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Table 2 Kinetic parameters

Kinetic equations

Heating

°C min"1

1
2
5

10
20
50

100

Ea

77.72
71.70
70.78
66.25
62.13
57.90
41.77

Coats-Redfern

Ab

8.253 x lO 1

2.612X101

2.880X101

2.007 X l O 1

1.262X101

1.066 X l O 1

1.425x10°

MacCallum-Tanner

r

0.9979
0.9984
0.9960
09976
0.9953
0.9959
0.9804

Ea

81.17
75.77
75.40
71.09
67.36
63.76
48.20

Ab

1.568 xlO 2

5. 568 XlO 1

6.718X101

4.890 X l O 1

3.280 X l O 1

3.070 X l O 1

4.671x10°

r

0.9985
0.9989
0.9997
0.9981
0.9964
0.9971
0.9907

E*

102.8
96.13
96.55
93.81
92.45
85.60
64.70

Horowitz-Metzger

A*

5. 597 XlO 3

1.257 XlO 3

1.420 X l O 3

1.180 X l O 3

9.428 X l O 2

4.388 xlO2

2.297 X l O 1

r

0.9952
0.9963
0.9989
0.9995
0.9994
0.9967
0.9725

a !nKJmole~ D In sec~

Table 3 Curve fit constants for correlation of E and A with heating rate

Kinetic equation
Correlation with log E Correlation with A

x 103 C, x 105 C4 x 107 K 7 x l O -3 K 3 x l O ~ 3 K 4 x l O - 3

Coats-Redfern
MacCallum-Tanner
Horowitz-Metzger

1.8832
1.9035
2.0003

7.2475
6.0538
2.8251

14.783
12.489
5.0240

10.160
8.6406
4.0933

111.0
107.1
63.9

2.4576
9.7077

131.85

0.23336
0.52231

13.262

0.59131
1.3481

36.460

0.43803
0.97287

28.666

167.6
61.5

148.5

best be represented by a third-degree curve, following the
equation of the type

A=K,+-

where K^ to K4 are empirical constants, different for the three
equations.

The reliability of the curve fittings was evaluated by the F
test.8 The values of Q to C4 along with the corresponding
Fisher constant F, the values of K! to K4, and F for the three
equations are given in Table 3. The critical value of the Fisher
constant8 for the system at 99% confidence level is 28.7. From
Table 3 it can be seen that the confidence level of all the cor-
relations is above 99%. Similar quantitative correlations be-
tween kinetic parameters and heating rate have been reported
in the case of certain reactions, while for other reactions, the
kinetic constants do not depend on the heating rate.4 No
universally acceptable theoretical explanation has been pro-
pounded for such systematic dependence.
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Turbulent Reynolds Analogy Factors
of Stacked Large-Eddy Breakup

Devices

A. Margrethe Lindemann*
NASA Langley Research Center, Hampton, Virginia

Nomenclature
A = test (flat-plate) surface area
Cf — area-averaged skin-friction coefficient, 2D/Ap00Ul0
D = measured total drag
h - area-averaged heat-transfer coefficient, Q/A (TW/T00)
Q — measured heat-transfer rate
Ree = momentum thickness Reynolds number
Tw = wall temperature
TOO =freestream temperature
Uoo = freestream velocity
x = streamwise distance from leading edge
5 = boundary-layer thickness
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<5SL = flat-plate boundary-layer thickness at future site of
large-eddy breakup devices

r) = Reynolds analogy efficiency factor: test surface
referenced to flat plate = (h/Cf)LE -s- (h/Cf)PP

Pn = freestream air density
Subscripts

FP = reference flat plate test values
LB = large-eddy breakup device (LEBU) test values

Introduction

T HE current study directly measures turbulent Reynolds
analogy factors (referenced to flat plate) for turbulent

boundary-layer flows altered by stacked arrays of large-eddy
breakup devices (LEBU), or "turbulence manipulators" or
"ribbons" as they have been previously called.1"5 LEBUs are
of interest because of their drag-reducing potential. LEBU
elements inserted into the boundary layer are transverse to the
flow and primarily affect the outer eddy structures.1 The net
skin friction is reduced for at least 120 dSL downstream of
these devices.2 The measured Reynolds analogy factors pro-
vide quantitative information concerning the heat-transfer
characteristics associated with these altered boundary layers.
Test momentum thickness Reynolds numbers (midplate
values) range in two groups of 2000-3100 and 4000-6400. Both
groups span the same speed range and experimental condi-
tions, differing only in the origin of their turbulence. The
lower Reynolds numbers are associated with two-dimensional
rod trips, the higher Reynolds numbers with three-
dimensional swept screen trips. The data, which have also
been examined in the context of these distinct trips and
Reynolds numbers, provide evidence that heat transfer, skin-
friction drag, and LEBU performance factors in these low

LEBU stacks were made at each of three speeds: 19.8, 27.4,
and 36.6 m/s.

The LEBUs were implemented in stacked configurations.
See Refs. 1, 2, 5, and 6 for detailed descriptions of similar
setups and the LEBU design. The LEBUs were tautly strung
above and transverse to the flat test surface in three-stack (0.3,
0.6, and 0.9 <5SL); two-stack (0.4 and 0.8 <5SL) and one-stack
(0.6 6SL) arrays. Figure 1 is a simplified schematic diagram of
a two-LEBU stack. Care was taken in mounting the LEBUs to
eliminate vibration, twisting, slipping, or deviation from zero
angle of attack (i.e., parallel to the wall).

Heat-transfer coefficients for the test configurations were
determined using the Newton convective heat-transfer equa-
tion for low-speed airflow,

Q = Ah(Tw-T00)

The flat plate in each test configuration was heated with a
common heater element designed and instrumented to provide
a steady-state heat output following correction for conduc-
tion, radiation, and storage. A surface array of temperature
measurements derived from a distribution of 11 ther-
mocouples (embedded 0.19 cm below the test surface) pro-
vided the area AT" distribution (nominally 5°C above am-
bient). The heat-transfer measurements were repeatable to
within ±2%. More complete heat-transfer measurement pro-
cedural details may be found in Ref. 7.

Drag measurements utilized a free-floating air bearing drag
balance, which necessitated maintaining slight (0.076 cm) gaps
about the perimeter of the tests surface. (These same gaps
were duplicated in the heat-transfer setup.) In order to

Table 2 Test data

No. of £/«,
Apparatus and Measurement Procedures LEBUs m/s

Heat-transfer and drag measurements were obtained in a
Langley low-speed wind tunnel that has a 91.4 cm long test
section with a cross section 17.8 cm high x 27.9 cm wide. Refer
to Table 1 for information concerning test boundary-layer
parameters, LEBU configurations, and trip descriptions. The
flat aluminum plate test surface, 1 .27 cm thick x 91 .4 cm long
X27.9 cm wide, comprises the tunnel test section floor. Each
of the respective trips was installed 25.4 cm upstream of the
flat-plate leading edge; the LEBUs were longitudinally located
5.08 cm downstream from the leading edge. Heat-transfer and
drag measurements for the flat-plate references and for the

6C. is the reference flat plate boundary Y~Tr'P S4X^L
layer thickness at LEBU site _ r^ / sy^-~*:

LEBUs are 0.1 mm thick steel strips .-.ĵ x

Fig. 1 Two-LEBU stack. =

Table 1 Boundary-layer and

LEBU
chord, C/oo ,

Trip cm m/s

Two-dimensional rod, 0.8 19.8
0.15cmdiam 0.8 27.4

0.8 36.6
Three-dimensional 1.20 19.8

(wire) screen 1.20 27.4
2. 54 cm long 1.20 36.6
at 15 deg

3 19.8
• 27.4

36.6
2 19.8

27.4
36.6

1 19.8
27.4
36.6

3 19.8
27.4
36.6

2 19.8
27.4
36.6

1 19.8
27.4
36.6

LEBU parameters

5.1 cm
downstream
leading edge

*SL.
cm Ree

1.22 1400
1.15 1760
1.03 2200
1.75 3610
1.63 4480
1.59 5750

/W*FP C/LB
/C/FP *

Rod trip
0.99
0.94
0.94
1.13
1.04
1.04
1.12
1.03
0.93

Swept screen trip
0.97
0.92
0.93
0.97
1.00
0.95
1.04
0.98
0.97

66 cm
downstream
leading edge

<$,
cm Ree

1.89 2575
1.69 3060
1.72 4075
3.05 4525
2.75 5356
2.74 6990

0.89
0.93
0.90
0.95
0.95
0.95
0.99
0.97
0.98

0.87
0.87
0.87
0.90
0.90
0.89
0.97
0.96
0.94

1.11
1.01
1.04
1.19
1.10
1.09
1.14
1.07
0.95

1.12
1.06
1.07
1.08
.10
.08
.07
.02
.03

1
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minimize blowing and suction at the gaps, both drag and heat-
transfer tests operated a vacuum system in the plenum
chamber enclosing the test section in order to match the static
pressure below the drag balance or heater plate support with
that of the test section. The rear side wall was adjusted in both
sets of measurements to actively maintain a near-zero pressure
gradient in the test section. Careful model alignment and
calibration checks insured drag data repeatability to within
±1%. Skin-friction coefficients were backed out from direct
drag measurements using the following relation:

Results and Discussion
The LEBU heat-transfer coefficients were generally de-

pressed (6% maximum reduction) below flat-plate values. See
Table 2 for test heat-transfer data. The three-LEBU stacks
produced the lowest heat-transfer coefficients for the two sets
of tripped flows. As £/«, and Ree increase, the test heat-
transfer coefficients for a given stack configuration decrease,
while the flat-plate reference coefficients remain stable
throughout the test speed range. In fact, all flat-plate heat-
transfer coefficients for both rod and screen trips were
roughly equivalent to within experimental error. It is par-
ticularly interesting to note that if the scatter in the screen-
tripped heat-tansfer data were merely a phenomenon of ex-
perimental error, then it does not appear that the screen-
tripped heat-transfer data were a function of velocity. In con-
trast, while the rod-tripped heat-transfer data are monotonic,
that data may well be velocity- and/or Ree -dependent (lower
Ree, post-transitional flow).

Drag data for the LEBUs agree in trend to previous data in
similar configurations and test conditions.1'2'6 (See Table 2 for
test drag data.) The three-LEBU stack yielded average Cj
reductions of up to 13% (screen trip only) and consistently ex-
hibited the greatest average Cf reductions of all the LEBU
configurations for both sets of tripped flows. (Note that the
recorded experimental average Cf reductions do not include
the penalty of device drag.) The reductions associated with the
screen trip and higher Reynolds numbers are significantly
greater than with the two-dimensional rod trip (transitional
flow effects2). Note that, unlike the heat-transfer cases, the
drag results remain markedly stable for a given configuration
throughout the test speed range.

Because the overall Cf reductions exceed the heat-transfer
coefficient reductions, the relative Reynolds analogy factors
(here constructed in terms of the simple efficiency relation 77)
are somewhat increased above (average increase approxi-
mately 7%) the appropriate flat-plate reference. Again refer
to Table 2 for measured relative LEBU Reynolds analogy fac-
tors. The two-LEBU stacks exhibit the highest Reynolds
analogy factors for both sets of tripped flows. Reynolds
analogy factors tend to decrease as U^ increases per each
LEBU stack; other trends, if any, are difficult to identify.

The fact that LEBUs heat transfer is reduced is not surpris-
ing for several reasons: LEBUs tend to reduce the vertical
component (primary heat-transfer direction) of large-scale
motion1 and insertion of LEBUs causes a redistribution of
fine-scale turbulence in place of large, more uneven structures
(inherently better carriers of thermal energy differentials).2

Reynolds analogy factors for LEBUs, however, are generally
elevated above flat-plate values, which means that the Cf
reduction is greater than the corresponding heat-transfer
reduction. This suggestion also makes sense in the light of
such experimental observations that: 1) the wall law similarity
is re-established early for ^/6SL>0.3, (i.e., forecasting
nominal heat-transfer reduction), although Cf reductions per-
sist;3 and 2) for 30% LEBU Cf reduction, the sublayer is in-
creased 17% (i.e., turbulent heat-transfer reduction con-
ceivably closer to 17%).

In addition to the above results, the variation in stability of
the LEBU heat-transfer and skin-friction data throughout the

test speed range also suggests that independent mechanisms in-
fluence the two flow parameters. In support of this interpreta-
tion, a growing body of experimental data offers evidence
that, contrary to the similarity imposed by standard Reynolds
analogy models, heat transfer and skin friction are affected
differently in situations characterized by surface roughness or
curvature, physical or thermal steps, and pressure gradients.
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Introduction

I T has been recognized since the pioneering work of
Leger1 concerning materials exposed on missions STS-1

through STS-3 and of Hansen and coworkers2 in a ground-
based study that LEO atomic oxygen may present a serious
problem for materials used in conjuction with the space
telescope. Atomic oxygen is the major ambient species at low
orbital altitudes and presents a flux of ca. 8xl01 4 atoms
cm~2 s"1 for oxidative reaction with materials.1 Leger
observed a significant alteration in appearance of the Kapton
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