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IlrrRODUCTION 

local temperature of a fluid in the presence 

or large temperature gradients is a major e:itperimental problem en-

countered in many heat transfer studies. differential equations 

used to describe the temperatur$ in and around temperatura-seneing 

devices are usually simple, but the analytic solution to these equa­

tions is often impo9sible because ot unusual geometry- or ~gular 

boundary conditions. Carslav (l) lngersoll(2) present equations 

a f€!W solutions applicable to conduction problems 

using thermocouples. 

Several inveGtigatore have studied problem of oonduotion 

thermooouples. Joh.neon (3) determined analytically 

temperature for of five air temperature distribirt:ions along the 

thermocouple leads.. Boelter (i~) oorreoted of thermocouples 

mounted on flat plates heate1·s.. Hsu (5) preBented an analog method 

for oorreoting ther~ouple readings taken in 

ing a heated sphere. Extensive studies or corrections for wire 

.an were by King ( 6) ., L'll ma.v oases, 1 s results can 

oo applied to therinocouplee because eimil<a' m!)l::JmE~lhr'V 

conditions.. The application of all these results 

heat trans.fer eoef'ficient for .. nr~1i!l!Arn~ study 

s method which does not the 

transfer coefficient for predicting poi.~t air temperatures from in-

dications of thermocouples. 



on the local thermal and material transfer f'rom spheres was pursued in 

the Chemical Engineering Laboratory of the California Institute 

Technology. In order to determine the looal thermal flux from the 

fluid 

adj aoont to the surface. For thie purpose a thermocouple of ............. .11. 

(,iia.m.eter wa.a mounted on a probe 11 and temperature tra:versee 'Were made 

with. the thermocouple junction through. the thermal boundary layer to 

the surf ace of sphere.. Traverse of' vere '1"'11!"'<0>!!U!)'l'l'ii'c&l'i 

H~u (5).. Figure l presents junction t.enaoeira'turE~S from a typical ex-

perimental traverse. term is 

.... "!'~"""""·"'~~ the measured ~air t.ein;oe•ra:tl 

in space. A third 

th~ouple wire points other than 

a't.hemooouple 'Will 

junction .. 

to the 

t."1"11111N~nt:1A between the air temperature and the junctior.1. te111peira:tu:1:"e, 

i.e .. , ta - t3 .. 

The position of 

investigators believe that 

lower than 

• along the thermocouple 

eo:nduotion in the upon th~ ju..~ction temperature will 

detail in this paper. 



rhodiUE!\l wires 0.001 

thermocouple was 

Figure 2., 

inch in diameter were because was smallest 

that could be but, t in an oxy-natu:ra.1 to 

cylindrical junction. irregularities were observed at 

under a )6-pol.v&r binocular microscope.. Tharn10oouplee \rere 

0.,0003-inch wires, but junctions 

The could 

0.,001 inch displacement of th~ probe 

directionlS.. thermocouple were 

""'"~""""'-' was to ail• stream .. 

0.001 

a 

jtm.etion 

from 

• 

earlier of 

sphere uae 

trru~af er from ~~~sx~es 

two silver h~!il1iBP.!1eJ~as 

(7) .. The 

0.016-inch 

001,P'iEa:" eo1"'e.. Four 

provided .. 

properly ad.Justed, no heat ·was conducrted to or from thei szin1"'"'~""'"" -.~~4·''"' 

supports .. 
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u.;;;> 1~•·l"'"'''lll is 

Hsu (S) discussed, (9). During the 

a velocity of 16 

to 

par a te:ra~~r~~tti.re 

looOF' and a turbulence level of 0,.013 .. 

ratio of the root mean square 

turbulence level is the 

fluctuating velocity com-

ponent divided b'-J the average longitudinal velocity. turbulence 

measurement was ma.de by Sato usL"'lg method of .., ...... ~ .... ,""""''"""' ... (10). 

The wires from which 

were were calibrated i.11 th11 laboratory. 

tions, vhioh differed slightly 

to obtain all temperatures. 

,...,., .............. thermocouples 

Sta..l'ldarda reference tables 

5°F 

thermocouples (11) 

of the copper-eo:nstantan t11ermocouples gave 

lower the table; at 2J0°F.. reference 

couples was at ice point. 

ANALYSIS 

for all 

!llections. 

assumption~ 

section.. (2) 

contents of each section a.re as follove: (1) 

are 1.L,,..,.,..,1.1.E:t"'ey'-' :in in 

only conductive 

di!'f erentia.l 

of thermocouple is developed.. The thermocouple one 
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term 1n thie equat1.on. (3) difficulties involved in 

each term the differential equation are discussed.. (L;) 

solutions to 

a finite difference approxir.iation. Il:1 these solutions 

temperature distribution the wire .. 

temperatures from junctio11 temperatures, vhich is the obj eotive of 

investigation .. 

temperature diatri'bution normal to the the is illus-

qualitatively 

while 

thermoeoup~ in plaoe is shovn 

it 

y-direct1on. itlil the reason 

Thermal transport by radiation from both 

couple is s.1i1all compared to the tranSJ,'Orl by convection. total 

emissivity of the silver sphere, vhich was prior to 

0 .. 047 (12) .. The emissivity is 

to be higher because was rod .. dizoo in this area welding 

the junction. Radiation transfer from an unoxidized 



transfer ooafficient enootmtered in this investiga.M.on is 0.04 

Btu/(°F)(sq.ft.)(see.). L~ order to transfer energy at a rate of 

0.0035 Btu/(sq.ft.)(sec.) from~ bocly having this transfer co-

efficient requires a temperature difference of 0.09°F. Radiation 

be responsible for a maximum thermocouple correction of this magnitude 

under.the experimental conditions. 

Uncertainty in the position of the thermocoupla junction b~ 

as large as + 0.0005 inch in the z direction.. An error of' 000005 

causes an error of 0.3°F in t.he junction at the ... """'~•"4'"""~ 

gradient observed.. Thi$ is a :small f~rror to the 

correction of 12.28°F 

less 0.1°.F are 44"'''""'"''~ 

at the surface of th® 

etttdyo 

An ideal, stationary temperature-sensing c~'v•~~u~ 

stream the 

is a measure of the kinetic energy and is 

the heat capacity of the f'luid. predict~ 

flow arotl.lld a sphere a l.'ll.aXi!nmn .21~ 

})Otential 

the 

equator in a stream having a velocity of 16 feet per i:>e~~oraa .. 

temperature rise upon st~qnation in air movi1\~ at 

0 .. 04S°F .. 

The affect of temperature jW::'lp accommodation 

well understood, but solOOl experimental work been 

(13,14). Temperature jump is a temperature discontinuity 

th:is i"ield 

8.-'1 
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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 

surface. Temperature jump and accommodation 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 wall: 

~t = 

The coefficient, 2.7, is a function of the accommodation coefficient 

and was determined experimentally by Smoluchowski (14). Large temper-

(1) 

ature jumps are observed when heat is transferred across the interface 

between a solid and a rarefied gas (16). The mean free pa.th, , is 

large in the ease of a rarefied gas. An appreciable temperature jump 

may also exist at atmospheric pressure, where the mean free pa.th is 

small, in the presence or a high temperature gradient. The maximum 

temperature gradient encountered experimentally was 6 x 103 °F per inch. 

The temperature jump estimated from equation 1 is o.041°F. 

These three phenomena, radiation, stagnation temperature and temper­

ature ju.mp, are therefore neglected in the analysis. 

The temperature difference between the inner and outer surfaces of 

the silver shell on the sphere is computed to be o.ooS°F at the maximum 

thermal flux. The internal thermocouples were embedded in an isothermal 



thera.f.'ors. errors 

.. On the basts 

internal 

the surf ace 

the internal 

to 

he 

a .. 

b., 

• 

The 

In 

of is 
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ature the t,eraperature as indicated by 2 .. 

0 

Q - h (ta. - t) (2) 

The enerf!.Y transfer rate per unit length of wire is given by: 

Q = Tr h D (ta. - t) (3) 

ccmduction 

(4) 

from 

to the loss by conduction in wire. Combining equations 3 and 4 

simplifying, the 

t - t = - _Q_ _g_ (k 21. ) 
Q 4h dy dy 

( 5) 

E3tablishment of the temperature from 
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~ Eiraluation of Terms in the Diff eren~ia.l: Equation 

transfer coefficients by Cole (17) are depicted 

in Figure ; for o .. ool-inch and o.0003-inch wires in air. Using 

Fr0seling 9s theory (18) tor the velocity distribution around a body of 

revolution, the data for a 0.001-inch wire are presented in 6 as 

a of distance from • ~alculation of these 

air velocities are on the assumption that laminar flow 

exists in the boundary layer and potential flow exists outside the 

layer.. Errors may be introduced by these assumptions; however~ 

subject to errors 

reasons "~"'"'"'" vill be discussed 

later .. 

The thermal conductivity of' platinum is more than tmce of the 

platinm-rhodium alloy (19). value to be substs.tuted in 5 

junction is not .. The evaluation of' dt/dy ne~ 

junction or k dt/dy, junction, 

• factors require a wire temper-

a,.-.1n•e in the junction, but only junction temperatures 

can be measured experimentally.. thermocouple junction can be moved 

a short distance along the axis of' the wire on either side of point 

which equation 5 is being applied. In thi~ vay a dis-

tributio:n in the neighborhood of the jtmetfon vould be obtained. 

solution to 

; .. cori.di tion conductivity of 



-

wire as a function y.. Each junction 

one temperature from a solution to differential equa-

To insight into this problem, it is as~ that the thermal 

conductivities or the metale the the:nr...ocouple are constant and equal. 

Equation 5 then becomes 

(6) 

In this case location of the junction not one of the boundary 

condition&. the 

This applies to an wire. For a finite length of wire 

it enough effects upon the region 

changes of emd conditions.. The second der:ivat:tve 

thermal flux in this 

junction temperatures. The assumption 

thermal conductivity throughout the wire permits evaluation all 

ftictore on the :right side hea:t 

efficient. There are uncertainties in the transfer coefficients 

o:f Figure 6. The fa.ct that the velocity fields are 

a.bout oil'curnvent this 



l 2~ two 

conditions: 

Application of equation 6 at each point gives 

(7) 

ta - t = - Q1 ( d 2t) 
2. 2. 4h dy2. 

2. 

(8) 

additional assumption that 

cient for a point solely a .function ot 

following true: 



(10) 

is a assumption near equator because thermocouple is 

parallel to and local velociti~s are parallel to 

is, therefore, normal to thermocouple 'Wire 

points., Fo:r 

the 

flow. If 

1 

t -I 

of equation 11, which eubject 

h = f(n) 

6 the 



identical at that point. 

Thi1 analysis does not apply to a thermocouple containing a dis-

continuity in the thermal conductivity. It will be 5hown in next 

section that the thermocouple correoti.on at inflection point of the 

junction-temperature curve obtained with a platinum, platinum alloy 

thermocouple is small. This 

In order to estimate the divergence of the thermocouple used in 

this investigation from th~ behavior described by equation 6, the 

temperature distributions in the probe thermocouple were co1~rt~ict as 

junction moved along axis of the through a knO'T.m air-

field., If the thermocouple points 

nodes whioh are by apart, a finite dif'ference fom of 

established in terms ot these nodes. 

to vhieh 

Subscripts n-1 n + 1 refer to the .. This 

conductiVity is 

heat tranaf er 

either side or n. Letting dimensionless 
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(13) 

(li.,) 

(15) 

contailUJ N + 1 l, • " • 1:ii - 1, 

N + l equations can t 

is 

tiontH 

Cn + l 
(16) 

_ (to.)n + Cn- 1 9,. A-1 

- ( t -t-(n-1 +' Cn..-J - Cn-1 Pv-1-1 (17) 



(18) 

A Jl node representation of the thermocouple in Figure 2 was ~"n'~~' 

metrical and used for 

on of 

D -- 0.001 

fly -... 
t .. 1 - 0 

t31 = 0 

h = 0 .. 05 Btu/(OF) 

--
--

For the of this value of 

coefficient was chosen from 

6 and was considered uniform over of. • 

thermal conductivities (19) of the 

assumed uniform. The dimensionless quantities ~quations 

were determined for the two metals from 



-- 2 .. 948 

at locations .. 

n : 31$1 while not nodea, were om1siderec:l of 

junction .. results 

in a homogsnooue alloy ltf!....re. 

method outlined 

shown Table I., 

ature .. ot 

alloy wires are listed on 

junction wa.1 at 

on 

node value of' ... t3 was obtained 

that 

by a thermocouple 

along ow ~is through " The 

two the thermocouple corrections are plotted 

in Figure 7 .. 

The second derivatives of t&mperatura with respect to y f'or the 

three solutions presented in Table I are 

respective values ot ta - t.. The s®oond derivatives of junction 



temperatures are aleo present. 'l'he second derivatives were 

by three-point method (20). 

Several facts ooncerning various distributions are 

learned from the of Table Io (a) a point 

in the neighborhood of the ju.nation quite 

ature obtai:ned ,junction at :po:L'1.t. (b) 

mum junction temperature does not coincide with _:point of """';;.J'".1."1Mw. 

temperature., (c) ju."lotion tempera:ture at a particular 

not necessarily lie between temperatures of two homogeneous 

comprising the .. (d) The actual second 

or wire at a point ma;;r dif'f er from value """"''"-""""'-

mined junction temperatures.. For exarnple, the second 

derivative of vi.re temperature thermocouple presented Table I 

i8 / in.sq. at node 16. 'I'hs value junction i;etnne1r-

atures 195.?°F/in.sq. The disagreement 

from junction temperatures those obtained 

(e) in 

&enn~~rar.t.u~e data is small, but is not 

ifl..i"lect:f.on 

to zero .. 

This does not "" ... ,,,,_..., the ir.J.'lection 

ke-'.f to air t.e1n.~irat1 • By inter-f10lation of I it is 

.._...,,..,_AY. that junction temperatures at inflection points differ by 

-0.,020 a.nd 0 .. 017 from the air temperatures. values are differences 

and,therefore,are fractions 

11 .. 



air temperature.. Although small, 0.020 is four times the uncarta:L"lty 

experimental measurements. The maximum junction temperature is 

displaced + 0.,0013 f'rom a.11 

junction temperatu1"'es are O .. OOlJ inch in minus y-rlireetion 

are 0.,004 and thermocouple cor'".r'ections at the 

0.001 .. 

will 

is not an empirleal 

to be handled this manner .. 

for 

:relative 

loctiti.ons 

± 

th Erl 

inch in 

an error of ± 0.0005 

junction 

the 

.. 

a ± 0 .. 005 uneerta.inty 1n 

junction inflection • Only 

:&-directions 

of' 

used ta deter-

Ali. 11 apparen·l; oonductivit~i j u.no·t i.on was computed 

substituting the second der.1va:tiire 

equation 6. 'I'he thermal conductivity of the junctio11 at 

the or maximum junctlon temperature was 6.478 x Btu/(°F} (rt.) (sec). 



Thie value lies between the conductivities platinum a.."'ld the 

platin'llll with 10% rhodiu.'ll allCY.f at 212°F, which .fll"e 11.416 x io-3 

Btu/(OF)(rt.)(seo .. ) and 4.9133 x io-3 Btu/(°F)(tt.)(seo.) respectively. 

EIP.ERIMENT AL PROCEDURE 

Junction 

the y-direction.. All 

of: equator.. The location of equator of 

in the y 

coordinates to 

y was set ""'-l. '""""""' 

whose origin was at 

maximum of 

Thie a.~ error of appr<,:ldLmt::Lte•lY 

true y-coordinate 

prediction of more ac1t"l1:n"at~A 

of contact between 

on this curve as 

of contact was 

to the 

are record.ad as a .t"unetion 

plotted in Figure s.. The 

~ireetion 

traverses made 

was deter­

Tne laborator"J 

sphere, 

.. 
point 

recognized 

.. The 

the z-coordinates 

in Table 

1 



z = 0 .. 248 in Figure 8 were obtained by bending the wire over sphere., 

Tha slight increase in thermocouple temperature Figure l after touch-

ing the sphere was caused by lowering of the thermal resistance between 

the wire &'1.d sphere as the wire was pressed a.round the sphere .. 

Junet.1.on temperatures less than 100°F as indicated at y : -0.,120 

in Figure 8 l>tere impossible bscauae the air stream "Was maintained 

lOOOF.. The y-traversaa were limited at approximately y = ...0 .. 120 by a 

probe tip touohing the sphere. It is believed that a very temper-

ature gradient e..~isted across the .solder attaching the, thermocouple 

to the probe tip while the tip wa.s contact with the hot ep.here .. 

these conditions the eolder-platinu.m alloy junctions ~eine1~at1ea 

e.m .. r. The e.m.r. was oppoeed to that of the thermocouple resulted 

in an indication of a tsmperature less 100°1 .. 

second derivatives of junction temperature with respect y 

were CO!!!p'Uted using a t'.hree-po:tnt ap}:Jl'oximtion (20) and are listed in 

Table !1I.. The valne8 of the derivatives in th~ region 0 .. 250< z 

<0 .. 258 11 - o.o; < y < 0.05 were scattered, but lay between'"l9,0000F/in .. sq .. 

and""'25,000°F/in .. sq .. giving a to the curves in this 

The portions the curves in this region were omitted from 9 

avoid conf'usion. Sevsi'"al steps WE!lre taken to obtain oonsietent curves; 

justments of data., in the y-direction in 

order to measure in as 

atures :required to determine a second derivative., This ... ""''"'"'~·~ 



conditions the derivative. 

temperatures, which vere nearly linear 

portion of 

or smoothi.'l'lg the y direction was found which would 

a consistent set of second derivatives. A five-point approxima-

tion (20) of the second was tried, but it was found 

using smoother results.. The inflection points were 

9 and plotted as a 

dashed line Figure 9 shows the distribution of the second derivatives 

analysis. 

The intersection each constant-radius 

air temperature that 

temperatures deterr~ined are listed 

arithmetic average the two air temperatures is plotted 

Figure 10 .. thermocouple oorre11t·1tions at y : 0 are listed in 

Table !V and plotted in Figure 11.. The inflection curve of' Figure 8 

not the sphere closer than Oo014 inch; there.fore, 

consequently the thermocouple correction could not 

et!tablishoo in the region 0 < n < 0.014., The thermocouple correc~don 
)( 

curve was e~trar,.,olated through this region to the eor:reoti.on the 

surface o Corrections computed the method of Hsu (5) are show11 in 

Figure 11 for comparison. 

transfer ooeff:i.eien·ts for thermocouple wire were computed 



6. 

used.. The m:i.m.bex· o! 

to five 

eonduct:tvi ty junction wa~ 

coefficients could be 

thermcouple correction 

deriv-l:l.t.ive wer.ei k.nom1 at only five points. The heat 

transfer l.J.J equation 6 are thos~ 

obtained 1'rom Cole (17) and F?-Ossling (18) in 12e 

the error 

position 

local 

DISCUSSIOl~ OF RESULTS 

to develop 

can be 

to 

conditions 

curve in 

instance .. 

over 

manner 

correction 

studi~a (21) 

the center 

pP..rmit 

for each traverse 

" 

11 were respect 
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to correction surf'ace to 

layer thickness. The thermal 

from equation 19 was 0 .. 0125 inch. 

tu. - t<><> dn 
ts - t°'° 

of one or more of 

It is believed 

of' the 

Figure 13. 

(19) 

boundary layer of a sphere to f'unetion (22).. Curves of 

dist a.nee 

velocity 

polar angle., Likewiaell the variation of the correction 

respect to may so Figure 1.3 

would be will to 

tests .. 

this imH}Stigation and thoai! of (17) 

not surprising. The resistance to therr1al fluid f'ilm 
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a heat trax1sf'er coefficient which is a function 

of" velocity alone.. 'l'he velocity gradient the 

the wire produces pressure g--.eadien:ts in the boundary layer the wire .. 

Flov parallel to the axis of the will develop nea..t' the surf'ac~ of 

comparable to that oonducti.on 11 dimensionless c, 

computed in the analysis vould correct value .. 

this manner may explain 

the region near the 

sphere. 

slightly different than norl'.lltll definition air ten:mm·a 

used in 2 to 

transfer ooeffieients.. transfer coefficients a.re computed 

fined as the temperature 

The air temperature, vhile the v:ire 11 and heat is 

distinction only of consequence 

uhen high tem:r;:ierature gradients surround the wire. 

The dashed portions of the curve in a.re eatimatede It 

is possible that a definite minimum in the heat transfer coeffieient 

mats near the surface., At a point in the lov velocity fluid near the 

surface, the thermal transfer :t:rom the vi.re 

ot higher velocity or when the vi.re is in contact with 



five values transfer is 

of the a distance 

the velocity distribt:rUon Frossling .. 

Consid01· the boundary layer, At , er;jend to a 

which the tamperature 99% of its free stream value. 

itio:n 0£ the boundary layer "Ghiokn.ess not be eionfused with 

of equation 19. The extent or the velocity bo\mdary layer, Al.! , is 

the point the vsloei ty determined by i~ 99% of 

.found potential of 

velocity layers according to this new definition are 0.034; 

inch and 0.0141 inch, The con-

approach 

suggested. A more likely 

velocity not that in potential flow O .. OJ .. 41 9 but 

oontiltues to increase in the 0 0 .. 0.345 inch 

from sphere. In 

describe 

Thia in light of difficulties involved 

def'ining in 

gradients. 



cmrctusroril 

results 

velocity on a to thieker 

by (l8). 

.. 
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NOMEICLATtl'R.IS 

d differential operator 

D wire diameter, inch 

£ a function 

h heat transfer coeffiei.e11t, Btu/(°F)(sq.f't .. )(sec.,) 

k thermal r..onductivity, Btu/(°F) (rt.} (sec.,) 

i, mean 

n 

a 
Q 

t 

distance 

tj junction °F 

fit t@mpe:rature jump, op 

~ strewn velocity 

'U local velocity 

x coordinate axis, 

y coordinate axis, 

z coordinate a:;ds 11 in eh 

6 displa.eet>1ent boundar,r 

A boundary layer 

11 finite increment 

equation l'f 



Subscripts 

n node 

Pt plat!nu..m 

Rh plati.'1.um alloyed with 101~ rhodium 

s surface spher~ 

t temperature 

u velooity 

1 point the air stream 

2 point the air etl"'eam. 

0() 
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TABLE I .. COMPUTED WIF.E TEMP.ERATURESa 

l~ode Wire Platinum, 10$ Rhodium 

y n ... "t; d2t/d,.2 ta= t 
in. --2 

-1 0 - 0 -...(J,.15 0 -2.45 x 10-2 35,.g 1 l ""'2 .1 .... .. t;!. x 0 
l =4 .. 54 66.J .... 2.60 .. 2 
2 ~ .. 01 87.S ... 3,.JS 114 .. 7 
3 -6 .. 91 100.8 130 .. 9 
4 -7.61 111.0 -4.44 150.6 

....0.10 ; -7.70 11.'2 • .3 -4 .. 80 .. 9 
6 ...6 .. 0l 87.7 -3 .. 90 132.2 
7 "'"'2.4S J6.2 54.2 
s o.ss ... 12.9 0 .. 35 -12 .. 0 
9 3.99 -58.2 2.04 -69.t,, 

....o .. o; 10 6 .. 07 -100.2 3 .. 62 -122 .. 7 
ll -129 .. 6 4.,55 -154 .. 3 
12 10 .. 18 -148.7 5.03 -170.5 
13 11.24 -164.l 5.,47 -185 .. 5 
14 12.19 -178 .. 0 -204 .. 4 

0 15 .4 6.19 .s 
16 .. o 6 .. 03 
17 1 .5 

.7 5 .. 03 .. 5 
-129 .. 6 4,., -154.~ 

0 20 .2 3.62 ... 122 .. 7 
21 .2 2 -69.4 

0 -12.9 0 • .35 .o 
-2.48 -1.60 54 .. 2 
-6.,01 -3 .. 90 132.2 

0 ... 10 -7 .. 70 -4 .. So 
-7.61 ... 4.,LJ.i, 150 .. 6 
...().,91 .... 3.a6 lJOe9 

28 -6 .. 0l 87 .. 8 -3e38 114 .. 7 
29 -4 .. -2.60 

0 .. 15 30 .. 45 -1 .. 42 4£5,.l 
0 - 0 -



TABIB I .. (Cont .. ) 

Thermocouple Junction Thermooouple 
Mode Node 15 
n Temperature 

d2t/~ d2tj/dy2 ta -t ta "" tj 
in.-2 in .. - 2 

0 0 - 0 -0 0 .46 x 10""2 35.9 -1 .. 42 x 57.9 
1 0.0012 -4 .. 56 66.5 -2 .. 70 100 .. 3 
2 0.0272 ...0.04 88 .. 2 -.3. 70 119 .. 5 
3 0.0617 -6 .. 96 101 .. 5 -4.1.,.5 130 .. 0 
4 0 .. 108,3 .... 7.,68 112.0 -5 .. 29 150 .. 4 
5 0.1121 -7 .. 80 113.B -5 .. 9l 
6 0 .. 2649 -6 .. 16 a9 .. 2.3 114 .. ; 
7 0 .. .3849 -2 .. 70 39.,4 .98 25 .. 0 
s 0 .. 5068 0 .. 56 ...s .. 1 -0 -27 .. 9 
9 0.6249 .3 .. 52 -51 .. 3 1 .. Jl -:n .. 1 

0 .. 7349 6 .. 18 -90.2 3 .. 36 -126.6 
11 o .. 8262 7 .. 87 -1u .. s 4 .. 82 -149 .. 2 

o.S975 S .. 71 -127 .. l 5.76 -161 .. 5 
13 0 .. 9514 9 .. 09 .,6 6 .. -178.9 
14 0 .. 9879 9 .. 05 -132 .. 0 7.45 -201 .. 2 

l .. 0000 -267 .. 5 7 .. $9 .9 
0 .. 9879 6 .. 98 -236 .. 8 "'l .. 94 -195.7 

17 0 .. 9511~ 6 .. 0l -20,3.,8 7 .. 51 -17l, .. 8 
0 .. 8975 5 .. 33 -160 .. S 7 .. 08 -164 .. 6 
0 .. 8262 4 -160 .. 1 6,/S7 -149 .. 9 

20 0.7349 -126 .. 0 5 .. 55 -114 .. 1 
o.6249 -'11.2 .3000 -55 .. 7 
0 .. 5068 -1) .. 0 1 .. 00 -1 .. .3 

23 0 .. 3849 53 .. 6 -o. 64 .. 7 
24 0 .. 2649 131..9 -.3 .. 39 14.3 .. 6 
2; 0.1721 162 .. 7 -4 .. 92 153 .. 7 
26 o .. 15.0 .. 5 -5 .. 10 128 .. ;l 
27 0.,0617 130 .. 9 -4081.1- 111 .. 5 

0.,0272 -J .. 38 .. 6 -14-.1¥9 97.,B 
0 .. 0072 .. 60 -3 .. 66 61 .. 0 

30 0 -1 .. 42 48 .. l -2 .. 16 ; .. 1 
0 0 0 .... 



TABLE • 

:a in. 

0 0.250 0.251{, 0.258 
y 

in .. or. 

-0.120 -40.l.3 - -6.W.,, 

-0 .. 100 19.88 20.61 20.72 17 .. 07 l) .. 69 l0.86 

-o.oso 61.4S 59.64 55 • .'.39 44.93 39 .. 23 :31 .. 2S 

-0.060 9.3.85 91 • .34 87 • .31 75.05 64,.38 .. 12 

-0.040 116 .. 64 115 .. 21 108.67 . 96 .. 10 86 .. 04 75 .. 57 

-0.020 1)1.56 130 .. 85 121 .. 67 110 .. 86 88 .. 82 

0 1.38.96 138.27 125.45 115 .. 21 104.02 93 .. 35 

0.020 1.33.41 .2; 120.95 109 .. 85 98 .. 59 SS .. 57 

0 .. 040 US .. 57 117.85 1os.43 97.60 s;.54 .09 

0 .. 060 96 .. 35 94 .. 60 85.79 75.05 64.64 ;; .. 39 

o.ooo 66.04 63 .. 59 57 .. 52 48 .. l+.3 39 .. 23 32 .. 65 

0 .. 100 37.86 .33.4S 29.62 23.23 17 .. 91 14 .. 25 

0.120 12.84 12.28 ... - 6.01 4.'d7 

o.u.o .... -0.29 - o .. o .. s6 
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TABIE II. (Cont .. ) 

z in .. 

0 .. 260 0.263 0.265 o.26S 0.27) 0 .. 278 
v 
"' in .. Temperature op.. rllinus 100° 

-0.120 -3 .. 75 -2.31 -1.73 ... 
..0 .. 100 7.44 4.02 2 .. 58 1.1;,3 0.12 o. 
-o .. oso 24.07 13.91 10.00 5.1.,4 2.01 o.86 

-0.060 44.12 29 .. )4 20.72 12.84 4. 1.4.3 

-0.040 63 .. 59 44.66 34.02 21 .. 56 s.29 2.,58 

-0 .. 020 76 .. 09 56 .. 18 43 .. 85 2S.79 4 .. 02 

0 79 .. 69 59 .. 90 47.36 31 .. 55 12 .. 84 4 .. 45 

0 .. 020 75 .. 31 56.lS 43 .. 58 27 .. 96 .1;2 3 .. 73 

0.040 63 .. 3.3 45.,47 )4 .. .30 21 .. 00 s .. 01 2.44 

0.060 44.39 29.31+ 21.56 11 .. 99 4.,02 1 .. 43 

o.oso 24.)5 14 .. 82 10 .. 29 ;.44 1 .. 86 o .. 

0 .. 100 10.29 5.7.3 4.30 2 • .30 o .. S6 o.ss 
0.120 3.,45 2 • .30 1.4.3 0.86 -
0 .. 140 0.29 o.58 ... 
o .. -1 .. 44 -o .. 86 -



TABIE III .. SECmID DERIVATIVE RESPECT SMrorHED 
EXPER:n«..Tl' AL TEMHmATURES 

z in .. 

o.2so 0.252 0 .. 254 0.,256 0 .. 258 
y 

dt2/cty2 °r per in.2 x 10-3 i:n. 

-0 .. 100 2 .. 38 1$-.95 7 .. 95 10 .. 8 12 .. s 
-o .. oso -3 .. 25 -0.?75 l.40 .3.55 5 .. 88 

...0 .. 060 -.3.3.4 -26.7 -20.0 -1.3.Ji. -6 .. 68 

-0.,040 .4 -21.2 -20 .. 0 -18.9 -17 .. 7 

-0 .. 020 -16 .. 9 -18.5 -20.,l -21..7 -23.1..~ 
" 

0 -30.1 -28 -26 .. J •.• ;u., .. 4 -22 .. 5 

0 .. 020 .... 20 .. 9 -20 .. 6 -20.3 .. 9 -19 .. 6 

0 .. 01;.0 -20.,L,,, -20.2 -20 .. 0 .. s ... 19.,6 

0.060 -26 .. .3 ... 20.,9 -15 .. 5 -lOel -t,,.70 

9.,23 7o95 7.13 7 .. 10 

0 .. 100 16.3 20.,7 24.,4 23 .. 9 

0 .. 120 28.,0 23.:3 18 .. 7 14 .. 6 lJ...9 





TABIB IV .. HEAT TRANSFER COEFFIC:nmrB AND CORREC'l'IO!lS FOO. 0.001-IMCH THElt'IDCOOPLE 

Radial Nol'.'100.lized Junction Mr Thermocouple Heat Transfer 
Correction -d2t/a:y2 Distance Distance Tempera.tu.re Correction Coef'ticient 

Average 

6t 
y:O y<O y>O y<O y>O y:O Btu .. OF OF OF OF °11' OF/in .. 2 (oF) (rt2) (sec) 

0 0 .... 1 - 1 .. 00 .24 x 10~ :; .. s x io-2,., 
o.015c 1.20 147 .. 36 155.2 155.6 7.S 8.,2 0 .. 65 16.,S)x 10 J,, ... 09 x 10-2 
0.016 1 .. 28 w .. 2od 11~9 .. 6 149.9 7 .. 4 7 .. 7 o .. 62 
o.or1 1 • .36 136 .. (,ai ].44.0 ].44 .. l '7 "4 7.5 0 .. 61 ... -

13 .. 0 x 103 
") 

0.,018 l..M. 131.55 137 .. 9 138 .. l 6 .. 3 6 .. ; o. 3.,94 x 10-~ 
0 .. 019 1 .. 52 126 .. Jod 131 .. 9 .. ) 5 .. 6 6 .. 0 0.47 
0.020 1.60 122 .. 05 127 .. 5 127.L} 5 .. 4 5 .. ) 0 .. 44 ... - \JI 

\>) 

0.021 1 .. 68 ll8 .. 45d 122.4 m .. a 4.,0 1,,,.4 0.34 - - 8 
0 .. 022 1..75 i15 .. 45d 118 .. 9 .. 8 3.,5 ) .. 4 0 .. 28 - - ".) 

0 .. 023 l .. 84 112.84 .. s ns.2 J.,0 2 .. 4 0.22 6.40 x /.i ... 69 x 10-"'" 
0 .. 025 2 .. 00 ,,6i:;d 110 .. 5 :110 .. 1 1 .. 9 1 .. 5 0 .. 14 - -
0 2.24 1Q.4 .• tr5 105 .. 1 10;.2 0 .. 7 0.8 o.o6 2 x 7,.44 x 10-2 
0 .. 038 3.0~. ... - 0 0 0 - -
£i. UVUU\,t(;;y; 

b 
tn:Lcime~ss, Ot , ""'ras 0,.0125 

Ul><:ll.1.,U,VU sphere, 
.. 

was .. 55°F .. 
c ~fo inflection O<n<0 .. 015 .. 
d ~~ - obtained 



Part 

* The material presented in Part II will be submitted to the 
American Society of Engineers for publication under 
the joint authorship of W., W ... Short and B .. H. Se,ge., 



- 55 -

The marosoopie heat transf'er &om spharee to fluids been 

investigated for a large of flow conditions and sphere sizes. 

McAdams (1) s~zed much of the available data obtained for moderate 

f'l.OW' conditions., Recent studies of maoroecopio heat transfer -were 

conoorned vith extreme ~nditions of' prell!.urure, velocity and turbulenoe 

for which the heat transfer as expressed the t-msselt number can not 

be correlated as a single-valued funetio:n of Ria;;nolds nuntber. There 

was much interest in supersonic flow in vhioh compressible effects &r$ 

important. Beckir1ith (2) measm-ed the heat transfer &om a 3.5-inch 

sphere at Mach numbers of 2.00 and 4 .. 15. Tests by Eberly (3) 

8howed that energy acoomi'!Wdation and viscous slip at the 

sphere are important factors governing heat transfer low pres~ur$S. 

Sato (t~) demonstrated that a turbulence level of 0 .. 15 increased the 

macroscopic heat transfer a Reynolds number of Sooo, 40 cent 

over that for laminar f'lov at the fllante Raynolds nmber. 

There is little information pertaining to local heat transfer f'rom 

spheres even at """"'""""~~"'..,.,,,, conditions .. of' &llv'i':7'<!•mm conditions 

on the m.'lcroscopia transf'er might oo predicted it mechanism 

loo al trai··u1.f'er is thoroughly understood.. Some data on loc.a.1 

and material trans.fer were obtained ~J measuring the rate of e!Jolution 

or sublimation of solid spheres (5,6,7). Recent imrestigators have 

employed equipment for the direct measurement of the local heat transfer. 

Cary (8) and Xenakis (9) measureld the ane:rgy loss from a small heated 
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plug set in the surface or a sphere, but insulated from the sphere. 

Cary (8) determined the local transfer from a five-inch iron sphere to 

an air stream at Re";nolds numbers up to 1. 5 x 105.. Xenakis and co­

workers (9) repeated ~ome earlier measurements by Lautman and Droege (10) 

with sphere1 6, 9, and 12 inohee in diameter. F.su (11) established the 

local heat transfer from air-temperature gradients measured in the 

boundary layer surrou..11ding 0.5-inch f3pheres. Hsu presentedi; as a 

function of polar angle~ data on heat tran~fer 

taneous heat ru1d material tran$fer at Reynolds, numbers between 1500 and 

4200 0.0;4 level turbulence. 

in eolving for ~locities in 

other point on a !!l!l""k"'"""'• Fl'Oa&ling (12), Sibulkin (l.'.3) 11 and Korobkin (14) 

oom.pt1ted Nusaelt nt111bers f'or the stagnation point.. Drake (15) 

SibuL'l(in (16) derived equatior..s for the heat trans.fer as a f'unction of 

po~ition in the upstream hemisphere. 

tranef'er , in the dOV'nstream hemisphere, where of the boundary 

layer occurs, was found.. Heat transfer in the highly turbulent wake can 

not be treated by 

whieh assume laminar flow in the boundary lt~yer. 

In the present study, tempera.ture measurements wre made 111 the 

boundary flows surrounding a 0 .. 5-inch sphere at Reynolds nunibers between 
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000 and 7100. Suf.f'ioien·s data were obtained establish the temper-

ature distribution in the 'boundary layer up to the separation point. 

These measurements ~ere ca..'l'Tied out in an air stream at a turbulence 

level of 0.013. The local thermal tra..~aport was established from the 

radial temparatu..re gradients adja.eent to the sphere. 

ANALYSIS 

The Reynolds ntimbe:m presented in this investigation are based upon 

the properties or the tree stream all! indicated in tho :following equation: 

(1) 

on the thormal. conductivity or d.r 

the surface of the sphere is 

N. """­U· -
I 

"' Q.D 
(2) 

Q D Nu~ (t7- t"°) ko0A (3) 

* t 1, required in Equations 2 and 3 

is de.fined by the following equatiom 
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(4) 

The local Nusselt nu.moor, baaed on the molaoula:r characteristics of the 

fluid at the surface, is defined by: 

0 
The local therm.al flux, Q, is est!l.blished from: 

0 (cit) Q=-k·-. 
I dn,, 

I 
(6) 

sphere. The local 

to obtain total thermal tJ:w: from sphere. 

0 !Ao Q= QdA 
0 

(7) 

found to more useful in this 

instance than the local !'lusselt 11umbar defined by Equation 5. The rela-

tive lfusselt number is the ratio of the local Nusselt number to the 



~Lli 
Nu.~ 

I 
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The relative Nueselt number can 'be used to advantage to portray the 

distribution of local transport for several velocities. 

(8) 

It is convenient to ao:rud.der a. thermal 'boundary la;yer whose thick-

relations 

T t-to0 
t--t I oO 

It has been found (11) that the normalized temperature ~ be approxi­

mated by an empirloal expression in which the function ¢ is that 

developgd by Blasius (17). 

l = 1-¢(~) 

(9) 

(10) 

(11) 

It should be emphasized that Equation ll prooiets only approximately the 

is not suitable ~or com:PUting 
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tempera.tu.re gradients and local heat transfer rates. 

METHOD.S AND EQUIPMENT 

this investigation temperature distributions were determined 

a.bout a silver sphere 0.5 !nch in diameter. The :sphere was StlSpended 

j.n an air ftltream having a temperature of !OOOF, and iaeasur~mente wre 

cll!Tied. out at gross stream velocities of 4, 8, 16, and .32 feet per 

second. 

level of turbulence . 't1as established by the m$thod described by 

Sa.hubauer (18). ·The transverse turbnleru~e level was :found to oo o.013 

from the divergence the temperature wake of a mnall heated 1d .. re. 'l~he 

tranever~e level turbulence is defined as ratio of root-mean-

square ot component of the fluotuat:blg velocity the 

Wlled in th(lj; n'.r'i~sl!lmt study under oondi tioNI of ar.'cifioiall;y induced 

turbulence. 

The ~ilver sphere u.sed. in investigations V€"..S described in 

detail by Baer (19). It consi1ted ot an interior copper sphere upon 

vhioh a spiral groove wae cut~ and a chromel heater with glass insulation 

was placed in the groove. The heater was covered b"IJ two silver, hemi­

sp.1.®rical shells soldered to the surface ot too copper 8phere. Four 

surface ot the silver shell. These thermocouples indicated the eA"temal 

surface temperature to vithin 0 .. 01°1.. The dev'ioo was supported by two 

in which leads to 

were located. '!Vo small heaters were wound on the supporting tube to 



reduce eoorg;ir loss from sphere by conduction along the supports. 

our.rent to these heaters was adjusted until tho internal th0..1.-mo­

couples ind.iooted equal tempe1"'atures whoo on the equator normal to the 

streai'lh The ;lnput to sphere va.s by a 

total T.J'll"1ir'!ii1'1d fl'llJ\:: from Sphere l! 

believed to within 

O .2 per cent. 

The equipment furnishing the air stream was described by Heu (20)., 

The gross velocity of air stream was determined its temperature 

(21).. The 'W'eight rate of' tlow measured by means of' a venturi "'"'"0
""',,. 

tempers:!Aure of the air was measured within o'.1°r by meanei 

""'"ii"!'l'll'lil'O~.""-w:~oll!>~ of t;r.pa (22).. Th~ 

the test 4 een"'G 

0.,2°F (23) .. 

Tha loool temperature the air emrround.ir;..g sp'.here was measured 

with a plati11Um, constantan tharl:l:IOCouplt!!i 0.,001 inch in diam~ter .. 

thermocouple was soldered to the needles of a probe (ll). 

ju .. 11ction was placed on the probe in the tree atream at a 

reference 

~T.~~\"U'l!Cli Qf 

approximately onEi sphere., Siwh an anJ!l.:e~:ienri; reduced 

effeot upon the differential measurements of fluctuations 

&tura of the free streto<.f!l with time. The 

the tempeir­

was mounted 

on a traversing mechanism to thermocouple 

v:tthirt + 0.0005 inch relative to three coordinate axes at the center of 



p1•obe for elll.ch aondi tion of f'low. The platinum., constantan 

0 
0 .. 1 1' 

" 

The experimental conditions obae~l during the eight t@$t8 in 

this investigation. are recorded in Tables I and II. In theu:Je tables 

the conditions o.fflow, Reynolds number, ma.C',roscopio Nusselt nu.mbere, 

average aurf'aee temperature and total thermal flux are recorded.. The 

mae:roscopic Nussalt numbers agl"'ee with the data obtained by Sato (4), 

&"'ld are about 10 cent lower than 

upon the valuee selected by 

couples using equation 4. The variation of' aurf'aee temperat~ with 

Sato (4). The thermal .flux established from the electrical power disai-

pated in the sphere was multiplied ~J 1.0l8S to obtain total obsel"'Ved 
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0.096 inch in diameter. 

The temperatures of the probe thermocouple vhen in contact with 

the sphere are listed in Table III together with the surface temperature 

at several polar angles f'or each test. These temperatures differ from 

each other by as much a.a 'J4"F at some positions. This apparent dis.­

continuity at the surface is believed to be the result of temperature 

gradients along the wires supporting the thermocouple junction. Similal"l;y 

other junction temperatures observed in the thermal boundar;y layer a.re 

lower than the temperature of the air surro'lmding too 'Wire. For this 

reason measuremente obtained vith the probe thermocouple vill be termed 

nwire temperatures«* to distinguish them from the true air temperature. 

A method of predict:Ll'lg air temperatures from 'W'i:re temperatures is avail­

able (25); however~ the necesSal"'.f heat transfer coo.ff:tcients for wires 

in a boundary layer have not been determined. The information prasented 

in this paper is ba.*1!ed upon wire temperatures. Two typical vi.re temper-

a.tu.re traversea are shown in Table IV. Too detailed traverse data cover-

ing all eight t~1ts recorded in Tables I and II are available (26). 

The radial wire temperature $radients presented in Table III are 

sphere. The polar angle listed in Table III is the angle at the center 

of the sphere between the forward stagna:tion point and the point at which 

a traverse intersected sphere. 
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on the surface of the sphere.. It is f'or t..h.is reason that :relative 

Nuaselt number is employed. !fovever, if the ratio of' the air and wire 

temperature gradients is independent of polar angle for a particular set 

of conditions, the relative Ntwselt number computed from the wire temper.... 

ati.u-e gradient is correct. Relative Nusselt numbers oom:puted from 

equation S are presented in Table III and plotted. in Fi~ 1.. The aver­

age ot the differences between the relative Nusselt numbers obtained 

each velocity and :ix>lar angle is 0.040., With the exception of the data 

at 4 f'eet per second for thE!! stagnation point, the curves in Figure 1 

were drawn to within 0.,040 of :the experimental points.. The local Nusselt 

numbers, Nu.;, are comJJUted from too relative !fusselt numbers, Nu.i/Ni: 
and the macroscopic Nuss.alt number, Nu.t , obtained for each test l±bited 

in Table II. The local Nusselt numbers smoothed with reepaot to Reynolds 

ntaber and polar angle are listed in Table V and plotted in Figure 2. 

The thermal 'boundary layer thicknesses defined by equation 9 were 

computed :from wire tempers:tures. This did not introduce an appreciable 

error' in the results oocaus~ the wire temperature at the surface vu used 

in place of the surface temperature, t 1, in equation 10.. If' the :ratio 

of the wire temperature and air temperature in each traverse io :l:nde-

pendent of radial distance, the normalized vire and air temperatures 

are equal. The therm.al boundary ~r thickness was established for 

one exception.. The thermal boun.dar3 layer thickness was not computed 

at polar angles greater than 121° because the extremely large values 
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which vould be obtained in the turbulent wake would have very little 

significance. The thermal boundary layer th.icknesses are presented as 

a. f\m.ction of' polar angle at :four Reynolds numbers in Figure 3, and 

are listed in Table III. 

DISCUSSION OF RESUUI'S 

The curves in Figure 1 for velocities of 16 and 32 feet per second 

indicate maximum heat transfer at polai• angles of approxima:tely 30° and 

&J0
, respectively .. The data which Beckwith (2) obtained at Milch 2 ahw 

that at the stagnation point. This increase was a.ttribu·~ to the transi ... 

turbulent flow in the boundary layer. A s:bdlar 

situation m~ have oc~d in the pres&nt tests. 

For oomparieon with the work of other investigators, ratio of 

the local Nusselt number to tha macroeoopic Reynolds nurtber, Nui/ ..JR; 

is plotted in Figure 4. ~his C'Ul"Ve in Figur~ 4 is an arithm.etic average 

~t each Polar angle of the values of Nu;/ ....JR; obtained in the eight 

tests. The values of' Nu; /..r=r&. were computed by multiplying together 

the rGlative local -selt number, Nu;/ Nu7, and the value Nu.~/{t[e 
determined for each test. The macroscopic value111 of Nu 7 /-!Re a.re 

nearly constant for the tests prasexrted here 9 having a value of O. ;41 t 

0.018. For this reason a plot of Nui/~ for each Reynolds number 

investigated would appear identical the curves in Figure 1. By the 

single average curve shown ,in Figure 4 the author is not suggesting that 

the ratio Nu.. i /-If& is solely a tu.net ion ot polar angle. ·· On the 
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The present well 'ltd.th i;he ·~heoretical predicM.on of 

Drake (15), eepeeially near at.agna.tion • The theories proposed 

by Sibulkin (13,16), Korobkin (14) (12) predict higher 

heat transfer rates than in the present study.. It should em-

phasized that the theoretical analy8es assume in the boundary 

layer and do not oonsider the inf'l:u.ence of turbulence in the primary air 

stream., for this reason i.t is not surprising that disagi"eements exist 

between the &:tperi~ntal values. 

lt has bean u.~•u.i..n.:o that the relative local 

to decrease in the upstream hemisphere and in 

hemisphere as level in the air strearn inc:r·eases. 

this out. 

lence, u 1
•
11

""""'"'""' 

did :not report 

between Nusselt 

Hsu (11) was 

the level of turbulence in 

thei 

at 0.054 level of 

'WM 0.013 .. 

stream. If this 

applied to 

(8) 

diameter sphere Cary, tu.rbu1ence stl"'eam appears 

to been veey The d.ata Xene.lds (10) obtair>..ed 6, 

9, 12 inches in diameter do not follow trend. 

The theoretical data, t*1h.ich to a zero level turbulence, 

follow 0xperil!le:ntal trend of decreasing relative transte2" 1;.".ith 

increasing turbulence level at a 

hemisphere. 

Reynold:s 
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D diameter o;f sphere, f't. or inch 

k thermal conductivity of air, Btu/(°F)(rt.)(see.) 

n radial or no:rmal distance from surface of sphere, ft. 

0 
Q local thermal flux from BUrfaee, Btu/(sq.ft.)(sec.) 
0 
Q total thermal flux from surface, Btu/sec .. 

Re Reynolds numOOir 

t temperature, °F 

UC>() bulk o;r :tree stream velocity, tt.,/sea. 

distance from center or sphere 
inch 

normalized 

,.,,,,_-,,,,,,.._3.. boundaJ.-f layer 

k.tnematic viscosity, sq. rt./see .. 

Blasius :function 

Subscript! 

1 · solid-gas interface 

axis parallel to 
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I. Experimental Condi t:ions i.'!1 Air Stream 

II. Macroscopic Thermal Transport From a 0.5-Inch Hooted Sphere 

III. hperimental Conditions in Bomd.ariJ l.a.yer of a o.5-Inch Heated 
Sphere 



TA'BlB I .. EIPERD4ENT AL cmm:r.nom :rn AIR STREAM 

Test Velocity Temperat'Ul"e Pressure Weir)lt R~;nolds 
rt./soo .. OF .. lb .. /sq.,:f'to Fr~.crtion l'fumber 

Absolute Water 

63 4 .. 06 100 .. 11 2066 .. 3 o .. oos1 888 

65 ieoo6 .. 12 2062 .. 8 0.,0072 

62 8 .. 0.3 100 .. 15 2067 .. 9 0.0072 1760 

6'1 8.0ti. 100 .. 06 2071 0 .. 0110 

72 16.22 100 .. 06 2067.6 0 .. 0086 3551 

16 .. 22 100.06 2063.6 0 .. 0111 .3532 

76 J,'2 .. 29 100.02 2064, .. 1 0 .. 0121 7032 

71 .32 .. 26 100 .. 02 2068.S 0.,0098 7066 



TABLE II .. MACROSCOPIC T!!E:RMAL 'rn->\NSPOO.T FROM A 0 .. 5-D!CU HEATED SPHERE 

* ·Macroscopic Total Thermal Average 
Musselt Nimiber nuxa Surf' ace 

:Free Re Btu/See Temperature 
Stream Surf ace Observed Integrated OF 

63 18 .. 60 0 .. 537 1.111.,0 x 10-3 ~ 
0 .. 860 x 10-"" .1 .. 

65 .. 62 560 o .. 175.6 

25.,72 0 .. 547 101132 o .. 838 17603 

67 26 .. 05 2.[.,.,00 o .. 573 0.588 154.0 

72 35.69 .. 60 0 .. 515 2.l2J~7 1 .. 790 204.9 

78 35 .. ll .:n .. 23 o.525 1 .. 5616 1 .. 339 178.4 

76 51.41 4l>o28 0 .. 528 2 .. 9103 2.50.3 199 .. 7 

77 51 .. 14 0 .. 51~1 2 .. 1261 1.750 17J.2 

a Both were t'>li"l•1""'ifl'''.:l:":t 13~a area supporlin.g tubeae 



TAME III. KX.PERIME~lTAL CONDrl'IONS m BOOlIDARY LAYER OF A 0 .. 5-INCH HEA!ZD SPHERJ'§: 

Polar Radial Relative !Deal Surf'ace W1.re Thermal 
Temperature Nusselt Nu.sselt Temperat~ Temperature Boundary 
Gradient at Number !lumber at Surf"ace Layer 

Surface Thickness 
Degrees °F/rt OJ! °F ft 

Test 63 

0 s .. o; x id+ 2o58 41 .. 2 204.0 rn.2 8 .. 2 x io-4 
41.3 5 .. 52 L.77 3 204 .. 3 179 .. 9 7.8 
59.9 4, .. 57 1.46 23.3 204 .. 8 181.8 10 .. s 
?5.6 J.66 l.17 18.7 205.2 18/.i.ol 13.l 
90.0 2.so 0 .. 90 ll+o4 205.4 186.0 16 .. 7 

121.0 l .. 01 0 .. 32 5 .. 1 .. s 188.,S .6 
16S.7 1 .. 14 0.,56 8 .. 9 206 .. 0 

Test 65 ~ 

0 5.00 x irf 43 .. 0 174 .. 6 153 .. 7 7.3 x io-4 
41 .. .3 J.85 l.72 28.6 174.8 157.4 8.6 
60 .. 2 3 .. 26 1 .. 46 24 .. J 175 .. l 15S.6 10 .. 9 
75 .. 8 2 .. 70 1.21 20.1 175.4 160.0 13 .. l 
90.0 2.06 0.92 15.3 175 .. 6 161 • .3 16.0 

119.8 0.11,, .. o.J.3 5.,5 175 .. 9 163.6 36 .. 0 
166 .. 7 1 .. 19 0.53 S .. 8 176.o 



T A.BIE III .. (Cont .. ) 

Radial Relative Local Surface 'l'herm.Ql 
Temperature ?ifu.SS9lt Nusaelt Temperature TemperatUI"e Bo1:1.i,"'ldary 
Gradient N\.OOr Number at Surf'aee Laye:&"' 

Surface Thickness 
or/rt OF tt 

62 

0 7.30 2.,32 5J.l 175 .. 0 151.4 -4 ::t 10 
41.,S 6.12 1.94 44.4 175.3 15JHJ 5 .. 6 
66.9 l+.48 1 .. 42 )2.5 175.8 157.7 7.5 
90.0 2 .. 85 Oc.90 20.6 176.4 161 .. 0 11..6 

120 .. 6 0 .. 75 0 .. 24 5.5 176 .. S 163 .. 9 :u.2 
161 .. 3 l .. Ol o .. 7 .. 3 176.S 

67 

0 5.35 2.34 56,.2 153 .. 1 13().6 5 .. 1 x 10-4 
41.3 t,.27 1 .. 8'7 44,.9 153 .. 3 139 .. l 5 .. 3 
59 .. 9 .3.43 1.50 36 .. 0 153.6 140 .. 1 .7.4 
75.6 2.94 1 .. 29 .31.0 153.8 141.,9 9.0 
90.0 2.02 o.ss 21 .. 1 154.1 UJ .. J 11.4 

12LO 0.59 0 .. 26 6 .. 2 154.3 l.~5 .. 6 
168.7 1 .. 27 0.55 13.2 154 .. 4 



T ABJ.B III. (Cont .. ) 

Pola?' Radial Relative Local Thermal 
Temperattwe :Musselt ?ius.selt Temperature Temper~ture 

at Number 
Surf ace Thickness 

Degrees °F/ft OF or ft 

72 

0 11 .. 55 1 .. 78 54.5 203,.4 168 .. 5 5 .. 1 x io-4 
J.,1 .. 3 12.21 57 .5 .. 9 3.7 
59.9 10 .. 6!~ 1.64 50 .. 2 2().4 .• 2 rn .. 1 5 .. 0 
75 .. 6 6.91 1 .. 07 .7 204.7 100.0 6.2 
90 .. 0 4,.89 0.75 23.0 205.l 1s3.; 9.7 

121.0 2.,91 0,.45 13.S 205.6 185 .. S .7 
170 .. 9 4.,03 0,.62 19.0 205.8 

Test 

0 8.,56 1.70 53.l 17? .. 3 151.0 3 .. 9 :At 10""'1~ 
1}1.4 9 .. 02 l. 55.9 177 .. 6 151} .. 3 3 .. 6 
60.3 7 .. 90 1 .. 57 49 .. 0 177.9 157.2 4.8 
75 .. 8 5.10 LOl .31.5 178 .. l 159 .. 5 6.4 
90 .. 0 3.80 o.75 23.4 178.6 161.6 s .. e 

120.0 2.20 0.44 13 .. 7 178.9 16.3 .. 7 
166.7 4.,35 o.s6 26 .. 9 179 .. 1 



'f AB!E II1 .. (Cont .. ) 

Polar Rslative 
Uussalt Tempera tu.re 

Number 
Surface 

Of/ft, °F OF ft 

Test 76 

0 13 .. 86. 1 .. 52 67.'J 199.0 160 .. 6 4.5 x io-1• 
ltw .. 81 1 .. 62 7J .• 7 199 .. 2 16',. .. 3 3 

60 .. 0 14.92 1 .. 64 .. 6 199 .. 3 168 .. S 3.l} 
.. 7 9 .. 22 1.01 4/~.7 199 .. 4 173 .. 4 4 .. 7 

90 .. 0 6.05 o.66 29.2 199.7 177.7 7.'J (\). 

120 .. 0 5 .. 18 0.57 25.2 200.1 17'7.9 21 .. 3 ~ 

171 .. 8 9.62 1 .. 05 46 .. 5 200 .. 5 - - II 

Test 77 

0 10,.21 1 .. 70 .. 5 172 .. 7 143.9 J.9 
41 .. 3 ,ll .. 68 1.76 80 .. l 172.8 l.47.4 2 i::f oO 

60 .. 0 11.10 1 .. 69 76.9 .9 150.3 3.,4 
.6 7 .. 16 1 .. 09 49 .. 6 173 .. l 5 .. 0 

90o0 4.51 o.69 31 .. 1-i. 156.7 6 .. 9 
120.0 o. 26.4 173.5 15fi .. 6 
175.4 J.5S 0 .. 54 24.6 17:3.8 151 .. 0 



TABLE IV. TYPIC ,\L "'""·'4'U'V" TRAVEHSE DAT A n~ 62 

at x: -0.187,in. Polar Angle = 41.a0 Traverso at x = 0.127 in. Pole.r = ~".?o.6° 
Horizontal Radial Horizontal Radial Wire 
Distance Distru1ee TemperaturG Distru1ce 

in. in .. OF in .. in. 

O(Surfaee) 0 154 .. 43 a O(Sur.face) 0 164.00 
0.001 0.0007 152.89 0.001 0.0009 163.42 
0 .. 002 148.96 0 .. 002 0 .. 0017 162.63 
0 .. 00.3 11+4.52 0.003 0.0026 .11~ 
0.0011' 142.57 0.005 0.0043 160 .. 66 
0 .. 005 139.10 0 .. 010 0 .. 0086 158.39 I 

0.006 0 135.83 0.015 0 .. 0129 155 .. 72 
0.007 0.001 .. 9 132.49 0 .. 020 0.0172 153 .. 11 .. 
0.009 o .. oo6J 126.15 0 .. 025 0 .. 0215 150.56 
0 .. 012 118 .. 03 0 .. 030 147.27 
0.017 0 .. 0118 100.40 0 .. 035 0 .. 0301 143.17 
0.02·1 O .. Ol.8$ 101.19 0 .. 040 o .. o:M4 13H 
0 .. 052 0.0362 100.20 0,,045 O .. OJBS 133 .. 71 
0.077 0.0535 100015 0 .. 050 0 .. 0430 

0 .. 055 Oa04?'3 117 .. 10 
0 .. 060 0.0;16 

0 .. 0560 110 .. 41 
Oa070 0 .. 06o.3 10603$ 
0 .. 075 o .. 0645 103 .. 37 
0.080 0 .. 0689 101 .. 81 
0 .. 090 0 .. 0775 100.20 
0 .. 100 0.0861 100 .. 15 

a The difference air...etl"efml +.,,, .. ,.,,,,,,.,.,,..irn-.""" 
Test 62, \fas subtracted from all te1!i!ne1ra:tm•e 
i:tt.''""a"'""' t.AmnA,..atnre of 1.0fPJ' .. 

l00°F, which was 0.15°1" during 
on an 



TJUU.E V.. SMOOTHED LOCAL nuv.:il;..i ... i NUMBERS 

1;.000 6000 sooo 

Surf'ace ~iusselt 

0 1'2.5 49 .. 6 58 .. 9 65 .. 9 71 .. 9 

30 36.,5 4706. .. 2 70 .. 0 79.S 

60 29.0 37 .. 8 53.8 66 .. 8 78.4 

15 .. 4 20 .. 0 25 .. 5 28 .. 7 31.2 

120 4.2 H .. 3 15 .. S .7 28 .. 6 

150 6 .. 5 12 .. 0 .. s 30.3 38 .. 2 



Part III 

THERMAL '11U.NSFER IN TURBULENT GAS STREA.tie. EFFECT OF TtJR.BUtENCE 

ON LOCAL TRANSPORT FROM SPiiERES ~ 

* Part III was submitt~d on Feb. 19, 1958 to Journal of Applied 
Mechanics for publicationo 
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