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Fig. 1 Surface static pressures downstream of slot configurations.
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Fig. 2 Film cooling effectiveness for thick slot lip (configuration II)
and elevated injection slot (configuration IV).

Although the present results show that simple
modifications to the "baseline" slot configurations can
enhance the skin friction reductions obtained with tangential
slot injection, slot base drag estimates indicate that neither of
the modifications will lessen the impact of the systems
penalties for collecting, ducting, and injecting the slot air. The
base drag for configuration II with the thick slot lip is over
eight times greater than the incremental skin friction reduc-
tion obtained with that configuration; the base drag for con-
figuration IV with the elevated slot is approximately fifteen
times greater than the incremental skin friction reduction ob-
tained with that configuration. Therefore, both of the present
modified slot configurations significantly increase the overall
slot-injection systems penalties.
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Fig. 3 Skin friction reduction for slot injection configurations.

found previously for the "baseline" slot configurations.
Although it was intended to simply show the influence of the
thick slot lip or the elevated slot, these data also include the
influence of an overall increase in step height.

The effect of the slot modifications on the downstream skin
friction is shown in Fig. 3 for slot mass flow ratios com-
parable to the nearly "matched" pressure conditions found
for the "baseline" configurations. Configurations II and IV
produced significantly larger local and integrated skin friction
reductions in comparison to the "baseline" configurations. In
fact, configuration II reduced the integrated skin friction over
a distance of'x/s between 36 and 210 by 15% below that ob-
tained for configuration I; configuration IV produced an ad-
ditional 5% skin friction reduction over that obtained for
configuration III between x/s of 12 and 70. The reduced skin
friction may be attributed to the larger step heights and rather
severe adverse pressure gradients created by the modified slot
configurations.

On Thermally Induced Non-Fourier
Stress Waves in a Semi-Infinite Medium

Tsai-TseKao*
Foster Wheeler Energy Corp., Livingston, N.J.

Nomenclature
c = velocity of thermal wave
cv = specific heat
ce = stress wave velocity
k = thermal conductivity
/o = Bessel function of order zero
7y = Bessel function of order one
/ = time
T = temperature
T = Laplace transform of T with respect to time variable
T0 = reference temperature
p = Laplace transform variable
q = heat flux
u = elastic displacement
x = space variable
a = thermal dif fusivity
a. = thermal expansion coefficient
p = density
X,/x = Lame's constants
axx = stress in .xr-direction
a = Laplace transform of a
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Introduction

THIS brief note investigates analytically the non-
Fourier effect of a thermally induced stress wave, using

the relaxation heat conduction equation

1 d2T 1 dT
C2 dt2 dt

where C is the speed of heat propagation. Boleyl pointed out
that for most practical conduction problems, this effect of
finite heat propagation speed is negligible. However, as
shown in Refs. 2, 3 and 4, this finite speed of heat
propagation can become important at very low temperature,
or when the elapsed time during a transient is small. Recently,
Maurer and Thompson5 demonstrated that this relaxation
heat conduction model predicts an instantaneous jump in the
surface temperature of a semi-infinite medium, subjected to a
step change in surface heat flux, as opposed to a smooth rise
in surface temperature predicted by the conventional Fourier
heat conduction model. Thus under sufficiently high flux con-
ditions, this jump in surface temperature may result in very
severe thermal stress at the surface. This technical note in-
vestigates the effect of this finite heat propagation speed on a
thermally induced stress wave in a one-dimensional half-
space.

Analysis
Consider a semi-infinite elastic medium with uniform tem-

perature distribution initially, and the intial heat flux is zero,
which is equivalent to requiring that the initial time rate of
change of the temperature be zero. At / = 0, a constant heat
flux of magnitude F0 is applied to the traction free surface at
x=0. The general governing one-dimensional thermal elastic
equations are:

pcv
dT

—-
dt

_^_ dff
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d3u
dxdt2
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~dx
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dx

d2u
dx2

dT
dx
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where

(4)

Equations (1) and (2) can be combined together to yield the
relaxation energy equation:

d2T
dt

__ _ d2T
dxdt^~ dx2

d3u
dxdt2

(5)

For the problem under consideration, it is more convenient to
work with the stress oxx instead of u. Further, we would like to
introduce the following transformations:

(6)

(7)
ex5 =

The resulting transformed equations are:

d2T dT
(7 + 6)—— -" '

32T

(8)

(9)

dp2 dd2
2 d2T

where

(10)

(11)

e is usually a small parameter, and is neglected according to
the uncoupled thermal elastic theory. Here we shall limit our-
selves to considering the uncoupled theory only, as a first ap-
proximation to the non-Fourier effect. Higher order ap-
proximations can be developed as a pertubation series in e.
The required stress boundary and initial conditions are given
by:

da
a(d,0) = —-(5,0)=0

op

0(0,3) = lim a(d,3) =

d>0

(3>0
(12)

The thermal boundary and initial conditions are given by:

lim T(d,0)=0, T(d,0)=0,
5-* oo

dT
q(5,0)=0,-or ~(d,0)=0 (13)

Equation (9), with the terms multiplied by e neglected, has
recently been solved by Maurer and Thompson for a constant
surface flux boundary condition using the Laplace Transform
method. The solution to the Laplace Transform of Eq. (9) is
given bv

Inversion yields:
kc p (p2+2p)l/2 (14)

(15)

where His the Heaviside unit step function.
To solve the stress equation, we let <5= (Ce/c)§. Taking the

Laplace Transform on a with respect to /3, we get:
d2o , oiFf)

Fig. I Stress waves profile at time = t.
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The solution for a is given by:

,p) = <^(p2+2p)*/[(ce/c)2-l]p2+2(ce/c)2p]
KC

x e ~

Inversion yields:

- e (17)

[l-(ce/c)2]

A:c

~(c*/c)2} \oU-(ce/c)
(18)

where

Discussion of Results
Equation (18) indicates that there are 2 stress waves

propagating down from the surface # = 0, as shown pictorially
in Fig. 1. The first stress wave propagates with the speed c. At
the surface of this wave front x=ct (or /3 = 6), the stress is
given by:

_,* ̂  _ -aFo 1 —B
WU"M/- kc [l-(ce/c)2]"

This stress wave decays in the same way as the thermal wave
front, and has the same magnitude as the thermal wave except
by the factor of 1/[1 - ( c e / c ) 2 ] . A second stress wave with
propagation speed ce follows. This result is in contrast to the
conventional Fourier model which predicts the propagation of
only one stress wave which has a speed of ce (e.g., see Refs. 6
and?).

As can be expected, under ordinary conditions, ce< <c.
This 2-wave phenomenon will be significant only during a
very short transient. The first wave, like the thermal wave,
decays rapidly with time. It has been pointed out in Ref. 5 that
the difference in the surface temperatures between the Fourier
and non-Fourier model becomes less than 1 percent in about
/— 0(50a/c2). However, at very low temperature, or when
the order of magnitudes of ce and c are comparable, this finite
heat propagation speed cannot be ignored. The relaxation
heat conduction equation must be used.
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Wall-Wake Velocity Profile for
Compressible Nonadiabatic Flows

Chen-Chih Sun* and Morris E. Childst
University of Washington, Seattle, Wash.

Nomenclature
= a constant in the expression r = 7M,(l-V) (see

Ref. 5)
M2

e/(Tw/Te)} l/2

(7-D/2] M2/(Tw/Te)}*
M2

e/(Tw/Te)}-l
[(7-D/2] M2/(Tw/Te)}-l

a constant in law of the wall (usually 5.1)
skin friction coefficient rw/(\/2)peu2

e

constant in mixing length (usually 0.4)
Mach number
pressure
turbulent Prandtl number
temperature
velocity in streamwise direction
(we/A) arcsin { [(2A2u/ue)-B]/(B2

(ue/A i ) arcsin { [ (2A \ u/ue)-Bl ] /(B\ + 4A , 2 )
friction velocity (TW /p w) 1/2

u* + (ue/A) arcsin [B/(B2 + 4A2)Y2 }
Coles universal wake function
coordinate normal to wall
ratio of specific heat
boundary-layer thickness
displacement thickness-r,

V
n
P
T

= momentum thickness
--y/b
= kinematic viscosity
= coefficient of wake function
= density
= shear stress

Subscripts
e = freestream conditions
0 - stagnation conditions
w = conditions at the wall

Introduction

THE wall-wake velocity profile has been used to re-
present turbulent boundary-layer profiles for both

adiabatic and nonadiabatic flows and for flows with or
without pressure gradients.l'5 A least squares fit of a wall-
wake velocity profile to an experimental velocity profile may
be used to determine C/ and d for the profile. An accurate
representation of the mean velocity distribution in the tur-
bulent boundary layer can be very useful in integral analyses
of turbulent flow problems. In the analysis of flows in which
strong interactions occur (as for example in shock wave boun-
dary-layer interactions) and in which combined viscid-inviscid
analyses are required, a profile which provides a good
representation of both Cf and d can be quite important. With
most earlier versions of the wall-wake profile, the velocity
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