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We will examine here hypersonic flows close to the free-molecular type,
which may be calculated only from the primary intermolecular collisions.

For a flow to be free-molecular, or close to it, it is not enough for
the Knudsen number to be simply much greater than unity. The limit of
free-molecular flows depends both on the shape of the body around which
the flow occurs and on the velocity of the flow, the character of the
interaction of the molecules with the surface of the body and among them-
selves. While, under certain conditions, the flow of a gas at an un-
limited increase in velocity is not free-molecular, no matter how low
its density, under others, at a rather high velocity, the flow will be
free-molecular or close to it, no matter how great the density.

The phenomenon of "extraction" and "transformation" of the molecules
has already been established; this allows us to calculate flows on the
basis of primary collisions alone, even when one of the characteristic
lengths of the molecular free paths is much less than the dimensions of
the body.

It has been shown that under specific conditions and at high Reynolds’
numbers, a thin molecular boundary layer forms around a plate exposed to
flow at zero or small angle of incidence. In this article we establish
that the drag of the plate at a small angle of incidence and also that
of a thin cone, calculated on the basis of primary collisions, is greater
than in the free-molecular flow.

We have also derived criteria for the existence of flows close to the
free-molecular. For several characteristic cases we have given the form
of the correction for drag and heat transfer produced by the primary
collisions.

In Sections 1 and 2 we introduce the basic concepts and state the
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problem. Section 3 is devoted to the flow around a plate, placed perpen-
dicular to the hypersonic flow. Section 4 treats an analogous problem
for a plate parallel to the flow; here emerges the phenomenon of the
molecular boundary layer. In Section 5 we examine the flow around an in-
clined plate and a cone.

1. Most frequently, a flow is considered free-molecular, if the length
of the mean free path of the gas molecules at a given altitude (and at a
given temperature and density) is much greater than the characteristic
dimensions of the body [1]. The relationship between the length of the
mean free path at a given altitude A, and the characteristic dimensions
L, designated by the Knudsen number, is for free-molecular flows assumed
[1] equal to or greater than 10; i.e. K = Ao/L >> 10. The mean free path
A, for a gas with a given temperature and density is determined by the
expression

Ay = c(noc®)™? 1.1

where ¢ is the molecular velocity in coordinates fixed in the gas, c¢© the
average relative molecular velocity, n the number of molecules per unit
of volume, and o the cross-section of a molecule. For a Maxwell distribu-
tion, the velocities c¢ and ¢© are of the same order and approximately
equal to the velocity of sound in the gas a. We may thus write the rela-
tionship (1.1) in the form

Ay ~ (n3)™ (1.2)

The values ¢, ¢® and A are characteristics of the thermal agitation
of the molecules in the gas., These values govern the processes of trans-
ger in the gas; in particular, for instance, the coefficient of viscosity
p is linked to these values by the relationship

B~ mnak, ~ pak, (1.3)

Here we replace the average velocity of molecular agitation by the
velocity of sound, which is of the same order; p is the density of the
gas.

However, if we examine the movement of the gas in terms of a fixed
system of reference (for example, the flow in a nozzle), we observe, not
only the values ¢ and A, which characterize the molecular movement with
respect to the gas, but also new values characterizing the movement of
gas molecules with respect to the fixed reference system. As examples of
such characteristic values we may take the velocity of the gas with re-
spect to the reference system V, or we may take the free path A, tra-
versed by the molecules between collisions in this system of coordinates.
It is clear that at low velocities (¥ =<Ia) the characteristic length of
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the mean free path will be A, as before. At hypersonic velocities, how-
ever, it 1s easy to see that

A~Mr,  (M=V]a>1) (1.4)

or, substituting A, with the aid of (1.3), we obtain

o M VIp W M
T~ ~MK (n=B, x=f~%) (1-9)

where L is the characteristic dimension of the flow, R the Reynolds
number and K the Knudsen number.

In hypersonic flow, therefore, the molecules travel between collisions
a longitudinal distance which is M times greater than the transverse dis-
tance. In other words, we may characterize this anisotropy of hypersonic
flow in the following manner: hypersonic flow is more rarefied in the
direction of the flow than perpendicular to it.

Because of this anisotropy, the equations of a continuous medium
(Navier-Stokes equations) at hypersonic velocities are true only for
small longitudinal gradients, at the same time allowing significant trans-
verse gradients (for instance, in the boundary layer).

Accroding to (1.5), the length of the mean free path increases pro-
portionally to M?; this creates difficulties in the construction of
hypersonic wind tunnels.

2. The flow around a body in near free molecular flow depends on a
number of characteristic mean free paths: the mean free path of the on-
coming molecules in the field of molecules reflected from the body, A,,;
the path A,, of re-emitted molecules in the oncoming stream field; the:
path of re-emitted molecules in the field of re-emitted molecules and
also A;; = A and A;. These paths, in turn, depend on the interaction of
the molecules.

Generally speaking, the effective collision cross-section of o
molecules decreases as the relative velocity of the molecules increases.
Some idea of the character of the relationship between o and the relative
velocity may be obtained from Formula (1.3).

From (1.3) it is obvious that u~ p J(T)AO ~4 (N /o, tlat is
6~ AT (2.13

[lere and in the future, A designates a certain constant. If we assume
Sutherland’s law of the variation of viscosity with temperature, we
ot tain
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c=A( 4 8/T) (2.2)

The Sutherland S constant for such gases as nitrogen, oxygen, helium
and hydrogen lies in the range 80-140.

Let us designate by g, the collision cross-section in an equilibrium
gas at a flow temperature T_, corresponding to a relative molecular velo-
city of the order of a.

If o is the collision cross-section at a relative velocity V

T 5
[+ _ oo T+ T Ve g I
50" T To+8 when T~ E™ Mz (2.3

Thus, the cross-section in the earth’s atmosphere will vary only by
one-third when the relative velocity changes from 5 x 10* cm/sec (i.e.
T = 300°C) to 10° cm/sec and above; in other words, the collision cross-
section may be considered almost constant.

More substantial variations in o may be expected in wind tunnels.
Thus, in a helium tunnel T, may be 5-10%, while T > 300°%K. Under these

circumstances, the cross-section decreases by one order or more.

In order to illustrate the influence of the variation of the collision
profile as a function of the relative velocity, we will consider below
two characteristic cases; ¢ = const and o inversely proportional to the
relative velocity.

We will assume that the repulsion of molecules from the plate 1is
diffuse with a Maxwell distribution of velocities, The average velocity
of the re-emitted molecules is determined from the temperature of the
wall T  and the accommodation coefficient a.

3. Let us examine the hypersonic flow of a rarefied gas past a plate
of characteristic dimension L at a velocity V, perpendicular to the
plane of the plate. The Mach number A >> 1 and the mean free path of the
flow is equal to Aj.

The thermal agitation velocities of the molecules of the inflow in
that case are negligible; we may disregard them and conmsider that a
cluster of molecules in uniform parallel motion strikes the plate at a
velocity V. The mean free path A, ~ (nmcr)_1 involved here characterizes
only the density of the incoming molecules.

Here, the determining dimensionless flow parameter is the ratio
M, = Vo/V, of the velocity of the inflow V,, to the average velocity V,
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of the re-emitted molecules, since it is this ratio which determines the
density of the re-emitted molecules

Ny~ nNooVeo ! Vo~ NocMy (3.1

and, consequently, also the mean free paths A,,, A, and A,,.
Let us now examine the cases M, >> 1 and ¥, ~ 1.

3.1.1. Let M, >> 1 and o0 = o, = const. This case may be realized,
for example, with diffuse re-emission with an accommodation coefficient
a~1and T ~ Ty; under these conditions M, ~ !, since V, ~ a,.

The characteristic mean free paths here are equal to

Aye ~ Voo (M6l o) T == Ay, Aoy~Vs (NooGon} o) TRyl !
Ags~V (Mg600V 3) T~k My (3.2)

since the relative velocities Vlz'” V21'” |

In order for the flow to be free-molecular, or close to it, the
molecules must sustain few collisions within distances of the order of L
from the plate; i.e. it is necessary that [2,3]

}\.12 / IJ = ).42] "’L = }\-26_1 / /4 B A’ . J‘[- \:{\ ] (3.3)

If this condition is satisfied, then to obtain the first correction
for free-molecular flow we need but consider the first collisions of the
molecules.

Let us designate by N, = ng V. L%, Py ~ NynVy, and Q, «JA%MVQZ respect-
ively the number of molecules striking the plate per unit time in free-
molecular flow, the momentum they carry with them, and their energy. Let
us further designate by N_, P_ and Q_ respectively the decrease, due to
collisions, in the number of particles, in the momentum they carry, and
in their energy. Each particle in the flow sustains n,ol collisions.
Therefore

N o~ Nl ~N MK, P~ Nl Oo~Nmb ot (34

It is easy to verify that the increase in these quantities (N, P,,
1) attributable to the additional molecules which strike the plate as a
result of the collisions is of the same order.

The change in the energy and momentum delivered to the plate as a re-
sult of collisions of re-emitted molecules with each other is negligible,
because of their small velocity and of the small probability of their
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return to the plate after collision. Thus

o Pa—-P_ 4 P, AM,

'V.: ).___—_—__._~ 1 R D - -
= ~ G e QPR KT (3.5)

where C_ is the drag coefficient and g the heat flow, while the index 0
refers to free-molecular flow and A is a constant.

From the geometry of the flow it is obvious that the majority of the
collisions occur near the body, and the greater part of the molecules
involved in these strike the plate, carrying the same momentum and
energy as if there had been no collision. Thus, for a plate perpendicular
to the flow, the constant A must be small. Calculations [4] indicate that
A is negative.

3.1.2. Once more, let M, >> 1, o is iunversely proportional to the
relative velocity of the molecules, and T, ~ T,. Under these circumstances

Gy == OCQ]WQ"], }»12 ~ Ay, Aoy ~ Ao 7"22 ~ hy /1{'3»1

If A,, > L; i.e. if th_l >> 1, then in the vocinity of the body
few collisions take place between the incoming molecules and the re-
emitted molecules or between the re-emitted molecules themselves, and
we have, as in 3.1.1

Cy  Co - AKT 4+ 0 (MK~ (K> M (3.6)

An analogous expression is obtained for the heat flow.

In the other limiting case; that is, when A,, << L or 1 << K << M,
the re-emitted molecules sustain a large number of collisions among
themselves at a small distance from the plate, but practically no col-
lisions with the incoming molecules. At a distance of several mean free
paths A,, from the plate, the flow of re-emitted molecules may be re-
garded in the same way as an outflow of a gas into vacuum, from which
the incoming stream "extracts" molecules, "transforming" them, as it
were, into molecules of a different type with a mean free path of the
order of Ao ~1A22M (since during a collision the velocity, and con-
sequently also the mean free path of the re-emitted molecules increases
an average of M times), and at the same time creating small disturbances
in this gas. Thus, the flow of a continuous medium of re-emitted
molecules interacts, as it were, on inflow of molecules of a different
type, characterized by a large mean free path in the field of re-emitted
molecules. A basic difficulty in the analysis of this interaction is the
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study of the character of the outflow of the re-emitted molecules. But
this problem has an interest all of its own and will not be considered
in the present article.

3.2.1. Now let M, ~ 1 and o = const. This case may arise when the
accommodation coefficient « << 1 (in practice < 0.%), when 7;/7; ~ 1, or
when the wall is heated to a temperature of the same order as the stag-
nation temperature. This last case is often observed in wind tunnel
studies.

It is clear that under these conditions n, ~ ng, and

Mo ~ Voo (NeoOV0)™1 ~ Ag, Aoy = Vo(naooVeo) ™ ~ A,
Aoy ~ Voo (Mo o)™ ~ Ay (3.7)

The criterion of similarity will be the number K. When K >> 1, we have
Cr = er) + AK-? + 0 _(K-2)

3.2.2, TIf M, ~ 1 and o varies in inverse proportion to the relative
velocity (see 3.1.2), o, «:omM'l and, consequently

Aoy ~ Mg ~ hyy ~ MA, (3.8}
i.e. the criterion of similarity will be MK. VYhen MK >> 1
Ci==Cyxo + A (KM)? 4 O (K1M-2, K-2)-2)

We note that at large enough Mach numbers this flow may be realized
at K <<'1; i.e. in a dense medium. When MK >> 1, the character of the
flow around the plate will be close to free-molecular, even when the in-
flow is rfegarded as continuous.

Here, as in 3.1.2, the re-emitted molecules and the molecules which
have collided with re-emitted molecules will be like molecules of a new
type, possessing a mean free path M times greater than the molecules in
the inflow. The re-emitted molecules, on colliding with the incoming
molecules "snatch out" from the incoming stream molecules which then be-
come of a different type. The departure of these molecules from the in-
coming stream creates disturbances which propagate at sonic velocity a.
However, during the time required for the gas to travel a distance of the
order of L, these disturbances cover a path L/M << A;. Therefore we may
disregard changes in the incoming stream due to gas-dynamic effects.
This is particularly clear if we represent the inflow in the form of a
rather dense cluster of molecules in parallel motion.

It is interesting that, dJepending on the conditions, the criterion of
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similarity changes from K/M in case 3.1.1 to MK in case 3.2.2, or by a
factor M2.

If, in the first case, at any density of inflow we increase the velo-
city indefinitely, the character of the flow will tend to continuum; in
the second case the flow will tend toward the free-molecular.

In accordance with these criteria, a shift is also observed in the
limit of free-molecular flows. It is obvious that in case 3.1.1 the free-
molecular flow is realized at the same Mach number but at a much higher
altitude than in case 3.2.2.

4. Let us examine the other limiting case of a plate exposed to flow
at a zero angle of incidence. In the free-molecular flow involved here,
the molecules strike the plate only at thermal velocities. The number of
molecules striking the plate is N, N'qunqn.

4.1.1. Let M~ M, >> 1 and o = const. Under these conditions,
ny ~ ng, V, ~ a, and

Ay ~ Ay, Aoy ~ AoM 1, Aoy ~ Ay (4.1)

If Aoy wflokrl >>L; i.e. K> M, every molecule of the mean stream
sustains n.,ol collisions near the body. Tn all, near the body, a total of
N, ~ ny2V_ol® collisions take place, of which N_ ~ NyngoL ~ ngla oL’
collisions are sustained by molecules striking the body in a free-
molecular flow. Hence, under these conditions, ALANIAQAFJ << N,. Thus,
the collisions cause additional momentum and more energy to be delivered
to the plate.

The drag in this case 1is
C. =Cy + AK-1 + O (M-K-1), Cyp = O(M™) (4.2)

where the first term is determined by the momentum delivered by the
molecules in free-molecular flow, and quantity A is positive.

Thus the drag, and also the heat flow, are larger in the presence of
collisions than in free-molecular flow.

Now let Ay} << L and 1 << K << M. Here, all the re-emitted molecules
sustain collisions with incoming molecules at distances of the order of
Ag/M << L from the plate.

As a result of their collisions with incoming molecules, the re-
emitted molecules attain an average velocity of the order of V. Their
mean free path increases /f times, so that they sustain only one
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collision apiece within a boundary layer of width of order AOM‘l

Let us designate the number of molecules leaving the plate per unit
time by N . Since the velocity of the re-emitted molecules a, << ¥,
approximately half the molecules participating in the collisions proceed
on to the upper boundary of the layer, and the other half to the wall.
Thus, we observe a return to the wall of what are almost N, molecules.
Outflow from the layer is confined to its ends. On the other hand,

N, — N_ molecules from the undisturbed flow enter the layer per unit

time. For this reason, the density of the molecules in the layer increases
until the outflow at the ends of the layer begins to balance the molecular
inflow. Let that portion of the molecules which leaves the layer at its
ends be equal to eN . We may then roughly say that the value of e is pro-
portional to the ratio between the area of the layer ends and that of the
plate; i.e. & ~ KH~L. In that case, we have

Ny — N_ ~Nge (4.3)

The density of the re-emitted molecules in the layer n,* «,Nwa'lL‘%.
The mean free paths in the layer are correspondingly
Mg* ~ (ny*0)™” ~ al® (N,0)71, Aoy * ~ hoM-?
Aos® ~ (n,*0)"! ~ al® (N,0)™? (4.4)
In calculating the path lengths A,,* and the layer thickness which is
of the same order we assume that the density of the incoming molecules

is of the order of ny, throughout the whole layer. This condition is ful-
filled when A ,* >> L or, according to (4.4), when

al, (N (0)™* S 1 (4.5)

When A ,* >> L, it is obvious that N_ << N and that, in conformity
with (4.3)

N, ~ "\rog‘] ~ IVOIWK‘I
Substituting this expression into (4.5), we obtain K2 >> M.

Thus, for the realization of the proposed flow scheme, it is neces-
sary that K2 >> M >> K > 1. It is clear that these conditions can be
fulfilled only at very high XKnudsen and Mach numbers.

Several other examples might be cited in addition to the above.

Let us observe a flow of particles of density ng,, moving at a velocity
Vo past a plate. Let this flow strike the plate at a small angle 6.
Furthermore, let the velocity of the re-emitted molecules Vy << Vg i.e.
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let M, f< 1. Under these conditions, the thickness of the layer is equal
to KM,7 'L, A,* ~ A K (GMEZ)_I, and the existence conditions for the
layer are K << M and K* >> 6M52.

These conditions may also be found in re-emission arrangements of a
s

o A cims lanm Fema
ocal Or Simiiar oype.

When the above conditions are fulfilled, then even at Knudsen numbers,
much greater than unity, the flow differs substantially from the free
molecular, and the drag and heat flow, as we will show below, may exceed
the corresponding free-molecular values by several orders of magnitude.

In the above discussion we did not consider collisions outside the
molecular layer. As noted above, a number N, of molecules leave through
the upper boundary of the layer with an average velocity V, and a number
N, e of molecules through the ends of the layer with an average velocity
ay. The density of these flows is n, = N;(V;Lz)"l ~ n K™ and n,*, re-
spectively.

Molecules which have left through the upper boundary sustain
NVuit,0l> ~ Ny MK™? << N collisions. Those which have emerged through
the layer ends sustain Nb}(M"J collisions; consequently the role played
by thése collisions is less significant.

Thus, as a result of all these phenomena taking place in the layer, a
total of N, ~ Nbﬁ!K"lmolecules strikes the plate per unit time, whereas
in free-molecular flow only N, molecules strike it. After the collision
of N, incoming molecules, carrying a momentum N _mV,, and an energy
1/2 N pV,, with N re-emitted molecules, whose momentum and energy may
be disregarded here, half of the momentum and energy is carried away by
molecules dgparting through the upper boundary of the layer and half
strikes the plate. Thercfore

Co~ AgM 14 K (4.6)

Thus, at high Reynolds’ numbers R =MK~! in the interval K > R >> 1,
the drag and the heat flow, determined by a term of order k™', are R
times greater than in free-molecular flow.

In actual practice, we may weaken condition (4.5) and require only
L <Ay,*; d.e. K% > M, since the resulting decrease in the inflow can be
no more than € times as great. However, these estimates are given with-
out taking orders strictly into account.

In the intermediate area; i.e. when K ~ #, all the re-emitted
molecules sustain collisions at distances of order L from the plate.
Considerations analogous to the above yield
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Co~A M 4 AKD 4.7)

Thus, the calculation of hypersonic flow around a plate in a range of
Knudsen numbers from K >> M to K% >> M >> K (from R << 1 to M >> R >> 1)
may be carried out strictly on the basis of first collisions of molecules,
in spite of the fact that one of the characteristic mean free path
lengths A,, is comparable, or even much less than the characteristic
dimensions of the body. When even larger numbers R are involved, 1t is
necessary to take into account secondary and other collisions as well.

4.1.2. Again let M~ M, >> 1 and o be inversely proportional to the
relative velocity of the molecules. Under these conditions, o, ~ o M~ 1
Vy ~ ay, nyg ™~ ng

Ayg ~ M, . Mgy ~ Ag, Aoy ~ kg (4.8)
Let us examine three cases: Aj, >> L, Ay ~ L and Ay K L, when MK >> 1,

If A, >> L, then in the vicinity of the plate nmszqJW"1L3 collisions
between inflow and re-emitted molecules will occur, and

O~ A M-+ A, (KM) ! (4.9)

The correction necessitated by the collisions between re-emitted
molecules and by the loss in momentum sustained by the incoming molecules
colliding with re-emitted molecules is of order (KM?)7!. Once again
the drag is larger than in free-molecular flow. When K > M, we have to

consider the momentum carried off by re-emitted molecules to be of order
M2

When A ~ L, all the re-emitted molecules sustain collisions both
with each other and with incoming molecules at distances of order L.
Collisions between the re-emitted molecules themselves do not alter the
density or the velocity of these molecules. However, a collision of a
re-emitted molecule with an incoming molecule "transforms", as it were,
the re-emitted molecule into a molecule of a different type, with a mean
free path equal to AjM. By analogy to 4.1.1, we have

-

Co =AM A (KM ~ AM™ 4+ AM™ (4.10y

since, in the present instance, K~ 1, and MK >> 1,

In the limiting case Ay << L, all re-emitted molecules collide with
incoming molecules in a narrow layer, of width Aj, in the vicinity of
the plate. Through procedures similar to those used for the case of the
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molecular boundary layer in 4.1.3, we obtain N, ~ NOKHI, ny* m'an_l and
Mo* ~ A KM,  Ay* ~ Ry Ag* ~ AA (.11

From condition A ,* >> L emerges the requirement MK? >> 1) where
K << 1. For the drag, we obtain

Ci ~ AgM1 + A, (KM)™ (4.42)

Here, once more, the drag is much larger than in free-molecular flow.
However, the calculation of this flow cannot be carried out on the basis
of first collisions alone, since A,,* << A; and thus in the layer there
occur many collisions among the re-emitted molecules.

In this case, as in 3.2.2, the flow 1s close to free-molecular in
character during movement in a dense medium (K << 1).

The process of "transformation" of the re-emitted molecules into
molecules with a larger mean free path is similar to that in 4.1.1. The
situation in 4.1.1, however, was more favorable for calculation, since
the re-emitted molecules in the layer did not manage to collide with
each other. In that calculation, therefore, it was sufficient to con-
sider merely the decrease in the flow of re-emitted molecules due to the
transformations resulting from collisions with incoming molecules. But
in 4.1.2 collisions among re-emitted molecules occur, and alter the dis-
tribution function in a complicated way.

In the above cases, once again, the drag and heat transfer curves have
a maximum with respect to Knudsen number.

4.2.1. Let us examine the case of high velocity re-emitted molecules
My ~1; 1e. Vo~ V, and ¢ = const. In this instance, n, = nuﬁf‘a and

h12 = Mk, Aoy ’”’ko€ Aoy = Alxo (413)

This case is similar to 4.1.1 in that the shortest mean free path is
Ay;- lowever, in the present instance all the molecules have the same
order of velocity V, and therefore undergo no transformation.

The flow here is close to free-molecular only when all mean free
paths are much larger than L. Consequently, K must >> 1 and

Co ~Co - A (KM 414)

4.2.2. Vhen M, ~ 1 and ¢ is inversely proportional to the velocity
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Mg ~ M%hg, Ay ~ Mhg, gy ~ M2, (4.15)

As in 4.2.1, the existence condition for flow close to free-molecular
is KM>> 1 and

Ce = Caot 4y (KM (4.16)

The flow is close to free-molecular, and the necessary correction may
be found by considering only first collisions, where K < 1, if KM > 1.
In both 4.2.1 and 4.2.2, the drag is greater than in free-molecular flow.

It should be observed that, when M, ~ 1, the probability that a
molecule will strike the wall after it has sustained a collision is
smaller than when X, >>1. For this reason, the numerical value of the co-
efficients A, is correspondingly less.

5. For a plate exposed to molecules at arbitrary angles of incidence
¥, just as was true in the theory of hypersonic flows of a continuous
medium, it is necessary to distinguish two cases: ¥ sin 4>> 1 and M sin

¥ << L.

In the first case (¥ sin ¢ >> 1), the character of the flow is basic-
ally similar to that at ¥ = w/2, since the presence of thermal velocities
is not essential for the calculation of the number of particles and the

momentum and energy they deliver. The number of molecules striking the
wall is N, = Vonol® sin ¥,

In Sections 3 and 4 we demonstrated that at € = /2 the drag (heat
transfer) was smaller, and at ¥ = 0 correspondingly greater than in free-
molecular flow. In the present case, n, ~ Myny sin ¥, and

Mg ~ ko (M, sin B)7, Ay ~ heM 1, Aoy ~ 2y (Mysin 9)71 GRY
¥hen A,, >> L, or X >> Mg, it is easily seen that

N~ 02 VoM 0,13 sin?@, N~ noVeoM0,,13 sin ©
v ~ Agsin & — A M,K-*sin* + A,M,K-! sin 9 (5.2
When 4 ~ 1/2 w, the second negative term is greater than the third,

and the drag is less than in free- molecular flow. When U = 0, the situa-
tion is reversed.

Vhen O is small and I(Qﬁf,‘,, all re-emitted molecules sustain col-
lisions at distances LK.?fz_l <« 1 from the plate. The drag is described
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by the same formula (5.2). At the limit of Kﬁg_l << 1, we arrive at a
boundary layer of the type described in Section 4.

When M,® << 1, the flow is similar to the flow when & = 0.

Flow around a cone may be considered in the same way. As with the
plate, it is easy to show that the drag of the cone is

Cx NCx() —AIMK_lﬁ -+ :'lgMK"l

where ¥ is the semi-angle of the span of the cone. Consequently, at a
rather small span angle, the drag of the cone, considered on the basis of
first collisions, is larger than in free-molecular flow.

The author would like to thank M.D. Ladyzhenskii, V.A. Perepukhov and
G.I. Taganov for reading and criticizing this article.
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