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Drag Model for Free Molecule Flow

John F. Belena* and Z. U. A. Warsi®
Mississippi State University, Mississippi State, Mississippi 39762

A new drag model for convex surfaces engaged in free molecule flow has been developed under the condition of
surface adsorption equilibrium using the hard cube model of atom scattering and the surface fractional coverage
involved in gas adsorption. The new differential surface element drag and lift equations are only valid when the
mass ratio of gas molecule to surface molecule is less than unity.

Nomenclature
b = average gas emission speed divided
by speed of flight
C,, = heat capacity of surface material
dD = differential drag force
dL = differentiallift force
E! = activation energy for adsorption of chemical
gas species i
fea = total global species fraction of gas

stream adsorbed

Soai = total global fraction of speciesi gas adsorbed
G(Vy) = surface molecule probability density
h = Planck’s constant (6.6262 x 1073* J-s)
i = unit vector in x direction
J = Jacobian
Jdédn = differential surface area element
J; = surface incident mass flux of chemical
gas species i
k = Boltzmann constant (1.381 x 10~2% J/k)
ke = gas rate constant for adsorption
N in collision mode (-)
L = unit vector in the direction of aerodynamic lift
gy = diffusive gas mass rate
mg = mass of gas molecule
m; = incident gas mass rate
my = mass of surface molecule
g = scattered gas mass rate
n = surface normal vector
nc = number of collision types comprising
a collision scenario
P = species gas pressure
P, = collision mode probability nonnormalized
q, = square root of the dot product of the
exit stream velocity
s = square root of the dot product of the surface
molecule velocity
R, = gas constant
e = gas rate constant for desorption
) in collision mode (*) )
Sen(L - 1) = valueis+1ifL-n>0and —1ifL-n <0
S, S = species incident molecular speed ratio
Sio = adsorbed mass flux
SP,(6,), = species normalized scattering
probability distribution
T, = gas temperature
Tim = gas reduction method exit gas temperature
T, = surface temperature
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species normalized velocity probability
distribution for gas scattered at angle 6,
scattered gas speed

scattered gas velocity

gas molecule minimum surface escape speed
unit vector in scattered gas directions

most probable scattering gas speed

mean scattering gas speed

rms scattering gas speed

gas reduction method scattering exit speed
surface molecule speed, /[m,/(2kT})]
surface molecule velocity

nondimensional surface trapping

potential well depth

factor in the expression for VP, (V, | 6,),
thermal speed of surface molecules

rotation deviation in x direction

of surface from flat in radians

rotation deviation in y direction

of surface from flat in radians

phase range of surface molecule inside its box
collision mode phase angle range

factor in the expression for SP, (6,),,
VPn(V) | 0}')(')

surface coordinate

factorin VP, (V, |6,),

cone semivertex angle

incident angle to surface normal

of incoming gas stream

gas scattering angle

gas reduction method scattering exit angle
location of nonsmooth behavior for SP, (6, ).,
rms gas scattering angle

mean gas scattering angle

most probable gas scattering angle

phase angle of surface molecule inside its box
lambda collision criteria

mass ratio of gas molecule to surface molecule
saturation adsorption coefficient of chemical
gas species i

surface coordinate

incident gas stream density

diffusive gas mass density

incident gas mass density

scattered gas mass density

factorin VP, (V, |6,),

percent of surface involved in adsorption

in collision mode (-)

factor in the expression for SP, (6,),,
VPn(V) | 0}‘)(')

collision mode probability

collision mode
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Introduction

HIS paperis concerned with presentinga new methodology for

the calculation of drag and lift on an aerobody with a convex
surface in hypersonic rarefied flow in gases of extremely low den-
sity (i.e., free molecule flow). Historically, the forces of drag and
lift have been calculated using the tangential and normal surface
accommodation coefficients as originally suggested by Maxwell.!
For all possible gas-surface combinations in hypersonic rarefied
flows, many have no experimental data readily availablein the open
literature that would provide the normal and tangential surface ac-
commodationcoefficients. The method for calculatingaerodynamic
forces presented in this paper provides an alternative to the use of
surface accommodation coefficients. An observer on a transatmo-
spheric vehicle or on an Earth satellite would regard the atmosphere
through which he is moving as being approximately a monoener-
getic beam of kinetic energy range 100-0.50 eV because the speeds
of travel are very much higher than the mean gas speeds. At these
hypersonic speeds of travel, the spatial distribution of the air parti-
cles reemitted by various engineering surfaces displays the typical
forward lobular distribution with little if any backscattering? With
an eye on engineeringand numerical computationalsimplicity, there
is a classical mechanics model, the “hard-cube” model,*~¢ whose
behavior agrees qualitatively with experimental data for scattering
of amonoenergeticbeam of gas particlesfrom a solid surface for the
kinetic energies of interest. The principal objective of this study is to
build a drag model for convex surfaces in hypersonic free molecule
flow based on the scattering characteristics of the hard-cube model
where surface adsorption and reemission appear explicitly.

Gas-Solid Model

In the case of a gas flowing past a solid body, the boundary con-
ditions describe the interaction of the gas molecules with the solid
walls. It is to this gas-surface interaction that one can trace the ori-
gin of the drag and lift exerted by the gas on the body. When a
molecule interacts with a surface, it is adsorbed and can dissoci-
ate, form chemical bonds, become ionized, or even displace surface
molecules and cause sputtering. The state of the surface layer de-
pends on the surfaceroughnessand cleanliness.In general, adsorbed
layers are present, and the interaction of a given gas molecule with
the surface also depends on the distribution of molecules incident
on the surface. When consideringthe impact of a gas molecule with
a surface, three possible outcomes can occur as shown in Fig. 1.

In most gas-surfaceinteractionsof aerodynamicinterest, all three
impactoutcomesare in operationas an aerospace vehicle encounters
free molecule flow.

In the drag model the hard-cub model will provide the elastic
collision and direct inelastic collision scattering outcomes. The
trapping-desorption collisions are handled through the modeling
of the diffusive efflux. In general, for hypersonicfree molecule flow
the calculationof drag and lift will involve outcome scenarios where
the three possible gas-surface collision types will occur.

The hard-cubemolecularmodel is built around the following four
criteria:

1) The gas molecule and the surface molecule are considered as
rigid elastic particles. This implies that the intermolecular potential

8,=6, 6, 6, 6% &

8 |86 6|6

ELASTIC DIRECT TRAPPING -
INELASTIC ~ DESORPTION

Fig. 1 Possible outcomes of the collision of a gas atom with a sur-
face. Elastic: low temperature; weak interaction; light molecule; ener-
getically smooth, regular surface. Direct inelastic: higher temperature;
weak interaction; heavier molecule; energetically rough, irregular sur-
face. Trapping-desorption:low temperature, strong interaction, heavier
molecule.’

Fig. 2 Gas-solid interaction system.

between the gas molecule and the surface is such that the repulsive
force is impulsive.

2) Collisions between the gas molecule and the surface do not
change the tangentialcomponent of the velocity of the gas molecule
because there are no forces acting parallel to the surface; the surface
is perfectly smooth. When a gas molecule collides with the surface,
the normal component of velocity to the surface changes according
to the laws for collision of rigid elastic bodies.

3) The surface molecules are represented by independent cubes
confined by square well potentials. A gas molecule interacts with
a single surface molecule by entering the surface molecule’s
square well potential, colliding with the surface molecule and then
departing.

4) A one-dimensional Maxwellian distribution function is as-
signed for the component of velocity of the surface molecules nor-
mal to the surface.

In our model of the gas-solid interaction system, we consider the
surface to be an ensemble of hard cubes each bound to move along
the surface normal direction within a one-dimensional box with a
Maxwellian distribution of velocities V, as shown in Fig. 2. The
one-dimensional boxes are held rigid and are impermeable to the
hard cube molecules. The hard cube molecules move freely between
the ends of their respective boxes with constant speed. The entire
gas-solid interaction is confined to the inside of the box, and when
the interactionis completed the gas molecule emerges from the box
withanexitvelocity V,, leavingthe solid surface moleculereflecting
between the end walls of its box with speed V.

With an eye on validating the gas-solid system for high tem-
peratures and low-density environments such as encountered by an
aerospacereentry vehicle, we turn to the definition of a perfect clas-
sical gas. For a gas consisting of molecules moving about freely in
space, the molecules are separated far from each other and interact
only very weakly. At any instant of time, only a very small fraction
of the gas molecules are engaged in a strong interaction, that is, are
colliding. The perfect gas representation views the potential energy
of interaction between the gas molecules as negligible compared to
their kinetic energy of motion. With negligible interaction energy
and using concepts from statistical mechanics, we can obtain an ex-
pression that says that our gas-solid interaction system is valid as
long as the stream gas density o and the stream gas temperature T,
are related as

(p/my) - [hz/(Zﬂmngg)]% <1 (1)

Equation (1) states that if the gas stream temperature is sufficiently
high and the gas stream density sufficiently low, the gas molecules
will interact as localized wave packets according to the classical
hard-cube molecular interaction model. Equation (1) is valid even
in the continuum region.

Collision Environments

To describe the different types of collisions possible during the
gas-surface interaction, we can describe the gas-solid system at
the instant before the collision by a symbol of the type (-#—), where
the top arrow indicates the direction of travel normal to the surface
of the gas molecule and the bottom arrow indicates the direction of
travel normal to the surface of the surface molecule. For the case of
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Single Collision Types

5 ()

Double Collision Types
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Fig. 3 Collision types for p1, < 1.

i > 1, the gas molecule can involve any number of collisions on
the surface. An exact solution of the general problem for any value
of u, is at presentintractable, and we will develop our drag model
based on p, < 1.

Forthecaseof u, < 1, thereare five distincttypes of collisionpos-
sible: two single-collision types and three double-collision types.>
The collision sequence in the double-collisiontypes is provided by
the numerical subscriptsas shownin Fig. 3. For the double-collision
typescollisions 1, 2 are occurringin the same location on the surface.

With V;, the normal speed componentof the incoming gas particle
and V; the speed of the surface molecule inside its rigid box and
letting Vi,, V; be positive quantities, we have the following collision
relations, which are derived using perfectly elastic one-dimensional
collision theory’:

Single-collision types:

(%)(1 +/’Lg)vm = (1 - /’Lg)vin +2V:

(%)(1 +/’Lg)vm = (1 - /’Lg)Vin - 2VX

Double-collisiontypes:

()OI ¢ oo

y 1 2
=) (=) |a Vi = —4(1 — )V,
[(T)I(T)j( T i) (1= ro

— (1= 6p, + 1) Vi

To determine the collision scenario as shown in Tables A1-A3 in
Appendix A, we must use an index collision,* which is represented
by the ratio of gas molecule speed to surface molecule speed in
the surface normal direction. The index collision is used to charac-
terizethecollisionscenariooccurringon the surface. Inthis paperthe
representative index collision used to characterize the gas-surface
interaction is the ratio of mean gas molecule speed to mean surface
molecule speed called the lambda collision criteria.

For a large freestream Mach number we concern ourselves only
with the streaming gas velocity, and we use the lambda collision
criteria® to determine the types of collisions taking place on the
surface where

Rng 2
A= m{eXp[_(si COS@,‘) ]
+ VA (Si cos0)(1 + erf[S; cos 61}

For 0 <pu, <1 there are 12 collision scenarios as shown in
Tables A1-A3 in Appendix A.

Collision Probabilities

In our gas-solid interaction system the surface molecule is con-
strained to move up and down in its box in the surface normal
direction. To calculate the collision probabilities, we need to define
the phase angle A of the surface molecule as it cycles in its box. At
the instant the surface molecule is at the top of its box, its phase is
A = 0; after it travels downward the instance that it arrives at the
bottom of its box its phase is A = m; after it travels upward the in-
stance before it arrives at the top of the box its phase is A =2; the
intermediate phases are defined by letting A vary linearly with the
position of the surface molecule in its box. Thus, A is restricted to
lie between 0 and 27 . The descriptionof the collisionsthat occur for
all possible values of A and A for 0 < u, <1 are given in Tables B1
and B2 in Appendix B.

Assuming thermal equilibrium for the surface molecules and us-
ing the phase angle range AA(, for each collision type, we can
easily find the probability integral for each collision mode as given
by

‘/"1
P, :/ G(Vx)[(—AZI;'))} dv;
0

2wc N
GV = (ﬁ) exp(—wfo), wf = kT

(-) =collision modes

B )
CIONOI)

In each of the collision scenarios I-XII in Tables B1 and B2 in
Appendix B, the gas-surface collision mode probabilities ¥, are

found according to
Vo = P(-)/(ZE-))
©

Scattering Velocity
To calculate the scattering velocity of the gas stream leaving the
surface, we use the normalized scattering probability and exit speed
probabilitydistributionfor each collisionmode occurringon the sur-
face. To determine the scatteringangle 6, , from the surface normal,
we use the scattering probability distribution® given by

5
8(-)/¢(2.)
72 2
fo (8<->/¢5>> do,

The 3, ¢, expressions for each collision type are provided in
Appendix C.

There are three exit gas scattering angles of interest determined
from the scattering probability distribution Eq. (3) that can be used
in the calculation of drag and lift as follows:

SPn (9)')(-) = (3)

0., = the most probable exit angle 0,

é,.(.) = [SP,, (9,.)(.)] 0_,.(_) = the mean exitangle 6, ,

max’

/2
0, = / 0, [SPn (9,.)(,)] dé,, Orims(, = the rms exit angle 6,
0

)

1

/2 2
A [ / 02[SP.(6,)0)] d@,.i|
0
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B )
CIONOIE)

With the velocity probability distributionand the normalized col-
lision probability ¥, known for each collision mode occurring on

the surface for the purpose of drag and lift, we postulate to charac-
terize the exit gas stream with a scattering speed V, given by

2 2
V.= |:(Z Vio¥o Coser(.)) + (Z Vi ¥y sin Or(.)) i| /nc
© ©

The scattering probability distributions will display nonsmooth
behavior at the following exit angles 07,:

(2 (1)
OENOEHH)

1 2
Or,s = tan™! [—% tan 0,:|
(1 —6pg + “é)

With the certainty that the gas molecule will scatter off the sur-
face somewhere in the range of 0 deg <6, < 90deg, the integral of
the scattering probability distribution SP, (6, ), from Odeg <6, <
90 deg equals 1. The values of S, /¢i<2 are such that the distribution
SP,(6,), will have values of SP, (6,), > 1.

With a scattering exit angle from the surface normal 6, | known,
the velocity probability distribution® of the scattered gas is given by

s
Wc(.) ¢(?) 2% {_UC(-)}

VPn(V) | 0}')(-) = oo 3 (5)
8 Jy" Wend)' 80 expl-o., } dg,
where
x(Si, 0) = {6Xp[—(S,- cos@,-)z]
+ /7 (S; cos6;) (1 + erf[S; cos 0,-])}
qs = V.Y : Vu q, =/ V,. . V,.
W o— SX(Sh@i)n [ R, T, ( sin6,
o 3 0 2 sin6;
EX 1
. 99y, 47 mg 2 m, z
"o =\ T0, ey \2mkT, ) \ 2T
. cotd; sin 6,1
x ([q z ] ) ©
cos’ 6;

2
m, q, cot6; sin 6, mg )
o) = 7
ey (ZkTg)|: cos6; i| + (ZkTJ)qX ™
3¢y, ¢y = Egs. (C1-C8) in Appendix C

The expressions for g, used in Egs. (6) and (7) are given in
Appendix C for the five collision types.

There are three exit gas scattering speeds of interest determined
from the velocity distribution function (5) that we can use in the
calculation of drag and lift as follows:

V., = the most probableexit speed V;, | at angle 6, ,
‘7)‘(-) = [VP”(V' |0")(')]max
V,, = the mean exit speed V, , at exit angle 6,
_ [o¢]
V,.(,) = / V;[VPn(V) | 0}‘)(')] dV’
0
Viimi, = the rms exit speed V,,, at exit angle 6,

1
oo 3
Vi, = [ f VA[VP,(V, | e,.><.>]dv,}
0

Random Emission Velocity

In calculating the aerodynamic drag and lift component caused
by random emission,” we use a characteristic velocity normal to
the surface, the average emission velocity vector. The net velocity
componentin the surface normal direction for all molecules emitted

in a unit hemisphere above a differential surface area is given by
%b Vin

The average speed of emissionis given by bV;, where b(S;, V', T;)
and V; is the speed of the gas stream relative to the surface in flight.
With a Maxwellian velocity distributionfor the re-emitted molecules
and knowledge of V¥, we can find the expressions for the constant
b and the average speed bV;.

2 T, V* %
=7 s ) R

Vi 2 %
S = ——, bV, =—=(V2R, T, + V' ——t
V2R, T, «/F( el ¥ ')eXp{ w/zRgTj}

where the minimum gas molecule exit speed V* at 6, =0 deg is
given by

Ve VW2R,T,

" cos(g) cos(a,) cos(ay) + sin(¢) sin(ay)

where W isthe nondimensionalsurface trappingpotential well depth
and rotation angles a,, a, provide a measure of the deviation from
a flat surface as shown in Fig. 4.

LY
m, \\
‘XI 6; Gr /
. <>
P Y
J— Y v uy\l/
% X

Fig. 4 Coordinate system for rough surface. The local xy plane rep-
resents the ideal flat surface, and 7 represents the normal to the actual
rough surface at the origin.
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Gas Adsorption

When gases are in contact with solid surfaces, in most cases the
concentration of gas at the surface is greater than its value away
from the surface.'” As the gas molecules become attached to the
solid surface, the attractive force of the solid surface becomes par-
tially neutralized, and at equilibrium the attractive force of the solid
surface acquires its minimum value for the given thermodynamic
state of the gas-solid system. The physical phenomena by which
the gas molecules become attached or trapped on the solid sur-
face is called adsorption. There is basically two kinds of adsorption
processes, physical adsorption and chemisorption, which are distin-
guished from each other depending upon the nature of the binding
forces between the molecules of the gas and solid. Physical adsorp-
tionis caused by the weak forces of polarizationinteractionbetween
the gas and surface molecules. The binding between the gas and
the surface molecules is such that there is no sharing or transfer
of electrons, and, therefore, the physical and chemical properties
of the gas-solid system are not altered.!! Physical adsorption does
not require an activation energy, and it is a fast process at what-
ever temperature it occurs. Chemisorption involves the sharing or
transference of electrons between the gas molecule and the surface
molecule leading to chemical bonding, which satisfies the electron
valency requirement of the surface. Chemisorption may require an
activation energy and high heats of adsorption.

In general, both physical and chemical adsorption take place si-
multaneously. Surface adsorption initially begins with chemisorp-
tion, and as the amount of the adsorbed gas increases the mechanism
of adsorption gradually changes to physical adsorption. In the case
of high-speed free molecule flow where only a portion of the sur-
face area at any given time is involved in the adsorption process,
chemisorption will most likely be the dominantadsorption process.
In the study of surfaces exposed to fluid flows,'? an estimate of
the adsorbed fraction of the incident gas stream to the surface f,,,
appears in a quantity of interest called “surface incident adsorbed
mass flux” §;, given by

Sio = //Lio eXp{—E‘j]/kTg}J,‘7 Sio = fga,- "i

For equilibrium flow we use the Langmuir model'? of the adsorp-
tion process modified to include the collision modes. The Langmuir
model assumes that adatoms are held on specific sites on the surface
such that there is no motion of the atoms over the surface. In the
Langmuir model the only effect the presence of one adatom has on
any other gas atom is that the gas atoms striking the surface site that
is already occupied do not adsorb. In the Langmuir model the gas
molecule uptake is limited to a monolayer. The Langmuir model
provides a good description of the adsorption process in many real
systems and especially in systems in which strong chemisorption
occurs.

Adsorptionis an exothermic process and the energy released gen-
erally heats the adsorbent surface. For gas molecules that do not
dissociate on being adsorbed, the Langmuir equation for a pure gas
species can be written as

ro®o = ko (1= @) Py,

The Langmuir equation for dissociative adsorption of a pure gas
species is written as

2
ro®f, =ko(1 = @) Py

where

B E)
HOIE]

Surface Mass Rates

For the condition of adsorption equilibrium in steady flow, the
law of conservation of mass requires that the rate of mass incident

on the surface be equal to the rate of mass leaving the surface caused
by scattering and desorption as given by

dm;  dm n dm, @®)
dA  dA  dA

when V; - n <0, the incoming mass flux is given by
drm; ~
—_— = —0; V,' ‘n 9
qA pi( ) ©)

The exit scattered mass flux from the surface is given by

1A - = p,(V, i) (1 — @), =<1 (10)

Integrating the velocity distribution of the adsorbed gas molecules
gives the diffusive mass flux as

dmy R, T, V,-*Z @ <1 11)
—= = puy| == expy — . <
aa PN o Pl 2R.T

Introducing Egs. (9-11) into the continuity Eq. (8), we get when
V,' . ;l <0

(Vi - i) (V-1 — @)+ BT, v @
—li i ") = pg P - -
p. P Pay| = exp R,

C=pi(Vi ) (1 — fr)
V(- 0)

—Pi (Vl : ﬁ)(fga)

P JRT, Jamy exp(— Vi 2R, T,) &

Differential Surface Element Drag and Lift
The drag equation for a differential surface element is given by

Vi b .V Vi
dp = n. V. — dni g Zva. 2 -
D (dm, f dmx|:l/, Vf:| dmd|:2 n Vl:|)|:Vl:|

When V; -t <O and V, -4, <V, then

dD:<_)0iVi(Vi'ﬁ)_)0x|: Vi, n ¢<>i|(1—<1>)
)
X{Z(.)[( rey V/V 130() } /

,.*2 T
XeXp{ gx} [S«/_(\/; 2RT)
v V;
XeXp{_ZRg (V- n)) 7 -Jdedn
where
_ —=pi(V; ) = pay/ (R, T, 27m) exp{= V2 /2R, T, } @

[Zw( o )1”()](1 - @)

—pPi (Vl ) ﬁ)fga

o R pmyexp[ V2 2R T |
() (0)[(2).G).}
()G HE )

¢ = Z @,
0

S

—~
~
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0 10 20° 30 40" 50°
T T 7 7
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. S=6.4973 © Experimental Data (Ref. 14) {60°
* — Drag Model
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L 80"
! I 90°

AAN N
Surface: Argon, T,=13.5°K

Fig. 5 In-planespatial distribution for argon-argon gas-surface inter-
action.

With the unit vector L in the direction of aerodynamic lift and
the definition of S,,(L - ), the lift equation for a differential surface
element is given by

Sen(L-A)={+1,L-A>0;—1,L-7 <0}

dL = {—diit, |V; /V; x V,| = diitg|V; /V; % ~(b/2)V; |} Sen (L - )L

WhenV;-n<0andV,

()

dL = (—,05|:Z( )wo}(l—cb)

)

¥y =V, then

nc 2w

hs
{Z(,) [[Vi/vi x v, [vo] } ’ R,T,
X — pd —_—

A W
 expl —
P\ TR, T, | S

e O

V A A
x expy ——=—=1} |- IVi x #t| | Sen(L - R)LJ de dn
p{ ,/2RgTs}i| )g

where
—pi(Vi 1) — par/(R T, [2m) exp{ = V* [2R, T, } ®
(S, (W v Ja - @)

Py =

_)Oi(Vi ) ﬁ)fga

T R T m exp{ -V 2R, T}
OEO.0]
()G HE G

As an example of the scattering characteristicsof the drag model,
we compare in Fig. 5 the drag model’s in-plane spatial distribution
against the experimental data for the limiting case of pu, = 1 for
argon gas at 0.50 eV, speed ratio of 6.4973, and incidence angle of
60 deg to an argon surface at 13.5 K. The lambda collision criterion
has value 476.876, and the collision scenario is XI.

¢ = Z @,
3

Example Calculation

As an example, we evaluate the drag coefficient C; on a cone
of semivertex angle 55 deg and diameter 50 cm in a rarefied atmo-

sphere of monatomic oxygen according to the physical conditions
stipulated in the cone drag section. We use the most probable exit
scattering angle 6, and velocity V.

1) Monoatomic oxygen field and surface properties:

T, = 300K, R, = 129.915 J/kgK, o = 0.28649
T, = 100K, C,, = 130 J/kgK, W =03
M, = 2.655748368 x 107%° kg, 60; = 35 deg

V. = 4187.902 (m/s)i, S; =15, 0i = 1071 (kg/M?)

R =25cm, Povient = 3.9 x 107° Pa

2) Lambda and collision criteria:

A =905.271 — Collision scenario IV

3) Collision modes in collision scenario I'V:

()¢

4) Collision scenario I'V probabilities:

Vi, = 0513259, Vs, = 0486741
T 7

5) Langmuir adsorption process: for the conditionr, =k, P, we
have

&) = Vit /2 = 02566295

T

Mo = 0.28649

—~ ~ o

@ ! 9, =32.901

= -
=

&

72

0.5 \

0 10 20 30 40 90sol 60 70 80 90
r e,?“=51.518“

Fig. 6 Scattering probability vs exit angle for collision mode (%—).

0.004

Ho = 0.28649
<8 C/, = 375 m/s
= 0,002
<
=
=
0g 200 00 00 860 1000
V., mfs

Fig. 7 Exit speed probability distribution for collision mode (%—) at exit
angle 32.901 deg.

LS
A [}
- D, = 32.901
3 Ly = 0.28649
=
[-™
@05
06 0 20 30 .40 50l 60 70 80 90

o
' 0. =s1.618°

Fig. 8 Scattering probability vs exit angle for collision mode ({-).
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25.66% surface involved in adsorbing oxygen engaged in collision

mode (ﬂf):

P

&=V 1,/2=0.2433705

24.34% of surface involved in adsorbing oxygen engaged in colli-

sion mode (ﬂf):

=0 + Py =050 50%
t 1

of surface involved in gas adsorption

6) The most probable scattering exit angle 6, and exit scattering
speed V, are shown in Figs. 6-9 for the following collision modes:

;

) ()

D =nRp,Vising | Vi — (1 — fo)

v,

LV,

~>|<—

cos(145 deg = 6,4 v, I + [V, 4, cos(145 deg — 0,5 ) s, I

The cone drag is calculated as
D:nRziniSinei Vi_(l_fga)

1

v, ") )¢(¢)+( Tk )‘ﬁ() ;

|

1
2

& \/ ,/2R T, ,/ gTS
0,004
_ 1, = 0.28649
@ V, = 375 m/s
& 0,002
ar
i~
9 200 400 600 800 1000
V., mis

Fig. 9 Exit speed probability distribution for collision mode ({-) at exit

angle 32.901 deg.

1.93
1.86
1.79
.72
1.65
J4.58
1.51
1.44
.37

1.23
L.16
1.09
1.02
0.95
0.88
0.81
0.74
0.67

0.6

D =2.28497 uN. Thus, the drag coefficient s

2D
C, = ——— = 132705
Pi V,-27TR2
Cone Drag

In Fig. 10, the behavior of the new drag model is seen for the
case of computed cone drag C, vs varying cone semivertex angle
for the following gas-surfacesystem: gas, monoatomic oxygen (O);
gas constant, 129.915 J/kgK; gas temperature, 300 K; surface, iron
(Fe); surface heat capacity, 130 J/kgK; surface temperature, 100 K;
mass ratio of gas molecule to surface molecule, o =0.28649;
and speed ratio, 15.0. The assumed data are as follows: gas den-
sity, 107! kg/m3; ambient pressure, 3.9 x 107%; rotation angles
oy, oy, 0.10 radians; surface minimum escape speed, 153.688 m/s;

l l
=0.28649
- )
S=1§ /
~
g
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/
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Fig. 10 Drag coefficient C; vs cone semivertex angle 9,.
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nondimensional trapping potential well depth, 0.3; adsorbed mass
fraction, 0.18834; and nondissociativeadsorption, 7, =k, P.

Conclusions

A method for the calculation of drag for convex surfacesin high-
speed free molecule flow under the surface adsorption equilibrium
condition has been developed. The classical hard-cube model is
used to model the gas-surface scattering because of its simplicity
in approximating the lobular spatial distribution scattering patterns
characteristic for hyperthermal gas speeds of 100 eV or less. To
the knowledge of the authors, there is no classical aerodynamic
model for free molecule flow in the open literature that models the
gas-surface interaction with adsorption in an explicit fashion. The
classical drag model developed handles surface adsorptionin an ex-
plicit fashion and is devoid of surface accommodation coefficients.
In Fig. 10, the simple drag model has been implemented in Mathcad
to calculate the drag coefficients of cones with semivertex angle
from 35-85 deg in a monatomic oxygen gas stream at speed ratio
15; the computed drag coefficient behaves correctly by increasing
with increasing cone semivertex angle.
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Appendix A: Collision Scenarios

In Tables Al-A3, We have the collision types that comprise the
12 distinct collision scenarios possible for 0 < p, < 1.

Table A1 Collision scenarios for 0 < 1, < %

A range Collision scenarios

1
0,1 Ll
0. (4)

Table A2 Collision scenarios for % <pg<(5—2,/5)

A range Collision scenarios

1
0,1 A2 By
o (4)

Table A3 Collision scenarios for (5 — 2,/5) < pg <1

A range Collision scenarios

o ()
() ~@IOO)]
(32 25) ~ ()

Appendix B: Collision Types
In Tables B1 and B2, we have a description of all of the possi-
ble values of lambda criteria and phase angle for the five collision
types that comprise the 12 distinct collision scenarios possible for
O<py<l.

Table B1 Description of collision types for 0 < p1, < %

Case Collision type A A
1 (%) 0<A <27 O<a<l1
Vin — Vs
—_— Tt <A <27 l<i<oo
Vin

0<n<(d=Y),
Vin

»L) (Vin_vs)
-_ O0<A < _
»L Vin

T) :| |:(1 _Mg)vin _2Vs:| (Vin — Vs
= —_— 2 <A< | ——
A1), (14 1) Vin v,

3 i 0<A< —(l—ug)Vi,,—ZVS 21
»L (1+Mg)vin

2
<A<
(1_“8')
2 3—
<A< il B
11— 1—3u,
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Table B2 Description of collision types for % <pg<l

Case Collision type A A
6 (%) O0<A<2m O<a<l1
A 3_
u T<A<2m 1<i< He
Vin Bug—1
Vin — V, 3—
Peln— 5 4dr < A <2m ol <A<o00
(14 1g) Vin Bug —1
0 — Vin — Vi 3—
7 ) (2 Vin = Ve \ o _a B = Vs, He ) 5o oo
T 1 T P Vin (1 +Mg)vin 3Mg -1
Vin — V., 2
8 i i O<A<|—|x 1<i<
»L 1 T P Vin l_ﬂg
1 =) Vin — 2V,
9 i 0<A< % 2 2 <A<
‘l’ (1+Mg)vin I_Mg
1—pe)Vin — 2V, Vin — Vi 2
10 i 1 (Mg)# <A< |—|n <A<
»L 1 T P (1+Mg)vin Vin l_ﬂg

Appendix C: Probability Distribution Factors
The component expressions 8.y, ¢.), ¢y, for each collision type
that comprise the scattering probability distribution SP, (6, ), and
the velocity probability distribution VP, (V, |6, ), of the scattered
gas are given next:

s=li+ I+, cot@,._ 1 — 1, ._(1+/xg)csc20,. .
B 2 Jcotb, 2 2 cotb,
(T) <2nkTg) (mkn) cos™ 6, €D
i _ mg +& L+ Ycotf, (11— p, :
D ¢_2kTgcos20,- 2kT, 2 cot b; 2
(C2)
s=|14 1=, _ 1+ pg \ cotb, .(1+/xg)csc20,. .
B 2 2 cot o, 2 cotb,
<¢) <2ﬂkTg) (mkn) cos €3
i B m, my | 1+, cot@,.+ 1 — ?
l ¢_2kTgcos20,- 2k T, 2 cotb; 2
(C4)
[GIGAGIGA
VLA N1,
s (1=6mg+12)  (1+pmy)? coth,
4(1 — ) 4(1 — p,) coté;
‘—(1-}-/@)2 (cscze,.)‘4ﬂ< m, )3
4(1 — pg) \ cotf; 27kT,
X(%TIJT) -cos 6, (C5)

oo M my [(1 = 6w, + 1)
2kT,cos?0;  2kT; 4(1 — )
1 2 coto, |
(1 + pe) co (C6)
4(1 — pg) cotb;
(5)()]
)1/,
s [yo [0 ometim) a2 cots,
- A0 —py 41— ) cotb,
3
(1+ pg)? ( csc?o, an m, 2
4(1 — pg) \ cot6; 2wkT,
IE
m 3,
X <2nkTs) cos 6 (ChH
oo me o [ (= 6n )
2kT, cos?0;  2kT; 4(1 — 1)
1 2 cot6, |
(4 pe) co ©8)
4(1 — pg) cotb;
1 1 -
(%) q, = q,.|:< + Mg) cosf, — ( Mg) sin 6, cot@,-:|
(c9)
1 1 -
(%) qs =4, |:—< +Mg) cosb, + (Tﬂg) sin6, cot@,-:|

(C10)

(1= 61 + 117)
IR

(1+ )’

sin 6, cot6; +
41 — )

qs = 4qr |: cos 0,.i|

(C1D)



472 BELENA AND WARSI

1 —6p, + u? 1 2
4, = q, _w siné, cotd, — A+ u)” COS@ri|
41 — wg) 41— pg)
(C12)
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