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ABSTRACT

The boundary l ayer separation process assocI ated with the flow field

around a slender body of revo l ution at moderate to high ang l es of attack

was i nvest i gated. Based on extensive comparisons with exist i ng, two—

dimensiona l turbulent separation data, flow separation criteria by Strat-

ford, and Sandborn and Liu were se l ected for the slender body ca l cu l ations.

The two prima ry, axial separation lines were obta i ned by applying the sep-

aration criteria to the measured , surface pressure distribut i ons in numerous

crossf low planes. The l ocation of the origin of the asymmetric vortices

were pred i cted by app lying Stratford ’s separation criterion to the pressure

distribution along the prev i ously calculated axial separation lines . Good

agreement between the ana l yt i ca l and experimenta l points was obta i ned.

Corre l ation between the side force max i ma or minima and the l ocation of the

origin of the asymmetric vorti ces was i nconclusive . The need for more de-

tailed experimenta l data is discussed.
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NOMENCLATURE

x — distance from the actua l leading edge

x — distance from the equivalent lead i ng edge

j U,V - velocity

C — pressure coefficient

Cf 
— l oca l skin friction coefficient

Cd 
— drag coefficient

Re — Reynolds number

v — kinematic viscos i ty

— blockage ratio (see reference 14)

H — shape factor

— disp l acement thickness

6 — boundary layer thickness

C - constant

0 — angular l ocation measured from stagnation point

a - angle of attack

— roll angle

M - Mach numbe r

R — radius of mode l

D - diamete r of mode l

Subscripts

o — start of adverse p ressure gradient

— free stream condition

t — transition

s. - separation

p.s. — pre—separation

• prime — measured quantity which has not been corrected for blockage effect

(see reference 14)
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1.0 INTRODUCTION

Slender bodies of revolution mov i ng at high angles of attack at

subsonic/supersonic speed are known to experience large side forces and

yaw i ng moments (I). These forces and yaw i ng moments have been of major

concern in the design of modern aircrafts . Especially in recent years,

with the advent of missiles and supersonic aircrafts , where the body is

a major contributor to the aerodynamic behavior of the system, a thorough

understanding of this aerodynamic prob l em has become more and more crit-

ical.

When a supersonic aircraft with a po i nted fuse l age forebody is fly ing

at extremely high angles of attack, such as those occuring during post—

stall flights and spins , large asymmetric yaw i ng moments may be produced

by the vehicle geometry. These moments can be significant l y larger than

the moments generated by the deflection of conventiona l contro l surfaces.

As a result i nstabilities and contro l difficulties may be experienced by

the aircraft. As a matter of fact, some recent losses of modern aircrafts

are attributed to this prob l em. As to missiles , one of the possibilities

of launch i ng the MX missile is to use a transport aircraft. During the

launch i ng stage, t~e missile is exposed to hi gh subsonic/transonic flow at

high ang l es of attack and at hi gh free stream Reyno l ds numbers . The same

fli ght environment also ex i sts during the launch i ng of air to air missiles

from strategic aircrafts . Although in both cases this unfavorable situa-

tion exi sts for only a very short period of time , the determination and

contro l of the side forces and moments is crucial to the comp letion of the

des i red mission .

• 
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In view i ng the overall fluid dynamic prob l em of the flow about bodies

of revo l ution , it is essential to full y understand the various flow pat-

terns assoc i ated with the entire spectrum of angles of attack. It is now

well—established that a slender body of revo l ution mov i ng in a rea l f l uid

field may deve l op severa l distinct flow patterns, depending upon its angle

of attack. For angles. of attack from 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. For angles of attack between 5 and

25 degrees, flow separation occurs. A steady symmetric vortex pair is shed ,

as shown in Figure I. No side forces are generated because of the symmetry

of the flow . At ang l es of attack between 25 and 50 degrees, the symmetric

vortex cores become asymmetric and b reak away from the body from alternate

sides , as shown in Figure 2. This steady asymmetric flow field produces

considerable side forces. As the angle of attack i ncreases to between 50

and 75 degrees, the steady asymmetric flow field becomes unsteady and alter-

nates back and forth. Finall y, for angles of attack above 70 degrees, the

flow pattern degenerates i nto a classica l wake normall y associated with right

circular cylinders . The current study is primaril y focussed on the range of

25 to 50 degrees of angles of attack where the vortex shedding is steady and

asymmetric , and large side forces exist.

In addit ion to the ang le  of attack, there are many other factors that

affect the flow . These include Mach number , Reynolds number , nose fineness

ratio , and nose bluntness (I). It has also been shown by many i nvestigators

that rol l angle and/or nose misali gnment play a very i mportant role in the

variation of side forces and yaw i ng moments. This implies that unless 

a2
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particular mode l has been tested at severa l roll angles , the se lected

data may not represent the maximum side forces or yaw i ng moments. From

numerous wind tunne l i nvestl gatic’ns , researchers have generally agreed

that increasing Mach number, decreasing nose fineness ratio, and a slight

nose bluntness reduce side forces. Neverthe l ess, ex i sting experimenta l

data have shown conflicting and often confusing resu l ts on the effect of

• Reyno l ds number. For example , Fleeman and Ne l son (2) showed significant

variation of both the side force and yawing moment with Reyno l ds number.

For a mode l with a tangert og i ve nose and a cylindrica l afterbody, the

side force and yaw i ng moment increase up to free stream Reynolds number

of 2.5 x 10~ , and then decrease with increas i ng Reynolds number. Peak

va l ues of the side force and yawing moment occurred at cross flow Reynolds

numbers between 1.4 x l0~ and 2.5 x lO s. However, for approx i mate l y the

same free stream Reyno l ds number , Coe, Chamber, and Letko (3) observed

no significant variation of side forces and yawing moments. Hence, more

work needs to be done to establish the Reynolds number dependency of these

large side forces and yawing moments.

As mentioned earlier , for large ang l es of attack the flow on the lee

side of an axisymmetric body separates and rol Is up i nto reg i ons of con-

centrated vorticity . To predict the order of magnitude of the resulting

side forces and yawing moments, Deffenbaugh and Koerner (4) extended the

method of calculating the flow about a body of revo l ution for moderate

cross flow Reynolds numbers , Re < I0~, at angles of attack less than 25

degrees to high cross Reynolds numbers , io6 < Re < l0~, by using Stratford ’s

separation criterion (9) to determ i ne the separation of the turbulent

boundary layer on the cylindrica l portion of the model. The necessary

pressure distribution wa: obta i ned from the invisc id outer flow calculat i on.

5
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The viscous flow on the nose of the missile was calcu l ated by solving the

• unsteady laminar boundary l ayer finite difference equations. The results

gave good agreement with experimenta l data for the norma l force coefficient

and pitch i ng moment coefficient for sharp—nosed missile models. However,

the side force variation was consistantl y underest i mated .

In addition to deve l op i ng some understanding of the boundary l ayer

separation and vortex shedding prob l ems, it was the objecti ve of the cur-

rent study to analyze some carefully selected surface pressure data , wh i ch

have been obtained in an on—going, multi—phase , wind tunne l test program

designed to i nvestigate the aerodynamics of advanced missiles. Since no

flow visualization data were available for these models , a suitable , tur-

bu l ent separation po i nt predict i on technique was sel ected and applied to

the surface p ressure data in the cross—flow planes. The resulting axial

distribution of the two primary separation lines were then i nvestigated by

comparing them wi-I-h the ca l cu l ated axial distribution of the side force.

Of particular i nterest was any characteristic angular l ocation change in

the separation line at the axial l ocation of side force maxima and minima .

Three two—dimensiona l , turbulent separati on criteria , which are cur-

rently available in the literature , were i nvestigated; and one separation

• criterion was sel ected. The description of each criterion is given in the

• follow i ng secti on.

L~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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2.0 LITERATURE REV I EW

Flow separation occurs when the pressure increase in the streamw i se

direct i on becomes so large that the momentum associated with the fluid

• near the wall is just balanced. In the design of airfoils , it is neces-

sary to avoid flow separation in order to keep drag levels low . Especially

in designing for high —li ft , pred i ct i ng separat i on poi nts is a crucial

part of the design problem. Many methods have been derived to determ i ne

the locati on of separation based on the fact that the time—averaged , two—

dimensiona l flow separation is characterized by zero skin friction . Among

flow separation prob l ems, steady two—d i mensiona l laminar flow separation

is the most fundamental. For lam i nar separat i on , high accuracy can be

obta i ned by using current predict i on methods. For turbulent flows , how-

ever, because of the lack of thorough understand i ng of the mechanics of

turbulence , empirica l i nvestigations are needed to justif y the analy tica l

predict i ons. Thus , the predict i ons of separat i on in turbulent flows using

currently prevailing methods must be checked aga i nst experiments . The

current prediction methods on separation in turbulent flow can be divided

i nto two groups. The first group requires the detailed so l ution of the

boundary layer equations. Methods in this group require the sol ution of

either partial differential equations or momentum i ntegra l equations . For

two—d i mensiona l and axisymmetric i ncompressible flow , Cebec i and Smith ’s

method (5) is an example of the differential method , and Truckenbrodt’s

method (6) is an example of energy i ntegra l method , and Head’s method (7)

is a mcmentum i ntegra l method . In solving the governing intergra l equat i ons,

the parameter used to predict the separation is zero wall shear stress, where—

7
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as, in the i ntegra l methods the shape factor H = 6)’/O is used to l ocate

the separat ion. Separation occurs as H reaches a va lue between 1 .8

and 2.4 (8). The second group of prediction methods does not require

tedious calcu l ations of boundary l ayer equat i ons, but they use the com-

posi te nature of the turbulent boundary l ayer. Separation is l ocated

by simple differential equations together with some experimentally

determined factors or constants. For example , Stratford (9) divides

the turbulent boundary laye— i nto inner and outer l ayers. His analysis

is based on two assumptions , namely (I) in the inne r l ayer, the adverse

pressure is balanced by the shear force, and (2) in the outer l ayer,

the adverse pressure only causes a genera l l owering of the dynamic head.

Follow i ng the same concepts of treating the boundary l ayer as inner and

outer reg i ons but with different mathematica l approaches , Townsend (10)

and Sandborn and Liu (II ) , derived their prediction methods . These

three methods are discussed in detail in the next sections.

2.1 Stratford’s Criteria (9)

Stratford ’s method (9) is based on the ~ostuIation that the turbulent

boundary l ayer in a pressure rise could be divided i nto two distinct re-

gions , the inner l ayer and the outer layer. In the outer layer it is as-

sumed that the effect of p ressure rise wi l l  only cause genera l l owering

of the ve l oc i ty profile , i.e., the shear forces are small compared with

either inertia forces or the pressure gradient. Therefore, the back pres-

sure force is balanced by the fluid inertia force. In the inner l ayer , due

to the fact that inertia forces at the wall are zero, the pressure forces

are prImarily balanced by the gradient of the shear force. Joining the

8 
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two layers and assum i ng that the skin friction is zero when the flow

-~~ reaches the separation condition , Stratford established his separation

criterion as follows:

dC ~ —6 —0 IC x (10 Re) = C  (I)
• p dx

This criterion is valid for an adverse pressure gradient following the

point where the pressure is minimum , as shown in Figure 3. The pressure

coefficient , Cr,, is based on the conditions at the point of minimum pres—

sure. The distance x is measured from a ficticious stagnation point

corresponding to an upstream condition of flow over a flat plate with

zero pressure gradient . If the upstream lam i nar region is very short

and an i nstantaneous transition is assumed then X0, the distance between

the ficticious stagnati on potnt and -the point of minimum pressure, can be

calculated by the following equat i on :

Ixo,. U -
~ 3X = i ,~~-,-- , dx (2)

0 J ‘U0’0

where X is the distance from the actua l lead i ng edge . In order to com-

pensate for the lam i nar and transition reg ion , the follow i ng equation is

used:

X~ = 38.2 
{x~~tJ

3I8

(~~J~~
8 
[fX

t [~-J 5 
d 
(~~J ] x ~ 

+ J o  {~~-}~~dX (3)

The Reynold s number is based on the properties at the point of minimum

pressure and the equivalent distance . C is a constant which is determined

from the concept of a mixin g length in conjunction with experiments . For

C greater than 0.4, separation is pred i cted when C = 0.4. If C lies 
be—9
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tween 0.35 and 0.4, separation occurs at the maximum va l ue of C. If C

Is less than 0.35, no separation would occur.

2.2 Townsend’s Cr iterion (10)

Townsend followed Stratford ’s genera l i deas and derived a more corn—

prehensive theory. His criterion was given in the expression :

1/2 
~~~~ ~l/2 

~ 1
Log —

~~- -~~~~~
- C~~ = 2.98 ~~~ 

+ 2.7 + Log~~298 ~~
— + 2.7J _ lj — C (4)

In the equation ,(.~ .2~) 
is the pressure gradient prior to the separation

po i nt; Cf0 is the skin frict i on at the point where the adverse pressure

starts grow i ng, and C is a constant, which , Townsend suggested from exper-

iments, to have the va l ue of 3.472. Iownsend’s criterion is sometimes

difficult to apply, for it is often very difficult to determine the pres—

dCsure gradient upstream of separation , namely, 
~ 
dXJID5 

A l s o, Townsend s

criterion is a strong function of the skin friction at the point of minimum

pressure, Cf0. Furthermore, Townsend’s criterion predicts only the separa-

tion pressure, not the separation point l ocation .

2.3 Sandborn and Liu ’s Criterion (II )

Fol low i ng an ana l ytic approach similar to Stratford , Sandborn and Liu

derived their prediction criterion which has the form:

1/2

C h/4 (2n-l) = 0.22 C (5)p sdx

In the expression , n is an I nteger from the power law of the velocity p ro—

file; C is a constant which has the va l ue of 0.377 for n = 6 and 0 .24  for

n = 8. The se l ecti on of n Is that the highest va l ue of n w i l l  g ive the

-~ - ~~~~~~~~•:~~~~-~~ ~~~~~~~
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highest possible separation pressure .

In his research, Sandborn recognIzed an i ntermittent separation

reg i on before the steady separation occurs. In this region , i nter-

mittent streaks of back flow were observed wh i ch most experimenters

identified as turbu l ent separation. To i ncorporate both the i nter-

mittent and fully deve l oped turbulent separated flow reg i ons, Sandborn

postulated thal-:(l) the i ntermittent separation ve l ocity profile , wh i ch

still has a finite va l ue at the surface, would be equiva l ent to an

adverse pressure gradient in the lam i nar boundary l ayer, and (2) the

fully turbulent separation profile would be equ i valent to a lam i nar

separation profile. Through empirica l means, the ve l ocity distribution

for i ntermittent separation was correlated with the form factor, H, where

6* —lH = I + ( I  — -~~ -— ) . The minimum va l ue of H for i nterm i ttent separation

is 2. With these assumptions , the boundary l ayer equations can be

sol ved . In solving the boundary layer equations , i nstead of using mix-

ing length theory as in Stratford ’s criterion , an eddy viscos i ty theory

was used . Combining the solution of the boundary layer equat ions and an

upstream power law ve l oci ty profile , the l ocation of separ~ 1on , x5, is

obta i ned from the relation as shown in the beginning of this section.

Constants in the formula were estimated experimentally. It is worth—

while to note that Sandborn and Liu ’s criterion is i ndependent of the

Reyno l ds number.

12
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3.0 APPRA I SAL OF SEPARAT I ON CR I TERIA

Five experimentally determined separated flows were used to

eva l uate the applicability of Stratford ’s and Sandborn and Liu ’s

criteria for the prediction of separation in turbulent flows . Be-

cause of the lack of tabulated data in some of the reported resu l ts,

the necessary pressure data were acquired from the pressure distribu-

tion curves. This procedure had some detrimenta l effect on the over-

all accuracy of the ca l cu l ation . However, the primary purpose of using

these experimenta l data was only to establish the genera l validit y of

these two criteria.

3.1 Schubauer’sAir Foi l (12)

This experiment was carried out in an open—air wind tunne l with a

10 feet (3.05 m) high test section at the Nat i onal Bureau of Standards.

The test mode l was a 10 feet (3.05 m) high , and 27.9 feet (8.5 m) long,

air—foil—like wal l , constructed of 1/4 i nch (6.35mm ) transite on a wooden

frame, and finished and polished on the working side. A schematic draw-

ing of the mode l is shown in Figure 4. During the test, the actua l flow

conditions were i ncompressible , two—dimens i ona l , and with 0.5~ turbulence

in the free stream. All the measurements were taken with a static pres-

sure tube 0.004 inch (0.1 mm ) in diameter at free stream ve l ocity of about

160 fps (48.77 m/s) at the 17— 1 /2 (5.33 m ) position . The static pressure

distribut i on is shown in Figure 5. The boundary l ayer thickness at 17—1/ 2

feet (5.33 m) on the mode l was equivalent to that on a flat plate 14.3

feet long (4.3ô m) with a ful ly turbulent boundary layer and a zero pres-

sure gradient. The Reynolds number for a flat plate corresponding to 160

fps (48.77 m/s) is 14 .3 x 106. Separat i on was l ocated at 25.7 + 0.2 feet

13 
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(7.83 + 0.061 m ) in the experiment.

3.2 Schubauer ’s Elliptic Cylinder (13)

In this experiment , Schubauer i nvestigated flow separation over

an elliptic cy linder 4— 1 /2 feet (1.37 m) long with major axis 11 .78

in (299 mm ) and minor axis 3.98 in (101 mm). Measurements were taken

with 21 orifices l ocated 2—1 /2 feet be l ow center of the model. Eighteen

of the orifices were around the side to measure static pressures in the

boundary layer , one at the leading edge , and two on the oppos i te side

near the leading edge to align the mode l with its major axis parallel

to the free stream . A one i nch mesh wire screen was placed at 18 i nches

(457 mm ) ahead of the leading edge of the model to increase the turbulence

in the flow. The free stream ve l oc i ty was 16 ft/sec (4.88 m/sec). The

Reynolds number based on the free stream ve l oc i ty and the minor axis of

the mode l was 1.1 8 x l0~ . Separation was observed at X/D = 2.91 , where

D is the length of the minor axis. Pressure data used in the current

study was obta i ned from the pressure distribution curve as shown in

Figure 10 in Schubauer ’s paper. A copy of this curve is in Figure 6.

3.3 Roshko ’s Circular Cylinder (14)

Roshko’s experiment was conducted in the Southern California Co-

operati ve Wind Tunne l , which was disassemb l ed after the experiment. This

tunne l had a test secti on of 8— 1 /2 feet (2.59 m) high and II ft (3.35 m)

wide . In the experiment , the flow speed was limited -l-o about M = 0 .25

in orde r to el iminate compressibi l i ty effects .
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The mode l used in this experiment was made of a seam l ess black

stee l pipe , 18 i nches (457 mm ) in diameter. It was sandb l asted to

remove the protecti ve pa i nt and scale. The resulting surface rough-

ness is 200 ji in (5.08 x lO 3mm). The mode l was mounted in the center

of the test section and spanned the entire 8— 1 /2 ft (2.59 m) height .

Pressure orifices were l ocated every 10 degrees over half of the

circumference . They were connected to a pressu re measuring system.

The sensitivity of the system was set to give full output at the high —

est dynamic pressure. Furthermore, a splitter plate was installed on

the center line behind the cy linder. It also spanned the entire height

of the test section and extended 4ft (1.22 m) along the center line .

Corrections were made with the follow i ng equations to compensate for

the wall i nterference upon the ve l oci ty and pressure coefficients :

= I + 1/4 C~ ( ) + 0.82 ( d )2 (6)

(C — I) = 
V )2 (C’ — I )  (7 )

p V p

The Reynolds number was also corrected with the same equation as for

ve l oci ty. A curve of corrected pressure coefficients , Cr,, against 0,

i-he angle measured from the stagnation po i nt, at Reynolds number of 8.4

x 106 was shown in Figure 7. This curve was se l ected in the present re—

search for verification of the separation criteria.

Roshko did not give the experimenta l separation point. Nevertheless,

Cebec i (8) used the same set of data on separation prediction with vari-

ous criteria , in which Stratford and Sandborn and Liu ’s methods were also

18
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included. The results of Cebec i~ s calculation and the cal culation

in this paper are not exactly the same. The reason f or the differ-

ence is assumed to be due to the i naccuracy introduced in the reading

of the data from the curve. The results are shown in Section 3.6.

• 3.4 Vi’ s Elliptic Afterbody (15)

Vi’ s study was focussed on the separat i on of an i ncompressible

turbulent boundary l ayer from an axisymrnetric curved afi-erbody. The

basic mode l was a circular cylinder with a diameter of 2— 1 /2 inches

(63.5 mm). A sem i —ellipsoida l base of axis ratio 4:1 was attached.

In the experiment , the free stream ve l ocity was kept at 155 ft/sec

(47.2rn/sec ) w ith a corresponding unit Reyno l ds number of 0.939 x 106

per foot and Mach number of 0.136. A ring—shaped trip with a 1/2 i nch

(12.7 mm ) high triangul ar cross—section was mounted at (0 radii up—

stream from the base of the mode l to i nsure a fully deve l oped turbulent

boundary l ayer in the test model. Measurements were made by pressure

probes and hot wire p robes. A graph of the static pressure distribution

is shown in Figure 8. Separation was l ocated by various techniques ,

such as oil film flow , “tell—tail” traverse, and smoke and water injec-

tion. Separation was located at 0.38 mode l radii upstream from the base.

3.5 Achenbach ’s Circular Cylinder (16)

This experiment was performed in a p ressurized wind tunne l which

had a rectangular test section of 19.7 in x 35.4 in (500 mm x 900 mm ).

The mode l was a brass tube, 5.9 in (150 mm ) in diamete r and 19.7 in

(500 mm) in length. A schematic diagram is shown in Figure 9. Pressure

20
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data along the circumference were measure d by rotating the cylinder

at 50 increments. A plot of pressure coefficient versus periphera l

rotating ang le , 0, is shown in Figure 10. The Reyno l ds number for

this set of data was 3.6 x 106.

In this experiment , skin frict i on was also measured , and sep-

aration was determined by l ocati ng the point where 1-he skin friction

curve crossed the zero line. The results are in Secti on 3.6.

3.6 Resu l ts

For Schubauer ’s air foil mode l , the p ressure data used in the

computati ons were taken directly from Table I in the NACA report.

The experimenta l separation po i nt was found at X = 25.7 + 0.2 ft

(7.83 + 0.061 m), where X was measured from the nose of the mode l

along the mode l surface. With Stratford ’s criterion , the separation

point was pred i cted at X = 24.2 ft (7.38 m) by i nterpolation . This

g i ves an error of 5.8%. The same set of data was used by Stratford

and the result was 24 ft (7.32 m). Using n = 6 and n = 8, the sep-

arati on point was ca l cu l ated at 25 ft (7.62 m), which represents a

2.7% error in Sandborn and Liu ’s criterion.

For Schubauer ’s elliptica l cy linder , both methods give very close

pred i ctions . Stratford ’s method pred i cts the separation point at X/D =

2.89, 0.7% error; Sandborn and Liu ’s criterion pred i cts X/D = 2.89 for

n = 6, and X/O = 2.95 for n = 8. These compare to the experimenta l re—

suit of X/D = 2.91. However, 1-he results of the ca l cu l ation are quite

different from Cebeci’s result (8) us i ng Stratford ’s method . The reason,

as indicated in the previous secti on, may be due 1-o the i naccuracies in

obtaining the data.
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For Roshko’s circular cylindrica l mode l , Stratford’s method did

not predict separation. However, when the velocity distribution was

extrapo l ated, separati on was predicted at 0 = 105 degrees. Cebec i

observed the same prob l em, but i-hen ca l cu l ated separation at 120

degrees using Stratford ’s method. Sandborn and Liu ’s method pred i cted

separat i on at 0 = 105 degrees for both n = 6 and n = 8.

For Yi’ s elliptic afterbody mode l , Stratford ’s method pred i cted

separation at X = —0.45R; Sandborn and Liu ’s method pred i cted sep-

arati on at X = —0.447R for both n = 6 and n = 8. The negat i ve sign

means that X was measured in a direction oppos i te to the free stream.

These compare to the experimenta l result of X = —0.38R. R is the radius

of the cylindrica l portion of the model.

Fina ll y, for Achenbach ’s circular cylinder , the experimenta l sep-

arati on point was found at 1 1 5 degrees. Stratford ’s method gave 105

degrees, 8.8% error. Sandborn and L iu ’s method gave 11 0 degrees, 4.6%

error, for both n = 6 and n = 8.

From the above ana l ysis , it was observed that both Stratford ’s,

and Sandborn and Liu ’s criteria i-end to predict the separation point

earlier than the experimenta l results. The error is less than 10%.

The results are summarized in the follow i ng table.
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SUMMARY OF SEPARAT ION ANALYSIS

Experimenta l Stratford’s Sandborn and
Test Data Source Results Criterion Liu ’s Criterion

I Schubauer ’s X = 25.7 ft X = 24.2 ft X = 25.0 ft
Air Foil (7.83 m) (7.38 m) (7.62 m)

2 
~?~~~~~~~~Cylinde r 

X/D = 2.91 X/D = 2.89 X/D = 2.95

3 Roshko’s 120 to 125 100 to 105 105 Degrees
Circular Cylinder Degrees Degrees

4 Yi ’ s
Elliptic Afterbody X = —O .38R X = —0.45R X = —0.447R

5 Achenbach ’s
Circular Cylinder 11 5 Degrees 105 Degrees 11 0 Degrees
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4.0 MISSILE MODELS

In the previous discussion of Stratford ’s, and Sandborn and Liu ’s

pred i ction criteria for l ocati ng the separation line in turbulent flows ,

it was po i nted out that both methods were derived for two—dimensio na l ,

i ncompressible flow fields . For missiles mov i ng at high angles of at-

tack, the situation Is much more comp l ex, because it is basically a

three—dimensiona l , compressible , steady flow pattern . The concentrated

vortices break away from the missile on alte rnate sides in a spatial

sense, not in the tempora l sense that is normally associ ated with the

classica l von Karman vortex street. An illustration of this flow was

shown in Figure 2. For the current treatment of this prob l em, compres—

sibi l ity effects were neg l ected. It was also postu l ated that the free

stream ve l oci ty can be divided i nto two components which can be treated

independently. These were the axial component and the cross flow

component. In this ana l ysis , the first step was to rel ate the angular

locati on of the separation points in the cross—f l ow planes taken along

the axis of the missile mode l to the axial side force distribution . The

second was to obtain two separation lines by connecting the separat i on

points in the cross—sectiona l planes . The pressure distribution along

these two lines was then i nvestigated with respect to the vortex break-

away points and side force variation along the axis. In all calculations ,

Stratford ’s separation criterion was used. The required pressure distri —

bution data were made available by AFFDL and AEDC. Details of the exper—

iments and their results are in the following sections.
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4.1 AFFDL Data (17)

These data were obta i ned by Turrelli in the Air Force Flight

Dynam i cs Laboratory ’s (AFFDL) Trisonic Gasdynamic Facilities (TGF)

l ocated at Wright—Patterson Air Force Base in Ohio. The TGF is a

closed circuit , variable density , continuous flow wind tunne l , cap-

able of operating within a Mach number range of 0.23 to 4.76, and

within a range of unit Reyno l ds numbers of approx i mately 0.25 x 106

to 5.85 x 106 per foot. The mode l used in this experiment cons i sted

of a sharp, tangent og i ve nose followed by a cylindrica l afterbody

of one i nch in diameter. A sketch of the mode l is shown in Figure

II. Pressure data were measured with 84 pressure orifices l ocated

at six axial stations of the cylindrica l port i on of the mode l , as

shown in Figure 12. The six axial stations were l ocated at 3.5 to

7.0 model diameters aft of the nose tip. The free stream Mach num-

ber was 0.3 for the data used in the current calcu l at i ons. The angles

of attack were 40 and 45 degrees, and the Reynolds number was kept at

2.0 x 106 per foot. A nose boundary laye r trip was p l aced at 1.25 to

1.75 i nches aft of the nose tip, and only on one side of the mode l

in order to force a steady asymmetrica l vortex pattern, It is inter-

est i ng to note that no significant side forces were measured with the

smooth model. Two curves of pressure distribution at 3.5R aft of the

model nose tip with/without the grit are shown in Figure 3 and Figure

4. These curves were obta i ned by connect i ng the measured data points

with smooth curves. Data used in the current calculations were in—

terpo l ated along the curves at 5—degree increments . Figure 15 shows

27
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the side force distr ibution at M 0.3, Re = 2 x l06/ft., 45 degree

angle of attack , and with grit , and also shows the same con-

dit ion but witho ’~t grit. No measurements were made between zero

and 60 degrees on the windward side of the model. The resu l ts of

applying Stratford’s separation criterion were very i nconsistant .

The basic prob l em with the ca l cu l ation was the lack of more detailed

information on th~ pressure distribution. The data i nterpolation

was probably not representat i ve of the real flow .

Two flow visualizat ion l-echniques were applied in this experiment.

A Z—type Schlieren system was used to view the flow field patterns

and vortex lines , and an oil flow technique was used to observe the

i nteracti on of surface streamlines and regions of flow separat i on.

Schlieren photographs did not show the l ocations of 1-he 1 - railing vor—

1-ices due to the very small density gradients . However, flow separa-

tion was observed between the 85 to 95 degree points on the mode l over

its ent i re length for all test conditions. in view of the above prob-

lems and data uncerta i nties , no further ana l ysis of these experimenta l

data was pursued.

4.2 AEDC Data

These tests were conduc i-ed in the propulsion wind tunne l at Arnold

Eng i neering Deve l opment Cent~r (AEDC), Tennessee. ThIs wind— tunne l is

a close circuit , continuous flow type tunne l capable of operating at

Mach numbe rs from 0.2 to 1.6. The mode l used in the tests represents

an 11 .57 percent mode l of the MX3—80 missile. Details of the mode l and

sting support are shown in Figure 16 , and the og i ve nose details are
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shown in Figure 17. Pressures we re measured a-f 14 locatIons along

the model. At each l ocation either l6or 22 pressure orifices were

i nstalled , as shown in Figure 18. Two sets of data were utilized

in the current ca lcu lations. They were measu red at a Mach number

of 0.4, at a Reyno l ds number of 2.0 x ~~ per foot. Angles of at-

tack were 40 degrees and 45 degrees, and the roll ang l es were 45

degrees and 0 degrees, respectively. For an angle of attack of 45

degrees, the wake flow field was surveyed at mode l station 30 i nches

(76.2 cm), 53.2 i nches (135.1 cm), and 70.0 i nches (177.8 cm) from

the nose. These corresponded to X/D va l ues of 3.95, 7.0, and 9.2,

repsecti ve l y. For an angle of attack of 45 degrees, two wake sur-

veys were obta i ned at X/D 7.0 and 9.2. The positions where the

vortices left the mode l surface were determined by plotting the

measured vortex cores. By connecting the core position with a

stra i ght line and extrapolating back to the missile surface, the

vortex breakaway points were estimated . The breakaway po i nts of the

remaining vort i ces in the field were estimated by extrapo l ating their

positions back to the missile surface along a line parallel to the one

determined by the two vortex centers of like si gn. Figure 19 and Fig—

ure 20 illustrate the results of this procedure .

In order to obtain a better physica l understanding of the vortex

deve l opment, color Schlieren photographs of flow fields assoc i ated with

a series of sharp—nosed models were obta i ned in the Rutgers Emil Buehler

Wind Tunnel. The angle of attack of the models could be varied over a

range of angles of attack. Fi gure 21 shows a typica l flow field.
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4.3 Analysis of AEDC Data

As indicated In Secti on 2.1 , Stratford ’s formula is only valid

in the region of a positive pressure gradient following the point of

maximum dynamic p ressure. In applying Stratford ’s method to the two

sets of p ressure data, separat i on was pred i cted for some of the sta-

tions taken along the axis of the model. For those stations where

Stratford ’s model fai led to pred i ct separation , the C va l ues in Strat-

ford ’s equation were very close to the l ower boundary of the criterion ,

i.e., 0.35. Since the pressure data were taken at relatively large

increments , i.e., 22.5 degrees, it was again very difficult to deter-

mine the behavior of the pressure curve follow i ng the po i nt of rela-

tive m imimum pressure. The two sets of data were nevertheless plotted

and connected with smooth curves. By examining the adverse pressure

gradients on these curves, separation points were estimated for the

stations where Stratford ’s method did not predict separat i ons. Figure

22 through Fi gure 25 are the pressure distribution curves at stations

I and 8 for both sets of data. The angular locations of separation

points on both sides of the mode l were p l otted in Figure 26 through

Fi gure 29. The pressure coefficient, C~, of these separation po i nts

was then plotted in the axial direction , as shown in Figure 30 through

Figure 33. In Figure 34 and Fi gu re 35, side force distribution along

the mode l axis were plotted for both sets of data. These graphs were j
studied with respect to the vortex breakaway points.
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5 .0 RESULTS AND DiSCUSS ION

For the f irst set of AEDC data (M = 0.4 ,a 4 5  degrees , ~~0 degrees) ,

it was found that near the nose and the tail of the missile model , the -

flow pattern was almost symmetrica l with respect to the free stream.

This symmetry was demonstrated by the calculated zero side forces and

by the approximately symmetric locat ion of the separat ion lines on both

sides of the model. Separation po ints were at larger ang les from the

front stagnation point In the cross—secti ona l plane s near the nose por-

tion than on the cylindrica l portion of the model. On the cylindrica l

portion , most separation po i nts were between 112.5 and 135 degrees.

The shear l ayers separated from the mode l and formed concentrated

vorti ces on the right side at XID = 2.4 and X/D = 7.0, and on the left

s ide  at X/D = 4.8. These locations were obta i ned with the procedures

discussed in the prev ious sect ion . However , as shown in the Schliere n

photograph (Figure 21), the vorti ces traveled near the mi s sile body for

a short distance before l hey became aligned with the free stream. This

phenomenon is more pronounced near the mode l nose. Therefore, the true

vortex breakaway po i nts probably lie ahead of those indicated in the

AEDC report. By comparing the vortex breakaway points with the axial

pressure distribution curves, it was found that these po i nts were lo-

cated in the reg i on where adverse pressure gradients occurred , as shown

in Figure 30 and Figure 31 . This means that the vortex breakaway points

might be the separation points in the axial direction .

The side force distribution curve indicated two re l at i ve extremes.

It can be seen that this side force distribution would result in a large
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yawing moment on the model. A comparison of the side force extremes

with either the separation lines or the vorti ces’ breakaway points

showed no significant corre l ati on.

For the second data set (M = 0.4,-ct 40 degrees, 4~~45 degrees),

the separati on po i nts around the two sides of the mode l for each

cross—sectiona l plane differed by approx imate ly 90 degrees . On the

left side of the mode l separation po ints were between 45 degrees and

90 degrees, whereas on the right side , between 135 degrees and 180

degrees , as shown in Figures 28 and 29. The same situation as the

first set of data was obta i ned in study i ng the vortex breakaway

locations with respect to axial pressure distribution , as shown in

Figures 32 and 33. Other results such as side force distribution

and vortex breakaway l ocations showed no corre l ation. The drastic

change in separation l ocations between the two sets of data raised

some doubts on the validity and accuracy of the data se l ected for

this analysis. In view of the limite d data analyzed in this study

and the apparent discrepancies , it is essential to obtain some

three—dimensiona l data, which contains more measurements in the sep-

aration zone.
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6.0 CONCLUS I ONS

In this research, the fo l low ing conclusions were obta ined :

I. Stratford ’s separat ion criterion is satisfactory for turbulent

boundary layer separat ion ca lcu lat ions .

2. Stratford ’s separat ion criterion can be appl ied to three—

dimens iona l problems , if the f low f i e l d  can be divided into

two independent f low directions .

3. Separat ion locations can be dete rmined on slender bodies at

high angles of attack by treating the cross—flow as be ing

uncoupled from the axial  f low .

4. Vortex breakaway locations may be predicted by app ly i n g  Strat-

ford ’s separation criterion to the pressure distribution along

the previously calcu lated cross— -fl ow separation line.

5. No apparent correlation between side forc e and separat ion lines!

vortex breakaway po ints was found.

6. More detailed experimenta l data is needed for this comp lex

three—dimensiona l prob l em. These data should include detailed

surface pressure distribut ions , ve loc ity profiles , separat ion

locations , determination of surface streamlines , and wake flow

characteristics .
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