1754 ATAA JOURNAL

2 Moffatt, W. C., “Analysis of MHD channel entrance flows
using the momentum integral method,”” ATAA J. 2, 1495-1497
(1964).

3 Dhanak, A. M., “Heat transfer in magnetohydrodynamic
flow in an entrance section,” American Society of Mechanical En-
gineers 64-HT-30 (1964).

+ Maciulaitis, A. and Loefller, A. L., Jr., “A theoretical in-
vestigation of MHD channel entrance flows,”” AIAA J. 2, 2100~
2103 (1964).

5 Tani, I., “Steady flow of conducting fluids in channels under
transverse magnetic fields with consideration of the Hall effect,”’
J. Aerospace Sci. 29, 297 (1962).

§ Hale, F. J. and Kerrebrocek, J. L., “Insulator boundary layers
in magnetohydrodynamic channels,”” ATAA J. 2, 461-469 (1964).

7 Lykoudis, P. 8., “Velocity overshoots in magnetic boundary
layers,”” J. Aerospace Sci. 28, 896897 (1961).

8 Hartmann, J., “Hg-dynamics I,”” Kgl. Danske Videnskab.
Selskab. Mat-fys. 15, 6 (1937).

$ Siegel, R., “Effect of magnetic field on forced convection
heat transfer in a parallel channel,”” J. Appl. Mech. 25, 415416
(1958).

18 Murgatroyd, W., “Experiments on MHD channel flows,”
Phil. Mag. 44, 1348-1354 (1953).

Hypersonic Turbulent Boundary-Layer
Interference Heat Transfer in Vicinity
of Protuberances

RoserT W. TrRUITT*
North Carolina State University, Raleigh, N. C.

Introduction

HE presence of a protuberance in a local hypersonic flow

results in an interaction between the bow shock wave and
the local boundary layer. This interaction results in the
formation of a lambda-footed bow shock wave and gives rise
to severe aerodynamic heating accompanied by an increase in
static pressure in a local region in the viecinity of the pro-
tuberance. The present paper utilizes a simple hypersonic
flow analysis of the interaction between the oblique portion
of the lambda-footed bow shock wave and a turbulent
boundary layer on a flat plate.

Turbulent Boundary-Layer Lambda-Shock Interaction

A simplified model that retains the essential features of the
interaction between the oblique portion of the lambda shock
and the turbulent boundary layer is shown in Fig. 1. Tt is
assumed that the upstream foot of the lambda shock can be
treated as a two-dimensional oblique shock, since the analysis
is concerned with the interaction at the normal portion of the
bow shock.

Experiments described in Ref. 1 revealed that the high
pressure downstream of the normal portion of the bow shock
feeds upstream in the subsonic part of the boundary layer
resulting in a thickening of the boundary layer. This rather
abrupt growth of the boundary layer is idealized in Fig. 1 as
the formation of an effective “wedge” of angle # with an “at-
tached” oblique shock such that po < p < Pstag.

It is clear that the essential features of the present simplified
model for the turbulent boundary-layer lambda-shock inter-
action are similar to those used in the laminar “weak inter-
action” problem? with the exception, of course, that the tur-
bulent skin-friction law will be used in the present case.

It is well known that the relation between skin-friction
coefficient and Reynolds number is nearly independent of
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Mach number when the fluid properties are evaluated at the
wall temperature. Thus, the incompressible form of the skin-
friction law expressed as

Crw = C(Rer)m (1)

may be assumed to hold for high speeds, where € and m are
constants. Now the skin-friction coefficient ¢;,, is defined as

Cro == 270/ puV? = 274/ pV0®) (Vo/ V)2 00/ pu) 2
= ¢ (Vo/ V)*(po/ pw)

where 7, is the wall shear stress, ¢, is the local compressible
skin-friction coefficient based on the freestream dynamic pres-
sure poVo% and V is the resultant velocity downstream of
the oblique portion of the lambda shock corresponding to the
pressure p.

Since, for hypersonic speeds, V/V, =~ 1, then using the
equation of state, Eqgs. (1) and (2) may be combined to yield

¢r = C(@uw/po)(To/ Tw) (Reyw)™ ®3)

Assuming an n-power law for the viscosity-temperature rela-
tion and V/V, = 1, it follows that the wall Reynolds number
at station B, Rey., and the freestream Reynolds number,
Rey,, are related as

Reyw = (pu/Po)(To/ Tw) '+ Reyo 4)

Substituting Eq. (4) into Eq. (3) and recognizing that
Op/Oy = 0 in the boundary layer gives

¢r/ (Reyo)™ = C(p/po)**m(To/ To)t tmim (%)

For hypersonic speeds, the temperature-Mach number rela-
tion, assuming a recovery factor of unity, may be approxi-
mated as

To/To=1+4 [(y — D/2]M* = [(y — 1)/2]Me®* = & (6)
so that Eq. (5) becomes
¢t/ (Reyg)m™ = [C/(&)1Hm A+ ](p/pytt™ Q)

This is the expression for local skin-friction coefficient ¢; at
station B that takes into account the interaction between the
oblique portion of the lambda shock and the turbulent
boundary layer.

In the absence of the protuberance, i.e., the noninteraction
case, p/po = 1, and Eq. (7) reduces to

o/ (Reyo)™ = €/ (&) 1 )

where cy, is referred to as the turbulent skin-friction coefficient
at station B without interaction. It follows, therefore, that
the effect of the turbulent boundary-layer lambda-shock
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Fig. 1 Interaction of lambda shock and turbulent boun-
dary layer (schematic).
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interaction is simply
er/ere = (p/Po)t ™™ 9

Tt now remains to determine the pressure ratio p/po across the
oblique portion of the lambda shock as a function of a tur-
bulent boundary-layer lambda-shock interaction parameter.

Interaction Pressure Rise

An approximate expression for the pressure ratio as a
function of the freestream Mach number M, and the “wedge”
angle @, may be shown to be?

p/po = 1 + vM,b (10)

where M0 is the hypersonic similarity parameter, and 6 is
related to the boundary-layer displacement thickness 6* as

0 = dé*/dz (11)
Now, again basing the fluid properties on the wall tempera-
ture, 6* can be approximated by the incompressible form
6% = Cix(Reyw,)® (12)
where C; and w are constants. Thus
0 = C2(Rey,)® (13)

where C; = (1 + w)C\.
Substituting Eq. (13) into Eq. (10) and using Eqs. (4) and
(6), the pressure ratio may be written, to first order, as

p/po = 1+ K(Reyo)*(Mo) -2+ (14)

where K = vCi(1 + w) [2/(y — 1) Jett+n
Likewise from Eqgs. (9) and (14), to first-order terms,

ei/cn = 1 + Ka(Reyo)@(Mo)! o0+ (15)

where K, = (1 4+ m)K. It now remains to use Eqgs. (14)
and (15) to find correlation formulas for maximum inter-
ference heat transfer and corresponding pressure rise as a
function of a turbulent boundary-layer shock-interaction
parameter, x;, which is identified as

x: = (Reyo)(Mo)? = 2e0+n (16)

The results thus obtained should be considered a first ap-
proximation, which yields interaction parameters that are
useful for the correlation of experimental data.

Correlation Formulas for Maximum Interference Heat
Transfer and Pressure Rise

Using the Reynolds analogy between skin frietion and heat
transfer, Eq. (15) may be written in terms of the film coef-
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Fig. 2 Correlation of experimental data for maximum
interference heat transfer for eylindrical protuberance-
turbulent boundary layer.
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Fig. 3 Correlation of experimental data for interference
pressure rise for turbulent boundary layer.

ficient of heat transfer as
h/he = 1 + Kox: (17)

where the explicit form of the interaction parameter x. is de-
termined by choosing appropriate values of w and n. For w
= —, L asin Ref. 3, and n = 1,

Xe = (Mo)¥5/(Reyo) s (18)

Typical experimental values of (A/ho)max from Ref. 1 have
been plotted in Fig. 2, using Eq. 18 in a correlation formula
similar in form to Eq. 17. It is seen that reasonable correla-
tion is obtained even though the data are for Mach numbers
somewhat below the hypersonic range.

It follows from Eq. 14 that the correlation formula for
pressure rise, Ap = p — py, should be of the form

Apo/qo = K/(MReyo)"® (19)

where g0 = (v/2)poM,? is the dynamic pressure of the free-
stream.

In Fig. 3, the experimental data of Ref. 4 have been plotted
using the correlation formula, Eq. (19). Although the ex-
perimental data are for Mach numbers below the hypersonic
range, it appears that the effect of both Mach number and
Reynolds number on the pressure rise is correlated.

For the interaction of the lambda~footed shock and a
laminar boundary layer, one may use m = —3%, n = 1, and
w = —3. This yields correlation formulas for skin frie-
tion and heat transfer as a function of the well-known laminar
boundary-layer shock-interaction parameter, Xiwm = M¥/
(Reyo)V2.
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