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Production of Supersonic Flows
with Honeycomb-Supported Screens
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Introduction

IN the course of a special shock-tube development pro-
gram,! the performance characteristics of honeycomb-

supported screens for the production of supersonic flows was
investigated using air and argon. Screens may be considered
a variant form of the multinozzle that has been studied by
several authors.1'2 The principal advantages of the screen
are its mechanical simplicity, the possibility of producing
disturbance-free flows, and, relative to the nozzle, the very
short flow-stabilization time for large-diameter ducts. The
last feature is especially important for blow-down applica-
tions, as in the authors' case.

The only previous work, that of Gould,3 shows the existence
of substantial radial flow components emerging from the
screen, as is evidenced by the pronounced shock diamonds,
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Fig. 1 Inlet Mach number as a function of true solidity.
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which caused the local Mach number to vary as much as 0.35
across the stream. The radial components can be at-
tributed either to mechanical distortion of the screen or a con-
vection through it of radial momentum produced by the
flattening effect of the screen on the incoming velocity pro-
file. Presumably because of strength limitations, Gould
used quite coarse screens (9 to 20 mesh/in.) that gave a
clearly visible fixed pattern of disturbances for several inches
or more downstream. Unsteady fluctuations undoubtedly
extended much further.

By means of a simple structural modification, resistance-
welding a stainless-steel screen to the downstream side of a
layer of stainless-steel honeycomb, the present authors have
eliminated these difficulties. Two objectives are served
thereby: 1) the honeycomb eliminates radial momentum
coming into the screen; and 2) the closely spaced local support
holds the screen flat and permits a much finer mesh screen to
be used, resulting in a correspondingly finer scale and less
persistent downstream disturbance pattern. These advan-
tages are purchased with somewhat increased total pressure
losses and a decreased maximum Mach number. The dis-
cussion falls naturally under the three major divisions.

Upstream Flow State and Mass Flow Rate
Adler4 and Cornell5 state that the (choked flow) upstream

Mach number MI is determined by the screen solidity
(= blocked area/total area) and the isentropic choked flow
formula. However, at high solidities, Adler's MI data are as
much as 10% higher by this criterion. Since frictional effects
cannot account for a change in this direction, it must be at-
tributed to a somewhat increased "true" flow area relative
to that which they computed. If a "wire-cloth" screen
(i.e., both warp and fill wires have sine wave shapes) is made
of wire of diameter d with a mesh m, the maximum and mean
displacements from the center of one wire to the next are d
and d/21/2, respectively, so that the aperture area is ap-
proximately [(1/m2 + l/2d2)x/2 - d]2 instead of [l/m - d]*.
With the "bolting-grade" screen in which one family of wires
is straight, the maximum and mean normal displacements of
the curved wires are 2d and 2l/2d, respectively, giving an
aperture area of [(l/m2 + 2d2)1/2 - d ] [ l / m - d]. The
"normal" and "true" solidities of single screens are then

Sn = 1 — [1 — md]2 "normal" solidity, any
screen or square-cell honeycomb (la)

St, = 1 - {[1 + i(md)2]1/2 - md}2 wire-cloth screen (Ib)

Sts = 1 - {[1 + 2(md)2]112 - md} [1 - md]
bolting-grade screen (Ic)

By similar reasoning, and using the honeycomb m and d in
Eq. (la), the effective honeycomb solidity in the plane of the
screen is estimated to be Sh — 0.6 Sn. The combined solidity
and its relation to the area-ratio function A/A* is

S = Sts + Sh(l - St.) = 1 - A*/A

Table 1 Solidity data

(2)

Honeycomb
Wire-cloth
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Bolting-grade

screen
Wire-cloth

screen
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m,

in."1

4

40
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60

Wire
diam
d, in.

0.0060

0.0060

0.0162

0.0072

Normal
solidity

Sn,
Eq. (1)

0.048

0.423

0.543

0.678

True
solidity

stt,
Eq. (1)

0.029

0.401

0.475

0.621

Com-
bined

solidity
s,

Eq. (2)

0.420

0.491

0.633
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(To avoid interference effects, the screen wires should not be
parallel to the honeycomb walls.) In the absence of a honey-
comb, Sh = 0.

Figure 1 shows a satisfactory agreement between the
standard isentropic area-ratio formula M = f(A/A*) and the
observed Mi's of both Adler4 and the present authors. The
aerodynamic effects of the corrections from normal to true
solidity can be judged from the graph and the Sn and St8
columns of Table 1. It is therefore concluded that, for both
Adler's single-screen and the present honeycomb-screen ex-
periments, the flow is isentropic to M = 1, and all losses occur
on the downstream side. (Reynolds number effects are
discussed under the last heading.)

Downstream Flow States

Let a control surface be located through the midplane of the
screen, where the flow is regarded as choked, and a second
surface of the same shape and total area be located in a
downstream uniform flow state 2. To apply the one-dimen-
sional momentum equation, let the back pressure on the
screen be $'P2, in which S', an "apparent solidity," is related
toSby

S' = S - a (3)
The momentum equation now becomes

P*(l -S)(l + y)+ P?S' = P,(l + VMS) (4)
The value a = 0 corresponds to a limiting case of an in-
stantaneous transition to state 2 after M = 1. By elimi-
nating P2/P* and T%/T* between Eq. (4) and the continuity
and adiabatic energy equations, a solution for M2

2 is ob-
tained :

MJ = (1 + yS'){l ± [1 - (1 - S')V(1 + 7S')211/2} (5)
Figure 2 shows an excellent correlation of Eq. (5) with all
existing data. The value a = 0.14 correlates both Adler's4

M2a < 1 data with the minus root and, despite the presence of
shocks, three out of four of GoukTs3 M2& > 1 data with
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the plus root. The value a = 0.31 correlates the present
M2& > 1 data. Also shown is the M2c curve, which is related
to the M<x> curve by the normal shock relations. The 7kf2c
and Mza curves, therefore, bound a condition of partial shock
penetration of the screen. Figure 3 shows the total pressure
ratio curves corresponding to the M2a and M2b data of Fig. 2.
Since P02/Poi depends on both S and S', no single correlation
is possible. The mechanism that accounts for the greater
honeycomb-screen losses is discussed at the end of the note.

Experimental Background and Reynolds Number Range

Screen data are given in Table 1. The performance data
were obtained from pressure measurements (the Kistler trans-
ducers were calibrated daily) in a blow-down apparatus that
gave steady flow conditions through the screen for 15 msec.
Cylinder (i.e., dry) air and argon were used. Four to six
tests were made for each set of conditions. The duct diam-
eter was 6.30 in., and the honeycomb was 3.00 in. thick.

M2b was obtained directly from wall and pitot transducer
measurements in a plane 6.00 in. (240 to 360 mesh sizes)
downstream of the screen. This plane was chosen to facilitate
detection of oblique shocks, if present, by pitot measurements
at the center and half-radius positions; none were detected
as the readings were the same. Rotation of the screen also
gave no effect. Submicrosecond schlieren photographs taken
in the test section 3 ft downstream showed the flow to be free
of extraneous Mach disturbances and visible turbulence.
The AP across the unsteady expansion upstream of the
honeycomb was too small for a sufficiently accurate deter-
mination of Mi] instead, Mi was calculated with the Fanno
functions from M%> and P2&/Pi static pressure ratio data.
All pressure ratios were independent of the pretest down-
stream diaphragm pressure.

With a screen Reynolds number defined by Re = (l/m -
d)p*c/M*, Adler's data fall between 2.5 X 104 and 9.0 X 104,
Gould's between 1.2 X 104 to 2.9 X 104, and the present data
of Figs. 1-3 between 6.4 X 103 and 2.7 X 104. Thirty-eight
additional air tests were made with the S = 0.633 screen to
study viscous effects. Considering the measurement prob-
lems at low pressures, no clear deviations from the data of
Figs. 1-3 for this screen were detected to Re = 9.5 X 102 at PI
= 18 cm Hg. The largest change was an increase in Pi/P2&
from 10.0 ± 0.2 (max) to 10.9 ± 0.9 (max) at Re = 9.5 X
102. (The wall transducers gave Pi/P2& data throughout
this range, but the small-area pitot transducer could not be
used below PI = 40 cm Hg; within the measured range,
M26 was quite constant.) It is therefore concluded that
viscous effects are not significant in the range 9.5 X 102 <
Re < 2.9 X 104. However, at Re = 3.9 X 102, Pi/P2& fell
sharply to 9.0 ± 0.8 (max). A transition regime for Re ^
8 X 102 is consistent with Cornell's5 curves from incompres-
sible data.

Special note should be taken of the honeycomb-screen per-
formance sensitivity to upstream flow conditions. In certain
instances a slight scoring and bending of the inlet edges of the
honeycomb caused markedly increased total pressure losses.
Even if the uncertainties of Gould's data are allowed for, it is
clear that the honeycomb-screen losses are markedly greater.
This is not directly attributable to the honeycomb, since the
total pressure losses in it are negligible throughout the entire
Reynolds number range investigated, as is supported by Fig. 1.
However, in light of the preceding observation, it can be
attributed to the sensitivity of the screen performance to
turbulence produced on the walls and inlet edges of the
honeycomb. Greater losses, therefore, are the price of the
flow uniformity that the honeycomb provides.
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Introduction

ALTHOUGH several groups have investigated pulsed
-£*- plasma guns for electric propulsion,1"4 exhaust measure-
ments have been limited mainly to the determination of gross
parameters such as total energy content and momentum.5
More detailed information on the exhaust characteristics is
desirable for a better understanding of the acceleration
mechanisms. A simple technique of measuring ion current
is described with which ion densities up to 3 X 1013 cm"3 and
ion velocities from 106 to 107 cm-sec"1 have been determined
as a function of time and position in the nitrogen plasma
from a coaxial gun. The technique has been used previously
on high energy hydrogen plasmas produced by guns used in
controlled thermonuclear research;6'7 it is similar to a tech-
nique used for examining ion beams.8

Description of the Apparatus

The coaxial gun used has been described elsewhere;3 it
produces a burst of nitrogen plasma, containing approxi-
mately 1018 ions, which travels at several centimeters per
microsecond. The probe used to measure ion current is a
negatively biased Faraday cup completely surrounded by a
grounded shield containing a small entrance hole for the
plasma and several pumping holes to ensure that the neutral
particle density inside the probe is low. Diagrams of the
probe and the biasing circuit are shown in Fig. 1, together
with a typical oscillogram of the probe output. The probe is
mounted so that it can be moved to different positions in the
exhaust.

The cup is biased sufficiently negative so that all the elec-
trons in the plasma which enter the probe are repelled from
the cup while the ions are collected. For a plasma of pre-
dominately one ion species, the amplitude of the ion current
collected (/) is

I = nev AZ (D
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Fig. 1 a) Ion probe; not to scale; over-all diameter 1.5
cm. b) Biasing circuit, c) Typical signal, 8 trace overlay;
5 jusec/cm, flight distance 136 cm, entrance hole 0.5-mm

diam.

where n is the ion number density, e is the electronic charge,
v is the component of ion velocity normal to the face of the
probe, A is the area of the entrance hole, and Z is the number
of electronic charges per ion.

If the flight distance is much greater than the gun length
and if the transit time greatly exceeds the electrical period,
then the plasma can be considered as originating from a point
source; therefore, the velocity v of the plasma can be calcu-
lated from the time of flight. With v known, nZ is obtained
from the amplitude of the ion current. For example, the os-
cillogram in Fig. 1 shows that the plasma corresponding to the
peak in ion current arrives at the probe with a velocity of 6.5
cm/jusec and, if singly ionized, has an ion density of 6.5 X
1012 cm-3.

Experimental Results

The bias voltage necessary to repel electrons from the ion
collector is two or three times the electron temperature in
electron volts plus any potential difference between the outer
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Fig. 2 Probe ion current vs distance from the gun. Gun
operating conditions differ from those for Fig. Ic.


