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SYMBOLS

Wall law constant (taken here as 5.60)

Wall law constant (taken here as 5.60)

Skin friction coefficient,

Boundary layer shape parameter,

Logarithm to base e

Reynolds number based on momentum thickness,
Local free-stream velocity, feet per second

Local free-stream velocity gradient in x-direction, feet per
second per foot

Friction velocity, V4 "Z/g , feet per second

Velocity within the boundary layer in x-direction, feet per
second

Velocity at surface in y—diréction, feet per second
Distance measured parallel to surface, feet

Distance measured perpendicular to surface, feet
Wall function, Table 1

Wake function, Table 1

Transpiration function, Table 1

Distance in y-direction to edge of boundary layer, feet
Displacement thickness, c/M;/-—- ‘-:—,{) "/7 , feet
Kinematic viscosity, square feet per second

Fluid density, slugs per cubic foot

Surface shearing stress, pounds per square foot

Momentum loss thickness, rf‘_é, _« , feet
.a/u (/-2 ) Ay €
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Subscripts

o Denotes conditions at surface (y = 0)

w Denotes component due to wake law

Superscript

! Denotes gradient in x-direction
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INTRODUCTION

The need for an accurate method of evaluating drag has become
increasingly acute with the development of today's high-performance
aircraft. Of particular interest is skin friction, the effects of which
govern, to a large extent, the lifting capabilities as well as the maxi-
mum speed of aircraft.

Until recently, little practical application has been made of
boundary layer control by fluid injection and suction through the surface,
but past research and recent experiments (References 1, 2, and 3) have
shown the practicality of these techniques in obtaining low drag and
high lift. Accurate methods for determining the surface shear in such
cases are often required for proper evaluation of the various systems.
The development of methods for measuring skin friction depends in many
cases upon experimental data from which the shear values are calculated,
and these methods often show considerable variation.

This report is concerned with the comparison of several methods
for determining the surface shear of boundary layers with and without
transpiration through the surface. Flat-plate conditions, taken here
as denoting zero pressure gradient, were maintained throughout the tests.




EXPERIMENTAL APPARATUS AND TECHNIQUES

Apparatus

The tunnel used in these tests was constructed especially for
studying turbulent boundary layers with or without transpiration (Figure 1).
Measurements of the boundary layer were taken on a vertical test section
which was opposite a flexible metal wall used to maintain the desired
pressure gradients along the test section. A system of cranks,which
pivoted on the tunnel floor and celing and were bonded to the flexible
wall, allowed the wall to be moved, thereby adjusting the free-stream
velocity and velocity gradient.

The removable test section consisted of an open-sided plywood
box to which a sheet of 0,.027-inch aluminum was fastened as shown in
Figure 2. Knife-edged aluminum supports inside the box supported the
sheet and prevented deflections when suction was applied. Stiffeners
bonded to the inside of the metal sheet resisted outward deflections due
to high pressures inside the box when air was injected into the boundary
layer. The injection and suction compartments of the box were separated
by a rubber seal held in place against an aluminum brace by the pressure
differential between the two compartments.

Ten flush static taps were bonded to the inside of the aluminum
plate, from which plastic tubing was led to a ten-position manual scanner
valve. Small holes were drilled along the plate to allow a total head
probe to extend through the wall in line with the static orifices (Figure 3)."
A pressure tap was located in each end of the box for the purpose of ob-
taining the pressure difference across the test wall. A pump was attached
to the box to suck air from the boundary layer through the perforated plate
of the test section. All joints of the test section and tunnel walls were
sealed to prevent leakage of air into the tunnel.

Power for the tunnel was supplied by a 2.25-horsepower, 28-volt,
motor driving a Joy Axivane fan. A Sola constant voltage transformer
damped the line voltage fluctuations, and a powerstat connected to a
rectifier was used to vary the tunnel speed.

Air for transpiration was supplied by a 2-horsepower Cadillac centri-
fugal pump.

Instrumentation

The probe used in taking velocity profiles was made of progressively
smaller diameter stainless steel tubing ending in a piece of flattened,




thin-wall copper tubing. A micrometer adjustment on the probe allowed
the measurement of distances from the wall to the nearest 0.001 inch
(Figure 4). To insure that the probe was touching the wall for the initial
measurement, an electrical circuit containing a battery and light was
connected between the metal wall and the probe. Contact of the probe
tip with the wall completed the circuit and thus caused the bulb to glow.

Velocity profiles were measured with a Kollsman helicopter air-
speed indicator calibrated against a Betz manometer, while very small
differential pressures across the test wall were measured with a Magnehelic
pressure indicator sensitive to 0.01 inch of water. The velocity gradient
in the directicn of the flow was established by using a ten-position scanner
valve connected to an airspeed indicator to quickly measure the free~-stream
velocity of each of the ten stations along the test section.

Injection and suction velocities were measured with a calibrated

venturi to indicate flow rates, and an airspeed indicator was used to measure
the pressure drop across the test wall.

Experimental Methods

The desired zero-velocity gradient was set by adjusting the tunnel
speed until the velocity at the first position was 88 feet per second.
Then, with the total head probe in the free-stream, the other nine static
orifices were individually sampled by means of the scanner valve. The
wall was adjusted until a zero-velocity gradient had been obtained at all
ten stations. In the case of suction or injection through the surface,
the desired suction or injection velocity was set prior to adjusting the
pressure gradient since, with the addition or removal of fluid, the velocity
gradient was found to change slightly. Thus, with each new transpiration
velocity, the wall was readjusted to maintain a constant free-stream
velocity of 88 feet per second. During the tests, it was found that a
pump was required to produce the desired suction velocities; however,
the required injection velocities could be obtained by allowing the ambient
air to flow into the box as a result of the lower pressure in the tunnel.
Restriction of the intake tube regulated the injection velocities as desired.

The perforated metal plate was calibrated by measuring the total
quantity flow through the plate for a given pressure drop across the skin.
Injection or suction velocities were found by dividing the total quantity
flow by the area of the plate, thus allowing a calibration curve to be
drawn of transpiration velocities versus pressure drop across the skin.

Velocity profiles in the boundary layer were measured first at the
most downstream position (position 10) and then at each of the other up-
stream positions. After the velocity gradient and transpiration conditions




had been established and the boundary layer probe had been installed

at a given station, the probe was moved until contact with the wall was
indicated by the glowing light. The first measurement recorded was at

a height of 0,005 inch; the distances from the surface to the upper inside
wall of the probe and from 25 to 52 points were obtained for a velocity

profile.




DISCUSSION OF RESULTS

A number of profiles were measured on the impervious wall and
also for the cases of transpiration with injection and suction through the
wall. Different methods of analysis which were applied to the experi-
mental profiles allowed a comparison of the measured skin friction values
with those predicted by existing theories.

Methods for Determination of Skin Friction

Several methods for the determination of shear were investigated,
among them being the boundary layer momentum equation as derived by
integration of Prandtl's two-dimensional incompressible boundary layer
equations. These equations, when integrated, give

g 2 . Y
. e\ Y !_:‘ .
9-(—(7)--7 (##2) + 7 (1)

For the case of the impervious wall with zero-pressure gradient,
= ¢ @and Y} : J, which causes (1) to take the form

Cp= 297 (2)

where the prime denotes the derivative with respect to X . From a plot
of & versus X , the value of & can be measured and the local skin
friction calculated. The effects of transpiration at the surface may be
included if the suction or injection velocity, #» , is known. When this
value is placed in the equation for the case of the flat plate with trans-
piration, the momentum equation becomes

° g KS

where Vo is negative ’for suction and positive for injection. Thus the
integrated property, ¢ , of the boundary layer profile can be used to
determine the local skin friction.

For the impervious flat-plate conditions, there are a number of
skin-friction relations such as those by Prandtl-Schlichting, Coles,




Cornish, and Rubesin as shown in Figure 5. These skin-friction relations,
which generally result from the assumption of some power law or log law
for the boundary layer profile, usually show the skin friction coefficient
plotted as a function of the boundary layer momentum thickness Reynolds
number.

With the establishment of the existence of the wall law in turbulent
boundary layer theory (Reference 4), many new techniques for the deter-
mination of skin friction have been brought forth. One of the best known
is that due to Clauser (Reference 5). The wall law

2 L
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is shown in Figure 6 with a profile which has been fitted to this law using
Clauser's method and assuming /7 : & :5¢6. Clauser's method involves
fitting the linear portion of the experimental prof;le in question to a family
of curves with &_ as the ordinate and log -%£% as the abscissa
(Figure 7). Most impervious turbulent boundary layer profiles can be
fitted to these universal curves, and in this manner the skin friction may
be determined. .

A method due to Cornish (Reference 6) utilizes a description of the
entire profile rather than only the wall law region. This description of
the profile is given by the equation

24 - - ==
7 =47 (<X +5 - (5)

which was derived from the law of the wall and Cole's wake law, Data
from experimental profiles can be analyzed not only in the wall law region
but also throughout the entire profile thickness.

i This profile description can be extended to the case of transpiration
with injection or suction through the surface, and the resulting equation
becomes
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In this equation, as well as in the impervious case, o , .3 , and &
are predetermined constants which are functions only of %75 (see
table). From a given profile, with known suction or injection velocity,
the unknown parameters ¢~ and ¢z, may be found by simultaneously
solving any pair of points on the profile.

Computer methods, using all of the data points in a profile to de -
termine the root mean square values of ¢/~ and (%, , allow the profiles
to be more closely analyzed, thus yielding a more accurate value of the
skin friction. Combinations of three measured points gave three pairs
of points which, when treated in the above fashion, yielded consistent
values of %> and ¢ . Good agreement was obtained when all
of the data points were then plotted on the profile resulting from equation 6
(see Figure 8).

Another method for obtaining shear for profiles with transpiration
through the surface is that due to Black and Sarnecki (Reference 7). This
method is based on a bilogarithmic law of the wall for turbulent boundary
layers which is written as

= - ¢ 4, &

This law holds for all nearly two-dimensional flows where ’{5 =2 and
where the laminar sublayer does not occupy a large portion of the boundary .
layer thickness. In this method, with injection at the surface, the profile
in question is plotted as in Figure 9. A nondimensional parameter is de-
fined by the equation

, / gl
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where K is a mixture length constant, here taken as 0.182, and 4%

is the injection velocity. The parameter £ = ¥:?is plotted as the ordinate
of a graph with ¢ as the abscissa. Wﬁen thus displayed, the profile
exhibits a bilogarithmic region through which a straight line can be drawn
(Figure 9). The value of the skin friction coefficient may then be deter-
mined by the following function of the slope of the line and its intercept

on the ordinate:

- 2 .
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where /77 is the slope and & is the ;- -7~ value at &, "= /2.
Black and Sarnecki apply the same methoé/ to the case of suction but make
slight changes in the method used to plot the injection profiles (Figure 10).
In this case the abscissa is taken as

. -4% 7/
s = 7% == i == (10)

where the suction velocity, Vo , is negative and the ordinate is plotted
as ¥ /95 2, With suction, then the skin friction coefficient becomes

;

174 2
where & is the 77 # &5 value at ¥;=/4 ¢, Examination of Figures 7 and 8
shows that the length of the bilogarithmic law region increases as the
boundary layer thickness increases. For the case of highly sucked boundary
layers, the bilogarithmic region becomes small, thus causing errors in the
measurement of the slope and the intercept of the experimental data.

The dotted lines on Figures 9 and 10 are the parabolas representing
the extreme limits ‘5‘- = 0 and £ :/¢which will bound any experimental
data. The intercept point of the gilogarithmic line with the bounding
parabola corresponding to «g = /. O is determined by the shear of the
experimental profile. For the case of suction, this intercept point also
indicates whether the boundary layer momentum thickness is increasing,
is decreasing, or has a constant value in the downstream direction.’

With fluid injection, Black and Sarnecki have pointed out that an
experimental profile may have negative effective shear due to conditions
in the laminar sublayer. The shear at the wall is described by the ex-
pression

- 24 T
o2 Sy C (12)

If the Regn;_xplds stress term  ¢¢’.-’ is greater in magnitude than the viscous
term 4¢ 5 , the equation for o will vield a negative effective shear.

As in the case of suction, the intercept of the line through the bilogarithmic
region with the bounding parabola is determined by the shear conditions
and will predict whether the shear is positive, zero, or negative.




Analysis of Experimental Data

The experimental flat-plate profiles measured in these tests are

presented in Figure 11 in nondimensional form, and a graph of & versus

X 1is shown in Figure 12. The previously discussed methods of skin
friction determination for impervious surfaces were applied to the ex-
perimental data and compared with a number of theories. Figure 13
shows a comparison of the flat-plate relations with three methods used
to reduce the experimental data. As can be seen, the Cornish profile
method and the Clauser profile method exhibit about a 30 percent varia-
tion. Of the two, the Clauser method seems to compare more favorably
with the flat-plate relations, but the momentum equation yielded such
widely scattered data that it was of little use in the analysis. Three-
dimensional flows and difficulty in obtaining accurate values of the
slope, & , have an adverse effect on the use of the momentum equation
to determine surface shear at a point.

The boundary layer profiles measured with suction at the surface
are shown in Figure 14, In this case, the suction velocity was nearly
constant along the test section, as was the free-stream velocity. These
conditions, if maintained over a great enough distance, would ey‘;ntually
cause the boundary layer to become asymptotic, that is, cause "7}:: <.

An examination of Figure 15 shows that when suction is applied at x = .75
foot, & increases less rapidly and then decreases to a constant value

at the last two stations, indicating that the asymptotic state has been
reached. Figure 16 is a nondimensional plot of the two asymptotic pro-
files and shows that they may be superimposed on the same curve. They
also compare favorably with the predicted result of the Cornish profile
method. A graph of @ versus €» for the suction case shows variations °
which are exaggerated by the very large horizontal and vertical scales
(Figure 17). The momentum equation seems to be in good agreement in
most cases with the Black and Sarnecki method, while in all cases the
Cornish method predicts higher skin-friction values.

In the course of measuring the injection profiles, an unusual con-~
dition was noticed in which the velocity profiles showed a local inflection
near the surface (Figure 18). The position of the probe with respect to
the rows of holes made no apparent difference in the measured profile
shape. The absence of this local inflection in the impervious or suction
cases indicated that the condition was due solely to the manner in which
air was injected into the boundary layer. The effect of protuberances on
the test wall was investigated by the addition of a strip of tape placed
normal to the flow. This strip did not alter the inflected region in any
way. It was further established that no ambient air was escaping into
the test section.

A series of profiles measured at position two with varying injection
rates is shown in Figure 18. It may be observed that at the lower injection




rates the profile does not exhibit as severe an inflection as it does when
the injection rate is increased.

Effects of the porosity on the injection profiles had not previously
been considered in this experiment, since it was felt that a row spacing
at 1/4 inch with 10 holes per inch approximated completely porous con-
ditions. However, the obvious dependence of the profile inflection upon
the rate of injected flow indicated that localized or discrete disturbances
were being caused by the jets of injected flow through the perforations.
Therefore, the porosity was increased and the velocity through the holes
was decreased by enlarging the holes in the injected region from 0.018
inch to 0.033 inch. In this manner, the same value of quantity flow could
be passed through the surface, that is, .42 held constant, but the jet
velocity of the injected flow was reduced.“Additional measurements at
position two did not exhibit the local inflection and agreed reasonably
well with the profile predicted by equation 6 (see Figure 18).

A third set of profiles was measured along the test section and is
shown in Figure 19. The momentum thickness showed rapid growth in
the injection region, less growth in the suction region, and & decreasing
near the end of the test section, indicating a slightly oversucked boundary
layer (Figure 20).

Calculations and comparison of the skin friction for the injection
profiles yielded negative values of shear for five of the six points shown
on Figure 21, and there was considerable scatter among the points. Close
agreement was attained between thza Cornish profile and Black and Sarnecki
profile methods.

The results of the suction case show considerable scatter (Figure 21).
With only one exception, the Cornish profile method predicted the highest
shear and the Black and Sarnecki method was about 50 percent lower. In
two instances, the momentum equation predicted negative shear, which
would appear to be in error since both points were in the suction region.

In summation, the agreement among the various methods in all of
the cases was poor, despite the fact that rather accurate measurements
were made of the boundary layer profiles. The determination of shear in
the cases of transpiration through the surface was also dependent upon a
knowledge of local transpiration quantities, and variation in &5 were
reflected in the shear data.

10




CONCLUDING REMARKS

The determination of surface shear is highly dependent upon the
establishment of nontransient flow conditions and upon accurate measur-
ing techniques. The flows studied should be two-dimensional to comply
with the basic assumption of most theories. Wind-tunnel tests to evaluate
the effectiveness of several methods for determining shear on surfaces
with and without transpiration showed the following results.

For the impervious case, the Clauser method yielded shear values
15 percent higher than the Cornish method, with a maximum variation
of 30 percent. In both cases, the shear values fell below that for the
flat-plate relations included in this comparison. The Cornish profile
relation does have the advantage of being able to predict the entire pro-
file shape, which in all cases compared well with the experimental data.
The momentum equation ylelded values of shear too scattered to be of
value in the comparison.

The method of Black and Sarnecki, the method of Cornish, and the
momentum equation showed considerable disagreement for the suction
case. Of the methods considered, the momentum equation was found to
be about 25 percent higher than the shear found by the Black and Sarnecki
profile method. Shear found by the Cornish profile method was in most
cases from 75 percent to 100 percent higher than that predicted by the
Black and Sarnecki method.

Determination of shear with fluid injection through the surface
appears to be a fluid in which there is a need for improvement. Use of
the Cornish or Black and Sarnecki profile method predicted negative
shears, as did the momentum equation. Comparison of one method with
another was unproductive due to the large amount of scatter.

With injection of fluid into the boundary layer through perforations
in the surface, the assumption of continuous transpiration is difficult to
realize, since the flow emerges through each hole as a jet and distorts
the boundary layer profile. Suction through perforations apparently pro-
duces less discrete effects.

From this study, it is obvious that the determination of surface
shear from the boundary layer profile is, at best, uncertain. None of the
methods examined could be shown to be superior or more accurate than
the others; however, the momentum equation appears to be less consis-
tent than the other methods.

The need for a method of experimentally determining the surface
shear for the case of transpiration without reference to the boundary layer

11




REFERENCES

Cornish, J. J., Practical High Lift Systems Using Distributed
Boundary Layer Control, Mississippi State University,

Aerophysics Department, Research Report No. 19,
10 December 1958,

Granville, P. S., The Effect of Fluid Injection on itha Drag of
Flat Plate at High Reynolds Numbers, David Taylor Model
Basin, Report 1520, September 1961,

Wuest, W, , Experimental Investigation on Boundary Layer Suction

by Series of Slits and Holes, Advisory Group for Aeronauti-
cal Research and Development, Report 258, ZApril 1960.

Schlichting, H., Boundary Layer Theory, New York, 1955,

Clauser, F. H., Turbulent Boundary Layers in Adverse Pressure
Gradients, Department of Aeronautics, The John Hopkins
University, 1 June 1953.

Cornish, J. J., A Universal Description of Turbulent Boundary
Layer Profiles with or without Transpiration, Mississippi
State University, Aerophysics Department, Research Report
No. 29, 1 June 1960.

Black, T. J., and Sarnecki, A. J., The Turbulent Boundary Layer
with Suction or Injection, Aeronautical Research Council

Report A.R.D., 20, 501, October 1958.




T —

Ehe o

00°0 00°0 00°0 00°T
20°0 20°0- 91°0 - 06°0
£0°0 01°0- 9g°0 - 08°0
61°0 12°0- 8S°0 - 04°0
8€°0 S€°0- ¥6°0 - 09°0
1£°0 0S°0- 681 - 05°0
¥2°1 $9°0- 66°1 - 0%°0
1'2 6L°0- vL'T - 0£°0
8L°¢ 06°0- 98"¢ - 02°0
¥8°L £6°0- 09°S - 01°0
0€° €1 66°0- 82°L - $0°0
0522 00°1- 25°6 - 20°0
9g°1¢ 00" T~ 0z 11- 10°0
-—- 00°1- - 00°0
R 4 » .W\\A

NOILdI¥DS83dd ITId0¥d TVSYIAINN YOJ SYILINVIVL

J149vL

14




Boundary Layer Research Tunnel.

ure 1,

Fig




MONEY COMS CRANKS

fTﬁ:iffrrl‘f I/XIA&OI-}&W
= SR, i z';lu 4
= o R T SaCFron— 4
- AT TION | FUCTIOA
FEIF SHCTION

/ o

AtoSE - l":’ TR
CALISRATED o 4

L.
VENTUR/ FLow

TEST SECTION

SHEET FTETAL SUPPORT
wWooo&EN BoXx

PARTITION
PERLORATED O.02P7” ALUMINUMN SHEET

il « 2 3 < s | s 7 & | 2 | s
HTANE | o |azeos |osre (0758|007 (126 | 109 | 125 | 199 |2.24

Figure 2. Schematic Diagram of Boundary Layer
Research Tunnel and Test Section.

16




*90DJNG pajolopsy g ainbiy

.....

IPode OV Feised |
oo EFFOM  S5FOM
SEF IR S T

ey
| MILIIG . RO

4y

A
SN T b

s
'




"9qoig 42407 Aibpunog ‘4 a1nB) 4

18




*SUOIDBY UOYOLIJ-UIS
94bjd-ip|4 jo uosupdwo) v °¢ aunbig

-9/ x O
5 os s of X 4 or sv or £ o

1000
SF700 »
ONILIHIHIH DS — PLONY Y -4
AFOINL HAONTT IF¥NIXIW N/ISTENY /
MHSINYOO £
Zoovo
L J £o0o0°0
N’

e T

ne

$00°0

N

$00°0

19




]

*s104Ap7 Aiopunog jus|ngin] 104 ||PA Sy Jo MDT ' 9 3anBiy

$h

000/ oo/

o/ /

o984y 628
<

o7s/es L8CE
§

o/

oz

T

ot

nd

20




THoMalay i
JUR|NGIN] JO UOHDUIULRISQ 0§ HDYD) sasnD|) */ dunbiy

o/

Fo

0>

21

FANIDe  TELN T FTTXT
0 JLFTF TrosgAdo

ogoo' = %




—

v 4 7 4 P ‘
8787 FI/8EC -0.00258 00576 IS0/ ©.0375 Ar
/.00 Y P ]
T T s 4
.0333 .5/92 -8.30 ~-998 /775
A1l 646/ =535 -970 7.0
.f4ge .828 -/.70 =587 0.9
0.80
)78 — EQUATION NO. 6
0.60
o0.¥0
0.20
(4 0.2 oY « o.6 o8 /.0
17

Figure 8. Typical Boundary Layer Suction Profile with Analysis b
Cornish's Method. v g 4

22




== C— ——
z (%)
-/, 6 = a8r.ar mriare 0. 007F ¥ -0. 0026 TH —
N\ o
N
-2.0
-2.4
-2.8
u 5
o=
~F.2
-3.6
-40
— PTRA BT LINE THROUSHN
BIEOSARITHATIC BEGION
-—— SO LADANE ARRATOLAS
- 0 EXNOELMAEAMTAL DATH
-2.8
i Fi . Fa iAE

Xe

Figure 9. Method of Black and Sameck: for Determination of Skin
Friction with Injection.

23




¢ % (%)

87.87 F7/5£¢C 0.00258 -0. 0023 %+

—mm STRAIONT LINE THROUCH é?
B/LOCARITHMIC REGC/ION L

2.8 I wmem GOUNOING PARABOLAS /5
O EXPERIMENTAL OATA J uﬁ

0.6 0.8 ’.0 /.2 /P r6
s

Figure 10, Method of Black and Sarnecki for Determination of Skir
Friction with Suction.

24




prm—

ool k!
snojAsadw| up uo painsoayy s3|1jold 19Ao7 Aippunog ‘|| ainbiy

2
—— »
o7 80 90 $0 zo
b0 ) 50 £0 r0
o7 (44 90 0 Zo
_%boo%o 50 O O 00 00 03 A%bﬁueooeooooo
c%mnv %oo
<]
= ° zo
° [
-]
[
o Q
o = 9 0
(] <] °
o
(<]
[+ 90
[+ o =)
(-]
° ° %

° LS =N 9%/ =H 8P/ =N

-3 L4 /900 =0 ° 27 $9500°'=0 o LS E1£00°=6
Ly SLEO =S > Ly b8TE00 =Y Ly 0LTO 0 = ¢ A4

©  275/iy £8°¢8 =n o75/4y £8¢o=r o OIS/t L8 L9 =N

° o
£ NO/LISOY Z NO/LISOS o / No/L/SOd
(-] (<]

o 0 [+] o7/

25




"840|d 0|4

snoja1adwif up uo pasnspayy sajijold JaAoq Aiopunog *qi| ainbiy
2
»
ov 8o 90 t 44 zo
é0 <0 S0 £0 ’o
o7 8o 90 144 To
qwduvooo G Y 00000000 SO0 \%ooooo ©000 OB
) [+]
[ o° oY
° o
° (-]
o o
S [o]
(]
o [+]
(] ]
]
o [+] o4
o ]
(-] [} °
(-] [+]
o [ >
<] [o] o
® e ° : S oy
é F/ =H S+ =H esr=H
o .. LY /005000 = 6 © 4y 9ps5000C=8| © LF ¢$5B000=6
e IFS/uS $LETTO= =N O IS $LET 0~ =N| o OFS/LS BLTTO- =T
Ly 6800 =5 o 47 ¢EP00O =2 <47 ScE00=$
S DIS/LS 48°¢8 = o | OFs/tv £8¢8=1)] OIS/ S L@ LE =D,
-]
o
° 9 wolL/sod O £ ~vosLIsod o » NO/LISOY
L ]
o o U
o o (<]

To

t 44




*94D]d 40}

snojasedw] Ub Uo painspayy s3|1jo1d J194o7 Aibpunog ‘o | @anBiy4

”
»
ov Q0 90 $0 L 4™
&0 40 S0 £0 70
o/ &0 90 0 zo
mtooo 000008 © OO[5 Loooag T O ﬂmm\oooﬂvoo S0 C
oo ° )
-] -] [+
° ) ] k4]
-] (<]
o < o
[+]
o °
[ -]
[+]

[} .
S 5 = o
(-] ° [+
o (]
-]
o o <
° L] 9 9o
o eT/=H ° 1£ 7 =M o ZE/ =H
° LS ELIPO0 0= 0 LS 9054000 =6 © v 979000 =0 w\«

7S/ Uy $IZT0="h . 278/Us 86CZ O~ 2| O 275/ty o/fT0-="
o LY £050 0= 9 Ly S£s00m P O 4y 0SO0O=2¢
M VIS L0 4O = §mllo.ﬂq\kk 40 2@=n| o OIS/l LOL8=N o

[+
& WNo/LISOY [ 8 NO/LISOS ° L NOILISOd
e o
© (]
© ] ov

27




*ssouydIYy] wnyuswoyy Jo4do7 Aibpunog jo juswdojaasq ‘z| 94nbig

LTy

zooo

$00°0

900°0

o ‘ @000

o/0 0

28




*spoyjopy snolbp £q

peuiuiajag so UoL§dLs UIg jus|nging jo uosiodwory v ‘gl 24nB) 4
.0’/ x 8y
o% Ky or T oz sV o/ <5
SF700 »
SNVILIIITHNOS ~ TLONVYY 2
AFOTNL MLONT? IFUNLXIW NISTENY /
MSINYOD &
SNOILVTIIY FLV7S—LV7S
»
£
z
/
NOILWNOT WNLNIWOW o
) OOMNLIN FIAOYsS XFSAVTY O
COMLIN FV40¥c HSINYOO WV

7000

Zoo0

£00°0

$00°0

Soo°0

29




*9ODHNG §D UOLIONG YiiM s3|1jold 124D Aiopunog jus|nquin] “oy| inbiry

2
»
o 8o 90 $0 zo
é0 o S0 £o 10
ov 8o 90 $o Zo
Y%ooooo T %‘vn_lnvoooa _ Quuoooonooom .
o ° s
o o °
o) ~ o zo
(<] ) -]
o o o
o . o
(2] 0. 5
$0
0 = 3.
-] ° ]
- ° o
° .
° ) 90
L °
) (<]
o A V]
@ o8/ =H 4 Lb7=H 199/ =H
(-] dS 99/900° = % LS £5$00 =6 [-] Ly $L$ 00 = O
° L7 16$0°0 = 8 — Ly 6<4%00=9 g <47 @opo0o=p &o
o IIS/ls (8 4@ 20 M OIS/ U L8LO=N L3 OFS /U L8 L8 =7
M ® No/L/SOd o £ No/LsSod o % NO/LISOd
o
° °
° o ° o7

O S —— =
-




*9ID4ING §O UOLIING YHMm $3|1jold 194D Aippunog juajnqin] gy} 94nbBiq

2
”»”
o7 8o - 90 $0 zo
&0 L0 S0 £0 /0
o7 &0 90 #»'0 2o
Vw%ﬂﬁ.ﬂg P LR _n\woonnuoo o0 S0 ]
o 0 "
o o
o o
0
o ~ - ] z0
[+] o o
[+ o o
[+ ° )
OO ) &
’ o 0. 0
o [+ O
) o ]
o [ -]
o o o
-] o [ .
° = 99
) o .
oo ) ° . é w\«
3 /17 =t © P77 =H ° /=M
o LS £L96L00° = @ N LY 9540020 pe LS $8900°= 0
5 LS T/90°0 =9 —"—|— Ly SE@S00=S— 5 Ly S¢£S0 0= ¢ &0
° 7SS its L8 L8 =N o78/ay 28°Co=n |4 OIS/t LH L& =N
(o]
° & NorLISod % & NOILIEOd % & NOILISOd
[}
o °
8 o o7

31




“uoHONG YiM ssauXdlY] winjuswoy 12407 Aibpunog jo juswdolaasq G| @nbig

LS 4%

oz s o So 9
/7000
zooo
£000

®

479
_ — $000
o WOILINE | | SnolAY 3o/
° ®
. .

3 S$000

32




*$9]14034 19407 Aippunog jus|nqing sijoyduidsy jo sejdwog 9| @inbig

e

S
A
oo 29 90 S0 0 £0 1 4] ’0
zo
Ly £050 0 £89 0 Ses0 0 LSTO0 O~ OFS/Ls L8LE Or NO/L/ISOS
£os0°0 LSPp O 28500 TETO0 O~ DIS/US LBLE b NOILISOS
2 ” ™
> 4 & 3
»0
o7 NOILISOY © OF WOILISOS —
é NO/L/isoo V & NOILISOY ——
ANINIFIIXT ——T——9 ‘oW WNO/LIMOF 1 ¢v
n
»
— &0
9 0 S oSl
.|4.IPH4IIPIQI o/




*SPOY}oyy SNOLIDA
4Aq psuuuejaq so uolyo114 Uplg Jus|ngun] Jo uosiodwor) y °/| @inbig

eee——
[ 2-07x 0¥
06T ® 09z 'Y 4 09 osz 44
0000
2000
A/
a a N a
a a9 1 4000
v
vV v
J 9000
o
v [¢] [+]
o o °
8000
OOHLIW IS INIINIVS ONY NIV78 O
NOILWIOT  WNLNINOW V v
COMNLIN IFV/F0¥d HSINYOD ©
0l/00

34




o/

*odoyg 9|14044 19407 Lippunog uo uoyyoalu) 9401051 Jo 409453 gl @anbiy

60 #0 <o 90 So 0 £o zo ’o
OIS S l2L0=Nn A 2
AYOTML O75/ty ¢9ZS0= N B 8

FUSONS HSINYOD — dIsfuy $6920= A O
OFS/US 8£99°0 = N X oS /4 L9L/0=N V 8
| STI0HN FILIWVIO H4EEO0 | STFION NTFLIWVIO 48/0° A gD ». -
_ | A e 3
A 0@
I8/l LQ2L@=2N

o

0

90

0>

o0

o7

35




*90DHNG 4D

uoljong puo uoiydalul Yim sajijold 194oq Aiopunog jusingin] *og| 4nBij

2
»”
o/ -3~ 90 o Zo
éo 20 ) £o 70
o7 go 90 %0 Zo
Ve e
& 0
(o)
o ooo
% ]
) o )
0 o .
° °
o ] o -
o 0
;] ]
<]
° [+
[+ ° o
[+
0o o]
[+ (=]
G SO/ =M 97 =M LSl w M
© 4y 66200 =6 0 2769500 =010 |1y peg00 =6
0o75/ts 9960 O~ =1 OIS/US LEIFO =1 o7/ LS /5990 =N
2 LS bLP0O =* Ly 96800 = $|° Ly £6200 = 9
© oIs/Ly ¢&¢@=n ° DOIS/LS LE L8 = OIS /LS L8 LE =17
o > ANO/L/ISOS o £ No/ILISOS Z worLisod
O o )

Zo

44

90
s

8o

o/




E—— E— S —— S ———
*9oDHNG 4D
uoijong puo uoijadlu| yum sajijouyg 19407 Aiopunog jusjnqin] “q4| a4
2
»
ov o0 so »0 To
éo <o S0 £o /o
ov 8o 90 »0 (44
0O o000 ]e0 0 UU g 080&0 104 %voﬂqa.ddl
o OO
[+] )
° o
[+
© o
] o
) = o zo
o (o]
) o °
) o O
[+ o o N
(] fe o [y
o 0 [+) 0
[o]
o oo 0
O, [}
° o o
o oo b
o 90
o o [+
(<] [+] ] W\\
y £p7 =t © FY PV z9/ =M
0 LY $$900 = q.d.ol. Ly 99000 =02 4y zeoo =6 o0
0 IFSfuy $£0/ '~ x M IIS/LS T0HO'~= O 0IS/iS 9960 =N
© LY T90 0= Ly T9SO O =2 O Ly Ts0O =%
S oFS/S L8 <@ =n, OIS/ ts £ O LG =2 O OFS /LS LOLE = 1)
° £ NO/ILISOFS © 9 NO/L/$O S S NO/L/ISOS
o o [+] o7/




*20D4Ing 4D
*04| 2anB14

uo14oNG puD UoI4dRlU| Yiim sa|1jolqd 49407 Aibpunog jus|nguin

2
»
o 80 b »o To
é0 0 - £o0 /0
ov F-27 90 »0 zo
%Q..b.%ogoac _ ooooooaooooodc.c oouoooooo T3 00
[+
omv o oo
[+ o
o o oo
o o ° t474
[+ o
o o %
o [+
s 3 o
[+]
o o S,
(] o o $0
[} 4] o
(] [+] [¢]
o ] (o]
[o] [o] (o]
[+ [+] o
P o )
o 4 ° 90
o o ok
° ) o Su
[+
= ez7 =4 § SE7 =2HM o £V =M
O LS T/LOOO = & o). LFOOEO0O = 0O LS ZTHE0O' =& g0
O oIS/ tS 6490~ = n 0 O75/LS 9960 —-=7 Sovs/er 2800~ =1
4 Ly 46TL00 =125 LY 62400 =20 Ly L8900 = §
o OFS/LS €& L@ u§% OFS/US L& anhm TS/ LOLE =1
8 o/ MoILISOT & 6 NoILISOS o & NO/LISOT ,
o -] o

N

38




ST

*uo1§ang pup uoidaluj

Wim ssouyoly) wnjuswopy J94p7 Aiopunog jo juswdolsaaq (g @nbiy

oT

&7

L2y
o’ K-

200°

900'

FL/

800"

o/0°

39




*SPOYId SNOMIDA
Aq pauiuuasa sp UOI§dLI4 UG Jud|nqin] Jo uosiapdwor) y ° |z a4nbig

2-07 X O
oos oos oof ooz oo
01000~ = FLONIO SiNio0 HFHLO
82000 =5 IFLONIT SLNIOF OTINYS
Av -0 JLONV 600°0 -~
.
A
o #000 -
v
N
0 7
] )
o, ¢ ,
° .
o
q v o r $00°0
GOMHLIW FVX0FS INDINFVS ONY FOV?E O
~NOILYNOT WHLINIWNCW
QOMLIN FT/F0Yd HSINY0O o
9000




DISTRIBUTION

Army Research Office, Durham
Office of Chief of R&D
U. S. Army Transportation Research Command
U. S. Army Research & Development Group (Europe)
U. S. Army Standardization Group, Canada
Canadian Army Liaison Officer,
U. S. Army Transportation School
British Army Staff, British Embassy
U. S. Army Standardization Group, U. K.
NASA-LRC, Langley Station
NASA Representative, Scientific and Technical
Information Facility
Defense Documentation Center
U. S. Army Mobility Command
U. S. Army Materiel Command

41




so1wouig
PInId ° 1

so1wouiq

PInid *1

(1810)
Hoday paijissojoun

20ZFLVIOvIZ 1AL dseL WO DIILYSN
((L)z68-DWV-LL L-¥¥ WQ $2044u0D) *dd o
‘£961 AInf ‘Se-£9 4doy jooruyss) WO D
-341 ‘OF "oN Hoday Yo10959y mu_mx;n_o._o,q
~ ‘asuup] 4 Heqoy - NOILVHIdSN VYL
HLIM IN3IGVEO 3¥NSSIYI-O¥IZ NI ¥3

-AV1 AYVANNOS INITNGINL IHL * "ssIW
13B9|j0D) 34pig ‘Apsseaiun aypyg 1ddissis
-siw ‘juswpndeq soisdydosay ay)

A._o>o_v
Hoday pa1jissojoun

£0Z¥ VIOV 1Z1aL %s°L WO BILYSN
((L)z68-DWV-LL1-¥Y V(@ +2014u0D) “dd op
'g961 A|nr ‘Ge-£9 4dey [pa1uyse] WO D
=341 ‘OF ‘oN Hodey yoioasey soisAydoray
‘19uup] °4 Haqoy - NOILVYIdSN VL
Hlim ._.Zm_oﬂeo FJINSSIUL-O¥IZ NI ¥3
=AV1 AIVANNOS INITNGINL IHL * *sSIW
9B0| |09 240ig ‘ AlissaAiun 34pyg 1ddissis
=siW ‘juswpnde( soisAydoiay ayj

sojwouQg
pinId "L

salupuig
PINId ° 1

(4940)
Hoday paijissooun

£0Cy iV ioY1Z1al AL WO IIILYSN
((1)Z68-DWV=LL L -F¥ V@ $o044u0D) *dd o
‘e961 AInf “‘Ge-£9 4doy [031uYoel WO D
-341 ‘OF "ON Hodsy youpasay soisAydosdy
‘19uup] *4 14990y - NOILVIIdSN VL
HlIM INIQVYEO mmammmﬁuoymﬂz_ b-E
-AV1 AAVANNOE INITNGINL IHL ° "SSIW
‘aBa| |07 aibi§ ‘ ANsioaiun o4oig 1ddissis
—siy ‘juswpnde( soisAydosdy oy

(#910)
Hodey payytssojoufy

£0ZY LY I0¥LZ 1AL 5oL WO II¥LYSN
((1)Z68-DWV=LL 1=Fr¥ Y@ $o044u0D) *dd O
‘6961 AInf ‘ge-g9 1dey ooluyel WOD
-341 ‘O ‘oN Hodey ysi0esey soisAydasey
“‘18uup] *4 peqoy - NOILVIIdSN VUl
HLIM INIIAVYIO 3INSSIVI-O¥IZ NI ¥3
-AV1 AYVANNOS INIINGYNL IHL * *SIW
abe| |0 94pig ‘ AyispAlUN 94DiS 1ddissig
-sIW ‘juswpndeq soi1sAydosay oY)




FULIHE
-U0D JSD3| BY} SOM POYJSW 3DUD|DY WNUBWOW Y} §nq S19YJ0 3y}
UDY} 34DINOJD SI0W B Of UMOYS 3 P|NOD SPOYdW 3Y} JO SUON

*pa1jddo som uoijonba wnjuswow o1ba4u) 184p| Aip

-punoq ayy ‘9fqissod uaym ‘pup paipnis 3I19M 13I3UIDG PUD XID|g
PpuUD ‘ysiuio”) ‘18sND|) O} SNp spoysey °paiodwiod 31am 3004
-ins 3y} 4D ‘Buimo|q JO UOIIONS 1aYH1d ‘uo1yp1idsuDly Yiim 134D)
Aiopunogq jua|nqiny D Jo UYLy UDs 3Ys Buljon|oas 1o spoyiew

* JUDJSIS
-UOD 4503 By} SOM POYISW 9IUD|DY WNJUSWOW 3Y} 4N SIAYHO 3Y}
UDY; 94DINDOD SIOW 3Q O} UMOYS 8q P{NOD SPOYIBW BY} JO SUON|

‘pai|ddo som uoionbs wnjuswow |p1Bayuy 194o| AiD

-punoq ay; ‘a|qissod Uayn ‘pup P31pnys S19M [4I9UIDG PUD OD|g
pUD ‘ysiui07) ‘13sND|D) O} INP Spoy4dly " paipdwiod 3iam 2304
-ins 3y} 40 ‘Buimo|q 0 UOYINS JaY 18 ‘UoijoIdsUDI} YiIM 194D)
AIbpunogq 4ud|nqinj D JO UOYIDIIJ Ui By} Buijon|oAs 104 SPOYIBW

FULIHE

—UOD JSD3| DY SDM POYJSW 3DUD|DQ WNjUBWOW dYj INq sI8Y40 a8y
UDY} 24DINIJD BI0W 3Q O} UMOYs 8q p|NO spoyjow 34y Jo duoN

.vm:&o som uoijonba wnjuswow joibajul 124o| Ao

—punoq ayj ‘ajqissod USYM ‘puD PaIpNis 319M 138UIDG PuD 330|4
puD ‘ysiulo”) ‘19sND|7) O} NP SOy * paiodwod 31am 9304
—ins 8y} 4o ‘Buimo|q 10 UO14ONS 18413 ‘uoijpidsunly Yiim 124p|
AIppunoq 4us|nging © JO UOIIDIIY LIS BYY Buyjon|paa 10§ SPOYIBW

* JupjsIs
-UOD 4SDD| DY} SOM POY}BW 3IUD|DQ WNjUBWOW 3Y4 4nq s19yjo 3y}
UDY} 94DINDDD SI0W G O4 UMOYS 3q P|NOD spoY4auW S} J0 suoN

*patjddo som uoyypnba wnjuswow |piBayu) 184p) A1D

-punoq ayy ‘a|qissod usym ‘pup patpnis 819M 1323UIDG pup >20|g
puUD ‘ysiu107) ‘43sND[D Of NP SPOYIBW .vw._cn_EOU 219M 90D}
-1ns 3y} 4o ‘Buimo|q 10 UO1INS IBYYIS ‘uoypiidsupi} Yim 194D|
Aippunog 4Us|ngin} O JO UOHDLIY UIXs 3Y) Buijon|pAd 10§ SPOYIIW




sojwpuqg

PInid °L

soluouAq
PInd i

(49n0)
Hoday pa1yrssoionin

20Z¥LViOpIZ 1AL dsoL WODIYLVS:
((1)268-DWV-£L |- vQ@ +2014u0)) *dd o
‘0961 AN SE-£9 4d8y {ootuydR) WO D
=341 ‘OF ‘oN Hoday yoipasay soisAydosay
~ ‘1suup) 4 peqoy - NOILVIIdSN VYL
HLIM IN3 VO 3¥NSSIYI-O¥IZ NI ¥3

-AV1 AYVANNOSY INITNGYNL IHL * “ssiw
969)10D) a4y ‘ Ayssaaiun 94p4g 1ddissis

-SIN ‘juswpodeq saisduydoley ayj

A._o>o_v
Hoday pe1jissojoun

£0ZYLV10V1Z1aL oL WO B¥LYSN
((1)z68-DNV-LL1-¥b Y@ #2014u0D) *dd op
‘€961 A0 ‘GE-E9 1dey |po1uyodl WO D
=341 ‘OF ‘ON Hoday yo1pasay soisAydossy
‘aouup] 4 HoqEyY - NOILVYIdSN VYL
HLIM IN31aWO T¥NSSU-0¥IZ NI ¥3
=AV1 AYYANNOY INIINGINL FHL * “ssiw
‘960|107 94pig ‘ AisIaAlun) 940y 1ddyssts
-SIW ‘juswpnda soisAydosay ay|

solwouAg

PIntd "t

sojwouQq
Pinid 1

(4940)
jlodey paijisspidoUN

£0ZY LV LO¥LZ L@l Aol WO DIILYSN
((1)2Z68-DWV=£Z L1=p¥ V@ $o04u0D) *dd Op
g961 AInf ‘SE-£9 1d9Y 021Uy281 WO D
341 ‘O "ON Hoday yoipasay so15Aydosdy
‘19uup] ‘4 MRG0y -~ NOILVYIdSNWIL
HLIM INIIQVYD NNSSTVI-OYIZ NI 33
~AV1 AYVANNOS INIINGYNL FHL ‘ "ssIW
‘96310 94045 1 Ayssaaiuny 944G 1ddissis
-sIW ‘juswpode( soisdydosdy syj

(1910)
Hiodoy paiyissojouny

£0Zy LV 10¥1Z a1 soL WOIIULYSN
((1)Z68-DWV-LZ |~ WQ $o0u0d) *dd o
'e961 AInr ‘Ge-€9 4doy jod1uyodl WOD
-4l ‘OF ‘oN Hoday younesay soisAydosey
‘13uup] °4 Heqoy - NOILVYIdSN VL
HLIM IN3IAVY¥O memmmxmnOsz.Z. -E]
~AV1 AYYANNOS INIINGINL IJHL ° "SSIW
969|105 a4pig * A}isPAIUN 94D§S 1ddssip
=si ‘juswpndaq so1sAydosay ayj




*JuDysIS
~U0D §SD3| 3} SOM POYJSW IDUD|DQ WNJUSWOW dY} §nq SIBYJ0 BY)
UDY4 9JDINIID 3I0W 3] O} UMOYs 3G P|NOD SPOYBW Y} JO SUON

*pe1|ddo som uoyyonbe wnjuswow |oibayu) 194o| Ao

-punoq 8y} ‘ajqissod uaym ‘pup paipnis 81am |>I9UIDG PuUD 3ID|g
puD ‘ysiui09) ‘19snD|7) 0} INp spoysayy - pe1pdwod aiam 204
-1ns 8y 4p ‘Buimojq 10 UO1ONS JBYYID ‘uO}DIIdSUDIY YHM 124p|
Aippunoq jua|nqing o Jo uolyd1y UYs 3Yy Burjon|pas 1oy spoysaw

* JUDYSIS
-U0D §SDB| DY} SOM POY}W SIUD|DQ WNUBWOW Y} 4Nq SIDYI0 Y}
UDY; 94DINJDD JUOW G O} UMOYS 3q P|NOD SPOYIdW 3y} JO BUON|

"paijddo som uoijonbe wnjuswow |Bi6a4u) 134D| AiD

-punoq 3y} ‘a|qissod uayn ‘pub paIpnys S19M 15I3UIDG PuD >ID|g
PuD ‘ysiuio7) ‘1asnb|D) 0} anp spoyidy - paiodwod uam 330§
-1ns 9y} jo ‘Buimo|q 40 uoiyans 13Yy}18 ‘uoiybiidsuni) yiim 194D|
Aiopunoq juajnqing o Jo uolyd LIy upys 3y} Buiyon|pas 10§ spoyiaNy

* JUDySIS

-UOD §SD3| 3y} SDM pPOYjdW 8dUD|DQ Wnjudwow a8y} 4nq sidyjo ay4
unYyj JYOINIOD JI0W 2q Of UMOYs 3q P|NOD spoyjauw ay4 jo auoN

-pa1|ddo som uoijonbe wnjusuow |psBasuy s34o| AiD

-punoq ay4 ‘a|qissod uaym ‘pup pajpNys 31aM 13}23UIDG puD 4ID|g
pup ‘ystuiod) ‘1asnp|D) 0} NP SPOYIBW * pa10dwod a19m 3504
-1ns 3y} 4o ‘Buimo|q 10 uoL4dNs Jay4d ‘uoyyoadsupiy Yiim 1a/o|
Aiopunoq juajnqiny o 4o UOL}I1I} LS 3y BuIION|DAS 10§ SPOYIIW

* JuUDYSIS
-UO0D §SD3| 3Y} SDM pOY4SW IOUD|DG WNJUBWOW 3y} 4N S13YJ0 Y}
UDY} 9}DINDDD SI0W 3G Of UMOYS 9 P|NOD SPOYBW dY} JO BUON

*pe1iddo som uoijonba wnyuawow |pibaju) 124p| Ao

-punoq ay; ‘a|qissod uaym ‘pup paipnis 19m 1323UIDG PUD }ID|g
puD ‘ysiuio?) ‘13snNb|D) 0} NP SPOYIAW ' pa1odwod a19m 9904
-10s 3y} 4o ‘Buimolq 10 uoyyoNs 1aYy19 ‘uoyyoardsuniy yjim 134p|
A1DpuUNoq JU3|NGING D JO UOHIDIIY UDIS BYY Buijon|pAS 104 sPOYIaW




UNCLASSIFIED

UNCLASSIFIED




