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PREFACE

This is a final report for a project entitled
"Heat Transfer from an Ionized Gas to a Gaseous Coolant",

Work was sponsored by the Advanced Research Projects Agency
and performed under contract with the Office of Naval Research,
(Contract No. Nonr 1858{(31)) during the period February 1959

to 30 September 1962. During this period two semiaannuﬁl
reports(l), (2)*, nine quarterly letter reports, and four
technical reports (3), (4), (5), (6), were issued. This report
summarizes the material presented in these earlier reports

and generally presents the status of the project as of

30 September 1962,

The project has continued under the sponsorship of
the Aeronautical Research Laboratories, Wright-Patterson Air
Force Base, Contract No. AF33(657)9962. Some of the research
performed in the continuation study, included in this
report, were pertinent to the clarification of the earlier

work.

%

Numbers in parenthesis indicate references at the end of
the report.
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I. SUMMARY

Theoretical and experimental studies were made
of subsonic mixing between a partially-ionized gas jet and
a cool, coaxial gas flow. The gases studied were argon
and helium. Both turbulent and laminar mixing regimes
were investigated. In the turbulent mixing study, analytical
expressions were closely verified by experiment. In laminar
mixing, theoretical transport properties were computed and
used to analyze the laminar mixing case.

In the turbulent mixing experiments argon was
heated to temperatures up to 1u,000°K by a commercial arcjet
and exhausted as a 3/4-inch diameter jet into a coaxial flow
of helium at room temperature. A water-cooled calorimetric
probe 1/8-inch in diameter was developed and used to survey
the jet core and mixing regions for enthalpy, gas composition
and stagnation pressure. Temperature, velocity and composition
profiles of the jet and mixing region were obtained with
good accuracy, as indicated by detailed surveys providing
mass and energy balances of the jet. Good agreement between
measured data and analytical studies was obtained, with the
analysis correctly predicting the spreading boundaries of the
jet and the axial decay of energy, momentum, and argon
concentration.

In support of both the laminar and turbulent studies

8 detailed analysis of the approach to equilibrium of the
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jet was performed, and the radiation from the jet was
studied. It was concluded that electrons were close to
thermal equilibrium with other components of the jet in the
zone studied. An experimental determination of the
radiation loss confirmed theoretical estimates that between
5 and 10 per cent of the jet energy was lost by radiation

in the temperature range of interest.
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II. INTRODUCTION

The general purpose of this work was to
establish methods of dealing with the very high
temperature gas-gas interactions required by certain
advanced space propulsion concepts. Specifically,the effects
on conventional gas mixing and heat transfer theories of
(a) high ionized fraction, (b) high temperature gradients, (c)
electron equilibrium and (d) radiation from the jet were
investigated.

The work was performed to yield an understanding
of the basic transport phenomena and not with orientation
to any immediate application. Nevertheless, it is expected
that work accomplished in this study and in similar studies
will have eventual application in several advanced propulsion
systems.

One of the possible applications is the gaseous-
core nuclear rocket (e.g., see References(7), (8), (9)), in
which it is necessary to transfer energy from a heavily-
ionized,fissionable fuel plasma to a propellant gas such as
hydrogen or helium. Economic considerations require that
only very small leakage of fuel ions be allowed (7). Hence
it is essential that all the nuclear energy developed be
delivered to the light propellant gas, the ionized fuel
being retained by magnetic fields, centrifugal separation,
or some combination of these effects. Performance of these

powerplants is therefore dictated by the energy-exchange



- 12 -

processes between the ionized fuel atoms and the propellant
gas.

A second application occurs in case it becomes
necessary to obtain short-term high thrust levels from a
low-thrust, high-specific impulse propulsion system (e.g.,
thermal arcjet). This can most easily be done by diluting
the high-energy jet with additional cold propellant, thus
reducing the effective exhaust velocity but increasing the
thrust. Here the attainable performance is a critical
function of the mixing process between cold and hot gases,

A third application, which may turn out to be
the most important, is the film cooling of chambers for
extreme-energy propulsion systems., These would be either
of the gaseous-core nuclear type discussed earlier, or,
possibly, magnetohydrodynamic accelerators using high-temperature
ionized gases.

In general, it is often necessary to know the
characteristics of extreme-temperature gas flows. Rocket
exhaust nozzles at the low pressures required for space
operations, arcjet engine exhausts, low-pressure flows
through heat-transfer-type nuclear reactor cores slated
for space propulsion systems, etc. are examples of non-
equilibrium flows whose analysis is not yet possible because

of a lack of high-temperature gas data.
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III, THEORY AND ANALYSIS

A. Turbulent Mixing

1. Introduction
History
After the initial work of 0. Reynolds in 1883

on the laws of instability of streamline motion and the
basic ideas of turbulent flow, the first major study of
turbulence was due to G. I. Taylor (10) in his 1920 paper
"Diffusion by Continuous Movement", However, this theory
treats only the case of isotropic turbulence and cannot be
used on even relatively simple flow problems with any great
degree of success.

In contrast to Taylor's statistical approach,
certain phenomenological theories were later developed, the
best known of these being the mixing length theory due to
L. Prandtl (11). Tollmeim (12), in 1926, applied the Prandtl
mixing length theory to the following incompressible cases:
(a) The mixing of a narallel stream with an adjacent fluid
at rest, (b) The mixing of a two-dimensional jet, issuing
from a very narrow opening, with a medium at rest.

In 1941 Reichardt (13) introduced the "constant
exchange-coefficient" theory as an improvement upon the
Prandtl "mixing length" theory. This essentially corresponds
to the assumption of a constant exchange coefficient over the

entire mixing region of a free jet. All the above work
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considered the case of incompressible turbulent mixing
of a single medium, and was therefore concerned only with
momentum transfer.

Experimental work by Forstall and Shapiro (14)
on the mixing of a free jet with an external gas of a
different type then showed that the transport of specie
concentration occurs more rapidly than does the transport
of momentum. W. Warren (15) in 1957 further extended the
study of free turbulent mixing, using an integral analysis
of a compressible, heated jet issuing into a medium at rest.
As a result of comments by Prandtl (16) on the Reichardt "constan
exchange coefficient" theory, a "modified exchange-coefficient"
concept was employed. This concept requires the exchange
coefficient to be constant across a given axial station
but to vary with axial position. Agreement with the data of
Corrsin and Uberoi (17) for axial temperature decay, jet
temperature spreading, axial velocity decay, and jet velocity
spreading was excellent., However, the temperature range
was quite small , extending only about 500°R from the room
temperature reference. This study was done for subsonic
and supersonic jets with both primary and secondary gases
of the same species. Velocity and temperature profiles were
also measured at various axial positions.

Existing Phenomenological Theories
The study of turbulent flow problems generally
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requires the application of one of the following semi-
empirical theories:
1., Momentum transfer theory due to Prandtl.

2. Modified vorticity transfer theory due to
Taylor.

3. One of the various exchange coefficient
theories due primarily to Reichardt.

The basic purpose of each of these theories is
to relate the turbulent shear mechanism to mean flow
properties so that the differential or integral equations
describing the problem may be solved. In a sense each of
these theories is somewhat unrealistic (i.e., it has been
experimentally verified (1%), (15), (17), (13), (19), (20)
that both the mixing length and the exchange coefficient
vary over the flow field), although certain modificagions
of these ideas can produce reasonably good results.

Prandtl's momentum transfer'theory is based on the
hypothesis that a quantity of fluid moves through a stream
region as an entity, retaining its original momentum until
it traverses one "mixing length". At this point, the fluid
then mixes with the surrounding fluid, causing a local velocity
fluctuation proportional to the differenég between the
initial and final mean flow velocities. This theory suffers
from the major drawback that it predicts similar rates of
transfer of momentum and energy, whereas experimental
investigations (14), (15), (17), (18) show that ehergy transfer

is more rapid than that of momentum.
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The general vorticity transfer theory simply
assumes vorticity to be conserved through the mixing process.
Since no practical calculations can be made on this basis,
Taylor proposed a modified vorticity transfer theory which
is essentially the same as the Prandtl theory except that
we are now concerned with vorticity instead of momentum
components. This theory does predict different spreading
characteristics for velocity and temperature, but does not
give prediction of profiles which are in as good agreement
with experiment as does the momentum transfer theory.

The constant-exchange-coefficient theory and its
modifications suffer from lack of physical interpretation,
but seem to give by far the best agreement with experiment (15),

In all three theories the turbulent shear stress
is written 17“t9§g°(by analogy to T= U492 in the laminar
case) where ¢ = gas density, fﬁ? = mean velocity gradient,
and v = turbulent shear stress. The fundamental question
concerns the nature of €, which, unlike the viscosity ¥ 1in
laminar flow, is not a simple property of the fluid. Notice
the dimensional equivalence of € to a kinematic viscosity.
This quantity is described by the theories in question as
follows:

& g
1. Momentum transfer theory: ﬁ"l-f%?

t
which makes T~ (5‘%)
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2. Modified vorticity transfer theory: é?:nl‘fﬁ;(v'%%>

v ¢ O -, .
Thus T = )Lz/’j-fj');('”f—)’%) « However, T is still

<L
proportional essentially to(ﬂ%) y Wwith an additional
second derivative term which is usually quite small.

3. Modified Exchange Coefficient Theory: &:v\R:uc

where U: is the centerline value of the velocity at

a given axial location and‘R:z~R:(§) = the outer
momentum jet boundary. The basic point here is thatT
is linearly proportional to &% . This expression,
simple as it is, seems to provide best agreement

with experimental results,

2, Analysis

There are three well-known analytical methods
for the study of mixing in a turbuient free jet. The first
method is a point-source diffusion of momentum, mass, and
temperature. This method is only valid for large downstream
distances (18) and hence is not applicable in the regions of
greatest interest near and around the nozzle exit.

The second method involves a solution of the boundary
layer form of the Navier-Stokes equations, using one of the
various transport theories to relate the turbulent shear stress
to the other flow properties. These transport theories are:

(a) Momentum transport, using the mixing
length concept,

(b) Vorticity transport, using a similar
mixing length concept.
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(c) Exchange coefficient theory, using
a form analogous to thermal conduction
and diffusion for turbulent momentum
transfer.
(d) Von Karman similarity theory (21).
(e) Statistical theory (10), (21).
The third method involves the solution of a set of
integral equations of the von Karman type (22).
0f the three methods, the last is by far the simplest
and most applicable to the present study. The integral
analysis leads to a series of simultaneous integro-differential
equations which present relatively minor mathematical
difficulties (23), (24) compared to the basically non-linear
Navier-Stokes equations. The integral analysis, of course,
suffers from the disadvantage that while differential equations
require only certain boundary values, the integral equations
require both boundary values and specification of a set of
initial profiles for the field variables. However, since the
various profiles were measured with excellent accuracy
(see data to follow) and since integral analyses are generally
quite insensitive to the shape of the initial profiles (19),

the choice of the integral method appeared justified.

Equations of Turbulent Mixing

We now consider the rather general problem of
the subsonic turbulent mixing of a partially-ionized gas with
a cool gas stream under conditions of axial symmetry as shown
in Figure 1. The equations presented here in final, non-

dimensional form are derived in Reference 5. Quantities
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are defined in the List of Symbols, Section V-F
1. Argon - Argon Ion - Electron Continuity
P\T

o Rs |
N ere oy A |
%[F(C.G)E]RAR T fal [cu] R4R

ot L ©
2. Helium Diffusion: ¢
Rc ] c i
9| eV pur=| LRe Je |
ot e ©NgeNse OR|RaRE
3. Momentum: .
Re Re ER JY
i) RAR-?\'J #URdR+L © OR
c)§ S ()g "g NM R’RO
4, Energz:e °
13 & 2
= [runco) Rar= Ro (:e) ‘
o > NaeNeg dR Rﬁ 2 \atif! 5
5. Spreading Relations:
£ (4
E.L. = |+ ﬂ.g _B_g__:. “"glg
o o
Assumptions
The following assumptions were used in the
analysis.

Each assumption is followed by a statement of its
justification.

1. No Pressure Gradients:

The pressure in a free
jet of low subsonic flow is essentially constant.

2. Equilibrium:

This assumption is necessary in

order to (a) calculate a temperature and (b) allow the use

of an equation of state for the multicomponent gas.
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Justification for use of the equilibrium condition is given
in Section III-C.

3. No External Body Forces: There were no electric

or magnetic fields applied to the flow, and the effects of
gravity were certainly negligible.

4., Steady: Although not applicable on a small time
scale, time-averaged quantities were considered steady. This
was experimentally verified by comparing integrated
instantaneous data records with time-averaged values.

5. Argon Singly-Jonized Only: The temperatures

were much too low for the appearance of appreciable doubly-
ionized argon (25), (26).

6. Helium Does Not Ionize: The temperatures were

also too low for ionization of helium.

7. Neutral Plasma: Since the argon was singly-

ionized only, and there were no fields present to cause

charge separation, the number of positively-charged ions

was equal to the number of negatively-charged electrons in
every region of the flow. The Debye length was much smaller
than the characteristic dimension for temperatures of interest.

8. Perfect Gas: At the low particle density

prevailing, the accuracy of this assumption was at least
as good as that of the measurements.

9. "Incompressible™ Fluid: Mach number < 0.1,

Thus the test medium was a variable-density (due to temperature

and concentration changes) "incompressible" fluid.
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10. Stggnation Temperature Equal to Static

Temperature; Again, Mach number < 0.1.

11. Prandtl and Schmidt Numbers Less Then Unity:

This was required by the form of the spreading relations.
Experimental data have justified this assumption. Also see
(14), (15) and Table 3.

12. Frozen Flow Between Boundaries: This condition

did not actually exist, but because the different boundaries
were so very close to each other, as verified by experiment,
the effects of changes between the boundaries may be neglected.

13. Axially Symmetric Flow: This was verified

experimentally,

14, Profiles in the Mixing Region were Similar:

See (27) and (19). It should, however, be pointed out here
that the profiles were definitely dissimilar in the so called
"potential core" near the jet exit, and the similarity
assumption was therefore not used in the potential core.
Experimental profiles in the main mixing region were observed
to be strikingly similar.

15. Inertial Frame of Reference: The boundaries

which determine the frame of reference were fixed (i.e,, did
not accelerate).

16. Profiles May be Represented by Cosine Functions:

See (27) and (19). Further, the experimentally-observed
profiles (see data) were in reasonable agreement with this

assumption.
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17. Shear Work Term Negligible in Energy Equation:

An order-of-magnitude analysis demonstrated that this term
was 10~ 3of the conduction terms.

18. No Chemical Effects Other than Ionization:

Both argon and helium are inert, monatomic gases and the
impurity level was too low to require consideration.

19. Radiation was neglected as a Mode of Energy

Transfer: This is discussed in Seection III-D.

20. Reichardt Theory was Used: As discussed

earlier, this model appeared to provide the best agreement
with experiment (15).
As a result of these conditions, the problem

essentially represents an extension of the previous work
in the field of turbulent mixing in several ways:

(a) Variations in composition, temperature,
and velocity were considered simultaneously.

(b) Effects of ionization, very high temperature,
and extreme temperature gradient were examined.

(¢) Plasma-to-gas heat transfer was significant.

Nature of The Solution:

A detailed description of the numerical
solution on the IBM 1620 and Control Data Corporation 1604
computers is given in Reference (5). The basic concepts of

this solution are considered here.



- 23 -

Due to the immense mathematical difficulties
associated with even the simplest description of multi-
component turbulent mixing, a closed-form analytical
description is practically impossible without recourse
to rather unrealistic assumptions (23), (28). Thus, a
method requiring a numerical solution on high-speed digital
electronic computers was employed. While numerical solutions
do suffer from the difficulty that no direct functional
dependence can be obtained, it must be realized that at
present the knowledge of turbulent transfer processes at
very high temperzture is quite meager and realistic functional
solutions do not appear to be possible.

The fundamental method of solution of the integral
equations was by successive Weddle-rule numerical integrations
(29) of variables with respect to the radial coordinate at
a fixed axial coordinate (see Reference (5)). Initial
profiles (i.e., at the nozzle exit, x = 0) must be specified*.
From this start, the equations result in a matrix of derivatives
of the field variables with respect to the axial coordinate,
The coefficients of the matrix are themselves integrals in
the radial coordinate whose upper limit is one of three

outer jet boundaries. These boundaries are unknown functions

These initial profiles were obtained from the experimental
measurements, Other experimental inputs necessary to obtain
the solutions appear in Table I.
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of axial position but do obey the boundary condition that

they all shall be unity (i.e., the non-dimensional equivalent

of the physicai nozzle radius) at the nozzle exit § = 0.

With these initial constraints, the first set of derivatives

may be calculated, and upon application of the Runge-Kutta

technique, new properties at‘k =A$‘ are determined. There

are six equations in the six dimensionless unknowns:

(a)

(b)

(e)

(d)

(e)

(£)

Helium concentration, C

He

Velocity/(Velocity on the centerline at
x =0), V

Temperature/(Temperature on the centerline

and at

(Outer
nozzle

(Outer

(OQuter

x = 0), ©

concentration boundary)/(Primary
radius), R

momentum boundary)/(Primary nozzle radius),W

€
energy boundary)/(Primary nozzle radius),Re

Thus the solution is uniquely determined provided the equations

are independent. This solution at § z AS. then yields new

values for the upper limits of the integral coefficients and

the solution continues to propagate along the axial coordinate,

continuously calculating new values for the field variables

¢, u, and ©,

The region of interest for such solutions was

within R = 4+ 2 and for ; ( X /nozzle radius) from zero to

eight, Beyond 5 = 8 the jet was essentially decayed.

The Matrix

Upon differentiating the integral equations

within the integrals themselves (using Leibniz's Rule) a
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resulting set of integro-differential equations was obtained

of the form (see Equation B-47, Reference (5)).

Qe 0( )+ Gy 1(2_2)4 4 ¥ 3(.3-.?‘-.)+ Q, ¢(%%L)+ O =05
a.z,t(g.g.‘)+ Qap (%%&)4— am(g_?_)+az‘4 dRo )’. 0=WU,s

Qs "3%)* as.z(ﬁ%“)tas.i(%%)*as.'l %{2‘) +0=Qss
Qi ( U‘)+0.4 2 (d C“)fﬂ.«l 3( de}»a,,, ( __%&.)+0_4,5 (d_.g_‘)(.d.Rgz.). (W)

where U= U.(R‘R:)U;(g) C€,= CI(R)RO)C2(5> © "en(R)R:)ez(S)

Inspection of this matrix immediately indicates a
d© dRs
non-linearity due t» the presence of the term in (-a-g—)(_d.gﬂ.)
However, this set is in fact "quasi-linear", that is, if we
apply Cramer's Rule to the first three equations (i.e., striking
out the fourth row and fifth column) there exists a set of
three equations in four unknowns. While this is indeterminate,
by using the methods given in Reference (5) one may solve for
( U) ( e") and (9% in terms of linear combinations of( Rq)
d y\v 4 d d
Then, upon substitution of these relations into the fourth

equation, all terms are linear ir(g-g.i}except for the fourth,

which is quadratic in L%%ﬁ“) Hence(%%)is now the unknown
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in a simple quadratic equation and may readily be computed
in terms of the various integral coefficients (see Equation
B-56, Reference (5)).

Nevertheless, as(%{?)s now the solution to an
algebraic quadratic equation, there are in general two
distinct roots. However, as there is dissipative shear
between the high-velocity primary jet and the low-velocity
secondary jet, the primary jet must accelerate the secondary
flow at the expense of its own momentum. Acceleration of
the secondary flow to a velocity greater than Ua, , which
was its initial value, insures an outward spread of velocity.
Since the velocity boundary is defined as the locus of
points nearest to the centerline at which U= Ues , it is
clear that in all physical situations R% must increase
with axiwl pusition, Thus the only physically significant
solution is that which has a positive value for({%@?) .

However, there are still two problems to be
considered. The first of these is the possibility that both
roots are positive numbers. Fortunately, this did not occur
in any of the numerical solutions despite the use of a wide
range of input parameters. This does not, however, preclude
such a possibility. The physical interpretation of a doubly-
positive set of roots is not clear, and may be worthy of

further investigation.
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A second difficulty which did appear in a few of
the numerical solutions concerns the discriminant%{Llﬁuhiﬂ
..._ﬂ(¢‘,7,) of the quadratic (Equation B-56, Reference (5)).
I1f 4[5>d the root is imaginary, and (-d-%), and therefore
all the other axial derivatives of the field variables,
become complex numbers with an imaginary part. Since such
results (i.e., complex values of velocity, temperature and
concentration) appear to have no direct physical significance,
such solutions were considered meaningless. The physical
interpretation of these solutions may also bear further study.

The stability, or presence of "meaningful" solutions
in the sense of the above discussion, is related to the
integral coefficients which are correspondingly related to
various input parameters. Since the purpose of the
analytical study was primarily to furnish information on
the nature of the turbulent mixing process, a complete
investigation of "meaningless" or "unstable" solutions has
not been performed. However, certain broad and rather
significant conclusions may be drawn:

1. The boundaries must be reasonably close to
each other. Whenever large values of A1 or A2were used
(corresponding to boundaries greatly separated at reasonable
axial positions) solutions were of the "unstable" type.

This might well be the result of severe violation of the

assumption of frozen flow between the boundaries.
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2. Large values of the forcing functions; i.e.,
small values of the equivalent turbulent Reynolds numbers,
resulted in "unstable" solutions,

3. Excessive dominance of any one transfer
process (i.e., material diffusion, momentum transport, or
turbulent heat transfer) expressed via the driving parameter,
resulted in "unstable" solutions. Specifically, "unstable"
solutions were found to occur whenever

(a) R, > 0.0080
Az> 0.0100

(b) Nge > Nte Nen = Ny « 200
NR&r < 200

N‘Re NPR = NP& < 200

(c) Cases in which any one of the parameters
Ny » Neeq, Nee differed by
more than a factor of 10 from any other,
The accuracy of a numerical solution, particularly
those involving repeated numerical integration schemes and
the Runge-Kutta method,is always subject to question. The
best method of checking the extent or at least the nature
of the error is by using finer and finer increments. It was
found that variation of increment or "mesh" size over an
order of magnitude had no effect on the solution beyond the
fifth digit after the decimal point. This excellent accuracy
was probably due to the smooth, monotonic, single-valued

nature of all the various functions employed.
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Finally, the assumption of "similar solutions"
(i.e., functionally similar, affinely related profiles)
for the field variables must be considered. The work of
Squire and Trouncer (27) indicates that the solutions are
similar in the mixing region, but are not similar in the
potential core., This was observed experimentally. Thus,
in order to obtain a more physically reasonable solution
it was necessary to include a potential core. However, as
the number of available equations had been exhausted,
it was necessary to do this empirically. Reduced experimental
data provided the necessary information. This somewhat
arbitrary constraint was then included in the program for
the numerical solution. Comparison of results with and
without a potential core indicated that there was little
or no effect on spreading, although there was observed the
anticipated effect upon both initial radial profiles and
initial axial decay. To provide a bit more generality,
the length of the cone-shaped core was allowed to vary.
This variation had little effect on the nature of the
radial spreading of velocity, concentration, and temperature.

The numerical results of this analysis and their
comparison with experimental data are given later in
Section IV.

B. Laminar Transport Properties
Considerable theoretical study and analysis of

the transport properties for helium and ionized argon
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mixtures was performed during the contract period. This
work is shortly to be completed, and a technical report
presenting the analysis and results will be issued at
that time. An introductory statement of the problem and
the methods of attack are Presented here. Figures 2 and 3
show the results of viscosity calculations (typical of the
general class of transport property results to appear in the
forthcoming technical report.)

1. The Problem

The problem considered here is the determination

of the viscosity, thermal conductivity, diffusion, and
thermal diffusion coefficients of argon-helium mixtures
at temperatures up to 15,000°K and pressures around one
atmosphere. At the high temperature end of this region, a
considerable fraction of the argon is singly ionized. The
helium, having a much higher ionization potential, can be
considered as inert. The fraction of doubly ionized argon
is negligible.

2., Composition

Since the mole fraction of argon atoms or ions

with ercited electronic states is always small compared to the
mole fraction in their ground states, the composition of
the mixture could be considered as a four component system

consisting of the following:
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(2) Argon atoms (ground state)

(b) Argon ions (singly ionized in their
ground state)

(¢) Electrons

(d) Helium atoms (ground state)

The system was also considered to be in thermal
equilibrium, as will be discussed in III-C. The mole
fractions of argon neutrals, argon ions and electrons was
obtained from the statistical mechanics computation of (30)

and (31) using the expressions

;3 = 2.309 x 10‘5(1)T2‘551exp (2.828 105)
a \P . T
where P = pressure in atmospheres
T = temperature in °x
Xe = mole fraction of electrons or argocn ions
Xa = mole fraction of argon neutrals

This is essentially the Saha equation with empirical

corrections for the effect of the electronic partition functions.
It should be pointed out that an uncertainty in the results
exists because of the arbitrary position of the cutoff in

the argon electronic partition function. This uncertainty is
not large, however,and is not felt to appreciably affect the
subsequent calculation of the transport properties.

3. Transport Property Theories
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The difficulties encountered in the calculation

of transport properties can be grouped into three types:

(a) The obtaining of a suitable theory.

(b) The obtaining of the physical information
needed by the theory; e.g., collision cross sections,

(c) Carrying out the complex calculations.

The theories for the computation of transport
properties can be divided into two groups, the formal or
"exact" theories and the admittedly approximate ones. For
any exact theory, and probably for the approximate ones, the
labor of computing the transport properties of multicomponent
mixtures is so enormous that the use of electronic computers
is essential. All the computations were performed on an IBM
1620 digital computer.

Obtaining the physical information used by the
theory is usually the most difficult part of the entire
procedure. Since the information is usually fragmentary
or unavailable, considerable personal judgment enters into
this phase. As an illustration of the possible difficulties
in the interaction of an argon atom with an argon ion at
energies corresponding to the temperatures of interest
(1 to 2 electron volts), the long-range polarization force
is not important, but it is nevertheless considered so in

certain references.
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In the computation of the transport properties
of an ionized or partially ionized gas the difficulty of
obtaining a suitable theory arises, For neutral rare
gases at temperatures and pressures where they are nearly
perfect gases, the transport properties can be rather
accurately computed by the use of the Chapman-Enskog theory
(32, 33). The mechanics of using this theory have been
so developed (33) that its use by engineers in accurate
computation of transport properties is nearly universal,
Unfortunately in applying this technique to ionized and
partially ionized gases, problems arise which at the very
least make the computations more difficult, and perhaps throw
the reliability of the entire method in doubt.

The Chapman-Enskog method is derived from the
Boltzmann equation in which the collision term considers
only binary collisions. It is assumed that during most
of the time a particle exists it is far enough from the
other particles that the effect of their intermolecular
force fields on the trajectory of the particle is negligible.
Then events occur in which two particles pass so close
together that we can say an encounter or collision has
occurred. It is assumed that the likelihood that three or
more particles will be close enough to significantly
influence each other's paths is negligible compared to the

two-body collisions. The derivation of the Chapman-Enskog
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theory leads to the "collision cross sections" and "collision
integrals" by which the specific intermolecular forces enter
into the computations: When thz coulombic potential is
introduced, the collision cross sections and collision
integrals become divergent as the integration is extended to
large "impact parameters" (the minimum distance the two
particles would approach one another if their paths had

not been deflected). This is overcome in (32) by cutting
off the integration at the mean interparticle distance,

It is probably more accurate to use the Debye length as

the cutoff.

This difficulty is, however, symptomatic of the
unusual properties of the Coulomb potential. This potential
falls ¢ °f so slowly compared to the usual intermolecular
potentia’ . that the cumulative effects of long-range weak
interactions on\the trajectory of a charged particle are
greater than the effect of "collisions" (34, 35). The
differences in the behavior of plasmas, even without
externally applied electric and magnetic fields, from that
of ordinary gases is so great that a new kinetic theory is
really needed to deal with them. Since this has not been
developed to the point that it can be used to compute
transp-irt properties, ordinary kinetic theory with suitable

alterations was used.
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A second difficulty with the Chapman-Enskog
method is that almost all computations use only the lowest
approximation in the variational scheme of (33). This is
usually sufficient to give excellent results, but for
plasmas, at least a second approximation should be made for
the diffusion coefficients (36, 37).
In an ordinary gas the only important characteristic
distance is the mean interparticle distance. In a plasma
the important characteristic distances are
(a) The mean impact parameter for a 90°def1ecti0n,P
(b) The mean interparticle distance d.
(c) The Debye length i .
For most plasmas of interest,
po << d << A
Out to P, the collisions are of the strong-encounter, two-
body type considered in ordinary gases. Beyond the Debye
length the effect of a particle is assumed to be shielded,
and particles beyond are assumed not to have an effect in
the computation of transport properties (34). The important
regions are between the Debye length and the mean interparticle
distance and between this distance and Pye To handle this
weak interaction successfully, a model has been developed which
uses instead of the ordinary Boltzmann equation with a binary-
encounter collision term, a Boltzmann equation with a special

collision term supposedly more suitable, called the Fokker-
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Planck equation (34, 35), This has been used thus far to
compute the transport properties of fully ionized gases.
When the results are compared to those of the Chapman-
Enskog theory, suitably carried out to enough approximations
(37), similar results are found,

There are numerous approximate schemes for
computing transport properties based on mean free path
concepts, etc., which may or may not use refinements like
persistance-of-motion corrections. It is generally known
that these methods can be fairly successful for viscosity
and thermal conductivity calculations, but are poor for
diffusion. A "Relaxation Time" method was used in the
present analysis for the computation of viscosity. The
results agree fairly well with results of the complex

Chapman-Enskog method, as can be seen from Figures 2 and 3.
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C. Arcjet Equilibrium
. Intfroduction
The stete of & fluld In & region cen not be in equilibrium

if there are finite gradients ot temperature, composition, or velocity.
The equilibrium stete for & fluld in @ small region, nonetheless containing
meny molecules, is that stete the fluid would eventually approach were
it suddenly isolated. For o gresat number of problems the actuel values
of quantities such as density, mole froctions, transiational energy,
Internal energy, etc. ure negliglibly ditferent from equilibrium values
s0 thot these flows are culled "equlilibrium" tiows, One could relax
the critarie to &8ll flows in which the ditferences from equllibrium
worg st most only a few percent from equilibrium values. The letter

criterion is the one used in this work.

2. Problem

The problem considered here is whether the argon plasmu
generated in o plesmajet under certain conditions is in equilibrium
as it leaves the no-zle ot the plasmejet, and if it remains in
equilibrium os It Is rapidily cooled in the mixing reglon downstreom,
The tlow Is ot low subsonic Mach numbers, and thus is ot amblient (in
this cese atmospheric) pressure., The pesk temperature of the jet
leaving the nozzle is about [4,000°K.

Two modes of operation are considered, turbulent &ng
laminor. In the former cose peak flow velocities ore sbout 500 f+/sec,
moss flows around 4 x 10™> ib/sec, current sbout 2000 omp, and voltages

sbout 30 voits., The nozzles used had & length of eight Inches from
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the arc to the nozzle exit. In the laminar case the velocities
are much lower, the flow rates about 5 x 10~4 Ib/sec, the current
sbout 500 amp, ond the voltages obout 25 veits. The nozzles used
are sbout | 1/2 inches tong. Thus the times spent in traveling
between the arc and the nozzle exit are about thé same in both
cases. The gradlents in the mixing region will be more severe in
the turbulent ¢low; hence "equilibrium" of the turbulent jet is
the limiting case. Equilibrium of the turbulent jet was Investi-
gated in Ret., (2). This analysis is an improvement of the trest-
ment used therein.

For this problem the criteria for equilibrium cen
be stated (39) as:

Are the mole fractions ot argon neutrsls, argon ions,
and electrons near equilibrium?

Are the electron and ion temperatures close?

Are the populations ot the excited electronic states
neor equllibrium?

The concept of different slectron and heavy=-particle
temperatures results fram the extreme ineffectiveness of energy
transter In electron-heavy perticle elastic collisions compered
to that In collisions between particies of equal mass. The electrons
raplidly attain a near-Mexwellian distribution atter 2 tew electron-
electron coliisions, and the heavy paerticles aiso attaln a neer-
Maxwellion distribution efter & tew heavy particle~heavy particle
collisions, However, the two distributions can correspond to ditferent
temperatures, colled the electron and the heavy=-particle temperstures

respectively. It tekes the order ot 40,000 electron-hesvy particle
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collisions to "thermalize" an electron,

3. The Physical Processes

Energy Is added to the gas as it pesses through o
DC wrc struck between a tungsten cathode and a copper anode. Both
electrodes ore internaily weter cooled. Almost the entire current
consists of electrons. It is believed that the electrons are
thermionically emitted from the cathode. Note that a current of
2000 omperes corresponds to sbout 1022 glectrons/sec.

The energy of the arc first goes into Incressing
the electron translational energy. Many ions may be formed by the
electrons in the arc and many are formed by thermal ionization
downstreom of the arc. At argon tlow rates of 4 x 107> 1b/sec
the number of lons that must be created for & 15,000°K jet In
equilibrium is 2.6 x I022/soc. It Is clear that becouse there |s
alwoys such a large number of electrons present, stom-etom lonization
will be negligible compared to electron-atom ionlzetion., It will be
shown that thermal ionlzation by electrons is suftticient to
produce the required number of ions.

The cross section for the lonlzetion of & ground state
argon etom by an electron is fairly well known. Fox (40) and Tozer
wnd Craggs (4!) show aroughly linear rise in cross-section from a
threshold ot the ionizetion potential, Petschek and Byron ( 39) use
& cross-section with o threshold at the criticel potential, 11.5
electron=volts, This they attribute to a multiple-stege lonizetion

process. The lowar number of atoms in the excited states |s balanced
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by the Incressed number of electrons capable of ionlzing the excited
stetes os compered to the ground state. The cross section for
ionlzaetion of an exclted state is probably higher than that for the ground
stete (42). For en optically thin plasme the excited stom populations
could be much smaller than the equilibrium values because of the
relative decrease in radiotive exclitations as compsred with radiative
decoy of the excited stetes. In this case, collisional excitetion
must be suffigient so that the spontaneous radiative decey does not
depopulate the exclited levels. Typical litetimes for the excited
stotes before radiative decay are 107 to 1078 sec. (43). This is
short. However, there are ot least two mechanisms which Increzse the
eftfective litetimes: tirst, argon has merastsble excited states, ond
second, under the conditions of the problem the "mean free path"

of resonance radistion is extremely small. Thus the energy must be
possed from atom to atom before lesving the plasmo, and it therefore
eppeors likely that most ionlzation will occur via at least a two-
step process.

The icnlzation process removes 15.75 electron-volts
per lon trom the transiational energy of the electrons. It is
reasonsbie to believe that the bulk of the electrons will not have
energlies vbove the critical potentizl of argon, (1.5 electron=-vwoits,
due to inelastic collisions, and hence it Is quite conservative to
conslder that electrons lose their transiotionsl energy (from 1.5
electron~volts to thermal energies) only by elestic collisions.

The electron=lon cross section Is so much larger then the @lectron-
atom cross section that we mey ignore energy ftransfer by the latter-

type collisions, It has been computed(44) that at only 0.15
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lonizetion, el:ctron-ion energy transfer by elastic collision is
equal to the electron-atom energy transtfer.

In the mixing region ot the case under consideration,
energy Is lost by the heavy particles to the atoms of & cool outer
hefium tlow. The electrons must transter their energy to the atoms

or tons in order to keep the electron temperature close to the

heavy perticle tempersture. As the temperature talls, the equilibrium

concentration of electrons talils, requiring that the electrons
recombine with the lons. Unfortunately, even todey the subject of
electronic recombination in rare gases is not well understood.
Physicists hove devoted & greut deal of effort to this subject,
but all too often their results contuse rather than clarity,
As on illustration of the difticulties, 20 yesrs ago the accepted
raote of recombination in argon was {/1000 the presently accepted
value, The rate of recombination Iis usually given by

Ane . . «Ne Ni,‘“'ol“:( Ne=nN. , quasineutrality condition).
Thefotcurblnaﬂon coetficlent, o , is a strong tunction of the
tempersture and also o function of the electron density. Most of
the measurements of oC were at low temperotures and low electron
densities. Drestic extrapolations sre needed to obtain values
tor plasmo jet conditions,

Even if occurate experimental values of the

recombination coefticient for the conditions of interest existed,

It would still be of great value to know the type of mechenisms

predominating. If the energy released by the recombination does
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not go back into electron kinetic energy, but is either lost to
the plasms by radiant emission or goes into heavy particle kinetic
energy, the electron temperature vill more closely follow the
heavy particle temperature.

The presently zccepted recombination mechanisms for
ergon are: (8) rodiotive recombination, (b) dielectronic recombination,
{c) dissociative recombination, end (d) three body recombinotion,
Radietive recombination involves the collision of an electron and o
positive lon with the radiative emission of energy. This mechanism
has been studied using quantum mechanics. For the hydrogen atom,
tables of recombinetion coetticients exist, together with a bresk-
down of the relotive importance of the recombination to the verious
energy levels ot the atom, (45, 46). They show that in hydrogen
large trections of the recombination ore to the ground stote and
the other low levels. Values of, the rsdiaotive recombination

rote L appeer below

RADIATIVE RECOMBINATION COEFF ICIENT o IN HYOROGEN (8, 9)

Ismoscature (OX) Aricn e
8,000 4,85 x 10~13
16,000 2.93 x (o3
32,000 1.72 x 10713

From the results given in (45) and (46), it appears the recombination

coefticients for the rare goses are close to that for hydrogen. It
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this |s the cuse, then radiative recombination will be u smell but
not negligible part of the totel recombination,

Dielectronic recombinstion involves the collision of an
electron and u positive ion in which the two are bound in a level
sbove the ionizution potential. This moy occur, for exomple,
by excitation of two electrons. In order for the recombination
to proceed, this level must be deexcited by either radliative
emission or by superelastic collisions before it reionizes.
Guantitative models tor dielectronic recombination are very crude,
but it appears that the rotes asre at most as large as those of
rodiative recombination, At high temperatures and high electron
densities dielectronic recombination |s probebly negligible.

In the past titteen years experiments in which cold
srgon at low prescuras wes ionized by microweve puises seemed to
indicate thet the dominating mechanism was dissociotive recombinotion
(52). The existence of rore gas molecuiar lons has been verified.
According to this model, the recombining electron dissocistes
the molecule, transterring its energy into bresking the moleculer
bond, tronsiation of the atoms, ond electronic excitation. Most
ot the energy probabiy appeers os electronic excitation.

In order that this mechanism be the dominont mechan!sm
for recombination in & neer-equilibrium plasms, the inverse process,

associative lonization,
‘ +
A + A B At +é
must be the dominent mechanism of ionization, in eccordence with

the principle of detailed balancing, This mechanism has not been
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reported to be important in rore goses. It we consider that the

formetion of Ad » such as by three body collisionz of the type
A+AT+M = AL oM

where M is some third body,

ore very rapld we con write an equilibrium relation tor NaAZ 3

K = Nai
| Na Nat
To compute the velue of the equilibrium constent, K«) we need the

value of the binding energy and other molecular constants. The
binding energy for Med is sbout 2,121 (11}, s0 It we assume that
the formetion ot AL is comporoble, we toke Its binding energy ot
sbout 2 2.V.. It con be shown thot althoughK, (s very smeil st
high temperatures, it cen be quite large st low temperatures.
Hence in the microwave experiments, since K ,nsnd Na* (compared
toNa ) ere lorge, Na? can be lerge, and dissociative
recombination will dominste. At plesmejet conditions, however,

the mole froction of AT  is estimeted ot 10°° 1o 1075
Although smell, this mole traction is not so small that dissoclative

recombination cen detinitely be neglected. If the cross section
for dissocistive recombination of At is large, this mechanism
cen still be important. The uncertainties ore thus so greot
that it can not be determined it dissocietive recombination in
ergon at plasme jet conditions Is negligible, signiticant, or
dominant.

In the past tew yeors there has been 8 grest devl of

work.on the study of three body recombination

c+e+AF = A4e
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For the hydrogen stom (46) gives the recombination coefficients

|isted in betow.

THREE BODY RECOMBINATION COEFF ICIENT FOR HYDROGEN

(cm.>/s0c.)
ELECTRON DENSITY (cm.™>) TEMPERATIRE (%K)
8000 16,000 32,000
10'6 , 8.4 x 1071 | 5,0 x 10712 | 7.3 x 10°13
107 3.4 x 10710 | 1.4 x 10°" | 1.8 x 10712
10'® 25 %10 |9.6x107M" |i2x107"

Extrepolations of values for helium (47) glve o 2 10! al.sls-c

17
tor Ne « 10'" | T 2 15,000 K, which is about the same os that for

hydrogen, The three-body recombination coefficient tor argon is also
probably close to the values quoted in Teble II for hydrogen. Existing
models indicate thet recombination directly to the ground or low-lying
states is rere, but thot most of the recombinotions toke place to
intermediote levels. The inverse of this process, electron-atom
collisional ionization, is generally accepted to be the dominant
lonization process. It is most likely thet in the present region
of interest, this recombination mechanism is the dominent one.

By stonderds used in recombination studies, the jet
exhaust must be considered as tull of impurities. Although the

rere gases have the lowest recombination coetficients, impurities
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will sccelerate the recombination. At low temperstures (5000°K) the
Impurities act as "seeding" meterials for the production of electrons,
and thus the electron concentration could be orders of mognitude
higher than the equilibrium value tor srgon, However, the mole
traction of the electrons sppeers to be sufficlientiy smell thet

their eftect on the thermodynamic properties will not be signiticent.

4. Elastic Collisions

The probiem of the rete of energy tronsfer by elastic
collisions would be straighttorwerd were it not for the unusual
properties of the Coulomb potential. Becouse of the slow fallott
of this potential, the etfects of small deflection, long range
encounters are more important than those of close encounters.
Energy trenster by electron-atom collisions is negligible compered
to electron-ion Interections it there is even If ionizetion,

Since the Important collisions sre no longer ot the #wo-bod;/ type,

the Fokker-Planck equation cen be used to treet this cese. The

results are essentially The same os those of Rtschek and Byron (39).
fetschek and Byron's method consists of teking an

expression for the energy transfer occurring in an elastic electron-ion

collision of o given deflection, and suitably integrating over all

coliisions39). The electrons are assumed to be in o Maxwellion

distribution, and the electron mess is considered smal! compared

to the ilon mess. The result (37) is

R () () 4 g

. 8T N, e
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where AEe energy tronster per unit volume
Ne = electron particle density
N¢ = ion particle density
Me = electron mass
M. = lon mass
‘L s Boltzmann constent
Te « electron temperature
T. « ion temperature
€ « oelectron charge
(C. G. S. electrostatic units are used througheut this report). The
above formuls can be expressed by
AE = c Nt ( 1?_'_7:)
where C Is almost constant at 5 x 107 oy, o ¥/ s0c.
Turning now to the method vsing the Fokker-Planck equation,
assuming spacial homogeneity and no body ferces, the Boltxmann

equation for the electrons is

_2_&_ - @lectron-electron collisien term + eleciron-ion
2¢t = collision term + electron-atem eol|ision term

Assuming & Maxwellian distribution of electrens, the electron-electron
collision term is zero. We neglect the electron-etem coliision term
for even moderste degrees of ionization as discussed eariler. Using
a Fokker-Planck torm tor the electron=ion cellision term
== N 3
7t Y im f“ e (“‘"‘;;', Mefo 20y ) (VoI - 1)y, b,
(n.m.

where: } - unH' tensor

T = 4Tet MLL ® crdes section
Vet Mt M{'
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A3kt )%
e'4nve

Vr = reletive velocity

Multiplying oy 172 Me Ve gaq integrating
over all electron velocities we obtain atter considershle

mothematical effort

= LMV Cetsy, o !—&-C"(itﬂa_) Te- Tc),_AA

This result is essentiolly the same as thet uf (29) The slight
ditterence in the logerithm is due 0 & difterence In definition
of the Debye length.

The enthaipy per unit voiume of The electrons can be
expressed by:

He= £ NehTo +E;Ne

where E. = lonization energy per elestren ® 25,2 x 10712 o

Hence 2—:—!_"—=£N’1 é-‘rlfﬁ *E‘.(‘tl‘

Usi o.Ne
ng e a‘?: lTO,*x”p"ﬂ

"[5 Ne 4 +.§-hm AT + txi’E ]Z-i

The tirst fon represants the loss in therms| energy eaused by the

We obte’- J. Me

coolling, the second term represents the less in *hermal energy
caused by the remove! of some of the free elestrens by resssbinetion
and the third term represents the less of ionisation energy of these

v g
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the ratio 1:4:16.
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From the experimental dete of (5), esti mates

con be mede; s.g.,

The relotive megnitude of these terms Is roughly in

Aar .o velocity x gredient of temperaturs along o streomline

e

Taking maximum values from (15), we select o speed ot 15,000 cm./sec.

(500 tt,/sec.) ond o temperoture grodient of 15,000%/cm. This

results in s value

lack of more precise informstion. will be used as en extreme

upper bound.

below as a functich

tor AT/ L¢

¢ the rate ot temperature decay and local

The rate ot electron en*halpy decey |s given in

of 2.3 x 108 °l(/soc. which, for

electron temperasture (the numbers in parenthesesare the individusl

contribution of the three terms). Note that | kw/ce® = (010 org/m’ - sec,

RATE OF ELECTRON ENTHALPY DECAY

Enthalpy Decay (kw/cm>)

| ar/at (/sec.) T = 12,000% T = 13,000% T = 14,000%
I x 107 .21 1.24 1.26
(024 .174 1,020 | (.04 o .18+ 1.02) | (.05 4 .19+ 1.02)]
5 x 107 6.05 6.20 6.3
I x 108 12,10 12,40 12,80
2.3 x 108 27.80 28.% 29,00
h

The probiem is now to relate the electron enthalpy decey

rote ﬁﬂﬁ to AE. For exsmple, It there were no net energy
€t

transter by inelastic coliisions, the two would be equai, vwheress
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it the recombination process resuited in the energy of the
electron going entirely into hesvy porticle tronslational energy,

+hen AEwould be roughly equal to the tirst term in the expression

tor dle
At

5. Energy Exchange Processes in a Plasma

To tind the fraction ot the enthalpy decey of the electrons
which mget be transterred by elostic collisions, a qualitative
understanding of the processes that toke place in the plosms as It
cools |s necessary, os wvell as some quantitative estimetes of the
relative importence of the vorious processes.

Although our knoviedge of these processes is very incomplete,
and It is therefore not certain thot any mode! we mey postulate will
be realistic, it is nevertheless of interest to at least speculete
on the order of magnitude of the energy exchenge. We can procesd on
this basis .y grouping the various states into tour energy fevels:
the ground state, the 45 levels or critical potential levels (some
of which sre metastable), the upper exclited states, and the free
electrons. The processes can then be pictured as shown In Figure 4.

Rodlative recombinations to all but the ground state couse
the bulk of the trensiational and ionization energy of the electron
to be lost, becouse the plasme i» optically thin for these wavelengths.
Rediation resulting from recombination to the ground state will be
sbsorbed snd reemitted meny times before it con escape trom the plasms.
This in ettect lengthens the mean iitetime of the lowest excited states,

the 4S levels, so that collisional deexcitetion Is the me jor mesns
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of going from these levels to the ground stete.

Atome-atom or lon-astom superelastic (deexcitation) collisions
In which the electronic excitation energy 's converted into
translationel energy would be helptul in reducing the required value
otAF. However, the process of electron-atom collisional deexcitation
has an adventage over the heovy particle collisionsl deexcitation,
because ot the higher electron thems| speeds, by o fector 269,

Thus, in order for the two processes to be ot equal megnitude,

the ratio ot heavy particle density, multiplied by it: superelastic
cross section, to the electron density, multiplied by the electron-
atom superelastic cross section, must be epproximetely 269,

Some Iintormotion about Inelastic cross sections and
tronsition probabilities exist, Transition probabilities tor 18
transitions between SP-4S, and 4P-4S levels are given In (43),
ranging from .368 x 10% o 43.2 x 10%. Considerable Informetion
exists on the cross section for production ot excited stotes from
the ground stete (49, 50, 51). Using the principle ot detalled

balancing,

we (E +Er) ‘6(;»5;) s W,' E é(t)
/

where Ev = energy ditterence between states ,’ and ¢
Wy = stetistical weight of states

6(;) = cross section tor. inelastic transter trom state
i to 5 coeused by coliision ot an electron
ot energy K,

we can obtain the superselastic colllsion cross section. Values

range from. about 1018 cm.2 1o 102 and lower for trensitions
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trom excited states to the ground state.

Inelastic cross sections from excited states to other
excited states ore difficult to obtain experimentslly. None Is
known to exist tor argon., Atom-atom {nelastic cross sectlion data
sre very scarce. It is known that the superelastic collision
cross section can be quite large it the energy ditference between
the two states Is very small, but as the difference becomes
lerge the cross sections drop sharply(45). As an example of
values for smoll energy difterences, (45) quotes values ot about
IO"S cm.2 tor transitions in helium involving energy changes
less than O, ev,

These rother sketchy dota lead to the following
conclusionss

(a) Electron-atom superelastic collisions are probably
the mo jor mechanism of deexcitation trom the critical potential
levels, and perhsps trom the upper levels to lower levels, and
to the ground state.

Superelastic collisions between heavy particles mey
piey o poert In trensitions between excited stetes, but electron-
atom superelostic collisions and radiative decay are probably
most importent,

It these conclusions are valid, most ot the enthalpy
decay of the electrons |s trensterred by elastic colilsions to
the heavy particies. Thereftore, ve teke A€ = GLP_S.

de
Thus
Te-Ts = dHe 1o
At

""b-urﬂet
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Values ot Te-T+  are plotted versus T tor verious values
ot ATz, in F igure(5), where the relation between oI ¢ and ﬁl‘
2 » g 4

has been given in Table III,

6. Ionization and Recombination
The rate of ionizetion by electron-atom collisions Is

given by AN ry
:‘E‘e' = ./NA Ne Vo Vp fe e
[

where N A = number density of the neutral atoms
Vy = relative velocity ot electron and atom % Ve = Ee
V. = eftective lonlzution cross section
we have assumed the stoms asre stotlionary compared to the electrons.
The electron distribution cen be approximated by the

Mexwelllan distribution " EAT
2 ~E/4Te
fe = (‘21"17’:)?“ € Ej"

The probliem is therefore that of simply finding the correct value
tor Y,y ond integrating,

The behavior of Ui at high energles is unimportant to
the calculation because of the exponential in the integral. Petschek
and Byron (39) use the |inear epproximation

o7 x107'8 e - 11m)

where E' is the electron energy in electron wits,
This indicetes a threshold ot the critical potential ot argon, and
hence postulates a multiple-step ionization process. Unfortunately,

the date on which this expression is based are old, and thus
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Questionable. More recent data (40, 4)) are, unfortuna :ly, for
one-step lonization, having & threshold at the lonizetion pofenﬂal.

but may be used to esteblish.a lower fimit to 1'ho ionizetion rate:

dvr . [13xi0-8 wMeve (SI5cE206€
AE’

13 x jo- 1 cwt/EV E’ 7/6 Ev

Petschek and Byron's cross-section gives

0“") = er/*"NaNc[ _] 2
o —— -~ v T‘
At /i TMe (

where Tc = E';/A = ’.33)([0-’- K
€. ® il.5ev = 15.4v/0=' FR&

For equilibrium conditions at 15,0009 and | atmosphere,

(é_"_ﬁ)' » 2.6 x 1022 ions/cm>-sec (probable velue)
é

For the higher threshold,

/ o«
A Ney - 3“1023:‘ - -
(.u ).. 2heNa | MMe _/ {;/C x(x‘-xhux L2.1%)0 ¢

-§ -x
*+ 31 x0 ff //’-xxz)zxf
X= R;X.-Lﬁue. Xas Ilmg *
which results in a value for l5.000°K and | atmosphere (equilibrium)

ot

due
Lt

Since the residence time of the gas in the nozxzle used for the

® 2.8 x lOz' Ions/ca3 - soc (lower bound)

experiment Is ot least 1074 seconds, and the equilibrium electron

density at 15,000°¢ and | atmosphere would be, roughly, 2 x 102} Iow>,



the existence of equilibrium would require a mean lonizetion rate
of only 2 x 102 Ions/cm3 -sec. Thus, even |¢ the mean rote of
lonlzation ware not much higher than thet at the nozzle exhsust,
and we use the lower value for ionlzatlon rate (ﬂ%) It
appeers thot lonization equitlibrium is assured. v

In the mixing region we must consider the resction rate
as the difference between recombination and ionlzation:

%5 = NeNaT =N

~here T = "ionization" coefficient

& w recombination coetticient

Using equilibrium values of N¢ and Na and teking the
ionizotion rate from(39), ve obtain, at 15,0009, #¢ « 0,73 x i0~12
cm>/sec. and I ® 1.03 x lO"ncu.}/SOC. The velue of ¢ so
derived Is in reasonable accord with the volue expected trom the
assumption ot three-body recombination.
since AN/~ 4 x 1013/ cm 3.5,

d"e ‘
:—; -4 x 1013 % s 9 x lOz'lcu}-soc tor the

extreme cese selected from (49) .
For this extreme case, using(39) and the above, the relative

electron densities are given In be:ow

RELATIVE ELECTRON DENSITIES FOR EXTREME TEMPERATURE DECAY RATE

Temperature (9K) Ne/ (Ng at equliibrium)
15,000 1.07
14,000 ol
13,000 1,43
12,000 2,03
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The computed amount of nonequilibrium electron denslty
will decrease it higher volues of the recombinotion coeftficient
ere assumed. In view of the uncertainties inherent in this
estimate, It can only be stated that for the "extreme" cose there
could be signiticant nonequilibrium electron density etfects, but
tfor the less severe grodients meosured in (5) the electron
populstion is near equllidrium,

The jot is optically thin in all spectrel regions except
those ot its strongest lines, which occur in the far ultraviolet.
Hence since the radiant tlux is lost, the number of photoionizations
w11l be much smolier than the number of radiative recombinations.
The ettect of this imbatance is to decrease the degree of ionizstion
(52). Since the three body recombination is much larger than the

radiative recombination this effect will be mmall,



- 57 -

D. Arcjet Radiation

Simple total radiation surveys of the turbulent
argon arcjet were made using a collimated radiation probe.
This work was first reported in Reference (4). Since this
time the results have been re-examined and it was found
that the total radiation loss is more in agreement with
established theories than first thought. The conclusion
of this new work with respect to the turbulent mixing
study is the same as previously concluded, i.e., the
radiation from the turbulent arcjet is sufficiently small
that it does not affect the conclusions of the turbulent
mixing analysis and experiments. The recent work did
result, however, in the general conclusion that radiation
in some case approached ten percent of the total turbulent
jet power, substantially higher than first thought. Also
concluded was that the radiation cannot be neglected in
the mixing studies of the laminar regime.

No further discussion of arcjet radiation will be
made here since a report entitled "Analytical-Experimental
Correlation of Radiation Loss from an Argon Arcjet™ will
be issued in the very near future. The reader is referred
to Reference ( 4) for a detailed description of the technique

used to measure radiation power,
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IV. CALORIMETRIC PROBE
A. Introduction

The measurement of gas properties at atmospheric
pressures and temperatures above 5,000°K has long been a
serious problem. Devices which depend on solid-state
properties; e.g., thermocouples or thermometers of any
type, would be beyond their melting points. Simple optical
techniques such as pyrometry or sodium "D"-line reversal
are limited by source brightness temperatures. More
advanced spectroscopic methods; e.g., (54, 55) etc., are
not only delicate and elaborate, but are subject to a
number of difficult-to-avoid errors; e.g., depth of field
in sources having high gradients, pressure broadening effects,
difficulty in isolating the appropriate "temperature," etc.
These errors generally result in experimental scatter on the
order of 10 to 20%. Other temperature-measurement
techniques which depend on gas properties such as electrical
conductivity, sound velocity, etc. (56) are subject to
numerous errors when applied to nonuniform regions and have
been unable to provide better than 10% repeatability.

B. Description

The probe configuration developed for the required
arcjet measurements is diagrammed in Figure 6. Construction
of the probe itself is of copper, with stainless-steel
supports. Cooling water from a high-pressure source (up to

500 psi) enters through the mounting block, passes up the
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front stainless-steel support, and through the outermost
coolant channel to the probe tip. It returns via the

inner coolant channel. Sheathed, ungrounded thermocouple
junctions are located precisely at the probe coolant channel
inlet and outlet,

The central tube carries a steady flow of sample
gas from the probe tip past a thermocouple junction located
precisely opposite the "water out" thermocouple, and then
through a gas sample tube to one or more instruments as
described later,

Note that the major diameter of the sampling tube
is approximately 1/8 inch. Calibration results on earlier
1/4-inch models, to be discussed below, clearly indicate
the superior accuracy of the smaller probe for local measure-
ments. A photograph of the 1/8-inch probe, also showing the
exit of the arcjet used to provide the hot gas source, appears
in Figure 7.

C., Methods
l. Temperature Measurement
The calorimetric method used to determine
gas temperature depends heavily on a unique "tare" measure-
ment, which effectively eliminates errors due to external
cooling requirements. A valve in the gas sample line is
closed, thus preventing gas from entering the probe, and

observations of coolant temperature rise and flow rate are
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made. The valve is then opened, zallowing a gas sample to
flow through the probe, and the same measurements are
repeated, together with those of the steady gas sample
temperature at the probe exit and steady gas sample flow
rate., The rate of heat removal from the gas sample is
thus given by the difference between the two coolant a

rates:

wg (hlg - h2g) = (wc cpc JAN Tc)flow - (wc cpc Z§ Tc)no flow

where *g = gas sample mass flow rate
&c = coolant water mass flow rate
1g = unknown gas enthalpy at probe entrance
h2g = gas enthalpy at probe exit thermocouple
cpc = coolant specific heat
Z}Fc = coolant temperature rise = (Tc)out - (Tc)in

The effectiveness of the "tare" measurement (i.e.,
the heat removal rate with the gas sample flow shut off) is
dependent on the duplication of flow conditions near the probe
tip in the "flow" and "no-flow" cases. The calibration data
described below appear to indicate that satisfactory duplication
is achieved for the existing probe geometry.

The unknown gas enthalpy hlgat the probe tip is now
uniquely determined, provided the gas sample flow rate w_ and

g
the gas enthalpy h2g at the probe exit are known. Since the



sample is cooled to rather low temperatures by the time it
reaches the probe exit thermocouple (e.g., ~ 300°C), the
gas enthalpy is a direct function of the temperature, measured
by the thermocouple, and the gas sample composition, determined
as discussed in the next section. The flow rate of the gas
sample may be measured by any convenient means; in the present
study a choked orifice was used, for which knowledge of the
gas composition was sufficient to provide the necessary flow
rate data (see Figure 8).
2. Gas Composition

The gas sample passes from the probe through
a constant-temperature oil bath, and composition can thus be
determined at known equilibrium conditions by various methods,
In the case of the two-component mixtures of interest in the
present program (argon-helium), a simple thermal conductivity
cell provided accurate composition data under steady-state”
gas sample flow conditions (see Figure 8). For more complex
mixtufes, conventional chromatography techniques may be used
to measure the necessary composition data.

3. Velocity

At the time the "tare" calorimeter measurement
is made, the dead-ended gas sample passage is filled with
gas at the stagnation pressure of the probe-tip location in
the arcjet stream. A conventional pressure transducer (see
Figure 8), may be used to determine this pressure. For low

subsonic gas flows, the Bernoulli equation provides a simple
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velocity determination:

Vg2 AP

I

where vlg = free-stream velocity at the probe tip
Alg = gas density at the probe tip
AP = measured pressure rise (stagnation pressure-

ambient jet pressure)

Note that in supersonic flow, a knowledge of the gas
composition is necessary in order to determine the free-stream
Mach number, since use of the ideal-gas Rayleigh pitot formula
is not valid for the partly-ionized gas jet. However, in this
case the stagnation pressure determination is essentially
unaffected by ion recombination in the detached shock in front
of the probe, as was demonstrated experimentally for reacting
flows in (57), and thus the probe could conceivably be useful
in supersonic flows as well as for subsonic velocities,

D, Calibreation
1. Energy Balance
The fundamental calibration technique is that
of comparing the known total energy of the arcjet gas with
an ;ntegrated probe energy survey across the arcjet exit

plane: The net rate of energy output Pa of the arcjet is

Py = Bp Ty = ¥y o (AT,
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where Ea = arcjet voltage
Ia = arcjet current
wa = arcjet coolant mass flow rate
cp = specific heat of arcjet coolant water
a
(l;?)a = arcjet coolant temperature rise

No account is taken of radiation, since measurements (see
Section III-D) have indicated that radiation is usually small
and reaches about 10 per cent of the jet energy only at the
highest jet powers studied. The exit-plane energy

survey is made by using the probe to measure gas velocity,
composition, and enthalpy at each of approximately 15
locations across a diameter of the arcjet exit plane, and

determining the value of the jet energy summation

: J;
Pp = Z An» /018 Vlg hlg rdr
=R

where R = radius of the arcjet exit (3/8™)
r = radial coordinate
/Olg = gas density from probe measurements
Vlg = gas velocity from probe measurements
hlg = gas enthalpy from probe measurements
Pp =  total energy per unit time

Two assumptions are needed to evaluate this

summation. First, a knowledge of the equation of state of
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the partly-ionized free-stream gas is required., It was
established (2) that for the low subsonic velocities of the
present program, equilibrium of partly-ionized argon at low
subsonic speeds and one atmosphere pressure was assured. Thus
the enthalpy measurement defines a temperature which, with the
measured argon-helium concentration, provides a value for gas
density P 1g°

The second assumption needed is that of axial
symmetry of the arcjet, since a single diametral survey is
used to represent the entire exit plane., This was found not
to be too stringent a requirement, and was adequately satisfied
by the available arcjet source. Note that some assistance
in this regard is obtained by the use of a survey which is
summed over the entire diameter instead of merely a radius,
as indicated by the above formulation.

The resultant ratio Pp/Pa’ which represents the
ratio of integrated probe-measured energy in the arcjet exit
plane to actual net energy input to the gas, is plotted in
Figure 9 for a number of arcjet flow rates and for two probe
diameters. Agreement is consistently within 5% and the
average falls within 0.5%. Standard deviation for thee
1/8" probe was calculated to be 3% and that of the 1/4" probe
was 10%., Temperature in the center of the arcjet exhaust
exceeded 14,000°K at the higher power levels shown in this
figure, and in all cases the jet boundary (3/8" away) was

pure helium at approximately 300°K.
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A second important calibration reference was the
mass flow rate &a of argon gas through the arc generator, as
measured by a conventional flowmeter. Again using the probe

exit-plane survey data, the mass-balance ratio
R
v rtf;'//‘
Z v Ple 'ig Ya
-R

was calculated and is plotted for a number of flow rates
in Figure 10, Agreement was found to be comparable with
that of the energy balance, further verifying the accuracy
of the probe technique,

E. Conclusions

1. Successful calibration of a water-cooled gas
sampling probe capable of steady-state operation at one
atmosphere and 14,000°K was accomplished by energy balance
and mass balance measurements across an arcjet,

2., Statistical analysis of a series of exit-plane
surveys using the probe resulted in a standard deviation of
0.03 for a 1/8" probe and 0,10 for a 1/4" probe, Note that
these results give the total error of a 15-point survey,
and hence it is clear that the accuracy of the individual
readings making up each survey will exceed these values.

3. Superior scatter behavior of the smaller probe
indicates its better suitability for local measurements;
however, the fact that the average of 1/4" probe calibration
ratios was quite close to unity indicates that the sampling

technique itself is satisfactory; i.e., not scale-dependent.
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4. The fundamental advantages of this type of
probe are its high accuracy, ease and convenience of
calibration and measuremeut, and ability to measure several
flow properties simultaneously. It is able to perform
these measurements under not only the extremes of pressure
and temperature discussed earlier, but also in the presence
of temperature gradients up to 4#0,000°K per inch.

5. Although operation of the copper probe would
be questionable in corrosive gases, the application of gold
plating, which is easily accomplished, permits such operation.

6., Some of the limitations of the probe technique
are

a, Equilibrium must exist in the gas when
temperature is to be measured, since the
probe measures only the total gas enthalpy.

b. Transients cannot be measured; however, note
that the steady-state mode of measurement
has been observed to be quite effective in
averaging the variations due to extreme
turbulence and arc fluctuations,

c. Spatial resolution is limited by the finite
sampling tube diameter (about 0,040" for
the 1/8" probe).

d. Mass or energy balance calibrations require

approximately axisymmetric flow, This is



e,

not necessary once a calibration has been
established, since the probe measures
local gas properties directly.

In order to obtain temperature calibrations,
simultaneous velocity and composition
determinations are also necessary. Again,
this does not apply once the calibration
has been established.

The probe has to date only been applied to
the measurement of subsonic gas flows;
however, it is possible that equivalent
property measurements in supersonic flows

can be made under certain conditions.
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V. TURBULENT MIXING EXPERIMENTS
A. Arcjet Apparatus

The arcjet used in these tests was manufactured by
the Thermal Dynamics Corporation, The basic F-80 equipment
(see Figures 11 and 12) with peak power capacity of 80
kilowatts was modified for this study by the use of a longer
primary nozzle and a secondary annular helium nozzle (see
Figures 13 and 1l4). Power was obtained from a 440-volt
shunt-wound generator driven by a diesel engine, Five
rectifiers were used to convert to direct current.

The cathode (see Figure 12) was constructed of
ground tungsten and was water-cooled. The water-cooled
copper anode also served as the primary argon nozzle. The
nozzles employed in the experimental studies were of 0.750
inch diameter straight bore, with lengths of four and eight
inches. This provided L/D ratios of 5.33 and 10.67
respectively (see Figure 15 and 16), The efficiencies (net
gas power/electrical input power) ranged from 1l4% for the
eight inch nozzle to about 26% for the four-inch nozzle.

One problem of special interest was that of cathode
concentricity and the related gas swirl angle. In order to
prevent the electrical discharge from striking the same
point on the nozzle at all times, which would soon result
in a thermal failure, it was necessary to obtain a rotational
arc pattern. This was accomplished by introducing the gas in

a vortex or swirl, Excessive swirl would make measurement of



- 69 -

velocity near the nozzle boundaries impossible with a
pitot-type device such as the probe. Too little swirl
would result in asymmetric profiles or thermal failure
of the nozzle. The optimum swirl for this study was found
to be 15° from axial and 15° from radial. The swirl plate
used to produce the desired flow is shown in Figure 12,

B. Physical Measurements

1. Gas Enthalpy: This was measured directly by

the probe, requiring the following subsidiary measurements:

(a) Inlet and exit coolant temperatures from
the probe (see Figure 6). These were
measured by standard copper - constantan
thermocouples with electrical output
observed on a recording potentiometer.

(b) Probe exit gas temperature (see Figure 6).
This was measured with a chromel-alumel
thermocouple with output on a recording
potentiometer.

(c) Probe gas flow rate. This was measured with
a calibrated critical orifice (see Figure 8).
Upstream and downstream orifice pressures
were measured with mercury manometers,
(NOTE: Knowledge of the probe sample gas
composition was necessary to determine the

flow rate).
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2. Gas Composition: The composition of the gas

was determined in terms of the helium-argon fraction by

means of a thermal conductivity cell (see Figure 8), whose
output was observed on a recording potentiometer. The
temperature of the gas within the cell, cooled by passage
through an oil bath, was measured with a mercury thermometer.
The cell was calibrated (1), (2) with known, prepared gas
samples of varying argon-helium fractions, and was repeatably
accurate to better than 1% (see Reference (5))}.

3. Dynamic Pressure: The dynamic pressure (Mach

number < .1) was measured by means of a dynamic pressure
transducer. (Figure 8) and observed on a recording potentiometer,

4., Probe Radial Position: The radial position

of the probe was measured with a potentiometer and observed
on a recording potentiometer (see Figure 17).

5. Probe Axial Position: The axial position of

the probe was measured with a simple scale amplified by a
hair-line magnifying glass (see Figure 17).

6. Arcjet Voltage: Measured directly with a

calibrated voltmeter (see Figure 18).

7. Arcjet Current: Measured directly with a

calibrated ammeter (see Figure 18).
8. Arcjet Coolant Temperature Rise: Measured by
copper-constantan thermocouples, with output on a recording

potentiometer (see Figure 19).
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9, Probe Coolant Flow Rate: The water flow rate

.through the probe (necessary for the gas enthalpy measurement)
was measured with a standard calibrated rotameter (see Figure 20).

10, Arcjet Coolant Flow Rate: The arcjet coolant

flow rate was also measured with a calibrated rotameter (see
Figure 20).

11. Argon Mass Flow Rate: The argon volumetric flow

rate was measured with a calibrated rotameter (see Figure 20).
Argon pressure at the rotameter was measured with a simple
bourdon gauge, and argon temperature at the rotameter was
measured by a mercury thermometer. These data were sufficient
to calculate the mass flow rate,

12. Helium Mass Flow Rate: The measurement of the

flow rate of the secondary gas was accomplished in the same
manner as that of the primary argon (see Figure 20).
C. Deduced Physical Quantities

From the above physical measurements, the condition
of equilibrium, and a known equation(s) of state for the
multicomponent system (see Reference (5)), it was possible
to calculate the following important quantities:

1. Gas Temperature

2, Gas Composition

3. Flow Velocity

It was these indirect physical quantities which

were of primary importance in this study.
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D. Nature of Experimental Methods

The basic purpose of the experimental program was
to obtain direct local measurements over the entire flow
field of interest. This was accomplished in the following
manner:

After determining the various parameters of interest
and assuring that the arcjet was yielding reasonably symmetric
profiles (this was essential in the calibration phase, as one
diametral pass was used to represent the exit plane conditions,
and also of general interest due to the use of an axially-
symmetric analysis), the primary jet and mixing region were
investigated with the calorimetric probe. This was done by
placing the probe in a fixed axial plane and then moving it
radially in a series of small increments through the entire
jet. At each location, steady-state readings (i.e., the time
average of the turbulent fluctuations (58), whose frequency
was observed to be of the order of 2000 cycles per second
(see Figure (21)) of all the physical measurements listed
above were taken. The probe then (typically) was moved
to about 15 such locations in the given axial plane. A
different axial position was then selected and the procedure
repeated. The number of such axial positions was typically
six or seven.

The procedure outlined above resulted in data
for one fixed set of flow parameters. The need for variation

of such basic flow parameters as peak temperature,
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peak velocity, velocity ratio, scale and intensity of
turbulence, etc. accounted for the large amount of experimental
information collected. For reasons of brevity (see Table 2)
only a very small portion of the data obtained has been
included in this report.
From the previously stated physical measurements
it was possible to determine, for various values of the
flow parameters,
(a) Velocity, temperature and helium
concentration profiles at various axial
positions (see Figures 22, 24 and 26).
(b) The axial decay of velocity, temperature
and helium concentration (see Figure 28, 283,
30).
(c) The axial and radial gradients of these
properties over the flow field (see
Figures 31, 32, 33).
(d) The radial spreading of these same quantities
as functions of axial position (see Figure 34),
The profiles, axial centerline decay and axial
centerline gradients presented no particular difficulties.
However, as the determination of the radial spreading of
the field variables was not quite so simple, a brief description

of this matter is in order.
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Essentially, the determination of the radial
spreading of a field variable, say temperature, stemmed from
inspection of the radial temperature profile. Since the
energy or temperature outer boundary is defined as the
locus of points nearest the centerline where T = Tw , then
by determining the value of the radial position at which
this condition is met, for a profile at a given axial position,
the outer boundary can be related to the axial position. This
was done for all the various axial positions and, of course,
the other field variables.

Nonetheless, a major difficulty still remained,
for the exact point at which a variable "reaches" its
asymptotic limit is very hard to ascertain. Thus a value
slightly removed from this limit was selected, and by
repeating this procedure for different arbitrary values it
was possible to extrapolate to the true boundary criteria.
This procedure was employed for determination of all
experimental boundary spreading.

E. Results

1. The integral mixing analysis gives good agreement
with experimental results based on:

a, Prediction of radial boundaries of
concentration, temperature, and velocity

(see Figure 34),
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b, Axial decay of concentration, velocity and
temperature (see Figures 28, 29, 30).

c. Axial gradients of concentration, velocity
and temperature (see Figures 29,32, 33).

d. Radial profiles of concentration, velocity
and temperature (see Figures 22, 23, 24,
25, 26 and 27).

2. The "cusped parabaloid™ shapes of the spreading

boundaries (Figure 34) resulting from the numerical solution

of the integral equations differ from the conical boundaries
calculated by Squire and Trouncer (27) and obtained by Warren
(15) at low temperatures, but are in qualitative agreement with
the statistical theory due to Taylor (10).

3. The Prandtl number and Schmidt number are indeed
less than unity, while the Lewis number is greater than unity
(see Table 3 and boundary relationship of Figure 1).

4, Both stable and "unstable" analytical solutions
were obtained. "Unstable" solutions occur when:

a., The various boundaries for spreading are too
widely separated.

b. The driving parameters for mass diffusion
momentum transfer or heat transfer are too
large.

c. Any one such driving term is larger by an
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order of magnitude than the other two.

5. The axial derivatives of all the field variables
are linearly proportional to the axial derivatives of their
respective boundaries (see Reference (5)). This is a direct
consequence of the similarity assumption regarding radial
profiles.

6. The Reichardt hypothesis, used to formulate the
driving term in the integral momentum equation, provides good
agreement with experiment for this turbulent, highly non-
isoenergetic case,

7. Analytically, the magnitude of radial spreading
was found to decrease slightly with increased temperature.
This effect was far more pronounced experimentally (see Result
No. 12). One possible explanation for this behavior couald
be the analytical assumption of mean values for the diffusion
coefficient and the thermal conductivity.

8. Concentration was found to spread more rapidly
than both temperature and velocity, and temperature to spread
more rapidly than velocity, in excellent agreement with the
analytical result (see Figure 34).

9. Experimental profiles of concentration, velocity
and temperature in the mixing region were observed to be
strikingly similar (see Figures 22, 24, 26), supporting the
similarity assumption used in the analysis.

10. A potential core for concentration, velocity, and
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temperature was observed., Its length was approximately one
jet diameter for all the field variables, and was relatively
insensitive to temperature level, Profiles within this

core were, of course, definitely dissimilar (see Figures 22
through 33).

11. Experimental spreading boundaries showed a "cusped
paraboloid" shape at typical operating plasma temperatures,
and a conical shape in the isoenergetic (unheated) cases (see
Figure 34),

12, The magnitude of the boundary spreading of all
three quantities was observed to decrease with the onset of
ionization and then became constant at ionization levels greater
than 10% (see Figures 35, 36, 37, 38, and 40, and Result No. 7).

13, The axial decay of concentration, velocity
and temperature, while in excellent qualitative agreement with
other experimental results (15), (17), (19), (59) and
theoretical calculations (15), (19), and (27), is much more
rapid for this high temperature case than in the earlier
isoenergetic or near-iscenergetic cases reported in the
literature. Typical "length to approximate full decay" in
this study was eight radii (see Figures28, 29, 30). The
above papers obtained typical lengths of 40 radii.

14, The plasma was highly turbulent, with no notice-
able transverse oscillations and with a longitudinal frequency
of approximately 2000 cycles/second for the eight-inch nozzle.
There was, however, a significant effect of nozzle L/D ratio,

in that turbulence in the four-inch nozzle was not only of
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much greateér intensity than in the eight-inch nozzle, but
also exhibited definite transverse displacements (see Figure
21).

15. The three transfer mechanisms, mass diffusion,
momentum transfer, and energy transfer were found to be
extremely effective in the case of hot, partially ionized
argon mixing in a turbulent fashion with a cool, inert,
helium stream. This is indicated by the short potential
core and the very rapid axial decay rates discussed in
Result No. 13,

16, The concentration and temperature boundaries
were independent of variations of A, the secondary stream
to primary stream velocity ratio (see Figure 39). The
momentum boundary R: showed a weak linear variation with }\,
in contrast to the results of Squire and Trouncer (27). How-
ever, the range of A\ was limited and this trend was not

conclusively established.



- 79 -~

F. List of Symbols

o = Radius of primary nozzle

@iy = Matrix integral coefficient (21 in all)

Ay = Spreading relation parameter (Ref. 5, Equation B-ib)
Az = Spreading relation parameter (Ref. 5, Equation B-4b)
C = Concentration (particle fraction of a species)

T = Sonic velocity

¥ = Function of Cy_, 0 (see Ref. 5)

3 = Function of CHe’ 8 (see Ref. 5)

h =  Function of Cher © (see Ref. 5)

Jh = Thermal conductivity

A =  Prandtl mixing length

L = Length of potential core

M =  Mach number

Nge = Reynolds number

Ner = Prandtl number

Nsec = Schmidt number

Nie = Lewis number

Npe = Peclet number

Ns. = '"Jacobs" number

P = Dimensionless number (see Ref, 5)

r = Physical radial coordinate

R = Dimensionless radial coordinate = r/a
T = Absolute temperature

U = Mean axial velocity component
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W] = Dimensionless axial velocity component (see Ref. §)

xX = Physical axial coordinate

Greek Letters

{@j) = Function of matrix coefficients defined by
Equation B-55, Ref, 5
ﬁﬁhAD = Function of matrix coefficients defined by

Equation B-55, Ref. §

xD

Dimensionless parameter defined in Ref, 5
= Dimensionless parameter defined in Ref., 5
= Denotes finite difference

= Denotes partial differentiation

Turbulent momentum exchange coefficient

= Dimensionless axial coordinate = x/a

= Dimensionless temperature (see Ref. 5)

x o Mmooy D H

= Dimensionless turbulent exchange constant
(see Ref. 5)

= Dimensionless velocity ratio (see Ref. 5)
= 3.14159%.....

= Density

Turbulent shear stress

= Laminar viscosity

N N B - Y

= Kinematic viscosity
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Subscripts

Outer boundary

Helium

Turbulent value of

For diffusion

Denotes typical ith row, jth column matrix element

Values in free outer stream

Superscripts

Concentration
Momentum

Energy
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TABLE I
LISYT OF EXPERIMENTAL DATA RUNS

TORCH  ARGON  HELIM  NOZZLE  PEAK PEAK’  PEAK ek *
CASE CURRENT  FLOW FLOW  LENGTH TEMPERATURE VELOCETY ENTHALPY  PERCENT

AMPERES S,C.F.H. S5.C.F.H, INCHES %R ft/sec  bYu/Ib  IONIZATION
D4 | 1500 3% | 5.0 8,00 | 22,200 440 5520 | i3.3
D=5 | 1750 350 5.0 | 8,00 | 23,000 465 6600° | 25,0
-6 | 12% 350 5.0 | 8.00 | 22,000 400 5%0 | 16,2
D-7 | 1000 | 350 5.0 | 8,00 | 21,900 3% 5200 15.8
D=8 | =0 3% | 50 | 800 | 20,300 280 3700 7.2
D-17| 0 350 50 | 8,00 530 %0 o | o
D=1} 1500 | 350 10,0 8,00 22,200 390 5530 | 133
p-12| 1500 350 15,0 | 8.00 | 21,50 400 47%0 10.0
D-14] 1500 350 20.0 | 8.0 | 21,400 440 4650 12,5
n=10| 1500 | 450 5.0 | 8.00 | 22,800 480 6000 22,0
(=9 | 1500 400 5.0 | 8.00 | 23,300 520 000 | 26,0
D-15| 1500 320 | 5.0 8.00 23,800 600 7800 34,6
p-t6] O | 3%0 5.0 | 4.00 530 30 0 0
p-18| 500 350 5.0 | 4.00 | 21,800 360 5010 | 1.5
p-3 | 1000 350 5.0 | 4,00 17,000 680 200 | 00,5
0~-20| 2% 350 50 | 8,00 | 20,000 230 3500 5.3
p-21 | 200 |- 30 5.0 | 8,00

* Note: Refers to ao,o



TABLE 2

LIS OF ANALYTICAL CASES CONSIDERED

| NN

cAsE | Tojo (R)| MRep | MRy | 4o | A, rr | A [E= ] L | mesw size)

N ‘r“,a N

|| 18,000 | 500 | 2000 | .0005] 0.0120 0.0150 0.05]0.05] 0 0.0l
2 | 18,000 | 500 | 1000 | .0005| 0.0120] 0.0150 | 0.05| 0.05| © 0.0l
3 | 16,000 | 500 | 1000].0010] 0.0120| 0.0150| 0.05{ 0.05| © 0.0l
2 | 18,000 | 1000|2000 .0005! 0.0120] 0.0150 | 0.05| 0.05| © 0.01
5 | 18,000 | 2000|4000 | .0002]| 0.0120 | 0.0150 | 0.05} 0.05] o© 0.0
6 | 16,000 | 500 | 1000 | 000! | 0.0000 | 0,0000] 0,05] 0,05| © 0.0t
7 | 18,000 | 500 | 1000 | .000t | 0.0040 | 0.0060 | 0.05| 0.05| © 0.0
8 | 18,000 | 500 | 1000 | .0010] 0.0060 | 0.0080 | 0,05 0.05| 0,00|  0.01
o | 18,000 | 500 |1000/.00t0| 0,070/ 0.0100]0.05] 0.05| 0.00] ©.0I
| 1e.000 | 500 | 1000 ! 0010 0.0040 | 0.0060 | 0.05| 0.05 | 0.00|  0.04
18,000, | 500 | 1000 | .0010 | 0.0040 | 0.0060 | 0.10] 0.03] 0.20| o0.10
18.000 | 500 | 1000 | 0010} 0.0040 | 0.0060 | 0.15] 0.03]| 0.50| 0.0
18,000 | 500 | 1000 | .0010 | 0.0040 | 0.0060 | 0,20 0.05| 1,00] 0.0
18,000 | 500 | 1000 | .0010 | 0.0040 | 0.0060 | 0,05 0.05| 2.00{ 0.0
15000 | 500 | 500 |.0025|0.0050]0.0070|0.05|0.05| 2.00| 0.0l
20,000 | 500 |500 |.0025]0.0050 | 0.0070 | 0,05] 0.05] 2.00] 0.0t
25,000 | 500 |500 |.0025]0.0050|0.0070 | 0.05] 0.05] 2.00| 0.0t
21,600 | 400 |400 |.0030|0.0050| 0.0070|0.05] 0.05| 2.00] 0.0
21.600 | 300 |300 |.0040]0.0050] 0.0070 | 0.05] 0.05] 2.00] 0.0l
21,600 | 250 |250 |.0040|0.0050 | 0.0070 | 0.05] 0.05| 2.00] 0.01
21,600 | 200 |200 |.0050 | 0,0050| 0.0070 [ 0,05] 0.05] 2,00 0,01
210600 | 350 |300 |.0u60 | 0.0050 | 0.0070 | 0.05] 0.05| 2.00{ 0.0
21,600 | 350 |300 |.0050 | 0.0050|0.0070|0.05|0.05| z.00] o0.01
2,600 | 350 |300 |.0040|0.0050|0.0070|0.05|0.05{ 2.00] 0.0l
14.300 | 350 |300 |.0040|0.0050(0.0070 | 0.05] 0.05| 2.00{ o0.01
9,000 | 35 |30 |.0040]0.0050]0.00700.05|0.06]2.00[ 0.0
7,200 | 350 |300 |.ous0]|0.00%|0.00700.05|0.07| 2.00] 0.0
3600 | 350 |300 |.0040 [0.0050]0.0070 | 0.05]| 0.14] 2.00| 0.0
1800 | 2350 |300 |.0ue0|0,0050|0.0070 | 0.05]0.28} 2.00]  0.01
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TABLE 3
VALUES OF DIMENSIONLESS PARAMETERS FOR A TYPICAL ANALYTICAL CASE™

NAME BIYSICAL MEANING DEFINITION SYMEQL. JALLE
Reynolds Number =  Inartial 2V 2P W Ny, = BIO
Viscous M
Prendt| Number = _,A‘;._L_E - N » 0.82
Therma! Transter 3 Pr
Schmidt Number = — = Neec = 0.74
Mobss Transfer P D
L D
Lewis Number = _Masa Iranster 4P_° = N - .1
Thermal Transfer % Le
Péclat Number - = MR Npp - Ny, = 667
" Jocobs! Number = Nre N = Nja = 600
Turbulent Reynolds = loectial 2y, 1"
Number Viscous € = N, v K0

‘ _ Voo .« P = (,0005
Thermal émgy Moo Geo

Moch Numbor - z.mﬁx —VHee - Ng=® = 0.0
Sonic Velocity Co,0

.
Analyticai Case 24
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TABLE 4

SOME._CHARACTERISTIC EXPERIMENTAL YALUES

Gas Properties)

1)
2)
3)
4)
5)
6)
r))
8)

Peck Temperoture;

Peak Enthalphy:

Dengity:

% Ionizetion (Peck);
Petk Primery Velocitys
Peok Mach Number:

Peak Secondary Veloclty:
Primary Argon Flow Rate:

Torch Propertiss:

9
. 10)
R}
12
13

Pesk Current;

Poak Yoltage:

Pesk Net Power:

Torch Coolant Flow:

Torch woter Temperature Rise:

Probe Properties:

14)
15}
16)
17
18)
19)
. 20)
21)

Peok Probde Exit Gas Temperature:
Probe Sample Gas Flow Ratey
Coolant Temperature Rises
Average Gas Velocity in Sample
Coolant Flow Velocitys

Probe Coolant Filow Rate:

Average Probe Woll Heat Transter Rate:

Typical Copper Wail Temperature;

14,000 %K = 25,200 %R

5,800 col/gram = {0,500 btu/ib
40 gram/m® = 2 x 107> Ip/ft>
34%

215 m/sec = 700 #1/sec

0.10

22 w/sec = 72 tt/sec

2 grems/sec = 4 x 107> 1b/sec

2000 smperes

4 voits

20 K.4. (25% ofticiency)
| kg/sec = 2,2 (b/sec
30 °C = 54 R

600 %K = 1080 R ~ 650 OF

5% 102 g/sec = 7 x 1077 |1/ sec
30 %K = 54 R

100 m/sec ~ 30U f/sec

7 m/sec ~ 20 tt/sec

I5 gram/sec = 3 x 1072 {b/sec

I btu/inl-sec

360 %K = 650 °R
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