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Fig.5 Region of influence-one-dimensional solution (assumed to ap-
ply to 2-D solutions if x is taken as distance from corner.

.lower apparent heat transfer coefficient than the one-
dimensional solution.
The correction factor to apply to heat transfer coefficients
obtained from one-dimensional solutions is given by the
following relationship:

i e [l ERR )

apparent, corner

Computed correction factors are presented in Figs. 3 and 4
asa functionof Y,_,.

It is apparent from the results that sizable errors may be
realized by treating corners as one-dimensional problems. The
error, of course, diminishes with distance from the corner. An
estimate of the distance from the corner for which two-
dimensional effects become negligible is obtained by solving
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Eq. (1) for 7=0.01. The results of this computation are shown
in Fig. 5. An examination of actual results showed the rate of
temperature propagation from the corner to be less than that
given above.

This study assumed the recovery temperatures for the front
and side surfaces were equal. In general, this is not the case.
Higher recovery temperatures on the side surface than on the
front will result in larger correction factors than those shown
in Figs. 3 and 4. Conversely, lower side surface recovery tem-
peratures will result in smaller correction factors.
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Low Reynolds Number Effect
on Hypersonic Lifting Body
Turbulent Boundary Layers
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Nomenclature

b
Il

van Driest damping constant, 26.0

= van Driest exponential damping function for

the near wall region

= inner law mixing-length constant, 0.435

= low Reynolds number mixing-length

parameter

= reference length

= mixing length

- = freestream Mach number

Pr, = turbulent Prandtl number, 0.90

Re,, = local Reynolds number based on inviscid edge
conditions and boundary-layer momentum
thickness

Re . /ft = freestream unit Reynolds number

St . = local Stanton number based on freestream

conditions
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St . e = reference Stanton number

T, = wall temperature

Vi = local friction velocity based on wall conditions

X = crossflow coordinate normal to body cen-
terline

x* = crossflow coordinate distance from body cen-
terline to location of sonic point

y = coordinate normal to body surface

Ve = characteristic thickness of boundary layer

z = streamwise coordinate along body centerline

o = angle of attack

6.t = local boundary-layer thickness expressed in
law-of-the-wall coordinates based on wall con-
ditions

7} = boundary-layer momentum thickness

A = outer law mixing-length constant, 0.09

WP T = wall viscosity, density, and shearing stress,
respectively

Introduction

ECENT analytical studies by Adams and Martindale!-2
ave revealed the following characteristics of com-
pressible turbulent boundary-layer flow along the windward
centerline of lifting body configurations at high incidence
angles under perfect gas hypersonic wind tunnel conditions: 1)
low edge Mach number (order of one to two); 2) low edge
Reynolds number based on boundary-layer momentum
thickness (order of 500 to 2000); 3) wall temperature on the
order of the boundary-layer edge temperature; and 4)
crossflow-dominated boundary-layer flow in the sense that
“strip theory’’ as defined in Refs. 1 and 2 is applicable.

It is now fairly well known3¥!0 that in the case of two-
dimensional turbulent boundary-layer flow under either in-
compressible or compressible conditions, large increases in
eddy viscosity can occur under so-called low Reynolds num-
ber conditions (where the Reynolds number is defined in
terms of edge conditions and boundary-layer momentum
thickness, i.e., Re,,). As shown in Fig. 11 of Ref. 3, the
traditional momentum-defect law fails for values of Re, less
than about 6000, with the wake component disappearing en-
tirely—and rather abruptly—by the time Re,, has reached a
value in the neighborhood of 500. Since the Re,, values for
turbulent boundary-layer flow on the windward centerline of
lifting body configurations at high incidence angles under
hypersonic perfect gas conditions are within this range (see
previous paragraph), the present Note will report
modifications to the eddy viscosity model of Adams!? to
more properly account for low Reynolds number effects in
turbulence modeling.

Analysis

The two-layer (inner-outer) mixing-length model used in the
three-dimensional scalar eddy viscosity formulation of
Adams!? is basically that of Patankar and Spalding,!
namely

L£L=kyD, forO<y=shy./k 1)

and
L=Nyg, forhy,=k<y ?)

where the values for the numerical constants are taken to be
k=0.435 and A=0.09. The value of y at the point where the
velocity in the boundary layer is equal to 0.99 of the velocity
at the boundary-layer outer edge is used to define the distance
¥ .. The so-called van Driest 2 exponential damping, D, is ap-
plied for the near-wall region in conjunction with the
suggestion by Patankar and Spalding!' that the local value
of the total shear stress be used instead of the wall value
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as originally recommended by van Driest. The van Driest
damping constant, 4., is taken to be 26.0, following the
original van Driest proposal.’? Turbulence influence on
boundary-layer heat flux is modeled through a turbulent
Prandtl number, Pr,, which is taken to remain constant at the
value 0.90 across the entire boundary layer, as recommended
by Patankar and Spalding. !

For the present study, which is limited to low supersonic
edge Mach number flows because of the high angle-of-attack
condition discussed in the Introduction, the parameter £ and
the van Driest damping constant are assumed to be universal
constants. Low Reynolds number effects are allowed by
modifying the outer-layer mixing length given by Eq. (2) to
the form

£= 2\, for Ny /k<y 3)

where A and y ; have been previously defined. The parameter
&£ reflects the low Reynolds number phenomenon and is
defined as

£=1.0+exp(—2.034 Iné}+10.9) “)

with 6;; the local boundary-layer thickness expressed in con-
ventional law-of-the-wall coordinates based on wall con-
ditions

aw+: (P w V‘r, wy £ )/PL u (5)
where V_,, is the so-called wall friction velocity given by
Vew=(1u/p)" (6)

The form of Eq. (4) is analogous to Eq. (27) in Shamroth and
McDonald'? and, in fact, reduces essentially to their equa-
tion if one uses Table 2 in Ref. 3 for converting ,}to Re, 4.
The choice of §; as the low Reynolds number correlating
parameter follow Bushnell and Morris.” However, the

NAR Orbiter {1618) at o = 50 deg
AEDC VKF Tunnel B, Mg, = 8.0, Reg/ft = 3.75 x 10

Ty = 530°R, L= 20.00in.
A Experimental Data from NASA CR-120, 029 (Ref. 14}

———Three-Dimensional Boundary-Layer Theory

from Ref. 1 Including Present Low Reynolds . Reg g

1500 | Number Correction //
B Ve
1300 + //
L L’
1100 b L o
Reg g . - - w
' 900 - // -
- 7 g
700+ i -7
&7 - Ve Pt
W 500 |- I
- ~ . -
300 - -
1.4 N
~
| ~o
g 1.2+ S~
o TTT T
0.4
A
. ~ o Ste, ref = 0.0293
- 03f
~ o, ref ¢ =1.0from —a
Fig. 30c in Ref. 1 =4
0.2 \—/\, L I i ] i
0.2 0.3 0.4 0.5 0.6
ziL

Fig. 1 Windward centerline turbulent boundary-layer parameters.
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present use of §;5 is more subtle. The three-dimensional scalar
eddy viscosity model of Adams!? can easily be modified to
include low Reynolds number effects on three-dimensional
turbulent boundary layers. This can be accomplished by ap-
plication of Egs. (1), (3), and (4) in conjunction with inclusion
of the local total or resultant wall shearing stress in the
definition of the wall friction velocity, Eq. (6). If one were to
specify £ in terms of Re,, it is not clear how Re,, would be
defined to properly reflect the three-dimensional nature of the
flow.

Results and Discussion

The previously discussed low Reynolds number
modification to the outer-layer mixing length has been used in
conjunction with the *‘strip theory’’ approach!? to compute
the windward suface turbulent boundary-layer flow on the
North American Rockwell (NAR) Delta Wing Orbiter Con-
figuration 161B at 50° angle of attack under AEDC-VKF
Hypersonic Wind Tunnel (B) conditions for which ex-
perimentally measured surface heat-transfer rates via the thin-
skin thermocouple technique are available in the open
literature.!4!> Full details concerning the application of
““strip theory’’ to this particular configuration are given in
Refs. 1 and 2.

As shown in the lower portion of Fig. 1, inclusion of the
low Reynolds number effect improves the agreement between
“‘strip theory’’ and experiment with respect to windward cen-
terline heat transfer as reflected in the Stanton number. Low
Reynolds number effects are more dominant in the nose
region of the body. At z/L=0.2, £=1.38, which is reflected
in a seven-percent increase in heat-transfer rate. At z/L =0.5,
£ =1.05, which represents only about a 2% increase in heat-
transfer rate. As shown in the upper portion of Fig. 1, Re,
varies from 400 to 1600, i.e., a low edge Reynolds number
based on boundary-layer momentum thickness; the
corresponding values of 6 range from 300 to 1100.

NAR Orbiter (161B) at a = 50 deg, z/L = 0.3
AEDC VKF Tunnel B, Mg, = 8.0, Reg/ft = 3.75 x 1¢°
Ty = 530°R, L= 20.01 in.

A Experimental Data from NASA CR-120, 029 (Ref. 14)
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Fig.2 Spanwise turbulent boundary-layer parameters.
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Low Reynolds number effects on the three-dimensional tur-
bulent boundary layer in terms of spanwise boundary-layer
parameters at the body station location z/L =0.3 are given in
Fig. 2. Inclusion of low Reynolds number effects improves the
agreement between ‘‘strip theory’” and experiment with
respect to spanwise heat transfer as reflected in the Stanton
number. The interesting point to note from Fig. 2 is that low
Reynolds number effects as controlled by the numerical value
of £ can be of increasing importance at off-centerline
locations because of the behavior of 8, in regions of highly
favorable pressure gradients. From x/x*~0.3 outward, the
three-dimensional turbulent boundary layer is being sub-
stantially accelerated (see Sec. 3.3 in Ref. 1); this acceleration
results in a continuously decreasing value for 4,-as shown in
the upper portion of Fig. 2. .

In the present Note it has been tacitly assumed that 6,fis
the correct correlation parameter to account for low Reynolds
number effects on the outer-layer mixing length in terms of
the basic Patankar-Spalding eddy viscosity model. The
present success in using this parameter for high angle-of-
attack lifting body windward surface applications under
hypersonic wind tunnel conditions should not be interpreted
as meaning that §,;+is the correct correlation parameter for all
low Reynolds number compressible turbulent boundary-layer
flows. It may well be that Re,, or some other parameter is
more appropriate under certain conditions.
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