We now consider the distribution of the disperse phase in the channel. The solution
of Egs. (23) and (24) for various values of <a,> shows that a, remains practically constant
at distances from the grid greater than two or three granule diameters. At smaller distances
from the grid for a channel of sufficient radius [(R, — R,)/Za > 6] the solution predicts
a decrease in a,. However, the investigated model does not allow for processes near the grid,
viz., the variation of the fluctuation velocities, inflow, and repulsion of the granules,
ete. Consequently, the problem of the behavior of the granules near the grid requires addi-
tional investigation.
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FORMATION OF FLOW IN A GASDYNAMIC MOLECULAR SOURCE
AT LOW REYNOLDS NUMBERS

V. N. Gusev and A. I. Omelik UDC 533.6.011.532.522.2

1. The usual means of creating a molecular beam in a gasdynamic source [1] is shown in
Fig. 1. From the forechamber 1 the gas, with a pressure p, and a temperature T,, expands
through the nozzle 2 to a certain supersonic Mach number in the preskimmer chamber 3 (0 < x %
Xg). In the process, a considerable part of the chaotic thermal motion of the molecules is
converted into ordered mass motion. In the high-vacuum chamber 4 (x > xg) a small part of
this stream is subsequently formed into a molecular beam with the help of a conical intake —
the skimmer 5; 6 is the boundary of the undisturbed region of the jet, 7 is a suspended shock,
and 8 is the boundary of the jet.

For a Maxwell velocity distribution of the molecules with a superposed mass velocity vy
the intensity of such a source at the detection point xd is [2]

2y I,(Scos \p)l

2 in
T (24) = p (2a) vmt = I (2) ,{4—cos2 R

I, {(z) = —%—e*”g + ﬂg/fi (1 + erf z),

where p is the density; S = (Vk/2)M = vm(ZRT)'l/2 is the velocity ratio; k is the ratio of
specific heats; ¢ = ¢ + y. For small angles ¢y, as is usually the case in such installations,
the latter expression is simplified,

() = I(z) |1 —e¥'s) (1.1)
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Fig. 1

and determines the losses of intensity of a gasdynamic source in comparison with a quasispher-
ical one. The dependence of I(xd) = I(xd)/I(xs) on ySs is given by a solid line in Fig. 2a.
The intensity of a gasdynamic source will be greatest for ySg 2 2.

We note that for P55 << 1,
I (zg) = Y2831 (x)

and for Ss >> 1 and y << @ << 1 the expression for the intensity of a gasdynamic source fol-
lowing from Eq. (1.1) will coincide with that obtained earlier in [3],

I (.Z'd) = K0 (.’Es) UmM.?rE/z,

where rs is the radius of the skimmer; vm = (V(x + 1)/(x — 1))v, = Y2xRT,/(x — 1) is the limit-
ing velocity.

As a rule, the pressure p, in the preskimmer chamber is considerably lower than the pres-
sure pn at the nczzle cut. In this case the gas expansion occurs in a highly underexpanded
jet up to the rarefaction wave centered at the exit rim of the nozzle. The flow inside the
jet is fully determined by the assignment of the initial data in the exit cross section of
the nozzle. Along the jet axis the flow asymptotically approaches the flow from a certain
axisymmetric source, the radius of the critical cross section of which is R, = R}(0)r,, where
r, is the radius of the critical cross section of the nozzle.

To clarify the overall pattern of flow, we consider the limiting regime of infinitely
high Reynolds numbers. In this case, the flow inside the highly underexpanded jet, indepen-
dent of the external conditions, will be bounded geometrically by the suspended compression
shocks and the Mach disk. The position of the latter at the axis of symmetry is determined
by the equation

.:E+/Il'n == OC(MD, ?C) V‘po/p,oo: (l .2)

where rn and Mp are the radius of the exit cross section of the nozzle and the Mach number in
this cross section. The size of the supersonic region of flow will increase without limit

as the pressure drop p,/p_ increases. The values of R}(0) for different values of Mn and «,
needed to determine the stream parameters in this region, were obtained on the basis of num-
erical calculations by the method of characteristic curves and are presented in [4].

Since the flow behind the Mach disk becomes subsonic, in the formation of a molecular
beam in a gasdynamic source using a highly underexpanded jet the position of the skimmer must
be determined from the condition xXs < x+, and the radius of its opening must be determined
from the condition of free-molecule streamline flow rs << Ag, where Ag = (4/5¥k) (us/osas), a
is the speed of sound, and p is the viscosity coefficient. For the regime under considera-
tion the value of A4y is considerably less than the characteristic size x4.

For a Reynolds number Re, + = and a degree of dependence of the viscosity coefficient
on temperature u ~ TR, from the condition rg << Ay we get

S & 1 [Ty 2 | 213 —1)
or, with allowance for (1.2),
I\ exn—-1—-2n(#~1)
8 < - 1 (a V _‘[_‘L) ., Rey = OV Ry ) .

Rey - Ds 1Y
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From the latter inequality it is seen that no matter how high the value of Re,, one can al-
ways choose a pressure drop pO/p for which the intensity of the gasdynamic socurce will be
greatest (ySs > 2). TFor high Rek, however, the required pressure drops here are so large
that it may prove impossible to realize such regimes. On the other hand, as follows from
the inequality (1.3), the maximum stream intemnsity in a gasdynamic source can be realized
through a decrease in Re,. This was pointed out in [5] on the basis of an analysis of nu-
merous experimental data of various authors. Since the flow pattern in a jet varies consider-

ably with a decrease in Rey, we shall c0ns1der flow regimes in a gasdynamic molecular source
at low values of Re,

2. A detailed analysis made in [6, 7] on the basis of a numberical solution of the
Navier—Stokes equations showed that for a finite value of Re, the supersonic region, not de-
pendent on the external conditions, remains bounded (x < x+) with an unlimited increase in
the pressure drop po/p and decreases with a decrease in Re,. In its hypersonic part, the
following asymptotic expressions [8] are valid for the VclOClt] v = v/v*, the density p =
p/py, the temperature T = T/T,, and the pressure p = p/p,:

eV E - Y )

v =

T (2.1)
T:@Be—.’,ﬁ—l/ z_i@Re—’vx 2,
where

(m—1(1—1) 1
A HU—mo | (x—1) *  sae-na-m|T"
62{ X +(n+1) j o

- %1-15i1:

Vi + 1% —1) w—1 X~

- z 3
X = 27" Re"; 7= 7 Re = Rey; h=2(x—1)o;
o ={2x — 1 —2(x — 1)r]?

In this case the extent of the supersonic flow region not dependent on the external con-
ditions is determined by the coordinate X, at which the stream parameters {2.1) reach the
extremal values {7]:

3o+l

- 2 0 ‘K-—i Fy
w=(5) () o (2.2)

In this cross section the maximum value of the Mach number is
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, v T . =
M=ot /2L pge
VS Y w=e; e (2.3)
and the hypersonic mean free path of the molecules becomes comparable with the characteristic
size of the flow region undisturbed by the external conditions:

, ] v z, 71
"‘“r — i\/1+}h+ ~ ”"1 +_—_ ~ rR+
a0, VI, e
With allowance for the latter estimate, from the condition rg << X' we get YS << M+ = Re*lz.
Since

Rem—1~Mﬂ—U

Xy & Xy,

p+_ ®—1 2 Ro—@
=V a319i%% s (2.4)

for low Re (in contrast to high values) the maximum intensity of a gasdynamic source (yS

2) can be realized at moderate pressure drops. The limiting values of the intensity I(x4) =

1 in gasdynamic sources are presently obtained only at relatively low Reynolds numbers. This

conclusion is supported by the experimental data of various authors presented in Fig. 2.

With a further decrease in Re the supersonic region decreases until the flow becomes
subsonic everywhere. In the limiting case (Re » 0) the effusional regime of escape of gas
from the nozzle sets in.

As already mentioned, at the boundary of the undisturbed region the hypersonic mean free
path of the molecules is A, = x,. At such a level of rarefaction in the jet the compression
shocks disappear and molecules of the ambient medium at x > x, start to diffuse into the jet.

At finjte pressures p_< p, the flow in the region x < x, remains unchanged.

The existence of this regime was first pointed out in [17] and an approximate analysis
of it was given in [18]. This regime was investigated experimentally at high temperatures
in [14, 19].

We determine the density variation along the jet axis at x > x, on the basis of the fol-
lowing model. Let collisions between molecules in the stream be confined to the region of
X < x,. Then at x > x, the density distribution in an expandlng stream propagating in the
residual gas is determined from the equation

where A = mw/0pe; 0 is the collision cross section; m, is the mass of a molecule. The quan-
tity A is determined by the density of the residual gas penetrating into the jet. Such pen-
etration (diffusion) takes place gradually at x > x In schematizing the flow, we shall
assume that collisionless dispersion of the gas occurs at x, < x < x_, while at x_ < x < Xg
the pressure of the residual gas inside the jet reaches its value outside the jet. The quan-
tity xs — x_ will be determined below under this assumption.

The following relations are valid for the region X, <X <X

o T o = /5= w1 —w)-—z.
v=v, =V g+ WiRe ™ 9=Vm.(1“l/x+1W+Re. T (2.5)
’ T — — @+ Re"l'l 5: V:;i®+ Be_)":’i_ﬁz.

In contrast to a source with a fixed value of Re, here the temperature T is constant while
the pressure p varies in inverse proportion to x?. It should be noted that the specific flow
rate in the entire region of x < x_ is

pv =z~ - O(Re™).

In contrast to the other flow parameters, the law of variation of the specific flow rate re-
mains constant, to within the indicated accuracy, with variation of the Reynolds number.

At x > x_ collisions of molecules of the jet with molecules of the ambient gas become
dominant. Here the values of the stream parameters will approach monotonically to the.corre-
sponding values in the ambient space.
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3. The regime of flow in a gasdynamic source considered above becomes primary in the
modeling of the conditions of aircraft flight in the free-mclecule region [20]. Here the
main requirements come down to an increase in the stream velocity to a value comparable with
the flight velocity, to an increase in the stream intensity to a value providing for the
modeling of adsorption conditions at a surface, to an increase in the size of the core of
the flow for tests of models of complicated shape, and to a decrease in the measurement
errors. According to the analysis made above, all these requirements can be satisfied only
at low Reynolds numbers.

An example of the accomplishment of such a regime is the installation of [14]. Nitrogen
at a pressure p; = 4:10* Pa is used as the working gas in it. High-frequency heating is
used to increase the stream velocity, while a large-diameter skimmer (rs/r* = 14,2) is used
to obtain a molecular stream of high intensity with a large cross section.

In the main working regime the stagnation temperature, determined by the flow-rate meth-
od, is Ty = 5600°K. The equilibrium values of the stream parameters in the critical cross
section corresponding to it are: pressure p, = 2.3 10* Pa, density Py = 1. 31-10‘2 kg/m3,
temperature T, = 5340°K, veloc1ty v, = 1380 m/sec, viscosity coeff1c1ent U, = 135-10-% N°sec/
m?, molecular welght m, = 26, molar concentration of atomic nitrogen xyx = 0.144, frozen-in
value of the ratio of specific heats Kef = (7 = 2xy2) (5 ~ 2xys) ™t = 1.42.

A sonic nozzle, which is made in the form of a short cylindrical channel, is usually
used in gasdynamic sources. Burnout of the channel occurs at high temperatures, however,
leading to a change in its shape. This change in our case is presented in Fig. 3, where the
dashed line is the initial shape of the channel, d, = 1.203 mm; 1) shape of the channel after

6 h of operation, d, = 1.203 mm; 2) after 12 h of operatlon, d, = 1.203 mm; 3) after 18 h of
operation, d, = 1. 208 mm; 4) after 24 h of operation, d¢ 1.230 mm. The established channel
profile is characterized by a ratio of radii rn/r. = 1.33. For such a supersonic nozzle the

value of Re°(0) determining the radius of the critical cross section of the equivalent source
is 1.3 [4], and it corresponds to Re, = 105.

The presence of an expanding section of the channel leads to a decrease in the gradients
of the stream parameters in the initial section of the jet. This increases the monochrom-
aticity of the stream and, for a finite degree of dissociation, its velocity.

The high-temperature flow regime (T, = 5600°K) in the installation under consideration
requires allowance for the actual properties of the gas in additicn to the viscosity. The
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problem was analyzed above for an ideal gas. The flow parameters in the part of the jet not
dependent on the external conditions are determined by Eqs. (2.1). The same expressions can
be used for the frozen-in values of the stream parameters in the method of instantaneous
freezing-in. For the limiting values of the velocity and temperature, for example, we will
have

3

—~
=3

v v v v, v T+ T+T*,
byr e Ty Te T el Zap oM

ey Vs’ i'—*—f » ve  vx v Tx Tx Ts

The first of the ratios appearing in these expressions are determined from (2.1) and are

functions of Rex, kxf, and xN%, which depend on the frozen-in value of the molar concentra-

tion xyf. For Rex = 105, kxf = 1.42, and n = 1, when the flow is frozen in by composition

in the critical cross section of the nozzle, the extent of the supersonic region of the jet

(2.2) not dependent on the external conditions is x4/rx = x4R%(0) = 25, while the limiting

values of the velocity and temperature at this point, determined from (2.1), are v, /v, = 2.19
+/ V%

and T+/T* = 0.134,

The frozen-in values vyf/v, and T4¢/T, corresponding to them are presented in Fig. 4 as
functions of the molar concentration xyf (lines 3 and 4). Here for comparison we give the
quantity vpg/v, (line 2), determined by the method of instantaneous freezing-in without al-
lowance for viscosity. The difference between vpg/v, and vyg/v, is slight in the entire
range of variation of the molar concentration xyf. The variation of the Mach number Myf is
also given there (line 1). Just like the viscosity, the noneguilibrium processes have a
weak influence on the distribution of the specific flow rate pv along the jet axis (pgvg =
ov).

The penetration of molecules of the ambient gas into the jet begins at x > x In our

case, the frozen-in value of the pressure in the cross section x = X,

p+f=p*(p+/p*)([)*f/p*)'

determined using (2.4), proves to be considerably higher than the pressure p, in the pre-
skimmer chamber and, in accordance with the adopted flow scheme, the regime of scattering

of the jet can be preceded by the collisionless dispersion of the gas. For an ideal gas the
stream parameters in the region of dispersion are determined from Eqs. (2.5). Here the ve-
locity and temperature are constant. Stabilization of the temperature at x > x_ was recorded
in an experiment on the instalilation of [14] in a measurement of the rotational temperature [21].

4

The other variables in the region of dispersion remain functions of the coordinate x/r,.
The variation of the specific flow rate pv and the frozen-in value of the pressure pg/px are
presented in Fig. 5 for xyf = 0.1 (solid lines). As already noted, neither the viscosity nor
the actual properties of the gas influence the distribution of the specific flow rate in the
jet in the region of dispersion, and the integral pvx? = 1 remains valid here. The latter
fact was noted in [19] on the basis of experimental research. Data borrowed from it, reduced
to the determining parameters adopted in the present work, are given in Fig. 5 (points 1 and 2).

The viscosity and the actual properties of the gas have a significant influence on the
pressure distribution in addition to the temperature. The pressure in the jet in the region
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of dispersion is also considerably higher than the corresponding pressure in one-dimensional
isentropic expansion of the gas (dashed line in Fig. 5). The results of pressure measure-
ments using a static-pressure probe also point to this fact (points 3). Without the appropri-
ate introduction of corrections, the pressure measured in the experiment cannot be interpreted
as static. However, the character of its variation can be used to estimate the extent of

the region of scattering of the jet. The comparison of the experimental and calculated values
of pg/psx with the pressure of the residual gas in the presklmmer chamber, p_ /p%, presented in
Fig. 5, shows that scattering can begin at x/r, > 50, when p_ < p. To determine the amount
of this scattering in the working chamber of the installation (x = %d) we measured the mass
fluxes of the molecular beam for different values of the pressure in the preskimmer chamber.

The loss of intensity of a molecular beam in the working part of a gasdynamic source
due to weak scattering in the preskimmer chamber is determined by the expression I(xg) =
I(R,) exp (—0pnlxg — x_)/mew).

For constant values of I(R,), x4, and o, the effective scattering length (if xg — x_ does
not depend on pw) is

&To 4 1n (nv)
¢ dp,

(56— 2_) = —

where n = p/m; k is the Boltzmann constant.,

The results of this experimental investigation on the determination of the effective
scattering length are presented in Fig. 6. For o = {1-4)+10*%cm? [24] its value (xg—=x-}/ry
varies in the range of 10-30. The initial coordinate of beam scattering corresponding to
these values is x_ /r. = 50-80, while the losses of beam intensity due to scattering at xg/
r, < 100 do not exceed 7-8%. With such relatively small intensity losses, the theoretical
values of Vifs T4f, and Myg determined above also remain unchanged in the working chamber of
a gasdynamic source at x = 3. Measurements {14, 22, 23] made in this region (points in Fig.
4) agree sufficiently well with them.
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EXPERIMENTAL STUDY OF HEAT FLOWS IN THE WALLS
OF A HIGH-ENTHALPY MHD CHANNEL

V. I. Alferov, 0. N. Vitkovskaya, A. P. Rudakova, UDC 538.4:621.313.2
A. D. Sukhobokov, and G. I. Shcherbakov

There is currently considerable interest in the study of high-enthalpy MHD channels such
as in MHD accelerators andMHD generators with a high unit energy removal. One of the most
important factors determining the possibility of operating such equipment successfully is
the limiting value of the heat flux in their walls. Theoretical analysis of heat-transfer
processes under these conditions is very difficult due to their complexity. The most reli-
able data can be obtained mainly in experiments. Test data on heat transfer is also useful
to explain features of gas flow in MHD units.

The present article reports results of experimental studies of local heat flows in the
walls of an MHD channel during different regimes of its operation. Special attention was
given to aspects of the reliability of measurement of heat flow to B-walis.

1. Experimental Method. Tests were conducted on a unit consisting of a Faraday MHD
channel with sectional electrodes operating in the accelerator regime.

Figure 1 shows a basic diagram of the unit. Air heated in an electric-arc heater 1 and
saturated with an easily-ionized addition agent 2 in a mixing chamber 3 is discharged through

Moscow. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 4,
pp. 91-95, July-August, 1985. Original article submitted April 23, 1984.
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