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Table 4 Summary of experimental results at 298.15 K (cal,,, = 4.184 J)

exo-TUDC RJ-4 RJ-4-I JP-9

Mean
Standard deviation

of the mean

-10685.70
81.04
79.84
83.59
81.37

- 10680.53
-10682.01

0.90

- 10776.90
74.78
76.04
76.14
77.91

- 10772.28
-10775.68

0.80

- 10764.86
64.27
66.10
63.12
62.46

- 10762.78
-10763.93

0.57

-10672.39
68.70
69.55
66.80
70.40

- 10668.28
-10669.35

0.78

Table 5 Derived molar values for the liquid state at
298.15K(cal^ -4.184J)

Fuel

exo-THDC
RJ-4
RJ-4-I
JP-9

AE;,
kcaI / /7 mol

-1455. 31 ±0.33
-1770.37rbO.37
- 1768.44±0.36
-1523.55±0.34

A//;,
kcal//7 mol ~ '

-1457.68±0.33
-1773.33±0.37
- 1771.40±0.36

1525.95±0.34

A//;,
kcal / / ? mol "' '

-29.35ztO.35
- 38.43 zt 0.40
-40.36±0.39

values of AH° refer to Eqs. (2) and (4). The uncertainties
given in Table 5 are the "uncertainty intervals."13 The en-
thalpies of formation of CO2(g) and H2O(1) were taken to be
-94.051 and -68.315 kcal,/7 mol" 1 , respectively.14 Un-
certainties assigned to the respective values were 0.011 kcal / /?
mol -' for CO2

15 and 0.010 kcal / /? mol - l for H2O(1).16

The values of enthalpy of combustion given in Tables 3-5
are the "gross" heats of combustion for which the reaction
products are gaseous carbon dioxide and liquid water. For
combustion yielding gaseous carbon dioxide and gaseous
water, the values of the "net" heat of combustion are: exo-
THDC, -(10081.5±2.3) c a l g - 1 ; RJ-4, -(10153.1 ±2.3) cal
g - 1 ; RJ-4-I, -(10141.7 ±2.2) cal g - 1 ; and JP-9, -
(10089.5 ±2.4) cal g - 1 .
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Artificially Thickening a Smooth-Wall
Turbulent Boundary Layer

Phillip M. Ligrani* and Robert J. Moffatt
Stanford University, Stanford, Calif.

Introduction

THE ability to thicken a turbulent boundary layer ar-
tificially gives the investigator a way to obtain thick

layers in short wind tunnel distances, and thus expand the
experimental operating domain of a wind tunnel without the
high cost of increasing the length of the test surface. One must
prove, however, that the thickened boundary layer has the
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same properties as would a naturally developed boundary
layer of the same thickness. The turbulent transport
properties then have normal characteristics which allow the
flowfield to be used for research purposes. Artificially
thickened boundary layers have been made before, but
usually to simulate atmospheric boundary layers' or to model
flat-plate boundary-layer information only up to first-order
information.2 An exception is the technique of Klebanoff and
Diehl,3 which produces a flowfield with normal charac-
teristics to the level of one-dimensional u'2 spectra, but pro-
duces only small increases in the thickness. The present
technique was then developed with the objective of producing
flowfields whose mean and turbulence properties would be
closely similar to those of naturally developing flows and, at
the same time, provide substantial thickness increases.

Design of Artificial Thickening Device
The apparatus used to produce the augmented boundary

layer is shown in Fig. 1, and consists of two basic com-
ponents: an array of spires and a barrier. The flow from the
wind tunnel nozzle first passes by the spires and then the
barrier, both of which extend across the width of the wind
tunnel at the upstream end of the test surface. The flow
produced by the present device is examined at only one
freestream velocity. However, a slightly modified version of
the present smooth-wall design is demonstrated to be useful
for rough-wall boundary layers for freestream velocities
ranging from 9 to 28 m/s.4 The spire configuration, shown in
Fig. 1, was developed from a design described by Peterka and
Cermak1 which had been used to simulate atmospheric
boundary layers.

The flow properties in the thickened boundary layer depend
on the geometric characteristics of the array of spires and
barrier. The total thickness of the boundary layer just
downstream of the thickening apparatus, 6, is directly
proportional to the height of the spires, 0. The momentum
thickness at the same location can be expressed as
d2= (CD/2) ( A f / w ) , where CD is the drag coefficient of the
spires based on spire frontal area Af and co is defined on Fig.

BARRIER

(dimensions in cm)

0=60°-

60° TOTAL \
BLADE ANGLE ̂ * 4.445

0.635 0.159-

t

1. Altering CD by streamlining the spires using sharp-edged
upstream and downstream blades alters the velocity
distribution in the wake of the augmented boundary layer. A
control volume analysis indicates that the total angle of the
upstream blade 6 can also be varied for fine adjustment of the
velocity profiles. In addition, the upstream blades have
important effects on turbulent fluctuation intensities. The
upstream blades divert fluid away from the centerlines of the
spires, to mix with fluid diverted from adjacent spires. The
amount of this mixing, dependent on 6, then affects tur-
bulence levels just downstream of the spires and, therefore,
levels at measuring stations further downstream.

The barrier shown in Fig. 1 greatly increases the momentum
deficit over that produced by the spires alone. By changining
the barrier height h, the relation between the mean velocity
and skin friction can also be changed to obtain agreement
with the law of the wall.

Thick Boundary-Layer Characteristics
Using the apparatus described, the integral quantities,

mean velocity profiles, and turbulence structure in the ar-
tifically thickened boundary layer resemble natural data
downstream of the thickening apparatus.

The following data are intended to show that the
augmented boundary layer is o f ' 'normal character."

Integral Properties
The data for displacement thickness and momentum

thickness agree with the correlations of Schultz-Grunow5 for
xl >0.9 m, where xl is the longitudinal distance downstream
of the artificial thickening apparatus. The effective
hydrodynamic starting length upstream of the thickening
apparatus, L, was determined to be 2.60 m, based on the
displacement thickness correlation of Schultz-Grunow.

Skin Friction
The local values of skin friction coefficient in the ar-

tificially thickened boundary layer were determined from
near-wall measurements of the Reynolds shear stress made
using a rotatable, slanted, hot-wire anemometer (Cf/2==
— u'v'/u2^ at 7 = 0.330 cm). Results of these measurements
indicate that the measured skin friction agrees with the
Schultz-Grunow correlation, calculated using the same L
discussed previously. The data also agree with Cy/2 = 0.0128
(Reb ) ~°-25, where Red2 is the momentum thickness Reynolds
number, which ranges from 4100-5700 in the present study.
For *7>0.9 m, the measured skin friction coefficients are
closely similar to values determined from the velocity profiles
using a "Clauser plot."6 Agreement with the moment in-
tegral equation for average skin friction is maintained within
10% at the same locations.

Mean Velocity Profiles—Inner Coordinates
Velocity profiles in wall coordinates are shown in Fig. 2.

These profiles were nondimensionalized using values of the
friction velocity ur determined from measured skin friction,
and for xl >0.9 m show excellent agreement with the law of
the wall

+C (1)

(dimensions in cm)

Fig. 1 Artificial thickening apparatus.

where /c = 0.41 and C=5.10. The value of y+ at which the
data begin to deviate from the law of the wall (near the wake)
is approximately 500, which is consistent with Clauser's8

observation for a momentum thickness Reynolds number of
5000. Figure 2 also indicates that in the transition region of
the artificially thickened boundary layer, the velocity
measurements fall within the scatter of Laufer's7 data for
pipe flow.
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Fig. 2 Downstream development of velocity profiles in boundary-
layer coordinates.

Clauser Equilibrium and Mean Velocity Profiles — Outer Coordinates
The artificially thickened boundary layer evidently reaches

a Clauser 8-type equilibrium for x, >0.9 m, since the Clauser
shape factor G becomes constant at approximately 6.8, a
value consistent with natural zero pressure gradient boun-
dary-layer behavior. Consequently, the measured velocity
profiles in defect coordinates are similar at different
downstream locations. Agreement is also maintained with
Coles' 9 law of the wake

5

where 7r = 0.55 for zero pressure gradient flows, C O ( A ? ) is
Coles' wake function, AC = 0.41, d is the boundary-layer
thickness, and ux is the freestream velocity. The fricition
velocities used to nondimensionalize experimental profiles for
comparison with Eq. (2) were determined from measured
values of local skin friction. A spanwise mean velocity profile
survey atxy = 1.22 m (z= -5.08 cm, z = 0cm (centerline), and
z= 10.16 cm) showed a variation of momentum thickness of
less than 3% about the mean.

Turbulence
The profiles of longitudinal turbulent intensity^_turbu-

lent shear stress —u'v', and turbulent kinetic energy q2 , are
closely similar to those of naturally developing boundary
layers at x, = 1.98m and Xj =2. 29m. Profiles of q2 /u2

T and
— u'v'/u2

r vs y/d at four downstream locations are shown in
Fig. 3, along with Klebanoff's 10 measurement for com-
parison. The slight deficits which exist for 0.14 <y/d< 0.50 at
Xj = 1 . 17 m and at xt - 1 .57 m disappear farther downstream,
where longitudinal similarity of the profiles develops. Tur-
bulence data in the artifically thickened boundary layer also
show agreement (for 0.10<^/5<0.90) with the cross-
correlation coefficient for the turbulent shear stress and the
Reynolds shear stress-turbulent kinetic energy ratio within
± 10%, where the correlations are:

-u'v'/^ •=0.46 and -u'v'/q2 = 0.145 (3)

Spectra
No spectral measurements were made in the smooth-wall,

artificially thickened boundary layer of the present study.

-u v
., 2

6.0

.6
y/S

1.0

Fig. 3 Downstream development of turbulence properties.

Spectra of the longitudinal velocity fluctuations taken in a
thickened boundary layer produced over a rough surface
using a slightly modified version of the Fig. 1 design are
presented by Ligrani.4 Results indicate that the normalized
spectra, scaled on boundary-layer thickness, for y/d = 0.078,
0.150, and 0.600 show excellent agreement with
measurements from naturally developing flows.

Wind Tunnel and Measurement Techniques
The artificially thickened boundary layer was developed in

the HMT-1 heat-transfer tunnel at Stanford, which has been
described by Moffat. n The smooth test surface of the wind
tunnel is 2.44 m long and 0.508 m wide. The mean velocities u
were measured using a boundary-layer pitot probe in con-
junction with a micromanometer. The Reynolds stress tensor
components were measured using horizontal and rotatable
slanted hot-wire probes. The pitot probe and the two hot-wire
probes were mounted on individual traversing mechanisms,
each with a micrometer for adjustment of probe position
relative to the wall. All profile measurements were made on
the centerline of the tunnel, z = Q, except when spanwise
uniformity checks of the mean velocity were made.

Conclusions
Measurements in an artificially thickened flowfield in air at

u^ = 10.1 m/s with Tx ~23°C indicate that it is possible to
create a hydrodynamic field similar to thick, smooth-wall,
turbulent boundary layers. The augmented layer develops
naturally in a zero pressure gradient to the level of the cross-
correlation coefficient based upon the turbulent shear stress
and the Reynolds shear stress-turbulent kinetic energy ratio.
The effective length of the wind-tunnel test section is in-
creased by 2.60 m, and the displacement thickness is increased
by a factor of 1.74 over the hydrodynamic flowfield which
would develop naturally on the downstream end of the same
test surface.
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Tabular data listings and additional details of the artificial
thickening design, experimental apparatus, measurement
techniques, and qualification tests are given by Ligrani.4
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Real-Time Optical Measurement of
Time-Dependent Shock Position

M. Sajben* and R.C. Critesf
McDonnell Douglas Corporation, St. Louis, Mo.

Introduction

IN the study of unsteady flows that contain oscillating
shocks, it is desirable to obtain a real-time analog signal

representing the streamwise position of the shock. Such a
signal permits recording of shock position simultaneously
with other time-dependent data (pressures, velocities, etc.).
Simultaneous recording insures a precisely indexed time base
for all signals and allows reliable computation of joint
statistical properties, such as cross-correlations or con-
ditionally averaged flow properties, using shock position as
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the trigger signal. In addition, the availability of on-line
display of time-mean shock position provides the ex-
perimental convenience of taking data at preset shock
positions.

Description of Apparatus
In a recent experimental study, ] the need just outlined was

met by incorporating a line-scan television camera in the
conventional shadowgraph system of the flow facility, and
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Fig. 1 Layout of shadowgraph system and schematic of electronics
for line-scan data processing.


