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Fig. 7 Plate thickness vs fatigue life.

upon the examples discussed here, significant reductions in
panel thickness (or weight) or increases in flight envelope
may result from design on the basis of finite fatigue life.
This emphasizes the need for an experimental investigation
to assess the accuracy of available theory in predicting flutter
stress levels and fatigue life.
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Experimental Evaluation of a Subsonic

Ludwieg Tube

Purure C. MaLTe* AND KenneTH R. S1viEr
The Universily of Michigan, Ann Arbor Mich.

SUBSONIC Ludwieg! tube, or simple expansion tube,
can supplement a shock tube as an aerodynamic testing
facility. For example, the convective flow behind the cen-
tered expansion wave propagating in the tube can be used
to accelerate small solid particles and thereby measure drag
forces pertinent to two-phase flow systems. In the subsonic
mode, the Ludwieg tube has five times the useful flow dura-
tion of an equivalent length shock tube.? TFurthermore, a
Ludwieg tube may complement a shock tube in studies con-
cerning the effect of flow expansion on chemical reaction
rates. However, before being used as an investigative device,
the flow characteristics of the tube must be determined; the
results presented herein summarize experiments conducted
for this purpose and reported in Ref. 2.

The Ludwieg tube tested consisted of a pipe 15 ft in length
with a 3.1-in.i.d. The centered expansion wave was initiated
at a diaphragm located between the pipe and a dump tank.
Upon diaphragm rupture, the unsteady expansion wave,
assumed centered at the rupture point, propagated upstream
into the quiescent high-pressure air contained within the
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Fig. 1 Subsonic Ludwieg tube.

pipe; the shock wave created at rupture spread into the dump
tank and rapidly weakened. The shock wave was assumed
of insignificant importance; the main change in the pressure
level of the dump tank.was caused by the mass addition.
Furthermore, no reflected shock was ever observed in the
pipe. The subsonic Ludwieg tube with corresponding wave
diagram is shown in Fig. 1. Pressure transducers and an
impact tube were used to monitor static and total pressure
9 in. from the rupture point. Also, for comparison the static
pressure was measured 3 ft from the rupture point. For
flow Mach numbers below 0.7 the expansion wave was thin;
the durations of the useful expanded flow were, respectively,
20 msec and 15 msec at the 9-in. and 3-ft observations points.
The expansion wave approached “infinite”’ time duration
for sonic conditions. All durations agreed closely with the
isentropic unsteady theory of Ref. 3. Furthermore, the
expansion wave as observed was always well formed, as in-
dicated by typical pressure traces shown in Fig. 2.

The steadiness of the convective flow behind the expansion
wave was examined in some detail. While several authors,
principally Mirels,*® have shown the effect of boundary layers
on flow in shock tubes, we encountered few investigations
concerning the flow behing an isolated unsteady expansion
wave. In our investigation, the induced flow was quasi-
steady, the second-order variations being caused by the action
of the boundary layer and by the rising dump tank pressure.
The effect of the boundary layer was further expansion;
with increased distance behind the expansion wave (or in-
creased time at a fixed observation point) the pressure de-
creased and the Mach number inferred from pressure measure-
ments increased. The rising tank pressure induced weak
compression waves that propagated upstream, thereby caus-
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Fig. 3 Experimentally determined flow Mach number at
9-in. observation point.

ing an increase in pressure and decrease in the net convective
velocity in the pipe. To reduce the effect of the compression
system, orifice plates were mounted at the rupture point.
With a choked orifice, the flow underwent “staged’ unsteady
and steady expansions to sonic conditions and further un-
steady supersonic expansion.

Figure 3 shows the measured Mach number at I = 9 in.
for two test times—just after the expansion wave passed
(7 msee) and just before the reflected expansion returned
(22 msec)—with orifice-to-pipe area ratios of 0.74 and 1.0.
Tests were conducted at two Reynolds numbers, Re, based
on pipe diameter and the convective flow conditions, of about
1.8 X 10%and 1.8 X 105. The Mach number was determined
both by using the static pressure ratio across the expansion
wave, L.e.,

Mi = 2/(v — D[(Py/PY7 — 1] @

and by using the ratio of static to impact pressure measured
in the convective flow. Theoretical predictions for air were
obtained using Eq. (1) based on the initial diaphragm pres-
sure ratio and the steady flow isentropic equations for the
region of steady expansion immediately upstream of the
orifice.

For the 2.66-in. orifice case of Fig. 3 at M; > 0.35, the
exit was choked or nearly choked; also the expansion wave
remained thin. Therefore, any change in the flow behind the
expansion wave should have been due mainly to the unsteady
boundary layer. As noted, the Mach number increased with
time behind the expansion wave; there was a corresponding
pressure decrease. Furthermore, the total pressure increased
slightly, at 1 the rate for the static pressure change. Similar
results were obtained for experiments at higher pressure
levels wherein the Ludwieg tube was discharged to ambient
pressure. Thus, it appears that the boundary layer caused
the convective flow to undergo a steady expansion similar
to that encountered during subsonic flow through a converg-
ing channel. The results obtained with no orifice show the
spreading of the expansion wave near sonic conditions; unity
Mach number never was attained. At flow Mach numbers
near 0.6, the Mach number decreased with time, indicating
increased pressure due to the tank induced compression
system.

The consistent differences between the two methods of
Mach number determination indicated in Fig. 3 can be ex-
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Fig. 4 Percentage change in pressure in flow behind ex-
pansion wave at I = 9 in., Re =2 1.8 X 104

plained since the right running Riemann variable [2a/(y —
1) + U], upon which Eq. (1) is based, was no longer constant
in the slightly two-dimensional flow behind the expansion
wave. Thus Eq. (1) does not describe sufficiently the flow
with a finite boundary layer. Also, a slight Reynolds number
dependence is noted in Fig. 3; the higher Mach numbers
measured at the higher value of Re indicate a greater flow
constriction by the boundary layer which became turbulent
during the flow period for the Re = 1.8 X 10° case.

With an orifice of proper size, it was possible, in effect,
to cancel the opposite contributions of boundary-layer growth
and rising tank pressure. As shown in Fig. 4, a constant
pressure flow is obtained by increasing the orifice size for
increased Mach number. The influence of the orifice in
reducing compressions and yielding flow steadiness is noted
by comparing the two traces of Fig. 2 for similar flow Mach
numbers with and without an orifice.

The boundary-layer thickness and character were found
to be dependent on the Reynolds number, Re, based on the
distance that an accelerated fluid element had traveled. It
was assumed that the gas was accelerated instantaneously
from zero velocity to the convective flow velocity at the
expansion wave center; this appears valid for thin expansion
waves corresponding to flow Mach numbers below 0.7. By
immersing the impact probe in the boundary layer, transition
was found to occur at Re, = 1.9 X 108, Varying the radial
location of the impact probe indicated that the constant
velocity central core of the flow had a radius greater than
% the pipe radius for Re = 1.8 X 10% However, at Re =
1.8 X 10° transition occurred during the period of convective
flow, and consequently the central core was reduced. Veloc-
ity profiles obtained at Re, = 5.7 X 10¢ (corresponding to
Re = 2 X 10° at 22 msec) indicated that the flow was rapidly
approaching fully developed turbulent pipe flow.

This study has shown that the subsonic Ludwieg tube
can provide a quasi-steady flow of sufficient steadiness and
length to be useful as an aerodynamic testing device. It
appears that appreciably longer flow times and larger Reyn-
olds numbers can be obtained by using longer and larger
diameter tubes.
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Velocity Profile Measurements in a

Spinning, Cold-Flow Rocket Motor

Gearorp R. JounsoN* AND MEL R. L’EcuyErt
Purdue University, Lafayette, Ind.

I. Introduction

PROBLEM of considerable experimental and theoretical
interest is the description of the interior ballistics of a
spinning, solid-propellant rocket motor. This interest has
developed since the use of spin stabilized, solid-propellant
rocket motors has shown that the actual performance under
spinning conditions differed substantially from the perform-
ance predicted from nonspinning, solid-propellant rocket
motor data.

The purpose of the investigation reported herein was to
study the effects of rotation on the flow field inside the
chamber of a simulated end-burning rocket motor. In
particular, the cold-low study offered the possibility of the
use of a velocity probe for determining the profiles of the axial
and tangential velocity components within the chamber of the
spinning, cold-flow rocket motor.

II. Apparatus

The apparatus used for this investigation was used in the
vortex choking studies conducted by Norton, Farquhar, and
Hoffman.! Basically, the apparatus consisted of a stationary
air-feed chamber and a rotating rocket motor chamber and
nozzle. The rocket motor chamber was connected to the
air-feed chamber by means of a hollow drive shaft. The
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Fig. 1 Cold-flow rocket motor and velocity probe ar-
rangement.
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Fig. 2 Velocity profiles = 1.125 in. nozzle.

rocket motor was supported horizontally and was rotated
about its longitudinal axis by an air turbine directly connected
to the hollow drive shaft. Air was supplied to the head end
of the rocket motor chamber via flow from a set of storage
tanks, through a metering orifice and the hollow drive shaft.
The air passed through a porous surface to simulate the flow
emanating from an end-burning grain. The simulated end-
burning grain consisted of a sintered steel plate which was
used to produce a large axial pressure drop to minimize the
variation of the local mass flow per unit area across the grain
surface due to the increasing radial pressure gradient with
rotation.

Figure 1 illustrates schematically the general arrangement
of the cold-flow rocket motor and the mechanism employed
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Fig. 3 Velocity profiles — 2.0 in. nozzle.



