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Comment on ‘‘Drag Coefficient of
Spheres in Continuam and
Rarefied Flows”’

Michaei J. Walsh*
NASA Langley Research Center, Hampton, Va.

ENDERSON' has published a new drag coefficient

correlation which reportedly gives better predictions of
experimental sphere drag data? than previous methods. The
approach uses two equations for the drag coefficient (Cp):
one for relative Mach number (3,) less than one, and one for
M, greater than 1.75. For the M,=1.00-1.75 range, the
method uses a linear interpolation between Cp evaluated at
M,=1.00 and 1.75. The purpose of the present note is to
compare Henderson’s Cp correlations! with the method
developed by the present author.?* The method developed in
Ref. 3 emphasized increased accuracy of Cp predictions for
M, <2.0 and relative Reynolds number Re,<200. This
relative Mach number and Reynolds number range is of
particular importance in laser velocimetry applications.

The Cp methods of Refs. 1 and 3 are empirical, based on
experimental sphere C data. Therefore, relative evaluation
must be based on their prediction accuracy for experimental
sphere Cp, data. As noted in Refs. 1 and 3, the most extensive
sphere Cj, data are those of Bailey and Hiatt,? which include
data for M,=0.12-6.0 at Re,>200, and M,=1.0-6.0 at
Re,=20-200. In addition to the above data, Zarin’ has made
subsonic sphere Cp data measurements for Re, < 100.

Figures 1 and 2 show the prediction accuracy of the Hen-
derson' and the Walsh?® €, correlations, respectively, using
the data of Bailey and Hiatt? and Zarin.® The figures indicate
that the iwo methods give equivalent prediction accuracy at
M,=2.0, but that the method of Ref. 3 gives better
““predictions’’ of the Cp data at lower relative Mach number
and Reynolds number. ’

The following comparison of the twe Cp methods ad-
dresses reasons for equivalent prediction accuracy in certain
M, and Re, ranges, and problems with the Henderson Cp
method’ that could lead to decreased accuracy in other M,
and Re, ranges.

For M,>1.75, both approaches use an equation of the
form

Cp=(Cpc+ KCpry) /I +K) 1

where Cpe is the continuum value and Cpgy is the free
molecular value of the drag coefficient. The two Cp methods
differ only in the equation used for X, where K is the
parameter that fits Eq. (1) to experimental data. Since both
methods use the same experimental data and Eq. (1), it is not
surprising that they give equivalent prediction accuracy for
M, >1.75.

For M,=1.0-1.75, Henderson! uses a linear interpolation
between C, evaluated at M, =1.0 and M, =1.75. The data of
Bailey and Hiatt? indicate that Cj, is not a linear function of
M, in the range M,=1.0-1.75. This explains the decreased
accuracy of the Henderson Cp method! at M,=1.25 as
shown in Fig. 1. It is suggested that the same procedure that
Henderson' used for M,>1.75 should have been used for
M,=1.0t01.75. Thisis the procedure used in Ref. 3.
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Fig. 1 Comparison of Henderson € method! with experimental
sphere Oy data.
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Fig. 2 Comparison of Walsh Cp method> 4 with experimental
sphere Cp, data.

For M,< ! Henderson' empicys an equation guite dif-
ferent from Eq. (1); whereas, the present author uses Eg. {1}
for M, =.1. Figures ! and 2 show that both Cp methods give
equivalent prediction accuracy of the Bailey and Hiatt? data
at Re, =200 and M, =0.5; however, the Henderson Cp
method! exhibits a decrease in accuracy at the lower relative
Reynolds number at M, =0.5. Both methods approach the
incompressible continuum Cp, values as M, is decreased;
however, while comparing the two Cp methods it was found
that the present anthor’s method presented in Ref. 3 exhibitsa
discontinuity at relative Reynolds numbers less than 50 and
M, =0.1. The value of M, =0.1 is the dividing point beiween
using Eg. (1}, which accounts for compressibility and
rarefaction effects, and the incompressible continuum Cp
equation given below

Cp=24/Re, (1+0.15 Re, 0557) @)

The discontinuity for Re,< 50 and M, =0.1 was due to the
flow being in the slip regime rather than the continuum
regime. According to Emmons,® the Knudson number (X}
defined as

K=M,/NRe, if Re,>1 (3a)
K=M./ Re, if Re, <1 (3b}

must be less than 0.01 for continuum flow. By using Eq. (3} a
maximum value of M, for continuum incompressible flow can
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be computed as follows
M, ...=0.0l VRe, if Re,>1
M,y =0.01 Re, if Re, <1 @

The C, method presented in Ref. 3 should be modified as
follows to give a smooth transition between Eqs. (1) and (2)

for M,20.1 Cp=Cp;=Cpc+ (Com— Cpc)e 48
for M, <M, <0.1 Cp=Cp,=24/Re,(1+0.15 Re,*%7)

Cpi—Cp;

for M .. <M, <0.1 Cp=
t Mrma = 01-M,

(Mr_Mrmax) + CDZ
(5)

In summary, the sphere drag correlation presented by
Henderson'® and the present author?® should provide similar
prediction accuracy of Cj, for M, > 1.75; however, the present
author’s C, method? gives better predictions of Cp, for
M, <1.75. However, the method originally presented in Ref.
3 should be modified for M, < 0.1 as described herein.
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Reply by Author to M. J. Walsh

C. B. Henderson*
Atlantic Research Corporation, Alexandria, Va.,

HE stated purpose of Walsh’s comment is to compare his
correlation!”? of drag coefficients with one proposed by
this author.? This comparison is accomplished within a
restricted range of Mach numbers and Reynolds numbers.
Figures 1 and 2 of Walsh’s comment show that, at Reynolds
. numbers Re between 20 and 200 and at Mach numbers M of
0.5 and 1.25, his correlation is more accurate. This author is
in agreement with this conclusion; a quantitative comparison
of the two correlations with the experimental data of Bailey
and Hiatt* shows that the maximum error within this range of
conditions is reduced from 16% to 7% by use of the Walsh
correlation. It should be pointed out, however, that this
author’s correlation was intended to be used over a much
wider range of Reynolds numbers and Mach numbers, namely
O<M<6and 0O<Re<Re.,where Re., 1is the Reynolds
number at which turbulence produces a sudden reduction in
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Fig.1 Regionsof apblicability of Cp correlations.

the drag coefficient. The range of Reynolds numbers and
Mach numbers covered by the two respective correlations is
shown in Fig. 1. )

It should be of interest to see how the two types of
correlations compare in regions outside of the very narrow
one in which Walsh made his comparison. Since Walsh !
only gives correlating parameters for 0.1<M<2, a quan-
titative comparison can be made only within that range. At
higher Reynolds numbers, 200<Re<10%, the two
correlations give the same maximum percentage deviation
from the data of Bailey and Hiatt; specifically 7-8% at 0.1 <
M<0.5and 15% at 0.5<M<2.0.

At Reynolds numbers below 20, there are no experimental
data with which to compare; instead the limit of Cp in the
molecular flow regime approached by both correlations at low
Re can be investigated. Both Walsh and this author employ a
theoretical equation to calculate Cp in the molecular flow
regime. The equations used differ for two reasons. First,
Walsh employs an equation for diffuse reflection only, while
this author considers both diffuse and specular reflection;
neglecting specular reflection results in C, values which are
higher by 3%. Second, Walsh’s expression for diffuse
reflection contains an error. The first term of Walsh’s diffuse
reflection equation (Eq. (9a), p. 4 of Ref. 2) is

—52/2
I+2s%)ex (——————)
( ) exp N
This apparently contains a typographical error, since the
numerical values given by Walsh are in agreement with the
equation given in Walsh’s basic reference (Schaaf and
Chambre?), the first term of which is

(1+2s%) 5
——exp (—s°/2

N p ( )
Schaaf and Chambre® have a typographical error in their first
term, however, as shown by comparison to the equation given
by Stalder and Zurick, ¢ the original authors of the equation.



