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ABSTRACT

This report presents turbulence measurements for a shock-wave/
turbulent boundary layer interaction induced by_a 20° compression corner
at a Mach number of 2.9. The flow was separated at the corner
region. A constant-temperature hot-wire anemometer was used throughout.

The data include normal wire and inclined wire measurements.
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NOMENCLATURE

skin friction coefficient = T,/% Pref E%ef
Mach number

pressure

gas constant

Reynolds number

pPressure-velocity correlation coefficient
velocity porrelation coefficient
velocity-temperature correlafion coefficient
density-velocity correlation coefficient
temperature

streamwise velocity

velocity normal to the wall

friction velocity = ('1:‘,‘[/10“7)1/2

coordinate along the test surface

distance away from the test surface

ramp angle

specific heat ratio

boundary layer thickness, y at Bﬁ7f5§7é = 0.99
boundary layer thickness, y at (Po-P)/(Poe-Pe) = 0.99
boundary layer displacement thickness
boundary layer momentum thickness

inclined wire directional sensitivity
density

shear stress

idealized inclined wire angle (i.e. the angle between the
freestream mean flow direction and the line normal to the

wire.
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Subscripts

e boundary layer edge condition

o stagnation condition

W wall condition

ref reference condition — before the beginning of
interaction, at x = -50.8 mm

<> r.m.5. value of fluctuation

Overbars

- time mean valuye

normalized r.m.s. value of fluctuation (e.g. a = <u>/u)

The program printouts in Tables 5 and 6 use the following variable

names.;
ur = uT
RHOW = Pw
™ = T,
D = §
Y/D = y/§
(RHO U)' _ <pu>
RHOU =~ 7o
{RHO U)! - <pu>
RHOW*UT e
U _u
u =
ref Uref
yr _ <u>
uT U,
RHO*U'2  _ 5 u'2
RHOW*UTZ ~ ~— 3.



RHOU - ou
RHOUref (O s
TAU T o u'v?
TAUW T - 2
W pw uT

(RHO ) 'v' _ (pu)'v’

RHOU U - =2
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1. INTRODUCTION

The interaction between turbulent boundary layers and shock waves
has been studied extensively at the Gas Dynamics Lahoratory.
In particular, compression corners have been used to generate two-dimensional
interactions of varying strength. Settles, et al (Refs. 1, 2, 3 § 4} have
reported mean flow measurements at Mach 2.9 for corners with turning angles

o, 20° and 24° (these data were incorporated in the 1981 Stanford

of 8°, 16
Data Catalog as case mmber 8631).

| Under the auspices of NASA,* the Gas Dynamics Laboratory has recently
started to gather turbulence data in compressible flows. As part of that
program, we intend to supplement the compression-corner mean flow data with
a full set of hot-wire measurements.

We have performed hot-wire measurements in the 80, 16° and 20°

corner flow fields using the same models and flow conditions used by
Settles (Ref. 1) (Refs. 5, 6, 7, 8, 9 and 10)}. We hope to eventually cover
the 24° corner fldw field as well.

In this report, we present the 200 corner turbulence data; profiles

of rms mass-flow fluctuations, rms velocity fluctuations <u> and profiles

of (pu)'v', u'v' and E'GTVT7quT2 are tabulated.
| This report has been prepared to give other research workers ready
access to our data, and for reasons of consistency we follow the general
layout and notation used by Fernholz and Finley (Ref. 11).
Before presenting the data, the experimental apparatus and test

conditions are described in Sections 2 and 3, and the data analysis is

*Grant Number NAGW-240, monitored by Drs. Clint Brown and Gary Hicks.




discussed in Section 4. In Section 5 the coordinate system is defined,

and measurement uncertainties are described in Section 6.




2. APPARATUS

Unless stated otherwise, all experimental conditions were identical
to those used in the mean flqw study (Réfs. 1-4). These conditions are
briefly summarized below.

2.1 Wind Tunnel (see Fig. 1)

The measurements were made in the Princeton University 203 mm x 203 mm
(8" x 8") supersonic wind tunnel. The tunnel is of the blow-down type, and
a typical run time for a single profile was about one minute, During a
single run the tunnel stagnation temperature usually fell by 5-8°K. The
rms freestream mass-flow fluctuation level, expressed as a fraction of the
mean freestream mass-flow rate, was about one percent.

2.2 Test Model (see Fig. 1)

The test model comsisted of a flat wall segment mounted flush with
the tunnel floor, followed by a 121 mm long compression ramp inclined at
an angle of 20° to the floor. The model was installed 1.98m downstream
of the wind tunnel nézzle throat. The model was mounted centrally on the
floor, leaving a 25.4mm gap on either side of the ramp to avoid flow field
interference due to the tunnel side-wall boundary iayers. Aerodyﬁamic side

fences were mounted to further improve the two-dimensionality of the flow.




3. TEST CONDITIONS

The incoming boundary layer was fully turbulent and in equilibrium
conditions (Refs. 1-3). The flow was separated at the corner region (-0.58,<
x<0.14,). ‘The flow parameters for the undisturbed incoming boundary layer
taken at x = -50.8mm are given in Table 1. The conditions at x = -50.8 mm
will be designated as reference conditions.

The wall static pressure and skin-friction distributions taken from
Ref._4 are given in.Tables 2 and 3. The skin-friction was measured with a
Preston tube, using Hopkins and Keener's evaluation scheme (Ref. 12). The
local skin-friction coefficients have been defined using the reference con-
ditions to avoid ambiguity within the interaction region. The wall condi-

tions were near-adiabatic.



4. DATA ACQUISITION AND REDUCTION

4.1 Data Acquisition

A DISA 55M10 constant-temperature anemometer was used in the present
hot-wire measurements. The hot-wire probes were constructed using 5 pm
diameter tungsten wires. These wires were firsf,copper—plated, soft soldered
onto the probe prongs, and then etched ﬁsing diiuted sulphuric acid to remove
the copper-plating, exposing an active portion of 0.8 v 1.0mm in length.

The wires were slackened slightly to avoid strain-gauging.

Calibrations of the hot-wires were done in a small Mach 3 pilot
tunnel. The wires were calibrated for mass;flow sensitivity by changing
the stagnation pressure. The inclined wires were additionally calibrated
for directional sensitivity by changing the relative flow direction at a
constant stagnation pressure (i.e. constant mass flow rate) using a yaw
mechanism. The calibration procedures, with correction to temperature
drifts, are outlined in Smits et.al. {Ref. 13), and Smits and Muck (Ref. 14).
Note that the present calibration only applied where the mass-flow sensitivity
was independent of Mach number, that is, where the insténtaneous local normal
Mach mmber exceeds 1.2 (see Ref. 15).

The inclined wire measurements were obtained by rotating a single
inclined wire as déécribed in Ref. 14,

Under operating conditions, the system frequency response (deduced
from a square-wave test) was typically 150 kHz or better. The operating
overheat ratio varied between 1.0 and 1.3. Preliminary tests had shown
that at these overheat ratios the contribution of the temperature fluctua-

tions to the total signal was small, and it was subsequently neglected.




Digital analysis was used throughout. The mean and fluctuating
components of the hot-wire signal were separated by appropriate filtering
and digitized directly at sampling rates of 50 kHz and 500 kiz respectively.
The raw data was stored on-line in the memory of a Hewlett-Packard HP1000
minicomputer for further processing. At each measurement point, data were
taken as an ensemble of 25 fecords, each of which contained 1024 sampled
points. Satisfactory convergence of fluctuation data was achieved with
this record length (within 1% at y/§ = 0.5).

4.2 Data Reduction

4.2.1 Normal wire results

The instantaneous values of the anemometer voltage were directly
converted to the instantaneous values of mass flow by inverting the calibra-
tion curve, thereby avoiding the use of sensitivity coefficients. 'The in-
stantaneous mass-flow fluctuations were found by subtracting the time-averaged
mass flow from the total instantaneous mass flow.

The normal wire data presented in Table 5 are v/6, <pu>/5§,'<pu>/pqu,

G]ﬁ}ef, M, <u?/uT and p u'z/pquz. The values of &, U, Py <u> and

2

E'u'z/pqu were found as follows.

(a) Definition of boundary layer thickness: The boundary layer
thickness, &, given for each profile in Table 5 was defined as the distance
from the wall to where E§7T5572'= 0.99. Fernholz and Finley (Ref. 18)
suggest the boundary layer edge be defined as a point where (PO—P)/Poe~Pe)'=
0.99. For incompressible flows, this corresponds to the u/ug = 0.995 point.
Both boundary layer thicknesses, plus some other relevant length scales, are
given in Table 4.

(b) In finding up = VTy/py , T, was calculated from Ty = % Dyef

Upef Cfref =1 YPref Mref Cfref’ using Cfref values from Table 3. The
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density at the wall, Pyr Was calculated as follows:

oy " = (Y xef 1 1)
w RT, Pref Ty T, R | ‘
Py
where P is given in Table 2,
ref
o 1
T, 1.04
and R = 287.227

Since T, varied during a run (by about +2%), the average value of the
stagnation temperature was used to evaluate Pyw+ Note that the temperatures

(Ty and Ty) are measured as mean values, hence no overbars need be shown.

>
() %?w was obtained as follows
T
u>  <uw> o u Upef
— = = = (2)
T u Upef U
<u> >/ou
and = <pu>/pu (3)

{142 R, (v-1) M2+ [(\(-1)&12]2}1’2

using Morkovin's Strong Reynolds Analogy (Ref. 16}.

Rpu = 0.8 was used to evaluate Egn. 3 throughout the boundary
layer (see Ref. 17). | |

The values of ﬁ/ﬁ};f and M are those interpolated from the data

given in Ref. 4.

12
(d) pu 3 is calculated as follows, assuming constant static
Pwlt '
pressure across the boundary layer. Note that where significant cross--

stream pressure gradient occurs (such as in passing a shock wave) no



measurements (indicated by NM) are presented.

— .12 T 2 T 2_ -
pu wu'lt _wu's {1 + - M2} 4

Here Ty/Ty = 1.04 (from previous mean flow measurements) .,

E'u'z/pwu,f2 was thus calculated knowing <u>/u. and M.

4.2.2 Inclined wire results

The inclined wire data presented in Table 6 are y/§, M, W/Upes,

BEYTEET}ef, E'ET;TYQWufz = /1, and (pu) 'v'/ (pu?) respectively. They were
evaluafed as followé.

(a) Values of &, M, ﬁ?ﬁ}ef, Py and u, were evaluated as described
in Section 4.2.1. TEEST;T-was evaluated from the inclined wire measurements
as described in Smits and Muck (Ref. 14). Note that (pu) 'v' in Table 6
is tabulated normalized by the local values of (632).

{(b) E;EIE; was evaluated as follows:

Pw up
For small fluctuations, we can write

(p)' = pu' +p'u

Multiplying by v' throughout and taking time-mean values, we have

pfvl} (5)
T 7

(pu)'v' = pu'v' {1 +

o=l
=

From equation 5, p u'v' can be deduced from the measured {(pu)'v'
if p'v’ is known. But p'v' is not measured and needs to be estimated
based on plausible physical assumptions,

Starting from



(the overbar for the mean temperature is retained for clarity) we

can write

Substituting into (5),

(ow) ™" = p a'v! 1-%% (1—%% (6)

SHe3e
=3 ot
-

If we assume that pressure fluctuations are small with respect to
density or temperature fluctuations (""Strong Reynolds Analogy"), va can be

taken to be negligible. Equation (6} then reduces to

<
-3
=T

(pu)lvf - Eutvl 1 - —=

Ruv u
{7
— Tons tut
or putv’ = (pu) V~
_&rr
Rav
From the energy equation,
1 - T il 1
CP T0 = CP T +uu
which can be written as
] 1 ut 2 =
T =T + T (y-1) M T (8)

and by further assuming that TOl = 0 {"Very Strong Reynolds Analogy'),

we have

o~

L
—
=

|

= - -1 M

SPEET
]
s |

=
=
<
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Substituting this into (7) we have

(pu) 'v!
{1+ (y-1) M2}

'I,S'ulvl =

(9)

The values of p u'v' tabulated in this report is thus calculated
from the measured values of M and (pu)'v' according to equation (9). It

is tabulated normalized By pquz (following Fernholz and Finley [18])

according to

= E u'v' 2 Eﬁ' u P {pu) 'v?

C — = — =2
wWoopLuL fref (pW)pef Uper (p u”)

(10)

-1
where P = {1 + (y-1) M%}
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5. COORDINATE DEFINITION AND MEASUREMENT LOCATIONS

The x-coordinate is defined in the streamwise direction along the
surface of the wind tunnel wall and the compression ramp. The origin of
X is at the compression corner; all locations upstream of the corner have
negative x values, while all those on the ramp have positive values. The
y-coordinate is measured from the test surface and the y-axis is normal

to the test surface as shown below.

X range ¥ orientation
x = -50.8mm normal to tunnel wall
x> -65.4mm normal to ramp surface

The x-locations where the normal wire measurements were made are:

x = -50.8, -6.4, 0.0, 4.0, 12.7, 25.4, 41.4, 57.2,

76.2, 95.3mm

The x-locations where the inclined wire measurements were made are:

x = -50.8, 12.7, 25.4, 41.4, 57.1, 76.2, 95.2, 114.3m
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6. MEASUREMENT UNCERTAINTIES

6.1 Mean-Flow Measurements

The mean-flow measurement uncertainties were given by Settles et al

(Ref. 4). They were:

Py = 12% M= 13%

= *]15% = .
Cfref +15 y 0. 2nm
u = *5% § = £5%
P = 4%

6.2 Tufbulence Measurements

The turbulence measurements are subject to both random and
systematic errors. The random errors are associated with uncertainties
in evaluating the sensitivity from the calibration curve and correcting
‘the sensitivity for changes in stagnation temperature, in addition to the
possibility of a drift in the hot-wire characteristics. Systematic errors
include neglecting temperature fluctuations and mean sfagnation temperature
changes through the flowfield, as well as the errors due to the limited
spatial and temporal resolution of the hot-wire system.

On the following page are some estimates of the errors for the
measurements taken in the undisturbed boundary layer upstream of the

interaction.
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6.2.1 Normal wire measurements

{(a)} Mass flow fluctuations:

For the mormal wire, the specific error bounds on the mass-flow
fluctuation measurements are given below.
Random errors: Source A<pu>

(i) evaluating the sensitivity from

the calibration + 8%
(ii) correcting the sensitivity for
variations in freestream stagnation
temperature + 1%
(ii1) drift in sensitivity during run + 3%
(iv) miscellaneous sources of error (end-
~ conduction effects, filter gain
variations, etc.) ' + 5%
The overall uncertainty in the rms mass-flow
fluctuation level due to random errors is therefore +10%
Systematic errors: Source A<pu>
(i) neglecting mean stagnation temperature
variations through the boundary layer
(assume 4% increase in T, between free-
stream and the wall)
At y/6 =1 0%
At y/8 = 0.05 -2%
(ii} neglecting the contribution to the hot-
wire output due to temperature fluctuations
(in central portion of the layer, see -
Section 6.3 and Ref. 13) +4%
(iii} limitation on spatial and temporal resolu-
tion (assume it is constant throughout the
layer) -2%
Overall systematic error in the rms mass-flow
fluctuation level is therefore. (maximum level only) 0%

Total error in <pu> is therefore *10%
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(b} Velocity fluctuation intensity:

In converting the mass-flow fluctuation iﬁtensity to a velocity
fluctuation intensity, the Strong Reynolds Analogy (equation 3) was
assumed. This proce&ure Tequires as input the local Mach number, and
the density/velocity corrélation Rpu' The uncertainty in the Mach
number (1}%).1eads to an uncertainty in <u> of +4%, and the measurements
of Rpu (Ref. 17) are probably no better than +10%, which gives a corre-
sponding uncertainty in <u> of +3%.

- More importantly, the assumption of the Strong Reynolds Analogy
is questionable. In fact, if the stagnation temperature fluctuation
intensity and the stagnation temperature/mass-flow correlation RpuTo
were known, this assumption would not be necessary. For example,

Kovasznay (Ref. 15) showed that, for negligible pressure fluctuationé,

we have exactly

w2 2 (ou)'? ou Ty’ . 2 To'’
B i aa i R R (11)
u pu pu T0 To
, -1
where P=(1+ (y-1) M%) (12)
and QP =1 + (24 M2 (13)

Comparing equations 3 and 11, we find

<u>k 2 Q <T0> Q <To> 2
e L+ 2P(P-1)(1-R ) o {1 + 2 Rout, P o5 * | P o ()

where <u> is the value of <u> found using equation 11, and <u> is the
value found using equation 3. Eugation 14 therefore represents an estimate

for the possible error in <u> introduced by the assumption of the Strong
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Reynolds Analogy. Clearly, this error varies through the flow field, and
to find this error at a given point, we require the Mach number, the ratio
<T.> > i i

T,>/<pu>, and the correlations Rpu and RpuTo at that point.

Consider three points in a typical zero pressure gradient boundary

layer, such as the one investigated by Kistler (Ref. 19):

y/8 = 0.1 , <T0>/<pu> 0.4 RpuTo = 0.4
= 0.4 % 0.35 % 0.1
= 0.8 ~ 0.3 ' . %-0.3

The quantity which has the greatest uncertainty is the correlation RpuT .
s

Kistler found a significant Mach mumber dependence, although other data

(see Ref. 20) do not. In addition, Kistler found that_RpuT
: 0

with increasing y/§. When this result is compared with other data, some

changes sign

conflict is apparent. Nevertheless, for the pﬁrposes of the present ana-
lysis, we will assuﬁe that the values measured by Kistler are not only
correct, but that they are representative of a compressible turbulent
boundary layer.

For the undisturbed boundary layer upstream of the 16° compression

corner, we found

y/§ = 0.1 , M= 1.65
= 0.4 z 2.2
= 0.8 x 2.7

Finally, we assume a constant value of 0.8 for the density/velocity cor-
relation Rpu (see Ref. 17). Hence,

1.30

y/§ = 0.1 , <u>k/<u>S
= 0.4 = 1.21

= 0.8 = 1,02



-16-

Thus, it seems that the use of the Strong Reynolds Analogy underestimates
the true value of <u> throughout the layer, although the estimate improves
as the distance from the wéll increases.

To summarize,-the estimate-for <u> using the Stréng Reynolds Analogy

is subject to the following uncertainties:

Source A<u>
(i) Uncertainty in measuring <pu> ' +10%

(1) Assumption of the Strong Reynolds

Analogy
y/6 = 0.1 -30%
= 0.4 -21%
= 0.8 - 2%
(iii) Uncertainty in Mach number in
Strong Reynolds Analogy 4%
(iv) Uncertainty in R y in Strong
Reynolds Analogy 3%

‘(c) Normal Reynolds Stress:

In addition to the errors found in <u>2, the normalized normal
Reynolds. stress, Eu'z/pwut2 have further errors from p/p, and uTz.
— 2
Source pu'?/pgu

(i) Uncertainty in p/p, of the undisturbed
boundary layer

y/§ = 0.1 2%
= 0.4 +3%
= 0.8 +4%

(ii) Uncertainty in evaluating uT2 *+16%

(d) Other sources of error:

Note that, for <u> at x = -12.7 and -6.4mm, the hot-wire probe
was traversed normal to the ramp face, whereas the mean flow data was
deduced from Pitot profiles measured by traversing normal to the tunnel

floor.



-17-

6.2.2 Inclined wire measurements

The inclined wire results are subject to random and systematic
errors similar to those for the normal wire results. In addition, the
inclined wire results are subject to errors arising from unéertainty in
the directional sensitivity, and from the rather severe restrictions
imposed by the "normal Mach number criterion" mentioned earlier. Further
errors arise from the assumptions made during the course of data reduction.
Below are some discussions and estimates of these errors.

{a) Restrictions due to the local normal Mach number criterion

One of the major limitations on using inclined hot-wires in low
Mach number supersonic flow is the requirement that the instantaneous normal
Mach number should bé greater than 1.2 (see Smits and Muck14). Within the
transonic range, the hot wire behavior changes drastically, and the sensi-
tivity is affected such that a sharp fall-off occurs in the inferred
turbulence inteﬁsity. For this reason, results for which the normal Mach
number is below 1.2 are expected to be in error and should be used cautiously.

Below is a sample calculation of the '"tolerable'" level of rms lateral
velocity fluctuation <v>/u = r for the present undisturbed flat-plate
boundary layer, with the various i&ealiied ”effective"-wire angles.

We assume that v’ is normally distributed and we impose the require-
ment that 98% of the time the nbrmal Mach number must exceedrl.z (for

instance), then the criterion
M cos (P-2r) > 1.2

must be satisfied is as follows:
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limit on %

y/8 M ¥=30°  y=40°  y=45°  y=55°
0.1  1.65 = -11.6 ~2.9 +1.47  +10.27
0.2 1.87  -17.5 -8.8 4.4  +4.3"
0.4  2.18 -23.2  -14.5  -10.1 - 1.4
0.6 2.45 -26.8 -18.0  -13.7 - 5.0
0.8 2.8  -30.9  -22.1  -17.8 - 9.1

We note that downstream of the interaction the overall Mach number
is significantly lower than the undisturbed boundary layer, the decrease
depends on the strength of the compression. Therefore the normal Mach
number criterion is even more restrictive downstream of the interaction.

In the present flow field, r in the undisturbed boundary layer is
of the order of 10% in the inner layer. We are therefore ¢ompelled to
use the w~300 (i.-e. more normal) wires to reduce errors due to the fore-
going restriction.. Reducing ¢ farther however is expected to reduce
accuracy on the directional sensitivity. |

For the real wires, the situation is further compounded since the
wire is somewhat bowed (to avoid strain-gaging). For waveragé = 45° (say)
over the entire length, the local wire angle can vary between 35° to 55°,
Therefore it is again necessary to choose a wire with smaller i,

(b) Besides the errors described in (a) above, the specific
error bounds on the mass weighted Reynolds shear stress measurements

are estimated on the following page.

*For these wire angles, the normal Mach number is less than 1.2 even
for r = 0!
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Random errors: Source {pu) 'v'

(1) evaluating the mass-flow semsitivity

kmu from the calibration +16%
{(ii) evaluating the angle (or directional)
sensitivity £ from the calibration 110%
(iii) correcting the mass-flow sensitivity
for variations in the freestream
stagnation temperature 2%
(iv) drifts in the sensitivities during
a run
in kp, 16%
in & 3%
(v) miscellaneous sources of error
(end-conduction effect, filter gain
variations, etc.) 110%
The overall uncertainty in (pu)'v' due to the
above random errors is therefore +22%
Systematic errors: Source {pu) 'v?
(i) neglecting mean stagnation temperature
variations through the boundary layer
(assume 4% increase in T, between free-
stream and the wall) ,
At y/§ = 1.0 ' 0%
At y/8 = 0.05 - -4%
(ii) neglecting the contribution to the hot-
wire output due to temperature fluctua-
tions (in central portion of the layer) +1.6%
(iii) limitation on spatial and temporal
resolution (assume constant through
the layer) - 10%

The overall systematic errors due to the above
effects in  (pu) 'v' will be underestimated by 10%




-20-

(¢} In section 4.2.2(b) we have made use of the "Very Strong
Reynolds Analogy' assumptions (i.e., P!' = 0 and T6'= 0} so that the
unknown (RyT/Ryy)T/u is reduced simply to - (y-1)M2. It is informative
to assess the errors involved in using these assumptions.

We define a turbulent Prandtl number as

u'v' 3T/3y
Ot = ————
v'T! 3u/dy
Thus
1
Ryt ¥ _yirr o _ 1 T oW% (15)
Ruv & w7 1 O %-Bﬁyay
u
{dropping the overbar for mean T).
Also from the mean energy equation for small fluctuations,
_ 152
Cp Tg = Cp T + 5 U
we have 1 Ty 1
T-BT/By i 1F-TE-BT0/8y X
Lawny Lawy
[N = (v-1)M%]
Ryt T . .
In order to evaluate —— = using (15) we make the following
Ruv u
assumptions,
1/10
o/, = (v/8)Y

(To-Ty) /Ty, = -(3/6)/10

T, = 260K
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To-Ty = -~12K
1
and O *p (9-y/8) for y/§ > 0.05
(See Meier and Rotta21)
y/6 O M A B B/A

0.895 1.65 2.303 2.089 0.907
0.88 1.87 2.678 2,899 0.8%96
0.86 2.18 3.315 2.901 0.875
0.84 2.45 3.979 ° 3.421 0.855
0.82 2.88 5.195 4.318 0.831

o O o o o
o O A N =

where A=1-;R££;T,—
Ryv @
and B=1+N

Therefore with the above modelling, the values of HW evaluated
with the "Very Strong Reynolds" (VSR) analogy (i.e..P'=0, To'=0) as given
by equation (9) is about 12% higher than that given by equation (7) in
the middle of the layer. In other words, the ''VSR" analogy tends to

overestimate p u'v'.
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C

a 20

Re 6.3 x 107/
ref -2 X m

Mot 2.79

P 2.6 x 104 N/m
ref .

T/ To 1.04

Tref 103%K

Upeos 562 m/s

St 25.0 mm

5*ref 3.5 mm

Gref 0.5 mm

Tabie 1. Reference Parameters
at x = -50.8mm .

2
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X,Ccm PW/PWI‘ef X,Cm Cfref
-5.08 0.99 -3.81 .00100
-3.81 0.99 -3.00 .00100
-3.81 1.00 -2.22 . 00088
-%.81 1.00 =-1.9] . 00057
=-3.8l }.00 -1.58 .00032
-3.81 [.00 ~1.27 .00015
-2.70 1.00 0.40 .00008
-2.38 1.03 0.64 00012
-2.22 1.07 0.95 . .00027
- =2.06 1.16 F.27 00032
~1.9] .32 |.5¢ .00052
-1.75 1.44 | .91 .00057
-1.59 [.56 2.22 . 00063
-1.43 f.60 2.54 00069
-1.27 .67 2.86 . 00083
-1. 11 1.71 4.13 . 00094
-0.95 1.76 4,45 00116
-0.79 .78 5.72 00126
-0.64 1.82 7.62 .00158
~-0.64 |.B2 9.53 .00179
-0.56 [ .85 [1.43 .00192
-0.56 .84

-0.48 |.87

_8:22 ;:gg Table 3. Skin-Friction
-0.22 1.9 Distribution.
-0.16 1.94

-0.08 }.98

-0.08 }.97

0.0 2.00

0.9 2.00

0.08 2.02

0.16 2.06

0.24 2.12

0.48 2.20

0.64 2.30

0.64 2.30

0.95 2.42

[.27 2.53

2.22 2.83

3.8l 3.15

3.81 213

3.81 3.17

5.72 3,352

7.62 3,43

i1.43 3.57

11.43 3.56

Table 2. Wall Static Pressure
Distribution.
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v
¥

u

T

%
X 8 ) 8 6p T
mm mm mm mm mm x 10-3

-50.8 25.0 3.5 0.5 28.9 2.55
-6.4 26.3 4.2 0.9 — -
0.0 26.7 3.9 1.1 - -
4.0 27.5 3.7 0.8 — -
12.7 25.8 3.2 1.1 — —
25.4  16.8 4.0 1.9 16.2 1.72
41.4 18.2 3.8 2.0 18.4 1.44
57.2  19.8 3.8 2.0 18.9 1.24
76.2 20,0 3.2 1.8 17.4 1.09
95.3 21.0 3.1 1.9 18.4 1.02

Table 4. Various Boundary Layer Length Scales.
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TABLE 5. Normal Wire Turbulence Data
{All length scales are in meters)
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TABLE 6. Inclined Wire Turbulence Data
(All length scales are in meters)
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