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Through the use of recurrence formulas one can further sim-
plify Eq (9) to yield

Jp'(x)Ypf(kx) - Jp'(kx)Yp'(x) = 0 (10)

where k = b/a and x = aa Some of the roots of this equa-
tion are given by Truell in Ref 4

Appendix

In Eq (7) let the denominator be called sAs, the numer-
ator N, and Bn cos(36 = An, for short From the inversion
theorem

AIAA JOURNAL

In addition, one has the identities

= -—. I _ e lv(s)ds

Let e 4;(s) = E For /3 ^ 0, E has a simple pole at s = 0
and simple poles at s = —K o?mp where am p are the roots
(all real and simple) of

As = X

X
./20)j = o (A2)

For /5 ^ 0 the residue at the pole s = 0 is

( N ) (aM& 4- (r/a\Plim < s — > = w ; v J— (A3)
s_^o I sAsf 3\(b/a)P — /- / 1-N f l 1

where, for x —> 0, we have used the relations

For /3 = 0 the residue at the pole s = 0 is

e

(A4)

Let M = s1/2 ; then d/ds = (1 /2/x) W/d/*) By differentiating Eq
(A4) and taking the limit s ->• 0, one has for the residue of

2bt (r/aY/2 + ln(r/g) - 1/2
62 - a2 62 - a2

To find residue at the pole s = — tcroi2
m 0, we need

= 2»d»

(A5)

- iam

X

+ rf)Ip+i(rf>)] X

X

X
',Kp+i(ij,a)] +

a[fj,alp(iji,a) — /3Ip+i(iJLa)] X

'j8+i(M«)] X
+

From Eq (A2) one has

+

(A6)

= P

If the foregoing is abbreviated into m/n = o/l, respectively,
Eq (A6) may be written

(A7)
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(A8)

Then

or

P =

J^
2P

am pb) — bJp+i(ampb)]

where

— aJp+i(ampa)]2
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Effect of Thermal Accommodation on
Cylinder and Sphere Drag in Free

Molecule Flow
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Nomenclature

CD = drag coefficient
F,G = functions defined by Eqs (7) and (8)
70, /! = modified Bessel functions of first kind, zero, and

first order
M = Mach number
Q = heat transfer rate
Q* = dimensionless heat transfer rate defined by Eq (6)
S = molecular speed ratio
T = freestream static temperature
T-R = ratio of surface to freestream static temperature
Tw = surface temperature
a = thermal accommodation coefficient
or, <r' = coefficients of tangential and normal momentum

transfer
7 = specific heat ratio
p = density of freestream
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Introduction

THE aerodynamic characteristics of bodies in free molecule
flow depend on the Mach number M, on the freestream

temperature T, on the heat-transfer rate to the surface Q, and
on the surface accommodation coefficients o, a', and a 1 2 To
simplify the calculations of these characteristics, the following
two assumptions are often made: 1) completely diffuse re-
flection of the incident molecular stream (a = cr' = 1 0); and
2) complete thermal accommodation at the surface (a = 10)
The first of these assumptions seems to be in accordance with
the experimental results obtained to date, as indicated in Ref
3 Values reported for thermal accommodation coefficients
range from 0 01, as measured on extremely clean surfaces, to
1 0, observed on untreated technological surfaces 4 The as-
sumption, therefore, that a is close to unity is valid in the
case where no particular attention is paid to the condition of
the surface

a is considerably lower than the hypothetical value of unity
when the surface is heated at high temperatures, bombarded
by high energy particles, or exposed to low pressures for long
periods of time Thus, the value of a to be used in a given
application must be determined experimentally for the
problem in question The effect of a on the free molecule
aerodynamic coefficients can be evaluated, however, from
theoretical considerations The purpose of this study is to
determine the influence of the thermal accommodation co-
efficient on cylinder and sphere drag in fiee molecule flow
These results may be generalized to indicate the effects of a
on the aerodynamic coefficients of bodies of different shapes

Method of Analysis

It has been pointed out in Ref 5 that both the theimal
accommodation coefficient and the wall temperature Tw may
depend on the orientation of the surface In the present
analysis it is assumed that a and Tw are constant on the sur-
face and that the gas is monatomic Then, for diffuse reflec-
tion, the drag coefficient for a cylinder with its axis normal to
the direction of flow may be written as6

CD -
S <(f) +

+ ^ ^ + 7T3/2

4S (1)

Similarly, the drag coefficient for a sphere, for diffuse reflec-
tion, is

CD =

27T1/2

3^ (2)

In the foregoing expressions, 70 and 7X are modified Bessel func-
tions of first kind, and S is the speed ratio defined by

= (7/2) ̂ W (3)

TR is the ratio of the wall temperature to the freestream tem-
perature

TR = (4)

The wall temperature depends on a and on the heat-transfer
rate An equation describing the relationship between these
parameters is required, therefore, in order to determine the in-
fluence of a on CD If Q is the total amount of heat removed
from the surface per unit area and per unit time, an energy
balance gives the following expression, applicable to both
cylinders and spheres in free molecule flow,2 7

PRT f2RT

o 1 0 (DIFFUSE REFLECTION]

-V1 °° Q= I=«ii = 10

Fig 1 The effect of thermal accommodation on cylinder
drag

Fig 2 The effect of thermal accommodation on sphere
drag

TR = [Q*/a + F(S)]/G(S) (5)
Fig 3 The effect of wall to freestream temperature i atio

on cylinder drag
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Fig 4 The effect of wall to freestream temperature ratio
on sphere drag

where Q* is a dimensionless heat-transfer parameter,

Q* = Q/[pRT(2RT)V*] (6)
The parameters G(S) and F(S) appearing in Eq (5) are

functions of the speed ratio For a circular cylinder trans-
verse to the direction of flow,

27T1/2

(* + !*) *
For a sphere, G and F are

0(5) = f [l + | ^cOS) + 0^r, erf(S)

^OS) = o + 5)[l+^]
(8)

(2S^ + 3) —

The variation of the drag coefficient with the parameters
Q*/a, T%, and S may be calculated from the foregoing equa-
tions

Results

The effect of the thermal accommodation coefficient on
cylinder and sphere drag is shown in Figs 1 and 2 These re-
sults indicate that the effect of a on CD diminishes as the heat-
transfer rate approaches zero This is not surprising, since
when Q* is equal to zero the drag coefficient is independent of
a, provided that a is not zero In many practical applica-

tions the temperature ratio TR is of the order of 0 3 — 0 5 5

At these TR values, a small change in a changes the drag co-
efficient appreciably for all speed ratios, as can be seen from
Figs 1 and 2 Only for high speed ratios and high tempera-
ture ratios does the effect of a on CD become small, a con-
dition seldom encountered in practical problems The results
also indicate that for "hypothermal" free molecule flow
OS > 6), the drag coefficient may be approximated for all
values of a by

CD = 2 5 ± 0 5 (9)
Equation (9) is similar to the one suggested by Schamberg

inRef 8
Q*/a values corresponding to TR = 0 and TR = 1 0 are

sometimes used in the calculations of drag coefficients 6 9

The errors due to these assumptions are presented in Figs 3
and 4 It can be seen from these results that the actual TR
values should be used in calculating the drag coefficients, par-
ticularly at low speed ratios
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Initial Development of the Laminar
Separated Shear Layer
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Introduction

SOME recent analytical studies of the compressible laminar
shear layer have been based on the physical model pic-

tured in Fig 1 1 2 The body boundary layer, separating at
the rear of the body, becomes the beginning of the separated
shear layer, which subsequently grows by entraining gas
from the outside inviscid flow (u = ue, H = He) and from
the low-speed base flow (u = 0, H = Hc) The process of
separation is characterized in this model by a discontinuous
change hi the inside boundary conditions from u = 0, H =

Received September 9, 1963 This research is sponsored by the
Advanced Research Projects Agency, Department of Defense,
under ARPA Order No 203-A1 63, monitored by the U S Army
Missile Command under Contract No DA-04-495-AMC-28-(Z)

* Senior Scientist, Gas Dynamics Department, Fluid Physics
Division Member AIAA


