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tional discharge at 1.5 Tesla and 745 amp and a diffuse dis-
charge at 1.53 Tesla and 1580 amp. Results for similar
conditions obtained with high-speed framing cameras have
also indicated the existence of a diffuse discharge at around
atmospheric pressure.2

The existence of diffuse discharges at atmospheric pressure
has been specifically investigated3 as part of a research pro-
gramme on the development of high power plasma torches for
industrial processes.4 The experimental set up comprised
two parallel copper co-axial electrodes with an outer electrode
bore of 20.8 mm and a radial separation of 8 mm in an axial
magnetic field of up to 1.75 Tesla. A pulsed d.c. supply of up
to 2100 amp was used of sufficient duration for the arc to
reach equilibrium conditions. Initial observations using a
high-speed framing camera indicated that the annular gap was
apparently filled with a diffuse discharge. Results obtained
with an optical probe indicated that the discharge became
diffuse at rotational frequencies of about 20,000 Hz.

It was decided that a conclusive test was to detect the mag-
netic field due to the discharge current using a coil probe. A
uniform diffuse discharge would produce no output voltage,
an unstable discharge fluctuating between a diffuse discharge
and a constricted discharge would produce an irregular out-
put. If the discharge remained constricted at all times a
regularly fluctuating output consistent over the whole range
including that over which optical methods indicated that the
arc was constricted should be obtained. Accordingly a
search coil with a ferrite core was constructed. The coil
comprised 86 turns of 42 SWG wire on a ferrite core 1.8 mm
diam and 2 mm long. The coil was mounted with its axis
midway between the electrodes and insulated from the dis-
charge by a thin sheet of mica and a boron nitride cap. The
optical probe was also mounted on the same support. An
oscilloscope with four separate input channels was used to
measure simultaneously the output from the two probes, the
arc voltage and the arc current.

The output from the search coil indicated that the discharge
remained constricted over the entire operating range. The
measurements of velocity and rotational frequency over the
lower range of rotational frequency were consistent with those
obtained with the optical probe. No evidence of a transition
was obtained.

The variation of arc velocity and rotational frequency with
the magnetic flux density at various values of arc current are
shown in Fig. 1, together with the measured value of velocity
obtained by Garrison and Smith. (The rotational frequency
is different due to. the variation in electrode geometry.) The
variation of arc voltage with magnetic flux density was
measured and the increase in arc voltage with arc current at
high currents noted by Garrison and Smith was also observed.
The results for the measured arc velocity using a magnetic
probe and the arc voltage have been compared with values of
arc velocity of discharges which were known to be constricted
and were found to be consistent with them8; no discontinuity
either in arc velocity or arc voltage, which might be expected
to occur at the transition from a constricted arc to a diffuse
arc occurred.

More recent results5 using a camera with a framing rate of
about 47,000 frames/sec and duration of exposure of 4 jusec
with a similar co-axial electrode arrangement indicate that
with a photographic system capable of high optical definition
a constricted arc in air can be defined under similar conditions
to those reported by the author and Garrison and Smith.

Various possible mechanisms for the persistence of lumi-
nescence of an arc exist. Acoustic measurements of the
decrease in arc temperature after arc interruption for arc
currents up to 25 amp in air at atmospheric pressure indicate
that the temperature decreases from about 6000° K to 4000° K
within 100 jusec after interruption of the arc current.6 The
effect of increase in arc current and electrode separation may
be expected to result in an increase in duration of the luminos-.

ity. The luminosity of an arc due to ionisation below about
4000° K is negligible.

An alternative possible mechanism for the persistence of the
luminosity of the discharge is the formation of active nitro-
gen.3 Although the lifetime of active nitrogen *can be in
excess of l/i hr at low pressures at atmospheric pressure its
lifetime will be greatly reduced, nevertheless the lifetime is
still sufficient to observe it as a jet when active nitrogen is
discharged from a vessel into air.7'8 The lifetime will, how-
ever, be further reduced by the presence of other gases and
may account for the ability to discern a constricted arc in air
with improved optical techniques, apparently not possible in
nitrogen alone.
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Laminar Convective Heat-Transfer
Rates on a Hemisphere Cylinder in
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Nomenclature
specific heat at constant pressure
linear viscosity relationship, (T^/^^/T*)
Davis' parameter [ji/(pmUmrn)]1/2

stagnation enthalpy
wall enthalpy
Cheng's parameter, pmrn/fAmUmC
freestream Mach number

PQ = total pressure
#«> = freestream pressure
Qo = stagnation point heat-transfer rate
$1-4 = heat-transfer rate at various surface positions (Fig. 3)
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rn = nose radius
Rem = freestream unit Reynolds number, poof/co/Ma
Rez — shock unit Reynolds number, p<JJm/M
s = surface distance measured from stagnation point
St0 = stagnation point Stanton number, Q0/pJJm(H0 — Hw)
TO — stagnation temperature
Tw = wall temperature
Tz = temperature behind a normal shock
T* = reference temperature, (T* + Tw)/2
£7 oo = freestream velocity
7 = ratio of specific heats
/AOO = freestream viscosity
p, = viscosity as a function of U^/Cp
M = viscosity as a function of conditions downstream of a

normal shock
.p* = viscosity as a function of T7*
poo = freestream density
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Fig. 2 Stagnation point heat-transfer rate data compared
with the viscous shock layer theory of Davis.

I. Introduction

EXPERIMENTAL results are presented for the stagnation
point heat-transfer rate and the heat-transfer rate dis-

tribution over a hemisphere-cylinder in hypersonic, rarefied
flow. Comparison is made with the higher order theories of
Cheng1 and Davis2 for the stagnation point heat-transfer rate
and the theory of Lees3 for the heat-transfer rate distribution.

II. Apparatus and Results

A 2-in.-diam hemisphere cylinder instrumented with steady-
state Garden4 heat transfer gages was tested in a hypersonic
low-density wind tunnel at AEDC (VKF Tunnel M). Both
a conical nozzle and a contoured nozzle were used in the in-
vestigation. Test section core diameter varies from 5-10 in.
Flow conditions and tabulated test results are given in Table
1. The data from the conical nozzle have been corrected for a
small source flow effect.

The modified boundary-layer theory of Fay and Riddell5

provides a very good prediction of real gas stagnation point
heating rates at altitudes for which slip effects (shock and wall)
may be neglected. The failure of this method at a lower
Reynolds number has been documented6 and confirmed by the
present results. At a very low Reynolds number the Fay-
Riddell theory estimates stagnation heating rates considerably
above experimental values, while at a moderate Reynolds
number, a slightly lower value is calculated.6 The purpose of
this note is to compare higher-order theories with new ex-
perimental data.

The thin shock layer theory of Cheng1 takes into account
heat conduction and viscous effects immediately behind the
bow shock. Direct application to the flow regime of the
present study should be possible. Cheng points out that the
analysis should fail when the continuum thin shock model
cannot be assumed. He proposed a region defined by the
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Stagnation point heat- transfer rate data compared
with Cheng's thin shock model.

as satisfying the basic assumptions employed in the analysis.
This parameter is related directly to a local Reynolds number
and inversely to the Knudsen number. The present experi-
mental results are compared with Cheng's calculation in Fig.
1. The Mach 9-12 data shown by Cheng are in good agree-
ment with his calculation for K2 > 10 but tends to fall below
his solution in the range of the present data as shown in Fig. 1.
Agreement between Cheng's theory and the present experi-
mental results is good when differences in density ratios are
taken into account. This correction follows the procedure of
Potter6 and illustrates the sensitivity of density ratio on heat
transfer in the stagnation region of blunt bodies. Data ob-
tained in a hypersonic shock tunnel7 with equilibrium air
ambient conditions indicate this same strong dependency.
The present data are within the data band of this earlier work.

A numerical method similar to Cheng's developed by Davis2

includes the separate and coupled influences of wall and shock
slip. Agreement between the results of Cheng and Davis is
quite good for calculations performed for the same flow and
boundary conditions. Numerical results were obtained using
a modified version of Davis' computer programf with the
conditions of no slip, wall slip, shock slip, and combined wall
and shock slip boundary conditions. Input data were the
average values from Table 1. The results are shown in Fig. 2.
The present data and theory are presented as a function of the
parameter
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290 < Reft, 31250 in.
TW/T0-0.10

-Lees' Theory (Ref. 3)
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Fig. 3 Surface
heat - transfer
rate distribution
on a hemisphere

cylinder.
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t Calculations were performed by E. O. Marchand, Special
Studies Group, Hypervelocity Branch, VKF, AEDC.
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Table 1 Flow conditions and test results

Po, To
atm °K
13 3100
15 2200
17 2830
13.5 2305
16 3250
15 4100
13 3100
12 4150
17 2830
15 2200
16 3250
13.5 2305
11 3510
19a 2900

Ho,
Btu/lbm

1615
1110
1460
1165
1700
2190
1615
2225
1460
1110
1700
1165
1850
1500

ZVJPo
0.10
0.14
0.11
0.14
0.10
0.08
0.11
0.08
0.12
0.14
0.10
0.14
0.09
0.11

Mm

21.1
21.4
21.5
21.4
21.4
21.3
21.3
20.8
21.4
21.4
21.3
21.3
20.9
18.15

Re*,
in.-1

450
810
640
690
490
350
450
290
640
810
490
690
360

1250
Test

Re*,
in."1

14.4
22.6
19
19.5
15.5
11.5
13.7
10.1
19.5
22.7
15.9
19.6
10.9
45

Oo, Btu/
ft2/sec
7.71
5.28
7.37
5.39
8.48

11.26
7.65

10.90
8.11
5.63
9.39
5.39
9.08

11.66

See Fig. 3
Sto

0.53
0.44
0.46
0.48
0.50
0.59
0.56
0.63
0.49
0.47
0.54
0.48
0.66
0.28

&/&
0.25
0.25
0.26
0.26
0.26
0.26
0.22
0.27
0.25
0.26
0.25
0.26
0.26
0.25

Q2/Qo
0.047
0.052
0.047
0.052
0.049
0.045
0.046
0.047
0.045
0.047
0.041
0.045
0.046
0.049

Qa/Qo

0.034
0.038
0.036
0.038
0.036
0.034
0.034
0.034
0.033
0.034
0.028
0.032
0.031
0.040

&/QO

0.029
0.028
0.026
0.028
0.024
0.027
0.025
0.030

Gas-Nitrogen
a Contoured .nozzle. All other data from conical nozzle.

It can be shown that the Davis parameter e2 is inversely pro-
portional to Cheng's parameter K2 and both are related to a
local Reynolds number. Cheng's calculation should be com-
pared with the solution of Davis' with the boundary condition
of shock slip alone. The utilization of coupled wall and shock
slip boundary condition results in an estimate substantially
below experimental results.

The heat-transfer rate distribution along the surface of the
model is shown in Fig. 3. Very good agreement with the
theoretical calculation of Lees3 using an inviscid method of
characteristics pressure distribution can be seen. This must
be considered fortuitous to some extent. In the present case,
both QQ and Q appear to be increased proportionally because
of induced pressure effects. This may not necessarily be true
at lower unit Reynolds numbers.

The present results indicate that higher order effects are
significant on stagnation point heating; rates in rarefied flow.
Available theories are not completely adequate for quantita-
tive estimates according to the present data. The conven-
tional technique of Lees3 for calculating heat-transfer rate
distribution appears to be adequate at these test condi-
tions.
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