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Drag of Spheres in Rarefied Hypervelocity Flow
MAX KlNSLOW* AND J. LEITH PoTTERf

ARO Inc., Arnold Air Force Station, Tenn.

Drag of spheres has been measured under hypersonic, cold-wall, support-free conditions in
a nonreacting flow in which molecular vibration was frozen. Data were obtained for a nomi-
nal freestream Mach number of 11 and for Reynolds numbers from 1 to 10 based on conditions
immediately downstream of the normal shock and sphere diameter. These data were supple-
mented by measurements at a nominal Mach number of 10 where a conventional balance was
used, and Reynolds numbers downstream of the shock as high as 104 were investigated in the
cold-wall condition. The experimental results have been analyzed both from the viewpoint of
continuum flow with second-order viscous effects and from the standpoint of a noncontinuum
concept, taking account of first collisions between re-emitted and freestream molecules. In
both cases, useful, semiempirical expressions for drag coefficient are derived. The first-colli-
sion analysis is numerically indeterminant because of the lack of a method for explicit calcu-
lation of mean free path. However, the form of the derived equation for drag coefficient in
noncontinuum flow is particularly suitable for modification to permit its use in linking free-
molecule solutions and available experimental data. This possibility is suggested because the
limiting drag coefficient at high Reynolds numbers is on the order of the accepted value for
continuum, inviscid flow.

Nomenclature

A = [(r/X)2 - (#/X)2]1/2

a . = speed of sound (jRTYlz

B = r/\ - R/\
C = empirical factor
CD = drag coefficient, defined by Eq. (1)
Cz»/m = free-molecule drag coefficient
Cz>; = inviscid drag coefficient
d — diameter of sphere
dA = elemental area of surface
do) = incremental solid angle

r °°— Ei(—x) = generalized exponential integral, I (e~~x/x)dxJ x
Hw = enthalpy parameter, Hw = hw/ho — 1
h = enthalpy
Kij K% = coefficients
Kn = Knudsen number
k = Boltzmann constant
I = coordinate measured from a point on a surface to

a point in space
M = Mach number
m = mass of a molecule
N — number flux of molecules
n = number density of molecules
n(v) = number density of molecules in velocity, position

coordinates
R = radius of sphere
(R = gas constant, k/m
Re = Reynolds number, Udp/n
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r = coordinate from center of sphere (see Fig. 9)
S = molecular speed ratio, C//(2(Rr)1/2

T = temperature
U = velocity
v = velocity of a molecule
x = axial coordinate
7 = ratio of specific heats
Ax = difference between axial coordinates
?7 = collision rate density between wall and freestream

molecules
6 = angle between normal to dA and the freestream

velocity vector (see Fig. 8)
X = mean free path
ju = viscosity
p = mass density
0 = angle between the normal to dA and the velocity

vector of a reemitted molecule (see Fig. 8)
Subscripts
0
2

= total or isentropic stagnation condition
= condition immediately downstream of normal

shock
= incident molecules
= scattered molecules
= wall condition
= freestream condition

Introduction

THE drag coefficients of hypersonic spheres at both very
high Knudsen numbers (>10) and very low Knudsen

numbers (<10~4) are known to at least a moderate degree of
accuracy, although there is uncertainty regarding the ac-
commodation coefficients in free-molecular flows. In the in-
termediate range of Knudsen numbers, where neither analysis
nor experiment has fully answered the question, significant
contributions have been made by both approaches.1 ~16

With regard to the High Knudsen number or near-free-
molecular flow regime, the obstacles to analytical solution arise
chiefly from the lack of exact knowledge of the behavior of
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molecules after impact on the sphere and the mathematical
complexity of the flow model when interactions between free-
stream and reflected molecules become important. In the
continuum, viscous-interaction regime of small Knudsen
numbers, the usual difficulty of dealing with flows charac-
terized by thick boundary layers in the presence of vorticity,
curvature, displacement, slip, and temperature jump presents
the main obstacle.

The reason that experimental data have not been presented
for the entire intermediate regime is basically the lack of fa-
cilities capable of duplicating all the conditions of flow desired
for the investigation. Nonetheless, experimental data pro-
vide the more significant part of the knowledge of sphere drag
in the region 10~4 < Kn™ < 10, where Kn™ is based on free-
stream conditions and sphere diameter.

The low-density, hypervelocity (LDH) wind tunnel of the
von Ka"rm£n Gas Dynamics Facility, Arnold Engineering De-
velopment Center, Air Force Systems Command has been used
to extend previous experimental studies of drag of spheres in
low-density flow. Using the LDH tunnel, drag data have
been taken under hypersonic, cold-wall (Tw <3C TQ) support-free
conditions that are described later.

These and earlier data from other sources have been ex-
amined in regard to both continuum and noncontinuum fluid
flow behavior. The purpose of this paper is to present the
new data and analyses.

Experimental Procedure and Data

LDH Wind Tunnel

The LDH tunnel7'17'18 is of the continuous type, with the
gas heated by an electric arc or plasma generator. Test sec-
tion conditions have been determined from analysis of impact
pressure, local mass flow rate, calorimeter, and static pressure
measurements. Briefly, the tunnel consists of a d.c. arc-

Table 1 Operating conditions

Gas Nitrogen
Nominal nozzle station 1.0 in. downstream of exit

Nozzle Solenoid

Launch Tube

Area of Photograph

— Sphere

Dynamic pressure, psfa
Total enthalpy, Btu/lb
Total temperature, °R
Maori number
Unit Reaz/iu.
Unit Rez /in.
Mean free path Xo>, in.0

2.12
871

3150
10.8
466

47.0
0.0342

2.51
1110
3960
10.6
426

42.6
0.0370

3.16
1560
5400
10.7
344

37.6
0.0462

3.31
1760
6030
10.6
301

34.7
0.0523

Fig. 1 Typical trajectory of sphere during free flight
through test section.

a Using Xco = 1.26 y1 / 2 MOO/(POO Oco).

heater, relatively large stilling chamber, conical nozzle of 15°
half-angle and 6-in.> diam exit, test chamber with instrumenta-
tion, diffuser, and pumping system.

Measurements of total enthalpy at the nozzle throat by
calorimetry agree closely with total enthalpy computed on the
basis of measured mass flow rate, total pressure, sonic throat
area, and the assumption of thermodynamic equilibrium in
the fluid upstream of the throat. However, on the basis that
computed relaxation lengths for molecular vibration down-
stream from the throat are from 102 to 104 times the local
nozzle radius, all theoretical evidence indicates frozen flow
from the throat onward. Thus, test section flow characteris-
tics are based on sudden freezing of molecular vibration at the
throat. Operating conditions for this experiment are shown
in Table!.

Sphere Drag Measurement

Free-fall method

For the smaller spheres (0.0313- to 0.375-in. diam), a free-
fall technique was used to determine drag. The models were
injected into the test stream and their trajectories determined
using a photographic technique whereby a time exposure was
made of the moving model, which was illuminated by an in-
terrupted light source. Spheres with diameters of 0.0625 to
0.375 in. were dropped into the test section by an electro-
magnet from a position just above the test section. However,
the spheres had a tendency to retain some residual magnetism,
thereby making release of the smaller spheres difficult. In or-
der to facilitate the release of the smaller spheres, a solenoid
was wound near the end of a short length of copper tubing.
With the solenoid energized, spheres of 0.0313- to 0.156-in.
diam could be suspended within the tubing. By de-energizing
the solenoid, the models were free to fall down the tubing.
The end of the tubing was bent so that the models could be
injected into the test stream at the appropriate angle.

The light source used to illuminate the spheres during their
flight through the test section was a 1000-w projector lamp.
The light intensity was modulated using a rotating disk con-
taining holes drilled around the periphery. The disk was ro-
tated by a high-speed motor so that the light at the test sec-
tion could be interrupted at rates up to 1000/sec. By taking
a time exposure of the test section, the trajectory of the sphere
was recorded photographically at equal time intervals during
its flight.

Since the usable test section is about 1 in. in diameter, a
telephoto lens was used so that the photograph of the test re-
gion could be magnified for easier data reduction. An example
is shown in Fig. 1.

Surface temperatures of the spheres tested by the free-flight
method were approximately 0.1 total temperature.

Axial-force balance

A small amount of data was obtained earlier for spheres of
0.265- to 0.686-in. diam by means of an external, sting-type,
water-cooled, axial-force balance capable of measuring forces
on the order of 0.001 Ib. Temperatures of the spheres on
this balance were somewhat greater than in the free-fall case,
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although Tw < TQ, and minimum sphere size was limited to
approximately 0.25 in.

The test spheres were steel ball bearings with a 0.1-in. hole
drilled to admit the sting support. The spheres were uncooled
except for radiation from the surface and conduction through
the sting.mount. Wall temperature of the spheres reached
approximately 0.3 total temperature.

It should be noted that the data obtained by the balance
were published previously,7 but the points now have been
shifted slightly because of the use of a new source of viscosity
of nitrogen at high temperatures.19 Good agreement is
evident in comparing free-fall and balance measurements.

A small quantity of new data at higher Reynolds numbers
from the 50-in. Mach 10 tunnel C in the von Karman Facility
is included. These were obtained by use of the same axial-
force balance used in the LDH tunnel.

Data Reduction

The data from the free-fall tests were obtained in the form
of photographs (Fig. 1) that showed the trajectory of the
sphere at equal time increments. One exposure was made of
the path of the sphere and the other of two reference light
sources that could be positioned on the nozzle exit before or
after a run.

The difference in axial coordinates of adjacent points, A#,
was plotted as shown in Fig. 2. The slope of the line through
these points is proportional to the acceleration of the sphere in
the axial direction. The constant of proportionality between
this slope and the sphere acceleration was obtained by com-
bining the known time between successive points on the photo-
graph and the known scale factor of the photograph. The
choice was made to combine the time and position scales into
one constant so that graph paper could be used to read co-
ordinates, and the points could be plotted simply as a func-
tion of point number. It can be shown that this finite dif-
ference method for obtaining the acceleration of a model in a
uniform force field gives a result equal to that from the second
derivative of the position-time curve.

Using Newton's second law, the total drag force on a sphere
was determined from its acceleration and its mass. The
mass was determined by using an analytical balance for weigh-
ing several spheres of the same size and then taking an
average. Values of the drag coefficient CD were obtained for
the spheres using the definition

CD = (1)
where D is the drag of the sphere.

Reduction of data from the axial-force balance was accom-
plished by the usual, well-known procedure involving use of
a calibration curve obtained by static calibration of the bal-
ance using known drag loads.

Analysis

The Sphere in Low-Density, Continuum Flow

It is a generally accepted approximation that the drag
coefficient of a sphere in supersonic, low-density but contin-
uum flow may be expressed as the sum of its drag coefficient
at essentially infinite Reynolds number Cz>,-, plus the contribu-
tion from skin friction, plus a third term representing the
combined influences of vorticity, slip, temperature jump,
curvature, and displacement (cf., Refs. 11 and 20-23).
Following from this concept, one is led to write

CD = CDi • (2)

This is the form indicated by Aroesty16 in discussing the
subject, and it is interesting to note his comment that neither
the sign nor magnitude of K2 has been established previously.

A presentation of both the new and the more recent of the
previously published measurements of drag of spheres in

0.2

0.1

Ax

-0.1

-0.2

-0.3

Point Number

Fig. 2 Axial displacement of spheres as a function of
data point number.

supersonic and hypersonic flows is given in Figs. 3-5, where
Re2 is used as the parameter. (The conventional Rankine-
Hougoriiot shock wave is hereafter assumed in computing Re2r
and the sphere diameter is used as the characteristic length.)
Curves of the form described by Eq. (2) have been fitted to
these data, with CDi taken from Ref. 24 for corresponding
Mach numbers. The values of KI and K2 determined by this
process are presented in Figs. 6 and 7 as functions of the
enthalpy parameter Hw because the heat-transfer situation
would be expected to be important. However, it is apparent
that Mach number or some function thereof exerts an influ-
ence on the coefficients.

Although there is the possibility of correlating KI and K2
with known parameters, it must be remembered that base
drag could be important at the lower Mach numbers.25' 26

In view of this, plots of the coefficients as functions of Mach
number or density ratio may not be unique for Mm < 6.
Therefore, no additional correlations are presented. There
is evidence in Figs. 6 and 7 that KI and K2 tend toward de-
pendence on Hw alone at large Mach numbers in the essen-
tially perfect gases represented.

It is thought that the more conclusive portions of Figs. 6
and 7 are those pertaining to the cold-wall, hypersonic case
because the influence of base pressure and other Mach-
number-dependent factors must be minimized there. Also,
variations about the nominal Mach number in the experi-
ments would have less effect on the data, thereby decreasing
scatter and aiding in determining the coefficients.

The situation is less clear in regard to K2 because it assumes
importance only at the lowest Reynolds numbers, and some
older data do not penetrate sufficiently into that regime.
The values of K% deduced from the data are consistently
negative.

It is important to keep in mind that Eq. (2) must fail at
sufficiently low Reynolds numbers. This failure may be
postponed by inserting additional terms, but that is not
possible in the absence of reliable drag data for very nearly
free-molecular flow. Finding the subsequent terms does not
seem to be highly important in the cold-wall, hypersonic case
since the two terms identified here are sufficient to the limit
of continuum flow, where it is then necessary to seek further
extensions by means of noncontinuum flow analysis.

Aerodynamic Drag in Near-Free-Molecular Flow

Two analytical methods have been attempted for the near-
free-molecule flow regime. One of these is an intuitive
approach wherein the effects of collisions between molecules
emitted from the body and freestream molecules are con-
sidered. This is the so-called first-collision method. The
other approach is an attempt to approximate the solution of
the Boltzmann equation for a body in near-free-molecule flow.
Among the noteworthy investigations are those of Baker and
Charwat,9 who followed the first-collision method, and that
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Sym Source Type M^ Hw

~o~ LDH Tunnel Free-Flight =11 -0.92
o „ .. " -0.91
A ., - " -0.88
v „ .. " -0.85
D .. Balance -10 -0.74
x VKFTunC " " -0.32

2.4

2.2

2.0

1.8
:D

1.6

1.4

1.2

1.0

-Hw = -0.85 v j Free-molecular limit for diffuse,
-Hw = -0.91 o ( fully accommodated re-emission

2.10 0.80

0.2 1.0 100 1000
Re9

10,000

Fig. 3 Drag of spheres in hypersonic flow with hw < fi0:
new data.

of Willis,10 who obtained an iterative solution of the Boltz-
mann equation. A semiempirical method for the transitional
region has been proposed by Rott and Whittenbury.11 The
results of these three theories are compared later with the
equation developed in this paper.
'; In the near-free-molecular flow regime, the number of
freestream molecules striking the surface is diminished from
the free-molecular value because some have been deflected by
molecules reemitted from the body. In order to facilitate a
discussion of molecular collisions, velocity distribution, and
other properties of molecules, it is desirable to divide the
molecules into various classes according to their past history.
The undisturbed medium through which the body is moving
is identified by the subscript °°. Molecules that have been
reflected from the wall and have not experienced a collision
with molecules of a different class are given the subscript w.
Molecules that actually strike the surface are known as inci-
dent molecules and are given the subscript i. In the near-
free-molecule region, it will be assumed that the incident
molecules are composed of molecules from the freestream
which have not undergone a collision with molecules emitted
from the wall prior to impacting upon the surface. Free-
stream molecules and molecules from the wall which collide
with each other are shifted into the class of scattered mole-
cules and are given the subscript s.

Sym Source Type Mm Hw

a Ref. 16 FreeHPTight 1.9^2.1 -oT4
o .. .. 3.1-4.0
A „ „ 5.5-5.9

10,000

10.000

Fig. 5 Drag of spheres in supersonic flow with hw ̂  ho.

In the near-free-molecule flow analysis that follows, it is
assumed that a freestream molecule is put in the scattered
class only by a collision with a molecule from the wall, and
that scattered molecules do not contribute to the drag of the
sphere. In other words, the shielding effect of the molecules
emitted from the sphere is the only effect considered.

By determining the relative number of collisions per unit
time between freestream molecules and molecules re-emitted
from the wall, the number of freestream molecules that become
incident molecules can be found. If it is assumed that inci-
dent molecules are composed only of freestream molecules
that have not experienced a collision, the drag coefficient of
the sphere is simply

CD — CDfm(ni/nm} (3)

in the near-free-molecule regime.
The number of molecules incident upon an elemental area

dA per unit time for large speed ratio S is27 (see Nomenclature
and Fig. 8)

nil(kTi)/(2m)]l'22S cosddA (4)
In the case of diffuse reflection from a surface, it is assumed

here that the reflection from each incremental surface area is
the same as the effusive flow of a hypothetical gas at wall
temperature through an opening replacing the incremental
area. The number density nw of this hypothetical gas can
be determined on the basis of the conservation of molecules.

From Kennard,28 the number of molecules crossing any
incremental area within a gas per unit time with speeds
between v and v + dv within the solid angle doo is

n(v)dv = cos<l>dvdudA

Integrating over all speeds, the total number flux of mole-
cules, N, passing (re-emitted from) dA within the solid angle
du is

N = nvt(2kTu/m)llz(2ir9lz)-1 cos</>dcodA (5)

Because it is assumed that the flow is reflected symmetri-
cally about the normal to the surface, du may be written as
(see Fig. 8)

dco = 2ir sin<£d$ (6)

The total number flux of molecules within the incremental
angle d(j> is, substituting Eq. (6) in Eq. (5),

nw(2kTw/m) 1/27r ~1/2 cos<£ sm<t>d<t)dA (7)
Integrating (7) over all directions in which molecules can

be reflected from the surface (0 < $ < x/2) gives the total
number flux of molecules reflected from the surface :

Fig. 4 Drag of spheres in supersonic flow with hw < ho. nw(2kTw/irmy'*(dA/2) (8)
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Equating this expression to the number of incident molecules
gives a solution for the number density nw:

cos0 (9)
Consider the molecules leaving a surface dA within a solid

angle dco. These molecules will remain within this solid
angle until they undergo a collision with another molecule.
The number flux of the molecules reflected from the surface
and reaching a distance I without undergoing a collision may
be calculated by applying a relation given by Present:29

exp(-Z/X) (10)
The mean free path X in Eq. (10) is the mean distance from
the body to the first collision between a re-emitted molecule
and a molecule of another class.

Differentiating Eq. (10) and multiplying by dl gives the
number of collisions between I and I + dl. Using Eq. (5)
with N = N(Q) and dividing by the incremental volume
Z2dcoeZZ gives the number of collisions per unit volume per unit
time at a point in space involving molecules that emanate
from a surface element dA [The number density nw is given
byEq.(9)]:

d>n = nw(2kTw/m)^ cos<£ Qxp(-l/\)dA/(2w^\l*) (H)
In order to get the total number of collisions per unit volume
per unit time at a point P, Eq. (11) must be integrated over
the surface elements of the body which "see" that point in
space.

It is assumed that the sphere is in a uniform free-molecule
flow composed of the incident molecules. The number
density of this incident flow can be determined at the stagna-
tion point of the sphere. Figure 9 shows the notation related
to this part of the development. Since the flow is axially
symmetric, the element of area dA in Eq. (11) may be written
as

dA = smddd (12)

The collision density of molecules re-emitted from this
area is

,drj (2kTw\= nw [ ——\mw J exp — d6 (13)

This expression must be integrated over values of 0 from
6 = 0 to a value of 0 where 0 = ir/2 The total collision rate
density at P is, therefore,

l/2

(14)

Fig. 6 Provisional 1

values of K\. 2

-1.0 -0.8 -0.6 -0.4 -0.2

Fig. 7 Provisional
values of K^. -2

CJ0

Fig. 8 Nomenclature I.

Fig. 9 Nomenclature II.

In order to evaluate this integral, it is convenient to express
all variables in terms of Z/X. From the law of cosines for
triangles with sides I, r, R} it is seen that

Z2 = r2 + R2 - 2rR cosfl

and
r2 _ 72 i z?2 _ 2/7?^ — r/ — {/ ^̂  xL Zj(/J.l/^ I

Differentiating Eq. (15) gives

sinOdd = (l/rR)dl

(15)

(16)

(17)
Let l/\ = A when 0 - ?r/2 and Z/X = B when 0 = 0. Note
that

A = [(r/X)* - (.R/X)2] 1/2 (18)
and

B = r/X - #/X (19)

Substituting Eqs. (9 and 15-19) into Eq. (14) gives the result

2X(r/X)2(fi/X)

Evaluating the integral in Eq. (20), one finds *
-w.77 (

<e~B(B2 + 2B + 2) -
2X(r/X)WX)

e-A(Ai + 2A + 2) - 2 ( V

r /rV /ay
L(x) - (x)

(21)

Equation (21) is presented graphically in Fig. 10, where
i;X/(nt-C7oo) is plotted as a function of (r/X — #/X) for various
values of R/ X.

Since the number of freestream molecules and the number
of wall molecules suffering collisions are equal, the number
per unit time of freestream molecules prevented from impact
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Fig. 10 Collision rate density ahead of stagnation point.

upon the sphere can be determined by integrating Eq. (21)
from I = oo to the surface, I = 0, i.e.,

/• oo

(n» - ni)Ua = I rjdl

Using Eqs. (3) and (22), it is found that

CD 1
r]dr

= f(Kn)

(22)

(23)

The integral in Eq. (23) was evaluated numerically, using Eq.
(21) for i]. The result is shown in Fig. 11, where some other
theories are also shown.

One of the more noteworthy aspects of Fig. 11 is the rela-
tively close agreement of all the theories in their initial
departures from the free-molecular limit. However, the
.several theories diverge rather rapidly at lower Knudsen
.numbers within the first-collision regime. It is particularly
interesting to note that Eq. (23), although based on the first-
collision flow model, actually approaches a limit on the order
of the accepted inviscid, hypersonic flow-drag coefficient when
Kn — 0. This happy circumstance obviously does not
constitute a justification for applying first-collision concepts
to the analysis of continuum flow, but it does make Eq. (23)
suitable for empirical extension to form a link with the
continuum regimes.

The application of any of the theories represented on Fig. 11
necessitates calculation of the mean free path of re-emitted
molecules, and therein lurks an unresolved problem of kinetic
theory. For example, the present authors have given a
derivation30 showing

X = (\02/Um)[9irkTw/(4m)] 1/2 (24)

for fully accommodated, diffuse reflection from highly cooled,
hypersonic bodies. However, not only is the question of the
correct gas-surface interaction unanswered, but the true value
of Xoo in a real gas is also a source of uncertainty in Eq. (24)
and similar equations. Therefore, in order to apply Eqs.
(23) and (24) to a practical case involving experimental data,
it is believed excusable if the equality is replaced by a pro-
portionality symbol, leaving a free factor to be determined
by forcing agreement between Eq. (23) and the appropriate
•experimental data. It is interesting to express this propor-
tionality in the form

; Kn = \/d = C T1/2 Mm/Rem (25)
because it may be shown that C = 2.45 is the empirically
determined factor that enables Eq. (23) to be used as a satis-
factory link between the free-molecule limit and the experi-
mental data for hypersonic, highly cooled spheres reported

i.o

0.9

0.8

e 0.7
O

CJ

5 0.6

0.5

0.4

-Equation (23)

Elastic Spheres
^Maxwellian Molecule;
0 1 2 3 4

1 / K n = d /A

Fig. 11 Comparison of theories for the hypersonic, cold--
wall, noncontinuum flow condition.

herein. In contrast, it will be noticed that Eq. (25) would
be identical to the relation between Knm, M^,, and Re^ for a
gas consisting of billiard-ball molecules if C = 1.26.

Equation (23), with the empirical factor from Eq. (25) used
in determining f(Kri), is represented in Fig. 12, where the
parameter Re2 = Rem(nm/^ is chosen because it facilitates
the link with Eq. (2). The value of Cz>/TO was computed
from the equation given in Ref. 31 for fully accommodated,
diffuse reflection. The purpose is to furnish a useful inter-
polation in an area where reliable data are not yet available.

Another theory11 that requires use of an empirically deter-
mined factor also is represented in Fig. 12. The factor re-
ferred to as a free constant in the report by Rott and Whitten-
bury has been chosen by the present authors to achieve
agreement with the data for lower Reynolds numbers in Fig.
12. However, it will be observed that this theory predicts a
more abrupt transition from nearly inviscid to noncontinuum
flows than is shown by the present data.

Conclusions

It would appear that a semiempirical approximation to the
drag coefficient is capable of closely matching the experi-
mentally determined data between the nearly inviscid,
continuum and the noncontinuum flow regimes. The pro-
visional values of the coefficients KI and K2 appear to be
functions of Mach number and heat transfer to the spheres
in perfect gases. At Mach numbers above 6, the heat-
transfer condition becomes more important than Mach num-
ber.

The first-collision type of analysis presented herein is shown
to produce an equation for sphere drag coefficient which
possesses several attractive features. Specifically, use of an
experimentally determined factor enables the present first-
collision theory to fit experimental data satisfactorily at
Reynolds numbers beyond the first-collision regime. This

3.0

2.6

2.2

1.8

1.4

1.0

0.6

Source
LDH Tunnel Free Flight
LDH Tunnel Drag Balance
Tunnel C

•yt^S Eq-'2'V °'

Type M^
=dl
«10

Drag Balance =dO

- —Re2

--0.91
--0.74
^-0.32

. 9 2 + = - —

- Eq. (23) with Knx

from Eq. (25)

-Ref. 11 with Free Constant ?^
Chosen to Fit Present Data^

1.0 100 1000 10,000
Re2

Fig. 12 Data for M oo ~ 11 and Hw ~ —0.91 compared with
semiempirical analyses for continuum and noncontinuum
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feature makes it possible to use the theory with its empirical
factor to interpolate over the gap between noncontinuum
theories and available data.
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