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illustrates the importance of including the orthotropicity of the
material in a nalyses.
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Sphere Drag in Near-Free-Molecule
Hypersonic Flow

M. I. KTJSSOY,* D. A. STEWART,* AND C. C.
NASA Antes Research Center, Moffett Field, Calif.

THERE are many practical applications, such as satellite
drag and lifetime predictions, and density measurements

in the upper atmosphere where a precise knowledge of the
drag coefficient (CD) of spheres at hypersonic Mach numbers
for near-free-molecule flow conditions is required. Recent
experimental investigations1"5 have measured drag co-
efficients in near-free-molecular flow equal to or slightly less
than the free-molecule limit (assuming diffuse reflection and
an accommodation coefficient of one). These data were
obtained for both hot- and cold-wall conditions at Mach
numbers from 8 to 15. A few experiments at Mm > 15 by
Slattery et'al.,1 and Kussoy and Horstman6 have indicated
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Fig. 1 Sphere-drag coefficient variation with Reynolds
number.

Table 1 Sphere drag-coefficient results

Condition 1: Mm = 27.2, Condition 2: Mm = 24.5,
Rejcm = 221, Rez/cm = 6.6, Rejcm = 236, Re*/cm =
TW/T0 = 0.035, TW/T^ = 5.3, 9.4, TW/T0 = 0.035,
Tw = 294°K Tw/Tm = 4.1, Tw = 294°K

Sphere
diam., cm

0.762
0.559
0.376
0.254
0.130
0.080
0.040

Ci)(meas.)
2.26
2.20
2.26
2.45,2.37
2.45,2.37
2.55,2.27
2.40,2.25,2.13

Sphere
diam.,

cm
0.559
0.080
0.064
0.061
0.041

Corneas.)
2.13
2.31
2.34
2.60,2.14
2.45,2.21
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sphere drag coefficients above their free molecule limits.
The purpose of this Note is to present additional data in the
near-free-molecular regime for flow conditions (Mm « 25,
Tw/Tm « 5) which are closer to Earth satellite conditions.

The present data were obtained using a free-flight technique
in the Ames 42-in. Shock Tunnel. The operation and calibra-
tion procedures of this facility are described elsewhere.6 The
present test conditions are given in Table 1. The free-flight
technique is similar to that used in Ref. 6, except for the model
launch procedure which employed a retractable table similar
to the one described in Ref. 7. The accuracy of the data
have been calculated to be ±10% for the present investiga-
tion. The larger spheres (0.76-0.25 cm diam) were made
from maple, pine, balsa wood, steel, zinc, copper, or plastic,
and spray-painted with black paint. The smaller spheres
(0.041-0.25 cm diam) were made from a synthetic sapphire-
ruby material and painted with a diluted blue marking dye
solution. Within experimental accuracy, no effect of surface
or material on the drag could be observed.

The sphere drag results for air are presented in Table 1 and
are shown on Fig. 1, plotted against Rez,D (the Reynolds
number based on conditions behind the bow shock wave).
Results obtained previously6 are also shown. At comparable
Reynolds numbers, they are in good agreement with the
present results. At values of Re%,D < 1, the drag coefficient
levels off to an average value of 2.35 which is 10% above the
free-molecular drag coefficient (2.12) computed for the pres-
ent test conditions assuming diffuse reflection and an accom-
modation coefficient of one.

Hersh2 showed that this higher drag coefficient was theoreti-
cally plausible if the energy accommodation coefficient was
less than one. Free-molecule sphere drag coefficients up to
2.6 could be computed for the present test conditions assum-
ing energy accommodation was less than one. In a similar
vein, Hurlbut and Sherman,8 using a reflection model orig-
inally proposed by Nocilla,9 computed theoretical values of
the free-molecule drag coefficient for spheres in hypersonic
flow ranging from below 2.0 to about 2.8, depending on the
particular reflection model chosen. It is likely that the
reason for the present data being above the "free-molecule
limit" while the previous data1"5 are close to or below their
"free-molecule limits," is because of the differences between
the surface reflection and/or energy accommodation laws as a
function of Mach number and wall temperature ratio in
this flow regime. However, it is not possible to determine the
particular reflection laws and coefficients from these experi-
mental results because of the integration process involved.2'8
Thus, for problems such as predictions of satellite lifetimes
and atmospheric density measurements, the experimental
sphere drag coefficients should be used whenever possible.
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A Method of Curvature Matching for
Two-Dimensional Flexible Plate

Wind-Tunnel Nozzles

S. S. DESAI* AND R. K. JAIN*
National Aeronautical Laboratory, Bangalore, India

Nomenclature

A = area under the aerodynamic K-S plot
E = Young's modulus of elasticity
I = moment of inertia of the plate cross section
K = curvature
m = slope of the linear K-S plot
R = total load applied on a jack
S = distance along the plate
[A] = area matrix
[C] = coefficient matrix
[K] = unknown curvature matrix

Subscripts
i = iih station on the plate contour
av = average

Introduction

IN order to simulate the contour of a two-dimensional wind-
tunnel nozzle for continuously varying test section Mach

number, it is usual to employ two flexible plates loaded trans-
versely by a finite number of jacks along its length. It is im-
possible to exactly simulate the aerodynamic contour by the
device previously mentioned. If the jack extensions are ad-
justed to make the ordinates of the plate at a finite number of
points equal to those of the aerodynamic contour at these
points, the slope and the curvature distributions of the plate
deviate from those of the contour, resulting in nonuniformity
in the Mach number distribution in the test section. For ob-

taining a uniform Mach number distribution, it is necessary
to simulate the slope distribution exactly.

It may be noted that the exact simulation of the slope dis-
tribution throughout the plate length is impossible. For
practical purposes, it is sufficient to ensure identical slopes at
the finite number of points. This can be done by matching
the curvature distribution of the plate with that of the aero-
dynamic contour.

This Note describes a method of curvature matching
adopted for the nozzle contours of the 4 ft X 4 ft trisonic wind
tunnel of National Aeronautical Laboratory, India (NAL).
As a consequence of matching, a set of over-determined,
simultaneous equations is obtained. A least-square solution
of these equations gives the curvature distribution which
ensures minimum slope error.

The analysis for the derivation of this set of equations
follows.

Analysis

The arrangement of the jacks used for loading the plate is
shown in Fig. 1 (upper). There are 17 jacks; seven of them
have single attachment with the plate and the remaining ten
are whiffle-tree jacks having two attachments.

The curvature distributions (the K — S plot) of the aero-
dynamic contour and the plate are shown in Fig. 1 (lower).
It may be noted that the curvature of the plate varies linearly
between any two-successive jacks. The area shown shaded in
this figure represents the slope error between two jacks. The
problem of curvature matching consists in selecting the cur-
vatures at the 27 attachments in such a way that the slope-
error between any two-successive jacks is zero. This condi-
tion gives rise to the following 26 equations connecting

K, + Ki+1 = 2Ai>i+l/(Si+l - &); * = 1,2,. . .26 (1)
Here Ai)i+i is the area under the K-S plot for the aerody-

namic contour between ith and (i + l)th jack and is known
from the contour design.1'2'3'4-5

When the whiffle-tree jacks are used, there are additional
constraints on Ki,Kz. . .K^. These constraints arise as ex-
plained below.

Around a typical whiffle-tree jack, we have a curvature
distribution as shown in Fig. 2. The following relations hold
for the shear force on the plate

= EIm(j+i) (2)

(3)
where

R, + R2 = R (Fig. 2)

From these equations we have

2EImu+i) = EIm(j+ti + EIm3- + (Ri — jK2) (4)
If the linkages for the whiffle-tree jacks are such that

Ri = Rz = R/2, we get a relation connecting the slopes m,
only

my)/2 (5)
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There are 10 equations of Eq. (5) type.
Equations (1) together with Eq. (5) form a set of simul-

taneous equations in the unknown Kz. The number of equa-
tions is 36.

In a matrix notation these equations can be written as

(C]-(K}= [A]
A least-square analysis gives

( K ] = [ M ] - i . ( C r - [ A ]
where

= icr-[C]


