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New Scattering Kernel for Gas± Surface Interaction

C. Cercignani¤ and M. Lampis¤
Politecnico di Milano, Milan 20133, Italy

In the frame of the kinetic theory of gases, some scattering kernels for gas± surface interaction are reviewed, and

a new scattering kernel is introduced. Comparisons with experimental data for the drag coef® cient in hypersonic
free-molecular ¯ ow are made. The data obtained by the G Èottingen group by means of rare® ed gas wind tunnel

experiments, at stagnation temperatures of the gas of the same order of the target temperature, are examined.
Several other data regarding satellite conditions of ¯ ight are also considered.

Nomenclature
a, b, h = parameters of the scattering kernels
CD = drag coef® cient
CH = heat coef® cient
CL = lift coef® cient
Cn = normal momentum coef® cient
C s = tangential momentum coef® cient
c = molecular velocity
E = energy of a molecule
f = one-particle velocity distribution function
f0 = Maxwellian distribution function in equilibrium

with the wall
I0 = modi® ed Bessel function of zero order
k = Boltzmann constant
m = mass of molecule
n = unit vector normal to the wall
n 1 = numerical density of incident beam
pn , p s = normal momentum and tangential momentum
R = gas constant, k/ m

R = scattering kernel
RF = re¯ ection coef® cient
r = Tw / T0

S = speed ratio
Tw = wall temperature
T0 = stagnation temperature
T1 = temperature of incident beam
v 1 = mean velocity of the incident beam
a N M , a 0N M = Knuth’s accommodation coef® cients
a i k = KuÏs Ïcer’s accommodation coef® cients
d = Dirac function
q = density
r = parameter in Maxwell’s model
r s , r 0 , r E = Schaaf’s accommodation coef® cients
r t , r n = parameters of the Cercignani±Lampis model

Subscripts

i = incident
n or x = normal to the wall
r = re¯ ected
t = tangential to the wall
w = wall

1 = incident beam

Introduction

T HE accuracy of the prediction of the aerodynamic coef® -
cients in free-molecular and transition regimes is based on the

use of sensible models of the gas±surface interaction process. A
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completelysatisfactorytheoryof theatom±surfacescatteringshould
be basedon a quantummechanical treatmentof the inelasticscatter-
ing. However, the classic theory may be used correctlyand with less
effort in some problems involving large atom±surface energy and
momentum transfers, as in the case of the drag forces on arti® cial
Earth satellites.

Simpli® ed models of the scattering of gas molecules from a solid
surface are currently used in kinetic theory. The ® rst model is due
to Maxwell.1 It is assumed that the reemitted molecules are partly
re¯ ected by the wall in a specular fashion and partly diffused in a
completelyaccommodated fashion, according to a Maxwellian dis-
tribution corresponding to the wall temperature. Maxwell’s model
assumes that everymomentum U r of the distributionfunctionof the
reemitted molecules is given by U r = (1 ¡ r ) U i + r U w , where U i

is the momentum of the impingingmolecules, U w is the momentum
of the molecules reemitted according to thermal diffusion, and r is
the accommodation coef® cient.

Three different accommodation coef® cients were introduced by
Schaaf2:

r 0 =
pni ¡ pnr

pni ¡ pnw

, r s =
p s i ¡ ps r

pni ¡ pnw

, r E =
Ei ¡ Er

Ei ¡ Er

(1)

where pni , p s i , and Ei are normal momentum, tangential momen-
tum, and energy, respectively,brought to the unit area of the surface
by the incident molecules; pnr , p s r , and Er are the same quantities
carried away by those molecules after reemission from the surface;
and pnw , p s w , and Ew are the reemitted quantitiesaccording to ther-
mal diffusion.

It has been remarked that the de® nition of the accommodation
coef® cient for normal momentum is unsatisfactory for applications
in which pin is approximatelyequal to pnw becausethe denominator
vanishes.3 , 4 To avoid this singularity, Knuth3 and Liu et al.4 used
vector quantitiesand arrived at the de® nition of two new accommo-
dation coef® cients:

a N M =
pni + pnr

pni + pnw

, a 0
N M =

pni + pnr

pni

(2)

In the early 1960s, Nocilla5 introduceda boundaryconditionfor the
Boltzmann equation,according to which the distributionfunctionof
the molecules reemitted by the wall is a ª shifted Maxwellian,º con-
taining three adjustable parameters. The model was supplemented
by Hurlbut and Sherman6 to provide a connection between the exit
distributionsand the incident ¯ ow [Hurlbuth,Sherman, and Nocilla
(HSN) model]. In the following section, we come back on this ar-
gument.

In the late 1960s, the problem of writing boundary conditions
for the Boltzmann equation in a rigorous manner was formulated
in terms of the so-called scattering-kerneltheory.7±10 Under some
assumptions, the distribution functions of the reemitted and of the
impinging molecules are related by

cn f (c) = *
c 0n < 0

j c 0
n j f (c 0 )R(c 0 ! c) dc 0 (cn ¸ 0) (3)
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wheren is theunitvectornormal to thewallpointingintothegas.The
kernel R(c 0 ! c), which is the probability density that a molecule
impinging on the wall with velocity c 0 is reemitted at practically the
same position and the same time with velocity c, gives a simpli® ed
model of gas±surface interaction. R(c0 ! c) satis® es the well-
known properties of positivity, normalization,and reciprocity2±4 :

R(c 0 ! c) ¸ 0 (4a)

*
cn > 0

R(c0 ! c) dc = 1 (4b)

j c 0
n j f0(c 0 )R(c 0 ! c) = j cn j f0(c)R( ¡ c ! ¡ c 0 ) (4c)

where f0 is a Maxwellian distribution in equilibrium with the wall.
At the same time, researchersengaged in solid-state physics also

were studying the scattering of atoms by solid surfaces,but accord-
ing to a differentpoint of view. For instance,a nearlymonoenergetic
atomic beam hitting a solid surface is considered and an intensity
RF is de® ned for each of the outgoing beams as the ratio of the ¯ ux
of atoms in the diffracted beam F over the incident ¯ ux of atoms.11

RF must satisfy the relation

S F

RF = 1 (5)

In a subsequent paper,12 RF is called the re¯ ection coef® cient. We
remark here that this re¯ ection coef® cient essentially may be iden-
ti® ed with the scattering kernel R(c0 ! c).

Some Models of Scattering Kernels
In the frame of the scattering-kerneltheory, Maxwell’s model is

equivalent to choosing

R(c0 ! c) = (1 ¡ r )d (c ¡ c0
R ) + r f0(c) j c ¢ n j

(c ¢ n > 0; c 0 ¢ n ·0) (6)

where c 0R = c0 ¡ 2n[n ¢ c 0 ]c 0 and r is the fraction of molecules
diffusely scattered; f0 is given by

f0 = [2 p (RTw )2]¡
1
exp[¡ c2(2RTw ) ¡ 1] (7)

the normalizationbeing chosen in such a way that Eq. (4b) is satis-
® ed.

Another kernel with two adjustable parameters [Cercignani±
Lampis (CL) model]13 was proposed by the authors of the present
paper:

R(c 0 ! c) =
[r n r t (2 ¡ r t )]¡ 1

2 p (RTw )2
cn

£ exp{¡
c2

n + (1 ¡ r n )c 0n
2

2RTw r n
¡

[ct ¡ (1 ¡ r t )c 0t ]2

r t (2 ¡ r t )2RTw }
£ I0( p 1 ¡ r ncnc 0n

r n RTw )
(c 0

n < 0; cn > 0; 0 · r t ·2; 0 · r n ·1) (8)

InEq. (8) the two parameters r n and r t dependon thephysicalnature
of the gas and the wall as well as on the temperature of the latter:
r n and r t are the accommodation coef® cients for normal energy
and for tangential momentum, respectively. The accommodation
coef® cient for tangential energy turns out to be r t (2 ¡ r t ). Model
(8) recovers, as limiting cases, the specular reemission (for r n =
r t = 0) and the diffuse reemission(for r n = r t = 1). The kernel (8)
also was obtained14 by solving a Fokker±Planck equation, assumed
as a model for the dynamics of a gas molecule captured by the
wall.

When the CL model was presented, many results were already
known from experiments in which a nearly monochromatic beam
of molecules impinges on a wall, and the emerging molecules are

counted. The reemission patterns in the plane of incidence, calcu-
lated by employing the above kernel, turned out to have a lobular
shape13, 15 and, if compared with experimental data, appeared to
be much more satisfactory than the patterns given by Maxwell’s
model.

The CL model also was applied to the calculationof drag, lift, and
heat transfercoef® cients in free-molecular¯ ow,16±18 butno compar-
isonwith experimentaldatawas madeat that time.For thede® nitions
of CD , CL , CH used in the present paper, see the Appendix.

After many years, experimental data about these coef® cients in
hypersonicfree-molecular¯ ow were obtainedby the researchgroup
at G Èottingen19 and compared with the theoretical results given by
the CL model. The analysis of the experimental data seems to lead
to the conclusion that the accommodation coef® cients for normal
energy and for tangential energy are equal,20 so that a relationship
between the two parameters of the CL model should be introduced
a posteriori [r n = r t (2 ¡ r t )], although the two parameters were a
priori independent of each other. This result, if con® rmed by other
sets of data, introduces a limitation of the ¯ exibility of the model,
which becomes a one-parametermodel. Other interestingaspectsof
this comparison are shown in the ® gures appearing in Ref. 19, on
which some remarks were made in Ref. 20.

Recently Proposed Model of Scattering Kernel:
CLL Model

The Nocilla model was the subject of research not only in the
1960s but even very recently.21±26 Hurlbut23 presented a method
for coordinating the classic transfer coef® cient description with a
parametric exit velocity distribution given by the HSN model. Ac-
tually, observations from molecular beam studies using high-speed
incident ¯ ow, and molecular dynamic simulation, show that the exit
velocity in any particulardirectionmay be representedbest by drift-
ing Maxwellian distribution function.23±27 Nocilla’s model, how-
ever, is not formulatedin the frameof the scattering-kerneltheory,so
that it cannot be used in connection with some methods of solution
of the Boltzmann equation in the transition regime, as, for instance,
the variationalmethod,7±9 which requiresboundaryconditionsfor-
mulated by means of a scattering kernel. Some applications of the
variational method to the calculation of velocity slip and temper-
ature jump coef® cients, for monatomic and polyatomic gases and
for mixtures, in which use is made of boundary conditions for the
Boltzmann equation formulated according to the scattering-kernel
theory, were presented at rare® ed gas dynamics symposia.28±31 It
seems interesting then to try to formulate a new scattering kernel
that takes into account the remark that a shifted Maxwellian is a
good model of a reemitted distribution function.

An attempt to exploit the main idea contained in Nocilla’s model,
without renouncingthe scattering-kernelformulation,was proposed
recently.32±34 In those papers, the technique employed to construct
a new kernel is a purelymathematicalmethod alreadyproposed5 but
never used. This approach is useful for reformulating rigorously, in
the frame of the scheme of the scattering-kerneltheory, reemission
models that approximate satisfactorily the experimental results but
do not satisfy the fundamental properties of the scattering kernels.
We recall here brie¯ y this kernel as well. Cercignani32 introduced
the shifted Mawellian distribution function

R0(c0 ! c) = (2/ p ) b 2
w b(1 ¡ a2) ¡ 2

cx

£ exp [¡ b w (1 ¡ a2) ¡ 1 j c ¡ ac 0
R j 2] (9)

containing the two parameters ¡ 1 < a < 1, b > 0, while b w =
(2RTw ) ¡ 1 . In Eq. (9), the directionof the outward normal to the wall
is assumed as the x axis. The introduction of this tentative kernel
was suggestedby Nocilla’s boundary condition.Because the kernel
(9) does not satisfy the normalization and reciprocity properties, a
suitable correction term has been added32 that produces a scattering
kernel obeying relations (4a) and (4b):

R(c 0 ! c) = R0(c 0 ! c) + cx f0(c)[1 ¡ H ( ¡ c 0 )][1 ¡ H (c)]/ I

(10)
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where H (c0 ) and I are obtained from

H (c 0 ) = *
cx > 0

R0( ¡ c 0 ! c) dc (11)

I = *
cx > 0

cx f0(c)[1 ¡ H (c)] dc (12)

We remark that Eq. (10) can be rewritten as

R(c 0 ! c) = H ( ¡ c 0 )S1(c0 ! c) + [1 ¡ H ( ¡ c 0 )]S2(c 0 ! c)

(13)

where S1 and S2 are two normalized kernels and H (c 0 ) is a sort of
generalizedaccommodationcoef® cient dependingon the incoming
velocity:

S1(c 0 ! c) = R0(c 0 ! c)

H ( ¡ c0 )
(14)

S2(c 0 ! c) =
cx f0(c)[1 ¡ H (c)]

I

The parameter b, appearing as a factor in expression (9), represents
the weight of R0(c0 ! c) in Eq. (10), i.e., the weight of the ® rst
kernel S1(c0 ! c) in Eq. (13);b has some similarity with the param-
eter r appearing in Maxwell’s model. The parameter a expresses
the assumption that, in general, the temperature Ts of the shifted
Maxwellian is different from the temperature Tw of the surface,
according to Ts = (1 ¡ a2)Tw . Moreover, in the argument of the
Maxwellian, the vector ac 0R has the same direction as c 0R , but its
magnitude is reduced. As a consequence,R0(c0 ! c) satis® es the
reciprocity relation (4c).

According to kernel (9), the function H (c 0 ) is limited only for
negative values of a, so that only for a < 0, with a convenient
choice of b, H (c 0 ) < 1, as it must be. To allow positive values
of a and to extend the validity of the model, in Refs. 33 and 34 a
third parameter, h > 0, was introduced and the following kernel
[Cercignani, Lampis, and Lentati (CLL) model] was proposed:

R0(c 0 ! c) = (2/ p ) b 2
w b(1 + h)(1 ¡ a2) ¡ 2

cx

£ exp[¡ b w h(1 ¡ a2) ¡ 1(c 0 2
x + c2

x
) ¡ b w (1 ¡ a2) ¡ 1 j c ¡ ac0

R j 2]
(15)

After some calculationswe obtain

H (c0 ) = H0(c 0
x ) + ab

1
2

w c 0
x H1(c 0

x )

H0(c 0
x ) = b exp[¡ b w (h + a2)(1 ¡ a2) ¡ 1c 0 2

x ]

H1(c 0
x ) = p

1
2 b(1 ¡ a2) ¡

1
2 (1 + h) ¡

1
2 (16)

£ exp[¡ b w h(1 + a2 + h)(1 + h) ¡ 1(1 ¡ a2) ¡ 1
c 0

x
2]

£ {1 + erf [ab
1
2

w (1 ¡ a2) ¡
1
2 (1 + h) ¡

1
2 c 0

x
]}

I = 1 ¡ (K01 + aK11) (17)

where

K01 = b
1 ¡ a2

1 + h
, K11 = p

1
2 b

(1 + h)(1 ¡ a2)

[(1 + h)2 ¡ a2]
3
2

(18)

The parameters a, b, and h must be linked in such a way that I > 0
and H (cx ) ·1. An approximate estimate of the maximum value of
b for any a and h was given previously33 , 34 as

b ·bmax = {1 + a[2 p (eh) ¡ 1(1 + h + a2) ¡ 1]
1
2 }¡ 1

(19)

In the CLL model (15), it is moredif® cult to giveanexactmeaning
of the three parameters. However, if we think that h is a small
parameter, as it is always assumed in our following calculations,the

meaning of b and a is substantially the same as in the model with
h = 0.

The procedure that we follow is that of applying the model to the
calculationof some physicalquantities;the comparisonwith experi-
ments gives us information about the values to be attributed to the
parameters. We have employed the CLL model to calculate drag,
lift, and heat transfer coef® cients in free-molecular¯ ow.33 , 34 Let us
denote by T0 the stagnationtemperature,given for monatomic gases
by T0 = T1 (1 + 2S2/5), where the speed ratio S = v 1 / p (2RT1 )
and T1 and v 1 are the temperatureand the bulk speed, respectively,
of the incoming ¯ ow. Concerning CD , the reported ® gures33, 34 for
normal incidence show that the theoretical predictions, for high
values of the ratio r = Tw / T0 , are higher than the experimental
data. The same also holds for the results supplied by diffuse and
specular reemissionand thereforeby the Schaaf theory based on the
accommodation coef® cient r 0 and by the CL model as well.

In this connection, we recall that, as remarked by Knuth3 and
Liu et al.,4 if the ¯ ow of normal momentum pnr of the reemitted
molecules is written, according to Schaaf, as pnr = (1 ¡ r n ) pni +
r n pnw , from the well-known formulas for pni and pnw (Ref. 2),
then it follows that for any angle of attack h , there exists a critical
temperature ratio rc , function of h , for which pni = pnw and, then,
pnr = pni = pnw , for any reemission model unless r n ! 1 . The
total normal momentum ¯ ow turns out to be pn = 2pni for r = rc ,
for any reemission model. Therefore, the values of CD for normal
incidence that we have considered previously33, 34 for values of r
close to rc = 10/ p should approach the value 4 and thus be higher
than the experimental data of Bellomo et al.19 This remark gives
some justi® cation of the predictionsof our CL and CLL models for
values of r close to rc . Of course,we have the same situationalso for
differentvalues of the angleof attack,but it is suf® cient, considering
normal incidence, to note this effect. Certainly, new experiments
would be welcome to clarify the question, but at present it seems to
us that it would be interestingto ® nd a model, also if very schematic,
able to predict values of CD ® tting the data of Legge et al.19 in the
neighborhoodof rc .

New Model for the Scattering Kernel
Mention is made that, in correspondenceof high valuesof r , close

to rc , values of CD lower than those provided by Maxwell’s and CL
models are providedby the elastodiffusemodel.35 , 36 This kernel has
the following expression:

R(c 0 ! c) =
cx d (c ¡ c 0 )

p c3
(20)

It is easy to see that, according to Eq. (20), the re¯ ected ¯ ow of
tangential momentum p s r vanishes as in the case of diffused ree-
mission, so that r t = 1. On the other hand, the reemitted and in-
cident energy ¯ ows are equal (Er = Ei ), so that r E = 0 as in the
case of specular reemission. In the case of extreme hypersonic ¯ ow
(T1 = 0), we can simplify the expression of pnr and make use of
the formula pnr = 4

3
( q 1 v2

1 / 2) sin h , so that, for any value of the
angle of attack and of the temperature ratio, we get CD = 10

3
.

The elastodiffuse kernel was introduced only to give a mathe-
matical example, but its capability to predict values of CD < 4 is
interesting.31 At this point, the question is open whether it is possi-
ble to construct more realistic models that retain the characteristic
propertyof giving, for normal incidence,valuesof CD less than 4 for
r = 10/ p , and thus values of CD closer to the experimental data19

in the neighborhood of rc . A possible idea that we exploit here is
the approachalreadyused in our previouspapers33 , 34 and described
by Eq. (10) but starting from an expression of the tentative kernel

R0(c 0 ! c) in which only the magnitudes of the velocity vectors
appear in the argument of the exponential. We have tried

R0(c0 ! c) = b p acx f0(c) exp [¡ ab w (c ¡ c 0 )2
] (21)

where a and b are constantparameters.The expressionof this kernel
for a ! 1 tends to a distribution containing Dirac’s delta:

R0(c0 ! c) ! RL(c 0 ! c) = b( p / b w )
1
2 cx f0(c) d (c ¡ c 0 ) (22)

According to kernel (22) the magnitudes of the velocities of a
molecule before and after the interaction with the wall are equal.
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This idea was drawn from the elastodiffusemodel givenby Eq. (20).
The kernel given by Eq. (21) mitigates this assumption because it
contains a Gaussian function the width of which increases as the
value of the parameter a decreases. The limiting model (22) con-
tains just one parameter b, which is proportional to the fraction of
molecules that preserve their kinetic energy in the interaction with
a solid wall. The parameter a appearing in the full kernel (21) mea-
sures the extent of energy lost or gained in the interaction of the
wall by the fraction of molecules that have a scattering that tends to
preserve the kinetic energy. To be precise, this fraction modi® es its
speed with a statistical dispersion of the order of a multiple a ¡ 1/ 2

of the molecules fully thermalized with the wall. When a becomes
smaller and smaller, the molecules lose memory of their impinging
kinetic energy and we approach pure diffusion. Both kernels give
ps r = 0 and thus r t = 1. For this purpose, we note that in some
experiments by Liu et al.,4 r t was found to be approximatelyunity;
this result was attributed to backscattering.This value agrees with
the values obtained by other authors cited in Ref. 4.

We ® rst consider kernel (22), containing just one parameter b. In
this case, Eqs. (11) and (12) give

HL (c) = 2 p p bc3 b
3
2

w exp( ¡ b w c2)

(23)

IL = 1 ¡ 15p b p 2/ 64

[We note that the values of b must be chosen so that the restrictions
HL (c) < 1, IL > 0 are satis® ed.]

We have applied this new kernel to the calculation of drag, lift,
and heat transfer coef® cients, whose de® nitions are recalled in the
Appendix. Figures 1 and 2 present some numerical results for CD

and CH vs the temperature ratio Tw / T0 , for some values of the
parameter b. In all ® gures of this paper, ¤ , ±, and + denote three
sets of experimental data19 reported for helium impinging on gold
at normal incidence.No information is given about the error bars,19

but, subsequently, Legge et al.37 speci® ed that the accuracy of the
heat transfer data is estimated to be 30% and the accuracy of the
force measurements to be 10% near normal incidenceand that even
larger errors might occur for the tangential-force components. The
uncertainty in the angle of attack is estimated to be 5 deg.

We ® rst consider Fig. 1, showing the behavior of the drag coef® -
cient CD : The curves correspondingto different values of b cross at
onepoint,but theexperimentaldataare so scatteredthat it is impossi-
ble to concludewhether this feature might be consideredacceptable
or not. The curves in the region of high values of r = Tw / T0 are no-
ticeably closer to the experimentalvalues than those obtained using

Fig. 1 Drag coef® cient CD vs Tw/ T0 for normal incidence [theoretical results given by kernel (21) for high values of a; experimental data for He on
Au from Ref. 19]; *, ±, and + denote three sets of experimental data.

the CL19 or CLL33 , 34 models. We stress that kernel (22) contains
just one parameter but gives good results. For b = 0.6, the curve
presents a slight in¯ ection point.

We do not present results about the dependence of CD on the
angle of attack because the tangential momentum carried away by
re¯ ected molecules is zero and, moreover,Cnr is independenton the
angle h .

Also, the predictions of the model for reemitted intensity pat-
terns in the case of an impinging monochromatic beam are trivial
becausec ¡ 1

x R(c0 ! c) turns out to be a function only of the speeds.
Therefore, the quantity

N (h , u ) = cos h * 1
0

R(U ! c)c3 dc (24)

which gives this intensity,7±9 turns out to be proportional to cos2 h
as in the case of complete diffusion.

Figure 2 refers to the heat coef® cient CH . By increasing b, a bet-
ter approximation of the experimental data is attained in the region
of high values of r but worse in the region of low r . Moreover,
the change of curvature in the curve corresponding to b = 0.6 is a
bad, unexpected feature, and the model seems to be inappropriate
for the study of heat transfer. It is also well known that, in the case
of thermal diffusion, the recovery value r0 , of r at which the heat
exchange vanishes, is 1.25; this value was observed in experiments
on a hypersonic ¯ ow of a monatomic gas on rough technical sur-
faces.Recently,an increasein r0 was foundwith differentcrystals37:
The largest r0 values were found for normal incidence; the values
obtained according to model (24) are lower.

On the contrary, the CLL model, besides giving the right curva-
ture of the heat transfer vs r (Refs. 33 and 34), provides results of
r0 higher than 1.25 as well. Consider, for instance, the case h = 0.01
and, for every value of a, the maximum value of b, according to
Eq. (19): We have r0 = 1.287 for a = 0.7, r0 = 1.333 for a = 0.8,
r0 = 1.442 for a = 0.9 in agreement with some reported data.37 The
situation is similar for h = 0.05, as can be seen in Fig. 1 of our
previouspapers,33, 34 where, however, the values of r0 are very close
to 1.25. In general, the values of r0 increase with a (we recall that
this parameter is a measure of the fact that c is different from c 0 ).

At this point we investigate whether kernel (21), which gener-
alizes the previous one and contains two parameters, gives an im-
provement of the results. In this case we get

H (c) = p ab(1 + a) ¡ 2 exp( ¡ u2/a)

£ [exp( ¡ u2)(1 + u2) + p p u( 3
2 + u2)(1 + erf u)] (25)
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Fig. 2 Heat coef® cient CH vs Tw/ T0 for normal incidence [theoretical results given by kernel (21) for high values of a; experimental data for He on
Au from Ref. 19]; *, ±, and + denote three sets of experimental data.

where

u = a Ï b w (1 + a) ¡
1
2 c (26)

I = 1 ¡ (I1 + I2 + I3) (27)

I1 = 2b p a(1 + a) ¡ 4[ 1
2 + a2(1 + a) ¡ 2] (28)

I2 = 3
8
ba

3
2 p (1 + 2a) ¡

7
2 [3 + 6a + 5a2] (29)

I3 =
ba

3
2

4(1 + 2a)
5
2
{24G4 + 48a2(1 + 2a) ¡ 1G6} (30)

where

Gn = *
w

0

cosnh dh , w = arctan
a

p 1 + 2a
(31)

For each value of a > 0, we impose that b is limited by the re-
strictions I > 0, H (c) < 1. We remark that the present model,
at variance with Maxwell’s and the CL model, does not include
specular reemission as a particular case.

Some calculations made by applying this new kernel to obtain
the normal drag coef® cient give the following results:

CNr = (2/ v 1 )( A1 + A2 + A3) (32)

A1 =
2b p a exp( ¡ U 2/ a)

3 p b w (1 + a)
5
2

[U exp( ¡ U 2)(U 2
+ 5

2
)

+ p p (1 + erfU )( 3
4 + 3U 2 + U 4)] (33)

U = a Ï b w (1 + a) ¡
1
2 v 1 (34)

A2 =
p p [1 ¡ H (v 1 )]

2 p b w I
(35)

A3 =
[1 ¡ H (v 1 )]( A31 + A32 + A33)

I
(36)

A31 = ¡
2b p p a

3
2 p (1 + a)

p b w (1 + 2a)3
[1 + 2a2(1 + 2a) ¡ 1] (37)

A32 = ¡
b p p a

2 p b w (1 + a)
9
2 [1 +

5a2

2(1 + a)2 ] (38)

A33 = ¡
5b p p (1 + a)a

3
2

4 p b w (1 + 2a)3 [3G5 + 7a2G7(1 + 2a) ¡ 1] (39)

For the heat transfer coef® cient, we obtain

CH r = (1/ v2

1
)(B1 + B2 + B3) (40)

B1 =
b p a exp( ¡ U 2/a)

b w (1 + a)3 [exp( ¡ U 2)(U 4
+ 9

2
U 2

+ 2)

+ p p (1 + erfU )( 15
4

U + 5U 3 + U 5)] (41)

B2 =
2[1 ¡ H (v 1 )]

b w I
(42)

B3 =
[1 ¡ H (v 1 )](B31 + B32 + B33)

I
(43)

B31 = ¡
2b p a

b w (1 + a)5
(44)

B32 = ¡
15b p a

3
2 (1 + a)

16 b w (1 + 2a)
7
2

[3 + 7a2(1 + 2a) ¡ 1] (45)

B33 = ¡
4ba

3
2 (1 + a)

b w (1 + 2a)
7
2
[9

2
G6 + 12a2(1 + 2a) ¡ 1G8] (46)

Of course, we have veri® ed that the limits of these expressions of
CD and CH for a ! 1 are the same as we have already obtained
directly, using kernel (22). Figures 3 and 4 show numerical results
for CD and CH , respectively, vs the temperature ratio Tw / T0 , pre-
dicted by kernel (22) for a = 5 and some values of b. In Fig. 3,
which shows the behavior of CD , the in¯ ection point is absent, so
that the two-parameterkernel (23) seems to be an improvementwith
respect to the one-parameter kernel (24). The agreement with the
experimental results is better for the highestvalues of b [in any case,
b was assumed not to exceed 0.6 in order to satisfy the positivity
condition of I and the inequality H (c) < 1]. Also, the results for
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Fig. 3 Drag coef® cient CD vs Tw/ T0 for normal incidence [theoretical results given by kernel (21) for a = 5; experimental data for He on Au from
Ref. 19]; *, ±, and + denote three sets of experimental data.

Fig. 4 Heat coef® cient CH vs Tw/ T0 for normal incidence [theoretical results given by kernel (21) for a = 5; experimental data for He on Au from
Ref. 19]; *, ±, and + denote three sets of experimental data.

CH and for r0 , shown in Fig. 4, seem to be an improvement over
those presented in Fig. 2. In particular, we remark that the values
obtained for r0 are close to 1.25. In any case, the results, also for the
heat coef® cient, are not worse than thosegivenby thermal diffusion,
which is recovered for b = 0.

Comparison with Experimental Data
at Satellite Energies

It is importantto studythe drag coef® cient for low valuesof T0/ Tw

as well, as happens in the case of satellites circling the Earth at al-
titude within the upper atmosphere. Several results of laboratory
experiments on forces due to free-molecular normal-momentum

transfer at satellite energies are reported by Knuth3 and Liu et al.4

We compared the predictions given by our models with the experi-
mental data for some monatomic gases reported in those papers.

We present results relative to Cn = Cni + Cnr vs the angle u
between the normal-to-the-surfaceand the impinging beam, mea-
sured in degrees, so that u = 90 ¡ h , where h is the angle of
attack used in our previous papers. Because the gases consid-
ered in the present paper are monatomic and the incident beam
is very narrow, the energy of the impinging beam is approxi-
mated by Ei = 1

2
mv2

1 = 5kT0/2. From the reported experimen-
tal values of a N M and a 0N M (Refs. 3 and 4), it is easy to deduce
Cn = a N M (Cni + Cnw ) = a 0N M Cni .
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Fig. 5 Normal drag coef® cient Cn vs the incidence angle Á [theoretical results given by kernel (21) for a monatomic gas impinging at 15 eV on a
surface at Tw = 300± 435 K; experimental data by Knechtel and Pitts38 for Ar on Au].

Fig. 6 Normal drag coef® cient Cn vs the incidence angle Á (theoretical results given by the CLL model for a monatomicgas impinging at 15 eV on a
surface at Tw = 300± 435 K; experimental data by Knechtel and Pitts38 for Ar on Au).

Figure 5 illustrates the results of kernel (21) for E = 15 eV and
Tw = 300 K. Experimental data on the interaction of argon on
vapor-deposited gold have been obtained by Knechtel and Pitts.38

The agreement is rather good, but it is evident that the curves cor-
responding to different values of b coincide and are identical to the
curve given by thermal diffusion (b = 0). In fact, for Tw / T0 ! 0,
this kernel tends to the thermal diffusion kernel. Therefore, we do
not present the other values that we have obtained in the case of
small values of Tw / T0.

We compared the experimental data with the CLL model, ob-
taining more interesting results. In our calculations,we always put
h = 0.001, becauseh is a small parameter, introducedonly for theo-
retical reasons, that can be maintained ® xed in all cases. In practice,

the effective parameters of the kernel are a and b. For every value
of a, we have chosen b = bMax, according to formula (19). In all
® gures, the dots correspond to thermal diffusion and the asterisks
denote the experimental data.

Figures 6 and 7 refer to the data by Knechtel and Pitts38; Fig. 6
regards argon impinging at 15 eV on background-contaminated
vapor-depositedgold surfaces at 300±435 K. Figure 7 is the same
for a surface of thin rolled aluminum sheets. The theoretical re-
sults do not change appreciably if we let Tw = 300 or 435 K.
In both cases, the data are close to thermal diffusion (a = 0)
for low values of u , from 0 to 30 deg, but are better approxi-
mated by curves corresponding to a = 0.2, 0.4 for higher values
of u , from 40 to 60 deg. The same comment can be made about
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Fig. 7 Normal drag coef® cient Cn vs the incidence angle Á (theoretical results given by the CLL model for a monatomicgas impinging at 15 eV on a
surface at Tw = 300± 435 K; experimental data by Knechtel and Pitts38 for Ar on Al).

Fig. 8 Normal drag coef® cient Cn vs the incidence angle Á (theoretical results given by the CLL model for a monatomicgas impinging at 25 eV on a
surface at Tw = 300 K; experimental data by Doughty and Schaetzle39 for Ar on Al).

Figs. 8 and 9, where the comparison of our theory is made with the
data presented by Doughty and Schaetzel39 on argon impinging at
25 eV on background-contamined aluminum and on fresh varnish
at Tw = 300 K.

We have also considered the data of Liu et al.4 on helium im-
pinging at 1 eV on a 6061-T6 aluminum surface at 300 K. In this
case, the results, shown in Fig. 10, are far from those given by ther-
mal diffusion. We obtain the best agreement between theory and
experiments for a = 0.7, 0.8.

Seidl and Steinheil40 present results for helium at 0.05 eV on
surfaces at Tw = 300 K. In this case, the energy of the impinging

gas is not very high; our results in this case are practically the same
given by thermal diffusion.The agreement is good for an uncleaned
surface of gold, as shown in Fig. 11, whereas it is much less satis-
factory for a mechanically polished sapphire surface (see Fig. 12).
On the whole, the agreement of the CLL model with experiments is
satisfactory.

Parameters of Models and Accommodation Coef® cients
To relate the parameters of the kernels to some more usual pa-

rameters having a physical meaning, we recall the de® nition of the
accommodation coef® cients a ik introduced by KuÏs Ïcer et al.,36 who
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Fig. 9 Normal drag coef® cient Cn vs the incidence angle Á (theoretical results given by the CLL model for a monatomicgas impinging at 25 eV on a
surface at Tw = 300 K; experimental data by Doughty and Schaetzle39 for Ar on fresh varnish).

Fig. 10 Normal drag coef® cient Cn vs the incidence angle Á (theoretical results given by the CLL model for a monatomic gas impinging at 1 eV on a
surface at Tw = 300 K; experimental data by Liu et al.4 for He on Al).

also evaluated these coef® cients in the cases of the CL model and
the elastodiffusemodel:

a ik =
(Q i , Qk)B ¡ (Q i , ÅQk )B

(Q i , Qk)B ¡ (Q i , Nk )B

(47a)

Nk =
(Qk , Q0)B

(Q0, Q0)B

, ÅQk = AQk

Q0 = 1, Q1 = j cx j , Q2 = cy

(47b)
Q3 = cz , Q4 = c2, Q7 = j cx j c2

(g, h)B = *
cx > 0

cx g(c) h(c) f0 dc (48)

Ah ¡ = (cx f0) ¡ 1 *
c 0x < 0

R(c 0 ! c) j cx 0 j f0 0 h 0 dc 0 (49)

The basic parameters are a 11 , a 22 , and a 14, which are, respectively,
accommodationcoef® cients for normal momentum, tangentialmo-
mentum, and energy.

In principle, one might invert the expressions of the accommo-
dation coef® cients as functions of the parameters of the kernel,
to obtain the parameters of the kernel as functions of the basic
accommodationcoef® cients.The other accommodationcoef® cients
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Fig. 11 Normal drag coef® cient Cn vs the incidence angle Á (theoretical results given by the CLL model for a monatomic gas impinging at 0.05 eV
on a surface at Tw = 300 K; experimental data by Seidl and Steinheil40 for He on Au).

Fig. 12 Normal drag coef® cient Cn vs the incidence angle Á (theoretical results given by the CLL model for a monatomic gas impinging at 0.05 eV
on a surface at Tw = 300 K; experimental data by Seidl and Steinheil40 for He on mechanically polished sapphire).

then can be thought of as functions of the basic ones. In the case of
kernel (24), easy calculations yield

a 22 = 1, a 25 = 1 (50a)

a 11 = (1 ¡ p /4) ¡ 1 [1 ¡
p

4 ( 35

24 p 2
b +

(1 ¡ b)2

1 ¡ 15 p 2 p b/ 64) ]
(50b)

a 14 = 1 ¡ 4(1 ¡ b)[ 1 ¡ 135 p 2 p b/512

1 ¡ 15 p 2 p b/64 ¡ 1] (50c)

Using Eq. (50b), it is possible to relate the parameter b to the ac-
commodation coef® cient a 11 and then, with similar calculations, to
give the expressions of the other coef® cients a i k , for instance a 14,
as functions of a 11 .

In the case of kernel (21), this procedure, although clear in prin-
ciple, is dif® cult in practice because the expressionsof a ik are cum-
bersome. A similar consideration could be repeated for the CLL
model as well; in a recent paper, we gave the analytical expressions
of the more usual coef® cients a i k for the CLL model as functions
of the parameters of the model.34 We recall, however, that the ba-
sic idea behind the collision kernel is to be able to represent the
outcome of a very complicated physical process, the interaction of
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gas moleculeswith a solid wall. Hence, the parameters appearing in
the models are not always immediately interpreted.For a long time,
people were happy with the very rudimentary model proposed by
Maxwell more than a century ago. The model proposed by Nocilla5

has suf® cient ¯ exibilityÐand as such it was ® rst exploitedby Hurl-
but and Sherman6Ð but has the disadvantageof not being amenable
to agreement with the properties of scattering kernels. The other
models known so far, including those previously presented by the
authors,13 , 34 share with Maxwell’s model the peculiar feature of
having an accommodation coef® cient for normal momentum, as
de® ned by Schaaf,2 that remains ® nite. Now this coef® cient, as we
have stressedbefore, is not necessarily ® nite in all circumstances,as
has been remarked.3, 4 This fact came dramaticallyin the foreground
with the experiments of Bellomo et al.,19 which seem to occur ex-
actly in the range of parameters in which the Schaaf coef® cient may
tend to in® nity. The only scattering kernel available that avoided
the dif® culty of having a possibly unbounded normal momentum
coef® cient, in the Schaaf sense, was the elastodiffusekernel.32 This
model is clearly schematic and not suf® ciently ¯ exible to repre-
sent all possible experimental situations.Thus, we propose the new
model (21) that embodies some features of the elastodiffusekernel
and of thermal diffusion.

Of course, physical parameterssuch as the ratio of the gas molec-
ular mass to the mass of the wall atoms do not enter our model or
any of the other available scattering kernels. Rather, the parame-
ters of these kernels are the measure of certain tendencies in the
physical process occurring during the gas±surface interaction. We
clearly are experimenting with kernels and thus do not pretend that
our parameters have a direct physical signi® cance, but we can give
them a qualitative interpretation.

Concluding Remarks
We introduce a new model for gas±surface interaction that pro-

duces results in agreement with the experimental data for the drag
of a ¯ at plate in hypersonic free-molecular ¯ ow. All of the previ-
ous models were unable to predict these results. For low values of
Tw / T0, the kernel gives practically the same results as the thermal
diffusion model.

On the contrary, the CLL model gives good results for the drag at
small values of Tw / T0, corresponding to the conditionsof satellites
circlingtheEarth at altitudewithin the upper atmosphere.Moreover,
the CLL models with respect to the new one also give better results
for the heat transfer coef® cient CH in the interval of the temperature
ratio.

The agreement obtained here does not close the question but
rather opens a new chapter in the study of gas±surface interaction
modeling, a subject that has been neglected for many years. It also
calls for more detailed and accurate experimental data.

Appendix: Drag, Lift, and Heat Transfer Coef® cients
We calculate the coef® cients of drag, lift, and heat transfer in

free-molecular ¯ ow. As usual, we assume as incident distribution
function

f 1 = (2 p RT1 ) ¡
3
2 n 1 exp[¡ b 1 (c ¡ v 1 )2

] (A1)

where n 1 is the numberdensityand b 1 = m/ (2kT1 ). Let us denote
f ¡ and f + as the restrictionsof f (c) to negativeand positivevalues
of cx , respectively,and f 0 denotes f (c0 ).

The incident and reemitted ¯ uxes U i and U r of a quantity u are
given by

U i = *
c 0x < 0

j c 0
x j u 0 f ¡ 01 dc 0 = *

cx > 0

cx Pn u Pn f ¡
1 dc (A2)

U r = *
cx > 0

cx u f +

1 dc = *
cx > 0

u dc *
c 0x < 0

j c 0
x j R(c 0 ! c) f ¡ 01 dc0

= *
c 0x < 0

j c 0
x j f ¡ 01 dc 0 *

cx > 0

u R(c 0 ! c) dc (A3)

and Pn (h) = h( ¡ cx ). Then we de® ne the coef® cients

Cn =
U (cx )

( q v2

1 /2) =
[ U i (cx ) + U r (cx )]

( q v2

1 /2) = Cni + Cnr (A4)

C s =
U (cy )

( q v2

1 /2) =
[ U i (cy) ¡ U r (cy )]

( q v2

1 /2) = C s i ¡ C s r (A5)

CH =
U (c2/ 2)

( q v2

1 /2) =
[U i (c

2/ 2) ¡ U r (c2/2)]
( q v2

1 /2) = CHi ¡ CHr (A6)

where the expressions of the incident quantities Cni , C s i , CHi for a
given angle of attack h are well known.

In Refs. 33 and 34, the drag and lift coef® cients are referred to
the frontal area as in Ref. 19:

CD =
Cn sin h + C s cos h

sin h
(A7)

CL =
CN cos h ¡ C s sin h

sin h
(A8)

Acknowledgment
This work has been performed in the frame of the activity of

Gruppo Nazionale per la Fisica Matematica of Consiglio Nazionale
delle Ricerche and supported by Ministero dell’UniversitÁa e della
Ricerca Scienti® ca e Tecnologica.

References
1Maxwell, J. C., ª On Stresses in Rari® ed Gases Arising from Inequalities

ofTemperature,º PhilosophicalTransactionsof the Royal Society of London,
Vol. 170, No. 1, Appendix, 1879, pp. 231±256.

2Schaaf, S. A., ª Mechanics of Rare® ed Gases,º Handbuch der Physik,
Vol. 8/2, edited by S. Flugge, Springer, Berlin, 1963, pp. 591±624.

3Knuth, E. L., ª Free-Molecule Normal-Momentum Transfer at Satellite
Surfaces,º AIAA Journal, Vol. 18, No. 5, 1980, pp. 602±605.

4Liu, S. M., Sharma, P. K., and Knuth, E. L., ª Satellite Drag Coef® cients
Calculated from Measured Spatial and Energy Distributions of Re¯ ected
Helium Atoms,º AIAA Journal, Vol. 17, No. 12, 1979, pp. 1314±1319.

5Nocilla, S., ª The Surface Re-Emission Law in Free Molecule Flow,º
Rare® ed Gas Dynamics, edited by J. A. Laurmann, Academic, New York,
1963, pp. 327±346.

6Hurlbut, F., and Sherman, F. S., ªApplication of the Nocilla Wall Re¯ ec-
tion Model to Free-Molecule Kinetic Theory,º Physics of Fluids, Vol. 11,
March 1968, pp. 486±496.

7Cercignani, C., Mathematical Methods in Kinetic Theory, 2nd ed.,
Plenum, New York, 1990, pp. 52±56.

8Cercignani, C., Theory and Application of the Boltzmann Equation,
Scottish Academic, Edinburgh,Scotland, UK, 1975, Chap. 3.

9Cercignani, C., The Boltzmann Equationand Its Applications, Springer±
Verlag, New York, 1987, Chap. 3.

10KuÏsÏcer, I., ª Reciprocity in Scattering of Gas Molecules by Surfaces,º
Surface Science, Vol. 25, No. 2, 1971, pp. 225±237.

11Cabrera, N., Celli, V., and Manson, J. R., ª Theory of surface scattering
and Detection of Surface Phonons,º Physical Review Letters, Vol. 22, No.
8, 1969, pp. 346±348.

12Cabrera, N., Celli, V., Goodman, F. O., and Manson, J. R., ª Scattering
of Atoms by Solid Surfaces,º Surface Science, Vol. 19, No. 1, 1970, pp.
67±92.

13Cercignani, C., and Lampis, M., ª Kinetic Models for Gas-Surface In-
teraction,º Transport Theory and Statistical Physics, Vol. 1, No. 2, 1971, pp.
101±114.

14Cercignani, C., ª Scattering Kernels for Gas-Surface Interactions,º
Transport Theory and Statistical Physics, Vol. 1, No. 1, 1972, pp. 27±53.

15Cercignani, C., ª Models for Gas-Surface Interaction: Comparison Be-
tween Theory and Experiment,º Rare® ed Gas Dynamics, edited by D. Dini,
S. Nocilla, and C. Cercignani, Vol. 1, Editrice Tecnico Scienti® ca, Pisa, Italy,
1974, pp. 75±95.

16Cercignani, C., and Lampis, M., ª Free Molecular Flow Past a Flat Plate
in the Presence of a NontrivialGas-Surface Interaction,º Zeitschrift f Èur Ange-
wandte Mathematik und Physik, Vol. 23, No. 5, 1972, pp. 713±728.

17Lampis, M., ª Some Applications of a Model for Gas-Surface Interac-
tion,º Rare® ed Gas Dynamics, edited by K. Karamcheti, Academic, New
York, 1974, pp. 369±380.

18Cercignani, C., and Lampis M., ª On the Recovery Factor in Free-
Molecular Flow,º Zeitschrift f Èur Angewandte Mathematik und Physik, Vol.
27, No. 6, 1976, pp. 733±738.



CERCIGNANI AND LAMPIS 1011

19Bellomo, N., Dankert, C., Legge, H., and Monaco, R., ª Drag, Heat Flux,
and Recovery Factor Measurements in Free Molecular Hypersonic Flow and
Gas-Surface Interaction Analysis,º Rare® ed Gas Dynamics, edited by O. M.
Belotserkovskii, M. N. Kogan, S. S. Kutateladze, and A. K. Rebrov, Vol. 1,
Plenum, New York, 1985, pp. 421±430.

20Cercignani, C., and Frezzotti, A., ª Numerical Simulation of Supersonic
Rare® ed Gas Flows Past a Flat Plate: Effects of the Gas-Surface Interaction
Model on the Flow® eld,º Rare® ed Gas Dynamics: Physical Phenomena,
edited by E. P. Muntz, D. P. Weaver, and D. H. Campbell, Vol. 118, Progress
in Aeronautics and Astronautics, AIAA, Washington, DC, 1989, pp. 552±
566.

21Karr, G. R., Gregory, J. C., and Peters P. N., ª Free Molecule Drag
and Lift Deduced from Shuttle Flight Experiment,º Rare® ed Gas Dynamics,
edited by V. Bof® and C. Cercignani, Vol. 1, Teubner, Stuttgart, Germany,
1986, pp. 609±617.

22Hurlbut, F. C., ª Particle Surface Interaction in the Orbital Context: A
Survey,º Rare® ed Gas Dynamics: Space-Related Studies, edited by E. P.
Muntz, D. P. Weaver, and D. H. Campbell, Vol. 116, Progress in Aeronautics
and Astronautics, AIAA, Washington, DC, 1989, pp. 419±450.

23Hurlbut, F., ª Two Contrasting Modes for the Description of Wall-Gas
Interactions,º Rare® ed Gas Dynamics: Experimental Techniques and Physi-
cal Systems, edited by B. D. Shizgal and D. P. Weaver, Vol. 158, Progress in
Astronautics and Aeronautics, AIAA, Washington,DC, 1994, pp. 494±506.

24Gaposchkin,E.M., ª CalculationofSatelliteDrag Coef® cients,º Lincoln
Lab., TR 998, Massachusetts Inst. of Technology, Cambridge, MA, 1994.

25Collins, F. G., and Knox, E. C., ª Parameters of Nocilla Gas/Surface In-
teraction Model from Measured Accommodation Coef® cients,º AIAA Jour-
nal, Vol. 32, No. 4, 1994, pp. 765±773.

26Koppenwallner, G., Johannsmeier, D., Klinkrad, H., Ivanov, M., and
Kashkowski, A., ªA Rare® ed Aerodynamics Modelling System for Earth
Satellites (RAMSES),º Rare® ed Gas Dynamics, edited by J. Harvey and G.
Lord, Vol. 2, Oxford Univ. Press, Oxford, England, UK, 1995, pp. 1366±
1372.

27Hurlbut, F. C., ª Gas Surface Interactions: Recent Observations and In-
terpretations,º Proceedings of the XXth Rare® ed Gas Dynamics Symposium,
edited by Shen Ching, Beijing Univ. Press, Beijing, PRC (to be published)
(Paper INV2).

28Cercignani, C., and Lampis, M., ª VariationalCalculation of the Slip Co-
ef® cient and the Temperature Jump for Arbitrary Gas-Surface Interactions,º
Rare® ed Gas Dynamics: Space-Related Studies, edited by E. P. Muntz,
D. P. Weaver, and D. H. Campbell, Vol. 116, Progress in Aeronautics and
Astronautics, AIAA, Washington, DC, 1989, pp. 553±561.

29Cercignani, C., Lampis, M., and Lentati, A., ª Some New Results
About the Temperature Jump for a Mixture,º Proceedings of the VIIth Eu-
ropean Conference on Mathematics in Industry, edited by A. Fasano and
M. Primicerio, Teubner, Stuttgart, Germany, 1994.

30Cercignani, C., Lampis, M., and Lentati, A., ª Calculation of the Slip
Coef® cient for a Mixture,º Rare® ed Gas Dynamics: Theory andSimulations,
edited by B. D. Shizgal and D. P. Weaver, Vol. 159, Progress in Astronautics
and Aeronautics, AIAA, Washington, DC, 1994, pp. 565±573.

31Cercignani, C., Lampis, M., and Lentati, A., ª Variational Calculation of
the Temperature Jump for Polyatomic Gas,º Rare® ed Gas Dynamics, edited
by J. Harvey and G. Lord, Vol. 2, Oxford Univ. Press, Oxford, England, UK,
1995, pp. 1023±1029.

32Cercignani, C., ª Scattering Kernels for Gas-Surface Interaction,º Pro-
ceedings of the Workshop on Hypersonic Flows for Reentry Problems (An-
tibes, France), Vol. 1, Institut National de Recherche en Information et en
Automatique, Sophia Antipolis, France, 1990, pp. 9±29.

33Cercignani, C., Lampis, M., and Lentati, A., ª On the Drag and Heat
Transfer Coef® cients in Free-Molecular Flow,º Rare® ed Gas Dynamics,
editedbyJ. Harvey and G. Lord,Vol. 2,Oxford Univ.Press, Oxford,England,
UK, 1995, pp. 1190±1196.

34Cercignani, C., Lampis, M., and Lentati, A., ªA New Scattering Ker-
nel in Kinetic Theory of Gases,º Transport Theory and Statistical Physics,
Vol. 24, No. 9, 1995, pp. 1319±1336.

35Legge, H., ª Heat Transfer and Forces on a LiF Single-Crystal Disc in
Hypersonic Flow,º DLR, German Aerospace Research Establishment, Rept.
DLR-IB 222-92 A 14, GÈottingen, Germany, Aug. 1992.

36Klinc, T., and KuÏs Ïcer, I., ª Slip Coef® cients for General Gas-Surface
Interactions,º Physics of Fluids, Vol. 15, No. 6, 1972, pp. 1018±1022.

37Legge, H., Toennies, J. P., and L Èudecke, J., ª Measurements of Recovery
Temperatures, Heat Transfer, and Force Accommodation Coef® cients for a
He Free Jet on a Clean Single Crystal of LiF (001),º Rare® ed Gas Dynamics,
editedbyJ. Harvey and G. Lord,Vol. 2,Oxford Univ.Press, Oxford,England,
UK, 1995, pp. 998±994.

38Knechtel, E. E., and Pitts, W. C., ª Experimental Momentum Accom-
modation on Metal Surfaces of Ions Near and Above Earth-Satellite Speed,º
Rare® ed Gas Dynamics, edited by L. Trilling and H. Y. Wachman, Vol. 2,
Academic, New York, 1969, pp. 1257±1266.

39Doughty, R. O., and Schaetzel, W. J., ª Experimental Determination
of Momentum Accommodation Coef® cients at Velocities up to and Ex-
ceeding Earth Escape Velocity,º Rare® ed Gas Dynamics, edited by L.
Trilling and H. Y. Wachman, Vol. 2, Academic, New York, 1969, pp. 1035±
1054.

40Seidl, M., and Steinheil, E., ª Measurement of Momentum Accom-
modation Coef® cients on Surfaces Characterized by Auger Specroscopy,
SIMS and LEED,º Rare® ed Gas Dynamics, edited by M. Becker
and M. Fiebig, Vol. 2, DFVLR Press, Proz±Wahn, Germany, 1974,
Paper E-9.

W. Oberkampf
Associate Editor


