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The purpose of this study was to determine experiwentally

the effects of Mach number and Reynolds number on the large

side forces which occur on a slender body of revolution at

high angles of attack due to asymmetric vortex formation and

shedding. In addition to the experimental study, an AFFDL

empirical prediction program was utilized to compare

predicted normal and side forces to those determined

experimentally.
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CN  Local Normal Force Coefficient

Cp. Pressure Coefficient, (P U 2)
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D . Reference Diameter of Missile Based on
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LB Afterbody Length

LN Nose Length
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P Free Stream Static Pressure

Phi, Circumferential Pressure Tap Location in
Degrees

r Radius of Cylindrical Afterbody

Re Reynolds Number

ReD Reynolds Number Based on Reference Diameter

S Afterbody Cross Sectional Area, r 2

U Free Stream Velocity

X Axial Location Measured From Tip of Nose

Free Stream Density
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Abs tract

An experimental investigation of the effects of Mach

number and Reynolds number on the side forces induced on a

slender body of revolution at high angles of attack was

conducted. The tests were carried out in the Air Force

Flight Dynamics Laboratory's Trisonic Gasdynamic Facility.

The model tested consisted of a sharp, tangent ogive nose of

fineness ratio I /D = 3.0 followed by a cylindrical

afterbody of fineness ratio LWD 7.5. The model was

tested at unit Reynolds numbers of 0.5 x 106, 1.0 x 106 , and

2.0 x 106 per foot, Mach numbers between 0.3 and 0.8, and

angles of attack between 27 and 45 degrees. From the pressure

data, local side and normal force coefficients were calculated.

These were compared to predicted local side and normal force

coefficients using a current state of the art method. The

results of the tests indicated that Mach and Reynolds

numbers had a significant effect on C and Cy. Increasing

Mach number decreased the magnitude of Cy, while increasing

Reynolds number increased the magnitude of Cy. The effect

of Mach and Reynolds numbers on the magnitude of CN depended

on the particular flow conditions. No general trends were

I established. The predicted values-of CN and C did not

compare well with the values of CN and Cy obtained

experimentally.

go viii.



AN EXPERIMENTAL INVE3TICIATION
OF STEADY ASYMMETRIC VORTEX SHEDDING
FROM A SLE1NDER BODY OF REVOLUTION AT

HIGH ANGLES OF ATTACK

1. In-trodu tLoa

A slender axisymmetric body moving through a real fluid

experiences four distinct flow patterns depending on its

angle of attack relative to the free strcam (Refs 1-2).

For angles of attack in the range of 0 to 5 degrees, the

flow does not separate and can be described by a potential

flow field and an attached laminar or turbulent boundary

layer. At angles of attack ranging from 5 to 25 degrees,

separation occurs and a steady, symmetric vortex pair is

shed (Fig 1). As a consequence, no side force exists. At

angles of attack between 25 and 50 degrees, the symmetric

vortex cores become asymmetric and break away from the sides

of the body at different axial locations (Fig 2). This

steady, asymmetrical flow field produces a considerable

side force, especially at subsonic speeds. As the angle

of attack increases to between 50 and 70 degrees, the flow

field becomes unsteady as the vortex cores randomly switch

from side to side. Finally, above an angle of attack of

70 degrees, the flow pattern degenort.tos into a completely

turbulent wake.

It has been observed (Refs 3-7) that Mach number,

Reynolds number, angle of attack, nooe fineness ratio and

nose bluntness all affect tho sido force characteriotio.

1



It has aloo boon shown (Role 3-7) that the magnitudu of the

side force is extremely sensitive to modul nose micalignment.

In fact, the formation of m asymmotric vortex pattern is

beliovod to be caused by very small asymmetries in the

nose (Refs 3-7).

The objective of this wind tunnel investigation was to

determine the effects of Mach and Reynolds numbers on the

magnitudes of the normal and side forces which occur on a

slender body of revolution at angles of attack between 27

and 45 degrees (steady, asymmetric vortex shedding). Mach

numbers and unit Reynolds numbers were varied between 0.3

and 0.8 and between 0.5 x 106 and 2.0 x 106 per foot,

respectively. In addition to the experimental study, an

AFFDL digital computer program was used to predict the

normal and side foroes. These predicted values were compared

to the values determined experimentally.

1L.•



II. Facility and el f jjoU

The experimental testing was conducted in the Air Force

Flight, Dynamics Laboratory's (AFFDL) Trisonic Gasdynamic

Facility (TGF) located at Wright-Patterson Air Force Base.

The TGF is a closed circuit, variable density, continuous

flow wind tunnel capable of operating within a Mach number

range of 0.23 to 4.76 and within a unit Reynolds number

range of approximately 0.25 x 106 to 5.85 x 106 per foot.

Two 28 inch diameter hinged windows mounted on the wind

tunnel walls provided access to the test section and an

unobstructed view of the model. The windows made possible

the use of schlieren optical test equipment and an oil flow

visualization technique. The model and sting were supported

by a rack mounted fifty-inch radius crescent with a pitch

range of -1 to 19 degrees, . .01 degrees. The center of

rotation coincided with the center of the test section

viewing window. A more detailed description of the tunnel

and its operating conditions can be found in Ref 8.

The one inch diameter model, illustrated in Fig 3,

consisted of a sharp, tangent ogive nose of fineness ratio

IN/D = 3.0 followed by a cylindrical afterbody of fineness

ratio LB/D = 7.5. The size of the model was principally

determined by the desire to keep body and wake blockage

effects to less than 1%. To obtain pressure readings, the

model was instrumented with 84 pressure orfices located

at six axial stations on the cylinder (Fig 3).

3



The total number of pressure orfices was limited to the

number of pressure tubes that could physically fit inside

the model without adopting a tube diameter too small for

accurate pressure measurements. The six axial stations

were located 3.5 to 7.0 model diameters aft of the nose

tip. These locations were chosen in order to cover the

area in which the maximum local side force was expected

to occur. This area was determined from data obtained by

AFFDL in tests on the MX advanced ICBM weapon system (Ref 9).

At each axial station, pressure taps were located as

indicated in Fig 3. This particular distribution was

chosen in order to obtain more accurate pressure

distributions in the separated flow region. Flow around

the lower 120 degrees of the cylinder remained attached

and was assumed to be a region characterized by potential

flow.

After being attached to the model, the tubes were

passed through the support section, routed out of the

tunnel and connected to two 48-port scanivalves. Each

scanivalve contained a Statham pressure transducer which

was used as the primary pressure sensing instrument.

The data obtained from the transducers were accurate to

+ 0.2%. Data reduction was accomplished by feeding the

signals from the pressure transducers to a Control Data

Corporation (CDC) 6600 digital computer. For each axial

station, the computer listed the pressure coefficients

and plotted these values versus -angular pressure tap

4



location.

In order to traverse the 27 to 45 degree angle of

attack range studied, a constant diameter support section

was designed and constructed to fit into the tunnel rack

mounted fifty inch radius crescent. The length of the sting

was such that the model body center location coincided with

the center of rotation of the crescent.

Photographs of the model, support section, and model

and support section installed in the tunnel have bcen

presented in Figs 4 through 6.

J



eII. Eperimental PXcedure

The experimental testing was divided into two phases.

The first phase consisted of collecting detailed surface

pressure measurements at free stream Mach numbers between

0.3 and 0.8 and angles of attack ranging from 27 to 45

degrees. The free stream unit Reynolds number was varied

from 0.5 x 106 to 2.0 x 0 per foot. This resulted in

Reynolds numbers based on moael diameter of 0.42 x 105 to

1.67 x 105. Pressure coefficientL based on free stream

static pressure and tunnel dynamic pressure were listed

and plotted versus angular pressure tap location for each

axial station. This was accomplished during the test via

the CDC 6600 digital computer. These pressure coefficients

were then used to calculate the local side and normal force

coefficients.

The second phase consisted of flow visualization

studies. Two techniques were applied. A Z-type schlieren

system was used to view flow field patterns and vortex

lines. An oil flow, made up of STP and titanium oxide

powder brushed on the model, was used to show the interaction

between streamlines and to indicate regions of flow separation.

The schlieren photos were taken simultaneously with the

pressure measurements, while the oil flow study was

accomplished after all pressure measurements were completed.

During the first phase, it was observed that the model

produced a steady, symmetric vortex pattern. In order to



III. Experimental. Produ=.

The experimental testing was divided into two phaces.

The first phase consisted of collecting detailed surface

pressure measurements at free stream Mach numbers between

0.3 and 0.8 and angles of attack ranging from 27 to 45

degrees. The free stream unit Reynolds number was varied

from 0.5 x 10 to 2.0 x '.0 per foot. This resulted in

Reynolds numbers based on model diameter of 0.42 x 105 to

1.67 x 105. Pressure coefficients based on free stream

static pressure and tunnel dynamic pressure were listed

and plotted versus angular pressure tap location for each

axial station. This was accomplished during the test via

the CDC 6600 digital computer. These pressure coefficients

were then used to calculate the local side and normal force

coefficients.

The second phase consisted of flow visualization

studies. Two techniques were applied. A Z-type schlieren

system was used to view flow field patterns and vortex

lines. An oil flow, made up of STP and titanium oxide

powder brushed on the model, was used to show the interaction

between streamlines and to indicate regions of flow separation.

The schlieren photos were taken simultaneously with the

pressure measurements, while the oil flow study was

accomplished after all pressure measurements were completed.

During the first phase, it was observed that the model

produced a stendy, symmetric vortex pattern. In order to
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induce a steady, asymmetric vortex pattern, a vortex

generator was placed on one side of the nose. The v 'tex

generator consisted of a 1/8 inch wide, 1/2 inch long strip

of No. 80 silicone carbide crystals. The generator was

located at the 90 degree point of the nose and 1.25 to

1.75 inches aft of the nose tip. The generator insured

that a maximum side force would occur on the model.

Schlieren photographs were taken with and without the
vortex generator. Oil flow pictures of the model were

taken only with the vortex generator.

It should be noted that for both grit and no-grit

nose configurations, several test runs were repeated at I
selected Reynolds numbers, Mach numbers, and angles of

attack. The agreement between the initial and the repeated

test data was within %, indicating that the data was
repeatable.

Ii



-" The original version of Andrew B. Wardlaw's (Ref 7)

digital computer program was used to predict the normal

and side forces acting on the model. Wardlaw's multivortex

model of asymmetric vortex shedding is based on the

impulsive flow analogy (Ref 10). In this technique, a

large number of point vortices are superimposed on the

potential solution for flow about a cylinder in order to

simulate the viscous crossflow plane. The asymmetric flow

field is developed by initially perturbing the solution.

Gothert's Rule is then applied to account for compressibility

effects. The total force acting on the model is assumed to

be the sum of a viscous part obtained from the crossflow

analogy and an inviscid part obtained frcm slender body

theory.

The digital program required the input of the following

parameters, angle of attack, Mach number, free stream

Reynolds number based on model diameter, and nose and body

geometries. Modifications to the program are presently

being made by AFFDL.

8



V. R aM Di.scssion

Coefficients of pressure based on tunnel dynamic

pressure were plotted versus angular pressure tap

location. This was accomplished at each axial station for

both grit and no-grit nose configurations. An example of

a circumferential pressure distribution is presented in

Fig 7. The pressure peaks on the plot indicate the presence

of separated vortex filaments. At a 27 degree angle of

attack, the pressure distribution is symmetrical. For

larger angles of attack, the asymmetric pressure distribution

indicates an asymmetric vortex development.

Plots of circumferential pressure distributions were

compared for both grit and no-grit nose configurations.

Figures 8 and 9 illustrate typical pressure distributions.

It was observed that the addition of the grit vortex

generator on the nose of the model bad a significant effect

on the symmetry of the pressure distributions, as was

expected. For the no-grit model, asymmetries in the pressure

distributions were observed only at angles of attack

between 40 and 45 degrees and only at free stream unit

Reynolds numbers of 1.0 x 106 and 2.0 x 106 per foot. The

absence of asymmetry in the no-grit circumferential

pressure distiibutions was attributed to a model nose that

was very symmetrical in shape and/or to the roll angle at

which the model was tested.

With the application of the grit vortex generator

9



on the nose, the pressure distributions became asymmetric

( ) at nearly all test conditions. Also, the magnitudes of

the local side force coefficients were found to be greater

than previously observed (Figs 8 - 9). This was expected

since the grit was added to the nose in order to force a

steady, asymmetric vortex pattern and a maximum side force.

The above observat'ions indicated that the magnitude of the

local side force coefficient was extremely sensitive to

nose asymmetries. This has been confirmed by other

investigators (Refs 1 - 7).

Local normal and side force coefficients were

calculated from the experimental pressure distributions by

integrating around the model circumference and along the

axial direction from X/D = 3.5 to X/D = 7.0 using the

following formulae (Ref 1113):
CN = /S) XX Cp cosX r dx dX .. 01

Cy= (I/S) XX Cp SWn r dx dX (2)

Since this study was interested in maximum local side force

coefficients, experimental values of C and CN were

calculated for the nose with grit configuration only.

Theoretical values of CN and Cy were obtained by integrating

the predicted axial station normal and side force

coefficients along the axial direction from X/D = 3.5 to

t x/D 7.0.

Plots of the experimental values of CN and C versus

angle of attack are presented in Figs 10 through 19. It

should be noted that the absolute magnitudes of the local

10



side force coefficients were plotted versus angle of attack.

This eliminated the additional complication of local side

force direction. The plots show that, in general, increasing

the angle of attack increased the magnitudes of CN and Cy.

The maximum value of CN occured at an angle of attack of

45 degrees for all flow conditions while the maximum value

of Cy. varied between 35 and 45 degrees angle of attack,

depending on the particular flow condition.

In Figs 10 through 13, data are presented to show

the effect of Mach number on CN and Cy. In general, as

Mach number increased, Cy decreased. This result was found

to be in agreement with the results of other investigators

(Ref 1 - 5). At constant Reynolds numbers, CN was

jsignificantly affected by the free stream Mach number. At

ReD = 41,667 and M >.0.5, CN increased with increasing

Mach number at all angles of attack. The largest values

of CN at this Reynolds number for all angles of attack

occured at M = 0.4. For ReD = 83,333 and ReD = 166,667,

C N generally decreased with increasing Mach number for

angles of attack greater than 35 degrees. At angles of

attack less than 35 degraes, no clear trends were established.

In Figs 14 through 19, data are presented to show

the effect of Reynolds number on CN and Cy. In general,

C increased with increasing Reyrnolds number. This result

was in agreement with the results presented by Fleeman and

Nelson (Ref 12) who observed that side force increased up

to ReD = 2.5 x .10 and then decreased with increasing



Reynolds number. For angles of attack above 35 degrees

and M > 0.5, CN increased w'.th increasing Reynolds'number.

For all othep angles of attack and Mach numbers, no general

trends were observed.

Figures 20 through 25 compare the experimental and

predicted local normal force coefficients. At angles of

attack less than or equal to 30 degrees, predicted values

of CN underestimated the experimental values, while at

angles of attack greater than or equal to 35 degrees,

predicted values overestimated experimental ones. The

theoretical and experimental curves crossed between 30 and

35 degrees.

Figures 26 through 31 compare the experimental and

predicted local Aide force coefficients. At both

ReD = 83,333 and ReD = 166,667 for M < 0.5, the theory

overestimated the experimental values of Cy for angles of

attack less than or equal to 30 degrees and underestimated

the experimental values of Cy for angles of attack greater

than or equal to 37 degrees. The two curves crossed

between 30 and 37 degrees. For M > 0.6 and the same

Reynolds numbers, the theory overestimated the values of

C for all angles of attack. For ReD = 41,667, the theory

overestimated the values of Cy for all Mach numbers and

angles of attac,.

The theory also failed to correctly account for the

inc.rease in the magnitude of Cy with increasing Reynolds

number and the decrease in the magnitude of C with
Y4
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increasing Mach number. The theory did correctly simulate

the general effect of Mach and Reynolds number on CN in

comparison with those effects determined experimentally.

EAVisuali zation

Due to the small density gradients that existed across

vortex lines, it was impossible to distinguish the vortex

cores from the background noise in the schlieren photographs.

Although the vortex cores could not be photographed, they

were at times visible when the flow field was viewed through

the optical system. The oil flow visualization technique,

however, did %how the streamline interactions and the regions

of flow separation. Examples are presented in Figs 32

through 36. It vas observed that flow separation occurred

between the 85 to 95 degree points on the cylinder ovcr
its entire length for all test conditions run.

~13



VI. Conclusions and Recommendations

Conclusions

Results from wind tunnel tests on a slender axisymmetric

body composed of a sharp, tangent ogive nose followed by a

cylindrical afterbody have been presented. Surface pressure

distributions were obtained over a wide range of Mach and

Reynclds numbers and from these the local side and normal

force coefficients were calculated. The original version of

Wardlaw's digital computer program was used to predict the

local normal and side force coefficients. From an analysis

of the data obtained and a comparison of the predicted and

experimental values of C. and Cy, the following can be

concludedt

1. Applying a grit vortex generator on the nose of

the model produces a steady, asymmetrical flow field.

2. The magnitude of the local side force coefficient

is extremely sensitive to nose asymmetries.

3. The maximum value of CN occurs at an angle of
SN

attack of 45 degrees for all flow conditions. The maximum

value of Cy varies between 35 and 45 degrees angle of attack,

depending on the particular flow condition.

4. Increasing Mach number decreases the magnitude of

Cy. Increasing Reynolds number increases the magnitude of

Cy.

5. The effect of Mach and Reynolds numbers on the

magnitude of CN depends on the particular flow condition.

14



No general trends were established.

6. Values of Cy and CN obtained from the digital

computer program do not accurately predict the values of

CN and'Cy obtained experimentally.

7. The theoretical program fails to correctly

account for the increase in the magnitude of C with

increasing Reynolds number and the decrease in the magnitude

of C with increasing Mach number.

8. The theoretical program correctly simulates the

general effect of Nach and Reynolds numbers on CN in

comparison with the effects determined experimentally.

9. Flow separation occurs between the 85 and 95 degree

points of the cylinder over its entire length for all flow

conditions in the nose with grit configuration.

Recommendations

Since a missile designer must be able to predict the

aerodynamic forces and moments on a missile given a particular
geometry and flight envelope, an adequate prediction technique

must be made available to him. To reach this goal, a better

understanding of the parameters that affect the induced side

forces on a slender body is required. It is therefore

necessary to understand the actual vortex shedding phenomena

and be able to determine the influence of the shed vortices

on the local pressure distributions. In order to accomplish

the above, it is recommended that static and pitot pressure

measurements be made in the wake of the model in order to

determine the spacing, locations, and strengths of the shed

15



vortices. The results should provide a better physical

model of the flow field and therefore better input constants

to the multi-vortex model prediction program.
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AXIAL ORIG!IN OF BUTH

VORTEX SHEETS
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Fig 1. Steady, Symmetric Vortices (5 0 < a < 250) (Ref 2)
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Fig 4. Axisymmetric Model Tested
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Fig 5.Model and Support Section

20



~21



p4$
IDq 0

C-4o

ED04

w to

!).

IIn

$4

0 C(D N ~ 0 ~ ( D 0 4
a S ; 0 0 0 S 0

N N~d 0 0 0 ~ -' N
I III

22



N 0

4-

$64

:5

Ito

w to

ui H
0 (Cj6-

4J

46-4

0 CO i

w C4 Go "
C; o I

~ = I23



I -4

0

.5 00

U4)

U..

C) 0 C)
W-6 to

0 0j

0~ ()00 .6 v D-

4-



3.0

2-8" 0 I-I,4

2 .6 - +j M

M tl.7CN 2.4- X =,

2 0 M
Cy 2.2- CN-

CY•,,

1./

69 -1.6"

1 . 4 -

1.2-

0.8

-0.6 0.2 -1

0.0 a_. ___ _ -

25 30 35 40 46

(X (OEGREES)

Fig 10. Effect of Mach Number on Local Side 
and

Normal Force Coefficients at ReD 
= 419667

25



3.0-P

2.8- CD .4/

2.6 +1.

M /8

CyI 2.2- t- -

2.0-- -

1.0/

0.8 ~ ~

1.26



3.0-

2.8- CD M .4
A MI~.

2.6-

Cy 2.4 X11 .

2.21

2.0]-

1.2

0.0-

0.2-

00 so a 40 4~5I

<X(DEGREES)I

Fig 12. Effect of Mach Number on Local Side
Force Coefficient at ReD =166t667

27



3.0-1

K)2.8- CD .l: 4

2.6- Al *
+11.

CN2,4  X Ml:.7

2.2-

2.0-.I

1.6-

1.4-1

1.2-

0.4 1
0.2-

30 3640 45

U0 (UDEGREES)

Fig 13. Effect of Mach Number on Local Normal

Force Coefficient at ReD =166,667

281



3.0 ,

2.8- A RED =83XtO

2,.6. (9 RED- .67X'O 1

ty

i/CN20 NCN 2.2-

2.0-

1.6-

/

0.4

0.2-

i1*0.0- 
I

26 3 3 40 45
o(DEGREES

Fig 14. Effect of Reynolds Number on Local Sideand Normal Force Coef .icients at DI .3

29



3.0
+ RE 0 = 42XIO~

2.8- A RE0 = .83Xk05

2.0 RE 0 = Ie7X10S

CY /

CN 2 .2 -/

2.0-

0.4-

0.26

0.0-

(dDEC-REES)

Fig 15. Effect of Reynolds Number on Local Side
and Normal Forco Coefficients at M =.4

30 7



3.0-
+ RE 0 =. 42X106

2.8- A RE0 = .83X10 5

2.6-

CN

CN2.2-

12 / --

4C4

0.8.

1.6 -

0.4-

0.2-

26 30 35 SO04

Wc(EGREES)

Fig 16. Effect of Reynolds Number on Local Side
arnd Normal Force Coefficients at M .5

31



+ REDt .21

2.8- A RE 0  = 83XIO5

2.6- 0 0 ~16X0
CY

CY 2.4- CN-----

CN 2 2  
-

2.0- 0

1.8A

/

1.4-

1.6n, - pt

0.4-/

0.0-

0.32



3.0 + RE0 =42xt05

2.8- A RE0  8 .3x1D

2.6 M RE0  1.67X105

CN2*Y

2.0--

1.8-

1.6-

1.4- - - -

0.8- d

0.8-

0.6-

0.4-

(x (DEGRE'ES)

Fig 18. Effect of Reynolds Number on Local Side
and Normal Force Coefficients at M .7

33



-3.0
+ RE0 = ,42XIO

I ~2.8 A RE0 = .83X10 5

(D RE0 = I.6?XlO 5

2.8-
CY

CY 2.4- Cy

CN 2.2-

2.0-
",-!

1.8-
t.6- s ".4

1.4-

1.40

J-

0.84-

0.2-

t 12" 103 04

WxDEGREES)

Fig 19. Effect of Reynolds Number on Local Side
and Normal Force Coefficients at M = .8U34 *I



3.0-

2.8- A RED = : X0
C0 RE0 = 1.67X105

2.6-/
EXPERIMENtTAL

CN 2.4- THEORETICAL -- - /

2.2-

2.0-I

1.4-

1.26t

1.404

0.82

0.4-,

0.6-

oUDEGREES)

Fig 20. Local Normal Force Coefficient at M = .3

35



I M11

3.0 + RE0 = 642X1 5  ;(l

2.8- A RE0 = 683X10 5

CD RE 0 = t.67X105
2.6-

EXPERMIIENTAL
CN 2.4- THEORETICAL-- -K

2.2 V
2.0-

1.0-

0.6- 4

0.4-

01.2-

0.8

(x OEGREES)

Fig 21. Local Normal Force Coefficient at M .4

36



3.0- + RE 0 = .42X1D5

2.8- A RED0 .83XID 1

2.6 RE 0 = t.67X105

EXPER IMENTAL
CN 2.4 THEORETICAL -

2.2-/

2.0-/

1.08

1.6 1

1.4-

1.2-

0.4-

0.2-

0.01
2s 30 35 40 4

(y(DEGREES)

Fig 22. Local Normal Force Coefficient at M .

~37



ii

3.0-
+ RE0 = .42X1...- , I

2.8- RE0  .B3XIOD

(9 RE0  t.67X1O6

2.6- EXPERIMENTAL--_-- /1
CN 2.4- THEORETICAL ...

2.2-

L.B-

1..4-

1.6-

0.4-

0.2-

0.0
25 3035 40 I5

oUDECREES)

F.g 23. Local Normal Force Coefficient at M = .6

38.



3.0-_

+ RE 0 = .42X10D-

2.8- A RED .B3X1O 5  fe
(D RE = i67X106  /

EXPERIMENTTAL /
CN 2.4 THEORETICAL - \/

2.2 /

I

2.0-

1.4-8

1..2- !

0.8- ef

_ II

0.6-

0.4-

0.2-

0.0" , " .26 30 35 40 45

oW'DEGREES)

Fig 24. Local Normal Force Coefficient at M = .7

39



3.0-
2.8 + RE0 7 . 42XtO~
2.- ARED = .B3X105

2.D RED 0 .67X105

EXPERIMIENTAL 1
CN .4 THEORETICAL - -

2.2-K

2.0-

1.4-/

1.621-

0.2-,,.1

0.0

0.60



3.0-

-2.8- RE0 = .83X1D*-'

2.6 RE0 =t.67XI0

EXPER IM~ENTAL
CY 2.4 THEO~RETICAL----L

1' I
2.2-A

2.0./

* 1.8 -

1.8-

11

0.82-

0.6 lei

0.41



3.0 + RE0 = 42XIO 5

2.8- A RE0 = .83X105

( RED = .67X1O
2.6!  EXPERIMENTAL

12.41 oTHEORETICAL-- -!

2.2-

2.0-

' //
1.4-V

1.0-1

~0.8-

1.6-/

I 1 F / \., /

1.4 -//

0.2-

42

0.8 (DERE8

0.42



3+ 4 RED0 42X10O

2.8- A RE0 = 83XIO~

0 RE 0 = 1.67X10 5

2.8-
EXPERIMENTAL

CY 2.4 THEORETICAL- --

2.2-

2.0-

/ 4-

0.4-

1.443



+ RE0 = .42XtOD
-)2.e- A RE 0 = ,B3XtO 5

(9 RE0 = 1.67X10S2.'6

EXPER IMENTAL
CY 2.4 THEORETICAL

2.2-

2.0-
/

1.8-
/

t.2-
t.4-

0.8

2 5 so 35 4.0 46

Fif, 29. Local Side Force Coefi.iclent at M =.6

44



3.0
+ RE0 = 42XI0

2.81 A RE0 = BSXIO5

CD RED 1.67X10
2.6-

EXPER IMENTAL

Cy 2.4- THEORETICRL-- -

2.2-

2.0-

1.84-

0.6-

0.4 - 11

1.2-

21 0.0-/

Fig 30. Local Side Force Coefficient at M =.7

45.



3.0 + RE0 = 42X106

2.8- A RE0 = 83XIO5

2.6- 0 D=i 6 x

EXPER111ENTSL
CY 2.4 THEORETICAL--

2.2-

2.0-p

1.4-)

1.2-11

1.0 -

0.8-

0.6- E W

0.4-

0.2

25 30 3 04

ox (OEC"RE'ES)

Fig 31. Local Side Force Coefficient at M =.8



40
Fig 32. Oil Flow at ReD 4167*M 4, 5

Fg33. Oil Flow at ROD 83,333 .i= 3 a 450

47



Fig~ 34 . O-l Flwa e 333 6 a 4
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Fig 36. Oil Flow at Re Dy 166,667 , .3 a 5
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