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ABSTRACT

As part of a program to investigate the feasibility of
reducing aérodynamic skin-friction drag by the use of compliant
coatings, a detailed wind-tunnel study was made t£o determine the drag
characteristics of a compliant coating on an airfoil. The compliant

surface was constructed with different thickness (0.001 to 0.025

inch) of polyvinyl-chloride (PVC) membrane backed by a 3/16 to 6/16

inch damping layer of polyurethane foam (40 PPI). The foam was
bonded to specially designed airfoils to form NACA 0009 a;rfoils.
Hard surface NACA 0009 airfoils were also constructed. A reduction
of skin friction dfag was recorded. To be sure the drag reduction
did not come from the shifting of the transition line, both e#peri-
mental (china-cléy)'and theoretical (von-Karman-Pohlhausen) methods

were used tc determine the transition point.
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NOMENCLATURE

airfoil projected area

cross section area of tunnel at entrance and test
section

airfoil chord line

gkin friction drag coefficient

correction for wing tip drag coefficient

drag coefficient

universal function for the calculation of compressible
laminar boundary layers

head loss .

K =A (G/c:)2

head/q,
(8, /8

(P;-Py)/q,

v,[p/ (2,2 1%

1ift force

airfoil chord length

static pressure at entrance and test section of the tunnel
9 :
1’2

resultant aerodynamic force

dynamic head = % pV

arc length measured from the stagnation point along

the wetted surface



t PVC skin thickness

t airfoil thiékness

UO,VO' free stream velocity

Um non-dimensional velocity in potential flow
U local velocity

o angle of attack

€ down wash angle

o* boundary layer displacement thickness

A shape factor of laminar boundary layer velocity profile
\Y) kinematic viscosity

To shearing stress at wall

T perturbation Reynold séress

4] boundary layer momentum thickness

o) density of air

w frequency of the exitation pressure



DRAG CHARACTERISTICS FOR COMPLIANT SURFACE AIRFOIL

CHAPTER I

INTRODUCTION

Dynamic Forces o

a Body Immersed in a Fluid

The motion of a body immersed in a fluid is related to the
drag and 1ift components of the resultant dynamic forces. These |
forces are caused by two factors. First, shear stresses, due to vis-
cosity and velocity gradients at the boundary surface, cause forces
tangential to the surface. Second, pressure intensities which vary
along the surface due to dynamic effects result in forces normal
to the boundary. For an immersed body, the vector sum of the normal
and tangential surface forces integrated over the complete surface

gives a resultant force vector, as illustrated in Figure 1-1. The

Resultant force
o = angle of

attack

Figure 1-1. Lift and drag on a body immersed in a fluid
1



2
component of this resultant force in the direction of the relative
velocity Vo ahead of the body is the drag D. The component normal
to the relative velocity is the lift force L. Both drag and lift
include frictional and pressure-components, but the frictional com-
ponent of lift is extremely small, The frictional drag is also
known as surface resistance or skin friction drag. The pressure
drag has its origin in two phenomena. One is related to the lift
of the body and the other is related to the size and form or shape
of the body. The former is known as induced drag, the latter as
form or wake drag. It is obvious lifting bodies have induced drag
while non-lifting bodies have no induced drag. (Figure 1-2).

Induced drag

Resultant Force
Chord Line

Vo’ free stream velocity

| Down wash

Relative velocity at wing

Figure 1-2. Induced drag on a wing

Skin-friction drag is caused duly by the viscosity of
fluid. The effects of viscosity are of primary importance in a thin
region near the surface of the wing called the "boundary layer".

Boundary layers, in general, are of two types, namely, laminar boundary
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layer and turbulent boundary layer. The flow in the laminary bound-
ary layer is smooth and free from any eddying motion. The flow in
the turbulent boundary layer is characterized by the presence of a
large number of relatively small eddies. The eddies in the turbulent
boundary layer produce a transfer of momentum from the relatively
faster moving outer parts of the boundary layer to the portions
closer to the surface. Consequently, the‘distribution of avérage
velocity is characterized by relatively higher velocities near the
surface and a greater total boundary layer thickness than a laminar
boundary layer developed under otherwise identical conditions. Skin-
friction drag force is, therefore, higher for turbulent boundary
layer flow than for laminar flow. (Figure 1-3). When the

pressures along the body surfaces are increasing in the direction

of flow, deceleration takes place. The relative loss of speed is
greater for the particles of fluid within the boundary layer than for
those at the outer limits of the layer,‘because the reduced kinetic
energy of the'boundary-layer air limits its ability to flow against
the adverse pressure gradient. If the rise in pressure is-suffic-
ently great, portions of the fluid within the boundary layer may
actually have their direction of motion reversed and may start moving
upstream. When this reversal occurs, the boundary layer is said to be
"separated”. As a result of the increased interchange of moméntum
from different parts of the layer, turbulent boundary layers are
much more resistant to separation than laminar layers. (Figure 1-4).
The separation of the boundary layer generates a wake which causes a

great wake drag. Artillery shells have sharply truncated tails
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(Figure 1-5), and have a large wake with a corresponding large wake
drag. The wake drag can be reduced by careful shaping of the body
so that the flow‘follows the body contour almost to the trailing
edge of the body. Hence, separation of the flow can be delayed or
eliminated. This shaping of a body to reduce the wake drag is
called streamlining. Modern airfoils are well streamlined,‘and

consequently have very small wake drag.

Reduction of Drag

Since drag is the main factor for fuel consumption in
level flight, it is only logical for man to seek every possible way to

reduce drag. Streamlining has reduced wake drag as discussed in the

Velocity Profile Velocity Profile For
For Laminar Layer Turbulent Layer

Reversed Flow

Sepafation For Laminar Layer Flow

Separation For Turbulent Layer Flow

Figure 1-4, Flow Past A Curved Surface
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previous section.

Laminar flow has much less skin-friction than turbulent flow.
Smooth skin construction and/or sucking away of the slower veloéity
particles (causing the boundary layer to be thinner) can delay the
transition of the laminar boundary layer to a turbulent boundary
layer. In addition, sucking the boundary layer can avoid early
flow separation. The saving in drag varies from sixty-five to
eighty-five percent in a range of Reynold's number R = 106 to 1()8
(1) on flat pléte at zero incidence with suction maintaining'laminar
flow at optimum suction . There is a penalty to be paid however, in
increased weight and the complexity of the airplane due to the pumps
and plumbing.

Kramer (2,3,4), discovered a new method of drag reduction in
1957. 1Inspired by dolphin's skin, he constructed a body which had
what he considered to be the three basic components of the dolphin's skin:

(1) The smooth pressure sensitive diaphram,

(2) The structure supporting the diaphram.
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(3) The damping fluid beneath the diaphram.
He measured a reduction in drag of up to fifty percent at a Reynold's
number of 1.5 x 107. Following his footstep, Maestrello (5),
Ritter & Messum (6), Pelt (7), Karplus (8), Benjam (9), Gregory and
Love (10), tried both theoretical and experimental methods to
further investigate the possibility of drag reduction contributed
by a compliant coating which is the simulation of a dolphin's skin.

Here at the University of Oklahoma, under the direction of Dr.
E.F. Blick (11, 12, 13, 14, 15, 16, 17), further tests were conducted
on a compliant skin flat plate in wind tunnels. The compliant
coating were constructed by using Polyvinyl chloride skin (thickness
ranging from .0025 to .0035 inches) stretched over various damping
fluids as shown in Figure (1-6). Tests were also run using polyure-
thane foam instead of the damping fluids. Results of these tests are
shown in Table (1.1) (17). (Figure 1-7) shows a graph of skin friction
coefficient versus Reynoid's number for the compliant coating (13).

The success of compliant coating flat plate tests led the autﬁor

to investigate the possibility of drag reductionfor airfoils covered

with compliant coatings.
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Figure 1-6. Compliant Skin Coating

Table 1.1. Turbulent Skin Friction Coefficients® (17)

at 38 fps
Material Bare PVC Skin  PVC Skin
and Wet
Hard Su;face 0.0043 - -
27 PP1 0.0129 0.0044 0.0030
40 PPI 0.0089 0.0032 0.0027
80 PPI 0.0074 0.0029 0.0034

Foam Rubber 0.0054 0.0074 0.0084

. .
CF = (gkin.friction)/(area) (dynamic pressure)



0.004

0.002

Wind Tunnel
——V—-’/ Drag /
////, Plate
Floor :

Hard Plate

\\

Reynolds Number (Re = pVL/u) (At Room Temperature & Pressure)
Figure 1-7 Compliant Coating Drag Reduction (16)

~. $= Wet Polyurethane
. /)- ~— PVC-40 PPI
Wet Polyurethane — — —— cm—
PVC~27 PPI \\
1 i |
100 Velocity ft/sec. 1200
1 - 1 |
106 107 1.5x107



CHAPTER 11

WIND TUNNEL TEST FACILITIES

TUNNEL I

Entrance Section

Tunnel I was an open-circuit tunnel. The entrance bellmouth of
the tunnel was designed to provide a minimum of turbulence in the
test section main stream flow by attaching a pre-contraction box
incorporating two layers of number sixteen size fiberglass screens
one foot apart and three inches of thin aluminum honeycomb with
three-eighth inch cell size. The tunnel has a 16:1 contraction
ratio. (Figure 2-1), It can be noted from Uberio's (18), work,
this particular contraction ratio gave a favorable decrease in fhe
longitudinal component of turbulence without too large an increase
in the lateral component.

The contraction, as shown in figure 2-1 was fabricated frﬁm two
steel rings, five feet and one and one-half feet in diameter, and
the wall was made of fiberglass and epoxy. A two and one-half foot
long pre-contraction settling chamber was used with a five foof
post-contraction length. The settling chamber allows time for honey-

comb and screen flow disturbances to dampen considerably before entering
10
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the contraction. The three foot post-contraction length helped to
provide a fully developed parallel flow before reaching the test
section, A three inch deep, three-eighth inch cell size aluminum
honeycomb was fastened in a three-quarter inch thick plywood frame
such that the trailing edge of the honeycomb was six inches in front
of the first fiberglass screen. The second fiberglass screen was one
foot from the first screen. These screens were made of number six-
teen size fiberglass screen. This arrangement cut down the wake size
and helped to provide proper alignment of air flow. A foot and
one-half long round-to-rectangular converter section (EJ Figure 2.1)
was fixed to the aft-end of the post-contraction part of the entrance

section and bolted to the test section.

The Diffuser

Since the power loss in a wind tunnel varies with the cube
of the air speed, it was desirable to increase the cross-sectional
area of diffuser before the airstream reached the driving unit and
hence reduced the local tunnel speed as rapidly as possible. The
rate of this area increase was limited by the amount of expansion
the air would stand without separating from the wall with accompanying
large losses. The total angle of expansion for the diffuser was

seven degrees which resulted in satisfactory performance.

The Power Train

A Fan, built by ILG Electric Ventilating Co. (BBS 4450) was

installed. This fan had a wheel diameter of 20 inches, a fan outlet
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area of 12 square feet, and an inlet diameter of 48 inches. This fan
was set on four three-quarter inch diameter threaded rods welded to

a steel channel and I-beam frame. Also, on this frame was attached

a 1770 rpm thirty horsepower electric motor for the power source. of
the drive unit which was isolated from the test room by medium-

hard rubber disks about an inch thick and one and oﬁe-half inch
diameter. The fan was fixed at 530 rpm. According to the fan spec-
ifications at 550 rpm, it would deliver approximately 16,000 cfm.

A variable inlet vane was installed between the end of the diffuser
and the inlet of the fan., The vanes could be adjusted by a hydraulic
cylinder controllable by a hand pump located near the test section,
Thus, these vanes regulated the free stream velocity at the test
section, The speed range of this tunnel at the test section was
fifteen to two hundred eighty feet per second. A one and one-half
foot rectangular-to-round converter section, similar to the round-
to-rectangular converter section mentioned before, was fixed on the
entrance of the diffuser and bolted to the rear part of the test

section,

The Test Section

The test section was made of plywood with two by two inch
solid wood frames. The test section was supported by screen adjust-
ments attached to two A-frame structures anchored to the floor. The
interior walls were finished with sanding, lacquer finishes énd a
coat of plastic varnish to give an aerodynamically smooth surface.

The dimensions of the test section were four feet long, eighteen inches
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deep, and thirteen inches high. There were two twenty inch by nine
inch windows, one on either side of the test section., The windows
were constructed of one-eighth inch thick plexiglass enclosed in

aluminum frames.

Balance System

A plywood box of three feet high, two feet deep, three
feet wide with a two and one-half feet wide, one-half foot high
plexiglass window at the lower front face and a two feet by two feet
plywood door above the window, was placed on top of the test section.
(Figure 2-2), This box was used to house the balance system.
Vibration could pre-maturely cause transition from a laminar to a
turbulent boundary layer, thus it wés necessary to isolate the balance
system box from fan vibration. The box was supported by two A-frames.
A one and one-half inch by three inch rectangular steel channel join-
ing the balance system box and the test section was cushionéd with
a 8ix inch diameter one-eighth inch thick rubber diaphragm to
minimize translation of vibration from test section to balance
system.

The primary interest of this experiment was to measure
skin-friction drag. To ensure a zero induced drag, zero lift was
maintained throughout the test., A balance system capable of measuring
drag and 1lift forces was essential, After studyingdifferent types
of balance systems, a cable-suspended—floating-plate-balance‘system
was chosen. This system was relatively easy to build and met the

requirements mentioned above; A steel plate of thirteen by eight
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inches was suspended from a steel frame at the upper part of the ply-
wood box with four flexible one-sixteenth inch diameter two feet long
steel cables, Four horizontal steel cables were fixed to the steel
plate as shown in Figure 2-3. The two in the aft section were connected
to two springs. The two in the front were fixed to an aluminum

column on which two semiconductor strain gages were installed, A

two way motor with variable-speed-control (one to ten rpm) was bolted

on the steel plate and was used to change the pitch of the airfoil.

The drive shaft of the motor went through a hole in the middle of the
steel plate and the rectangular steel channel between the balance

system box and the test section ceiling. The shaft was used as the

model support.

A long needle was fixed in the center of the steel piate
pointing at the marked center of a mirror placed at the lower part
of the aluminum measuring column., This needle, when correctly

aligned, indicated zero lift on the airfoil.
Tunnel II

Dimensions and Specification

Tunnel II was a return flow, closed throat, atmospheric
pressure tunnel. The tunnel was constructed of steel, reinfo?ced
concrete gunite and brick (Figure 2-4). The power for the operation
of the tunnel was supplied by an Allison V 1710, 1200 horsepower
engine. The engine powered a three~bladed seven foot
propeller through an extension shaft. The engine, the exhaust mani-

folds, and the engine oil were water cooled (19).
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The test section was four feet by six feet (approximate ellipse)

and eleven feet long. Large access doors of plexiglass and steel
frame were located on each side of the test section for convenient
model installation. The velocity range was from £ifty miles per
hour to two hundred miles per hour. At low rpm the engine stalled
easily. To achieve low air stream velocity, machine cloth was in-
stalled in the diffuser.tenvfeet ahead of the propeller blade. This
screen also served as a safety screen between the test section and

the propeller, acting as a catch-all in the event of a model failure.

The turbulence factor of the tunnel was determined, by using a pressure

sphere (16), to be 1.35. The dynamic pressure in the test section was
held constant by a pneumatic engine control device operating from
the differential pressure between the settling and the test chambers.
The velocity distribution over the test section static
pressure was near atmospheric with a very small pressure gradient

along its length.

The Breather

Closed-jet tunnels usually required breathers, (20), be-
cause the entire return passage was above atmospheric pressure and
some air might leak out. In turn, the loss of air would drop the jet
pressure below atmospheric unless it were replenished. A slot, at
the downstream end of the test section, about .25 inch diameter

wide was adapted as the breather for this tunnel.

Corner Vanes

The ideal design for return passage corners would be gradual turns
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so the air could follow the curve with but small loss. Such corners
would require high construction cost and also a large amount of space.
For this tunnel, ninty degree turns were constructed and their

losses were kept to a minimum by means of turning vanes.

The Balance System

The balance system was a six component, pyramidal type,
utilizing electric resistance strain gauges on aluminum alloy weighing
beams., Load intensities were obtained on strain indicators of the SR
4 type., The model was supported on a simple central support. The
system was provided with model pitch and yaw adjustments (19).

The advantage of the pyramidal type balance was that
the forces and moments on the test model were separated in the balance
itself,

The system load capacities were as follows:

LIFT  +* 300 1b.  PITCHING MOMENT +1200 in-lb.
DRAG + 200 1b,  ROLLING MOMENT + 500 in-1b.

SIDE FORCE + 150 1b, YAWING MOMENT + 600 in-1b.



CHAPTER I1I1

MODEL AIRFOILS

The main objective of this research project was to in-
vestigate the reduction of skin-friction for a compliant coating
surfaced airfoil. In order to eliminate many complicated and laborious
mathematical calculations trying to isolate skin-friction drag from
pressure and induced drag, the author felt it was necessary to choose
a wing section which had very small pressure drag compared to skin-
friction drag and test at zero incidence angle in order to eliminate
induced drag. As was stated in Chapter I, turbulent boundary layer
has a much higher skin-friction drag than laminar boundary layer.

The transition line on an airfoil is somewhere around the minimum
pressure line. An airfoil with minimum pressure line at the front
portion of the airfoil will have a large area under the turbulent
boundary layer, resulting in much higher skin~-friction drag than an
airfoil with large pértions of the surface exposed to the laminar
boundary layer. A symmetrical airfoil at zero incidence angle theores
tically speaking has no spanwise cross flow and could be considered

as two-dimensional foil. Comparing wing section data from A.E. Von
Doenhoff's '"Theory of Wing Sections'", NACA 0009 wing meets all the above

mentioned factors. Using wing section data (21), and the Von Karme--

21
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Polhausens' method (1), a transition line Qas calculated. The
calculated value was 7.5 percent chord length from the leading :
edge. This value was very close to the maximum velocity ratio point
listed in Table 3-1,

Basically, the compliant coating wings were made of solid
material covered with polyurethane foam and polyvinyl chloride (PVC)
membrane. From Figure 3-1, it was noticed at about 7.5 percent chord
the static pressure was the lowest. This low pressure would cause
the PVC membrane to separate from the airfoil and create a tremendous
amount of wake drag. This problem was solved by using a vacuum pump
with an adjustable valve controlling the amount of suction in order
to balance the pressure difference inside the wing section and the
test section (Figure 3-4);.

Initially the author decided to build a relatively small
wing to be tested in Tunnel I, and then test a larger wing in Tunnel

II in order to obtain a wider Reynolds number wvariation.

Wing Construction

Four NACA 0009 wings were constructed, two with a sixteen
inch chord, twelve inch span and two, with a forty inch chord;
thirty six inch span wings. Each set had one foil with a compliant
coating surface and one hard surface airfoil.

The basic construction of the airfoils were the same. The
gmaller foils had aluminum ribs while the larger foils had redwood
ribs. These ribs were bolted together by threaded rods as shown
in Figure 3-2, The locations of the rods can be seen in Figure 3-4.

The small hard foil was filled with styrofoam, then covered with self
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Table 3-1. Basic Information for NACA 0009
Foil
" v Ww/vy: yv /v
(per cent ¢) | (per cent ¢) ' !
Q 1] 1 0 10,593
wh o 0.750 (IR 1.700
1.25 1.420 1083 1ad1 1.253
2.5 1.961 1.229 .10 .963
A0 2006 1.299 1.140 0,692
7.5 3.150 1.310 1.145 0,560
10 3.512 1.309 1.144 0,479
15 44000 1.304 1.142 1.350
20 4.303 1.293 1.137 0318
25 14506 1.275 1.129 0.273
30 4,301 1.252 1119 0.239
40 4.352 1.209 1. 140 0,188
o 3.971 1.170 1382 0.131
i) 3.423 1.126 1.061 0,120
il 2.748 1.087 1.0L3 0005
80 1.967 - 1037 1LOLS 0070
w 1.080 0084 0,952 016
95 0.605 0.933 0,966 0.030
100 0.093 0 0 0
1.E. radins: 0.89 per cont e
ST T T
P !
— [
r2 ' ' i
1 : ! : !
[ 1 LT~
o’ : P | i
(!.)2 —s wca 0599 —— L
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2 ¢ , 6 .8 10
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Figure 3-1. Cross section of NACA 0009

Airfoil
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adhesive vinyl paper which gave a very smooth protective surface. The
small soft airfoil was filled with styrofoam and channels were built
inside the styrofoam; The styrofoam was covered with one layer of
3/16 inch thick forty pores-per-inch (PPI) polyurethane foam and
various thicknesses of PVC skin (ranging from 0,001 to 0.0035
inches). (Figure 3-3) The leading edge of the larger foils was made of solid’
balsa wood covered with a layer of 1/16 inch thick balsa to achieve
uniform curvature and smooth surface along the leading edge. The
remainder of the larger foils was covered with twenty-two gauge sheet
metal (Figure 3-4), The screw dimples caused by screws used to .
fasten sheet metal to the redwcod ribs were filled with hard wax.

The soft foil was covered with one layer of 1/8 inch thick 20 PPI
polyurethane foam and one layer of 1/8 inch thick 40 PPI polyure-
thane foam, and then the PVC skin. One-sixteenth inch diameter holes
were drilled on the metal skin to allow vacuum suction on the larger

foils, On the smaller foil the porous styrofoam precluded any need

to drill holes to the surface.
The PVC was attached to the airfoil ends by using, double stick
scotch tape. To achieve a smooth surface, self adhesive vinyi'paper
was used on both edges of the foil to cover the PVC and the séotch tape.
Before the airfoil was installed three hundred poundsAof
steel was put on thg foll to test -the strength of the structure,.

(Figure 3-5).



Figure 3-2,

Basic StrucFure of the Model Airfoil
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Figure 3-5. Static Structure Test



CHAPTER IV

THE POSITION OF TRANSITION ON AN AIRFOIL
BY

VON KARMAN & POHLHAUSENS' APPROXIMATION METHOD

To determine the transition point on an airfoil by complete
calculation of the boundary layer for a given body with the aid of
the boundary layer differential equations is very time consuming
and difficult. A less difficult and quicker method is the Von Karman-

Pohlhausen integral method (1),

Pohlhausen uses Von Karman's momentum integral equation,

T
o 2de % dU

> U2d3+(29+o)uds (1)
to find his solution. S is the arc length measured from the stag- -

nation point along the wetted surface. This equation gives an ordinary

differential equation for the boundary layer thickness. With the

introduction of two shape factors

and



together with new variables,

2 %*
= 9 . =9 . =y 32
z = v 5 fl(K) o ; F (X) U ds
equation (1) can be reduced to
dz _ F (R)
ds U )

where F(K) is a complex function of A only. Therefore, as far as
the solution of Equation (2) is concerned, F(K) can be calculated
once and for all for various values of A , F(K) are listed in
Table 12.2 of Schlichting (1).

A, Walz (17), showed. that equation (2) can be further re-
duced to a simple quadrature by approximating F(K) with a straight

line,

F(K) = a - bK

Equation (2) can be reduced to,

dz _
1] 38 ~ @ bK (3)
0% au
letting K = ~ ds gnd then substituting z and K into Equation 3,
U-d-g—z— =a-b9—2—_d-g
ds v ds
which reduces to
2 2
4 w8y=, - -1y & WU
ds( \)) 8 (b-1) v ds (%)
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Using the Thwaite approximation, with a = 0.45; b = 6.

9 du

_9_ -
(IJ)045 5=

Upon separating the variables and integrating, one obtains

2 s
ue® _ 0.45 J’ 5
~ = 5 U™ ds
v U s=0

The non-dimensional variables are then substituted so that

Fo8U . ks . LU
v ¥ ° £ m U
2 g*

*

;5 28 Uy _ 0.45 J‘ Ums gs*
v ¢+ ub )

and z* can then be evaluated by graphical integration,

Since,
o*
o = £®
2 U
2] * "o
K:v UTJ_
Ryl 2
(+ (ﬁ;ﬁ*)
therefore,
U u

o gy ) = H®
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But

]
SE

from above equation

*
£ 4 v 1 J Y

and fl(K) is listed in Table 12.2 of Schlichting (1). © can be

so,

*
determined at this point. o Up/V can also be determined, and
this value for each point along the body will be compared with

Figure 17-3 in Schlichting (1). Transition points can then be easily
determined., Transition occurs when (U 0*/v)>(U o*/vycrit.'

Results of calculation for NACA 0009 airfoil for the most
frequent tested speed range for this experiment are listed ;n Table
4.1,

Von Doenhof £ (21), predict that' transition should start
around the minimum pressure point. Figure 3.1 shows the minimum
pressure for NACA 0009 is at 7.5% chord. The calculations in Table

4-1 gshow that the theoretical traasition is close to the 7.5% chord

position.



Table 4-1, Parameters for Transition Calculation

% * *

x/% s/t v/Uo 2% %f U\.)I U =120 ft/sec Uoigog )ft/:\/)sec U =80 ft/sec (US )z:it.
0 0 0 .00096 .071 0 0 0 10000
.005 .01 .866 .0024 .1178 137 125.4 111 3500
.0125 .02 1.041 .60343 .1433 200 183.3 162 2500
.025 .0349 1.109 .00778 .2702 330 300.3 266 1200
.050 .0607 1.140 .0184 .3315 510 464.8' 404 980
.075 .0868 1.145 .0280 L4199 _ 646 591.3 516 680
.100 1129 1.144 .0385 .5025 774 707.07 617 570
.15 .1636 1.142 .0585 .62 850 821.65 760 550
*%

From Figrue

17.3 Schlichting

€€



CHAPTER V

Flow Visualization

There is no simple theoretical method that the author
can use to predict a transition point on the compliant coating air-
foil. It was felt necessary to develop a flow visualization method
to locate the transition point for both the solid and compliant
coating wing sections,

Three techhiques which have been used in the past are
tufts, oil films, and diffusible chemical solids. For preliminary
tests, the tuft model was set up, but it was very hard to determine
the exact point of transition. The oil films method was also tried,
but without success because PVC reacted with the hydrocarbon. PVC skin
coated with oil wrinkled and became loose, The only alternative
left was chemical'solid. It 1s a physical property of china clay that
if a solution - has the right index of refraction is spread on the top
of a film of china clay, it will become transparent., After the
solution evaporates the china clay will turn to its original white
color. This propérty along with the principle that the rate of
evaporation of certain organic chemicals is much lower in a laminar
flow than in a turbulent £low will show the exact transition line.

Most solutions used by other investigators will react with PVC. Water
34
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will not react with PVC, but has a wetting problem; it forms drops
instead of a thin film unless heat is applied. However, heat has un~
favorable effects on PVC. After many weeks of trial and error
attempts, finally a successful combination of solvent and solution
was found., PVC soakéd in acetone for an extensive period of time
will react, However, if the acetone is sprayed on PVC, they will not
react because the contact time is too short, due to the evaporation
of the acetone. With the help of an ultra-sonic vibration bath,
located in the School of Geology, at the University of Oklahoma,
china clay was suspended in scetone. The particles in the suspensions
are so fine they can be spread on an airfoil and form a thin film
without affecting the flow pattern on the airfoil. |

For better visualization, the airfoils were painted black,
then acetone-suspended china clay was sprayed on the airfoil. The
airfoil turned white. Ethylene glycol was sprayed on the airfoil.
This step made the white film transparent and became black again. The
tunnel engine was started and after a few minutes, part of the foil
in the turbulent region turned white and the portion in the laminar
region remained black. Figure 5-1 and Figure 5-2 were both taken at
ninty feet per second air speed and four minutes after the tunnel
was turned on. The transition on both compliant coating airfoil
and hard surface airfoil occured at around 9 percent chord. This

value agreed with the previous calculation.
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Figure 5-1. Transition Line on Compliant Coating Airfoil
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Figure 5-2, Transition Line on Hard Surface Airfoil.



CHAPTER VI

CALIBRATION AND EXPERIMENTAL PROCEDURES

Calibration of Tunnel Speed

In an ideal wind tunnel using an ideal fluid, the cal-
culated velocity using Bernoulli's equation would be equal to the
actual velocity in the tunnel. Since no wind tunnel is ideal,

a correction factor Kc must be introduced into the calculations
to produce the actual velocity of the fluid.

To determine Kc the pressure differential was obtained at
the bellmouth and the test section (see Figure 2-1 and Figure 2-2).
This was done by means of a manometer connected to each section;
Let Section 1 be the bellmouth section and Section 2 the test
section, Let K1 be the loss coefficient between the sections and
assume p constant.

From Conservation of Energy

Py+4a; =P +q,+ K1 ) (6.1)

From continuity,

AZV2 = A1 V1 (6.2)

37
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Squaring both sides and multiplying by p/2, gave

D A2.,2 ) 2.2
2 BV = 5 Ay
But
.2
1=
So,
2 2
4By = 448
Solving for 93
A 2
T (2
1
9 =9 K,
A
where K2 =(K202
1

From Equation 6.1, the change in P between section 1 and 2 could be

calculated as follows:
Py =B =gy + K qy - Kyqy

P,-P=q, (L+K -K

1 2 1 2)

AP = Kaq, where Ky = a1+ K, - KZ)

AP = P1 - P2
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V, = K, /BTG

For a given wind tunnel test, barometric reading, temperature at

barometer and relative humidity in tunnel after runs were obtained.
The pitot tube was set on the tunnel center line. Fifteen read-
ings over the operating speed range of the tunnel were taken.

The calculated values for K4 for tunnel 1 and 2,
respectively, were 3,334 and 3,385,

Curves for AP and velocity for three values of p are

shown in Figure 6-1 and Figure €-2,

Velocity Survey

Before a wind tunnel is used for experiments, the local
velocities in the test section must be investigated in order to deter-
mine the tunnel flow characteristics, Local velocity variations
may be measured across the test section by means of a pitot-

static tube using

\ ==(‘-2--"L)3“
p

The velocity maps for tunnel 1 and tunnel 2 are shown in Figure

6-4 and Figure 6-5.

Calibration of Balance System

The basic measuring mediums for both tunnels are alumi-
num alloy beam, strain gage and strain gage indicator. The load
on the beam changes the gage resistance, It is necessary to correlate

the load force and resistance change shown on the indicator.
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For tunnel I a set up shown in the Figure 6-5 and weights
ranging from 0.116 to 1.0 1b. were used. Different weights were

placed in A and corresponding readings from the strain gage indicator

were recorded. The results are ghown in Figure 6-6,

A, Weight Holder

B. Floating Plate

C. Strain Gages

D, Pulley

o

WAl

AA

Figure 6-5. Schematic of Strain Gage/Force Calibration

System for Tunnel I

For tunnel II, the set up (Figure 6-7) used weights ranging
from .5 1b, to 10 1b, Special care was taken to line-up "C" and "B"

on the same level. The results are shown in Figure 6-8.
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Figure 6-6. Balance System Force/Strain Calibration for

Tunnel I
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Tunnel Floor

A, Weight Holder B. Balance Resolving Point

Figure 6-7. Schematic of Strain Gage/Force Calibration System

for Tunnel 2

Experimental Procedure

With the systems calibrated, the primary task of obtaining
data was now ready to proceed. Tuft models were prepared for both

tunnels to ensure that there was no apparent cross flow and separation.
Tunnel 1

The hard surface airfoil was mounted vertically in the
test section (Figure 6-9). The balance system and airfoil were
allowed to settle, then needle "G" was adjusted in such a manner so
the image of "G" on mirror H passed through the marked line on "H"
when the operator viewed through reference line on window (Figure 6-9).
Throughout the test this condition was maintained to ensure that

there was no lift force exerted on the airfoil by the flow. The
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reasoning behind this was that any position change of the needle
corresponded to a change in elevation of the steel plate and the foil.
This change of elevation indicated 1ift force on the airfoil. The
minimum noticeable change of position of the needle corresponded to
.002 1b, force. This proved the system to be sensitive and sat-
isfactory. The two way electric motor'A" was used to align the
airfoil with the tunnel center line by eye sight. The speed
control vanes were adjusted so that minimum tunnel speed was
maintained when the tunnel was turned on, The speed of the tunnel
was increased to about 150 ft/sec. 'N'" was used to line the "H" needle to
keep the 1lift force at its minimum. The tunnel was turned off and the
vanes were readjusted to their original position. Barometric pressure,
temperature, strain gage indicator readings, and manometer readings
were recorded, After the balance system settled the tunnel was
turned on again. Tunnel air stream speed was increased in small in-
crements and corresponding manometer readings for AP, and strain
gage indicator readings were recorded. After reaching the highest
air speed,the air speed was slowed down by small incrememts. Mano-
meter and strain gage indicator readings were again recorded.
The same procedures were repeated at least three times for each set
of data.

For the soft skin airfoil the procedures were about the
same except, before the tunnel was turned on, the suction vacuum
pump was adjusted. Proper vacuum could easily be obtained by com-
paring the test section static pressure with the vacuum pressure

drop.
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Tunnel 2

The airfoil in tunnel 2 was mounted on a bayonet which
was shielded by a windshield. (Figure 6-10). A tare drag was con-
tributed by the bayonet and pitch adjustment mechanism. The inter-
ference between the windshield, bayonet and pitch ad justment mech-
anism changed the drag reading also. It would be almost impossible
to calculate all these interference effects.

The standard method for a symmetrical airfoil with zero
angle of attack is to measure the drag force of the airfoil in-
cluding the drag force on the bayonet, pitch mechanism and the
interference with the model and the windshield. Then, image
bayonet, pitch adjustment mechanism and windshield are instailed.
The difference of the two tests indicates the drag on bayonet, pitch
adjustment mechanism, and interference among windshield, bayonet and
the model. All models tested in tunnel 2 were tested twice, first
with dummy image, then without image.

With all systems calibrated, the wing was mounted in the
tunnel, Strain gaée locks for.all six force and moment components
were released. The airfoil was first aligned by adjusting the pitch
and yaw control mechanism, The test section windows were closed.
The clutches for yaw aﬁd pitch adjustment mechanism were released.
Barometric pressﬁfe,temperature, initial readings of strain gage
indicators for yaw, lift, and drag forces were recorded. The engine
control system was switched to manual operation., A signal was given

to engine room operator to start the engine. The vacuum pump for
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Dummy Wind Shield

Dummy Pitch Adjustment

Dummy Bayonet

( I\

Boynet

Pitching ad justment

L
’, Wind Shield

Figure 6-10, Wing Section Setup in Tunnel II. (With Dummy

Wind Shield).
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Figure 6-11. 40" 0009 Airfoil in Tunmel II
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balancing pressure between test section and inside the foil was
then turned on. It took about five minutes-to warm up the engine and
for the flow to reach steady state. Yaw and pitch mechanism were
again engaged and adjusted so that there was no yaw and lift
forces on the airfoil. The clutches were released again and data
were taken. The air speed was increased in small increments. For
each speed tested, tunnel temperature, static pressure difference,
and strazin gage indicator reading for drag were all recorded.
From time to time, yaw and lift forces were monitored to insure
that there was no induced drag. The test speed range was from
forty feet per second to one hundred eighty feet per second. After
reaching the maximum speed, the air speed was reduced to the minimum
value in small increments. Around fifteen data points were
taken for each test.

After installing the dummy system, the test was repeated.
The soft skin airfoil was tested following the same procedures.
The procedures for vacuum control inside the airfoil was the same

as in tunnel II.



CHAPTER VII

EXPERIMENTAL RESULTS

The test data were divided into two groups. Group 1
data were taken from tunnel I and Group 2 data resulted from the

use of tunnel II.
Group 1

As defined before,

C. = oyt
D  %pVZ.A

where D was determined by using Figure 6-7 , and the strain gage
reading and V was determined by using Figure 6-2 , and the manometer
reading. CD was found for every different velocity and corresponding
drag force.

The drag coefficient of NACA 0012 and 0006 (22) along 'with the
Prandtl turbulent drag coefficient and Blasiws laminar drag coefficient
for a flat plate are presented with data for hard surface 0009 airfoil
obtained from tunnel I in Figure7-1 Obviously the values for 0009
airfoil are too high. The reason for these higher values is mainly

due to the interference drag of the ends of the airfoil adjacent to the

53
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ceiling and the floor of the test section. Figure 7-2 indicates
the different drag coefficient values for thicknesses of .0025 and
.0001 inch PVC skin airfoil and the hard surface airfoil, Figure

7-3, shows the relative percentage amount of skin friction drag re-

duction of different skins of airfoils.

Group IT

To obtain the section drag, the parasitic drag originating
at the ends must be subtracted from the readings of the wind-tunnel
balance. The wing-tip drag is obviously a function.of the profile
dimensions at the tips. The drag coefficient of this component is,
therefore, based on the tip area. Various investigations of the wing,
concurrently tested with rounded and with blunt lateral edges, have been
evaluated (22). Results have also been obtained by comparing force
tests (with blunt eﬁds) to wake-survey results, For zero lift,

Figure 7-4 approximately indicates

B 2
Che = 0.15 (t/c)

For the forty inch chord NACA 0009 airfoil

CDC = ,00135

In order to eliminate tare-interference drag forces, tests
with a dummy wind-shield and supporting strut and tests without dummy
wind-shield and supporting struct were conducted.

To find the true drag coefficient for the airfoil,both CDC and
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the tare-interference drag must be subtracted from the wind-tunnel
test readings.

The procedure for data reduction is much more complicated
for tunnel II than tunnel I. The author decided to use the IBM
computer to do the job. A program not only to reduce the data but
also to plot the points for Figure 7-5 and 7-6 was written (Appendix
B).

Figures 7-5 and 7-6, give the drag coefficient for the
different arrangements of compliant coating airfoils. These data
give the drag coefficient of the airfoils with and without tare and
interferences. Figure 7-7 shows the drag coefficient of sectional
airfoils with the tare and interferences subtracted out, Figure
7-8 shows the percentage drag reduction for different arrangements
of the airfoil below hard plate values. Figures 7-9 and 7-10 show
drag reductions for both 16 and 40 inch chord airfoils.

Hoerner (22) indicates that the drag coefficient for NACA
0009 airfoil (hard surface) should be approximately 0.0075 in this
Reynolds number range. The difference between this value and the
hard surface value of Figure 7-7 is believed to be due to the experi-

mental uncertainties of these tests. This is discussed in Appendix A.

Theory and Discussion

The analysis outlined in Benjamin's report (9) indicated
that laminar incompressible, ideal and low disturbance flow could

be stabilized (the transition from laminar to turbulent boundary



Drag Coefficient CD

0.025

0.02

0.015

0.01

() With Compliant Coating with Dummy
o With Compliant Coating and No Dummy
V Hard Surface with Dummy
<q Hard Surface No Dummy
o
O &8 ®o o ©
P © O0p
v v v
v v By W v W
v
0 > DR - 2R
4 4
| 1 | | | | ] | i i
90 100 - 110 120 130 140 150 160 170 180
Velocity (ft/sec)
Figure 7-5. Drag Coefficient for .0025 PVC skin 40" Chord NACA 0009 Airfoil.

09



Drag Coefficient CD

0.025

0.02

0.015

0.01

With Compliant Coating and Dummy
With Compliant Coating and No Dummy

Hard Surface with Dummy

vd400

Hard Surface no Dummy

v W
) ° va'vvv Vo Vv W_ v
o ) o
> 3
>
"B " smpw b

1 n 1 Rl

Figure

100 110 120 130 140 150 160 170 . 180

Velocity (ft/sec)

7-6. Drag Coefficients for .0015 PVC Skin 40" Chord NACA 0009 Airfoil.

19



Drag Coefficient CD

.015

.010

.009

.008

.007

.006

.005

] Hard Plate (Avg.)
(® .0025 inch PVC Compliant Surface
A .0015 inch PVC Compliant Surface

0] B | o] o) Eg E;
o o © 9

Turbulent Flat Plate

A A A A B

2.0 6 3.0 . 4.0
Reynolds Number (pVC/u)x10

Figure 7-7. NACA 0009 40" Chord Airfoil Drag Coefficient

(4



Drag Reduction Percentage

40

30

20

10

A .0015 inch PVC Compliant Surface
® .0025 inch PVC Compliant Surface

O
00000

2.0 3.0 4.0
Reynolds Number (pVC/L) x 10°

Figure 7-8. Per Cent Drag Reduction Below ngd Plate Values

€9



Drag Reduction Percentage

30

20

10

-10

A .0025 PVC - 16" Chord
® .0010 PVC - 16" Chord
— A .0025 PVC - 40" Chord
V¥ .0015 PVC - 40" Chord
- VV w
v v
© v v
©
O)
e A A
(0} A
A A © 0 0JO) ‘A‘A
- A A AAA
| L I
2 x 10° 1x106 4x106
Reynolds Number (pVCAJ)x106
Figure 7-9. Comparison of Drag Reduction for 16" and 40" NACA

0009 Airfoil.

%9



Drag Reduction Percentage

30

20

10

-10

-20

-30

A .0025 PVC - 16" Chord
® .001 PVC - 16" Chord
A .0025 PVC - 40" Chord
V' .0015 PVC - 40" Chord
0] v A\ v \V v
(0
o) A L,
A (0
A h
A A A
| ] 1 ] ] ]
30 60 90 120 150 180
Vv, fps

Figure 7-10.

Drag Reduction ¥s Speed

<9



66
layer could be delayed, by the presence of an ideally designed
compliant boundary. As a result skin-friction could be reduced.
According to this theory the membrane should be fairly stiff and
the damping should be moderate. Kramer's (2,3,4) model has the
best result (lowest drag) with moderately high wall damping and
fairly stiff membrane, It seems, therefore unlikely that the re-
ported success of Kramer's experiments could be explained on the
basis of the simple stability theory alone. The most likely
alternative explanation is that the flexible surface has an effect
on the fully developed turbulent boundary layer.

Karplus (8), investigating the scale and degree of tur-
bulence for water flow over mylar film with various fluid sub-
strates, concluded that turbulence occurred sooner for the flexible
wall than for the solid wall but was retarded in its rate of
development. The same conclusion was obtained by Walter's report
(16) . By using a hot-wire anemometer, a detailed study was made
to determine the basic characteristics of the turbulent boundary
layer flow with a zero pressure gradient over a compliant surface.
The compliant surface was made of a 0.001 inch PVC and 3/16 inch
40 PPIpolyurethane foam. The tests were run at a constant velocity
of 50 fps. This study over the compliant surface revealed a re-
duction of turbulent intensities and a 25 per cent decrease in
Reynolds stress when compared with hard plate data. These two
experiments, clearly show that the secret for compliant coating
drag reduction does not depend on the delay of transition but on

the complex interaction between the compliant surface and the tur-
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bulent boundary layer.

turbulent boundary layer

P“-‘

membrane

——_

<> X
-‘i\\\ mean position
of membrane
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Figure (7-11) Model of the Compliant Coating

A new theory is needed to explain this phenomena. Using
a two dimensional model, restricting the motion of the coating in
x and y plane only, (Figure 7-11) Blick (11), derived the follow-

ing expression,

O 2 [OWZ-TKZ-DK4-pg + G_-G,]

=707 0 1 /Ay s k0 —=
AR B v ¥ T 2_ox?_pr* 2,6.2
= Yo [ (ow"-TK"-DK"-0g + G )"+G;"]

dkdw (7-1)

where T is the Reynolds stress (-p ;T;T)induced by the compliant
coating in a thin layer adjacent to the coating. It is interesting
to notice that all terms in Equation 7-1 are positive except the
numerator, which may be positive or negative depends on values for

o, T, D, p, V. These variables can be tuned to find a negative

resonant peaks. A negative Reynolds stress might possibly reduce the
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total Reynolds stress throughout the boundary layer, thus causing
a reduction in wall skin friction. By examining the term in the

numerator of equation 7-1. , Table 7-1 was arranged.

Table 7-1. Effect of Compliant Coating on Sign of Perturbation

Reynolds Stress (Ref. 11).

Increasing Variable Perturbation Reynolds Stress
Increase Decrease

Skin mass/Unit area, © X

Skin flexure stiffness, D X
Skin tension, T v X
Damping fluid density, p X
Fluid laye; thickness, * H X

Damping fluid kinematic X

viscosity, * v

The term (Gr-Gi) was found to increase with H and decrease with

v, Reference (11).

A correlation was found to exist with the variations of -
o, T, p, and v over the limited range tested by Looney and Blick
(15) . Looney and Blick found in their experiments that the skin
friction increased with increase in o, but decreased with an in-
crease in T, p, or v. Hence the limited experimental evidence
shows thelsame trends as predicted by this simplified model of

turbulent flow over a compliant surface.
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The sucess of Blick, Smith and Looney lead the author to use 40 PPI
polyurethane foam as the damping medium.

During Walter's (16) preliminary tests, no reduction of
turbulence intensity was found by using a small (approximately
2'x2') compliant coating plate. Later by using the same material
(.001 PVC and 40 PPI Polyurethane foam) and a large test plate of
14 foot long by 2 foot wide a 25 percent decrease in the Reynolds
stress was recorded., The author suspects that there is a correlation
between the thickness of PVC and the longitudinal dimension of the
testing model. Using the data presented in Figure 7-10 and a dimension-
less variable t* (t* = PVC thickness/chord) Figure 7-12 was pre-
pared. The correlation between t* and drag reduction is appérent.
This is very encouraging because'it indicates thicker PVC skins

can be used for larger airfoils.

A 0025 PVC - 16" chord
- © .001 PVC - 16" chord
A .0025 PVC - 40" chord
] v ¥V .0015 PVC - 40" chord
sol
[o 3 V)
ol
Yo
2" - Q
Mol A
&0
2]
1 3
Q jom
2
L 1_ 1 [l [ { ] (]
3 5 7 9 11 13 15 17
+

* 5

t" = % x 107
. . *
Figure 7-12, Drag reduction verses t (these values are
the approximate average reduction for the

particular PVC and airfoil from Figure 7-10).
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The basic construction for Blick's model is composed of a
thin membrane stretched over a reservoir containing fluid. Un-
fortunately this is a very fragile structure., A more rigid structure
can be constructed by using a PVC membrane stretched over polyure-
thane foam. The complete theory (similar to Equation 7-1) has not
been derived for the PVC-Polyurethane coating. The main purpose
of the fluid under the membrane is for damping and changing the
phase angle between u' and v' to near zero degrees. Careful |
selection of the‘polyurethane foam could serve the same purpose.
Different types of polyurethane foam were tested by Smith and
Blick. The result can be seen in Table 1-1, The best result was
obtained by using 40 PPI polyurethane foam. From Table 7-2 it
is obvious that 40 PPI polyurethane foam by far is the softest and

is the heaviest of the tested foams.

Table 7-2. Properties of the Residient Test Material

(Ref. 17)
Material Thickness (in) Density Compression
1b/£ft3 modulus psi
27-PPI polyurethanefoam 31/32 1.6 3.8
40-PPI polyurethane foam 5/32 1.8 0.37
80-PPI polyurethane foam 15/16 1.7 2,52
Foam rubber ‘ 5/8 7.6 7.93

PPI = pores/inch
These properties (highest density and damping) again correlate the

properties listed in Table 7.1.
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CHAPTER VIII

CONCLUSIONS

Several definite conclusions may be made from the experi-
mental study of the compliant surface airfoil at zero incident
angle.

1. The results of the compliant coating airfoils plotted
in Chapter VII indicate clearly that the drag coefficient of an
airfoil is a function of the compliancy of the coating. The
thinner PVC skin has higher drag reduction for both tunnel I and
tunnel II,

2. Drag coefficient reduction is a function of t* as
shown in Figure 7-12,

3. The tests conducted covered a very wide range of
velocity (40 ft/sec to 180 ft/sec) and Reynolds number (3x105 to 4#106).
It is interesting to note that at lower Reynolds number the per-
centage drag coefficient reduction is higher and at higher Reynolds
number the drag coefficient reduction approaches a constant value.
The same phenomena was noticed by Boyce and Blick (23) for dusty
air flow.

4, Figure 6-3 indicates an apparent jump of data points
around Reynolds number 1.5 x 106. This is mainly due to a. The

different testing condition. These data were obtained from two tunnels
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Tunnel I has a relatively small test sectim. Choking and side
wall interference with testing model were apparent. b. Looney
and Blick (15) reported that the higher the longitudinal tension
applied on the PVC the more reduction of drag coefficient was
measured. Unfortunately the présent model airféil does not
allow the precise measurement of longitudinal tension applied on
the PVC., No way to determine if tension was the same for the
small and large models. This might be another important reason
for the jump.

5, Figure 7-10 shows the relationship between drag coef-
ficient reduction and the free stream velocity., Here the general
trend of the drag coefficient réduction is more apparent. At low
velocity the drag coefficient reduction is higher and as the velocity
increases, the reduction approaches a constant value.

6. The china-clay method shows again, that the drag re-
duction is not caused by the shifting of the transition point. It
is caused by the redﬁced turbulent intensity as indicated by Blick
and Walter (16). While conducting the china-clay experiment, the
author observed that it took a longer period of time to have the
china-clay coating return to white at the rear portion of the com-
pliant airfoil than the hard surface airfoil. This is another in-
dication that the turbulence intensity for the compliant coating

airfoil is lower than the corresponding solid airfoil.
Recommendations for Furture Research

In order to gain further insight into the characteristics
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of turbulent flow over a compliént surfaced airfoil, additional in-
vestigations are needed.

1. Up to now no test has been conducted to inves;igate
the effect of thickness of damping material. Extensive measurements
should be conducted in this area.

2, A new airfoil model on which the longitudinal tension
can be measured should be tested.

3. No airplane can fly at constant zero incident angle.
A series of tests should therefore be conducted to investigate
the drag and lift characteristics of the compliant coating wing at

angle of attack.
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- ERROR CONSIDERATIONS

Error is inherent in any experimental project, but more
specifically this error may be thought of as experimental uncertainty.
The following expression

2 2
acy = [(ac, )2 + ac )2 + . . . (e, )2)%
D D D, D
1 2 i
where -
C. = overall uncertainty in drag coefficients

C = maximum error involved in primary measurements
i :

estimates this uncertainty, based on the uncertainties in the pri-
mary measurements.

The strain gage indicator reading accuracy for the drag

- force is estimated at + 2,0 micro-inches/inch for tunnel T and + 0.5
micro-inches/inch for tunnel II. Force deviations may be seen in
Tables A-1 and A-2.

Vibrations and mechanical friction in the balance system of
tunnel II were observed and to cause deviations estimated at .5 micro-inches/
inch.

The aécuracy of the pressure readings for velocity is estimated
for tunnels I and II to be + 0.02 inches of red oil (S.G. 0.827) and
water respectively. These velocity deviations are shown in Tables

A-4 and A-5.
77
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The strain converter and the strain indicator are also
estimated to have an accuracy of + 0.00833 micro-inches and + 0.125
micro-inches respectively. The corresponding errors are 4.8 x ].0-7
and 7.5 x 10-6. Since these errors are negligible in the final cal-
culations for exbected uncertainty, they were allowed to remain
constant, even though they should deviate with velocity.

The perce&tage of uncertainty includes the force and

velocity deviations for both the hard and soft airfoils. They were

calculated as follows:

_ 2 2 2 2 2q%
ACy = [(ACH)™ + (ACH)™ + (AC )™ + (ACHc, )™+ (ACy) "]
ACD x 100
The expected uncertainty in per cent = -
D
original

The combined uncertainty for the difference between hard
and soft in tunnel II were then calculated by
2
y27%

)2 + (ACD
soft ha:d

Cog = (e,

and the results are illustrated in Tables A-6 and A-7.
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TABLE A-1

FORCE DEVIATIONS (TUNNELI)

Velocity(ft/sec) 29 66 92 121 180 189
ac, x 107 +3.875  +2.89  +1.542 +40.892 +0.58  +0.364
TABLE A-2
FORCE DEVIATIONS (TUNNEL IT)
Velocity (ft/sec) 110 130 150 170
ac,, x 107 +4.35 +3.11 +2.36  +1.82
TABLE A-3
MECHANICAL FRICTION DEVIATIONS (TUNNEL I1I)
Velocity (ft/sec) 110 130 150 170
AC, x 107 +4.35 +3.11 2,34 +1.82
TABLE A-4
VELOCITY DEVIATIONS (TUNNEL II)
Velocity (ft/sec) 29 66 92 121 150 189
Ao s 1074 42,0 40.7 40.6  40.6 +0.4  +0.4

DV
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TABLE A-5

VELOCITY DEVIATIONS (TUNNEL II)

Velocity (ft/sec) 110 130 150 170
+0.3 +.5 +0.5 +0.8

Hard
-4 -1'1 -0.4 -001 ' -003

ACDV x 10

+0.5 +0.7 +0.6 +0.2

Soft
~0.4 -0.3 -0.4 -0.3

TABLE A-6

EXPECTED UNCERTAINTY (TUNNEL I)

Velocity (ft/sec) 29 66 92 121 150 189
Cop +3.52%  +2.29% +1.38% +0.93% +0.198% +0.156%
TABLE A-7

EXPECTED UNCERTAINTY (TUNNEL II)

Velocity (ft/sec) 110 130 150 170

CoE +8.74% +5.95% +4.,74% +3.78%

-8.8 % -5.94% ~4.,69% 2.7 %
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PAGE 1 ER020801

/77 JOoB T ER020801 07540!
LOG DRIVE CART SPEC CART AVAIL PHY DRIVE

0000 0Co1l 0CO1 . 0000
V2 M09 ACTUAL 8K CONFIG 8K
/77 FOR
¥ ZR020801 +HUMPHREY CHU., ASMES99
*ONE WORD INTEGERS
*EXTENDED PRECISION
L IST SOURCE PRUGRAM
PAGE 2 ER020801 ERD20801 s HUMPHREY CHU+ ASMES99
C THIS SUB-PROGRAM PLOTS THE POINTS ON THE X AND Y AXI1S

COMMON X(8s25)eY¥(4925)sAl(3477)sIX(4)eMX(S)sCCC{a+10)+1IXeXMAG

SX=. 075 % XMAG

SY=2404%XMAG

CALL SCALE(SXeSY3590e9¢005)

DO 4001 I=1.41X

IR=1-1

NUME=JX{1)

DO 4002 J=1,NUMB

XP=X(1,3)

YP=Y(1+J)

CALL EPLOT(~2.XPsYP)

CALL POINT(IR)

CALL EPLOT(1+XPeYP)
4002 CONTINUE '

DO 4003 J=1,181

RJI=J

MXX=MX(I[)+1

YP=CCC(Is»1)

XP=175¢5=e5%RJ

H CHU

28



DO 4004 K=2,MXX
4004 YP=YP+CCC({I 4K) :XPRk{K=1)
IF(YP—-<e03) 4005,4007,4007
4005 IF{(YP-+005) 4007,4007,4006
4007 [P=1
_ GO TO 4003
4006 CALL EPLOUT(IP+XP,YP)
I1P=2
4003 CONTINUE
CALL EPLOT(1:90¢54005)
4001 CONTINUE
CALL EPLOT(1+90e9005)
CALL EPLOT(-2+82¢++005)
CALL POINT(1)
CALL EPLOT(1¢90e9005)
CALL EXIT
£END
FeATURES SUPPORTED
ONE WORD INTEGERS
EXTENDED PRECISION

CORE REQUIREMENTS FOR
COMMON 1658 VARIABLES 30 PROGRAM 262

END OF COMPILATION
/7 DUP

*STORL WS UA DRAW
CARY 1D 0CO1 OB ADDR 45DB 08 CNT 0012

(& THIS SUB-PROGRAM PLOTS THE X AND Y AXIS

COMMON X{3:25)s¥(8:25) s AI{4:77)sIX(Q)MX(S5)+CCC(4+10),1IXsXMAG

11 FORMAT(I3+1X+77A1)

3o1i1 FORMATY (F440)

3012 FORMAT (FSe3)

3013 FORMAT (14HVELOCITY (FPS))
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3014 FORMAT (16HDRAG COEFFICIENT)
XMAG=2,
SX=«075%XMAG
SY=240.*%XMAG
SNX =+ 09 %XMAG
SNY=e 15&XMAG
SLX=e 1 BXXMAG
SLY=¢30%XMAG
CALL SCALE(SX+SY+s90es005)
CALL EPLOT(=2482¢2¢005)
CALL POINT(1)
CALL EPLOT(1+90e+005)
CALL EGRID(0+90¢+00054249+45)
CALL EGRID(1+90¢500054001,25)
DO 3001 1=1,10
RIal
XNO=80e +10¢ %R
YAX= 00375
XAX=XNO—-2+4 £XMAG
) CALL ECHAR(XAXsYAXsSNXoSNYs0e)
3001 WRITE(7.3011) XNO
DO 3002 I=1.6
RI=1
YNDO=.005%R1
XAX=82.8
YAX=YNDO-.0003125
CALL ECHAR(XAXsYAX+sSNXsSNYs0e)
3002 WRITE(7,3012) YNO
CALL ECHAR(121e+¢001875+sSLX+sSLY+0e)
WRITE(7.,3013) .
CALL ECHAR(81¢6+2011,SLXsSLYs1¢5708)
WRITE(7+3014)
DO 3003 [=1,1X
RI=1I
IR=1-1 )
YAX=e035+SNY%*(e5-15%RI)/SY
CALL EPLOT(-2,100esYAX)

il
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CALL POINT(IR)

CALL ECHAR(103¢sYAX+sSNX3sSNY»0a) "

WRITE(7+11) 14(AI(1+4J)93=1,77)
3003 CONTINUE

CALL EPLOT(1+904a5¢005)

CALL LINK(DRAW)

END

FEATURES SUPPORTED

UNE WORD INTEGERS
EXTENDED PRECISION
10cs

CORE REQUIREMENTS FOR
COMMON 1658 VARIABLES 40 PROGRAM

END OF COMPILATION
/77 DUP

*STORE WS UA GRID

CART 10 0CO1 DB ADDR 45ED DB CNT 001E

/77 FOR

*% ER020801,HUMPHREY CHU.ASMES99
*10CS(1403 PRINTER)

#0ONE WORD INTEGERS

#=XTENDED PRECISION

*LIST SOURCE PROGRAM

C THIS SUB PROGRAM FITS THE CURVE BY USING LEAST SQUARE METHORD .
DIMINSION DDEV(10)+YYCAL(25)+A(10+10)+B(10)+sC(10)+sCC(10510),P(20)
COMMON X(4925)'Y(4125)oAl(Q.??)'JX(Q)oMX(S)gCCC(4olO)vIX'XMAG

11 FORMAT(1H o//77:13:5Xs77A1,7)
757 FORMAT (I3:5XeE1467)
755 FORMAT (I3+1Xe10(E10e30s1X))
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6001

13

28

29
30

21

22

401
400

405

FORMAT(//7)

DO 1012 LX=1,1IX
NUMB=JUX (LX)

DO 1001 M=1,9
MX2=Mk2 -

DO 13 I=1sMX2
P(I1)=0.0

DO 13 J=1.NUMB
P(I)=P(1)+X(LXesJ)*x%x]
N=M+1

DU 30 1=1.N

DO 30 J=1sN
K=L+J-2
IF(K)29+29,28

A(I «J)=P(K)

GO 10 30
A(l,1)=NUMB
CONTINUE

8(1)=0.0

DO 21 J=1s:NUMB
8(1)=B{(1)+Y(LXsJ)
DO 22 I=2+N
8(I)=0.0

DO 22 J=1,NUMB .
BlI)=B(I)+Y(LXeJIEX(LXeJ)*%k([-1)
NMI=N-1

D0 300 K=1s.NMI]
KPI=K+1

L=K

DO 400 I=KP{'N
IF(ABS(A(I+K))—-ABS(A(LsK))) 400,400+,401
L=1I

CONTINUE
IF(L-K)500,500,+405
D0 410 J=KeN
TEMP=A(KyJ)
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410

500

301
300

710

700

800

900
1001

1002

620
610

A(KsJ)=A(LJ)

A(L+J)=TEMP

TEMP=B(K)

B{K)=8B(L)

B(L)=TEMP

DU 300 I=KPIl+«N
FACT=A(I+K)/Z7A(KK)
A(l+K)=0.0

DO 301 JU=KPIsN

A(l +J)=A(1+J)-FACT*A(Kos J)
B(1)=B(1)-FACT*B(K)
CI(N)=B(N)ZA(NsN)

I=NMI

I1P1=1+1

SUM=0.0

D00 700 J=IP1l,N
SUM=SUM+A(TL+J)%*C(J)
C{I)=(B(I)-SUM)/ZA(1I.1)
I=1-1

IF(1)800+s800,710
CONTINUE

D0 900 I=1sN
CCiM,I1)=C(1I)

CONT INUE

WRITE(Ssil) LXs(AI(LXsJR) s IR=1,77)
DO 1002 MY=1,9

I=MY+1

WRITE(S+755) MY (CC(MYeJ)eJd=1,1)
DO 601 I=1,9

D0 610 J=1,NUMB

[II=1+1

YCAL=CC(Is1)

DO 620 K=2,11
YCAL=YCAL4CC(I K)EX(LXs J)EX(K=-1)
YYCAL(J)=YCAL

DEVV=0e

LB



630

601

622

621

623

1012

1013

DO 630 K=1,.NUMB

DEVV=DEVV+( ABS(YYCAL(K)=Y(LX2K))*%2)
DEV=DEVV/NUMB

WRITE(5+757) l+DEV

DDEV(1)=DEV

STDEV=DDEV(1)

DO 621 [=1+9

IF(DDEV(I1)-STDEV) 622,622,621
STDEV=DDEV(])

MDEG=1

CONTINUE

MX(LX)=MDEG

MM=MDEG +1

D0 623 J=1sMM

CCC(LXsJ)=CC(MDEGsJ)

ARITE(S5+755) MDEGs(CC(MDEGe1I)s I=1eMM)

CONTINUE
DO 1013 M=1,1X

WRITE(S.I1) Mo (ALI(M:J)sJI=1,77)
ID=MX(M)

IDD=1D+1 .
WRITE(5+755) ID+(CCC(MsJ),J=1,1IDD)
CONTINUE

WRITE(5,6001) .
CALL LINK(GRID)

END

FEATURES SUPPORTED
ONE WORD INTEGERS
EXTENDED PRECISION

10Cs

CORE REQUIREMENTS FOR i
COMMON 1658 VAR{ABLES 874 PROGRAM 1174

END OF COMPILATION

88



//7 DLP

*STORE WS UA FIT
CART ID 0CO1 DB ADDR 460B DB CNT 004E

#/ FOR _
*% ER020801,HUMPHREY CHU,ASMES99
*[OCS(CARD»1403 PRINTER)

*ONE WURD INTEGERS

*EXTENDED PRECISION

*LIST SOURCE PROGRAM

C THIS IS THE MAIN PROGRAM WHICH REDUCES THE EXPERIMENTAL DATA
C OSGR=0RIGINAL STRAIN GAGE READING
C AREA=AIRFOIL PROJECTED AREA
C CBR=CORRECTED BAROMIETRIC READING
C DELP=CHANGE OF STATIC PRESSURE( INCH OF WATER)
C SGR=STRAIN GAGE READING
C TEMP=TUNNEL TEST SECTIUON TEMPERATURE
COMMUN X{8:25) e Y{4:s25)sAl(4577)eJX(8)sMX(5)+CCC(4+10)491XeXMAG
C RE6=RE%*10%%6
6001 FORMAT(1H1)
10 FORMAT (1I3,77A1)
11 FORMATI(1H +//7/7913¢5Xes77Ak+/7)
12 FORMAT(IH »3HNOe+sSXs8HVEL(FPS)e9X9s2HCDs 10X BHDELP(IN) s 7X»

1 7HREY«NGes/)

2 FORMAT (3F15e8)

6 FORMAT(1Xs [I3e2Xs4({E13e6+2X))

3 READ(2,10) IXe(AICIXeJ)eJd=1477)
IF(1IX) S5+:5+8

8 CONTINUE . .
WRITE(S11) IXe(AI(IXsUS)sI=1,77)
READ (2+2) OSGRs AREALCBR
WRITE(S.13)
WRITE(S5+:2) OSGR,AREA,CBR

13 FORMAT(1HIGHOSGRs 11 X+s4HAREAs 11Xy 3HCBR)



14

WRITE(S,14)
FORMAT(1HsAHDELPs11Xe3HSGRe 12X 4HTEMP)
WRITE(S5.12)

J=0 :

READ (2+2) DELPs SGRSsTEMP
WRITE(S+2)DELPsSGRs TEMP

IF(DELP)5+39+4

J=Jd+1

IX(IX)=J

DRAG=ABS((OSGR-SGR) *«114)
RO=CBR%X184¢%18¢7/(29e92%53e635%32:2%(TEMP4+460.))
V2=3385%#DELP*34 385 :
V=(V2/R0O)%x%*a5

CD=VURAG/ («5%V2%ARLEA)
RE6=(V%3633)/(160e+(TEMP-68¢)%c64)%10es%%6
WRITE(S+6) JeVsCDDELPIRES

X(IXsJ)=V

Y{(IXsJ)=CD

GO 70 1

CONTINUE

WRITE(5:6001)

CALL LINK(FIT)

END

FEATURES SUPPORTED .
ONE WORD INTEGERS
EXTENDED PRECISION

10CS

CORE REQUIREMENTS FOR
COMMON 1658 VARIABLES " 46 PROGRAM 422

END OF COMPILATION

/7 XEQ L

06

¥



1
- OSGR
459
DELP
NQ.

10

11

12

13

14

SOFT 0009 40 THIN WITHOUT DUMMY 6-18-70

7.00000381

2420000000
0.108599E
274000000
0.121306E
332000000
0+133650E
398000000
O0elacCGanaE
4429000000
0.152198E
4.80000000
O0e¢161135E
530000000
O0el69471C
4.45000000
0.15%5288E
3471000000 .
0e141790E
2460000000
0.118698E
240000000
0e114042E
2.85000000
0.124163E
3.23000000
Oel32241E
3.69000000
0.141407E

SGR TEMP
VEL(FDS)

AREA CBR

1000000000 2870000001

cD DELP( IN)

457900000381
03 0. 162804E-01
4575,00000381
03 0e159767E-01
4570.,00000381
03 0.161824E-01
4567.00000381
03 0.149987E~-01
456400000331
03 0.153064E-01
456000000381
03 0e153383E-01
455550000381
03 0.155807E-01
456400000381
03 0¢147560E-01
457000000381
03 0e.144812E-01
4579450000381
03 0.133931E-01}
458150000381
03 0.128S10E-01
4575.50000381
03 0.150110E-01
457450000381
03 0.138610E-01
4570.00000381
03 0+¢145597E-01

93.00000005
0.220000E
94.00000005
0.274000E
95.00000005
0+332000E
96.00000005
0.398000E
97.00000005
0.429000E
98.00000005
0.480000E
99.00000005
0+530000E
99.00000005
0+445000€
99.00000005
0.371000E
99.0000000S
0+260000E
99.00000005
0.240000E
98.00000005
0.285000E
98.5000000S
0.323000€E
99.00000005
0.+369000E

01

01

01

01

‘01

o1
o1
01
o1
01
01
01
o1

01

REYeNUOe

0.205475E
0.228685E
0251046E
0.274127E
0.283837E
023994 31E
0313801E
0.287539E
0.262545¢€E
0.219788E
Oo211165§
0.230727E
0.245300E

0.261836E

07

07

o7

07

07

ov

07

07

16



07

07

07

07

07

07

26

4.25000000 4565.50000381 99.50000005
15 0.191826E 03 0.147482E~01 0.425000E 01 0.280630E
4459000000 456150000381 10000000005
16 0.157853 03 0.153898E-01 +0«459000E 01 04291252E
S500000000 455700000381 100450000005
17 Oes164826L: 03 0.159186E-01 0.500000E 01 0.303579E
3.90000000 4569.00000381 10100000005
18 0145635E 03 0.142860E-01 0+.390000E Ot 04267759E
310000000 4575.00000331 10100000005 N
19 0.129842E 03 . 0.141214£E-01 0.310000E O1 0.238722E
2445000000 4580.00000381 101.0000000S
20 O0e¢115429E 03 0.138070E-01 0.245000E 01 04212224E
000000000 0.00000000 000000000 -
2 SOFT 0009 40 THIN WITH DUMMY 6-18-70
OSGR AREA CBR
4599.00000381 10.000000006 28470000001
DELP SGR . TEMP
NQe VEL(FPS) cD ODELP( IN) REYeNOe
2434000000 4571.00000381 9600000005 )
1 De¢112304E 03 0«238100E-01 0+234000E 01 0.210193E
275000000 4567.50000381 97.00000005 T
2 0el121856E 03 04227926E-01 0.27S000E 01 0.227252E
3.60000000 4559.00000381 98.0000000S .
3 Oe139547E 03 0221092E-01 0.360000E Ol 0.259315E
4.08000000 4555.00000381 9800000005
4 0.1483559E 03 0214590KE-01 0.408000E O1 0.2760062E
4445000000 455000000381 100.00000005 ’
S 0.155427E 03 0219105E-01 0+445000E O1 0286776E



4475000000,
6 0.160581E
210000000
7 0«106724E
2.68000000
8 0.120S11E
3.40000000
9 0e.139737€
3.82000000
10 0.14400SE
4.30000000
11 015285 3E
4.80000000
12 0e161568E
550000000
13 0.173256E
4.75000000
14 0.161010&
422000000
1s 0.151762E
3.36000000
16 Oe135358E
1.90000000
17 0.101741E
000000000

3 HARD 0009 40 THIN WITHOUT DUMMY 6-17-70

OSGR
| 4644.50000381

454600000381
03  0.222023E
457500000381
03  00227409E
4570.00000381
03 0.215318¢
456100000381
03 0.222393c¢
435750000381
03 0.216173E
4552.00000381
03 0e217493E
4545.,00000381

03 0.223856E~01

4537.50000381
03 0.222499E
4547.00000381

03 0.217834E-01
4955250000381
03 0«219259E~01

4563.00000381
o3 06213196E
4579.00000381

03 0.209456E~-01

000000000

AREA

10.00000000

DELP SGR

NOUe. VEL (FOS)

co

100.0000000S
~-01 0«47S000E
99.5000000S
~-01 0.210000E
93900000005
~-01 0.268000E
9900000005
~01 0«340000E
100.00000005
~-01 0.382000E
10050000005
-01 0430000
101.00000005
0480000E
103.0000000S
~-01 0.550000E
103.0000000S
0«475000E
103.00000005
0.422000E
10250000005
-01 0.336000€
102.00000005
0.190000E
000000000

CBR
2875000001

TEMP
DELP( IN)

o1

o1t

o1

o1

01

o1

o1

ot

o1

o1

o1

0.236285E

00197264E

0.223143E

04251337E

0.265701E

0.281S28E

0.2970S52E

0316306E

0293950E

0.277066E

0.247552€E

0.186399E

REYeNOe.

07

07

o7

07

07

07

07

ov

o7

07

07

£6



10

11

12

13

14

15

16

17

4.49000000
0¢154940E
4.95000000
0.162831¢
S50000000
0el171871E
4.60000000
0e157252E
310000000
0.129149E
2 35000000
0e112345E
285000000
0e123609E
3.12000000
0«129332E
3.50000000
Oe¢136982E
3.80000000
0«142796E£
4.40000000
0e15379SE
4.85000000
O0e161541E
530000000
0.169021E
4.20000000
0e150529E
367000000
0.140648E
3.00000000
0¢127049£
200000000
0103735
0.00000000

9250000005
0¢449000E
93.50000005
0¢49S000E
95.00000005
0550000E
9550000005
0+460000E

460650000381
03 0«168404E~01
4602.50000381
03. 0.168834E-01
4597.00000381
03 0.171849E-01
4605.50000381
03 0.168703E-01
4618.00000381 96400000005
03 0.170098E-01 0.310000E
4624.00000381 ; 95,00000005
03 0.173581E-01 0.235000€
4619.50000381 94.00000005
03 0.174547E~01 0.285000E
4618.00000381 94,0000000%
03 0.169008E-01 0312000E
4615.00000381 94.00000005
03 0.167714E-01  04.350000E
4611.00000331 94,50000005
03 0e175419E-01 0+380000E
4607.00000381 95.,50000005
03 0.169588E-01 0+.440000E
4603.00000381 96.00000005
03 0«170264E-01 0.485000€E
4599,00000381 97.00000005
03 0.170825E~01 0.530000E
460900000381 97.50000005
03 0.16&8188E-01 0.420000E
461250000381 97.00000005
03 0.173500E=01 0.367000E
4617.00000381 96.00000005
03 0.182401E-01 0.300000E
4626400000381 9600000005
03 0.184059E-01 0+200000E
0.00000000 0.00000000

o1

01

o1
01
o1
01
o1
01
o1
01
o1
01
01
01
01

o1

0.293688E
0¢3075S24E
04322840E

0294847E

04241720E

0.211028E

0.233028E

0243816E

0.258237E

0.268712E

0.288366E

0302345E

0«315211E

0.280223E

0.262298E

0237789E

0«194154E

07

07

07

07

07

o7

o7

07 .

o7

07

07

07

07

07

07

o7

o7



q

HARD .0009 40 THIN WITH DUMMY 6-17-70

OSGR
464550000381
DELP

NOUe.

10

11

12

13

14

255000000
0.116817E

285000000
0.1234938E

3.20000000

Cel3098B0E

3.70000000

O0«1403841E
4.20000000

0.150192E
4.60000000
0.157322E
505000000
0.164986E
550000000
0.17233SE
4465000000
0.158459E
3.32000000
0e143623E
340000000
- 0e135437E
245000000
Oell4917¢
275000000
0«121640E
300000000
0«127049E

AREA CBR

10.00000000 28475000001

SGR TEMP
VEL(FPS)

cD DELP( IN)

93.00000005
0.255C00E
93.00000005
0.285000E
94.00000005
0.320000E
94.00000005

0.370000E
9500000005

0.420000E
96.00000005
0.460000E
97.00000005
0.505000€E
98.00000005
0.550000E
98.00000005
0+465000E
98.00000005
0.382000€E
97.50000005
0.340000E
97.00000005
0.245000E
96.00000005
0.275000E
96.00000005
0+ 300000E

4614.50000381
03 0.241901E-01
4611.00000381
03 0.240875E-01
460750000381
03 04236293E-01
4602.,50000381

03 0.231251E~01
4597.00000381

03 0.229778E-01
4594.00000381
03 0222775E-01
4587.00000381
03 0230505€E-01
4584.50000381
03 0.220691E-01
459150000381
03 0231077E-01
4602.00000381
03 0226591E-01
460550000381
03 0e234098E-01
461550000381
03 0243653E~01
4613.000003481
03 0.235162E-01
461050000381
o3 0+.232147E-01

01
01
01

o1

01

o1
01
o1
01
o1
o1
o1

o1

REYeNOe

0+221024€

0.233664E

0+246922E
0.265513E
0.282118E
0.294449E
0307686E
0.320243E

00294459

'0.266889E

0.252127E

0.214311E

0.227666E

0e237789E

07

07

07

07

07

07

07

07

o7

o7

07

07

G6



" 3430000000 460800000381 9650000005
15 0+133310E 03 0.226117E-01 0.330000E 01 0+249060E 07

~ 3465000000 4603.00000381 97.00000005

16 0.140265E 03 0231693E~-01 0.365000E 01 0.261583E 07
410000000 4599.50000381 97.00000005

17 0«148660FE 03 0.223250E-01 0.410000E 01 0.277239E Q7
469000000 4591.00000381 98.000000095 )

18- 0.159139E 03 0.231228E-01 0.469000E 01 062395723E 07
532000000 4584.50000381 99.00000005 '

19 0¢109643E 03 0.228158E-01 0¢532000E 01 0e¢314119E 07
4.65000000 4592.00000381 100.00000005

20 0.158743E 03 0.228938E~-01 0+465000E 01 0292894E 07
361000000 4607450000381 10000000005

21 0.139869E 03 0.209456€E-01 0361000E O1 0.258070E 07
290000000 4611.00000381 99.00000005

22 0.12525S0& 03 0.236721E-01 0290000E 01 0«231920E 07
210000000 4620.00000381 98.00000005

23 0.106488E 03 0.241623E~-01 0.210000E Ot 0.197883E 07

1 SOFT 0009 40 THICK WITHOUT DUMMY 6-29-70
USGR AREA CBR
4603.00000381 10.00000000 28.76000000
DELP SGR TEMP
NG« VEL(FPS) co DELP( IN) REYeNOo
1.80000000 4590.00000381 8800000005
1 0.976847E 02 0143710E-01 0.180000E 01 - 0.188246E 07
1.85000000 4587.50000381 89.00000005 -
2 0.,991225E 02 0.166716E~-01 0.185000E 01 0«190312E 07
235000000, 4585.00000331 88.0000000S

3 0.111615& 03 0.152413E~-01 0.235000E O1 0215092E 07

96



10

11

12

13

14

15

16

17

18

19

20

2.65000000
0+1186B8E

"2475000000

0.120851E
3.30000000
0e132567E
4,12000000
0e148259E
4452000000
0e155500E
4293000000
0.162546E
565000000
Oel174169E
4.43000000
0.154292¢
3.70000000
0.140944E
271000000
0120623t
2.00000000
0.103530E
2.58000000
O«117588E
3.28000000
0.132524¢E
390000000
0.144S73E
4.55000000
0156297
6.00000000
0«179805E
4.47000000
0.15S196E
361000000

4581.00000381
03 0.165194E-01
4581.50000381
03 0.155569E-01
457525000381
03 0.167327E-01
4570425000381
03 0.158172E-01
4568.00000331
03 0.154080E-01
4564400000381
03 0.157411E-01
4557.50000381
03  0.160243E-01
4569.50000381
03 0.150473E-01
4574475000381
03 0.151926E-01
458400000331
03 0.139508E-01
4590400000381
03  0.129339E-01
4585.00000381
03 . 0.138825E-01
4579.00000381
03 0.145597E-01
4573.00000381
03 0.153064E-01
4568.50000331
03 04150877E-01
4555400000381
03 0.159186E-01
4569.00000381
03 . 0.151352E-01
4575425000381

89.50000005
026S5000E
89.00000005
0.275S000E
9050000005
0.330000E
9150000005
0.412000E
93.,00000005
0452000E
94400000005
0.493000E
9500000005
0.565000E
9550000005
0.443000E
9500000005
03700900E
9500000005
0.271000E
94,00000005
0.200000E
94,.,00000005
0.238000E
93450000005
0.328000E
94.00000005
0+.390000E
9500000005
0.455000E
9700000005
0.600000E
97.0000000S
0.447000E
97.00000005

01
o1
01
01
o1
o1
01
o1
01
01
o1
o1
o1

01

01
01

01

0.227458E
0.232031E
04253124E
0.2820S1E
04294214E
04306431E
00327156E
0.289297E
0.264747E
0226577E
0.195175E
0.221676E
0250287E
0272547E
0293587E
0335323E

0.289428E

o7

o7

07

o7

07

o7

07

07

07

07

o7

07

07

07

07

16



21. 0.139470E 03 0+ 1529S8E-01 0.361000E oO1

2.61000000 458450000381 96450000005
22 - 0.118536E 03 0¢141042E-01 : 0.261000E 01
2.05000000 4588.50000381 96.00000005
23 0«.105006E 03 0.140744E-01 0.205S000E 01
0.00000000 0.00000000 000000000
2 SOFT 0009 40 THICK WITH DUMMY 6-29-70
OSGR AREA ’ CBR
4602.00000381 10.00000000 2876000000
DELP SGR TEMP
NOe VEL(FPS) Ccb DELP( IN)
1.80000000 4580.50000381 92.00000005
1 0.980406E 02 0e237674E-01 0.180000E 01
2.85000000 456950000381 92400000005
2 0.123365E 03 0«226911E-01 0.28S000E 01
3.38000000 4564.00000381 93.00000005
3 0.134468€E 03 0.223709E-01 0.338000E O1
4.15000000 4556.00000381 93.50000005
4 0.149067E 03 0220560E-01 0+.415S000E 01
4.60000000 455050000381 9500000005
5 0el157154E 03 0.222775E-01 0.460000E 01
525000000 4544.,00000381 96.00000005
‘6 0«168041E 03 0¢219829E-01 0.525000E 01
575000000 4538.00000381 97.00000005
7 0.176019E 03 0221477E-01 0.57S000E O1
4.72000000 4550.25000381 97.00000005
8 0¢159477€ 03 0218165E~-01 0.472000E 01
4.10000000 4558.50000381 97.50000005
9 0.148701E 03 0¢211116E-01 0.410000E 01
3.52000000 4565.00000381 97.50000005

10 0.137782€E 03 0.209159E~-01. 0.352000€E 01

04260100E 07
0.2214S8E 07

0196532 07

REYeNOe.

0.186174E 07

04234264E 07

0.254420E 07

0.281530E 07

0429519S€E 07

0«314511E 07

04328262E - 07

0.297412E 07

0«276819E 07

06256493E 07

86
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