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Compressible Equilibrium Turbulent Boundary Layers at
Nonadiabatic Wall Conditions

Cindy W. Albertson*
NASA Langley Research Center, Hampton, Virginia 23665

and

Robert L. Asht
Old Dominion University, Norfolk, Virginia 23508

Experimental data have been obtained to define test conditions necessary for a compressible, naturally
developing, equilibrium turbulent boundary layer. The model consisted of a flat plate that was tested in the
NASA Langley Research Center 8-ft high temperature tunnel. For the present study, the nominal boundary-
layer edge Mach numbers were 5.0 and 6.2. The local Reynolds number based on boundary-layer edge conditions
and plate length ranged from 8 x 10°to 39 x 10°. The nominal ratio of adiabatic wall to actual wall temperature
was 5.4, due to both the high total temperature of 3300°R and the heat-sink characteristics of the model. This
temperature ratio is considerably higher than that obtained in previous compressible boundary-layer studies
and simulates hypersonic flight under highly cooled wall conditions, which are anticipated for hypersonic cruise
vehicles. The data indicate that a momentum thickness Reynolds number of at least 4000 is required for an
equilibrium turbulent boundary layer, which is in approximate agreement with incompressible studies. This
criterion was determined by comparing the transformed wake strength of the boundary layer with the incom-
pressible data of Coles. Also, several shape factors were examined and found to support the trend shown by

the wake strength.

Nomenclature
C = intercept for logarithmic law, Eq. (5)
C, = local skin friction coefficient, 27,/(p,Uz)
¢, = specific heat at constant pressure, Btw/lb,-°R
G = Clauser’s shape factor, Eq. (11)
H = enthalpy, Btu/lb,,
h = heat transfer coefficient, Btu/ft>-s-°R
K = slope for logarithmic law, Eq. (5)
k = thermal conductivity, Btu/ft-s-°R
M = Mach number
N = velocity power law exponent, Eq. (4)
Pr = Prandtl number, pc,/k
p = pressure, psia
g = heat transfer rate, Btu/ft>-s
Re,. = freestream unit Reynolds number, p. U, /p.., 1/ft
Re, = local Reynolds number based on boundary-layer
edge temperature, p, U, x/p,
Re* = local unit Reynolds number based on reference

temperature, p*U,/p*, 1/ft
Re% = local Reynolds number based on reference
temperature, p*Ux/p*
Re! = Reynolds number corresponding to the virtual
origin of the turbulent boundary layer, p* U, x,/n*
momentum thickness Reynolds number based on
boundary-layer edge temperature, p,U,0/u,

Re,
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momentum thickness Reynolds number based on
reference temperature, p*U,0/p*

Stanton number based on boundary-layer edge
temperature, §/(H,, — H,)p.U.

Stanton number based on reference temperature, ¢/
(H(IW - Hll')p* UE

temperature, °R

velocity, ft/s

transformed velocity, ft/s, Eq. (7)

shear velocity, (7,/p,)">, ft/s

coordinates for surface instrumentation, ft (see Fig.
2)

distance measured normal from plate surface, in.
angle of attack, deg

pressure gradient parameter, 8*/7, (dp/dx)
boundary-layer thickness, in.

displacement thickness, in., Eq. (8)

total enthalpy thickness, in., Eq. (13)

defect thickness, in., Eq. (12)

surface distance from end of transition to measuring
station, in.

ratio of specific heats

momentum thickness, in., Eq. (9)

viscosity, 1b,/ft-s

kinematic viscosity, ft*/s

wake parameter, Eq. (5)

density, Ib,/ft?

skin friction, psi

Subscripts and Superscript

aw
e

t
tc
te

U
v
w
el
k

Il

I

adiabatic wall

boundary-layer edge (just outside the boundary layer)
total condition

total condition in the combustor

total condition at the boundary-layer edge

velocity

virtual origin of the turbulent boundary layer

wall

freestream

condition at Eckert’s reference enthalpy. Eq. (1)
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Introduction v

HE design of hypersonic vehicles requires a detailed

knowledge of the boundary-layer behavior over the ve-
hicle. Due to the flight regime anticipated for vehicles of
current interest, the boundary layer is expected to be tur-
bulent over much of the vehicle and influenced by large dif-
ferences between the flow-based adiabatic wall temperature
and the actual wall temperature. The predictive capabilities
needed to provide design information for complex flow re-
gions of these vehicles have been found to be deficient.'-?
Shock-wave turbulent boundary-layer interactions, which are
expected to occur inside the engine inlet as well as on other
regions of the vehicle, are one class of flows that are partic-
ularly difficult to predict.

Because of the flow complexity, wind tunnel experiments
are needed both to obtain the required design information
and to provide test data for numerical prediction validations.
However, wind tunnel experiments that require turbulent
boundary-layer flows ahead of the shock-wave interaction zone
are very difficult to design and control. Specifically, if the
turbulent boundary layer is not fully developed and approx-
imately two-dimensional, the shock-wave boundary-layer in-
teraction may be unique to the wind tunnel and therefore of
limited usefulness. Fully turbulent boundary layers occur after
the transition process from laminar to fully turbulent flow is
complete. Such boundary layers are considered to be equi-
librium turbulent flows, as defined by low-speed research-
ers.*3 Incompressible studies®® have shown that these flows
exhibit certain mean and fluctuating characteristics that are
nearly independent of Reynolds number. For naturally de-
veloping flat plate flows, these incompressible studies have
shown that fully developed turbulence occurs at Reynolds
numbers based on momentum thickness Re, of about 5000 or
greater. Compressible studies of such flows have been much
less rigorous and have focused primarily on the behavior of
the velocity power law exponent.”-'?

The primary purpose of the present paper is to define ap-
propriate test conditions required to produce a naturally de-
veloping, hypersonic, equilibrium turbulent boundary layer.
Additionally, the paper presents some new hypersonic tur-
bulent boundary-layer data at higher temperature ratios than
previously available. The model consisted of a flat plate that
was tested in the NASA Langley Research Center §-ft high
temperature tunnel. This facility simulates true temperature
flight conditions at a nominal Mach number of 7. For the
present study, the nominal adiabatic wall to actual wall tem-
perature ratio was 5.4, due to both the high total temperature
of 3300°R and the heat-sink characteristics of the model. This
temperature ratio is considerably higher than that obtained
in previous compressible boundary-layer studies!! and simu-
lates hypersonic flight under highly cooled wall conditions,
such as that anticipated for hypersonic cruise vehicles. The

nstrumented
nicke! plate

- anel holder

Fig. 1 Panel holder in the NASA Langley 8-ft high temperature tun-
nel test chamber.
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model was inclined to the flow to increase the local Reynolds
number, producing nominal boundary-layer edge Mach num-
bers of 5.0 and 6.2. The local Reynolds number, based on
boundary-layer edge conditions and model length, ranged from
8 x 10°to 39 x 10°.

The boundary layer was surveyed at various locations on
the plate using pitot pressure, static pressure, and total tem-
perature probes to obtain mean velocity and temperature pro-
files. In addition, surface pressure distributions were meas-
ured to ensure uniform flow conditions. Surface heating rates,
inferred from surface temperature measurements, were ob-
tained to determine conditions in which the boundary layer
had transitioned from laminar to turbulent flow. The details
of these measurements are reported elsewhere.!?

The compressible boundary layer was assessed using the
established time-averaged incompressible descriptions of
equilibrium turbulent boundary layers given by Clauser® and
Coles.* To correlate compressible boundary-layer velocity
profiles with the incompressible relations, van Driest’s
transformation!® was employed. This transformation has been
shown previously!! to provide a reasonably good correlation
for temperature ratios up to 3.3. The transformed wake strength
of the boundary layer was compared with the data of Coles®
for incompressible boundary layers. In addition, various shape
factors were examined and support the results from the wake
strength.

Description of Experiment

Model and Instrumentation

The model used for the present study consisted of a large,
instrumented flat plate. The plate was made of Nickel 200
and was mounted on the panel holder, a generalized test
apparatus for the NASA Langley Research Center 8-ft high
temperature tunnel (8 ft HTT) (see Fig. 1). A sharp copper
leading edge was attached to the front of the panel holder.
The overall length and width of the model was 9.7 and 4.3
ft, respectively. The plate dimensions and instrumentation
layout are shown in Fig. 2. The surface of the plate was
hydraulically smooth** and instrumented with pressure ori-
fices, coaxial surface thermocouples, and boundary-layer rake
assemblies. Pressure measurements were obtained to assess
spanwise and longitudinal pressure gradients on the plate and
are discussed in detail by Albertson.'? These measurements
indicate that the pressure gradient parameter B, where p =
&*/7,(dp/dx), varied no more than +0.01. Heating rates, in-
ferred from transient surface temperature measurements us-
ing a semi-infinite slab technique,'* were used to assess tran-
sition from laminar to turbulent flow. Boundary-layer rake
assemblies, consisting of total pressure, static pressure, and
total temperature probes (see Fig. 3), were used to survey
the boundary layer at various locations on the plate. The pitot
pressure and total temperature probes were flattened hori-
zontally to minimize vertical averaging effects and were clus-
tered near the wall. Additional details regarding the model,
instrumentation, data reduction, and error analysis are pre-
sented elsewhere.'

9.7

2.7 4.15.059 7.2

fyt, b H 2 2 2 09
23| Lol linbrngpidhgri e isse] 0
Flow| | ..  e—sr—e—s 0.9

b x, ft

- Pressure orifice location
° Coaxial thermocouple location
ORake assembly location

Fig. 2 Schematic of instrumentation layout.
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Fig. 3 Boundary-layer rake assembly.

Test Facility

A schematic of the 8 ft HT'T is shown in Fig. 4. This facility
is a large blowdown wind tunnel that provides true temper-
ature flight simulation at a nominal freestream Mach number
of 7 and at pressure altitudes between 80,000 and 120,000 ft.
The high energy test medium is obtained by burning a mixture
of methane and air under high pressure in a combustor. The

combustion products are expanded to the test chamber Mach

number by means of a conical-contoured nozzle with an exit
diameter of 8 ft. The flow in the test chamber is a free jet
that enters a straight tube supersonic diffuser where it is pumped
to the atmosphere by means of a single-stage annular air
ejector. The tunnel can be operated at total temperatures
between 2300°R and 3600°R and freestream dynamic pres-
sures between 240 and 1800 psf. The corresponding free-
stream Reynolds number, based on a model length of 10 ft,
ranges between 3 x 10 and 30 x 105 The maximum run
time of the facility is 120 s.

Models are positioned beneath the test chamber during
tunnel startup and shutdown to minimize aerodynamic loads.
Once flow conditions are established, the model is inserted
into the flow using a hydraulically actuated elevator. Before
tunnel shutdown, the model is withdrawn from the flow. For
the present model, the insertion time required to move the
model from the edge of the test core to the tunnel centerline
was 1.0 s. The model was exposed to the flow for approxi-
mately 4 s. All data were obtained within the first 2 s of
exposure. The model wall temperature typically increased
from 540°R to 600°R during this 2-s period.

The facility is currently being modified to facilitate testing
of hypersonic air-breathing propulsion systems. The modified
facility will use oxygen enrichment to raise the oxygen content
to match that of air and will have alternate Mach number
capabilities of 4 and 5, in addition to the Mach 7 capability.
Additional details of the 8 ft HTT can be found in Ref. 15.

Test Conditions

The tests were conducted at a total temperature of ap-
proximately 3300°R, which corresponded to a ratio of adi-
abatic wall to actual wall temperature, 7,,./7,, of 5.4. Ad-
ditionally, limited data were obtained at a lower total
temperature of 2700°R, corresponding to a temperature ratio
of 4.4. The nominal freestream Mach number was 7, and the
freestream Reynolds number, based on plate length, ranged
from 5.5 x 10° to 18 x 10°. To increase the local Reynolds
number, the model was pitched at angles of attack of 5 and
13 deg, producing boundary-layer edge Mach numbers of ap-
proximately 6.2 and 5.0, respectively. The local Reynolds
number, based on plate length and boundary-layer edge con-
ditions, ranged from 8 x 10° to 39 x 10°. Most of the tests
were conducted at an angle of attack of 13 deg. This angle
of attack was found to be necessary to increase the local
Reynolds number sufficiently to produce large areas of equi-
librium turbulent boundary-layer flows over the plate.!? The

COMPRESSIBLE EQUILIBRIUM TURBULENT BOUNDARY LAYERS

1575

Test-chamber,

Combustor diameter = 26

Diffuser
Mixing
tube

\ -
Supersonic _Alr
diffuser ejector
Pod

f 275 !

Fig. 4 NASA Langley 8-ft high temperature tunnel (all dimensions
in ft).
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Fig. 5 Stanton number distributions for various test conditions (y =
0.1ft, 7,/T, = 5.6).

momentum thickness Reynolds number Rej, at the probe
locations, calculated using an enthalpy-based reference tem-
perature, ranged from 400 to 7800.

Results and Discussion

Surface Heating Distributions

Before surveying the boundary layer, transition from lam-
inar to turbulent flow was first assessed using the heating rate
data. The longitudinal heating rate distributions, shown in
Fig. 5, are nondimensionalized in terms of Stanton and Rey-
nolds numbers calculated using a local reference temperature.
The reference temperature is defined in terms of enthalpy
using a correlation given by Eckert's:

H* = H, + 0.50(H, — H)) + 0.22(H,,, — H) (1)

The temperature corresponding to the reference enthalpy was
obtained from temperature-enthalpy charts for methane-air
combustion products given by Leyhe and Howell.?”

Laminar and turbulent Stanton number predictions'® are
presented with the data to assist in defining conditions at
which the boundary layer is turbulent. The laminar prediction
is a similarity solution to the energy equation for a laminar
boundary layer developing along a flat plate under constant
freestream velocity and temperature conditions. This equa-
tion is given as

Sr* = 0.332 Pr*(-2® Rei(-v2) )

The turbulent prediction was derived by solving the momen-
tum integral equation assuming a velocity power law exponent
of 7 and employing a Reynolds analogy. This equation is given
aslS

St* = 0.0287 Pr*¢=2 (Re} — Re})-v» G
In Eq. (3), Ré; is the Reynolds number corresponding to

the virtual origin of the turbulent boundary layer. For the
present comparison, this quantity was determined by first
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correlating the local Reynolds number Re* with the mo-
mentum thickness Reynolds number Rej, using a least squares
curve fit.12 Then Re* was determined to be 1.27 X 106 by
extrapolating this correlation to an Rej of zero.

In Fig. 5, the heat transfer data are shown for various test
conditions. The Reynolds number corresponding to the start
of transition increases with increasing unit Reynolds number,
a trend that has been shown by other data obtained in the
8 ft HTT" as well as data obtained in flight and in other
facilities.?® This trend has been the subject of much debate
but currently has no explanation. The heat transfer data also
indicate fully turbulent heating levels for Reynolds numbers
Re* of 2 X 10° and greater. However, this may not indicate
a fully turbulent boundary layer since incompressible bound-
ary-layer studies” have shown that fully turbulent wall region
behavior occurs almost immediately after the start of transi-
tion. The outer wake of the boundary layer is the last region
to reach equilibrium after transition. Therefore, the Reynolds
number required for an equilibrium turbulent boundary layer
should be higher than that indicated by surface heating rates.
Boundary-layer profiles, particularly of the wake region, have
been studied in some detail and are discussed in the following
sections to assess conditions for equilibrium turbulent flow.

Boundary-Layer Velocity Profiles

Typical velocity distributions for various locations on the
plate are shown in Fig. 6 for Reynolds numbers Re} ranging
from 5.0 x 10° to 8.3 X 10°. The local velocities are nor-
malized with respect to the boundary-layer edge velocity U,
and are plotted as a function of their location in the velocity
boundary layer z/3,. The velocity distributions show an in-
flection near the wall that can be attributed to pitot probe
interference, as discussed in Ref. 12. With this qualification,
the profiles appear to be self-similar at these Reynolds num-
bers.

To compare with previous compressible boundary-layer data,
the velocity distributions from the present study are plotted
in terms of the velocity power law exponent N in Fig. 7 where
N is defined by the following relationship:

1

U z \N
U~ (5) @

e 1% :

The velocity power law exponent is plotted as a function of
momentum thickness Reynolds number based on boundary-
layer edge conditions Re,. Here Re, was chosen to compare
the present data, obtained at temperature ratios T,,/T, rang-
ing from 4.4 to 5.4, with compressible data®'® obtained at
temperature ratios ranging from 1.5 to 3.3, as represented by
the shaded region. Fenter’s*! empirical curve for subsonic and
supersonic data obtained at adiabatic wall conditions is also

Run x,ft y,ft
°© 18 4.1 0.9
0 18 5.0 0.0
<& 18 59 -0.9
A3 7.2 0.0
2.50
200!
1.50 b
23
1.00 |
50 [
0 - 9 B —
4 6 1.2

U/Ug
Fig. 6 Typical velocity distributions for various locations on the plate
(5.0 x 10° < Re* < 8.3 x 10°, M, = 5.0, T, /T, = 5.3).
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shown for comparison purposes. A parallel scale for Rej

(applicable for T,,/T, = 5.4) is shown to relate the power
law exponents to the heatlng data shown in Fig. 5. The three
data points from the present study near Re, = 2 X 10° cor-
respond to an Re near 1 x 10° and are known to be in the
transitional boundary layer region according to the heating
data in Fig. 5. These three points are contained within the
“gvershoot” region of the data of Refs. 9 and 10. Johnson
and Bushnell® showed that this overshoot phenomenon is
related to transition and correlated the end of overshoot with
the ratio of the distance from the end of transition Ax, (as
indicated by the heating-rate data) to the boundary-layer
thickness & at the profile location. As indicated in Fig. 7,
overshoot is not present in the data for Ax,/8 = 30, a result
that is consistent with that of Johnson and Bushnell. Hopkins
et al.® observed that the overshoot behavior in their data for
Re, below 6 x 10° was absent from their finite-difference
calculations for equilibrium flow conditions and attributed this
behavior to nonequilibrium flow. For Re, above 6 x 10° (or
Re* above 3 x 10%), the exponents show a slight logarithmic
increase with Re,, as indicated by the data of Refs. 9 and 10
and by the curve fit equation for adiabatic walls.?* Overall,

the exponents from the present investigation show trends and
levels that are consistent with earlier work and support the
contention that equilibrium turbulent boundary-layer flow can
be obtained for Re* above 3 x 10° As anticipated, this is
higher than the value of 2 X 10° indicated by the heating rate
data. However, further comparisons were deemed necessary
before any final conclusions could be drawn.

Comparison with Coles’ Incompressible Data

For turbulent boundary layers, Coles* proposed that for
smooth walls, the velocity profile outside the laminar sublayer
can be descrlbed by the following 1nc0mpresmble law of the
wall correlation:

u 1 zU, 20 . (7w z
U,‘K < >+C+Ksm<28U> 5)

In Eq. (5), the wake parameter IT is given as Il = 0.8 (B +
0.5)%7 where B = (8*/7,)(dp/dx) (Ref. 22). Also, the con-
stants K and C are given as 0.41 and 5.0, respectively.* Equa-
tion (5) can be expressed, alternatively, in terms of the ve-
locity defect relation:

u-uvu -1 =z I L (mz
= — =+ = |2 —sin? [
U. K %, K[z s (2 8)] ©)

Equation (6) has been shown by Clauser® to represent a uni-
versal velocity profile that is independent of distance (or Rey-
nolds number), provided that the wake parameter II is a
constant. '

1 Taw/fw  Me
20.0 ; U Z\N o 54 5.0
: - (5—) N o 44 541
e u >
16.0 53 6.2
=T — AF?i?batic wall
.21
12.0 | /Overshoot (Re )
region
NN T e
80/ . N 7
1.5 < Taw/Tw = 3.3
4.0 5 Xgp 2 30 (Refs. 9 and 10)
0 1: 1l I L1y
103 i 104 105
| Reg
[ Ll Lt 1 | L1
106 107 108

Rej (Taw/Tw = 5.4)

Fig. 7 Power law exponent variation with Reynolds number.
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Although these correlations were developed from incom-

" pressible experiments, Fernholz and Finley!' suggested that
they are applicable to compressible flows provided that the
density variation through the boundary layer is taken into
account. They showed that the compressible transformation

derived by van Driest!? provides a reasonably good correlation’

between compressible data and the incompressible correla-
tions of Coles [Egs. (5) and (6)]. Van Driest’s transformation

is given as
2 —
: {sin‘1 [—(Za LA b} + sin~! —b} (7

0
a=<-—V;1

A typical semilogarithmic plot of a velocity distribution that
has been transformed using Eq. (7) and plotted in wall co-

where

T 172 T ’
2 ¢ — | ew _
M Taw> P (Tw 1)

Q = (b? + 4ad)"?

40'}_Laminar Wall I<Wake s Inviscid
sublayer region region flow
30. i

Eq. (5)

20.

.F|‘='

10.

0 | | | |
100 101 102 103 104
U,z
Vw

- Fig. 8 Typical velocity distribution in wall coordinates (Re* = 8.3
‘x 10, M, = 5.0, T, /T, = 5.3).
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ordinates is shown in Fig. 8 with the various regions of the
boundary layer delineated. Because skin friction measure-
ments were unavailable, the profile was adjusted to fit the
logarithmic portion of Eq. (5). Also indicated in Fig. 8 is the
wake strength of the boundary layer AU/U.,. The wake strength
is defined as the maximum velocity increase in the wake region
of the boundary layer above the logarithmic equation shown
on the plot. This wake strength is related to the wake param-
eter IT such that AU/U, = 2II/K. Because K is a constant,
the wake strength is also a constant for equilibrium flow. In
Ref. 6, Coles has shown that for incompressible flow, this
wake strength approaches a constant of approximately 2.7
with increasing momentum thickness Reynolds number.

The wake strengths from the present investigation are com-
pared with. the incompressible compilation of Coles® in Fig.
9. For the present data, the momentum thickness Reynolds
number is evaluated at a reference temperature, correspond-
ing to Eckert’s'¢ reference enthalpy [Eq. (1)], rather than at
the boundary-layer edge temperature because this gives the
best agreement with the trends of the incompressible data.
The present data show similar trends to that of Coles but
are generally low. The data indicate equilibrium turbulent
boundary-layer behavior at an Rej of approximately 4000
and above. This correspondsto a local Reynolds number Re?*
of nearly 6 x 10¢ for a nominal temperature ratio of 5.4. This
is approximately twice the value of Re? indicated by the
power law exponents in Fig. 7 and three times the Reynolds
number corresponding to the end of transition inferred from
the heat transfer data in Fig. 5. Because of low resolution in
the wall region (see Fig. 8), the present wake strengths may
have limited accuracy. Consequently, various shape factors
were examined and are discussed in the next section.

Shape Factors

To obtain the shape factors presented in this section, the
velocity and density distributions, inferred from the pressure
and temperature measurements, were integrated over the
thickness of the boundary layer. The velocities affected by
probe interference were corrected using the appropriate power
law variation before integrating the distributions.

Initially, the shape factor 8*/6 was examined where the
displacement thicknesses 8™ and momentum thicknesses § were
calculated from the boundary-layer rake measurements using

Taw/Tw Me
54 5.0
44 51
53 6.2

\— Incompressible data
(Coles, Rel. 6)

1 L I ! J

0 0.2 0.4 0.6 0.8 1.0
Rey x 107
L | | | { { { 1 [ | | ! J
20 40 60 80 100 120 140
Re} x 1078
(Taw/Tw = 5.4)

Fig. 9 Variation of wake strength AD/U, with Reynolds number.
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10.0 Taw/Tw Me
o 54 50
8.0 10'0[ o 44 51
60 o 0 e 8.0 53 62
2 o o r 0 o
% . ogoOOo o \—Eq. (10) 6.0} D,_‘%J%ooﬁo o o
4.0 G ' Lo " \_ dp
o Clauser, gx=0
2.0 407 ‘ (Ref. 5)
L 20
0.0 0.2 0.4 0.6 0.8 1.0 |

Rég x 107

2.0 40 6.0 8.0 10.012.0 14.0
Rey x 108
(Taw /Ty = 5.4)

Fig. 10 Variation of shape factor $*/0 with Reynolds number (M, =
5.0, T,/T, = 5.4).

the standard definitions for compressible flow?:

w_ | pU
) _fo <1 - p,,,U) dz (8)

_[TeU(,_U
o=, 0.0 (1 Ue> d ©)

The shape factor 8/ is plotted as a function of Re} in Fig.
10. Also shown with the data is the empirical correlation of
3*/0 with Mach number, power law exponent, and temper-
ature ratio given by Hopkins et al.”:

3 (N + 2)(1 + 0344 M2)
8~ N[ - (T (10)

The data show some scatter for values of Rej; below ap-
proximately 4000 and then a slight linear increase for values
of Re}; above 4000. This behavior is consistent with that of
the wake strength (Fig. 9) that also showed some scatter below
Re} = 4000. However, the wake strength approached a con-
stant near Re? = 4000, indicating that it is independent of
Reynolds number above this value. The data are generally
below Hopkins’ correlation, Eq. (10), which was derived from
data obtained at lower wall temperature ratios (ranging from
adiabatic, or 1.0, to 3.3). »

In an attempt to find a shape factor that is less sensitive to
Reynolds number for classifying turbulent boundary layers,
Clauser® derived a shape factor G based on the area beneath
the velocity defect curve given by Eq. (6). The equation for
G is given as

1~ {U- U\
G——A—“< 7 >dz (11)

where

(U, -
A=L<‘Uu>dz (12)

T

Clauser determined from his incompressible data that for a
zero pressure gradient equilibrium turbulent boundary layer,
G = 6.1. This shape factor has been examined for the present
study to compare with the results indicated by the shape factor
3*/8, wake strength AU/U,, power law exponent N, and the
- heating data. In Fig. 11, the shape factors G, evaluated using
transformed velocities [Eq. (7)], are shown along with Clau-
ser’s incompressible value of G = 6.1. Below an Rej; of 4000,
the data show a general downward trend, similar to the trend

shown by the wake strength in Fig. 9. Above an Re} of 4000, .

the data are approximately equal to a constant value of 6.8,
which is reasonably close to Clauser’s incompressible value.

00 02 04 06 08 1.0
Reg x 107

20 4.0 6.0 8.0 10.012.0 14.0
Re x 108
(Taw /T = 5.4)

Fig. 11 Variation of Clauser’s shape factor G with Reynolds number.

Because a thermal boundary layer also exists for the present
study, the thermal shape factor 8,/6 was examined for uni-
formity. The quantity 8, represents the total enthalpy thick-
ness that is defined as™

_ - pU Hte - H,

o= | g (i) o 4
The shape factor 8,/6 is based on the integral form of the
momentum and energy equations, assuming a two-dimen-

sional, zero pressure gradient boundary layer. These integral
equations are given as'® :

Momentum:
B4 14
dx 2 (14
Energy:
ds,,
e St (15)

These equations can be related using the turbulent Reynolds
analogy!®

C, = 2 St Pre (16)

Substituting Eqs. (14) and (15) into Eq. (16) and rearranging
yields

d3,, 1
W - B an
Integrating Eq. (17) yields
Sy | B
o~ prem + ) (18)

In Eq. (18), B is a constant that can be determined experi-
mentally.

In Fig. 12, the thermal shape factor §,/8 is shown as a
function of Re;. Note that the data approach a constant close
to 1/Pr¥> above Rey = 4000. (For the present methane-air
combustion products test medium, 1/Pr¥ = 1.12.) This im-
plies that the constant B in Eq. (18) is zero. However, ad-
ditional data above Rej = 4000 are needed to support this
contention.

In general, the shape factors 8%/6, G, and &,,/0 (see Figs.
10-12) all support the results of the wake strength in Fig. 9
and indicate equilibrium turbulent flow can be assumed for
Re above 4000. This result is in approximate agreement with
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Fig. 13 Test conditions for a flat plate equilibrium turbulent bound-
ary layer in the NASA Langley 8-ft high temperature tunnel (Mach 7
nozzle, 7,, = 3300°R, a = 13 deg).

incompressible studies. For a nominal temperature ratio of
5.4, this value of Re; corresponds to a local Reynolds number
Re} of nearly 6 x 10°. As mentioned previously, this is ap-
proximately twice the value indicated by the power law ex-
ponents in Fig. 7 and three times the Reynolds number cor-
responding to the end of transition from the heat transfer data
shown in Fig. 5.

Test Conditions for an Equilibrium Turbulent Boundary Layer

Based on the above conclusions, the test conditions re-
quired for an equilibrium turbulent boundary layer in the 8-
ft high temperature tunnel can be expressed in terms of the
basic facility operating conditions. In Fig. 13, a test envelope
plotted in terms of the minimum combustor total pressure p,.
required for equilibrium turbulent flow conditions at various
wetted distances x is shown. For comparison purposes, a curve
corresponding to the minimum conditions required for tur-
bulent heating levels is also shown. The data correlations are
shown for a nominal model angle of attack of 13 deg and a
total temperature in the combustor of 3300°R. These condi-
tions correspond to a boundary-layer edge Mach number M,
of 5.0 and a temperature ratio 7,,/T, of 5.4 for a nominal
wall temperature of 600°R. The data indicate that at a total
pressure of 2000 psia, a wetted distance of at least 5.6 ft is
required for equilibrium turbulent flat plate flow. This is sig-
nificantly higher than the distance of approximately 2.2 ft
required for turbulent heating levels and indicates that a rel-
atively large distance is required before turbulent behavior is
displayed throughout the boundary layer. This 2000 psia level
is significant because it corresponds to the pressure design
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limit of the oxygen run tank and will therefore be the upper
limit for operating with oxygen enrichment, once the ongoing
facility modification is complete.'> When the facility is op-
erated without oxygen enrichment, this oxygen tank will be
isolated. The facility can then be operated up to 4000 psia,
which is the pressure design limit of the combustor.

Conclusions

Experimental data have been obtained to define test con-
ditions necessary to establish a compressible, naturally de-
veloping, equilibrium turbulent boundary layer. The model
consisted of a flat plate that was tested in the NASA Langley
Research Center 8-ft high temperature tunnel. For the present
study, the nominal boundary-layer edge Mach numbers were
5.0 and 6.2. The ratio of adiabatic wall to actual wall tem-
perature was 5.4, due to a combination of a high total tem-
perature of 3300°R and the heat-sink characteristics of the
model. This temperature ratio was considerably higher than
that obtained in previous compressible boundary-layer studies'!
and simulates hypersonic flight under highly cooled wall con-
ditions, which are anticipated for hypersonic cruise vehicles.
The momentum thickness Reynolds number Ref, calculated
using an enthalpy-based reference temperature, ranged from
400 to 7800. This corresponded to a local Reynolds number
Re; that ranged from 0.7 x 10° to 11 x 10¢.

The data showed that a momentum thickness Reynolds
number of at least 4000 is required for an equilibrium tur-
bulent boundary layer, which is in approximate agreement
with incompressible studies. This criteria was determined by
comparing the transformed wake strength of the boundary
layer with the data of Coles® for incompressible boundary
layers. Also, several shape factors were examined and sup-
ported the results from the wake strength. For the present
test conditions, this value of momentum thickness Reynolds
number corresponds to an Re¥ of nearly 6 X 10°, which is
approximately twice the value indicated by the velocity power
law exponents derived from the velocity data and three times
the Reynolds number corresponding to the end of transition
from the heating rate data.

Based on the above results, a test envelope was developed
that defines equilibrium turbulent boundary-layer flow con-
ditions for the 8-ft high temperature tunnel in terms of the
basic facility operating conditions. The operating envelope
was defined for the Mach 7 nozzle configuration.
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