
Appendix A

Ellipsoid Potential Flow

Calculations

Starting from and expanding on portions of Lamb [34] (Art.112 - Art.114) and Milne-Thomson

[35] (17.50-17.52) the velocity potential and subsequent velocity of an ideal fluid around a

stationary ellipsoid is determined. The work of Lamb was also the starting point for Costi

and Portnoy [110], and Band and Payne [36] in their work looking at the flow around ellipsoid

shapes.

The analysis starts from the equation for confocal quadratic surfaces

x2

a2 C �
C

y2

b2 C �
C

z2

c2 C �
� 1 D 0 (A.1)

Eq. A.1 has three roots; the first, say �, between 1 and �c2; another root, say �, between

�c2 and �b2; the last root, say �, between �b2 and �a2. The surface defined by Eq. A.1

when � is between 1 and �c2 is a ellipsoid, thus when � D � the surface is ellipsoidal. The

surface defined by Eq. A.1 when � is between c2 and �b2 is a hyperboloid of one sheet; thus

when � D � the surface is a hyperboloid of one sheet. The surface defined by Eq. A.1 when

� is between b2 and �a2 is a hyperboloid of two sheet; thus when � D � the surface is an

hyperboloid of two sheets. From the definition of �, � and � Eq. A.1 may also be written in

the form
x2

a2 C �
C

y2

b2 C �
C

z2

c2 C �
� 1 D

.� � �/.� � �/.� � �/

.a2 C �/.b2 C �/.c2 C �/
(A.2)

From Eq. A.2, expressions for x2, y2 and z2 may be obtained. The expression for x2 is

obtained by multiplying both sides of Eq. A.2 by .a2 C �/ and then setting � D �a2. The

273



274

expressions for y2 and z2 are obtained in a similar manner, giving

x2 D
.a2 C �/.a2 C �/.a2 C �/

.a2 � b2/.a2 � c2/

y2 D
.b2 C �/.b2 C �/.b2 C �/

.b2 � c2/.b2 � a2/
(A.3)

z2 D
.c2 C �/.c2 C �/.c2 C �/

.c2 � a2/.c2 � b2/

Partial differentiation of the expression for x2 in Eq. A.3 with respect to �, with � and � held

constant, gives
@x

@�
D

.a2 C �/.a2 C �/

2.a2 � b2/.a2 � c2/

s
.a2 C �/.a2 C �/.a2 C �/

.a2 � b2/.a2 � c2/

(A.4)

The square root term in the denominator is x from Eq. A.3. The expression for x2 from Eq.

A.3 may be restated as
x2

.a2 C �/
D

.a2 C �/.a2 C �/

.a2 � b2/.a2 � c2/
(A.5)

so Eq. A.4 and the similar terms for
@y

@�
and

@z

@�
may be written as

@x

@�
D

x

2.a2 C �/

@y

@�
D

y

2.b2 C �/
(A.6)

@z

@�
D

z

2.c2 C �/

Poisson’s equation in ellipsoidal coordinates is

r2ˆ D
�4

.� � �/.� � �/.� � �/

8
:̂.� � �/��

@

@�

�
��

@ˆ

@�

�
C

.� � �/��

@

@�

�
��

@ˆ

@�

�
C .� � �/��

@

@�

�
��

@ˆ

@�

�9
>;

(A.7)

where

�2
�

D .a2 C �/.b2 C �/.c2 C �/

�2
� D .a2 C �/.b2 C �/.c2 C �/ (A.8)

�2
� D .a2 C �/.b2 C �/.c2 C �/
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As a scalar solution of r2ˆ D 0 is desired, Eq. A.7 may be shortened to

0 D
8
:̂.� � �/��

@

@�

�
��

@ˆ

@�

�
C

.� � �/��

@

@�

�
��

@ˆ

@�

�
C .� � �/��

@

@�

�
��

@ˆ

@�

�9
>;

(A.9)

A solution for ˆ.�; �; �/ in Eq. A.9 is required. Lamb [34] shortens his derivation by

assuming a solution of a set form. Milne-Thomson [35] provides a more detailed derivation.

Milne-Thomson’s solution is followed here.

If a solution of the form

ˆ D �.�; �; �/�.�/ (A.10)

is assumed, where �.�; �; �/ is also a solution of Eq. A.9 (an ellipsoidal harmonic). �.�/ is a

function of �. Substituting Eq. A.10 into the first term of Eq. A.9 gives

.� � �/��

@

@�

�
��

@ˆ

@�

�

D .� � �/

8
:̂ @��

@�
�

@�

@�
C 2��

@�

@�

@�

@�
C ���

@2�

@�2
C �

�
@��

@�

@�

@�
C ��

@2�

@�2

�9
>;

D .� � �/

8
:̂ @��

@�
�

@�

@�
C 2��

@�

@�

@�

@�
C ���

@2�

@�2
C �

@

@�

�
��

@�

@�

�9
>;

(A.11)

Substituting Eq. A.10 and Eq. A.11 into Eq. A.9 gives

0 D.� � �/

8
:̂@��

@�
�

@�

@�
C 2��

@�

@�

@�

@�
C ���

@2�

@�2

9
>;C �

8
:̂.� � �/��

@

@�

�
��

@�

@�

�
C

.� � �/��

@

@�

�
��

@�

@�

�
C .� � �/��

@

@�

�
��

@�

@�

�9
>;

(A.12)

where the term in Eq. A.12 multiplied by � may be set to zero, as � is a solution of Laplace’s

equation. Dividing the remaining terms of Eq. A.12 by ���
@�

@�
gives

0 D
@��

@�
��

C 2

@�
@�
�

C
@2�

@�2

@�
@�

(A.13)

which with use of the identity
@

@x
.loge Œf .x/�/ D

f 0.x/

f .x/
may be reworked to

@

@�

�
loge

�
��

@�

@�

��
D �

2

�

@�

@�
(A.14)
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Since the left hand side of Eq. A.14 is a function of � only, so must be the right hand side.

Thus it must be possible to express

� D ��.�/f .�; �/ (A.15)

where �� is a function of � only and f is a function of only � and �. Substituting Eq. A.15

into Eq. A.14 results in

@

@�

�
loge

�
��

@�

@�

��
D

@

@�

 
loge

"
1

�2
�

#!
(A.16)

which may be integrated w.r.t � to give,

loge

�
��

@�

@�

�
D loge

"
1

�2
�

#
C loge ŒC � (A.17)

When exponentiated, divided by �� and integrated again w.r.t � this gives

� D C

Z
d�

�2
�
��

C D (A.18)

where C and D are constants of integration.

A.1 Translation of Ellipsoid

� is a spherical harmonic, so expressions that satisfy the Laplacian include � D 1; x; y; z; xy; etc:

(see Hobson [111] for more details). Taking the case where � D x from Eq. A.3

� /
q

.a2 C �/.a2 C �/.a2 C �/ (A.19)

so from Eq. A.15 and Eq. A.191

�� D
q

.a2 C �/ (A.20)

Substituting Eq. A.18, Eq. A.19 and Eq. A.20 into Eq. A.10 results in

ˆx D C x

Z 1

�

d��

.a2 C ��/���
C D (A.21)

where the � superscript indicates a dummy variable for integration.

1Note in Eq. A.19 / is proportional not alpha
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The boundary condition on the surface of an ellipsoid moving parallel to the x axis is

@ˆ

@�
D �U0

@x

@�
at � D 0 (A.22)

where U0 is the velocity in the x direction at 1. Substituting Eq. A.21 into Eq. A.22 and

further simplifying with the substitution of
@x

@�
from Eq. A.6 results in

U0

@x

@�
D �C

�
@x

@�

Z 1

�

d��

.a2 C ��/���
�

x

.a2 C �/��

�

D �C

�
@x

@�

Z 1

�

d��

.a2 C ��/���
�

@x

@�

2

��

� (A.23)

The elimination of
@x

@�
along with the knowledge that � has been set to zero on the surface of

the ellipsoid results in

U0 D �C

�Z 1

0

d��

.a2 C ��/���
�

2

a b c

�
(A.24)

Thus the constant C may be expressed as

C D
U0 a b c

2 � ˛0

(A.25)

where

˛� D a b c

Z 1

�

d��

.a2 C ��/���
(A.26)

When � D 0, ˛� D ˛0. Substituting Eq. A.25 into Eq. A.21 produces

ˆx D
U0 x a b c

2 � ˛0

Z 1

�

d��

.a2 C ��/���
C D (A.27)

On the surface of the ellipsoid, where � D 0, Eq. A.27 may be simplified with the substitution

of Eq. A.26 to give

ˆx D
U0 x ˛0

2 � ˛0

C D (A.28)

A solution for the case when the spherical harmonic � D y or � D z, and the boundary

condition is set for the ellipsoid moving parallel to the y or z direction respectively, may be

written from symmetry as

ˆy D
V0 y a b c

2 � ˇ0

Z 1

�

d��

.b2 C ��/���
C D (A.29)

ˆz D
W0 z a b c

2 � 0

Z 1

�

d��

.c2 C ��/���
C D (A.30)

where V0 and W0 are the velocity components at infinity in the y and z directions respectively,
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and

ˇ0 D a b c

Z 1

0

d��

.b2 C ��/���
(A.31)

0 D a b c

Z 1

0

d��

.c2 C ��/���
(A.32)

A.2 Calculation of ˛0 and 0 for Spheroid

In order to calculate the velocity at the surface of the ellipsoid ˛0 and 0 must be calculated.

Substituting

�� D
a2

s
� a2 ) @�� D �

a2

s2
@s (A.33)

into Eq. A.26, adjusting the limits of integration, and multiplying numerator and denominator

by
�p

s

a

�3

results in

˛0 D a b c

Z 1

0

d��

.a2 C ��/
p

.a2 C ��/.b2 C ��/.c2 C ��/

D a b c

Z 0

1

�
a2

s2
ds

a2

s

s
a2

s

�
b2 � a2 C

a2

s

��
c2 � a2 C

a2

s

�

D
b c

a2

Z 1

0

p
s dss�

.
b2

a2
� 1/s C 1

�s�
.
c2

a2
� 1/s C 1

�

(A.34)

If the surface is a spheroid b=a D c=a D t , where t is ratio of diameter to length (t < 1 for a

prolate spheroid). Substituting t into Eq. A.34 gives

˛0 D
b c

a2

Z 1

0

p
s ds�

.
b2

a2
� 1/s C 1

�

D t2

Z 1

0

p
s ds�

.t2 � 1/s C 1
�

(A.35)
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If the eccentricity e� D
p

1 � t2 is in turn substituted for t in Eq. A.35 and the result integrated

w.r.t. s, then

˛0 D .1 � e�2/

Z 1

0

p
s ds

1 � e�2s

D .1 � e�2/

"
�2

p
s

e�2
C

2 tanh�1.e�p
s/

e�3

#1

0

D
.1 � e�2/

e�3

�
�2e� C loge

�
1 C e�

1 � e�

��
(A.36)

provides the solution of ˛0 for a prolate spheroid. For 0 an equivalent expression may be

written from Eq. A.34, giving

0 D
ab

c2

Z 1

0

p
s dss�

.
a2

c2
� 1/s C 1

�s�
.
b2

c2
� 1/s C 1

� (A.37)

Applying the substitution for t , then for e� and integrating w.r.t s gives

0 D
Z 1

0

p
s dsq�

.1 � t2/s C t2
�

D
Z 1

0

p
s ds�

e�2s C 1 � e�2
�

D
1

e�2
C
�

e�2 � 1

2 e�3

�
loge

�
1 C e�

1 � e�

�

(A.38)

which provides the solution for 0 on a prolate spheroid where
�

e�2

1 � e�2

�
is greater than zero.

A.3 Calculation of ˛0 and 0 for Ellipsoid

A solution of ˛0 for the case of an ellipsoid may be obtained by substituting

�� D
b2 � a2

��2 � 1
� a2 ) @�� D

�2
�
b2 � a2

�
��

�
��2 � 1

�2 @�� (A.39)
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into Eq. A.26 as shown by Band and Payne[36], where �� is a dummy variable for integration.

This gives

˛0 D
�2 a b c�

a2 � b2
� p

b2 � c2

Z 1

b
a

q�
��2 � 1

�3
@��

�
��2 � 1

�
r

1 C .c2�a2/ ��2

b2�c2

D
�2 a b c = E

�
sin�1

�q
a2�c2

b2�c2 �

�
; b2�c2

a2�c2

�

�
b2 � a2

� q
a2�c2

b2�c2

p
b2 � c2

(A.40)

where E is an incomplete elliptical integral of the second kind and = D
p

�1. Care must be

taken if the numerator of the first line of Eq. A.40 is divided by
�
��2 � 1

�
, as when � < 1

this will result in a change of sign. The result on the first line of Eq. A.40 differs from Eq.7 of

Band and Payne[36]. E may be determined from tables or numerically. Elliptical integrals of

the second kind are often solved numerically using the relatively recent results of Carlson [112],

which conveniently solve the elliptical integral equations starting from the form of Eq. A.26.

The NAG libraries [113] provide a routine implementing Carlson’s algorithm in the section

on special functions. This routine was used when pressure on the body of the ellipsoid was

determined.

A.4 Velocity on Ellipsoid Surface due to Translation

The following section calculates the velocity and puts it in a form suggested in Band and Payne

[36] and first presented by Maruhn (see [36]). The velocity of the fluid around the ellipsoid

when the ellipsoid is at rest in a infinite stream of fluid at velocity U0 in the x direction is given

by

qU D r
�

U0 x C
U0 x a b c

2 � ˛0

Z 1

�

d��

.a2 C ��/���

�
(A.41)

where qU is the fluid velocity due to U0. The x component of the fluid velocity due to U0, qUx ,

is

qUx D
@

@x

�
U0 x C

U0 x a b c

2 � ˛0

Z 1

�

d��

.a2 C ��/���

�

D U0

�
1 C

a b c

2 � ˛0

Z 1

�

d��

.a2 C ��/���
C

x a b c

.2 � ˛0/

@

@x

Z 1

�

d��

.a2 C ��/���

� (A.42)
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The partial differentiation of Eq. A.1 w.r.t. x yields

@x

@�
D

2x

a2 C �

x2

.a2 C �/2
C

y2

.b2 C �/2
C

z2

.c2 C �/2

D
1

h2
�

@�

@x

(A.43)

where

h2
� D

1

4

�
x2

.a2 C �/2
C

y2

.b2 C �/2
C

z2

.c2 C �/2

�
I � D �; �; � (A.44)

and h�, h�, h� are metric coefficients. Milne-Thomson [35] provides a clear graphical repre-

sentation of the relation between
@x

@�
and

@�

@x
. The unit normal to the surface of the ellipsoid,

Nn D .nx; ny; nz/, may be expressed in terms of h� ,

Nn D
�

2x

a2 C �
;

2y

b2 C �
;

2z

c2 C �

�
1

j Nnj

D
�

@x

@�
;

@y

@�
;

@z

@�

�
1

h�

(A.45)

where Nn is the normal vector.

The last term of Eq. A.42 may be simplified with the substitution of Eq. A.6, Eq. A.43 and

Eq. A.45, giving

x a b c

.2 � ˛0/

@

@x

Z 1

�

d��

.a2 C ��/���
D

x a b c

.2 � ˛0/

@�

@x

@

@�

Z 1

�

d��

.a2 C ��/���

D �
x a b c

.2 � ˛0/

@�

@x

1

.a2 C �/��

D �
a b c

.2 � ˛0/

1

��

1

h2
�

@x

@�

�
x

.a2 C �/

�

D �
a b c

.2 � ˛0/

2

��

1

h2
�

@x

@�

@x

@�

D �
a b c

.2 � ˛0/

2

��

nx nx

(A.46)

Substituting Eq. A.46 into Eq. A.42 gives

qUx D U0

�
1 C

a b c

2 � ˛0

Z 1

�

d��

.a2 C ��/���
�

a b c

.2 � ˛0/

2

��

nx nx

�

D U0

�
1 C

˛�

2 � ˛0

�
a b c

.2 � ˛0/

2

��

nx nx

�
:

(A.47)

The y and z components of the fluid velocity due to U0, qUy and qUz respectively, are calculated
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in a similar manner, giving

qUy D
@

@y

�
U0 x C

U0 x a b c

2 � ˛0

Z 1

�

d��

.a2 C ��/���

�

D U0

�
x a b c

.2 � ˛0/

@

@y

Z 1

�

d��

.a2 C ��/���

�

D U0

�
x a b c

.2 � ˛0/

@�

@y

@

@�

Z 1

�

d��

.a2 C ��/���

�

D �U0

 
a b c

.2 � ˛0/

2

��

1

h2
�

@y

@�

@x

@�

!

D �U0

�
a b c

.2 � ˛0/

2

��

ny nx

�

(A.48)

qUz D �U0

�
a b c

.2 � ˛0/

2

��

nz nx

�
(A.49)

Applying Eq. A.47, Eq. A.48 and Eq. A.49 on the surface of the ellipsoid, where � D 0, gives

qU0
D

2 U0

.2 � ˛0/

�
.1; 0; 0/ � nx

�
nx; ny; nz

��
(A.50)

and from symmetry

qV0
D

2 V0

.2 � ˇ0/

�
.0; 1; 0/ � ny

�
nx; ny; nz

��
(A.51)

qW0
D

2 W0

.2 � 0/

�
.0; 0; 1/ � nz

�
nx; ny ; nz

��
: (A.52)



Appendix B

Uncertainty Calculations for

Surface Pressure Measurements

B.1 Inaccuracy Estimates

One source of inaccuracy in these measurements is due to the pressure sensor. The Validyne

DP15 was used to measure both the pressure at the tappings and the dynamic pressure from

the pitot-static tube when the contraction factor was determined. This sensor has a stated

accuracy of ˙0:25% of full scale that includes non-linearity, hysteresis and non-repeatability.

The inaccuracy of CPi
, "CPi

may be determined from

"CPi
' "CV1 ref

 
@CP1

@CV1 ref

!
C "CV2 ref

 
@CP2

@CV2 ref

!
C "CVi ref

 
@CPi

@CVi ref

!
C "kcont

�
@CPi

@kcont

�

(B.1)

'
CVi ref

kcont

�
CV2 ref

� CV1 ref

�2 �
�
"CV2 ref

C "CV1 ref

�

C
1

kcont

�
CV2 ref

� CV1 ref

� � "CVi ref
C

CVi ref

k2
cont

�
CV2 ref

� CV1 ref

� � "kcont

where CVi ref
is dimensionless pressure measurement that has been zero corrected for drift in

the Validyne pressure transducer and temporal corrected for fluctuations in the test section
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dynamic pressure. "CVi ref
is the inaccuracy of CVi ref

determined from

"CVi ref
' "VPi �Pref

 
@CVi ref

@VPi �Pref

!
C "VP0�Pref

 
@CVi ref

@VP0�Pref

!
C (B.2)

"ViRose

 
@CVi ref

@VPiRose

!
C "VPRose zero

�
@CVi ref

@VPRose zero

�

'
�
VPi �Pref

� VP0�Pref

�
�
VPiRose

� VPRose zero

�2
�
�
"ViRose

C "ViRose zero

�

C
1�

VPiRose
� VPRose zero

� �
�
"VPi �Pref

C "VP0�Pref

�

where "ViRose
, "ViRose zero

, "VPi �Pref
and "VP0�Pref

are the inaccuracies associated with VPiRose
,

VPRose zero
, VPi �Pref

and VP0�Pref
respectively. "kcont

is the inaccuracy associated with the

calculation of the contraction factor. Propagation of the errors associated with Eq. 4.8 results

in

"kcont
D

1

CV2 ref
� CV1 ref

�
�
"CV4 ref

C "CV3 ref

�
(B.3)

C
CV4 ref

� CV3 ref�
CV2 ref

� CV1 ref

�2 �
�
"CV2 ref

C "CV1 ref

�

Substitution of Eqs. B.2 and B.3 into Eq. B.1 allows a formal estimate of inaccuracy. How-

ever, this neglects that a large portion of the error due to nonlinearity over the full scale should

be eliminated as we do a local “calibration” when we convert it to a Cp. In addition any

hysteresis will only be on a sub-hysteresis curve as the sensor is not being cycled across the

full span of the transducer. (The maximum range occurs between the nose tap, Cp � 1, and a

tapping on the side of the body Cp ' �0:4.) At the lowest Reynolds numbers where the total

pressure is only a small percent of the range of the transducer; applying the inaccuracy associ-

ated with the full scale has a significant influence on the uncertainty estimate. All this neglects

the uncertainty due to the sensitivity of the laminar-turbulent transition which is significant at

the rear of the model. The analysis provided in the main body is believed to provide a better

estimate of the inaccuracy.

B.2 Imprecision Estimates

Analysis of Eqs. 4.6 and 4.7 allow the precision of the measurements of the surface pressure

to be estimated. The slow variation of kcont with Reynolds number results in a negligible
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contribution to the imprecision of the measurements. High precision allows small variations

with Reynolds number to be observed. The precision of the mean (standard error) may be

estimated using

� xCPi

D
�CPip

N
(B.4)

where N is the number of samples and the standard deviation of CPi
, �CPi

, is determined using

the error propagation equation [56]
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, �ViR ose zero
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and �VP0�Pref

are the standard deviations associated with

VPiRose
, VPRose zero

, VPi �Pref
and VP0�Pref

respectively.
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C.1 Spheroid Surface Pressure Distrubutions at ˛ D �6:2ı
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289Figure C.2: Surface pressure distribution on spheroid at ˛ D �6:2ı, 'e D �15ı
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291Figure C.4: Surface pressure distribution on spheroid at ˛ D �6:2ı, 'e D �45ı
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293Figure C.6: Surface pressure distribution on spheroid at ˛ D �6:2ı, 'e D �75ı
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295Figure C.8: Surface pressure distribution on spheroid at ˛ D �6:2ı, 'e D �105ı
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297Figure C.10: Surface pressure distribution on spheroid at ˛ D �6:2ı, 'e D �135ı
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299Figure C.12: Surface pressure distribution on spheroid at ˛ D �6:2ı, 'e D �165ı
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C.2 Spheroid Surface Pressure Distrubutions at ˛ D �10:2ı
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303Figure C.15: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �15ı



304
C

.2.
SP

H
E

R
O

ID
SU

R
FA

C
E

P
R

E
SSU

R
E

D
IST

R
U

B
U

T
IO

N
S

A
T

˛
D

�
1
0
:2 ıFigure C.16: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �30ı



A
P

P
E

N
D

IX
C

.
SP

H
E

R
O

ID
SU

R
FA

C
E

P
R

E
SSU

R
E

M
E

A
SU

R
E

M
E

N
T

S:
C

O
N

ST
A

N
T

A
ZIM

U
T

H
P

L
O

T
S

305Figure C.17: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �45ı
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307Figure C.19: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �75ı
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309Figure C.21: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �105ı
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311Figure C.23: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �135ı
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313Figure C.25: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �165ı
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C.3 Spheroid Surface Pressure at ˛ D �10:2ı, Tripped

xbc= l D �0:3
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317Figure C.28: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �15ı, tripped at xbc= l D �0:3
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319Figure C.30: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �45ı, tripped at xbc= l D �0:3
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321Figure C.32: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �75ı, tripped at xbc= l D �0:3
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323Figure C.34: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �105ı, tripped at xbc= l D �0:3
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325Figure C.36: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �135ı, tripped at xbc= l D �0:3
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327Figure C.38: Surface pressure distribution on spheroid at ˛ D �10:2ı, 'e D �165ı, tripped at xbc= l D �0:3
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Appendix D

Ellipsoid Surface Pressure

Measurements: Constant

Azimuth Plots

D.1 Ellipsoid Surface Pressure at ˛ D �0:2ı
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Figure D.1: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D 0ı
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Figure D.2: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �15ı
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Figure D.3: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �30ı
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Figure D.4: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �45ı
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Figure D.5: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �60ı
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Figure D.6: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �75ı
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Figure D.7: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �90ı
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Figure D.8: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �105ı
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Figure D.9: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �120ı
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Figure D.10: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �135ı
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Figure D.11: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �150ı
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Figure D.12: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �165ı
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Figure D.13: Surface pressure distribution on ellipsoid at ˛ D �0:2ı, 'e D �180ı
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D.2 Ellipsoid Surface Pressure at ˛ D �6:2ı
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Figure D.14: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D 0ı
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Figure D.15: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �15ı
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Figure D.16: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �30ı
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Figure D.17: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �45ı
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Figure D.18: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �60ı
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Figure D.19: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �75ı
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Figure D.20: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �90ı
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Figure D.21: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �105ı
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Figure D.22: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �120ı
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Figure D.23: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �135ı
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Figure D.24: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �150ı
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Figure D.25: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �165ı
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Figure D.26: Surface pressure distribution on ellipsoid at ˛ D �6:2ı, 'e D �180ı
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D.3 Ellipsoid Surface Pressure at ˛ D �10:2ı
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Figure D.27: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D 0ı
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Figure D.28: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �15ı
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Figure D.29: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �30ı
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Figure D.30: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �45ı
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Figure D.31: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �60ı
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Figure D.32: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �75ı
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Figure D.33: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �90ı
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Figure D.34: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �105ı
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Figure D.35: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �120ı
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Figure D.36: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �135ı
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Figure D.37: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �150ı
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Figure D.38: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �165ı
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Figure D.39: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �180ı
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D.4 Ellipsoid Surface Pressure at ˛ D �10:2ı, Tripped

xbc= l D �0:3
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Figure D.40: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D 0ı, tripped at xbc= l D �0:3
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Figure D.41: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �15ı, tripped at xbc= l D �0:3
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Figure D.42: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �30ı, tripped at xbc= l D �0:3
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Figure D.43: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �45ı, tripped at xbc= l D �0:3
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Figure D.44: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �60ı, tripped at xbc= l D �0:3
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Figure D.45: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �75ı, tripped at xbc= l D �0:3
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Figure D.46: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �90ı, tripped at xbc= l D �0:3
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Figure D.47: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �105ı, tripped at xbc= l D �0:3
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Figure D.48: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �120ı, tripped at xbc= l D �0:3
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Figure D.49: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �135ı, tripped at xbc= l D �0:3
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Figure D.50: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �150ı, tripped at xbc= l D �0:3
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Figure D.51: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �165ı, tripped at xbc= l D �0:3
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Figure D.52: Surface pressure distribution on ellipsoid at ˛ D �10:2ı, 'e D �180ı, tripped at xbc= l D �0:3



Appendix E

Critical Point Toplogy

Figure E.1: Classification of the critical point in the [p,q] plane, from Délery [11]
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Figure E.2: The different critical points, from Délery [11]



Appendix F

Traverse Drawings

Interior Teflon Sheet Vertical Axis Roller Screw

Exterior Teflon Sheet

Stainless Steel
Traversing Plate

Vertical Axis Potentiometer

Normal Axis Drive System
And Linear Potentiometer

Normal Axis
Stepper Motor

Stainless Steel Mounting Frame

Horizontal Axis
Stepper Motor

Horizontal Axis Linear
PotentiometerHorizontal Axis

Roller Screw

Vertical Axis Stepper Motor

Limit Switch

Carrier And Collet
For Probe Stem

Figure F.1: Exploded external view of traverse external components (except for main window
and support frame)
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Hydrofoil-section
Probe Support

Fixed Stainless Steel
Stream Plate

Bronze Stream Plate

Stainless Steel Perforated Stream Plate

Internal Horizontal Axis Linear Bearing

Stainless Steel Main Traverse Window

Lower Purge

Internal Vertical Axis Linear Bearings

Electronic
Control Box

Normal Axis Linear
Potentiometer

Horizontal Axis Drive System

Probe Stem

Stainless Steel And Teflon Traversing Plate

Stainless Steel Mounting Frame

Vertical Axis Drive System

300mm Stroke Normal Axis Drive System

Vertical Axis Linear PotentiometerSupport Frame

Upper Purge

Figure F.2: Exploded internal view of traverse



Appendix G

4.2–2–1 Ellipsoid Wake

Measurements
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(a) Non-dimensionalised total pressure
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Figure G.1: Wake measurements with the FRTPP in plane xt= l D 0:76, 250mm downstream of ellipsoid centroid, ˛ D �10:2ı, Re
l

D 1:0�106.
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