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Abstract

For the three dimensional hypersonic viscous compressible flat plate flow, when there is
only small roughness on the wall, its effect can be considered as perturbation to two di-
mensional roughness-free plate flow. To study such a flow problem, we will assume there
is only a single roughness element on the plate, of which the equation is in the self-similar
form n = €Yy(&), where £ = 2z~ 1 and e < 1, and thus the perturbed flow boundary layer
equations will also have self-similar solutions. When solving the boundary layer equations,
we use the Dorodnitsyn Transformation and write the solutions in coordinate asymptotic
expansions. In these expansions, the leading order terms are the solutions to the two di-
mensional flat plate flow boundary layer equations, and the expression of these terms will
be treated as already known since they can be obtained from the Blasius Equation.

The solutions for the perturbation terms show that the perturbations produced by the
roughness are capable of propagating against the flow in the boundary layer. This is de-
spite the fact that in the flow regime analysed in this thesis the longitudinal boundary-layer
equation does not involve the pressure gradient, and this equation can be thought of as

parabolic.
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Introduction

From V2/WAS Corporal, the first artificial object to reach hypersonic speed, to X-51 Wa-
veRider, the latest scramjet demonstration aircraft for hypersonic flight within the atmo-
sphere, considerable research has been carried out on hypersonic flow. Conventionally, the
hypersonic flows refer to those with Mach Number M > 5, but some other flows with
3 < M < 5 may also be considered as hypersonic[7]. Therefore, instead of Mach Num-
ber, a better way to distinguish hypersonic from supersonic is by looking at certain physics
pheonomena which become progressively more important as the Mach number is increased
to higher values [2]. In addition, for some problems, as the Mach number rises, its actual
value is less important, provided only that it is sufficient large[4], so we are more inter-
ested in the limit situation M — oo, and take Mach number as another asymptotic large
non-dimensional parameter besides the Reynolds number in the hypersonic problem.

A three dimensional viscous compressible flow is governed by the Navier-Stokes equa-
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in the Cartesian coordinate system (OzyZz). Usually, the z-axis is chosen to be parallel to
the free-stream velocity vector (V. 0, 0), and the pressure, density and viscosity coefficient
in the free-stream flow are denoted by p.., po and ji, respectively.

Since the physics properties near the surface of the aircrafts are of most interest, the
main subject of the hypersonic flow study is its boundary layer, which is quite different
from the boundary layer in the supersonic or subsonic flow. In the boundary layer in a
hypersonic flow, due to the viscosity effect, a large amount of kinetic energy of the fluid
particles transforms into the heat near the wall, resulting in significant temperature increase
in the boundary layer, so the magnitude of characteristic temperature in the boundary layer
is much larger than that of the free-stream temperature 7., and is of the same order with
that of the stagnation temperature 7y[8]. As a result, the viscosity coefficient, which is a
function of the temperature, is much larger in the main part of the boundary layer than in
the free-stream flow. We will denote it as i, the viscosity coefficient at 7. In addition,
from the ideal gas equation

p = pRT,
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the density p in the boundary layer is expected to be much smaller than p., since p ~ po.

#)

Semi-mfinite Flat Plate with
Small Roughness

2

Figure 1: Three Dimensional Compressible Viscous Hypersonic Flow over Semi-infinite Flat Plate with Small Roughness

In this thesis, our goal is to investigate the process of the propagation of the perturbation
in the boundary layer against the flow. Here the flow is considered in the three dimensional
space as compressible and viscous, with only a weak interaction between the boundary
layer and external inviscid flow, i.e. when the Mach wedge is assumed much thicker than
the boundary layer. The plate, as shown in Figure 1, is infinite in the spanwise direction
with infinitesimal thickness and longitudinal characteristic length L, and is parallel to the
free-stream flow with the leading edge on the z-axis. Accordingly, the Reynolds number is
defined as Re = Vmﬂ%, and the free-stream Mach Number is M, = %’ where a is the
speed of sound in the free-stream flow. Besides, the heat capacity at constant pressure C),
and heat capacity ratio -y are taken to be constants as real gas effects, such that ionization
and chemical reactions, will not be considered here. We shall also assume that the viscosity
coefficient is linearly dependent on the temperature.

If the plate is ideally smooth without any roughness, all the fluid-dynamic variables will
be independent of the spanwise coordinate Z, and also the spanwise velocity component w
will be zero. Hence, it degenerates to, and will be referred to later as, a two dimensional
flow problem. However, on the plate if there is some roughness, the two dimensional

flow will be perturbed, and the spanwise velocity component and the derivatives of fluid-
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dynamic functions with respect to z will be no longer zero, and the flow must be considered
as three dimensional. In fact, if the roughness is much thinner than the two dimensional
flow boundary layer, such change caused by the roughness on the flow can be treated as
small perturbation to the roughness-free case. In addition, we shall assume that the width
of the roughness element is of O(LRe_iMOO). Ruban and Kravtsova have studied a sim-
ilar perturbation problem, in which the roughness height is of O(LhM.,Re™5) and h is
a asymptotically small parameter[11], while in this thesis the thickness of the roughness
considered is much larger and is of O(LeMooRe*%) with € < 1. In [9], it is presented that
if the planform of a wing is has governing equation z = cxt, the flow past the wing will be
self-similar. As for our case, to make sure the perturbed flow admit self-similar solution,
the governing equations of the roughness element should be in the form y = /z f (za:‘%) ,
where f(t) is an arbitrary function of ¢ (details and reasons for these will be demonstrated
in Chapter 1 and Chapter 2, respectively).

To deal with this flow problem, the thesis is structured as follows. Firstly, the boundary
layer equations will be given in Chapter 1, as well as the pressure equation and the boundary
conditions; then the boundary layer equations will be transformed into another form in the
self-similar variables after Dorodnitsyn transformation (Chapter 2), and finally, by finding
the solutions for the perturbation terms in the coordinate asymptotic expansions of the flow
variables, we will figure out how the perturbation propagates to the far field, i.e. upstream
to the leading edge of the plate (Z — 0) or in the spanwise direction to the area where

Z — 00.



Chapter 1

Boundary Layer Equations and

Boundary Conditions

Since our three dimensional flow with surface roughness can be considered as a perturbed
two dimensional flow, we will start with a brief analysis on the two dimensional flow gov-
erning equations in Section 1.1. We shall assume that the roughness is symmetric with
respect to the z-axis, and then without losing generality, the roughness element is set to sit

on the Z-axis and we will only study the perturbation in the Z > 0 hemi-space.

1.1 Boundary Layer Equations

If the flat plate is infinite in the spanwise direction and is without roughness, the three

dimensional flow problem reduces to two dimensional, and the governing Navier-Stokes

(o0, 00\ _ 9p 0 [ (400 200
P\"az "5 )~ "oz "oz |"\30z 305

L O, (20, 90
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Equations are

(1.1a)
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by

T = Lu, y = Loy, o= Hoft,
U = Vyou, U = Vo9, P = PooXP

D= Poo + PocVAT3D,

where the variables without ‘hat’ are of O(1).
From the continuity equation (1.1d), we know o7 = 0,. Then by balancing the largest
viscosity term - (u o5 ) in momentum equation (1.1a) with the convective term ,aa%, it

can be found that
fo Voo _ ﬂooXVo%
o2 L2 L 7’

1

S0 01 = Re_%x_i where the Reynolds number is Re = Voo Lpoo

Ho
To describe the energy transformation process from fluid particle kinetic energy to the heat,

in the energy equation (1.1c) the term pu " should be balanced by the largest viscous term

2
containing velocity variables, which is [ (a_y> , glving us h ~ V2. Considering the state
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equation (1.1e) along with this estimate of the magnitude of h , we can write

ie. x =M

Since the dimensional displacement thickness § is of the same order of magnitude with ¢,
the pressure distribution at the outer edge of the boundary layer, according to the Ackeret

Formula, is

B/ e )i

) — o — oovozo ~ P Vo T YY—Y—/—/—
P—Poo=p T TR
Y v (1.2)
= Poo 020 j\/[i 001 = pOOVOQORe %

and it follows that o3 = Re~z. If the dimensionless form of the displacement thickness &

is given by 6 = LRe™2M..d, then in the two dimensional flow it should be calculated as

or
&@zf (1 - uxp) dy. (1.3)

Yw

where 7 denotes the dimensionless boundary layer thickness, or in the three dimensional
flow[6],

o ) T o
d(z, 2) =/ (1 —uxp)dy — &/0 / (wxp) dydz. (1.4)
Yw

Yw

Remember that in hypersonic flows the boundary-layer thickness is a well defined quantity.

1

T in both two dimensional and three dimensional

Taking into consideration that y =

cases, we can write the relation between ¢ and 7 as

5z, 2) = 67(x, 2) (1—0 (M%)) +een, (1.5)

which means, to the leading order, the displacement thickness J can be taken as equal to
the boundary layer thickness dr.

Therefore, the scalings of the variables in the boundary layer of the two-dimensional flow
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are given as

& = Lz, (1.6a)
j = LRe™> My, (1.6b)
= Voou(z,y), (1.6¢)
b = VaeRe 2 Muoov(z, y), (1.6d)
p= ]\Z—zp(x, ). (1.60)
P = Poo + pocVERE Ip(z, y), (1.6f)
h=V2h(z,y), (1.6g)
i = popl, y). (1.6h)

Then in the flat plate flow problem with small surface roughness, the aforementioned two
dimensional flow is perturbed so that there is a pressure difference along the span-wise
direction. This leads to the fact that the velocity component in the z-direction is no longer
zero, and perturbations of other variables will also arise. Nevertheless, since the roughness
is much smaller compared with the thickness of the boundary layer, the order of magnitude
of the flow variables will not be changed, so we can still use the scalings (1.6) for most of
the the three dimensional flow variables, with the only extra work needed concerning the
scalings of w and Z.

Since the non-zero spanwise velocity component w arises from the pressure difference in
the z-direction, the convective term should be balanced by the pressure term in Equation
(3), which is

(1.7)

Then if there is balance
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in the three-dimensional continuity equation (5), we can combine it with Equation (1.7) to

conclude that

1

2~ LM, Re 1, (1.9)
W~ Vo My Re™ 1, (1.10)

and that the corresponding scalings are

2= LRe i Mz, (1.11)

w VOOMOORe’%w(x, Y, 2), (1.12)
where z = O(1) and w = O(1). In fact, if the span-wise width of the roughness element
is much larger than O(LMOORe‘i), then the range of the area affected by it will definitely
also be much larger than O(LMOORe_i), so, according to (1.7), the span-wise velocity
component w will be much smaller than O(VOOMOORe*i); as a result, the third term will
be much smaller than the first and second term in the continuity equation (5), which means
that only the next order term in the asymptotic solution, with respect to Re and M, of &
and v will ‘feel’ the perturbation caused by such a roughness element and which therefore
is not what we mean to study. Hence, we will restrict the width of the single roughness
element to O(LMooRe_%) to make sure the width of the region perturbed by it is also of
O(LMRe 7).

After the substitution of the scalings of all the variables into the three dimensional Navier-
Stokes equations and working with the leading order terms, the boundary layer equations

are obtained as

0= 2—5, (1.13b)
p<u%+v%+w%> = —%4—% (,ug—z)) , (1.13¢)
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dpu) O(pv) Jd(pw)
2 o + 52—, (1.13¢)
1

h = m (1.13f)
Since the momentum equation (1.13b) tells us the pressure does not change across the
boundary layer, we can also write p(z,y, z) as p(x, z) in the boundary layer. However,
apart from providing this information, Equation (1.13b) does not seem to be helpful in
finding the pressure distribution in the boundary layer, so we need to find another equation
for p. Although the Ackeret Formula (1.2) is usually only for two dimensional flows, it
is also applicable for our three dimensional flat plate flow, which will be proved in the

Appendix A, so
dé(x, z)

ox

p(z,2) = (1.14)

is the pressure equation required and at the moment the displacement thickness ¢ is just
taken as a known function. Now, we will need to formulate the boundary conditions for the

equations (1.13).

1.2 Boundary Conditions

Since the boundary layer equations, except the state equation and continuity equation, are
parabolic, we will need to find the boundary conditions for u, w, h at the leading edge of
the plate (z = 0), the roughness surface (y = y,,(x, 2) = eyo(x, 2)) and the outer edge of
the boundary layer (y = ¢), respectively, where ¢ < 1 and yo = O(1). As for v, we only
need to know its boundary condition at y = v,,.

Before looking at the boundary condition, we can adopt the Prandtl Transformation

=1z, (1.152)

y* =y — Yo, (1.15b)

Z* =z, (1.15¢)
)

o= v+ ey 1 Y0 (1.15d)
ox 0z
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0 =0"+ eyo, (1.15¢)

to shift the boundary conditions from y = y,,(z, z) to y* = 0. In addition, after applying
it to the boundary layer equation system and discarding the ‘star’ afterwards, all the equa-
tions, as well as the boundary conditions at y = 0 and y = ¢, are left unchanged, while the

equation for p becomes
00 n Yo
= — +e—.
ox Ox

Now we will start to analyse the boundary conditions.

p (1.16)

As the flow is undisturbed at the leading edge of the plate, the first boundary condition is
u=1, w=20 at z=0. (1.17)

At the roughness surface, because of the impermeability condition and the no-slip condi-
tion, we should have
u=v=w=0~0 at y=0. (1.18)

Then at the outer edge of the boundary layer, the longitudinal velocity component # is
almost V., and the span-wise velocity, as shown in Appendix A, is of O(VOORe‘iMogl).

Thus, to their respective leading orders,
u=1, w=0 at y=0(x). (1.19)

As for the enthalpy term h, since h = ho, = ﬁ% at both the leading edge of the plate

and the outer edge of the boundary layer, we can get h = i

m. Therefore, if we only

keep the leading order terms, these boundary conditions become

h=0 at =0 (1.20)
h=0 at y =0(z). (1.21)
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In addition, the wall temperature is assumed to be constant, so the enthalpy / on the wall

is also a constant, which is denoted by h,,,

i.e. h = hy, at y=0. (1.22)

We have now acquired all the equations and boundary conditions needed. However, in the
pressure equation, the exact expression of ¢ is not known yet. Although (1.4) can give
us the relation of the displacement thickness with the density and velocity, we can make
use of the equivalence between the displacement thickness and boundary layer thickness in
hypersonic flows to get a simpler formula for d. To achieve this goal, we will introduce the

Dorodnitsyn Transformation in the next chapter.
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Chapter 2

Dorodnitsyn Self-Similar Solution

In this chapter, we will use Dorodnitsyn Transformation to get the relation between the
pressure and density (or enthalpy) in the boundary layer. Meanwhile, adopting this trans-
formation will also allow us to exclude the viscosity coefficient from the equations, which
makes our future analysis process much simpler. After that, the self-similar form of the
solution can be expected, and we will see how the boundary layer equations with respect

to them look like.

2.1 Dorodnitsyn Transformation

The Dorodnitsyn variables are introduced as

Yy
T=ux, gy = / p(x,y, 2)dy, zZ=z, (2.1)
0
with the density and pressure being
p(z,7,2) = plx,y,2), (2.2)

p(z,2) = p(z, 2). (2.3)
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Then, using the chain rule, we will have

0 o 0y 0
=4 2 24
or  0i 00y (2.42)
0 0
— — 2.4b
oy~ "oy (2.4b)
0 0 0y o
— = 4 L= 24
9. 0 @ 0207 (2.40)
From the equation (2.4b), it is obviously that
10
dy  poy’
and therefore
dy 1
9 P
In addition, from (2.1) it follows that y = 0 at y = 0. The inverse transformation from ¢ to
y hence is
9y 1
y = / =dy. (2.5)
o P
Since at the outer edge of the boundary layer p = O(M?2), we can expect
s
g‘yzﬁ = / p(l’,y, Z)dy =0 (26)
0

in a hypersonic flow. As a result, the dimensionless displacement thickness is given by

5:/ id@ 2.7
o P

and the pressure distribution can be calculated as

95 | Oyo(w,z) 0 (1 Oyo(d,2
P(ﬂ@z):p(w,z):%Jre%—%/o wol#, %)
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By using the chain rule differentiation (2.4a)- (2.4c), the boundary layer equations (1.13)

are transformed into

220 500, 08 _ 9 (500 (2.9a)
Yoz Ty "oz ~ag \ag ) '
0w _Odw 0w 10p 0 (_._0w
oo bt = = o | i 2.
Yar " Ve TVezr T 5oz ' a5 (“pag)’ (2.95)
o ‘ag " Vaz " pProg\"Pa; ) "1 \55) ‘
ou 0v  Ow
=t ot 57 =0 2.9d
o "oy o0z (2.9d)
~ 1
h = — (2.9¢)
(v—=1)p
Here
a(£73~77 5) = U(l’,y, Z)a (210&)
(2,9 ~)—u@%—v —i—w@ (2.10b)
7% - 8.T p aZ’ .
W(Z, 7, %) = w(z,y, 2), (2.10¢)
hE,§,%) = h(z,y, 2), (2.10d)
ﬁ(j7gv 5) = H(if,y,z) (2106)
From the state equation, it follows that
- [l V2
ip=—t = e 2.11)
(y=Dh  po(y—1)h

Because of / = C,T and ji oc T, the ratio of viscosity coefficient and the enthalpy should

remain constant, say,

% _ Z%: - /;_Z (2.12)
Here hq denotes the enthalpy at the stagnation temperature 7 and, from the Crocco’s Inte-
gral,

hO:hooqLV—"i. (2.13)

2
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Remembering

2
hoy = —L P 9 (2.14)

Y=1po =1
we can combine it with Equation (2.11), (2.12) and (2.13), and then we will have

fip = ——. (2.15)

Therefore, the combination /ip in the boundary layer equations (2.9a)-(2.9¢) only works as
a constant. Furthermore, this constant can be eliminated by adopting the transformation
vy—1_ vy—1_ vy—1_

B Z, Z/:Tya = 9

Tr =

and the boundary layer equations and the pressure equation turn into

J0n 0u  ou o

Yoz "oy T"oz T o

ow _Ow ow 10p O*w
lee + U F Woe = —— = — 2.16b
uaj:JrU@ngwaz paz+892’ ( )

(2.16a)

_Oh +_aﬁ N Oh 1 8h  [0u\® 2.160)
U= + Ve F W = — == — .
ox oy 0z Pr oy? oy )’
ou 0v Ow
D B 2.16d
8f+8@+82 0 2.16d)
_ 1
h=——, (2.16¢)
(v=1)p
p= 3_/ Lgg 4 0lT:E) (2.16f)
ox Jy p 0z
Here m(z,y, z2) = m(Z, 3, Z) with m being u, v, w, h, 1 or p, and yo(T, z) = ”T_lyg(f, Z) =
1y (247, 21%)

If the state equation (2.16e) is substituted into (2.16b) and the pressure equation (2.16f),

we can also get rid of p, and this yields

Ow _Ow _O0w _0p O*w

- o [~
p=(r-1)5 /0 hdy + e=———. (2.17b)

00(7, 2)
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So far, we have reduced the number of dependent variables necessary for obtaining the
pressure distribution and velocity profile of our flow. Then we can find out the self-similar

form of the solution to our problem, in which there will be only two independent variables.

2.2 Self-similar Solution

The self-similar form of the solution can be found via adopting invariant affine transforma-
tions that leave all the boundary layer equations and boundary conditions unchanged, and

these transformations are assumed to be

T = aws, y = by, Z = Czy,
u(z,y, Z) = duy(x2, Yo, 22), o(z,y, Z) = evy (22, Yo, 22), (2.18)
w(w,y,2) = fw(e,ys, 22), h(z,y,z) = gha(x2, Y2, 22).

P(x, 2) = qpa(x2, 22),

where a, b, ¢, d, e, f, g and g are constants.
Substitution of (2.18) into the boundary layer equations (2.16a),(2.17a),(2.16¢),(2.16d) and

the pressure equation (2.17b) results in

d* Ouy de Ouy df Ouy  dDPup

@ 2200, T e 0 T oz 2.1
uz Oy + b (o 90 + wz D2y B2 Oyy? (2.19a)
df Owy , ef Ows f 0, 2w _ 9 Lt vy,
T 8LU2 * b b2 ayg T 822 o ( )h'2a b2 a (219b)
d‘g ah2 €9 ah? fg ah? g 1 82h2 81@
4 U2 8.7)2 + 'U2 8y2 + - W2 822 - b2 Pr ay22 8y2 ) (2190)

d@uz edvy  fOws
e o2 _ 2.19d
a8x2+b8y2+0822 0, (2.190)

bg g [ Oyo(axa, czo)
— 1)L hpdy, 2P Z2)
qp2 0 (v )3372 /0 20Ys + € w0z,
(2.19¢)
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As for the boundary conditions, we have

i=0=w=0h=h, at 7§=0,

(2.20a)
i.e. dus = evy = fwe =0, ghy = hy, at bys = 0,
a=1,w=0,h=0 at §=o0,
(2.20b)
i.e. dus =1, fwy =0, ghy =0 at bys = o0,
u=1 w=0,h= at =0,
(2.20¢)

1.€. dus =1, fwy =0, ghy =0 at axrs = 0.

We shall assume that the affine transformations (2.18) leave the boundary layer equations,

the pressure equation and boundary conditions unchanged, i.e.

8U2 0uQ 81@ 62U2

- —= === 2.21
Us By + v 90 + wo 0z Oyt (2.21a)
3p2 0211;2

811)2 a’wg 811)2 . (’y 1)h T
= — — p——

— — — 2.21b
Oy () ay2 Wa 97, 97, ay22 ) ( )

Uy ZZZ + v ZZ; + wy g}z = Pirfy’;; (%)2 , 2.21c)
g_: N g_;’z n ((99_‘;’22 0, (2.21d)
pe=(7— 1)% /OOO hadys + E%{;’@), (2.21e)
and boundary conditions
Uy = Vg = wo = 0, hy = hy, at Yo = 0, (2.22a)
g =1, wy =0, ho =0 at Yo = 00, (2.22b)

Ug = 1, Wy = O, hg =0 at To = 0. (222C)
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By comparing the above two sets of equations and boundary conditions, we can find the

relationship between the affine transformation coefficients,

g:gzé, (2.23a)
dg - bi'i, (2.23b)
%:%:é (2.23¢)
%:%:%, (2.23d)
q= %g) (2.23e)
d=g=1, (2.23f)

and to make sure we can acquire a self-similar solution, a restriction should be put on the

surface roughness governing equation such that

1
a—qgo(a@, cz) = Yo(xa, 22). (2.24)

We see that a can be treated as a free parameter, while the other coefficients which satisfy

(2.23) can be found as

1 3

b=az, c=a+, d=1,
_1 _1

e=a 2, f:a 1, g:l)
_1

q:a 2

It should also be noticed that the equations and boundary conditions for the variables with
subscript 5 have the same form with those for the variables with ‘bar’. This means that the

solution to the boundary layer problem (2.21) and (2.22) should be

Ug = fL(ﬂjQ, Y2, 22)7 (2253)
Vo = U(T2, Y2, 22), (2.25b)
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wy = W(x2, Yo, 22), (2.25¢)
po = p(x2, 22), (2.25d)
hy = h(x2,ya, 22). (2.25¢)
(2.251)
Therefore, we can write
U(Z, 7, 2) = up(xa, Y2, 22) = Ula™'Z,a" 2§, 0" 12), (2.26a)
0(z,9,2) = CL_%UQ(.IQ, Y2, 29) = a_%ﬂ(a_lf, a_%g, a_%é), (2.26b)
w(Z,y,z) = a‘iw2(x2, Y2, 22) = a‘iw(a_lf, a_%gj, a_%Z), (2.26¢)
h(Z,7,2) = ho(za, Y2, 20) = h(a'7, a_%g, a_%é), (2.26d)
p(z,2) = a*%pg(xg, Z9) = a*%ﬁ(afli;, a*%Z). (2.26¢)

Since a is an arbitrary constant and these functions does not really depend on it, to hide a

the solution should have the form

w(z, 7, 2) =u(l,z 72y, 37 12) = U(n,§), (2.27a)
o(z,5,2) =z 20(1, 272y, 37 12) = 22V (n, ), (2.27b)
w(z,75,2) =z w1,z 2y, 12) = 2 iW(n,§), (2.27¢)
Wz, 5,2) = h(1,z 29,2 12) = H(n,§), (2.27d)

p(z,2) =7 2p(l,7 12) = 7 2P(£), (2.27¢)

with 7 and ¢ denoting f_%gj and 771z, respectively. Similarly, we see that the condition

(2.24) will be satisfied only if the roughness function is such that

7= €jo(7,2) = eVITYo(5), ie. n = eYy(§), (2.28)

I
»Moa| A

where Y () is an arbitrary function of &.

Now we need to substitute (2.27) into the boundary layer equations (2.21) and the boundary
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conditions (2.22). From the chain rule

o ddan 90 1nd 3¢90
5 " onor " 0tor 210y 470
0 _ 00y _ .0
oy ooy on’
o 008 50
9z ocoz U ae

the boundary layer equations (2.21) become

<—%nUa% - %Ua%) U+ Vaa—g + W%—g = 8;7[;,
(—% - %nUa% - %U%) W+ v%—:/ + W%—Vg
=—(7—1)H%—§+857V2V,

i

ou
on

).

(2.29a)
(2.29b)

(2.29¢)

(2.30a)

(2.30b)

(2.30c)

(2.30d)

p— (% _ zg(%) ((V —1) /Doo Hdn + eYo<§>> :

and the corresponding boundary conditions are

U=0,
V =0,
at n =0,
W =0,
H=H,
U=1,
and W =0, at N = 00.
H=0

(2.30e)

2.31)

(2.32)
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Since both £ — 0 and 2 — oo correspond to & — oo, to understand the behaviour of
the perturbation induced by the surface roughness near the leading edge of the flat plate
or considerably far from the Z-axis in the span-wise direction, we only need to know the

solution for the perturbation terms as & — co, which will be the task in the next chapter.
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Chapter 3

Propagation of the Perturbations

towards the Far Field

Since our flow considered is a perturbed two dimensional flow, we need to solve the two

dimensional flow problem first. In this case, the boundary layer equations (2.30) can be

written as
1 ou _ *U
V —ZnU 3.1
(o) 222 o
1 \NoH 1 &H [(oU\
V — ZnU — 3.1b
( n)é‘n Pv“8772+<5‘77) ’ G
1 oU 8V
3.1
3 377 , (3.1¢)
/ Hdn. (3.1d)
They have to be solved with the boundary conditions
U=0,
V=0, at n =0, (3.2)
H=h



Chapter 3. Propagation of the Perturbations towards the Far Field 27

and

U—1,
as 7N — 0. (3.3)
H—0

The solution to this two dimensional flow problem will be denoted by ug, vy and hy. To
solve this equation system, we will introduce a new function ¢/ = U with ¢(0) = 0, and
hence, V' = %ngb’ — %gb. From the longitudinal momentum equation (3.1a) and the continuity

equation (3.1c), the function ¢ should satisfy the Blasius Equation

1
¢ + §¢¢” =0. (3.4)

1.0 5

0.6 e 3
) / L 90
0.4 z 2

7/
7/
4
/|
7
0.2 ~ 1
7
~
7
— 0
0 1 2 3 4 5
n

Figure 3.1: The solution to the Blasius Equaion. The solid line represents ¢(7) and the dashed line represents ¢’ (1)[10]

Apart form the boundary conditions in the definition of ¢, another boundary condition for
¢ is ¢'(c0) = 0, coming from the condition that U — 1 as  — oo. Since the numerically
solution to this equation, as shown in Figure 3.1, is well known, the solutions for v, vy and
ho will be treated as known functions. Particularly, as n — 0, the solution to the Blasius

Equation is

1
6= 5" +0(r"), (3.5)
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where A = ¢”(0) and its numerical value of \ is 0.3321 approximately[1]. It further follows
from (3.5) that

U= \n+0(n"), (3.6a)

1
V= me +0(n°). (3.6b)

Substituting (3.6) into the energy equation (3.1b) and using the fact that % =0atn =0
gives us

H=h,— %)\2772 +O0(n°). (3.7)
Besides, the pressure equation (3.1d) tells us that P is independent of 7 in the boundary
layer for the two dimensional flow.
Now turn back to the three dimensional problem. Approaching the leading edge of the
plate or the region far from the roughness, we will have x — 0 or z — oo, and both of
these two situations are equivalent to & — oo. In the z > 0 half space, this process can be
visulized as going from the dark orange line ¢ = &; to the light blue line £ = &3 in Figure

3.2. Therefore, to study the far field perturbation arising from the roughness, we need to

=& =5

Figure 3.2: The contour lines of &

solve the perturbation term as & — oo. Since the span-wise width of the area perturbed
by the roughness is expected to be larger than the width of the roughness itself, there must

exist &g > 0 such that when £ > &, the roughness height is zero but the flow variables
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can still ‘feel’ the perturbation. Therefore, as & — oo, the three dimensional flow pressure

1 3.0 >

As in the triple deck theory, we shall assume that the boundary layer splits into viscous

equation will become

sublayer and inviscid main part of the boundary layer, which is shown in Figure 3.3, and

outer inviscid flow

main part of

the boundary layer n=0(

sublayer nef =o0(1) (&> 1)

c ]
wall

Figure 3.3: The Triple Deck in the "Far Field’

that the thickness of the viscous sublayer is defined by s = n¢” = O(1) where ¢ — oo.
Since the perturbation to P tends to zero as £ — o0, in this sublayer the pressure is assumed
to be

P=Py+- - +e"e ™ py+---. (3.9)

Here o and A are positive constants and their value will be found later, and -, is an arbitrary
constant parameter (Due to the fact that |y,Iné| is much smaller than AE® when { — oo,
the choice of this parameter 7, is of no importance for further analysis). Accordingly, to
keep the usual balance between the terms in the boundary layer equations, we shall seek

the solution in the form

U=€P\s+-- +eg"e U (s) + - (3.102)
A «@

V= 5*25152 4+ —|—€£7267A£ %(5) 4+ (3.10b)

W = €€ MW (8) + -, (3.10c¢)

P o«
H = hy — 5—257’)232 T e e A H () 4 - - (3.10d)
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where Uy, Vi, W, and H; are all of O(1). Similar to the situation in the triple deck theory,
we shall assume that U; tends to a constant, say, ag as s — oo. Then the solution for U in

the main part of the boundary layer should be sought in the form
U =ug(n)+ -+ e Uy(n). (3.11)

According to the lateral momentum equation, there should be balance between the convec-

tive term, the viscous term and the pressure term, say,

9

1 19) 3
(—577 8_77_15 o€

P 2
% 0 ald (3.12)

W~ Hoe ™~

By only looking at the exponential perturbation terms in this balance, it can be concluded

that
573+a—B€€—A§“ ~ §7p+01—1€€_A5a ~ 573+2566—A£a

ie. Y3+a—F=9+a—1="vy+25. (3.13)

If Pr =1, it is known from the Crocco’s Integral that

1—U?
H = , (3.14)
2
so even when Pr # 1, we can still use the estimation H ~ # and this gives us
=B (3.15)

and, from the pressure equation (3.8),

1 3.0 o
P = (5_158_5>/0 (y—1)Hdn

a o0
~ el Hd 3.16
565/0 n (3.16)

o [*1-U?
), 3
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Using (3.11) in (3.16) and taking into account that the perturbation term of P is of O (e e=2"),

we find

Y =T+ o (3.17)

Finally, balancing the three terms in the continuity equation, say,

1 0 3 0 ow oV
(=573~ 156) U~ 3¢ ~ 5y G19
we can see that
nmta=yt+a—1=vm-+p. (3.19)

Solving the equations (3.13),(3.15),(3.17) and (3.19), we have

3 1
a_§7 6_57
1

3
N=%" 5 PREB=N T T = Yp — 2.

Therefore, in the sublayer, the coordinate asymptotic expansions of the variables are

U=¢hstee b 3 A () £, (3.20a)
V’::51252-%~~~ -+€€W‘%6’A£%Lﬁ(s)+—~~-, (3.20b)

- € e AR (s) 4, (3.200)
H:mf{*%ﬂf+u-ﬁwﬂa%%m@+m, (3.20d)
P=P+--- +¢%g%£pw+~.- (3.20e)

Substituting (3.20) into the boundary layer equations (2.30) and considering the perturba-

tion terms only, we can arrive at

A(%Adﬁ@)+vu@>::Uﬂg, (3:21a)
gAAsWﬁ@)::§£%;lzthpm—%ﬂdXSL (3.21b)

1 1 !
zA)\sHl(s) — Pra?sVi(s) = P—H1 (s) +2AU,(s), (3.21c)
r
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SAUL(s) + Vi (s) = S AT () = 0. (3.21d)

The no-slip and impermeability conditions for these equations are

U,(0) =0, (3.22a)
Vi(0) =0, (3.22b)
Wi(0) =0, (3.22¢)
Hy(0) = 0. (3.22d)

To solve the set of equations (3.21), we introduce a new function f = U; — %Wl , and then

the equations for f and V) can be deduced from Equations (3.21a) (3.21b) and (3.21d) as

gAAsf(S) +AVA(s) = —=2(y — DhyApio + [ (s), (3.23a)

gA f(s)+V/(s)=0. (3.23b)

Here V) can be eliminated by differentiating (3.23a) with respect to s and using (3.23b).

This leaves us with

"

gA)\s £s) = £ (s). (3.24)

The general solution to this Airy equation is

f(s) = CiAi ( (gA)\) ’ 5> + CyBi <<§A)\> ’ s> : (3.25)

where Ai(s) is the Airy function and Bi(s) the Bairy function. Since Bairy function
1

Bi((gA)\) 3 5) is exponentially growing when s — oo while the derivative of neither U

nor W is expected to be exponentially large as s — oo, the coefficient C'; must be set to

zero, and we will have

f(s)=0Cy /OS Ai (0s) ds, (3.26)
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where 6 denotes (%A/\)%. It is well known that fooo A(z)dz = % Hence, it follows from

(3.26) that
¢l

li = —. 3.27
I 169) = 5 621
Then according to Equation(3.23b),

Vi=Bs+--- as s — 00 (3.28)

. _ 3AC
with B = — T

To find U;, we need to know the behaviour of W7 when s — oo first. For this purpose,

we will consider Equation (3.21b) with the following possibilities at the outer edge of the

sublayer.
1. If gA/\sI/Vl(s) and @hwflpm are the leading order terms here and balanced by
each other, we could have W; — % as s — oo, with £ = @hw% being a

constant, and hence, W, (s) = O(s~?), which is much smaller than the other terms

as s — oo;

2. If Wl” and 3(72_ 1)thp10 are assumed to be the leading order terms and balanced,
then W; = O(s?), which makes %A)\SWl be of O(s?) and become the leading order

term. Obviously it contradicts our assumption;

3. If %A)\swl and Wlﬁ are the balanced leading order terms, the solution would be
either of the same order with Bairy function, which makes the solution exponentially
large near the outer edge of the sublayer, or Airy function, which results in the fact
that these two terms are too much smaller than the constant term to be leading order

terms, so conflict also arises here.

Therefore, only the 1st case will not lead to a conflict, and the solutions for 1 and U, are

o) as s — 00. (3.29)
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This result verifies our earlier assumption about U; being a constant as s — oo and shows

us that 'y = 30ay. Similarly, we can deduce from energy equation (3.21c) that

B SPr)\B

H
! 9A

sS4 - as 5§ — 00. (3.30)

Now, using the principle of matching of the asymptotic expansions, we can see that in the

main part of the boundary layer the solution has to be written as

3
U =ug(n) +--- e 2 Usln) + -, (331a)
3
Vi=vg(n) + oo Here V() 4o (3.31b)
3
W = € e A WL (n) 4 - -+ (3.31c)
3
H=ho(n)+- +e® 2e  Hy(n) + -+, (3.31d)
3
P=Py+--  +ePepy+---. (3.31e)
Substitution of (3.31) into the boundary layer equations (2.30) results in
9A /
?uoUg +uyVa =0, (3.32a)
3
ZW2UO = (v = 1)pioho, (3.32b)
9A /
?uOHQ + ‘/Qho = O, (332C)
9A ,
?Ug +V, =0. (3.32d)
It directly follows from (3.32b) that the solution for W5 is
4(v — Dp1oh
w, = 0= Upwho (3.33)

3'LL(]

If we combine (3.32a) and (3.32d), it will give us

uoVy — upVa = 0, (3.34)
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which means that V5 /v is a constant in the main part of the boundary layer. To find this
constant, we need to perform the matching of V5 and ug with the solution in the viscous

sublayer. We know that near the wall (as n — 0)
U0|n%0 = A7, (3.35)
and, from the matching
3 3
g’Yp_%e_AE2‘/1(S)|S—>oo = gype_AE2V72<n)|n—>Oa (336)
we see that the asymptotic behaviour of V5 as n — 0 is
_1 19 1 9
‘/2‘7)%0 = 6 2‘/1|s%oo = 5 2§Aa077€2 = —gAGOU- (337)

This shows that the sought constant is —(9Aag)/(8)),

9ACLO

1.e. Vo=— 3

Uo. (3.38)

The solutions for U; and H, can be obtained through substituting (3.38) into the momentum

equation (3.32a) and the energy equation (3.32c). We have

ag

Uy = Xum (3.39)
Hy = %hg. (3.40)

Substituting the coordinate asymptotic expansions of H (3.31d) and P (3.31e) into the

pressure equation (3.8), the value of pyq is obtained as

9A o 9Aa
po="50=1) [ Hady =~ ~ D, G4
0
and thus )
Aag(y — 1
W, — —3Aa(r = D7hy e (3.42)

2\ U .
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Furthermore, the solution for f (3.26) tells us that

£7(0) = C10Ai (0) (3.43)
while it is shown from the first equation regarding f, namely (3.23a), that
f(0) =2(y = 1)hy Apro, (3.44)

so we can collect the above two equations and use the value of p;y given in (3.41) to know

o

_3
2

haw?.

Njw

A = 3i)i |Ai'(0)

(v—=1)" (3.45)

Therefore, by substitution of the solution (3.38), (3.39), (3.40) and (3.42) into the coor-
dinate asymptotic expansions (3.31), these expansions can describe the far field flow be-

haviour perturbed by the small roughness on the wall.
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Conclusion and Discussion

For the three dimensional hypersonic viscous flow over semi-infinite flat plate with small
roughness, near the leading edge of the plate or far from the roughness in the span-wise

direction, the perturbed flow is described by

3
U=uy(n)+--- + <e§7pe_A5§a0

3
V=wn)+- - <€f%€_A§QGO

3
H=nho(n)+--- + (65%6_1%2@0

)
)

W— _ (eg%e—f“ﬁgao) 5—1—2_ geen
)

3
P=PFP+--- - <6§7P6_A5§a0

in the main part of the boundary layer, or

P:PO+... —

1 3
U=E32As+--- —|—<€f% 2e %00 ) 4
3
V:§_1282+--- —<ef”"_%e—A52a0) %s—k- ,
1 a6k 3(y—1)%h2 A
W = _<€€'yp 56 A§2a0)§(’y )\)2 1 7
L Prs o, o A
H=hy =N 4 —(65% e a0>Pr)\s+---,
< 9

at the outer edge of the sublayer.

Here ug, vg, hg and P, are the solutions to the unperturbed two dimensional flow problem
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and

]

_3
2

huw?.

Y

A =33\ |Ai'(0)

(v—1)"

We can recall that in our case the perturbation propagates in the £-increasing direction,
corresponding to travelling from the line £ = &; to the line £ = &3 in Figure 3.2. From the
definition of &, whichis § = % we know that £ — oo is equivalent to z — 0 for a fixed Z,
or Z — oo for a fixed z. Theg;efore, one conclusion we can draw from our analysis is that
in the boundary layer the perturbation can propagate not only in the spanwise direction, but
also upstream towards the leading edge.

Furthermore, it can be shown that for a given a and -, the far field (¢ — oo) perturbation
only depends on the enthalpy near the wall (or the wall temperature), which mainly affects
the decay speed of the perturbation, and the undisturbed plate flow behaviour, provided that
the heat capacity remains constant everywhere. In addition, it can be seen from the power
of £ that, as £ — oo, the perturbation to U and H decays fastest, W has the second largest
perturbation decay speed, and the roughness effect on P and V' reduces slowest.

However, in fact only the relative value of the perturbation with respect to {77 ayq is explicit
instead of the absolute value, as the exact values of ag and -, are not really known yet or
proved to be the same for different types of roughness. It should be also noticed that no
detail about the roughness is included in our solution, so it is probably that the value of these
two parameters, especially ag, which is the value of U, as 7 — 0 and which indicates the
strength of the perturbation, might be dependent on the detailed structure of the roughness.
To find the values of a, and 7,, we may need to understand the perturbation behaviour in the
near field (£ = O(1)), and this task can only be accomplished after obtaining the numerical

solution of the entire boundary layer problem through the finite difference method[12].
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Appendix A

Ackeret Formula for Three Dimensional

Hypersonic Flow

In the inviscid flow above the boundary layer, with the non-dimensionalization transforma-

tion

r = Lz, y = Ly, zZ=
a = VOOU) @ — VOOU7 ’(Z) _—
P = Poops D= Poo + PocVED, h=V2h

we have to solve the three dimensional Euler Equations*

— 5

On ah%—w% —u@nLv@—irw@
or  Ou 0z) “0x Oy 0z’

(A.la)

(A.1b)

(A.1¢)

(A.1d)

*Here the symbols without ‘hat’ only denote dimensionless variables and some of them may not be O(1),

which is different from how they are defined in Sectionl.1.
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9 (pu) N A (pv) N d (pw)

=0 A.l
Ox oy 0z ’ (A.le)
v 1 1
h = - : Al
v—=1p <7M§o +p) (A1
We know that in the perturbation region
#~L,  2~LReiMy, = po~ pooVERe 2, (A.2)

so after the non-dimensionlization transformation,
1 1
x~1, 2z~ Re 1M, p~ Re 2. (A.3)

Since in the overlapping region of the boundary layer and the outer inviscid flow there is

balance

0w Op
Pas ™ Bz

considering & ~ V,, and p ~ p., to the leading order, the order of magnitude of w can be

found as
W = O(VoeRe 1 MY, (A.4)

In the inviscid region of the two dimensional flow, the impermeability condition is satisfied
on the surface of the thin effective body, which is acquired by augmenting the real body
with the displacement thickness of the boundary layer, so the deflection angle is quite
small, or more precisely of O(Re*%]\/[oo) as the dimensionless thickness of the boundary
layer is of O(Re_%MOO). This tells us that the shock wave is supposed to be so weak that it
degenerates to the Mach line y = MLOOQU in the two dimensional plate flow[10]. Therefore,

even in the three dimensional case, the dimensionless thickness of the shock layer is still
y=0(=—), (A.5)

because the roughness is too smaller than the boundary layer to change the oder of magni-
tude of the shock layer thickness.

As for the other dimensionless variables, we will seek their asymptotic expansions in the
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form

u=1+eu +---, V=€0 + -, (A.6)
1
p=1l4+ep1+---, h=-——— +eh1+-, (A.7)
(v —1) M3

where uy, vy, p1, p1.h1 ~ O(1) and the coefficients ¢; < 1. To find out these coefficients,

we will do the following analysis.

1. At = (%, 2), the impermeability condition is
b = ds + W0, (A.8)

As the first term on the right-hand side is of O(VooRe_%Moo) while the second term
is of O(V Re™z: M ') being much smaller, the order of magnitude of © is supposed
to be O(VOORG_%MOO) and hence, ¢, = Re_%MOO.

2. Considering the velocity perturbation across the front shock of the two-dimensional

flow, it should be perpendicular to the shock wave, so

€1Uq 1 . _
_— = — 1.C. €1 = Re
€2V A4go

NI

As the order of magnitude of the variables is unchanged from the two dimensional
flow to the three-dimensional, this result of ¢; is still valid for the three-dimensional

case.

3. In the boundary layer, the density is much smaller than that in the free-stream flow,
and the flow in front of the shock wave is undisturbed, so this density loss in the
boundary layer will be compensated for by the density increase in shock layer, which

means that

L
€~ LRe 2 Myps  ie.  e5=Re 2M2. (A.9)

4. Substitution of the asymptotic expansions of p and p into the state equation (A.1f),
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we can obtain

Re 2 ) ,
ey = - 2y + — L _Re“3p,,  ie. e = Re 3. (A.10)
v—1 v—1

Collecting (A.3), (A.5), (A.4) and the above results, the dimensionless variables, or their

variation from the free-stream value, in the shock layer can be scaled to O(1) via

y=M]'Y, (A.11a)
= Re 1M, Z, (A.11b)
u(w,y,2) = 1+ Re 2wy (2, Y, Z) + -+, (A.11c)
v(z,y,2) = Re 2 Movy (2,Y, Z) + -+ - | (A.11d)
w(z,y,z) = Re i M wi(z,Y, Z) + -+, (A.11e)
p(x,y,2) =1+ Re T2 M2 py(2,Y, Z) + -+, (A.11)
p(z,y,2) = Re 2py(2,Y, Z) + -, (A.11g)
Wz, y,z) = m+3e—%hl(x,y,2)+---, (A.11h)

where Y, Z are the O(1) independent variables. Then if we substitute them into the Euler

Equations and keep the leading order terms, the equations become

% _ _%, (A.12)
% _ _%, (A.12b)
% _ _%, (A.12¢)
% N % —0, (A.12d)
% _ %7 (A.12¢)
hy = —L _p — P (A.12)
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Corresponding to the scalings in this appendix, we will use

~

8(2,2) = LRe™ 2 Myo6(x, Z) (A.13)

for the displacement thickness and have §(z, Z) = O(1).
To find the relation between the variables with subscript 1, we need the help of the non-

dimensional jump conditions on the shock wave, which are

p(un, +vn, + wn,)? +p=n2, (A.14a)
UTy + VT + WT, = Ty, (A.14b)
1 1 1
h+ =(u? + v? N — — 4 = A.14
p(ung +vny, +wn,) = ny, (A.144)

where 77 = (n,,n,,n,) and 7 = (7,, 7, 7,) are the unit vectors normal and tangential to the
shock wave in the coordinate system Oxyz, respectively. Compared with the shock layer
in supersonic, transonic and subsonic flows, an important difference about the hypersonic
flow shock layer is that some of the components in the normal and tangential unit vectors
may not be of O(1) for they might be asymptotically small.

For any given point M, on the shock wave, we can always find 6, and oy such that
7 = (cos g sin by, sin oy sin Oy, cos fy) are the normal vector originating from M, with
two unit vectors 7; = (cos v cos g, sin o cos By, — sin ) and 7 = (sin ag, — cos ap, 0)
perpendicular to it. Then for any unit tangential vector 7 of the shock wave at M, there

must exist two constants n; and ny such that

n1T1 + NaTy

T = — —
|| ni1m + NoTo H

so the satisfaction of the conditions

€os (vg cos Bgu + sin ag cos Oyv — sin Gyw = cos ag cos by,

sin ayu — Cos apv = sin ag,
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i.e. Re 2 cos Qg cos By + Re_%MOO sin o cos v — Re‘iMo_o1 sinfpw; = 0, (A.15)

Re™2 sin aguy — Re™2 M., cos avy = 0 (A.16)

will guarantee the second jump condition (A.14b) being satisfied for any 7 originating from

M. Then it can be known from the above two equations that

v o= M, (A.17)
COS
1 0

wy = Re i M, — 2% 4 (A.18)

sin 6 cos ap

Substitution of these results into the jump condition (A.14a) gives us

1
Re 2wy

Ny

2
(1 + Re’%Mfom) (nz + ) + Re"zp, = n.

If we neglect the terms which are apparently much smaller than the others in the expansion

of this equation, it becomes
L 2 2 1 U%
Re™ 2 (2u1 + M. pin;, —|—p1) + Re™ — = 0. (A.19)
n$

To find another relationship between p; and p;, we can multiply both hand-sides of the first
jump condition (A.14a) by p and substitute (A.14d) into it; with considering the asymptotic

expansions of p and p, this finally results in
pr = MZnipr. (A.20)
Combining the above two equations leads to the conclusion that

up+pr =0 (A.21)



Appendix A. Ackeret Formula for Three Dimensional Hypersonic Flow 47

on the shock wave.

In addition, from Equation (A.12a), in the whole shock layer we should have

uy + P1 = ll (Y, Z) (A22)

Taking into consideration the result (A.21) and the fact that the projection of the shock
wave upon the (Y, Z)-plane covers every pair of (Y, Z) with Y > 0, the function [, (Y, Z)

should be constantly equal to 0 in the entire shock layer,

1.e. u; +pp = 0. (A.23)

Similarly, we can find the relation between h; and p; in the shock layer: If we adopt the

scalings (A.11c)-(A.11e) and (A.11h) into the third jump condition (A.14c), it turns into

(hl + ul)’shock =0 Le. hl‘shock - pl‘shockv

and from the energy equation (A.12e) we can get

hy =p1 + (Y, 2);

It follows directly from the above results that in the whole shock layer

hy = py. (A.24)

Furthermore, substituting it into the state equation (A.12f) tells us that

P11 = P, (A.25)

so everywhere between the shock wave and the outer edge of the boundary layer

p1=p1=h = —uy. (A.26)
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Besides, recalling p; = Mfong p1 on the shock wave, we can know

Ny =

1
M’
so the shock wave equation is supposed to be

1
y:M—x+¢(z), or Y =x4+V(2).

Now turning to the lateral momentum equation (A.12b) and the continuity equation (A.12d),

they can be rewritten as

3111 - aul . 01}1 . 1 8u1

" oy Y T T Mu oy (A-27)
8u1 81}1 . . 8u1 1 81)1 .

o oy 0 e T VA T (A-270)

From (A.27a), we know that a potential function ¢(x, Y, Z) can always be found such that

u P %
1 — 83}’
_ 99
T By
and hence, (A.27b) becomes ) ,
¢ 0P
92y 0, (A.28)
to which the solution is
o(2.Y.2) = e =Y, Z) + gla + Y, 2). (A29)

For any given z, the unit tangential vectors of the intersection line of the shock wave and
the plane z = 2, are also tangential to the shock wave, and the third components of these
vectors are zero, so if we denote such a vector by (7, 7oy, 0) in the coordinate system
Oxyz, the corresponding jump conditions are

9¢ 99

U1 Toz + MooV1T0y = 0, 1.€. — Tz + —Toy = 0.
170 170y 891:0 8@/ Oy
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This means that ¢ is a constant C' along the intersection ling of the shock wave and plane

z = 2, namely the line {y = 7~z +¢(2),z = n} or {Y =2 + VU(Z), Z = Zy}, i.e.
F(¥(20), Zo) + 9(2x + 29 (20), Zo) = C,

where Zy = zgReiMZ!. Since f(¥(Zy),Z,) and C are constants for a given Zo, the
function g(2x + 2V (Z,), Zy) should also be only dependent on the parameter Z,. Thus

g(x +Y,Z) is a function of Z only. Therefore, we can say

Now if we can obtain the expression of f(z — Y, Z), we will be able to know u;, thereby

Dp1.

According to the impermeability condition (A.8) and the scalings of v and v,

v(z, Re 2 Moo8, 2) = Re‘éMOOM T (A.30)
s

while if we start from v = Re*%Moovl and the Taylor expansion of v, at y = Re*%Mooé,

which is
_1 _1 oy 1242 82U1
vi(x, Re 2 M6, 7Z) = vi(x,0,Z) + Re 2]\/[0058—(3:, 0,7) + O(Re MOOW)
Y Y
0
= u,(2,0,2) + Re_%MgocSa—;}/l(x, 0,2) + O(Re " M%),
(A.31)
the asymptotic expansion of v(z, Re*%Mooé, z) also can be written as
v(z, Re™2Moo6,%) = Re™ 2 Myovy (2,0, Z) + O(Re " M?2). (A.32)

It can be known from the comparison of (A.30) and (A.32) that

0(z, Z)

vl(xaan): 8:5 )
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(2 09, 0f(x.2)
1.€. o = oYy Y=0 — — o R (A33)
SO
flx,Z) = —0(x,2) +13(2),
and hence,

gb(ZL‘,Y,Z) = f(I—KZ) = _6(17_KZ)+Z3(Z)'

Since the choice of [3(Z) contributes nothing to % or g—;ﬁ, it can be set to zero to leave us

d(x,0,72) = =(x, Z). (A.34)
Therefore, remembering p; = —uy, we can conclude that
0(x, Z)

pl(xaou Z) = —U1<£L',0,Z) =

ox

This result shows us that in our case of flat plate with small roughness, the three dimen-

sional Ackeret Formula has the same form with the two dimensional one.
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