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For the purpose of determining a general correlation for forced convective
heat transfer coefficient for circular cylinders in cross-flow under conditions
pertaining to cooled-film application for measurements in flames and hypersonic
. wakes, heat 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-

4 ~ 75, for various temperature loadings, the maximum being Tm/Ts = 4, and for
flows composed of He, No and CO0, and their mixtures, 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
turbulence intensify was low, By a statistical analysis, the data obtained

for Rey = 4 to 40 were correlated by,

W15 .
Nuﬂ(\)’li) = 2068 + 4966 Re 117

All the fluid property values in the dimensionless parameters are evaiuated
at the arithmatic mean temperature. A kinematic viscosity ratio instead of the
more usual temperature ratio was considered in the temperature loading factor to
account for the different dependency of the transport properties on temperature
for differgﬁt gas species.

Even though no previous correlations were. obtained for conditions considered
here, the direction of the Eemperature loading effect and the departure from King's

law appear to be consistent with some of the existing correlations.
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NOMENCLATURE

ROMAN SYMBOLS

A Constant
a Surface area of the cylinder (sensor)
B Constant
C Constant
Cp Specific heat
d Diameter, sensor ‘
G "Mass vélocity
h Heat transfer coefficient
X : Thermal conductivity
M, m'
Constants
N, n'
Nu Nusselt number !%g
Pr Prandtl number Eﬂﬁﬁi
Q Heat transferred
R Resistance, electrical .
d vd
Re Reynelds number yﬁ:j Y
T Temperature
v Mean'fl?w gelocity ncrmal'tblgylindern(sensof)
GREEK SYMBOLS
ol : | Temperature coefficient of resistance

Absolute viscosity

Kinematic viscosity

s TR A

Mass density



SUBSCRIPTS
M Arithmatic mean and when referring to dimensipnless groups
signifies that the fluid property values are evaluated at the
arithmatic mean temperature, i.e. at(Is + E%VZ

S Surface, sensor

P Free stream



I.

I. INTRODUCTION

1. Direct wmeasurement of dynamic characteristiqs in high temperature flow fields
as exist in laminar and turbulent flames, hyperéonic wakes, rocket nozzle flows,
demand a rapid response instrument able to withstand high temperature environments.
An extension of'constant—temperature hot wire aneﬁometry to constant-temperature,
intermally cooled, thin-film anemometry towards this end is considered. (Compared
to hot-wire sensors, cooling of the cylindrical film sensor not only prevents
melting of the sensing element but also allows interpretable measurements to be
obtained when the enviromment is at a higher temperature than the sensing £ilm,
without sacrificing response,) The principle of operation of the cooled-film
sensor ‘as compared to that of the ﬁot~wire or hot-film sensors is shown in Fig, 1,
For cocled film operation when the environment temperature is greater than the

sensor temperature, a heat balance applied to the sensing film gives: (see Fig. 1)

%y = Scooranr - SsuppLIED veree LA
in the above relation QSUPPLIED is the heat equivalent of the electrical

power supplied by an analog network to maintain the constant film temperature TS.

‘QENV is the heat absorbed by the film from the environment and QCOOLANT is the
heat removed by the coolant., From Equation 1, the parameter of interest QENV is

As long as the coolant flow rate

obtained by measuring Qoorant 294 QyppriEp*

and inlet temperature remain constant, heat absorbed by the coolant (QCOOLANT)

from the constant temperature film will remain constant and is independent of
the environmental conditions. The actual value of this Q is obtained from
_ Qcoorant ro

— 0,

a measure of the QSUPPLIED in an environment where QENV

QsyppriEp’ 2t 3%

time is obtained by measuring the current in the network required to maintain TS

constant, In effect then, under operating conditions,

%nv = QSUPPLIED (when Qurz—e- 0) T “suPPLIED Cveeee 1B



The QENV measured in this way then may be interpreted in terms of the
parameters of interest of the flow field by means of an accurate heat transfer
relation,  The purpose of the present experimental investigation was to obtain this
heat transfer relation under conditions of such variables and variable ranges that
are likely to be‘encountered in the application of cooled film sensors to laminar
and turbulent flames and hypersonic wakes,

2, Since-QENV is predominantly due to forced convection, then the forced-
convective heat transfer relation for single cvlinders in incompressible cross-
flow is required. Further, the relation must be valid for the following cases:

a) when the transfef of heat is from the enviromment to the cylinder,

b)  when the temperature difference between the cylinder and the

environment is large,
and ¢) when the enviromment is composed of flows of different gases and

gas mixtures.
3. For forced convective heat transfer between single cylinders and incompressible
cross-flows under near~isothefmal conditions (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, _ o ¥d  cpu
(k) = f(v: k) . e0o00 e 2

However, for large temperature difference 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
uniquely 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 -~ arithmatic mean, weighted arithmatic mean,

logarithmic mean, geometric mean, or even the individual fluid properties at



‘different temperatures., . Since the temperature loading effect is empirical, the
choice depends solely on the éuccess and convenience in the evaluaﬁion and
application of the correlation,

However, it is to be realized that for non-isothermal cases, a considera-
tion 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 fhe significant fluid
properties at geometrically equivalent points. Since the gradient of properties,
being dependent on the temperature ratio, will vary with a wariation of tempera-
ture loading, a dynamic similarity deficiency may be expected between cases of
different temperature loadings, For complete dynamic éimilarity then, a tempera-

-ture ratio must be included in the dimensionless relation, so that,

hd v C .
T = fﬁij , —EE , temperature ratio) cecoa 3

If it is quite possible that:the nature of the similarity deficiency with tempera-
ture loading will be different depending on the direction of heat flow, then twe
relations of the above form are necessary té describe the two processes. - heating
and cooling,' In these relations the fluid properties may now bé evaluated at

any of the temperatures -~ ;w R TS or a suitable_mean temperature, énd the témpera-
ture ratio may be obtained by any cpmbination of any two of the temperatures, .In
line with some of the more Succéssful bre&ioué investigations we may choose the
arithmatic mean temperatﬁre for the evaluation of all the: fluid properties (1, 2,

3, 4) and a ratioc of T and Ty for the temperature ratio (1), so that:
; o :

hd _f( c;Hh , jr"_:) | 4.

where the subscript M refers to the arithmatic mean temperature,

However, a correlation of the above dimensionless groups still fails to



give a unique expression for the heat transfer process as is apparent by a con-
sideration of the following points,

a) - Considering the fact that for a particular fluid the properties of
the fluid do not vary with temperature in the éame way at different temperature
levels, it may be expected that the fashion the group(ﬁm { Tﬁ)enters in the
heat transfer expression, i.e,, the temperature loading factor, will be different
at different temperature levels, By the same token it will. also Be dependent on _
the range of temperature considered, Thus, a correlation may not hold for cases
differing from the case for which the correlation Qas obtained with respect to
the temperature loading factor and an evaluati&n of the correlation at the
particular temperature level and range of interest becomes necessary.

b) Apart from a particular fluid at different temperature levels, we
may also consider a grdup of fluids at similar temperature levels, If the.
variation of the transport properties with temperature of the fluids considered
are not identical, then it becomes necessary to evaluate the temperature ioading
factor individually for each fluid,  Since inclusion of the group(?m / TM>in the
heat transfer expfessioﬁ is to ‘account for the shift in similarity of the fluid
property gradients, the 'property ratios' may have to bé consldered directly in
the correlation in place of the temperature ratio, to give a ﬁnique relation
valid over a group of fluids. Since for a particular gas the significant
transport pfoperties-vary nearly identically with temperature, variations in all
the prpperties may be lumped together by considering a ratio_of values of any
one of them, Considering-kinematic viscosity as the property, we obtain the more

general expression,

hd _ [fr¥d D Cem M veess 5
k,..‘f(v.«..’ v:' P-;m )




4, In light of the above discussion and the conditions stipulated in Section 2,
we may now formalize the purposes behind the present inwestigation as follows,

a) To ilnvestigate the nature of the temperature loading factor for

heating of cylinders in cross-flow for high temperature loadings,
b) To investigate, in terms of improved unigueness of the correlatiom,
whether it is worthwhile to replace the ratio(T / Tﬁ)by (jl/jlq}, when different
oo y -

gases and gas mixtures are considered at high temperature leoadings.

c) To investigate whethef the slight wariation in Prandtl number (due to
temperature loading.and due to the flow being of different gases and gas mixtures) is
significant enough for it to.be considered in the heat trénsfer relation,

d} To obtain a general correlation for forced convective heat transfer
for the conditions stipulated in Section 2,

5. The ranges of variables considered in the present investigation were as
follows,

a) Reynolds number:  The Reri(bésed on cylinder diameter) range considered
was 5 - 75, However, only data from the range R_e_M = 5 to 40 were correlated,

b) Temperature loading: The maximum environment temperature(tw)_con-
sidered was around 15000K, a limitation imposed by uncertainties in thé evaluation
of the fluid pfoperties‘above that temperature, The eylinder temperature (TS)
range considered was 350K to SSOOK. Thus, the temperature loading range achieved

was%§3'= 2 to 4,

¢) Flow composition; The flows were composed of N, and He and mixtures

of N2 - He, N2 - 002 and He -'COQo For each mixture at least two mixture ratios

were considered. However, only data from He and N, 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 = ,72 - .75,



II.
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II. REVIEW OF PREVIOUS INVESTIGATIONS

1. . Considerable data are available 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 (l4) has collected and correlated results from some of these
sources, However, due to misinterpretation of the more important original
data, McAdams' correlation must be considered somewhat approximate (for elabora-
tion on this point see Reéf, 4), Douglas and Churchill (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 temperature loading by evaluating all the fluid properties in the
correlation at the arithmatic mean temperatufe, However, considering the remain-
ing discrepancy in results between different investigations under dissimilar and
even similar cases, it is to be concluded that such a general correlation is at
best an engjineering. 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 number range of our interest,
i.e, Ren1<: 100.. However, their data afe for heat transfer from heated cylinders,
On the other hand,'all data for heating of cylinders, i.e, data of Reiher (12),
Vornéhﬁ (13),. and Churchill and Brier (11), are for Reynolds numbers above 300,
Still, the data of Churchill and Brier are of special interest since they are
the only ones obtained for any real high temperature difference existing between
the cylinder (IOOQF) and the gas stream (580-18000F)e

2, Consideration of temperature loading effect

Among the investigations reported by Douglas and Churchill (4), only

,those by Hilpert (2) for convection from cylinders and those by Churchill and



~ Brier (l1) for comvection té cylinders consider explicitly the temperature
loading effect, However, in the formef investigation the effect was obtained
over a narrow range of Reynolds number, A consideration of this along with the
fact that Hilpert's power law correlation is an approximate representation of
the data, led Collis and Williams (1) to obtain a more accurate correlation

for hot-wire applications, . Further, Collis and Williams obtained their cor-
relation under conditions of low turbulence intensity in the free-stream, 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:

~O.¥F

NuM(-I,::) = A + BRG: ERSETEI

The values of the constants in the different Rey, ranges are shown in Table 1,

ReM A B n
L0244 0.24 0.56 0.45
44-140 0 0,48 0.51
TABLE 1

This may be compared to Hilpert's correlatiom:

025 _m

. Ts eaeee 7
Nuw = €[ Ren () ] |
Table 2 contains the values of the constants in the different ReM rénges.

Rey . C m

1-4 0.891 0.330

4-40 0.821 0.385
40-4000 0.615 0.466

TABLE 2

The important point to note is that both the investigations showed that for

Jforced convective heat transfer from heated cylinders, an increase in temperature



difference is associated with an increase in%ﬁ » For heat transfer in the
opposite direction then, i.e, heat transfer to cooled cylinders, the opposite
effect is to be expected, i,e.-%& will decrease with an increase in temperature
difference. This seems reasonable since an increase in temperature. difference
has opposiﬁe 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, Tg ':>'I'co » 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 the wall which results in a steeper velocity profile in the aerodynamic
boundary layer as compared to the isothermal case, As the temperature difference
is increased, the viscosity difference is increased, the deceleration of the

flow near the wall is greater and the boﬁndary layer profile is steeper, Since
variation of thermal conductivity with temperature is similar to that of
viscosity, a similar effect occurs for the temperature profile, On the other
hand, when.ﬁn:>1g » the viscosity near the wall is less than in the free-

stream - consequently the flow near the wall accelerates with a flatter velocity
profile.  As the temperature difference is increased the flatmess of the velocity
and temperature profiles will increase, From this reasoning, though no conclu-

. hd , , .
sion can be reached as to whether — will either increase or decrease with an

ky
increase of tempefature difference for a particular direction of heat flow, it
appears clear, however, that the effect of a variation of the temperature dif-
ference will be opposite if the direction of heat flow is reversed,
However,. Churchill and Brier's (11) results from their experiment with
cooled cylinders at 100°F in heated~nitrogen flow, where the nitrogen tempera-

ture was varied systematically from 580°F to ISOOOF, shows the effect on hd

ly



(1.

with temperature loading to be in the same direction as obtained by Hilpert (2)
and Collis and Williams (1) in their experiments with heated cylinders and

wire in ambient air flow. Churchill and Brier's correlation is in the follow-

ing form:
) .33 .5 T oz
Ny = 0.60 Ry Ren (1) Ceeee. B
.dG .
for a == range of 300 to 2300.
Mra

It is this anomaly in the direction of the temperature loading effect
obtained by Churchill and Brier that focussed attention in the present investi-

gation on the determination of thé correct temperature loading factor.

3. .Consideration of the Reynmolds number dependency of the heat transfer

Earlier investigators, notably King (6), for theoretical reasons,
presupposed in their correlation the linear dependency of Nusselt number on
0.50

(R%!) . Kramer (5), analysing results from later experiments, obtained the

same form of correlation as King but with modified constants:

- . ‘o.
Nu = 042 B + 057pP RS veens 9

The exact range of Re and the reference temperature for property value evaluation
were.not‘specified.

On the other hand Hilpert's (2) power law correlation (Eqn. 7) though
is soméwhat approximate and also ignores the finite heat transfer at zero R%M’
nevertheless indicates that the dependency of Nﬁn on ReM is itself a function
of ReM;' He noted discontinuities in the slope of the heat transfer curve_at

ReM = 4 and Rﬁ¢ = 40,



11,

Later more careful experiments with hot-wires (15).tended to show a
systematic deviation of observed Nuy from the NuM obtained from King's
equation with increasing ReM.

Collis and Williams (1) provoked by this deviation from King's law and

also by the suspeéted discontinuity at ReM =.40 conducted their experiment

"very carefully and obtained a Rey dependency of NQM different from that of

King's law and also found a discontinuity at ReM = 44, This discontinuity was
confirmed by an aerodynamic investigation of the flow-field around the wire by
observing the onset.of eddy shedding at Rey = 4450

Now, considering Churchill and Brier'sg (11) analysis of their data
it is to be noted that they presupposed the linear relation of Numdto RePP'SO.

Further, the correlation was obtained by assuming no heat transfer at zero

Rebf i,e, they presupposed the form of correlation . as:

Q.33

Nug= A fh, Reo® (E)n ceees 10

and obtained the values of the constants A and n, Apart from the assumption
as to the Rebldependency of NUM,_ this form of correlation may be justifiable
at higher Re , where the heat transfer at zero Remiis-a small percentage of
the total heat transfer, but an extrapolation of the correlation to low Re), may
not be accurate enough; It must bé noted that their correlation was obtained
for Eﬁi_ beyond 300,

g}

Thus, in the present investigation at low Re the determination of

M)

the exact Re_M dependency of NuM is considered as part of the analysis,

4, Consideration of Prandtl number effect

Kramer's (5) analysis explicitly considers the effect of Prandtl

number variation on heat transfer, Data were obtained for air (Pr = .71),

*



water (Pr = 7.1), white oil (Pr = 29,6), Transformer 0il I (Pr = 35), and
Transformer 0il IT (Pr = 525), From*this correlation. (see quation 9y it
appears that_if interest is limited to hea; transfer with gases only, the
effect of the slight difference. in Pr for different species will be very small
and may not be deteétable in an experiment, due to normal data scatter, By

the same token the effect of the small variation of Pr with temperature for a
particular specie of gas will also be negligible.

Investigations with different gases have not been carried out, all
investigators having used air with the exception of Churchill and Brier (11)
who used Nitrogen. - As such, it is not possible to determine the uniqueness
of any temperature loading factor for different gas species - a point to be

investigated in the present analysis,



IIT.

IIT. DESCRIPTION OF EQUIPMENT, EXPERIMENTAL SET-UP AND MEASUREMENT PROCEDURE

1. Heat transfer measurements were obtained by traversing internally cooled,

electrically heated, constant temperature, cylindrical f£ilm sensors across the

 potential core of. a plasma jet. The power input to the plasma jet and the

IIT

plasma gas flow rate were maintained such that notonly would ionization be
negligible at the jet exit plane but also that recombination of the dissociated
species would be complete in the plenum chamber, Binary mixture flows were
obtained by mixing the second gas specie with the primary ionization gas in the
plenum chamber, TemperatUre and velocity measurements were carried out by
means of a Pt - Pt 10% Rh 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. Knowing the relative position of each instrument with
respect to the jet axis, point measurements of pitot pressure, thermocouple
output and the f£film senéor bridge voltage were obtained from the recorded

profiles,

2. Description of Special Equipment

The sensors, probes, electrical circuitry and the sensor cooling water
supply system are manufactured by the Thermo Systems Inc,, Minneapolis,
Minnesota, as standard equipment, The description of the equipment that follows
has been obtained from private communication with Dr. L, Fingerson of the
company and from their various bulletins, technical notes and instruction manuals,

listed as Ref, 16,
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I11.2.1, . Cooled 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 wycor tube, .01524 cm, 0.D. and
.01016 cm. I.D, A thin film of platinum of thickness 1000 - 2000 X on one
limb of the loop écts as the resistance element and is isolated by heavy gold
plating (l% -~ 1 mil thick) on the rest of the loop, The length of the sensing
element, in the sensors used, is ,103 cm, and its resistance around 5 ohms,
The sensing element is coated with.a film (5000 g thick) of silicon monoxide
to reduce catalytic effects when the sensor is exposed to flame environment,
The sensor is soldered onto the tip of the sensor holder, which serves
as an electrical lead and also as the sensor cooling water connection and con-
tains a built-in filter on the water inlet side. The fittings for the electri-
cal connection to the power supply system 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.

111.2.2 Probe

A photograph and a diagram of the probe with the. sensor hoider ‘assembly -
inserted 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 tightly fitting bundle of stainless steel tubes; to provide
uniform and near optimal cooling, The probe is provided with .a traversing sleeve
and a fitting plate containing the fittings for the jacket cooling water con-
nections, . When the sensor holder is in place, its flttlng plate is attached

to that of the probe by means of screws in slots, allow1ng 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,

IIL2.3 _Sensor Cooling Water Supply System

The sensor water supply system supplies coeclant te the seﬁsor at
constant pressure, and hence at a constant mass flow rate, It consists of a
stainless steel pressure tank of 1 litre capacity which is filled with distilled
water and pressurized through a regulator from a nitrogen bottle, A 25 micron

filter is connected to the outlet,

111, 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 around 80 p.s.i.g.

I11, 2.5 Bridge and Control Circuit

A simplified functional schematic diagram of the circuit is shown in
Fig. 6. The platinum film on the sensor 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 sensor (calculated from the desired operating
temperature and the cold resistance of the'sensor) is obtained by adjusting
the resistance deck Rb. A choice of two bridges is possible, one for low
energy dissipation (,005 to approximately 0.5 watts), as encountered in usual
hot-wire or hot-film operation and the other for higher energy dissipation (up
to 40 watts) for cooled-film operatiom,

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. environ-

mental conditions (changes in temperature, velocity or composition), causing



a variation in the rate of heat transfer to or from the film, will tend to vary
the film temperature and hence the film resistance, causing an unbalance
between the two sides of the bridge. This unbalance is amplified by the

bridge amplifier which signals the power amplifier to increase or decrease the
power to the sensor, aécording to the direction of voltage change in the bridge,
This feed-back loop has a frequency response of 500 KHZ'

The system allows measurement of both bridge voltage and actual electri-
cal 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 and
uses a squaring circuit, amplifier and. a voltage divider. The panel meter
may be switched'either to read the mean bridge voltage or the mean energy
dissipation in watts, when the sensor is exposed to a steady state environment,
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 may be found in Ref. L6A,

111.2.6 Cocled Film Sensor Operating Principle

Referring to Fig. 1 we note that for usual censtant temperature,

cooled-film application, i.e. T > T, , a heat balance of the system gives:
[=2]

Qsupriep = Qcoorawr T %Ew
If the cooling water inlet temperature- and flow rate (i.e. the coolant
pressure) is kept constant,_QCOOLANT will remain constant, .A measure of
QSUPPLIED then will be a measure Of.QENV , i.e., the heat transferred from the
environment to the sensor,

For adequate operation it is then mandatory that'QCOOLANT;>QENV'(MAXIMUM).

If heat transferred to the coolant is less than that absorbed from the environment,



not only does measurement become impossible but the sensor temperature will
increase beyond the set value and the sensor may burn out. A proper QCOOLANT
may be set by exposing the sensor to a condition of maximum heat transfer.and
then by adjusting either the coolant pressure dr the sensor temperature or both
to obtain a QCOOLANT greater than QENV (MAX) Since a prior determination of
QENV (MAX) is not always possible (viz,, as in the case of application in the
hypersdnic wakes of projectiles launched in free-flight ranges) a rough estimate
of the expected maximum heat transfer may be made and from the calibration
chart in Fig. 8, the sensor operating temperature and coolant pressure may be
determined, As shown in Fig. 8, at a particular coolant pressure the maximum
seﬁsor temperature is limited because of coolant boiling inside the sensor
resulting in unstable heat transfer to the coolant. In any case the sensor
operating temperature should not exceed 550°K for beyond this temperature the
sensor resistance becomes unstable.

The sensor is set to operate at the desired temperature by setting the

proper resistance in the resistance deck, The operating resistance is obtained

by measuring the semsor ''cold" resistance and using the relation:

R = RCLl-I-a(TS-TC)]

where RS is thé sensor resistance-at the selected operating temperature TS
and'Rc is the "cold" resistance at temperature Tc (usually room temperature),
The temperature coefficient of resistance & is obtained by a calibration of a
représentative number of sensors or from the manufécturer's quoted figures,
A typical calibration curve for ¢ obtained for three semsors from tﬁe batch

used in the present investigation is shown in Fig, 9,



The value of QCOOLANT is measured by maintaining the sensor at the
operating temperature and coolant pressure and exposed to room environment,
Since conservatively calculated heat losses from the sensor due to radiation,
free convection and conduction together add up to be two orders of magnitude
less than the heat transferred to the coolant, all the heat transferred under

room condition may be considered to be transferred to the coolant, i,e.

QSUPPLIED {at room temperature) QCOOLANT

QCOOLANT may be measured directly in electrical units by using the
power computer or by measuring the bridge voltage and using the following

relation (refer to Fig., 6):

a = _E&  Re

(Rs +Rp + RCOMP)a

where Et = bridge voltage
RS = sensor resistance
R.2 = .resistance of the top leg of the bridge
= . ad i
RCOMP probe: and cable resistance

For the measurement under operation the same two methods

°f QsuppLIED
may be used. However, since there was some doubt as to the calibration of the
power computer, in the present investigation it was the bridge voltage that

was recorded,

ITI. 3.  Experimental. Set-up

A schematic and a photograph of the experimental set-up is shown in

Figs. 10 and 11 respectively, The hot jet was obtained by means of a bench



mounted Plasmadyne plasma torch fitted with a nozzle, the nozzle exit diameter
being 1/2 in, The gas flow rates were metered by means of calibrated flow
meters and pressure gauges mounted on the control panel of the plasma torch,

The measuring instruments, i.e., the cooled film sensor probe, the thermocouple
and the_pitot were mounted on a traversing table. A close-up photograph of

the instruments and the plasma torch is shown in Fig, 12, The traverse distance
of the table along and across the jet were monitored by a knife-edge slider.
fixed to the table and sliding over a calibrated linearly variable potentiometer,
The cross-traverse potentiometer output was connected to the 'X' ‘Lnput of a
Mosley X-Y plotter, whereas the axial traverse potentiometer reading was dis-
played on.a John Fluke differential vacuum tube voltmeter.

A Pt - Pt 10% Rh thermocouple with a bead diameter of .127 cm was used
to measure tempera;ure._ It was thought to be more judicious to use an unshielded
thermocouple and to corfect for radiation and conduction loss rather than to
use a shielded thermocouple with uncertain radiation effect. . Further, the
minimum size limitation and the vulnerability of the shielding to high tempera-
ture with consequent geometry change precluded the use of shielded thermocouples,

For velocity measurements alcarbon—tipped pitot probe with an orifice:
size of ,103 cm was used, The pitot pressure was measured by means of a cali-
brated MKS Baratrontype 77 pressure meter using a-typé 774 pressure head,

The thermocouple mv output, the pressure meter output and the bridge
voltage of the film sensor were connected to the 'Y' input of the X-Y plotter
through a control box, so that during a run as each instfument would traverse
across the jet their outputs could be successively switched onto the 'Y' input
of the recorder for recording, The recording station arrangement is shown in-

Fig. 13,
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The cross traverse distance was recorded at double scale for better
positional resolution, whereas the outputs of each instrument were recorded
on.a gcale to give the maximum deflection on the recorder. A typical recording

of a run is shown in Fig. 14,

4,  Measurement Procedure

4,1 Instrument Alignment

Before each set ofrruns (usually consisting of 4 to 5 runs) the sensing
elements of the measuring instruments were aligned to be in the same horizontal
and vertical planes, the horizontal plane being that of the jet axis and the
vertical plane that of the cross-traverse, i.e,, normal to that of the jet axis.
The cooled film sensor was aligned to be accurately mormal to the jet axis.

The alignment of the instruments was achieved by a microscope replacing the
plasma-jet on its brackets such that the axis of the jet would coincide with
that of the microscope as shown in Fig., 15, and by a theodolite placed at a
slight angle to the vertical plane of the instruments. Alignment was ensured
by traversing each instrument successively to the microscope axis and adjusting
its positions suqh-that they coincide with the cross;hairs of both the micro;
SCOpe-and the.theodolite. After alignment the positions of the instruments

with respect to the jet axis and each other were noted by traversing them to

-the microscope axis and recording the : cross-traverse potentiometer output on

the X-Y plotter.
During alignment the physical condition of the sensing elements as to
deposition of contaminant on the cooled film, flaking of the film, and thermo-

couple geometry alteration were checked.



I11.4.2 Plasma Jet Conditions
Power Setting

The plaéma jet was run at very low power inputs so that the temperature
at the nozzle exit never exceeded 2000°K. This was to engsure that no part of
the gas flow was ionized, Further, the gas flow rates were such that the
residence time in the plenum chamber was sufficient for the recombination of
the products of dissocilation, (The latter condition was verified by the addition
of GO2 in the plenum chamber and noting the absence of any CO flame at the jet

exit,)
Jet Stability

The stability of the jet after a 5 minute warm-up period was checked
by placing the cooled-film sensor in the jet and recording the bridge voltage
on a time scale, Since the film will sense any change in both the Velocity and
the temperature of the jet, this ensured a check on any drift of both the pro-
~perties., Over a recorded period of 15 minutes (average time for a run) no
drift was noted, However, from time to time the jet would tend to become
unstable: due to electrode erosion, Readings obtained during these periods were

either discarded or retaken,
Jet Turbulence

- The turbulence level in the core of the jet was estimated by monitoring
the cooled film bridge voltage by an oscilloscope. - The maximum cooled-film
frequency response is around 1@ K.HZ". -Since the film will sense not only the
velocity fluctuations but the température and concentration fluctuations as

well, decoupling of the signal to obtain quantitative measurement of the
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intensity of each parameter becomes complicated. . From the oscilloscope tracings,
a tracing of the superimposed effects of the fluctuation of all the three
parameters, in the core of the jet the maximum relative intensity of heat flux was
found to be less than 10%. If it is considered that the film is sensing only
velocity fluctuations, the most acute situation, then the error in heat transfer
measurement will be less than 2%. {See Ref, 17 for an elaboration on the effect
of large turbulence fluctuations on heat transfer.) The error due to temperature
fluctuation will arise because of consideration of the fluid properties evaluated
7 af fhe average temperature rather than a consideration of the average of the
" fluid properties - the difference between them being due to the non-linear
variatioﬁ of fluid properties with temperature, Similafly, the error
because of concentration fluctuation.will be due to the difference between the
evaluated properties at the mean concentration rather than the average of
the properties - a difference because of non-linear variation of fluid properties
with percentage concentration. However, these effects will be small compared
to that due to large velocity fluctuation, i.e, due to the lateral turbulence-

velocity component perpendicular to the cylinder,

II1.4.3 BRun Conditions

During stable operation of the jet, the pitot, the thermocouple and the
cooled film sensor were traversed across the jet, the last traversing thrice
for three different sensor resistances and hence three different temperature
settings: Due to the variation of the sensor "cold" resistance from one
sensor to another and sometimes from one run to another it was not always pqssible

to set the same three sensor temperatures for all runs, The distances of the



section of traverse from the jet Qxit were such that the major portion of the
traverse would be through the potential core of the jet., A typical recording
of a single run is shown in Fig. 14. To obtain measurements over a range of ReM
and temperature lcading the flow rate of the gas and the plasma power input were
varied., For each gas specie or specie mixture usually three power settings and
for each power setting three flow rates were-employed, With a particular power
setting and flow rate usually three or four Eraverses at different distances from
the jet exit plane were made. . For mixture runs, three different mixtures -
NZwHe, N2--CO.2,0 He-CO2 were considered, During these runs, usualiy the major
species in terms of mol fraction was used as the arc-gas, the second specie being
mixed with this in the plenum chamber, However, 002 was never used as the
arc-gas. For each mixture two mixture ratlios were considered., Due to the

volume-flow rate limitation of the plasma-jet, judicious settings for the mixture

ratio were not always possible.



iV, DATA ANATYSIS PROCEDURE, RESULTS AND DISCUSSION.

1. The wvalues of the;mocouple emf, pitot pressure and the c¢ocoled film
bridge voltage at any particular point in the traverse were obtained by
taking values equidistant from the jet axis from their respective profiles,
the position of the jet-axis with respect to each traverse having been pre-
recorded as mentioned in Section IIT 4,1, Such point values were obtained

from only the potential core of the jet.

2. The uncorrected temperature was obtained from the millivolt reading of
the thgrmocouple“using the calibration tables of Omega Eng. Inc. This
temperature was corrected for the error due to radiation from a heat-balance
of the thermocouple bead. (See-any standard text for elaberation}, From an
independent approximate calculation, the conduction error was found to be
negligible. For the heat balance the thermocouple bead was considered to be a
sphere and the forced convective heat t;ansferlcoefficient‘was‘obtained from
Kramer's (5) correlation for spheres and the emissivity factor for the platinum
bead as a function of temperature was obtained from Ref, 18. Sinée, evaluation of the
forced convection ccefficient demands a determination of flow velocity and the
"fluid transport properties at the true temperature and since, the velocity
interpretation from the,;itot.pressure is again dependent on the knowledge of fluid
density at the true temperature, an iteration process Was,uséd to sclve for the
true temperature,

The transport property values of the gas species and sﬁecie mixtures for‘the
above-mentioned temperature correction proceSS'and for the subsequent data analysis

were calculated from the expressions collected in Ref. 19. Details of the

coe




expressions used may'be found in Appendix I,

From the cooled-film bridge voltage outside the jeﬁ and from the bridge
voltage when the film was at the point of measurement in the jet, the heat
transferred from the environment was obtained according to the method discussed

in section IIL., 2.6, The heat transfer coefficient was then determined from;

ho= CEw
a (Too - TS)

3. As a preliminary step to data correlation the dimensionless heat transfer

- hd . :
coefficient ;— was plotted as a function of Re, to determine the general trends

ky M _
and the data scatter, The following points were noted, (Fig. 26 may be

-consulted for this discussion,)

(1) Because of the narrow range of volume-flqw rate possible in the plasma-
jet the Rey range ob;ained for a paticular-specie or specie mix;ure by a yariation
of the plaéma—gas flow rate was rather limited, However, because of the widely
differing kinematic viscosities of .the species and specie mixtures considered, the
overall ReM range obtained extended from 5 to 75.

(ii) Nuy, data for Re,, more than 55 were above the trend line of the rest of
the points (i,e.‘those below ReM = 40) when extrapolated to thae range. No data
were obtained for Reh{between 40 and 55, From previous investigatioms (1, 2)
with heated cylinders a change in slope in the heat transfer curve was noted around
Rey =-40 ~ 44 due to thé onset of eddy shedding. , However there is no reason to
expect the onset of eddy shedding at exactly the same ReM for the case of cooling
of cylinders, since, the boundary layer characteristics in the two cases are
different -as has been discussed in section I1I, 2, No aerodynamic investigation

specifically aimed at the determination of the onset of eddy shedding was carried

*



out in the present investigation and hence, any conclusiop,as to the exact

ReM of discontinuity in the heat transfer curve and as to the reason for the
higher Numifor ReM greater than 55 will be deferred until further experimentation.
For the present analysis the range of ReM considered was 5 to 40,

(iii) The scatter of data from the_gas mixture runs were noted to be slightliy
more than those from the pure gas runs. Possibly this is due to imperfect mixipg
of the gases in the plenum chamber of the jet. For this reascn and also because
of less certainty in the property value evaluation of mixtures at high temperatures,
the subseqqent statistiéal analysis was conﬁined to data from pure He and N2 flows
only._ |

(iv) Dﬁe to the narrow range of ReM obtained for a particular gas specie.
or specie mixture and due to the data scatter the expected slight influence of the
very small variation of Prandtl nuﬁber on heat transfer could not be properly
detected, In any case, since the statistical analysis was to be confined to
date from He and Nz flows,.the Prandtl numbers being.very nearly identical for
the two gases, consideration of Prandtl number as a variable was not ﬁonsidered

important,

4. . In the light of the above discussion, it was decided to correlate the data
from pure He and N2 flows, between Rey =5 and Rey = 40, by a relation of the

following form:

; .

n /
' Teg = ! / m

‘ NuM__GEE) A" 4+ B ReM

The values of the constants n', A', B' and m' to be determined by a least square

fit. The values of the constants were evaluated separately for N2 and He flows



to determine whether the temperature loading effect is differenf for the
fwo cases, Further, the values were evaluated individually for the two
cases of temperature loading. Once when the loading was applied by a
variation of Ts while Te was constant and again when Tw was varied while
Ts was kept constant. This was done to determine whether a weighted mean
temperature rather than the arithﬁatic 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 m' was evaluated
by considering all data togher, and using this value of m', the values of
n', A', B' were calculated for each case. The result of this analysis is
shown in the table in Fig. 16, The n' values were found to be somewhat

- different for the two cases, though'for a particular gas the values were

close for the two types of temperature loading,

5. The next step was to replace the temperature ratio by a kinematic
viscosity ratio in the analysis, so that the correlation form now became;

n

\) oo m’
e = . +
Nuy, ( ) A + BRe

The wvalues of the constants evaluatéd for each case and when all He and N2

data were considered together are shown in‘thé table in Fig. 17, Compared

to n' values the values of n were found to be close for the different cases,
It remained now to consider whether a unique relation is possible, The fits of
the data from each cése were checked with the overall relation whose constants

were evaluated by considering all He and N, data together and as shown in the

2

table in Fig, 17. The worst increase in r.m.s. error was less than 2.5%.
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Tﬁe results of this analysis is shown graphically in Figs. 18 to 26,
Figs 18A and 1%A are Nuﬁ vs. Rey plots of the data from N2 and He flows
respectively for the temperature lecading obtained by.a variation bf Teo
while TS was kept csnstant.

In Figs. 18B-and 19B are shown the same data but with the temperature
loading factor included. Figs., 20A and 21A and 20B and Z21B are similar
plots but for data obtained when the temperature loading was applied by
keeping Tw cpnstant wh;le TS was variedf |

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 was felt that the significance
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 obtaingd for He
and N2 flqws. .As such the data from the mixture runs were checked for the

elimination of the temperature loading effect by using the T.L.F. obtained

for He and N, flows.  Figs., 22A, 23A and 24A show Nu, data from He-N,, N,-CO

2 2’ 72 2
and He-CO_ mixture flows respectively (two mixture ratios considered for eachr
mixture), plotted as a function of Rekf Figs, 22B, 23B and 24B are replots
of tﬁe corresponding 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 afe
272

shown in Fig. 25. It is evident that except for CO,-N, data which were for

Re  greater than 55, data below Re

M = 40 overlap'and follow the same heat

M

transfer curve and as such show that along with a unique T.L.F. a unique

correlation is also.possible. Finally, the obtained Rﬁq dependancy of the NuM



was checked for the different specie mixture flows by plotting the data on
.15 . :

()

NQM from the correlation line was found to be 0924 when all data below ReM'= 40

VS, Rel;f_é'5 grid, as shown in Fig. 26. The r.m.s. deviation of

were considered together.

6. Comparing the correlation obtained in the present investigation, i.e,

—¢15
NuM (0.2068 + ,4966 ReM ) Cﬂ@?

with previous correlations (see section II), the following points may be noted,
. (1) It is found that for the case of heat transfer to cooled cylinders,
.as the temperature loading is increased, the hd/kM is decreased, This is
consistent with the previously observed (1,2) increase in hd/kM with increasing
tempefature loading for the case of heat transfer from heated cylinders, as has
been elaborated in section II, 2, However, from Churchill and Brier's (11)
result for similar direction of heat flow as in the present investigation the
opposite effect is noted.
(ii) In the Rey range of 5 to 40, the-NuM was . found to vary linearly with
Reﬁ45 . This deviation from King's law is similar to that observed by Collis
and Williams (1) in their experiment with héated wires. However, there is no
reason to expect the same law to hold for both the cases of cooling and'heating,
since as previously discussed, the aerodynamic features in the two cases are
different. A valid comparison exists only with correlations obtained for
similar direction of heat flow. However, Churchill and Brier's analysis
presugposed a linear Nuy, variation with ReM'5 and as such can not be properly
.compared to the present result,
{(iii) Finally Fig. 27 compares values of Nuy, calculated from some of the

correlations obtained for heat transfer from heated cylinders with values calculated

from the present correlation, the evaluation being for an identical condition of

*



heating of cylinder with.TS = éOOOK, T = 1200°K and the flow composed of N2.
-Even considering the wide discrepancies in values calculated from correlations

obtained for coeoling of cylinders only, the error involved in using them. to

predict heat transfer for heating of cylinders is quite apparent,



V. . CONCLUSIONS

1. For forced convective heat transfer to circular cylinders .placed normal

--teo a heated flow, a correlation was obtained statistically from data measured

in the Reynolds number range of 5 to 40, temperature loading range. of %3 =2 to 4
and for flows of N2 and He. Over the entire range the following correlation
was determined,
.15
Nu (‘)—ﬁ) = .2068 + .4966 Re 1+
M \Wy M

where all the fluid properties in the dimensionless parameters are evaluated at

the arithmatic mean temperature,

2, Because of increased data scatter and also because of some uncertainty in
the property value evaluation. of mixtures at elevated temperatures, data from
the binary mixture flows composed of any two gases from the gas species He, N2

and 002 were not included in the statistical analysis, However, these data
" were checked for fitness with the correlation, The r.m.s deviation of NuM from

the correlation line was found to be .0924 when all data below-R%T = 40 were

considered together,

3. Due to the narrow range of R%{ investigated for a particular specie or

specie mixture and also due fo the data scatter, the expected slight influence of
the small variatiop of Prandtl number (because of thé considerétion of different i
species- and specie mixtures and also because of variation of temperature), .could

not be discerned.

4, . Replacement of the.usual temperature ratio in the temperature loading factor

by a viscosity ratio enabled.a unique correlation to be derived for flows

composed of gas species whose transport property value variations with temperature



are different.

5. The direction of the temperature loading effect, i.e., in the present
“investigation for heating of cylinders a decrease in hd/kpy with an increase
in temperature loéding, is consistent ﬁith.previously obgerved incfease in

hd/kﬂ with an increase in temperatﬁré loading for the case of cooling of

cylinders,

6. The.ReM

dependency of Nﬁn 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 previous data for the case of heating of cylinders,

no direct comparison could be made.

7. A discontinuity in the heat transfer curve was noted between ReM = 40
and Re_M = 55, Unfortunately, no data were collected between these values
of ReM, 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 the exact ReM:and nature of the discontinuity can at.present be made,

8. Finally, a.coﬁparisoﬁ of the NuM'values calculated for the case of
.heating of”cylinders.from'corrélations'obtained speéificaily for cooling -
of cylinders with NuM obtained in the present experiment.(for,heating of
cylinders), clearly“shows.the”need.fat,two.sepérate correlations for the
two directions of heat transfer,. .The error invglvad in predicting heat

transfer in the opposite direction may not be negligible, specially when

significant temperature loading is involved.
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APPENDIX I

EXPRESSIONS FOR THE CALCULATION. OF
TRANSPORT PROPERTIES FOR PURE GASES
AND GAS MIXTURES

Dimensionless heat capacity
Thermal conductivity
Monatomic thermal conductivity
Interngl thérmal conductivity
Boltzman constént

Molecular weight

.Universal gas constant

Absolute temperature

Mole fraction

Maximum energy of éttraction
Absolute viscosity

Zero energy collision diameter

Reduced collision integral

Components i and J of a mixture
Entire mixture
Number of components in the mixture

Component 1 and 2 of a mixture

UNITS

Cal

cm, sec 9K

erg/CK
g/g -mole
CaL/mole®’K

ok

erg.
g/cm.sec.

A



APPENDIX I

The following expressions were used to calculate tramsport property

values for non-polar gases and gas mixtures,

i) Viscosity (Refs. 1, 2, 3.)

26.693 x 100 IMT

e

oL
| = -6 1 ,He' JIQT/(:]
or ,u 26.693 x 10 [?,_ - ][ o}
ii) Thermal conductivity (Refs. 1, 3.)

K =K'+ K"
K' =198.91 x 10°° JT/M_
o)
| I - ] QC
K" =K x0.88(-§§e—1)

iifi) Viscosity of gas mixtures (Refs. 3, 4)

M mix = z at:

"
]y P “:EE
T:1 X

i
¢ i 2
- e
where 'l o+ [y M:

¢ = =
eg EJE-(i . Eii)bh
_IWI.



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

n ’
Kf . - z Ki —_
mix . 1 + Z *
=1 T:1 i

Il

X3
X

where
_ (m—m)(m-o.wa M1)
_ , 241
\h.:\‘ Chfa'[i * (M; + MI)?' .
S|'| ‘II
Kll = . j
i . '
o et 14 :iu s %
Tpi
where PR Y 2
: ke YR MoV %
NG
?‘_I . T l'
2f? (I + -::—;_) e

The dimensionless heat capacity i.e, JE& values as function of

temperature were obtained from Ref. 6. The reduced collison integral (for

« viscosity and thermal conductivity) values as function of reduced temperature



%g_were obtained from Table 1gof Ref. 7. Values for the rest of the constants

were taken.from Table I of Ref., 3.
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FIGURE 15 'ROSCOPE IN PLACE OF PLASMA TORCH FOR INSTRUMENT ALIGNMENT




CToe 0 - .-| 1 m'
NuM (_T_M') = A' + 8B ReM _
Condition . Al B L “n' R;m.s;'
. SRR deviatiqn
of N%ﬁ.
1. Flow'-—'N2
T, - constant | .1880 - w5092 0 450 .26 1 .0601 .
'w» = variable ' ' o '
2. Flow - He
Tg - constant 1 L1690 .5086 L .21 : .0225
T, - variable ' E " :
3. Flow - N2
Ts - variable .2260 4917 45 1 .25 ] 06002
T, - constant ' | S
4. Flow - He
Ts - variable 2003 | .4936 | .45 .23 | 02525
T - constant ‘ : : ' :

FIG. 16 ~ TABLE SHOWING VALUES OF CONSTANTS EVALUATED BY A LEAST SQUARE FIT OF
: THE DATA FOR DIFFERENT CONDITIONS WHEN A TEMPERATURE RATIO IS '
CONSIDERED IN THE CORRELATION. ' o




= A + BReM
Condition A B m n. r.m.s, r.ols, ¥ - Increase in
S deviation deviation: deviation
of NUMV of NUM
1} Flow - NZ] : . . o
Tg - constant .1890 .5055 .45 16 | .0598 .06009 | - 0.485%
T, - variable | |
2. Flow - He
Tg - constant .1708 | .5094 V45 14 - .0224 I w0229 2.232%
T, - variable '
3. Flow - N2 _
Ts - variable 1 o260 | 25 | 45 | s 0599 | - .o0600 01677
T, - constant ' E ' ‘ -
4, TFlow - He
Ts - variable .2011 L4925 45 14 L0255 . _ L0261 . 2,353%
T, - constant - '
5. Flow - N, and He
Ts |- variable 2068 | L4966 | .45 .15 .0385 . ] -

* When using constants e€valuated considering
- all He and N, data together, i.e. the values
in row 5, :

FIG. 17 - TABLE SHOWING VALUES OF CONSTANTS EVALUATED BY A LEAST SQUARE FIT OF THE DATA FOR DIFFERENT CONDITIONS
WHEN A KINEMATIC VISCOSITY RATIO IS CONBIDERED IN THE CORRELATION
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FIGURE 18B - Nuy ()L,/))H)'l
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FIGURE 19A - Nu, Vg Re, FOR A CIRCULAR CYLINDER IN HELIUM
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~ FIGURE 198 - HuM O /DH_ v Re,, FOR HELIUM CROSS-FLOW
SHOWING ELIMINATION OF RESIDUAL TEMPERATURE
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LEGEND FOR FIGS. 22A and 22B
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LEGEND FOR FIGS. 244 and 24B
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LEGEND FOR FIGS. 25 and 26
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g::;;g% B See.Figs.‘ 22A or 22B o
g&;?ggz See Figs. 23A or 23B . B | O

' g ;?(7)‘(7)7, See .Figs. 23A or 23B . | '.é}

g;;fgg’% See Figs. 24A or 248 . | 03
gg'?g’g% See Figs, 2§A or 24B B )

2




FIG.26-
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Nuy (]lz/DM)‘ls Vs Rqﬂ'45 SHOWING ALL HEAT TRANSFER DATA
FOR VARIOUS SPECIES AND SPECIE MIXTURES AND FOR VARIOUS
TEMPERATURE LOADINGS UNIQUELY CORRELATED BY THE RELATION

Nu (Doo/vn ) . -2068 + .4966 Rgy " 43 IN THE Re_M

RANGE OF 5 TO 40.  Legend. - see page 74.
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LoglONuM

FIG. 27 - COMPARISON OF PRESENT CORRELATION FOR FORCED CONVECTIVE HEAT TRANSFER TO
COOLED CYLINDERS IN HEATED CROSS~FLOW WITH PREVIOUS CORRELATIONS FOR HEAT
TRANSFER FROM HEATED CYLINDERS IN AMBIENT OR NEAR-AMBIENT CROSS-FLOW.
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~ Legend - see page 77
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"NuM = 0.42PrM

l\lu_M = (0,35 4+ O.SReM.

_ .o 0.
| NuM— (0.24 + 0.56ReM
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'LEGEND FOR FIG. 27
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W= .821 (REMFTQ/Tw)

CONDITIONS OF COMPARISON:
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_.Ts..

" FLOW -

- 400°K
"~ 1200°%K
- NITROGEN

M

+ 0.57Pr O-S'B'RE'M

0.50

+ .001_ReM_ ,

.25

.385
) :

45') (T_:q:) .17

Ny = (0.2068 + ,4966ReH0'4') (—291) -
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