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in which pa is the density of the solid particles.
To obtain the quantity (l/us)(dus/dx), we can measure the

curvature of the particle streamline S(x) since

1_ dus

us dx
S"(x)

Another way to obtain (\/u8)(dua/dx) is by measuring the
particle number density behind the shock na. If the number
density is measured along a horizontal line #', then

1 dus 1 dns
us dx ns sin0 dz'

where 6 is the shock angle. u8/u is known exactly at the
shock. By varying the wedge angle, the drag coefficients can
be obtained over a range of relative Reynolds numbers.
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Velocity Profile in the Half-Jet
Mixing Region of Turbulent Jets

WING T. CHU*
University of Toronto, Toronto, Ontario, Canada

A WIDELY used similarity parameter for the nondimen-
sional velocity U/UQ of jets with exit velocity UQ is the

quantity a(Y — Y0.$)/x. The £-axis is chosen parallel to the
freestream direction or along the axis of an axisymmetric jet.
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Fig. 1 Dimensionless velocity profile in the half-jet
mixing region.

(F — Fo.s) is the lateral distance between point of measure-
ment and the point at which the velocity is half that of the
exit velocity, and a is a constant determined by fitting the
measured velocity profile to the theoretical one of either Toll-
mein or Gortler. The quantity a is not a universal constant
and its value depends on the characteristics of an individual
jet. The effect of Mach number on a has been summed up in
Fig. 12 of Ref. 1. See also Refs. 2 and 3. Because of the
fairly wide scattering of data, it is hard to give a definite rela-
tionship between the two.

However, the variation of a with different jet parameters
(e.g., exit Reynolds number, Mach number, temperature,
turbulence level) will be taken care of automatically if one
uses the alternate parameter (F — Fo.5)/,(F0.9 — Fo.i) where
(Fo.9 — FO.I) is the distance between the points at which the
velocity is, respectively, 0.9 and 0.1 of the exit velocity
(U/Uo = 0.9 and U/U0 = 0.1). Abramovich4 used this
parameter for the dimensionless velocity profile of his round
jet and obtained a profile which fits well with that obtained
from results of the plane jet of Albertson et al.5 Results from
our own hot-wire measurements in a 4-in. low-speed round
jet also agree well with Abramovich/s profile. In view of this
good agreement, a few experimental data of other investiga-
tors were compiled and replotted for comparison in Table 1
and Fig. 1.

It can be seen that, over a fairly wide range of exit velocities,
the different velocity profiles lie very closely along the same
curve. This universal curve is best fitted by Gortler's theo-
retical profile for incompressible jets6 with his parameter

Table 1 A list of some of the experimental investigations of turbulent jets

Investigation

Abramovich4

Liepmann and Laufer2

Laurence3

Davies & Fisher7

Bradshaw et al.8
May dew and Reed1

May dew and Reed1

May dew and Reed1

Present investigation
Present investigation

Date

1948
1947
1956
1963
1963
1963
1963
1963
1964
1964

Nozzle"
exit

shape
A
R
A
A
A
A
A
A
A
A

Nozzle
exit

dimensions
100mm
60 X 7 J in.
3J in.
lin.
2 in.
3 in.
3 in.
3 in.
4 in.
4 in.

Axial
distance

from exit

X/D =
20cm
X/D =
X/D =
X/D =
X/D =
X/D =
X/D =
X/D =
X/D =

2.5

4
3
2
3
3
3
3
4

Measurement
method

Hot wire
Pitot pressure
Hot wire
Hot wire
Pitot pressure
Pitot pressure
Pitot pressure
Hot Wire
Hot Wire

Nozzle
exit

speed

40 m/sec
59 fps
M = 0.7
M = 0.3
M = 0.3
M = 0.95
M = 1.49
M = 1.96
140 fps
140 fps

; axisymmetric, R = rectangular.

Received January 7, 1965. The work reported here was incidental to an investigation of jet turbulence and noise under the super-
vision of H. S. Ribner and was supported by Air Force Office of Scientific Research Grant No. AFOSR 223-64, by National Research
Council of Canada Grant No. A2003.

* Graduate Student and Research Assistant, Institute for Aerospace Studies.



790 AIAA JOURNAL VOL. 3, NO. 4

a(Y - Y0.s)/X replaced by (1.78)(F - Fo.5)/(Fo.9 -
The velocity profile in the mixing region of any particular jet
can be estimated from the universal curve by determining the
distances Fo.i, Y0.$, and F0.g at one downstream location. [If
these are not known, the line F0.5 vs X may be estimated
and the relation

Fo.g - Fo.i = 1.7SX/0-

resorted to, using tabulated estimates of a where available
(e.g., Refs. 1 and 2); this is in effect a reversion to the
<r(Y — YQ.S)/X similarity parameter and is only as accurate as
the value of a. ]
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Catalytic Probe Response to High Atom
Flux in a Glow Discharge Shock Tube

W. P. THOMPSON* AND R. A.
Aerospace Corporation, Los Angeles, Calif.

IN Ref . 1 we reported on our measurements of heat transfer
to a differential catalytic heat gage in shock-tube disso-

ciated flows. The differential heat transfer is proportional to
the atom concentration in the flow. Although most of the
results followed generally expected trends, a new disturbing-
feature appeared in some of the measurements. Specifically,
at the lower initial pressures in the shock tube, the differential
heat transfer was found to vary with time instead of achieving
a constant value immediately. At that time, we could en-
visage this effect as being due to either of two possibilities:
first, slow dissociation relaxation in the shock layer of our
probe, or secondly, a slow surface reaction rate at these lower
pressures. We had pointed out at other times, and there has
been some experimental evidence to the effect, that this latter
possibility could be ascribed to submechanisms in the phe-
nomenon of surface catalyzed atom recombination. For
example, an atom must be adsorbed onto a surface, it must
diffuse to an active site where it awaits another atom to re-
combine with, and then the molecule desorbs. If the time
scale for all of these events to occur is of the same order as the

delivery rate of atoms in an experiment, it is conceivable that
the observed time dependence of the differential catalytic
heat-transfer measurements could be reconciled. That is, it
is conceivable that the catalytic efficiency of a surface might
depend on the atom flux. In our glow-discharge experi-
ments,2 which are used to determine the catalytic efficiency of
surfaces of interest, atoms are delivered to the surface at a
relatively slow rate (1017/sec)> whereas in our shock-tube
experiments they are delivered on the order of 102%ec.
Shock-tunnel flows will deliver atoms to the surface at a rate
of about 5 X 1019/sec. Since one of the major intended ap-
plications for our catalytic probe is to measure atom con-
centrations in hypersonic shock-tunnel test sections3 in order
to establish the nonequilibrum state of the gas flow, it was
imperative that we identify the source of the time dependence
of our shock-tube measurements. It was clear that we needed
an experiment in which a known step function of atoms be
delivered to our catalytic surface at a rate of the order 1019/sec
with a rise time of order \ msec or less. Furthermore, it was
essential that no gas phase kinetics be present so as to remove
that possibility from causing a time dependent reading of our
catalytic probe in these new experiments. To solve this
problem we conceived the idea of the glow-discharge shock
tube (GDST). The details of the construction and method
of operation are given in a technical report4 jus/t published
at the Aerospace Corporation. Briefly, the GDST combines
an ordinary glow-discharge tube and the shock tube. It is
shown schematically in Fig. 1 together with an x-t diagram.
The GDST works as follows: first, gas is flowed continuously
along the glass tube (4 in. diam, 17 ft long, super-tough pyrex)
at 10-30 fps, then, at a given time, the rf energy is suddenly
applied at the position indicated by the coil in the sketch,
which partially dissociates the gas; when the step function of
dissociated gas so produced convects down to within a foot or
so of the probe, the diaphragm of the driver section is made to
burst with a solenoid-driven plunger, causing a shock to
propagate into the predissociated gas. For the weak shocks
that we employ (M8 ^ 2), neither do the atoms recombine as a
result of the increased density nor are any new atoms formed
by thermal dissociation. Rather the only effect is to compress
and accelerate to high speed the atoms already present in the
tube. In our ordinary glow-discharge experiments, despite the
fact that we suddenly turn the rf discharge on, we do not get a
perfect step function of atoms, because as they convect down
the tube at 20 fps, say, the atoms diffuse forward into the
undissociated gas producing an atom profile that extends
about 2 ft by the time it reaches the probe position. Under the
slow flow, the front takes about 100 msec to cross the probe.
On the other hand, after they are shocked, two particles on
either end of this front cross our probe in about \ msec.
This sharpening of the atom front, which can be seen on the
x-t diagram, is one of the major effects sought. We have
conducted three types of tests using an initial pressure of
600 jj, oxygen and a shock Mach number of 2. In the first, we
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Fig. 1 Glow discharge shock tube; U = convective
velocity in slow flow; L = length of diffused front in slow
flow; Vs = shock velocity and p2/pi = shock density ratio.


