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Numerical Example

As a specific example, a foamed-in-plane polyurethane
cylinder is considered. The core and skin are both assumed
to be isotropic and linearly elastic, with the same properties
in tension and compression. Using E. = 22,000 psi, v, =
4, E = 42,000 psi,» = §, - = 0.151in,, L = 1.00 in., and B
= 0.488 in., the results obtained are as shown in Table 1.
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Electron Energy Distributions in an
Ion Engine Discharge

AnTHONY R. MARTIN*
The City University, London, England

HE presence of a high-energy, primary electron com-

ponent in the discharge plasma of mercury electron-
bombardment ion engines is well known.!™* These primar-
ies, arising from electrons which are accelerated into the
plasma, through the cathode sheath, have also been found in
the present tests in the discharges of laboratory models of ion
engines using argon as the working gas. This Note presents
the results of energy distribution analyses carried out on the
probe curves obtained in such an engine.

Energy Distribution Analysis

The Langmuir probe curves obtained in this type of dis-
charge have the general shape shown in the uncorrected
curve of Fig. 1 when plotted semilogarithmically. They are
usually analyzed by assuming that the energy distribution
of the electrons collected by the probe is composed of a high-
energy, monoenergetic component superimposed upon a low-
energy, Maxwellian component. This assumption enables
the two components to be separated and values for electron
densities and energies can then be obtained from the curves.
The methods of Strickfaden and Geiler! and Knauer et al.?
lead to slightly different values of the primary electron energy;
here the latter method has been employed in analyzing the
linear curves, and produces corrected plots of the form shown
in Fig. 1. The validity of this method of analysis can be
checked by determining the energy distributions found in
practice. The usually quoted way of doing this is the
Druyvesteyn method,® ¢ which involves taking second deriva-
tives of the probe curve. If this method is carried out
graphically, it is inaccurate and tedious. ’

Medicus’® has developed a simple, quick, accurate graphi-
cal method, which has been used here to determine the ex-
perimental energy distributions given by Langmuir probe
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Fig. 1 Corrected and uncorrected semilogarithmic probe
curves for argon.
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Fig. 2 Electron distribution in the discharge at Varc =
50 v.

curves in argon. The method is based on the fact that the
current to a small probe is produced by electrons with kinetic
energies equal to or greater than the electron-retarding probe
potential. It simply involves subdividing the voltage axis
into increments AV of equal size and constructing the
tangents to the probe curve at the midpoints of these incre-
ments. This will give increments Az on the current axis.
It can be shown’ that the energy distribution g(V) at any
point is then given by

g(V) = (4/n0)(m./2e)2V ~12(Ai/AV)

where 7. is the total electron number density and V is the
voltage of the probe at each point where the tangent is drawn,
ie., the midpoint of each increment AV. If the electron
current to the probe rises linearly with voltage (as in the case
of the collection of monoenergetic electrons) then clearly A¢
will be zero for each AV, and hence g(V) will be zero. If
the current increases or decreases more strongly than a linear
relationship, however, then A7 is nonzero and g(V) is greater
than zero.

Experimental Results

The measurements were made in a laboratory model of an
ion engine using commercially pure, dried argon as a working
gas. The engine was of the Kaufman type, and the dis-
charge chamber used was 10 em in diameter and 20 cm long.
A heated axial tungsten filament was used. At the flow
rates employed the pressure in the chamber was between
10—* and 1073 torr during discharge operation. An axial
magnetic field of flux density 30 gauss at the center of the
chamber was used. The Langmuir probes were made from
pure, cleaned tungsten wire with a cylindrical collecting area
11 mm long and 0.5 mm in diameter.

Figure 2 shows the electron energy distribution in a dis-
charge plasma at an arc voltage Varcof 50 v. Three separate
evaluations of the probe curve were made and averaged to
reduce graphical errors arising from the inaccuracy in draw-
ing the tangents. The curves were traced, at several differ-
ent current sensitivities, by an X-Y plotter onto 38- X 25-cm
graph paper. Values of g(V) are presented as proportional
to V~Y2A7/AV and are normalized to 1.0 arbitrary unit
at the maximum. The solid line drawn through the low-

Table 1 Probe curve analysis results

E.P(ev)

Vaxrc T,m Linear g(V) FWHM
(V) (ev) curve curve (ev)
50 3.39 39.0 37.5 1.40
55 3.69 39.5 41.0 1.75
60 3.69 45.0 46.0 1.50
65 3.26 54.0 50.0 0.90
70 3.35 57.5 57.0 0.65
75 3.04 63.0 63.0 0.75
80 3.04 71.5 73.0 0.90
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Fig. 3 Electron distribution at Varc = 65 v.

energy groups is the Maxwellian distribution for the electron
temperature, T'.,» = 3.39 ev, obtained from a semilogarithmic
plot corrected in the manner described by Knauer et al.2:3
While there is a fair amount of scatter in the data points, the
experimental ¢g(V) values follow this Maxwellian very well.
The high-energy, primary group of electrons can be clearly
seen, with a mean energy E.” corresponding to 37.5 ev.
The value of E.# obtained from the linear curve in this case
was 39.0 ev, which is in reasonable agreement. The full
width at half maximum (FWHM) of the primary peak is
1.40 ev.

Figure 3 shows the distribution for Vagc = 65 V, and is
the analysis of the curve plotted in Fig. 1. Figure 4 shows
the distribution for Varc = 80 V. These curves are again
the averages of three evaluations, normalized to 1.0 arbi-
trary unit. In both cases the solid line drawn through the
low-energy group is the Maxwellian corresponding to the
temperature determined from corrected semilogarithmic
plots.

Some relevant results obtained from a series of probe curves
in the range Varc = 50-80 V are presented in Table 1.

From Table 1 and Figs. 24, several observations can be
made for an argon plasma:

a) The low-energy and high-energy groups of electrons
are distinet and separate, with no observable spread of
energies between them.

b) The low-energy group has a distribution which closely
corresponds to the Maxwellian drawn for the temperature
obtained from corrected semilogarithmic plots.

¢) The primary electron energy obtained from linear
curves corresponds well with the mean energy obtained
from energy distribution curves.

d) The FWHM of the primary peaks is always less than
2 ev, and sometimes as low as 0.65 ev; i.e., the peaks are
sharp and distinet.

Hence, we may conclude that the assumption of a mono-
energetic group of primary electrons in the argon discharge
plasma, is valid to a good approximation, and that the method
of analysing the uncorrected linear Langmuir probe curves,
as described by Knauer et al.,? will give accurate and mean-
ingful results.
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Fig. 4 Electron distribution at ¥V rc = 80 v.
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Calculation of Relaxing Turbulent
Boundary Layers Downstream of
Tangential Slot Injection

Dennis M. BusaNELL*
NASA Langley Research Center, Hampton, Va.

Nomenclature
C; = skin-friction coefficient
{ = mixing length
M« = freestream Mach number
¢ = heating rate
s = slot height
S; = Stanton number
T = temperature
¢ = slot lip thickness
U = longitudinal velocity
x,y = cartesian coordinates along and normal to the surface
Ys1 = distance to inner boundary of mixing region
Ys2 = distance to outer boundary of mixing region
yeo = slot half height
¥ = mixing angle (Fig. 1)
3 = total viscous layer thickness
A = ratio of average specific mass flow in slot to value at edge
of boundary layer
Subscripts
¢ = local external to boundary
max = maximum value
0 = reference value
¢ = isentropic stagnation conditions
w = wall

CURRENT interest exists in the possibility of using
tangential slot injection for reducing heat transfer and
skin friction on hypersonic vehicles.! Several low-speed
experimental investigations of the downstream effects of
tangential injection have been conducted which could provide

Received October 30, 1970.
* Head, Flow Analysis Section, Aero-Physics Division.

VOL. 8, NO. 5

information for the assessment of such a cooling system (see
Ref. 2 for a partial list of these investigations). An accurate
prediction method has been developed for the far field (z/s >
30) effects of tangential injection, primarily for the low-speed
case.® Data also exist for tangential slot injection at super-
sonic and hypersonic speeds (Refs. 4, 5, and 6, for example).
The present Note describes the application of a simple cal-
culation method for compressible relaxing slot flows. Agree-
ment with the data indicates that the simplified approach
described here applies to the near slot (z/s < 30) as well as
the far slot (z/s > 30) regions of the low. This approach
could be used, for example, in parametric studies to estimate
the effects on the relaxation process of slot-to-edge total
temperature ratio, slot height to boundary-layer height, and
slot Mach number. The present method uses the turbulent
boundary-layer computational procedure of Ref. 7 with the
conservation equations for the mean flow solved by an implicit
finite difference procedure and a turbulent Prandt! number
relating the eddy viscosity and eddy conductivity. The
solutions presented herein use a static turbulent Prandtl
number” of 0.9. Note that the present method applies only
to the matched static pressure case where the exit pressure of
the slot flow essentially equals the value in the external flow,
i.e., where mixing dominates the problem.

Before the method of Ref. 7 can be applied to relaxing
tangential slot flows, appropriate modifications must be made
to the mixing length model for eddy viscosity. Figure 1
illustrates the method employed here to model the mixing
length for tangential slot flows. We assume the slot flow
mixes with the initial boundary-layer flow in a region whose
growth can be characterized to first order by a mixing angle
¥ (Fig. 1a). This assumption allows computation of the
nominal thickness of an effective mixing region as a function
of distance downstream from the slot. With this model
final results were fairly insensitive to the value of ¥ assumed.
On a test case to be considered in this Note, for example,
increasing the ¢ value from 4° to 6° decreased the cooling
length (where T, first becomes larger than the slot flow total
temperature) by 10%. TUnpublished work by Beckwith and
Bushnell at Langley Research Center indicates that the
computation of the mixing of a trace species inserted in the
initial boundary layer can be used to determine the mixing
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Fig.1 Assumed mixing length distributions.



