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ABSTRACT

Part ]

The enthalpy change upon vaporization of 1-pentene was ex-
perimentally determined by calorimetric measurements at tempera-
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 11,

The heat transfer from a one-mil platinum wire was meas-
ured in isothermal and nonisothermal boundary flows about a one-
inch copper cylinders The flow of the 100° F air strcam was normal
to the 100° and 160° F cylinder at a Reynolds number of 3500, The
measured wire Nusselt numbers and smoothed values at a wire tem-
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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I. INTRODUCTION

The thermodynamic properties of l-pentene have been the
subject of limited experimental investigation, Scott and co-workers
(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, 440, 77° and 85, 950 F with a
reported accuracy of 0.1 per cent. In addition, the isobaric heat
capacity of the ideal gas was established (1) between 100° and 288° F
with an accuracy of approximately 0,3 per cent, Day (2) developed
analytical expressions describing the effect of temperature upon vapor
pressure between 32° and 392° F. Day (3) measured the volumetric
behavior of the liquid phase at tempceraturcs between 176° and 482° F
with an accuracy of about 0,2 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
at 60°, 68° and 77° F, the isobaric heat capacity in the ideal gas
state, and values of the latent heat of vaporization (1) at 77° and
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 measuremeﬁts 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-

o
ments were carried out at temperatures between 100° and 280° F,
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The calorimetric measuremeants 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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II. EXPERIMENTAL ME THODS

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)., In principle, the apparatus involved
an isochoric vessel in which a heterogeneous mixture of 1-pentene
was confined, 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 methods. Electrical energy
was added at a rate to maintain the system under nearly isobaric,
isothermal conditions. A detailed thermodynamic analysis of the
actual procces is available (9),

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 relaled to the
measured thermal and certain other quantities by the following simple

expression:

.V Vﬂ
L __ = (1)
g
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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

[ Q]
(A R— (2)
&  T(aP"/dT)

The residual specific volume of dew-point gas was established

from the following equation:

[
.y=-‘9~‘%{-v=’2~35—-———],7‘-‘9-*—13~ (3)
g p g P T(dP /dT)

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
ap"
t=(H, -H)p={Ql¢ p- VzT(“d“‘T' , (4)

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

was chousen for the evaluation of the 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 deviatinns from iso-

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 detalls of carrying out such currections have
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 l-pentene, the total corrections
for mechanical agitation, superheat, and thermal transfer between
the calorimeter and the jacket were not more than 0,03 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 L

The internal energy change upon vaporization was evaluated

Irom the latent heat of vaporization by application of the [vllowing:

(E_- E

g E)TZK "P"(Vg'vﬂ) (5)

The change in internal energy was not affccted by additional uncer-

tainties of more than 0,06 per cent beyond those noted in Table I,
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III. MATERIALS

The l-pentene employed was obtained as research grade from
the Phillips Petroleum Company and was reported to contain less
than 0,00005 mole fraction of impurities. As a check on the reported
purity, the index of refraction relative to the D-lines of sodium was
measured and found to be 1, 37145 at 68° F as compared to 1, 37148 for
air-saturated l-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 l1-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 lateﬁt heat of vaporization by the following empiri-

cal expression:

¢ L 1/2

£ =10 -170,000(1 - 5575557 ) ©

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 l. As a
matter of interest the actual latent heat of vaporization of 1-pentene
as measured in fhis investigation is presented in Figure 2. The
lalter figure was included in vrder that the reader may obtain a more
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 authbr'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 IIl

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
0.09 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. Smeols

b

oo e

1S

specific gas constant, (psi)(cu. ft. /1b. °R. ).
differential operator.

internal energy, Btu/lb.

enthalpy, Btu/lb.

latent heat of vaporization, Btu/lb.

residual latent heat of vaporization, Btu/ib.
vapor pressure, psia.

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

thermodynamic temperature, °R.
temperature, °F.
specific volume, cu. ft. /1b,

residual specific volume, cu. ft. /1b.

B. Subscripts

g
£

P

T

gas phase.
liquid phase.
pressure.

temperature.
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TABLE I

ESTIMATED UNCERTAINTIES OF MEASUREMENT

Probable
Quantity Uncertainty
per cent
Energy added electrically 0.03
Energy added by agitation 0.15
Energy exchange between
calorimeter and jacket 0.008
Change in temperature of
liquid and vapor 0.03
Weight of material withdrawn 0.02
Volumetric correction factor 0.06

Superheat of liquid 0.06



Identilication

18
319
38
330
31
332
B3
3
37

Esergy Added Energy hdded
Aglistion

Tuwnger:ture Pressure® Electriecally by
u

f 3

100.C12
100.009
123.530
160.612
160.¢01
159.%

150.600
220.013
219.93%
250.215
280.019

280. 014

psis

19.21
19.11
31.95
50,52
50.52
50.52
76.3%
111.07
113,07
156.36
2:3.93
213.93

4.u8k2
3.6725
3.5718
2.7670
5.62L8
8.5408
5.05%4
8.9333
44836
4,923
5.4226
L4.2504

% Mezsurcoents of Scott (1) ami Lay (2).

¥casurezents of Day (3).

Bto

0.1115
0.0515
0.0322
0.0503
0.0531
0.0736
0.0458
0.0655
0.6851
0.0659
0,036k

0.031%

Kot used i{n evcluetion ef latent heat of venorizution.

EXPERIZED

Energy Added
by Ceaduction

TARLE IT

Waight of
\sterial

end Radintion Withdrewn

Btu

-0.0032

1k.

0.030184
0.025703
0.024135
6.020007
0.ChChR3
0.¢61371
0.033332
0.070559
0.035573
0.0%1675
0.0hgo38
0.033539

Suparhest
of Liguld
°F.

0.09
0.09
0.10

.13

O.av

.08

AL RESULTS FOR 1-FERTEZRE

ap"/a

pai/7R.
. 3472
0.3472
0.5156
0.7308
0.7308
0.733
1.0001
1.32%5
1.3245
1.7039
2.1468
2.1468

Spzeirice
Voluze
Dev Point
cu.ft./1b.
b.2327
4,238
2.6052
1.67k2
1.6764
1.6760
1.1153
2.7613
3.7631
2.534%9
2.37¢02

2.31718

Specitie
Yohwa
Babble Potnt®
cu.ft./ib.
0.02577
0.62577
3.02658
2.02757
2.02747
3.C2T4T
0.02847
5.02G51
5.02561
2.0309%
0.03276

0.03276

Pasidunl
Specific
Volune
eu.fe, /ib,
C.2481
0.242k
o.21h7
¢.2023
C.2007
0.201%
0.1860
0.17510
©.17332
0.15661
0.14556
0.1523%

Voluzetrie
Correcti go
acior

0.59391
0.993%2
0.63651
0.13359
6.58361
0.533%
0.57649
©.56110
0.56120
0.5%216
c.91352

0.91330

Latent
Yazoriiasion
Btu/ln,
151.26
15147
145,32
138.00
138.18
138.15
130,81
121.89
122.19
112.78
101.81

101,40

_9'[..
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Table III

CRITICALLY CHOSEN VALUES OF SOME PROPERTIES
OF 1-PENTENE

Internal

Specific Volume Energy Latent Heat
Temper- Vapor Dew Bubble Change upon of
ature Prcossurc Point Point Vaporization Vaporization
oF P.S.I.A. cu.ft. /lb. cu. ft. /1b. Btu/1b. Btu/1b.
50 6, 96 10,93 0, 02460 147,12 l6l,16
60 8.67 8. 899 0.,02482 145.08 159.33
70 10, 70 7.310 0.02505 143,01 157. 44
a0 13.09 6.0R3 0.02530 140. 90 155, 50
90 15, 88 5,049 0.02553 138,76 153,522
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 132,14 147,28
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, 30 135,71
180 66. 83 1, 2733 0.02812 117,76 133,16
190 76. 34 1.1156 0.02847 115.18 130,54
200 86. 85 0.9803 0.02884 112.52 127.81
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
240 139,99 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 97,670
300 260. 20 0.3021  0.03442 80. 53 93, 42P

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

bExtrapolated 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-
gation was part of a rcascarch program being conductced into the cffccts
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 relativé 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
maintain an isothermal boundary layer.

During the author's phase of the program, the same 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
temperature Wa,a maintained at the air stream temperaturc 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
are compared 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 program will include 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 eiffects 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 + Ve u= (1)
oo, 2T =v=(kv'r)-fr(%%)v(voa)—gj~ Vu (2)
PBe = PE- Vp - [V7] (3)

For a Newtonian fluid, the components of the shear tensor, '?, are

given as follows:

2 _ Bui )
ii=“(§v°“" 2 axi-)
ou, Bui«
Tij:Tji:'n(ﬁ?ci"+"f3?<;) (4)

i=1,2,3; j=1,2,3; and j #1



-22-

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 compressible fluid of arbitrary constant Prandtl number 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 2% i the
velocity of sound and the subscript oo indicates the evaluation of a

quantity at the bulk stream conditions:

n
(B B
0o Q0 [ee)
o Toop
LA - (6)
o Tp
(e 0] o o]

2 S(2le ‘)0° i (7)

Too8c
A coordinate system was established in which X was the distance
from stagnation along the surface of the cylinder, and Y was the
normal distance from the surface of the cylinder, The compress-

ibility effects were incorporated through the following variable

changece:
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X o

Xy 25‘ — dX (8)
0 oo
v .

Y, =§ Ul dy (9)
0 "o

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

t

w expressed in terms of Y g

the rmal boundary layer thickness, &

and the quantities X\, Z, and )\* were introduced as functions of

the angular position from stagnation.

i
6,0
52 du du,
i 1
A= 3~ 49X, " % 3% (11)
, ('Y - ]_)ul A*) b3
voo(l - 2 )
2a
\ 2 (y - l)u.l2
Pr(Z +
6 552
Ny = < (12)
3 Z[EE -1 +(Y_l)u1
X T )
(@0 (o8]

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

solution of the following two equations:
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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 1is on the
order of one.

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

1’
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
T
. . . 2X ( c
the right side of Equation 14 reduces to Br % —T-—(-JO) .

Equations 13 and 14 can easily be simplified for several
special cases. The isothermal case is solved by removing the ¥y
term in Equation 13 and solving only the resulting equation starting
with N = 7.052 at stagnation. For incompressible flow the term
with ul/aoo 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 ¥ obtained from a linear relation-

du
ship with 2~ — . This linear relationship is established by the

1
value of X at stagnation where the function is one, and its value for

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

\ obtained, Equation 14 can be solved for ¥x. The approximation
process can be continued until the values of ¥ and N at each angular
position are determined. Knowing these, the velocity and temperature

distributions are given as follows,
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Y. Y. .2 Y,.3 Y,.4
8o () S A (Y ez M (Y a - (L
Foeasg) 2 ) v nEre-plE) e
2
TC ('Y - ]-)ul Y:‘.c Y*‘ 2
T=T +Tudl-7 - —3— 22 -2 +30(—)
o0 2a 6 6
0 sk

Y,. Y, . 4
- (2 + 3)\*)(—;—) +(1+ ).*)(—67 ) } (16)

*® W

3

It should be noted that knowledge of the velocity distribution,
Ups about the cylinder at the edge of the boundary layer and the cor-
responding pressure 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 equatioﬁs are further
complicated with the effects of turbulence. Theoretical considera-
tions in this region are beyond the scope of this work,

QOutside 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, Encrgy Transfcr 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 nsual dependence of the Nusselt number upon the
square root of the Reynolds number, they present the following

equation for the range 0,02 < Rem < 44:
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I -0.17
m o 3 0.45
Nuz’)\’ (——-—Ta ) = 0,24 + 0.56 Re

(17)
Under steady state conditions with constant fluid properties

and neglecting the dissipation term, Equation 2 becomes:

——

5. VT = £ g7 (18)
U'Cp

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 Rem< 0.05,

T_ . -0.17 .
Nup 3, m( ) = 1,18 - 1.10 log, . Re (19)
a 10 m

Collis and Williams also indicated, however, that buoyancy
effects do occur in this region for a horizontal wire in a horizontal
alr stream. The onset of this effect depends upon the temperature
loading for a given wire, The Nusselt number for a one-mil wire
reaches a minimum at a Reynolds number on the order of 0.0l 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 solution was expected to apply for Peclet numbers,

(Re Pr), below unity and at distances from the plate greater than one-
wire diameter. Their experimental measuremenls in lhis range gave
adequate agreement with the predicted behavior. Their predicted
dependence of the Nusselt number on the Pectlet number and relative

distance from thc surfacc is prescnted as Figure 1.
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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
measure the air stream temperature 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) during his investigations.

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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FIGURE 2. Schematic Diagranﬁ 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 resistance thermometer located at E. The
details of this temperature control system have been described by
Corcoran and co-workers (11). The downstream temperature re-
quired for the Venturi meter measurements was determined by using
another resistance thermometer in the air stream at F. Kerosene
and mercury manometers along with a precision cathetometer were

used in the Venturi meter measurement.

B. Omne-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 this copper core. The healing assembly will copper shell was
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,
Y. The measurements were taken at the middle and at both ends of
the one-and-one-quarter-inch scction in the ccater 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 0. 9985 %
0.0002 inches at 80° F. Correcting for the thermal expansion of
copper, cylinder radii of 0.4994 + 0,0001 inches and 0.4997 = 0. 0001
inches for 100° and 160° F cylinders are obtainhed. The radius at

160° F was confirmed with micromster 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 were embedded in the inside of the copper shell at the middle,
and at two inches on either side of the middle of the l12-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 Assembly

The wirc was supported by a probe and maneuvercd 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 obfained 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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FIGURE 3. Diagram of the Supporting Probe for the Wire
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FIGURE 4. Microphotographs of:
a) A Section of Unused Wire
b) A Scale with One Unit Equal to 10 Microns
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 0,l-inch-per-revolu-
tion dial gages with 0. 00l-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 presented as Fignre 5.
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, Rv’ formed three arms of the circuit. The
wire itself and two manganin resistors of about 0.5 ohms and 0. 05
ohms formed the fourth arm. Current was supplied by one or two
6-volt D. C. batteries and adjusted with another variable resistor,
Rc“ The voltage drops across the 0.05-ohm resistor and the wire
were simultaneously observed on a White potentiometer and a K-2
type potentiometer, respectively., In the upward position of the six-
leaf throw owitch, a 7-ohm rcasistor replaccs 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 and the resistance of the wire
were calculated from the simultaneous readings of the potential drop

across the calibrated 0.05-ohm resistor and the wire., The Mueller
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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 thermom-
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
resistance thermometer ﬁsed in the air stream were calibrated

©. and 340° F in an oil bath and at 32° F in an

together at 100°, 220
ice bath against a standard platinum resistance thermometer. This

calibration produced the following temperature dependence for the

resistance of the wire:

3 7.2

%— = 0.9295746 + 2. 20666 X 10 >t - 1, 8321 X10™ 't (20)
(8]

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
resistance at the ice point, 32° F. This calibration was assumed
applicable to the work-~hardened wires used in the meagurements.
The resistance of the 0.05-ohm resistor, Rs’ was calibrated
as a function of its temperature using 10-ohm and l-ohm standard
resistors. A small temperature correction was added to the

0.0510969-absolute -ohm value measured at 307 C (860 F). Thus RS
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could be determined from its temperature with an uncertainty of
0. 01 per cent,

At varions places thronghout 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 =3.6760 Xx107% + 6,730 x10™ %t (21)

A comparison of these values with Equation 21 is presented as Figure
6. An absolute viscosity of 3,98 X 10—7 1b-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_ = 0,011006 +1.7639 X 10‘6tW (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 equipment was heated and stabilized at the desired
operating conditions prior to each run. This stabilizing period was
normally about five hours, During this time the air duct heaters
\;vere adjusted to maintain the corresponding thermocouples at
100,0° = 0,3° F. The cylinder core heaters were adjusted to main-
tain the center thermocouple at the desired temperature, either 100°
or 160° F, within 0O, 2° F. The air temperature at the jet opening was
similarly set at 100, 0% + 0, 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 0.5384 %= 0, 0012 1b-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 were 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 cylinder at 0° 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 0. 001 inches. A section of the wire aboutl hall
way between the probes was chosen for these positioning measure-
ments, This process was repeated after the run to confirm the rela-
tive coordinatc position of the cylinder.

The readings of the various thermocouples with the air duct
and cylinder heaters, manometers with the Venturi meter, and air
temperatures downstream 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 0, 05-ohm resistor preceded
a measurement of the resistance of the unheated wire. These and
the - temperature of the 0.05-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 strcam. Since the 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.

Ags the wire work-hardened, 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 tempe rature
determined with the normal resistance thermometer, Equation 20 was
solved for the ice-point resistance of the wire, The ice-point resist-
ances beforc and aftcr a run gencerally agreed within 0. 002 ohms,

i.e. 0.1.° F,

As a further check the air stream temperature was measured
with both the wire and the platinum resistance thermometer whenever
the central variables were checked. These normally agreed within
0.05° 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'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 secfion 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,

The bulk velocity, U_, for the bulk Reynolds number was
based on the mass flow rate, rf1, measured with the Venturi meter

and the area, A, of the jet opening.

_
Uoo - Ao'oo (23)

The specific weight of air, L used in Equation 23 was based on
the conditions at the jet opening and the specific gas constant, b,

deduced from the observed humidity of the air.

p

_ oo
%0 = BT (24)
oD

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

Re , was defined as follows:
c, 0O

21‘0U00 Zrom
Re = = 25
¢ @ Yo Agcﬂncx:) (22
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Another Reynolds number, Rem, based on the wire diameter
and the average fluid properties between the local air temperature,
ta, and the average hot wire temperature, tw’ was also used.

d u
Ren,1 = 2 (26)

v
m

By 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:

dwu

Rern - T . 1+n
o (32)

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 Nusgselt number was determined from the measurement of
the following four quantities at a given position of the wire in the air
stream: 1) the potential drop across the heated wire, 'Ew; 2) the
potential drop across the fixed resistor, ES; 3) the resistance of
the fixed resistor, RS; and 4) the resistance of the unheated wire, Ra'

A calibration of the wire as a resistance thermometer pro-
duced Equatiovn 20, Using this and the measured ice-point resistance;
Ro’ for the particular test, the local air stream temperature, ta’
was calculated from the unheated wire resistance.

The current through the fixed resistor was calculated from

its measured resistance and the voltage drop across it.
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1= =2 (28)

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 = X _Y 8§ (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, to through Equation 20,

The total electrical energy input to the wire, c;e, was also

calculated from the hot-wire measurements using a conversion factor

of 3. 41219 Btu per watt~hour,

42 W s ‘
q =I°R_ =¥ (30)

Therefore, based directly on the experimental measurements
with a wire of diameter dW and length £, an experimental heat

transfer coefficient, he, was evaluated.

° 2
qe I RW

e md L(t ~t) —wd L(t -t
W W a W W a

h (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 characlerized 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, Nue 40 was based on this
H
experimental heat transfer coefficient and the fluid properties evalu-
ated at the local air temperature.
h d 1°R
Nu __ew _ W
) k k ml(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 was only uscful 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 tem-

perature 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 differential length dz.

2( R
1 (T) dz = md_h(t - t_)dz + dz (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 electrical resistance per unit length, R/L, was linear

with temperature.

R Ra
T = 7= [1 + a(t - ta)] (34)
RW B Ra
a = —t-*‘-"-:"-i:““‘— (35)
W a

The constant wire thermal conductivity was evaluated using Equation
22 and was based on the average wire temperature. Noting that Rw
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:

L/2

R = s £ dz (36)
1/2

tw = g—z/z%dz (37)

The constant heat transfer coefficient necessary to solve
Equation 33 was assumed to be that which would be observed for a
wire of infinite length. Equation 38 expresses this quantity, hﬂ )

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

I to the temperature tye
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() [ran )

= (38)
i n'dw(tﬁ - ta)

After Equalion 34 was substliluted into Equation 31, the comparison
with Equation 38 produced the following relationship between the
experimental and infinite length heat transfer coefficients when the
quantitics I3W and ﬁﬂ defined below were introduced:
- - +
[1+alty-t )Nt -t) (L+6,)B

- W a - W
hy = he 11+ a(tw- ta)J (tg' taj - he 1+ BWSB,(Z (39)

|3w = aL(tW - ta) (40)

H

Bi a(tz - ta) (41)

The following equation was obtained by substituting Equations 34 and

38 into Equation 33, rearranging, and simplifying:

2 2 2
d*t-t) AR (t-t) 4R,
S (42)
md Lk
W s

P T T2
dz Trdwf ks(tﬂ - ta)

If it is assumed that the larger platinum probes which support the
wire maintain the ends of the wire at the air stream temperature,
ta, then the solution to Equation 42 has been presented by Carslaw

and Jaeger (15) on page 152,
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cosh[flI (mﬂks (t,- t )) ]
t=tJﬂ%~%){l- R ]} (43)

COSh[ ( Iks(f J ) ﬁ

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

Equation 45 is obtained from Equations 43 and 44.

1
Ik ( - )\E
o - gv (el ) (44)

1

cosh [%_z_ (—gfv)g]
ta-l- (tz— ta){l - } (45)
cosh [ ( W) ]

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

ot
]

arranging, the following defining equation for f, is obtained:

% %
'g'f’ =1-s(.2i) tanh[lg(gf)’] (46)

Since s was on the order of 0,02, Equation 47 was used as an

adequate series solution of Equation 46.

[3W 2
=1-5~ S5 - 3
7, =1-s > 0. 645 s (47)

A Nusselt number, Nuﬂ , based on the infinite length wire

heat transfer coefficient is expressed in Equation 48.
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4
hd By ™
N, o= & “Nug o TFR (48)
a w

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 Kennard (16). The correction procedure used was prcscnted by
Collis and Williams (9).

As indicated in Equation 49, the difference between the wall
tempe rature and the temperature, tai’ at which the gas would be if
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,

g~ by =8 (%t;)ai (49)

The constant & 1is called the temperature jump distance., Based on
the properties of air at the surface, Kennard derived the following
expression for &,

g_Z"a 4C —2\_.‘
- d vy t1l Pr

(50)

In Equation 50, a is the accommodation coefficient of the surface
for the particular gas, y = CP/CV is the ratio of the specific heats
of the gas at constant pressure and constant volume, C is a

constant such that 0.491< C = 0.499, Pr is the Prandtl number
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for the gas, and \ is the mean free path of the gas molecules

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

1
-2 (BT o
Cc

(9)

By noting that o is about 0, 9 for platinum in air and setting C

at 0,498, & was evaluated for the wire in air as follows:

14 2

7 t+ 6,667 X10 Tt (52)

9

£ =3.5204X 10" "+1.1286 X 10~

The average wire temperature was assumed to give the best approxi-
mation of £ 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 tai and that this correction appeared in the heat

transfer coefficient as follows:

_ ey o 8T )
hll(ti ta) - hai(tai 1:a) - kai or o (53)

Therefore the corrected surface temperature, heat transfer coef-

ficient and Nusselt number can be expressed as follows:

Byt
tag =t "t (54)
al
by
Pai T TRET (55)
- 22
&



£, a
53
,a a
k

Nug \,a = Na, 3 (56)
- —3 %
w al

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

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

w Pa ) g
w8 ﬁﬁ w
Rk wli{t -t) 1+8
N - s a W a W (57)
£, N a B
E E ...._V_V+ﬁ
w sg 61 w

1

"R k_.mnd_I(t_-t ) 1¥B
S al W woa W

The correction for the finite wire length reduced the Nusselt
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 experimental Nusselt 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 0,01 per cent uncertainty in the calibration of the 0, 05-
ohm resistor represents the discrepancy between the potentiometric
and Mueller bridge methods of measuring the resistance. This
results in a 0, 05° F uncertainty in the temperature difference
between the hot wire temperature and air stream tempe rature.
Although the ice-point measurement introduces another O, 05° F
uncertainty in the temperature, the effect on the tempe rature
difference is not noticeable.

The standard cells in ihe lwo potentiometers disagreed by
about 0,06 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 0. 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 sensilive Lo temperature 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,

There was also some variation in the apparenl air tempe 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 fluttcr-
ing, The longer term trends during the day were 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 Nusselt number for the data within the boundary layer. The tolal
of 1.5 per cent noted in this region would increase to about two per
cent for data obtained within 0. 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 0,00l 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 Nusselt 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 Nusselt number, Only ubout 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, thc convcecrsion of the measured heat
transfer can be correlated with the air velocity without introducing
further uncertainties,

Such a change in the effective wire diameter 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. This coordinate system is illustrated
in Figure 7. Within this coordinate system, measurements were
taken on vertical and horizontal traverses at 0.1-inch intervals
around the cylinder., For thcsc 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 were taken., From these measure-
ments the corrected Nusselt number, Nui’ \, &’ was calculated. The
latter were plotted for each point against At = ty " ta’ and a linear
interpolation to a At of 50° F obtained. The adjusted Nusselt num-
bers, (Nuﬁ_ N, a)At=500 Fr 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, vertical, 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 Nusselt numbers will be denoted by Nu*o

The air stream temperatures obtained during the nonisothermal
measurements were corrected as follows for relative variations in

the temperatures if necessary.
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#* o tmtoo e}

t =100 F + 60~ F (58)
a t - ¢t

c o0

These values were plotted for their respective traverses and similar
smoothing procedures were begun., It was then noted that these tem-
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-
ordinate system used for the measurements. As previously 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 appear to be so on the coordinate 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 $ =0
degrees and Y = 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 tem-
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
isotherm position was referréd to as r:) and was subsequently used

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
faults could be located in the traversing mechanism. The traversing
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 diffcrent 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 teslts, 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
At 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 square 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 minus one. The relative standard
deviation was 0, 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 At, 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, 515, 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 ¢ and 10 respectively.
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The smoothed temperature field for the nonisothermal case is pre-
sented as Figure 1. 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,

Doth the smoothed and adjusted Nusselt numbers are based
on a temperature diffe rénce of 50° F. This temperature loading was
interpolated with small uncertainties from data at loadings between
40 and 120° ¥, 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
lvading. Using such an approximation to convert the reported data
to a zero temperature loading, the conversion factor woAuld 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 velo-
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
preseunted in Table VIIL

Collis and Williams (9) developed the following correlation
between the Nusselt numbers from small cylinders for 0. OZ<Rem< 44
which was presented as Equation 17:

T .-0.17
—= - 0. 45
Nuﬂ,?\,m(TZ) —0=24+0,56Rem

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

7

T .-0.1
m\ °7 _ 0.45
Nuﬂ , )\’ m(T;> = 0. 2768 + Oo 5646 Rem

(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 0. 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
results and Lthe predicted behavior based 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 0, 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-square=foot, and a kine -
mati-c viscosity for air of 0,00018592 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 tempe ratures,
It was also necessary to assume a velocity distribution around
the cylinder at the edge of the boundary layer. Yuge (18) suggested
the following equation for 0 =< ¢ < /2 based on agreement with
experimental pressure distributions reported by several investigators

at Reynolde numbere near 40, 000,

b} 3 5
5 =1.81382¢ - 0,3511¢7 - 0.0196 ¢ (60)
Q0

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:

Y

iip
oo

=1, 64376 - 0.5946 ¢ + 0, 0938 ¢ (61)
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Y

w+ =L 7078 ¢ - 0, 6323 <i>3 +0,0988 ¢>5 (62)
QO

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, J\, 2)At=50° 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 15 through 19,
No comparison was made at stagnation since at a velocity of zero in
the boundary layer the Nusselt number correlation is not valid due to
buoyancy effects.,

From Figures 15 through 18 it is apparent that the results of
Ito's approximation method with Yuge'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 houndary layer to fit the experimentally measured Nusselt
numbers, the agreement with the calculated distribution within the
boundary layer was good from about 0. 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 further 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 the 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 and 82 degrees from stagnation.
Furthermore, the smoothing of the experimental data by the graphical
techniques used forced éharp 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
bave been sharpened more and made asymptotic to the surfacc 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 nated, however, that the expected
uncertainties for these close pointsare 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. The refore,
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

0. 6 on the curve at stagnation.
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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 investigétions 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 estaﬁlished 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 mecasuremente 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
disagreements, up to ten per cent of the Nusselt number or 0,005
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 assumed is reassuring. At stagnation
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the predicted velocity distributions are identical., The temperature
distributions using Yuge'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 more gradually to the air stream temperature 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's velocity profile with its larger values

produced a better fitting temperatnre 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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he =1 t—t (ar)v (63)
To
2h ~2kr
_""c’o
Nuc,oo_ k "k (t -t )(Br)r (64)
© r,

Knudsen and Katz (19) presented the following empirical
equation for evaluating the local Nusselt number from the cylinder

in the region from stagnation to 80 degrees:

3
_ .4 0.5 (q; ]
Nug o =L 14(Prd* 4(Re) {1 90) (65)
Figure 22 presents the local Nusselt numbers from the cylinder
obtained from the measured and calculated tempe rature distributions
compared with those which were correlated empirically, The various

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 0, 001l-inch diamctcr wirc in isothcrmal and nonisothermal air
flows about a 1-inch cylinder., The 100° ¥, 7. 8l-foot-per-second air
stream was normal to the cylinder to give a Reynolds number of
about 3500. The cylinder was maintained at 100° T for 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 temperature field in the nonisothermal 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 local 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,



-90 -

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, ¥or 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-
perature gradients in the boundary layer indicated that the radial
temperature distribution equation should be changed slightly for the
cascs where the velocity thickness is less than the thermal thickuoess,

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 is a pre-
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.

4.

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 are presented with a maximum uncertainty of 1.5 per
cent and an uncertainty of one mil in relative position. The
expe rimental 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 Figures 9 through 11,

The isothermazl Nusselt number field presented is displaced
by up to five mils in the boundary layer relative to the data
presentad by Venezian (5, &) due to a significant improvement
in the determination of the relative positions of the wire and
the cylinder., Thesc two sets of data agree in the free stream
where such positions errors are not important,

The nonisothermal boundary layer is slightly thicker than the
isothermal boundary layer as indicated by the small outward
radial displacement of the nonisothermal Nusselt numbe r data.
With reasonable accuracy, the heat transfer from a small
wire at distances greater than 10 wire-diameters from the
cylinder surface may be assumed fo be a function of only the
two~dimensional flow normal to it,

Thke veleeity distribution at the edge of the boundary layer

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

measurements at a Reynolds number of 40,000 is not appli~
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cable for the vertical flow about a cylinder at a Reynolds
number of 3, 500,

The indicated radial heat transfer from the surface of the
cylinder is in reasonable agreement with the empirical corre-
lation of other caperimental data presented by Knudsen and
Katz (19} for angles from stagnation up to 80 degrees.

Based on the comparison of the behavior indicated using

Tto's (7) method of calculation with the ohserved Nusselt numbe x

behavior, the following conclusions were drawn:

7.

8.

The velocity distributions predicted by Ko'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,

The radial temperature distribution function used in Ito's
solution could be revised to better predict the situation where
the velocity thickness of the boundary layer is smaller than
the temperature thickness, The experimental measurements
indicatcd 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.

From the comparison of the experirmental reswvits 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 were drawn:

9., Data were not taken sufficiently cloge to the surface of the
cylindcr to confirm the predictcd asymptotic increase in the
Nusselt number toward infinity as the surface was approached
radially.

10. The proximity of the solid surface affected the wire's Nusselt
number starting at about 10 wire-diameters distance from
the surface rather than the predicted 5 wire-diameters dis-
tance,

1l, The limiting wire Nusselt number at stagnation (zero Reynolds

number for the wire) is on the order of 0.6 rather than 0, 2,
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9.

10,
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VIII. NOMENCLATURE

A, Roman Type Symhbois

oq |

Area of iet opening, sq ft,

Coefficicnt for the linecar temperature dependence of Lhe
resistance of the wire per unit length, {°m -, (See
equations 34 and 33).

The velocity of sound in air evaluated at the bulk air strcam
conditions,ft/sec.

Specific gas constant for air, t, lb-force}/(Ib-mass, °R),
A constant in Equation 50, dimensionless.

Heat capacity of air at constant pressure, Btu/lb-mass.
Heat capacity of air at constant volume, Btu/lb-mass,
Hyperbolic cosine function, dimensionless,

Dizmeter of the wirc, ft.

Potential drop across the fixed resistor, volts,

Potential drop across the wire, wvolts,

Gravitational force vector, ft/sec?'.

Converegion factor ~ 32,174 (ft, lb-mase)/(lb-force, sacz)n

Local acceleration due to gravity, ft/sec‘?’.

Heat transfer coefficient, Btu/(ft?“, sec,

).

Current through the wire and fixed resistor, amps,

Thermal conductivity of air, Btu/{sec, ft, OF).

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

Logarithm function to the base 10, dimensionless,

Mass flow rate of zir through the Venturi, lb-mass/sec,
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Exponential power for the fluid property dependence uvpon
temperzature, dimensionless. (See Equation 5).
Nusselt number from the wire = hdw/k, dimensionless,

Smoothed (NuE \ dimensionless.
? ]

a)AthO‘?F’

Liocizl Nusselt nuwmber [rom the cylinder at a particular
radial position, dimensionless. (See Equation 63),

Air pressure, lb-force/sq ft.

Frandtl number for air = CPH/R» dimensionless,
Electrical energy inpuat rate to the wire, Btu/scc.
Total electrical resistance of the wire, ahsaolute ahme,

Total electrical resistance of the wire at the ice point
(32° ¥), absolutec ohms,

Elcectrical resistance of the fixed resistor, absolute ohms.
Radial distance from the axis of the cylinder, ft,

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

Radial position of the suriace of the cylinder relative to the
axis of the cylinder as observed on the measuring coordinate
system at a particular angular position, ft,

Reynolds number for the flow about the wire = dwu/v,
dimensionless,

Reyoolds nuwmber for the Now about the cylinder = Z.L“OUCD/V,
dimensionless,

A variable defined by Equation 44, dimonsionlcas,

Absolute temperature, °R,

Temperature, OF.

Smoothed or adjusted {see Equation 58) air temperature, OF.
Hyperbolic tangent function, dimensionless,

Bulk velocity of air stream, ft/sec.
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Local alr velocity parallel to surface of cylinder, {t/sce.
Local air velocity vector, ft/sec.

}Z)i/stance 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, in.

Normal distance from the surface of the cylinder, it.
A function of the normal distance from the surface of the
eylinder 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 Equation 11, sec.

Distance along the length of the wire {from its middle, ft.

Greelk Type Symbols

Accommodation coefficient of the surface for the particular
gag, dimensionlcss,

The fractional change oi the hot-wire resistance relative to
that at the local air stream temperature, dimensionless.

Ratio of the specific heat of air at constant pressure to that
at constant volume = CP/CV, dimensioniess,

Velocity boundary layer thickness in terms of Y, ft.
Thermal boundary layer thickness in terms of Y, if,

Temperature difference hetween the average hot wire and
local air stream temperatures = tW~ ta’ OF,

Viscosgity of air in force units, {lb-force, sec)/sq ft,
Time, sec,

Mean tree path of air molecuies, defined by Equation 51, ft.
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A function of the angular location from stagnation defined
by Eguation 11, used in Equations 11 through 1€, dimension-
less,

A function of the angular position from stegnation as defincd
by Equation 12, dimensionless,

Viscosity of air in mass units, l.b-maas/sq it,
Kinematic viscosity of air = n/p, sq ft/sec,

Temperature jump distance defined by Equations £9 and 90,
ft.

3. 141596, .. .
. — . 2y ek
Density of air = o‘/go, (Ib-mass, sec”)/ft".
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 ratic of the velocity boundary layer thickness to the
thermal boundary layer thickness = ‘5*/5* , dimensionless,

Angle from stagnation, degrees.

C. _Sabscripts

&

al

|53

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

Evaluated at, or based on the properties evaluated at, the
extrapolated air side interface temperature at the surface
of the wire.

From the surface of the cylinder, or hased on the proper-
ties evaluated at the surface of the cylinder (gC gpecifically

defined in Section A).

e to the electrical energy source.
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The three orthogonal coordinates of particular intcrest.
Used in vector, tensor, and dyadic notation.

Corrected to that of a wirc of infinite length.

Based on the properties evaluated at the mean temperature
between those of the cylinder and the bulk ajir stream,

Based on the properties evaluated at the mean temperature
betwecn the averare hot-wire temperatare and the local air
stream temperature,

|

See B RO, T and r, definitions.

At constant pressurc.

Sec 'Es’ k , and R&’ definitions.
o >

At constant volume.

Based on the proportics evaluated at the average hot-wire
terpe rajure.

Evaluated at the "edge of the boundary layer. "

Based on the bulk air stream properties or conditions,

Corrected for the termperature discontinuity at the surface
of the wire,

D. Qgc rators

Substantial derivative overator.
Total derivative operator,

Partial derivative operator.

Integral operator,

Gradient of a scalar F.

Laplacian of a scalar, F =V +« (VF)
Divergence of a vecior, .

Divergence of a dyadic, F.

=

Sealar product of two dyadics, & and
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IX. TABLES
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TABLE [

Micrometer Measurements of the Diameter of the Cne-Inch Diamecter
Cylinder at 80° F

Angle from Cylinder Diameter, inches
Stagnation, .
degrees North® Middle® South”
0 0, 9982 0, 9985 0.9987
30 0. 9982 0. 9984 0.9986
60 0. 9983 0.9984 0. 9985
90 0, 9986 (. 99R5 0. 9986
120 0. 9986 0. 9987 0. 9987
150 0.9984 0, 9986 0. 9987

aLongitudinal position relative to the one-and-one-quarter inch
gection on the cylinder adjacent to the probe.
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TABLE II

Estlmated Maximurm Uncertainties for the Nusselt Number

Measuremcnts Within the Boundary Layer

1. Electrical energy input: 0. 1% of Nu
a. E_ fluctuations 0. 02% of g
b, E_ fluctuations 0.01%
¢, R_ calibration 0.01%
d. Standard cell 0. 06%
difference
0.10% o g
2. Temperature difference term: {Ot = 50 IFO) 1o 0% of Nu
z. E_ fluctuations  0.02% of R
W W
b. E_ fluctuations U, UL %
c. R_ calibration 0,01%
0.04% of R_, or 0.2 F¥in ¢
w w
d. Ra fluctuations 0, 03% of Ra, or 0,15 F¥ in t
e, OStream stability 0,15 F° in At
0.5 F° in At
3. Length of wire: 0.2% of £ 0, 2% of Nu
4, Corrections for finite length and temperaturc
discontinuity at the surface of the wire: 0. 1% of Nu
1, 5% of Nu
5. Position at the centerline of the cylinder: =0.001 in. for x

20, 001 in. for vy



TABLE III

Summary of the Experimental Opcerating Conditions

Test Date  Wire Pressurc Weight Alr Stream Cylinder Gross Gross
No., psia Fraction Temperature Temperature Air Velocity Reynolds
Water oF CF ft/sec Number

406  9/15/61 5 14,29 0.0123 100. 99 160,13 7.96 3541
407 9/218/61 5 14,28 6.0102 161,01 160,48 7.89 3312
411 1o/lz/61 5 14,32 0.0077 100, 65 159. 90 7. 84 3302
499 8/9/62 7 ‘4, 31 0,0151 100,08 100. 26 7. 80 3468
50 8/16/62 7 14, 29 (. 0130 100,02 160, 38 7. 81 3473
502 9/5/62 7 14, 28 0. 0091 100, 04 160, 70 7.82 3484
504 9/7/62 7 14, 27 C.0l16 100,02 160, 50 7. 86 3497
505  9/18/62 7 14, 27 0.011¢9 100, 00 39, 89 7.85 3487
508 10/18/62 7 14, 28 0.0095 100,02 160, 64 7. 88 3507
510 11/8/62 7 . 14, 31 0, 0085 99. 94 160,15 7.99 3504
511 11/14/62 7 14. 33 0.0084 99. 99 160.37 7. 86 3515
513 11/20/62 7 14,37 0, 0058 100, 02 160, 14 7. 78 344
514 11/21/6z 7 14,29 0. 0070 10C. 05 100,01 7.82 3489
515 11/28/62 17 14, 31 0.0105 10C. 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 Loc. 0z 160,18 7.79 3497
518 12/13/6z 7 14, 40 0. 0083 10C. 03 160,17 7.78 3497
519 12/14/62 7 14, 39 0.0076 10C¢.01 160,02 7.77 3494

~FOI~



TABLE III. {Countinued)

Test Date Wire Fressure Weight Air Stream Cylinder Gross Gross
No, psia Fraction Tem}%e rature ‘Z’empc&;srata re Air Velocity Revnolds
Water F F ft/se(‘, Nurnbe ¢

520 12/17/62 7 14, 24 0.0076 100, 01 160,15 7. 87 3497
521 12/18/62 7 14,27 0.0084 100, 01 7.87 {3505)
5224%12/19/62 7 14, 37 0. 0089 100, 04 9,13 {4092)
5228°12/19/62 7 14,35 ¢, 0094 99, 94 6.76 (3027)
523 1/4/63 7 14, 34 0. 06062 99. 97 159. 81 7. 61 3802
524 2,/19/63 7 14, 39 0, 0094 99, 93 160, 33 7.7 3491
525  2/20/63 7 14, 36 0. 0080 100,07 160, 29 7. €0 3497
530 3/22/63 7 14, 31 0. 0067 100,00 160, 20 7. 84 3504
532 3,/26/63 7 14, 38 0.0075 106. 00 160. 21 7. 19 3499
533 3/27/63 7 14, 32 0. 0060 100,02 160,19 7.63 3802
534 3/28/63 7 14, 34 0.0075 100. 04 160,16 7.82 3802
536 4/2/63 7 14. 41 0, 0053 100,02 160. 22 7.97 3802
537  4/3/63 7 14. 41 0, 0049 100, 00 160, 46 7.7 3502
538  4/4/63 7 14, 31 0.0054 99,99 100,12 7. &1 3494
539  5/21/63 7 14, 32 0,0102 100,03 100, 22 7. €5 3502
540  5/22/63 7 i4, 34 0.0100 100.01 100. 20 7. 83 3994
541  5/23/63 7 14,32 0.0697 99. 93 100,12 7. 83 3434
54z 5/27/63 7 14, 32 ¢, 0088 100,09 100, 16 7.84 3502

*No cylinder in air ‘et opening,

-G0L-



Position

x Y

in. in.
-0, 800 0,000
-0, 700 0.000
-0, 600 0.000
”09 540 Ou OOO
'“'On 520 Ou 000
"“01 53«2 On 000
“'"Ot 508 Ot 000
-0, 530 0,000
-1, 000 0,000

Isothermal Experimental Data

Tempoeraturca

t
a

o]

¥

100. 00
99,91
99. 95
99. 92
99. 92
99:} 95

100,10
99. 99
990 94‘
99.93
99. 99
99. 93
99, 96
99. 94
99,93
99, 90
99. 98

100, 33

100, 36

100,13
99. 96
99. 91
99.53
99. 82
99. 85
99,93
99. 90

~106-

TABLE IV

At h X10°
ai
OF Btwél
sec, ft ,O
Test 505
51,67 5,562
82.14 5,610
118. 30 5,679
51.49 5,109
81,81 5.174
118,04 227
51.73 4,371
32, 46 4,417
53, 35 3,570
83. 68 3. 597
120,03 3.655
53,13 3.212
91, 20 3,019
120,07 3. 316
54,32 3., 168
84, 96 3,228
115,52 3.287
51, 89 3,245
8l. 98 3. 297
118,51 3,376
51,89 3, 240
50. 65 Je 348
82.49 3, 344
117,32 3,472
B0, 64 6,036
80. 98 6,109
il7.88 6,156

Cocificient

F

Nuszaclt Numbers

Nu

1.0658
1.0751
[.0883
0.9792
0.9915
1.0017
0.8374
0. 8464
0. 6841
0. 6892
0. 7004
0.6155
0.5786
0. 6355
0.6070
0.06185
0.6293
0,6215
0.6314
0. 6467
0.6209
0, 6417
0,6413
0, 6655
1.1568
1, 1707
1.1798

L, N, a

(NuiZ s Ay a)

At=50°F

1, 0650
0.9796

0.8368

0. 6835
0.6154
0. 6054
0,6204

0,635

1,156



in,

-0. 499

"0. 504

-0.507

"'OQ 515

-0, 520

‘“0‘ 53(}

~0. 550

it

0.101

0,101

0.101

0,101

0,101

0.101

0.101

o

100,17
100,15
100,17
99. 99
99. 99
99, 97
99. 90
99. 94
99. 93
99. 79
99. 95
99.863
99, 96
99, 79
99.91
99, 89
99.91
99, 84
99, 84
99. 89
99, 88
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TABLE IV (Continued)

at h .X102
ai
O Etg
sec, ft ,0
Tesgt 540A

55.59 4,366
81, 68 4,415
105,77 4,460
56.31 4. 508
81,08 4,568
104, 54 4,612
54, 05 4,583
80,10 4,632
103,13 4, 683
53.16 4,629
80,16 4, 702
105,18 4, 730
53,89 4, 648
79.91 4, 700
103, 46 4,748
57,47 4, 652
83,06 4,719
106, 45 4,741
56.16 4, 682
81, 67 4, 730
104, 78 4,767

Nu

'ei}\-sa

0.8364
0. 8458
0. 8544
0. 8637
0.8754
0, 8834
0.8783
0.,8877
0.8974
0.8872
0. 9011
0. 9065
0,8907
0.9008
0. 9099
0. 8916
0.9044
01, 9084
0.8974
0,9065
0,9135

0.8344

0,8614

0.8746

0.8862

0. 8891

0. 891

0,8956
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TABLE IV {(Continued)

2
* ¥ ta At haixw Nu2 -1 (Nuﬂ, N, a)
in. in. O OF _Btu At =50 “F
sec,ftz, °r
Test 5414
-0, 467 0, 200 100, 28 53.83 5,034 0.9641 0.9624 X
100,18 80,07 5.084 0. 9740
. 100,13 102,27 5,135 0, 9838
-0, 470 0, 200 100, 05 52.37 5,020 0.9619 0. 9609
100, 0% T8, 27 5,074 0.9721
100,13 102,03 5.126 0.9820
-0, 474 0,200 100,13 55,96 5.410 1,0363X 1,024
100,10 82.83 5.407 1, Q0359
100,05 105. 35 5,449 1. 0440
~0. 477 0, 200 100,11 55,13 5,508 l.0k52 1.0520
99, 90 81.67 5,551 1,0638
100,03 1064 20 5.619 1.0766
-0, 482 0. 200 100,01 57.09 5, 626 1,0781 1.0762
99, 87 83,22 5,689 1.0903
99, 84 10¢€. 80 5,729 1.0981
-0. 489 0.200 99, 97 56, 24 5, 666 1,0858 1.0826
99, 80 82,84 5. 702 1.0930
49, 93 105,21 5. 782 1.1081
-0. 499 0,200 99, 93 55, 88 5, 643 1. 0813 1,0792
99,91 81.97 5,697 1.0918
99,78 105, 63 5,739 1.1000
-0, 600 0.200 99, 81 58. 66 5. 498 1.0538 1, 0506
99, 81 84, 89 5,550 1,0637
99, 86 108, 40 5,097 11,0727
-0, 800 0, 200 99,72 58, 45 5. 772 1.1064 1.1023
99, 68 85, 08 B, 815 1,1149
99, 66 107, 80 5, 881 1.12756
Test H42.A
- 0. 600 0, 400 100,01 59,12 6, 235 1.1947 1,1904
99, 80 84. 44 6,275 1,2028
99, 73 109,13 6,338 1.2151
-0, 800 0.400 99, 72 59,23 6,128 1.1747 1, 1700
100,06 84, 08 6. 198 1.1875

100, 02 108, 34 6, 254 1.1983



1Ze

-0. 800

"Dq 600

"‘Oq 200

0,000

0. 000

'Oo 200

-0, 600

~0, 800

in.

0. 600

0. 600

0. 600

0. 600

0. 800

0. 800

0, 800

0, 800

99. 84
99,79
99. 76
99. 94
99. 87
99. 92
99. 85
99. 85
99. 92
99. 30
99. 89
99.93

99. 91
99, 93
99, 94
99. 96
99, 92
99. 87
99, 85
99, 90
99,82
99. 79
99.92

-109-

Table IV (Continued)

2

At h .X10
ai
O Btu
sec, fit ,OE‘

Test 5420
59.02 6,409
84, 41 b, 456
109.17 b, 485
58, 74 6.531
85, 20 6. 580
108,54 6, 638
58. 75 7.023
84,11 T.082
108. 68 7,142
58,91 7. 058
84,04 7.122
108, 63 7. 189
Test 542C

54, 81 6. 962
101,20 7. 074
51,99 6. 930
T6.53 6. 941
101.53 7. 007
51,04 6, 620
76,31 6. 683
101,12 6, 740
51, 70 b, 549
76. 08 6, 604
100, 68 6, 665

Nuﬂ, )\., a

1.2284
1,2375
1.2432
1.2515
1,2612
1,2722
1. 3460
1.3573
I.3686
1,3527
1, 3649
1.3776

1,3342
1.3556
1,3280
1.3300
1.3428
1.2687
1,2808
1.2916
1.2552
1, 2659
1.2773

L, 2262

1. 2474

1, 3422

1,3485

1. 3318

1.323

I.2680

1.2530



in.

-0. 400

-0, 400

-0. 400

"'0- 400

"'OQ 400

""‘Ou 400

-0, 400

-0, 400

-0. 400

in.,

0.317

0.326

0, 342

0,357

0,320

0.330

0. 600

0. 800

0. 400

TABLE IV (Continued)

100, 31
100, 24
100,29
100,01
100,04
100,06
99, 91
99. 96
99. 97
99' 93
99. 97
100,01

99. 90
99.93
99, 94
99, 83
99, 80
99,82
99, 66
99, 66
a9, Al
99,55
99,58
99, k5
99. 62
99, 69
99,73

~110~

At h_x 107
Op Btu
BCC, ftz, t
Tost 5384
94, 66 5,676
114, 48 5.722
132.51 5,763
91, 58 6,311
11t, 72 6., 355
130,16 6. 393
90, 90 6. 730
110,75 6. 761
129.01 6,813
B3, 46 6. 786
L1O, L7 b, 854
128, 66 6. 893
Test b411
58,51 5,743
84.58 5,817
108,08 5,853
58. 25 6. 379
84. 75 b, 425
107,78 6, 494
58, 74 6, T65
84,55 6.872
107. 42 6,904
57,95 6, 804
83. 36 6.923
107.59 6,914
57,81 6, 758
84,006 6.829
107,70 6. 385

N"".ﬂ s A, A

1.0872
1.0961
1,1038
1,2092
1,2177
1,2249
1,2898
1.2957
13056
1.3005
1,3134
1,3208

1,1006
1.1147
1,1216
1,2226
1.2315
1,2448
1.2969
1,3175
1.3238
1,3047
1.3274
1.3258
1,2958
I,3092
1,3199

1.

I.

1!

L.

L.

1.

l.

1.

10

0676

1922

273

286

0978

2184

295

301

2918



in.

-0, 300

-0, 300

-0, 300

-0, 300

20, 300

-0. 300

"'0. 300

-0, 300

-0, 300

""0. 300

i,

0,414

(. 409

0. 406

0.424

3. 444

0.474

0. 494

0.414

0,420

0,432

-111~

TABLE IV {Continucd)

100,43
100, 38
100, 46
100, 18
160, 18
100, 26
100. 35
100, 20
100, 25
100,10
100,19
100,03
99, 85
100,01
99, 75
99, 85
99,97
99, 85
100,01
99_85
100,07

100,13
100,17
100,19
100,19
100,04
100.08
100,04
100. 04
99.97

2
At haiXIO Nuﬂ’ \, 2
Op Btu
sec, [t ,OF

Test 515

46, 71 6. 000 1.1489
76.21 6,040 1.1568
105,05 6,087 1.1656
46, 69 5,430 1.0403
76.10 5.509 1,0552
105,18 5.594 1.0715
45,41 6. 008 1,1505
T4, 35 6. 044 Lo 1577
105, 44 6. 154 1.1788
46, 68 6. 574 1,2594
75. 59 6,633  1,2706
105, 47 6. 697 1.2832
45, 63 1. 250 1.3895
5. 30 T.334 1, 4056
103,49 7.364 1.4115
42,50 7.227 1.3851
77.19 7. 280 1.3651
104, 15 T. 357 1.4100
43,91 7.223 1.3840
71.73 T.25% 1, 3901
99, 63 7.317 1,4020
Test 5388

82,28 5,943 1.1386
104, 48 5. 989 1.1474
127.19 6. 053 1.1594
281,27 A, 495 1.2442
103,10 6, 539 1.2529
126, 81 6, 584 1,2614
81.11 7. 007 1. 3425
102, 67 7. 051 1.3511
116,43 7.092 1.3590

(Nuﬁ.’ s N a)

At=50°F

1.150C1
1.0418
1.1508 X
1,2607
1.3910X
1,3860 X

1,3849 X

1,233

1. 3276



-0, 203

~0. 203

—09 203

-0,203

-0,203

'"“Oa 203

-0,203

0.47]

0.476

0,501

100, 25
100, 27
100,28
100.13
160, 20
100,18
100.14
100.13
100,14
99. 88
99. 97
99. 94

99. 81
99, 94
99. 96
99, 95
99, 83
99, 96
99, 84
99. 85
99, 76

~112-

TABLE IV (Continued)

)
At h X210 Nuy o (Nuy o)
Op MWJH%__ At=50 OF

sec, ft°, °F
Test 5398
56. 30 5,060 0.9691 0, 9666 X
82,19 5,140 0. 9845

105, 55 5,190 0. 9940
56,35 5,457 1.0455 11,0416
83,01 5,505 1. 0545

105, 79 5.578 1.0685
56,33 6. 042 1.1575  1,1544
82, 47 6.087 1,1661

105, 44 6.151 1,1783
56. 60 7.140 1.3683 1. 3656
82, 80 7.224 1.3843

105, 86 7.278 1,3947
Test 5408
55, 60 6. 790 1.3015  1.2982
81,47 h, 8A3 1.3151

103, 58 6, 930 1, 3279
55, 86 7.087 1.3581  1.3546
82, 95 7.121 1.3649

105, 75 7.194 1.3785
56,59 7.120 1.3647  1.3622
82, 43 7. 206 1,3811

104, 86 7.258 1,3913



i1,

-0, 100

-0.100

"'Oo 100

“Du -{UU

-0, 100

-0, 100

-0.100

-0, 100

1.

0. 499

0,506

0.514

. 520

0. 526

100,20
100,23
100,27
100, 22
100,22
100. 20
100,22
100,16
100,15
100,13
100,12
100,06
106,09
160,07
100,07
100,04
100,03
99. 99
99. 91
99& 94
99.87
100, 04
99. 91
99. 92

-113-

TABLE IV (Continucd)

At h X102
ai
UF. Btu
sec,ftz,o
Test 539.A
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
i06. 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, T4 To 201
82,86 7. 134
i06, 09 7.18¢
56, 66 7. 184
82, 84 7,184
104, 96 7. 310
B6, 35 7.132
82,83 7.181
106,12 7.238

Nuf,

A, a

0.7824
0.7954
0.8152
0.8699
0.8770
0, 8886
1.0784
1.0829
1.0903
1,2149
1,2265
1.2423
1.2946
1.3028
1.3184
1,3798 X
1. 3669
1.3770
1,3767
1.3766
1.4010
1,3665
1.3762
1,3871

(Nuﬂ . Ny ;;‘L)

At =50 OF

0. 7706
0. 86€6
1, 0764
1,2098
1,2898
1.360

1,309

1.3634



in.

0. 000

0.000

0. 000

0, 000

0,000

0.000

40, 001

+3. 001

+0, 001

+0, 001

+0, 001

in.

1,000

0, 800

0. 640

0.570

0.520

0. 540

0,661

0.541

0.531

0, 507

0.511

99.94
100,08
99. 75
99. 97
99, 97T
99. 97
99.92
99.97
99. 89
99, 92
99. 97
100,00
100, 25
100,23
100, 20
100,22
100, 20
100,18

99. &0
99. 65
99,82
39, 90
990 92!
99. 99
100,04
100,04
100.03
100,16
100,18
100, 22
100, 2¢
100,18
100,18

~114~

TABLE IV (Continucd)

At h_,x10°
ai
OF‘ _u“EﬁEM““
§GC, ftz, °F

Test 499

50, 04 7. 130
80, 37 T.193
108, 61 7,244
49,86 7.200
80, 62 1. 244
108, 44 7.306
50,23 7. 265
81,04 7.312
109. 02 7. 374
50, 54 7.078
81,13 7.119
108,92 7.193
50,25 3. 130
80, 55 3,202
108, 08 3. 249
108,19 4, 364
80.52 4,325
50. 14 4,268
Test 514

51,87 6. 6B8
82, 64 6,710
111, 65 6, 754
52,92 4,270
82,53 5,042
111,20 5,138
51,88 4,066
83,04 4,063
111,72 4,154
71,86 3,319
91, 66 3. 365
111,16 3,397
71,52 3,140
9l. 34 3.180
1il.52 3,205

Nuﬂ- W

1,3664
1,3781
1,3887
1,3798
1, 3880
1,4001
1.3923
1.4012
1,4132
1.3564
1, 3642
1.3783
0. 5995
0, 6134
0, 6224
0. 8360
0. 8285
0.8175

1,2765
1.2864
1,2946
0.933%
0, 9662
0, 9845
0.7791
0. 7785
0.7959
0. 6358
0, 6445
0, 6506
0.6016
0. 6062
0. 6140

(Nuﬂ,h,a)

At=50 °F

1.3664X
1,3796 X
l.3922 X
1, 3561
0.5994

0,8170 X

1, 2756
0, 9264
0, 7798
0. 6242

0. 5925
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TABLE V

Nonisothermal Experimental Data

Position Temperatures Coefficient Nusselt Numbers
2
X ¥ ta Ot hmx 10 Nuﬂ A, a (Nuz . ;-1)
in, in. Oy °F 2 At=50 °F
sec, ft™, Op
Taest 504
-0, 800 0, 000 w9, 78 51,62 5. 5350 1.0639 1, 0635
99, 96 118,09 5.671 1,08¢6
100,00 82.00 5. 603 1,0737
-0, 700 0,000 104, 00 51,41 5.136 0. 9841 0, 9838
99,94 82, 68 5.169 0. 9906
99, 93 119,21 5,236 1,0033
-0, AND 0, 000 100,16 52,02 4,101 0. 8431 0. 6426
99, 85 82,91 4,436 0, 8503
’ 99,92 117, 90 4,554 0,8726
-0, 540 0.000 100,06 52,01 3,736 0, 7158 0.7154 X
99, 98 83,04 3.777 0. 7237
100.01 lig, 28 3,862 0, 7399
-0, 520 0,000 108.13 110,77 3.612 0. 6836 0, 6578 X
108,08 75,08 3.531 D, 6682
108,14 44, 34 3,464 0. 6555
-0,508 ., 000 133,28 39,71 3,654 0, 6658 0., 6307
Test 508
-, 521  -0,006 108,01 39. 51 3,182 0, 6022 0, 6048
108,23 78, 67 3. 246 0, 6142
107, 88 93,04 3,234 0.6122
-0,507  -0,006 132,17 35. 97 3.491 0. 6372 0, 6402

122,19 66, 69 3.513 0, 6413



irn.

-0.521

_Ow 51.5

"0« 509

-0, 531

~0, 561

-0, 520

-0. 510

-0.501

-0, 498

-0. 497

in.,

0, 000

0,000

0. 000

0, 000

0, 000

0,101

0,101

0,101

0.101

0.101

~116-

TABLE V (Continued)

110,07
110,10
116,07
119,85
119, 85
119.76
129,38
129, 51
129.24
102,25
102,22
102,28
99, 56
99, 61

102, 31
101, 74
101,75
111, 62
111,79
111,73
125,02
125,09
125,15
140, 69
140, 37
140, 60
143.24

2
At haino
OF __wggﬂ___
sec,ftZ,OF‘
Test 510
37.98 3,136
75,14 3, 342
96, 41 3.312
58,50 3.316
36, 76 3,262
87.12 3.362
36,46 3,449
65, 94 3.491
77. 61 3,523
44,33 3. 331
84,19 3,401
104, 33 3,430
47.15 3. 830
€7.28 3, 850
Teszt 511
44, 61 4, 670
74, 67 4,639
104, 35 4, 708
34, 14 4, 5T9
h4d, 58 4, 623
94, 40 4, 666
41, 60 A, 477
bl, 25 4, 505
81.14 4,517
25,43 4,415
46,10 4,417
65, 01 4,487

Nuﬂ,h,a

0.5916
0.6305
0, 6250
0.6164
0. 6046
0. 6251
0. 6322
0. 6398
0. 6458
0.6361
0. 6495
0. 6550
0.7343
0. 73381

0,8917
0,8864
0, 8996
0. 8620
0, 8700
0.8782
0, 8259
0. 8309
0.8331
G. 7959
0. 7966
0. 8089

(Nuf h.a)

L £

At =50 °F

0. 6000
0.6124
0. 6360
0. 6380

0. 7348

0.879
0, 8661
0, 8283

0, 8016



in.

-0, 530

-0.550

-0, 468

-0, 471

“'Ou 474:

-0' ‘a‘??

-0, 452

-0, 499

-0, 489

"‘0- 474

0.100

0. 100

0. 200

0,200

0. 200

0.200

0.202

0,202

G, 202

100,18
100,28
140, 30
99. 87
99. 82
99. 88

142,35
142, 39
142,51
134,10
134,01
134, 93
126, %7
126, 47
126, 48
119, 01
119,01
118,95
110, 41
110, 38
110, 30

100, 43
100, 27
100, 32
103,27
103.14
103.19
125,74
125, 67
125,56

=117 -

TABLE V {Continued)

At h X10%
ai
O Btu
aec,ftz,o
Test 5135
50,73 4,499
80, 97 4. 557
109, 59 4,617
50.09 4.524
80, 66 4, B85
109,76 4, 647
Test 5308
42, 72 5,142
52. 74 5,165
63, 63 5,177
42, 60 5.317
55.04 5. 335
68, 64 5,340
4, 39 5.653
61,10 5,533
76,27 5,552
48,14 B, GO0
62, 70 5, 652
85.29 5,704
47,13 5. 137
65, 64 5, 744
85, 86 5, 781
Test 532C
53.98 5.671
82, 61 5. 740
112, 96 5, 800
52,77 5,725
80. 36 5. 776
110,51 5,843
48,21 5. 706
64,28 5.567
87,72 5. 618

F

Nuﬁ,k,a

0, 84619
0,8728
0. 8843
0.8671
0,8788
0. 8905

0. 9247
0. 9287
0, 9308
0, 9677
0. 9712
0. 9707
1,0406 X
1.0185
1.0219
1,0535
1,0521
1.0619
1,0819
1.0833
1.G903

1,0859
1,0993
1,1107
1,0916
1,1014
1.1140
1.0515 X
1.0259
1,0354

(Nuﬂ,h.a)

at =50 °F

0, 8614

0.8671

0.9274
0. 9682
1. 0160
1.049

1.0814

1.0849
1.0904

1,020



in.

-0. 800

-0. 800

-0, 800

-0, 800

“‘Dl 600

-0, 600

-0, 600

-0, 400
-0, 400
-0, 400
-0, 200

"Oa 4‘00

ir.

0. 804

0, 604

0.404

0. 204

0,804

0, 604

0,404

0, 941
0, 641
0,441
0.431

0.417
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TABLE V (Continued)

100,05
100,07
99, 86
99, 97
100, 04
100,10
100.04
99,99
99. 94
39, 95
79« 95
99, 95

9%. 96
100, 01
100,03
100, 00

99. 96
100,00

99. 88
100,01

{990 98

100,71
100,71
100, 63
100, 63
100, 63
100, 63
100, 60
100, 60
100, 66
100, 66

At h .X10°
ai
O g Bru
sec,ﬁz,oF

Test 536B
56,58 6, 584
75 62 6. 642
103, 65 6, 679
56,41 be 416
9. 84 6. 480
103.16 6.523
56, 24 6.136
79, 82 b, 194
102, 97 6. 262
56, 09 5,762
79 87 5,793
113,84 5,873
Tegt 5360

55, 99 6. 659
79, 32 6,721
102. 65 b, 768
56, 18 b, 546
79. 63 6. 589
103,03 6. 648
56,00 6. 2641
79, 50 6,307
103,03 6. 355
Test 411

76, 98 6. 856
105,27 6,916
76. 82 6, 968
105,02 6,931
T6. 81 6, 875
105,22 6. 940
T7.07 6,873
105,22 6. 960

76. 86 6, 867
105,21 6. 925

Nuﬁ’ \, a

1.2615
1,2726
1, 2801
1.2295
1.2416
1.2496
1, 1757
1,1869
1.1999
1,1042
1,1101
1,1254

1,2760
1,2878
1,2967
1.2543
1,2626
1.2738
1. 2006
1.2086
1.2178

1.3123
1,3238
1.3147
1,3268
1.3160
1.3284
1.3157
1.3324
1.3145
1. 3255

(Nuﬁ 1 a)

-y L

At =50 °F

1.2592
1.2278
1.1726

L. 1006

1. 2738
1, 2516

1.1984

1.3013
1,3032
1.3041
1.2996

1.3015
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TABLE V (Continued)

s ] 2
x® v t Ot haix 10 Nuﬂ’ N 2 {Nuﬂ, X, a)
in. in. °p Op mféf%,m At=50 °F
sec, itT, °p
Test B23.A

-0, 400 0,335 113,93 67. 34 6,555 1,22495 1.2204
113,90 100,87 b, 661 1,2495
114,02 130.81 6. 749 1, 2658

-0, 400 0. 345 107. 65 73,53 b, 677 1.2645 l.2524
107, 66 106, 92 6. 771 1,2821

Test 524

-0, 400 0.317 141,25 21.91 5. 485 0.9879 1. 0156
141,52 39,39 5,630 1.0137

) 141, 38 h8, 49 5. 647 1.0169

-0, 400 0, 322 135,68 17.61 6,008 1,0910X 1,072
135,80 35,48 5. 851 1.0624
135,63 hh, 17 5,923 1,0757

-0, 400 0,332 120,54 33.19 6.539 1,2143 X 1,206
120, 64 49, 21 b, 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«
112,28 68,52 6, 671 1, 2544

-0, 400 0, 352 105,01 29,08 6, 609 1,2567 1, 2716
105,02 58,14 G, T20 1,2777
04, 99 75. 34 6. 767 1.2867

-0, 400 0. 367 100, 55 22,63 6,777 1,2974 1.297
100,55 53,20 b, 786 1,2992

100,56 80,24 6. 894 1,3199
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TABLE V {Continued)

x v ta At haix 102 Nu.JE N\ a (Nu£ Y a)
in. in. °F op __Btn At=50 °F
sec,ftz,oF
Test 5254
~0, 400 0.317 141, 36 22, 958 5, 685 1,0238 1,0335
141, 24 364,29 A, 934 1.0688 X
141, 31 59, 58 5,758 1,0370
-0, 400 0.322 136,37 30,20 5.918 1.073¢6 1, 0820
136, 31 47, 28 B 954 1, 0801
136,36 65,09 6. 005 1,0893
~0, 400 0,327 128, 06 40, 81 6,280 1.1543 1, 1582
127, 98 61, 44 f. 334 1,1633
127.97 78,51 6,373 1,1705
-0, 400 0.337 111,77 40, 38 6, 730 1,2664 1.2675
111,75 58, 50 b, 135 Lo 2070
111,77 78. 22 6. 778 1.2754
=0, 400 0, 347 106, 28 36,67 b, 758 1,2825 1.,2874
106, 24 53,36 b, 782 1,2871
106, 32 71,35 H. 846 1.299]
-0, 400 0. 357 102, 34 28,38 b, 754 1.2894 1.302
102,23 59, 64 6,875 1,3128
102,18 86,83 6, 894 1, 3165
-0, 400 0.372 100,14 31.41 6,913 1,3243 1.327
100.09 65.56 A, 931 1.3279
100, 08 87.85 6,978 1,3369
Test 530A
-0, 399 0. 322 131,63 45,38 6,126 1.1190 1.1204
131,50 60,14 6,151 1.1239
131,46 74,81 6. 176 1,1284
Test 532A
-0, 399 0.324 130,54 4%, 02 6,162 lal2{4 l.127¢

130,54 63,02 6. 173 1,1294
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TABLE V (Continued}

2
: t At h .xX10 Nu N
* ¥y a ai 4, a ( uﬁ,?\,')
in, in, Op Op __ﬁ%“ At =50 °F
sec, ft”, F
Test 533 A
-0, 400 0,324 130,91 70.08 6,175 1,1292 l1.1186
130, 95 85.28 6.219 1.1373
Test B34A
-0, 399 0, 323 130,16 68,21 &, 200 1.1350 L. 1256
130,17 88.53 6, 260 1,.1459
Tesat B3KA
"‘00 400 Oh 324 126. 69 75. 43 6. 324{ 1‘ 1637 lo 148
126, 61 90, 78 6,372 1.1727
Tegt 5364
-0, 400 0, 328 125,41 58.97 6. 320 1.1651 1.1584
125, 46 73. 64 6. 390 1.1779
Test 537TA
-0, 400 0.323 133, 31 Bl, Bh 6,026 11,0981 1.0974

133,32 66, 73 6,074 1.1068
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TABLE V (Continued)

2
x v L At h X 10 Nu, N a (Nu, Y a}
in. in. °r Cp —---ﬂﬂ%,m At =50 °F
sec, {it°, °F
Teszt 533B

-0, 300 0,410 146, 01 63,87 5,639 1,0087 1.0028
145, 97 73,71 5,661 1.0127
145, 87 84, 89 5., 686 1.0174

-0, 300 0,415 136,62 63,21 6,088 1.1039 1, 0988
136, 67 TRy 26 6. 1 48 1.1147
136, 65 94,22 6. 171 1.1191

-3, 300 0,425 120, 60 TG, 37 6,821 1.2666 1.2556
120,77 88,83 Gy 844 1, 2706
120, 69 110,06 6,887 1.2787

-0, 300 0. 435 108,40 72,75 7,113 1,3454 1.3354
108,43 Q0, 32 7,182 1. 3529
108, 43 121, 69 Ta 228 1. 3672

-0, 300 0, 450 101,22 6%, 40 7. 156 1, 3686 1, 3588
101, 30 89,40 7. 204 1.3776
101, 30 116, 81 7. 281 1,3923

Test 5258

-0, 260 0, 436 144,13 23,11 5. 559 0,9971 1.02 X
144,14 44, 92 5. 564 0, 9980
144, 14 &0, 05 5,801 1, 0406

-0, 260 0,446 132,60 27, 05 6. 322 1.1532 1,142
132, 54 41, 64 6,252 L, 1405
132,58 60,12 6,275 1, 1447

-0, 260 0.456 117.54 29,86 6,919 1,29086 1.3204
117. 47 49, 30 6, 981 1. 3025

117,48 68.12 7.026 1.3108



in.

"‘0. 260

-0, 260

-0, 260

"Oo 260

=0, 260
“Oo 260

-0, 260

"‘On 260
-0, 260

-0, 260
""“0. 260

0. 260

0,433

0. 440

0,450

0.460

0,470

0,480

0,500

0.520

0. 6C0

0, 446
0.436

0. 156
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TABLE V {Continued)

149, 82
149, 88
149, 78
142, 80
142, 90
143,01
122, 66
122,56
122, 35
109, 47
109, 27
109,57
104,01
104.11
101.02
101.05
100, 99
99, 88
100.09
99, 86
99. 92
99. 84
99, 71
99, 89

129,98
129, 92
146, 89
146, 90
118. 94
118, 89
118,94

At E x10°
ai
OF Bté
sec, ft ,O

Tcest 520

38, 20 5, 662
48,87 5,676
67, 66 5. 646
56, 0€ 5.576
64, 61 B, E16
72, 85 5, 648
65.29 6. 707
76,32 6. bBS
94, 30 6,732
78,75 7.099
97,02 7,285
56, 66 7,223
52. 50 7. 109
84. 190 T7.204
hb5, 62 7.107
87.13 7.178
116,09 7. 241
54, 27 7.077
88. 86 T 127
116,76 T.223
53. 68 7.048
88,52 7,117
56. 26 6, 947
87,97 T.021
Test 5235

46,11 6.276
T2, 27 b, 2582
37.14 5, 366
63. 91 5.429
37.98 6, 728
66, 06 6, 791
93,04 6, 840

F

Nuf,k,a

1.6072
1, 0096
1,0045
1.0021
1.0091
1.0147
1,2417
1,2382
1.2469
1.3405
I.37064
1,3639
1,3538
1.3717
1, 3597
1.3731
1.3853
1,3562
1. 3655
1,3843
1.3506
1.3641
1.3318
1,3455

1.1493
1,1505
0. 9587
0. 9699
1.2524
1, 2642
1,2734

(Nu‘€ N, a)

At=50°F

1,010 X
0. 9976 X
1. 227

? X

1,3522

1. 3570
1,353

1.3490

1.3295

1.1494
0. 9637

1,2576 X
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TABLE V (Continued)

X Vv tEL Ot haix 102 Nuﬂ’ \, a (Nuﬁ Y El)
in. in. °F °F —%—— At=50 OF
gec, 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

~Q0. 204 0, 540 100,94 79. 37 Te 248 1. 3868 1, 3671
100,94 107,19 7. 346 1, 4055

Test B340

-0, 203 0,475 132,05 66, 66 6, 0418 1,1041 1,100
132,17 9. 79 6,102 1,1138

‘ 132,26 102,00 6,118 1.1166

-0,203 0,470 139,75 62,88 5. 3540 1,0001 0, 995
139,70 78, 70 5.541 1,0003
139,70 94, 98 5. 580 1.0074

-0, 2073 0,483 119, 44 74,79 6. 836 1.27164 1. 2564
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 T.167 1.3499

-0, 203 0, 500 103,90 71. 04 7.220 1,37582 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 0.9337 0, 925

148. 68 74. 38 5,277 0. 9402



1lia

-0, 100
-0, 100

-0, 100

-0, 100
-0, 100

-0, 100

-0, 100
-0, 100
-0,100
-0,100
-0, 100

-0, 100

in.

0. 943
0, 743

0. 643

G, 529

0,519

0,564

0, 498

0, 508

0,513

0,525

0. 538

0. 550
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TABLE V (Continued)

100.78
100. 78
101, 25
101,25
101, 02
101, 02

114, 86
114,74
114,72
125,23
125,21
125,18
100, 92
100, 74
100,55

149,775
149, 70
149,79
143, 4%
143,47
143,51
134, 34
134,16
134,24
119,59
119, 49
119, 63
108,21
108,29
108, 33
102.55
102, 55
102,47

Ot

Op

Test 406

77,71
105,60
77. 30
105,20
77,72
105, 51

Test 513A

46. 40
66, 94
97. 24
48,10
66, 75
85, 89
50, 94
80,83
110,16

Test 537R

57, 87
51.13
68, 06
44, 24
59. 85
75,40
69, 04
53.25
41, 48
55,93
T2, 46
92.438
49.32
76, 76
106,29
54, 92
82,18
112,14

h X 102' Nu
ail i,

Bty

AN
sec, it7,

7.226
7. 296
7.171
T, 240
7. 224
7.318

6. 903
7.091
7.056
6. 254
6. 376
b, 441
7,258
7,320
7. 385

4, 343
3,765
4, 386
4, 431
4, 481
4, 443
5. 368
5,379
5,393
6,611
6, 801
6, 850
7,018
T.132
7. 196
7. 136
7. 196
7,263

Ay &

1.3830
1.3962
1,3713
1. 3846
1. 3821
1. 4000

1.2929
1.3285
1,3219
1,1533
1,1758
1.1879
1.3888
1,4010
1,4138

0,7728
0, 6699 X
0.7802
0. 7986
0. 8044
0.7977
0.9767
0., 9789
0.9813
1,2296 X
1.2651
1.2738
1.3278
1.3492
1.3614
1.3619
L, 3734
1.3863

1. 3699
1, 3583

1. 3642

1.2949

I.1560

1.3884 X

0,770

0,797

0.9796

1,255

1,3304

1.3596



in,

0,000

0,000

0.000

0.000

0.000

0,000

0. 000

0. Q00

0,000

0.000

in,

0.800

0. 640

0.570

0,540

0.520

0,508

0.530

0, 540

0.560
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TABLE V (Contirued)

100,20
100, 24
100. 26
100, 10
100,07
100,21
113, 92
113. 75
113,58
144, 80
144.91
144,99
146, 34
146, 33
146,29
151,26
151, 38
151, 30

141, 64
141, 71
141, 85
141.581
139.16
139.07
139,24
129,56
129,69
129,57
124, 62
124, 44
125,06

At h X10° Nu
al

CF

sac,ifz,of“

Test 500

50, 04
80, 20
104, 81
62, 06
80. 68
106.15
36. 69
68,01
93, 70
25, 81
47, 91
64. 65
35,89
4b, 96
62. 26
29. 74
21,09
57,17

Test 502

51.63
50, 87
60, 67
71.72
46, 76
31.55
64, 65
51,00
57.24
80, 91
44, 27
57. 55
34. 37

Btu

7,284
7.321
7,412
6.692
7.356
7.414
6,956
7.000
7.085
3.222
3. 214
3,223
3,088
3.115
3.165
3,418
3,407
3.405

3.518
3.570
3. 622
3,635
3,985
4,083
4.024
5,712
5,936
5,583
6,253
6,165
f, 368

£, a

1,3953
1, 4023
1,4197
1.2820
1.4093
1,4201
1,3047
i,3246
1.3297
0.5773
0.5759
0.5774
0.5521
0,5570
0. 5660
0,6069
0.6048
0. 6044

0.6333
0. 6425
0,6518
0, 6542
0, 7200
0.7378
0.7268
1. 0466
1,.0875
1.0229
l.1542
1,1383
1,1746

(Nu‘ﬁ. s Ny a}

AL=50°F

1,3952 X
1.3998 X
1.3103
0,5762 X
0. 5584

0. 6041

0, 6413

0, 7200
1.0410

1.1506



in,

+0. 101
+0. 101
+0, 101

+0, 101

10,101

'”f“'On 101

+0,101

+H0.101

+0, 101

+0,101

+0.101

0,101
+0,101

+0,101

in,

0. 495

0. 499

0. 505

0.511

0,521

0. 541

D.561

0. 581

0,602

0. 622
0. 652

0, 752

0,852
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TABLE V (Continued)

151,39
151,51
151,57
148, 71
148,57
148, 41
147,76
147,11
147, 47
141, 92
141,50
135, 64
135,89
135, 98
133,41
135, 34
135, 34
135, 45
1268, 71
128, 63

133, 35
133,02
115,29
PIR,O15R
114,78
104, 47
104, 37
100,00
100,10
100,10
100. 00
99, 77
99, 70
9%, 91
99.72

At h_ X 10°
ai
of‘ Bta
aec,ftz,o
Test 518
hG. 14 4. 039
65. 74 4,135
75.56 4,156
58.19 3.578
68, 99 3. 549
78,71 3.575
55, 46 3,318
70,37 3. 345
78.93 3.393
52,72 3,191
64, 65 3,104
58,27 2. 890
69, 50 3,036
80, 32 3.049
51,48 2,931
73,07 2.916
50, 26 3. 711
69, 63 3.787
86.51 3. 788
44, 88 5. 648
70,19 5.546
Test 519
54, 98 3,261
75. 61 3, 260
61.53 6. 906
83.83 b, 776
100, 80 6,923
62, 35 7, 088
82.68 7. 144
55, 86 7.090
87.39 7214
116,32 7. 236
56,02 7.058
87, 98 T.124
115.55 7. 187
55,38 T 004
85,77 7,082

Nu
2

)

0.7276
0.7339
0. 7375
0, 6376
0. 6325
0. 6372
0, 5921
0.5973
0, 6056
D, 5742
0. 5589
0.5243 X
0.5511
0.5535
0, 5341
0.5313
0, 6743
0. 6880
0. 6881
1,0362
1.0176

0, 5941
0, 5943
1.2928 X
1., 2687
1.2968
1.3489
1.3598
1. 3586
1.3821
1.3864
1.3524
1, 3656
1.3778
1.3423
1.3576

{Nu

E,h,a)

At =50 °F

0.7272 X

0. 6240

0.5882

0. 570

0, 5466

0. 5343

0. 6762

0. 5941

1.29

1.3424

1,3604

I.3498

1.3391



in,

10, 201
+0. 201
+0. 201

+0. 201

+0, 201

+3. 201

+0, 201

+0. 201

0.462

0.467

0.475

0,485

0,500

0.520

0. 540

0. 560

149,20
148,97
148,71
144,85
145,36
145,22
139,16
139,24
139.23
133,96
133,96
125,30
125,30
125, 61
118, 74
118,56
117,49
117,49
117,67
117,02
117, 64
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TABLE V (Continued)

2

At haix 10 Nuﬁ, \, & (Nuﬂ Y a)
oF -HMJ3§~M~ At =50 °F

sec, ft™, GF
Test 516
43,31 3,659 0. 6515 0, 656
52,71 3,693 0.6579
64, 39 3.573 0.6366 X
46, 54 3.209 0,5749 0.5787
56,15 3,259 0.5835
64, 92 3,279 0,5871
51,00 2. 922 0,527Y9 0.5257
64, 47 2. 776 0.5014 X
69.92 3.040 0.5492
46, 49 2. 803 0.5103 0.519
67.21 2,833 00,5157
58.15 2. 892 0.5332 0, 5294
74, 74 2. 803 0.5183 X
87, 00 Z2.966 0, 5467
42, 24 3.620 0.6741 X 0, 5561
84,29 2., 988 00,5565
h5, 88 3,071 g,.5730 0,567
76,93 3,045 0.5681 X
5. 420 S. 09T (V. N
35, 40 2. 828 0,5280 0.,5226

72,15 2. 920 0, 5446



in.

+0, 201

+0, 201

+0.201

+0, 201

+0, 201

10, 201

10, 2G1

+0. 201

+0, 201

1%t

0.579

0. 599
0.619

0.634

0. 644

0,679

0.709

0.809

0. 800
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TABLE V (Continued)

122,96
123,01
123,18
126, 81
127, 22
122,51
122,51
123,45
113,00
112,23
107.89
107,76
107,62
100, 32
100,22
100, 40
100.13
99. 96
99. 90
109,00

100,04

99. 93
100,03

At h X 10°
@l
O Btu
sec, ftz, 0F
Test 517
55,16 3.317
73,59 3. 3638
94,10 3.436
49, 97 4, 675
71,28 4, 768
55,00 6, 290
74, 25 6.423
95, 30 b, 451
54,14 6, 732
74, 75 b, T85
56.77 6. 989
77, 92 7,079
108, 90 T123
51.81 7.201
83.26 7. 240
111,57 7.352
59,95 6, 585
85, 20 7. 244
84, 82 7.182
53,03 7.149
Test 5358
73.99 7. 100
93, 80 Te137
122.19 T.212

Nﬁl,k,a

0.6138
0. 62068
0.6357
0.8602
0, 8748
1,1647
1,1894
1,1929
1, 2645
1.2759
1.3231
1, 3403
1. 3490
l,3792
1,3868
1.4080
1.2616
1,3881
1,3763
1.3699

1,3603
1.3677
1.3818

(NU‘E N a)

At=50 °F

0.6115

0, 8602

1.1652

1,2622

1.3224
1.3762

1.374

1.3708

1. 3496
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TABLE VI

Radial Nusselt Number and Air Tcemperature Distributions

Near the Cylinder

Nonisothermal

W oa
N

at stagnation

{r'- r_ = 0,0000 inches)
o ‘o

0.718°
0. 670
0. 633
0. 611
0. 603
0. 611
0. 628
0. 664
0. 695
0.731
0.761

15 degrees from stagnation

(r'-r =U0,002] inches)
o "o

r-r! Isothermal
o %A
inches Nu
0. 0000 0.700°
0.0050 0. 648
.0100 00,6145
0.0150 0, 6040
0. 0200 0.6113
0, 0250 G, 6350
0.0300 0.6415
0. 0400 0, 6765
0. 0500 0,707
0. 0600 0.733
0.0700 0,756
b
0. 0000 . 791
0, 0050 0. 842
0,0100 G, 897
0,0150 0. 936
00,0200 0, 955
0,0250 0. 962
0, 0300 0, 965
0, 0400 0, 9695
0, 0500 0,973
0, 0600 0,975
0. 0700 0. 976

0,790
0. 829
0. 876
0.925
0. 956
0. 963
0. 962
0. 954
0. 954
0. 962
0. 972

160,0
143.9
130, 7
120, 4
111.9
106, 4
103,0
100, 4
100.0
100.0
100.0

160,0
145, 5
131.7
118.7
109, 0
103, 7
101.3
100.1
100,0
100.0
100.0

a . o ; .
Bascd on a wire temperature 50" F above the local air stream

temperature.

bExi:lt'a.pctlal.i:ion to this value is gquestionable,
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TABLE VI {Continued)

ro- rw Isothermal Nonisothermal
inches N‘uzic a Nu *a ;
O
30 degrees from stagnation
I
{r - xr =0,0037 inches)
o o)
0. 0000 0.872% 0.885% 16C.0
0, 0050 0,967 0. 963 1d6, 1
0, 0100 1.068 1.086 132, 6
0,0150 I.140 i1.134 119,5
0.0200 1.173% 1.171 110, 2
0, 0250 1,183 1,189 104.9
0. 0300 1,184 1,197 102, 8
0, 0400 1,180 1,204 160, 1
0, 0500 1.178 1.202 100,0
0. 0600 1.174 1.197 100,0
00,0700 1,166 1,191 100.0
45 édegrees from stagnation
1
{r - r =0.0033 inches)
0 o
0. 0000 0,913% 0.914% 160.0
. DORD 1. 030 1,003 147. 5
0,0100 i, 148 1.106 135, 6
0,0150 1,237 1,208 124.4
0.0200 1. 283 1.273 1140
0,0250 1, 300 1,303 107, 3
0. 0300 1. 306 1.31¢9 103. 4
0.0400 1,303 1.329 100. 3
0. 0500 1,298 1,322 100,0
0, 0600 1. 293 1,313 100.0
00,0700 1,288 1.304 100.0

a . 0 \
“Bascd on a wire temperature 50" F above the local air stream
temperature

E%Extrapolation to this value is questionable.
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TABLE VI {Continued)

I

LR Isothermal Nonizothermal
inclies Nu*a . Nu*a tj
Yy
60 degrees from stagnation
]
(rm - r_ = 0,0012 inches)

0. 0000 0.8?9b 0.873b 160.0
(. 0050 0.976 0.942 150,53
0.0100 1,082 1,036 120, %
0, 0150 1. 194 1,154 131.6
0.0200 1,285 1,253 121,1
0. 0250 l.333 1.3156 113,46
0. 0300 i.352 1,344 107, 2
0, 0350 1. 356 1,386 103.2
0, 0400 1. 358 1.362° 101. 3
0, 0500 1. 357 1,363 100, 1
0.0600 1. 355 I,357 100.0
0. 0700 1,351 - 1,350 100.0

75 c}egrees from stagnation

(rmwrO = 0,0004 inches)

0. 0000 0. 795° 0, 792" 160, 0
0, 0050 0,805 0,801 153, 2
0.0100 0. 842 0.839 146, 2
0. 0150 0,928 0,920 138, 6
0,.0200 1,080 1,058 131.3
0, 0250 1.206 1,182 124.5
0. 0300 1,291 1,270 118.1
0, 0350 i.332 1,319 11z2.4
(0, 0400 1.363 1.342 108.1
0, 0450 1.365 1.357 104, 9
0, 0500 1,365 1,367 102, 6
0, 0600 1. 360 1.372 100, 3
0.0700 1,354 1,374 100, 0
0, G800 1,347 1.372 100,0

; . 0 .
4Based on 2 wire temperature 50 F above the local air stream tcm-
peraturec.

bExtrapolatiOn to this value is questionable.
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TABLE VI (Continued)

roer Isothernmal Nonisothermel
inchas Ny, & Nukpa tj
°F
90 d?grees from stagnation
{r - r_ = 0,0000 inches)
0 )

0, 0000 0.725b 0.742b 160,90
0, 0050 0. 650 0, 643 155, 4
0.0100 0. 604 G, 587 151.7
0.0150 0. 582 0, 559 148, 6
0.0200 0, 592 0, 557 145, 9
0.0250 0. 650 0, 586 143, 4
0.0300 0. 731 ¢, 651 141, 0
00,0350 0.824 0,732 138, 5
0, 0400 0,912 C., 8544 135.9
0. 0450 1,008 0.927 132.9
0, 0500 1,102 1,034 132.9
0, 0600 1, 259 I.212 125, 3
0.0700 1. 3455 1,308 113.1
0, 0800 1, 366 1,349 06,6
00,0300 1,366 1. 360 102. 5
0, 1000 1. 364 1,374 100.7
0.1100 1.361 1.376 100, 1

“Based on a wire temperature 50 F above the local air stream
ternperature.

bExtrapolation to this value ias gquestionable.
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TABLE VI {Continued)

Lo~ r Isuihermal Nonisothe rmal
. 9 #a *a, *
inches Nu Nu 1:_:L

“F

105 degrees from stagnation
]
{r -r =-0,0003 inches)
0 )

0. 0000 c b 160,0
0.0050 0,732 151,0
0.0100 0.616 146, 7
0,0150 0.583 142,8
0.0200 0,571 139, 6
0.0300 0, 559 134.3
0. 0400 0,551 125.9
0, 0500 0. 545 127, 2
0.0600 0.535 126,2
0.0700 0.530 126.1
0, 0800 G. 559 127, 2
0. 0900 0,628 129.1
0. 1000 €,735 131.9
0.1100 0.882 131.6
0. 1200 1,033 128.7
0, 1300 1,160 123.1
0, 1400 1,242 117, 2
0. 1500 1,298 111,07
0, 1600 1,333 107. 2
0, 1700 1.353 104, 3
0, 1800 1.363 102, 4

a : o . s
Based on a wire temperature 50 F zbove the local air strecam
temperature,

b]i::::trapo]ati.on to this value is questionable,

e . . : .
Measurements for the isothermal case were not taken in this region,



Xy
inches

-0, 500
-0, 600
"“"00 ?OO
-0, 800

-0, 500
-0, 600
-=0, 700
-0, 800

-0, 203
"'On 300
"‘Uda 4‘00
-0. 500
-0, 600
~0, 700
-0, 800
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TABLE VII

Nusselt Numbers in the Air Strcam around the Cylinder

Isothermal Nonisotherrmal Isothermal  Nonisothermal
¥* e %*
Nu*a Nu = Nu Nu =
y = 0,000 inches v = 0. 101 inches
0, 8398 0.8090
0. 821 0. 8428 0, 9155 0.9115
0. 9785 0, 9838 1,0155 1,007
1.0640 1,0635 1.076 1.074
y = 0, 200 inches v = 0, 300 inches
1,0785 1.082 1,171 1.196
1. 0505 1,068 1.1410 1.1515
1. 083 1,083 1.1380 1.143
1,102 1,099 1,1350 1.1375
v = 0,400 inches y = 0, 500 inches
1.3658 1,3625
1,3435 1. 3415
1,292 1, 3105 1.2945 1. 2895
1,225 1. 234 1,258 1, 2455
1,1905 1. 197 1.2255 1.229
1, 1808 i.181 1,2110 i.2lz
1,1695 1.171 1,2013 1,202

%Based on a wire temperature 50° F above the local air stream
temperature,
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TABLE VII {Continued)

X, isothermal Nonisothermal Isothermal Nonisothermal
inches Nu*a Nu *a N *a Nu*a’
v = 0,600 inches v = 0,700 inches

+3. 201 1,372
+0, 101 1.369

0,000 1.3635 1.3745 1. 340 1,3615
-0, 100 1.35835 1,371 1,3348 1,3505
-0, 203 1.342 1.3475 1.3272 1,331
-0, 300 1,324 1,317 1.3160 1.312
-0, 400 1.2957 1.291 1,298 1,294
-0, 500 1. 2690 1.258 1.2782 1,278
-0, 600 1.2472 1,251 1. 2605 1. 264
-0, 700 1.234 1.2375 1. 2485 1. 253
-0, 800 1.2263 1.227 1. 2430 1, 2445

y = 0,800 inches

10, 201 1..360
+0, 101 1,356
0.000 1.332 1.3505
-0,100 1.328 1.3395
-0, 203 l.322 1,3245
-0, 300 1.313 1.3105
-0, 400 1. 301 1,2965
-0, 500 1,284 1,284
-0, 600 1. 2680 1.274
-0, 700 1.259 1. 266
-0, 800 1. 2535 1. 2585

®Based on a wire temperature 50° F above the local air stream
temperature.
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TABLE VIII
Experimental Data Taken in the Air Stream Without
the Cylinder for the Nusselt Number

Correlation with the Reynolds Number

Position?® Temperaturcs Nusselt Numbers Reynolds Velocity
x % L At Nu Nu Number
a 2,0, a A,A,m 0. 45 u
o o I, 0,17 Ren;
inches inches ¥ F (—.i.,-—-—) ft/sec
a

Tost B22B
(U, = 6,76 ft/sec)

-0. 500 0,000 99. 88 71 04 1.2376 1.1609 1. 5638 6,780
99.77 103,41 1.2494 11,1396 1,5290 6,751

99.83 133,12 1, 2584 11,1193 1.4983 6,698

0, 000 0,000 99, 80 71,04 1.2292 1,1530 1.5639  6.645

99.83 102.93 1.2497 1.1403 1.5294 6,760

: 99,83 131,89 1,2635% 11,1250 1.4995 6,787

0. 000 0,500 99. 94 70.11 1.2373 1.1616 1,5647 6,783

0,000 0,600 99. 77 70, 65 1,2350 11,1588 1.5644 6,739

99,94 103,01 1,2509 11,1413 1,5291 6,781

99.81 132,29 1,2614 1.1227 1,4992 6,751

Test 521
(Um = 7,87 ft/sec)

-0, 750 0.000 99. 84 55,72 1,2941 1, 2304 1.6892 7,868
99, 82 86, 54 1,3076 11,2101 1,6527 7.873

99.88 115,02 1,3176 1.1899 1, 6204 7,837

-0, 500 $,000 99.88 54, 69 1.2910 11,2286 1,6903 7,823
99. 73 86, 34 1,3037 1.2067 1.6532 7,804

99.83 114,47 1,3189 1.1917 1.6211 7,862

0,000 0,000 100,02 55,33 1.2330 11,2203 1.6892 7, 684

99,83 86,03 I.3047 11,2079 1,6533 7,827

' 99. 77 114.31 1,3169 11,1900 1.6215 7.827

10, 10¢ 0,000 99, 64 34a 59 1, 2881 11,2259 1. 6905 Te TT2
99. 72 96, 32 1. 3055 11,1980 I.6418 7,762

Coordinates relative to position of the axis of the cylinder as
dete rmined before it was removed from the air strecanm.
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TABLE VIII (Continued)

Position Temperatures Nusselt Numbers Reynolds Velocity
x v ta At Nu, M a Nu, A, m Number
o 0 T_ 0.17 Re>?® "
inches inches F F m) m
T, ft/sec

Test 521 (Continued)
(U, = 7.87 ft/sec)

0. 000 0,300 99, 95 53.10 1,2904 1.2297 1,6921 7,826
99, 96 85, 66 1,3041 1,2078 1, 6534 7. 823

0.000 0,600 99, 90 51,91 1,2846 11,2255 1.6936 7,733
99. 96 85,91 1,3043 11,2077 1.6532 7,824

100,00 114,44 1,3164 1.1895 1, 6208 7,824

-0, 500 0, 600 99, 91 54. 36 1.2925 1.2304 1.6906 7,852
100,06 85,35 1.3049 11,2089 1, 6536 7,841

99, 93 54, 04 1.3006 1.2384 1. 6910 7,997

0.000 0,900 99. 93 86. 39 1.3067 1.2094 1,6527 7.861
: 100,18 114,65 1,3175 1.1903 1, 6202 7,846

99. 91 52,93 1. 2891 1.2287 1.6924 7,804

-0, 750 0,900 99, 76 84, 27 1,3075 11,2124 1,6555 7,886
99,85 111,77 1,3185 1.1940 1,6241 7,875

Test B22.A
(UOO = 9,13 ft/sec)

0,000 0,600 100,05 67, 21 1,3723 1,2916 1,7954 9.153
99. 90 92,92 1,383 1.2729 1,7636 9,138

99,92 119,91 1,3948 11,2553 1,7231 9,142

0,000 0,000 100,08 70, 84 1.3778 11,2927 1,7907 9,227
99.89 97,45 1,3841 1.2689 1.7581  9.119

99,80 123,46 1.3955 11,2513 1.7273 9,116

-0, 500 0,000 99. 87 71.01 1,3708 1.2859 1.7910 9,087
100.16 96, 75 l.3869 1.2723 1,7583 9,186

99,87 123,17 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, NZ’ by a silica gel chromatography column is dependent
upon conditioning a "dried" column with amall amounts of nitrogen
dioxide, NOa. For reproducible separations, conditioning with

nitric oxide is also required.

A. Discussion

These observations are based on the experimental work con-
cucted by the auther during the first four months of 1960, Previous
presentations of thiswork are available (1, 2)s A brief description of
the apparatus and a presentation of the experimental results are
presentec below,

The cquipment used waas deaigned by Sakaida (3) for the sepa-
ration and quantitative determination of small quantities of nitric
oxide in nitrogen. Based on these studics, an 8-foot column of one-
guarter-inch stainless steel tubing packed with Davison No. 912
silica gel of 48 to 60 mesh was used in conjunction with a dual-
thermistor thermal conductivity cell as a sensing element, The
column was heated to about 75° C at the entrance and about 52° C
at the exit, The thermistors were in a 30° € air bath, The helium
carrier gas was flowing at about 41 cubic-centimeters-per-minute
at one atmosphere and 25° €. The pressure drop through the column
was maintained at 10 pounds-per-square-inch with the exit at the

local air pressure. A morc detailed description of the apparatus
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is available in the literature (4).

Following & two-day drying period during which the column
was heated to 200° C with 2 low helium flow rate, various samples
were passed through each column to determine the conditioning
requirements. With the sample introduction procedure used, about
two cubic centimeiers of air were introduced to the column prior
to the 2.8 cubic centimeter samples. Samples from a cylirder
labeled 0.5 per cent nitric oxide in nitrogen were introduced to
check the nitric oxide separation by the column., The quality of the
geparation is reported as the ratio of the peak-times of the elation
curves tor the nitric oxide to that tor the nitrogen which passed
directly through the column, These peak-times were measured
from the introduction of the sample to the column., Separation
ratios of less than about 1. 4 were not detectable due to the size and
tailing of the nitrogen curve, Therefore, when no separation was
observed, the separation ratio is reported as being one. A separa-
tinn ratio of ahout wo is preferred sn thar an adeqnate determination
of the base line betwecen the two elution curves can be made, These
data are presented for the three columns used in Tables I, il, and
IIT as a function of the various other samples which were introduced
to effect the separation.

In the conditioning of Colurmnn A, it was noted that repeated
in;:roc'luction of nitric oxide samples produced and improved the
nitric oxide separation. This will be explained beclow as resulting

from the small amounts of nitrogen dioxide in these samples. 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 aitric oxide
with air to produce nitrogen dioxide was added.

With Column B, this mixturc of nitric oxide and air procduced
separation and improved it after three initial samples of nitric oxide.
Additional nitric oxide eamples wore regquired for reproducible
separations, and improved the separation slightly with each addition,
After the reproducibility was proved with 0.5, 0,25, and 0.1 per cent
nitric oxide in nitrogen samplcs, the addition of dry air was shown
to have no effect on the scparation. A few samples of nitrogen
dioxide, however, greatly increased the separation ratio and ruined
the reproducibility of the separation, An explanation of the excess
nitric oxide cluted after over-saturating the column with nitrogen
dioxide is given by Morrison (5).

Finzlly, 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 scparation
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 second 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 gilica 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 specics in guestion.
Separation was then assumed to be produced by the reversible ad-
sorption 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 proposes
that the separation of the nitric oxide involves the asscciation with
the absorbed nitrogen dioxide. Thus the conditioning with nitrogen
dioxide is cssential for separation, while the conditioning with nitric
oxide is required for reproducibility.

Since these studies, further investigations by Fossard, Rinker,
and Corcoran (6) and Morrison (5) have added further credence to this

proposition.
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TABLE I

Conditioning for Nitric Oxide Separatiors

for Column A

Number of intervening Ratio of elution curve peak-times
2.8 cc samples of for NO to that for N, from 2,8 cc
conditioning materials samples of 0, 5% NO in N,

Drying for two days

none 1 {i. c. not detectible)
1 of NO 1
1 of NO 1
1 of NO 1 (10 samples)
1 of NO 1 (1} samples)
1 of NO 1,43
1,45
1.49
1.52
Additional drying for two days
none I {2 samples)
1 of NO 1 {6 samples)
1l of NO 1.47
1 of NO 1.49
1 of NO 1, 50
Acdditional drying for one day
none 1
1 of NO 1.47
1l of NO 1. 59
1l of NO 1.63 (2 samples)
1. 69 (2 samples)
1 of NO 1.73
1 of NO 1.75
1l of NO
1 of NO + air 2.13
2. 11
1.91

2,2 to 2.3 {7 samples)
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TABLE II

Conditioning for Nitric Oxide Separations

for Column B

Number of inte rvening Ratio of elution curve peak-times
2.8 cc samples of for NO to that for N, from 2.8 ce
conditioning materials samples of 0, 5% NO in N,

Drying for two days

none

of NO

of NO

of NO

of NQ + air

{(i. e. not detectible)

P P

(3.7 ml) of NO + air

L6 B ASIE FV I o 8

of NQ
of NO
of NO
of NO
of NO
of NO

to 2.3 (10 samples)

°

°

(3 samples)

®

oo

00 B Do B9 Dy P ke b b 5 b b e

[ o
1]

O =] O O X G =] 0N
u——y

(5 eamplees)

Miscellaneons samples of 0, 25% n» 0,1% NO in N,
which checked the reproducibility of the NO separations

14 of "dry" air 2.7 B samples)
l of NOZ 3,24
3. 26
1 of NG, 3. 49
4 of NO; 4, 24 ) about twice the amount

4,65} 0f NO was eluted rela-
4. 73} tive to that introduced.
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TABL.E III
Conditioning for Nitric Oxide Separations

for Column C

Number of intervening Ratio of elution curve peak-times
2.8 cc samples of for NO to that for N, froim 2.8 cc
conditicning materials samples of 0, 5% I%O in N,

Drying for two days

Il of NOZ 1.72
I of NQ, 1,85
L of NO, 2. 16

2.16
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PROPOSITION 1T

It is proposed that some scparation of nitrogen dioxide, NOZ’
and carbon dioxide, COZ’ by a silica gel chromatography column may
result from their reversible association with the samall quantitios

of water absorbed on the silica gel. It is believed that this hypothesis

is worthy of experimontal investigation.,

A, Discussion

The chromatrographic procedures and apparatus of interest
to this discussion were presented with Proposition One. This infor-
mation will not be repeated here. In the previous prosentation {1, 2) of
"this work by the author, reference has been madc to an unidentified
"third" elution curve. The first elution curve contains the inert
materials, such as nitrogen and oxygen, which pass directly through
the column. The second elution curve contains the nitric oxide, NO.
Morrison (3) has since shown that the nitrogen dioxide separated by
chemical and physical adsorption is eluted witk 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 introcuction 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, incrcasing

with decreasing concentration; and 3) the third pcak near 500 scconds
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or near 550 sceconds for "dry" air., The percentage of the total arca
contained in the third elution curves, cach with a fractional deviation
of about + 0,01, were: 0.89 arca per cent for the pure nitric oxide
samples, 0,016 area per cent for the 0.5 per cent nitric oxide sam-
ples, 0.013 area per cent for the 0, 25 per cent nitric oxide samples,
none detectible for the 0,1 per cent nitric oxide samples, and 0.051
zreez per cent for the "dry" 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 mechanism
for such a separation process is developed.

It is belicved that water is very stroungly adsorbed on silica
gel, so strongiy that even a drying pericd of a day or two at 200 C
is probably not sufficicat to completely dry the column, In addition
some moeisture would be added to the column in the air 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
water can aid in the eolution,

The resonance structures for carbon dioxide may be repre-

sented as follows:
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L] - - ,+
1 O Q 1 O: 0
+ ‘ - o o
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, - -~
Q oM (00 2O Q.

Similarly, half of the resonance structures for nitrogen dioxide may

be written as follows:

e ok 0 :Q
V. - . .¢.+
N: &= N &= N & N: (2)

The other half of these nitrogen dioxide resonance structures are
obtained by interchanging the positions of the oxygen atoms. Since
nitrogen dioxide is in practically instantaneous equilibrium with
nitrogen tctroxide, the latter must also be considered. Its possible

resonance structures are the following:

o o o o:- o o

Nt NT == ot N e NN

NEINT = wnNin: = nw (3)
0. o 0.” .ot om o7

It is realized that all these resonance structures undoubtedly do not
contribute equally to the character of the particular molecule, They

are useful, 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 asscociate with the
silica gel, and should 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 structures 1 and 2 can be
posifively charged and surrounded by only six electrons. This would
allow the formation of a second bond with water.

The following representation indicates the resonance atructurcs

which are reactive in this manner:

‘0 T 0 1O
O

A

H - H H

o5 5 . Nt

24 {6)

Silica Gel Silica Gel

The solid lines in the above structures indicate the additional associ-
ations and bond formations possible from this configuration,

A reaction of nitrogen tetroxide and water would require the
breaking of a bond within the molecule, This does not seem as
propable 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 theoreticzl adsorbed
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structures were propoesed. The unidentified third clution curve which
has becn observed could easily be the result of this proposed separa-
tion mechanism., Further experimental work may provide additional

insight regarding this process.
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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
5 = 0 in which the total number of moles is constant rather than the
more general case for variable §. 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 fluxcs.

A, Digenssinon

The simple case of § = 0 was probably assumed in order to
eliminate the non-linear termse. This should either have been stated,
or the complexities of the more general case developed. The equa-
tions resulting from the gencral case will be shown.

As written, the criterion for the necessity to consider longi~
tudinal diffusion is a function of the sizc of the initial increment
chosen, This inconsistency arises from the error noted. This can
be currected by comparing lhe maximuwin diffusional flux of component
A with the flux of A {rom the initial gross motion, Fnﬂoo This
improved procedure will be described after the corrected equations
have been developed.

The analysis is based on the isothermal, isobaric, plug flow
of ideal gases through a catalyst bed, Resisgtances to diffusion to

and from the catalyst surfaces are neglected, and the general
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reaction, aA +bhB == rR t 85, takes place at the surface of the
catalyst. The nomenclature used is defined in Section C,

Under the conditions described, the material balance for
component A in an element of unit cross-sectional area and differ-
cntial length, dZ, at steady state is given as follows:

Net flow of A into the element =

n n
A A
2 ol | e P | (-
_— DAmTr (nT) - DAm" (nT)
AT RT(m+op,)  az  ~""a 5o, az
Rr(l bt )
T
(XX-74")
Net flow of A out of element =
n n
A A
dn D 11"2 dkﬁ ) d('ﬁm)
Fln,- —2 dz) - —25 L Ied . 2 T |az
AT TZ RT |#¥6p, dZ ~dZ|w+ép, az
jrd n
A A
af =& d{ =~
- Fn +~—--dnAdZ) PamT)_ 1 (nT)+i L nT) az
- A dZ RT GnA dz dZ 6nA dZ -
1+ e 1 +~;~l~—-
"
(XX-75%)

Noting that the reaction creates a sink and the accumulation is zero,

the combined material balance eguation follows:
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A
. DAmﬁ d 1 d(E;)
“Fdn, t w5 9% in az d = r,pg dZ
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The following equation is obtained by expanding Equation XX-78' to

more clearly show the complexities involved:

2 )
CFan +I)Amur dnA+6nA(l+nT) (dnA)z iz
A R’I‘nT‘ dZZ nT(l-i-SnA) dZ
- e
= TAPR dZ (XX-76")

Under the same conditions, the material balance far com-
ponent A from a section before the inlet of the reactor, which is

upstream f[rom all diffusional effects, to any section Z  within the

reactor is given as follows:

n
D i d(—;{f—) _

»Z
. Am _ o
FnA BnA 1 = FnAO ‘SO rAPR 42  (XX-73%)
RT(1 + -r;-—)
T

The method stated below is proposed to replace that developed
by Hougen 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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Tal
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The initial concentration gradient is then approximated by the ratio
of ﬁnA to AZ obtained from Equation XX-77', Then the relative
magnituces of the first two terms in Equation XX-73' are compared
for the inlet region of the reactor to determine the necessity to con-

sider longitudinal diffusion.

B, Relerenco

l. Houagen, Olaf A. and Kenneth M. Watson,
Chemical Process Principles, Part Three, Kinetics and
Catalysis. New York: John Wiley and Sons. Equations XX-73
to XX-77, pp. 1003-1005. (1947).

. Nomenclators

Differential operator,
D, Mecan Maxwell diffusion coefficient, sq ft/sec.
Feed rate, (lb-mass of feed)/(sec, sq ft).

ny Moles of A per unit mass of feed at section 2,
(Ib-moles of A)/{lb-mass of fecd),

Baq n, at the inlet, (lb-moles of A in feed)/(lb-mass of fecd),

o Total number of moles per unit mass of feed at section 4,
{Ib-mmoles total)/(Ib-mags of feed).

Pa Partial pressure of A = 'rrnA/nT, atm,

YA Rate of reaction of A, (Ib-moles of A reacted)/(lb-mass

of catalyst, sec).

R Natural gas constant, (cu ft, atm)/(1b-mole, OB}.
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Absolute temperature, “R,
Distance from the inlet of the reactor, ft.

Total pressure, atm.

{r + 8 - a-h)/afar the reaction aA +bB == rR + =8,

Change over a finite increment of length,
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PROPOSITION 1V

It is proposed that a platinum resistance glass tube thormom-
eter is not an adequate temperature measuring device for an air
siream 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 shicld over the glass tube of the resistance thermom-

eter,

A, Discussion

During the experimental investigations presented in Paxrt II
of this thesis, it was noted that the normal platinum resistance
thermomecter did not indicate the same air stream temperature 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 cnergy balance is presented for each of
these two situations to show the effect of the radiation,

The resistance thermometer consisted of a two-inch-long coil
of platinum wirc as the scnsing clement, mounted in the end of a
one~fant-long, three-eights-inch-diameter glass tube filled with an
inert atmosphere of helium, It is reasonable to assume that the

conduction through the glass and helium maintained the platinum



~158~

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,

The air flow was normal to the the nmometer,  For the normal
flow of gases past cylinders at Reynolds numbers greater than 44,
Collis ané Williams (1) present the following correlation for the

Nussealt nirmbe v

T -0.17
m

Num( %_;) = 0.48 (Re_ )

0.5} 1)

The 7. 8l-foot~per-second, 100° F air stream from the jet opening
past the three-cighth-inch-diameter thermometer tube could be
characterized by a Reynolds number of 1712, 5. Assuming that the
thermometer temperature will be maintained sufficiently close to
the air stream temperature 50 that the temperature correction and
adjuastment of the fluid properties to a mean temperature will not be
necessary for the use of Equation 1, a Nusselt number for the
the rmometer 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 cylindexr

follows:
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4

- — o 4 -
Ne k(T - T,) = €bd(T] - T) (2)

las] t
For Equation 2, the air thermal conductivity, ka, at 100° F was
evaluated as 4. 049 X 10_6 Btu-per-foot-per-second-per-degree-
Fazhrenhcit, and the temperature of the surroundings, Ts’ at
544.69° R (85° F).

For the glass tube with an emissivity, €, of 0,937 (2), the

£
temperature of the glass tube from Eguation 2 is 98, 34° F. This
measurement error of 1, 66° F results {rom the radiation loss to
surroundings only 15° F below the air stream tempe rature,

If a golid foil with an emissivity, €, of 0,02 {3) covers the
‘glass tube, the temperature of the tube from FEquation 2 is 99, 96° ¥,
This is only 0, 04° F below the air stream temperature,

When the temperature of the surroundings is maintained at
the air strcam 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 crror in the measuarement of
the alr sireaun temperalure resulled [rom radiation losses from the
unshielded resistance thermometer glass tube, A calculated cor-
rection would be difficult for such a case due to the difficulty in
assessing an offective temperature for the surrcundings. The addi-
tion of a gold foil radiation shield over the glass tube of the thermom-

eter has been shown to be one method of reducing the error to an

acceptable level.
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C. Nomenclature

Stefan~RBoltzmann constant = 0,173 X 10_&3 Btu/(sq ft, hr, 0R4).
QOutside diamecter of the thermometer tube, ft.

Heat transfer cocfiicient from the outside thermometar sur-
face Oby convection and conduction to the air stream, Btu/(sq ft,
he, “F),

Q

Thermal conductivity of the air, Btu/(ft, hr, F).

Nusselt number for the thermometer cylinder in the air stream
based on the fluid properties evaluated at the mean film tem-
perature = hdc/ka’ dimensionless,

Reynolds nummber for the air flow around the thermometer
cylinder based on the fluid properties evaluated at the mean
film tempe rature = dCUm/v, dimensionless,

Mean absolute temperature for the air film about the ther-
mometer cylinder, °F,

Absolute tempe rature of the surroundings radiating to the
termperature, °F,

Absolute tempe rature of the thermometer, °R.
Absolute temperature of the alr stream, °r.

Bulk velocity of the air stream, ft/sec,
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Emissivity of the outside thermometer surface, dimension-
less.

Kinematic viscosity for the air stream, sq ft/sec.
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PROPOSITION V

Iz is proposed that the long~half-lived radicactive wastes, for
which disposal is difficult, may be used as a heat source in producing
0il wells to reduce the viscosity of heavy oilg near the well-bore and

thug increase the production of these weills,

A, Discussion

Radioactive wastes are produced as fission products in nuclear
reactors. They are scparated and concentrated during the processing
of the fuel elements, Most of the isotopes have half-lives of less than
onc yecar, and their disposal is relatively ecasy. Strontivim-90 and
cesiurm-137 have half-lives of 28 years and 26. 6 years, respectively,
Therefore they arc separated from the others and their aqueous waste
golutions must be stored for more than 600 years, Snch storage is
also complicated during its initial stages by the transformation of
the radicactivity released into heat. This has prevented their heing
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 aquecous
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 some cation cxchange action so that the isotope froot 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

eluted when hreakthrough occurs if a water flood is being used,
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Nevertheless, some isotopes are fixed onto the clays and cannot he
removed, These are sufficient to form a significant heat source
around the producing well bore. The oil flowing through this section
ig therefore heated, The hotter oil has less resistance to flow in
this critical section of the oil well, Therefore the flow rate is in-
creased.

There are many points whkich must be considered in such an
operation. Une of these is the possibility of contaminating ground
water and thus introducing the isotopes into the human lifc cycle.
Since the oil remains trapped in the sands, however, one may assume
that it has little contact with the ground water, The well boures,
however, do provide contact with the ground water and adequate
casings would be required.

The elution of the isatopes is another problem, The returned
injection watcr would probably be concentrated and the solution used
for another 0il well, The contaminated breakthrough water would be
re-injected via the water flood, using the 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 problem, if any, with the elution of the isvtopes in the oil
rmust be investigated,

Thus a useful method for the disposal of the radicactive

wastes with long hali-lives has been proposed, If the process can
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be developed to meet the safety requirements of the Atomic Energy

Commission, the economics of the process would govern its use,





