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RESEARCH LABORATORIES FOR THE ENGINEERING SCIENCES 
-

Members of the faculty who teach at the undergraduate and graduate levels and a number of
professional engineers and scientists whose primary activity is research generate and conduct the
investigat ions that make up the school’s research program. The School of Engineering and Applied Science ._

~iof the University of Virginia believes that research goes hand in hand with teaching. Early in the
development of its graduate training program, the School recognized that men and women engaged in
research should be as free as possible of the administrative duties involved in sponsored research. In 1959.
therefore, the Research Laboratories for the Engineering Sciences (RLES) was established and assigned the 1
administrative responsibility for such research within the School.

The director of RLES—himself a faculty member and researcher—maintains familiar ity with the
support requirements of the research under way. He is aided by an Academic Advisory Committee made up 1of a faculty representative from each academic department of the School. This Committee serves to inform
RLES of the needs and perspectives of the research program.

In addition to administrative support, RLES is charged with providing certain technical assistance.
Because it is not practical for each department to become self-sufficient in all phases of the supporting
technology essential to present-day research, R LES makes services available through the following support
groups: Machine Shop, Instrumentation, Facilities Services, Publications (including photographic facilities). -
and Computer Terminal Maintenance.
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aerodynamic forces and moments on bodies of revolution. Important variables -

in the flow field are identified by considering variations of spin rate, Mach
number angle of attack and length of the body. Comparisons are made with 

-

experimental data and other theoretical ana1yaes.~~~
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ABSTRACT

A numerical finite difference method is developed to solve the three

dimensional laminar/turbulent boundary layer equations on a spinning

body of revolution at an angle of attack in supersonic flow. Influence

1 of asymmetric transition and the presence of mixed boundary layers is

considered to predict Magnus forces and moments. Several contributions

to the Magnus effects are considered. These include asymmetric boundary

- layer displacement thickness, centrifugal pressure, and primary and cross

flow wall shear stress. Boundary layer structure defined by asymmetric

- 
transition is shown to critically influence the aerodynamic forces and

- - moments on bodies of revolution. Important variables in the flow field

• -. are identified by considering variations of spin rate, Mach number,

- 

angle of attack and length of the body. Comparisons are made with

- experimental data and other theoretical analyses.
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- INTRODUCTION

The study of three dimensional boundary layers on rotating bodies of

- 
t revolution has attracted considerable attention in the past because of

its application in ballistics. The major emphasis of the present work is

the calculation of the boundary layer effect on these bodies where both

- laminar and turbulent flow is present and the calculation of the associated

“Magnus effect.” Since the Magnus effect results from a spin induced

- distortion of the boundary layer, this investigation is an attempt to

- 
accurately model the boundary layer on bodies of revolution in supersonic

1. flow. Numerical methods have been developed to define the flow field

around a yawed body of revolution in terms of laminar, turbulent and

mixed boundary layers.
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ANALYSIS

The equations governing the three dimensional compressible laminar

boundary layer on a rotating body of revolution are simplified by using

transformations developed by- Moore (Ref. 1). A finite difference form

of the transformed boundary layer equations are solved using Newton’s

method (Ref. 2). The laminar solution is not a realistic representation

of the flow field around most bodies- of revolution of practical interest

because of the free—-flight and Reynolds number. Jacobson (Ref . 3) has

shown that transition and the onset of turbulence must be considered to

provide an accurate description of the flow field. A computer code has

been developed (Ref. 4) to analytically predict the transition region.

The stability program numerically solved a set of eight first order

equations for linear stability of compressible boundary layers. A

typical result of this analysis is shown in Figure 1. Here the neutral

and the amplified stability curves are plotted as a function of wave

number (frequency of the disturbance) and x distance along the length of

• the body. The neutral stability curve, corresponding to Ci = 0, represents

the points where the instabilities first begin to occur. The subsequent

isocontour curves (Cj = .01, .02) indicate the amplification rates of

small disturbances as they propogate along the length of the body. The

results of the stability theory are used to predict transition by

considering the amplification of small disturbances as they propogate

downstream in the flow. The critical growth amplification factor (where

transition occurs) is identif ied by using the experimental measurements

:~• I of Sturek (Ref. 5). An exponential growth is assumed between the point

where the instabilities first occur (near the tip of the body ) to the
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point where transition to turbulent flow occurs. The regions of laminar,

turbulent and mixed boundary layers are identified and mapped on to the

surface of the body. A typical transition area is shown in Figure 2.

In order to define the boundary layer flow in terms of laminar, mixed

and turbulent boundary layers (as shown in Figure 2) the turbulent

boundary layer equations must be solved. Eddy viscosity formulation

of the turbulent boundary layer are integrated by using Newton’s method

(Ref. 2).

With the knowledge of the boundary layer flow around a body of

revolution, several contributions to the Magnus effect can be considered.

The normal and cross flow shear stresses and the centrifugal pressure

- - force contributions are directly calculated from the boundary layer

solution. The displacement thickness component of the Magnus effect is

calculated using modified slender body theory (Ref. 2).
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SUMMARY OF RESULT S AND CONCLUSIONS 
- 

-

A boundary layer/potential f low code has been developed to predict

Magnus effect on a spinning body of revolution at an angle of attack.

Experimental studies have shown that in order to model the viscous

fluid flow over a spinning body of revolution in free flight, the

influence of asy etric transition and the presence of~a mixed boundary

layer must be considered. These effects, along with the conventional

laminar and turbulent boundary layers have been modelled in this

study. Magnus coefficients have been numerically computed to study

the effects of spin rate , Mach number , angle of attack and the length

of the body for each of three boundary layer configurations — fully

laminar , fully turbulent and mixed f lows. Based on this theoretical

study the following conclusions can be drawn .

a) Asymmetric transition and the presence of a mixed boundary

layer strongly influences the Magnus force.

b) In the transition region of a mixed boundary layer , the

L relative magnitude of the normal wall shear stress component

can be significant and therefore cannot be neglected as

suggested by many theoretical studies in past.

c) The effect of a mixed boundary layer on the Magnus force is

most pronounced in the asymmetric transition region. There—

fore, if the transition region, on a nose shape, extends to

T the end of the body, the Magnus effect predicted by using

fully laminar or turbulent boundary layers will be in error .

-1:  

_ _ _ _  

6

-

~

--

~

“ ~~~~ _

— - — -.--~~--~ — ~~~~~~~~~~~~~~~~~~~ - ~~~~



~~~~~
- 

~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ‘ ‘~~~-~r —---~~- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- ‘ _ ,~~~~~V~~~~~~ -~~~~~~~ 
—----,— —-- ‘—‘•-.--• - - —-- _—.

1,

H 
N D
(~sj 

-

II
II
Lba-

cD

2 

1 H’

~~ 
.~

(J~~~~~~Q~~~ J 0
0 0 0 N >,

w
— — z ~~~~

0

0 8 0  L~~0 £S0 0~i 0 L?0 ~T O  0O~~~
~
2
~
WflN 2AbM

11
I

T L . 
.-
--- 

- - - - --

_ _ _  - 

j



- - - ~~ —~~ -~~~~~~~~~~~ 
- 

~~~~~
-

~~~
---- -

~~~~~~~~~‘~~~~~~~~~~~~~~~~~ - 
- - - — - - - -

. 

Cross Flow 

:
Re — 5.41 x io6

- 15K RN

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

L _

Turbulent at.

- Lamin ar  BL

90 —90

Li

180

Figure 2 Transition Region

8 

~~~~~~~~~~~~~~~ -~~~~~- -- — —.-

- --- — -~~-- --- ~~-



- - - - -

Ii
Ii

d) In the transonic range, the Magnus effect predicted for mixed

boundary layers agrees with the case of fully turbulent flow.

However, as the Mach number increases, the discrepancy widens

and can turn critical in the hypersonic range. Therefore, in

- order to adequately model the boundary layer for Magnus

- studies in the hyperson ic range, the influence of asymme tric

transition and the presence of a mixed boundary layer must be

considered.

e) The Magnus effec t shows a strong dependance on angle of
0attack. At higher angles of attack (4 to 6 ) a mixed

boundary layer characterized by asymmetric transition is

required to accura tely model the flu id flow and to pred ict

the Magnus forces and moments.

f) The choice of a suitable boundary layer model critically

L effects the calculated Magnus characteristics of a spinning

body of revolution at an angle of attack.
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