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l. INTRODUCTION

The development of heating a gas with an electric arc to very
high temperatures has been under extensive study during the last few
years. Its importance has emerged with the rapid advances in the
application of magnetohydrodynamics to direct power conversion and
in space technology. The space problems often encountered include the
simulation of the hypersonic and hyperthermal re-entry conditions and
the need for outer-space propulsion techniques.

As an initial step in future study of some of the problems in
direct pover conversion in the lMechanical Engineering Laboratory at
McMaster University, preliminary experiments were carried out on the
original plasma generator as designed by D, Male. Arc instability and
a high erosion rate of the cathode were indicated. Subsequently the
electrode configuration was modified. Also as a logical stecp to further
studies of high temperature stagnation heat transfer, the convection
heat transfer phenomenon of the hot gas was investigated.

The first part of this report describes an experimental study
of the performance characteristics of the plasma generator with a trans-
piration-cooled porous cathode and a water-cooled copper anode. The
characteristics included the influence of the electric field potential
between 18 = 25 volts, a field current of 70 - 100 amperes and a gas
flow rate of 80 - 200 gm./min. upon each other. The energy transfer

efficiency of the generator was examine d at different power inputs
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2« LITEATURE REVIZV

The engineering application of the electric arc for heating
gases to very high tenperatures starts from the beginning of the
century. However, the lack of need for high temperatures discouraged
many early workers. Since 1955, the urgent need for a device to pro=-
duce high temperatures and high gas velocities in re-entry simulation
studies has resulted in rapid development of arc plasma generation
technology. At the same time plasma generation opens a new field in
metal cutting and sprayingy and in recent years it forms the basis of
other specific fields including space propulsion and probably most
important the direct power conversion of heat to electricity.

The theory behind the electrical discharges in gases at high
and low pressures has been well-establiched in wany physics textoooks
and technical journals (for example, by Langmuir (1)*, by Sommerville (2)
and by Francis (3)). Based on the theory of the electrical discharges
in gases, the principles of the arc phcnomena and plasma gencration
vere developed many years agoe.

It might be said that up to 1955; in Germany, considcrable
amount of work has been done in the science of arc plasmc. In 1509
O. Schoenherr started experiments on gas-stabilized carbon arc. In

1929, Il. Gerdien and A, Lotz annrounced their successes in high intensity

+ . .
Numbers in brackets designate References at end of paper.
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water-vortex stabilized arc. In the early 1950's Maecker, \leiss (4)
and Peters worked on the arc device as proposed by H. Gerdien and

A, Lotz, vhile Finkelnburg and his co=-vorkers studied on the uncon=-
fined high intensity carbon arc. In 1954, MHaecker and Finkelnburg
revieved the accomplishments of the previous work in arc physics, and
laid down the fundamentals of the state of knowledge in arc plasma, as
of 1954. Their article (5) also included the descriptions of various
plasma generator configurations. Much of the recent development from
1955 onward has been carried out in the United States, where a number
of organizations are developing new designs in plasma generator in
various applications. To briefly mention a few of these organizations
and their research fields, .we have the following: Stoke and Knipe of
Temple University, Philips and Ferguson of Stanford Research Institute
in chemical synthesis; Giannini, Ducati, van Jaskousky, Ragusa, Blackman
of Plasmadyne Corp. in refractory processingj Vitro Laboratories, Avco
Lab., Chicago Midway Lab, General Electric Lab, NASA-Langley, HASA-Ames,
etc. in re-entry simulation problens and magnetohydrodynamic power
generation (6), (7).

Reviewing various types of plasma gencrators, it is found that
practically all of them have two common features: (i) the electrodes
have a common central axis, (ii) the gas flows through the gaP betueen
the electrodes, in order that most of the gas can be heated by the
electric arc. The common electrode materials are carbon, water-cooled
copper and thoriated tungsten. The usual gas medium includes air,
argon; helium, hydrogen, oxygen, and nitrogen. The final choice of

the electrode material, configurations, gas nmedium and power inmput to









Experiments on anode heat transfer have been reported by
various people. Yillkinson and Milner (17) divided a copper anode into
saveral zones, measuring the cnergy transfer to each zone separately.
In this way, a local dist;ibution of the heat transfer intensity to
the anode was obtained. However, the current intensity at the anode
was not measured, the local energy transfer by the electrons could not
be calculated. On the other hand, llestor (18) performed an experi-
mental determination of the current density and heat transfer intensity
distribution at the anode of high current arcs in inert gas medium,
while Schoeck (19) presented a detailcd investigation on the physical
phenomena involved in anode heat transfer for high intensity arcs.

Emmons of Harvard University (20) reviews the receat develop-
ments in plasma heat transfer. The first part of the paper discusses
the fundamentals in plasma dynamics, and the rest is devoted to the
methods of determining the physzical propertiess of the common arc fluids
at extremely high temperstures (up to 50,000°k) and at various pressures
(0.1 to 100 atm.)

Stagnation heat transfer at high temperatures was investigated
by Stokes, Knipe and Streng (21). The transicnt heat transfer rates
from an argon plasma jet to a small water-cooled copper heat probe
were obtained up to 4.5 k cal./cmasec. (3,770,000 BTU/hr.fta). The
stagnation heat transfer phenomena werc also studied by Reed (22) who
used induction plasma flames and oxy-hydrogen flames as the heat
sources. The surface probe consisted of a copper face «0625 inch
thick and two five inch square scctions separated by a 0.02125 inch

sheet of teflon. Heat transfer intensitics up to 145 watts/'cm2













a cylindrical brass body by eight screws, vhile the assembly of the
vater-cooled pressure plug, the cooling water inlets and outlets for
the pressure plug, the insulation socket, etc., was placcd inside the
brass body and compresscd against the porous electrode by a combination
brass-micarta retaining plate at the back of the brass body. A second
ect of eight screws was used to hold the retaining plate in position.
The cooling water inlets and outlets for the porouse-electrode holder
vere connected to the back of the brass body through eight Saagelok
fittings.

A thin asbestos paper coated wvith a layer of 'Sauereisen"?
insulated the porous electrode from its holder. A suitable C-ring
around the pressure plug acted as a seal to the backe-flow of the gas
and also as additional electrical insulator. Arcing between the sides
of porous electrode and its holder was then successfully prevented.

The brass body containinz the porous electrode vas seated
inside a micarta insulation casing to the front of wihich the othor
electrode holder could be attached. It can be seen fron Iigure 3
that the brass body could be adjusted to travel linearly inside the
insulation casinz, thus permitting the operator to vary the electrode
gap distance vhile the generator was in operation.

The second clectrode took the forn of a water-cooled copper
spool having a central hole of 0,625 inch diameter. Thus the enmerg-
ing jet hzd a maximun diamcter of 0.625 inches. The electrode was

then embedded in a brass platec C.5 inches thick. This plate was

*Trade name for insa=lute adhesive ceaent lio. 1 paste, Sauereisen
Cements Co., Pittsburgh, Pennsylvania, U. S. A.
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to provide a proper immersion depth (3.0 inches) of the thermoneter
and alco good nixing at the thermometer bulb. The presence of air
bubbles could also be shown. Suitable C-rings were uced as water

and gas seals in all major connections.

33 Heat Transfer Equipment

Figure 4 provides an isometric view of the heat transfer test
section. The test section is essentially a double-walled sinzle-pass
parellel~cocurrent flow heat exchanger, the inside tube of wiich wac
a thin-walled stainless stecl tube having an outer diameter of 1,500
inches and a wall thickness of 0.035 inches. One end of the tube was
welded to the water inlet assembly (see I'igure 4). The other end of
the thin-walled tube extended beyond the overall length of the heat
exchanger and was closed with a filter lense fitted in a window
through which the action of the plasma jet could be observed. Just
prior to the douilstream end, the tube was opened to two outlets at
180° apart, one for the exhaust of the gas and the other included for
further instrumentation. On opposite sides of the outer wall of the
stainless stecl tube the thermocouple locations werc marked and milled
to 0.010 inch deep with a thin circular saw, V\hen the thermocouples
vere being installed, the electrically weldad hot junctions were
embedded in the grooves to give nore accurate wall temperaturc measure-

nments.

The outer casing of the heat exchanger was a thick-walled
brass tube with an I.D. of 2.375 inches, split into two halves.

Along the split surface, a long scmi-circular groove with a radius of
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repeated at different gauge pressurcs to obtain a mean calibration
curve (see Figure 20). Vith the same flow resistance in the path of
the gas flow, the gauge pressure could then be used to indicate the
gas flow rate directly.

To measure the inlet and outlet temperatures of the cooling
water for the plasma generator and the heat transfer equipment,
mercury-in-glass precision thermometcrs® werce used wvith the range of
359F to 75°F and installed in the thermometer pockets designed to
provide the correct immersion depth.

The Simpson meters were used to measure the potential gradient
across the plasma arc and the current through it. Due to the oscilla-
tory action of the arc, only the average values were recorded for data
computations.

For the study of the heat transfer characteristics from the
high temperature gas along the double-walled heat exchanger, the wall
tomperatures of the stainless steel tube and the bulk temperatures of
the cooling water in the annulus were measured by means of copper-
constantan thermocouples, located at twelve stations diametrically
opposite to each other. Figure !t shous the arrangement, the spacings
of the thermocouples, and the details of the thermocouple installation.

Each thermocouple assembly measuring the water bulk termperature
consisted of eight feet of Thermo EZlectric TG-26-DT copper-constantan

thermocouple wire with one end potted inside a 0.125 inch x 2.5 inch

*Casella London Thermometers - type mercury-in-glass, solid ctem with
Mational Physical Laboratory (England) Certificate guaranteeing an
accuracy of + O.01l°F.
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(see Figure 5b) was constructed in the form of a hollow tube, five
feet in length and an outside diameter of 0,125 inches. Four spider-
supports with spacing feet at 120° apart vere welded to the small
tube and held the probe body in a central position with respect to the
stainless steel tube. A Ceramo chromel-alumel thermocouple® was then
fed through the tube and held in position with set screws. The hot
junction protruded approximately 4 inches from the first spider support.
The probe allowed the measurement of the bulk temperature variation of
the hot gas along the tube. Twenty-six locations were marked on the
probe, The probe was then adjusted by hand to travel inside the tube.
(At that time the view lense at the rear end of the heat exchanger vas
already removed.) A Rubicon precision potentiometer** was used to
measure the millivolt output of the thermocouple against the ice point.
Temperatures were obtained with the probe to within approxd-
mately O.5 inches from the plasma jet. At a closer distance, the hot
junction of the thermocouple melted and fused with the outside casing.
As a further and more accurate check on the bulk temperature
rise from station to station, the jack panel enabled the bucking of
any two outputs. The bucking of two thermocouples was accomplished
by using two Thermo Electric 2PSS type copper-constantan plugs, with
the constantan ends short=circuited and the copper ends connected to
precision potentiometer. The plugs could then be connected to the

Jack panel at two points whose temperature difference was to be

“Thermo Electric thermocouple wire, type CES 10-116-CT.

®*Minneapolis~Honeywell Reg. Co., Rubicon Instrument lodel No. 2745,
U.S.A.




measured.

The Rubicon precision potentiometer was also employed to spot-
check the water bulk temperatures across the annulus to ensure that
the true bulk temperature was being mecasured at each station.

All direct thermocouple measurements were referenced to the

ice pointe.
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the computation of the dimensionlecs parameter was the inside diamcter
of the inner tube.

The tabulated results given in Appendix A are also presented
in grephical form, so that they can be rore easily interpreted. Tor
the performunce characteristics of the nlasma generator, the graphical
presentation includes, (i) the effect of the transpiration fluid flow
on the arc voltage at comstant current (Figure 9), (ii) the voltage-
anpere relation at constant gas flow rate (Figure 10), (iii) the
cathode erosion rate as a function of the power irput (Figure 11),

(iv) the efficiency of the plasma generator as a function of the
power input at constant gas flov rate (Figure 12) and (v) the estimation
of the arc temperaturc as a function of pover input (Figure 14),

The bulk temperatures of the hot gas, the wall terperatures,
the bulk temperatures of the cooling water, and the gas-to-wall tempera-
ture ratios are plotted as a function of the axial distance along the
tube in Figures 16a and 16b. In Figure 17, the variations of the local
heat transfer coefficients along the tube arc shown. Finally the
local Nusselt numbers are plotted in Figure 13 as a function of the
non~dimensional tube lengths, x/g/hexfr, vith the dinensionless

parameters evaluated at the film temperatures on the gas side.

5.2 Irror Analysis

In this section, the uncertaintics in the neasureaent of the
experimental data and the calculated results are presented in a tabulated

form, Due to the oscillatory nature of the arc process, the plasna jet
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also exhibited a random fluctuation. This fluctuation was not of high
amplitude, but it could be observed in the measurement of the arc
voltage and current, and also was evident in the measurement of the

gas temperatures. The effect of the jet fluctuation was less noticeable
and of course was dampened as the gas and the cooling water flow
progressed down the heat exchanger length.

The specific heat of argon taken from Reference 8 and the
fluid properties of the cooling water from Referance 30 were assumed
constant without introducing any appreciable ervore.

The method of estimating the error in the data computations
was based on Reference 32, For exaunple the maximum absolute error
modulus in a sum (difference) is equal to the sum of the absolute
error moduli of the separate terms. The maximum relative error in
a quotient or a product is equal to the sum of the relative errors

in the various factors.




Description
Arc wvoltage

Arc current

Gas Flow Rate
\later Flow Rate
Temperature (measured by

precision thermometers)

Temperature (measured by
cu~const. thermocouples)

Temperature (measured by
Cr=Af thermocouple)

Thermal conductivity

Viscosity

Symbol

Instrumental Error

Negligible
Negligible

+ 2 = based on the cali-
bration curve

+ 3% - based on the cali-
bration curve

+ 9% (.1°F) - guaranteed
accuracy by manufacturer

Negligible

3/4% - guaranteed accuracy + 5% = based on the best=

by manufacturer

. Experimental Error

+ 5% =« due to the fluctu-
ations of the volt=
meter readings

+ 2% = due to the fluctu= °
ations of the ammeter

readings

Negligible

+ 1% - due to slight fluctu-

Maxinmum Error

5%

ations of the wator level

Negligible

+ 5% = based on the best-
fitting curve

fitting curve

+ % - bosed on Hilsenrath and Touloukian (26)

+ 2% - based on Hilsenrath and Touloukian (26)

+ 5%
+ 5 3/b%

x5

+ 2%
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Description
Arc power input

Energy losses to electrodes

Efficiency of plasma gener-
ator

Degree of ionization

Maximum arc temperature

Energy balance of
cooling water

Inergy balance of hot gas

Iocal heat transfer coefficient
(1) based on energy balance of
cooling water

(11) based on energy balance of
hot gas

Local Nusselt number

Local Reynolds number

ILocal Grashof number

Non=-dimensional tube length

Symbol

Ya

hg s

h
g8

Nu
x

R’x

ReyPr

Relation
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Haximum Uncertainty
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+ 36.0%
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+ 19.0%
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6. DISCUSSION OF RESULDS

6.1 The Performance Characteristics of the Plasma Generator

In this section, the characteristics of the plasma generator
based on the original design and the modified will be discussed in

order.

6.1.1 General Characteristics

All the early studies were made with the original plasma
generator having "forwvard-polarity', that is the porous graphite plug
through which the transpiration fluid emerged as the plasma jet was
the anode and the downstream carbon disk was the ring cathode., Several
cathode materials, namely typeAUC, ATJ and the commercial carbon, uere
used to test for arc stability and erosion rate.

Figure 7 shows the picture of three eroded cathode disks of
different grades of carbon. During each run, the cathode spot was
observed to oscillate slowly between two points approxinately 120°
apart. After 15 - 20 minutes of each run, the cathode spot tended to
stay at one of the two points and erosion continued resulting in a
skeved jet. Vhen the gas flow was increased, a twin-jet was obtained
with the cathode jet parallel and attached to the plasma jet (the main
column) and the arc became highly unstable, as indicated by the large
fluctuations in the arc voltage and current readings. At a higher

gas flow rate, the arc was bloun out and the experiment interrupted.
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The size of the jet was visually estimated to be approximately 1.50 =
2.0 inches lonzg and 0.625 inch in diamecter. The jet size, in general,
varied with the gas flow, the power input and the electrodc gap distance.

Vhen other transpiration fluids, such as nitrogen, oxygen and
dry air, vere used, the electric arc was highly unstable. In other
words, the arc, once started at a very small electrode gap distance,
could not be sustained by the external field. LIxplanation of this
situation would inwvolve further study in spark breakdown process, the
description of which is beyond the scope of this report. However,
one logical way to provide a simple explanation is to realize that the
other fluids are diatomic. In general, diatomic gases would have to
be dissociated first before ionization can take place. This process
of dissociation requires a certain amount of energy (the dissociation
potential) in addition to the ionization potentials of the products of
dissociation. TFor example, the dissociation potentials for nitrogen
and oxygen are 9.1 and 5.1 volts respectively. For argon, of course,
it is zero. Furthermore, the spark~-brealdown voltages for argon,
nitrogen, air and oxygen are given (31) respectively as 137, 251,
327 and 450 volts. A comparison of the dissociation potentizls and
the break-down voltages between argon and other diatomic fluids nay
serve to explain why argon was used all through the cxperiment.

It may be worth mentioning that, if tho elcctrodes are made of
carbon, nitrogen should be used with extrese care. At the plasna
arc temperature, some poisonous carbon-nitrogen ccmpounds ouy be casily

formed.,
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6.102 The Effect of Gas Flow Rate on Arc Voltage

The influence of the gas (argon) flow rate on the arc voltage
at constant arc current and electrode spacing is shown in Figure 9.
The general trend of the curve agrees closely with that obtained by
Sheer (9) who worked with a transpiration-cooled anode. The transition
from an unstable mode of arc operation to a relatively stable mode was
observed using the modified electrode configuration, i.e., with
reversed polarity. The transition was also accompanied by a sudden
rise in the arc voltage and ended at a gas flow rate of approximately
122 gm./min. Although a water~-cooled copper anode was used, the
similar steady arc operation beyond the gas flow of 122 gnm./min. reveals
that the high intensity arc mode was echieved. Horeover, a further
increase in the gas flow rate did not seem to cause any instability.
The fact that the porous plug was being used as the cathode eliminated
the blow-out of the cathode jet and permitted the test to be continued

at a high gas flow rate.

6¢1le3 The Voltage - Current Relation

Figure 10 shows the voltage-current relation at a constant gas
flow of 122 gm./min. Although there is some scattering of the experi-
mental points the positive slope of the curve indicates the steady arc
operation with the gas flow acting as a d.c. resistance (9). as
mentioned in the previous paragraph, the increase of gas flow would
increase the arc voltage at constant current. Accordingly, it may be
expected that the increase of gas flow tends to increase the d.c.

resistance of the discharge. On the other hand, the linear relationship
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of the Ohm's Law given in the elementary form (V = IR) will not hold
vith respect to the terminal voltage, current and the gas flow acting

similarly to a d.c. resistance.

6.1t Cathode Lrosion

The average cathode ernsion rate has been found to be approxd-
mately 0.011l gm./min. The relatively low erosion rate of the cathode
is largely attributed to the cooling effect of the transpiration fluid.
Under normal operations, the cathode plug with 0.5 inch in diameter
and 0,125 inch neck lasted for more than 90 mimmtes without causing
any instability of the jet. The duration was considered satisfactory
for the present nurpose. The cathode erosion rate is shown in Fijure lla

and an example of an eroded cathode plug can be seen in Figure 1llb.

6,15 Efficiency of the plasma Generator

The efficiency of a plasma generator describes the amount of
the arc power that can be transferred to the gas enthalpy. In this
experiment, the average efficiency was found to be 5%

The average enthalpy of the emerging plasma jet as measured
later by the cooling water in the double-walled heat exchanger amounts
to roughly 61% of the arc power. However, this appears low, as the
gas exit temperature was actually higher than the room temperature.

If the gas enthalpy was calcu}ated by H = mnggAT, whero AT was the
tomperature difference between the exit gas temperature (room tempere-
ture) and the temperaturc of the gas leaving the plasma jet, the gas
enthalpy would be approximately 64 of the arc power.

These values of the efficiency compared favourably with those
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obtained by considering just the arc energy losses to the electrodes.
C. Sheer (9), F. Schoeck and E. Eckert (8) reported an efficiency up
to 87 - 88% with the transpiration fluid-cooled anode, while Knipe,
Stokes and Streng (21) reported an efficiency of 56 with the water-
cooled copper anode.

The discrepancy between the two configurations can be explained
by the fact that the gas increases its enthalpy when flowing through
the anode fall space and absorbing a large amount of the kinetic
energy and the enargy of condensation of the electrons. Furthermore,
the kinetic energy of the electrons in the anode fall space increases

"in high intensity arc operation as the potential drop across the fall
space is relatively large. In the present experiment, the gas flow
was in the same direction as the electron drift velocity and the gas
may not all pass through the anode fall spzce. In this wgy, most of
the energy in the anode fall space was carried away by the anode
cooling water, instead of being used to heat up the effluent gas stream.
Accordingly, the energy transfer efficiency obtained in the experiment

was not as high as those quoted by Sheer and Ickert.

6.146 Temperature of Plasma Arc
One of the most difficult problems faced in describing the

properties of the plasma jet concerns the measurcment of the plasma
temperature. A direct measuring device is not usually satisfactory,
because of high temperature which can be expected even in a low power
generator. The use of ordinary high temperature direct measuring

techniques is out of question unless considerable cooling is used =
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features about the heat transfer cheracteristics of the present system.
For example, in Figure 18, the graph showing the Nusselt number as a
function of the non-dimensional tube length x/g/%éiPr may be divided
into three regions.

The first part consists of the positive slope of the curve
from x/g/ﬁexPr = O to approximately x/g/ﬁexfr = 3.5. The sccond part
consists of the sharp drop of the Nusselt number while the last part
of the curve once again exhibits a positive slope for the Nusselt
number., The following explanation is given of these three reginmes.

Since the diameter of the inner tube (1.430") of the heat
exchange is approximately 2.3 times larger than the initial diameter
of the plasma jet, it is expected that at the inlet of the heat
exchanger the plasma jet resembles a free~jet. This resemblance
continues dowm the tube until the jet spreads far enough to be affected
by the cold wall boundaries.

During the initial start-up of the test, the inner tube of
the heat exchanger is filled with air which will be mixed with the
hot gas stream and quickly exhausted leaving only argon in the system.
It is suggested that in the inlet length which the jet takes to spread
to the wall, a vortex pattern will exist in the stagnation region
between the jet and the wall causing a back-flow near the entrance.
The vortex pattern gives rise to some distinct eddies transferring some
energy from the hot boundaries of the jet to the cold wall,

Superimposed on this eddy formation will be the effect of free
convective heat tfansfer. The extremely hot plasma jet provides large

temperature differences combined with low axial velocity and it may be

mm
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radiation, i.e.y it wvill not emit nor absorb any appreciable amount of
radiation until ionization of the gas becomes significant. Therefore
it follows that at the inlet of the heat exchanger, the thermal radia-
tion is negligible, except that some may have come from the heated
electrodes. This source of radiation has been estimated to be negligibly
small (see Appendix B). Hot carbon particles from the cathode erosion
are also probable sources of radiation. Houever since the erosion rate
(0,012 gm./min.) only amounts to approximately 0.15 of the gas flow
rate (122 gm./min.), this source of heat transfer is considered
small enough to be neglected.

tthen the jet boundaries have spread ae far as the wall, the
convective heating of the wall by the fluid stream begins. The tran=-
sition between the two modes of heat transfer is quite distinct.
Coinciding with this transition is the region of entrance cffects, in
vhich the velocity and temperatures are being established. #s seen in
Figure 18a, the transition is also accompanied by a sharp fall of the
local heat transfer coefficient and hence the local Nusselt number.

Since the entrance length depends on the jet configuration,
tomperature ratio, and free stream turbulence, it can only be approxi-~
mated for the configuration at hand. A precisec determination of the
thermal length requires a calculation or measurcment of the thormal
boundary layer. Sometimes, it may be simpler to determine thc distance
required for either the local Nusselt number or the local heat transfer
coefficient to reach a constant value as a function of x/D. However,
with high gas-to-wall temperature differences and for fluids whose

physical propertics vary appreciably wvith temperature, the local
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Nusselt numbers cannot be a reliable criterion for establishing the
thermal entrance length,

After the transition, the local Nusselt numbers continue to
increase slightly in the direction of flow. Apparently the increase
in Nux is due to the decrease in the thermal conductivity of argon
with the local film temperature. On the other hand the local heat
transfer coefficients appear to increase slightly with the adal
distance (Figure 17a, b). As a result, it is believed that the rates

of changes for both hgs and k _, are not the same,

gt
Another interesting ohenomenon directly concerned with the high
temperature difference and the low velocity of the gas flow, appears
in the determination of vhether the flow is laninar or turbulent in
the stabilized region. The Reynolds numbers (< 14C0) based on the
bulk temperatures are far below 2100 vhile those based on the filnm
temperatures go over 2100 at approxinately 9 diameters. If the critical
Reynolds number is assumed to be 2100, the nature of the flow in the
central core is laminar while it is turbulent in the region enveloping
the core. Other experinenters (20) have studied similar problems and
found out that the resulting flou was actually laminar. In Figure 18a
the consistent increase of the llusselt number in the direction of the
flow after the thermal entrance length is established, indicates the
presence of laminar flow.
The heat flux at cach station from the hot gas does not agree
very well with the energy gained by the cooling water at the same

station. It is believed that the difference is due to the mecasurcment

of the gas temperatures. The peak gas temperatures uere nore likely



to be measured than the average gas temperatures.
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have important practical applications in chemical synthesis, in which
it is often necessary to cool high temperature gases rapidly; in space

re-entry simulation problems and in various other fields.






9. NOMENCLATURE

Symbol

Description
Surface area
Heat transfer area at anode
Cross-sectional area

Heat transfer area at each station, based
on the inner radius

Specific heat

Specific heat of cooling water

Specific heat of gas

Diameter

Inside diameter of inner tube

Diameter of the central hole of the anode

Diameter of the electrically welded
thermocouple junction

Gravitational constant

Convective heat transfer coefficient

Average convective heat transfer
coefficient between the hot gas and
the thermocouple junction
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Units

£t2

ft2

fta

g2

BTU/lbmoR
[+
BIU/1b_°R
BTU/1b °R
m
£t
£t

ft
ft
ft/sec2

BTU/hr.£t> ©

BTU/hr.£t° ©

R

R











Ib/ft.hr
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