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Abstract W .

A 1-MW High-Enthalpy Constricted Arc Heater was developed and
delivered, which is suitable for materials and structural testing.
The heater has a single upstream cathode, a segmented 2-cm diameter
constrictor, and 30 anode pins located in the supersonic nozzle.
The heater has the following demonstrated design point performance:

4

”?
F Mass averaged enthalpy 9.3 x 107 ilkg %fﬁ,
i (with air or nitrogen) (40,000 Btu/1b)
§ Stagnation pressure ~ 1.2 atm
: Current 1540 amp
Efficiency 59 percent

The heater has been operated over a broad range of stagnation
pressures (up to 2 atm), enthalpies (to 57,000 Btu/1b), and power
levels (to 1 MW) with exceptional jet stability. A five-hour life
{ test resulted in no appreciable component deterioration or measur-

; able performance change. Complete experimental performance maps are

presented.

Semi-empirical design charts and scaling rules for larger con-
stricted arc heaters are also included. They indicate the general
feasibility of a 10-MW heater with enthalpy-pressure performance
capabilities similar to those of the 1-MW model.

An axisymmetric (Hall-arc jet) accelerator with an arc power of
approximately 0.5 MW was designed and fabricated. The accelerator
was tested with nitrogen at tank pressures to 7 mm Hg, and its capa-
bility for continuous operation was demonstrated. Pitot pressure

profiles were obtained.
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SYMBOLS AND UNITS

In general, the MKS system of units is used for all eqﬁét o1
In the discussion and on some of the charts, other units wereyq
sionally used, generally for convenience or in quoting numberé:fami 
to many readers. Thus, gas flow rates are frequently given in graﬁé/
second, wall heat loads in kilowatt/square centimeter, input powef*in;
kilowatt or in megawatt, etc.

In writing the empirical heater design relatiomns, it was not
practical to nondimensionalize the empirical constants. A4s a result,'
the numerical values of the constants should only be used in conjunc-
tion with the MKS system., The reader should refer, in each case, to
the defining equation (given jin the table below) whenever numerical

values of the empirical comstants are to be used.
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A Cross sectional area of flow passage, mZ
C Empirical mass flow factor (Eq. 4-6)
C Defined by Eq. 4-6

C Empirical wall heat load factor (Eq. 6-10)

D Diameter, m

E Electric field, volt/m

3
!
1
.

I  Arc current, amp

B K, Defined by Eq. 6-7

KL Defined by Eq. 4-13

KV Defined by Eq. 4-6
4 L  Constrictor length, m
% o
= M Gas mass flow rate, kg/sec

i P, Total input power, W
Constrictor radius, m
o
T  Temperature, K
sy Va Arc potential drop, volt
i v Anode potential drop, volt
j Ve Potential across ballast resistors, volt
) v Cathode potential drop, volt

vé v, Total potential drop, volt

=i

Water flow rate, kg/sec
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Specific heat of water, joules/kg~°K

Total enthalpy, joules/kg

Local electric field factor, defined in Eq. 4~7, volt/m

Exponent of current (Eq. 4-13)
2
Pressure, newtons/m
2
Pressure at sonic throat, newtons/m
2
Atmospheric pressure, newtons/m

Energy transfer per unit area, W/m2

Energy transfer per unit constrictor length, W/m

Pressure exponent (Eq. 6-1)
Pressure exponent (Eq. 6-2)
Velocity, m/sec

Sonic velocity, m/sec

Axial distance, m

Nondimensional axial distance z/L
Specific heat ratio

Efficiency

Defined by Eq. 6-2

-
Heat conduction potential, J k(T) dr
o
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1. INTRODUCTION

This report documents the objectives, methodology, and progfess

of a program undertaken to design, develop, and fabricate a 1MW,
high-enthalpy, constricted-arc type materials test heater. This |
project was motivated by two factors. The first was the need for
materials test jets of appreciably higher enthalpies than those avail-
able. The second was the knowledge of recent advances in arc heater
and gas accelerator research which made the required 1 MW high~enthalpy
materials test heater a realistic development goal.

High enthalpy test jets are required (a) for the simulation of
atmospheric entry conditions at very high flight speeds (on the order
of 15 km/sec and higher) and (b) more generally, for imposing very
high heat loads on material test samples and vehicle components under
relatively low pressure conditions.

The project had as its objectives the following heater performance
goals:

1. The development and delivery of a constricted arc gas heater
suitable for routine materials testing with nitrogen, air,
and other gas mixtures simulating planetary atmospheres, and

having the following performance capabilities:

Mass averaged enthalpy 9.3 x 107 joules/kg
(40,000 Btu/1lb)
Input power level (nominal) 1 MW
Minimum heating efficiency
(at maximum enthalpy) 50%
Stagnation pressure range ~ 0.5 - 2.0 atm
Minimum life (without maintenance) 5 hours
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2, The feaslbility demonstration of an axisymmetric (Hall-
current type) MHD gas accelerator ultimately capable of
simulating still higher entry flight speeds (higher

enthalpies) than those given above.

The materials test heater was to be designed to be compatible with the
existing dc power supply, cooling water supply, and test tank at the
NASA-MSC Entry Environments Simulation Laboratory. Also, the heater

would be life tested under conditions closely approximating a materials

testing operation, including frequent starting and shutdown sequences,
long and short duration runs, and repeated cycling through a sequence
of typical operating points (to demonstrate repeatability).

A corollary goal was the development and accumulation of arc
heater design information and calculations to permit the realistic
planning and eventual development of large (~ 10-MW class) materials
test heaters for the same performance level as the present 1 MW heater.

The original premise that a 1 MW-class heater with the given per-
formance would be feasible was based partly on theoretical calculations
(Refs. 1 and 2) and partly on small-scale experiments with the Maecker
cascade~type arc research apparatus (Ref. 3). Shortly before this
project was started, results from a NASA~Ames high enthalpy constricted
arc heater (1/2-inch diameter) became available (Ref. 4) which con-
firmed the previous theoretical predictions.

When this project was started, the initial effort was put into
cross-correlating all this existing information and attempting to scale
it up to the 1 MW level, using the existing scaling rules for con~
stricted arc columns. In particular, the existing choked mass flow
versus pressure and enthalpy points of Shepard were immediately useful
for the choice of the. proper constrictor size (see Section 4). Some
additional small-scale (1/2-cm diameter) cascade tests were also run
during this period, to explore the effects of segment and insulator
thicknesses on the potential gradients and the enthalpies reached and
to test the reliability of purely theoretical predictions. Some details

are given, in Appendix A,
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Also during the first part of the project, additional numerlca:
constricted arc-gas flow calculations were carried out by the sta
the Magnetoplasmadynamics Branch of the Ames Research Center, in

port of this development program. Computer integrations were r n

the 50 to 100 kW (1/2-cm constrictor), for the 1 MW (2-cm constr

and for the 10 MW heater size regimes, to serve as a basis for des
and performance predictions, and for subsequent comparisons with t1
experimental results. These theoretical results and some limited
comparisons with experimental data are discussed in Appendix B.

The development of the 1 MW materials test heater was carried
out in two major steps. First, a flexible "laboratory model' heater
was built in stages. This was used for the electrode development,

for the determination of a proper constrictor length, and for the

generation of accurate experimental performance maps. This work is
described in Sectiom 4. Second, after the required performance was

attained and the internal heater design configuration was firm, the

final materials test heater assembly was designed, suitable for ease

of handling, installation, and maintenance at the NASA-MSC Entry
Enviromments Simulation facility. This heater was then successfully
life tested for five hours prior to delivery. The materials test
heater and its life test are described in Section 5,

In Section 6, the experimental and theoretical information .ob=
tained is presented in the form of semiempirical design charts and
rules for MW-class constricted-arc heaters. A tentative design poiut,{
region for a 10-MW high enthalpy heater is shown, which indicates th33 k*
general feasibility and promise of such a heater at least as far as;,‘
constrictor heat loads are concerned.

The design, check-out, and preliminary performance tests of the
axisymmetric (Hall-arc jet type) MHD accelerator were carried out”con
currently with the arc heater development, as described in Section 7;g

In Section 8, the most important results and conclusions of this

project are summarized and discussed.
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2. HEATER DESIGN AND DEVELOPMENT APPROACH

2.1 Preliminary Considerations - Some Basic Choices
Alternatives in Arc Heater Design o

The direct heating of a gas by an arc may be acéémplish“
by a variety of design approaches and heater configurations. be“
example, the gas flow may be coaxial to the arc or perpendicular to
it; the arc can be rotated within a chamber of nearly statiomary
gas; the electrodes may be consumable (the original Gerdien idea) or
nonconsumable; and so forth,.

Experience and some basic thinking, however, will quickly
rule out many of these alternatives, for the design of heaters under
consideration for this program. 1In fact, it is widely agreed, although
difficult to conclusively prove, that the most efficient way of rais-
ing a gas to highest practical enthalpies, at least with dc power, is
by passing the gas coaxially through the arc, in a constrictor of
suitable size and length.

~ Once it is decided to develop a dc-heater of the constrictor
tyée (or coaxial flow-arc), the remaining design alternatives are
primarily related to the locations and general design of the two or
more electrodes which must be at opposite ends of the constrictor(s).
The constrictor diameter can be readily determined for any particular
set of operating conditions. The first choice is which electrode to
put at the upstream end of the constrictor and which at the downstream
end, to achieve a simple constrictor design. When pairs of constric-
tors are used ("Double-Gerdien'" approach) then both or all electrodes
can be "upstream.'" The numbers and sizes of constrictors to be used
could also be optimized but the use of more than one entails the use

of a mixing or plenum chamber, and the difficult problems associated

with it.
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It is difficult to evaluate precisely the relative advantages  
and disadvantages of the single constrictor as compared with the double
constrictor (Double-Gerdien) configurations, but the performance poten—j~
tial of both should be nearly the same at high pressures. The advan-

tage of electrode corrosion protection by operating with two '"upstream

electrodes in the Gerdien type arc can also be achieved with a cavity
electrode in a single constrictor. For low pressures and extremely
high enthalpies the single constrictor design appears most favorable
since there is no plenum chamber in which the gas energy is dissipated.
The single constrictor design also permits the placing of one electrode
set, e.g., the anodes, downstream of the throat in the low-pressure

part of the supersonic nozzle. This greatly reduces the spot formation
tendency on the anodes and has worked extremely well in practice.

The advantages offered by the single constrictor design are
thus (1) that either low-pressure or high-pressure anodes may be used
and; (2) the mechanical simplicity of axisymmetric construction, Because
of these advantages the EOS group chose the single constrictor con-
figuration over the double (or multiple) constrictor approaches. Once
this decision is made, the following important choices remain regarding
the electrodes:

1. Location of the anode upstream or downstream of the con-
strictor.

2. Location of the downstream electrode upstream or downstream
of the nozzle throat (if supersonic testing is contemplated).

3. Primary method of electrode cooling (transpiration or internal
water cooling).

4., Electrode materials.

5. Location of inlets for oxidizing gases.

6. Necessity of inert gas shielding for either electrode, and

gas to be used.

7. Submerged or cavity electrodes versus electrodes in contact

with main gas stream.

2=2




§ 8. Single or multible electrodes (with individual ballast

i resistors) for either anode or cathode.

9. Method of artificial arc movement to be used on either elec-
trode, if any (vortex flow and/or magnetic fields), together

with sizes and shapes of the electrodes.

A complete and unbiased investigation of all these choices
would have led far beyond the scope of this program. Since the pri-
mary objective of the program was to develop, life test and deliver,

a high-enthalpy materials test heater within one year, it was neces-
sary to immediately choose that one approach and design configuration
which, based on prior experience and calculations, offered the greatest
probability of success.

On this basis the following initial choices were made:

1. Single constrictor design with constant diameter, which

implies choking to occur at the constrictor exit.

\ 2. Single tungsten cathode located at upstream end of constrictor.
g 3. "Multiple pin anodes located in the supersonic nozzle, as the
| first choice,
Single tungsten cathodes for the 1000-2000 amperes regime at 1 to 2 atm
pressure were known to be feasible, though in past experience some

! cathode erosion occured. The problem was to minimize erosion by proper
sk cathode and gas flow design. Multiple cathodes were a possible
alternate, but it was not clear whether this would really reduce the
L overall erosion rate. 1Inert gas shieldings of the cathode would be
automatically provided by the upstream location of the cathode (choice
2 above).

Multiple anode pins in the low-pressure portion of the expan~-

sion nozzle were the first choice. This design configuration would

completely eliminate the problem of test jet rotation associated with a

single anode and rotating arc attachment point. At the time EOS was

firming heater design plans, C. Shepard (NASA Ames Research Center) had

3
i
T
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successfully demonstrated the operation of multiple anodes.* Other
anode designs were considered as possible alternates should they be
required. From the start it was expected that several different
anodes might be required to accommodate the full range of operating
conditions (outlet pressures) of which these heaters are capable.
However, the use of a vacuum tank for testing, i.e., a low pressure
supersonic test jet, was specified as the usual test mode for this
heater. The anode design objective was for a diffused anode atfach—
ment achieved by low pressure and argon shielding. The current of
each anode attachment was to be limited to 50 amps which appeared
to be tolerable even with a contracted spot.

Some of the radically different design approaches such as
transpiration-cooled electrodes were ruled out because of uncertainties
and limited time. However, the laboratory model heater provides flex-
ibility to permit extensive study of several of the other design
variables, For example, the oxidizing gas inlets can be located at
any distance along the constrictor length. The recess of the anode
pins can be optimized, as can the quantity and type of anode bleed
(shielding) gas. Such studies would be possible without modification

to the heater.

2.2 Theoretical Calculations and Design Optimization Procedures

When the project was initiated it was expected that general
dimensionless heater design charts could be developed in a manner
similar to that used in developing dimensionless charts for long
(asymptotic) flow-arc columns. The hope was that all existing in-
formation on similar heaters (from small-scale experiments, a few
full-scale experiments, and purely theoretical studies) could be
correlated and evaluated to yield data for the 1-MWd heater design

and design estimates for future 10-MW heaters.

*
The writers had the opportunity to witness one of the earliest runs
of the l-inch diameter Ames high-enthalpy heater.
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This approach proved to be more difficult and 1¢Sk 

than expected. The reasons are manifold and will only be brie

cussed here. First, most scaling rules are very differentkfb
conduction-governed and the large radiation-governed arcs.
any very general scaling procedure which includes conductidgé‘
radiation-governed, as well as mixed cases, such as the scéiiﬂg
of Marlotte and Cann (Ref. 3) for simple arc columms, are complic

and difficult to use for design charts. A second difficulty is tha

the usual heater scaling theories, Stine-Watson (Ref. 4), Patt

etc, use the "corresponding infinite or asymptotic' arc column solutidn 
as the point of departure. This corresponding asymptotic solution,
however, is not known for either the experienced or the theoretical
data points which were to be correlated. In fact, for the heaters
under study, a corresponding asymptotic flow-arc solution cannot exist
in the strict sense, because here the choking point is always at the
heater exit, i.e., before the gas reaches the full asymptotic mean
enthalpy. A new general scaling approach is therefore needed which
departs from the choking (or heater outlet) point rather than the
"corresponding asymptotic' flow-arc; but this has not yet been worked
out.

One other finding influenced the heater design approach
which was eventually used. There are still considerable difficulties
and uncertainties involved in the use of the theoretical calculation
of the flow-arc solution (by numerical integration). The uncertain-
ties are in the gas transport properties (density of emitted radiation,
thermal and electric conductivities), and in the omission of self-
absorption of radiation energy and of possible turbulence. Both
self-absorption and turbulence tend to become more important with
increasing constrictor sizes and increasing pressures. In addition
to these uncertainties there may also be other difficulties which

have not yet been isolated.
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In any case, the computer integrations did not agree well
with the experimental results. (This is discussed in more detail
in Appendix B). It was evident that less confidence could be placed
in the computer results, in terms of actual heater design, than had
been anticipated. As a result, a more strongly empirical approach
was chosen for both the design of the 1-MW heater developed in this
program phase, and the performance predictions for the 10-MW heater.

One very general and useful design chart was obtained
initially, pertaining to the choked flow condition at the heater
"throat", i.e., at the constrictor outlet where the choking must
occur. The chart correlates the mass flow per unit of cross sec-
tional area. With the critical pressure and the mass-averaged
enthalpy at the constrictor exit. This correlation (discussed in
Section 4) immediately fixes the constrictor size, for a given de-
sired throat pressure, mass flow rate and total enthalpy.

The following approach was thus taken for the design of
the 1-MW heater:

1. A "design point" was chosen, based on the specified heater
enthalpy, minimum overall heater efficiency and a throat
pressure half of the desired stagnation pressure.

2. Corresponding to this '""design point' a constrictor diameter
was calculated from the mass flow-enthalpy-pressure cor-
relation.

3. The remaining major variables to be determined were then
the constrictor length or the current (the choice of
either one of these fixes the other), the nozzle angle
and length and the number of anode pins. These quantities
were determined or chosen largely on an empirical basis,
as will be discussed in the following paragraphs.

The initially estimated 'design point' was taken as follows:
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mass-flow averaged Ht = 9.3 x 107 joules/kg
total enthalpy (~ 40,000 Btu/1b)
power in gas (minimum) W = 500 kW
(50% of total heater
power)
mass flow rate M = 5.37 g/sec
#
throat (constrictor pf = 0.50 atm

exit) pressure

The throat pressure of one half atmosphere corresponds to about 1 atm
upstream stagnation pressure, which is in the middle of the expected
heater operating range (pofw 0.5 - 2.0 atm). The "design" enthalpy
and’estimated efficiency were chosen on the basis of the original
contractual agreement. The resulting calculated constrictor radius

was then adjusted to accommodate the nearest standard reamer size .

1.985 cm

il

constrictor diameter, 2R

0.7813 in.

1

The nozzle length and angle were selected somewhat arbitrarily, based
on a nozzle exit diameter of 4.962 inch (12.6 cm) for an assumed
desirable range of test pressures and Mach numbers. A straight conical
nozzle was chosen for simplicity, with a relatively large half angle.
(26 degrees) to make the nozzle as short as practical. It was felt
that later, for very specific test Mach numbers and flow uniformity
requirements, more elaborate nozzle shapes could be evolved. For the
initial tests 30 pin anodes were used. These were fitted into a
simple anode ring near the nozzle exit. With this arrangement
additional anode pins could be placed in the nozzle if necessary.

The number of anode pins corresponded to an estimated safe current

limit of 50 amp per pin.
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The remaining design value of the constrictor length was
based on the desired maximum arc current of 1500 amps at full pcﬁé&
of one megawatt. This current-power relation was chosen as a good
match for the existing NASA-MSC rectifier power supply. The con-
strictor length had to be determined experimentally in the manner

described in Section 4.

The initial choice of the constrictor diameter proved to be
very good as was established by the test results of the laboratory
heater (see Section 4).

The final mass flow rate at the 'design' enthalpy and the
corresponding constrictor pressure were slightly higher than the
initial estimates, since the heater efficiency was higher than 50

percent on which the first design values were based.
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3. TEST EQUIPMENT, MEASUREMENTS, AND PROCEDURES

3.1 Facilities and Equipment

3.1.1 Test Facility

The testing of the 1-MW laboratory model hecater, the
ultrahigh enthalpy accelerator, and the materials test heater, was
conducted in the Plasma Laboratory of EOS. All heaters were tested
in a 6 x 3 foot water-cooled vacuum tank which is equipped'with a
copper coil heat exchanger. A vacuum of 5 mm Hg can be maintained

with a gas flow rate of 6 g/sec in the tank.

3.1.2 Heater Installation

The heaters were installed on vacuum flanges which
were mounted on dollies for ease of handling. The laboratory test
heater and the materials test heater were mounted on their flanges
and are shown in Figs. 3-1 and 3-2. 1In the laboratory test heater,
the cooling water was delivered to the segments by individual water
lines which permitted the measurement of the flow rate through each
individual flow circuit of the heater, and the temperature rise of
the cooling water in each segment. In the materials test heater, the
component cooling water is supplied from two manifolds which are part
of the support structure of the heater.

For the monitoring of the current carried by each
individual anode pin of the laboratory model heater, 30 voltmeters
were connected across the anode pin ballast resistors. Since the
test results of the laboratory model heater indicated that the ballast
resistance of 1.4 ohms for each anode pin was sufficient to assure the
desired current distribution over all 30 anode pins, voltage measure-
ments across the ballast resistors in the materials test heater were

unnecessary.
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3.1.3 Coolant Water Supply

Cooling water for the heaters and the heat exchanger

was provided from two sources: a 1000 psig water supply, capable of
delivering 200 gpm of recirculated chemically treated water, and a

200 psig supply, capable of delivering 100 gpm from the water main. ﬂj

3.1.4 Electric Power Supply

,} The electrical power for the heater was delivered by

! 600 kW rated A. O. Smith rectifier power supply which can be operated

In addition, six

W} at almost double its rated capacity for 10 minutes.

rectifiers, each with a rated capacity of 50 kW, were available.

3.2 Measurements

3.2.1 Coolant Flow Measurement

- The water flow rates were measured with two water

o flow panels each having twelve separate water circuits. The 200 psig
water flow panel measures, with individual mercury columns, the pres~
sure drops across commercial precision flow orifices. The 1000 psig

water flow rates are determined from the pressure drops across com-

mercial precision orifices measured with a single differential pressure
gage (Mid-West Instrument). Each water flow panel was calibrated by

weighing the total water flow, during a given time interval, at several

L

pressure differentials.

3.2.2 Power Measurement

The electrical power input to the heater was deter-
! mined from the product of the arc current and total voltage. Both
electrical values were measured with a Rowan D.C. Volt-Amp Panel Model
DR 630/631 Serial No. 001. The instruments of the panel are guaranteed
to measure voltage and current with +1 percent full-scale accuracy.

The calibration of the two instruments indicated that they performed

within the specified accuracy (Calibration Test No. 00518, 24 June 1965).

§
i1
H
{
i
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3.2.3 Gas Flow Measurement

All gas flow rates were measured with sonic orifices.
Each orifice was calibrated with a wet test meter (AL 17) or against a
calibrated orifice, depending on the orifice size. The orifices were
mounted on a flow panel on which the upstream pressures as well as the
downstream pressures were measured with 1/4 percent Gasco pressure

gages.

3.2.4 Temperature Measurcment

| The temperature rise in the cooling water circuit was
measured with commercial shielded copper-constantan thermocouples
whose differential output was displayed on a digital voltmeter. Be=
fore each power run, the temiperature rise of the water due to friction
(pumping power conversion) was established (zero reading) and sub-

tracted from the total temperature rise measured during arc operation.

3.2.5 Enthalpy Determination

The total mass-averaged enthalpy delivered by the
heater was determined by two methods, one of which was based on the

following relation:

T HZO
ht = = + hB
where
ht = total mass-averaged enthalpy
PT = total electrical power input
W = coolant water flow rate
H.,0
2
hB = base enthalpy of gas
c = gpecific heat of water
M = gas mass flow rate
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The other method employed the theoretical relation

between throat pressure, enthalpy, mass flow rate, and throat area

M
CCP*A* = f (ht)

This relation incorporates a correction factor Cc’ which takes into
account the nonuniformity of the enthalpy distribution and the viscous
effects at the constrictor exit. The correction factor was determined
by a comparison of enthalpies measured by the first method.

The possible error in the total mass averaged enthalpy

evaluated by the first method can be estimated from

cOT W W CW. AT\
} } HO

o oL, 1,0 I2O ST L ; 2 oM

v I ' v.1I W \T V. I M
Aht _ T A HZO P T "A
ht cAT WHZO

1 =~
Vpla

When using realistic values for all possible errors of the operating
parameters measured, one finds a possible error in the enthalpy deter-

mined by the above equation to be:

/Lh
E—E ~ =+ 13%
t
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For the error analysis of the second method, the approximate relation

p*A* c’ % 1 *%—
h = (______;___C_> = Cll' RI"'

t M

can be written, so that

Ao fleee | a2
h_ 2 | |p* X 2 ¢

/

With realistic values for possible errors in pressure and mass flow

rate,
Lh NC
E~£':w + 1.5% + % E—l
t 1
where
2 o, e
C A% G
1 c

When the tests for the determination of the constant CC were performed,

all measurcments were made with great care over a wide range of operat-
. ing conditions. The accuracy of the correction factor should, there-
fore, be considerably better than the accuracy of an individually
determined, mass-averaged enthalpy determined by the first method.

One can estimate

NG
1 5
C ~ +5%

1

]
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so that the second method will determine the total enthalpy with a

possible maximum error of

Ah

—-EEN +6.5%
[

which is only half the possible maximum error for individual enthalpies

determined by the heat balance method.
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4, TESTING AND EVALUATION OF LABORATORY MODEL HEATER

Testing of the laboratory heater was performed with two general

objectives in mind. The first objective was the testing and verifica-
tion of the basic constricted-arc heater design with all critical
components. The second objective was to establish design procedures
for constricted-arc heaters in the 1 MW power size and for heaters of
larger power capacity, i.e. up to 1CMW,by means of consistent test
data and their correlations. The test data obtained in the course of
the testing program, and their correlations and evaluations, are pre-
sented in the form that led to the satisfactory completion of the
second objective. This is indicated by the design charts established

for a 10-megawatt constricted-arc heater presented in Section 6.

4.1 Testing of Laboratory Model Heater

The testing of the laboratory model heater had three basic

3 objectives:
. 1. Evaluation of the constrictor segments, the cathode and the

anode design.

f—

2. Experimental determination of the comstrictor length for

full power input of 1 megawatt at 1500 amps.

Determination of flow rate and efficiency at the design point
of 40,000 Btu/lb (9.3 x 107 joules/kg) at 1 megawatt total

power input.

I
W

Evaluation of Constrictor Segments, Cathode and the
Anode Design

The constrictor segments, the cathode and the anode design were

evaluated with a heater configuration consisting of five (5) constrictor

segments, the complete nozzle and anode section with 30 anode pins, and
a 3/4~-inch-diameter cathode with g 0.60-inch~diameter tungsten tip. The

constrictor segments, the nozzle section, the cathode assembly, the test
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tank 1lid with the anode pin manifolds, and the assembled first test

configuration of the heater are shown in Figs. 4-1 to 4-6. This con

figuration was tested up to the full design current of 1500 amps with
a nitrogen flow rate of 5.37 g/sec. 1In this configuration, the anode
pins as well as the cathode performed without any indication of problem. .
The constrictor segments remained in their original condition.

The second configuration of the heater consisted of 15 con~-
strictor segments, i.e. a constrictor of 9.1 inch in length. This

configuration was tested up to 1500 amps successfully.

Determination of Constrictor Length and Heat Transfer
to Constrictor

During the testing of the 9.l-inch constrictor, the heat
transfer to the constrictor wall was measured and extensive correlations
between arc current and total voltage were made. These tests gave the
first indication that the energy transfer to the constrictor wall was
predominantly a function of the arc current. Extrapolation from the
two constrictor lengths tested indicated that the total power of
1 megawatt could be dissipated in the heater at 1500 amps with a
12.75 inch (32.4 cm) long constrictor at a gas flow rate of approxi-
mately 6 g/sec.

Six more constrictor segments were added to the constrictor
to bring its total length to 32.4 cm. When this configuration was
tested at 1500 amps, problems were encountered with the cathode. Even
with a new cathode of the original design, the ablation of the tungsten
tip persisted when reaching an arc current of approximately 1450 amps.
The cathode was redesigned. Its diameter was increased to 1 inch and
the tungsten tip diameter was made 0.700 inch. Small modifications on
the cathode housing and the associated components had to be made to
accommodate the new cathode. With these changes the heater was operated
up to the full current of 1500 amps and full power of 1l megawatt. The
heater was tested with nitrogen and with simulated air.

The main gas flow was injected into the constrictor near the

cathode tip.
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FIG. 4-2 ASSEMBLED NOZZLE SECTION OF LABORATORY MODEL HEATER
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4-3 NOZZLE SECTION WITH ANODE PINS (FRONT VIEW)
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When operating the heater with simulated air, the oxygen was
injected into the heater between the fifteenth and sixteenth segment
downstream of the cathode. This was found necessary to prevent the

oxygen from affecting the tungsten of the cathode.
The test results obtained with the 12.75 inch (32.4 cm) long

constrictor configuration of the laboratory model heater are discussed
in the following paragraphs.

4.2 Test Results Obtained with the Laboratory Test Heater:
Their Correlation and Evaluation

4.2.1 Correlation Between Total Enthalpy, Constrictor Exit
Pressure, and Mass Flow Rate for Choked Flow Conditions

The following relations all apply to the constricted-arc
heater which exhausts directly into a vacuum tank, without an intervening
mixing chamber or "'second" nozzle throat. For this case, an analytic
correlation between the total enthalpy, the static pressure at the exit
of the constrictor, and the total mass-flow rate can be found.

ngﬁf = £ (n) (4-1)

If the following assumptions for the condition at the
constrictor exit are made:

1. One-dimensional flow, i.e., uniform velocity and enthalpy
distribution, no frictional effects
2. 'Chemical" (species distribution) and thermodynamic equilibrium

3. Sonic flow conditions

then it is also true that

}:1 - V* p* i
A% px © TTpE (4-2)

where v* = £ (h,p%) throat (sonic) wvelocity
p* = £ (h,P*)

and the total enthalpy is

throat (sonic) density

|

v°’¢2
ht = h+T (4-3)
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The relation (Eq. 4-1) was verified for both nitrégen
and air up to very high temperatures (~'15,OOOOK), by using the,ei
rium thermodynamic properties of these gases given respehtivélyfi
Ref.5 and Ref. 6. The plots of p*v¥/p* vs h_ for differen;¥pim
(0.1 to 10 atmospheres) fall all on the same curve, with gnginee
accuracy. The curve for nitrogen is shown in Fig. 4-7. For a‘ver

wide range of enthalpies, the mean slope of the mass-flow parameteri

is -0.52. For a perfect gas it would be constant and -0.50. For sﬁéh7

a gas
* vk .5
£L5§r (ht) = constant (for perfect gas)
1/2
" y+r1 4
Y {Y ! 1} (4-4a)
From the one-dimensional flow calculations using the
latest real gas tables for nitrogen (Ref. ) it turned out that

* gk .5 .
E—;;— (ht) = a weak function of h_ only (4 -4b)
(one-dimensional flow, equilib-

rium nitrogen)

At the beginning of the program the curve which accurately

represents the simple one-dimensional flow of equilibrium nitrogen (or air)

was compared with the available experimental data from a 1/2-inch-diameter

constricted arc heater at NASA/Ames Research Center.(*) The Ames experi~ 
mental data, however, were given in terms of the upstream stagnation
pressure, P, . A measured throat pressure was not available for that

heater. From analytlcal and theoretical consideration, a relation between

throat pressure and upstream stagnation pressure was assumed

* ‘ '
R~ . Constant (4-5)
Py

(*) Furnished to this project by C. Shepard and H. Stine (Head), Magneto-
plasmadynamics Branch

4~10
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Assuming the constant factor to be 0.53, the experimental data w
referred to as the calculated throat pressure and correlated @i
theoretical curve. The precise value for the ratio betweenfth“
pressure and stagnation pressure chosen (within a few percent
critical because it was only important to establish that theiékp
mental data follow the theoretical curve. The validity of uSiﬁ
constant for the pressure ratio p*/pO was later verified by méa$
ments such as those shown in Fig. 4-8. This correlation shows that
the ratio of the measured pressures at the first segment, P (which is:
slightly lower than po), to that of the exit segment p,, remained con-
stant at a value of 0.49. The important fact is that neither enthalpy,
flow rates nor absolute pressure level have any appreciable effect on
the sonic throat to inlet pressure ratio of the constrictor, within the
regime of interest.

The Shepard mass-flow data were thus converted to
_ 1 M
b= ¢ (0.53 poA*> ’

and compared with the one-dimensional analytic values of Fig. 4-7.

This comparison is shown in Fig. 4-9. Tt was found that the mean curve
through the converted test data runs parallel. This indicated that the
experimental data can be closely approximated by the one-dimensional
analytic curve, though a small constant correction factor might have

to be applied to bring the experimental data into full agreement with

the theoretical curve. This correction factor lumps together all the
effects neglected in the simple one-dimensional flow model, i.e.,
nonuniform enthalpy and velocity distribution, friction (boundary layer),
etc. The factor was found for the 1 MW heater, i.e. for the 1.9895 cm
diameter constrictor, to be C. = 0.9674; this led to the quasi-theoretical
relation

M % yk
camE = T s f @) (4-6)
C
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For larger heaters in which boundary layer effects are smé
enthalpy becomes more uniform‘(higher Reynolds numberé)ith
factor may approach unity. ‘

The thus established mass flow relation
utilized to construct a heater operating map for a giveﬁ‘:
size in terms of the same variables. Such a map, for a?
constrictor, is shown in Fig. 4-10.

This map can be used to determine the mass:a
total enthalpy at the throat from the measured throat pressureﬂan
flow. This is very useful because the enthalpy determined from an.
energy balance is not always readily available (e.g., for short'ruﬁSwV
or during a run). In addition, this method furnishes an independent :i
simple check on the total enthalpy obtained by the energy balance. Thé
good consistency between the 'throat pressure' enthalpy or 'choked fldﬁﬁ
enthalpy and the enthalpy determined directly from the energy balance is.
shown in Fig.4-11. ‘The scatter is well within the experimental accura¢y 
which was discussed in Sectiom 3. ;’

A map similar to that of Fig.4-10, but with the powef~
in the gas (instead of the mass flow rate) as a par&meter, can easily
drawn. On these maps, the possible operating range for a given heaterkﬁ
in terms of maximum pressure versus enthalpy for given gas power can béﬁ

sketched out.

4.2.2 Electric Parameters

Following is the correlation of arc voltages and curr

with the gas dynamic parameters and the conmstrictor dimensions.
The total voltage of the heater is given by the relati

L

VT=£E dz + V_ +V, + Ve
where
Vp = total heater potential, (volt)
L = length of arc, (m)
E = electric field, (volt/m)
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VC = cathode drop voltage, (volt)

Va = anode drop voltage, (volt)

Vyp = ballast resistor voltage (if applicable
z = distance along the constrictor, (m)

and the arc voltage is being considered to be represented by thé3

; L
A gEdz:J'Edz —s—jEdz
constrictor nozzle

<
]

i

3 The latter breakdown is desirable when the design and optimization of

the constrictor is discussed.
N In Fig.4-12 the total heater voltage as measured during
the tests, is plotted against the current, with mass flow as the parameter.Jff"k
{ In Fig. 4~-13 the arc voltage alone (as defined above) is shown as a function""”ﬁw
of the arc current and the mass flow rate. The total heater voltage rises

more steeply with current than the arc voltage because of the anode

ballast resistors. The arc voltage rise with increasing current at

;{ constant mass flow is mostly a pressure effect, as will be shown. In

Fig. &4~14 the total heater input power is given as a function of the arc
current and flow rate. The throat pressure as a function of arc current

g and flow rate is presented in Fig. 4-15.

In Fig. 4-16 the enthalpy is correlated with the arc
current, with constant mass flow values as the parameter. The enthalpy
curves have a slope of 1.0 while the pressure curves in Fig.4-15 have
a slope of roughly 0.5. ,

Gross correlation of all the presented data yields a

result of great practical importance and of theoretical significance.

The arc voltages were plotted against the throat pressure, first with

the enthalpy and then with the arc current as the constant parameter.

6320-Final 4-18



ALV 0¥V CAIDIYILSNOD

{ HIL Y04 INEYEND Odv ANV 9oV ITI0A TvI0L NIIMTHL NOIIVITII0D Tl-% “OId

sdwp ‘ VI JINIHHND DYV

N3IOO0YLIN
ses/8 0°€ V
618°ON < 2es/8 0% O
285/6 0'G A
028°ON 2858 0°9 O

yomoba W

Ol

sijon * LA 39vid0A V1Ol




. ¥EIVEI 0¥V @EIOTMISNOD WHILIWVIQ-WO-7 HUIL ¥O0d
GTRRNAD O¥V ANV AOVITIOA WV NAAMIAT NOIIVIINOD  €1-7

e

v

14

sdwo ‘YT IN3HEND OUV
000¢ 006l 000! 00.L 00¢ 00¢ 0072
I S A O L _ _ 20!
N3IOO¥LIN
- =
B 08s/6 ‘W 1€
¢
S
9
- -G
- ol s
= cmm———— oo ()G dsg
| 1 O | | ol

Fomman Sorriaceey

sy10n ‘YA I9VIIOA OHV




HAIVAL DIV AAIOTYISNOD AALIW I(-10-g
LI ¥0d INTYYND 0¥V @Iy ¥EMOd TVIOL NITAMTAL HOIIVIAY0D #HI-% °OId

sdwo ‘Y1 ) N3I™HAD MY

000¢ 000 00¢ 00¢g 002 00!
Ol
LT | _ 2z
- —Z
- —¢€
oe VvV o _
B ot [ v
0 A
- Sl's © —6
09 X
— 295/8'W 31v¥ MOT4 ssyw 19
- -4
- —18
e —6
_
mo_

My Yy ¥3amod

6320-Final

Bag



YAIVIAH O¥V QEIOTYISNOD ¥ILIWVIA-WO-¢

sdwo ‘Y INIHHND JHV

97T ¥0d INTW¥AD DUV QNV T¥ASSTYd IVOUII NAAMLIT NOIIVTIATI0D G1-% 014

0002 006§1 000l 000G 00¢ 00¢ 00l
| I [ _ _ _ _ o)

l

i 98

20

O

g

l

2

m

w

w

5

Px

- %

2es/6 0'¢ W £

oes/boy O —G m

298/6 0’ A -

: —~H9 3

J8s/b g1'6 O (M)
oss/B 09 X

|

i,




.
G

8
4 %10 l T T T TT1 l l
2.__
o
4
~N
172
o
3, 1%
- L
i o
N o
0. -
I
T 51
i._
< | .
' lad
=
5 3 NITROGEN
|_
2_
o’ | | S T Y B | |
100 200 400 600 800 1000 1500 2000
ARC CURRENT 1,, amps
FIG. 4-16 CORRELATION BETWEEN TOTAL ENTHALPY AND ARC CURRENT FOR

THE 2-cm-DIAMETER CONSTRICTED ARC HEATER




L

Ssotenironsi

el

Siimimini L

B

2
!
L

,;€ppears to be largely dependent only on the pressure.-

The very significant result found (Fig. 4-17) is that the voltage is
substantially a function only of the pressure, and is nearly indepe
of ‘all other parameters. This is true within the range of the péra
eters covered and within the accuracy required for design calcui’

This result is expressed by
1/2
*
V, ~ LK (2
A v p
a
where P, is atmospheric reference pressure. It is evident that plotti, -
the arc voltage against the inlet pressure would have yielded a similar
correlation different only in the constant factor Kv‘ When different
empirical trends are compared they are found to be quite consistent.

They can be approximated by the very simple relations:

V, ~ e (p*)1/2 Empirical, Fig. 4-17 (4-104)
=42 ‘

ht ~ox I M Empirical, Fig. 4-16 (4-10b)

p¥ ~ 11/2 ﬁl/z Empirical, Fig. 4-15 (4-10¢)

Since all pressures along the constrictor are propor-
tional to the throat pressure, we can immediately conclude from the
relation 4-9 that the potential gradient, E, along the constrictor must

have the same functional dependence on the pressure, namely:

1/2

E (2) ~ by (BLE) (4-11)

The same pressure dependence can be obtained from the
detailed potential gradients along the constrictor of one single operat-
ing point. Fig. 4-18 shows the potential and voltage gradients along
the constrictor at a current of 1008 A and a mass flow rate of 6 g/sec '°
of nitrogen. The gradients range from ~ 18.8 V/cm near the inlet tQ ‘

~ 13.6 V/cm near the outlet. The ratio is almost precisely ,/ 9 i.e.,

the square root of the pressure ratio. This would indicate that, even  

in the inlet region of the heater near the cathode, the voltage gradieutf
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Measurements along the constrictor, like those of
Fig.&~18,can‘furnish the constant k; = E(p)/(p/pa)ll2 directly. This
constant can also be obtained from the relation between‘arc,?QlFage 
and pressure as shown in Fig. 4-17.  Because of the alm‘“\u ne:

pressure drop along the constrictor, one can write

pz) _ 2 -

= 2
p* L
Then the relation between measured arc voltage and throat ptéSEur

] L 1/2
VA = E(z) dz = £ kE(gz) (z) dz

(e

1

Inserting Eq. 4-12 into Eq. 4~13 and setting z/L = z',

1/2 1
v, = kE(gi) L [ (2-2' /24,0
a o}
one finds _ 1/2 ‘
A - e
kg = 0.807 —+ <5§> [V/m] (45}5)

From the correlation of the test results, the constants kE and Kv (Eq.‘ﬁi

were found to be

1.804 x 10° [V/m]

g [V/m]

'

K
v

]

kE/O.8O7 = 2,235 x 10

4.2.3 Energy Transfer to the Constrictor Wall

In large arc heaters, a most difficult quantity to
comprehend analytically and to predict with any accuracy is the heat
transfer to the constrictor wall. Yet, this quantity is critical for
the prediction of the two essential performance criteria, the heatét 
efficiency, and enthalpy-pressure performance envelope which is feasib 

with an allowable wall heat load.



g
i
!
i

The complete energy transfer to the constrictor wall
depends on a large number of parameters and conditions. Some of the
more important ones are the gas temperature profile across the con-
strictor, the radiant emission and self absorption properties of all
gas layers, the reflectivity, regctivity, roughness of the constrictor
wall surface, the magnitude of turbulent energy and mass transport
(reacting species), the heat conduction and molecular recombination
near the wall, and the symmetry and stability of the discharge as well
as the flow. None of these can be reliably predicted yet by analytical
means alone. :

For the 1.9845 cm diameter constrictor, radiation
appears to dominate the energy transfer to the constrictor wall, but
conduction and turbulent convection still contribute a relatively
important part of the total heat transfer, especially near the con-
strictor outlet. The combined test results of the laboratory model heater
and the small arc column (Appendix A) indicate the maximum convection
heat transfer in the laboratory model heater to be approximately 10 percent.
The numerical computer calculations by Watson, which assume purely laminar
flow, still predicted about half of the heat transfer near the outlet to
come from conduction (Appendix B). Unfortunately, the energy transfer
rates produced by these computer calculations neither agree in magnitude
nor in axial distribution with those measured in the 2 cm diameter con-
stricted arc heater. We are therefore forced to rely to a-large extent
upon purely empirical correlations at this stage.

The important empirical result was that at the higher
currents the heat losses to the constrictor wall depend substantially
only on the current. This correlation is shown in Fig. 4-19, for the
whole constrictor as well as for a group of 3 individual segments.
These test results suggest an energy transfer deéendency for the 2 ¢m

diameter heater with current of the form

O m~ KIV (4-16)

where n ~ 1.62.
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Thus, whatever effect pressure, mass flow, and entbél

have on the energy transfer to the wall, these effects seem to appeax

only in such a combination as to be proportional to a simple power of

the current, at least for a given arc constrictor which operates With
choked outlet flow. k

Relation 4-16 was derived from test results“ﬁhat7pfd

duced the heat load distribution along the constrictor for different-;
currents. This is shown in Fig. 4-20. The heat load distributith‘fOf‘
all current levels are rather flat. The correlation of the wall heat
logs with the enthalpy alone, which was fairly good for the small

1/2 cm research cascade (see Appendix A), fails here, as is shown in

,,,,, Fig. 4~21. Such a correlation would be typical for a strongly con-

duction-governed or convection-governed energy transfer process.

The experimental wall heat loads on the 1.984 cm
t diameter constrictor are seen (Fig. 4-20) to bLe moderate. Typically,
they are ~ 1.3 to 1.4 kW/cm2 for the 150C amps arc current, and propor=
; tionately lower at lower currents. These heat loads are based on the

entire constrictor wall including the boron nitride surface area.

4.2.4 Heater Efficiency

With the empirical correlations which were found for

v the electric field and the energy transfer to the constrictor wall, it

is now possible to arrive at a correlation between the operating
parameters of the heater and the efficiency.
The total electric power consumed in the constricted

arc heater is

L .
Pp = 1 {J)'E dz +V_+V_ +Ry I (4-17)

Inserting now the relation for the arc voltage from Eq. 4-15, solved

for VA’
I - 1/2
v, = £ Edz=1.239 x L kE(pa)
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" arc current. This agrees with the test results, which are shown in Fi

~ lat&d air is shown in F:.gc ¢~26

The total power is then

1/
_ p¥
’PT 1 (1‘.239 x Lk, (Pa)f +

The power 1n the gas is the difference between the‘to
and the total loss. The total loss is comprlsed of
due to the electrode voltage drop, I (v, t V¥ ), the poWe
ballast reslstance RBI2 and the energy transfer to the_‘
which was found to be LKLI . The efficiency of the heater is,

1 =T L

Lk I

1
o L + (VAR T)

. 1/2
1.239 x L kﬁ(g-’l) + (U AR,T)
g !

From Eq. 4-20 one can recognize the dependency of the efficiency on th‘

4-22 and Fig. 4-23 as measured,

The semi-empirical equation (Eq. 4-20) and the test :
results show that the efficiency decreases with increasing current (at
fixed p¥*), and increases with increasing throat pressure (or mass flo‘
at fixed current. This is shown in Fig.4-24 which is a cross plot

data presented in previous figures.

4.2.5 Testing with Simulated Air

The laboratory model heater was also tested Wlth 31;

lated air. Some deviation from the correlations which were presented

for nitrogen were found. The main reason for these variations 11@”
the change of the pressure distribution along the length of the con
tor. This change is due to the injection of 20 percent of the total,g
flow approximately 2/3 of the constrictor length downstream of the cat
This becomes apparent from the difference in the pressure relation bet
the upstream pressure Py and the downstream pressure P, as shown ln

4-25. The total voltage-arc current relation for the tests w1th slmu
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5. ONE MEGAWATT MATERIALS TEST HEATER
(Materials Test Heater, Model HE-1M{)

5.1 Materials Test Heater, Model HE-1MW, Design

After testing of the laboratory model heater had confirmed’a  
all basic design details for the l-megawatt constricted-arc heater,
the Materials Test Heater, Model HE-1MW, was designed. The design
of the Materials Test Heater incorporates several improvements which
were developed as a result of experience gained with the laboratory
model heater. The design also provides for the final installation
of the heater at the NASA test facility of the Manned Spacecraft
Center in Houston.

A special aluminum support structure was designed, in which
the heater itself is mounted. This structure contains the four water
manifolds (two inlet manifolds and two outlet manifolds), from which
all heater cooling water circuits are supplied. The support structure
makes the heater a self-contained unit to which only the electric
power and the main water lines have to be attached.

Another feature of the Materials Test Heater design is the
segmentation of the heater into two distinct assemblies which can be
assembled and disassembled independently of each other. The nozzle
and anode assembly is assembled on the front plate of the support
structure while the constrictor assembly can be bench-assembled
and then mated with the nozzle and anode assembly. The constrictor
assembly contains the tungsten cathode, the main and auxiliary gas
inlets, the water-cooled copper contrictor column segments, and
associated hardware. The nozzle and anode assembly contains the
30 copper anode pin assemblies and the nozzle segments, and provides
the mounting plate for installation of the heater on the vacuum test

chamber. The complete design of the heater is shown in the assembly

sl
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{
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RS

drawing, Fig. 5-1.

5-3. An exploded view of the constrictor and nozzle sections is shown
in Fig. 5-4.

The assembled heater is shown in Figs. 5-2 and

The Materials Test Heater is shown schematically in Fig. 5-5.
The heater is designed for a cooling water supply of 500 psig at a flow
rate of 140 gpm, and an inlet temperature of less than 100°F. The
water is chemically treated to prevent scaling of the component
coolant passages. Coolant flow is provided from the inlet manifolds
for the housing cooling segment, the constrictor column and nozzle
segments, the cathode, the anode manifeold rings, and the mounting
plate.

The main gas flow of nonoxidizing or inert gas is in-

troduced into the constrictor section through inlets located a short

distance downstream of the cathode. If it is necessary to simulate

air, or to otherwise provide oxidizing gases, such gases are intro-
duced into the constrictor through the sixteenth constrictor segment
located approximately 10-inches downstream of the cathode. The
downstream location of the auxiliary inlets prevents erosion of the
tungsten cathode by oxygen or other oxidizing gases. All gases enter
the constrictor tangentially at low velocities.

Argon gas 1s supplied to a plenum in the anode pins support
ring from where it flows around each of the 30 anode pins to protect
the pins from highly concentrated arc attachment and the affects of
oxidizing gases.

Electrical power and coolant requirements, and other operating

requirements and characteristics of the heater are given in the follow-
ing Table 5-1,

5.2 Materlals Test Heater, Model HE-1MW Operation

The operation of the Materials Test Heater is the same as

that of the laboratory test heater. The arc is initiated by a voltage

breakdown from the cathode to the anode pins in an argon atmosphere.

6320-Final " 5.2
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FIG. 5-2  MATERIALS TEST HEATER, MODEL HE-1IMW (nozzle view)
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TABLE 5-1

LEADING PARTICULARS
MATERIALS TEST HEATER, MODEL HE-1MW

Total Electrical Power

Arc Current

Total Average Enthalpy

Gas Flow Rate

Critical Sonic (Throat)
Pressure

Coolant
Coolant Flow Rate
Coolant Inlet Temperature

Coolant Inlet Pressure

l-megawatt

1500 amperes
(1600 amperes maximum)

9.3 x 10 joules/kg
(40,000 Btu/lb)

6 g/secc

0.55 x 105 newtons/m2
(0.54 atmospheres)

Chemically Treated Water
140 gpm

1OOOF maximum

500 psig minimum at Full Flow
Coolant QOutlet Pressure 150 psig maximum at Full Flow
Dimensions, Overall 40 inches diameter x 30 inches
Weight (approximate) 295 ibs

12 3/4-inch - 16 bolts on circle
of 13.625 diameter

Chamber Mounting Provisions

6320-Final 5-8
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The initial breakdown occurs at about 560 volts open circuit voltage
with 0.5 g/sec argon flow, The arc, however, cannot be maintained at
full nitrogen flow if the onset of current flow causes the supply
voltage to drop below 460 volts. This voltage level appeared to be
the minimum operating voltage requirement for the heater-power supply
combination at the EOS Plasma Laboratory. The full main gas flow is
initiated by an automatic starting device, which is activated by the
potential difference developed across the anode pin ballast resistor
upon starting of the arc.

5.3 Life and Endurance Test of Materials Test Heater, Model
HE - 1MW

On 1 and 2 November, 1965, the Materials Test Heater,
Model HE-1MW was life and endurance tested for a total accumulated
time of 5 hours and 3 minutes with 21 starts. During this test,
the total voltage and arc current, as well as the temperature rise
of the coolant, were recorded for each test point. The total voltage
and arc current, and the downstream pressure of the sonic constrictor
orifice were recorded continuously on a chart recorder.

Throughout the five hours of operation, the heater per-
formance, i.e., the voltages and heater exit pressures (and hence,

the enthalpies and efficiencies) for given values of current and

mass flow rates were repeated within the measuring accuracy. There was

no cathode '"gpitting" or "sparking' at any of the current and mass

flow levels tested (500 to 1550 amps with N,, up to 1600 amps with

’
argon, 3 to 12 g/sec mass flow). The jet aipeared extremely stable
and clean under all conditions covered by the test. Run durations
were limited only by tank, window, and power supply cooling limits,
which permitted continuous operation at maximum current for 10-
minute periods and continuous runs at lower power (below 800 kW) for
30 to 50 minutes. The heater itself showed no signs of overheating

and could have been operated continuously for 5 hours or longer.

6320-Final 5-9




However, the many starts, stops, and changes in operating conditions,
represented a more severe and realistic test of the heater in terms
of its intended purpose.

The statistics of the entire test including the operating
points covered and the duration for each are compiled in Table 5-2.
The performance of the heater during the test is shown in Figs. 5-6
to 5-9. The highest enthalpy at which the heater was tested was
13.4 % 107joules/kg (58.6 % 103 Btu/1b) with an efficiency of 50.4
percent., At a mass-averaged total enthalpy of 9.3 x 107 joules/kg
(40,000 Btu/1b) the efficiency was 59 percent. The heater perform-
ance during the test indicated that all design specifications were
substantially exceeded,.

Following the life test, the heater was carefully inspected
and found to be in perfect condition. There was no need for any
repair, modification, or cleaning. There was a small rough spot
at the center of the cathode, probably the result of the cold
starting. 1In Fig.5-10 the cathode, the cathode insulator, and one
anode pin, which were used during the five hour test are compared
with new heater components. This figure provides a graphic demon-
stration of the excellent condition of the critical parts of the heater.
The normal life expectancy of all heater parts can be conservatively

estimated to be at least 50 hours.
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LE 5-2.
JE MATERIALS TEST HEATER HEGH-2
0 2 November 1965

Flow Throat
ge Power Rate Pressure - Enthalpy Efficiency
e kW gfsec mbar joules/kgx10‘7 Percent mn He
J 570 5.8 430 6.09 62.0 6.0
5 714 5.8 480 A 7 .45 60.5
3 252 5.8 322 3.32 76 .4 5.0
J 570 5.8 434 6.18 62.9 5.2
5 714 5.8 478 7.38 59.9
] 254 6 329 3.19 75.4
5 575 6 443 6.00 62.6
0 720 6 491 7.20 60.0
9 958 6 551 9.35 ' 58.6
B 579 6 450 6.12 63.4 5.2
9 254 6 331 3.30 78.0 5.0
5 951 6 551 9.35 59.0
9 254 6 325 3.10 73.2 5.0
0 72" 6 489 7.10 59.2
5 4931 6 551 9.35 59 0 5.3
2 11 6 560 9.61 57.1
5 575 6 453 6.00 62.6
2 197 6 297 2B 71.6
8 573 6 441 5.95 61.8
1 256 6 331 3.30 77.3 5.1
0 580 6 4438 6.08 62.9 5.3
0 960 6 555 9.45 59.0 5.4
0 580 6 450 6.13 63.4 5.2
3 724 6 493 7.27 60.2 5.5
9 254 6 331 3.30 78.0 5.1
9 254 6 327 3.13 73.9 5.0
0 580 6 4438 6.08 62.9 5.2
9 958 6 556 9.46 59.2 5.4
0 580 6 446 6.07 62.9 23.0
2 2606 6 329 3.28 74.0 23.0

=11
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ok

S

Run
Duration
Minutes

Starts Time Point
S 22:40 31
22:42 32
22:43 33
22:46 34
22:48 35
22:51 36
22:54 37
S 23:18 38
23:20 39
23:21 40
23:23 41
23:24 42
23:25 43
23:27 44
23:28 45
23:29 46
23:39 47
23:55 48
S 00:27 49
00:28 50
51
S 00:56 52
53
54
55
S 56
01:10 57
11l 3¢
01:13 59
01:1% 60
9 61
Starts 62
63
64
65
66

Accumulated
Time
Minutes

Current
Gas amp

20

22

45

10

25

70

131

153

198

233

303

Totals: 21 starts, 303 minutes running time
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5-2
\TERIALS TEST HEATER HEGH-2 {contd)
0 2 November 1965

Flow Throat Tank
: Power Rate Pressure Eathalny Lt{iciency Press
i kW ¢/sec mbar joules/kgxl0-7 Percent mm Hg
254 6 320 2.8 66.1 23.0
284 8 407 2.54 71.5 15.05
639 8 551 5.33 66.7 15.0
282 8 410 2.60 73.8 15.0
290 8.85 438 2.40 73.2 15.0
662 8.85 601 5.35 71.5 11.0
240 5 286 3.65 76 .0 4.5
239 5 277 3.37 70.5
540 5 377 6.15 56.9
9C¢0 5 478 10.2 56.7
221 4 233 3.82 69 .1 3.9
5089 4 331 7.35 57.8 3.9
&54 4 47 11.8 55.3 3.9
2U( 3 189 4 .50 67.5
470 3 267 8.70 55.5 3.2
78¢ 5 320 13.4 50.4 3.2
468 3 267 8.7 55.8 3.2
79¢ 3 320 13.4 50.5 3.2
320 10 483 2.22 79 .4 34.0
710 10 686 4.70 66.2 34.0
4980 10 781 6.50 65.7 34.0
L4l 8 400 6.0
35 & 480 6.0
504 8 514 6.0
71z 8 564 6.0
7.9 & 5738 6.0
144 1 4ot 14.6
15 12 0 16.6
42 i2 68 Inin
7 12 ad '
9.0 bi 571 ¥
G.C 2 .2 583 5.8
595 Ls 02 458 3.5
1010 s 6.2 587 5.8
353 :2 6.2 547 5.3
578 s 6.2 5.2
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BEFORE

»
BEFORE AFTER

BEFORE

FIG. 5-10 COMPARISON OF VITAL HEATER COMPONENTS ( ANODE PINS, CATHODE,
AND CATHODE INSULATOR) BEFORE AND AFTER LIFE TEST
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6. EXTRAPOLATION TO LARGE-SIZE CONSTRICTED~ARC HEATERS

The test results and the empirical relations presented in Section &

between all operating parameters for the 2-cm diameter constricted-arc

heater enable EOS to design constricted-arc heaters of this size for a

] broad range of operating conditions and to accurately predict their

performance characteristics. The test results have furnished two
"constants'" for the 2-cm diameter heater which must be assumed to be
functions of the constrictor radius: the heat loss constant KA’ and
the electric field cogstant KE.

The choked flow relations discussed in Subsection 4.1 are con-
sidered valid and sufficiently accurate for use in the design of
heaters of any contemplated size. These relations will determine the
proper constrictor size for a given mass flow, enthalpy, and throat
pressure.

Two additional relations are needed to complete design calcula-

tions and performance predictions for heaters large than 1 MW; namely,

one for the electric field along the constrictor, and one for the heat

loss to the wall. With these two relations determined, all necessary
design and performance information can be obtained, including:
1. Constrictor length and total voltage versus arc current, for
given outlet gas conditions
2. Comstrictor wall heat load distribution, and heating

efficiency versus current

From these relations, all other necessary heater calculations can be;
made except those for the electrodes which are still in the exper145 
mental stage. ‘ ‘

To obtain the necessary electric field and constrictor wail heat
load relations, the rules must be found by which the corresponding

relations will scale in relation to size. Based on experience, it is

6-1
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reasonable to postulate that the dependence of the electric field on
pressure and of the wall heat loss on current will remain valid, so
that only the factors KA (R) and KE (R) will be size dependent. This
amounts to a 'separation of variables' concept which is justified, at
least to first order, from the nature of the pertinent equations.

Thus, it is postulated that expressions of the form

|

dA = K, (R) x £y (1)

and

1
]

K, (R) x £ (p)

will be adequate for scaling, where fA and fE will be the same as those
found for the 1 MW heater. The validity of this postulation is based
on the assumptions that the 1 MW and the 10 MW heaters are in the same
energy transfer regime, namely, predominantly governmed by radiation
rather than thermal conduction. Because of this, it is assumed that

£, = fA (I only) and £

A E
dependencies were found to hold for the 1 MW heater over the range

= fE (p only) as indicated above, because these

tested. The validity of this approach will be checked by resorting to

the rather general, though complicated, scaling rules of Ref. 3.

The essential assumption made here is that the theoretical arc
column results should give sufficiently accurate size and pressure
dependencies although these results do not yet yield absolute values.
In the past, this has been the case, insofar as the assumption has
been tested.

Eventually, research tests with several heaters larger than 1 MW
and operating over a wide range of pressures will have to be carried
out and the results compared with more theoretical calculations. This
would permit verification of the scaling rules and enhance the under-

standing of high-powered arcs.
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6.1 A Combined Analytical apd Experimental Approach to the
Design of Large-Diameter Constricted-Arc Heaters

The lack of experimental data from large diameter constricted
arcs and of a complete analysis of the constricted arc column for this
size regime makes it necessary that the approximate dependency of the
"constants" KA and KE on the constrictor size be determined from the
analytical considerations given in Ref. 3. The results of Ref. 3
provide scaling rules which correlate the numerical arc column integra-
tions of Yos (Ref. 1) and it is assumed that these rules will also
be valid for constricted-arc heaters.

In Fig. 11 of Ref. 3 it is shown that for high currents

the electric field is a very weak function of the arc current and can,

therefore, be expressed by

E R s/2

T P ~ C (6.1)
(1 +8)”
where from Fig. 13 of the same reference the relation for the function §
can be found to be
2 t radiative heat loss

5 = CZ Rop = conductive heat loss (6.2)

For large diameters
g >> 1
so that
l1+8 =8
Inserting relation 6.2 into Eq. 6.1, one can find

E R s/2

5 t/2
C2 Rp

= C]_

or

c

,p(t/Z - 8/2)




From Fig. 16 of Ref. 3

t ~ 1.31
s =~ 0.31

which finally results in an electric field dependency of

1
o E ~ Cp P~ (6.5)

Thus, the scaling rules of Ref. 3 agree at least in this important
respect with both the 1 MW experimental data and with open arc experi-
ence. All the evidence, therefore, indicates that, in the high-powered

,,,,,,

arc regime, the potential gradient E should be independent of either

the radius R and the current, and depend substantially only on the
- pressure and gas type. The evidence also indicates that, in this
respect, the 1 MW heater falls well within the regime analyzed in
Ref. 3, a matter which was previously open to question.

Next, it is desired to find the scaling rule which applies

to the wall heat loss calculation. From Fig. 14 of Ref. 3

QR T

iw:‘ (]— + g) ” R(l + g)% P 3/2

(6.6)

But from the 1 MW experimental results it was established that for a

fixed radius of 1 cm

= K, I (6.7)

Combining these two results gives

R n

9a 1
= By n/? ns/2
R (1 + %) p

(6.8)
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If it is again assumed that £ >> 1 and remains roughly constant over a

range, then
1-n/2

2t
. 5 (CZRP)

q c, I
A 3 ( n+1> % pns/2

R
N (1-n/2) 0 t(l-n/2)-ns/2
= C3 C2 “omoi X P (6.9)

R

From the 1 MW experimental results, the exponent on the current de=-

pendence was

n = 1.617

so that, for t ~ 1.31 and s ~ 0.31, the exponent on the pressure becomes

1.617 x 0.31 _
2

t(1l-n/2) - ns/2 = 1.31 x 0.1915 - 0

and the exponent of the radius R

]
2 n-1 = 2.234

The complete relation for the energy transfer dA is then
(6.10)

Again, a good agreement between test data and the derived approximation
is found with this relation. The analytical relations indicate that
there should be no dependence between energy transfer to the constrictor
wall and the pressure. This analytically determined independence is

in agreement with test results. The interesting fact is that in
relation 6.10 the constrictor radius exponent is actually solely deter-

mined by the experimentally found value of n. Comparing relation 6.7

6+5




with relation 6.10, the factor KA is found to be the following function

of the constrictor radius

C

—Q
2234 (6.11)

K, (R)

where C_. is a function of the gas.

Q

From the test results for nitrogen it is concluded that

g C = 3.38x 107 IMkS (6.12)
Q Lo
2
Relations have now been established between the operating
parameters and the physical parameters of constricted arcs in nitrogen.
L These relations are based on combinations of analytical and experimental
correlations and can now be used in the design of constricted-arc
% heaters of larger size. The procedure for this design and performance
' prediction is outlined in the next subsection.

6.2 Design and Performance Calculations for a 10-Megawatt
Constricted-Arc Heater

The following procedure may be used in designing any
constricted~arc heater in the megawatt size range. From what has been
said previously, it is clear that there exists no unique design for
any particular size heater. The design of a heater will generally be
governed by several factors, the ibportance of which will depend upon
the particular design in question. Some of these factors are: the
required enthalpy-pressure envelope; the maximum power; current and
voltage envelope available; the required jet size and, hence, lowest
allowable efficiency; the maximum heat load on the constrictor wall;

the test gases to be used; and the required service life between

overhauls.

For the 10 MW constricted-arc heater, the following design

b limits have been tentatively established.
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Total input power PT 10 Megawatt
Constrictor-Exit pressure p¥* 0.5 atm
Gas Air (Nitrogen)
Ballast resistance voltage

drop Vs (if used) 70 volt

With these considerations given, the following relations can be used
to prepare design charts from which a specific design can be selected.

From the relations:

Ve o= UtV RV (6.13)
and
Vp = Bp /I,

and the arc voltage relation

olee

i o)
VA L {1.239 kE (pa

} ) (6.14)

a correlation between arc current IA and constrictor length L is ob-

tained which will result in a heater length of the chosen input power:

B %
L =/ == -V +V +V 1.239k(2£> (6.15)
IA a c B E P,

This correlation is shown in Fig. 6-1.

With the energy transfer coefficient, which is given by
Eq. 6.11, and the constant given by relation 6.12, inserted into
Eq. 6.15, the efficiency is found to be

€q
N, 1°°617x10+3+v +V, + Yy
1236 A L |
L V +V_+V (6.18)
C B

1.239 k; (p*/pa>%§' + -2 -
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o The efficiency can then be plotted by substituting Eq. 6.15 in Eq. 6.

to eliminate the length parameter. This plot is shown in Fig. 6~2{
third design chart is constructed from the relation between the total

enthalpy and critical flow parameters,

M

1 R™ p*

3
4
}
!

which is given in Fig. 6~-1, and the simple efficiency relation

NP, = Hh, .

el

This plot is shown in Fig. 0-3. The final design chart correlates the

Gansnnced

heat load on the constrictor wall, éA’ with the arc current, IA, and
: the constrictor radius RC (Fig. 6-4).
Because boron nitride is used in the constrictor, the general
philosophy for the 10 MW heater design should be to limit the con-
| strictor wall heat load to a minimum. Figure 6-4 indicates a low cur~

rent and large constrictor diameter design should be chosen for this

purpose. From Fig. 6-1, indications are that the arc current should

fall into a range between 9000 to 12,000 amps. From Fig. 6-2, one

can expect a heater efficiency of 65 to 72 percent. For a total
enthalpy between 9.3 x 107 to 10 x 107 joules/kg, a flow rate of 69.0

to 77.5 g/sec and a constrictor radius, R, of 3.525 cm to 3.65 cm arc

s

found from Fig. 6~3. Figure 6-4 indicates that the heater can be

designed for a constrictor wall heat load between 1.2 and 2.4 kw/cmz.

£
{
{
i

The comnstrictor length for such a design would be between 47 and 65 cm.
The design arcas determined by the above limits for the 10 MW constricted-

arc heater design have been indicated on Figs. 6-1 through 6-4. Of

course, the operating point can be shifted to a lower current if power
equipment considerations so indicate.
The new design results and performance predictions make the

10 MW high enthalpy heater much more feasible and promising. The

6320~F inal 6-9
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constrictor wall heat loads of about 2 kw/cm2 should present no severe
problems for either the segments or the insulators, even in regions
where there is a high oxygen concentration. Neither should the anodes
present insurmountable problems, since they can be scaled to higher

currents and can also be subdivided, Only at much higher pressures

will the anode problem become a critical one,

The cathode, however, doesg present a definite problem for

the 10,000+ ampere regime. Here, the pressure must be at least on the
order of one atmosphere, and subdividing is generally more difficult

than with the anodes. However, designing a 10,000-ampere cathode for

R

operation in the 1 to 2 atmosphere pressure range should not be im-

possible. Also, it can be hoped that cathode studies, now in 'progress

it el

in several laboratories, will contribute to the solution of this problem.
It is concluded that the development of an efficient, 10 MW
: high-enthalpy, constricted-arc type heater is practicable and may be

undertaken with an excellent probability of success.

S
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7. AXISYMMETRIC MHD ACCELERATOR

7.1 Purpose
The inclusion of an ultra-high enthalpy axisymmetric MHD

accelerator into the high enthalpy heater program was intended to
demonstrate the feasibility and the potential suitability of a Hall-
current type accelerator device for structural testing applications.
Such a device was expected to achieve mass~-averaged enthalpies in
excess of the enthalpies that were believed attainable with con~
stricted~arc heaters in the near future. It was thus considered

as a backup to the high-enthalpy constricted-arc heaters., In addi-
tion, it is believed that the accelerators can achieve higher gas
velocities than the constricted-arc heaters with expansion nozzles.
The work to be performed was limited in scope and was to provide a

foundation for possible future development of such a device.

7.2 Design of the Axisymmetric MHD Accelerator

Very little background material was agvailable for use in
the design of the accelerator, particularly in terms of the power,
tank pressure regimes and type of gas of interest here. Most of the
work on Hall-current devices had been done on propulsion devices for
which the total thrust in a high-vacuum tank had been measured. TFlow,
density, enthalpy, and pitot pressure distributions were not avail-
able for design purposes., )

The design of the accelerator had only one basic design
criterion. This was the estimated arc current of 2000 amps minimum
to be carried by a tungsten-tipped cathode and copper anode in order
to reach a power level of at least 200 kW. The copper anode size was
determined by the inner diameter of a magnetic field coil which was -

to be made available from another project. The design was, in general,

6320-Final 7=1
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a scaled-up version of the Hall accelerator thrustors which had been
operated up to an arc power of approximately 90 kW. However, a uuch 1atga
and stronger coil was used to permit a sufficiently high Hall parametei‘
at tank pressures much higher than those used for propulsion work

(say 2 to 10 mm Hg or higher).

The accelerator design that evolved from these considerations
is shown inFig. 7-1. In Figs. 7-2 and 7-3 the accelerator is showm
mounted on the vacuum door flange with the field magnet in place.

The field magnet was a coil with the capability of develop-
ing axial field strengths of 24,660 gauss at its center, and 27,000
gauss at its inside diameter, with a current of 3000 amps. Under
these conditions, the total power in the coil would be 612 kW. The
accelerator was mounted with the coil in such a position that the
anode remained l-inch inside the coil. At this point, the axial
magnetic field strength on the centerline was 6.7 gauss/amp or 81.7

percent of the maximum axial field strength.

7.3 Testing of the Axisymmetric MHD Accelerator

Testing of the accelerator was initiated to determine a
regime of stable and safe operating conditions. The accelerator was
started with a small flow of argon at a tank pressure of approximately
1.6 mm Hg. After ignition, the main nitrogen flow was started and the
argon flow turned off, Since the start of the arc occurred at an
open voltage of less than 200 volts, no special precautions against
high starting currents were indicated.

The initial test was run with a magnet current of 500 amps.
This magnet current appeared to be insufficient to move the arc at-
tachment point on the anode. When the magnet coil current was raised
to 1000 amps, the arc attachment points on the cathode as well as on
the anode appeared diffuse. At this point, the noise on the recorded
magnet current trace disappeared, indicating that the previously
present small arcs to the coil had also been eliminated by the stronger
field.
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viously been operated. The tests were conducted with nitrogen

The initial tests prdved the design o£ theyacééiéfa o

be adequate for the intended future investigations-; Run:‘ur

were not limited as far as the accelerator was concerned. T

twenty minute runs were typical

1.4 ‘M@asurements - ; .

The principal measuremeﬁts to be taken wereythe‘ﬁitot

sures in the accelerator jet. These proved to be rather'diffic
obtain because of the nature of the Hall accelerator jet. By‘th'
interaction of the applied magnetic field and the arc current, t
are is extended into the jet., The extension of the arc is a fun
the magnetic field strength and the arc current. This "looPedﬁ a

duces an electric field in the jet that leads to undesirable arc at

ments on any probes brought into the jet. The arc attachments rééu
not only in electrical noise problems superimposed on the quantity to
measured but also, occasionally, in destructive puncturing of water«
cooled instruments. In addition, such arc attachments must distoi
jet itself which might invalidate the measurement. “

After several failures of pitot probes complete elec&:(
insulation of the probe was achieved. The second problem was th
sharp gradients in pitot pressure across the accelerator jet. ,T
peculiarity, together with a desirable fast traverse of thegjeﬁ;
made the use of an X-Y recorder difficult. Normally the X-Yf?é
would be the most convenient means for directly plotting pitoﬁ

pressure~versus radial position. The pitot pressures and the p

positions were finally successfully recorded on a chart recorde

without further difficulty.

7+5 - Results

Some typical results of pitot pressure traverses

in Figs. 7«4 and 7-5. These results were obtained at tank;‘
substantially higher than those in which Hall accelerators ha”

6 and 4g/sec,

The distinct increase in pitot
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across the jet is a good indication that the MHD effect, which leads
to the acceleration of the gas, has not been eliminated by the higher
tank pressures and that the desired stagnation pressures for the entryi
simulation application could be reached. L

Complete evaluation of the test results and their extrapoléé.
tion indicate that the mass-flow rate should have been lowered to 1-2
g/sec., At 4 to 6 gm/sec the arc power was not sufficient to dissociate
and strongly ionize the gas. Further, the test results and concurrent
calculations seemed to show that, for the intended total arc power,
~ 200 kW, the anode diameter should be decreased if really interesting
pitot pressures (say 1/10 atmosphere or higher) are to be obtained.
For the given accelerator all results pointed in the direction of
stronger fields (for higher arc voltage), higher arc current and re-
duced mass flow through the accelerator, but with the tank pressure
held as high or higher than before.

While the mean jet velocities achieved to date with this
accelerator (estimated from the pitot pressures) were not yet spec-
tacular (~ 1600 m/sec) some useful information was gained from the
tests. First, the pitot pressure profiles are uniform across the
jet, and they indicate a well defined jet size. This jet diameter
was roughly equal to the inner anode diameter, at the axial station
where most of the surveys were made. ,

Second, the pitot pressures increased steeply with increaséd'
current. Thus one can estimate the current regime required for
desired pitot pressures and gas velocitiles.

The successful operation of the axisymmetric (ultra~high‘  

enthalpy) accelerator with nitrogen was demonstrated. The accelera;of7

was run for extended periods over a range of operating conditioﬁﬁ
that permitted good pitot pressure surveys and some initial correla-
tions and evaluations of the device. The test data are not yet suf-
ficient or in the right regime to permit the full evaluation of the{ 

device for high-speed entry simulation. However, the initial reéuiﬁs
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8. SUMMARY AND CONCLUSIONS

8.1 Objectives ‘
The primary objective of this program was the dévélo
and delivery of a 1MW Constricted Arc Heater suitable for matér

testing at the NASA-MSC facility and meeting the following perfor

ance goals:

Total enthalpy, in useable part of the 9.3 x 107 j/kg
test jet (40,000 Btu/lb)
Heater efficiency at design ‘

enthalpy - at least 50 percent
Rated input power IMw

Stagnation pressure range
(approximate) 0.5 -~ 2.0 atm

Minimum life (without maintenance) 5 hours

Secondary objectives of the program were: .
1. The presentation of arc heater design information, and

design estimates for 10 MW-class high enthalpy heater5; f

2. The feasibility demonstration of an axisymmetric (Hallf?

arc-jet type) MHD accelerator for future entry enviroﬁma

simulation testing at still higher enthalpies,

In general, the above objectives were all met, and the heaterfpé

ance goals were exceeded by comfortable margins. The heater was

delivered on schedule.

8.2 Discussion of Results

The basic design configuration chosen was that previ
proven out by Shepard et al, at Ames. It consists of a simple
up-stream cathode, a highly segmented constant diameter codéttl

and multiple anode pins located in the supersonic expansion noz




This configuratlon proved entirely satisfactory for the‘
of the heater, namely for supersonic jet type testing in
For later testing at pressures near l-atm (subsonic Jet
amda design has to be modified. ; 5

A characteristic of this type of heaﬁér i§,th! 
ate in only one single arc mode. The arc as well as thé jeu

fore, exhibits an unusual steadiness and stability over the e

range of operating parameters. The jet is completely free fro
tion and contamination. Its performance is completely predictab
and repeatable for each current and flow rate.

The heater reaches the design mass averaged enthalpy'(Q

107 j/kg) at about 1.2 atm stagnation pressure, with an efficieh¢yfa
59 percent, and a mass flow rate of 6.4 g/sec. This is achievedtat,
1540 amp and 650 volt. At different mass flow rates and current val
a broad range of enthalpies and'stagnation pressures is accessiblé;,}
Enthalpies up to 1.32 x 108 j/kg (57,000 Btu/1b) and stagnation pteé}i
sures between 0.5 and 2.0 atm were reached experimentally, but thesé; 
do not constitute limiting values for this heater. ’ :
The 5-hour life was demonstrated in a test sequence cover-
ing 31 starts, frequent cycling through the full current range, and
several long runs at currents up to 1600 amp. Throughout this de-
monstration all performance points were repeated within measuring
accuracy. After this test series the heater showed no deterioratibﬁi
or wear except for a small rough area in the center of the tungsten
cathode. |
As a result of this test, a maintenance-free service 1ife  
of many times the 5 hour test duration may be projected. Excludingk
possible cathode replacement, all heater components should last fpr:'ﬁ
very long periods.  No recalibration of the heater test jet shoula%
be necessary except after major overhauls or intentional changes of

the constrictor length.

6320-Final




For the design of future constricted arc heaters in the
1-10Md regime and for moderate pressures (below ~ 10 atm) the con-

strictor wall heat loads and performance appears to be quite well

predictable by semi-empirical design and scaling rules given in this

report. The purely theoretical computer solutions of the laminar

flow arc by Watsons program agree qualitatively with experimental
¥ results, but important unresolved uncertainties in the theory and
@g the input gas properties prevent reliance on the theory alone at
present. Both the theoretical and the semi-empirical predictions
] make a 10MW heater for the same enthalpy and pressure range as the
1MW Model seem entirely feasible and promising, with currents of
~ 8000 amp and constrictor wall heat loads of the order of 2 kW/cmz.
The electrode design of these arc heaters is still almost
entirely empirical and intuitive, except'for a few simple heat flow
calculations. 1In the present heater the low pressure anode pins
were virtually trouble-free from the start. The cathode first pre-
sented erosion problems, which were corrected by redesign (better

heat flow distributions) and by changing the gas flow near the

cathode.

The axisymmetric (Hall-arc-jet type) gas accelerator was
operated successfully and for extended periods on nitrogen, at tank
pressure and power levels appreciably above those previously achieved
(in plasma propulsion work). The velocity increments so far achieved
were still low, on the order of 1500 m/sec, but they increased con-

sistently with increasing current. Gas velocities and pitot pressures

in the range of greatest interest for high-speed entry simulation
appear feasible with extensive future development. The pitot pres-
sure surveys indicate that the resulting jets could be suitable for
structure testing.

Constricted arc test heaters of the 10MW class should be
capable of eventually reaching any enthalpy level which is presently

anticipated as an entry simulation requirement. To facilitate their

development, continued research on large flow arcs, and incisive new

i research on electrodes appear indicated.

. 6320-Final 8-3
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APPENDIX A ,
ARC COLUMN MEASUREMENTS WITH THE 0.5-CM I.D. CASCADE APPARATUS

1. BACKGROUND AND OBJECTIVES

it

Testing of the 0.5-cm I.D. cascade apparatus was performed at the
o beginning of the project. This work had three general objectives.

The first objective was to generate test data which could be used for
comparison with existing, approximate constricted arc theories. The
purpose of this comparison was to determine the accuracy of these

theories, the reliability of the available transport properties of

nitrogen, and the usefulness of such theories for the design of the

l-megawatt, 2-cm diameter, constricted arc heater.

The second objective was to generate empirical heat transfer
data needed for the design of the 2-cm diameter constrictor segments.

The third objective was to obtain general correlations of parameters

with a 0.5-cm diameter constrictor which could be used later with test

data from the 2-cm diameter constrictor for the development of semi=-

[

empirical scaling rules and design charts.
Besides these three general objectives, a specific question to be

} settled by the experiments with the arc cascade apparatus was the

optimum segment and insulator thicknesses for the 2-cm diameter heater.

ﬁk% It was first stated by Maecker, and accepted by other investigatotrs,

that arc attachment to the cascade constrictor wall, i.e., secondary

arcs between the segments, could be reliably avoided only if the

electrical potential across each metal segment was held lower thanfl‘w

the voltage drop required for a secondary arc. Unfortunately, thigs

voltage drop is not a fixed quantity. There are indications that it
decreases considerably with increasing temperature of the arc plasma

% near the wall, since the anode fall potential can approach zero under

| 6320-Final | A1
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these conditions. 1In recent experiments with nitrogen at very high
temperatures, Maecker found it necessary to reduce the segment thick-
ness from the usual 5 mm to 2 mm in his 5~mm diameter cascade channel.
This would correspond to ~ 14V per segment. - Using this ériterioﬁ,’a
segment thickness of about 8 mm was indicated for the 1-MW heater.
The use of thicker boron nitride insulators is desirable for two
reasons. The first one is that they are less fragile. The second
reason is that the thinner insulators are more easily ''shorted out"
by small tungsten particles from the cathode which can deposit on
them. Thus, the shorting of segments and subsequent arc attachment -
becomes less likely. These tests proved that the thicker insulators

(up to 3 mm) could withstand the constrictor heat loads.

2. TEST SETUP

The 0.5«cm diameter arc column cascade apparatus consists of
ten water=-cooled copper segments which are isolated from each other
by boron nitride insulator segments (Fig. A-1). The arc is drawn
through the cascade from the center cathode located at the entrance

of the constrictor to the anode at the exit of the cascade. The anode

is separated from the last column segment by a 0.7l-cm thick insulator.

The cascade apparatus is operated with varying gas flow rates and
currents, but with a constant pressure of 1 atm in the anode region.
This pressure is regulated by bleeding additional gas into the anode
chamber. 1In this investigation, the working gas and the bleed gas
were nitrogen for all tests.

During each test the following measurements were taken:

1., Potential difference between adjacent metal segments
2. Water flow rate through each metal segment

. Temperature rise of cooling water in each individual segment

3

4. Total arc current
5. Total arc voltage
6

. Gas flow rate
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3. TESTING OF THE ARC COLUMN WITH VARIOUS INSULATOR AND META
Four configurations were tested, which differed fromxeéch

by the thickness and the arrangement of several metal segments

insulator segments in the comstrictor. 1In configuratibnflgfail.
tor segments were 1 mm thick and all water~cooled copper Segﬁént
thick. 1In configuration 2, three insulators of 3 mm thickness wer
placed in the exit region of the constrictor. In configuration 3,
the 3-mm thick insulator segments were placed into the entrance re
of the chamnel. 1In configuration 4, the first five water-cooled coppe
segments were only 0.25 cm thick while all insulator segments weré“”‘

1 mm thick (see Figs. 1 and 2 and the lower scales of the graphs).

3.1 ‘Potential Gradients

The electric field was determined by measuring the potential‘f

differences between the metal segments as shown in Figs. A-2 through A-b.

By comparing the electric field measured in the constrictor of uniform
segment arrangement (Test 1) with the electric fields of configurations

2 through 4, the locally measured electrical potential appears to be

affected by the change in the metal length to insulator length ratio
in the constrictor. The apparent electric field seems always to. in-
crease at the beginning of the region in which the metal length to
insulator length ratio has been increased. It drops, however, at the
end of that region by such an amount that the effect of the change in
the segment thicknesses on the average electric field for the entire¥ 
column becomes negligible. This is true whether this effect has been
created by thicker insulator segments (configurations 2 and 3) or by
thinner metal segments (configuration 4). This indicates that theny"“
apparent electric field change is really a shift in the mean potentia17
which individual segments assume at the point where the spacing~¢i?u C

i.e., this is simply an experimental uncertainty.

3.2 Enthalpy Distribution

For the calculation of the enthalpy distribution along the

constrictor, it was assumed that the energy in the gas is equal tO‘Eh,

A4 -
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‘temperature rise. The enthalples determined frOm h

potential drop times the arc current, ‘ﬁiﬁus tﬁé“h t

constfictor wall as measured by the ccolant flow

are shown in Figs. A»? and A-8. The final anthalpy

with the thicker insulator at the end of the column éeems;
slightly higher than the final enthalpies of conflguratlonsll[a“
But the final enthalpy of configuration 3 is lower. This result
to be inconsistent with the results of configurations 1,2, and 4;
No explanation can be given. It might have to be attributed to the

combined errors in the water flow and temperature measurements.

3.3 Energy Transfer

In Fig. A-9, the energy transfer to the constrictor wall’ig
plotted against the total enthalpy which was calculated by the method
described above. Before the test results from the 2-cm diameter‘COﬁj
strictor were available, it had been thought that the energy tranaféf
in the 0.5-cm diameter constrictor would be convection dominated;‘ T
heat transfer to the constrictor was therefore expected to be pre; .
dominantly a function of the total enthalpy. This assumption was
supported by the results from some numerical calculations and by th
presentation of numerical data presented in Ref. 7. When plott;n
the experimental data there seemed to be a correlation between é
transfer and total enthalpy indicated. The difficulty in disCi
the additional dependence of the energy transfer on the arc‘cﬁt
from the tests was brought about by the fact that the lower éﬁﬁ
and the lower heat transfer values were almost entirely obtaine
an arc current of 100 amps, while the higher enthalpy and hea
regime belonged exclusively to the 200 amp arc operation,if
reason, the effect of current on the energy transfer wés ﬁo*:EV

Only after the correlation between energy traﬁsfér~a
current had been established, from the results of the 2-cm diam
constrictor (laboratory model heater) as expressed by rela

could the heat transfer data of the small cascade‘teﬁts{
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interpreted. By now, applyingvrelation 6-10, as found from the semi~
empirical approach, the heat transfer data from the 0.5-cm diameter

constriector tests are found to be consistent., They actually confirm
the semi-empirical results which were presented in Section 6 of this

report.

" 4.,  CONCLUSION AND SUMMARY

= In retrospect, and after the test results from the laboratory
oo model heater were available, it may be noted that the measurements
made with 0.5~cm I.D. cascade apparatus contributed initially very |
. little to the design of the l-megawatt 2-cm diameter constricted arc
heater. The test had been conceived because there had been indica-
tions that the 2-cm diameter constrictor would operate between the

convection and radiation dominated regime; i.e., with a mixed energy

transfer to the constrictor wall. This 1s shown in Appendix B where
computer calculations for the 2~cm diameter comstrictor are presented.
s The experimental results have later proved that the 2-cm constrictor
operates in the radiation dominated regime, while the 0.5~cm cone-
strictor already operates at 200 amps in the mixed energy transfer
regime. That meant, necessarily, that test results from the small
cascade were not applicable to the larger heater design.

The test results of the 0.5-cm diameter cascade permitted, how-

ever, the evaluation of the transport properties and the theories

that were to be used for the design of the 2-cm diameter constrictor.
“} This evaluation pointed early in the program to the need of relying
more on empirical correlations for design charts and scaling. The
small scale cascade results proved useful in the following manner:
By comparison of the small scale heat transfer data with the 2 . cm

results, it was possible to more clearly separate the relative con-

tributions of the convective and the radiative transfer for both sizes
Thus, the semi-empirical radiation heat transfer relation (Section 6,

Eq. 6-10) was verified for a different size by the small-scale result:
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APPENDIX B
COMPUTER CALCULATIONS
Dr. G. Marlotte

Computer calculations were carried out by Velvin R. Watson of

o

the Magnetoplasmadynamics Branch, Thermal and Gas Dynamics Division,
NASA/Ames Research Center. The Stine-Watson arc heater calculation
program was used, as reported in Ref., 4 and discussed further in Ref. 19,
Various cases defined by current, I, mass-flow, ﬁ, constrictor radius,
R, and stagnation pressure, p, were run. They correspond to possible
operating conditions of the present 2.0 cm I.D, (1 Mﬁ) arc heater

and others of interest.

In order to run cases using the computer program, it is, of
course, necessary to decide what values of the various plasma prop-
Lg erites are to be used. This is no trivial matter with nitrogen be-
| cause of large uncertainties which exist in the properties.

The plasma properties of particular interest are enthalpy,
thermal conductivity, electrical conductivity, and specific radiated
power as functions of the témperature and pressure. Other proper-
s ties such as viscosity, etc., remained unchanged from the values already
. incorporated into the program as reported in Ref. 4. _

In addition to examining the effects of parameters such as current

and pressure, a major objective was to examine the results of using

various groups of plasma properties chosen so as to reflect the present
uncertainties in the properties, and to decide by comparison with ex-
periment which of the theoretical property values were most nearly cor-

rect.

In order to accomplish this, three groups of properties were
fined: 'Yos-like", 'Maecker-like", and "mixed". These classification

are discussed below.



B.1 Plasma Property Formulation

The work reported in Ref. 8 demonstrated that tha’p
dependences of the properties can be closely approxlmated by pow
the pressure when the plasma prOperties are defined 1n a auxtah:;
ner., Since the computer program is set up so that all prOperth
evaluated at a given value of the enthalpy, h, and the pressure, Ps
while our plasma properties are given as functions of the thermal éy

ductivity integral ¢ = {i KdT and p, the plasma properties are defined
as follows.

First, a reference enthalpy at atmospheric pressure, ha’ is
obtained from the given values of h and p by the following relation-
ship:

>x{h} (B,l): f

h =h<-9-
pa

where x{h} is chosen in such a manner that the values of h at the

various pressures corresponding to the same ¢ then have the same

= ha(q))o The quantity ha is directly associated with ¢ and thus

when properties are evaluated at constant ha, they are also being

evaluated at constant ¢.

The plasma properties are introduced in the following manner,

beginning with the thermal conductivity integral ¢, which is directlyn

a function of ha’ as described above.*

¢{hsp} = ¢{ha:p}

The electrical conductivity is given by

ofb,pl = Ua{ha} ( gL.>S{ha}

a

*In-all the equatlons in this section, functional relat on
be denoted by { }. For example ¢l h } means: ¢ is




Similarly, the specific radiated power is given by

| u~{h,p}, . ua{h&} ( 5,; )t{ha}

The various curves labeled "Yos-like'" in Figs. B-1 and B-2
represent the properties of Ref. 1 fitted into the present formulatior

using powers of pressure.

Another grouping of nitrogen properties is based upon

analytical inversions of measurements made on an arc device 0.5 cm

in diameter at atmospheric pressure (Refs. 8 and 9). When these

atmospheric pressure nitrogen properties are combined with the pre-
viously fitted powers of pressure from the "Yos-like" properties, the

complete set of properties is called "Maecker-like'. Calculations

using these properties are illustrated in Figs. B-1 through B-3.

A third group of properties called "mixed" result when the

high radiation values of the '"Yos-like' properties are used with

the "Maecker-like thermal and electric conductivity values.

B.2 Comparison of Cases

The various computer cases which were run are listed in

- Table B-1. The "skipped" numbers represent cases that were run with
plasma properties read into the computer incorrectly. Several groups 3

of related cases will now be discyssed individually.

B.2.1 Calculations for a 0.5 cm Diameter Constrictor

For asymptétic arc columng in a 0.5~cm diameter (é'
channel, the theoretical results agree with measurements (for niﬁrﬁg
when the 'maecker-like" gas properties are used. The quantit

measured in this experiment are electric field, total Wa11 h

radiated power (through a quartz window). The agreement,merély;
consistency since the '"Maecker-like' properties are‘b3896i6ﬁ %he,

of such measured data from a O.5~cmfcascade«at"‘n@:atmﬁéph
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TABLE B-1
TABLE OF CASES

Diameter Current Pressure Flow Rate Plasma
Case (meters) (Amps) (Atm) (kg/sec) Properties
. 1 0.005 200 1.05 0.89 x 107  Yos-like

4 0.02 1400 1.0 0.537 x 1072 yos-like

12 0.005 200 1.02 0.89 x 10°*  Maecker-like
13 0.005 100 1.02 0.89 xx 10°%  Maecker-like
14 0.005 200 1.05 0.89 x 107% Maecker-like
16 0.02 1400 1.0 0.537 x 107% Maecker-like
17 0.02 1400 2.0 0.537 x 10°%  Maecker-like
18 0.02 1400 4.0 0.537 x 107% Maecker-like
19 0.02 1600 1.0 0.537 x 107° Maecker-like
20 0.02 1900 1.0 0.537 x 1072  Maecker-like
21 0.02 2500 1.0 0.537 x 1072  Maecker-like
22 0.02 1500 1.0 0.537 x 107>  Mixed

23 0.07 17,000 1.0 0.07 Mixed

6320-Final ‘ B=9




discrepaﬁcies between the experimental éﬁd:ﬁhé;ig
These discrepancies are most pronounced in‘tbe‘mésa‘flqw
which represents the difference'between“thé powe£~iﬁpf”
integrated heat loss to the wall (Cf Fig 3- 6)
neither measured nox calculﬂted for the asymptotic .

involves the radial distributions of enthalpy, densituhf_ d

henca, also the viscosity. o o

When the ''Yos-like" properties were used for the‘ZO
ampere calculations, the following comparisons were indicated. While
the axial dependence and the fully developed values of the mass- '
averaged enthalpy were almost identical to the '"Maecker-like' calcu-
lation, the enthalpy profiles were considerably higher (on the order
of 80 percent) and the mass flow considerably lower in the center of
the discharge. Further, in the '"Yos-1like" case, the wall heat flux
was lower (by 16 percent), radiation much higher (by 320 percent), and
the electric field lower (by 16 percent). Hence, integrations using
the "Yos-like" properties do not agree with the experiments.

B.2.2 Calculations for a 2.0 cm Diameter Constrictor,
Comparing "Yos-like'' and '"Maecker-like' Properties

Cases 4 and 16 demonstrate the effects of using two
different groups of plasma properties for a typical operating condi-
tion of a 2-cm heater,

The magnitudes and distributions of the various
arc-gas flow quantities of interest are quite different for the two
cases., Similar tendencies are present as with the smallest diametérfj
calculations with respect to enthalpy, mass flux, and electric field
Now, however, radiation predominates in the wall heat flux and;thg
greatly increased radiation of the "Yos-like' properties giVeSia
"Yos-like'" heat flux as much as 290 percent of the 'Maecker- ;
heat flux. In addition, the ''Yos-like' case 4 took~a:le
almost 90 cm to choke, while the '"Maecker-like! cas&‘lﬁlkhﬁ

34 em. A comparison will now be made dealing withﬁthe

ferent radiation values between the twmfgrcups of
' Qrder to match a '
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' whi1e Fig. B-8 shows ‘the electric fleld values,

using the "Maecker- -like" properties (lower radiati ﬁ

shows the total heat fluxes together with the ra
'Oh,Fk,

mental values of heat £lux are plotted which tendfto‘suga

higher "Yos like" radiation values.‘

B.2.3 Calculations Showing Pressure De endenceNfor a,2‘0
Dlameter Constrlctor . ' i

Cages 16, 17, and 18 in Table B-1 are similar except 
for a difference in inlet pressure. This particular sequence demon- ‘
strates one of the problems of drawing conclusions from the calcula-
tions; that is, which parameters should remain fixed to draw meaningful
conclusions? Since the mass-flow remained the same in the three cases
under discussion, while the inlet pressure was changed, the cases at
the higher pressures did not choke in reasonable lengths.

Figure B-9 shows that values of mass-averaged enthalpy'{ 
for the higher pressure calculations are reduced at a fixed axial coor—: .
dinate, Figure B-10 demonstrates the large pressure dependence of '
radiation and the large role radiation can have. Of some interest is
the fact that, in the region near the entrance to the heater, where
the heat load is predominately radiation, the ratios of the magnitudes
of the heat loads are given quite accurately by (p/p ) , where twss 1, 3
as may be obtained from Fig. B-5. Figure B-1l shows malnly the effe¢
of increased radiation upon the electric field.

B.2.4 Calculations Showing Current Dependence for a 2. Oy
Constrictor

Cases 16, 19, 20, and 21 may be compared in or

examine current effects., The results are fairly self-explaﬁat r

are given on Figs, B-12 through B-14. Some experi‘ental~

electric fields at lower currents are also shown on

the '"Maecker-like' (low radiation) properties were use

of comparisons, the higher values for the'experi
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Figure B 15 shows the calculata
the four currents. The curves on Fig. B«lS ind‘

experimental currents of interest, a 1inaar pressut\

aggrmximationo

B. 3 Calculatlons for a Large ngh-Power Dev1¢e , ;¢‘
Case 23 (listed on Table B-1) is a trial calculation~for

arc heater of much higher power with roughly the same mass- averaged

enthalpy as the 2.0 cm heater developed in this program, When mass-
averaged enthalpy is held constant in scaling, Ref. 3. Section 6
offers a convenient method of determining the various "scaled" param-
eters (radius, current, mass-flow, etc.). This method was used quite
successfully; first, to determine the input and then to predict the
results of the case 23 computer calculation.

Figure B-16 shows that the very high initial values of the
radiation suppress the usual fast initial rise in mass-averaged
enthalpy. Figure B-17 shows that conduction (the difference between
o the two curves) is an insignificant component of wall heat transfer
in this device. Figure B-18 shows that the electric field is quite
similar to the electric field in the smaller 2.0 cm device, as would -
be expected from simple theory and from experience, .

The current (17,0004) for this 10 MW heater calculation was
chosen on the basis of very simple scaling rules for radiation dpm;’k
nated arcs. These rules state that similar cases in this regimé

same centerline temperatures, etc.) must have equal values of the.

current density, I/R.2° Now, for a given gas pressure and enthal

'Rz,m M o« Wé (power) .

Therefore the current 1 would’scale up diréctly;a

The current chosen for this first try
;on the high side, and ho
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would be reached in a heater of reasonable léﬁgﬁﬁ;
to note that even with this large current the~ﬁre it
wall heat loads are not yet completely out of reéédngysa they
rather high - ~ 5-6 kW/cm2 (see Fig. B-17). o

Later when more information became available (see Sec_
it became clear that half of the above current, say 8000~9000A; Qd
suffice for this heater, and would result in lower wall heat loadsjan
better efficiency. The heat load for 8000A is now estimated at
~ 2 kW/cmzo

While this first computer case chosen for the 10 MW level
is not yet close to an optimum design, it is interesting that the
computer results for this case generally agree quite well with the
semi-empirical design charts of Section 6. This is seen by substi-

tuting 17,000A into Fig. 6~4 and reading off the estimated heat load.,

B.4 Conclusions

The numerical (computer) integration of the laminar flow-arc
equations has already produced a great deal of valuable qualitative
and quantitative insight, and it promises to become a most valuable
aid for arc heater development in the future.

There are, however, several difficulties and uncertainties
remaining which must be straightened out before the computer results
will reach their full usefulness for engineering work. .

The first is the basic difficulty of making meaningful fu 
comparisons betweennumerical results and experimental data, Thiﬁ,i$
particularly pronounced as long as only a few isolated points are
available for both the theory and the experiments. When there;ié °
close agreement there is, of course, no problem, But when,tber '
a known or suspected discrepancy in one quaptity,‘say ‘ 
field or conductivity, thenm it is difficult to judge v

crepancies are merely caused by this one or havé'difﬁer&~




i

the theory predicts correctly and which it'&6e$ ﬁ“
thosge int&gfatad guantities which would be,the'éésle
such as heater length or the pressure at a statibngﬁ,,
least accurate results, 5 : .
The second difficulty is in the well known unceﬁﬁaint'
of the theoretical transport properties and of,éertéin experiﬁén a
measurements (e.g., total radiant power emitted). Only after the”‘
first difficulty has been resoived and many more well planned series
of theoretical and experimental cases have been run can we hope to
disentangle the transport property questions by careful comparisons.
The third major difficulty is the uncertainty rega;ding
turbulence, 1Its presence would invalidate much of the present
theoretical solution. Unfortunately the onset of turbulence must
be expected in about the same regime in which radiation and self- ‘
absorption become important, Since both are highly uncertain and both
will tend to produce somewhat similar results, namely a broadened tem-
perature profile, it will be difficult to isolate these effects by
mere comparisons between laminar theory and experiments with one gas.,
One must look for highly radiating low Reynolds number (laminar)
cases and cases with high Reynolds number and low radiation fraction. ’
In summary there are still important unresolved discrepancies“:‘
and uncertainties which at present limit the usefulness and reliabilityV‘
of the computer results for heater design. However, much progress: ;“

has been made.
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