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ABSTRACTS

Part I

The deviation of thermosouple temperabturss from the tesperature of
the fiuvid surrounding the junction as a result of conduction along the
leads was studied. Measuremenis wers made around a J=inch heated sphere
in the plane of the equator normal to an alr stream whose velocity was
16 feet per second. Point alr temperatures in the boundary layer of
the sphere wers predicied from the indications of a 0.001-inch diameter
thermocouple with wires of platinum and platinum alloyed with 10%
rhodiom. The method employed also deternmined the heal transfer oo
efficients for the thermocouple wire iun the boundary layer. These loecal
heat transfer coefficlente are lower than those observed in a uniform
gtream whose veloeily 18 egual to the lecal weloelty in the boundary

layer.

Part II

The loeal convective heat transfer from a heated sphere 0.5 ingh
in diapeter was ﬁ@ﬁ@?ﬂiﬁ@ﬁ by meang of temperature gradients measured
in the boundary layer. Point temperatures were obtained in the boundary
layer with a 0,001-ingh diameter thermocoupls mounted on o probe, The
sphere was suspended in adr streams ab velocities of 4, 8, 16, and 32
fest per second and at & turbulenes level of (0,013, Local Musselt
nunbers were computed for seven positions around the sphere ab Reynolds

rmbers hetween 800 and 7000,
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The present investigation was undertaken because of the absence
of data soncerning the effect of level of turbulence upon loeal thermal -
trangport from gpheres. 4 seriss of measurements was made of the loeal
thermal transport in the forward hemisphere and & part of the aflter
hemisphere of a silver sphere 0.5 inch in diameter, The measuroments
were made in an alr étr@ﬁm the longitudinal turbulence level of which
was varied between 0,013 and 0,145 for Reynclds numbers up to 3600,

&% a turbulence level of 0,012 and s Reynolds number of 3600, the
loeal beat transfer varied by a factor of seven around the sphers.
Inereasing the level of turbulenes e 0,15 incrsased the over=all heab

srangfer 20 per eent. The Jocal head transfer varied by s factor of

4

three ab this high lsvel of {uwrbulencs,
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Part I

HEAT TRANSFER COEFFICIENTS AND CORRECTIONS POR THERMOCOUPLES IH

THE BOUNDARY LAYER OF A SPHERE



INTRODUCTION

Measurement of the local temperature of a fluid in the presence
of large temperature gradienits 1s & major experimental problem en-
countered in many heat transfer studies. The differential ecuations
used Yo deseribs the temperature in and arcund temperature-gensing
devices are usually simple, but the analytic solution to these equa-
tions i8 often impossible because of unusval peometry or irrepgular
boundary eonditions. Carelaw (1) and Ingerscll(2) present equations
and a few solutlons applicable to heat conduetion problems faced when
using thermogouples,

Several investlgators have studied the problem of conduction in
thermocouples. Johnson (3) determined analytically the thermocouple
temperature for each of five alr temperasture distributions along the
thermoeouple leads. Boelter (4) corrected the readings of thermocouples
mounted on flat plates in heabers, Hsu (5) presented an analog method
for eorrscting thermocoupls readings tsken in the boundary layer surround-
ing a heated sphere. Extensive studies of corrections for hot wire
anp mometera were made by King (6). In many cases, King's results ean
be applied to thermocouples because of simllar peomeblry and boundary
conditions, The application of all these resulis presumes a knowledge
of the heat transfer coefficient for the wire. The present study developed
a method which doss not reguire an independent knowledge of the head
transfer ccofficient for predicting point air temperatures from the ine

dications of small thermocouples,



A& program desisgned te study the effect of free stream turbulence
on the local thermal and material transfer from gpheres was pursued in
the Chemiecal Engineering Laboratory of the California Institute of
Technology. In order to determine the local thermal flux from the
surface of a @phere, polnt temperatures were measured Iin the fluid
adjacent to the surface. For this purpose & thermocouple of small

diameter was mounted on & probe, and tenperature traverses were made

with the thermocoupls junection through the thermal boundary layer to
the surface qf the sphere. Traverse data of this type wvere presented
by Heu (5). Figure 1 presents junction temperatures from a typieal ex-
perimental traverses. The term “jmﬁ@%i@ﬁ temparature® is used hers to
distinguish the measured temperatures from the trus "alr temperature®
&t the same point in space, A third term "wire temperature” denoctes
temperatures in the thermogouple wire at polnts other than the junetion,
The term "thermocouple correetion” will be used vhen referring to the
difference between the aly temperature and the junction temperature,
le@oy tg = H3e

The position of the sphere-gurface jemperatura in Figwe 1 led sarlier
investipators %o believe that the junetion temperatures wers considerably
lower than the corresponding seir temperatures and that thermal conduction
along the thermocouple leads caused these deviations., This effect of
eondustion in the wire upon the junction temperature will be discussed
in detail in this paper.



APPARATUS

A thermocouple made Trom platinum and plutinum alloyed with 108
rhoflum wires 0,001 ineh in diameter was used in this investigaticn,
The thermocouple wag soldered to the tips of two nesdles on the probe,
The dimensions of the thermocouple are shown in Pipure Z. V¥Wires 0,001
ingh in diameter were chosen because this was the smallest size wire
that could be butt welded in an omy-natural gas flame to form a smooth
gylindrical junction. No irregularities wers observed at the junction
under a 3b-pover binoeular microscops. Thermocouples were mads from
0.0003=3inch diameter wires, but very irregular junctions resulbsd.

The probe and thermocouple could be moved parallel to each of the
three coordinate axes shownm in Figure 3. Dial indicators reading %o
0.001 inech meagured the displacement of the probe in the three sxial
directions. The thermocouple wires were always parallel to the y axis
wnich wag normal ﬁ@ the air strean.

The O.5=inch sphere used in this investigation was employed in
earlier studies of heat transfer from spheres by Sato (7)o The surface
of the sphere was formed by two silver hemispheres (.016=inch thick
Pitted over o heated copper core. Four copper-constantan thermocouples
were enbedded in the inner surface of the silver shell to measure suriace
temperatures. The sphere was mounted on stainless sleel fubes 0,006 inch
in diameter provided with compensating heaters. VWhen the heaters were
properly adjusted, no healt was conducted to or from the sphere aleng the

@upm%@ @



The aily stream in whish the sphere was guspended Is described Uy
Hsu (8) and by Coreoran (9). During the tests to be discussed, the air
strean was maintained at a weloclty of 16 feet per éa@@ndg a tenperature
of 100°F and a turbulenee level of 0,013. The turbulence level is the
ratio of the root mean square of the lateral fluctuating vézcei%y GOt
ponent divided by the average longitudinal weloeity. The turbulence
messurement was made by Sato using the method of Schubaner (10).

The wires from which the copper-constantan and probe thermocouples
vere made were ocalibrated in the laboratory. The lﬁhéra%@ry ealibro=
tiong, which differed slightly from data in the literaturs, were used
to obtain all temperatures. Calibration of the platinumeplatinum,. 10&
rhodivm thermocouples gave results 0.5°F lower than the Hational Bureau
of Standards reference tables for thermosouples (11) at 230°F. Calibra-
tion of the coppar-constantan thermocouples gave temperabures 0,8%¢
lower than the tables abt 230°F. The reference junction for all thermo=
couples was at the lee point.

ANALYSIS

This analysig of thermocouple corrsctlons is divided inte four
sections., The contenits of each section are zs follows: (1) The
agsumptiona made in the analysis are diseussed in detail in the first
section. (2) Considering only conductive and eonveetive thermal transe
port, the dilfferential equation describing temperature in the visinity

of the thermocoupls is developed. The thermoeouple correction 18 one



term in this equation. (3} The difficulties involved in evaluabing
each term in the differential equation are discussed. (4) Several
marticular solutiens te the differential equation are found hy means of
a finite difference approximaiion. In these sclutions wire temperaturss
are computed for an assumed alr temperature distribution aleng the wive,
The resulte of these compuiations indieats a method for oblaining air
temperatures from junchion temperatures, which 18 the objechive of this
investization,

1. Aspumpbions

The temperature distribution normsl to the axis of the wire is illus-
trated qualitatively in FPigure 4. The femperatuwre in the uwndisturbed
air is shown as 2 dashed curve, while the temperature distribution with
the thermocoupls in place is shown by & golid curve., In this analysis
1% is esgumed thalt the temperalure within the wire is & function only of
position in the y-direction. This assumption is the reasen for the air
temperature being shown equal on both sides of the wire in Flgure 4.

Thermal transport by radiation from both the sphere and the thermo-
ecouple is small compared to the itransport by conveection. The itotal
eniseivity of the silver sphere, which was polished prior to testing, is
0.02 (12) at 212°F. The total emissivity of unoxidized platinum af 2120F
is 0.047 (12). The emissivity of the wire surface near the junection is
belisved to be higher beecause 1t was oxidized in this area while welding
the juncbion. BRadiation transfer from an wioxidized platinum wire ab

238.8%F, the meximum junction temperature observed expsyimentally, %o the



surroundings at 20°F is 0,0035 Btw/(sq.ft.)(sec.). The minimum heat
%rénsfex coafficient encountered in thie investigation is 0.04
Btw/(OF) {8q.f%. ) (sec.), In order to transfer energy at & rate of
0.0035 Btu/(s8q.ft.)(sec,) From a body having this heat transfer co=-
efficient requires a temperature difference of 0.09°F, Radiation may
be responsible for a moximm thermocouple correction of this magnitude
unders the experimental conditions.

Uncertainty in the position of the thermocouple Junction may be
a8 large ag X 00,0005 inch in the z direction. 4n error of 0,0005 inch
causes an error of 0.3°F in the junetion temperature at the maximum
gradient obgerved. This i a small ervor compared to the thermocouple
correction of 12.28°F observed al the surface of the sphere, Errors
less than 0,1°F are neglected in this study.

An idenl, stationary temperature-gensing element in a flowing
gtream indicates the stagnation temperature. The stagnailon temperabure
is 2 measuwre of the kinetic energy and is estimated from the veloeity and
the heat capacity of the fiuid., Theory predicts for a fluid in potential
flow around & sphers a meximunm veloclty of 24 feel per second at the
equator when in a sirean ﬁaving a velocity of 16 feet per second. The
tenperature rise upon stagnation in alr moving ab 24 feebt per second is
0.048°F.

The effeet of temperature jump and accommodation coefficlent 18 not
‘well understond, but scme experimental work has b@@nyﬁan@ in this field

{13,14). Temperature jump is a temperature disecontinuity abt an interface,



usually associated with heat transfer at low pressures. The accommoda-
tion coefficient is the fractional extent to which molecules that strike
a surface attain the energy corresponding to the temperature of the
gurface, Temperature jump and acecommodation coefficient are discussed
by Kennard (15), who presents the following empirical equation for the
temperature jump in air at a wall where a temperature gradient exists

normal to the walls

At =270 gia (1)
i

The coefficient, 2,7, is a function of the accommedation coefficient
and was determined experimentally by Smoluchowski (14). Large temper-
ature jumps are observed when heat 1s transferred across the interface
between a solid and a rarefied gas (16). The mean free path, & , is
large in the case of a rarefied gas. An appreciable temperature juﬁp
may also exist at atmospheric pressure, where the mean free path is
small, in the presence of a high temperature gradient. The maximum
temperature gradient encountered experimentally was 6 x 103 OF per inch.
The temperature jump estimated from equation 1 is 0.041°F.

These three phenomena, radiation, stagnation temperature and temper-
ature jump, are therefore neglected in the analysis.

The temperature difference betwsen the inner and outer surfaces of
the silver shell on the sphere is computed to be 0.008°F at the maximum

thermal flux. The internal thermocouples were embedded in an isothermal



surface; thersfore, errors due to conduchion in these thermocouplss are

negligible., On the basis of these data tenpsraturs dlserspancies between

hore are neglschbed,

a

The difference between the surface temperature of the gnhere as neasured
by the internal thermosouples and the temperature of the ;@@b@;
thernocouple juanction when in contact with the swface is considered to
ba the thermocouple correctlon at the surface.
The analysis of thermocouple corrseiions will be based upon the
following asesumptions some of whieh have been discussed in this sectlon:
2, The wire temperature is uniform in any plane perpendicvlar to the
axis of the wire,

be The mechanisms of energy transfer are conducticn and eonvecotlon.

¢. The kinebic energy of tha alr streanm ecan be neglected in the squa-
tion describing energy transport,

de Iocal equllibrium exists; f.e., there ave no temperalure disconiinue-
ities.

@, The surface temperature of the sphere is measursed by the lnternal
thermocouplas.

£« The alr temperature and velocily flelds in ths region investigated

are symmetrieal aboubt the x axis,

e, Derivation of the Differeniial Equatlor

In order to determine the thermocouple sorrscition ab a point In the
air strean; the differential equatlion dessribing the tenperaturs in the

vieinity of the wire is developed. The convective thermal transfer rate



per unit area resulis from the difference betwsen the local air tempers

ature and the wire tvenpesrature as indiecated by eguation 2.

C

Q= h(t,-t) (2)
The energy transfer rate per unit length of wire is given bys

& = mhD(te- 1) (3)

The rate of energy loss per unit length of wire by conduction along the

wire is

8= -2 4l

s
4 d dy (4)

~

Under steady conditions, the ensrgy gain from the stream msy be squated
to the lose by conduection in the wire, Combining equations 3 and 4 and

ginplifying, the following equation resulis:

= -2 df dt
to- b ar dy(k dy) (5)

Establishment of the alr tenperabure fyom the junction temperature by

means of equation 5 presents several difficultiss,
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3¢ Byaluation of Terms in the Differential Bouation

The heat itransfer coefficients obtained by Cole (17) are depiected
in Pigure 5 for 0,00l-inch and 0.,0003-inch wires in alr. Using
Frossling's theory (18) for the welocity distribution around 2 body of
revolubion, the data for a 0,00l=inch wire are presented in Figure 6 ag
a funetion of radial distance from the ephere. The caiculation of thess
theoretieal air velocities are based on the assunpition that laminar flow
exists in the boundary layer and potential flow exists outside the
boundary layer. BErrors may be indroduced by these aéaumptioneg however,
these heat transfer coefflcients may be subject to other errors when
applied %é wires in a boundary layer, for reassons which will be discussed
later.

The thermal conduetivity of platinum is more than twice that of the
platinumerhodium alloy (19). The value to be substituted in equation 5
for the junction is not apparent. The evaluation of dt/dy near the
junction or k dt/dy, the thermal flwx through the junction, offers even
greater probloms, These factors require a knovledge of the wire temper-
ature in the nelighborhood of the junction, bubt only junction temperatures
can be measured experimentally. The thermocouple junction can be moved
a short distance along the axis of the wire on either side of the point
to which equation 5 48 being applied. In this vay a temperaturs dis-
tribution in the neighborhood of the junction would be obbtained. Moving
the junetlon changes one boundary condition defining the solution to

eguation 5. This boundary condition is the thermal eonductivity of the



wire as a funcdion of v. Bash junebion tempsrature measured in this meuner
is one temperature from a different solutlon to the differsntisl equa-
tion. The thermal flux, k d%t/dy, established from thess temperatures
may be seriously in ervor.

To gain insight into this problem, 4t is assumed that the thermal
sonductivitiss of the metals in the thermocouple are conatant and equal,
Bguation 5 then beconas

, Dk
et =-gp

dy? (6)

In this cagse the location of the junction 18 not one of the boundary

conditions. The thermocouple ig moved along its sxis, and the wire
temperatures remain constant with respeset to the stationery coordinates.
This applies to an infinite length of wire. ¥For a finite length of wire
1% 1s assumed to be long enough to eliminate offects upon the reglon of
interest caused by changes of end conditions. The seocond derivative of
wire temperature and the thermal flux in the wire in this instance can
be approximated from juncbion temperatures. The assumption of constant
thernal conductlivity throughout the wire permits the evaluation of all
factors on the right side of squation & except the heat transfer co-
efficient, There are uncertainties in the heat transfer eocefficients

of Pigure 6., The faet that the veloeity and temperaturs fields are

gvmmatrical about the x-axis Is used to cirvcumvent this problem.
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Designate by 1 and 2, two pointe through whieh the thermcscounle
sghoun in Figure 3 muy pass, ILet these points be subject to the follow-
ing eonditions:

gy > R
Sz > R
¥ = % =0
oy = np

Application of equation © %o a wire at each point gives
152 3

Dk / d*t
L=t ===
G 4h dyzt

(7

and

2
DQ;_" t, =~ Dkid®t (8)

Assumption §, 4n seetion 1 implies that
U, = u,

t’@g = t’aa {5}}

By the additional assumption that the conveetive heal transfler coeffi-
clent for a wirs at each point is soclely & function of the loeal velecity,

the following is trues



h = h, (10)

This is a valld assumption near the equator because the thermocouple is
parallel to the y-axis and the local velocities are parallsl to the %=
axis, The flow is, therefore, normal to the thermocouple wire at all
 points, For points at x # 0 the flow is not necessarily perallel %o
the z-sxis, and the healt transfer coefficlent at a point depends on the
rientation of the wﬁr@ with respset to the flow. If equations 7, 8, 9,
and 10 sre solved for the air temperature at point 1 equation 11 is

obbained,

(11)

Adr temperatures can be computed from junetion itemperatures by means

of equation 11, which is subjeet to the following restrictions:

h o= £in)
b1 # b2

k = congiant
o 4 ) ] ’} oo i3 r-4
If an inflection point; l.8., @*%/ﬁyg = 0, oopurs, it is obvicus from

o

equation 6 that the alr temperature and juncilon temperaturs will be
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identical et that point.

This analysis does not apply to a bthermoecouple eontaining 2 dise
conbinuity in the thermal conductivity. It will be shown in the next
section that the %ﬁ@?@ﬂ@@ﬁp&@ gorrection at the infleetion point of the
junetlon-temperature curve obbained with a platinum, platinum alley

thermocouple iz small. This is used %o deternine alr temperatures ex-

perimentally.

In order to sstimate the divergence of the thermosouple used in
this investigation from the behavier described by equation 6, the wire
temperature distributions in the probe thermocouple wers computed as
the junction moved aslong the axis of the wires through a known air-
temperature field. If the thermosouple wire is divided by points called
nodes which are [\y apart, a finite difference form of equation 5 is

satablished in terms of thess nodes.

- - i kn‘-a,n(tn-a‘ t’n) - knin«a-;{‘bh‘ tﬂﬂ) ~
(ta)ﬁ Un 4hnAy[ Ay Ay (2)

The subseript n designates the node to whieh this eguation applies,.
Suba@?ipts n=-1 and n + 1 refer to the adjacent nodes. This sguation
asgumes that the thermal conductivity iz wniform belween nodes and the

heat trensfer rate %o the air stream is uniform for a &ista&@@"%ll:y on
@i%h@f side of node n. tting the dimensionless guantitiss in equation 12

be
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= Dkv’a-“ﬂ (13)

C =1
N 4h, Ay?

and
Cn'ﬂ - P;.Emm.:.‘
4h,Ay2 ()

gives the following eimplified form of equabion 123

-Cn_.t)n-,‘.’(l +Cﬂ,,*6n+g>tﬁ»' CV’&*G TJT’H‘! = (’%)Q)ﬂ » {25)

If the wire contains N+ 1 nodes, n= 0y 1, o« « « N = 1, ¥, a natrix of
4+ 1 equations can bs written and solved for t at each node. The
solution te the matrix is obbtained by means of the following three equa-

biong:

Cn * |
(‘ + Chey T gnﬂ} = Cormi Primy

Pn = (16)

- (ta)n + Chzy G e
q,.“ <§+Cﬁ*‘i * C’V\a-t) - Cn“* PY{*N il?}




when %3 = 0 and %349 3 Co

A 31 node rerresentation of the thermocouple in Pigure 2 was solved
in this fashion on a digital computer. The experimental junction {empor-
ature curve labeled z = 0,256 in Pigure & was adjusted to make 1t syme
metrical and used for the aiy temperatures in this analysis. The assumed
air temperatures, normaliged with respect to the mawimum air temperaturs,
are listed on the sscond page of Table I. The following data were alss
usads

0.001 inch

o=
[

va = 3,010 insh

3 = 0
‘5:;31 = G
h =  0.05 Btu/(oF) (aq.f%,) (asc,)

kpy = 1.1426 x 102 Btw/(°F) (%) (sec.)

kpp = 409133 x 1073 Btu/(OF) (£5.) (eec. )
For the purpose of this caloulation a typieal value of 0.05 Biw/
(OF) {8g.ft.) (sec.) for the heat transfer coeffieclent was chosen from
Figure & and was eonsidered uwniform over the length of the wire. The
thermal conductivities (19) of the metals at 212°F were used and also

assumed uvniform, The dimensionless quantities in squations 13 and 14

wars determined for the twoe msbals from the data shove.
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gﬁ?g; 6850

@m‘i = 2548
The wire temperature st esch nods was deternined when the junction was
at sach of the 33 possible lccabions. The ends of the wire, n = <1 and
a = 31, while not nodes, were considered possible locations of the
junetion. The results compuited in thess two cases vere the wirs temper-
atures in a homogeneocus platinum wire and a homogensous alloy wire,
Thirty three indspendent solutions %o the matrices were computed uvsing
the method outlined by equations 16, 17, and 18, Three solutions sre
shown in Table I, The differences between the alr tenmperabtures and wire
temperatures, t, = %, are listed in Table I rather than the wire tempere
ature. The values of by = t obbalned at each node for the platinum and
alloy wires are listed on the first pege of Table I. The values of
ta = t when the junction was at node 15, which eoincided with the maximum
air tempesrature, are listed on the sscond page of Table I. The thermo=
couple corrections, t, - %53 are also shown on this page opposite the
node which the junction ccoupled. OUne value of g = b5 was obtained from
each of the 33 solutions., These are the only experimental data that
wauld/h@ meagured by & thermocouple which 18 moved in 0,010-inch steps
along ite own axis through the assumed alr temperature fi@lﬁ. The data
for the two homopensous wires and the thermosouple corrections are plotted
in Figure 7.

The sscond derivatives of temperature with respeet te v for the

three golutions presented in Table I are in the column following their

respective values of ty = ¢, The second derivatives of the junetien



temperatures are also present. The second derivatives were approximated
by the three-point method (20),

Several facts concerning the various temperature distributions are
learned from the data of Table I. (a) The wire temperature 2t a point
in the neighborhood of the junction is quilte different than the leaper-
ature obtained from the junction at that peint. (b) The point of maxi-
mua junetion temperature does not coineide with the point of maximm air
temperature, (o) The junetion temperature et a particular point does
not necessarily lie between the temperatures of the two homogeneous
wires comprising the thermocouple. (d4) The actual second derivative
of wire temperabure al a point may differ markedly from the value deter—
mined from junction temperaturse. For example, the actual second
derivetive of wire temperature in the thermocouple presented in Table I
is 236.8 °F / in.sq. ot node 16. The value obbtained from junction temper-
atures is 195.7°F/in.sq. The disag@aeé@mt of second derivatives obtained
from junetion temperatures and those oblained from wire temperatures
rules out the uss of jum@ﬁiaﬁ temperatures 38 & msang of solving equation 11,
(e} The thermocouple corrschion at the inflsction point in the junetion-
‘@@ﬁﬁaraﬁure data is small, but is not equal to zero.

This last ﬁ%étam@n% does not eliminate the inflection point a8 a
key to air temperatures. By interpolation of the data in Table I it is
found thaet the juné%icﬁ tenperatures at the inflesciion pointe differ by
=0,020 and 0,017 from the zir temperabures. These values are diffsrences

between normalized temperatures and therefors, are fractions of the maxlmum
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~air temperature. Although small, 0,020 is four times the uwncertainiy
of the experimental measurements. The meximum junetion teamperature is
dlgplaced 40,0013 inch from the maximm alr temperaturs. If all
junetion tempsraturss ars shifted 0.0012 ineh in the mimus y-direction
the thermocouple corrschtiocns at the inflectlion points are 0.004 and
0,001, This is not an empirieal adjustment of ths data because the
- laboratory had to be handlsd in this manner. The point of meximum
junetion temperature in an sxperimental y-traverse was the only point
available for establishing the wvegoordinates of the junction lemper
abtures relative to the sphere. Fiwing the origin of the eoordinates
will be discussed in the section covering experimendtal procsdure,

The locations of the thermocouple junction are belleved to be mess-
ured within £ 0.0005 ineh 4n the y=direction., For the alr temperatures
used in this analysis an erver of X 0.,0005 ineh in the ¥ position of
the junetion would result in a X 0.00% nncertainty in the normalized
junetion tempsrature at the infllection point. Only deviations in the
y=irection are @oa@id@reée Deviations in the z-direstions may incresase
the unesrtainty of the measured temperature. Eyrm?é of 0,004 in the
normalized alr temperatures are therefore within experimental acouracy,.
The junchtion temperature at the inflection point will be used to dstere
mine air tempersture Iin the experimental study.

An "apparent thermal sonduectivity™ of the junction was computed by
gubstituting the second derivative of ths comruted wire temperatures

in equation 6. The apparent thermal conductivity of the junciion ab

the point of maximum junchion temperature was 6,478 x 1077 Btu/(OF) (£t) (sed).



This value lies between the thermal conduetivities of platimm and the

platinum with 10% rhodium alloy at 212°F, which are 11.416 x 10~3

Btu/(OF) (£%.) (sec.) and 49133 x 1077 Btu/(°F)(£t.) (sec.) respectively.
EXFERTHMENTAL PROCEDURE

Junction temperature curves were obtained from traverses made in
the y-direction. All measurements reported here were made in the plane
of the equator. The location of the equator of the sphere was deter-
mined in the laboratory by means of a cathetometer. The laberatory
coordinatee in the v and s-directions were based on the srbitrary datum
positions of the dial indieators used. In order to transform these
coordinates to coordinates whose origin was at the center of the sphere,
v was seb equal fo zero at the meximum of the junction temperature curves.
This may bave introduced an ervor of approximately -0.001 inch in the
true y=coordinate of sach junciion temperature, but this also led %o thé
prediction of more accurate alr temperebures al the infleebion points.

4 traverse @bﬁaineﬁ'&leng the 3 axis iz shown in Figure 1., The point

of contact betwsen the thermosouple and the aphere was easily recognized
on this curve as thers was an abruph change of s8lope abt this poind. The
voint of contact was ot z = 0.250;, the radius of the sphere., All co=
ordinates are expressed in inches., This gave a relationship hetween

the laboratory measurements in the s=dirscition and the z-coordinates
relative to the center of the sphere. The data oblained from y-traverses
are recorded 28 a function of the sphere coordinates in Table II and are

plotted in Pigure 8, The data at z2>0.168 in Figure 1 and the curve



2 = 0,248 in Figure & were obtained by bending the vire over the sphere,
The slight inerease in thermoecouple temperaturs in Fisure 1 afber foush-
ing the sphere was caused by lowering of the thermal resistance between
the wire and sphere as the wire was pressed arvound the sphere,

Junction temperatures less than 100°F as indieated et y = =0,120
in Figure 8 were impossible because the air stream was maintained at
1009F, The y-traversss were limited at approwimately vy = =0,120 by &
probe tip toushing the sphers. It is belleved that a very large tempar-
ature gradient existed across the solder attaching the thermosouple wire
to the probe tip while the tip was in contast with the hot sphere,

Under these conditions the golder-platinum alloy junctions generated an
@.m.fe The a.m.f. was oppossd to that of the thermoecuple and regulited
in an indication of a temperature less than 100°F,

The second derivatives of junetion temperature with respeet to ¥
were compubted using & thres-point approximation (20) and are listed in
Table I1I. The values of the second derivatives in the region 0.250<3z
<0258, = 0,05 < ¥ < 0.05 were seattersd, but lay betweensi9,0009F/in.sq.
and=25,000°F/in.sq. giving a flat appsarance o the eurves in this region,
The portions of the curves in this region were omitted from Figure 9 to
aveid confusion. Several steps were taken to obtain consistent curvess
however, the second derivatives vere extreusly sensitive %o minor ade
justments of the data, The traverses were made in the y=direction in
order to measure in as short a time interval 28 posaible the three tempere

atures required to determine a second derivative. This reduced ths effect



of drift in experimentel conditions upon the second derivative, The
temperatures, which were nearly linear with respect to z over a large
portion of the fisld, were smoothed gf@@hi@%iiy on &8 t ve, & plot. He
method of smoothing the dada in the v direction was found which would
give a congistent set of second derivatives. % five=point approximge
tion (20) of the second derivative was tried, bub it was Pfound that
using fewer polnts gave smoother results. The inflsection points were
estimated from Pigure 9 and plotted as & single curve in Figuwre 8. A4
dashed line in Figure 9 shows ths distribution of the second derivatives
~eomputed in the analysis.

Points of squal radial distance from the sphere ars ?1@%%@& ag
dashed lines in Figure 8. The intersection of each constant-radiuve
curves with the inflection curve determined the air temperature at that
radius, The twe alr temperatures determined abt each radius are listed
in Table IV, The arithmetic average of the two alr temperatures is plotted
iﬁ Filgurs 10. The thermocouple corrections at y = © are listed in
Table IV and plotted in Figure 1l. The inflsction curve of Figure 8
did not approach the sphere closer than 0.014 inechs therefore, the air
temperature and consequently the thermocouple correction could not be
established in the region 0 « n <€ 0,014. The %ﬁermocoupla sorrection
Qaurve was aéﬁr&p&l&@@& through this reglon to the corvection at the
surface. Corrections computed by the method of Hsu (5) are shown in
Figuwre 1l for comparison.

Heat transfer coeffleients for the thermocouple wire were computed
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using equation 6, The spparent thermal conductivity of the junchtion was
uged, The mumbsr of heat transfer coeffieients that could be computed
wag limited to five bescause the thermcouple correction and the second
derivative were known coincidentally ab only five points. The heat
transfer coefficients established by ecuation 6 are @emp&fe& with those
obtained from Cole (17) and Prdssling (18) in Figure 12,

DISCUSEION OF RESULTS

The measuvred junction-temperature gradient normal to the gphere atb
the equator is 5730CF per ineh under the conditions of this test. This
value is the slope of the junction temperature curve in Figurs 9 in the
rangs 0 < n«< 0,012, %The air-temperaturse gradient over the same range
is 6010°F/in. The local thermal flux established from the junetion
tenperatures wmulé be 4.9% low in this instance. It is expeected that
the error in the local thermal flux determined in this manner will vary
with position around the sphere because the thermoccuple corrsction ab
the surface observed in other heat 4ransfer studies (21) deecreased with
inereasing polar angle. The polar angle is the angle at the center of
the svhere between the forward stegnation point and the point in question.
I% is desired Yo develop %&a?meeauple eorroction eurves gimilar to
Figure 11 that can be applied to all junchtion temperature traverses
obtained around spherss, This will perm it the ealeulation of the correct
loeal thermal flux without repeating for sach traverse the procedure
described in this paper.

2,

The thermocoupls correchions in Figure 11 were normalizsd with respect
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to the correction at the surface to obitain the walues shown in Figure 13,
The radial distances were normalizsd with respect to the thermal boundary
layer thickness, The thermal boundery layer thickness, ék,, couputed

from equation 19 was 0.0125 inch,

[ ta- b

o

Por a {luid with constant vhysical properties the normalized correetion
may be a functlon of one or more of the following paramsters: free
strean volocity, free stream turbulence, diameber of sphere, and polar
angle, It is belisved that the only offect of temperature is on the
physical properties of the £luid. Hsu (21) related temperaturss in the
boundary layer of a sphere to the Blasius fumction (22). Curves of
norpalized air temperature as a funchbion of normalized radial disbtance
were preéemtaé which were nearly indepsndent of the air stream veloelty
and polar angle. Iikewise, the variation of the normalized correction
with respect to these paraneters may be smnall so the curve in Filgure 13
would ba applicable %o other flow conditions. This will have to be
astabziéheé by further tests,

The large diffsrences between the heat transfer ccefflcients found
in this investigation and those of Cole (17) as shown in Figpure 12 are
not swrprising., The reosisbanee to thernal transfer by the fluid £ilm

on a wire in a field of high temperabure and velecity gradients is not



adequately deseribed by a heat transfer coefflecient which is a function
of veloecity alone, The velocity gradient in the strean flowing normal

to the wire produces pressure gradienis in the boundary layer of the wire.
Flow parallel to the axis of the wire will develep near the surfacs of
the wire, If the thermal transpert aslong this path by e@&@@@%i@m vers
comparable to that in the wire by conduction, the dié@n@iaﬁi@%@ term; C,
computed in the éaalyai@ would be less than the correct value. Energy
transfer in this manner may explaln the flat sppsarance of the experie
mental second derivative curves in Figure 10 in the region near the
surface of the sphere.

The elightly different than normal definition of air temperature
used in equation 2 may also contribute to the di@agr&@mem% of the heal
transfer coefficlents. Heal transfer coefficlents are gensrally computed
from the temperature difference beltvween a solid body and the free siream
at a distance from the body. The air temperature in equation 2 is de-
fined as the btemperature at the point in spase where the wire temperature
~ is obtalned, when the wire is absent, This is demonstrated in Filgure 4.
The aiy temperature, while the wire is present and heat transfer is
proceeding, does not exist. This distinetion is only of consequence
when high temperature gradients surround the wire.

The dashed portiong of the curve in Plgure 12 are estimated. It
is possible that a definite minimum in the heat transfer coefficient
existe near the surface. At & point in the low velocity fluid near the
surfsce, the thermal transfer from the wire may be less than in regions

of higher veloeity or when the wire is in contact with the metal sphere.
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The five values commuted indleate thal the thermal transfer ig impeded
by the presencs of the 9@&@?@ ab a &iséan@@ greater than predisted by
the velociby distrimvtion of Fréseling.
Consider the thermal boundary layer, ;lt_g to extend to a point at

which the temperature 1s 99% of its fres stream value., This nev delfine
ition of the boundary layer thickness should not be confused with thab
of equation 19. The extent of the veloeity b@unﬁafy iayey,,lu , is
the point at which the velocity determined by Fréssling is 997 of that
found in potential flow at the surface. Jhe thicknessss of the thermel
and velocity boundary layers according to this new definition are 0.0345
ineh and 0,0141 inch; respectively. The heal transfer eoefficient cone
tinves to inecrease outside the veloelly boundary layer and appeasrs to
approasch the free siveam value near the limit of the thermal boundary
layer, The alr-temperature gradlent may alfect the heat transfer co-
efficient as has been sugpested. 4 wmore llkely explanation s that the
veloeity has not reached 99% of that in potential flow abt 0.0L41, bub
eontinues to increase in the region between 0.0141 ineh and 00,0345 ineh
from the surface of the sphere. In this gvent the theory presented by
Fréssling does not adequately describs the boundary {low on a sphere.
This result should bs viewed in light of the difficulties involved in
defining end studyving heat transfer coefficlents in high veloeliy and

temperaturs gradients.
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CONCLUSIONS

Y 2

1o Heat transler coefficients and thermocoupls eorrections can bs obe

g

&

ained independently In the boundary layer on a sphere. Whether ih
results obtained in this investigation around a S=ineh sphers in an ailr
strean vhose velocity iz 16 feet per second san ba applied fo other
veloecities and sphere diametsrs iz not known.
2« The veloclty béﬂnﬁafy layer on a sphere é“h@aws to be thicker than
predieted by Frossling (18).
3. leat transfer coeflfielents in general are of limited uwiility when
extrapolated to regions of high veloelity and teuperalture gradienis.

Precise solubtions to heal transfer problems in such a reglon requlreg &

rigovous solution %o the squations of motion,
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HOMENCLATURE

dimensionless group Dk/Ah/Aye

differsntial operator

wire diameter, inch

a funetion

heat transfer coeffiefent, Btu/(CF)(sq.f%.)(sec,)
thermal conduetivity, Ptuw/(OF)(£%.)(sec.)

mean fres path

radial distance from surface of aphere, inch
specific thermal flux, Bivw/(sec.)(sq.ft.)

thermel transfer rate per unit length, Byu/ (see,) (£4,)
radiug of sphere, 0.250 ingh

wire temperature, °F

alr temperaturs, °F

junction temperasture, OF

temperature jump, °F

strean velecity

local veloecity

coordinate axis, inch

goordinate axis, inch

eoordinate axis, insh

@iépia@eﬁant boundary layer thickness defined by equation 19
boundary laver thickness to 997 of free stream value

findte incorement
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Subscripis

n node

Pt platinum

Bh  pletinum alloyed with 10% rhodium
8 surface of aphsre

tenpsrature

ok

u velocity
1 point in the alr sirsam
2 point in the alr strean

o0 free siream
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PARIE I. COMPUTED WIRE TEMPERATURES®
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at 7 = 0,



TABLE I, (Cont.)

Thermosouple Jungbion Thermocoupls Correction
Hode Adr at Node 15
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TABIE II, EXPERTHMENTAL JUNCTION TEMPERATURES IN PLANE OF THE BOUATOR

% i%e

Qo8 (6250 0,252 (1e254, 0,256 (3,288

ii. Temperature °F. minve 100°
«0.120 =40.13 - - ~2.39 =694 =5.49
«0.,100 19.88 20.61 20.72 17.07 13.69 10,86
0,080 61,48 59,64, 55,39 44493 39.23 31.28
=0.060 93.85 91.34 87.31 75.05 64,38 55,12
<0040  116.64 115.21 108,67 . 96,10 86.04 7557
“0.020  131.56 130,85 121,67 11086 99,58 88,82
) 138,96 138,27  125.5  115.21 104,02 93,35
0,020  133.41 132,25 120,95  109.85 98,59 88.57
0,040  118.57 117.85 108,43 97,60 85454 76409
0,060 96435 9%, .60 85.79 75,05 64,64 55.39
0.080 68,04 63459 57.52 48443 39.23 32.65
0.100 37.86 33448 29.62 23.23 17.91 14425
0.120 12,84, 12,28 - - 6.01 4487

Ou}-&g = ‘“@cgg had a Go% @,E%é
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«0,120
0,100
=0, 080
=0 ,060
=0 .040
=(,020

0020
0,040
0.060
0.080
0,100
0.120
0,140
0,160

0,260

Tempersture °F, minus 1000

=3.75

Tabds
24,097
4bs12
63.59
76,09
79.69
7531
63.33
4,039
24035
10.29

3e45

0.29

“‘:i Qifbsl@

TABIE II,

-

(Gﬁnt @ )

% in.

0,263

wZo 31
4,402
13.97
29,34
44,466
56,18
59.90
56,18
45447 .
290 3
14.82
5.73
2430
0,58
«(}.86

0265

=le73

258
10,00
20,72
34,02
43.85
47436
4£3.58
34630
21.56
10.29

4a30

Le43

e

0.268

143
Sebd
12.84
21.56
28,79
31.55
27,96
21.00
11.99
Sedids
230
0.86

0.273

Ge72
2,01
e 59
8.29
1170
12.84
11.42
8.01
402
1.86
0.86

0,278

0.58
0.86
1.43
2058
4602
hod5
3.73
2ol
143
0.58

0.58



TABLIE III.

&
in.

=0 100
=0,080
=0,060
«( o 040
=0, 020
0
0020
0.040
0,060
0.080
G100

0,120

SECOND DERIVATIVE WITH RESPECT T0 y OF SMOOTHED

EXPERIMENT AL TEMPERATURES

2 in.
04250 0,252 0,254, 04256
| at2/ay® OF per 1n.2 x 103
2,38 4495 7.95 10.8
=325 0,775 1.40 3.55
=334, «26,7 =20,0 =13.4
224, “21.2 «20.0 «18.9
16,9 ~18,5 20,1 <217
«30,1 =282 -26.3 w2l,0d,
w39 =206 wi2ld e 3 wlG .9
«20.4, 20042 =200 ~19.8
26,3 ~20.9 =15,5 ~10,1
9.23 7.95 7.13 7.10
6.3 20,7 244, 26.6
28,0 23.3 18,7 1.6

0,258

12.8
5.88
=6.68
=17.7
=23 04,
=245
=196
=196
s 70



0,260

13.2
8.88
=210
=171
wlle5
=~2l.5
=17.6
«19.1
=1l.40
14.6
i8.3
Fed5

TABLE III. (Cont.)

z in,

04263 0.265

0,268

égﬁ/éyg OF per in.? x 1077

10.5 775
9.80 8.63
4403 6.05

=13.2 =848
=179 w15;8
=20.1 =182
«=15.0 =14e5
=146 «9.15
4450 6630

1465 12.3

11.2 7658
5.78 4,10

420
8.48
3.30
=3.73
wlle2
«15.9
=843
«5.13
6415
8,53
4o25
2,20

(e273

0,675
3.23
280
<0725
=5.68
=b,40
=t 698
=1le45
4458
290
1.60
0.150

0,278

~1.25
0.725
1445
0.725
2,53
2,88
“1.43
@@?@G
0,400
2,13
0.450
0,050



TABIE IV, HEAT TRANSFER COEFFICIENTS AND CORRECTIONS FOR 0.001-INCH THERMOCOUPLE

Radial Formslized Juncbion Mr Thermocouple Hormalized 5 Heat Transfer
Distance Distance Tempsrature Temperature Correction Gorrection =d ‘@/&yz Coefficient
8 Average
= y=0 y<0 ¥ >0 y<0 ¥ >0 y=0 Bty
- 2 3
in. o) . op oF op op op oF/in. T (8T (me0)
0 b 3 . )
0 238,27 - 1~ 12,28 1.00 24 = 10 3.8 z 10™°
0.015° 1420 147036 155.2 855.6 78 8.2 0.65 16.8.x 10° 4,09 x 1072
0.016 1.28 142.20% 19,6  149.9 7 ods 7.7 0.62 - -
0.017 1.36 136,608 140 144.1 7ok 7.5 0.61 - -
0,018 1.44 131.55 137.9  138.1 643 65 0.52 13.0 x 10° 3,94 x 10~
0.019 1.52 126308 1319  132.3 5.6 6.0 047 - -
Qogz() 106@9 122¢@§ 12{?95 m?ul& 5.& 5.3 OOM = bt
0.021 1.68 118,458 122,  122.8 4.0 o, 0e3 - -
0,022 1.75 115,454 118.9  118.8 3.5 344 0,28 - -
0,023 .82 112,84 115,8  115.2 3,0 2 o4, 0,22 6,40 x 107 4,69 x 107
0,025 2.00 . 108,608  110.5  110.1 1.9 1.5 0.1 -, -
0.028 2,24, 104 045 105.1  105.2 0.7 0.8 0,06 2.8 % 10° 7.4 x 1072
@o@% .’Boﬁés 3.{3@@&,58 b - Q @ = we

2 Thermal boundary layer thickness, 6t s was 0,0125 in.

b obtained from surface temperature of sphere, which was 250.55°F,
€ No inflection points in regien 0<n<0,015.

d Values obtained from Figure 9.
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LOCAL CONVECTIVE AT TRAMSFER FROM 24 3?2%

. _

The maberial presented in Part II will be submitted %o the
American S%ﬂ.@*w £ Hechanical Engineers for publication under
the joint an‘h}mz'@hip of We ¥, Short and B, H. Sage.
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INTRODUCTION

The macroscopie heat transfer from spheres to flulds has bsen
investipated for a large range of flov conditions and sphere sizes.
Yehdams (1) summerized much o§ the available data obbtained for moderate
Tlovw conditions., Recent studies of macrogeopic heat transfer were
concernsd with extreme gonditions of pressure, veloelty and turbulence
for which the heat transfer as axpressed by the NMusseld number can nob
ba carraia?@d as a aingi@«valu@& function of Reynolds mumber. There
wag much interest in supergonie {low in which compressible effects are
important. Beckwith (2) measursd the heat transfer from & 3.5-inch
sphere at Mach numbers of 2,00 end 4.15. Tests made by Bherly (3)
showed that energy sccommodabion and vilseous slip at the surface of a
srhere are important factors governing heat transfer at lov pressures.
Sato (4) demonstrated thst a turbulence lsvel of 0.15 increased the
macrosgopic heat transfer at a Reynolds mumber of 8000, by 40 per cent
over that for laminar flow at the same E@yﬁoiﬁs number.,

There ig little imf§r

mation pertaining %o local heat transfer from
spheres even abt moderate conditions. The effect of extreme conditions
on the macroscopic heat transfer might be predicted if the mechanism ef
loeal heat transfer iz thoroughly understood. Some data on local heat
and material transfer were obtained by measuring the rate of solution

or sublimation of selid égher@s (5,6,7) FRocent investigators have
employed equipment for the direet measurement of the local heat transfer.

Cary (8) and Xenakis () measured the energy loss from a small heated



plug set in the surface of & spheve, but insulated from the sphere,
Cary (8) determined the loeal transfer from a five-inch iron sphere to
an alr stream at Reynolds mumbers up %o 1.5 x 1§§, Yenakis and co=
workers (9) repeated some earlier measurements by Leutman and Droege (10)
with spheres 6, 9, and 12 inches in diemeter. Hsu (11) established the
i@cal heat trangfer from air-temperature gradients measursd in the
boundary layer surrounding O.5-inch spheres, lsu presented, as a
function of peolar angle, daﬁa on heat transfer alone and data on simul-
taneous heat and material transfer at Reynolds nmumbers between 1500 and
4200 at 0,054 level of turbulence, |

The aécur&ay of theoretiecal selutions for the tomperaturs distri-
bution in the boundary layer of & gphere is limited by the assumptions
enployed in solving for velocities in the momentum boundary layer. The
flow near the forvard stagnation point is better understood than at any
other point on a ephere. Ferdssling (12), Sibulkin (13), and Kerobkin (14)
computed Husselt numbers for the stagnation point. Drake (15) and
Sibulkin (16) derived equations for the heat transfer as a function of
poﬁitién in the upstrean hemisphere. Ho theorebical analysis of heat
tranﬁfar(in the downstresn hemisphere, where separation of the boundary
layer occurs, was found., Heal transfer in the highly turbulent weke ean
not be treated by the methods used in the solutions eited sbove, all of
which asgume laminar flow in the boundary layer,

In the praéanﬁ study, temperaturs measurements were made in the

boundary flows surrounding a 0,5-inch sphere at Reynolds numbsrs belween



800 and 7100, Sufficient data were obtained te establish the temper—
ature distribubtion in the boundary layer up %o the separation point,
Thess measurements vere carried out in an alr stream at a turbulsnce
level of 0.013. The loeal thermal transport was egtablished from the
radial temperature gradlents adjacent to the sphere,

ANALYSTS

The Reynolds mumbers presented in this investigation are based upon

the propertiss of the free stream as indicated in the following equation:

D U,
Qeoa = "Vw (1)

The macroscopic Mlusselt number based on the thermal conduetivity of sir

at the surface of the sphere is evaluated from the following sxprsssions

N éi;D
Ui = L) A @

In addition, the macroscopic Numselt rumber based on the free stream

roperbies ig delermined froms

Nu* — é D
e -t koA (3)

The space-average surface temperaturs, tgg required in Equstions 2 and 3

is defined by the following equations
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JL; :th‘dA {4)

The loecal Nusselt number, based on the moleoular characterisitics of the

finid at the swface, is dofined bys

_ Nel
Ny, (6= To) ki )

o
The local thermal flux, Q, is esstablished froms
&= —k. (L
& én‘; (6)

where n is the distance normal to the surface of the sphere. The local
thersal flux is iantegrabed with respect o the surfece area of the sphere

to obtain the total thermal flux from the sphere.

A
Q=[édA -

A relative Husselt number is found to be more useful in this
instanes than the local Wusselt number defined by Equation 5. The relas
tive Husselt number is the ratio of the loecal Husselt numbsr to the

macroscopic Nusselt number as shown in the following equations



Nu; _ @& - o) k;A‘é
NLL; (ti - tw) kJadA

(8)

The relative Husselt number can be used to advantage to portray the
distribution of loeal transport for several veloecities,
It is convenient to congider a thermal boundary lasyer whese thicke

ness is defined ass

5& :deﬂ
) (9)

The term 1 48 the normelized temperature defined by the following

relations

— t”t'w
T = Tt (10)

It has been fourdl (11) that the normalized temperature may be approxi=-
mated by an empirieal expression in which the funection 95 is that

developed by Blasius (17).
1 _?:L
T <§ \\ (11)

It should be emphasized that Equation 11 mredicts only aporoximately the

temperature in the boundary layer and 18 not suiitable for computing



temperature gradients and local heat transfer rates,

METHODS AND EQUIPMENT
ii this investipation temperature distributione were determined

about & silver sphere 0.5 ingh in dlameter. The sphere was suspended

in an alr stresm having & %@ﬁ;@?&ﬁur@ of 100YF, and messurements were
carried ocut at gross strean velocities of 4, 8, 16, and 32 feet per
gecond .

The level of turbulence was establishsed by the method described by
Schubaver (18). -The trensverse turbulence level wag found $o be 0,013
from the divergence of the temperature weke of a @mall heated wire. The
transverse level of turbulence is defined as the ratie of the root-mean-
square of the transverse component of the fluetvating veloeity to the
average velocity. Neu {11) ecarried @gt an investigation with the equip-
ment uwsed in the present study wnder eonditions of artificlaelly indused
turbulence.

The silver sphere used in these investigations was deseribsd in
deteil by Baer (19). It consisted of an interior copper sphers upon
whieh a spiral groove was cul,; end a chromel h@&ﬁer with glase ingulation
wag plaged in the groove. The heater was covered by two silver, henie
spherical shells goldersd %o the surface of the copper sphere. Four
copper=constantan thermocouples were placed in a groove cult in ths inner
surface of the silver shell., These thermocouples indieated the external
surface temperature to within 0.01%F. The device was supported by two
stainless steel tubes in which the leads %o the heater and thermocouples

were located. Two small heeters were wound on the supporting tube %o
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reduce energy loss from the sphere by conduchion along the supporits.
The ourrent to those h@aﬁeﬁﬁ wag adjusted untlil the internal thermoe
couples Indieated equal temperasbures when on the @@ﬁaﬁﬁé normal to the
alr streas. The snergy input to the sphere hesater was measured by a
elrcuit of calorimeter typs. The tobtal thermal {lux from the sphere,

as measured by the calorimster circult, is believed known to within
0«2 per ceunt,

The equipment furnishing the air stream was deseribed by Hsu (20).

he gross veloeity of the alr stream was determined from its temperature
and weight rate of flow messured by means of a venburi meter (21)., The
tenperature of the air stream was measured to within 0.1°F by means of
& platinum resistance thermometer of the colled-filament type (22)., The
gross alr veloelty at the test section was known %o within 4 per cent
and the temperature did not vary move than 0.29F (23). The humidity was
meagured with an uneertainty of less than 00,0001 weight fractlion water
and the pressuwrs was known within 002 per eent,

The local temporature of the air surrounding the 3phﬁravw&$ measured
with a platimum, constantan thermocouple 0,001 inch in diameter. The
thermocouple was soldered to the needles of a probe (11). The reference
Junetion wee placed on the probe in the free stream at a distance of
approximately one inch from the sphere. Such an arrangement redused %ﬁ@.
affect upon the differentisl measurements of fluctuations in the tempere
é%ur@ of the fres stresn with time, The thermocouple probe was mounted
on a traversing mechanism to determine the position of the thermocouple

within ¥ 0.0005 inch relative to three ccordinate axes at the center of
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the sphere. A series of horizontal and verilesl treverses wers made
with the probe for sash condition of flow. The platinum, constantan
thernocoupile was calibrated under siabic conditions., A White poten=

“

tiometor wae employved for the measurenent of the electromotive forae.
It Zs balieved that the lemperature of the junction was determined

o
within 0.1 7 relative to the temperature of the alr gstrean.

EXPERTMENTAL RESULIS

The experimental conditions observed during the eight tests in
this investigation are recorded in Tables I and II, In these tables
the conditions of flow, Reynolds number, macroscopic Hussslt numbers,
averzge surface temperature and total thermal {lux are recorded. The
dimensionless groups were computed from equations 1, 2, and 3. The
macroscopie Nusselt numbers agree with the data obtained by Sate {4),
~ and are about 10 per cent lower than the correlation recommended by
Meidems (1) The properties of air employed 4n thie study are based
upon the values selected by Page (24). The average surface temperature
wag computed from data obtained from the four copper-constantan thermow
couples using equabion 4. The variation of surface temperature with
regpect Yo position is shown in Table IITL. The normalized surlace tempore.
ature as & function of polar angle and gross veloeily were presented by
Sato (4)., The thermal flux established from the electrical pover dissie
pated in the sphere was multiplied by 1.0188 to obtain the total observed
thermal flux. This factor is the ratio of the suwrface area of a 0.5-inch

sphere to that of the laboratory sphere which was supported by two tubes
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0.096 inch in diameter.

The tempsratures of the probe thermocouple when in contaet with
the sphere are listed in Table III together with the surface temperature
at several polar angles for each test. These temperatures differ from
sach other by as much as 34°F at some positions. This appsrent dis-
econbimulty at the surfacs is believed to be the resullt of temperature
gradients along the wires supporting the thermocouple junction. Similarly
other junetion temperatures observed in the thermal boundary layer are
lower than the temperature of the alr surrounding the wire. For this
reason measursments obtained with the probes thermocouple will be termed
fwire %@mpe?&tﬁf@@“ﬁ to distinguish them from the true air temperature.

A method of predicting aly temperatures from wire temperatures is availe
able (25); however, the necessary heat transfer coefficients for wires

in a boundery layer have not been determined., The information presented
in this paper is baged upon wire temperatures., Two typiecal wire tempsre
ature traverses are shown in Table IV, The detailed traverse data covere
ing all eight tests recorded in Tables I and II are available {26).

The radiel wire temperature gradients presented in Table III are
computed from the slope of the traverse data near the surface of the
sphere. The polar angle listed im Table III is the angle ab the center
of the sphers between the forward stagnation point and the point abt which
a traverse intersected the spheré. The radial wire temperature gg&di@ﬂ%
may differ measurably f%am the radial air temperature gradient at a point

R I

* The term "junction temperature® was used in this sense in Part I
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on the surface of the sphere. It is for this rsason that the relative
Husselt number is employed. HNHowever, if the ratio of the air and wirve
temperature gradients is independent of polar angle for a particular set
of conditions, the relative Nusselt number computed from the wire tempore
ature gradlent is correct. Relative Nusselt numbers computed from
equation & are presented in Table III and plotted in Figurs 1. The aver-
agé of the differsnces betwesn the relative Musselt numbers obtainsd ab
each velocity and polar angle is 0.040. With the exception of the datae
at 4 feet per second for the stagnation point, the curves in Figure 1
were drawn $o within 0,040 of the experimental points. The local Nusselt
mumbers, Nus , are computed from the relative Nusselt mmbers, Fﬁug,/ﬁ%u:
and the macrossopic lNusselt mumber, Nu; , obtained for sach test listed
in Table II. The local Husselt numbers smoothed with respect to Reynolds
mumber anﬁ_polar angle are listed in Tables V and plotted in Figure 2,

The thérm&i boundary laeyer thicknesses defined by equation 9 were
computed from wire temperatures. This did not introduce an appreeisble
- error in the results bscause the wire lemperature at the surface was used
in place of the surface temperature, i, in equation 10, If the ratio
of the wire temperature and alr temperature in each traverse is inds-
pendent of radial distance, the normalized wire and air temperatures
r thickness was established for

are @qual. The thermal boundary laye
gach point at which e temperature traverse intersected the sphere, with
one excepbion. The thermal boundary layer thickness was not computed

at polar angles greater than 121° besecause the extremely large valves



which would be obtained in the turbulent wake would have very little
gignificance. The thermal boundary layer thicknesses are presented as
a function of polar angle at f«:mé‘ Reynolde numbers in Figure 3, and
are listed in Table 1II,

DISCUSSION OF RESULTS

The curves in Figure 1 for veloeities of 16 and .32 feet per second
indicate maximum hest transfer ab polar angles of approximately 30° and
60°, respectively. The data which Beckwith (2) obtained at Mash 2 show
more than a two fold inerease of heat transfer at polsr angle of 40° over
that at the stagnation point. This incrsase was attribuibed to the transi-
tion from laminar flow to turbulent flow in the boundary layer. 4 similar
situation may have ocourred in the present tests.

’ For comparison with the work of other investigators, the rabtio of
the local Nusselt number to the macroscopic Reynolds number, Nu; / +Re
is plotted in Figure 4. This curve in Figure 4 is an arithmetie average
at eagh p@lar engle of the values of Nu,- / -\/Q—e obtained in the eight
teats, The values of Nu; / 1/?; woere computed by mulﬁiplying together
the rslative local Musselt mumber, Nu; / NuT, and the value Nui:/w/l?c:_
determined for sach test. The macrossopic values of Nu? '[é; are

' nearly constant for the teste presented here, having & value of 0.541%
0,018, For this reason a plot of Nu; / Re for each Reynolds number
investigated would appear identical to the curvesin Figure 1., By the
single average curve shown in Figure / the author is not suggesting that

the ratic Nu; /w/—éc; is solely a function of polar angle.. On the



contrary, Figure 1 indiealtes that th ,//:fﬁﬁg is a funetlon of the
free stream velociiy.

The present date compare well with the theoretical predietion of
rake (15), espselally near the stagnation point. The theories proposed
by Sibulkin (13,16), Rorvobkin (14) and Frossling (12) predict higher
heat t@anﬁfervrateﬁ than found in the present study. It should be et
rhasized that the theoretical analyses essume leminar flov in the boundary
layer and do not consider the Influence of turbulence in the primaery alr
strean., For $his reason it is not surprising thet disagreements exist
between the predicted and &xparim@nﬁal values,

It has bheen demconstraobted thalt the relative local heat trensfer tends
%o decreass in the upsiresm hemisphere and increase in the downstresm
hemisphere as the level of turbulence in the air stream increases. The
experimental data of Msu whieh are plotted in Figure 4 appsar to bear
this out. The work of Hsu (11) was carried out ab 0.054 level of turbue
lence, whereas the level of turbulence in this study was 0.013. Cary (8)
did not report the turbulence in the fres air stream, If %this relation
betuween Musselt number and turbulence level can be applisd to the Seinche
diamster sphere employsd by Cary, the turbulenee in the alr strean appears
to have been very high. The data of Xenskis (10) obtained from spheres 6,
9y and 12 inches in diemeter do not follow this trend.

The theoretical data, which correspond to a zere level of turbulenee,
follow the experimental itrend of decrsasing relalive hsat transfer with
inereasing turbulence level at a fixzed Reynolds mugher in the upstream

henigrhera.



NOMENCLATURE
A surface avea of spheve, sg. ft.
D diameter of sphere, . or inch
k  thermal conductivity of air, Btv/(°F)(£t.)(sse.)
n radial or normal distence from surface of aphere, f%.
Tu  HNusseld number
5 loeal thermal flux from surface, Btu/(sg.ft.)(sec,)
§ total thermal flux from surface, Btu/sec.
Re Reynolds number
t  temperature, °F
U, bulk or free stream veloolty, ft./sec,

distance from cenber of sphere along axie parallel to air stream,
ineh

#

T normalized temperatvre ratio

5¢n thermal boundary layer thickness, i,
vV kinematic viscosily, sq. £t./sec.

95 Blasius function

Subserints
i golidegas interface

o6 foas air etrean

space averags
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TABIE I, EXPERIMENTAL CONDITIONS IH AIR STREAM

Test Veloeity Temperature Pressure Weight | Raynolds
Humbsr £1./8e0, . op, 1b./8q. . Fracbion Bumber
‘ Absolute Hater
63 4 .06 100,11 20663 0.0081 88g
65 4o06 100,12 2062 48 0.0072 282
62 8.03 100,15 2067.9 0.0072 1760
&7 8.04 100,06 20718 0.0110 1765
72 16.22 100,06 2067,6 0.0086 3551
7 16,22 100,06 2063.6 0.0111 3532
76 3229 100,02 2064.1 0,0121 7032

W 32 026 ) }.@G o@g 2{)&8 L g Q ® GGC)E% 7%6

m(‘;i}m



Teat
Humbar

63
65
62
67

78
76

TABLE II., MACROSCOPIC THERYAL TRANSPORT FROM A 0O.5-INCH HEATED SPHERE

‘Macroscoplic
Husseld Humber

Free

Stream Surface
18,60 15,96
18,62 16,61
25072 ?.,;2 0%
26,08 24, .00
35.69 30,60
35,11 3123
51.41 44 o225
51.:1{; z&ﬁ 05@

#

fa,

EsE.

Bs

fecid

0,537
0.560
06547
0.573
0.515
00525
0.528
00541

Total Thermal
Plux®
Btu/Sec

Obeerved
1,140 % 1077
0.7987

3.1132

0.7982

212477
1.5616
2.9103
2,1261

Integrated
0.860 £ 1077
0,593
0.838
0,588
1.790
1.339
2,503
1.750

® Both total thermal fluxes veve corrected for the avea of the supporting tubes.

Average
Surface
Temperature

oF

= L=



TABIE 1II, EXPERTMENTAL CONDITIONS IN BOUNDARY LAYER OF A 0.5-INCH HEATED SPHERE

Polar Radial Wire Relative Iocal Surface Wire Thermal
Angle Temperature Husselt fugselt Temperature Tenmperature Boundary
Gradient at Humber Homber at Surface layer
Surface Thickness
Degrees Op/re op op 4
Tast 63

0 8,05 x 104 2,58 41.2 204,40 177.2 8.2 x 1074

4l.3 5e52 1,77 28,3 204,¢3 17%.9 7.8

59.9 457 1.46 23.3 204, o8 181.8 10.8

75,6 3.66 1.17 18.7 2052 184.1 13.1

%.Q 2.8@ @o% Mm’fh Z%.& 186¢@ 3_6 og?
121.0 1.0% 0.32 Be1 205.8 188,28 3546 '
1&8;7 107& Qaﬁ@ 8.(; . 2@6&3 hasd d :;;

Test 65 t

0 5,80 % 107 . 43.0 174,.6 153,7 7.3 x 10

£1:3 385 28,6 174.8 1574, 2,6

60,2 3.26 2he3 175.1 158,.6 10.9

7548 270 20,1 1754 1600 i3.1

80,0 2,06 15.3 175.6 161.3 16,0
119,.8 0,74 55 175.9 163.6 36.0
1&*60‘? 201@ 808 1?60& i i



TABIE III. (Cont.)

Polap Radial ¥Wire Relative Ineal Surface Wire Thermal
Angle Temperature fussalt Husselt Temperature Temperature Boundary
Gradient ab Bumber thmber at Burface Layer
Surface o Thickness
Degrees OF/f% ¥ Op %
Teat 62
o 7.30 2.3 53.1 175.0 151.4 5,9 = 1074

41,8 6.12 1.94 hidy od, 175.3 154.3 5.6

66,9 4 b 1.42 32.5 175.8 157,7 75

90,0 285 0.90 20.6 1764 161.0 11.6
120.6 G.75 024 5¢5 176,84 163.9 31.2
16133 3.@01 @.'32 703 1%;8 L had

Test 67
0 5035 2.34 5642 153.1 136.6 5.1 x 1074

£1le3 &olT 1.87 4y s 153.3 139,1 5.3

59.9 3643 1.50 36.0 153,6 0.1 Tod

75.6 2,94, 1.29 31.0 153.8 141.9 9.0

90,0 2,02 0.88 21.1 154,.1 1433 1l.4
121.0 0.59 0.26 6.2 154.3 145.6 1.2
168.7 1.27 0.55 13.2 15444 - =



TABIE 11X. (Cont.)

Polar Radinl Wire Relaotive Ioeal Surface Yire Thermal
ingle Tenperature Hussalt Husseld Tenperature Temperabura Boundary
Gradient at Humbar Humber at Surface Layer
Surface Thickness
Degrecs or/ et op Op £t
Test 72

o 11.55 1.78 54e5 20364, 168,.5 5.1 x 104
4£3..3 12.21 1.88 575 203.8 1729 3.7

59.9 10.64 1.64 50.2 204 .2 177.1 5.0

75,6 6,91 1.07 32,7 2047 180.0 6.2

80,0 4489 0.75 23.0 205,1 183.5 9.7
121.0 2.91 0.45 13.8 20566 185,.8 28,7
170,.9 4003 0.62 19.0 205.8 - -

Tast T8

0 8,56 1.70 53.1 17743 151.0 3.9 x 1074
&I}}#OJQ 90@2 107@ 559@ 17?0& 1554{}03 306

60.3 790 1.57 £9.0 177.9 157.2 4 o8

75,8 5.10 1.01 31.5 178.1 159.5 A

90,0 3.80 075 234 178.6 161,.6 8.8
1200 Re20 0.44 13,7 178.9 163.7 2762
}-6{3.7 (&;936; 608{:‘3 264@ 1?901 hiad o=



TABIE g1 (Cont.)

Polar Radial Wire Helative Incal Svrface Wirs Thermal
Angle Temparabure Yussell Fuggelt Tenparabture Tamperature Bouwndary
Gradient at Humber Homber at Surface Layer
Surface x Thickness
Degrees OF/ft op oF £t
Past 76

0 13.86 1.52 6743 199,0 160.6 he5 x 107

£1.3 1481 1.62 T1.7 , 199.2 164,.3 31

é’f{)o@ L{*P% E.éf; 7206 1%)03 16808 Bif{?

7567 Q.22 1.0% A4 o7 199.4 173.4 beT :
90,0 64,05 066 29,2 199,77 177.7 7.3 o
120.0 5.18 0.57 2562 200,1 177.9 21.3 L
171.8 9.62 1.05 465 200.5 - - ¢

Teost 77

O 10.21 1.55 0.5 1727 14369 3.6

bfde3 A1.68 1.7 80.1 172.8 1474 2.8

600 11,10 1.569 76,9 1729 150.3 ENA

7566 7.16 1.09 49.6 173.1 153.7 5.0

90,0 4o51 0.569 314 173.2 156,7 6.9
120.0 3.82 0.58 2644, 173.5 156.6 21.0
175.4 3.58 0,54 24,06 173.8 151.0 -



TABLE 1IV.

Traverse at % = «0.187 in.

Horigontal
Distance
in.

0(Surface)
0,001
0,002
0,003
0.004
Qomg
Q.m’é
G007
0,009
0,012
0.017
0,027
0.052
0.077

Radial
Distanecs

in.

V]
@ 0@%’?
G.0013
00020
00,0027
0.0033
0,0042
0.0049
0.0063
0.0083
0.0118
0.0188
0,0362
0,0535

Polar Angle = 41.8°

Wire

T@mperatu?@

oF

154,043 °
152.89
148.96
144,.52
12.57
139.10
135.83
132.49
126.15
118.03
108.40
101.19
100.20
100.15

Troverse abt x 2 G.

Horizontal
etance
in.

0{Surface)
0.001
0,002
0.003
0.005
0.010
0.015
0,020
60025
0.030
0,035
0040
0,045
3,050
0,055
QO{}%
0.065
08570
0.075
0.080
0.090
G.l@@

127 in.

Radial
Distanee
ine

0
00000
0.0017
0.,0026
0,0043
0,0086
0.0129
0.0172
0.0215
0,025%
0.0301
0.0344
0.0358
0.0430
0.0473
0.0516
0.0560
0.0603
0.0645
0.0689
0.0775
0,0861

TYPICAL HORIZOWTAL TEMPERATURE TRAVERSE DATA FROM TEST 62

Poler Angle = 120,6°

Hire
Temperabure
op

164,00
163,42
162 ® ég
162,14
160,86
158,39
155,72
153.14
150,56
147,27
142,17
138,85
133,71
127,93
117,10
115,87
110.41
106,38
103.37
101.81
100,20
100,15

% The difference betwsen the air-stream temperature and 100%F, which was 0,15°F during
Test 62, wvas subtracted from all temperature measurements Lo base all tests on an aire

stream temperature of 100PF

-3

Y aa
ol

oo



Polar
Angle

Degrees

TABIE V.,

1600

SMOOTHED LOCAL XUSSELT NUMBERS

¥res Stream Reynold Humber

2000

4000

Surface FNusssld

£9.6

&7.6

37.8
20,0

8.3
12,0

58.9
60.2
53.8
25.5
15.2

2108

Humber

6000

65.9
70,0
66.8
28,7
227

30.3

8000

T1e9
798



Part IIX
THERMAL TRANSFER IN TURBULENT GAS STREAMB. EFFECT OF TURBULENCE

ON LOCAL TRANSPORT FROM SPHERES

# ,
Part 1II was submitted on Peb, 19, 1958 to the Journal of Applied
Mschanics for publication.



THORMAL TRANSFER IN TURBULENT G4AS STREAMS,
EFFECT OF TURBULENCE OH LOCAL TRANSFORT FROM SPHERES

He ¥e Bhort and B, 1. SBage
Californis Institute of Technology
Pasadena, Callfornia
DETRODUCT IO

Yany experimental messurements have been mede of the gross cone
voctive thermal transport from spheres, and these have heen well
correlated by MeAdams (1) for eonditions of turbulent flow. The pres
dictions of Johnstons (2) and measurements of Tang (3) show a divergence
from the correlation of Meidams and this may be the result of differences
in levels of turbulence.

Studies of local thermal transport from srheres are limited.
Cary (/) invesbigabted local thermal transnort from a S-inch iren sphere
in an air siream at Heynolds numbers between 4.4 % 104 and 1.5 x 107,
Similar information was obtained by Lautman and Droege (8} for a G=inch
eopper gphere in alr at Revnolds numbers between 1.3 = 10° and 1.0 = 1@60
The work of Lautman and Droege wes repsated by Xenakis and co-workers (6)
with a 9=inch sphere and with spheres 6 and 12 inches in diameter.
Hou (7) studied the loeal thermal transport from spherss under conditions
of thernal transport and combined thermal and material transport. His
vork was carried oub with two 0.5-inch grherss for Reynolds mmbers,
based on properties al the interface, bebween 1500 and 4200 and abt a

turbulence level of 0.05 root-mparssouare longitudinal fluctuation.



The status of the mathematlecal analyeis of heat transfer in the
three-dinensional boundary flow encountered et the surface of spheres
was recently veviewed by Ysu (7). Sibulkin (8) developed an exact
5@3@%30& of the thermal transfer at the stagnation point of a sphere.
Korobkin (9) epplied the Karman-Pohlhausen integral method (10) to the
prediction of the local thermal %@éﬂ&f@f. A1) of the theoretical mre-
dictions of loeal t?én@p@r% available to the authors appear to be

subject to limiting assumptions and %o represent enly an approximation

of the behavior in the boundary flow about a srhere.
The present experimental investipation was coneerned with rates
of local thermal transport from & silver svhere 0.5 ineh in diameter,

Measurenments were made ot Reynolds muwbers, bagsed on free stream

properties, between 900 and 3600. lecal transport vas determined from
the redial temperature gradients encountered within the boundary flow,
This investigation constitutes g portion of a study of the effests of
the Jevel and scale of turbulence upon thermal and material transport
at relebively low Reynolds mumbers,
ARALYSIS
In order to present the temperature distribubion about a sphere
under sonditione of forced conveebion, it is convenient to consider a
normalized temperature distribution in the boundary flow (7). This
quanbity was defined for present purposes ass
t -t
T:t’f-t
t o

S



I% should be emphaslized thal equation 1 is only one simple means of
cing & £irst order correlation of the temperature distribution in
the boundary flow about the sphere.

For the present study, the Remoclds number was bhased upon the

properties of the Iree strean as indicated in the following sguations

— d Ugs
Rew ™

=
%)
St

The macrossopic Huszeld muber based on the thermal econduetivily of alr

at the surface of tho sphere was evalusted from the following expressions

<@

e . S— 3

Nui = (17 -t )G A

In addition the macroscopie Musselt number based on ithe free stream
roperties was deternined from:
&

* = Qd | (4)
e = A

‘ # .
The space-average surfuace tempsrature, b, required in equatiens 1, 3,

and 4 was defined by the folloving ecuabtion:

A
» =L
t; “"A t;a’A



The local Nusselt number, based on the molecular characteristies of the

fleid at the swilace, was defined hys

Q
Nu; = 7 e ©

The local thermal flwr was esibablished Troms
]
S

-

Because of the malurs of the experimantal data, the ratie of the

local Husselt numbsr Yo the m@@f&@@@pﬁ@ Husselt aumber was found to be

5 i S
.

more useful than the 1@@91 Musselt number defined by ecquation 6., The

<'

following ecquablon for the relative loecal Musselt mumber is derived Irom

sgustions 3 and 63

N_ﬁ_@_ - (C%“ {f@ﬁ;} g: é'ﬁi ()
Nul (6~ b )k A A

The relative Nusseld number of equation © can be used {o advanta e 4o

o

portray the distribution o

=Y

loeal transport for several levels of
turbulence.
For the rurpose of illustrating dirvectly the effect of level of

tuwrbulenecs, a second relative Husselt number was employed, Thls quanbity



Al i S %Fen E . .
bo the lesal Nusseld numbewr

was the ratle of the loeal Missellt n

poelar angle and Reynolds

&

at gsers level of twhulenes for the sane

numbers Nu;/Nuga

METHODS AYD EQUIRMEND

The tempsrature distribution in a turbulent alr sireanm near an

o

eloctrically heated, silver svhers 0.5 ineh in dlameter was meoasured

axperimentally. The invesiigolion vas earried oubt at o free abreanm

tomperature of 100° F. at gross velocities betveen 4 and 16 feet per

<«

gecond. For easch of the welocities investipebed the Ilsvel of turbulense

was varied between 0,013 and sprroximately 0.15 root-mean=gouare
tudinal flucbuation.
The eguipment which furnished the alr supply has bsen deseribed in

detall (11). The alv stveam approached the vorking section in a 12-ineh

by 12=inch steel dust and was reduced, within a distance of amwoximately

two Teet, 4o a l2«inch by 3=ineh jet in which the sphere was suspended.
The undisturbed vertieal stream emerging upward from the consiriched
section vielded o transverse level of turbulence of 0,013 (12) and was
belisved to be aprroximately isotropic. The flow was substantially

8, &

sonstant throughout the greabter part of the croug gection of the emerging

o I v Sy n £ N e 4 o N SN g P - o oy
Jets The temperature of the wndisturbed alr stream was known

3_@ T ealatd PR S Ty ol (97 e wre med Sne
01" F. relative to the international platinmum sezle {11). The veloecity

Pl 2 v 5 oy BT G Yo 3 3 &Y o 5 g e 7 o e’ T GRS e y & 8 EET
of the sbream wase established within G5 por cent and did not vary more

B Pimg F e Y R oy g = 2 o o
than 0.2 per cent during amy one invesbtigation.

z Fe
g e 3

In order to vary the level of turbulence, a steel plate 0.1875 ineh



£

i ‘U“‘“’

in thickness with 0.87%ina! holeg on leinch conbters vaa ingserted in
the alr stresm ab the oxit of the Jet. Seebions of stesl duet 3 inches
by 12 inches in cross sscobion, in lengths varying betwsen 3 and 12 inches,

wore added on the downstrean slde of the perfo rated plate in order to

& & 1 D B ot B v o cpemen L o1 sl g e e €y U .4
permdt investigation abt several distances dovmsetream from the plate,

Pt
e

o

Davis (13,14) made an extensive investipation of the characiteristies of
bhe 1@%3%&%@&1 and trangverse fluchuabting velocities downstream from
a grid of the same dirensions. is data wers employed in the present
atudy to prediet the level of turbulence as a funchion of pesition in

ployed in this investigabion wa

o

the wake of the grid. Ths porameber e

&

he longdiudinal level of turbulence ezpressed as the ratlo of the roobe

x Y o

mepanesquare of the longltudinal component of the fluctuabing velocd

e 1 6 ey
bo the average veloeity.

§

The silver aphere employed in this investipabion haz been deseribed

by Heu (7). It was provided with a resistance heater which covered

%:;‘3
j
o,
£
o
&2
g
m
3
&b
g
|2
i

uniforaly the surface of an inner core. Four 0,005=1

couples were imbedded in the surisecs of the sphere to measurs the surls

)

emperature, The sphere was pupported by two horisontal stainless steel

ES

<3

~

tubas 0,000 ineh in diometer wndeh the leads for the healter and

thermosouples were introduced. Ouard heaters wero 'ﬁ*‘é@"fﬁuw}. o ovoid

L)

thermal losses along the euy tubeg. Hleetrieal pover added teo

LYY

the sphere was known within 0.1 per ecent.

A 0.0003=inch platimm, platimmerhodive thermocoupls mounted upon

&£

o sconvenbional probe (7) was used to neasure the temperabture of



in the boundary flow, The position of the thermocounle relative to the
surface of the sphere wag known within 0,001 inehs and tho temperature

£ the thernocouple was determined within 0.,02° F, relative to the

O

in alr temparabure

FJ
L&)
foult
o
[+
o
[
o
g,ﬁ
2
&

international platinum seala. Iocal
outside the wake of the sphere were of the order of 0.05° P, during
the course of o glven set of peasvrements.

e

Bocsuse of tenperabure gradients along the thermosouple wires,

the temperature of the alyr ecould not be established withoub making
correciions to the temperabure measured at the thermeocouple Jjuneblen.

Hovever, becauge of unserdainties in the evaluation of the losal thsrmal
transfer eccoffliclents to the wire and the possibility of other correte
tions not at gresent underatood, no action was taken to modify the
maasured tenperatures. Instead, the measured wi”@ tenperatures ware
used to compule temperatirs gradient data. A1l the temperature gradient
deta were redused to relative local transport by applieatlon of equae
tdons 7 and 8, Throughoudb the remainder @:’f the discussion 4he term
Puire temperature” is vsed to refor to the tempsralture as measured ab
the thermocouple junction.

adjacent te the

The gradients of the wirs btemperabtur
gphers avpsar to have been established within three per cent. The

rogulting absclube valuss of lecal thermal flux may involve unesriainties

of as much as 20 per cenbt because of the unceritalinties in relating the
vire temperature to the air temperature. It is believed that the relative

values of the loesl thermal flux, =3 defined by eguation &, do net ilnvelve



ungertainties of more than four per cent., The moleeular properiies of
air used in this vork werc based upon a set of critieally chosen
values {15).

EXPSRIVENTAL RESULTS

The conditiong associabted with the investigatlion of the temperabture
digtribution suwrounding the 0.5-ineh sphere are set forth in Tables I
and II. The exporimental data cover a range of Remolds numbers from
J00 to 3600. Values of the macroscople Musselt number from a previcus
study (18) are in good agreemend wilth the present data.

A sample of the sxperimental data oblained from horizontal temper—
abure traverses, which were made in the bowdary layer around the srhere,
is presented in Table III. Similsr information was oblained for each
set of experimental conditions rscorded in Table I. Figuve 1 illustrates
the hordzontal temperaturs traverse data recorded in Table III and the
corresponding radial temperature distributions. The radial distances
were established from the apparent point of contact with the sphere.
The location of the point of contact between the sphere and thermocouple
eould not be determined with accuraey. The wire temperature continued
to rise as the ﬁh@r&@@&apﬁ&/%&@ mresssd against the sphors. The lempere
ature gradient in the immediate viecinity of the sphere was extrapolated
linearly to the highest temperature reached in the itreverse, as ﬁﬁown
in the figure.

From date similar to those in Table III, walues of radial wire

temperature gradients were computed for each tempersture traverse which



ey
we Si % wm
o

intersected the srhere. I was found tha

[}

distributions were substantially linesr for disitances of as musch as

0.03 inch from the sphere. The %ﬁmg@ra%uré gradisnts at the swlace
ware smoothed with respsct to polar angle, assuming thet ths temperature
distribubion and gredients were symmotrieal with respeslt to the axis of
flov.

The normalized wire temperature distribution around the sphers for
gach set of conditions recorded in ?&bﬁ@’z is given in Table IV. The
behavior for a gingle set of conditions iz illustrated in Figure 2. In
the wake of the sphere where vortex strests introduced low frequency

Cfivetuations in the temperature and veleocity fields, the fluctuations
in temperature were of sueh lov frequencies that they were obhserved on
& galvanoweter with a natwral period of five seconds. These fluohus-
tions made 1t wvery diffieult to obtain a suileble time-average tempere
ature distribuvbion in the weke of the sphere, and for that reason no
detailed investigation of the itemperature éiatriﬁ%@i@ﬁ iﬁ the wake wag
undertaken. Some data obtalned at 2 polar angle of 150 degrees are
rresented in Table IV. However, the tempsrature gradients compubted for
this angle are sublect to large uncertainties.

Table IV also records, for every 30 degrees of polar angle, the
relative Husselt number <NU~;‘/ sz;}g the absolute Nusselt number( Nug)
computed from equation 83 and the relative Nusseli number {?@AV/?Qukje
Thess lozal dimensionlsss groups were based on the sgnoothed temperature

gradients. The normelized surface btemperatures, included in Table IV,



are from the work of Sato (i&).

Figure 3 presents the relative loeal Nusselt number, Féub/?ﬁgig as
a funstion of polar angle, with the lavel of longitudinal turbulence as
a parameter. The data in this figure are for an average Remolds
mumber of 3545. It should be smphasized that the Feynolds mumber was
somputed from the wmolecular conditions existing in the fres slream,
whereas the Musselt mumber vas compubted on the bssis of the molscular
properties of the alr stream at the suwrface. The veloeilty, 1614 foel
per second, given in Pigures J, 4, and 5 ls the average veloelily for
the four tests used in those figures,.

Plgure 3 shows that there is o marked variation in the relative
losal Nusselt mumber with polar angle and that the level of turbulence
rerts @igmiﬁi@&éﬁ inflvence upon the distribuition of local transpord
from the sphere. It should be noted that while the vrelative heat
transfer ab the stagnation point appears to remain constant, the absoluite
heat transfer at this voint ineressss with turbulence level in the same
manner as deoes the over-all heat %ﬁansf@r. Pigure 3 shows an Iincrease
in heat dtransfer with respect to volar angle in the wileinity of the
gtagnation point. This apperent increasse may result from the disburbance
in the boundary layer caused by the presence of the thermocouple wire.
4 sbtudy of the problems lnvolved in measwing air temperatures in thin
boundary layers 38 to be presented in a later paper (17).

. *
The data of Figure 3 for relative local Mugselt @xm@afgﬂhgf/yquiﬁmgr@

internolated for even values of twrbulence level, and the curves for evsn



turbulence levels are shown in Figure 4. Also included in Figure 4 eve

[

mental data of Hsu {7) for a turbulencs level of 0,052 and the
theoretiecal predictions of Sibullkin (18) and Drake (19). Hsu's mezsure=
ment® are in good agreement with the current data execept near stagnation
where some diverzence hetween the two seots of measurements 18 encountered.
The present date are based upon much more experimental information and
are belisved to reflesect the influence of turbulence more accurately

than the reconnaissance study by Hsu., For the theoretieal predictions

no consideration was btaken of the effect of turbulence so that 1t is

not surprising that some disagresment beltween experiment and prediction
ig found,

A cleaver indicabion of the influence of level of durbulence on
thermal transport from a sphere is given in Figure 5 by use of the second
relative lpeal Husselt numbarg hJu;//?QLq@ « This relative Musselt number
is presented as a funcblon of polar angle for several levels of turbue
lense at s representative weloelty of 16,14 feet per second, which
corresponds to a Bevaolds mumber of 3945. The local Husselt number ab
gere level of turbulence, hhge » wag ovtained by extrapolation of the
local Musselt numbers at four lsvels of twrbulence. Flgure 5 demonsirates
the large affent of turbulence on the heal trunsfer in the wake of the
8rhere,

In conclusion, 1% may be stated that the use of the Nusselt number
as a single-valuad finction of the Reynolds number for a particular bedy

3

doos not provide an adeguate deseription of the transport characteristics



§
[Xy)
[

§

encounbered in turbulent flow. It appears necessary to eonsider some

other Tactor oy Tantors describing the nature of the turbulent fluetu-
ation in order %o obltaln a more accurate descripblon of ithe itranspord

characteristies in the boundary flow. Uelther 18 the use of level of

deseribing the characteristics of turbulenes, ginee it talkes into

itude of the fluctuvabing velseitiss and dees not

account only the ma
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HOMENCLATURE
area, 8d. e
diameter of sphere; in. or £%.
differentiel operator

thermal conduetivity, B/ (8q.0%.) (sec.) (°F./f%.)

o o= QL Q. =

radial or normal distance from surface, in. or £%.

z.

U Husgelt numbop

local thermal £lux from surfacs, Btu/(sec.)(sg.ft.)

[ il Oe

total thermal flux from surface, Bitu/sec,

Qb Reynolds mumber

t temperature, “F.

U, bulk or free strean velosity, £'t./ssc.

A2 coordinate axes with origin abt center of sphere, in.

o,  burbulence level (fractional)

v kinematic viscosilty, 8q.f%./860.
T normalized temperature ratio

y’ polar angle from stagnation point, deg.

o nartial differential operator
Subseripts
n golid-pas interface

sa  free stream
o zere burbulence level
Superseripts

% SpoSe average
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TABLE III. TYPICAL HORIZONTAL TEMPERATURE TRAVERSE DATA FROM TEST 90

Horizontal traverse
at x = «0,186 ineh (

lorisontal Badial
Distance Distanes
ite in,

O 4]
0,001 0.0005
0.002 00015
0,003 C.0020
0,004 0.0026
0.005 0.0033
0.006 Q0040
0.007 0.0045
G.008 0.0051
0,009 0.0062
0.010 00,0068
0.011 G.0075
0,012 00082
0.0013 0.0088
G.0L4 0.0095
0,015 0.0102
0.017 0.0115
0.019 0.0130
0.021 0.0145
0.023 0.0160
0.026 0.0180
0.031 0.0217
0.036 0.0254,

& 41.99)

Hire
Tenmparature
oF

158,31
155.66
152 46
M‘@ s?@
10466
140,32
135,95
131.55
127.96
124,635
121,28
11819
115,10
112,84
110,86
108,86
106,01
104,30
102,58
101,72
106,86
100,29
100,00

Horizontal Tra
at = = 0,001 inch

Horizontal
DMatance
ine

4
0001
G002
0003
0,004,
3.005
0,006
4,007
0,008
0,009
0,010
0,011
0.012
0,013
0,015
0,017
0,020
5,025
0,030
0.035

8340

o.
0.045

Radial
Distance
in,

0
0,001
0.002
0.003
G704
0.005
0.006
0.007
0,008
0,010
0,011
0,012
0,013
0.015
0.017
0.020
0.025
0,030
0.035
0,040
0.045

£
el

Terae
((;/m 20%)

Wire
Temrarature
OF,

165,43
163,85
161,75
158 .84
155,12
151,92
148,16
144, .66
141,34
137,86
134,.58
191.00
127,96
124,035
119,04
114054,
10043
104, .02
301,72
100,86
100,29
106,00

= 60T =
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TABIE IV,

Polar ingle e 30°

Nu; /Nuf’ 1.82% 1,90
Nu; 20.8° 30,9
Nu; / Nug, e -
Hormalized |

Surface Tenp. 0,967 0.989

RBadial Distance
from Surface, in.

0 06345 0.854
0005 G607 0.760
@.@1@ @g:}‘éﬁ @031?
@ o@lﬁ @ e?&.gl b
0,020 - =
@o@?ﬁg ks b
6.030 i -
Qogé‘z@ w7 o=
0.050 = -
@o@j}m had hd
0,080 - -
0100 ] =
0,200 - =

250 - -
0300 - -

obtained frem eguatl

? Yaiues of Ny / Nuf

LOGAL COHDITIONS AROUND THE SPIE

06195

=

w2

tion \}&

1.000

=3

(A

¥

§

slt

1209

o
©

1.004

;ﬁ*’k“f}f&‘ﬁy ure

@0 ﬁtﬂ
O S00
0.85
0,818
0736
G755
0723
0.653
0.553

=

= Tit =

Values of Nu; cbtained frem values of Nu / Nu.- and the experimental values of surface

“%Lss@lu number, Nu,’4§= s in Table Il.

© Nu; { could not be extrapolated to zero turbulence level at 4 £t/sec because of

insufficient data at this velocity.
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Polar Angle
Fﬁu;/QVuﬁ
Nu;

Nu; /Nu;,,

Yormalized
Surface Temn.

Radial Distance
from Surface, in.

0
@c@@ﬁ
0.010
0.015
0.020
0.025
0,030
0040
06050
0.060
0.080
0,100

- 0,150
0,200
06250
06300

TABIE Iv,

0,758
G470
0.214
00750
0.0226
0.00318

(Cont.) = TEST 0

1,001

120°
0.30
6,9

1.16

1,006

Hormalized Wire Temperature

1.67 1.60
387 377
1.00 0.96
0,985 0,992
0,783 0.835
Q oégpﬁi‘} @ [ 53}»{
0.164 Ge254,
0.,0531 0,173
0.0106 0.0438
0 0,0133
s @ e@gé§
- 0

0,881
0,707
0.536
0,360
0,218
0,114
0,0617
00154,
000133

0,901
0.838
0.775
0,713
03651
0,589
0.527
0403
0.259
0.186
0.0541
0.00796
G

o

1,007

0.909
@ @ @16
0,723
@ ® 63&
0545
0:476
06435
0,388
0.358
@ @ BB@
06330
0.340
0,301
0,177
0.0727

0,0252

el

Wl



TABLE I¥. (Cont,) = TEST 92

Polar Angle o® 300 &0 900 120° 150°
#*
Nu;/Nu; 1,63 1,67 1.60 0.92 0.5 0,65
Nu; 40,5 40.2 38.0 21.7 9.1 20,6
Nui/Nuj, 1,03 1,00 0.96 0.9 1.16 1,29
Normalized
Surface Teup. 0,983 0,985 0.992 1.001 1.006 1.007
Redial Distance
from Surface, In. Hormalized Wire Temperabture
O 0.805 0.824 0.856 0,887 G908 0,914
0005 0,506 0,560 0.610 0.707 0.845 0,802
0.010 (6210 0293 0364, 06524, G780 0,651
0.G15 0.06893 06105 0161 0342 0.715 0,515
0020 0.0336 0.0483 00791 0.210 0.649 0.374
0.025 0.0168 0.021 . 0.0448 0.128 0.587 0,300
0030 000770 0.00880 - 00,0258 0.03833 0.522 D277
@o@-li-@ @ @o%l&a@ @ C%? ﬁisﬂ Qe@%5 &aé‘*@g goggz
0.050 = 0 0.00210 00175 0,309 0237
0L.060 = = o 0.,0840 D235 o228
0.080 - = = 0.00252 0.118 0,214
0,100 . - = 4] 00280 0206
0,150 = = = - 0.0077 0,188
0.200 s - = - 0 0o 356:5
0250 - - - - - 0,104
00300 - - e - - 0.0630



Polar Angle
Nu;/Nu;
Nu;

Nu;j /Nuij,

Hormalized
Surface Temp.

Radial Digstance
from Surfacs,; In.

]
0.005
0.010
0.015
0.020
0,025
0.0%0
G040
0.050
0,060
0.080
0,100
0.150
0,200
0.250
0300

?ﬁ )zag W@ i@@ﬂ%q} had T}ﬁ? S%B

30°

1.62

Fy Ty
J-yk}offé:

1.06

0985

0.824
0,563
0,305
0,101
@0 @&Sg
0.0211

391 0.00844

0.00142

1.00

0.,0239

0.0985

0,028
O

=1

G A

0.0101
0.00310
O

L=

0,908
0.847
0,783
0.719
0,656
0,591
0.527
@w‘i ‘7
0,308
0231
0,115
0.0549
000732
O

L)
=

0.924,
0,759
0.59%
06436
6322
0,289
0269
0,247
@ o%@
0e236
«231
0228
0,209
0.15%
0,103
@ o@éjy@
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FROPOSITIONGS

1. The thermal boundary layer measured on & sphere exhibited a minimum
thickness 2t approximately 40 degrees from the stagnation peind. A
rigorous mabthematicel itrestment of the flow in this region is proposed
to debermine whether this is a general yproperty of the flov or a result

of the particular eguipment used.

2« An asnemometer heving a small heat ecapacity or a thermesouple having
a smell sonduction cerrecticn can be made by condensing metals at low
prosgure on & guarts fiber,

3¢ A thooretical study of ensrgy trensfer from a fluid to o solid
surface which has s radivs of curvature small eompared o the mesn free
wath of the fluid way preove interesting.

bo It ds diffieult te oblain both good heat transfer and durablility in
rigid fuel elements for a fission reaestor. In the absence of a soluble
gompound of wranium with 8 small thermal neubtron cross gectlon, the fuel
might be saglly handled as an emuleion or & flnidized bed,

5, There is a need for dense phosphorg for seintillation ecunters,
Mstal-organic sompounds gimilar to the present orgenie cyyebtals used
may pwrovide sueh a phesphor,

6. 4 simple scheme for the analysis of a single sample from the Nip=
[H0a=tln0 aysten for ite thwree componeuts can be developsd.

7o E. B, Parker (1) discoversd that freshly prepaved crystals of Mgd
are ductile bub becoms brittle within a few minvites. This embrittlement
was attributed to impurities in the crystal. Transition te a different
allomprphic form mey ocour in this manner with the cbserved rssulis,

8., Certain mixtures of crvolite, fluorite and aluminum floride melt at
675%, The use of sueh an electrolyts in the Hall cell would permit
perating temperatures well below the present 1000°C. This would sub-

bantially reduce the cost of aluminum productiscn.

e

@ o

Ye A magnetie amplifier ig proposed Tor use in the Chemleal Inginesring
laboratory to contrel the input Yo heaters in place of the thyratron

eireuite presently used,

«

10, In order to ald contering of shock in a four-jow chusk on & lathe,
& seale should be etched on each Jaw.

il. The chiel bemefit obbtained from the assortment of waxes sold to skiers
iz peyehological. The wax does yrevent welbbing of the ruwning surfaceg

A
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however, the low friction between the skl and snew is a vresult of the
water £ilm produced by the high pressure ewerted by the ski on the %ip

of small ice erystals,

12, A sailor on a ghip that is elose=-hauled cannot always tell from the
sea and wind on whiech tack the greatest g?@m_ﬁﬁg is made. A simple analog

computer might be set up using a taffrail log and an anemometer to indieats
the veloelity component to windward.

Fefarencs

1. Parker, B. R., Scientific American, April 1958,



