The corresponding pressure

difference APf=Pf-Pb is then related to the surface shear stress measured with

the balance at the same station and under the same tunnel test conditions.

I
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SECTION III
TEST PROCEDURE

The experiment was conducted in two phases. The surface shear stress
measurements with the balance were made during the first phase, while the
Preston tubes and boundary layer fence measurements were obtained during the
second phase of the experiment. These measurements were made on the upper
wall of the M=3 high Reynolds number wind tunnel. The reason for testing
on the upper surface rather than the tunnel side wall was to avoid the
boundary layer distortion which occurs on the side walls resulting from
lateral pressure gradients. A1l measurements were made at a nominal Mach
number of three. The Reynolds number was varied by two methods: (1) by
testing at eight different longitudinal stations as shown in Fig. 4, and
(2) by changing the stagnation pressure at each tunnel location. This
program provided a certain amount of intentional redundancy considered to
be necessary because of the difficulty in making accurate surface shear
stress measurements with the balance. The combination of test stagnation
conditions and wall locations along with the detailed measurements are
presented in Table I.

During these tests the stagnation temperature was slightly below the
ambient temperature. Under these conditions the unit Reynolds number varied
from 107 to 108 per foot corresponding to a momentum thickness Reynolds
number range of 2 x 10* to approximately 54 x 104,

A1l the data presented is for a wall temperature near the adiabatic

temperature and a near zero pressure gradient.
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SECTION IV
DATA REDUCTION

A brief description of the data reduction procedure will be presented in
this section. The surface shear stress measurements obtained with the
floating-element balance were converted to skin friction coefficients by

dividing by the dynamic pressure at the edge of the boundary layer, namely:
(Celg = Tug/'wele” (1)

The corresponding momentum thickness Reynolds number was calculated from the

empirical relationship obtained by Fiore,® i.e.,

Re, = 4-513 x 10°%H, 1. Hidp,0.959 (2)

The data used to arrive at eq.(2) was from boundary layer profile measurements
made at the same test conditions and location on the tunnel wall as the
present investigation.

The Preston tubes were then calibrated for the data and test conditions
of this particular experiment. As in the case of Keener and Hopkins“ it was

assumed that the Preston tube calibration is of the form

where the reference density, p*, was calculated from

. Pw
o = 144 o= (4)
In eq. (4) it is assumed that the static pressure through the boundary layer

is constant and equal to the wall pressure.
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The reference temperature in eq. (4) was calculated from the Sommer and Short

expression® given as

.
T* = To(0.55 + 0.035 Mg? + 0.45 1) (5)
e

The reference kinematic viscosity was calculated from the definition

=

x (6)

vk =

I

©
*

where Keye's equation for the viscosity was used, namely:

220
W= 2.32 x 1078 /L + ‘“—‘97?] (7)
T*(10 )

In eq.(3) the value of KPp was taken as suggested by Hopkins and Keener?
rather than the difference between the Preston tube total pressure and the
wall static pressure. The purpose for this choice is based on the work of
Hopkins and Keener who found that eq.(3) results in a calibration curve for
the compressible turbulent boundary layer which would coincide with Preston's

equation for the incompressible casel! of the form

ng-d2 AP-d?
log (49\)2 = 0.875 log | = | - 1.39 (8)

where AP = Ppt - Pw‘

The constants A, and By in eq.(3) are determined by the least squares
fit of the data.
The generalized form of the skin friction coefficient is obtained from

eq.(3). This relationship can be shown to be

(Cf)p = 3(1 Ao ) . 1030

4
b |
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where the Preston Mach number, Mp, provided the flow is supersonic, is obtained

from iteration of the Rayleigh pitot formula written as

P
—EE.: §.M 2 4 1 i
R 7yl (10)

for y=1.4.

A similar method must be considered in arriving at an expression for the
skin friction coefficient for the boundary layer fence technique. In this
investigation it was assumed that the Preston tube diameter, d, in eq.(3)
can be replaced with the fence height, h, leading to a fence calibration

equation written as

L AP ¢ +h2
2 = Cq 1 L +D
109 40*\,*2 = g 09 4p*v*2 0 (n)

where AP¢ = Pf - Pb and the constants C0 and Do are different than the Preston

tube calibration constants. In order to show that these constants must be

different, eq.(3) can be re-written as

Tw .hZ pr°h2 9
g\ L
e (40*\)*2)- " 1og<4p*v*2>+ (o-110g () + 8, (12)

assuming that

pr-hz AP +h?
log = E, log + F, (13)
Qp¥yk2 Bo*y*2

then eq.(12) becomes

1 TW94‘2-1\51 Apf.h2+AF+A log (4) + B 14
i fo*y*2 e g F Gp*y*2 [0 € (0'” = (F) 3] (14)
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In order for eq.(11) and eq.(14) to be identical, the following must be true

Co = Ay Eg (15)

and Dy = Ag Fo + (A1) Tog (£)° + 8, = #,(2) (16)

From eq.(16) it is noted that the intercept of eq.(11) is a function of the
ratio 4/, which is a fictitious parameter, however it does serve to indicate
that the calibration constants in eq.(11) are different than those in eq.(3)
and must be evaluated separately.

The skin friction coefficient equation for the boundary layer fence is

()"
Qe

(1-Cp) (17)

obtained from eq.(11) as

(cg), = 8(1-Co) - 1000 —

o]

The experimental measurements were compared with the Van Driest II skin

friction theory® written in the form

sin-1 (_jﬁE_;Ji) + sin”! C- - ) ;
SRR VB2 + 4A?

(Cf)v D. - (18)
g ¥-1)p.2 . )2 7
r (___) Me? |17.08 (log Re )2 + 25.11 (Tog R, ) + 6.012
2 0 €
where
A=M I-l) Te
S\ (2 T (19)
- Te
i (20)
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and

F- 220 i

3/

o T, (107/Tw) b
%o Te |2+ 200

%/Te

] Te (10 )

— —

The data reduced by the method outlined above are presented in Table I'L.
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SECTION V
TEST RESULTS

1. Balance Measurements

In Fig.5 the skin friction coefficient obtained with the floating-element
balance in the Reynolds number range 2 x 10% < Rey = 54 X 10* is compared with
that calculated from the Van Driest theory® Over the complete range of
momentum thickness Reynolds number the measured skin friction coefficients
are within x10% of the Van Driest Il theory. This agreement between the
measurements and theory is considered to be reasonably good. Having
established the validity of these measurements, they now can be used to
evaluate the skin friction coefficients obtained with the boundary layer

fence technique.

2. Preston tube

The Preston tube method was introduced as a second method for obtaining
the local skin friction coefficient. The intent was to use the Preston tube
results as a separate check on the measurements made with the floating-element
balance. 1In order to accomplish this, it was first necessary to obtain the
calibrations constants Ap and By given in eq.(3).

Figure 6 is a plot of the logarithm of the Preston shear stress parameter,
ng'd2/4p*v*2, versus the logarithm of the Preston pressure parameter
KPp-d2/4p*v*2. The result is a linear function similar to eq.(3). The values of
A0 and B0 were obtained by the least squares fit to the data and were found to
be 0.8677 and -1.3228 respectively. Comparison between the measurements and
eq.(3) with the proper constants is presented in Fig. 6. The agreement between

the two is excellent. Shown for informational purposes are the calibrations

11
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obtained by Keener and Hopkins“ as well as Yanta et al.? For small values of
the Preston pressure parameter, both appear to agree very well with the

present measurements and the new calibration. As the Preston pressure para-
meter is increased the calibration of Keener and Hopkins is in excellent agree-
ment with the present measurements while that of Yanta et-al. is somewhat lower
than the new measurements. When the new calibration constants are introduced

into eq.(9), the Preston skin friction coefficient equation becomes

Mp 1.7355
(72)

()]

Fig. 7 shows the skin friction coefficient calculated from eq.(9a) plotted

(cf), = 0.0626 (9a)

0.1323

versus that obtained with a floating-element balance and Fig. 8 is a plot of
(Cf)p versus the skin friction coefficient calculated from eq.(18). In both
cases the Preston tube skin friction coefficients are within #10% of both

the theory and those values obtained with the balance. The Preston tube skin
friction coefficient overpredicts the theory at Tow momentum thickness Reynolds
numbers while it underpredicts the theory at higher Reynolds numbers. 1In both

Figs. 7 and 8 the agreement is considered to be within acceptable limits.

3. Boundary Layer Fence
The results of this test indicate that the fence technique is a useful tool

for measuring the surface shear stress in a compressible turbulent boundary

layer.

12
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As previously mentioned, it is assumed that the fence calibrations should be

similar in form to the Preston tube calibration provided the Preston tube
outside diameter is replaced with the fence height. This leads to the fence
calibration equation given by eq.(11). Fig. 9 is a plot of the logarithm of

the fence shear stress parameter, ng'h2/4p*v*2, versus the logarithm of

fence pressure parameter, APf-h?/4p*v*2. Also shown inFig. 9is eq.(11)

where the calibration constants C, and D, are 0.9039 and -1.6404 respectively.
The agreement between the measurements and eq.(11) is excellent, indicating that
eq.(11) with these constants should result in a good expression for the skin
friction coefficient as a function of the fence pressure differential, the edge
dynamic pressure, the density ratio (pg/e*), and the fence Reynolds number
(Re;). This expression is obtained by introducing the above values for C,

and D, into eq.(17), namely:

[KEE) Reﬁ{] 0.0962 (17a)
D

The skin friction coefficient calculated from eq.(17a) is compared with

those measured with a balance in Fig. 10 and with the Van Driest II theory in
Fig.1l. 1In both cases eq.(17a) gives values which are within + 10% of both the
measurements made with the balance and those calculated from the theory. This
agreement is considered to be very good since eq.(17a) is being compared with
balance measurements which are no more accurate than + 0% when compared with

theory.

13
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4. Comparison of Techniques

Fig. 12 is a plot of the skin friction coefficient versus the momentum
thickness Reynolds number and summarizes the results of this investigation.
It contains the skin friction coefficient measurements made directly with
the balance, those obtained with the Preston tube, and those taken with the
boundary layer fence. Superimposed on Fig. 12 is the Van Driest II theory.
The agreement in the skin friction coefficients obtained by the various

methods as well as the agreement with theory is considered to be acceptable.

14
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SECTION VI
CONCLUSIONS

An experiment was performed for the purpose of developing the boundary
layer fence technique used to measure the surface shear stress in a compres-
sible turbulent boundary layer. Measurements were made at a nominal Mach
number of three for momentum thickness Reynolds numbers extending from
2 x 10" to approximately 54 x 10“. The results for a near adiabatic wall
and zero pressure gradient condition are as follows:

(1) The boundary layer fence is a valid technique for measuring the
wall shear stress in a compressible turbulent boundary layer.

(2) The fence calibration equation is a linear logarithmic function
similar in form to the Preston tube calibration equation provided the Preston
tube outside diameter is replaced with the fence height.

(3) The skin friction coefficients obtained with the fence aqgree
reasonably well with those obtained with a balance. For momentum thickness
Reynolds numbers less than 15 x 10“ those obtained with the fence were about
10% higher than the Preston tube values and they were in good agreement with
the Van Driest Il theory. At momentum thickness Reynolds numbers greater
than 15 x 10% the fence measurements were 5% to 10% higher than either those
obtained with a balance or those calculated from the theory. Since the expres-
sions for the Preston tube and fence skin friction coefficients are dependent
on the shear stress measured with the balance, the accuracy of these two methods
are similar to the accuracy of the balance measurements which is * 10% with

reference to the Van Driest II theory.

i

- , . NTE———




AFFDL-TR-78-89

10.

REFERENCES

Preston, J.H., "The Determination of Turbulent Skin Friction By Means of
Pitot Tubes", ARC-15758 (1954).

Fiore, A.W., Moore, D.G., Murray, D.H. and West, J.E., "Design and
Calibration of the ARL Mach 3 High Reynolds Number Facility", ARL
TR-75-0012 (1975).

Fiore, A.W., "M=3 Turbulent Boundary Layer Measurements at Very High
Reynolds Numbers", AFFDL TR-77-80 (1978).

Keener, E.R. and Hopkins E.J., "Use of Preston Tubes for Measuring
Hypersonic Turbulent Skin Friction", NASA TND-5544 (1969).

Winter, K.G., "An Qutline of the Techniques Available For The Measurement
of Skin Friction in Turbulent Boundary Layers", Progress in Aerospace
Sciences, Vol1.18, No.1 (1977).

Sommer, S.C. and Short, Barbara J., "Free-Flight Measurements of Turbulent-
Boundary-Layer Skin Friction in the Presence of Severe Aerodynamic Heating
at Mach Numbers From 2.8 to 7.0", NACA TN-3391 (1955).

Hopkins, E.J. and Keener, E.R., "Comments on 'Calibration of Preston Tubes
in Supersonic Flow'", AIAA Journal, Vol.4, No.4 (1966), pp.760-761.

Van Driest, E.R., "On Turbulent Flow Near a Wall", J. Aeronaut. Sci., 23,
(1956), pp.1007-1011 and 1036.

Yanta, W.J., Brott, D.L. and Lee, R.E., "An Experimental Investigation of
the Preston Probe Including Effects of Heat Transfer, Compressibility, and
Favorable Pressure Gradient", AIAA paper 69-648.

Konstantinov, N.I. and Dragnysh, G.L., "Energomashinostroenie", Trudy

L.P.I. 176 (1955), pp.191-200.

16

e,

T




AFFDL-TR-78-89

11. Vagt, J.D. and Fernholz, H., "Use of Surface Fences to Measure Wall Shear
Stress in Three-Dimensional Boundary Layers", Aeronaut.Q., XXIV, 2 (1973),

pp.87-91.

S L




——— e ——

39

/O=0

7

AFFDL-TR-

9JUR|eg UOLIdLU4 uLyS

Juswa|3-buLjeo| 4

"l 94nbi4

z W wb
3IoNVY

W31SAS

QvOol 1Ny %

1531 413

18

{
|
|




AT8BN3SSY 30N34 H3AV AMVANNOS 2 914

| A_
‘_
2 -6 |
S
~ K |
59 IY3SNI_30N33 .
P 1\5»3 AGVANNOSE L
Mqll ™ g \.~_J \ A | . ’ A
i =—r"pil> - : ;
4M i | 3 ﬁ.\ &:L “ A\,._
. /..- OO0l (dAL) :
— / -
) . . 180d N 5.
JUNSS3ud DIIVIS @ /‘ =
31dN0OOWEIHL ‘/
= JUNIVEINIL TIUM

39NnL NOLS3dd

AFFDL-TR-78-89




A Sk,

LY3SNI 30N34 H3AV AMVANNOS € 914

S101S
34NSS34d

ALIAVD

30N34
NI 38NSS34d
mm:mmmmn_/ ®

\\\\\\\\\\\\\
——— -

- 22

) e A
o/ Z
(0]]

J5NSS34d o
XLIAD .
30NSSIud L.um_mo..
e 006




NOILO3S ¥3SN4dId ANV NOILO3S 1S31 T13NNNL 40 DJILVW3IHOS ¥ Old u

M3IA 30IS TINNNL
._| ||||| s S T O
2% mHW mHW mHW mHW mHW
_l||||+n!1|1 oS -

008

21

M3IA JOL T3NNOL
8 zo_._.Srm hzo_hc._.m 9 zo_.rd._.m ] zo_._.<._.w vzo_._k.rm nzo_.r(.rm

10000006 O o

s
L/
828l 8 8202 ;
82 90! L 82 85
82%6 ] YA ]
8228 S 8242 ]

(S3HONI) HIENNN (SIHINI) Fr—
LVONHL 31ZZON 1VONHL 31ZZON
Wou4 3oNvLsia | NO'YAS |y 3onviska | NOILVAS

AFFDL-TR-78-89




AFFDL-TR-78-89

1.5

14
13

1.2

(Ce)gx 10> 1
1.0

0.9

0.8

0.7

ar 0B 9% 0 u 12 L3 4 IS

FIG. 5

3
(Celyp X 10

SKIN FRICTION COEFFICIENT OBTAINED
WITH A BALANCE VERSUS THAT
CALCULATED FROM THE

VAN DRIEST II THEORY.

22




8
WOl X ¥G S °8 5,01x 2 ANV 982 W HOd4 H3L3IWvdvd 38nL

NOLSIMd 3IHL SNSHIA HILIWNVHVY SSI¥IS HVIHS G3IYNSVIN 3HL 9 9id
N:h.t&.v
i boj
P
00l 86 96 6 26 06 88 98 b8 28 08 8. 9. bl 2L OL_
;e MRS SRR e it SR anen: (Rl i (aoes [RRREE it e | ot
0£921] 29580 YT - N
s . . +++.+++ Iom
2S6¢1 0628°0| 4ousay—sundon] —-— v
£822¢1-€22980 1a44v R ++\\w\n . )
— = - #h + a ¢m
g v 304N0S WAS LT i
g¢
&
dz9 4
S8
doo €%
g
4oz
— b2
m | -84
d [ RGNl PR B |2 wE A BN, (e DS | el >




AFFDL-TR-78-89

e T ———

1.5 I T SO N R A
+ + o
t, 7
14 F RS
oo//+\" d
E LY 4
13 o -
// 7
= ki 7 //\/
12 g
ng o i 3 +:.///
% sl P =
—~ / + y
O“— # +§+++ +4-/
= 1.0 / **’i—'+£g_++t+{;* —
- T+ +)"+
/“1—' <n-t+ ++4;+i}:r‘+
o9 | 7 SEE A -
/ ++t/
/ *://
o+
08 P -
f 7
7
07 1 | | | | [ b
Qf Q8 09 10 U 2 13 14 |5
3
(Cf)g x |0
FIG. 7 PRESTON TUBE SKIN FRICTION

COEFFICIENT VERSUS SKIN FRICTION
COEFFICIENT OBTAINED WITH A
FLOATING -ELEMENT BALANCE.

24




AFFDL-TR-78-89

1.5 el ! SR
++++/
1.4 i et
;+/ ,\CJ\ /]
L o\e : e
.3 SR /
X, $ °\‘,/
s
12 // y 7 i
// ++ ::++ //
+
(CPyx 10° 11 |- o N // v
4 7“& .
e
1.0 // ;éﬁ**f//‘* o
/7 ++*_-:—:+I£/ ’+
gigl-"s +A1Hf,f‘ e
7 +¢+ 7
gals 4 e 5
. z -y
7/
/7
07 A | | ] | | |
07 08 0.9 .0 LI .12 13 14 |5 :
(Cf)yp X 10° |

FIG. 8 PRESTON TUBE SKIN FRICTION
COEFFICIENT VERSUS THAT
CALCULATED FROM THE
VAN DRIEST II THEORY.

25




AFFDL-TR-78-89

8
LOIXxbS s 2¥s5,01x2 ANV

982-"W ¥03 HILINVHVY JHUNSSI¥d JILVLS TIVM 3HL

SNSY3A Y3ILINVHVY SSIHLS HV3IHS 1IVM 3ON34 3HL 6 9l
wl.l.au.e Boj
2u-’dv
08 82 9. v. 2. 0L 89 99 $9 29 09 85 96 G 26 0G
| R T _ _ _ T _ _ _ 1 I _\_\
I +.u.+,_.ﬂ.\ﬂ =
\+...#+‘h..+.¥
= +#hu.\;#+ -
+\+++

et

L . T L
il
— ....o.#.&.#.’”.ﬁﬂ ; —
T
e
B W &
0
o
@ . w9

WAw‘movm._- 2% P60, 9pgeos0=( 22 Y 6o A

NS. do Nr_. ;\_.\

L _ el _ o _ _ _ _ _ _ !

o¢e

ve

8¢

v

P

oS

14°]

8¢

29

>so.

2ufx b

(




AFFDL-TR-78-89

1.5

0.8

07 P l i L | | |
07 08 09 |0 Ll e o &4 15

3
(Cf)g x 10

FIG. IO BOUNDARY LAYER FENCE SKIN FRICTION
COEFFICIENT VERSUS SKIN FRICTION
COEFFICIENT OBTAINED WITH A
FLOATING-ELEMENT BALANCE.

27



AFFDL-TR-78-89

1.5
1.4
1.3
1.2
3
(cf)fx 10° 1.1
1.0
0.9
0.8
/
0.7 A | | | | | S |
07 08 09 10 I 12 13 14 15
3
(Cf)VDx 0
FIG. | | SKIN FRICTION COEFFICIENT OBTAINED BY

THE FENCE METHOD VERSUS THE
VAN DRIEST II THEORY.




AFFDL-TR-78-89

40 L T T T F T fll T T T | A S L

30} o fence method

' +preston tube
b3
o COOB®,

1.0 | oo% PO FIO10,0 Q&@

O 7 # 1 1 1 f (S PN [ (| l . 1 1 [ e § J_j

| 0 100
-4
Re x 10

0

FIG. 12  SKIN FRICTION COEFFICIENT VERSUS

MOMENTUM THICKNESS REYNOLDS NUMBER
FOR Me=2.86, NEAR ADIABATIC WALL
AND ZERO PRESSURE GRADIENT CONDITIONS.

29




AFFDL-TR-78-89

TABLE 1

RECOROED MEASUREMENTS

TEST STA. X P i d T P P 7 TAU
NGO« NO« 1} 0 L W P F B W

T G
INCHES PSIA DEG R PSIA DEG R PSIA PSIA PSIA LBS/FT**2

1 1 27.28 75.23 472482 2.130 437,905 8,025 3.61 1.18 245491
2 1 27.28 79.08 471.99 2,195 481,460 8.520 3.83 1.22 2.4577
3 1 27.28 93.18 470.80 24550 46849395 10,285 4459 1. 39 2470621
4 1 27.28 101.81 477.90 2.785 4614965 11.480 5.06 1449 3.1231
5 1 27.28 112.38 477.15 3.060 456,085 12.870 S5.64 1.62 3.4889
6 1 27.28 124,86 476.68 3.370 449,465 14,480 6430 1.76 3.7876
7 1 27.28 130.68 4764eb1 3.510 463,845 15.115 6.61 1.83 3.9804
8 1 27.28 147.54 469.20 4.005 445,525 17.310 754 2405 Le5443
9 1 27.28 86434 466494 2.360 441,565 3.610 be31 1. 30 2.6397
10 1 27.28 115.20 466405 3,115 4364120 13.255 5.87 1. 66 3.6056
11 1 27.28 85,73 4b4.52 24335 433.110 9.595 427 1.30 246612
12 1 27.28 151.86 463487 44055 4254575 17.950 7483 2. 08 446505
13 a 44.68 161.16 474430 5.640 473.600 18.650 9412 24 84 4e90663
14 & b4e68 225459 466468 7.840 4364130 27.360 13.06 3.79 be3429
15 2 44.68 234.90 459.76 8.170 4204200 284,480 13.60 3. 94 546564
16 2 44.68 240.72 456415 8.370 4124430 23,450 13.97 4. 01 747032
17 2 44.68 242404 4obab 1 84475 4534135 29.605 13.66 3. 90 7.1488
18 2 b4.68 266416 458412 9.340 4224765 33,115 15.23 422 748643
19 2 44,68 286426 447 .45 10.050 3396.535 35.865 16441 4o 40 843848
20 2 44468 306441 441,37 10.760 381.275 38.380 17.78 4e72 8458889
21 2 44.68 324,77 437.75 11,415 372.130 41,325 18,98 4. 98 Geb433
(4 & 44468 344458 478458 11.750 448,380 42,7640 19.58 502 9.9331
23 2 44.68 365.16 468491 12.480 421.030 46,020 20490 5437 1047240
24 2 44.68 383,27 461405 13.140 4044370 484870 22e14 5.62 11.0563
25 2 44.68 421.68 452456 14.490 3884810 544720 24s70 6.19 12470456
26 2 44eh8 164427 44bell 5.880 391.760 19,530 .40 2.73 542650
27 2 Lh.58 217.38 446,90 7.700 3884860 264400 12.53 3. 46 6.1627
28 2 bb.58 2284606 476424 7.940 4744440 27.220 12486 3. 66 6454935
29 & 44408 237.84 474.23 84290 4504220 284715 13.53 3.76 7.5617
30 2 4458 233.81 470484 84365 437.235 28.370 13.73 3.77 71157
31 Ci 4458 263,40 468484 9.205 4264910 32.305 15.13 4e12 7.8090 :
32 & b4.h8 284434 461452 9.940 4154380 35.160 16447 4o 40 8.4758 ;
33 2 “heb8 301.8¢C 457435 10.575 4064775 37.725 17.52 Le62 9.0076 !
36 2 44468 322.02 452470 11,275 395,465 40,435 18485 4. 89 9.5814 i
35 C4 bh.68 344406 489,42 11,510 472.925 424470 19.58 5.08 102487
36 2 4Leb8 358486 482408 12,015 4474480 45,010 2055 5429 10.6022
37 2 44408 379,20 473.04 12.730 427.715 47.650 21.94 5.53 11.2058
38 3 53.68 65485 478430 24140 5084960 64320 3.26 1.20 240137
39 3 59.68 73.13 477.83 24365 433.515 7.150 3.66 1.29 243121
0 3 59.68 84418 483498 24710 4834800 84365 4e20 1eb44 247555 .
41 3 53.68 91.38 482444 2.930 475.790 3.150 4.66 1.53 2.3888 §
42 3 53.68 63418 476428 24055 473,280 54150 3413 1.13 1.9082 :
“3 3 59.68 68.58 475477 2.225 470.200 6.715 a4l 1.21 2+2160 i
4b 3 59.68 77.63 4764491 24500 4b4a400 7.685 3493 14 34 244800
+5 3 53.68 79.38 474423 24550 461,125 7.890 4,03 1. 36 2ebbby }
46 3 59.68 30430 473476 24895 4574160 9.105 4463 1.51 243836 H
+7 3 53.68 60.54 472.86 1.975 4564780 5.8790 3.02 1.08 241070 i
48 3 59.68 71463 472428 24310 4544975 7.070 3462 1.24 243324 §
49 3 59468 80.76 471,49 24595 4524420 8+100 412 1.38 2.7377 %
50 3 53.68 102.72 471.20 3.275 4474270 10.525 532 1.67 3.3988 {
i
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TABLE I (CONTs)

1 RECORDED MEASUREMENTS

TESY STA. X P T P T P P P TAU
NO. NO. 0 0 L} L] P F 8 W
T G
INCHES PSIA 0EG R PSIA DEG R PSIA PSIA PSIA LBS/FT®*2
51 3 59.68 111,90 470.77 3.565 442.965 11.535 5.86 1. 80 2.0925
52 3 59,68 124,80 470.20 3.970 439.670 13.015 6.54 1.97 4e1021
53 3 59.68 81.23 467.96 2.620 4384835 8.190 bel? 1.38 2469331
5S4 3 59.68 101.58 468.94 3.245 435.950 10,400 5.28 1.65 3Jes021
55 3 71.68 306441 481.32 9.815 440,615 35.270 16.78 5..6 742326
56 & 71.68 321.12 477.80 10.280 427.090 37.350 17.59 ko506 845803
57 “ 71.68 323,04 474426 104340 419.525 37,330 17.83 .55 7.5192
58 4 71.68 343413 469,35 10.980 410,915 39,995 18,97 4. 80 842907
59 4 71.68 361455 487,38 11.530 4634675 41,595 19.85 5.09 8.4238
60 4 71.68 383434 483,23 12.225 442.660 Llbo4b5 21,32 5.39% 9.5988
61 4 71.68 398,22 474,76 12.686 427,210 464765 22432 5.51 112935
62 & 71.68 402,00 466.90 12.815 410,520 47,125 22462 5.5 104 3899
63 & 71.68 427432 468470 13,545 449,635 49,800 23.70 6.02 1095644
64 & 71.68 125.04 458,89 4.000 463.220 13,035 6453 2.02 3.2649
65 L] 71.68 157.91 453029 5.055 %55.910 16.865 8435 2446 4o 3433
66 4 71.68 236494 454,98 7.565 431,405 264485 12.84 3.48 B¢ 3645
67 L 71.68 297.30 453426 9.480 410.920 33.900 16.37 4e 25 7-0553
68 [ 71.68 317.52 454,87 10.150 395.190 364650 17.52 beb51 7.5262
69 4 71.68 337.38 459,40 10.790 382,230 39.510 18.72 “ 76 842856
70 & 71.68 357.90 466.79 11,420 369.005 42,095 20406 5.01 8.8069
132 4 71.68 160,12 434,38 5160 3704860 17.765 8.66 2443 4e3714
72 L3 71.68 238.73 4T4.26 7.610 481.155 264395 12.73 3.55 642603
73 L3 71.68 319.50 467.85 10.160 448,030 36.475 17.38 4e58 844291
74 & 71.68 381.864 466,57 12.120 423,140 44,490 21.23 5.33 9. 3043
75 L3 71.68 396448 462,18 12,595 402,000 464870 22,22 5.51 9.9725
76 5 83.68 152445 455,74 5.300 474,535 1641645 8ol 2.66 Le5445
77 5 83.68 159.77 450,48 5545 4464595 17,230 8489 2475 4e8532
78 > 83.68 168.90 447,64 5.855 433.755 18.415 Yebete 2, 68 5.0916
79 5 83.68 180.18 L4745 64260 4204760 19.815 10.19 3.02 543691
80 5 83,68 189,05 445,66 64545 4$12.405 20.915 10.69 3.15 5463390
81 S 83.68 198441 441,63 6.860 398.755 224110 11.32 3. 26 547833
82 5 83.68 218445 439,88 7.530 3884265 24,680 12.52 3.55 643823
83 5 83.68 79.38 438,05 24785 4204705 8,145 4433 1.50 245552
} 84 5 83.68 125445 bh1.b44 bo345 407.065 13.420 7.02 2416 349242
35 5 83.68 132.77 bbb, 84 44600 4004700 14,385 Tebl 24 3C 4e2789
3 86 5 83.68 163,40 455,26 4,975 483,860 15,080 7.85 2454 Lo 4571
87 5 83.68 153,54 447,53 54320 4564610 164345 8449 2.67 48153
38 5 83.68 173.27 443,88 5.990 431.980 18.870 9.68 24 94 543604
89 5 83.68 180441 439,20 64230 417.830 19,785 10e14 3.03 544353
90 5 83.68 19140 435,32 6.620 403.610 21.350 10.82 3.18 546455
31 5 83,68 200452 432,30 6,330 392,730 22,560 1161 3. 30 543454
92 5 83,68 209.81 429,34 7.240 3824960 23,800 11.96 3ol 640582
93 5 83.68 219,48 427,07 74565 375.810 244920 12458 3.56 644363
94 5 83.68 228.23 424,27 74870 3664750 264145 13409 3.70 67497
35 5 83.68 253,50 423.02 8.930 359,380 29,950 149 4 16 Te7430
f 36 6 95.68 66405 460,87 24265 483,630 64425 3.38 1.28 1.9872
7 6 95.68 7344 456.84 24,500 4694730 7.230 3480 1.38 241286
98 6 95,68 82.62 454479 24795 459,780 84265 ke31 1.53 2.6035
39 6 95.68 86427 454,32 24910 4524140 84670 4e52 1.58 245361
100 6 95.68 93.59 454,50 30145 4454510 9.595 4496 1.68 29588
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TABLE I (CONT.)

RECORDED MEASUREMENTS

TEST STA,. X P ¥ P T P P P TAU
NO. NO . 0 0 W W R F 8 W
T G
INCHES PSIA DEG R PSIA DEG R PSIA PSIA PS1A LBS/FT**2
101 [} 95.68 106455 452470 34565 436,800 11.005 5.68 1.88 343575
102 [ 107.68 108,36 456080 4.025 4554160 11.800 6.16 2406 3.2009
123 7 107.68 122.9% 453,95 44545 435,520 13.500 7.09 2430 3.6857
104 7 107.68 135.72 449,85 5.025 4274070 154375 777 2,51 3.9263
105 7 107.68 143,04 447420 54290 414,360 16.230 8.22 2462 be2418
106 7 107.68 151.91 445455 5.605 4064600 174335 8.80 2473 Lol783
107 7 107.68 155.70 443,80 5740 400,570 17.890 9.03 2480 5.0328
108 7 107.68 163.26 442456 6010 395,270 18.860 Qe l4te 2497 4.6992
109 7 107.68 172.50 440.88 64335 3884750 19,930 10.18 3.05 5.0077
110 z 107.68 181.62 449.60 6,690 4664945 2042640 10,39 3433 542567
111 7 107.68 193.02 442434 7.085 435.815 224020 11,10 3e48 S5e4i18
112 % 107.68 202402 437.67 Tek10 418,360 23.210 11.74 3.60 57790
113 7 107.68 211.08 433.90 7.725 406,310 244410 12.38 3071 548604
116 i 107.68 222430 429.27 8,130 391.760 254935 13.14 3.87 6.2026
115 7 107.68 231441 426421 8,460 301.830 27.120 13.73 4e 01 643214
116 7 107.68 236476 422410 84655 3704200 284040 14407 4408 7.3399
117 7 107.68 240472 419.20 8.800 362.675 284655 14435 4e12 649160
118 7 107.68 262491 417099 9.590 354,725 31.510 15.86 4o 45 743622
119 7 107.68 282454 415452 10,290 347,430 34e345 16495 4e78 7.7212
120 7 107.68 301.26 442.04 10,920 438,400 344985 17.82 5e 26 8.1469
121 7 107.68 321454 436.03 11.630 4064340 38.140 19.23 5457 8.5048
122 {7 107.68 341.76 431.29 12,370 387.635 41,080 20460 5.88 848440
123 7 107.68 361.86 4244”9 13.100 367,425 450110 21.99 6¢15 9.2717
124 7 107.68 381484 426422 13.815 352,705 464995 23.16 6451 9.8776
125 ( 107.68 398445 420431 144,400 339.230 494445 2h4eb7 6072 11,4013
126 4 107.68 422409 469442 15,180 440,060 504250 25.58 7.15 11,4804
127 7 107.68 440,58 447,01 154855 4044565 544250 26485 7433 11.8316
128 (s 107.68 4584786 447472 164545 386.630 57.085 27.886 7+63 12,3613
129 7 107.68 478491 433.01 17.295 367.085 59.855 29.20 7.90 12.8283
130 7 107.68 498466 437+48 18.015 368,425 63.185 30.59 8416 13.3412
131 7 107,68 520614 453.88 184660 ©23.920 64e540 31413 8. 86 13,7605
132 7 107.68 549.90 443.80 19.885 381,465 69,835 33.12 .12 15,3302
133 8 119,68 82.62 449,38 34100 4524355 8ek415 46l 1.73 245976
136 8 119,68 91.73 453400 3,410 437,585 94530 5.16 1. 86 248100
135 8 119,68 102.72 450091 3.775 4274660 10.670 5.80 2.01 341325
136 8 119.68 113.70 459.66 44150 417,830 11.945 6elsl 2416 3.3323
137 8 119.68 124473 451450 44515 409.030 13.220 7.08 2430 3.6887
138 8 119.68 135459 462403 4.885 401,570 144570 7.67 2. 48 4e0729
133 8 119,68 166,12 451.02 54170 395,605 15.660 8.18 2458 4:2657
140 8 119.68 155.70 4534 44 5.600 4014305 17.050 8472 2481 445030
161 8 119.68 161,34 453437 54785 3404365 17.775 9.06 2489 5.0312
142 8 119,68 163426 448487 54855 384,025 184040 917 2692 4e7568
1643 8 119,68 1724 b4 449456 64190 3784710 19.210 9.75 3. 05 540585
144 8 119,68 183+36 440470 64555 3724655 204425 10s41 316 543291
145 8 119.68 192.23 448431 64860 3684005 21.525 10,93 3.29 545869
146 8 119.68 203452 454417 74250 363.530 22.940 11,54 3.48 5.8283
147 8 119,68 212.76 453426 7.570 359,200 244070 12.12 3.59 641335
148 8 119.68 220402 447423 7.820 355.090 244885 12.55 3.71 643452
149 8 119.68 231.12 44B8e46 8.195 3504660 264425 13.21 3.87 645519
32
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TEST

z
o
.

OWENOWNEWN -

ye
ME

5349
5419
«5524
«5594
«5653
5712
5713
«5738
«5553
«5682
«5578
«5796
«5193
5354
«5393
«5383
«5369
+5419
« 5454
«5490
«5489
«5466
«5513
«5545
+5598
«5235
+5323
+52938
5336
5332
«5381
«5407
«5437
+5458
«5489
+5538
5539
761
4826
o4 884
«4915
«4802
4825
4872
«4 889
04937
4785
4862
4916
+499%

DELIA_EF
QE

«1843
01904
«1997
«2039
#2085
02130
02149
«2173
«2028
02139
#2019
02232
«1981
22097
02097
02110
02049
+2100
02139
02163
2186
02178
+2190
2215
2253
02039
2107
2054
+2093
02112
02126
2159
02171
«2203
«2195
02213
«2249
+1655
1719
01781
«1825
«1674
e1722
1774
«1791
e1841
«1692
«1765
+1806
«1899

TABLE II

CALCULATED RESULTS

RUQ-E
RHO*

241715
201404
241174
2.0806
2.0693
20573
240503
240629
2.0545
20473
240394
2.0301
2.0020
1.9301
1.9056
1.8943
1.9751
1.9122
1.8648
1.8427
1.8262
1.9414
1.8343
1.8699
1.8463
1.8513
1.,8464
2.0030
1.9463
1.9205
1.899¢6
1.8870
1.8736
1.8553
1.9848
1.9393
1.9097
241145
2.0804
2.0428
20284
240305
240254
2.0164
2.0110
2.0031
1.9964
1.9982
1.9961
1.9866

R*ED *
10 *% -4

1.6580
1.7800
241349
243619
246334
2.9512
301225
3.5526
2011461
248345
201401
3.8018
4e4B07
648099
Teb121
7.7626
7.0683
Bek143
9.7328
10.9221
11.9105
948745
11.2670
1244104
1443535
57613
7.6138
542703
649263
72362
841564
9.1070
949262
1049347
9.1163
101319
1143143
1.5823
1.8114
241159
243331
1.6470
1.7970
2.0501
2.1088
204179
1.6465
1.9391
21938
248070

(TAJ W G ®* D **2)/(4 * RHO® * NU* **2)

((DELTA P)P * D *%2)/(4 * RHO* * NU® *%2)
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R¥EH *
10 ** -4

02674
2871
+ 3443
«3808
267
o4760
«5036
#5730
36410
4572
3452
6132
« 7435
1.0984
1.,1955
1.2520
1.1400
1.3574
1.5698
1.7616
1.9210
1.5927
1.8173
2.0017
243151
«9292
1,2280
1.0113
1.1171
1.1671
1.3155
1.4689
1.6010
1.7637
1.4704
1.6342
1.8249
02552
02922
« 3413
3763
2656
«2898
«3307
+ 3401
«3900
+ 2656
«3128
«3538
4527

LOG F3

5.0007
540233
5.1594
502543
543531
Sebl1b
544920
5.6091
51516
5.4176
541665
5.41706
5.7337
6.0472
61183
642091
641091
6e2462
643598
Gelt B4
65207
643906
be4 992
645690
6.7082
549338
601240
549993
641238
641197
642180
603138
63855
Bebl 1
6e3467
Bl 2645
65131
448725
409973
S«1405
542229
448829
4¢98706
540967
5.1383
542380
4e9361
5.0525
51773
5.3808

LOG Fu

7.3294
7.3901
7.5660
7.6507
7.7584
7.8638
7.9115
8.03014
75490
7.8221
7.5603
T.8458
8.1280
8.,5063
8.5805
8.6165
8.5510
8.6950
848175
8.9181
8.9894
848494
8.9609
9e 0442
9.1733
8.3233
8.5789
Belbbl5
8.5216
8.5532
8,6604
847574
848340
8,9171
8.7933
6.8827
8.9720
7.1761
7.2984
7T.4358
7.4013
7.2009
7.2796
7T+4005
T.4269
7.5523
7.1900
7.3461
7.4626
7.6888

LOG FS

Je 4159
3.4385
3.5746
3.6695
3.7683
3.8568
3.9072
4e 02463
3.5668
3.8328
3.5817
3.8328
4e1689
4ebb24
445335
4.6243
4e5243
beBD1k
Le7750
4+8636
449359
4.8058
be91lbk
4e9842
51234
4e36490
4.5392
4a4150
©s5390
4e5369
4s6338
4.7290
L.8007
48793
4e7019
4e8397
4,9285
3.2377
3,4125
3.5557
346381
342981
3.4028
3.5119
3.5561
3.6532
3.,3513
3.4677
3.5925
3.7960

FS = (TAU W G * H *%*2) /(4 * RHO® * NU* *+2)
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TABLE II (CONT,)
CALCULATED RESULTS

TEST LOG Fe LOG F7 RE THETA * (CF)G * (CF)P (CF)F * (CF)VD *

NO . 10 ** =4 10 ** 3 10 *» 3 10 ** 3 10 *» 3
1 545535 Se744b 2.0088 1434246 1.4599 1.2334 1.3211
2 546230 5.8113 2.1076 1.24488 1.4683 142567 1.3220
3 547969 5.9812 2.4681 1.19678 1.4487 1.2662 1.2930
4 5.8860 6.,0719 2.6290 123874 lebbku9 1.2679 1.2928
5 5.9882 641736 2.8926 1.25687 14307 1.2677 1.2752
€ 6.0939 642790 3.1981 1.23418 14145 1.2650 1.2573
[ 641451 643267 3.3605 1424250 1.3946 1.2616 1.2692
8 6o 4453 644453 3.8326 1.24929 1.3572 1.2425 1.2156
9 547822 5.9642 2.3222 1.23516 1.47106 1.2904 1.3350

10 640585 6.2373 3.0581 1.27208 1.4177 1.2801 1.2725
11 57878 549755 243226 1.25651 1.4798 1.2833 1.36418
12 60834 642610 3.9965 1.25336 1,3593 1.2582 1.2203
13 644093 645432 6.6989 1.08782 1.,0787 1.0969 1.1270
14 647856 649215 9.4223 +93624 1.0221 1.0683 1.0934
15 648537 649957 949971 1.00360 1.,0138 1.0526 1,0932
16 648940 7.0317 10,3447 1413441 +9990 1.0498 1,0920
17 6.8180 649662 10.1477 1.04229 1,0138 1.0366 1.0629
138 649659 7.1102 11,3185 1.064152 9882 1.0280 1.,0691
19 70894 7.2327 12,4245 1.03697 +9645 1.0189 1.,0729
20 7:.1891 703333 13,6269 1.02214 9479 1.0077 1,0666
21 742652 74045 14.5678 1.02407 9273 1.0016 1.,0625
22 7e12704 7 .2645 13.5819 1.03872 «9595 1.0288 1.0261
23 723306 73761 14,7650 1.04996 9436 1.0102 1.,0312
24 7.3170 7.4594 15.8291 1.02970 «9306 1.0035 1.0300
25 Tell52 7.5885 17.7880 1.07405 «9120 3921 1.0213
26 6.6101 647385 744402 1.11784 1,033 1.0801 1.1719
27 648654 6eP941 9.6750 «99428 «9882 1.0548 1.1207
28 6.7210 648567 942795 1.01531 1.,0208 1.0615 1.0671
29 648030 649368 9.6918 1.13958 1.0104 1.0621 1.0815
30 6.8394 649684 9.8675 1.04793 «9992 1.0635 1.0888 ]
31 649414 70756 10.8506 1.04728 +9851 1.0466 1.0807
32 7.0409 7.1726 11.9242 1.05288 09657 1.039% 1.0700
33 741151 T.2482 12,7809 1.05287 «9539 1.0285 1.0633
3k 7.2012 7.3323 13.7853 1.05004 9372 1.0238 1.0589
35 7.0710 7.2085 131270 1.07738 9841 1.0499 1.0004
36 741563 7.2979 13.9528 1,06770 «9748 1.0387 9913
37 72524 7.3872 15.0997 1.06666 9492 1.0335 #9799
38 5.4547 5.5913 3.7020 1.12658 1.2117 1.1320 1.2325
39 545817 547136 440975 1.16462 1.,1998 1e1434 1.2098
40 S.7242 5.8510 %5989 1.20875 1.1784 1e1481 1.1842
41 548165 5.8165 4.9921 1,21042 1.1620 1.1526 1.1666
42 544769 5.6161 345842 1.,10909 1.2236 11395 1.2432
43 545638 5.6948 3.8792 1.18849 1.2058 1.1498 1.2281
bb 5.6892 548157 443719 1.17944 1.,1851 1.1520 1.2064
45 547167 5.8421 44733 1.,23459 1.1838 1.1560 1.2039
46 548459 549675 5.0616 1.18188 1.1617 1.1552 1.1816
o7 Se738 56052 34775 1.27598 1.2188 1.1524 1.2651
48 5.6347 5.7613 4e0824 1,20153 141999 1.1603 1.2288
49 5¢7513 5.8778 4.5839 1.25309 1.1839 1.1569 1.2054
50 549854 641048 547603 1.22828 1e1b14 1.1536 1.1626

F6 = (DELTA P F * H ¥%2)/(4 * RHO® ® NU®* %%2)

F? = ((DELTA PIP ® H ®%2)/(& * RHO* * NU* *%2)
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TABLE II (CONT,)
CALCULATED RESULTS

e DELIA_BF RUQ.E R*ED * R*EH * LOG F3 LOG F& LOG F5
ME QE RHO* 10 ** =4 10 ** =4

«5016 «1931 1.9770 3.0886 04982 52141 7.7732 3.6293
«5054 «1960 1.9705 3.4689 #5595 545589 7.6793 3.9741
«4925 «1825 1.9674 242914 + 3696 541984 7.4958 3.6136
+4990 «1908 1.9621 . 2.8611 4615 5.3968 7.6989 3.8120
5369 02161 1.9438 8.4867 1,3688 6.1881 8.6997 446033
5384 2168 1.9181 9.2046 1,4846 643033 8,7700 L.7185
«5363 2193 1.,9071 9.4538 1.5248 62641 8.7874 4e6793
«5391 «2203 1.8962 10.2919 1.6600 6.3517 8.8632 47669
«5356 «2182 1.9891 944203 1.519¢4 6.2809 8.8015 4.6961
«5383 2227 1.9465 1045154 1.6960 603980 8.8918 4.8132
«54204 2258 1.9275 11.3877 1,8367 645173 8.9635 4e9325
5417 02271 1.9024 12,0531 19440 6+5196 9.0060 4e9348
«5409 2219 2.0015 11,5743 1.8668 645051 8.9916 4e9203
«50643 «1925 2.0576 343230 «5360 544390 7.8587 3.8542
«5116 «1989 2.0528 4,2862 06913 5.6815 8,0913 4. 0967
«5263 2110 1.9847 648051 1,0976 6.0573 8.5028 kol725
«5328 «2179 1.9352 8.9912 104502 6.2361 847445 4.6513
«5362 2187 1.8886 10,0102 1.6145 603177 8.8327 4.7329
«5408 2208 1.8441 10.9720 1.7697 6ok 024 849093 4e8176
«5426 2247 1.7951 11.9656 1.9299 6ok 674 8.9759 4.8826
5222 02074 1.8671 5.5105 «8888 5.8537 8.2861 442689
+5232 +2056 2.0654 6.0189 «3708 5.9593 8.4083 4o 3745
«5338 02145 2.0021 8.7144 1.,4055 642695 8.7327 4o 6847
«5406 2231 1.9376 11,0568 1.7834 64317 8.9373 4e.8469
5451 2257 1.8925 12.1540 1.9603 645145 9.0164 4.9297
«4931 «1924 240553 4e2311 6824 5.6864 8.0485 4.1016
«4990 «1962 1.9976 be70448 «7653 5.7821 8.1461 441973
«5026 1984 1.9718 541802 «8355 5.8497 8.2229 4e2649
«5055 2034 1.9386 57068 9201 5.9213 843043 403365
«5074 «2039 1.9211 641197 «9870 59789 843646 LOEELS
5099 «2078 1.8952 6.6658 1.0751 640375 844373 4o 4527
«5148 «2104 1.8726 7.5376 1.2157 61408 8.5471 445560
«4 816 «1810 1.9561 245563 4123 542584 7.5690 3.6736
«4969 1972 1.9171 4e1306 6662 5.6571 8400641 4.0723
«5008 1967 1.8917 bet353 o 7154 5.7260 8.,0669 4elu12
«4913 1891 2.0818 348894 6273 5.6374 7.9779 4.0526
«4953 #1937 2.,0323 44530 7182 57487 840920 4e1639
5028 1990 1.9780 5.3386 «8611 5.8891 8.,2508 4e 3043
«5051 2018 1.,9527 5.7730 09311 5.9402 8.3172 4¢3554
«5101 02042 1.9236 643798 1.0290 640109 8.4060 bet261
+5130 «20790 1.9019 6.8838 1.1113 6540752 Beta727 4.49306
«5158 «2080 1.8831 7Te4092 1.1950 6+1229 845364 4.5381
«5164 2106 1.,8695 7.9112 1.2760 641877 845910 4.6029
«5191 «2108 1.8511 844587 1.3643 6e26411 8.6494 4.6563
«5218 2131 1.8344 9.8146 1.5830 643706 8.7792 4.7858
«4639 «1634 2.07164 1.7705 «2856 449403 7.2534 3. 3555
o749 «1700 20513 240245 « 3265 5.0377 743746 344529
«4810 1742 240328 243224 3746 541910 7.5011 3.6062
4829 01767 2.015¢4 244645 «3975 542195 7.5525 3.6347
«4897 1821 1.9993 247081 «4368 5.3203 7.6430 3.7355

(TAJ W G ® D **2)/(4 * RHO® * NU® *%2) F5 = (TAU W G * H *%2)/(4 * RHO* * NU* **2)

((DELTA P)P ® D *%2)/(4L * RHO® * NU* #32)
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100

LOG FB

6407304
6e1794
547874
5.9986
609930
609590
7.0847
7.1581
7.0978
7.1927
7.2637
7.3099
7.2866
6.1529
643874
647998
7.0448
7.1291
7.2025
7.2737
6.5826
65,6992
7.0246
7.2352
743122
6.3621
644578
6.5333
6.6205
6.6786
647553
6.8622
5.8764
603217
6.3766
6,2871
64046
6.5622
6.6305
6.7159
6.7837
6. BUkb
6.9039
6.,9581
7.0879
5.5378
5.6671
57931
5.8472
5.9386

LQG F7?

6¢1884
62945
549110
6e1161
741169
7.1852
7«2026
72784
72167
7.3070
T.3787
Tek212
744068
642739
645065
649180
741597
Te2479
743245
743911
647013
648235
Te1479
743525
Tek316
604637
645613
646381
647195
547798
648525
649623
5.9842
644193
604821
643931
645072
6.6660
647320
6.8212
6,8879
649516
740062
7.0646
7e194
5.6606
547898
549163
549677
6.0582

TABLE II

(CONT,)

CALCULATED RESULTS

RE THETA ¢
10 ** -4

642556

6.,9487

4.6591

5.7389
18,7831
19,8378
20,1572
21.6555
21,5916
23.0965
2445390
25,3430
2646989

8.5730
10,8834
15,9104
19.8354
21,0143
21,9551
22,7056
11,7114
15.1229
2043574
24,1504
25.3607
12.1786
12.9384
13,7584
14.6366
15,4047
16,3319
17.9885

6.9320
10.5776
11.064044
11,5057
12.5724
14,2598
15,0357
16,4044
16,9947
17.9111
18,8308
19,7234
22,3680

6.1501

6.,8841

7.7391

8,0733

8.71467

(CF)G
10 ** 3

1.264399
1.22167
1022301
1.24196
«88126
+98969
+86221
«89515
«86541
92940
1.05328
95766
«95464
«96753
1.01880
+99324
+«88088
«87864%
091012
«91306
1.00754
«97356
98074
91259
«93556
1.05601
1.07708
1.06956
1.05780
1.,05916
1.03564
1.,03985
113476
1.11036
1.14378
1.10231
1.11130
1.09926
1.07114
1,04779
1.05370
1.02700
1.05340
1.05227
1.06284
1.,07371
1.03848
1.13283
1.08351
1.14062

F6 = (DELTA P F * H ®%2)/(4 * RHO®* * NU® *+2)

F7 = ((DELTA P)P ® H *#2)/(4 ® RHO® *® NU® *%2)
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(CF)P *
10 ** 3

1.1214
1.1024
1.1762
1.1351
+9619
«9529
31k
9295
+9349
9185
09126
+8985
«8999
1.1042
1.0588
+93886
9014
09282
9221
+ 9097
1.0395
1.0054
09678
9138
+9069
9964
9906
9817
«9687
9582
«9466
9331
1.1003
1.0257
1.0221
1.0108
9923
«9Th1
+9636
+9566
«9478
«9398
09263
9196
+8933
1.1527
141350
1.,1201
1.1117
1.1206

(CF)F *
10 ** 3

1.1517
11420
11595
1.1573
1.0518
1.0395
140457
1,0337
1.0375
1.0367
140347
1,0304
1.0118
1.1280
1.,1071
1,0747
1.0483
1.,0328
1,0259
1,0275
1.1055
1,0677
1.0362
1,0291
1.0236
1.0767
1.07590
1,0691
1.0750
1.0639
1.0661
1,0561
1.1277
141135
1.0972
1.0760
1.0739
11248
1.0640
1.0565
1.0550
1.0459
1.0454
1,0338
1.0154
1.0974
1.1096
1.,1056
1.1082
1.1191

(CF)VD *
10 ** 3

1.1503
1.1328
142161
1.,1735
03744
«9757
97786
«9712
09377
«9430
«941b
9462
9048
1.0618
1.0231
+9863
«9707
«9791
9893
1.0034%
1.0825
9653
- LT38
9405
+3499
1.0037
1.0147
101404
1.0168
1.0153
1.0161
1.0097
114613
10797
1.0822
1.0039
1.0071
1.00686
1.0077
1.0079
1.0078
1.0069
1.0045
1.0047
+9924
11173
11004
1.089
1.0885
1.0809

—
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TABLE II (CONT.)
CALCULATED RESULTS
TEST 4e DELIA-EF RHQ_E R*ED * R*EH * LOG F3 LOG Fa LOG F5
Z NO. NE Qe RHO* 10 % -4 10 ** -4
i 101 «4928 «1857 1.9831 3.1416 +5087 Se4453 T.7733 3.8605
i 102 «+838 1863 1.9721 303187 5353 54381 7.8121 3.8533
i 103 «4923 «1923 1.9316 3.9390 +6353 5.5854 7.9582 4. 0006
} 104 «5017 «1912 1.9133 Lo 4571 «7189 5.6740 8.0792 4.0892
‘ 105 «5025 «1932 1.8936 4.8539 «7829 5.7534 8.1486 4.1686
i 106 «5058 1975 1.8784 542542 8475 58163 842197 42320
i 107 «5070 «1978 1.8673 54730 <8827 5.8833 842546 443050
| 108 «5090 «1961 1.8570 5.8175 «9383 5.8904 8,3086 443056
i 109 «5095 «2048 1.8448 6.2496 1.0089 5.9540 8,3648 4.3692
i | 110 «497b «1923 2402467 543957 «8703 5.8643 8.2612 4.2800
111 «5056 1956 1.9647 6.1897 3983 549580 8.3812 £e3732
112 «5080 1997 1.9310 647852 1.096% 6.0392 8.4575 LekSkl
113 5104 «2039 1.9095 743190 1.,1805 640870 8.5227 4.5028
114 «5134 02070 1.8823 8.0323 1.2955 5el645 8.6021 4.5797
115 «51438 »2086 1.8630 8.6069 1.3882 642103 8.6602 4e6261
116 «5182 «2095 1.8412 9.1223 1464710 603113 8.7113 4e7265
117 «5138 02110 1.8275 9.4969 1.5318 543093 847456 4e7251
118 «5224 2158 1.8092 10,6034 1.7102 643895 848413 4o 8047
119 «5272 «2143 1.7954 11,6502 1.8791 64589 849277 4eB741
120 «5135 «2080 1.9780 9.5039 1.5329 63205 847703 447358
! 121 5207 2122 1.9094 11.0266 1.7785 644252 8.8960 4eB404
| 122 5248 «2150 1.8707 12,3643 149942 645061 8,9933 449213
E | 123 «5292 «2185 1.8311 13,9113 242438 649949 9.0937 5.0101
‘ 124 5324 2177 1.7881 15.2802 244645 6670+ 9.1701 5.0856
| 125 5353 2226 1.7648 16.6554 246864 6.7835 9.2439 5.1388
{ 126 52380 2187 149184 12,9531 2,0892 6.5806 9.0417 4.9958
127 «5337 02219 1.8804 14,9989 244192 646953 9.1778 5.1110
128 +5366 02208 18314 16,3843 246427 6+7598 9.2478 5.1750
129 «5373 2223 1.8123 18.2702 249468 648470 9.3398 5.2622
! 130 v5421 22268 1.8056 18.8899 3.0468 648733 943742 5.2890
131 5357 «2148 1.9155 16,7385 246998 647911 9.2862 5.2063
' 132 54627 +2180 1+8255 20.0186 3.2288 6s9460 9.4302 5.3618
| 133 4660 1701 1.9794 24579 « 4160 52456 7.5541 3.6608
134 b763 1771 1.9366 2.9334 «4740 Se3404 7.6725 3.7556
135 4765 1827 1.9217 3,3457 «5396 5.4502 7.7856 348654
136 4812 +1853 1.8789 3.7512 «6050 Se5244 TeB841 3.9396
137 4855 #1913 1.8791 4e2062 6781 5.6290 749907 4el4b2
138 4307 «1916 148382 446054 7428 S5.7065 8.0634 4e1217
139 e 4343 «1949 1.8493 4.9941 «8055 S5e7741 8.1500 401893
140 4968 «1901 148573 543183 +8578 5.82013 8.2038 4e2352
161 4993 «1919 1.7023 6.43813 1.045¢4 5.9873 8.3480 4e4025
142 «5002 1921 108242 548410 «9421 5.8975 8.2892 4e3427
1643 «5025 «1948 1.8086 642586 1.0095 549565 843495 403717
146 «5033 «1987 148140 6.7903 1.0952 640255 8.+4230 44407
145 «5052 +1999 1.7359 741551 141540 60646 844651 Lek798
146 «5094 «1994 1.7627 7.6204 1.2291 641075 8.5182 Le.5228
147 «5090 2020 1.7539 8.0603 1., 3000 61574 8.5672 4e5726
148 «5092 #2025 1.7561 844672 1.3657 6.2011 8.6107 46163
149 «5130 « 2040 1.7429 8.,9787 14482 62413 8.6649 4e6571
F3 = (TAU W G * D *%2)/(4 * RHO® * NU* **2) F5 = (TAU W G * H **2) /(4 * RHO®* * NU* **2)

F4 = (IDELTA PIP * D *%2)/(4 * RHO® * NU* *#2)
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AFFDL-TR-78-89
TABLE II (CONT.)
CALCULATED RESULTS

TEST LOG Fé LOG F7 RE THETA * (CF)G * (CF)P * (CF)F * (CF)vD *

NO. 10 ** <4 10 *+ 3 10 *+ 3 10 s% 3 i *e 3

101 640727 601891 9.9076 113956 1.0820 1.1081 1.06456

102 6.1192 6.2273 11,2075 1.01009 1.0525 1.1002 1.0475

103 6.2729 503734 12.7395 1.02771 1.0212 1.0978 1.06418

104 643748 6ol 9kl 141718 «99042 1.0222 1.0668 1.0292

105 o777 605638 15.0178 1.01638 1,0037 1.0610 1.0300

106 6.5224 5.6349 15,979 1.01164 9951 1.0664 1.0260

107 645561 6+6698 1604471 1.10976 «989¢ 1.0481 1.0259

108 6.6028 6.7238 17.2690 «98896 «9808 1.0403 1.0223

109 646810 647840 18,2891 «99869 «9649 1.0677 1.0182

110 6.5665 6.6764 18.6930 +99611 #9513 1.0283 «9485

111 6.6802 647964 20.2536 «96480 «9468 1.0202 «9577

112 6.7615 6.8727 214625 0908474 «9336 1.0231 +9614

113 608313 649379 2246429 «95690 09243 1.0282 «9615

116 6.9126 7.0173 2be1415 «96201 9125 1.0256 09624

115 649713 70754 253300 «94202 9017 1.0199 +9628

116 7.0188 71265 2642378 1.06913 «8993 1.0139 9156

117 70535 741608 2649135 «99079 «8955 1.0134 «9678

118 Te1545 742565 29.3767 «96421 «8785 1.0132 9623

119 7.2301 743629 34.7129 0340634 «87104 3897 «9569

120 7.0822 741855 30.9035 93683 «8679 3923 8940

121 742046 7.3112 3345037 «91735 +85856 +3853 «3066

122 7.3010 7.4085 3600461 89717 «8466 #3775 «9107

123 Tob011 7.5089 38,6593 88822 «8350 #9715 «9152

124 Te.4707 7.5853 4067163 «89704 8257 «3533 «9250

125 745494 746591 43.2224 «99284 «8161 «9576 9262

126 743598 74569 39.128% «94620 « 8285 «9814 8818

127 Tek866 75930 43.6195 «93864 #8275 «9684 «8818

128 Te50470 7.6630 4542336 93597 «8190 ¢ 49% 8943

129 746408 77550 49.3672 92979 «7998 9373 «8897

130 7.6730 747894 5045693 +32848 «8043 «3610 «8898

131 7.5738 Te7014 49.9808 «92155 «8100 «9190 «8527

132 7e7148 748456 5443929 «96700 «7923 «3042 +8733

133 548685 509693 9.8052 1.06935 1.0366 1.0634 1.0682

134 5.9838 640877 10.7007 1.04706 1.0337 1.0774 1.0693

135 6.1066 642008 11,9813 1.04872 1.0079 1.0820 1.0561

136 6.2036 642993 12.8397 1.01154 «9978 1.0767 1.0609

137 643152 5o 4059 143644 1.02525 +9833 1.0818 1.0427

138 643854 6e4846 15,0539 1.04399 «9805 1.0665 1.0510 |
139 644659 645652 16,4891 1.03107 #9736 1.0660 1.0322 |
1640 645117 646250 17.6150 1.00607 «9632 1,029 1.0184 |
161 646496 647632 18.2208 1.08656 +9326 1.0076 1.0792 |
162 6.5896 647064 18,6834 1,01512 9529 1.0220 1.0227

1643 646521 607647 19,6388 1.02152 09443 1.0225 1.0212

166 647328 6.8382 21,3963 1014631 9263 1.0264 1.0062

145 6e77041 648803 2148461 1.01526 9216 1.0212 1.0161

146 6.8220 6549334 22,6464 1.00132 «9211 1.,0078 9303

147 6e8742 649824 23,6851 1.00865 +9068 1.0092 1.0149

148 6.9187 70259 24,9096 1.00961 «8953 1.0020 1.0066 1
149 649694 7.0801 2549954 99369 <8961 9979 1.0057 |

F6 = (DELTA P F * H *%2)/(4  RHO® * NU® *#%2)

F?7 = ((DELTA PIP * H %82)/(4 * RHO® * NU® *%2)
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