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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. mile, 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 [l]. 'Ih e 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 

[l] equal to or greater than 10; i.e. K = ho/L >> 10. The mean free path 
A, for a gas with a given temperature and density is determined by the 

expression 

h, = c(IzocO)-l (2.1) 

where c is the molecular velocity in coordinates fixed in the gas, co the 

average relative molecular velocity, r~ the number of molecules per unit 

of volume, and u the cross-section of a molecule. For a Maxwell distribu- 

tion, the velocities c and co are of the same order and approximately 

equal to the velocity of sound in the gas a. V’e may thus write the rela- 

tionship (1.1) in the form 

A,'- (no)-' (1 
‘)\ 
*‘-I 

The values c, co 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 

I_I is linked to these values by the relationship 

p - mnah, - pnh, (I .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. 

Uowever, 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 c 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 (1's~) the characteristic length of 
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the mean free path will be A,, as before. At hypersonic velocities, how- 

ever, it is easy to see that- 

?L - lVIh, 

or, substituting h, with the aid of 

h _-$-_MK 
L 

(M=V/a*l) 

(1.3), we obtain 

( 

(1.4) 

(1.5) 

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 M2; 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, h,,; 

the path h,, of re-emitted molecules in the oncoming stream field; the, 

path of re-emitted molecules in the field of re-emitted molecules and 

also h,, = h and A,. These paths, in turn, depend on the interaction of 

the molecules. 

Generally speaking, the effective collision cross-section of u 

molecules decreases as the relative velocity of the molecules increases. 

Some idea of the character of the relationship between u and the relative 

velocity may be obtained from Formula (1.3). 

From (1.3) it is obvious that v % p \I ('.')A, cu 4 (L')/u, t!.at is 

o - &j&-r (2.1) 

IIere and in the future, A designates a certain constant. If we assume 

Sutherland's law of the variation of viscosity with temperature, we 

ottain 
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G-A(1 j-s/q (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 a, 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 u is the collision cross-section at a relative velocity V 

Is To2 T+S T 

%cl -= T T,+S when c _Va_M2 
aco2 

(2.*X, 

Thus, the cross-section in the earth’s atmosphere will vary only by 

one-third when the relative velocity changes from 5 x lo4 cm/set (i.e. 

T = 300%) to lo6 cm/set and above; in other words, the collision cross- 

section may be considered almost constant. 

More substantial variations in u may be expected in wind tunnels. 

lhus, in a helium tunnel T, may be 5-lOoK, 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; u = const and u inversely proportional to the 

relative velocity. 

We will assume that the repulsion of molecules from the plate is 

diffuse with a Maxwell distribution of velocities. The average velocity 

of the re-emitted molecules is determined from the temperature of the 

wall TW and the accomnodation 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 h! >> 1 and the mean free path of the 

flow is equal to A,. 

‘Ihe thermal agitation velocities of the molecules of the inflow in 

that case are negligible; we may disregard them and consider that a 

cluster of molecules in uniform parallel motion stri!;es the Illate at a 

velocity V,. The mean free path h, Q (n,u)-’ . involved here characterizes 

only the density of the incoming molecules. 

Here, the determining dimensionless flow parameter is the ratio 

M, = VdV2 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 

n2 - nmVm / I/‘, - nmM2 (3.21 

and, consequently, also the mean free paths A,,, A,, and A,,. 

Let us now examine the cases M, >> 1 and I!!~ % 1. 

3.1.1. Let M, >> 1 and u = oco = const. Ihis case may be realized, 

for example, with diffuse re-emission with an accommodation coefficient 

a- 1 and T.-T,; under these conditions 4fz w 1!, since V2 * G. 

The characteristic mean free paths here are equal to 

since the relative velocities V,, Q V,, - V,. 

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] 

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, = n,,,VJ*, P, * NomVm, and Q, = NamVm2 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 n2uL collisions. 

Therefore 

It is easy to verify that the increase in these quantit.ies (N+, P+, 
9) 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 

where C, is the drag coefficient and q 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. ‘Ihus, for a plate perpendicular 

to the flow,. the constant A must be small. Calculations 141 indicate that 

A is negative. 

3.1.2. Once more, let M, >> 1, u is inversely proportional to the 

relative velocity of the molecules, and T, * I’,‘,. Under these circumstances 

o2 = o,lc/2-J, h,, - ho, ?LZl - ho. h,, - h” Ill,-m’ 

If h2 >> L; i.e. if KM2-’ >> 1, then in the vocinity of the body 

few collisions take place between the incoming molecules and the re- 

emitted molecules or 

we have, as in 3.1.1 

between the re-emitted molecules themselves, and 

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 h,, 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 A, % h,, M (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. J3ut 

this problem has an interest all of its own and will not be considered 

in the present article. 

3.2.1. Now let M, w 1 and u = const. This case may arise when the 

accommodation coefficientcr << 1 (in practice < @.5), when Tw/Tm w 1, or 

when the wall is heated to a temperature of the same order as the stag- 

nation temperature. ?his last c ase is often observed in wind tunnel 

studies. 

It is clear that under these conditions n2 w nao, and 

h 12 - v, (n&sV,)-1 - Lo, A,, = v&m~vm)-l - h, 

h 22 - v, (n,aV&1 - h, (3.7) 

'lhe criterion of similarity will be the number I(. When K >> 1, we have 

c, = C,, -I- AK-1 + 0 4~4) 

3.2.2. If M, ti 1 and cr varies in inverse proportion to the relative 

velocity (see 3:1.2), u2 - q$K and, consequently 

li 21 -A,, -Ah,, - Mh, (3.8j 

i.e. the criterion of similarity will be MK. When Ml{ >> 1 

C, _- C,, + A (KM2)-1 + 0 (K-1M-2, K-“M-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 r"egarded as continuous. 

IIere, 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. 'lhe re-emitted molecules, on colliding with the incoming 

molecules "snatch out" from the incoming stream molecules which then be- 

come of a different type. 'lhe departure of these molecules from the in- 

coming stream creates disturbances which propagate at sonic velocity s. 

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 incomin g 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, depending on the conditions, the criterion of 



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 blach 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. 'lhe number of 

molecules striking the plate is N,, * L2s~. 

4.1.1. Let M-M, >> 1 and u = const. Under these conditions, 

n2 - n,, V 
2 

Q aa, and 

h 12 - h,, A,, - ho&I-‘, h,, - h,, (4.1) 

If A,, - h,hf-’ >> L; i.e. K >> M, every molecule of the mean stream 
sustains n& collisions near the body. Tn all, near the body, a total of 

N+ Q %I 2VmoL3 collisions take place, of which N_ * h’on,,,aL - naD2a,,,crL3 
collisions are sustained by molecules striking the body in a free- 

molecular flow. Hence, under these conditions, N_ - NJ-' << N+. Thus, 

the collisions cause additional momentum and more energy to be delivered 

to the plate. 

lhe drag in this case is 

C, = C,, + AK-l -+ 0 (M-.'K-'), c,,, = O(!W’) (4.21 

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 A,, << L and 1 << K <i M. Here, all the re-emitted molecules 
sustain collisions with incoming molecules at distances of the order of 

ho/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 I/! times, so that they sustain only one 
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collision apiece within a boundary layer of width of order h&l-'. 

Let us designate the number of molecules leaving the plate per unit 

time by ?JW. Since the velocity of the re-emitted molecules a,,, << Vm',, 

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 NW 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. E * KM-'. In that case, we have 

M, -- s_ -, :Ylc& (4.3) 

'lhe density of the re-emitted molecules in the layer n2* *Nla'-'L 
-2 ,. 

The mean free paths in the layer are correspondingly 

a,,* - (n2*o)-’ - nL2 (N,,a)-1, h,, * - h,M-’ 
I 

ha 
1: _ (Il;4(+l - aL2 (N,,o)-I (4.4) 

In calculating the path lengths h21* and the layer thickness which is 

of the same order we assume that the density of the incoming molecules 

is of the order of ram throughout the whole layer. 'Es condition is ful- 

filled when h12+ >> L or, according to (4.4), when 

t/l, (zV,,.o)-1 > 1 (4.5) 

When h 12* >> L, it is obvious that N_ c< NO and that, in conformity 

with (4.3) 

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 >> ill>> K >> 1. It is clear that these conditions can be 
fulfilled only at very high !(nudsen and Mach numbers. 

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

Let us observe a flow of particles of density nm, moving at a velocity 

V m past a plate. Let this flow strike the plate at a small angle 8. 
Furthermore, let the velocity of the re-emitted molecules V, << kk; i.e. 
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let hi, << 1. Under these conditions, 
to KM*-%, h12* 

the thickness of the layer is equa: 
2, h,K teM,2)S1, and the existence conditions for the 

layer are K << M and K* >> 0M2*. 

‘hse conditions may also be found in re-emission arrangements of a 
different nature: molecular beam or similar type. 

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 NW of molecules leave through 
the upper boundary of the layer with an average velocity V, and a number 
NV~ of molecuIes through the ends of the layer with an average velocity 
G. l’he density of these flows is n2 = fVw(V,L2)” = n&” and n2*, re- 
spectively. 

Molecules which have left through the upper boundary sustaiit 
rzJ~+? Q iVO IYK-~ << IV0 collisions. Those which have emerged through 
the layer ends sustain ~*K~-~ collisions; consequently the role played 
by thtse collisions is less significant. 

Thus, as a result of all these phenomena taking place in the layer, a 
total of N, * NO RX-’ molecules strikes the plate per unit time, whereas 
in free-molecular flow only 1, molecules strike it. After the collision 
of N, incoming molecules, carrying a momentum NwmV, and an energy 

I/2 N,&,, wit;h N, re-emitted molecules, whose momentum and energy may 
be disregard$d here, half of the momentum and energy is carried away by 
molecules dgparting through the upper boundary of the layer and half 
strikes t!G plate. Therefore 

(.i, - A ($21 -1 ;-- “:,ii ,K ’ (4.6) 

Thus, at high Reynolds’ numbers R =IYK-’ in the interval K >> R >> 1, 
the drag and the heat flow, determined by a term of order ii-‘, are R 
times greater than in free-molecular flow. 

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

In the intermediate area; i.e. when K * hi, a11 the re-emitted 
molecules sustain collisions at distances of order 1, from the plate. 
Considerations analogous to the above yield 
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c, - _4,,M-1 -I- A$ ’ (4.7) 

‘lhus, the calculation of hypersonic flow around a plate in a range of 

Knudsen numbers from K >> M to K2 >> M >> K (from R << 1 to JM >> 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, it is 

necessary to take into account secondary and other collisions as well. 

4.1.2. Again let M - M, >> 1 and a be inversely proportional to the 

relative velocity of the molecules. Under these conditions, a2 * u,J~ -1 
, 

V, * cln, n2 Q nm 

h 12 - nfh,, x,, - Lo, jLeZ - A, (4.8) 

Let us examine three cases: A, >> L, A, -L and A, << L, whenMK >> 1. 

If A, >> L, then in the vicinity of the plate nao2V,a,_J1L3 collisions 

between inflow and re-emitted molecules will occur, and 

C: -A,WL + A, (Kill) ’ (4.9) 

‘lhe 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 (KN2 1-l. Once again 

the drag is larger than in free-molecular flow. !%en K > M, we have to 

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

M-2. 

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 A,M. 3y analogy to 4.1.1, we have 

since, in the present instance, K s 1, and 6!K >> 1. 

In the limiting case A, << L, all re-emitted molecules collide with 

incoming molecules in a narrow layer, of width A,, in the vicinity of 

tile 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 /VW Q NOIT', n2* - n$-’ and 

hl,* - h,KM, ?w* - ho, h,,” - h,h- (4.11, 

. . 
From condition A,, * >> L emerges the requirement Sr':? >> 1, where 

I( << 1. For the drag, we obtain 

cx - A,W’ + A, WM-l (4.22, 

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 is close to free-molecular in 

character during movement in a dense medium (I( << 1). 

Ihe process of %ransformation" of the re-emitted molecules into 

molecules with a larger mean free path is similar to that in 4.1.1. 'Ihe 

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 

M, * 1; i.e. V, Q V, and o = const. In this instance, n2 = nJ.I-l, and 

Al2 == MA,, L, - A,,; A,, = MA, (4.13j 

This case is similar to 4.1.1 in that the shortest mean free path is 

A,,. However, in t!le present instance all the molecules have the same 

order of velocity V, and therefore undergo no transformation. 

'Ibe flow here is close to free-molecular only when all mean free 

paths are much larger than L. Consequently, K must >> 1 and 

c, --c,,, -j- A, (KM')-' (4.14) 

4.2.2. Men X, Q 1 and u is inversely proportional to the velocity 
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h 12 - M2h,, A,, - MA,, h,, - M%, (4.15) 

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

C, = C,,+ A, (KM*)-l {4.26) 

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-l and 4.2.2, the drag is greater than in free-molecular flow. 

It should be observed that, when M, w 1, the probability that a 
molecule will strike the wall after it has sustained a collision is 
smaller than when II, >> 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: M sin 21,>> 1 and M sin 
6<< 1. 

In the first case (M sin 6 >> l), the character of the flow is basic- 
ally similar to that at 6 = n/2, since the presence of thermal velocities 
is not essential for the calculation of the number of particles and the 
momentum and ener 

7 
they deliver. ‘Ihe number of molecules striking the 

wall is iV, = V&,-J sin 0. 

In Sections 3 and 4 we demonstrated that at fr = IT/~ the drag (heat 
transfer) was smaller, and at 6 = 0 correspondingly greater than in free- 
molecular flow. In the present case, n2 - M,n,,, sin 6, and 

h 12 - A, (~2 siri 8)-l, h,, - h&f2-1, A22 - J=,; (M2 sin S)-l (5.11 

When A,, >> L, or K >> Mlj, it is easily seen that 

.Y -n w2 VwN2cr,L3 sin20, N_. - n&li,M,crwid3 sin 6 

1.: \ - A, sin 6 - AIM&-” sin26 + :l,!M,K-’ sin 6 (5.2) 

When 6, -+ l/2 T, the second negative term is greater than the third, 
and the drag is less than in free- molecular flow. %en 9 = 0, the situa- 
tion is reversed. 

K’hen @is small and KQlrf,, all re-emitted molecules sustain col- 
lisions at distances L K.Y2-’ << 1 from the plate. T!ie drag is described 
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by the same formula (5.2). At the limit of KM,-’ << 1, we arrive at a 

boundary layer of the type described in Section 4. 

When M,6 << 1, the flow is similar to the flow when ,6 = 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 - c,, -_A,MJ?6 + ,il,MK-’ 

where tiis 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. 

‘lhe 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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