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Fig. 6 Narrow-band convection speed for XLE = 0, ZLE = 1.4.

roll-off exponents do not vary appreciably with Mach
number, deflection angle, or the relative positions of the jet
and plate. This is because the changes in geometry or
deflection angle mostly affect the structure of the large-scale
shedding vortices and not the high-frequency end of the
spectrum that governs the roll-off exponent.

Coherence
The square root of coherence is the narrow-band

correlation coefficient between two spatial points. In this
experiment, the bandwidth is 20 Hz. The maximum coherence
usually occurs near the frequency corresponding to the
Strouhal number 0.3. This implies that the maximum
coherence is mostly due to the large-scale coherent structure.
A two-dimensional diagram is used to represent the coherence
function on the curved plates (Fig. 5). The number given is the
maximum of the square root of coherence between two ad-
jacent points. The maximum coherence does not vary
significantly with the variation of Mach number.

Narrow-Band Convection Speed
In a turbulent shear flow, the convection speed of velocity

fluctuations is not constant for eddies with different
wavelengths. The convection speeds of the pressure fluc-
tuations are also a function of the wavelength.6'7 The narrow-
band convection speed Uc (/) = 2-jrfAs/ot is calculated from
the phase a of the cross spectrum. The convection speed

increases from 0.2 Uj at low frequency to 0.6 Uj at high
frequency, and is the same for the two plates (Fig. 6). The fact
that the convection velocity increases with frequency agrees
with measurements of velocity fluctuations in free jet.6

Preisser and Block8 reported that the high-frequency pressure
fluctuations convect slower than low-frequency pressure
fluctuations. Their conclusion is based on measurements
made with transducers at a large spatial separation. However,
transducers separated by a large distance have a low pass
spatial filter effect. The high-frequency phase difference
measured at large separation can be misleading.

Conclusion
An experimental study of a jet impinging on a curved

surface was performed. A major finding is that variations in
most of the measured properties can be explained by the
presence of large coherent structures. The parametric
variations do not significantly affect the shedding frequency
of the coherent structures, but do affect their development.
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Nomenclature

= channel cross-sectional area
= turbulence correlation coefficient in Eq. (16),

seeRef. 4
= magnetic field
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b - power law exponent in Eq. (18)
CIfC2,C3 = coefficients in Eqs. (17) and (18)
Cf = skin friction coefficient
D = channel diameter
F = function in Eq. (5)
H = shape factor, 6V0
h = channel height
$ = current density nonuniformity, Eq. (2)
J = current density
K = constant defined by Eq. (20)
L = length scale in Eq. (16)
n = turbulence isotropy index in Eq. (16), see Ref. 4
u = streamwise velocity
u^ = friction velocity, (r/p) %
w = channel width
x = streamwise coordinate
y = normal coordinate
y^ = normalized y coordinate, yu*/vw
y= = value of y at which turbulence dissipation equals

production
a. = duct expansion half-angle
|8 .= Hall parameter, see Ref. 4
d = boundary-layer thickness
6* = displacement thickness
Ay = current density nonuniformity integral, Eq. (3)
A = differencing operation
e = ion-slip parameter, see Ref. 4
77 = normalized coordinate, y/d
\ = transverse curvature parameter, ±dcosa/D
v — kinematic viscosity
TT = term defined by Eqs. (11) and (12)
X = Hall field coefficient
a = plasma conductivity
p - density
r - shear stress
0 = momentum thickness
Subscripts
oo = freestream conditions
(x),(y)- • = components in x,y directions
0 = indicates values for B = 0
w = wall quantities
Superscripts
— = indicates nondimensionalization

THE integral momentum equation for a compressible
turbulent boundary layer within a current-carrying

channel may be written in the following general form1:

dx dx 2A (1)

The sole electromagnetic influence contained in Eq. (1) occurs
through the term $ which accounts for a nonuniform current
density on the sidewalls, defined by the equation:

/A

where:

J(7-/,,,)

(2)

(3)

Those explicit MHD effects which must be included in the
modeling of the terms //, $, and Cf for generalized boundary-
layer calculations are of primary concern in this study.

To determine the appropriate functional form for the shape
factor, an MHD channel of zero aspect ratio is analyzed such
that two-dimensional flow is established by the sidewall
boundary layers. Based on the physical interpretation of the
displacement thickness (<$*, where A = 0 for two-dimensional

flows), the mass flow through the channel is

=constant (4)

Upon dividing Eq. (4) by p^u^h and differentiating, the
following relationship is obtained:

dx dx (5)

where F is a function of the streamwise gradients of the
freestream variables and channel geometry.

Consider two identical channels, one with no current flow
and the other with current flow imposed at the streamwise
position x0. Inasmuch as F is a function of the local
freestream values of the dependent variables, it must
hypothetically be maintained at the same value for both flows
in order to establish the separate effect of current
nonuniformity upon H. Applying Eq. (5) to the flowfields,
subtracting the two formulas, and neglecting higher-order
terms, the following expression for the difference between the
shape factors is obtained:

dA//9~^~dx
d0
~dx '—-+A0——dx dx J (6)

Because A// = A0 = 0 at x — x0 , Eq . (6) reduces to the form :

Additionally, the integral momentum equations for each
channel are identical, with the exception of the term $.
Therefore, it is also possible to write

A— = (x=x0) (8)

where it has been assumed that Cf is a function of the local
boundary-layer length scale, freestream conditions, and
magnetic field only, which will be justified subsequently.
With this relationship, Eq. (7) becomes

dA//
dx ' (x=x0) (9)

with the corresponding analytic dependence in the neigh-
borhood of xn

AH/H0=-(3/0)x=Xo(x-x0) (10)

In order to extend this dependence to cases where A/////
and A0/0 are small yet nonzero, Eq. (6) may be written

1 dA// 7 ^__[/^\^ /A0\d&t//-[
~H~dx~ +~dAdx~~l\~W)~dx +\~d)~~dx'\

Introducing the small term ir(x) [defined by the right-hand
side of Eq. (11) divided by <}], Eq. (11) becomes

1 dA// 1 dB
—-T- +-A—-H dx 9 dx (12)

Therefore, utilizing Eq. (8) (no pressure gradient or Cf terms
arise since Ad/6 is still small), this equation may be expressed

dA//
dx (13)
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Following the constraints that have been imposed upon the
growth of A0 and A//, the following expression is obtained by
integrating Eq. (13), if TT is negligible with respect to 0 ~ 7 (i.e.,
AH/H and A0/0 «1):

//=//0-exp-j dx (14)

The dependence of $ upon the local boundary layer and
electric field characteristics may be correlated with three-
dimensional calculations of the electric and current density
fields. Such results taken from Ref. 2 indicate that the
distribution of J(y) through an insulated sidewall boundary
layer is very nearly linear (i.e,, J(y} =2rj) over the inner half
of the layer and equal to the freestream from the midpoint to
the edge, resulting in the following expression for Eq. (2):

(15)

where X has been set equal to zero, since only specific wall
boundary layers (not circumferentially averaged) will be
computed.

Finally, the effect of electromagnetic fields on the skin
friction may be inferred from the theory developed by
Bradshaw3 which Argyropoulos et al.4 extended to include
compressible magneto-gasdynamic flows. Near the wall it is
possible to equate production and dissipation of turbulent
kinetic energy (and therefore turbulent shear stresses in the
Bradshaw model) and derive the following "energy" balance
for MHD wall flows:

r^-M-
2H x eaB (T}=03a, e2+82 \o/ (16)
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Fig. 1 Electrode wall skin friction distribution in a constant velocity
channel.
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Fig. 2 Sidewall skin friction distribution in a constant velocity
channel, fl = 4.0 tesla.

In the near-wall turbulent flow, it is possible to relate the
local turbulent stresses T to the physical location and the wall
shear through the following relationship:

= C,y*+C2 (17)

Additionally, it is generally correct to utilize the following
near-wall velocity profile:

(18)

The expressions employed here were evaluated in the buffer
region, inasmuch as Eq. (17) may be used with C2 =0, and the
power law velocity profile is valid with Cj and b constant.

Inserting Eqs. (17) and (18) into (16), the following
linearized solution for u* may be derived:
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Fig. 3 Sidewall skin friction distribution in a decelerating flow, K
= 4.0 tesla, y0.)oo = -0.6 A /cm2

where

2no
K=-—— x

3 pa i
vw ( L / 6 )

x _ . v , (20)

Boundary-layer computations for a large-scale channel5

(unit Reynolds number of 6x 106/m) with infinite electrode
segmentation have been carried with Eqs. (1, 14, 15, and 19).
Models for Cf and H in a variable pressure flow with ar-
bitrary wall temperature in the absence of electromagnetic
effects followed the classical development outlined in Ref. 1.

For an electrode wall exposed to varying B fields in a
uniform velocity channel, calculations are presented in Fig. 1.
The distribution of skin friction is shown for five values of the
magnetic field, ranging from 0 to 8 tesla. The value of the
constant K defined by Eq. (20) and used in Eq. (19) varies
considerably; however, the average value over the channel
length was approximately 35.0.

Along the sidewalls of a constant velocity channel, the
influence of $ upon the skin friction distribution is shown in
Fig. 2. The results are for a B field of 4.0 and freestream
current densities ^v< )oo of -0.2— - 1.0 A/cm2. The predomi-
nant feature of interest in these results is the degree and
manner by which the nonuniformity integral can reverse the
direction of the solutions when B (and thus $) become large.

Of primary importance is the interaction of all three effects
[i.e., C f ( B ) , 3, and //($)] in a general flowfield. The case
shown in Fig. 3 applies to a uniformly decelerating freestream
velocity (20% over the channel length) for a B field of 4.0 and
a freestream current density of -0.6 A/cm2. The four curves
present the calculated effect upon the skin friction of: 1) only
magnetic field, 2) magnetic field and <J, 3) magnetic field and
//($), and 4) magnetic field, 3 and //($).

The linearized analyses developed here illustrate the skin
friction modeling necessary to assure that MHD duct flow
calculations accurately reflect all relevant physical
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phenomena. Future development of strong interaction
theories awaits acquisition of more detailed experimental data
on conductive turbulent shear flows in the presence of
magnetic fields.
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Recombinations in the Decay of
Argon Plasma Jet Surrounded by

Ar, He, N2, and H2 Gases
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Nomenclature
= double probe current
= thermal conductivity
= Boltzmann constant
= mass of species /
= number density of species /
= collisional cross-section of the pair i—j
= cylindrical coordinate
= local thermal equilibrium temperature
= centerline temperature
= electron temperature
= heavy-particle temperature
= time
= ionization energy
= potential difference between the wires of double

probe
= cylindrical coordinate, cm
= degree of ionization
= correction factor

Subscripts

1
2
3

= argon atom
= argon ion
= electron
= infinite
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Introduction

WHEN a plasmajet is ejected into different surrounding
gases, the degree of ionization and temperature profiles

vary characteristically. Temperature and velocity fields
depend on the type of surrounding gas. An important aspect
of plasma chemistry is to investigate the decay of the cen-
terline temperature and mole fraction, or the variations of the
state of a recombination reaction.

Several authors have studied the interaction between a
plasmajet and a single surrounding gas. Grey et al.1 in-
vestigated the interaction between an atmospheric argon
plasmajet and a coaxial flow of helium gas at 500°R, and
attempted to analyze jet mixing and heat transfer. Smith et
al.2 ejected an argon plasmajet into atmospheric nitrogen gas
flow and optically measured the temperature of argon atoms
and nitrogen molecules, individually.

In this study, a laminar plasmajet is ejected into several
types of coaxial gas flows at low pressure. The decay of
centerline temperature and mole fraction are measured, and
the recombination reaction in the plasmajet is investigated.

Experimental
The plasmajet generator is located at the bottom of a

vacuum tank (0.5 m diamxl.5m length). The plasmajet is
ejected upward through a 20-mm-diam nozzle. A coaxial gas
flow is ejected upward through a coaxial nozzle of 40-mm
diam.3 The jet axis and the radius of the jet are denoted by x
and r, respectively, with the origin at the exit plane of the
plasmajet nozzle. The flow rates of the plasmajet and coaxial
gas flow are 4 and 111/min, respectively.

The d.c. plasmajet generator is constructed of an 8-mm-i.d.
copper anode nozzle and a 6-rnm-o.d. tungsten cathode rod.3

Argon gas is allowed to flow for 1/2 hr prior to and !/2 to 1 hr
following ignition to substitute for residual gas and to
stabilize the arc. Ar(100%), He(100%), N2(100%), or
H2(25%) + Ar (its purity is 10 ~ 4 ) is used for the coaxial flow.
In each case, the chamber pressure is kept constant at 307 Pa.

An electron temperature -Te was measured by a double
probe. The probe is constructed of two parallel platinum
wires (0.2 mm diam x 150 mm long, 2 mm separation) and a
support, which are insulated electrically from the plasma. The
probe can be traversed through the plasmajet. The current /
between the two wires is measured as a function of the
potential difference K and the position. The measured values
of the probe current are transformed to the r distribution
values by the well-known Abel integral equation; then we can
obtain the radial distribution of the electron temperature.4

A water-cooled 2-mm-i.d. tube is used as a sampling probe
to measure the mole fraction. Low gas sampling rates are
maintained in order not to affect the values of mole fraction.
The sampled gases are first drawn into a 3000-cc buffer bulb
and introduced into a measurement section; then its mole
fraction is measured by a gas chromatograph.

Theory
We calculate exact numerical solutions for the simple case

of argon coaxial flow using exact properties,5 and similarity
solutions for the other cases, using rather approximate values
for the properties.

Numerical solutions are based on conventional conservative
equations and assumptions; boundary-layer approximation,
ambipolar diffusion, no pressure gradient, and so on. Von
Mises transformation] is employed; convergence was rapid.
The initial conditions are given at * = 0.5 by observed r values
of dynamic pressure and electron temperature, etc.

For recombining flow, argon ion-electron recombination
rate in the species conservation equation is given by the or-
dinary three-body recombination:

Ar+ +e~ +e~-*Ar* +e~ (1)

and its rate constant is given by Hinnov et al.6 multiplied by


