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ABSTRACT

"For the purpose of determining a general correlation for fcrced
convective heat traasfer coefficients for circular cylinder:z in cross-flow
under conditions pertaining to cooled-film application for measurements
in flares and hypersonic wakes, heait transfer measurements were obtained
under simulated conditions created in a plasma-jet. Measurements were
made by means of constant temperature, internally cooled, cylindrical
film sensors in the Reynolds number range 5-75 for various teimperature
loadings, the maximum being T, /Ts = 4, and for flows ccmposed of He,

N2 and CQ0y. The plasma-jet conditions were maintained such that at the
points of measurements, i.e. at the potential core of the jet, ionization
was negligible, recombination was complete and the turbuience intensity
was low. By a statistical analysis, the data cbtained for Rep = 5 to 40

were correlated by

Ze 10 45
Mo (552 ) = .2068 + .4966 (Req)
oo All the fluid property values in the dimensionless parameters were evaluated
at the arithmetic mean temperature. A kinematic viscosity ratio instead
of the more usual temperaiure ratio was considered in the temperature
loading facter to account for the different dependency of the transport
pror~rties on temperature for different gas species.

Though no previous correlations were obtained for conditions con-
sidered here, the direction of the temperature loading effect and the
departure from King's law appear to be consistent with some of the existing

ccrrelations.
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NCMENCLATURE

Constant

Surface area of the cylinder {sensor)
{onstant

Constant

Specific heat

Diameter, sensor

Mass velocity

Heat transfer ccefficient

Thermal conductivity
Constants

Nusselt number hd
K

Prarmdtl nwrber (¢_ 14

’

o

=]

Heat transfierred
Resistance, electrical

Reynolds number Vd@Q , Vd_
»

F

Tenp=rature

Fluctuating ccmponent of velocity parallel to
mear. flow velocity

Mean flow velocity normal to cyiinder (sensor)

Temperature coefficient of recistance
Absolute wiscosity
Kinematic viscosity

Hass Density
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NOMENCLATURE (Cont'd)

Arithmetic mean and when referring to dimensionless
groups signifies that the Iluid property values are
evaluated at the arithmetic mean temperature, i.e.
at Tgs+ T

2

Surface, sensor

Free strea=
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1.0 INTRODUCTION

1.1 Direct measurements of dyriamic characteristics in high temperature
fields as exist in laminar and turbulent flames, hypersonic wakes, rocket
nozzle flows demand a rapid response instrument able to withstand high
temperature environments. An extension ol constant-tempsrature hot-wire
anemometry to constant-temperature, internally cooled, thin-film anemom-
etry towards this end is considered. (Compared to hot-wire sencors,
cooling of the cylindrical film sensor not only presents melting of the
sensing element but alsc allows interpretable measurements to be cbtained
when the environment is at a higher temperature than the sensing film,
without sacrificing response). The principle of operation of the cooled-
£ilm sensor as compared to that of the hot-wire or hot-film sersors is
shown in Fig. 1.

For cooled-film operation when the environment temperature
is greater than the sensor temperature, a heat balance applied tc the
sensing film gives (See Fig. 1):

Uw = Yoo ~  %uPPLIED . (1)

In the above reiation, Q. is the heat equivaleni of
the electrical power supplied by an aﬂgxﬂéERetdork to maintain the
constant film temperaturé Ts. Qgyy is the heat absorbed by the film
from the environment and QpoopLaNT is the heat removed by the coolart.
From equation 1, the parameter of interest Qgny is obtained by measuring
QCo0LANT and QSbPPLIED' As long as the coolant flow rate and inlet
temperature remain constant, heat absorbed by the scolant (QgopranT) from
tre constant-temperature film will remain constant and is 1ndependent of
the environmental conditions. The actual value of this QpooLaNT 18
obtained from a measure of the OgupppEp in &n environment where Qpyy —> OC.
QSUPDTIED’ at any time,is obtained by measuring the current in the

netwcrk required to maintain Tg constant. In effect then, under operating
conditions.
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%eny = %SUPPLIED (when Qe 0) 7 GoprLmp  (18)
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The Qpyy measured in this way then may be interpreted in terms of the
parameters »f interest of the flow field by means of an accurate heat
transfer relation. The purpose of the present experimental investigation
was to cbtain this heat transfer relation under conditionsof such variables
ranges that are likely to be encountered in the applization of cooled--film
sensors to laminar and turbulent flames and hypersonic wakes.

1.2 Since Qv is predominantly due to forced convection, then
£ the forced-convective heat transier relation for single cylinders in in-
3 conpressible cross-fiow is required. Further, the relation must be valid
for the following cases:

T T dir nal o
¢ 'i!‘i'w';‘rrm%”’;"n;a;' it (9 e nad doidig

a) Vmen ire transfer of heat is from the environment to the
cylinder,
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b) When the temperaiure difference beiween the cylinder and
the environment is large, and

c) When the environment is composed of {lows of different
gases and gas mixtures.

1.3 For forced-convective heat transfer between single cylinders
and incompressible cross-flews under near-jsothermal cenditions (or on
the basis of the assumption that the fluid properties are independent of
temperature), a dimensional analysis of the pertinent parameters gives
the following relation:

(hd) = f(¥a , Cn;J_L) (2)
» K

4

However, for large temperature differences existing between
the heat transfer surface and the bulk of the fluid, when a considerable
gradient of fluid properties exists in the thermal boundary layer, the
above dimensionless groups cannot be uniguely defined. For the purpose
of correlation, this so-called temperature loading effect must then be
taken into account by evaluating the fluid properties at suitable mean
temperatures - arithmetic mean, weighted arithmetic mean, logarithmic
mean, geometric mean, or even the individual fluid properties at different
temperatures. Since the temperature loading effect is empirical, the
choice depends sclely on the success arid convenience in the evaluation
and application of the correlation.

However, it is to be realized that for non-iscthermal cases,
a consideration of the dimensionless groups evolved for near-isothermal
cases alone does not suffice for the condition of dynamic similarity.
The condition of dynamic similarity is that the same ratios must exist
between the significant fluid properties at geometrically equivalent
peints, Since the gradient of properties, being dependent cn the
temperature ratio, will vary with a variation of temperature loading, a
dynamic similarity deficiency may be expected between cases of different
temperature loadings. For complete dynamic similarity then, a temperature
ratio must be included in the dimensionless relation, so that

hd = f£(¥d , Opp , (temperature ratio). (3)
K >k

If it is quite possible that the nature of the similarity deficiercy
with temperature loading willi be different depending on the direction of
heat flow, then two relations of the above form are necessary to describe
the two processes - heating and cooling. In these relations the fluid
properties may now be evaluated at any of the temperatures T, , Tg,

or a suitable mean temperature, and the temperature ratio may be obtained
by any combination of any tiwo of thle temperatures. In line with scme

of the more successful previous investigaticns, we may choose the
arithmetic mean temperature for the evaluation of all the fluid properties
(1, 2, 3, 4) and a ratio of T _, and Ty for the temperature ratio (1),

so that:
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hd = 1(1_ - pm -, T 3
T — Py
‘(:1 vm - Loy

where the subscript = refers to the arithzetic =san tesperature.

However, a correlaticn of the atove direncisniess grouss
still fails to give a2 unigue expression for the heat iransfer process,
as is apperent by a consideration of the following points?

a) Considering the fact that for a particuiar {iuid the
properiies of the fluid deo not vary with fecperature in the same w3y st
different temperature leveis, it may be expecited that the fashion the
group Ty /Tm enters in the heat transier expression, i.e. the te=peratiure
loading factor, will be different at different te—perature levels. 3y
the same token iy will aiso be dependent on the range cf lesperaiures
considered. Tnus, 2 correlation may not hold for cases differing Jrox
the case for which the correlation was obtained with respect to the
temperature loading factor,ard an evaluation of tke correlation at th
particular tesperature level and range of imterest beccres necessary.

b) Apart frec 2 particular fiuid at different texpe:siure
levels ¢ may also consider a group of flvid at similar te=parziure
levels., If the variatiorsof the iranspori properties with tecperature
of the fluids considered are not identical, then ii bteco—es necessary
to evaluate the temperaiure ioading factor individuaiiy for each {iuid.
Since inclusion of the group T /'?3 irn ithe heat transier expression
is to account for the shift in similarity Jf the fluid properiy grudients,
the *property ratios! may have to be considered directly in the correization,
in place of the temperature ratic, to give a unigue relation valid over
a group of fluids. Since f{or a particular gas the significart transport
properties vary nearly identically with tezperature, variations in ail
the properties may be lumped together by cons.dering a ratio of values
of any cne cf them. Considering ¥inezatic viscosity as the property,
we obtain the mcre general expressiong

hd = (¥, v"o: CP.‘:P:.) {3)
km ¢ Pam % ;

1.4 In light of the above discussion and the conditions
stipulated in Section 1.2, we may now formalize the purposes tehind
the present investigation as follows.

a) To investigate the naiure of the texperature loading
factor for heating of cylinders in cross-{low for high tezperature lcadings.

b) To investigate, in terms of improved unigqueness of the
correlation, whether it is worthwhile to replace the ratio Ty, /T oy

> /J)m, when different cases aad gas mixtures are considered at high
temperature lozdings.

¢) To investigate whether the slight variatica in Prandtl
nuzb=r, {due to temperaiure loading awi due to the {low being of
different gases and gas mixtures}, is significant encugh to be

»s
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considered in the heat transfer relation.

d) To obtain a general correlation for fcrced convective
heat transfer for the conditions stipulated in Sectiom 1.2.

1.5 7The ranges of variables considered in the present
investigation were as follows:

a) Reynolds number: The Re_ (based on cyiinder diameter)
range considered was 5-75. However, only data from the range Rep = 5 to 40
were correlated.

b) Temperature loading: The maximum environment temperature
(T ) considered was around 15000K, a limitation imposed by uncertaiaties
in the evaluation of the fluid properties above that temperature. The
cylinder temperature (Tg) range considered was 350%K to 550°K. Thus, the
temperature loading range achieved wes Tw = 2 to 4

Ts

¢) Flow composition: The flows were composed of No and He
and mixtures of Np-He, N2-CO, and He-CO,. ror each mixture at least two
mixture ratios were considered. However, on.y data from He and Ny flows
were considered for the statistical analysis, while the rest of the data
were checked against the result of this analysis. The Prandtl number
range amongst data for the statistical analysis was Pr =0.72 - 0.75.

2.0 REVIEW OF PREVIOUS INVESTIGATIONS

2.1 Considerable data are availahle for forced convective heat
transfer from heated cylinders in air cross-flow (1,2,3,5,6,7,8,9,10).
On the other hand, data are scarce for the case of heat transfer to cooled
cylinders (11, 12, 13). McAdams (14) has collected and correlated results
from some of these sources. However, due to miginterpretation of the
more important original data, McAdams! correlaticn must be considered
somewhat approximate (for elaboration on this point see Ref. 4). Douglas
and Chu.chill (4) recorrelating some of the data considered by McAdams
along with some more recent results, indicated that a unique correlation
is possible for cases of heating and cooling over a wide range of temp-
erature loadingsby evaluating all the fluid properties in the correlation
at the arithmetic mean temperature. However, considering the remaining
discrepancy in results between different investigations under dissimilar
and even similar cases it is to be concluded that such a general cor-
relation is at best an engineering approximation and may not be suitable
for accurate instrument work.

Among the data considered by Douglas and Churchill (4) only
those of Hilpert (2) and King (6) fall in the low Reynolds rumber range
of cur interest, i.e. Re, < 100. However, their data are for heat
transfer from heated cylinders. On the other hand, all data for heat.ing
of cylinders, i.e. data of Reiher (12), Vornhem (13), and Churchill
and Briar (11), are for Reynolds numbers above 300. Still, the data of
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Churchill and Briar are of special interest a3ince they are the only
ones obtained for any real high temperzture difference existing between
+he cylinder (100°F) and the gas stream (580~1800°F).

2.2 Consideration of temperature loading effect

Among ‘he investigations reported by Douglas and Churchill (4),
only those by Hilpert {2) for convection from cylinders and those by
Chure:ill and Briar (11) for convection to cylinders consider explicitly
the temperature loading effect. However, in the former investigations the
effect was obtained over a narrow range of Reynolds numbers. A consideration
of this,along with the fact that Hilpert's power law correlation is an
approx1mate representation of the data, led Collis and Williams (1) to
obtain a more accurate correlation for hot-wire applications. Further,
Coliis and Williams obtained their correlation under conditions of low
turbulence intensity in the free—strean; the significance of the effect
of free~stream turbulence on heat transfer had not been realized in previous
investigations. The data due to their carefully conducted experiment were
correlated in the following form:

Nu,_ (Tm\)‘o'“= A+B.Re (6)

To

The values of the constants in the different Re; ranges are shown in
Table I,

Rep A B n
0.02-44 0.2, 0.56 0.45
TABLE 1
LE-140 0 0.48 0.51
This may be compared to Hilpert®s correlation:
)
Noy = C !_Rem I Tg ¢.2 4 m (7)
[
Table IIcontains the walues of the constants in the different Rep ranges.
Repy, C m
14 0.891 0.330
4=40 0.821 0.385 TABLE II
4G-4000 0.615 0.466

The important point to note is that both investigations showed that
for forced convective heat transfer from heated cylinders, an increase in
temperature differesnce is associated with an increase in hd . For heat

Kp

My,
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transfer in the opposite direction, i,e. heat transfer to cooled-
cylinders, the opposite effect is to ve expected, i.e. hd/xy will decrease
with an increase in temperature difference. This seems reasonable since

an increase in temperature difference has opposite effects on the velocity
and the temperature gradients as the heat transfer direction is reversed.
Consider the case of heat transfer from cylinders, i.e. T_ > T, .

In this case viscosity of the fluid near the wall is greater than the
viscosity in the free-stream, causing deceleration of the flow near tne
wall which results in a steeper velccity profile in the aerodynamic
boundary layer as compared to the isothermal case. As the temperature
difference is increased, the v1sc031ty difference is increased, the de-
celeration of the flow near the wall is greater and the ocundary ;ayer
profile is steeper. Since variation of thermal conductivity with ‘emperature
is similar to that of viscosity, a simiiar effect cccurs for the temperature
profile. On the other hand, when T, > Tg, the viscosity near the wall is
less than in the free-stream - consequently the flow near the wall acceler-
ates with a IClatter velocity profile. As the temperature difference is
increased the flatness of ths velocity and temperature profiles will in-
crease. .rom this rezsoning, though nc conclusion can be reached as to
whether hd/k,,1 will either increase or decrease with an increase of temp-
erature difference for a particular directicn of hext flow, it appears
c¢lear however, that the effect of a variation of the temperature differ=-
ence will be opposite if the direction of heat flow is reversed.

However, Churchill and Briar's (11} results from their
experiment with cooled cylinderg at 100CF in heated nitrogen flow, where
the Nitrogen temperature was varied systematically from 580°F to 1800°F
show the effect on hd/k, with tenperature loading to be in the same
direction as obtained by Hilpert {2) and Collis and Williams (1) in their
experiments with heated cylinders and wires in ambient air flow. Churchilil
and Briar's correlation is in the following form:

0.33 G.5 0.12

Moo = 0.60 Pry Rep, (L-;) (8}

for a dG range of 300 to 2300.

It is this anomaly in the direction of the temperature 1oad1ng effect
obtained by Churchill and Briar that focussed attention in the present
investigation to be placed on the determination of the correct temperature
loading factor.

2.3 Consideration of the Reynolds Number Jependency
of the Heat Transfer

Eariier investigators, notably King (6), for theoretical
reasons presupposed in their correlation the linear dependency of
Nusselt number on (Rem)o'SO. Kramer (5), analysing results from later
experiments, obtained the same torm of correlation as King but with
modified constants:

0.2 0.33 _ C.5

Nu= 0.42Pr°"° + 0.57 Pr °~ Re (9)
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The exact range of Re and the reference temperature for prorerty value
evaluation were not specified. OCn the other hand, although nilpert’s (2)
power law correlation (Fouation 7) is somewhat approzimate and ignores
the finite heat transfer at zero Re,, it neverihelecs indicates tihat the
dependency of Hum on Re, is itself a fuynction of Re,. tfie nuted disconti-
nuities in the siove of the heat transfer curve at 7e = 1 and Re_. = LO.

Later, more careful experiments with hot-wires (15) tendeu
to show a systematic deviation of cbserved Nu, from the Nuy obitained f{rom
King's equation with increasing Rep.

Collis and Williams (1}, provexed by this deviation from King's
law and alsc by the suspected dlsccnflnult' at Rep = L0 conducted their
experiment very carelully and obtained a ke, dependency of Ry, different from
that of Xing's law and also found a dlsccnulnult at Re, = 44. This dis-
continuity was confirmed by an aerodynamic investigation of the flow-field
around the wire by observing the onset of eddy shedding a* Rep = 44 (‘).

liow, considering Churchill and Briart's (1)) anslysis of their

data it is to be noted that they presupposad the linear relation of ku, to
Rep, <50, Further, the correlation was obtained by assuming no heat
transfer at zero Pe,, i.e. they presupposed the form of correlaiion as:
0.33 0,5 B
By, = A Pr, Rep, ~ 1Tw) (10)
)

and obtained the values of the constants A and n. Apart from the
assumption as to the Rey dependency of Nugy, this form of correlation may
be justifiable at higher Re, where the heat transfer at zerc Fep is a
small percentage of the total heat transier, but an extrapolation of the
correlation to low Rey may not be accurate enough. It must be noted that
their correlation was obtained for dG/4«pnm beyond 300.

of tre exact ile; dependency of Nuy is considered as part of the analysis.

Thus, in the presenl investigaiion at low Fe,. the determination

2. Consideration of Prandtl Nuwber Fifect

¥ramer's (5) analysis explicitly considers the effect of
Prandtl number variaticn on heat transfer. Data were obtained for air
(Pr = .71), water (Pr = 7.1), white oil (Pr = 29.6), Transformer 0iX I
(Pr = 35.) and Transformer Gil II {(Pr = 525.). From this correlation
{see ecuation 9) it appears ‘hat if interest is limited to heat transfer
with rases only, the effect of the slight differences in Pr for different
species will be very small and may not be detecitable in an experiment, due
to normal data scatter. By the sare toxen, the e¢ffect of the small
variation of Pr with temperature for a nartlcular snecies of gas will zliso
be negligible.

Investigations with different gases have not been carried
out, all investigators having used air with the exception of Churchill
and Ariar (11) who used Nitrozen. as such, it is not possible to determine
he uniqueness of any temperature loading factor for different ras species -

[
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a point to be investigated in the present analysis.

3.0 DESCRIPTION OF EQUIPMENT, EXPERIMENTAL SET-UP
AND MEASUREMENT PROCEDURE

3.1 Heat transfer measurements were obtained by traversing
internally cooled, electrically heated, constant temperature, cylindrical
film sensors across the potential core of a plasma jet. Tiie power input
to the plasma jet and the plasma gas fiow rate was maintained such that
not only would ionization be negligible at the jet exit plane but
also recombination of the dissociated species would be complete in the
plenum chamber. Binary.mixture flows were obtained by mixing the second
gas specieswith the primary ionization gas in the plenum chamber, Temper-
ature and velocity measnrements were carried out by means of a Pt - Pt
10% ’h thermocouple and a pitot probe respectively, both mounted on the
same traverse as the cooled-film sensor. All measurements as functions
of the traverse distance along the diameter of the jet were recorded on
an X-Y plotter. ZXnowing the relative position of each instrument with
respect to the jet axis, poini measurements of pitct pressure, thermo-
couple output and the film sensor bridge voitage were obtained from the
recorded prcfiles.

3.2 Description of Special Egquipment

The sensors, probes, electrical circuitry and the sensor
ccoling water supply system are manufactured by the Thermo Systems Inc.,
Hinneapolis, Minnesota, as standard equipment,. The description of the
equipment that follows has been obtained from private communication w:th
Dr. L. Fingerson of the Company and from their various bulletins, technical
notes and instruction manuals, listed as Ref 16.

3.2.1 Ccoled Film Sensor and Sensor Holder

A photograph of the sensor with explanatory sketches
is shown in Fig. 2. The loop type sensor is made of vycor tube, .015
em, 0.D. and .0iC c= I.D. A thin film of platinum, 1CCO - 20C0 £
thick, on cne limdb cf the loop acts as the resistance 2lement and is
isolated by heavy goid plating (13 -~ 1 mil thick) on the rest of the loop.
The length of the sensing element, in the sensors used, iz .103 cm and
its registance around 3 ohms. The sensing element is coated with a film
(5000 X thick)} of silicon monoxide to reduce catalytic effects when the
sensor is exposed to flame envirom.r:nt.

3 The sensor is soidered conto the tip of the sensor
holder, which serves as an electrical lead and also as the sensor cocling
ter connection ard contains a built-in filter on the water inlet side.
The fittings for the electrical cannection to the power supply systen
and the fittings for the coolant line connection to the water supply
system are mounted on a fitting plate, as shown in the photograph in

Fig. 3A.
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3.2.2 Probe

A photograph and a diagram of the probe with the
sensor holder assembly insertsa are shown in Fig. 3B and in Fig. 4
respectively. A close-up of the probe tip, showing the sensor in
operating position, is shown in Fig. 5. The probe is made up of a
series of cascading cooling jackets, the cooling jackets in turn made
up of a tightiy fitting bundle of stainless steel tudes, to rrovide
uniferm and near optimal cooling. The probe is provided wit:. .
traversing sleeve and a fitting plate containing the fittings for the
jacket cooling weter connections. When the sensor holder is in place,
its fitting plate is attached to that of the probe by means of screws
in slots, allowing for a certain amount of play, so that the holder can
be pulled back and the sensor withdrawn inside the probe when it is not
in operation.

3.2.3 Sensor Cooling Water Supply Sy stem

The sensor water supply system supplies coolani to
the sensor at constant pressure sand,hence at a constsnt mass flow rate.
It consists of a stainless steel pressure tank of 1 litre capacity which
isg filled with distiiled water and pressurized through a regulater from
a nitrogen bottle.

3.2.4 Probe Jacket Water Supply System

Ordinary tap water, filtered through a 25 micron
filter, is used for probe cooling. The water pressure is maintained
arcund 80 p.s.i.g.

3.2.5 Bridge and Control Circuit

A simplified functional schematic diagram of the
circuit is shown in Fig. 6. The platinum film on the senszor is maintained
at constant resistance and hence at a constant temperature by placing
it across one arm of a bridge. The desired resistance of the zensor
(calculated from the desired operating temperature and the r.old resist-
ance of the sensor) is obtained by adjusting the resistance deck R1,

A choice of two bridges is possible, one for low energy dissipation
(.005 toc approximately 0.5 watts), as encountered in usual hot-wire or
hot-film operaticn, and the other for higher energy dissipation (up to
LO watts) for cooled=film operation.

Once a voltage is applied across the bridge and
the bridge is balanced, the film will be maintained at the desired
temperature. Any change in envirommental concditions (changes in temper-
ature, velocity or composition) causing a variation in the rate of heat
transfer to or srom the film, will fiend to vary tae film temperature and
hence the film -ccistance, causing an imbalance betwesn the two sides of
the bridge. This imbalance is amplified by the bridge amplifier, which
signals the power amplifier to increase or desrease the power to the
sensor acrordlng to the directior of voltage change in the bridge. This
f2ed-back ioop has a frequency response of 500 KHz, {iiominal).
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The system allows measurement of botn bridge voltage
and actual eiectrical power supplied to the film. The latter is obtained
by means of a power computer which takes values of the bridge voltage and
sensor resistance aad uses a squaring circuit, amplifier and a voltage
divider. The panol meter may be switched either to read the mean bridge
voltage or the mean energy dissipation in watts, when the sensor is ex~
posad to a steady state enviromment. A photograph of the panel along with
that of the sensor water supply system is shown in Fig. 7.

A detailed description of the circuit msy be found
in Ref. 16A.

3.2.6 Cooled-Film Sensor Operating Principle

Referring to Fig. 1 we note that for usual constant
temperature, cooied-film application, i.e. T > T gr 8 heat balance of the
system gives:

WooprEr - koounr - mw.

If the cooling water inlet temperature and {low rate

(i.e. the coolant pressure) is kzpt constant, Qf will remain constant.
A measure of Qgyppriep then will be a measure OSEﬁv, i.e., the heat
transferred from the environzent to the sensor.

For adequate operation it is then mandatory that
QCOOLANT = @&nv (MAXIMUM). If heat transferred to the coolant is less
thun that absorbed from the environmant, not only does measurement becore
irpossible but the sensor tecperature will increase beyond the.set value
and the sensor may burn ocut. A proper QoogLanT =By be set by exposing
the sensor to a condition of maximum heat transfer and then by adjusting
either the coolant preasure or the sensor tempsrature or both to cbtain
8 QoGULANT greater than Qmyy (MaX)- Since a prior determination of QExy (MAX)
is not always possible {viz. &s in the case of application in the hyper-~
sonic wakes of projectiles launched in free-flight ranges) a -~ough estirmate
of the expecled maximum heat transfer may be made, and from the calibration
chart in Fig. 8, the sensor operating temperature and ccolant pressure may
be determined., As shown in Fig. 8, a¢t a particular ccolant pressure the
maximgr. sensor temperature is limited because of coolant boiling inside
the sensor resulting in unstable heat transfer to the coolant.

The senscr is set to operaie at the desired temp-
erature by setting the proper resistance in the resistance deck. The
operating resistance is obtainsd by measuring the sensor f.sld" resisti-
ance and using the relation:

R = Hc {L-l + (Ts - Tc):!
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where Rg is the senscr resistance at the selected operating temperature,

? and Re is the "cold" resistance atl temperature T, (usnally roc: temper-
ature}. The temperature coefficient of resistance, of:is ctiained by

a calibration of a repmsentative m=ber cof sensors or Irc: the manufacturer's

qQuoted ;1gures. A typical sa'itration curve for o obiained for three
sensors from the batch used in the present investigation is shown in
Fig. 9.

The valuve of Qppnpap7 1S zeasured by maintaining the
sensor at the operating temperature and coolani pressure and exposed to
roox environzent. Since conservatively calculated heat losses frox the
: senscr due tc radiaticn, free convection and conducticn together add up
to te twe orders of ragnitude less tkan the heat transferred to the cocliant;
ail the heat transferred under rooz condition may be considered io be
traasferred to the coolant, i.e.

: a = Qe
; SyEPPLIED {at rocs te=p.) COOLART
1 2ooLakT 235 be measured directly in electrical uniis

2 by using the power coc=puter or by z=easuring the bridge voltage and using
i the following relation (refer to Fig. §):

1 2

3 a = Z-Zt Rs i
(3g + Ry + E"",‘.z‘,‘?)d
E— where 5 0= bridge voliage

3 %, = sensor resistance

o= resistance of the top leg of the bridge

fopup T prode and cabie resistance,

TPy
en oo

for the zeasure of v;q,.;,;,- ron under opsrztion the
sare twc methods may be used. However, *ince there was sc=e doubt as

to the calioration of the power cc=puier, in the present investigaticn
t was the tridge voltage thai was recorded.

e R pral i

3.3 Eoericental Set-ip

£

2 schemalic and a photograph of the experimental set-uyp are
shown in Figs. 10 and 11 respectively. The hot jet was obtained by means
of 3 bench rounted plasmadyne plas:.a torch fitted with 2 nozzle, the
nczzie exit diazeter being % in. The gas fiow rates were cetiered by ceans
of caiibrated {low meters ani pressure gauges rounted on the contrcl
panel of the plaexa torch. The measuring insiru-ents, i.e. the cooled
filz sensor probe, the ther:oco.xpxe and the pitot,were nountea on a

a
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traversing table. A close-up photograph of the instruments and the plasma
torch is shown in Fig. 12. The traverse distances ofthe tabie along and
acriss the jet were monitcred by a xnife-edge slider {ixed %c the table

and sliding over a calibrated linearly variable potentiometer. The cross-
travers2 potentiozeter cutput was connecied to the tX' in put of a Hosley
X-Y plotter, whereas the axial travers¢ potenticrmeter reading was displayed
or. a Jotn Fluke differential vacuum tudbe voltreter,

& Pt - P4 107 Ph thermocouple with a bead diazeter of .127 co
wasg used to measure temperature. It was thought tc be wmore judicious to
use an vnshielded thercocouple and to correct for radiation and conductior
loss rather than to use a shielded thermocouple with uncartain radiasticn
effect. ~Further, the minizum size limitation and the valnerability of the
shielding to high tezperature «ith consequent geczmetry change preciuded ihe
use of shielded therwocouples.

For velociiy zmeazsurecents a carbon-tipped pitoi prebe with an
orifice size of .1032 ¢z was usec. <Ihe pitclt pressure was —easured 5y =eans
ef 2 calitbrated MX5 Zaraton type 77 pressure meier using a type 77k
pressure head.

'-

The thermocouple =v ouipu’, the pressure peier guipui and
the bridge voltage oi the [iiz sensorwere connected %2 the 'I? impui of
the X-Y piotter through a control box, so that during a run as each
instruzeni would traverse across the jei their outputs could be successively
switched onto tne 'I! input of the recorder for recoxding. The recording
station arrangezent is shewn in Jig. 13.

ine cross traverse distance was recorded at double scsle for

tier positicnal resolution, whereas the osuipuis of esach instrmuzent were
recorded ofi a2 scale to give the maximr= defisciion on the recorder. =

typrical recording of a run is shown In Fig. 1z,

3.4 Measurexent Procedure

3.4.1 Iostment AliZmcent

3
—*3

SBefore each set of rums {usuaily consisting of 4 to 3

runs} the sensing elsmen's of the zeasuring instrmenis were alizned 1o
be in the same horizontal ard vertieal planss, tha horizenial pisne being
that of the jet zois and the vertical plane that of the cross-irsvarse.
i.e. normai to that of the jet 4«xis. The cooled-{ii= sensor wes aligned

&

be accurately normal to the jel axds. The aliznent of the ingtrozents
was achieved by a zicroscepe replacing the plaeza-jei on its brac¥e.s
such that the axis of tre jet would coincide with iha ¢

'’

as shown in Figz. 15, and 5y a theodolite placed at a siig
veriical plane of the instruments. Aligroent was epsured by tr
the instrzenis successively to the microsccoe axis and adjusting their
positicns such that they coincided-riih the cross-hairs

scope and ihe theodolite. 4fter alignment the posit
with respect tc ithe jet axis and ezch ciher were noted
thex o the =icroscope axis angd recording the coross
Reter cutpst oa the X-T plotter.

(n
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During alignment the physical condition of the
senzing elements as tc deposition of contaminant orn the cooled film,
flaking of the film and thermocouple geometry alteration was checked.

3.4.2 Plasma Jet Conditions

Power Setting

The plasma jet was run at very low power inputs so
that the temperature at the nozzle exii never excesded 2000%4. This was
to ensure that no part of the gas fiow was ionized. Further, the gas Ilow
rates were such that the residence tize in the plerum charber was snfficient
for the recozbination of the products of disscciation. {The latter con-
dition was verified by the addition of C{}z in the plenum chazber and noting

A Y

the absence of any $0 flaze at the jet enat.;

- -
£

Jet Stability

Tne stability of ihe jet after a 5 min, warc—up period
was checked by placing the cooled-fiix sensor in the jei and recording the
bridge voliage on a time scale. Since the film wiil sense any change in
Soth the velocity and the te=verature of the jet, this ensured a check

on any drift of boith properiies. Over a recorded pericd cf 15 ximutes
{averaze tire for a run) no drift was noteld. However, fro= tize to tirze
the je% would tend i5 become unstable due to electrcde erosion. Readings
obtained during these pericds were either discarded or retaken.

o

Jet Turbdulence

The turbulence level in the core of the jet was

estizated by monitoring ithe cooled-fil= bridge wvoltage &y an oscilloscope.

The maximez= ccoled-{ii= {reguency response is around Z.C.5. Sime the

il= will sense not only the velecity fluctuations twi the texperature

nd concentration fluctuations as well, deccupiing of the signal to cblain

vantitative zeasuresent cf the intensiiy of each parazeier beccses com-

cated. Froz the oscilloscope tracimg, & iracing of the superimzposed

ects of the fluctuation of 2il ithe three parzweters in i{ke core of the

,the =axims reiative intensity was fcund to be less than 107 { Ei =0.‘).

it is considered that the fil= is sensing coniy velocity v

sctuations, the zost acute siisation, then the 2rror in heat transfer

zeasureceni will be less than 27, {See Ref. 17 for an elaboration on

effest of large turtulence [luctuaticns on heat transier,; Thz

error Gue to tesperzture {luctuation will arise hecauses of consideration

cf the fiuid properties evaiuated at the average lecperature rather than

a consideration of the average of the [{Iuid properiies — the diflerence

betwezn thex being due to the non-linear variation of fluid properties

with tezperature, 35imiiarly the error because of concentrziicn fiue-

tuations i1l be due 1o ihe diiference betweon the evaluated properiies
the zesn concentration rather than ihe sversge of the properties - a

e
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perceniage concentration. X r, these eifecis will: be =3l coapares
1o ihcse dusio iarge velocity fiuctuation; i.e. due to the laleral fur-
pulence-velocity ¢ xponent perpexdicular io Lhe cyiinden,

hg




3.4.3 Run Conditions

During stable operation of the jet, the pitot, the
thermccouple and the cooled-film sensor were traversed acress the jet, the
last traversing thrice for three different sensor resistarces and hence
three different temperature settings. Due to the variation of the sensor
#eeld" resistance from one sensor to another and sometomzs from cne run to
another it was not always possible to set the same three sensor temperatures
for a3l runs. The distances of the section of traverse from the jet exit
were such that the major portisr of the traverse would be through the
potential core of the jet. A iypical recording of a single run is shown in
Fig. 14. To obtain measurements cver a range of Rem and temperature loading
the f{low rate of the rcas and the plasma power input were varied., For each gas
srecies or species mixture, usually thrze power settings and for each
power seiting three flcw rates were employed. With 2 particuiar power
setting and {iow rate, usually three or four traverses at different distances
from the jet exit plane were made. ror wmixture runs, three different
mixtures -~ Hy -He, N ~00;, He -CO, were considered. During these runs,
usually the major species interms of mol {raction wac used as “he arc—gas,
the sevond speciesbeing mixed with this in the plenux chazber. However,

(05 was never used as the arc-gas. Ffor each mixture, two mixture ratios
were considered. Due to the volume-fiow rate linitation of the plasma-jet,
judicious settings for the mixiure ratic were not always possible.

4L.G DATA ANALYSIS PROCEDURE, RESULTS AND DISCUSSION

4.1 The values cf thermecouple emf{, pitct pressure and the cooled-
film bridge voltage at any particular point in the traverse were obtained
by takinz values eguidistant fro= the jet axis from their respective profiies,
the position of the jet-axis with respect to each traverse having been pre-
recorded as mentioned in Section 3.4.1. Such point vaiues were cbiained
frozm only the potential core of the jeti.

]

[

L.2 The wncorristed temperature was cdbiained from the miliivoit
reading of the thsr=ocouple using the calibration tables of Omega Bng. Inc.
This tecperature was coriected for the error due to radiation from a heat-
balance of the thermocoupls bead. ({See any standard text for elaboration}.
Fro= an independent approximate cziculation the cenduction error was found
to be negligible. For the heat balance, the thermccouple bead was censidered
1o be 3 sphere and the forced convective heat transfer coelficient was
obtained fre= Xrarer?s {3) correlation for spnerss,and the emiscivity factor

s 2 function of tesperature was obtained from Ref. 18.
Since. evaluation of the {orcea convectio demands z determiaation
of flow w2locity ard the fluid transy-rt properties at the true temperature
ard since the velocity interpretaticn {ro= the pitot pressure is again
depandent on the knowledge of {luid density at the true tespersiuvre, 2n
iteration process was used to solve for the irue terperature.

e
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The transport properiy values of the gas spécies and species
=ixtures for the above-mentioned iexperature correction process and for

he subseguent data analysis were calculatad frox the expressions collected
in Ref. 1§. Detasils of the expressions used =
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From the cooled-file bridge vcltage outside the jet and {ro=
the bridge valtage when tr: {ilm was at the point of zeasurecent in the
jet, the heat transferred {roz the environment was owtained according to
tite method discussed in section 3.2.5. The heat traasfer coz2fficient was
then determined frcw:

h o= N
n = ¢

2y
al(t, -7}
\ow sl

o]

4.3 As 3 preliminary step to dzta correiation the dirensionless
heat transfer coefficient hd,/ica was plotted as u funciicn of Rea to detercire
the general trends and the data scaller. The folicwing points were noted.

(Fig. 26 may be consulied for this discussion.}

A

i) Because of ithe narrow range of voluze-flow rates possible
in the plasma-jet, the He, range obtained for a particular species or spzcies
cixture by a variation of the plasma-gas flow raie was rather limited.
Howaver, because of ine widely differing kinemaiic viscosiiies of the species
and species rmixtuvres considered,the overa:il Re. range obtained extended

from= 5 to 75-

{ii) Mu, data for Reg more than 55 were above the irend line
of the rest cf the pocints (i.e. those below Ze— = 45)when extrapolated to
tkat range. No data were obtained for Ren between 40 and 55. Fro= previous
investigations (1, 2j with heated cylinders a change in slope in the heat
transfer curve was noted arcund feg = L0 -~ L4 due to ihe onseil of eddy
shedding. Yowever there is no reason io expeci the onset of eddy shsdding
at exactly tne sace e, {or the case of coolinz of cylinders since the
boundary lsyer characteristics in the tws cgses are different. ac
discussed in section 2.1. Xo asrodynacic investigation spscifiically aiced
at the determination of the onset of eddy shedding was carried out in the
oresent investigatior and, hence, any comcliusion as to the exact Rep of
discontinuits in the hezt transfer curve and as tc the reason for the
higher }h’a for Re_ greater than 55 will be deferred until further ex-
perizentation. for ihe present a2nalysis the range of fe_ considered was
5 to 4C.

{iii) The scatier of data irc= the gas =ixture rums was
noted tc be siightly more thar that froc Lhe pur= gas runs. Possibly
this is due to izperfect mixing of the gases in ihe pienum chazber of
the jet. ror this reason and also because of less certainty in the
property value evaiuation of mixtures at high tecperatures, the subseguent
statistical anaiysis was confined to data from pure He and }Ez flows only.

{iv) Due to the narrow ranre of Re_ obtained for a particular

gas species or species mixture and dus to the d3ta scatter, ihe expected
slight influence of the very s==21? variation of Prardtl muzber on hest
transfer couid nol de properly deiected. In any case, since the
stxtistical analysis was to 52 confined to data froz He and 82 flows, the
Prangtl murbers being very neariy identiecszl for the twdo gases, son-

-

sideration of Frandil mucber ac a variable was nmot considered inmportant.

oy
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L.4 In the light of the above discussion, it was decided to
correlate the data from pure He and Ny flows, between Rep = 5 and Rep = 40,
by a relation of the following form:

1
n
Nuy (Teg ) = ab+ B

im

Re
M1 s

the values or the constants nl, Al, pt and m‘L to be determined by a least

square fit. The values of the constants were evaluated separately for

No »nd He flows to determine whether the temperature loading effect wac
difterent for th» two cases. Further, the values were evaluated individually
for the two cases of temper: ture loading, once when the loading was applied
by a variatioa of Ty while T was constant and again when T, was varied
while T, was kept constant. This was done to determine whether a weighted
mean temperature rather than the arithmetic mean temperature was more
suitable for the evaluation of fluid property. However, since for the
individual cases the Rey ranges were limited, the value of the constant ml
wae evalnated by considering all data together, and using this value of ml
the values of n ', Al, Bl were calculated for each case. 7The result of

this analysis is shown in the table of Fig. ié. The nl values were found

to be somewhat differsnt for the two cases, though for a particular gas

the values were ciose for the two types of temperature loading.

L.5 The next step was ‘o rep)ice the temperature ratio by a
kinematic viscos’ty ratio in the analysis, so that the correlation form
now became:

e N
N ( _Sii J

A + B.Re "
m

The values of the constanhts evaluated fo. each case and whean all He and

N, data were considersd tcgether are shown in the table of Fig. 17. Com~
pared to nl values, the values of n were found to be close for the different
cases. It remained now to consider whether a unique relatior was possible.
The fits of the data from each case were checked with the overzil reclation
whose constants were evaluated by considering all He and N, data togethe-
and as shown in the tabie of Fig, 17. The worst increase in r.m.s. error
was less than 2.5%.

The results of this analysisare shown graphically in Figs.
18 to 26. Figs 18A and 19A are Muy vs. Rep plots ¢ © the data from Np and
He flows respectively for the temperature loading obvained bty & variatian
of T,, while T, was kept constant.

In Figs. 18B anu 19B are shown the same data but with the
temperature loading factor included. Fig. 204 and 21A,and 20B and 21B
are similar plots but for datu obtained when the temperature lo:zding was
applied by keeping T ,, constant while Tg was varied.
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The next. step was to consider the temperature loading effect
on data from the mixture flows. Considering the lower accuracy in the
evaluation of mixture transport properties, it wes felt that the signif-
icance of the T.L.F. obtained for the mixture flows individually would
be ambiguous and in any case not more significant than the value already
obtained for He and N, flows, As such the data from the mixture runs
were checked for the glimination of the temperature loading effect
by using the T.L.F. obtained for He and N, flows. Figs. 22A, 23A and
2L,A show Nu  data from He-N, N3-COz and He~CO; mixture flows respectively

two mixture ratios considered for each mixture] plotted as a function of
Rep. Figs 22B, 23B and 24B are replots of the courresponding data but
considering the T.L.F. A considerable improvement in data scatter may be
noted, though no claim to the complete elimination of the temperature loading
effect can be made.

All data corrected for the temperature loading effect plotted
together are shown in Fig. 25. It is evidenc that except for CO,-N, data
which were for Re; greater than 55, data below Rep = 4O overlap and follow
the same heat trans{er curve and, as such,show that along with a unique
T.L.F. a unique correlation is also possible. Finally, the obtained Rep
dependancy of the Num was checked for the different species mixture flows
by plotting the data on Num(léwfﬁg)-ls vs. Rep+45 grid, as shown in Fig.

26, The r.m.s. deviation of Nuy from the correlation line was found to
be .092, when all data below Rey = LU were considered together.

L.6 Comparing the correlation obtained in the present in-
vestigistion, i.e.:

Nup = (0.2068 + .4566 Rem ") (D%,o/vm)"ls,

with previouz correlations (see section 2.0), the following points may
be noted.

(1) It is found that for the case of hest transfer to
cooled cylinders, as the temperature loading is increased, the hd/km b3
decreased. This is consistent with the previously observed (1, 2)
increase in hd/k%y with increasing temperature loading for the case of
: heat tfansfer from heated cylinders, as has been elaborated in section 2.2.
& Howsver, from Churchill and Briar's (11) result for similar direction of
i heat {low,as in the present investigation,the opposite effect is noted.

{ii1) In the Rep range of 5 to 40, the Nup was found tc vary
linearly with Rem°h5. Thiy deviaticen from King's law is simllar to that
observed by Collis and Williams (1) in their experiment with heated wires.
However, there is no reason to expect the same law to hold forthe two
cases of ccoling and heating since, as previously discussed, the aero-
dynamic features in the two cases are different. A valid comparison
exists only with correlations obtained for similar direction of heat
flow, However, Churchill and Briar's analysis presupposed a linear
Nu_ variation with Rem-5 and as such can not be properly compared to the
present result.

vy
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(iii) Finally rig. 27 compares values of Nu, calculated from
some cf the correlations obtained for heat transfer from heated cylinders
with values calculated from the present correlation, the evaluation being
for an ident’cal condition of heating of cylinder with T; = 400%K, T =
1200%K 20 -2 flow composed of Np. Even considering the wide discrepancies
in val.es caizulated from correlations obtained for cooling of cylinders
only, che error involved in using them 1o predict heat transfer for heating
of cylinders is quite apparent.

5.G CONCLUSIONS

5.1 For forced convective heat transfer to circular cylinders
placed normal to a heated flow, a correlation was obtained statistically
from data measured in the Reynolds number range of 5 to 40, temperature
loading range of Teo /Tg = 2 to 4 and for flows of N, and He. Over the
entire range the following correlation was determined;

Mo .35 Y
Mug (33 )7 = 2068 + 4966 Reg

where all the fluid properties in the dimensionless parameters are
evaluated at the arithmetic mea’ temperature.

5.2 Zecause of increased data scatier and also because of some
uncertainty in the property value evaluation of mixtures at elevated temp-
eratures, data from the binary mixture flows composed of any two gases
from the gas species He, N, and CC, were not included in the statistical
analysis. However, thess data were checxed for fitness witn the cor-
relation. The r.m.s. deviation of Nup, from the correlation line was found
to be .0924 when all data below Rep = LO were considered together.

5.3 Due to the narrow range of Rep investigated for a particular
species orspecies mixture and also due to the data scatter, the expectesd
slight inrluence of the small variation of Prandtl number {because of the
consideration of different species and speciesmixtures and also because of
variation of temperature) could not be disce:. ed.

5.4 Replacemert of the usual temperature ratio in the temperature
loading factor vy 2 viscosity ratio enabled a unique correlation to be
derived for flows composed of gas species whose transport proverty value
variations with temperature are difierent.

5.5 The direction of the tenperature loading effect, i.e. in
the present investigation for heating of cylinders a decrease in bd/{
with an increase in temperature loading, is consistent with prev1ously
observed increase in hd/ky with an increase in temperature loadlng for
the case of cooling of cylinders.

5.6 The Rey Jeperdency cf Nu_ was found to be different from
that according to King's law, as also observed in previous investigations
with hot wires. However, due to absence of pruvious data for the case
of heating of cylinders, no direct comparison could be made.
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5.7 A discontinuity in the heat transfer curve was noted between
Re. = 4O and Pe, = 55. Unfortunately, no data were collected between these
values cf Rep, and since no specific aerodynamic investigation was carried
out to determine a change in the flow features in this range, no firm
conclusion as to tne exact Re, and nature of the discontinuity can at present
be made.

5.8 Finally, a comparison of the Nuy values caiculated for the
case of heating of cylinders from ccrrelations obtained specifically for
cooling of cylinders with Nu_ obtained in the present experiment (for
heating of cylinders) clearly shows the need for two separate correlations
for the two directions of heat transfer. The error Involved in predicting
hea% transfer in one direction from a correlation cbtained for hvat transfer
in the opposite direction may not be negligible, especially when significant
temperature loading is involved.
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APPENDIX A

Expressions for the Calculation of Transport Properties
for Pure Gases and Gas Mixtures

b st el st Lt Lo o i)

NOMENCLATURE

UNIT

Dimensionless heat czpacity S
Thermal conductivity cal

ch. Sec K
¥onatomic thermal conductivity n
Internal thermal conductivity "
Boltzman constant erg/%K
Molecular weight g/g - mole
Universal gas constant cal/mole %
Absolute temperature %k
Hole fraction
Maximum energy of attraction erg.
Absolute viscosity gfcn. sec.
Zero energy coliision diameter A

Reduced collision integral

Components i and j of a mixture
Entire mixture
Kumber of components in the mixture

Coaponentsl and 2 of a mixture

The following expressions were used to calculate transpert
property values for non-polar pure gases and gas mixtures.

Viscosity (Refs, 1,2,3)

D Y R e R R IR L NN

—
i MT

= 26.7493 x 10'6 A
on

Lo TR
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APPENDIX A {Con'd)

or /u. = 2£.693 x 10~6 [lej?}

ii) Thermal conductivity (Refs 1,3)

X = Z' 4+ x"

7
¥ = 198.91 x 1w-° N /M
§2i)

M 1 2 C
=« xom (2% -)

iii) Viscosity of gas mixtures (Refs 3,i)

iv) Thermal conductivity of gas mixtures (Refs 3,4,5)

. I Hi
‘{mit = Kq,-';x + K mix

K = Th :
A \ x
v=1 1 +'L—{ \pbj I.i
D
(v -1 Y = O AW
where  \]);. = ¢£1 [l + a4 (g Hlle D\o,;xmj\)
! A (ML"’ Mj)a
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APPENDIY. & {Conid)}

elactigie i
=
~
&,

3 where i / i \ ]
’ g . [ K;' Y/ N\l: \/4
3 I 1 + (.‘2_:’ ——
@, = L N7
\, (-" &
- -\t
. 22 (\ 4 Miy
in;
K|
- - - - 3 o e
3 The 3imensionliezc heal capacxity l.e. "p/ £ values as functions of
tergeralurs were chizined frem Pel. 8. The reduced collison integral
{7gr viscesisy and thermzl sorductiviiy) va.ves ac functions of reduced
3 Ltemperatare II/E  wWers coizined {rom a tabtle of Ref. 7. Valuzs of the
o 13 . - - ol
rest of the consiants wers takei frem Table I of Ref, 3.
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“NSENSING ELEMENT

FLM UARTZ FiLM

, /&Amm SENSING FILM D FILM

NSULATING GLASS TUBE NSULATING
\Gu.ss TUBE

COOLANT (wafer) COOLANT (water)
SECTION A-A SECTION 8-8B

FIGURE 2 - Cooled Fiim Sensor
(Protograph - Magnification x 5, Sketches - Mot to Seale)
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FIGURE 3 - A} Sensor Holder; B) Heat Flzx Frobe; C) Aspirating Probe ’
E {Sesle in Centimeters)
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Nug, IT%‘)n = A'+B Remm

CONDITION Al 8 m o ngv,:ﬁom oF
N,
FLow- Nz 880 5092 45 26 0G0
| Ts - CONST ! ' ' ' '
To - VAR!ABLE
FLOW - He
Z T - CONST .1620 5086 45 21 0225

Te - VARIABLE

FLOW -~ N2
z Ts - VARIASLE 2260 L4917 4L | 25 .060G2
T = CONST

FLOW ~ He

a T - VARWBLE -2003 .4336 .45 23 .02525
Te = CONST

FiG.16 TABLE SHOWING VALUES CF CONSTANTS EVALUATED BY
A LEAST SQUARE FIT OF THE DATA FOR DIFFERENT

CONDITIONS WHEN A TEMPERATURE RATIO IS CONSIDERED
IN THE CORRELATICON.

Bt




T

THTTT

CRTTIY

URCLAS

ey

RMS jaMs
CONDITION A 8 m n ei\“.armmawm
OF Nugy, 1OF Mep, DEVATION
FLGH - Np
Ts - TONST 890 5055 | .45 16 0533 | 08005 | G.485%
1e - ARIABE ;
FLOW - He i
Ts -CONST | 708 | 50534 | .45 4 ippe | 0229 l2z32%
Te - M
FLOW- Np
Ti- VARASE 260 2925 45 5 058 0600 :067%
‘!'. - COP.'ST
FLOW- He
Ts- VARADLE 1 -2C 4925 .45 R 055 026 2353%
Te- COMST :
3
i
FLW- N B3t !
) 2068 4 : ; _ —
® emase 955 | 45 5 o3 i

¥ WHEN USSNG TONSTANTS FRALUATED (OMSOSRES AL He 5 %2

DXTA TOGETHER . e, Th: WALLES M RT® 3.

FiG.I7 TABLE SHOWHG VULE OF CONSTANTS SVAURATED BY A
LEAST SOUaRE FIT OF THE DaTA FOR TFFERENT QRAUTONS
WHER A KINENSTIC VISCOSITY RATO IS LONSIISRED NN T

CORRELATION.
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FOR VARIQUS TEMPERATURE LOADINGS. TEMPERATURE LOADING
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