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ABSTRACT 

Part I 

The enthalpy change upon vaporization of 1-pentene was ex-

perimentally determined by calorimetric measurements at tempera-

o 0 
tures between 100 and 280 F. The results are in good agreement 

with available data at the lower temperatures and are presented in 

graphical and tabular form. 

Part II. 

The heat transfer from a one-mil platinum wire was meas-

ured in isothermal and nonisothermal boundary flows about a one-

inch copper cylinder. The flow of the 100° F air otrcam was normal 

to the 100° and 160° F cylinder at a Reynolds number of 3500. The 

measured wire Nus selt numbers and smoothed values at a wire tern-

perature loading of 50° F are presented as a function of the position 

within the forward half of the flow about the cylinder for these two 

cases. For both cases, Nusselt numbers predicted from calculated 

velocity distributions gave reasonable agreement with the measured 

values at distances greater than ten wire-diameters from the sur-

face of the cylinder. 

Xerox copies of the photographic material on page 36 are 

adequate for reproduction. 
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Part I 

LATENT HEAT OF VAPORIZATION OF 1-PENTENEf 

1
cuffel, R. F., William Kozicki, and B. H. Sage, "Latent Heat of 
Vaporization of 1-Pentene, 11 The Canadian Journal of Chemical 
Engineering, Vol. 41, pp. 19-21. (1963). 

Permission has been granted by The Cheruici:l.l Iustltute of 
Canada to pre sent this published article as Part I of the author's 
Ph.D. thesis. 
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I. INTRODUCTION 

The thermodynamic properties of 1-pentene have been the 

subject of limited experimental investigation. Scott and co-workers 

0 
(1) measured the vapor pressure at temperatures between 32 and 

143° F. Calorimetric measurements of the enthalpy change upon 

vaporization also were made (1) at 51. 44°, 77° and 85. 95° F with a 

reported accuracy of 0.1 per cent. In addition, the isobaric he at 

capacity of the ideal gas was established (1) between 100° and 288° F 

with an accuracy of approximately o. 3 per <.:ent. Day (2) dt:veloped 

analytical expressions describing the effect of temperature upon vapor 

0 0 
pressure between 32 and 392 F. Day (3) measured the volumetric 

behavior of the liquid phase at temperatures between 176° und 482° F 

with an accuracy of about O. 2 per cent except at temperatures above 

350° F where the uncertainty is larger. Rossini (4) reported criti-

cally chosen values of the specific weight of the bubble-point liquid 

0 0 0 
at 60 , 68 and 77 F, the isobaric he at capacity in the ideal gas 

state, and values of the latent heat of vaporization (1) at 77° and 

0 85. 94 F. It should be recognized that near the critical temperature 

of 1-pentene, rather rapid thermal rearrangement takes place which 

has made it difficult to carry out accurate measurements in this 

region. 

Since the measurements of Scott (1), which were reported in 

part by Rossini (4), constitute the only directly measured values of 

latent heat of vaporization of 1-pentene, a series of such measure

ments were carried out at temperatures between 100° and 280° F, 
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The calorimetric measurements of the latent heat of vaporization 

were employed together with the vapor pressure and the specific 

volume of bubble-point liquid to establish the .specific volume of the 

dew-point gas. Measurements were not obtained at temperatures 

higher than 280° F because of the thermal rearrangement of 1-pentane 

encountered at the higher temperatures. 
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Ilo EXPERIMENTAL METHODS 

The experimental equipment used in this investigation was 

similar to that developed by Osborne and co-workers (5, 6) and has 

been described in detail (7, 8)0 In principle, the apparatus involved 

an isochoric vessel in which a heterogeneous mixture of 1-pentene 

was confinedo The vessel was located in an adiabatic vacuum jacket 

and was provided with an agitator and an internal electric heater. 

The 1-pentene was withdrawn as a gas, and the quantity thus with-

drawn was determined by gravimetric methodso Electrical energy 

was added at a rate to maintain the system under nearly isobaric, 

isothermal conditionso A detailed thermodynamic analysis of the 

actual process is a.va.ila.ble (9)o 

It does not seem necessary to consider in detail the applica

tions of the numerous small corrections (9) associated with the evalu-

ation of the latent heat of vaporization from the actual experimental 

measurements. These corrections are associated with the minor 

perturbations of pressure and temperature experienced during the 

withdrawal process. Under conditions of isobaric, isothermal 

evaporation and uniform temperature throughout both the liquid and 

gas phases, the enthalpy change upon vaporization is related Lo lht: 

measured thermal and certain other quantities by the following simple 

express ion: 

(1) 
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The meaning of the symbols used is set forth in the nomenclature, 

From the Clapeyron equation and the heat associated with an 

isobaric, isothermal evaporation process the specific volume of the 

dew-point gas may be determined from 

v = 
g 

[ Q] T, p 

T(dP 11 /dT) 
(2) 

The residual specific volume of dew-point gas was established 

from the following equation: 

V = bT _ V = bT [ Q] T P 
·,..,g pll g ..,..,II II 

.- T(dP /dT} 
{3) 

The latent heat of vaporization was calculated directly from the 

measured heat associated with the withdrawal process and other known 

properties (1, 2, 3) by application of the equation 

(4) 

Equation 4 was obtained by a combination of Equations 1 and 2 and 

was chusen fur the evaluaLion of Lht: latent heat of vaporization to avoid 

a need for knowledge of the specific volume of the dew-point gas. 

Extended forms of Equations 2 and 4 were actually employed in the 

evaluation of the experimental data since small deviationi::: f1"orn iF!o-

baric, isothermal conditions were involved in the withdrawal. 

Residual techniques were employed to establish the first deri-

vatives of the relation of vapor pressure to temperature from the 
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data obtained by Scott (1) and Day {2) which were required for the 

solution of Equations 2 and 4. Directly measured values (3) of the 

specific volume of the liquid were extrapolated to the bubble-point 

pressure. Throughout all of the calculations the appropriate cor

rections for the mechanical energy added by the agitator located in 

the liquid phase of the 1-pentene, the superheat of the liquid evapo-: 

rated, and the thermal transfers to or from the calorimeter were 

taken into account. The details of carrying out tsu1..:h 1..:u.rrt!ctlon:s hC1.ve 

been described (7). The values of [ Q] T, p indicated in Equations 1, 

2, 3, and 4 represent the thermal transfer per unit weight of material 

withdrawn from the calorimeter under isobaric, isothermal conditions 

after appropriate corrections for the mechanical agitator, superheat 

of the liquid and gas phases, and thermal transfer between the 

calorimeter and the jacket have been applied. 

During the measurements upon 1-pentene, the total corrections 

for mechanical agitation, superheat, and thermal transfer between 

the calorimeter and the jacket were not more than O. 03 fraction of 

the total electrical energy added. The uncertainty of measurement 

estimated for each of the quantities involved in this investigation is. 

set forth in Table I. 

The internal energy change upon vaporization was evaluated 

from the latent heat of vaporization by application uf the following; 

(5) 

The change in internal energy was not affected by a.ddition:::i.l uncer-

tainties of more than O. 06 per cent beyond those noted in Table I. 
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III. MATERIALS 

The 1-pentene employed was obtained as research grade from 

the Phillips Petroleum Company and was reported to contain less 

than O. 00005 .:mole fraction of impurities. As a check on the reported 

purity, the index of refraction relative to the D-lines of sodium was 

0 measured and found to be 1. 37145 at 68 F as compared to 1. 37148 for 

air-saturated 1-pentene at the same temperature reported by Rossini 

(4). The specific weight of the sample at 68°F was 39. 977 pounds 

per cubic foot as compared to 39. 984 pounds per cubic foot reported 

for the same conditions for air-saturated material (4). The agree-

ment is sufficiently good to lend credence to the vendor's reported 

purity. It should be recognized that small quantities of impurities do 

not influence the values determined for the enthalpy change upon 

vaporization as greatly as such impurities would affect measure-

ments such as vapor pressure. 
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IV. EXPERIMENTAL RESULTS 

Experimental data obtained for 1-pentene are recorded in 

Table II. The volumetric correction factors included are based upon 

the values calculated from the latent heat of vaporization with Equa-

tion 1. The data recorded in this tabulation take into account the 

perturbations from isobaric, isothermal conditions (7, 8) and were 

established from Equations 1 and 2. In order to permit a more 

accurate smoothing of the values of the latent heat of vaporization 

as a function of temperature, residual methods were employed. The 

residual latent heat of vaporization has been related to the tempera

ture and the actual latent heat of vaporization by the following empiri-

c:::i1 expression: 

t ' 1/2 
! = £ - 170. 000\1 - 394. 000 ) (6) 

which was chosen as a simple analytical equation approximating the 

experimental data. The experimental data expressed in terms of 

the residual latent heat of vaporization are shown in Figure 1. As a 

matter of interest the actual latent heat of vaporization of 1-pentene 

as measured in this investigation is presented in Figure 2. The 

lal.tt!r figure wa::s incluclt!d in order that the rea.der niay obtain a niore 

realistic appraisal than is apparent from Figure 1 of the rate of 

change of the latent heat of vaporization with temperature and of the 

degree of agreement of the experimental data with a smooth curve. 

The standard error of estimate of the author 1 s data shown in Figures 

1 and 2, assuming all the uncertainty lies in the measured value of 
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the latent heat of vaporization and none in the temperature, was 0.18 

Btu per pound. Values of the latent heat of vaporization calculated 

from the residual latent heat of vaporization portrayed by the smooth 

curve of Figure 1 are recorded in Table III. 

The values reported by Scott (1) have been included in Figures 

1 and 2. Good agreement was obtained between these values and the 

current experimental data. The standard error of estimate of the 

values of Scott (1) from the information submitted in Table III was 

O. 09 Btu per pound. 

Table III records smooth values of the specific volume at dew 

point calculated by application of Equation 2 and appropriate graphical 

operations. The internal energy change upon vaporization has been 

included, along with the specific volume at bubble point (3) and the 

vapor pressure (1, 2). 
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IV. NOMENCLATURE 

A. S:y:mbols 

b specific gas constant, {psi)( cu. ft. /lb. 
0
R.). 

d differential operator. 

E internal energy, Btu/lb. 

H 

R. 

[Q] 

T 

t 

v 

enthalpy, Btu/lb. 

latent heat of vaporization, Btu/lb. 

residual latent heat of vaporization, Btu/1.b. 

vapor pressure, psia. 

heat added per unit weight of material withdrawn under 
idealized conditions, Btu/lb. 

thermodynamic temperature, 
0

R. 

0 
temperature, F. 

specific volume, cu. ft. /lb. 

residual specific volume, cu. ft. /lb. 

B. Subscripts 

g gas phase • 

.£ liquid phase. 

P pressure. 

T temperature. 
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V. TABLES 
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TABLE I 

ESTIMATED UNCERTAINTIES OF MEASUREMENT 

Quantity 

Energy added electrically 

Energy added by agitation 

Energy exchange between 
calorimeter and jacket 

Change in temperature of 
liquid and vapor 

Weight of material withdrawn 

Volumetric correction factor 

Superheat of liquid 

Probable 
Uncertainty 

per cent 

0.03 

0.15 

0.008 

0.03 

0.02 

0.06 

0.06 



TillIZ It 

L..'1PEHD·S:irAL R~5l.Ji .... '.i'5 FOR 1-f'E.'lIENE 

Energy Add£d l<lcit;ht of Sp:c1!1c Spcc1r1e P·::.sid·..:-1 Voh ... .:etr!e: l3.tcut 
fuero Added E:iergy ~dded by Ccnduct!cn ~~;;terial SU~orhcat Volu:oe Volu:..:~ Specific Correct:ioo r::~e.t o!' 

!dent1:icat.ion '!'1; • .,z:-~r ~ ~ure Pre!'.s.urca Electrice.lly by Agitation and. Ra.diation Withdrc....,.-n of L1~u1d dP"/<tT Dev Point r"oble Pointb Voltc.}e r~ctorc Var0rL:.1t !on 
"- psi<> Btu Btu Btu lb. "F. pai/""il. cu.ft./lb. cu.ft./lb. cu.n../;b. Btu/lb. ,. 

~ 100.(;12 19.11 4.4842 0.1115 -D.0032 0.030184 0.09 o. 3472 4.2327 0.02577 c.2"81 0.99391 151.26 

324 100.009 19.11 3.6725 0.0915 -D.0003 0.02~703 0.09 0.3'•72 ~ .2_334 0.02577 0.2•24 0.59392 l5L•7 

.>.% l29-S10 )1.95 3.4718 o.d.l22 D.0022 0.024135 0.10 0.5156 2.6092 ).02658 0.2147 o. $3'.:-01 145.~ 

3l8 1M.Cl2 50.52 2. 7670 o.o'lo3 -D.0015 0.02COO"I 0.13 0."(3o8 1.6742 ).02747 0~2029 o. :i03)9 138.00 

3l9 16o.C01 50.52 5.621;8 0.0531 -D.0017 o.c.!<0423 0.15 o. 7308 l.6764 ).02747 C.2007 o.,.S361 1}8.18 
I 

328 159-~99 50.52 8. 54o8 0.0736 o.ooc6 0.061371 0.17 0.73Vil i.67&l ·J.C·27li7 0.2011 o.s-036). 133. lS I-' 
O' 

330 1$0.C<JO 76.,3). 5.0944 o.d.98 -~.0012 0.033332 0.13 1.0001 1.1163 •).028lr7 o.186o 0.971:49 130.81 

3µ 220.()lJ 111.07 8.93;,3 o.c655 -0.0017 0.070:;29 0.15 1. 3245 ). 76i3 (}.02961 0.17510 o.56llo 121.89 

332 219-9'.i4 111.01 4.4836 O.C351 ).0032 0.035978 o.o'3 l. 3245 J. 7631 0.02961 c.17332 0.56120 122.'9 

333 250.015 156.,36 4.9248 o.c659 -::.oc•o 0.041675 o.o8 l.7039 ). 5349 0.0309!; 0.15961 o.s-~216 112. T8 

335 2&.:J.019 2~3-93 5.4226 0.0394 -0.0003 o.Gli9038 0.J..v 2.1468 ).J(92 0.03276 0.14;;96 c.91362 101.31 

337 25o.Cl4 213.93 4.25o4 0.0314 -0.0007 0.039539 o.c-0 2.1463 ). 3718 0.03276 0.15~}1. 0.91330 lOl.IO 

a J.\vi:.surc:ocntr. or &:ott (!) nni J:;ay (g). 
b • 

Y.casurc:::wts c~ Day (j). 

Not used 1n eY<>Juet!on o:' latent heH.t or ve~::orizat1on~ 
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Table III 

CRITICALLY CHOSEN VALUES OF SOME PROPER TIES 
OF 1-PENTENE 

Internal 
Specific Volume Energy Latent Heat 

Temper- Vapor Dew Bubble Change upon of 
o.turc Prcoourc Point Point Vaporization Vaporization 
OF P. S. I. A. cu. ft. /lb. cu. ft. /lb. Btu/lb. Btu/lb. 

50 6. 96 10.93 0.02460 147.12 161.16 
60 8. 67 8.899 o. 02482 145.08 159.33 
70 10. 70 7. 310 o. 02505 143.01 157.44 
80 1 3. 09 6.0S3 0.02S30 140. 90 l SS. SO 
90 15. 88 5.049 0.02553 138. 76 153.52a 

100 19. 11 4.233 0.02577 136.60 151. 48 
110 22. 84 3.583 0.02603 134.38 149.41 
120 27.10 3.045 0.02630 13 2. 14 147.28 
130 31. 95 2.6033 0.02658 129.86 145. 10 
140 37.44 2.2374 0.02686 127. 54 142.86 
150 43.60 1.9316 0.02716 125. 18 140.55 
160 50. 52 1.6751 0.02747 122.76 138.17 
170 58.24 1. 4576 0.02779 120. 30 13 5. 71 
180 66. 83 1. 2733 0.02812 11 7. 76 133. 16 
190 76.34 1. 1156 0.02847 115. 18 130.54 
200 86.85 0.9803 0.02884 11 2. 52 127. 81 
210 98.40 0.8639 0.02922 109.29 124.99 
220 111. 07 0.7629 0.02961 107. 01 122.08 
230 124. 91 0.6761 0.03003 104. 11 119. 04 
Z40 139.99 0.6000 0.03046 101. 13 115. 88 
250 156.36 0.5335 0.03094 98.04 112. 58 
260 174.09 0.4752 0.03148 94.83 109.13 
270 193. 25 0.4238 0.03209 91.49 105. 50 
280 213.93 0.3782 0.03276 88.02 101.69 
290 236. 22 0.3379 0.03355 84.37 97.67~ 
300 260.20 0.3021 0.·03442 80. SJ 93.42 

aValues at 90° and lower temperatures based upon data of Scott (1). 

b Extrapolated beyond range of current measurements. 
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Part II 

THERMAL TRANSFER FROM A SMALL WIRE IN ISOTHERMAL 

AND NONISOTHERMAL BOUNDARY FLOWS ABOUT A CYLINDER 
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I. INTRODUCTION 

The purpose of this work is to examine the effect of combined 

normal velocity and temperature gradients upon the heat transfer 

from a small wire. For these studies the two-dimensional flow about 

a heated cylinder in an air stream was selected. The heat transfer 

from a wire parallel to the axis of the cylinder in only the velocity 

gradient and then in the combined velocity and temperature gradients 

within the boundary layer was experimentally observed, This investi

go.tion wo.o part of a research program being conducted into the effects 

on the heat transfer from small wires of the various phenomena en

countered in boundary flows. 

In hot-wire anemometry. it is frequently assumed that the 

heat transfer from small wires is dependent only upon the local 

stream velocity (1, 2). Previous experimental work by Short and 

Sage (3) has shown that this assumption is not valid in the three

dimensional boundary flow around spheres. This is probably due to 

the flow along the wire. A mathematical model (4) for two-dimen

sional flow indicates that the heat transfer from the wire will depend 

upon the relative distance from the surface as well as the velocity. 

Therefore, to investigate the effects of these and other phenomena 

upon the heat transfer from small wires, an experimental research 

program was commenced. Venezian (5, 6) started this program by 

measuring the heat transfer from a one-mil-diameter platinum wire 

in the forward half of the boundary flow about a one-inch-diameter 
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copper cylinder in 4-, 8-, and 16-foot-per-second air streams. 

Throughout his work the wire was aligned parallel to the cylinder and 

the cylinder was heated to the air stream temperature of 100° F to 

inaintain an isothermal boundary layer. 

During the author's phase of the prograrn, Lhe i:;<:une equip

ment was used to measure the heat transfer from the wire in the 

forward half of the boundary flow about the cylinder. The cylinder 

Le1nperature was n1aintained at the air stream temperature of 100° F 

and also at 60° F above the stream temperature, for an air stream 

velocity of 7. 81 feet-per-second. These two sets of measurements 

arc compn.red with each other and with calculated values from an 

approximate solution of the boundary layer equations for compres

sible flow with heat transfer developed by Ito (7). 

Future phases of this prog,.arn will inc.1nne. studying the effects 

of mass transfer and non-parallel alignment of the cylinder and wire. 

From the knowledge obtained from these investigations it is hoped 

that a better analysis of the complicated three-dimensional case may 

be obtained. 
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II. THEORY 

The theoretical considerations for the heat transfer from a 

wire in the boundary flow about a cylinder will be separated into 

three phases: 1) The material and energy transport in the air stream 

about the one-inch diameter cylinder, 2) The energy transport from 

the one-mil diameter wire, and 3) The combined effects of the energy 

transport from the wire in the presence of the boundary layer gradi-

ents introduced by the cylinder. 

A. Flow About the Cylinder 

The material and energy transport about the forward portion 

of the cylinder may be described by the following well-known conti-

nuity, energy, and momentum equations (8). 

Do- -De + o-v • u = 0 

p Du = 
De 

v • (kvT) - T ( ~) (v • u) - gc 7 • vu 
v 

pg - vp - [ v · ¥] 

(1) 

(2) 

(3) 

For a Newtonian fluid, the components of the shear tensor, rr, are 

given as follows: 

(2 -
au. 

) 'T •• =ri 3 v·u- 2--l 
11 ox. 

1. 

(au. au. ' 
T •. ::: T .. ::: -ri-1.+-l) (4) lJ Jl ax. ax. 

1 J 

i=l,2,3; j=l,2,3; and j * i 
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A simultaneous solution of Equations 1 through 3 for the two-dimen-

sional flow of a real fluid around a cylinder is not available. Several 

methods for approximating the solution have been developed, however. 

These solve simplified forms of the above equations for a region near 

the cylinder, referred to as the boundary layer, where the flow is 

assumed to be laminar. 

Ito (7) presents a generalization of Pohlhausen's method for 

a cornpressible fluid of arbitrary constant Prandtl nu1nber with heat 

transfer about a two-dimensional body with constant wall tempera

ture. His method was adapted to the case investigated, Ito assumed 

the following behavior for the fluid properties, where a is the 
co 

velocity of sound and the subscript co indicates the evaluation of a 

quantity at the bulk stream conditions: 

k l (i )n k = = 
1100 00 co 

( 5) 

T oop er 
= TP (J 

00 co 
( 6) 

a 
:::( yp OOgO )o. s 

00 er oogc 
(7) 

A coordinate system was established in which X was the distance 

from stagnatiun alung the surfa<.:e uf ihe cylimler, and Y was the 

normal distance from the surface of the cylinder. The compress-

ibility effects were incorporated through the following variable 

change: 
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S
X er 

X* = er w dX 
0 o::J 

(8) 

y ,,_ =:Sy_!_ dY 
.,. er 

0 00 

(9} 

The ratio, x, of the velocity boundary layer thickness, 6*' to the 

' thermal boundary layer thickness, .S*, expressed in te,.ms nf Y· 
"*" 

and the quantities A, Z, and :>..* were introduced as functions of 

the angular position from stagnation. 

6 ,;.. 
x -, 

6 , .• 
" 

2 
6* du1 

( _ l) 2 dX* 

(
. y ul, 

v oo 1 - 2a 2 ) 

= 

00 

(y - l)u~J 
+ Za 

00 

If x :S 1, these quantities can be determined by the simultaneous 

solution of the following two equations: 

(10) 

(11) 

(12) 
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(8 +.?. A.}Z
2 

d
2

u { T . n 
dZ = 3 --1 + 1260(12 + A.) (-c ) 
dX* (::> 'f - llX. - ~2r; >..1 ) dX~; 'Too . 

(y - l}u
2 

+ (493ZX. - 87X.2 - _2 x.3 ) l - 4044X. + 79X.2 

2 2a2 
00 

A.,, T (y - l)u . 
2 } + .?.x.3- 756A. (3 +_2'. >(-c -l+ 1) 

3 X 2 T 
2 

2 
oo a 

co 

{ 
2 } 25 2 (y-l)ul · 

..:._ (37 -12\--A. )(1 - )u 
· 12 Za2 1 

00 

o. 3 \ ( 2 \ ') ( 3 x. ') 3 x -o. 3 + 120 + 15- 180 x + - 140 + 840 x 

( 1 x. ·) 4 {o. os 
+ 180 - 3024 x + A.* x ( 

-1 A. ' 
+ I5 + 36o)x 

( 1 A. ' 2 ( -9 \ ' 3 ( 1 \ ) 4} 
+ 14 - 280 )x + 280 1 560 )x + 180 - 3024 x 

2 ~ 

(
1 - (y - l)ul ') 

2a2 
00 

2 
~ ( Tc (y - l)u1 ') 

z u1 T - 1 + --..,,...-
00 za2 

00 

2 (y - l)u
1 +---

2a2 
co 

Tc (TM. n-l( 104 8A. A.2 ·.} 
T T ) 3 5 + 10 5 + 210 ) 

00 00 

4 . dX, 
>.< 

(13) 

(14) 
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Ito also presents an alternate form of Equation 14 if x > 1. The 

form presented here, however, is adequate as long as x is on the 

order of one. 

The velocity at the edge of the boundary layer, u
1
, is theore

tically zero at the forward stagnation point. Therefore to ensure a 

finite slope for Z, the numerator in the brackets of the second term 

in Equation 13 was set equal to zero at stagnation. Also at stagnation 

n 

the right side of Equation 14 reduces to i: A. ( ~ c .) . 
00 

Equations 13 and 14 can easily be simplified for several 

special cases. The isothermal case is solved by removing the X 

term in Equation 13 and solving only the resulting equation starting 

with A.= 7. 052 at stagnation. For incompressible flow the term 

with ~/a00 is removed from both equations. Finally, A. is zero 

for the flat plate case. 

To solve Equations 13 and 14, Ito suggests that one first solve 

Equation 13 with an approximate X obtained from a linear relation
X dul 

ship with ul dX • This linear relationship is established by the 

value of x at stagnation where the function is one, and its value for 

the flat plate case where the function is zero. Based on the value of 

A. obtained, Equation 14 can be solved for x. The approximation 

process can be continued until the values of X and A. at each angular 

position are determined. Knowing these, the velocity and temperature 

distributions are given as follows. 
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u A. ( y" , A. ( y >:• )
2 A. ( y ,:,, 3 A. ( y ~')4 

=(2+-6} J::>:~-')-- - +(-2+-} -)+(1--) -
u1 u _ 2 6* 2 6* 6 6,:c 

T=T c 

2 
Tc (y - l)u1 } { Y :1,c ( Y *' 2 

- - - (2 - A. ) - + j}.. ---.- ) T 2 * I ,:, ' 
oo 2a o... o.,, 

00 ~ ~ 

( 
y * . 3 ( y _,_ ' 4} 

- (2 + 3A.*} --,:.. ) + (1 + >..*} --;: ) 
a* a* 

(15) 

(16) 

It should be noted that knowledge of the velocity distribution, 

u1, about the cylinder at the edge of the boundary layer and the cor

responding pres sure distribution are required for this approximate 

solution of the boundary layer equations. The solution is not appli-

cable beyond separation where A. equals minus twelve. 

Beyond separation the boundary layer equations are further 

complicated with the effects of turbulence. Theoretical considera-

tions in this region are beyond the scope of this work. 

Outside the boundary layer the potential flow solution is nor-

mally employed. This region is not of particular interest in this 

work. Therefore comparison with this approximation will not be 

included. 

B. Encrgx: Trunofcr from the Wire 

The prediction of the heat transfer by convection from small 

wires has been reviewed and extended by Collis and Williams (9). 

In place of the UR11al nPpPnnPnC'P of the Nusselt number upon the 

square root of the Reynolds number, they present the following 

equation for the range O. 02 < Re < 44; 
m 



-27-

(
Tm )-0.17 

Nu -- = /., A., m T o. 24 + o. 56 Re
0

• 
45 

m 
a 

(17) 

Under steady state conditions with const::int fluid properties 

and neglecting the dissipation term, Equation 2 becomes: 

U' (18) 

Equation 18 has been solved by Cole and Roshko (10) for the Oseen 

case where the velocity field is assumed uniform. This solution 

gives the limiting dependence as the Reynolds number approaches 

zero. The data of Collis and Williams clearly approach this limit. 

They therefore suggest the following correlation for Re < O. 05. 
m 

(
Tm.-0.17 l 

Nu -) = -----£,A.,m Ta l.18-l.10log10 Rem 
(19) 

Collis and Williams also indicated, however, that buoyancy 

effects do occur in this region for a horizontal wire in a horizontal 

air streani. 'T'hP. onset of this effect depends upon the temperature 

loading for a given wire. The Nus selt number for a one-mil wire 

reaches a minimum at a Reynolds number on the order of O. 01 and 

then increases slightly to the value for free convection as the Reynolds 

number approaches zero. 
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C. The Wire in Boundary Flow 

Piercy, Richardson, and Winny (4) have solved Equation 18 

for the heat transfer from a wire in the boundary flow next to a flat 

plate, assuming potential flow in the air stream. The air flow was 

parallel to the flat plate and the plate was at the air stream tempera

ture. Their s elution was expected to apply for Peclet numbers, 

(Re Pr), below unity and at distances from the plate greater than one

wire diameter. Their experimental measurernenLs in lhis rctngt:! gctvt:! 

adequate agreement with the predicted behavior. Their predicted 

dependence of the Nusselt number on the Pectlet number and relative 

distance from the surface io preaentcd n.s Figure L 
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k. Re Pr= 1.0 

1\ 
.\. 0.5 

\ 

t 0.2 

0.1 

" ~~ 0 

5 10 15 20 25 
RELATIVE RADIAL POSITION J (r-r0)/dw 

FIGURE 1. Predicted behavior for the Nus selt Num her for a Small 
Wire in a Potential Flow Air Stream Near a Flat Plate (4) 
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III. EXPERIMENTAL APPARATUS 

It was desired to experimentally study the heat transfer from 

a small wire in the boundary flow about a cylinder. To accomplish 

this, a horizontal cylinder was supported in a vertical air stream 

which emerged from a rectangular jet opening. The one-inch

diameter cylinder was a heating element covered with a sheet of 

polished copper. A one-and-one-quarter-inch section of one-mil

diameter platinum wire was supported by a platinum probe and main

tained parallel to the axis of the cylinder. This wire was traversed 

to various positions in the air stream around the cylinder. At each 

point the wire was used as a platinum resistance thermometer to 

rnea::sure the air :strean1 ten~perature and then heated electrically for 

the desired heat transfer measurements. The integral parts of this 

system are described in the subsequent sections. This apparatus was 

the same as that used by Venezian ('5, 6) d111+ng hi!=! investig:::itions. 

A. Air Supply Equipment 

A schematic drawing of the air supply equipment is presented 

as Figure 2. Filtered air from the room was withdrawn using a 

blower, A; forced over wire gird heaters, B; through a Venturi 

meter, C; and into a system of 12-inch square ducts. The various 

bends in this ductwork were equipped with vanes to reduce the dis

turbances to the air stream, This ductwork terminated with a smooth

ly coverging section to flatten the velocity profile at the 3- by 12-inch 

jet opening, D. The one-inch-diameter cylinder used in this investi-
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o· 

E 

B 

FIGURE 2. Schematic Diagram of the Air Supply Equipment 
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gation was centered about two inches above this jet opening. 

The insulated ductwork and converging section downstream of 

the Venturi meter were provided with heaters. By monitoring the 

readings of eight thermocouples imbedded in the ductwork, these 

heaters were adjusted to maintain the ducts at the air stream tem

perature. 

The wire grid heaters, B, were controlled by a Thyratron 

circuit and a platinum re.sista1i.ce thermorneter located at E. The 

details of this temperature control system have been described by 

Corcoran and co-workers (11). The downstream temperature re-

cpi:ired for the Venturi meter measurements was determined by using 

another resistance thermometer in the air stream at F. Kerosene 

and mercury manorneters along with a precision cathetometer were 

used in the Venturi meter measurement. 

B. One-Inch Copper Cylinder 

The copper cylinder was constructed with a copper shell 

over a core heater. The core heater consisted of a copper tube 

wound with electrically insulated heating elements in one-eighth

inch grooves separated by one-eighth-inch ridges. The 0. 030-inch 

thick, one-inch external diameter, copper shell was soft-soldered 

to thi:s copper cor1;;:, The lwi:iilug i:it-;tit:Iubly wilh CO]Jpt:r i:;ht::ll WC:Lti 

12-inches long and was supported at each end by 12-inch sections of 

bakelite tubing of the same external diameter, 

Table I presents micrometer measurements of the external 
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diameter of the cylinder at 80° F for various angles from stagnation, 

lj;. The measurements were taken at the middle and at both ends of 

the one-and-one-quarter-inch section in the center of the 12-inch-long 

cylinder which was adjacent to the wire probe during the hot wire 

measurements. These data yield an average diameter of O. 9985 ± 

0. 0002 inches at 80° F. CorrRcting for thR thRrrn::il Pxp::mi;::ion nf 

copper, cylinder radii of O. 4994 ± O. 0001 inches and O. 4997 ± O. 0001 

inches for lOOu and 160u F cylinders are obtained. The radius at 

160° F was confirmed with micrometer measurements. 

The alignment of the cylinder was maintained at that described 

and used by Venezian (6). A level was employed to maintain the 

horizontal position of the cylinder. The surface was polished oc

casionally as required. The cylinder axis was approximately two 

inches above the jet opening. 

Copper constantan thermocouples with electrically insulated 

leads we re embedded in the inside of the copper shell at the middle, 

and at two inches on either side of the middle of the 12-inch-long 

cylinder. These thermocouples were monitored and the appropriate 

adjustments of the heater were made to maintain the cylinder at the 

desired temperature. The leads to the thermocouples and heater 

were brought through the hollow center of the assembly to a junction 

box at the end of one bakelite supporting section. 

C. Wire Assemblx 

The wire was supported by a probe and maneuvered with a 
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traversing mechanism. These were described by Venezian (5, 6) and 

used in his work. The traversing mechanism was stabilized by 

mounting it on a one-half-inch steel plate attached to the angle-iron 

frame surrounding the apparatus. 

Figure 3 is a diagram of the probe. The two platinum needles, 

A, were about 0, 03 inches in diameter at their bases and tapered to 

about 0. 005 inches in diameter at the ends where the wire was welded. 

The distance between the probes could be altered slightly to adjust 

the wire tension by using the set screws which held them in the bake

lite supports, B. These supports were securely fastened to the steel 

head, C, which was bolted to the one-quarter-inch diameter steel 

shaft, D. This shaft was secured in the traversing mechanism. The 

insulated 30-gauge-platinum current and potential leads, E, were 

welded to the needles and extended about 6 inches along the shaft of 

the probe where they were connected to copper leads. 

About a one-and-one-quarter-inch section of one-mill diameter 

platinum wire was welded to the ends of the probe needles. Replace

ment wires were obtained from the same spool. Figure 4 shows 

microphotographs of the wire and a scale, all taken at the same focal 

distance. Figure 4a is a section of unused wire from the spool. The 

diameter obtained from this microphotograph agrees within experi

mental accuracy with the value quoted by the manufacturer. Figure 4c 

is a section of a wire after a year's use during which the bulk of the 

measurements were taken. The buildup of foreign particles indicated 

in this figure may have a small effect on the experimental results. 
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D 

FIGURE 3. Diagram of the Supporting Probe for the Wire 



-36-

a) 

J 10 20 30 40 50 

b) 
1111 j I 1 : I , 111111111, 11 I ii 111111111111111 i 111 \ I ! I 1 ! I 

' 

c) - ~- -- - -- -- --- - . -- - -

FIGURE 4. Microphotographs nf: 
a) A Section of Unused Wire 
b) A Scale with One Unit Equal to 10 Mic rans 
c) A Section of Wire After One Year's Use 

All at the Same Focal Distance 
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This is discussed later. 

The probe assembly was traversed horizontally and vertically 

by milling attachments like those used by jewelers. Relative dis-

tances in these two planes were measured with O. 1-inch-per-revolu-

tion dial gages with O. 001-inch divisions. A photograph of this probe 

and traversing mechanism was presented by Venezian (6) as Figure 7 

of his thesis. 

D. Wire Measuring Circuit 

A circuit diagram for the wire is prAsAntAil ;:iR F'ign,.e S. 

Basically, it consisted of a Wheatstone bridge circuit to obtain a 

desired wire resistance when the current through the galvanometer, 

G, was adjusted to zero. Four-ohm and forty-ohm fixed resistors, 

and a variable resistor, R , formed three arms of the circuit. 
v 

The 

wire itself and two manganin resistors of about O. 5 ohms and O. 05 

ohms formed the fourth arm. Current was supplied by one or two 

6-volt D. C. batteries and adjusted with another variable resistor, 

R • The vultage drops across the o. 05-ohm resistor and the wire 
c 

were simultaneously observed on a White potentiometer and a K-2 

type potentiometer, respectively. In the upward position of the six-

loo.£ throw owitch, a 7-ohm resistor replaces the wire in the Wheat 

stone bridge circuit so that current could be maintained while the 

wire was connected to the G-1 type Mueller bridge. 

The current through the wire ;:inn the rARist::nir.e of the wi.re 

were calculated from the simultaneous readings of the potential drop 

across the calibrated O. 05-ohm resistor and the wire. The Mueller 
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FIGURE 5. Circuit Diagram for Wire Me;:ii::nrerriP.nb=: 
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bridge was used to measure the resistance of the wire in the air 

stream. From the calibration of the wire as a resistance the rmom

eter, these resistances were converted into the corresponding tem

peratures. The current was used to determine the electrical energy 

input to the wire. 
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IV. EXPERIMENTAL MEASUREMENTS 

Discussions about the calibrations, measurements, calcula-

tions, and the expected uncertainties are presented in this section. 

A. Calibrations 

To obtain temperatures from the resistance measurements of 

the wire, a calibration between these two properties for the wire was 

made. A section of the wire from the same spool as the wire used for 

the experimental measurements was mounted in a dry nitrogen at-

mosphere in a glass tube and annealed. This wire and the platinum 

.re::;l::stdnce thern1on1eter used in the air stream were calibrated 

together at 100°, 220°, and 340° F in an oil bath and at 32° Fin an 

ice bath against a standard platinum resistance thermometer. This 

calibration produced the following temperature dependence for the 

resistance of the wire: 

R = O. 9295746 + 2. 20666 X l0- 3t - 1. 8321X10-? t 2 
R 

0 

(20) 

In Equation 20, R is the resistance of the wire in absolute ohms at 

the temperature t in degrees Farenheit, while R is the wire 
0 

resistance at the ice point, 32° F. This calibration was assumed 

applicable to the work-hardened wires used in the measurements. 

The resistance of the O. 05-ohm resistor, Rs, was calibrated 

as a function of its temperature using 10-ohm and 1-ohm standard 

resistors. A small temperature correction was added to the 

0 0 
O. 0510969-absolute-ohm value measured at 30 C (86 F). Thus R 

s 
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could be determined from its temperature with an uncertainty of 

O. 01 per cent. 

At va1"in11.c; pl::ir.P.R th"l"onghont the analysis the physical pro-

perties of air are required. The following linear equation for the 

temperature dependence of the thermal conductivity of air at at-

mospheric pressure was based on the values reported by Hsu (12) 

and in NBS Circular 564 (13). 

k = 3. 6760x10- 6 + 6. 730 x 10- 9t (21) 

A comparison of these values with Equation 21 is presented as Figure 

6. An absolute viscosity of 3. 98 X 10- 7 lb-seconds-per-square-foot 

for air at one atmosphere and 100° F was taken from Hsu (12). These 

properties were not corrected for the small variations in atmospheric 

pressure. 

The thermal conductivity reported by Holm and Stormer (14) 

for pure platinum was evaluated at the average wire temperature, 

and used for the wire. 

k = o. 011006 + 1. 7639 x l0-
6t 

s w 
(22) 

The correlation obtained between the heat transfer from the 

wire and the velocity of the air stream past the wire will be presented 

later with the other results of this investigation. 
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FIGURE 6. Thermal Conductivity of Air at Atmospheric Pressure 
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B. Measuring Procedure 

The equipruenl. wa.::; hea.t.etl <:UJ.tl ::;tetbilh:.etl <:tt tlit:: de sired 

operating conditions prior to each run. This stabilizing period was 

normally about five hours. During this time the air duct heaters 

were adjusted to maintain the corresponding thermocouples at 

0 0 
100. 0 ± O. 3 F. The cylinder core heaters were adjusted to main-

tain the center thermocouple at the desired temperature, either 100° 

or 160° F, within O. 2° F. The air temperature at the jet opening was 

similarly set at 100. 0° ± O. 2° F and the air grid heaters were con-

trolled by the Thyratron circuit. The blower speed was adjusted to 

produce an air flow through the jet opening of O. 5384 ± O. 0012 lb-mass 

per second per square foot. 

Once set, the temperatures were maintained within 0.1° F 

throughout the run by monitoring the corresponding thermocouples 

at about half-hour intervals. The height of the upstream Venturi 

manometer leg was checked continuously. Infrequent voltage surges 

did, however, throw the blower system out of control. When these 

were observed no data we:t"e taken until the equipment had again 

stabilized at the desired conditions. 

During the conditioning period the wire was aligned and the 

location of the cylinder was determined on the arbitrarily positioned 

scale of the traversing mechanism. The wire was aligned parallel to 

the axis of the cylinder by observing it and its reflection on the 

cylinder with a telescope mounted outside the air stream. The 

positions of the surface of the rylinnP.,. ::it o0 and 90° from stagnation 
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were determined by plotting the difference on the telescope scale 

between the wire and its reflection in the cylinder along the appro

priate traverse and extrapolating the curve to a zero difference. By 

alternating the traverses, the position of the centerline of the cylinder 

was determined within O. 001 inches. A sectiun uf Lhe wire auuuL half 

way between the probes was chosen for these positioning measure

ments. This process was repeated after the run to confirm the rela

tive coordinate position of the cylinder. 

The readings of the various thermocouples with the air duct 

and cylinder heaters, manometers with the Venturi meter, and air 

temper::itnreR downRtream of the Venturi meter and at the jet opening 

maintained throughout the run were recorded at the beginning and end 

of each run. The values of these control variables and the air 

humidity were used to calculate the average conditions for the test. 

During a set of measurements, simultaneous readings of the 

voltages across the heated wire and the O. 05-ohm resistor preceded 

a measurement of the resistance of the unheated wire. These and 

the · temperatur'e of the O. 05-ohm resistor formed a complete set 

of wire measurements. Two or three such sets at different wire 

currents were taken at each point. Thus, the Nusselt number could 

be obtained as a function of the temperature difference between the 

heated wire and the local air stream. Since tho galvanometers for the 

potentiometers and Mueller bridge employed for these readings were 

sensitive to the continuous fluttering of the voltages and wire 

resistance being observed, readings which averaged out these time 
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variations were recorded. This fluttering and averaging introduced 

uncertainties far beyond those indicated in the calibrations. 

As the wire wcirk-hardenedt its ice point resistance increased 

from day to day. Therefore, this quantity was determined before and 

after each run. The wire and a platinum resistance thermometer 

were enclosed in a dewar of stagnant air. After allowing several 

hours to reach equilibrium, the resistances of both elements were 

measured. Knowing the resistance of the wire at the temperature 

determined with the normal resistance thermometer, Equation 20 was 

solved for the ice-point resistance of the wire. The ice-point resist-

ances before and after a run generally agreed within O. 002 ohms, 

i. e. 
0 0.1 __ F. 

As a further check the air stream temperature was measured 

with both the wire and the platinnni ,..e i:ii i:itance thermometer whenever 

the central variables were checked. These normally agreed within 

0 O. 05 F. These measurements were used to adjust the ice-point 

resistance of the wire if any sizable change occurred in it during the 

run. These changes were normally caused by mistreating the wire, 

such as forcing the probes against the cylinder. The precautions 

taken were adequate to correct for the trend of the wire 1 s ice-point 

resistance to increase at the rate of about seven per cent per year 

due to work-hardening. 
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C. Calculations 

In the field of engineering, the flow of fluids is generally 

characterized by a Reynolds number, and heat transfer to fluids is 

generally characterized by a Nusselt number. Although each of these 

dimensionless groups has a prescribed combination of terms, 

several interpretations concerning the conditions under which these 

terms are measured are available. In this section the particular 

conditions chosen for this presentation are defined, the various terms 

are developed from the experimentally measured quantities, and the 

assumptions incorporated in this analysis are specified. 

'T'hP. bnlk ve.locity, U
00

, for the bulk Reynolds number was 

based on the mass flow rate, m, measured with the Venturi meter 

and the area, A, of the jet opening. 

u 
(l) 

= 
!Tl 

Arr 
(l) 

(23) 

The specific weight of air, o- , used in Equation 23 was based on 
00 

the conditiono a.t the jet opening and the specific gas constant, b, 

deduced from the observed humidity of the air. 

(f 
00 

(24) 

Using these properties, the bulk Reynolds number for the cylinder, 

Re , was defined as follows: c, 00 

Re = c, 00 

2r U 
0 00 

v 
00 

= 
Zr m 

0 (25) 
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Another Reynolds number, Re , based on the wire diameter m 

and the average fluid properties between the local air temperature, 

t , and the average hot wire temperature, t , was also used. a w 

Re = m 

d u 
w 
v 

m 
(26) 

Hy assuming a constant pressure, and using the fluid property cor-

relations expressed in Equations 5 and 6, this mean wire Reynolds 

number was defined as follows: 

Re = m 

u u 
w 

(
Tm, lfn 

v -) oo T · 
00 

(27) 

The temperature exponent, n, in Equations 5 and 27 was evaluated 

at 0. 8719 from the air thermal conductivities at 100° and 160° F from 

Equation 21. 

The Nusselt number was determined from the measurement of 

the following four quantities at a given position of the wire in the air 

i:;tre<:uu; 1) the potential drop across the heated wire, Ew; 2) the 

potential drop across the fixed resistor, E · 3) the resistance of s' 

the fixed resistor, R ; and 4) the resistance of the unheated wire, R • s a 

A calibration of the wire as a resistance thermometer p,.o-

duced Equation 20. Using this and the measured ice-point resistance; 

R
0

, for the particular test, the local air stream temperature, 

was calculated from the unheated wire resistance. 

t ' a 

The current through the fixed resistor was calculated from 

its measured resistance and the voltage drop across it. 
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I 
Es 

= R (28) 
s 

Since the wire was in series with the fixed resistor when the hot-wire 

measurements were taken, this was also the current through the 

wire. Therefore the total resistance of the wire was known. 

R 
w 

E 
w 

=-I-= 
E R w s 

E 
s 

(29) 

This total wire resistance, Rw' was assumed to be the average 

resistance of the wire and to produce the average temperature of the 

wire, t , through Equation 20. 
w 

The total electrical energy input to the wire, q , was also 
P. 

calculated from the hot-wire measurements using a conversion factor 

of 3. 41219 Btu per watt-hour. 

E E w s 
R s 

(30) 

Therefore, based directly on the experimental measurements 

with a wire of diameter d and length f., an experimental heat 
w 

transfer coefficient, 

h = 
e 

h , was evaluated. 
e 

qe 
rrd £ (t - t ) w w a 

(31) 

To obtain this experimental heat transfer coefficient it was assumed 

that the electrical energy input was the only heat source and that the 

heat transfer from the surface cha.racleri;c.eu by the difference 

between the average hot-wire temperature and the local air tempera-

ture was the only heat loss, Corrections to a more realistic set of 
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assumptions are introduced below. 

An experimental Nusselt number, Nu • was based on this e,a 

experimental heat transfer coefficient and the fluid properties evalu-

ated at the local air temperature. 

h d I2R 
w e w 

=-k- =---:--:-----.,-
k Tri. (t - t ) 

a a w a 
(32) 

Note that this Nusselt number was not dependent upon the evaluation 

of the diameter of the wire used. It was, however, dependent upon 

the particular experimental arrangement employed. For this reason 

it wao only useful for comparing data obtained on this particular 

apparatus. To remove these limitations the following corrections 

were made to account for the finite length of the wire and the tern-

pe rature discontinuity of its surface. 

1. Correction for finite length. To correct the experimental 

measurements for the effect of the wire length, several assumptions 

were made to simplify the energy equation for the wire into a form 

which has been solved. For an electrically heated wire in which there 

are no radial or angular gradients, from which radiation is neglected, 

and which is at steady state in an air stream, the electrical heat input 

must equal the sum of the convective heat loss from the surface and 

the conductive heat loss along the wire. This is expressed in 

Equation 33 .for a diffon::ntial length dz. 

k 1Td
2 

= 1T d h(t - t ) dz + 3 
w 

w a 4 
(33) 
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Equation 33 was solved by assuming that the heat transfer 

coefficient, h, and the wire thermal conductivity, ks' were constant; 

and that the e]ectt'ir.al l'eRiRfance per unit length. R/1, was linear 

with temperature. 

a:::: 
R -R 

w a 
t - t w a 

{34) 

(35) 

The constant wire thermal conductivity was evaluated using Equation 

22 and was based on the average wire temperature. Noting that R 
w 

has been assumed to be the average wire resistance, and the cor-

responding t. to be the average wire temperature, the following 
w 

expressions were valid: 

t 
w 

R T dz 

The constant heat transfer coefficient necessary to solve 

(36) 

(37) 

Equation 33 was assumed to be that which would be observed for a 

wire of infinite length. Equation 38 expresses this quantity, hli, 

based on an infinite wire which was electrically heated by the current 

I to the temperature tli. 
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r2(~) (1 + a(t1- ta>] 
hi = rrd (t, - t ) ' 

w J(. a 
(38) 

Aiit!.r: Equation 34 wa:::; isub:::;iiLutt!<l into Equation 31, the con~parison 

with Equation 38 produced the following relationship between the 

experimental and infinite length heat transfer coefficients when: the 

qunntitico j3w and 131 defined below were introduced: 

13 = a(t - t ) (40) 
w w a 

The following equation was obtained by substituting Equations 34 and 

38 into Equation 33, rearranging, and simplifying: 

dz 

4I 2R (tn - t } a J(. a -=------= 
1Td Z f. k (t 0 - t } 

w s x a 

(42) 

If it is assumed that the larger platinum probes which support the 

wire maintain the ends of the wire at the air stream temperature, 

t , then the solution to Equation 42 has been pre'sented by Carslaw 
a 

and Jaeger (15) on page 152. 
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[
21 ( Ra )~] 

{ 

co sh d rrl k (t - t ). z } 
t = t + (t - t ) 1 - w s 1 a 

a 
1 

a [ 21 ( Ra ) 2 1 ] 
cosh d rri. k (t - t ) , 2 

w s P. a 

If the following substitution of the known quantity s is made, 

Equation 45 is obtained from Equations 43 and 44. 

d 
w 

s = rr 
~ 

( 
rr.l'. k (t - t ) 

s w a ') 
R . 

a 

1 

{ 

cosh [i: (:ws~J} 
t = t + (t_e - t ) 1 - [3 P. 

a a co sh [ ~ ( [3:}~] 

(43) 

(44) 

(45) 

By integrating Equation 45 as prescribed by Equation 37 and re-

arranging, the following defining equation for 131 is obtained:· 

do. 1 

f3 ((3.f )2 [l (j3 )2] ~ = 1 - s - tanh - ~. 
'31 f'w' 8 131 

(46) 

Since s was on the order of O. 02, Equation 47 was used as an 

adequate series solution of Equation 46. 

j3w s 2 3 
- 1 - s - - o. 645 s 13

1 
- T (47) 

A Nusselt number, Nu~ , based on the infinite length wire 
x. •a 

heat transfer coefficient is expressed in Equation 48. 



-53-

(48) 

2. Correction for the temperature discontinuity at the wire 

surface. This correction was necessary because the size of the 

wire was approaching the order of magnitude of the mean free path 

of the air molecules. The basis for this correction was established 

by I<ennard (16). The correctio11. procedure uaed waa presented by 

Collis and Williams (9). 

As indicated in Equation 49, the difference between the wall 

temperature and the temperature, t _, at which the gas wonlrl be if 
a1 

the radial temperature gradient in the air were constant up to the 

wall was assumed proportional to the radial temperature gradient 

in the air at the surface. 

t - t . = - s I ~ ') (49) 
1 al \ ar . 

a1 

The constant s is called the temperature jump distance. Based on 

the properties of air at the surface, Kennard derived the following 

expression for S· 

s = 2 - a --a 
4C 

y + 1 
(50) 

In Equation 50, a. is the accommodation coefficient of the surface 

for the particular gas, y = c /c is the ratio of the specific heats 
p v 

of the gas at constant pressure and constant volume, C is a 

constant such that O. 491 < C :S: O. 499, Pr is the Prandtl number 
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for the gas, and A is the mean free path of the gas molecules 

which was calculated with the following equation for an ideal gas: 

.1. 

A = H: ( TI"bT ) 2 
p 2g 

c 
(51) 

By noting that a. is about O. 9 for platinum in air(9) and setting C 

at O. 498, s was evaluated for the wire in air as follows: 

s =3.5204Xl0- 7+1.1286Xl0- 9t + 6.667 Xl0-14
t
2 (52) 

The average wire temperature was assumed to give the best approxi-

mation of s using Equation 52. 

It was assumed that the measured conductive heat loss per 

unit area was that which would occur in a continuum with a surface 

temperature of t . and that this correction appeared in the heat 
a1 

transfer coefficient as follows: 

hn(t 0 -t) =h .(t .-t} 
x. .t. a a1 a1 a 

= _ k (8T) 
ai or .. 

ai 

(53) 

Therefore the corrected surface temperature, heat transfer coef-

ficient and Nusselt number can be expressed as follows: 

hi.~ 
t . = t 0 - (t 0 - t ) -k a1 x. x. a . 

h -ai - h~ 
1 - f. 

k-:-
al 

a1 
(54) 

(55) 
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Nu1 Nu = _ __,,...,...-..:..'...,a,_...,,._-
J., ).., a Nu

1 
k ~ 

1 _ __,,.,,,_a..,....._a_ 
d k . 

(56) 

w al 

3. Corrected Nusselt number. Combining Equations 32, 48, 

and 56, the corrected Nusselt number is expressed as follows: 

N J., }.., a 

E E [ j3~ + ~ J w s f31 w 
R k rrP. (t - t ) 1 + f3 s a w a w (5 7) 

The correction for the finite wire length reduced the Nus selt 

number by about three per cent. A one per cent increase resulted 

from the correction due to the temperature discontinuity at the 

wire surface. Thus the corrected Nusselt number was on the order 

of two per cent lower than the e~pe1+ment::i1 Nnsselt number. 

D. Experimental Uncertainties 

The possible errors and uncertainties in the measurements 

fell into three categories: 1) uncertainties in the calibration of the 

measuring equipment, 2} uncertainties in the measurements due to 

the continuous fluttering of the values of the variables being 

measured, and 3) errors introduced by the overall variations in 

the stream conditions during the measurement sequence. In addition 
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to these, there was also the uncertainty in the relative coordinate 

position of the wire during the measurements. 

The O. 01 per cent uncertainty in the calibration of the O. 05-

ohm resistor represents the discrepancy between the potentiometric 

and Mueller bridge methods of measuring the resistance. This 

results in a O. 05° F uncertainty in the temperature difference 

between the hot wire temperature and air stream temperature. 

Although the ice-point measurement introduces another o. 05° F 

uncertainty in the temperature, the effect on the temperature 

difference is not noticeable. 

The 1:>tandard cello in Lhe Lwo potentlo1nete rs disagreed by 

about O. 06 per cent. Therefore the K-type potentiometer was 

standardized with the standard cell in the White potentiometer. In 

this way the ratio of the two readings used for the wire resistance 

was accurate and any error which resulted when the product of the 

readings was used for the calculation of the electrical input was 

tolerable. 

The length of the wire was determined within about O. 2 per 

cent. 

As previously indicated, the time fluctuations in the quantities 

being measured were a major source of errors. Although these 

fluctuations appeared to be quite large on the sensitive galvanometers 

connected to the fine instruments, the variations were only a few 

hundreths of a per cent of the values being measured. Unfortunately, 

the resistance of platinum is not too sens Hive Lo ten1pe rct.tu:re change. 
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Therefore two tenths of a per cent error in the resistance was 

equivalent to one Farenheit degree. On this basis these fluctuations 

amount to tenths of degrees which rapidly add up to one per cent of 

a 50 degree temperature difference. 

Then:~ wa::; al::;o 1:>0Lne va.daLiun iu Lhe apparenl air ternpe rature 

during the few minute's interval between the hot- and unheated-wire 

measurements. These oscillations about the mean temperature were 

of about the same order of magnitude as the above mentioned flutter

ing. The longer term trends during the day we re controlled through 

manual adjustments of the apparatus. 

The fluctuations were smaller in the free stream region beyond 

the boundary layer. In this region the readings were fairly stable 

and the major error was in the stream stability between the poten

tiometer and Mueller bridge readings at a point. Within the boundary 

layer the fluctuations became quite noticeable and increased as the 

cylinder was approached. Furthermore, the time average stream 

characteristics seemed to be more unstable in this region. 

Table II presents the estimated maximum uncertainties for 

the Nu::>selt number fur the data within Lhe buundary layer. The LuLal 

of 1. 5 per cent noted in this region would increase to about two per 

cent for data obtained within O. 01 inches of the cylinder, and be 

reduced to about one per cent for data obtained in the free stream. 

In addition to this uncertainty in the value of the Nusselt number, 

there was about a O. 001 inch uncertainty in each of the coordinates 

relative to the position of the cylinder. Further errors in the 
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relative position will be discussed later. 

A buildup of foreign particles on the wire was noted with 

Figure 4. It will be noted in Section V-B that the observed correla

tion between the Nus selt and Reynolds numbers could be adjusted 

to agree with the Collis and Williams (9) correlation, Equation 17, 

by using an effective wire diameter of 1. 08 mils rather than 1 mil. 

Such an increase in the average wire diameter appears to be rea-

sonable when viewing Figure 4-c. Fortunately, the wire diameter 

cancels out the experimental Nus selt number. Only about a 0.1 per 

cent change would be introduced by such a diameter change into 

the Nusselt number through the corrections for finite length and 

temperature discontinuity at the wire surface. However, by adjust

ing the Nusselt number and Reynolds number correlation rather 

than the diameter of the wire, the convc roion of the measured heat 

transfer can be correlated with the air velocity without introducing 

further uncertainties. 

Such a change in the effective wi.rP. ni::irnP.ter would greatly 

affect the reported heat transfer coefficients.. In addition the heat 

transfer characteristics of the foreign particles would further com

plicate the heat transfer coefficient expressions. The reported heat 

transfer coefficients are based on the one-mil diameter reported 

by the manufacturer for the clean wire.. This diameter was con

firmed by the microphotograph presented as Figure 4 and by com

parison of the wire resistance with that for pure platinum (14). 
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V. RESULTS 

A. Smoothed Experimental Data 

These measurements were taken on a cartesian coordinate 

system. Relative to the axis of the cylinder, x increased vertically 

in the direction of the air flow, and y was horizontal and positive 

in the quadrants investigated. Thio coordi.nCLte :systern i.s illustrated 

in Figure 7. Within this coordinate system, measurements we re 

taken on vertical and horizontal trav:erses at 0.1-inch intervals 

around the cylinder. For these traverses, data were taken at a high 

density of points at the approach of and within the boundary layer, 

and a few points were taken in the free stream. At each point,meas-

urements at several wire currents werP. takP.n. From these measure-

ments the corrected Nusselt number, Nun , , was calculated. The 
.i., "-• a 

latter were plotted for each point against ~t = t - t , and a linear w a 

interpolation to a ~t of 50° F obtained. The adjusted Nus selt num-

bers, (Nu£, A., )~t=SOo F' were plotted for each traverse. The 

traverse curves were then smoothed using angular, radial, and 

Nusselt number contour plots within the boundary layer; and using 

horizontal, verticai and Nusselt number contour plots for the free 

stream regions. This method was used for both the isothermal and 

the nonisothermal Nusselt number data. These smoothed, adjusted, 

* wire Nus selt numbers will be denoted by Nu • 

The air st re am temperatures obtained du.ring the nonisothern1al 

measurements were corrected as follows for relative variations in 

the temperatures if necessary. 
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t - t 
t * = 100° F + a 00 60° F 

a t - t (58) 
c 00 

These values were plotted for their respective traverses and similar 

smoothing procedures were begun. It was then noted that these tem

o 
peratures could not be extrapolated to 160 F at the coordinate 

position for the surface of a "round" cylinder. 

Figure 8 will be helpful in visualizing the subsequent discus

sion of the position of the surface of the 160° F cylinder on the co-

urdinate oy!::ilt:!rrl u::sc:u for the ni.ea5urements. As prcviouEJly noted, 

the micrometer measurements of the cylinder diameter presented 

as Table I indicated that the diameter was constant. The cylinder 

was round, but it did not uppear to be so on the coordinatP. system 

employed. The position of the cylinder on the coordinate system was 

established by extrapolating the difference on the telescope scale 

between the wire and its image in the cylinder to zero at ljJ = 0 

degrees and i.I; = 90 degrees. This method was used to observe the 

position of the surface at three other angular positions. The position 

of the surface was also obtained by extrapolating the air stream tern-

0 
peratures to 160 F. These extrapolated coordinate positions for 

160° F are represented by the solid curve whose position was con

firmed by the more direct telescope measurements. This 160° F 

I 
isotherm position was referred to as r and was subsequently used 

0 

to correct the radial location of the data. 
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The other curve in Figure 8 indicates the radial position of 

the wire on the measured coordinate system when the probe assembly 

came into electrical contact with the cylinder surface. Since the 

probe was horizontal, the point of contact progressed back along the 

probe at stagnation. This curve is merely an indication of the closest 

that the wire could be placed to the cylinder. 

Throughout the investigation of the coordinate discrepancy no 

fd.ults could bi= loca..tetl in thi= Lra.ver::iing rui=cl1a..nbu1. The Lra.veri:;ing 

guide tracks were within one minute of a right angle. The dial indi

cator scales were accurate. Thus it appears that perhaps the wire 

may have sagged slightly and have been supported at different posi

tions by the air stream as it was traversed around the cylinder. This 

could cause the discrepancies noted since the coordinates were 

determined relative to the middle of the wire and the traversing 

probes obviously changed the position of the ends of the wire. How

ever, the stability of the wire in the air stream and its alignment 

with the cylinder surface as observed through the telescope leave 

some doubts about even this explanation. 

Table III presents a summary of the conditions observed for 

the various tests. The experimentally observed positions, tempera

tures, and the corrected and the adjusted Nusselt numbers are pre

sented in Tables IV and V for the isothermal and nonisothermal 

cases, respectively. All of the precautions and checks previously 

mentioned were not taken for the early, 400-series, tests. There

fore only the portion of this data in the free stream which was used 
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in the analysis is reported. Throughout all the reported data, an X 

is placed beside the Nusselt numbers which were eliminated during 

the analysis. Lines of data were disregarded if the corrected Nusselt 

number was greater than one per cent from the linear correlation with 

~t since such a large deviation was not normal. The complete point 

was eliminated if the adjusted Nusselt number was greater than three 

times the relative standard deviation from the smoothed values. Com

plete runs were not reported for which the various checks did not 

meet the desired standards. 

The relative standard deviation used as a criterion to discard 

data. was evaluated as the 1>quare root of the sum of the squared differ

ences between the adjusted and smoothed Nusselt numbers, each 

divided by the smoothed value at the point, and this sum divided by 

the number of points in the sum mim .. is one. The ,.P.l::::\tivP- standard 

deviation was O. 6 per cent for the isothermal Nusselt number data 

and 1. 0 per cent for the nonisothermal Nusselt number data. 

Of the lines of data reported. three per cent were disregarded 

due to large disagreement with the linear correlation with ~t, and an 

additional ten per cent were eliminated as being greater than three 

times the relative standard deviation from the smoothed data. Half 

of the data eliminated in the latter manner were in four tests: 499,.500, 

504, 5'15, and 520. The others are randomly scattered throughout 

the remaining tests. 

The smoothed Nusselt number fields for the isothermal and 

nonisothermal cases are presented as Figures 9 and 10 re::specLivdy. 
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The smoothed temperature field for the nonisothermal case is pre-

sented as Figure 11. The measured coordinates were used in the 

preparation of these figures. The smoothed values near the cylinder 

are listed in Table VI at 15-degree intervals from stagnation for the 

experimentally investigated region. Similarly the smoothed values 

in the air stream around the cylinder are presented in Table VII 

relative to the cartesian coordinate system. 

Both the ;:;1noothed and adjusted Nusselt numbers are based 

on a temperature difference of 50° F. This temperature loading was 

interpolated with small uncertainties from data at loadings between 

0 
40 and 120 F. The data were not extrapolated to a zero temperature 

loading due to experimental considerations. At a zero temperature 

loading it can be seen from Equation 31 that the heat transfer ceof-

ficient becomes experimentally indeterminate as both the electrical 

energy input in the numerator and the temperature difference in the 

denominator become zero. Therefore, experimental data produces 

unrealistic Nusselt numbers as a zero temperature loading is 

approached due to the experimental errors. 

Venezian (6) suggested that the Nusselt number based on a 

thermal conductivity evaluated at one-fourth the temperature loading 

above the air temperature was almost independent of the temperature 

loading. Using ;:;uch an approximation to convert the reported data 

to a zero temperature loading, the conversion factor would be 

constant for the isothermal case and vary slightly with the local air 

temperature for the nonisothermal case. 
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B. Nusselt Number Calibration for the Wire 

To obtain the velocity distribution in the jet opening and a 

calibration of the' heat transfer from the wires employed, data were 

taken at several positions within the air stream at three bulk vela-

cities. The cylinder was removed from the jet opening for these 

measurements after the relative coordinate system had been estab-

lished. These data at 6. 76, 7. 87, and 9. 13 feet per second are 

presented in Table VIII. 

Collis and Williams (9) developed the following correlation 

between the Nusselt numbers from small cylinders for O. 02 <Re < 44 m 

which was presented as Equation 17: 

T -0.17 
N ( m) O .., 4 +O.""/ ,...~.0.45 u.£ " -T = • /. .,n r:..~ ,, ... ,m , m 

z 

A similar calibration was obtained from the author's data. 

(
T )-0.17 O 45 

Nu1 , A., m Tm = O. 2768 + O. 5646 Re~ 
a 

(59) 

In these expressions the dimensionless groups are based on the fluid 

properties evaluated at the average of the wire and air temperatures. 

The correlation of the left side of Equation 59 for the experimental 

data with the O. 45 power of the Reynolds number is presented as 

Figure 12. The calculated velocity profiles obtained by applying 

Equations 17 and 59 to the data at 7. 87 feet per second is presented 

as Figure 13. 

The .slightly higher constant on the right .side of Equation 59 
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compared with Equation 17 could be caused by the small degree of 

turbulence in the air stream. Measurements in the unobstructed jet 

opening indicated a 0. 7 per cent turbulence level using the Schubaurer 

(17) method. Variations in the evaluation of the various fluid proper

ties could also account for some of the difference. 

The most likely cause of the disagreement between the cor

relation of the authors and that of Collis and Williams is the buildup 

of foreign particles noted on the author's wire. These observed data 

can be adjusted to coincide with the Collis and Williams correlation 

by using a wire diameter of 1. 08 mils in the Reynolds number. 

C. Comparison with Theory 

Theory predicts that the heat transfer, and therefore the 

Nusselt number, from a small wire in an air stream will be dependent 

only upon the fluid velocity except within a few wire diameters of a 

solid surface. Under the latter circumstances, the relative distance 

from the surface must also be considered. 

In this section a comparison is made between the experimental 

re ::;ult::; aml lht: prt:<llcted behavior ba:;;ed on a calculated flow distri 

bution in the boundary layer about the cylinder. Data were not taken 

sufficiently close to the cylinder to justify more than a superficial 

discussion concerning the behavior within a few wire diameters of 

the cylinder. 

The velocity and temperature fields predicted for the air flow 

about the cylinder for the cases investigated were calculated using 
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the method described by Ito (7) and outlined with Equations 5 through 

16. The power for the temperature dependence for the fluid proper-

ties, n in Equation 5, was evaluated at O. 8719 from the air thermal 

conductivity expressed in Equation 21. The following properties were 

assumed for the 100° F air stream: an air velocity of 7. 81 feet-per-

second, a total pressure of 14. 33 pounds-per-s-qua:re.-:'focrj;, and a kine-

matic viscosity for air of O. 00018592 square-feet-per-second. The 

ratio of the heat capacities and Prandtl numbers were obtained from 

NBS Circular 564 (13} for the average boundary layer temperatures. 

It was also necessary to assume a velocity distribution around 

Lhe cyliude r at the edge of the boul1.dary layer. Yuge (18) suggested 

the following equation for 0 < cj> < rr/2 based on agreement with 

experimental pressure distributions reported by several investigators 

at Reynolds numbers near 40, 000. 

J == i. 81382 c!> - o. 35ll q,3 
- o. 0196 cJ>

5 (60) 
00 

Appropriately positioned Nusselt numbers were also selected from 

the radial plots used for smoothing the experimental data and con-

verted into velocities using the wire calibration presented as Equation 

59. A least squares fit of these data produced the following equations 

for the isothermal, Equation 61, and nonisothermal, Equation 62, 

cases: 

J == 1. 6431 <P - o. 5946 c1>
3 + o. 0933 95 

(61) 
00 
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ul 3 5 u = 1. 7078 cl> - o. 6323 cl> + o. 0988 cl> (6 2) 
00 

The thickness of the boundary layer was not clearly defined after 

about 60 degrees from stagnation. Therefore Equations 61 and 62 

should only be used up to about 70 degrees. These velocity distri-

butions are compared in Figure 14. 

Using Equation 59, the velocity distributions within the 

boundary layer obtained from these calculations were converted into 

the corresponding Nusselt numbers, (Nu~,\., a)~t=SOo F' for com

parison with the experimental data. The comparison of these results 

with the experimental data is presented at 15-degree intervals from 

15 degrees to 75 degrees from stagnation as Figures 15through19. 

No comparison was made at stagnation since at a velocity of zero in 

the boundary layer the Nus oelt uurnbe r correlation is not valid due to 

buoyancy effects. 

From Figures 15 through 18 it is apparent that the results of 

It~' s approximation method with Yuge 1 s velocity distribution predicts 

the shape of the Nusselt number profile near the edge of the boundary 

layer. By using Equations 61 and 62 to adjust the velocity at the edge 

of the hound a i-y 1 ayP.,. to fit thP. P.xpe rimentally measured Nusselt 

numbers, the agreement with the calculated distribution mthin the 

boundary layer was good from about O. 01 inch from the cylinder to 

the edge of the boundary layer. It is noticeable even in the latter 

case, however, that the theory predicted a greater variation between 

the isothermal and nonisothermal Nusselt numbers at a point than 
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was observed experimentally. Viewing this difference as a position 

phenomenon, the theoretical calculations predicted the nonisothermal 

curves to be out four or five mils fu,.thP.r than the isothermal curves. 

The experimental curves are between the ones predicted using the 

author's velocity distribution and have from zero to about two mils 

separation. For the experimental case, the significance of this sepa

ration is questionable due to the experimental uncertainties. Similarly 

the differences between the experimental and calculated curves for 

each case also approach the magnitude of the experimental uncer

tainties. Thus neither the confirmation nor the rejection of these 

predicted differences by the experimental data is shown. Neverthe

less, the magnitude and the observed shape difference were predicted 

as the edge of the boundary layer was approached. In addition, it 

should be noted how well the calculated and experimental boundary 

layer thicknesses agree. 

In Figure 19 at 75 degrees from stagnation, the agreement 

between I.he calculated and observed curves is poor. Not only does 

the author's velocity distribution become questionable at this point, 

but also Ito's approximation solution is known to fail at separation, 

which is predicted to be between 80 anrl 82 degrees from stagnation. 

Furthermore, the smoothing of the experimental data by the graphical 

techniques used forced sharp but continuous curves through the data 

in this region. This required a more gradual development of the 

separation phenomenon than if discontinuities had been incorporated 

in either the curves or their partial derivatives. Therefore, the 
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departure between the predicted and calculated curves in this region 

is not alarming. 

The measured Nusselt numbers were extrapolated to the 

cylinder during the smoothing process. The dashed electrical contact 

curve in Figure 8 indicates the limit at which data could be obtained 

relative to the surface of the cylinder. The closest points on nearly 

all traverses indicated an inflection point in the traverse Nusselt 

number curves. For the extrapolation to the surface in the smoothing 

process, the reverse bend of the curve was started and then 

straightened as the cylinder was approached. Based on the mathe

matical model by Piercy, Richardson, and Winny (4) which is 

expressed through Figure 1 for the Nusselt number from a wire in 

the boundary flow next to a flat plate, the experimental curves should 

havt: bet:::n shd.rpened n1ore and n:1ade a::symptotic to the surface of the 

cylinder. Such an extrapolation would probably have been a better 

fit for the points closest to the cylinder than the one indicated in 

Figures 15 through 19. It should be noted, hnweVP.1", th~t th~ expected 

uncertainties for these close points are much greater than the other 

points due not only to the multiplication of the fluctuations and oscil

lations observed. but also to their lower numerical values. Therefore, 

only the reverse trend indicated by these points was incorporated, 

not the full significance of the extremely sharp change. 

Contrary to the curves indicated in Figure 1, however, the 

minimum adjusted Nusselt number observed before separation was 

O. 6 on the curve at stagnation. 



-83-

The smoothed experimental Nusselt number distributions 

presented by Venezian (5, 6) were also included on Figures 16 and 18. 

He used the same equipment for his measurements as the author. 

Since his investigations several small improvements have been made 

in taking the hot-wire measurements, and the determination of the 

relative positions between the cylinder and the wire have been greatly 

improved, Venezian established the position of the cylinder on the 

wire traversing scales by observing through the telescope the points 

of contact of the wire with the surface of the cylinder at several 

positions between 75 and 105 degrees from stagnation. Graphical 

techniques were employed to deduce the position of the cylinder axis 

from these data. Once determined, this position was assumed 

applicable for several weeks' runs. During the author's investigation, 

daily measurements and checks were made of the position of the 

cylinder. It was found that the position shifted due to vibrations 

throughout the laboratory. This most likely explains the large 

dii;agrP.ements, up to ten per cent of the Nusselt number or O. 005 

inches in position, between the author's and Venezian's smoothed 

data within the boundary layer, and reasonable agreement of these 

data outside the boundary layer where position errors have very 

little effect. 

The variations between the observed and calculated tempera

ture distributions are indicated in Figures 20 and 21. The reasonable 

prediction of the thermal boundary layer thickness regardless of 

which velocity distribution was assumt!d is reassuring. At stagnation 
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the predicted velocity distributions are identical. The temperature 

distributions using Yuge 1 s velocities expressed in Equation 60 

apparently gave better agreement with the experimental curves than 

those using the velocities of Equation 62. However the disagreement 

with the latter is consistent. There appears to be a fundamental 

difference in the shape of the temperature distribution between the 

experiment and the calculations. When compared with the calculated 

curves, the experimental data indicated that the temperature profile 

remained straighter in the velocity boundary layer, bent more 

sharply near the edge of the velocity boundary layer, and then 

tapered rnore gradually to the air strearn te1nperature at the edge of 

the thermal boundary layer. This indicates that the predicted 

temperature curve through the thermal boundary layer, Equation 16, 

could be improved for the case where the velocity boundary layer is 

smaller than the thermal boundary layer. This shape discrepancy 

probably explains why Yuge 1 s velocity profile with its larger values 

produced a better fitting tempA -ratnre distribution than the author's 

velocity profile. 

D. Heat Transfer from the Cylinder 

Although the heat input to the cylinder or any portion thereof 

was not measured directly, the local heat transfer from the cylinder 

can be obtained from the observed and calculated temperature 

gradients in the air stream. This relationship is expressed in 

Equation 63, and converted into a Nusselt number in Equation 64. 
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-k (at . 
hC : (t - Ct ) a: ) I 

c oo r 
(63) 

0 

Nu c, co 

2h r - 2k r ( at . 
::: co_ co a) 

k - k (t -t ) -a;:;- I 
co co coo r 

(64) 

0 

Knudsen ;:inn Kat7. (19) p1"esented the foll owing ernpi rical 

equation for evaluating the local Nusselt number from the cylinder 

in the region from stagnation to 80 degrees! 

(65) 

Figure 22 presents the local Nusselt numbers from the cylinder 

obtained from the measured and calculated temperature distributions 

co1npa.red with thoi:H::: which were correla.ted e1npirica.lly. The va.rioui:; 

curves show reasonable agreement with the author's measurements. 
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VI. SUMMARY 

A. Experiment 

Experimental heat transfer measurements have been presented 

for a. O. 001-inch diameter wire in isothermal and nonisothermal air 

flows about a 1-inch cylinder. The 100° Ft 7. 81-foot-per-second air 

stream was normal to the cylinder to give a Reynolds number of 

about 3500. The cylinrle.r wal'l rnai.ntai.nP-n at 100° F few the isothermal 

case and heated to 160° F for the non-isothermal case. The wire was 

aligned parallel to the cylinder. Measurements were taken for sever

al temperature loadings at a number of points within the forward 

portion of the air flow about the cylinder. The measured heat transfer 

from the wire was expressed as a Nusselt number and corrected for 

the effects of the length of the wire and the temperature discontinuity 

in the air stream at its surface (9). These corrected Nusselt num

bers were interpolated to a local wire temperature loading of 50° F. 

The adjusted Nusselt numbers were smoothed throughout the boundary 

flow using graphical techniques. A similar process was used to 

smooth the ten-iperature field in the nonisothern-ial boundary layer. 

These experimental results of the heat transfer from small 

wires in the isothermal and nonisothermal boundary flows about a 

cylinder are of interest due to their correlation with the loccl fluid 

velocities. As such they are of considerable value as a reference 

for evaluating the quantitative accuracy of the various approximate 

theoretical solutions to this particular flow situation. 
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B. Comparison With Theory 

The radial Nusselt number distributions based on the velocity 

and temperature distributions calculated from an approximate solu

tion presented by Ito (17) of the boundary layer continuity, energy, 

and momentum equations were compared with the smoothed experi

mental values, For these calculations the heat transfer from the 

wire was assumed to depend only upon the local air flow. This 

assumption gave reasonable agreement with the observed values be

yond ten wire-diameters from the cylinder if the velocity distribution 

around the cylinder at the edge of the boundary layer corresponded 

with the experimental data, The general behavior of the Nusselt 

numbers, but not their magnitudes, was obtained using a velocity 

distribution based on pressure measurements at a Reynolds number 

of 40, 000 (18). A comparison of the observed and calculated tem-

po rature gradients in the boundary layer indicated that the radial 

temperature distribution equation should be changed slightly for the 

caoco where the velocity thickness ie less than the tl1cr1"1-:i.ctl tl:ilck..tlt:Ob" 

As the cylinder is approached, Piercy, Richardson, and Winny 

(4) predicted that the Nusselt number from the wire should tend 

toward infinity due to the conduction between them. This i,~ a p,.e

dicted deviation from an extrapolation to the Nusselt number for a 

zero Reynolds number at the surface, The onset of this deviation 

was noted, but data could not be obtained sufficiently close to the 

surface to confirm the predicted trend toward infinity. 
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C, Conclusions 

1. Experimental data and smoothed values for the Nusselt num-

ber for a small wire in the isothermal and the nonisothermal 

boundary flows about a cylinder at a Reynolds number of 

3, 500 arc presented with a maximum uncertainty of 1, 5 per 

cent and an uncertainty of one mil in relative position. The 

experimental data are presented in Tables III through V, the 

smoothed values in Tables VI and VII, and the Nusselt num-

ber and temperature fields through Figure" 9 through 11, 

2. The isothermal Nus selt number field presented is displaced 

by up to five mils in the boundary layer relative to the data 

present"rl by Vem<>zfan (.'i, h) rfo<' to a significant improvement 

in the determination of the relative positions of the wire and 

the cylinder, These two sets of data agree in the free stream 

where such positions errors are not important. 

3, The nonisothermal boundary layer is slightly thicker than the 

isothermal boundary layer as indicated by the small outward 

radial displacement of the nonisothe rmal Nus selt number data, 

4. With reasonable accuracy, the heat transfer from a small 

wire at distances greater than 10 wire-diameters from the 

cylinder surface may be assumed to be a iunction of only the 

two-dimensional flow normal to it. 

5. The velocity distribution at the edge of the boundary Lotyo::L· 

about the cylinder suggested by Yuge (18) based on pressure 

measurements at a Reynolds number of 40,000 is not appli-



-92-

cable for the vertical flow about a cylinder at a Reynolds 

number of 3, 500. 

6, The indicated radial heat transfer from the surface of the 

cylinder is in reasonable agreement with the empirical corre

lation of other experimental data presented by Knudsen and 

Katz (19) for angles from stagnation up to 80 degrees. 

Based on the comparison of the behavior indicated using 

Ito's (7) method of calcal;iHon with thA nh<i.,,.ved Nnsselt number 

behavior, the following conclusions we re drawn: 

7, The velodty distributions predicted by Ito's (7) approximate 

method of solution for the boundary layer equations for both 

the isothermal and nonisothermal cases were confirmed by 

the experimental measurements up to 70 degrees from stag

nation, 

8. The radial temperature distribution function used in Ito's 

solution coulC: be revised to better predict the situation where 

the velocity thickness of the boundary layer is smaller than 

the temperature thickness, The experimental measurements 

indicated that in the region of large radial variation of the 

velocity, the radial temperature gradient across the boundary 

layer was greater than predicted by Ito's solution. 

F,.nrn th<> comparison of th<' ""''P" l'irnental results with the 

predicted Nusselt-number behavior within several wire-diameters 

of the cylinder as reported by Piercy, Richardson, and Winny (4), 
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the following conclusions we re drawn: 

9. Data were not taken sufficiently close to the surface of the 

cylinder to confirm the predicted asymptotic illC!"ea~" 111 U1" 

Nusselt number toward infinity as the surface was approached 

radially. 

10. The proximity of thP solid surface affected the wire's Nusselt 

number starting at about IO wire-diameters distance from 

the surface rather than the predicted 5 wire-diameters dis

tance, 

11. The limiting wire Nusselt number at stagnation (zero Reynolds 

number for the wire) is on the order of 0, 6 rather than O. 2. 
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VIII. NOMENCLATURE 

A. Roman Type Syn:bols 

A Area of jet opening, sq ft. 

a 

a 
00 

b 

c 

c 
p 

c 
v 

co sh 

E w 

g 

I 

k 

k 
s 

m 

Coe££icicnt for the linear ter.."lpe rature depende1-i.ce of L.l1~ 
resistance of the wire per unit length, {°F)-l, (See 
equations 34 and 33). 

The velocity of sound in air evaluated at the bulk air stream 
condition$, ft/ sec. 

Specific gas constant for air, (ft, lb-force) /(lb- mass, 0 R). 

A constant in Equation 50, dimensionless. 

Heat capacity of air at constant pressure, Btu/10-mass. 

Heat capacity of air at constant volume, Btu/lb-mass, 

Hyperbolic cosine function, dimensionless, 

Diamete!' of the wire, ft. 

Potential drop across the fixed resistor, volts. 

Potential drop across the wire, volts, 

2 
Gravitational force vector, ft/sec . 

Conversion £0,cto:r 32.174 (ft, lb-1nass)/(lb-forcc, sec 2). 

Local acceleration due to gravity, ft/sec 2• 

Heat transfer coefficient, Btu/(ft 2, sec, oF). 

Current through the wire and fixed resistor, amps. 

Thermal conductivity of air, Btu/(sec, ft, °F). 

Thermal conductivity of the platinum wire, Btu/(sec, ft, °F). 

Length of wire, ft. 

Logarithm function to the base 10, dimensionles ;;, 

Mass flow rate of air through lhe Venturi, lb-mass/sec. 



n 

Nu 

* Nu 

Nu c 

p 

Pr 

r 

r 
0 

I 
r 

0 

Re 

Re c 

T 

t 

* t 
a 

tanh 
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Exponential power for the fluid property dependence i.:pon 
temperature, dimensionless. {See Equation 5). 

Nusselt number from the wire = h<i /k, dimensionless. 
w 

Smoothed (Nu£, >.., a) L!.t= 500 F' dimensionless. 

Loc:;:::.l Nuooelt. .c.tulrlbt:-r .Cro111 il.c~ cyli.c1d~r at a particular 
radial position, dimensionless, (See Equation 63), 

Air pressure, lb-force/sq ft, 

Prandtl number for air = c µ/k, dimensionless. 
p 

l~lectrical energy input rate to t!'.te wire, Btu/sec. 

Total electrical resistar.ce o: the wire at the ice point 
(32° F). absolute ohms. 

Electrical resistance of the fixed resistor, absolute ohms. 

Raciiai distance from the axis of the cylind0r, ft, 

Radius of the cylinder at a aprticular temperature from 
micrometer measurements, ft. 

Radial position of the surface of the cylinder relative to the 
axis oi the cylinder as observed on the measuring coordinate 
system a.t a particular angular position, ft. 

Reynolds nurnbe r for the flow about the wire 
dimensionless. 

cl U 1v, W I 

Reyc1ultli:i r1urr1ber fu.r t.l.ct.: flow aLuul. Llu~ cylir1tl.1'!.t' - 2r
0

U
00

/v, 
dim ens ionle s s, 

A variable defined by Equation 44, dimensionless, 

Absolute temperature, 
0

R. 

0 
Temperature, F. 

Smooth"d or adjusted (see Equation 58) a.ir temperaturP., °F. 

Hyperbolic tangent function, dirnensionle s s. 

Bulk velocity of air stream, ft/sec. 



u 

u 

x 

x 

y 

y 

z 

B. 

a 

y 

' 6,, 
' 

11 

El 
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Local air velocity parallel to surface of cylinder, ft/sec. 

Local air velocity vector, ft/sec. 

Distance from stagnation along the surface of the cylinder, 
ft/sec. 

A function of the angle from stagnation defined by Equation 
8, ft. 

Measured vertical coordinate distance of the wire above the 
axis of the cylinder, ino 

Normal distance from the surface of the cylinder, ft. 

A function uf the normal distance from the surface of the 
cylinder at a particular angular position defined by 
Equation 9, ft. 

Measured horizontal coordinate distance of the wire from 
the axis of the cylinder, in. 

A function of the angular position defined in i~quation ll, seco 

Distance along the length of the wire from ita middle, fto 

Greek Type Sym.bols 

Accommodation coefficient of the surface for the particular 
gas, dimensionless. 

The fractional change of the hot-wire resistance relative to 
that at the local air stream temperature, dimensionlP.ss. 

Ratio of the specific heat of air at constant pressure to that 
at constant volume = cp/cv' dimensionlcsso 

Velocity boi:ndary layer thickness in terms of Y *' ft. 

Thermal boundary layer thickness in terms of Y,,_ ft. 

Temperature difference between the average hot wire and 
local air stream temperatures= tw- ta' °F. 

Viscosity of air in force units, (lb-force, sec)/sq ft. 

Time, sec. 

Mean tree path of air molecules, defined by Equation 51, fto 



u 

v 

1T 

p 

T . . , T .. 
lJ Jl 

x 
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A function of the angular location from stagnation defined 
by Ec;.uation 11, used in Equations ll. through 16, dimension
less. 

A function of the angular position from stagnation as defined 
by Eqaation 12, dimensionless. 

Viscosity of air in mass units, lb-mass/sq ft, 

Kinematic viscosity of air= 11/p, sq ft/sec. 

Temperature jump distance defined by Equations 49 and 50, 
ft. 

3. 141596 ••• 

Density of air= r:r/g , (lb-mass, sec 2)/ft4 . a 

Specific weight of air, lb-mass/cu ft. 

Shear tensor, lb-force/ sq ft. 

Diagonal components of the shear tensor, lb-force/sq ft. 

Off diagonal components of the shear tensor, lb-force/sq ft. 

Angle from stagnation, radians. 

The ratio of the velocity boundary layer thickness t:o the 
thermal boundary layer thickness = o.,jc.,, ' dimensionless. 

Angle from stagnation, degrees. 

C. S.ibs c ripts 

a Evaluated at, or based on the properties evaluated at, the 
local air stream temperature. 

ai Evaluated at, or based on the properties evaluated at, the 
C>Xtrapolated air side interface tempc ratu re at the surface 
of the wire. 

c Fron1 the surface of the cylinder, or "3ased on the proper
ties evaluated at the surface of the cylinder (g specifically 
defined in Section A). c 

P nu1". to th~ ~1.::~ctrical energy source. 



i, j, k 

M 

m 

0 

p 

v 

w 

-100-

The three orthogonal coordinates of particular interest. 
Used in vector, tensor, and dyadic notation. 

Corrected to that of a wire of infinite length. 

Based on the properties evaluated at the mean te1nperature 
between those of the cylinder and the bulk air stream. 

Based on the properties evaluated at the mean temperature 
between the avcra3e hot-wire tempc,rat·-Irc and the local air 
stream temperature. 

See g , R , r , and r
0 

definitions. 
·o o o 

At constant pressure. 

Sec E , k , and R definitions. 
s s s 

At constant volume. 

Based on the properties evaluated at the average hot-wire 
ie11.µe 1·a.Lure. 

1 Evaluated at the "edge of the boundary layer. 11 

oo Based on the bulk air stream pr::ipertics or cond·:tions, 

X. Correded for t.hP t.<>mpcraturc disc::mti::mity at the surface 
of the wire. 

D, Operators 

D 
DO Substantial de riv a ti ve operator. 

d Total derivative operator, 

CJ Partial derivative operator. 

S Integral operator. 

VF Gradient of a scalar Jt. 

V·F 

[ v · :FJ 

Laplacian of a "calar, F = V • (V'F) 

Divergence of a vector, F . 

Divergence of a dyadic, F. 

= 
Sr"l"r prodnct of two dyadics, S and F. 
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IX. TAB:!:.,ES 
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TABLE I 

Micrometer Measurements of the Diameter of the One-Inch Diameter 

Cylinder at 80° F 

Angle frorr. Cylinder Diameter, inches 
Stagnation, 

a Middle a 'i degrees North South' 

0 o. 9982 o. 9')85 0.9987 

30 o. 9982 0.9984 0.9986 

60 o. 9983 0.9984 0. 9985 

90 0.998h 0.9985 0. 9986 

120 o. 9986 0.9987 o. 9987 

:so 0.9984 o. 9986 o. 9987 

aLongit::idinal position relative to the one - and- one-quarto r incr. 
eection on the cylinder adjacent to the 1:>robc~ 
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TABLE II 

Esti1:i.1atetl Ma.xi1Tium Uncertaintie~ for t1·1u Nuooi..:lt Nu111Lt:r 

Measurements Witl::.in the Boundary Layer 

1. Electrical energy input: 

a. E fluctuations 0, 02% of q 
w 

b. E 
3 

fl actuation:; o. 01 % 

c, R s calibration o. 01 % 

d. Standard cell o. 06% 
difference . 

0, 10% o:' q 

2. Temperature cliffe rence term: (L:lt = 50 F
0

) 

a. E fluctuations 0, 02% o: R 
w w 

b. E s 
fluctuations u. 01 % 

c. R 
s 

calibration o. 01 % 

O. 04% of R , or O. 2 F 0 in t 
w w 

d. R fluctuations O. 03% of R a' 
or 0, 15 Fu int 

a a 

e, Stream stability o. 15 F 0 in L:lt 

0, 5 F 0 in L:lt 

3. Length of wire: O. 2% of P. 

4. Corrections for finite lengtr. and tcrr.pcraturc 
discontinuity at the surface of the wire: 

5. Position at the centerline of the cylinder: 

0.1%ofNu 

l, 0% of Nu 

0., 2<7~ of Nu 

0.1% of l\u 

l, 5% o:' Nu 

:±:0. 001 in. for x 

±0,001 in. for y 



TABLE III 

Summary of the Experimental Operating Conditions 

Tcsl Date Win Pre8Sure Weight Air Strea::n Cylirnkr Gros~ Gross 
No. psi a Fraction Terr:perature Temperature Air Velocity Reynolds 

Water OF oy ft/sec Number 

406 9/15/61 5 :4.29 O.Jl23 100.99 160. ; 3 7. 96 3541 

407 9/J8/61 'i :4. 28 O.:ll02 101. 01 160. 48 7. 89 3512 

411 10/12/61 5 :4.32 O.D077 100.65 159. <JO 7.84 J:>oz 
499 8/9/62 7 '.4. 31 o. J 151 100.08 100.26 7.80 3468 

500 8/16/62 7 i4.29 o. 0130 100. 0 2 160. 18 7. 81 .HT~ 

502 9/5/62 7 i4. 28 0.0091 100.04 160. 70 7.82 3484 
I 

504 9/7/62 7 14.27 o. 0116 1oo.02 160. 50 7.86 3497 ~ 

0 

505 9/18/62 7 i4. 27 o. 0119 100.00 "'" 99.89 7.85 3487 I 

508 10/18/6Z 7 14. 28 0.0095 100. oz 160. 64 7.88 3507 

510 11/8/62 7 14.31 0.0035 99.94 160. 15 7.99 3504 

511 11/14/62 7 11.33 0.0084 99. 99 160.37 7.86 3515 

513 ll/20/6Z 7 14.37 o. 0058 100.02 160. 14 7. 78 3494 

514 11/21/62 7 14.29 0.0070 100. 05 100.01 7.82 3489 

515 11/28/6Z 7 14. 31 o. 1)105 100. 02 100.05 7.81 3487 

516 12/11/62 7 14.35 0.0085 100.01 160. 19 7.82 3502 

517 12/12/62 7 14.39 0.0091 100. 02 160. 18 7.79 3497 

518 12/13/62 7 14.40 0.0083 100. 03 160. 17 7. 78 3497 

519 12/14/62. 7 14. 39 0.0076 I OC. 01 160.02 7. 77 3494 



TABLE III. (Continued) 

Test Date Wire Press11re Weight Air Stream CyJinder Gro:;:s Gross 
No. psi a Fraction Temlberature Ternperatnre Air Velocity Reynolds 

Water F OF ft/ S<'!C Number 

52.0 12/17 /62 7 14.24 0.0076 100.01 160. 15 7. 8 7 3497 

52.l a 12/18/62 7 14.27 0.0084 100.01 7.87 (3505) 

5Z2Aal2/19/62 7 14. 3 7 0.0089 100,04 9. 13 (4092) 

52.21f 12/19/62 7 14. 35 0.0094 99.94 6. 76 (302 7) 

52.3 1/4/63 7 14. 34 0.0062 99. 97 159. 81 7. 61 3502 

524 2/19/63 7 14.39 0.0094 99. 93 160. 33 7, 17 3491 

5Z5 2/20/63 7 14. 36 0.0080 100. 07 160. 29 7. EO 3497 

530 3/22/63 7 14. 31 0.0067 100. 00 J 60. 20 7. 84 3504 I 
~ 

0 

532 3/26/63 7 14. 38 0.0075 1 oo. 00 160. 21 7. 79 3499 U• 
I 

533 3/27 /63 7 14.32 0.0060 1oo.02 160. 19 7.63 3502 

534 3/28/63 7 14.34 o. 0075 100. 04 160. 16 7. 62 3502 

536 '1/2/63 7 14.41 o. 0053 1oo.02 160. 22 7. 77 3502 

537 4/3/63 7 14. 11 0.0049 100.00 160. 46 7. 77 v:o2 
538 4/4/63 7 14.31 0.0054 99.99 l 00. 12 7. El J494 

539 5/21/63 7 14. 32 0.0102 100.03 l 00. 22 7. ES 3502 

540 5/22/63 7 14.34 0.0100 100, 01 100. 20 7. E3 3994 

541 5/23/63 7 14. 32 0.0097 99. 9J I 00. lZ 7.83 3494 

542 5/27/63 7 14. 32 0.0088 100,09 l 00, 16 7. 84 3502 

aNo cylinder in air .et opening. 



Position 

x y 

in.. in. 

-0.800 o.ooo 

-0, 700 0,000 

-0. 600 o.ooo 

-0. 540 o.ooo 

-0.520 o.ooo 

-0.512 o.ooo 

-0. 508 o. 000 

-0.530 o.ooo 

-1. 000 o.ooo 
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TABLE IV 

Isothermal Experimcmtal Data 

'Temperatures 

t tit 
a 

OF OF 

Cocffic ient 

h .Xl0 2 
ai 

Btu 
2 0 sec, ft , F 

Test 50.5 

100,00 51. 67 5.562 
99. 91 82. 14 5, 610 
99.95 118. 30 5.679 
99.92 51. 49 5. 109 
99.92 81. 81 5. 1 74 
99. 95 118. 04 5.227 

100.10 5], 73 4.371 
99. 99 82.46 4.417 
99.94 53.35 3. 570 
99,93 83.68 3.597 
99.99 120,03 3. 655 
99. 93 53. 13 3, 2.12 
99. 96 9 l, lQ j, 019 
99. 94 120,07 3. 316 
99.93 54.32 3. 168 
99.90 84.96 3.228 
99. 98 115.52 3. 287 

100,33 51. 89 3.245 
100,36 81. 98 3,297 
100.13 118. 51 3. 3 7 6 

99. 96 51. 89 3.240 
99. 91 so. 65 30348 
99.53 82.49 3.344 
99.82 117.32 3,472 
99.85 50. 64 6. 03 6 
99. 93 80.98 6. 109 
99. 90 11 7. 88 6. 156 

Nusaclt Numbers 

Nu 1 , A., a (Nu, , . ) 
.t,f\.,d. 

6t=:50 °F 

1. 0658 I. 0650 
1. 0751 
1. 088 3 
0.9792 0.9796 
0.9915 
1. 001 7 
0,8374 0.8368 
0.8464 
0.6841 0.6835 
o. 6892 
0.7004 
0.6155 o. 6154 
0, s 186 
o. 6355 
o. 60 70 o.6054 
0,6185 
0.6293 
o. 6215 o. 6204 
0,6314 
0.6467 
0.6209 o. 635 
0,6417 
o.6413 
o.6655 
l. 15 68 1. 156 
l, 1707 
1. 1 798 
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TABLE IV (Continued) 

x y t C.t h .XlU 2 Nu1 (Nu1 \. . ) a ai , /...J a I I J a 
in. in. o.F OF Bt1~ 

L>t=50°F 2 0 
sec, ft , F 

Test 540A 

-0.499 o. 101 loo. 1 7 55.59 4.366 0.8364 0.8344 
100. 15 81. 68 4.415 0.8458 
100. 1 7 105. 77 4.460 0,8544 

-0.504 o. 101 99.99 56. 31 4.508 0.8637 0.8614 
99.99 81,0B 4.568 0.8754 
99.91 104, !:>O 4.6ll o. 81:l31:l 

-0.507 o. 10 l 99.90 54.05 4.583 0.8783 0,8746 
99.94 80. 10 4.632 0.8877 
99.93 103. 13 4.683 0.8974 

-0,515 o. 101 99.79 53. 16 4.629 0.8872 0.8862 
99.95 80. 16 4. 702 o. 9011 
99.83 105.18 4.730 0.9060 

-0.520 o. l 0 l 99.96 53,89 4.648 0.8907 0.8891 
99.79 79. 91 4.700 0.9008 
99.91 103.46 4. 748 0.9099 

-o. 530 o. l 01 99.89 57.47 4.652 0,8916 0.891 
99.91 83.06 4.719 0.9044 
99. 86 106.4'i 4. 741 0.9086 

-0.550 O. l 0 I 99.84 56. 16 4.682 0.8974 0.8956 
99.89 81. 67 4.730 0.9065 
99.88 104. 78 4.767 o. 9135 
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TABLE IV (Continued) 

x y t L), t h .Xl0 2 
Nu (Nu1 ,_ . ) a ill 1, ).., a f I ,,J 

in~ in. o~ OF Btu 0 

" 6t=50 F 
sec, ft 2 , °F 

Test 541A 

-0.467 0.200 100.28 53. 83 5,034 o. 9641 o. 9624 x 
100,18 80. 07 5. 084 0,9740 
100.13 102. 2 7 5. 135 o. 9838 

-0,470 o. 200 100,05 52.37 5, 020 0.9619 o. 9609 
100.09 78. 27 5. 074 o. 9721 
1 00. 1 3 102. 03 5. 126 o. 9820 

-0.474 a.zoo I 00. 13 55. 96 5.410 1. 0363 x 1. 024 
100. l 0 82. 83 5. 407 l, 0359 
100,05 105. 35 5.449 1.0440 

-0,477 o. 200 100, 11 55. 13 5,508 1. 0552 1.0520 
99.90 81. 67 5, 551 1. 0638 

100.03 106. 20 5. 619 1. 0766 
-o. 482 0.200 100,01 57.09 5.626 1,0781 1.0762 

99. 87 83. 22 5,689 1. 0903 
99.84 106.80 5.729 1.0981 

-0. 489 o. 200 99. 97 56. 24 5.666 1,0858 1. 0826 
99.80 82. 84 5,702 1. 0930 
':I':!. ':13 105,21 5. 782 1.1081 

-0.499 0.200 99. 93 55.88 5,643 1. 0813 1, 0 792 
99. 91 81. 97 5.697 1.0918 
99. 78 105, 63 5,739 l. 1000 

-o. 600 0.200 99. 81 58. 66 5. 498 1. 0538 1. 0506 
99. 81 84,89 5. 550 l,0637 
99. 06 108,40 s. 097 1, 0727 

-0.800 o. 200 99. 72 58,45 5, 772 l. l 0 64 l. l 023 
99. 68 85. 08 5. 815 1. 1149 
99. 66 10 7. 80 5,881 1. 12 75 

Test 542A 

-0.600 0,400 l 00, 01 59. 1 z 6, 235 I. l 94 7 1, I 904 
99.80 84.44 6. 2 75 1.2028 
99. 73 109.13 6. 338 1. 2151 

. o. 800 0.400 99. 72 59. 23 6. 128 1. 1747 1. I 700 
I 00. 0 6 84. 08 6. 198 1.1875 
100,02 108.34 6. 254 l. 1983 
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Table IV (Continued) 

ta tit 2 
NaJ! (Nul \ - ) x y h .x 10 

a1 '\,a ' ' "' 
in. in. OF OF Btu At~ 50 OF 2 0 sec, ft , F 

Test 542B 

-0. 800 0. 600 99.84 59. 02 6. 409 1. 2284 l, 2262 
99.79 84.41 6. 456 1. 2375 
99. 76 109. 1 7 6. 485 1.2432 

-o. 600 o. 600 99.94 58.74 6. 531 1. 2515 1. 24 74 
99. 87 85.20 6. 580 1.2612 
99. 92 108,54 6. 638 1.2722 

-o. 200 o. 600 99.85 58. 75 7. 023 1.3460 l, 3422 
99. 85 84. 11 7. 082 1,3573 
99. 92 l 08. 68 7.142 1.3686 

o.ooo o. 600 99. 90 58.91 7.058 1.3527 1. 3485 
99. 89 84. 04 7. 122 1. 364';! 
99. 93 108. 63 7. 189 1. 3 77 6 

Test 542C 

o. 000 0.800 99. 91 54. 81 6. 962 1.3342 1. 3318 
99.93 101.20 7. 074 1.3556 

-o. zoo 0,800 99.94 51, 99 6. 930 I. 3280 1. 323 
99. 96 76. 53 6. 941 1. 3300 
99.92 101, 53 7. 007 1.3428 

-0, 600 0,800 99. 87 51. 04 6. 620 1.2687 1. 2680 
99. 85 76. 31 6. 683 1. 2808 
99.90 101, 12 6.740 1.2916 

-0.800 o.soo 99.82 51. 70 h. 'i49 1. 2552 1. 25.10 
99. 79 76. 08 6. 604 1, 2659 
99. 92 100,68 6. 665 1.2773 
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TABLE IV (Continued) 

x y t t>t h .x 10 2 
Ne. (Nu£' 1', a) a a1 i, 1', a 

in. i'n. OF OF Btu .6t; 50 OF 
2 0 sec, ft , F 

Tost 538A 

-0. 400 o. 31 7 100.31 94.66 5.676 1.0872 1. 0676 
100.24 114. 48 5.722 l. 0961 
100,29 132. 51 5.763 l. l 0 38 

-0. 400 0.326 100,01 91. 58 6. 311 I, 2092 l. 1922 
100,04 11 I. 72 6.355 l. 2177 
100.06 130. 16 6.393 1.2249 

-0. 400 0,342 99. 91 90.90 6, 730 1,2898 1. 273 
99.96 11 o. 75 6. 761 I. 2957 
99. 97 129.01 6, 813 l, 3056 

-0. 400 0,357 99. 93 83,46 6.786 l,3005 l. 286 
99.97 110,17 6,854 1.3134 

100, 01 128. 66 6.893 l,3208 

Test 541B 

-o. 400 0.320 99.90 58,51 5.743 l, 1006 1. 0978 
99.93 84.58 5, 81 7 1.1147 
99. 94 108.08 5,853 1.1216 

-o. 400 0.330 99.83 58.25 6. 379 l, 2226 1. 2184 
99.80 84.75 6. 425 l, 2315 
99.82 l 0 7. 78 6, 494 l,2418 

-0. 400 0, 60C 99. 66 58.74 6,765 1.2969 1. 295 
99.66 84.55 6.872 1.3175 
99. 61 107. 62 6.904 1. 3238 

-0, 400 0,800 99. 55 57.95 6. 804 1,3047 1. 30 l 
99.58 83.36 6.923 1. 32 74 
99.55 107.59 6.914 1. 3258 

-0. 400 0,400 99. 62 57. 81 6. 758 1,2958 1.2918 
99. 69 84, 06 6.829 1. 3092 
99. 73 107. 70 6.885 1. 3199 
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TABLE IV (Continued) 

x y t 6t h .Xl0
2 

Nu (Nu£, l.., a) a a1 i. , A., a 

jn. i . ..,. OF OF Btu 
.<l.t = 50 °F 2 0 sec, ft , F 

Test 515 

-0.300 0.414 100.43 46. 71 6. 000 1. 1489 1. 1501 
100.38 76. 21 6. 040 1. 15 68 
100.46 105.05 6. 087 1. 1656 

-0.300 0.409 1 oo. 18 46.69 5.430 1.0403 1. 0418 
100.18 76. 10 5. 509 1.0552 
100.26 105. 18 5.594 1. 0715 

-o. 300 o. 406 100.35 45.41 6. 008 1. 1505 1.1508X 
100.20 74, 35 6. 044 1, ls 77 
100.25 105.44 6. 154 1. 1 788 

-0.300 0.424 100.10 46. 68 6. 574 1.2594 1. 2607 
100.19 75. 59 6. 633 1. 2706 
100.03 105.47 6. 697 1.2832 

~0.300 0.444 99.85 45. 63 7. 250 1.3895 1. 3910 x 
100.01 75. 30 7. 336 1. 405 6 

99. 75 103.49 7. 364 1. 4115 
-0.300 0.474 99.85 42.50 7. 22 7 1. 3851 1. 3860 X 

99. 97 77. 19 7. 280 1.3951 
99. 85 104. 15 7. 357 1,4100 

-0.300 0.494 100.01 43, 91 7. 223 1,3840 l, 3849 x 
99.85 71. 73 7. 25' l.2.901 

100, 07 99. 63 7. 31 7 1,4020 

Te st 538B 

-0. 300 0.414 l 00, 13 82.28 5.943 1.1386 l, 123 b 
100.17 104.48 5. 989 1.1474 
100,19 127.19 6. 053 1. 1594 

-0. 2.00 0.4?.0 JOO. 19 81. 2 7 6. 495 1.2442 1. 233 
100.04 103, 10 6. 539 1.2529 
100.08 126. 81 6,584 1,2614 

-0,300 0,432 100.04 81. 11 7.007 1. 3425 1. 3276 
100,04 102, 67 7, 051 1.3511 
99.97 116. 43 7. 092 1, 3590 



x y 

in11 in,, 

-0. 203 0.465 100.25 
100.27 
100.28 

-0.203 o. 4 71 100.13 
100.20 
loo. 18 

-0.203 0,476 100.14 
100.13 
100.14 

-0.203 0,501 99. 88 
99. 97 
99.94 

-0.203 0.483 99.81 
99. 94 
99. 96 

-0. 203 0.490 99. 95 
99.83 
99. 96 

-0.203 0, 520 99.84 
99. 85 
99. 76 
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TABLE IV (Continued) 

ilt h .XlOZ 
a1 
Btu 

2 0 sec, ft , F 

Test 539B 

56. 30 5, 060 
82. 19 5. 140 

105.55 5, 190 
56,35 5,457 
83. 01 5. 505 

105,79 5. 578 
56. 33 6,042 
82. 47 6. 087 

105. 44 6, 151 
56. 60 7. 140 
82.80 7.224 

lOS. 86 7. 278 

Test 540B 

55. 60 6. 790 
R l. 4 7 6. 863 

103,58 6. 930 
55. 86 7. 0 87 
82. 95 7. 121 

l 05. 75 7. 194 
56. 59 7. 120 
82. 43 7.206 

104.86 7. 258 

Nu, 
.i:., A,. a (Nu, , . ) 

x.' I\,. d 

0.9691 o. 9666 x 
0.9845 
0.9940 
1. 0455 1,0416 
1.0545 
1. 0685 
1. 15 75 1. 1544 
1.1661 
1. l 783 
1.3683 1, 3 656 
1. 3843 
1. 394 7 

1. 3015 1. 2982 
l.3151 
1. 3279 
1.3581 1. 3546 
l. 3649 
1. 3785 
1. 3647 1. 3 622 
1.3811 
1.3913 



x y 

in~ in. 

-o. l 00 0.499 

-o. l 00 o. 506 

-0.100 0,514 

-0. iUO o. 520 

-o. l 00 o.5Z6 

-0.100 o. ::;39 

-0. 100 o. 551 

-O. 1 on 0.571 
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TABLE IV (Continued) 

t ~t h .Xl0 2 Nu (Nu ) 
a a1 P.,A.,a i.,A.,a. 

100.20 
100.23 
100,27 
100.22 
100.22 
100.20 
100.22 
1 oo. 16 
loo. 15 
lOO, 13 
100, 12 
100,06 
100,09 
100.07 
100.07 
100.04 
100,03 

99. 99 
99. 91 
99. 94 
99.87 

100,04 
99. 91 
99.92 

Btu 
2 0 

sec, ft , F 

Test 539A 

56. 64 4,084 
82.57 4. 152 

104. 66 4.256 
56.54 4.541 
82. 60 4. 578 

105,50 4. 639 
56. 16 5.630 
83,24 5.653 

106. 50 5. 691 
56. 86 6. 342 
83. 35 6,402 

105. 74 6.484 
56.49 6. 757 
83,06 6. 800 

105. 77 6. 881 
55, 74 7. zo l 
82. 86 7. 134 

106. 09 7. 186 
56, 66 7, 184 
82. 84 7. 184 

104.96 7. 310 
56. 35 7. l 3Z 
82.83 7. 181 

l 0 6. 12 7, 238 

0.7824 o. 7766 
0.7954 
0.8152 
0.8699 o. 8666 
0.8770 
0.8886 
1. 0784 1. 0764 
1. 0829 
1.0903 
1.2149 1. 2098 
1.2265 
1.2423 
1. 2946 l. 2898 
1. 3028 
1. 3184 
l. 3798 x 1. 360 
1. 3669 
1. 3 770 
1,3767 1. 369 
1,3766 
1. 4010 
1,3665 1, 3631 
1. 3762 
1. 3871 
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TABLE IV (Continued) 

6t 2 
Nu1 A. • (Nu1 A. ) x y t h .XlO a at , ' a ' ' a 

in. in. OF OF BtJ. 1'.t=50 OF 
2 0 sec, ft , F 

Test 499 

o. 000 1. 000 99.94 50.04 7. 130 1. 3664 1. 3664 x 
100,08 80.37 7. 193 l, 3 781 
99.75 108. 61 7.244 l,3887 

o.ooo 0,800 99.97 49. 86 7.200 1, 3 798 l,3796X 
99.97 80, 62 7.244 1,3880 
99.97 108,44 7. 306 1. 4001 

o.ooo o. 640 99.92 50.23 7. 265 1. 3923 1. 3922 x 
99.97 81.04 7.312 1. 4012 
99.89 109.02 7. 374 1, 4132 

o.ooo 0.570 99.92 50,54 7.078 1.3564 1, 35 61 
99.97 81, 1 3 7, 119 1.3642 

100,00 108.92 7. 193 1.3783 
o.ooo 0, 520 100,25 so. 25 3.130 0.5995 0.5994 

100, 23 80,55 3. 202 0.6134 
100,20 108,08 3,249 o. 6224 

o.ooo 0.540 1 oo. 22 108. 19 4,364 0.8360 o. 8170 x 
100. 20 80.52 4.325 0.8285 
100,18 50. 14 4.268 0,8175 

Test 514 

+o. oo i o. 561 99. 60 51. 87 6. 658 1,2765 1, 2 75 6 
99. 65 82. 64 6. 710 1. 2864 
99.82 111. 65 6. 754 1. 2946 

+o. oo I 0. 541 99.90 'i2. 9? 4,i<70 0_9;;3 0.9294 
99. 92 82,53 5.042 0.9662 
99.99 111. 20 5.138 0.9845 

+o. oo 1 o. 531 100,04 51. 88 4. 066 o. 7791 o. 7798 
100. 04 83,04 4.063 o. 7785 
100. 03 111. 72 4.154 0.7959 

+o. oo I o. 507 100.16 71. 8 6 3, 319 o. 635 8 o. 6242 
100, 18 91. 66 3. 365 0,6445 
100,22 111. 16 3.397 o. 6506 

+o. oo i 0.511 100.20 71. 52 3, 140 0.6016 o. 5925 
LUO, 18 91.34 3. 180 o. 6092 
100,18 111. 52 3, 205 o. 6140 
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TABLE V 

Nonisothermal Experimental Data 

Position Temperatures Coefficient Nus selt Numbers 

x y t flt h .Xl0
2 

Nu (Nui, :1., a) a a1 l, >,,, a 

in, ino Oy OF Btu Llt"'50 °F 2 0 sec, ft , F 

Test 504 

-0,800 0,000 99. 78 51,6Z 5,550 l,0639 1, 0635 
99. 96 118. 09 5. 671 1.0866 

100,00 82.00 5, 603 1. 073 7 
-o. 700 o.ooo 100, 00 51. 41 5. 136 o. 9841 o. 9838 

99.94 82. 68 5. 169 o. 990 6 
99.93 119. 21 5.236 1,0033 

-0.600 o.ooo loo. 16 52. 02 4, 101 0,8431 Oo 8426 
99.85 82. 91 4,436 0,8503 
99. 92 11 7. 90 4,554 0,8726 

-0,540 o.ooo 100,06 52. 01 3,736 o. 7158 o. 7154 x 
99. 98 83, 04 3,777 o. 7237 

100.01 118. 28 3, 862 o. 7399 
-0.520 0,000 108.13 110. 77 3. 612 0.6836 0. 6.~78 x 

108,08 75. 08 3. 531 o. 6682 
108, 14 44.34 3,464 o. 6555 

-o. 508 o.ooo 133, 28 39. 71 3, 654 o. 6658 o. 6307 

Test 508 

-0,521 -0, 00 6 108,01 39. 51 3. 182 o. 6022 o. 6048 
108,Z3 78, 67 3, 2.46 0,614Z 
107,88 93, 04 3.234 o. 6122 

-o. 507 -0,006 132.17 35, 97 3,491 o. 63 72 0,6402 
13 2. l 9 66, 69 3,513 0,6413 
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TABLE V (Continued} 

x y t 6t h .Xl0 2 
Nu (Nu£ A } a iil f, A, a ' ,a 

in. in. OF OF Btu 
6t=50 °F 2 0 sec, ft , F 

Test 510 

-0.521 0, ODO 11 o. 07 37.98 3, 136 0.5916 o. 6000 
11 o. l 0 75. 14 3.342 o. 6305 
110,07 96. 41 3. 312 o. 6250 

-o. 515 o.ooo 119. 85 58,50 3. 316 o. 6164 o. 6124 
119. 85 36. 76 3,252 0,6046 
119. 76 87. 12 3. 362 o. 6251 

-0.509 o. 000 129.38 36.46 3,449 o. 6322 o, 6360 
129.51 65, 94 3.491 o. 6398 
129.24 77. 61 3.523 o. 6458 

-0. 531 o. 000 102,25 44, 93 3, 331 o. 6361 o. 6380 
102., 22 84. 19 3. 401 o.6495 
102,28 104. 33 3. 430 o. 6550 

co,561 o. 000 99. 56 47.15 3. 830 0.7343 0,7348 
99. 61 67.28 3.850 o. 7381 

Test511 

-0,520 o. 10 l 102.31 44. 61 4. 670 0,8917 o. 879 
101, 74 74, 67 4. 639 0,8864 
101. 75 104.85 4. 708 0,8996 

-0,510 o. 101 111, 62. :34. 14 4, 579 0.862.0 o. 8661 
111. 79 64,58 4. 623 0,8700 
111. 73 94.40 4. 666 0,8782 

-o. 501 o. 10 1 125,02 ·11, 60 1, 477 0,8259 0,8283 
125,09 61. 25 4.505 0.8309 
125. 15 81. 14 4.517 0.8331 

-0.498 o. 101 140.69 25. 43 4.415 0.7959 0.8016 
140,37 46, l 0 4,417 0.7966 
140. 60 65. 01 4.487 0.8089 

-0. 497 a. 1a1 143.24 
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TABLE V (Continued) 

x y t C.t h .Xl02 
Nu1 (Nu i >.. . ) a a1 ">..,a ' • a 

in. in .. OF OF Btu At-: 50 °F 
sec, Jt2, °F 

Test513B 

-0.530 0. 100 100,18 50. 73 4.499 0.8bl9 o. 8614 
100.28 80.97 4. 557 0.8728 
100,30 109.59 4,617 0,8843 

-0.550 0.100 99. 87 50.09 4.524 0.8671 0. 8671 
99.82 so. 66 4,585 0,8788 
99.88 l 09. 76 4. 647 0.8905 

Test 530B 

-0, 468 0.200 142.35 42. 72 5,142 0.9247 0.9274 
142,39 52. 74 5, 165 o. 9287 
142.51 63. 63 5. 1 77 0.9308 

-U,471 u.200 134, 10 42. 60 5, 31 7 0.9677 o. 9682 
134.0l 55.04 5.335 o. 9712 
134, 93 68. 64 5,340 o. 9707 

-0,474 a.zoo 1 z6. 4 1 .0:4. 39 5, 653 l, 0406 x l, 0 1 60 
126. 47 61. 10 5. 533 1,0185 
12 6, 48 76. 27 5,552 l. 0219 

-0,477 o. 200 119, 01 48,14 5, 660 1, 0535 l,049 
119. 01 62. 70 5. 652 1,0521 
118, 95 85, 29 5,704 l, 0 61 9 

-0,482 o. 200 11 o. 41 47, 13 5. 737 1,0819 l,Ofll4 
11 o. 38 65. 64 s. 744 1. 0833 
11 o. 30 85. 86 5, 781 1,0903 

Test 532C 

-0.499 0.202 100.43 53. 98 5, 671 l, 0859 J, 0849 
100.27 82. 61 5, 740 1.0993 
100,32 112. 96 5,800 l, 1107 

-0.489 o. 202 103.27 52. 77 5. 725 l,0916 1. 0904 
103,14 80,36 5. 776 l, 1014 
103,19 110, !;l 'j, 843 1. 1140 

-0,474 0.202 125.74 48.21 5, 706 1. 0515 x 1. 020 
125. 67 64. 28 5. 567 1.0259 
125.56 87. 72 5, 618 1,0354 
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TABLE V (Continued) 

x y t Lit h .Xl02 Nu11 (Nu 11 :>.. . ) a a1 , A, a , , a 
ino in .. OF OF Btu 

Llt=50 °F 
sec, ft 2, °F 

Test 536B 

-0.800 0.804 100.05 56. 58 6. 584 1.2615 1. 2592 
100,07 75. 62 6, 642 1. 2726 

99.86 103. 65 6. 679 1,2801 
-o. 800 o. 604 99. 97 56. 41 6. 416 1. 22 95 1. 2278 

lUO, 04 19,84 6,480 l,t416 
100, 10 103.16 6. 523 l, 2496 

-0,800 0,404 100,04 56. 24 6.136 1.1757 1. 1 726 
99.99 79. 82 6. 194 l, 18 69 
99,94 102. 97 6,262 I. 1999 

-0, 800 0.204 99. 95 56,09 5.762 l, 1042 l. l 00 6 
99,95 79. 87 50793 l, 1101 
99. 95 113, 84 5, 873 1, 1254 

Test 536C 

-o. 600 0,804 99.96 55, 99 6, 659 1,2760 1. 2738 
100,01 79. 32 6. 721 l. 2878 
100.03 l oz. 65 6. 768 1. 2967 

-0. 600 o. 604 100,00 56. 18 6. 546 1. 2543 J, 2516 
99. 96 79. 63 6.589 l,2626 

100,00 103,03 6. 648 1.2738 
. o. 600 0,404 99. 88 56. 00 6, 2 6,1 l, 2006 1, 1984 

100, 01 79.50 6. 307 l,2086 
99. 98 l 03. 03 6. 355 1.2178 

Test 411 

-0, 400 o. 941 100, 71 76. 98 6.856 1.3123 1.3013 
100,71 105, 27 6.916 1. 3238 

-0.400 o. 641 loo. 63 76. 82 6. 868 1. 3147 1. 3032 
100.63 105,02 6. 931 1,3268 

-0, 400 0,441 100, 63 76.81 6.875 1,3160 L 3041 
1 oo. 63 105,22 6. 940 1. 3284 

-0.~00 o. 431 loo. 60 77.07 6. 873 1,3157 1. 2996 
1 oo. 60 105,22 6. 960 1. 3324 

0.400 0.417 l 00. 66 76. 86 6, 867 1.3145 1. 3015 
100,66 105,ll 6, 925 l.,3255 



-119-

TABLE V (Continued) 

x y t Llt h .X 102 
Nu (Nu1 A. _) a a1 £'A., a ' ' " 

in. in. OF OF Btu .6t = 50 °F 2 0 sec, ft , F 

Test 5Z3A 

-0.400 0.335 113. 93 67. 34 6. 555 1.2295 1. 2204 
113. 90 l 00, 87 6. 661 1.2495 
114. oz 130. 81 6.749 1.2658 

-0,400 0,345 10 7. 65 73,53 6. 677 1. 2645 1.2524 
107,66 106. 92. 6. 771 l.Z8Zl 

Test 524 

-o. 400 0.317 141. 25 21. 91 5.485 0.9879 L 0156 
141. 52 39. 39 5.630 1. 0137 
141. 38 58.49 5. 647 1,0169 

-0,400 0.322 135. 68 17. 61 6. 008 l,0910X 1. 072 
135, 80 35,48 5. 851 1.0624 
135. 63 55. 1 7 5. 923 1,0757 

-0.400 0.332 120,54 33. 19 6.539 l,2143X 1. 206 
120, 64 49. 21 6,469 1. 2012 
120. 63 70. 13 6.499 1.2067 

-0,400 0.342 112. 26 32. 41 6. 581 1.2376 1. 2440 
112. 25 50.34 6. 612 1,243<; 
l 12. 28 68. 52 6. 671 1.2544 

-0,400 0,352 l 05. 01 29.08 6. 609 1.2567 l. 2716 
105.02 58. 14 6,720 1.2777 
104,99 75.34 6. 767 1. 2867 

-0.400 o. 367 100.55 22. 63 6. 777 1,2974 1. 297 
100.55 53.ZO 6.786 l,299Z 
100,56 80,24 6. 894 1.3199 



-l20-

TABLE V (Continued) 

x y t 6t h .x 102 
Nu (Nuf >.. . ) a a1 J.. ' A, Ci ' ' a 

in. in. OF OF Btu 
6t = 50 °F 2 0 sec,£t , F 

Test 525A 

-0,400 0.317 141. 36 22. 95 5,685 1. 02.38 1. 0335 
141. 24 36, 29 5,934 l,0688X 
141. 31 59. 58 5, 758 l,0370 

-0.400 0,322 136,37 30,20 5.918 1.0736 1. 0820 
136. 31 47. 28 5,954 1. 080 l 
136.36 65,09 6. 005 1.0893 

-0.400 o. 327 128,06 40. 81 6. 286 1. 1543 1,1582 
l z 7, 98 61. 44 6. 334 1, 1633 
127.97 78, 51 6. 373 l. 1 705 

-0.400 0.337 111. 77 40.38 6. 730 l.2664 l, 2675 
111, 75 58,50 6, 7 J 'j 1,2676 
111. 77 78. 22 6. 778 1,2754 

"0. 400 0.347 10 6. 28 36. 67 6. 75 8 l.2825 l, 2874 
106. 24 53, 36 6. 782 1. 2871 
l 06, 32 71, 35 6. 846 1.2991 

-0.400 0,357 102,34 28,38 6. 754 1.2894 1. 302 
102.23 59.64 6. 875 1,3128 
102.18 86, 83 6.894 1, 3165 

-0,400 o. 372 100,14 31.41 6. 913 l,3243 l. 327 
100.09 6.~.'i6 6, 9"l 1 I. 3779 
100.08 87. 85 6, 978 1.3369 

Test 530A 

-o. 399 0.322 131, 63 45.38 6. 126 1. 1190 I. 1204 
131. 50 60, 14 6, 151 1. 1239 
131. 46 74.81 6. l 76 l, 1284 

Test 532A 

-o. 399 0.324 130, 54 4&.0l 6. 162 1. 12·14 l, 1276 
130. 54 63.02 6. 1 73 1. 1294 



x 

in. 

-o. 400 

-0,399 

-0. 400 

-0, 400 

-0. 400 
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TABLE V (Continued) 

y 

in .. 

D,324 

D, 323 

t a 

OF 

130.91 
130,95 

130. 16 
130,17 

0.324 126,69 

o. 328 

0,323 

126, 61 

125. 41 
125.46 

133, 31 
133,32. 

.6t h .X 102 
ai 

OF Btu 
2 0 

sec, ft , F 

Test 533A 

70.08 
85. 28 

Test 534A 

68,21 
88.53 

Test 535A 

75,43 
90, 78 

Test 536A 

58.97 
73. 64 

Te~t 537A 

51.85 
66. 73 

6. 1 75 
6. 219 

6.200 
6. 260 

6. 324 
6, 372 

6, 320 
6. 390 

6. 026 
6. 074 

Nu 1, '.>i., a 

1.1292 
1. 13 73 

1. 1350 
1.1459 

1. 1637 
1. 1727 

1. 1651 
1.1779 

1. 0981 
1. 1068 

(Nul A. . ) 
' ' a 

Lit"' 50 °F 

1. 1186 

1. 1256 

1. 148 

1. 1584 

1. 0974 
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TABLE V (Continued) 
? 

x y t i;t '"' .x 10~ Nu1 (Nu1 /\ . } a a.1 ').., a ' • a 
in. in" OF OF .Btu 

l;t = 50 ° F 2 0 sec, ft , F 

Test 533B 

-0.300 o. 410 146. 01 63. 87 5. 639 1. 0087 1.0028 
145, 97 73. 71 5. 661 1. 0127 
145. 8 7 84.89 5.686 1.0174 

-0.300 0.415 136. 62 63. 21 6,088 1.1039 1. 0988 
136. 67 78. 26 6. 148 1. 1147 
136, 65 94.22 6. 1 71 l, 1191 

-0.300 0,425 120. 60 70,37 6. 821 1. 2666 1. 2556 
120, 77 88, 83 6, 811 1.2706 
120. 69 110,06 6. 887 l. 2787 

-0,300 0.435 108,40 72. 75 7. 113 1.3454 1. 3354 
108.43 90.32 7. 152 1.3529 
l 08, 43 121. 69 7. 228 1. 3672 

-0.300 0.450 101. 22 69.40 7. 156 1.3686 1. 3588 
101.'10 89. 40 7.204 L 3776 
101,30 118. 81 7. 281 1.3923 

Test 525B 

-0.260 0.436 144.13 23. 11 5. 559 o. 9971 1. 02 x 
144.14 44.92 5. 564 0,9980 
144,14 60, 05 5. 801 l,0406 

-0. 260 0,446 132. 60 27. 05 6. 322 1. 1532 1. 142 
132.54 41, 64 6. 252 1,1405 
132.58 60, 12 6. 275 1,1447 

-0,260 0,456 11 7. 54 29.86 6. 919 I. 2908 1. 3204 
117.47 49.30 6. 981 I. 3025 
117.48 68, 12 7, 026 1. 3108 
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TABLE V (Continued) 

x y t C>t L .X l0 2 
Nu (Nuf A. • ) a al f, A., a • • a 

ino ir1. OF OF Btu 
C>t = 50 °F 2 0 

sec, ft , F 

TGSt 520 

-0,260 0.433 149. 82 38. 20 5, 662 1. 0072 I. 010 x 
149.88 48,87 5,676 1.0096 
149. 78 67, 66 5,646 1. 0045 

-0. 260 0.440 142.80 56. 06 5.576 1.0021 o. 9976 x 
142, 90 64, 61 5,616 1. 0091 
143,01 72. 85 5,648 1.0147 

-o. 260 0,450 122.66 65. 29 6. 707 1,2417 1. 227 
122,56 76. 32 6, 688 1,2382 
122. 35 94. 30 6. 732 1. 2469 

-0. 260 o. 460 109.47 78. 75 7. 099 1. 3405 ? x 
109. ?7 97.n? 7.? 55 J. 3 706 
109. 57 56. 66 7. 223 1. 3639 

-0.260 o. 470 104.01 52. 50 7. 109 1. 3538 1. 3522 
104. 11 84.10 7. 204 L 371 7 

-o. 260 o. 480 101.02 55, 62 7. 107 1. 3597 l. 3570 
101.05 87, 13 7. 1 78 1.3731 
l 00, 99 116. 09 7. 241 1. 3853 

-0. 260 0,500 99,88 54.27 7. 077 l. 3562 I, 353 
100. 09 88.86 7. 12 7 1. 3655 

99. 86 116. 76 7, 2 23 1. 3 843 
-0.260 0,520 99. 92 53. 68 7. 048 1. 3506 I, 3490 

99. 84 88,52 7.11 7 1. 3641 
-0,260 0,600 99. 71 56. 26 6,947 l,3318 1.3295 

'l'I. 8'1 87. 97 7, OZ! 1. 3455 

Test !;;23 B 

-0, 260 0,446 12 9. 98 46. 11 6. 2 76 1. 1493 l. 1494 
1z9. 92 72. 27 6. 282 1. 1505 

-0,260 o. 436 146,89 37. 14 5. 3 66 0,9587 o. 963 7 
146. 90 63. 91 5. 429 0.9699 

0,260 o. 156 118. ')4 3 7. ')8 6. 728 1. 2524 l.2576X 
118. 89 66. 06 6, 791 1. 2642 
118. 94 93.04 6. 840 1,2734 



-124 

TABLE V (Continued) 

2 
Nu (Nu! "- a) x y t ,c, t h .x 10 

a ai f, ll., a • • 
ino in. OF OF 3tu 2.t = 50 OF 

2 0 
sec, ft , F 

Test 407 

-0.204 0.940 101. 18 79. 15 7. 037 1.3459 1. 3212 
101. 18 106. 63 7, 159 1.3692 

-0.204 0.740 100,97 79. 21 7. 081 1.3548 1. 3334 
100, 97 107.03 7. 183 1.3743 

-0.204 0,540 100,94 79. 37 7, 248 1. 3868 1.3671 
100,94 107,19 7,346 l,4055 

Test 534B 

0.203 0.475 132. 05 66. 66 6, 0'18 1.10·11 1. 100 
132. 1 7 79. 79 6. 102 1.1138 
132.26 102.00 6. 118 1.1166 

-0. 203 0.470 139. 75 62. 88 5.540 1.0001 o. 995 
139. 70 78. 70 5,541 l,0003 
139. 70 94, 98 5,580 1.0074 

-0. 2.01 0.483 119. 44 74.79 6. 836 1. 2716 1. 2S96 
119.51 92.96 6,879 1.2794 
119.47 114. 10 6. 938 1.2905 

-0.203 0.490 111. 26 72. 89 7. 144 1. 3454 1. 3400 
111.17 91. 89 7. 167 1.3499 

-0.203 0,500 103,90 71. 04 7. 220 1.3752 1. 3660 
103. 96 93. 45 7. 288 1.3881 
103.89 118. 92 7. 342 1.3983 

-0,203 0.464 148, 62 63,86 5,240 o. 933 7 o. 925 
148.68 74. 38 5.277 0.9402 
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TABLE V (Continued) 

Lit z Nu (Nul •A., a) x y t h .x 10 
a a1 i, A., a 

in.,. in. OF OF Btu 
Lit" 50 °F 

$t2 OF sec,.-. , 

Test 406 

-0,100 0.943 100.78 77. 71 7. 226 1,3830 I. 3699 
100.78 l 05. 60 7. 296 I. 3962 

-0, 100 o. 743 101, 25 77. 30 7. 1 71 l, 3713 I. 3583 
101. 25 105. 20 7. 240 1.3846 

-0. 100 o. h4i 101. 07. 77. 7? 7. 7.?4 l.'lR?.I l. 364? 
l 01. 02 LOS. 51 7. 318 l,4000 

Test 513A 

-0.100 0,529 114, 86 46. 40 6. 903 1.2929 I. 2949 
114. 74 66.94 7. 091 l,3285 
114. 72 97. 24 7. 056 1,3219 

-0, I 00 0,519 125.23 48.10 6.254 l, 1533 1. 1560 
125.21 66. 75 6.376 1. 1 758 
125.18 85, 89 6,441 1.1879 

-0, 100 o. 564 loo. 92 50.94 7. 258 1. 3888 1. 3884 x 
loo. 74 80, 83 7, 320 1,4010 
100.55 11 o. 16 7, 385 1.4138 

Test 53 7B 

-0. l 00 o. 498 149. 75 57. 87 4, 343 0, 7728 o. 770 
149. 70 51. 13 3. 765 0, 6699 x 
149. 79 68, 06 4. 386 o. 7802 

-o. 1 no 0. GO~ 143.49 44.?4 4. 431 0.7956 o. 797 
143. 4 7 59.85 4.481 0.8044 
143. 51 75. 40 4.443 0.7977 

-0, l 00 0,513 134.34 69.04 5.368 o. 976 7 o. 9796 
134. 16 53. 25 5.379 o. 9789 
134. 24 41. 48 5.393 o. 9813 

-0. 100 0.525 119. 59 55. 93 6. 611 l,2296X 1. 255 
119. 49 72. 46 6. 801 1.2651 
119. 63 92.48 6.850 1.2738 

-0,100 0.538 l 08, 21 49. 32 7, 018 1. 3278 1.3304 
108. 29 76. 76 7. 132 1,3492 
108,33 I 06. 2 9 7. 196 l.3614 

-0, I 00 0,550 102,55 54. 92 7, 136 1.3619 1. 3596 
!OZ.SS 8Z,18 ·7. 1 96 1, j 134 
102.47 112. l~ 7. 263 I. 3863 
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TABLE V (Contir.ue<i) 

x y t Lit h .X 10
2 

Nu£ )... (Nu£ )... _} a ai ' ' a ' ' "-
in, :n. OF OF Btu ~l~50°F 

2 0 sec, ft , F 

Test 500 

o.ooo 0.800 100,20 50,04 7. 284 1,3953 l,3952X 
l uo. 24 80, zu 7. 321 1,4023 
100, 26 104, 81 7. 412 1,4197 

o.ooo o. 640 loo. 10 62. 06 6. 692 1.2820 l.3998X 
100.07 80. 68 7. 356 1. 4093 
100.21 106. 15 7, 414 1.4201 

o.ooo o. 570 113. 92 36. 69 6.956 l,3047 1.3103 
113. 75 68. 01 7, 060 1,3246 
113, 58 93. 70 7. 085 1.3297 

o.ooo o. 540 144. 80 25. 81 3.222 0.5773 o. 5762 x 
144. 91 47, 91 3, 211 0,5759 
144,99 64. 65 3.223 0,5774 

o.ooo o. 520 146,34 35. 89 3, 088 0,5521 0.5584 
146. B 46. 96 3. I 15 0.5570 
146. 29 62. 26 3. 165 0.5660 

o.ooo 0.508 151,26 29. 74 3,418 o. 6069 o. 6041 
151, 38 41,09 3. 407 o. 6048 
151.30 57, l 7 3,405 o. 6044 

Test 502 

o.ooo 0.530 141. 64 51. 63 3. 518 0.6333 o. 6413 
141, 71 50,87 3. 570 0.6425 
141. 85 60, 67 3.622 o. 6518 
141. 81 71. 72 3, 635 0,6542 

o.ooo 0.540 139,16 46. 76 3,985 0,7200 0, 1ZOO 
139.07 31. 55 4.083 o. 7378 
139.24 64. 65 4.024 0,7268 

0,000 0.,. J!JO 129,56 51,00 s. 712 1.0466 1, 0410 
129.69 57. 24 5.936 I. 0875 
12 9. 5 7 80. 91 5,583 1.0229 

o.ooo 0.560 12.4. 62 11. 27 6,253 1. 1542 1. 1506 
124,44 57. 55 6. 165 l. 1383 
125. 06 84.37 6.368 1.1746 
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TABLE V (Continued) 

x y t 6t h .x 102 
Nu1 A. • (N.t£ A. . ) a a1 • • a ' • a 

in. in. n~. OF J3t;,i 
6t=50 °F 2 0 sec, ft , F 

Test 518 

+o. 1o1 0.495 ISL 39 56. 14 4. 099 o. 72 76 o. 7272 x 
151. 51 65. 74 4. 135 0.7339 
151. 57 75. 56 4, 156 0,7375 

+o. 1o1 o. 499 148. 71 58, 19 3. 578 o. 63 76 o. 6240 
148, 57 68, 99 3, 549 0.6325 
148, 41 78. 71 3. 575 o. 6372 

+o. 1o1 0,505 14 7. 76 55. 46 3. 318 0,5921 0.5882 
147.11 70, 37 3, 345 0,5973 
147.47 78. 93 3, 393 o.6056 

+o. lo 1 o. 511 141, 92 52. 72 3, 191 0,5742 o. 570 
141.50 64, 65 3,104 0,5589 

+o. 1 o l o. 521 135. 64 58,27 2.890 o. 5243 x o. 5468 
135. 89 69. 50 3,036 0.5511 
U5, 98 80, 32 3, 049 0,5535 

+o. 1o1 o. 541 133, 41 51. 48 z. 931 0,5341 0.5343 
133, 41 73, 07 2. 916 0,5313 

+O, 10 I o. 5 61 135.34 50,26 3. 711 o.6743 D. 676Z 
135. 34 69. 63 3. 787 0.6880 
135. 45 86. 51 3. 788 0.6881 

10. 1 o I o. 581 128. 71 48.88 s.648 1. 0362 1.0372 
128.63 70. 19 5, 546 1,0176 

Test 519 

+o. Io I o. 552 13 3. 35 54. 9R 3. ?6 l 0.5941 o. 5941 
133, 02 75. 61 3. 260 0.5943 

+o. 1o1 o. 602 115. 29 61. 53 6. 906 l.2928X 1. 29 
ll'i.l'i 8:~. 83 6. 776 1. 7.hR7 
114. 78 100,80 6.923 1. 2968 

+o. 101 o. 622 104. 4 7 62.35 7. 088 1. 3489 1.3424 
104.37 82.68 7. 144 l. 3598 

+o. 101 0,652 100,00 55.86 7. 090 1. 3586 1.3604 
100,10 87.39 7. 214 1.3821 
100.10 116. 3 2 7. 236 l,3864 

+o, i o i o. 752 100,00 56.02 7. 058 1.3524 1.3498 
99.77 87. 98 7.124 l. 3656 
99. 70 115, 55 7. 18 7 1. 3778 

-:-o. l 01 0.852 99. 91 55. 38 7.004 1.3423 1. 3391 
99. 72 85. 77 7.082 1. 3576 



x y 

in, in. 

+o. 201 0.462 149. 20 
148. 97 
148, 71 

+o. 201 o. 467 144,85 
145,36 
145. 2 2 

+o. 201 0.475 139.16 
139.24 
139. 23 

+o. 201 0.485 133, 96 
133,96 

+o. 201 0,500 125,30 
125.30 
125. 61 

+o. 201 0.520 118. 74 
11 B. 56 

+o. 201 0.540 11 7. 49 
11 7, 49 
117,6'1 

+0.201 0.560 11 7. 02 
11 7. 64 
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TABLE V (Continued) 

C.t h .x 102 
ai 
Btu 

2 0 sec, ft , F 

Test516 

43,31 3, 659 
52, 77 3.693 
64,39 3,573 
46,54 3.209 
56. 15 3,259 
64. 92 3.279 
51.00 2.922 
64.47 2. 776 
69. 92 3. 040 
46.49 2,803 
67. 21 2, 833 
58. 15 Z.892 
74.74 2,803 
87,00 2. 966 
42. 24 3,620 
84.29 2.988 
55,88 3, 071 
76.93 3,045 
9::J. 40 ::J.091 
55,40 2.828 
72. 15 2.920 

Nu 
£' 1'., a 

(Nu, , . ) 
.t: I /\.1 d .. 

C:it = 50 OF 

0.6515 0,656 
o. 65 79 
o. 6366 x 
0.5749 o. 5 78 7 
0.5835 
0.5871 
0.5279 o. 5257 
0,5014X 
0.5492 
0,5103 o. 519 
0,5157 
0.5332 o. 5294 
0,5183X 
0.5467 
o. 6741 x o. 5561 
0,5565 
0,5730 0,567 
o. 5681 x 
o. ~ /'('/ 
0.5280 0,5226 
0.5446 
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TABLE V (Continued) 

x y t 6t h .x 102 
Nu1 (Nu1 , >..,) a a1 • A., a 

in. in. OF OF Btu L\.t ~ 50 '.:>F 
2 0 sec, ft , F 

Test 51 7 

-:-0.201 0.579 122. 96 55, 16 3, 31 7 0.6138 o. 6115 
lZ3,0l 73, 59 3,JOH 0.6260 
123,18 94,10 3,436 o.6357 

-'-0, 20 l 0,599 126. 81 49,97 4,675 0,8602 0.8602 
127,22 71. 28 4. 758 0,8748 

+O, 201 o. 619 122.51 55,00 6. 290 1.1647 1. 1652 
122. 51 74, 25 6.423 1.1894 
1;>3. 45 95. 30 6. 4'i 1 1. l 92 9 

+o. 201 0.634 113. 00 54, 14 6. 732 1.2645 1.2622 
112. 23 74, 75 6. 785 1. 2 759 

+o. 201 0.644 107.89 56. 77 6.989 1. 3231 1.3224 
107, 76 77,92 7, 079 1,3403 
10 7. 62 108.90 7. 123 l,3490 

+o. 201 0.679 100,32 51,81 7,201 1. 3792 1.3762 
100,22 83,26 7. 240 1.3868 
100,40 111, 57 7.352 1,4080 

+o. 201 o. 709 100,13 59.95 6.585 l,2616X 1.374 
99. 96 85. 20 7. 244 l. 3881 

+o. 201 0.809 99.90 84. 82 7. 182 1. 3763 1. 3708 
100.00 53. 03 7. 149 1.3699 

Test 535B 

+o, 201 0.800 100,04 73. 99 7.100 1,3603 1.3496 
99.93 93. 80 7. 13 7 1,3677 

100,03 12.2.19 7, 212 1. 3818 
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TABLE VI 

Radial Nusselt Number and Air Temperature Distributions 

Near the Cylinder 

r - r 1 Isothermal Nonisothermal 
0 *a *a ~' inches Nu :'.'f'.l t 

a 
OF 

at stagnation 

(r' - r = Oo 0000 inches) 
0 0 

0.0000 0.700b Oo718b 160. 0 
o. 00 50 0.648 Oo670 143.9 
0.0100 0,6145 0,633 130.7 
o. 0150 Oo 6040 Oo 611 120.4 
000200 Oo 6113 Oo603 111. 9 
o. 0250 o. 63 50 Oo611 106, 4 
000300 006415 0.628 103,0 
o. 0400 0,6765 Oo664 10004 
Oo 0500 Oo707 Oo698 lDOoO 
000600 0.733 0.731 1 oo. 0 
0.0700 o. 756 Oo 761 100,0 

15 degrees from stagnation 

(r' - r = Uo 0021 
0 0 

inches) 

0.0000 o. 791 b 0.790b 160. 0 
o. 0050 0,842 0,82'.9 145. 5 
0.0100 o. 897 o. 876 131. 7 
0.0150 o. 936 0.925 118. 7 
0.0200 0, 955 o. 956 109. 0 
o. 0250 0.962 0.963 l 03, 7 
0,0300 o. 965 o. 962 101. 3 
0,0400 0,9695 o. 954 100,l 
0,0500 o. 973 o. 954 100,0 
0.0600 o. 975 0.962 100,0 
0.0700 o. 976 o. 972 100,0 

aBased on a wire temperature 50° F above the local air stream 
tempe ratureo 

bExtrapolation to this value is questionable. 



' r - r 
0 

inches 

0.0000 
0.0050 
o. 0100 
0,0150 
0.0?.00 
o. 0250 
0.0300 
0.0400 
o. 0500 
0.0600 
0.0700 

0.0000 
0. 0050 
0,0100 
o. 0150 
0.0200 
o. 0250 
0.0300 
0.0400 
o. 0500 
o. 0600 
o. 0 700 
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TABLE VI ( Cm~tinued) 

Isothermal Nonis othe rm al 
Nu*a Nu '~a 

30 degrees from stagnation 
' (r -
0 

r ; 0. 0037 inches) 
0 

0.872a 0.885a 
o. 967 0.963 
1. 068 1. 056 
1. 140 1. 134 
I. l 73 l. l 71 
1. 183 I. 189 
l. 184 1. 197 
1. 180 1. 204 
I. l 78 I. 202 
l. l 74 1. 197 
I. 166 1. 191 

45 degrees from stagnation 
I 

(r - r = 0. 0033 inches) 
0 0 

O. 913a 
1. 030 
I. l48 
1. 237 
l. 283 
l. 300 
1. 306 
I. 303 
I. 298 
I. 293 
1. 288 

0.914a 
1. 003 
1. 106 
1. 208 
l. 273 
1. 303 
1. 319 
1. 329 
1. 322 
1. 313 
1. 304 

* t 
a 

OF 

160. 0 
146, 1 
132. 6 
119. 5 
l 1 o. 2 
104.9 
I 0 2. 8 
100. 1 
100,0 
100.0 
100.0 

160. 0 
14 7. 5 
135. 6 
124. 4 
114. 0 
107. 3 
103.4 
100.3 
100.0 
100.0 
I 00, 0 

aBasod on a wire temperature 50° F above the local air stream 
temperature 

0 Extrapolation to this value is questionable. 



I 

r - r 
0 

ir11..,;l1e t.S 

0.0000 
0.0050 
o. 0100 
o. 0150 
0.0200 
o. 0 250 
0.0300 
0.0350 
0.0400 
o. 0 500 
0,0600 
o. 0 700 

0.0000 
o. 00 50 
0.0100 
o. 0150 
0.0200 
o. 0250 
o. 0300 
o. 0350 
0.0400 
0,0450 
0,0500 
0,0600 
0,0700 
0,0800 
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TABLE VI (Continued) 

Isothermal 
*a Nu 

Nonisothc rmal 
Nu'~a 

60 degrees from stagnation 
1 

(r o r = o. 0012 inches) 
" 

0.879b C.873b 
0.976 0.942 
l.08Z l. 036 
1. 194 1. 154 
1. 285 l. 253 
1. 333 1. 315 
l. 3 52 1. 344 
l. 356 1. 356 
I. 358 !. 362 
1. 357 l. 363 
l. 355 1. 357 
l, 3 51 1. 350 

75 degrees from stagnatior, 

' (r
0 

- r
0 

= 0,0004 inches) 

o. 795b 
o. 805 
0.842 
o. 928 
1,080 
1. 206 
1. 291 
1. 332. 
I. 363 
1. 365 
l. 365 
1. 360 
1. 354 
1.347 

0.792b 
0.801 
0.839 
0.920 
1. 0 58 
I. 182 
1. 270 
l. 319 
1.342 
1. 357 
1. 367 
1. 372 
1. 374 
1. 372 

160.0 
150, 3 
140. -r.r 

131. 6 
121. 1 
113. 6 
107. 2 
103. 2 
101. 5 
loo. l 
100.0 
100.0 

160,0 
153. 2 
146.2 
138.6 
131. 3 
124. 5 
118. I 
l 12.. 4 
108. 1 
104. 9 
102. 6 
100.3 
100.0 
lDO.O 

a o Based o:::i a wire temperature 50 F above the local air stream tem-
perature. 

bExtrapolation to this value is questionable. 
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TABLE VI (Continued) 

r - r bothcrmal Nonisothermal 
0 

~~a ~;;:a ,~ 

i n r. h r> . . -:.:: N•"" Nu t 
a 

OF 

90 degrees fro:n stagnation 
I 

(r -
0 

r = O. 0000 inches) 
0 

0,0000 o. 725b C.742b 160.0 
o. 00 50 o. 650 o.643 155. 4 
0.0100 0.604 0.587 151. 7 
0.0150 o. 582 o. 559 148.6 
0.0200 0.592 0,557 145. 9 
0,0250 o. 650 0.586 143.4 
0.0300 o. 731 o. 651 141,0 
0.0350 0.824 0.732 138. 5 
o. 0400 o. 912 0.824 135. ':I 
0.0450 l. 008 0.927 132. 9 
o. 0500 l. 102 1. 034 132. 9 
0,0600 J, 259 l. Zl Z l 25. 3 
o. 0700 1. 3455 1. 308 113. 1 
0,0800 1. 366 1. 349 106.6 
0,0900 1. 366 1. 366 !OZ. 5 
0.1000 1. 364 l. 374 100. 7 
o. 1100 1. 361 1. 376 100. I 

aBased on a wire temperature 50° F above the local air stream 
tempo raturc. 

bExtrapolation to this v'1.lu.e Li qu.,stion,.bl". 



r r 
0 

inches 

0.0000 
o. 0050 
0.0100 
o. 0150 
0.0200 
0.0300 
0.0400 
0,0500 
0.0600 
o. 0700 
0,0800 
0.0900 
o. 1000 
o. 1100 
o. 1200 
o. 1300 
o. 1400 
o. 1500 
o. 1600 
0.1700 
0,1800 
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TAJ::IL.t; V l (Continued) 

fautherrnal 
Nu~:ca 

Nunisothc rmal 

Nu*a 

c 

105 degrees from stagnation 
I 

(r - r = - O. 0003 inches) 
0 0 

0.732b 
0.616 
0.583 
o. 571 
0,559 
o. 551 
0.545 
o. 535 
0.530 
o. 559 
0.628 
o. 73 5 
0.882 
l. 033 
1. 160 
l. 242 
l. 298 
1. 333 
l. 353 
1. 363 

)It 
t 

a 

OF 

160. 0 
151.0 
146. 7 
142.. 8 
139. 6 
134. 3 
129. 9 
127. 2 
126.2 
126. l 
127. 2 
129. l 
131. 0 
131. 6 
128. 7 
123. I 
117. 2 
111. 7 
107. 2 
104.3 
102. 4 

aBased on a wire temperature 50° F above the loca.l air stream 
temperature. 

"Extrapolation to this value is questionable. 

cMeasurcmcnts for th" isothermal. case were not taken in this region. 



-135-

TABLE VII 

Nusselt Numbers in thG Air Stream around the Cylincer 

x, Isothermal Nonisothermal Isothermal Nonisothermal 
inches Nu ''a Nu*a Nu *a Nu *a 

y = 0, 000 inches y=0.101 inches 

-0, 500 0,8398 o. 8090 
-0.600 o. 821 0,8428 0,9155 o. 9115 
-o. 700 0.9785 0.9838 I. 0155 1. 007 
-0.800 l. 0640 1.0635 1. 076 l, 074 

y = O. 200 inches y = O. 300 inches 

-0. 500 1.0785 1. 082 1. 1 71 1. 196 
-o. 600 1. 0505 1. 068 1,1410 1. 1515 

. -o. 700 1.083 1, 083 1.1380 1. 143 
-0,800 1. 102 l, 099 1. l 3 50 1.1375 

y = o. 400 inches y = 0, 500 inches 

-0. 203 1. 3658 1. 3625 
-o. 300 1,3435 l,3415 
-o. 400 1, 292 1, 3105 1, 2945 1. 2895 
-0. 500 1. 225 1. 234 1. 258 1. 2455 
-0. 600 1.1905 L 197 1.2255 1. 229 
-o. 700 1. 1805 1. 181 1, 2110 1. 21 z 
-o. 800 1. 1695 1. 1 71 1. 2013 1. 202 

aBased on a wire temperature 50° F above the local air stream 
temperature. 



x, 
inches 

+o. 201 
+o. lo 1 
o.ooo 

-0, 100 
-0, 203 
-o. 300 
-0, 400 
-0. 500 
-o. 600 
-o. 700 
-0.800 

+o. 201 
+o. 101 
0,000 

-0.100 
-o. 203 
-0,300 
-0,400 
-0. 500 
-o. 600 
-o. 700 
-o. 800 

-136-

TABLE VII (Continued) 

Isothermal 

Nu *a 
Nonisothermal 

Nu *a 

y = 0, 600 inches 

l. 3635 1.3745 
1. 3535 l. 371 
1. 342 1.3475 
1.324 l, 317 
1. 2957 1. 291 
1.2690 1. 258 
1. 2472 1, 251 
1. 234 I. 237 5 
1.2263 I. 227 

y = 0, 800 inches 

l, 3 60 
l, 356 

1,332 I. 3505 
1. 328 l,3395 
1. 322 l, 3 245 
1. 313 1. 3105 
l. 301 1. 2965 
l. 284 1.284 
1. 2680 1. 274 
1. 259 1. 266 
1. 2535 1. 258 5 

Isothermal 

N *a 
11 

Nonisothermal 
'~a Nu 

y = 0. 700 inch<>!! 

1. 372 
l, 369 

1.340 l, 3615 
1,3348 1, 3505 
1,3272 1. 331 
I. 3160 I. 312 
I. 298 I, 294 
I. 278 2 l, 278 
I. 2605 1,264 
I. 2485 I, 253 
I. 2430 1. 2445 

aBased on a wire temperature 50° F above the local air stream 
temperature. 
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TA3LE VIII 

Experimental Data Taken in the Air Stream Without 

the Cylinder for the Nusselt Number 

Correlation with the Reynolds Number 

Position a Temperatures Nusselt Numbers Reynolds Velocity 
x y L C.t Nu Nu Number a 1, :I., a 1, :I., m 

Re0.45 
u 

T )0. 17 
inches inches OF OF ~Tm. m 

ft/ sec 
a 

Tost 522B 
(U 

00 
= 6, 76 ft/sec) 

-o. 500 0,000 99.88 71. 04 1.2376 1, 1609 l,5638 6. 780 
99. 77 103. 41 1.2494 1.1396 1. 5290 6. 751 
99. 83 133. 12 1, 2584 l, 1193 1.4983 6. 698 

o. 000 0,000 99. 80 71. 04 1. 2292 1. 1530 1. 5639 6. 645 
99. 83 102. 93 l. 2497 1.1403 1. 5294 6. 760 
99. 83 131, 89 1.2635 1, 1250 1. 4995 6. 787 

o. 000 o.soo 99. 94 70.11 l,2373 1. 1616 1. 564 7 6. 783 
o. 000 o. 600 99. 77 70. 65 1, 2350 1. 1588 1, 5644 6. 739 

99. 94 103,01 1,2509 1,1413 1. 5291 6. 781 
99. 81 132, 29 1,2614 1.1227 1. 4992 6. 751 

Test 521 
(U

00 
= 7.87 ft/sec) 

-o. 750 o.ooo 99. 84 55. 72 1. 2941 1.2304 l, 6892 7. 868 
99.82 86. 54 1. 3076 1. 2101 I, 6527 7. 873 
99. 88 115. 02 1,3176 1. 1899 1. 6204 7, 837 

-0.500 0,000 99.88 54.69 I. 2910 1. 2286 I, 6903 7,823 
99. 73 86. 34 1,3037 1. 2067 1. 6532 7. 804 
99,83 114, 4 7 I, 3189 1. 191 7 l, 6211 7. 862. 

0, 000 0, 000 100,02 55. 33 1. 2830 1, Z.<:03 1, 6892 7, 684 
99. 83 86. 03 1,3047 1. 2079 1,6533 7.827 
99. 77 114. 31 1. 3169 1. 1900 I, 6215 7,827 

10. 100 0, ODO 99.84 54. 59 I, 2881 1. ZZ59 1. 6905 7, 772 
99. 72 96. 32 1.3055 1.1980 I. 6418 7. 762 

aCoordinates relative t:.i position of the axis of the cyiinder as 
determined before it was removed from the air stream. 



-138-

TABLE VIII (Continued) 

Position Temperatures Nusselt Numbers Reynolds Velocity 
x y t At Nu Nu£ Number 

a .l,A.,a ,A.,m 
Re0,45 

T )°' 17 
u 

inches inches OF OF 
~Tm m 

ft/sec 
" 

Test 521 (Continued) 
(U = 7. 87 ft/sec) 

00 

o. 000 o. 300 99, 95 53. 10 1. 2904 1.2297 1, 6921 7. 826 
99. 96 85, 66 1,3011 1. 2078 1.6534 7, OZJ 

o.ooo o. 600 99. 90 51. 91 1. 2846 1. 2255 1.6936 7. 733 
99. 96 85, 91 1,3043 1. 2077 1. 653 2 7. 824 

100,00 114, 44 1,3164 1.1895 1,6208 7,824 
-o. 500 o. 600 99. 91 54, 36 1.2925 1, 2304 1. 6906 7. 852 

100,06 85, 35 1.3049 1, 2089 1,6536 7, 841 
99. 93 54,04 1. 3006 1.2384 !. 6910 7. 997 

o.ooo 0.900 99. 93 86. 39 1.3067 1.2094 1,6527 7.861 
100, 18 114. 65 1. 3175 l. 1903 1,6202 7, 846 

99. 91 52, 93 l. 2891 1.2287 1.6924 7,804 
-0, 750 0,900 99. 76 84, 27 1.3075 l, 2124 1,6555 7. 886 

99.85 111, 77 I. 3185 1.1940 1.6241 7. 875 

Test 522A 
(U = 9.13 ft/sec) 

00 

0,000 o. 600 100,05 67. 21 1,3723 I. 2916 1. 7954 9. 153 
99. 90 92. 92 1,3831 1. 2729 1,7636 9.138 
99. 92 119. 91 1.3948 1. 2553 1. 7231 9,142 

o. 000 o. ooo l 00, 08 70,84 1. 3 778 1.2927 l, 7907 9. 227 
99.89 97.45 1,3841 l. 268 9 1. 7581 9. 119 
99. 80 123,46 1,3955 1. 2513 1.7273 9.116 

-o. 500 o.ooo 99. 87 71, 01 1, 3708 1. 2859 I. 7910 9,087 
l 00, 16 96. 75 l, 386'.i 1. 2723 1, 7583 9. 186 

99. 87 123. 1 7 1.3944 1.2507 1.7274 9.100 
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PROPOSITION I 

It is proposed that the separation of nitric oxide, NO, from 

nitrogen, N
2

, by a silica gel chromatography column is dependent 

t:.:..pon. c:onrlitic1ning a "dried 11 colt:..mn with sm.all al'.nOt1nts of nitrogen 

dioxide, N0
2

• For reprod•.icible separations, conditioning with 

nitric oxide is also required. 

A. Discussion 

These observations are based on the experimental work con-

ducted by the auther during the first four months of 1960. Previous 

presentations of this work are available (1, Z). A brief description of 

the apparatus and a presentation of the experimental results are 

presenteC. below. 

The equipment uocd was de signed by Salcaida (3) for the Bepa-· 

ration and quantitative determination of small quantities of nitric 

oxide in nitrogen. Based on these studies, an 8-foot column of one-

quarter-inch stainless steel tubing packed with Davison No. 91?. 

silica gel of 48 to 60 mesh was used in conj•.inct:on with a dual-

thermistor thermal conductivity cell as a sensing element. The 

col:1mn was heated to about 75° C at the entrance and about 52° C 

at the exit. The thermistors were in a 30° C air bath, The helium 

carrier gas was flowing at about 41 cubic-centimcters-per-mim:.te 

0 
at one atmosphen' and 25 C. The pressure drop through the column 

was maintained at 10 pounds-per-square-inch w:th the exit at the 

:.ocal air pressure. A n-iorc detailed description of t11e apparatus 
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is available in the literature (4), 

Following a two-day drying period during which the column 

was heated to 200° C with a low helium flow rate, various samples 

were passed through each column to determine the condition:ng 

requirements. With the sample introduction procedure used, about 

two cubic centimeters of air were introduced to the column prior 

to the 2. 8 cubic centimeter samples. Samples from a cylit:der 

labeled O. 5 per cent nitric oxide in nitrogen were introduced to 

check the nitric oxide separation by the colt.:.mn. The quality of the 

separation is reported as tho ratio of the pGak-time s of the ebtion 

curves lor the nitric oxide to that ior the nitrogen which passed 

directly through the column, These peak-times w101·e measured 

from the introduction of the sample to the column. Separation 

xatio.s of less tl1a11 about l. 4 "\.vere 11.0t detectable due to t11e .5ize and 

tailing of the nitrogen curve, Therefore, when no separation was 

observed, the separation ratio is reported as being one, A separa-

of the base line between the two elution curves can be made. These 

data are presented for the three columns used in Tables I, II, and 

III as a .function of the various other samples which were introduced 

to effect the separation. 

In the conditioning of Column A, it was noted that repeated 

introduction of nitric oxide samples produced and improved foe 

nitric oxide separation. This will be explained below as resulting 

£.rum Lt1e t:)r11all a..t11ou!.1t::; of llitroge11. dioxide i11. th.eoe ad1T1plt::.::1. A 
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substantial increase in the separation ratio was still possible after 

the introduction of 15 such samples when a mixture of nitric oxide 

with air to produce nitrogen dioxide was added, 

With Column B, this mixture of nitric oxide and air produced 

separation and improved it aftc r three initial samples of nitric oxide, 

Addition.::i.1 nitric oxid.e samples worB requi:rod for reproducible 

separations, and improved the separation slightly with ea.ch addition. 

After the reproducibility was proved with O. 5, O. 25, and O. l per cent 

nitric oxide in nitrogen samples, the addition of dry air was shown 

to have no effect on the separation. A few samples of nitrogen 

dioxide, however, greatly increased the separation ratio and rllincd 

the reproducibility of the separation, An explanation of the excess 

nitric oxide elated after over-saturating the colamn with nitrogen 

dioxide is given by Morrison ( 5). 

Finally, it was shown with Column C that separation could be 

produced by the introduction of only nitrogen dioxide, 

The continual improvement of the nitric oxide oc:paro.tion 

ratio by the introduction of only pure nitric oxide samples is ex

plained by the assumed presence of nitrogen dioxide in these samples. 

Indeed. a se cone! elution curve comprising 0. 89 ± 0. 04 per cent of 

the combined areas of the elution curves is observed (1, 2). A 

mechanism for the separation of this material involving the water 

on the silica gel is presented in Proposition II, 

The separation of nitric oxide and nitrogen dioxide by silica 

gel is believed (3) to be connected with absorbtion sites on the silica 
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gel which attract nitric oxide and nitrogen dioxide. Prior to this 

work, conditioning the column was believed to be dependent upon 

filling the irreversibly adsorbed sites of the species in question. 

Separation was then assumed to be produced by the reversible ad-

surption of the species on the remaining sites. Although the tilling 

of these irreversibly adsorbed sites is necessary before the sepa-

ration can be quantitatively reproducible, this proposition ?roposes 

that the separation of the nitric oxide involves the association with 

the absorbed nitrogen dioxide. Thus the conditi<:lning with nitrogen 

dioxide is essential for separation, while the conditioning with nitric 

oxide is required for reproducibility, 

Since these studies, forther investigations by Fossard, Rinker, 

and Corcoran (6) and Morrison (5) have added further credence to this 

proposition. 

B~ Ilefcrcnce.s 

L Cuffel, Robert F., 
"The Chromatographic Analysis of the N

2
-NO-N0

2 
Syotcrn, 11 

l..'npublished Student Report No, 874, Chemical Engineering 
Department, California Institute of Technology. {May 2 7, 1960), 

2. Cuffe!, Robert F., 
"Part II. Gas Chromatography Separation of NO and N02 
from N 2." Unpublished Student Report No. 908, Chemical 
Engineering Department, California Institute of Technology. 
(March 1, 1961), 

3. Sakaida, Ro R. , 
"Part II. A Chromatographic Apparatus and Technique for the 
Analysis of Nitric Oxide in Nitrogen. " Unpublished Ph. D. 
Thesis, California Institute of Technology. (1960), 
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4. S:.ikaida, Roy R., Robert G. Rinker, Robert F. Cuffel. and 
William H. Corcoran, 

"Determination of Nitric Oxide in a Nitric Oxide-Nitrogen 
System of Gas Chromatography, 11 _.Analytical_<:;_ll€'_mistry, 
Vol. 33, pp. 32-34. (1961). 

5. Morrison, Milton Edward, 
"Part I. The Chromatographic Analysis of the N 2-NO-N02 
System, 11 Unpublished Student Report No, 965, Chemical 
Engineering Department, California Institute of Technology, 
(Jan, l5, l 96Z). 

6, Frossarq, M,, R. G. Rinker, and W, H, Corcoran, 
11 GG:ts Cl1.rorr:aa.tographic Dete rn-iination of Small Qua.ntitie s of 
Nitric Oxide and Nitrogen Dioxide in Nitrogen: Preliminary 
Studies, 11 Unpublished Manuscript No. 52.13, Chemical 
Engincc ring Department, Culifornio. Institute of Technology. 
(August, 1963 ), 
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TABLE I 

Conditioning for Nitric Oxide Separatior..s 

for Column A 

Number of intc rvening 
2. 8 cc samples of 

conditioning mate rials 

none 
1 of NO 
1 of NO 
I of NO 
I of NO 
1 of NO 

Ratio of elution curve peak-times 
for NO to that for N 2 from 2. 8 cc 

samples of 0, 5% NO in N 2 

Drying for two days 

1 
1 
l 
1 
l 
l. 43 
l. 45 
1. 49 
l. 52 

(i. c. not detectible) 

(10 samples) 
(11 samples) 

Additional drying for two days 

none 
1 of NO 
l of NO 
1 of NO 
l of NO 

none 
1 of NO 
l of NO 
1 of NO 

l of NO 
1 of NO 
1 of NO 
1 of NO+ air 

1 
l 
l. 47 
1. 49 
l. 50 

(l samples) 
(6 samples) 

Acditional drying for one day 

1 
1. 47 
l. 59 
1. 63 (2 samples) 
I. 69 (2 samples) 
I. 73 
L 75 

2. 13 
2. 11 
I, 91 
2. 2 to 2. 3 ( 7 samples) 
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TABLE II 

Conditioning for Nitric Oxide Separations 

fo::o Column B 

Number of intervening 
2. 8 cc samples of 

conditioning mate rials 

Ratio of elution curve peak-times 
for NO to th;,;t for N 2 from ?.. 8 r.cc 

samples of 0, 5% NO in N2 

Drying for two days 

none 
l of NO 
l of NO 
l of NO 
l of NO+ air 

(3. 7 ml) of NO + air 

l of NO 
1 of NO 
l of NO 
l of NO 
l of NO 
l of NO 

1 (i.e. not detectible) 
1 
1 
1 
1. 56 
1. 73 
1. 82 
1. 85 
2. 0 to 2. 3 (10 samples) 
2. 41 
2. 5 (3 samples) 
2. 60 
2. 70 
2. 8 (5 samploo) 

Ml.sc~11:--in~Oll~ s::irnpl~s of o~ ?.Flo/(\ Ol'" o. ,q;;.. NO i.n. Nz 
which checked the reproducibility of the NO separations 

14 of 11 dry 11 air 
l of N02 

I of N02 
4 of N02 

2.7 (3samples) 
3. 24 
3. 26 
3. 49 
4. 24 f about twice the amount 
4. 65 of NO was eluted rel a-
4. 73 tive to that introdaced. 
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TABLE III 

Conditioning for Nitric Oxide Separations 

Number of intervening 
2. 8 cc samples of 

conditioning materials 

1 of N02 
1 of N02 
l of N02 

for Column C 

Ratio of elution curve peak-times 
for NO to that for N 2 frorr. 2. 8 cc 

samples of o. 5% NO in N2 

Drying for two days 

I. 72 
I, 8 5 
2. 16 
2. 16 
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PROPOSITION II 

It is proposed that some separation of nitrogen dioxide, N0
2

, 

and carbon dioxide, C0
2

, by a silica gel chromatography column may 

:result frorn thP.ir rP.VP.1"RihlP ;~.Ai;;oci:::1t~on with tt-i:>: .c:mall qt1antitios 

of water absorbed on the silica gel. It is believed that this l:ypothesis 

is worthy of expe rimontal investigation. 

A. Discussion 

The chromatrograpl:ic procedures and apparatus of interest 

to this discussion were presented with Proposition One. This infor

mation will not be repeated here. In the previous presentation (1, 2) of 

·this work by the author, refe re nee has been made to an unidentified 

"third" elution curve. The first elution curve co01.tains the inert 

materials, such as nitrogen and oxygen, which pass directly through 

the column. The second elution curve contains the nitric oxide, NO. 

:\-lorrison (3) has since shown that the nitrogen dioxide separated by 

chemical and physical adsorption is eluted with the nitric oxide in 

this second peak. In addition the author noted a single-or double

peaked third elution curve. 

For the conditions specified in Proposition I,the orders of 

magnitude of the times elapsed for the peaks of these curves since 

the introduction of the sample are: 1) first peak at 105 seconds; 

2) second peak at 130 seconds for pure nitric oxide and at 280 to 

340 seconds for smaller concentrations of nitric oxide, increasing 

with decreasing concentration; and 3) the third peak near 500 seconds 
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or near 550 seconds for "dry" air. The percentage of the total area 

contained in the third elution curves, each with a fractional deviation 

of about± O. 01, were: O. 89 area per cent for the pure nitric oxide 

samples, O. 016 area per cent for the O. 5 per cent nitric oxide sam

ples, 0, 013 area per cent for the 0, 25 per cent nitric oxide samples, 

none detectible for the 0, l per cent nitric oxide samples, and 0, 051 

area per cent for the 11 dry 11 air samples. 

These third elution curves are assumed to be due to nitrogen 

dioxide in the nitric. oxide samples, or carbon dioxide in the "dry" 

air samples. The separation of these materials to produce this curve 

is proposed to result from their reversible association with the 

water adsorbed on the silica gel packing, Therefore, a mechanisrr_ 

for such a separation process is developed. 

It is believed that water ii::> ve l.Ty .stro11.gly a.dsoxbed 011 ::.llica 

gel, so strongly that even a drying period of a day or two at 200° C 

is probably not sufficient to completely dry the column. In addition 

somo moisture would be o.dded to the column in the o.ir purged from 

the lines after connecting the sample tube. Therefore, the possible 

presence of water is a reality, and it only remains to show that this 

wr.itcr c;:;i.n ~.i.rl in thE~ n111tion~ 

The resonance structures for carbon dioxide may be repre

sented as follows: 



.. + : o: :o: : 0: :O: 0 .. . . . . 
c __._ c + ......... r:: __.._ r:: + _..... r, (l) - ....- - -.. .. + -0 :o: :O: : 0: : o: .. 

Similarly, half of the resonance structures for nitrogen dioxide may 

be written as follows: 

: o: :o:+ : 0 :+ : 0: .. 
__.. 

: K: - --- . N: - N:+ (2) N: .....-- ...-- .....--

:o: ; 0: :o: - ; 0 ;-.. 

The other half of these nitrogen dioxide resonance structures are 

obtained by intorchunging the positions of the oxygen atoms., Sin.Ce 

nitrogen dioxide is in practically instantaneous equilibrium with 

nitrogen tetroxidc, the latter must also be considered. Its possible 

resonance structi.1res rirP- thP following: 

.,o" .-q .. - .,o" o::- ·+ .. o· q:-

N t N + ___,,_ 
N 

1; N: ~ :N: N: (3) _. --
:o: - o·· .'O: a·.+ -'o. - ·+ . o· .. .. .. . 

It is realized that all these resonance structures undoubtedly do not 

contribute equally to the character of the particular molecule. They 

are usef1:l, however, when looking for possible reactive properties, 
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One striking similarity between these structures is the nega-

tively charged oxygen end, This could possibly associate with the 

silica gd, and i;hou.ld be investigated. The purpose of this discus-

sion, however, is to look for the possibility of association with water. 

This oxygen end could easily be associated with the water by hydrogen 

bonding. Furthermore, the central atom of structurc:a 1 and 2 can be 

positively charged and surrounded by only six electrons. This would 

allow the formation of a second bond with water. 

The following represent;ition indicates the resonance structures 

which are reactive in this manner: 

.. - + N + =o c 0 :o ~-1· .I. ;· .I. 
H+ :o H H+ 0 E {6) 

l l 
Silica Gel Silica Gel 

The solid lines in the above structure;; indicate the additional associ-

ations and bond formations possible from this configuration, 

A reaction of nitrogen tetroxide and water would rAqnir" the 

breaking of a bond within the molecule, This does not seem as 

prooable as the associations indicated above. 

In conclusion, the hypothesis has been proposed that carbon di-

oxide and nitrogen dioxide are separated by association with the water 

adsorbed on the silica gel, As an argument the high probability of 

the presence of adsorbed water was shown, and theoretical adsorbed 
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structures were proposed. The unidentified third ulution curve which 

has been observed could easily be the result of this proposed separa-

tion mechanism, Further experimental work rnay provide additional 

insight regarding this process. 

B. References 

1. Cuffcl, Robert F., 
"The Chromatographic Analysis of the N 2-NO-N0 2 System. 11 

Unpublished ::itudent Report No. 874, Chemical Engineering 
Department, California Institute of Technology. (May 27, 
1960), 

2, Cuff el, Robe rt F. , 
"Part II. Gas Chromatography Separation of NO and N02 
fron> Nz. 11 Unpublbhetl Stutlc:nt Repo1·t Nu, 908, Chemical 
Engineering Department, California Institute of Technology. 
(March l, 1961). 

3. Morrison, Milton Edward, 
"Part L The Chromatographic Analysis of the N 2 -NO-N02 
Sy.qtc;m. 11 !Jnpnhlisbed Sh1dent Report No. 965, Chemical 
Engineering Department, California Institute of Technology. 
(May 25, 1962), 
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PROPOSITION III 

It is proposed that in their analysis of longitudinal diffusion 

in a catalyst bed Hougen and Watson (1) assumed the simple case of 

6 " 0 in which the total n'-l.mber of moles is constant rather than the 

more general case for variable 5. Furthermore, to determine the 

necessity to consider longitudinal diffusion they improperly compare 

the maximum diffusional flux of component A with the change in the 

flux from gross motion within an initial reactor increment rather 

than the relative magnitudes of the fluxes. 

The simple case of 15 = 0 was probably assumed in order to 

eliminate the non-linear terms. This should either have been stated, 

or the complexities of the more general case developed. The equa

tions resulting from the general case will be shown. 

As written, the criterion for the necessity to consider longi

tudinal diffusion is a function of the size of the initial increment 

chosen. This inconsistency arises from the error noted. This can 

l>e currected by curr1parir1g Ll1e 111a.xi111uJ:!l Uiff'usio11.al flux of co1nponcnt 

A with the flux of A from the initial gross motion, Fn Ao' This 

improved procedure will be described after t!'.:e corrected equations 

have been developed. 

The analysis is based on the isothermal, isobaric, plug flow 

of ideal gases through a catalyst bed, Resistances to diffusion to 

and from the catalyst surfaces are neglected, and the general 
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reaction, aA + bB -.:r rR + sS, takes place at the surface of the 

catalyst. The nomenclature used is defined in Section C. 

Under the conditions de sc ribcd, the :nate rial balance for 

component A in an element of unit cross-sectional area and differ-

cntial length, dZ, at steady statE! i~ given as follows: 

Net flow of A into the element = 

2 
DAmrr 

Fn -
A R T(rr + lip A) 

Net flow of A out of element = 

dnA 
F(n - - dZ) -A dZ 

DAmrr 

(XX-74') 

(XX-75 1
) 

Noting that the reaction creates a sink and the accumulation is zero, 

the combined material balance equation follows: 



D Am1T 
- FdnA + RT 
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(XX-76') 

The following equation is obtained by expandng Equation XX-76' to 

more clearly show the complexities involved: 

DA 1T + m 
RTnT 

dn z] 
( dZA) dZ 

(XX-76 11 ) 

ponent A from a section before the inlet of the reactor, which is 

upstream from all diffusional effects, ta any section Z within the 

reactor is given as follows: 

Fn -A 

DAm1T 
dZ (XX-73 1

) 

The method stated below is proposed to replace that developed 

by Ffougen and Watson to determine the necessity to consider longi-

tudinal diffusion. Equation XX-73' is approximated as follows for a 

small increment at the inlet of the reactor in which the longitudinal 

diffusion has been neglected: 
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AnA 
AZ = - (XX-77 1

) 

The initial concentration gradient is then approximated by the ratio 

of An.A to AZ obtained from Equation XX-77'. Then the relative 

magnituccs of the first two terms in Equation XX-73 1 are compared 

for the inlet region of the reactor to deterr.:iine the necessity to con-

sider longitudinal diffusion. 

1. Hoctgen, Olaf A. and Kenneth M. Watson, 
Gh .. e1nical Procesa l"')rinciplce, Part Three, I-<ir~etica and 
Catalysis. New York: John Wiley and Sons. Equations XX-73 
to XX-77, pp. 1003-1005. (1947). 

C. Nomenclat1..t:rE-

d 

DAm 

F 

nAo 

Differential operator, 

Mean Maxwell diffusion coefficient, sq ft/ sec. 

Feed rate, (lb-mass of foed)/(sec, sq ft). 

Moles of A per ctnit mass of food at section Z, 
(lb-moles of A)/(lb-rnass of feed), 

nA at the inlet, {lb-moles of A in feed)/(lb-mass of feed), 

Total ni::.mber of moles per unit mass of feed at section Z, 
(lb-moles total)/(lb-mass of feed), 

pA Partial pressure of A= rrnA/nT' atm. 

R 

Rate of reaction of A, (lb-moles of A reacted)/(lb-mass 
uf caLalysL, sec). 

Natural gas constant, (cu ft, atm)/(lb-mole, 0~). 



T 

z 

Tr 
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0 Ab.solute teri:1perature, n~ 

Distance from the inlet of the reactor, ft. 

Total pressure, atm. 

& (r + s - a - h}/a fnr thR rf><1ction aA + bB 2 rR + sS. 

ti. Change over a finite increment of length, 
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PROPOSITIO::-l' IV 

It is proposed that a platinum resistance glass tube thormom

eter is not an adequate temperature measuring device for an air 

~Lream if exposed to surroundings which are not maintained at about 

the temperature of the air stream being measured, The air tempera

ture measurement can be substantially improved by mounting a gold 

foil radiation shield over the glass tube of the rcsfotancc thcrmom-

etcr11 

A. Discussion 

DL1ring the experimental investigations presented in Part II 

·of this thesis, it was noted that the normal platinum resistance 

thermometer did not indicate the same air stream ten:peratare when 

held above the jet opening as it did when placed in the air stream 

flowing within the ducts below the jet opening. This was subsequently 

shown to be a function of the radiant energy loss to the surroundings, 

This effect was no longer noticeable after a gold foil radiation shield 

was mounted over the glass tube around the sensing end of the ther

mometer, A simplified energy balance is presented for each of 

these two .sit·..iations to sl1.0W tl1e ef':fect o.f tl:iu .rc1..<lla..tlor1u 

The resistance thermometer consisted of a two-inch-long coil 

of platinum wire as the sensing element, mounted in the end of a 

one-foot-long, thl:"~e-eights-inch-cliamoter gla~s tube filled with a.n 

inert atmosphere of helium. It is reasonable to assume that the 

conduction through the glass and helium maintained the platinum 
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sensing clement at the temperature of the glass tube, Therefore, a 

steady state energy balance for the thermometer would equate the 

heat loss by radiation with the heat input by convection to the surface 

of the glass tube, Therefore, if the effects of the hemispherical end 

of the glass tube are neglected, the energy balance for the glass 

thermometer tube may be approximated to that for an infinitely long 

cylinder. 

Tb.\:! a.lr £low wet~ 11ur111a.l to !.l1c Ll1er11.1urrH.:!Ler. For the normal 

flow of gases past cylinders at Reynolds numbers greater than 44, 

Collis and Williams (1) pre sent the following correlation for the 

T -0.17 
Num (Tm) = o. 48 (Rern)O. 51 

00 

(1) 

The 7. 81-foot-pcr-second, 100° Fair stream from the jet opening 

past the three-eighth-inch-diameter thermometer ti.:;be co::ild be 

characterized by a Reynolds number of 1712. 5. Assuming that the 

thermometer temperature will be maintained sufficiently close to 

the air strear.'.l temperature so that the temperature correction and 

adjustment of the fluid properties to a mean temperature will not be 

necessary for the use of Equation 1, a Nusselt number for the 

thermometer tube of 18, 68 is obtained, 

The steady state energy balance between the convection to 

and the radiation from a unit length of an infinitely long cylinder 

follows: 
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For Equation 2, the air thermal conductivity, k , at 100° F was 
a 

-6 
evaluated as 4. 049 X 10 Btu-per-foot-per-second-per-degree-

Fahrenheit, and the temperature of the surroundings, 

544. 69° R (85° F). 

T , at s 

(2) 

For the glass tube with an emissivity, Et' of 0, 937 (2), the 

temperature of thc: gl""~" tulote fro1n Eq .. mtlou 2 lb 98, 34° F. This 

measurement error of l, 66° F results from the radiation loss to 

surroundings only 15° F below the air stream tcmpc rature. 

If a goid foil with an emissivity, "t' of O. 02 (3) covers tho 

glass tube, the temperature 0£ the tube from Equation 2 is 99. 96° F. 

This is only 0, 04° F below the air stream temperature. 

When the temperature of the surroundin_gs is maintained at 

the air stream temperature, there is no longer a driving force to 

lower the thermometer temperature, and it will be at that of the air 

stream.., 

It has been shown that a sizable error in the meas·:irement of 

tl1~ a.lr ::;trea.iz1 Le1r1J:JeraLu.re rei:;ulted fLu1r1 radiatiun losses from the 

unshielded resistance thermometer glass tube, A calculated cor-

rcction would be difficult for such a ca>rn due to tho difficulty in 

assessing an effective temperature £or the surrO'l.lndings11 Tb.e a.ddi-

tion of a gold foil radiation shield over the glas;; tube of the thermom-

ete r has been shown to be one method of reducing the error to an 

acceptable level. 
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Nome ncl a tu re 

-8 0 4 
Stefan-Boltzmann constant = 0.173 X 10 Btu/(sq ft, hr, R ), 

Outside diameter of the thermomcte r tube, ft. 

Heat transfer coefficient .from the outside thermometer sur
face 

0
by convection and conduction to the air stream, Btu/(sq ft, 

hr, F). 

Thermal conductivity of the air, Btu/(ft, hr, °F). 

Nu 
m 

Nusselt number for the thermometer cylinder in the air stream 
based on the fluid properties evaluated at the "lean film tem
perature = hdc/ka' dimensionless, 

Re 
IT_ 

Reynolds number for the air flow around the thermometer 
cylinder based on the fluid properties evaluated at the mean 
film temperature= dcU

00
/v, dimensionless. 

Mean absolute temperature for the air filn-_ about the ther
mometer cylinder, °F, 

Absolute tempo rature of the surroundings radiating to the 
temperature, °F. 

Tt Absolute temperature of the thermometer, 0 R. 

Teo Absolute temperature of the air stream, 0 R. 

U Bulk velocity of the air stream, ft/sec. 
00 



v 
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Emissivity of the outside thermometer surface, dimensior-
less. 

Kinematic viscosity :for the air stream, sq ft/sec. 
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PROPOSITION V 

It is propos<c'd that the long-half-lived radioactive wastes, for 

which disposal is difficult, may he used as a heat source in producing 

oil wells to redacc the viscosity of heavy oils near the well-bore and 

thus increase the production of these wells, 

A, Discussion 

Radioactive wastes are produced as l:ission products in n;;iclear 

reactors, They are separated and concentrated during the processing 

of the fuel elements. Most of the isotopes have half-lives of less than 

one year, and their dispotsal i~ relatively ea:syD .Stro11tiur1i-90 ct.11tl 

cesium-137 have half-lives of 28 years and 26. 6 years, respectively, 

Therefore they are separated from the others and their aqueous waste 

solutions must be stored for rno:r.- th;in 600 Y"""~· Sncch storago is 

also complicated during its initial stages by the transformation of 

the radioactivity released into heat, This has prevented their being 

stored in abandoned oil wells. 

It is therefore proposed that these wastes be injected into 

producing oil wells where the heat source can be useful, The aqueous 

waste solution would be injected into the oil sands around the produc

ing wells and followed by a water pusher. The clay in these sands 

produces !:iOn-ie cation c:x.:char:i.ge action. :so tl1at tl1e isotope fror1t will lag 

behind the water front. A good share of the isotopes will be eluted 

off the clays in the back flush of the injection water, More will be 

,~11.lte(l when 1)-reakthrottgh occt.irs if a water flood is being usod .. 
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Nevertheless, some isotopes arc fixed onto the clays and cannot be 

removed. These are sufficient to form a significant heat source 

around the producing well. bore. The oil flowing thrm:;gh this section 

is therefore heatec. The hotter oil has less resistance to flow in 

this critical section of the oil well, Therefore the flow rate is in

creased. 

The re are 1nany points wl:ich must be considered in such an 

operation. One ot thcs<J is the possibility of contaminating groun<i 

water and thus introducing the isotopes into the human life cycle. 

Since the oil remains trapped in the sands, however, one may assume 

that it has little cotJ.tact Y..'itb. tl1e groun.U wate ..l'• Tl1e well l>urco, 

however, do proVide contact with the ground water and adequate 

casin.gs would be required. 

Thto: Al11tinn nf thP. iRntope..,:: i.c: anoth0r problem., The returned 

injection water would probably be concentrated and the solution used 

for another oil well. The contaminated breakthrough water would be 

re-injected via the water flood, using tho exchange capacity of the 

reservoir for its disposal. The heat which they will produce may 

require the operation of the water flood beyond its normal termina

tion, however, The amount and shielding of the above ground pro

cessing equipment will mainly affect the economics of the process, 

Also the problen>, if any, with the elution u£ the ii;otupes in the oil 

must be investigated, 

Thus a useful method for the disposal of the radioactive 

wa•te~ with long half-lives has been proposed, 1f the procoss can 
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be developed to meet the safety requirements of the Atomic Energy 

Com1nission, the economics of the process would govern its use, 




