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New Scattering Kernel for Gas—Surface Interaction

C. Cercignanixand 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 coefficient in hypersonic
free-molecular flow are made. The data obtained by the Gottingen group by means of rarefied 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 flight are also considered.

Nomenclature
a,b,h = parameters of the scattering kernels
Cp = drag coefficient
Cy = heat coefficient
Cy = lift coefficient
C, = normal momentum coefficient
C: = tangential momentum coefficient

c = molecular velocity

E = energy of a molecule
f = one-particle velocity distribution function
Jo = Maxwellian distribution function in equilibrium
with the wall
Iy = modified Bessel function of zero order
k = Boltzmann constant
m =mass of molecule
n = unit vector normal to the wall
oo = numerical density of incident beam
Dus Pt = normal momentum and tangential momentum
R = gas constant, k/ m
= scattering kernel
%S = reflection coefficient
r =T,/ T,
S = speed ratio
T, = wall temperature
T, = stagnation temperature
Too = temperature of incident beam
Yoo = mean velocity of the incident beam
O, Oy, = Knuth’s accommodation coefficients
) = Kuscer’s accommodation coefficients
1) = Dirac function
P = density
o = parameter in Maxwell’s model
o;, O, Op = Schaaf’s accommodation coefficients
g, G = parameters of the Cercignani-Lampis model
Subscripts
i = incident
norx =normal to the wall
r =reflected
t = tangential to the wall
w = wall
00 = incident beam
Introduction

HE accuracy of the prediction of the aerodynamic coeffi-
cients in free-molecularand transitionregimes is based on the
use of sensible models of the gas—surface interaction process. A
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completelysatisfactorytheory of the atom—surface scatteringshould
be based on a quantum mechanicaltreatment of the inelasticscatter-
ing. However, the classic theory may be used correctly and with less
effort in some problems involving large atom—surface energy and
momentum transfers, as in the case of the drag forces on artificial
Earth satellites.

Simplified models of the scattering of gas molecules from a solid
surface are currently used in kinetic theory. The first model is due
to Maxwell.! It is assumed that the reemitted molecules are partly
reflected by the wall in a specular fashion and partly diffused in a
completely accommodated fashion, according to a Maxwellian dis-
tribution corresponding to the wall temperature. Maxwell’s model
assumes that every momentum @, of the distribution function of the
reemitted molecules is givenby @, = (1 _o)D; + od,,, where D,
is the momentum of the impinging molecules, @, is the momentum
of the molecules reemitted according to thermal diffusion,and o'is
the accommodation coefficient.

Three different accommodation coefficients were introduced by
Schaaf?:
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where p,;, pri, and E; are normal momentum, tangential momen-
tum, and energy, respectively, brought to the unit area of the surface
by the incident molecules; p,,, pr, and E, are the same quantities
carried away by those molecules after reemission from the surface;
and p,, prv,and E,, are the reemitted quantitiesaccordingto ther-
mal diffusion.

It has been remarked that the definition of the accommodation
coefficient for normal momentum is unsatisfactory for applications
in which p;, is approximatelyequalto p,,, becausethe denominator
vanishes># To avoid this singularity, Knuth® and Liu et al.* used
vector quantitiesand arrived at the definition of two new accommo-
dation coefficients:

pm' + pnr
Dni + Dnw ’

_ pni + pnr
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In the early 1960s, Nocilla® introduceda boundary condition for the
Boltzmann equation,accordingto which the distributionfunctionof
the molecules reemitted by the wallis a “shifted Maxwellian,” con-
taining three adjustable parameters. The model was supplemented
by Hurlbut and Sherman® to provide a connection between the exit
distributionsand the incident flow [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.”~!* Under some
assumptions, the distribution functions of the reemitted and of the
impinging molecules are related by

ch |/ (e)Re 0 de (>0 (3
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where nisthe unit vectornormalto the wall pointing intothe gas. The
kernel ¢/ __, c), which is the probability density that a molecule
impinging on the wall with velocity ¢ is reemitted at practically the
same position and the same time with velocity ¢, gives a simplified
model of gas—surface interaction. ¢/ __, c) satisfies the well-
known properties of positivity, normialization, and reciprocity’*:

ﬂc/ —0>0 (4a)

de=1 4b

]c”>0ﬂd_)C) ¢ ( )

cl | fo(eh) ﬂcl —©0) = [eu]fo(©) ﬂ_c ——c) (4¢)

where f, is a Maxwellian distribution in equilibrium with the wall.

At the same time, researchers engaged in solid-state physics also
were studying the scattering of atoms by solid surfaces, but accord-
ing to a different point of view. For instance,a nearly monoenergetic
atomic beam hitting a solid surface is considered and an intensity
Ry is defined for each of the outgoing beams as the ratio of the flux
of atoms in the diffracted beam F over the incident flux of atoms.!!
Ry must satisfy the relation

ZRF =1 )

In a subsequent paper,'? Ry is called the reflection coefficient. We
remark here that this reflection coefficient essentially may be iden-
tified with the scattering kernel ﬂc/ —,0).

Some Models of Scattering Kernels

In the frame of the scattering-kerneltheory, Maxwell’s model is
equivalentto choosing

RY —0) =1 _0o)dc_dp) + ofo(e)|e 0|
(c.n>0; ¢ ng0) (6)

where ¢, = ¢ _2n[n _c/]c/ and o is the fraction of molecules
diffusely scattered; f, is given by

Jo = [27(RT,)*T exp[—*(2RT; )] )

the normalization being chosen in such a way that Eq. (4b) is satis-
fied.

Another kernel with two adjustable parameters [Cercignani—
Lampis (CL) model]'* was proposed by the authors of the present

paper:

ﬂcl 0=
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InEq. (8) the two parameters g, and g dependonthe physicalnature
of the gas and the wall as well as on the temperature of the latter:
g, and ¢ are the accommodation coefficients for normal energy
and for tangential momentum, respectively. The accommodation
coefficient for tangential energy turns out to be g(2 _ o). Model
(8) recovers, as limiting cases, the specular reemission (for g, =
o = 0)and the diffusereemission(for g, = o = 1). The kernel(8)
also was obtained" 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
shape!® !> and, if compared with experimental data, appeared to
be much more satisfactory than the patterns given by Maxwell’s
model.

The CL modelalso was appliedto the calculationof drag, lift,and
heattransfercoefficients in free-molecularflow, '*~!® but no compar-
isonwith experimentaldata was made at that time. For the definitions
of Cp, C;, Cy used in the present paper, see the Appendix.

After many years, experimental data about these coefficients in
hypersonicfree-molecularflow were obtained by the research group
at Gottingen!® 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 coefficients for normal
energy and for tangential energy are equal,2 so that a relationship
between the two parameters of the CL model should be introduced
a posteriori[g, = a(2 _ )], although the two parameters were a
priori independent of each other. This result, if confirmed by other
sets of data, introduces a limitation of the flexibility of the model,
which becomes a one-parametermodel. Other interestingaspects of
this comparison are shown in the figures 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?! 26 Hurlbut®® presented a method
for coordinating the classic transfer coefficient description with a
parametric exit velocity distribution given by the HSN model. Ac-
tually, observations from molecular beam studies using high-speed
incident flow, and molecular dynamic simulation, show that the exit
velocity in any particulardirection may be represented best by drift-
ing Maxwellian distribution function3-?’ Nocilla’s model, how-
ever, isnot formulated in the frame of the scattering-kerneltheory, so
that it cannot be used in connection with some methods of solution
of the Boltzmann equation in the transitionregime, as, for instance,
the variationalmethod,”® which requires boundary conditions for-
mulated by means of a scattering kernel. Some applications of the
variational method to the calculation of velocity slip and temper-
ature jump coefficients, 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 rarefied gas dynamics symposia28-3! 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
recently3?~3* In those papers, the technique employed to construct
anew kernelis a purely mathematicalmethod already proposed® 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 briefly this kernel as well. Cercignani®? introduced
the shifted Mawellian distribution function

R 0=/ mBb(1 o

X &P[f (1 _a’)~ e _acy’] )

containing the two parameters _1 < a < 1,5 > 0, while 8, =
(2RT,)-'.InEq. (9), the direction of the outward normal to the wall
is assumed as the x axis. The introduction of this tentative kernel
was suggested by Nocilla’s boundary condition. Because the kernel
(9) does not satisfy the normalization and reciprocity properties, a
suitable correctionterm has been added™ that produces a scattering
kernel obeying relations (4a) and (4b):

ﬂcl_,c) = R(c/_,c) + e fo(O[l — H(_eH][1 —_H(o)) I
(10)
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where H(¢/) and [ are obtained from

H(c) :] %_cl_,c)dc (11)

cx >0

I= ] e fo(O[1 _ H(0)]de (12)
cy>0

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

ﬂcl_,c) = H(_c)Si(d 0+ [1 — H(_c)]S:(c! 0
(13)
where S} and S, are two normalized kernels and H(¢/) is a sort of

generalized accommodation coefficient depending on the incoming
velocity:

Sl(C/ _)C) — M
H(_a)
(14)
e fo(o[l — H(o)]
1

The parameter b, appearingas a factor in expression (9), represents
the weight of (e _ ¢) in Eq. (10), i.e., the weight of the first
kernel S (¢ _5 ¢JinEq. (13); b has some similarity with the param-
eter o appearing in Maxwell’s model. The parameter @ expresses
the assumption that, in general, the temperature 7 of the shifted
Maxwellian is different from the temperature 7, of the surface,
according to T, = (1 _ a®)T,,. Moreover, in the argument of the
Maxwellian, the vector ac/, has the same direction as cf, but its
magnitude is reduced. As a consequence, %C/ _, ©) satisfies the
reciprocity relation (4c).

According to kernel (9), the function H(¢/) is limited only for
negative values of a, so that only for ¢ < 0, with a convenient
choice of b, H(¢/) < 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, 7 > 0, was introduced and the following kernel
[Cercignani, Lampis, and Lentati (CLL) model] was proposed:

Sy(el _,0) =

R 0 = Q@ mFb(1+ (1 _d) e

scexp[ B h(1 —a®)=' (et + ) _B.(1 _a)~! |c—ack |2]

(15)
After some calculations we obtain
1
H(cd) = Hy(cl) + af3i el Hi(cl)
Hy(cl) = bexp[ B, (h+ a®)(1 _a*)~"cf]
Hi(cl) = 7b(1 _a*)=3(1 + h)~? (16)
s EXP[—Buh(1+ @+ h)(1+ M)~ (1 _a>)™ ]
1
s+ ertafi (1 _a)H 1+ -]}
I=1_(Ky+aky) (17)
where
1 2 14+ h)(1 2
Ky = b——". K= atpLEDA ) g
I+h [(1+h)? _a)}

The parameters a, b, and # must be linked in such a way that 7 > 0
and H(c,) « 1. Anapproximate estimate of the maximum value of

b for any a@and h was given previously’>-3* as

b <bun = L +alateh~(1+ h+ -1 (19)

Inthe CLL model(15), it is more difficultto givean exact meaning
of the three parameters. However, if we think that 4 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 procedurethat we follow is that of applying the model to the
calculationof some physicalquantities; the comparison with 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 coefficients in free-molecularflow.>*3* Let us
denote by Tj the stagnationtemperature, given for monatomic gases
by Ty = T._(1 + 25%/5), where the speed ratio S = Voé (2RT,
and T__andVv _ are the temperature and the bulk speed,1e :chtive Y,
of the ncoming flow. Concerning C p, the reported figures**-3* for
normal incidence show that the theoretical predictions, for high
values of the ratio r = T,,/ Tj, are higher than the experimental
data. The same also holds for the results supplied by diffuse and
specularreemissionand therefore by the Schaaf theory based on the
accommodation coefficient o and by the CL model as well.

In this connection, we recall that, as remarked by Knuth® and
Liu et al.,* if the flow of normal momentum p,, of the reemitted
molecules is written, according to Schaaf, as p,, = (1 _ ) p, +
G, Pnw, from the well-known formulas for p,; and p,, (Ref. 2),
then it follows that for any angle of attack 6, there exists a critical
temperature ratio r., function of 8, for which p,; = p,, and, then,
Dnr = DPui = Puw, for any reemission model unless g, _, OOThe
total normal momentum flow turns out to be p,, = 2p,; forr = r,,
for any reemission model. Therefore, the values of Cp for normal
incidence that we have considered previously**:3* for values of r
close to r. = 10/ 7 should approach the value 4 and thus be higher
than the experimental data of Bellomo et al.”® This remark gives
some justification of the predictions of our CL and CLL models for
values of r closeto r.. Of course, we have the same situationalso for
different values of the angle of attack, but it is sufficient, 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 find a model, also if very schematic,
able to predict values of Cp, fitting the data of Legge et al.'” in the
neighborhoodof ..

New Model for the Scattering Kernel

Mention is made that, in correspondenceof high valuesof , close
tor., values of Cp lower than those provided by Maxwell’s and CL
models are provided by the elastodiffusemodel.33-3¢ This kernel has
the following expression:

cedc_cl)
ﬂc’ _)C) = T (20)
It is easy to see that, according to Eq. (20), the reflected flow of
tangential momentum p., vanishes as in the case of diffused ree-
mission, so that o = 1. On the other hand, the reemitted and in-
cident energy flows are equal (E, = E;), so that oy = 0 as in the
case of specular reemission. In the case of extreme hypersonic flow
(T = 0), we can simplify the expressionof p,, and make use of
th€Formula Dur = %(podzz /2) sin 0, so that, for any value of the
angle of attack and of the témperature ratio, we get Cp = 17
The elastodiffuse kernel was introduced only to give a mathe-
matical example, but its capability to predict values of Cp < 4 is
interesting3! At this point, the question is open whether it is possi-
ble to construct more realistic models that retain the characteristic
property of giving, for normal incidence, valuesof C less than4 for
r = 10/ 7, and thus values of C, closer to the experimental data'®
in the neighborhood of r.. A possible idea that we exploit here is
the approachalready used in our previous papers**:3* and described
by Eq. (10) but starting from an expression of the tentative kernel
(¢/ __, ¢) in which only the magnitudes of the velocity vectors
dppear in the argument of the exponential. We have tried

RO 0 =b jxﬁ)(c) exp[—aBi(c—e)’] D)

where a and b are constant parameters. The expressionof this kernel
fora _, Odends to a distribution containing Dirac’s delta:

R0 R _y0) = b(rl B,)? e fo(o)&e —cl)  (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 given by 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 proportionalto 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 modifies its
speed with a statistical dispersion of the order of a multiple a—"/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
P = 0 and thus g = 1. For this purpose, we note that in some
experiments by Liu et al.,* o was found to be approximately unity;
this result was attributed to backscattering. This value agrees with
the values obtained by other authors cited in Ref. 4.

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

—_ 3
Hi(c)=2 7b* B2 exp(_B, )
- (23)
I.=1_15zb 2/64

[We note that the values of b must be chosen so that the restrictions
Hp(c) < 1, I; > 0 are satisfied.]

We have applied this new kernel to the calculation of drag, lift,
and heat transfer coefficients, whose definitions are recalled in the
Appendix. Figures 1 and 2 present some numerical results for Cp,
and Cj; vs the temperature ratio 7,,/ T;), for some values of the
parameter b. In all figures of this paper, y o and + denote three
sets of experimental data'® reported for helium impinging on gold
at normal incidence. No information is given about the error bars,"
but, subsequently, Legge et al.>” specified that the accuracy of the
heat transfer data is estimated to be 30% and the accuracy of the
force measurementsto be 10% near normal incidence and 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 first consider Fig. 1, showing the behavior of the drag coeffi-
cient C p: The curves correspondingto different values of b cross at
one point, butthe experimentaldata are so scatteredthat it is impossi-
ble to conclude whether this feature might be consideredacceptable
ornot. The curves in the region of high valuesof r = T,/ T; are no-
ticeably closer to the experimentalvalues than those obtained using
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the CL" or CLL**-* models. We stress that kernel (22) contains
just one parameter but gives good results. For » = 0.6, the curve
presents a slight inflection point.

We do not present results about the dependence of Cp, on the
angle of attack because the tangential momentum carried away by
reflected molecules s zero and, moreover, C,, is independenton the
angle 6.

Also, the predictions of the model for reemitted intensity pat-
terns in the case of an impinging monochromatic beam are trivial
because ¢! ¢/ __, ¢) turns out to be a function only of the speeds.
Therefore, the quantity

00
N(O, ¢) = cosO ] Q]{U_,c)c3 de (24)
0
which gives this intensity,~° turns out to be proportional to cos? 0
as in the case of complete diffusion.

Figure 2 refers to the heat coefficient C . 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 correspondingto » = 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 r¢, of r at which the heat
exchange vanishes, is 1.25; this value was observed in experiments
on a hypersonic flow of a monatomic gas on rough technical sur-
faces.Recently, an increase in r, was found with differentcrystals’’:
The largest ry 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
ro higherthan 1.25 as well. Consider, for instance, the case # = 0.01
and, for every value of a, the maximum value of b, according to
Eq. (19): We have ro= 1.287 fora = 0.7, o = 1.333 fora = 0.8,
ro=1.442 for a = 0.9 in agreement with some reported data.’’” The
situation is similar for 2~ = 0.05, as can be seen in Fig. 1 of our
previous papers,*>3* where, however, the values of r are very close
to 1.25. In general, the values of r increase with a (we recall that
this parameter is a measure of the fact that c is different from 7).

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(e)= ap(1 + a)= exp(_u?®l a)

¢ [exp(—®)(1+u?) + ju(g + )1 +erfu)]  (25)
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Fig. 1 Drag coefficient Cp vs T,/ Ty for normal incidence [theoretical results given by kernel (21) for high values of a; experimental data for He on

Au from Ref. 19]; , 5 and + denote three sets of experimental data.
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Fig.2 Heat coefficient Cy vs T,/ T) for normal incidence [theoretical results given by kernel (21) for high values of a; experimental data for He on

Au from Ref. 19]; , 5 and + denote three sets of experimental data.

where
U = a /ﬂ‘,(l + a)—%c (26)
I=1_(L+L+15) 27
L=2b gl+a)~[L+a(1+a)2] (28)
b= 2ba’ (1 + 2a)=*[3 + 6a + 5a°] (29)

b 3
L= —5. P4G, +484°(1 +20)~' Ge}  (30)
4(1 4 2a)3
where

(3D

v
G, = ] cos"6do, v= arctanL
0 1,4 2a

For each value of @ > 0, we impose that b is Mmited 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 coefficient give the following results:

Cy = (2/v03(A1 + A+ 43) (32)

_2 aexp( U/)

A Uexp(_UH(U? + 2)
-

(M4 erfU)(§ + 307 + U] (33)

U=a\B(+a)~v (34)
7l _Hk )]

4= 2)771 (35)

A = [1_—H QI ;1 + A3+ As) (36)

[1+2a*(1 + 2a)~"] (37)

b qa 5a®
2(1 + a)? ] (38)

[3Gs + 7 G(1+2a)~']  (39)

For the heat tranMer coefficient, we obtain
Cyr = (1/@)3(31 + B+ By) (40)
b aexp(_U?/a)

B=—firay ORI +3U7+2)

+ \7(1+erfU)(%U+5U3+U5)] (41)
_2[1 _H( )]

B, = Bl (42)

B, = [1 —H(Vn(}](BI,%l + By + B3) 43)

2b
B = =g (Tadar “

15b7a3 (1
By = _Mp + 7a%(1 + 2a)-"] (45)
16B, (1 + 2a)*

4ba3 (1
By = M[%G6+12a2(1+2a)—1(;g] (46)

TB.(1 + 2a)7

Of course, we have verified that the limits of these expressions of
Cpand Cy fora __ re the same as we have already obtained
directly, using kernel . Figures 3 and 4 show numerical results
for Cj, and C, respectively, vs the temperature ratio T},/ Ty, pre-
dicted by kernel (22) for ¢ = 5 and some values of b. In Fig. 3,
which shows the behavior of Cp, the inflection point is absent, so
that the two-parameterkernel (23) seems to be an improvement with
respect to the one-parameter kernel (24). The agreement with the
experimentalresults is better for the highest values 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. 4 Heat coefficient Cy vs T,/ T for normal incidence [theoretical
Ref. 19]; #, , and + denote three sets of experimental data.

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

Comparison with Experimental Data
at Satellite Energies
It is importantto study the drag coefficient for low valuesof Ty/ T,
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

results given by kernel (21) for a = 5; experimental data for He on Au from

transfer at satellite energies are reported by Knuth® and Liu et al.*
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 C, = C,; + C,, vs the angle ¢
between the normal-to-the-surface and the impinging beam, mea-
sured in degrees, so that ¢ = 90_6, where 0 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 E; = mv2_= 5kTy/2. From the reported experimen-
tal values of oy and Oy, (Refs. 3 and 4), it is easy to deduce
Cn = aNM(Cm' + an) = OqVMCru*
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Fig. 5 Normal drag coefficient C, vs the incidence angle ¢ [theoretical results given by kernel (21) for a monatomic gas impinging at 15 eV on a
surface at T,, = 300435 K; experimental data by Knechtel and Pitts®® for Ar on Au].
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Fig.6 Normal drag coefficient C, vs the incidence angle ¢ (theoretical results given by the CLL model for a monatomic gas impinging at 15 eV on a
surface at T,, = 300-435 K; experimental data by Knechtel and Pitts*® for Ar on Au).

Figure 5 illustrates the results of kernel (21) for £ = 15eV and
T,, = 300 K. Experimental data on the interaction of argon on
vapor-deposited gold have been obtained by Knechtel and Pitts.?
The agreement is rather good, but it is evident that the curves cor-
respondingto different values of b coincide and are identical to the
curve given by thermal diffusion (b = 0). In fact, for T,/ T 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 T,,/ T,.

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

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

Figures 6 and 7 refer to the data by Knechtel and Pitts*; Fig. 6
regards argon impinging at 15 eV on background-contammnated
vapor-deposited gold 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 7,, = 300 or 435 K.
In both cases, the data are close to thermal diffusion (¢ = 0)
for low values of ¢, from 0 to 30 deg, but are better approxi-
mated by curves correspondingto a = 0.2, 0.4 for higher values
of ¢, from 40 to 60 deg. The same comment can be made about
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Fig.7 Normal drag coefficient C, vs the incidence angle ¢ (theoretical results given by the CLL model for a monatomic gas impinging at 15 eV on a
surface at T,, = 300-435 K; experimental data by Knechtel and Pitts>® for Ar on Al).
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Fig.8 Normal drag coefficient C, vs the incidence angle ¢ (theoretical results given by the CLL model for a monatomic gas impinging at 25 eV on a
surface at T,, = 300 K; experimental data by Doughty and Schaetzle® for Ar on Al).

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

We have also considered the data of Liu et al.* 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 Steinheil* present results for helium at 0.05 eV on
surfaces at 7,, = 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 Coefficients

To relate the parameters of the kernels to some more usual pa-
rameters having a physical meaning, we recall the definition of the
accommodation coefficients ¢ introduced by Kuscer et al.,** who
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Fig.9 Normal drag coefficient C, vs the incidence angle ¢ (theoretical results given by the CLL model for a monatomic gas impinging at 25 eV on a
surface at T,, = 300 K; experimental data by Doughty and Schaetzle® for Ar on fresh varnish).
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Fig. 10 Normal drag coefficient C, vs the incidence angle ¢ (theoretical results given by the CLL model for a monatomic gas impinging at 1 eV ona

surface at T,, = 300 K; experimental data by Liu et al.* for He on Al).

also evaluated these coefficients in the cases of the CL model and
the elastodiffuse model:

(04 005 — (01, 0)p

=0 005 — (0 N5
(472)
_ (Qka QO)B o
Ne= 0 o0, &7 A%
Qo =1, 01 = [ex)s O,=c¢,
(47b)
0; =c, 04 =, 07 = Jee|c?

v g(e) h(e) fode (43)
x>0

(. h)5 = ]

frhide  (49)

Cxy

Ah— = (¢y fo)~!
O I

The basic parameters are ¢4, 06, and ¢44, which are, respectively,
accommodation coefficients for normal momentum, tangentialmo-
mentum, and energy.

In principle, one might invert the expressions of the accommo-
dation coefficients as functions of the parameters of the kernel,
to obtain the parameters of the kernel as functions of the basic
accommodationcoefficients. The other accommodationcoefficients
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Fig. 11 Normal drag coefficient C, vs the incidence angle ¢ (theoretical results given by the CLL model for a monatomic gas impinging at 0.05 eV
on a surface at T,, = 300 K; experimental data by Seidl and Steinheil*’ for He on Au).
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Fig. 12 Normal drag coefficient C, vs the incidence angle ¢ (theoretical results given by the CLL model for a monatomic gas impinging at 0.05 eV
on a surface at T,, = 300 K; experimental data by Seidl and Steinheil*’ 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

o =1, s =1

Ot11=(1_7r/4)—1[1_§( 3, (_bp )]

24 2 1_15 2,mbl64
\/ \7 (50b)

1 _135 2mh/512
oy =1_4(1_b _—\Z/—_l
) ( )[ 1_15\/7rb/64

(50a)

(50¢)

Using Eq. (50b), it is possible to relate the parameter b to the ac-
commodation coefficient ¢4, and then, with similar calculations,to
give the expressions of the other coefficients ¢y, for instance ¢4,
as functions of oy

In the case of kernel (21), this procedure, although clear in prin-
ciple, is difficult in practice because the expressions of o 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 coefficients o, for the CLL model as functions
of the parameters of the model* 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 molecules with 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 thana century ago. The model proposed by Nocilla’
has sufficient flexibility—and as such it was first exploited by Hurl-
but and Sherman®—but has the disadvantage of not being amenable
to agreement with the properties of scattering kernels. The other
models known so far, including those previously presented by the
authors,®>* share with Maxwell’s model the peculiar feature of
having an accommodation coefficient for normal momentum, as
defined by Schaaf,? that remains finite. Now this coefficient, as we
have stressed before, is not necessarilyfinite in all circumstances,as
has been remarked.>* This fact came dramatically in the foreground
with the experiments of Bellomo et al.,'"” which seem to occur ex-
actly in the range of parameters in which the Schaaf coefficient may
tend to infinity. The only scattering kernel available that avoided
the difficulty of having a possibly unbounded normal momentum
coefficient, in the Schaaf sense, was the elastodiffusekernel *> This
model is clearly schematic and not sufficiently flexible to repre-
sent all possible experimental situations. Thus, we propose the new
model (21) that embodies some features of the elastodiffuse kernel
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 significance, 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 flat plate in hypersonic free-molecular flow. All of the previ-
ous models were unable to predict these results. For low values of
T,/ Ty, 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 T,,/ T,, correspondingto the conditions of satellites
circlingthe Earth at altitude within the upper atmosphere. Moreover,
the CLL models with respect to the new one also give better results
for the heat transfer coefficient C i 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 Coefficients

We calculate the coefficients of drag, lift, and heat transfer in
free-molecular flow. As usual, we assume as incident distribution
function

3

fog= QTRTY=2n exp[_Bfc _v )] (A1)

wheren _isthe numberdensityand 8 = m/(2kT.). Let us denote

f—and 7 astherestrictionsof f{(c) tonegativeand positive values
of ¢, respectively,and f7 denotes f(c/).

The incident and reemitted fluxes @; and @, of a quantity ¢ are
given by

cn:]
ck <0

ex@ft de= de
]Cx>0 ¢foo ]C,\»>0¢ ]q,<0

- ]C& <0 |CIY |f5cl)dc,]r,\» >0 ¢ﬂd _)C) de (A3)

cl |/ f&/)dc/: ] e P,@P, f(;odc (A2)

x>0

@, cl ﬂcl_)c)f&l)dd

and P,(h) = h(_—c,). Then we define the coefficients
D(cy) [Di(c) + Do(c)]

CEp T ey o A9
_ D(c,) _ [Di(c,) —Di(cy)] —
CEopT ey T W

_ D2 [P 2) _D(HD)]

T T (pv2 [2)

where the expressions of the incident quantities C,;, C;, Cy; for a
given angle of attack 8 are well known.

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

C =Cpy —Cp (A6)

Cp= C, sin9.+CTcose (A7)
sin@
C, = CArcosQ_CTsinQ (A8)
sin@
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