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Mean Flow Study of Two-Dimensional Subsonic Turbulent

Boundary Layers

Fariborz Motallebi*
Delft University of Technology, 2600 GB Delft, The Netherlands

This paper presents some mean flow data for subsonic compressible boundary layers obtained during the cali-
bration of a newly built boundary layer wind tunnel. The measurements were carried out at zero pressure gradi-
ent and at subsonic speeds. The freestream Reynolds number ranged from 11 X 10% to 44 x 10%m. Different
boundary-layer profiles and parameters were examined and compared with the universally accepted data for
two-dimensional compressible equilibrium turbulent boundary layers. The van Driest transformation was used
to compare the data with the well-known incompressible correlations. The results together with the estimates of
the wake component suggest that the tested turbulent boundary layer is fully developed, two dimensional, and in
equilibrium condition. The data indicate that Reynolds number based on the integral length scale of A* is well
correlated with the momentum thickness Reynolds number. This is similar to the proposed correlation of Fern-
holz and Finley for supersonic flows but with an average vertical shift of about 0.18 and in contrast to the sugges-
tion of Fernholz is Mach number dependent. The results also indicate that although the constancy of the strength
of the wake component can be used in defining the state of a turbulent boundary layer the existence of a universal

value for the classification of turbulent boundary layers must still be investigated.

Nomenclature

a =parameter in van Driest transformation, Eq. (5b)
b =parameter in van Driest transformation, Eq. (5c)
Gy =skin friction coefficient, 2t,, /p; ug

c =intercept for Coles law of the wall, 5.1

d =Preston tube diameter

F. =parameter in Nash and MacDonald skin friction
correlation, Eq. (6b)
Fp =parameter in Nash and MacDonald skin friction

correlation, Eq. (6¢)
=Clauser’s shape pagameter,
[o L(u* —ud) fu] * dy/A*

H =shape parameter, 5*/0

H, =height of the wind-tunnel channel

k =slope for Coles law of the wall, 0.4

M =Mach number

N =velocity power law exponent

P =pressure

R = gas constant, 287 J/kg-K for air

Re = freestream unit Reynolds number, ugps/ils

Re =Reynolds number based on integral length scale
AY up A,

Reg =momentum thickness Reynolds number based on the
boundary-layer edge condition, ugp6/iLs

Reg,, =momentum thickness Reynolds number, ugps6/u,,

r = temperature recovery factor, 0.89

T = temperature

u =velocity

Uy =friction velocity, /t,,/p,,

w =half-width of flat plate

w(y/8) =wake function, 1 — cos[m(y /3)]

Xies =reference streamwise coordinate

Y =coordinate normal to flat plate

Z = spanwise coordinate

B =streamwise pressure gradient
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=ratio of specific heats, 1.4 for air

AP =difference between Preston tube and wall pressure
readings

A(u*fu;) =wake strength

A* =integral length scale, i.e., area beneath turbulent defect

law plot, 8 [ (u} —u¥/u] d(y/8)

&* =displacement thickness

0 =momentum thickness

u = viscosity

v =kinematic viscosity

P =density

T =local shear stress

Subscripts

aw = adiabatic wall

exp =experimental

i = incompressible

t =total .
w =wall or evaluated based on wall parameters
0 =stagnation condition

oo = freestream

) =boundary-layer edge

Supercript

* = transformed condition

I. Introduction

HE design of modern subsonic civil aircraft requires a detailed

knowledge of boundary-layer behavior over the aircraft. Be-
cause of the flow complexity involved, particularly when shock
wave boundary-layer interactions occur, wind-tunnel experiments
still are needed to obtain the necessary design information and to
provide test data for numerical validations. The primary goal of the
present work was to gather experimental data on the quality of the
boundary-layer flow developing on the bottom wall of a newly
built wind tunnel to assess its suitability as an experimental tool for
fundamental research on the structure of turbulent boundary layers
in subsonic and transonic flow regimes. In this paper only the re-
sults for a Mach number range of about 0.3-0.8 are presented. For
this purpose a large number of boundary-layer traverses were
made at various locations on the flat bottom wall of the wind tun-
nel using pitot pressure probes and surface static pressure ports. At
each Mach number the freestream Reynolds number was varied by
changing the air stagnation pressure in the settling chamber. The
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Fig.1 Schematic diagram of subsonic-transonic boundary-layer wind tunnel, dimensions in mm.
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Fig.2 Schematic view of test flat plate with instrumentation layout, dimensions in mm.

state of the compressible turbulent boundary layer, which was of
nondefined origin type, was assessed using the established time-
averaged incompressible description of the equilibrium turbulent
boundary layer given by Clauser' and Coles.? To correlate com-
pressible boundary-layer velocity profiles with the incompressible
relations, van Driest’s transformation® was employed. This trans-
formation has been shown previously to provide a reasonably good
correlation for adiabatic and nonadiabatic wall conditions* At
present the overall mean flow data particularly for high subsonic
flows are not too well documented, and there is a gap between the
well-established data in incompressible flows and the rather large
number of data at supersonic speeds. From the present data it was
possible to compare the mean flow data (integral quantities) of
these three different flow regimes. For example, the transformed
wake strength of the test boundary layer was compared with the
data of Coles® for incompressible boundary layers and those of
Fernholz and Finley® mainly for supersonic flows. In addition, var-
ious shape factors and boundary-layer parameters were examined
which support the results from the wake strength. The data also in-
dicate that the influence of factors such as flow Mach number,
three dimensionality of the flow, level of freestream turbulence,
and upstream history effects on the strength of the wake compo-
nent is required before an average universal value for the classifi-
cation of the compressible turbulent boundary layers even for sub-
sonic zero pressure gradient boundary layers as suggested by
Coles> can be assumed.

II. Description of Experiment

Test Facility

A schematic diagram of the Grens-Laag GLT20 boundary-layer
wind tunnel is shown in Fig. 1. This facility is a blow-down wind
tunnel that can provide thick boundary layers exposed to controlled

pressure gradients. The wind tunnel may be compared to the upper
half of a symmetric wind tunnel, the lower half of which has been
replaced by a long flat plate extending from upstream of the throat
along the length of the nozzle and test section. The upper wall of
the long and slender test section may be contoured to impose pres-
sure gradients or even shock waves on the boundary layer. The side
walls of the nozzle diverge slightly in the flow direction to reduce
secondary flows in the boundary layer. The Mach number at the
exit of the semiflexible nozzle can be continuously adjusted from
subsonic speed to M =2.4, although for present work the wind tun-
nel was used only at subsonic speeds. The test area has a cross sec-
tion of Hy X 2W=17X20.6 cm? at the entrance and a length of 132
cm.

A simple adjustable second throat at the exit of the test section
controls subsonic and transonic flows. Stagnation pressures are
limited by the capacity of the flow control valve to 4 bars at M =1
and to 10 bars at M=2.4. The water content of supply air is less
than 10™* kg per kg of air. The dry air is stored in a 300-m® pres-
sure vessel. A heat generator consisting of a bed of some 20,000 kg
of ceramic pebbles is installed in the pressure vessel to maintain a
nearly constant temperature of the delivered air. In all tests the rate
of change in stagnation temperature in the settling chamber was
less than 0.1 deg/s.

Model and Instrumentation

The model used for the present study consisted of an instru-
mented aluminum flat plate. The plate was aligned with the plane
of the upstream bottom wall of the wind tunnel. The overall length
and width of the plate were 1200 and 206.2 mm, respectively. The
surface of the plate was hydraulically smooth and instrumented
with pressure orifices and plugs for the insertion of the boundary-
layer probe assembly or surface thermocouples. The plate dimen-
sions and instrumentation layout are shown in Fig. 2. Surface pres-
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sure orifices were provided on the flat plate and other walls of the
wind tunnel to assess the streamwise and spanwise wall static pres-
sure distribution in the working section area of the wind tunnel.

The boundary-layer probe assembly consisted of a rake carrying
two pitot probes with a vertical separation distance of about 22.46
mm. The upper probe was a circular pitot tube and the lower probe
was a flat ended pitot tube. The end face of both tubes was ground
square to the surface of the test plate. Figure 3 shows the main di-
mensions of the boundary-layer probe assembly. A computer con-
trolled traverse mechanism was used to displace the boundary-
layer probe assembly in the vertical direction. In each boundary
layer traverse mechanical contact between the lower pitot probe
and the plate was indicated by an electrical signal.

In addition, a rake consisting of 18 Preston tubes was used to
measure the spanwise distribution of surface impact pressure from
which skin friction values could be inferred by means of a calibra-
tion. Each Preston tube in the rake had an outside diameter of 1
mm with a ratio of inside to outside diameter of 0.6. The surface
temperature was measured by thermocouples attached to the un-
derside of aluminum plugs. These plugs were flush mounted with
the surface of flat plate. A total of four plugs was used at various
Iocations on the plate.

Test Conditions

The present experiments were conducted only at subsonic
speeds. The nominal freestream Mach number was varied between
0.3 and 0.8 by placement of different choke blocks along the upper
wall of the wind tunnel. The unit freestream Reynolds number
ranged from 11X 10° to 44 X 10°. The range of local boundary-
layer momentum thickness Reynolds number Reg was between
26 X 10° to 106 X 10°. A summary of the test conditions is given

in Table 1. )

III. Results and Discussion

The measurements consisted of 1) surface temperature distribu-
tion at different locations along the test flat plate, 2) wall static
pressure distribution along the four walls of the wind tunnel in the
test area, 3) skin friction distribution on the test flat plate, and 4)
several boundary-layer traverses on the test flat plate. Experiments
were repeated for several Reynolds and Mach numbers and at sev-
eral streamwise and spanwise locations, with similar results. Be-
cause of space limitations only sample results are repeated here. A
complete set of the results has been reported elsewhere.’

Surface Quantities

Surface temperature measurement at four positions along the
flat plate showed that the measured temperatures were very close
to the adiabatic recovery temperatire of the plate. Based on these
measurements the boundary-layer flow was assumed to be adia-

Table 1 Flow conditions

Mg Re. X107 5/m Reg
0.305 —0.320 11.130 — 19.060 26,730 — 72,394
0.502—->0.516 17.260 - 27.570 37,922 — 93,672
0.703 - 0.724 21.280 — 43.630 43,190 — 107,613
0.808 —0.824 23.090 — 37.650 45,148 — 106,310
0.35
60
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Fig.3 Schematic view of boundary-layer probe, dimensions in mm.
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Fig.4a Streamwise distribution of surface Mach number along four
walls of wind tunnel, Py=2.04 bars.
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Fig.4b Spanwise distribution of wall static pressure, X,..s= 650 mm.

batic, and the data reduction for boundary-layer velocity profiles
was carried out by employing the Crocco-van Driest temperature-
velocity correlation with a recovery factor of 0.89.

In the early stages of present work the control of flow was
achieved by a second throat in the form of a manually adjustable
flow deflector placed along the top wall of the wind tunnel imme-
diately after the test area. The measurement of streamwise pressure
distribution along the four walls of the wind tunnel showed the ex-
istence of a relatively strong positive pressure gradient especially
along the top wall of the wind tunnel in the last half-length of the
test area. To reduce this upstream effect and using a method based
on the recommendation given by Campbell? the flow deflector
was replaced by choke blocks positioned at a distance of about
2.5 H; downstream of the test area. With this configuration, the
streamwise distribution of wall Mach number M,, along the four
walls of the tunnel showed no indication of the existence of any
noticeable upstream flow perturbations in the test area. The results
also indicate that the test boundary-layer flow along the test flat
plate develops under zero pressure gradient, and practically no
pressure difference exists between different walls of the wind tun-
nel. Spanwise wall static pressure surveys were made at four
stations along the test flat plate (i.e., X,.s=50, 450, 650, and 950
mm). At each station 18 surface static pressure tappings were used
for pressure measurement. The results indicate that the spanwise
wall pressure distribution is generally uniform to within 0.5% over
the entire width of the flat plate. Typical results for streamwise and
spanwise distribution of wall static pressure are shown in Figs. 4a
and 4b.

A rake consisting of 18 Preston tubes was used to measure the
spanwise distribution of surface impact pressure from which skin
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Fig.5 Spanwise distribution of skin friction coefficient, X, ;=650
mm.
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Fig.6 Spanwise distribution of boundary-layer total pressure pro-
files, M5=0.819, P =1.637 bars, and X,..s= 650 mm.

friction values could be inferred by means of a calibration. In the
present study the Bradshaw and Unsworth correlation as revised by
Allen® was used for the calculation of skin friction coefficient Cy

AP ud ) ( u.d ) 2
a = 96.0 + 60 IOg(SOVW +23.7 [log S0v.

2
4 u,t utd 0.3
(WJ[(W) 2as] o

Data for obtaining skin friction were collected at three stations
(Xrer =450, 650, and 950 mm) where surface pressure tappings
were available on either side of the each Preston tube to simulta-
neously measure the static pressure. Figure 5 shows the result for
the spanwise distribution of Cy for a range of freestream Mach
numbers from 0.32 to 0.82 at X.,=650 mm. As can be seen, the
distribution of C; shows a good spanwise regularity and symmetry
with a more or less flat dip in the central part of the flat plate. In
most cases the maximum variation of Cy in the middle part of the
plate (i.e., |Z| <38 mm) is less than 8% of its average value. The
rather large variation of C, near the side walls is probably caused
by corner flows, and in these regions, the estimated values of C¢
should be taken with caution due to the three dimensionality of the
flow.n

Boundary-Layer Profiles

Total Pressure Profiles

Spanwise distributions of total pressure profiles were obtained
at four stations (X;=150, 450, 650, and 950 mm). Typical results
are shown in Fig. 6 which are normalized against the stagnation
pressure Py, to account for run to run variation. The spanwise dis-
tribution of total pressure generally shows a symmetrical pattern.
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Fig.7 Boundary-layer velocity profiles in logarithmic and normal
forms, M= 0.819, Py =1.637 bars, and X,.¢= 650 mm.
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Fig.8 Spanwise distribution of isodistance velocity profiles, X,..¢= 650
mm.

Velocity Profiles

The boundary-layer velocity profile at each location was ob-
tained by combining the data from total pressure profiles with a
velocity-temperature correlation based on the van Driest modifica-
tion of the Crocco relationship.

Us

63

2
T Ps_ y-1 2|: u 2}_ L+r[(y=1)/2] M;
= =—=1+r Ms 1+ =

T 2 70 ( ) L+r[(y=1)/21M°

where r=0.89. The static pressure across the boundary layer was
assumed constant and equal to the average wall pressure measured
by two wall pressure orifices provided on either side of the total
pressure traverse location. The Mach number distribution across
the boundary layer was computed directly from the measured total
pressure profile and the averaged wall static pressure. Then Eq. (2)
was used to calculate the velocity distribution in the boundary lay-
er. Typical velocity profiles which are normalized with respect to
the boundary-layer edge velocity ug=0.995u,, are plotted on the
left side of the Fig. 7. Since, generally, the tip height of the flat-
ended total pressure probe was less than 1% of the average bound-
ary-layer thickness, no displacement correction was applied to the
vertical position of the probe.!® Figure 8 shows a typical spanwise
distribution of the test boundary-layer isodistance velocity profiles
in normalized form.

Compressibility Transformation

Inner Region

At present there is no rigorous mathematical basis to any avail-
able compressibility transformations!!~!? but they remain a useful
tool in the comparison and evaluation of compressible data. For
turbulent boundary layers, Prandtl'* proposed that for incompress-
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ible flows over smooth surfaces, the velocity profile outside the
laminar sublayer and in the logarithmic region can be described by
the so called law of the wall correlation

u
w_1l, Y, . (3)
u k

T w

Although this correlation was developed from incompressible
experiments, Fernholz and Finley® have suggested that it may be
applied to compressible flows provided that the density variation
through the boundary layer is taken into account. Among the vari-
ous methods available, the van Driest!> appears to give the best
transformation of the data for flow over both adiabatic and cooled
walls over a wide range of Mach number and Reynolds number.
Using the van Driest transformation and incorporating the concept
of temperature recovery factor r, the transformed velocity u* is
given by

*
L;—=%Zn&+c ‘ @

T w
where

2

(@ +apy"”

20 -

Symbo!l |Z{mm)

Fig.9 Boundary-layer velocity profiles based on Maise and McDonald
correlation,'” Mg =0.819, Py = 1.637 bars, and X, ;=650 mm.
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Fig.10 Outer law for boundary-layer profiles based on Fernholz and
Finley correlation,’ M= 0.819, Py = 1.637 bars, and X,r= 650 mm.

in which
T —1
o= F{rerto)
1..T
R (50)

To compare the present data with different empirical correlations
reported by Fernholz and Finley? the values of constants k and ¢
were taken as 0.4 and 5.1, respectively.

The skin friction coefficient Cy has to be specified. This is diffi-
cult to do precisely, and indirect devices such as the Preston tubes
present serious experimental difficulties and uncertainties. The
choice of calibration is vital with all compressible flow Preston
tube data. To avoid such uncertainties, the Cy values were deduced
using the expression proposed by Nash and MacDonald"® which
depends on integral quantities of the boundary layer

Cr_ g [2.4711 X tn (F 1Rey) +4.75]
R 0

2 c
2
+15G + #2—4— -16.87 } (6a)
G"+200
in which '
F?= 14 0.066M; - 0.008M; n (6b)
Fgp = 1-0.134M; +0.027M,; (6c)

G =61/p+181-17 (6d)

with $=0 in the present study. The C; values obtained in this way
were compared with Cy values deduced when the profiles were ad-
justed to fit the logarithmic law. The difference between the two
values for different boundary-layer profiles was very small (in
most cases within 1.5% of each other) and, consequently, through-
out this report the proposed method of Nash and MacDonald'® was
adopted for the prediction of skin friction coefficient in the van
Driest transformation.

The transformed velocity profiles have been plotted against
yu./v,, in the same figure as for normal profiles (Fig. 7).

Outer Region

Maise and McDonald!” have attempted to extend the validity of
the van Driest transformation to the outer region of boundary layer
by introducing u* into the velocity defect law with a finite wake
component

*

S (]
T 2563425 [2—w ! } %)

This expression has been shown!® to correlate data from adiabatic
compressible turbulent boundary layers over a wide range of Mach
number and Reynolds number (M — 5.0, Reg=2.5X103—7Xx10°).
In the present experiments it also predicts the correct trend of the
data (Fig. 9). Fernholz and Finley® have achieved a better correla-
tion for the outer region of boundary layer with a semiempirical re-
lationship

B0 476 2674 8

I —4.7 A6 ®)
In this expression the constant terms were obtained from a corre-
lation of experimental data as a function of T,/T,, and
Reg (1.5X103<Reg<4x10%. The new integral length scale pa-
rameter A* which was developed from the turbulent defect plot by
Clauser! for incompressible flows has been introduced to alleviate
the problem of evaluating a boundary-layer thickness § in com-
pressible flow. The profiles from all locations appeared to be well
correlated by Eq. (8). Figure 10 shows a typical result.
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Wake Component A(u*/u,)

An estimate of the wake component can be made from the
present data. The wake strength is defined as the maximum veloc-
ity increase in the wake region of the turbulent boundary layer
above the logarithmic equation and should be constant for equilib-
rium boundary layers.® In Ref. 5 Coles has shown that for incom-
pressible flow, the wake strength approaches a constant value of
approximately 2.70 with increasing Reynolds number based on
momentum thickness.

The wake strength calculated from the present data are com-
pared with the incompressible compilation of Coles’ and those of
Fernholz and Finley® mainly for supersonic flows on adiabatic
walls (Fig. 11). The present data appear to follow the trend of data
for adiabatic walls but generally fall below the majority of the pre-
vious values. However, the present data clearly indicate that the
turbulent boundary layer developed on the test flat plate is of the
equilibrium type with a more or less constant wake strength of
about 2.35 which is independent of Reynolds number.

It is apparent from this figure that the available data on the wake
strength are very scattered and no absolute conclusion can be
drawn as to whether the present difference is due to experimental
difficulties, history effects, errors in correctly predicting the Cy val-
ues, Mach number effects, or high level of turbulence intensity in
the freestream. The latter was suggested by Coles’ to have a stron-
ger influence and is believed to be the main reason for the low
value of wake strength obtained in our experiments. Indeed, later it
was realized that the existing turbulence damping screens in the
settling chamber of the GLT20 wind tunnel have an open-area
ratio of about 0.48 which is much lower than the recommended

value of about 0.58 — 0.64 commonly applied in transonic and
subsonic wind tunnels.!”

Power Law Exponent

To compare the present data with previous boundary-layer data,
the boundary-layer profiles normalized with ug were used to calcu-
late the velocity power law exponent N, where N is defined by the
following relationship:

ufug=(y B)W ©)

The exponent N for each profile was calculated by applying the
least squares technique to the linear logarithmic form of Eq. (9)
and is plotted as a function of Reg in Fig. 12. Fenter’s empirical
curve for adiabatic compressible boundary layer flows?® is also
plotted in this figure. Overall, the exponents derived from the
present experimental data show levels and trends that are consis-
tent with the earlier work whose data were correlated by Fenter
and lie between his correlation and the value of N=7, which is
commonly regarded as applicable for small Mach numbers and
low to moderate Reynolds numbers.

Integral Quantities

To obtain different boundary-layer thicknesses and parameters,
the velocity and density distribution inferred from the total pres-
sure measurement and assumed velocity-temperature correlation
were integrated over the thickness of the boundary-layer thick-
ness. Because the measured points were taken at intervals which
varied widely across the boundary layer (the intervals were
closely spaced near the wall) the trapezium rule was used to eval-
uate these integral thicknesses. The integral quantities that have
been calculated from the measured profile data are displacement
thickness 3%, momentum thickness 8, and integral length scale A*,
The momentum thickness Reynolds number Reg, the Reynolds
number Rey,,, and integral length scale Reynolds number Rep* as
recommended by Fernholz and Finley® and various shape parame-
ters (i.e., H, H;, and G) have been calculated from the present ex-
perimental data and compared with some of existing correlations
for two-dimensional compressible equilibrium turbulent boundary
layers.

Integral Length Scale A*

From the present data the integral length scale A* was obtained
and compared with those reported by Fernholz and Finley® In Fig.
13a the Reynolds number based on this length scale (i.e., Rex*) is
plotted against momentum Reynolds number Reg,. By using the
least squares method these data can be approximated by

fn Repe = 0.958 (u Reg,, +0.684 (10)
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Fig.13a Variation of Re,+ with Reg,, for two-dimensional subsonic turbulent boundary layers.
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which shows a trend of variation of Re,* with Reg,, similar to the
correlation proposed by Fernholz and Finley®

tnRepr = o Reg,, +0.04 an

but with an average vertical shift of about 0.18 [Note that in Ref. 6
the coefficient of t. (Reg,,) in Eq. (11) has been incorrectly given as
0.964, Ref. 21.] In Fig. 13b, these two correlations together with
the data obtained from the independent experiments of Winter and
Gaudet,?? Gaudet,”® and Collins et al2* are shown. It is clear that
although the Fernholz and Finley correlation correctly represents
the supersonic data (i.e., Mg>2.0), all of the subsonic data fall on
the present correlation. It is also interesting to note that for tran-
sonic and low supersonic flows (i.e., 1.0 <Mg<2.0), the data lay in
between these two correlations, starting to depart from the present
correlation at low transonic speeds and closing to the Fernholz and
Finley correlation as the Mach number increases. Of course, more
experimental data are required before one can define a relation
similar to Egs. (10) or (11) for this “transitional region.” Another

11.0 120 13.0

In(Re,,)

Variation of Rep+ with Reg,, for two-dimensional compressible turbulent boundary layers.

factor that might influence this trend is the possible existence of
different freestream turbulence levels among different test facili-
ties. But since no information on the level of freestream turbulence
in these wind tunnels have been reported, no definitive conclusion
can be drawn at this stage.

Shape Parameter

The shape parameter H for all boundary-layer profiles is plotted
as a function of Rey, together with the empirical correlation of H
by Hopkins et a2 for adiabatic walls

H=(N+2)(1+0.344 M3)/N (12)

and is shown in Fig. 14. Our data show that the shape parameter
at each nominal Mach number is independent of Reg and varies
from approximately 1.32 at Mg5~0.3 to 1.54 at M5~0.8. There is
also a very good agreement between present data and the Ref. 25
correlation.
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Fig.16 Compressibility factor for boundary-layer shape parameter.

Clauser,” in an attempt to classify the turbulent boundary lay-

ers, derived a shape parameter G which was independent of Mach
number and less sensitive to Reynolds number variation. By using
the van Driest compressibility transformation this shape parameter
which was based on the area beneath the velocity defect curve will
have the following form:

1 {8 (u*—uf\?
G—F 0(——_uT ) dy 13
Clauser determined from his incompressible data that for a zero
pressure gradient equilibrium turbulent boundary layer, G=6.1.
This shape parameter has been looked at in the present study for
comparison with Clauser’s result. In Fig. 15 the shape parameter
G evaluated using transformed velocities is shown along with the
Clauser’s incompressible value of 6.1. For the range of Reg expe-
rienced in our study the transformed Clauser shape parameter G
is approximately equal to a constant value of 6.25, which is rea-
sonably close to Clauser’s incompressible value of 6.1 and sup-
ports the contention of equilibrium in this compressible turbulent
boundary-layer flow.

From our experimental data, the incompressible shape parame-
ter H; was also calculated and together with compressible shape
parameter H was used to evaluate the shape parameter compress-
ibility correction factor. The result is shown in Fig. 16 together
with correlations given by Winter and Gaudet®® and Spence®
which were obtained from data available to them for two-dimen-
sional compressible equilibrium turbulent boundary layers. The

agreement between experimental data and correlations is quite
satisfactory.

In general observing the shape parameters H and G and taking
into account the compressibility factors it is considered that the
turbulent boundary-layer flow studied here is in equilibrium.

IV. Concluding Remarks

Experimental time averaged mean flow data have been obtained
to evaluate the state of the compressible turbulent boundary-layer
flow developing over a test flat plate aligned with the bottom wall
of the GLT20 subsonic-transonic boundary-layer wind tunnel. For
the present study, the nominal boundary-layer edge Mach number
was varied between 0.3 and 0.8 with a unit freestream Reynolds
number range of 11X 10 to 44X 106, Spanwise distribution of wall
static pressure, skin friction coefficient, total pressure profiles, and
different forms of the boundary-layer velocity profiles indicate
that the boundary-layer flow in the middle region of the flat plate
has a two-dimensional characteristic. These velocity profiles have
been also tested against the universal law of the wall and the outer
law of Fernholz by applying the van Driest transformation tech-
nique. The results show that the turbulent boundary-layer flow
studied here is in an equilibrium state in the sense that within ac-
ceptable limits it follows the law of the wall and the outer law.
This conclusion is also supported by the constancy of the wake
strength. Fair agreement has been obtained between the boundary-
layer integral quantities and some of the existing correlations for
two-dimensional compressible adiabatic equilibrium turbulent
boundary layers. The Reynolds number based on the integral



MOTALLEBI: TURBULENT BOUNDARY LAYERS 2161

length scale of A* is well correlated with the momentum thickness
Reynolds number, which showed similar behavior to that derived
by Fernholz and Finley® for adiabatic two-dimensional compress-
ible boundary layers but with an average vertical shift of about
0.18; and in contrast to the Fernholz suggestion this correlation is
Mach number dependent. These results clearly indicate that al-
though the investigated boundary-layer flow is two dimensional
and in an equilibrium state, the effects of flow Mach number, three
dimensionality of the flow, freestream turbulence, and parameters
related to the upstream history on some of the integral quantities of
the boundary layer, such as the wake component and the integral
length scale of A*, are still far from being understood and require
further attention in future research programs.
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