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FOREWORD

An article entitled "Temperature Gradients in Turbulent Gas
Streams. Effect of Viscous Dissipation on the Evaluation of Total
Conductivity, " co-authored by E. C. Venezian and B. H. Sage, and
based on the material presented in Part I of this thesis, has been

accepted for publication by the "A, I. Ch. E. Journal. "



ABSTRACT

PART 1
Values of the total conductivity for air in turbulent flow were
originally reported without regard to effects of viscous dissipation.

The reported values were corrected for such effects by utilizing measure-
ments taken at the time of the original investigation. The total conductivity
obtained by taking into account dissipation effects was found to be indepen-
dent of the average temperature gradient with which measurements were

made.

PART II

The heat transfer characteristics from a 0. 00l-inch diameter
platinum wire in the boundary flow about a l-inch copper cylinder were
measured at Reynolds numbers, based on the cylinder diameter, of
about 1750, 3500, and 7100. The results are presented in terms of the
Nusselt number for the wire as a function of position for the three
Reynolds numbers investigated. Comparison of the measured Nusselt
numbers with values predicted from calculated velocity distributions
indicate that, in the vicinity of the cylinder wall, the Nusselt number
is not a unique function of the Reynolds number based on the wire

diameter.
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PART I
TEMPERATURE GRADIENTS IN TURBULENT GAS STREAMS
EFFECT OF VISCOUS DISSIPATION ON THE EVALUATION

OF TOTAL CONDUCTIVITY



P
INTRODUCTION

In the period from 1947 to 1956 a series of measurements was
made at the Chemical Engineering Laboratory of the California Institute
of Technology (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12)* to determine the
total viscosity and total conductivity of air in turbulent flow as a function
of the flow conditions. An additional objective was to obtain experimen-
tal data for an evaluation of the analogy between heat and momentum
transport proposed by Reynolds (13), and for various modifications of
this analogy (14, 15, 16). The present work consists of a supplemental
evaluation of the experimental data by taking into account the effect of
viscous dissipation in the calculation of the total conductivity.

Following von Karman (14), the total viscosity may be defined as:

E 7/ ' (1)**
" du/dy
The total conductivity is defined by a similar expression:
B ™ —:'l:— (2)
ot
“Cp 3y
From these quantities, the eddy viscosity and conductivity are defined

by the equations
€ =€ -v (3)

€ =€ -k ~ (4)

0

“Numbers in parentheses indicate references listed on page 30.

e 2o

" Definitions of the symbols used are given on page 32.
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The statement of Reynolds' analogy is usually (14, 16) expressed

by the equation

€, =8, (5)

In postulating the analogy between momentum and energy transport,
Reynolds (13) used equations which are not wholly consistent with
modern concepts; however, if these equations are interpreted at the

microscopic level a more proper statement of the analogy would be

Em:.YEC (6)

Since the modified analogies of von Karman and Martinelli are based
on equation 5, it appears reasonable to refer to this as the "modified

Reynolds' analogy, " and to reserve the name "Reynolds' analogy" for

equation 6.



.

EXPERIMENTAL METHODS

The experimental methods used in the determination of the total
viscosity and conductivity have been discussed in considerable detail
(1, 2, 3, 5, 6). To aid in the understanding of the analysis a brief sum-
mary of the equipment and methods is given.

A schematic diagram of the system is shown in fig. 1. The
equipment consisted of a closed-loop wind-tunnel formed by two
polished copper plates, A and B, 13.5 feet long and 13 inches wide.
The distance between the plates was approximately 0. 7 inches but
varied slightly with the experimental conditions (1). A blower, C,
with variable speed drive was used to supply air at various gross
velocities to the channel. Heaters and refrigeration coils, D, were
provided for conditioning the air prior to entry into the channel through
the converging section, E. Each plate was supplied with an oil bath,
these baths were independent, so that the temperature of the heat
transfer medium could be adjusted to give the desired temperature at
the upper and lower copper plates. Each bath was provided with a
thyratron-controlled immersion heater for fine regulation of the tem-
perature.

The upper plate was provided with two calorimeters, F and G,
for the determination of heat flux. The construction of these calorim-
eters, as well as their operation, is discussed in detail by Page (5)
and Cavers (6). In principle, the surface of the calorimeter was main-

tained at the same temperature as the copper plate immediately adjacent
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Figure 1:

Schematic Diagram of Equipment
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to it by proper adjustment of an electrical heater inside the calorim-
eter. The current and potential difference across this heater then
gave a direct measure of the heat flux.

In order to obtain accurate information on the temperature
distribution in the flowing stream, a platinum resistance thermometer
was provided. This thermometer could also be used as a hot-wire
anemometer for the determination of velocity profiles. A Pitot tube
was also used to determine velocity distributions over the central
portion of the channel, and served as a standard for the calibration
of the hot-wire anemometer. Figure 2 shows these instruments in-
stalled in the channel.

Besides the temperature and velocity distributions the data ob-
tained included the separation between the plates, the heat flux at the
upper wall, and the pressure gradient along the channel. The con-

ditions under which the tests were performed are listed in Table L

“Tables are presented on page 35.



Figure 2: Hot Wire Anemometer and Pitot Tube
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ANALYSIS

The total conductivity as defined by equation 2 is based on the
local heat flux which, in general, is not equal to the heat flux at the
boundaries. Since information on the local heat flux was not available,
this flux was originally assumed to be equal to the heat flux at the
upper wall (5, 6). The heat flux, however, is a function of position
if the viscous dissipation in the stream is considered.

The coordinate systems used in this analysis are shown in
fig. 3. For steady, two-dimensional flow which is uniform as regards
momentum transport and nearly uniform as regards energy transport,

the energy equation may be written as (17, 18):

dq _ — O
T = ¢ - o'Cpux—x (7)
where
oy, 2 2, 2 du, du,  duy
<ﬁ=1r1(—3Y +nzz axk(a"k+3x') (8)
i = i
i=l k=1

s
Since the temperature in the tests considered decreases with decreasing
distance from the lower plate, equation 8 may be integrated directly to
. . y _ ot
§=4,+ ) (-0CE, 5y (9)

% 9x
Yo

“Test 6] constitutes an exception to this statement. The modifications
required in the analysis, however, are minor,
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For the conditions of interest, it can be shown (19, 20) that

3 3
u. auk
-p u u = N ( ) - U (10)
X'y By z Z [ Bx Bx.
i=l k=1 Tk -
where
pu_  Bu E
9 ' uy L g ' o 12
LP-g;ﬂux( 5% +—8Y ]~ "5”.)‘7.‘ uY(P +Z iuj ) (11)
j=1

. . b4 aﬁx L R aﬁx _ a?

For the restricted case under consideration, the Navier-Stokes

equations may be written in the form

a(u_y_uz)
P ____ay = 0 (13)
LI :
= o(u_)
oP vy
SR =y 14
= " Py (14)
[]
op 2 ¢ 5 0 (15)

The derivation of these equations is available in the literature (17, 21)
for the case of constant viscosity. The extension to the case of variable
viscosity is immediate. When equation 13 is integrated with respect to
v, and the boundary conditions of zero velocity at the walls are used,

there is obtained

au, =0 (16)
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Upon differentiating equation 14 with respect to x, there results

- a(ul)
o] (BP)_ 0 v (17)
T By v ix _mp—ﬁy_

Since the flow has been assumed to be uniform and fully-developed, it

follows that

'8—XP—3—Y—':0 (18)

which implies that the derivative -g is independent of y. Making use

of this result, equation 15 may be integrated to give

ou
x r 1+ 9P
nTy——puxuy—ﬁy-l- TOb (20)
where
8?%{ :
Tty = (T]W ) (21)

Combining equations 12 and 20, there results

. . y 8-? auX — 5%
q=qa+5‘ [(TObfg};Y)—{j—g,-+¢-‘rCu -—-—}dy (22)
o]

Data for the determination of the local heat flux by equation 22
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is not available from the experiments of interest. However, there is
sufficient data in the literature to estimate the relative importance of
the terms of the integrand at a Reynolds number of about 50, 000. An
average value of the first term in the integrand, as obtained from the
data of Page (5), is 0.15 Btu/cu. ft. /sec. This term vanishes at the
center of the channel and assumes its largest value at the wall. The
local value of ¢ may be obtained from the data of Laufer (21, 22, 23)
the maximum value of this quantity is no larger than 0. 001 Btu/cu. ft. /
sec., and occurs close to the wall. The data of Mason (4) indicates
that axial temperature gradients of at most 0. 05 oF/ft. may be expected,
under these conditions the value of the third term in the integrand is
of about 0. 007 Btu/cu. ft. /sec.

From this data it is apparent that neglecting the last two terms
in the integrand in equation 23 would introduce an error no larger than
5%in the value of the integral. With these approximations, the value
of the local heat flux is related to experimentally determined quantities

by the expression

. y op 3ux
Q'qa"‘.g‘ (TOb+H)_87 dy (23)
Yo
= A, 4 (24)
where _
. ¥ 0P Bux
9 —S; (TOb Y )W dy (25)
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Equations 2 and 23 may be used for the calculation of the total
conductivity from the available experimental data. In the present case,
however, values of the total conductivity uncorrected for viscous dissi~-
pation
* =4

oc (3L )
p' 9y
were available, and the calculations were facilitated by rewriting equation

2 in the form

-q q
£ B, Al 2] (27)
T e (& 9y
p' 9y
q
=€ (1+ =) (28)
q

The quantity cllj was calculated by equation 25 using experimental
values of the velocity gradient and of the pressure gradient whenever
possible, When this data was not available, the velocity distribution was
assumed to be the same as that for tests at essentially the same Reynolds
number. The pressure gradient, when not available from the experiments,
was calculated from established correlations (10). The thermal flux at
the upper wall, c.la’ was available for all the tests used.

The values of the corrected total conductivity in the region
0.1 < y/yo < 0.9 are presented in Table II, together with the values of
the uncorrected total conductivity and of the factor (1 +4 EJ— ). Figure 4

q

qg.
shows the variation of the factor (1 + —J ) with position ifl the channel

9z
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Figure 4: Effect of Position on the Correction Factor
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for a Reynolds number

Re = (29)
vy/y0=0. 5

of about 54, 000, using the average temperature gradient, At/yo, as a
parameter. The variation of the maximum value of this factor with
Reynolds number and average temperature gradient is shown in fig. 5.

The data presented in Table II was smoothed with respect to
Reynolds number and position. The values so obtained, which represent
the average of values obtained at different values of the average tem-
perature gradient, are listed in Table III and depicted in fig. 6. Table
IV presents the standard error of estimate of the experimental data from

the smooth values. The standard error of estimate is defined as

N

Z (f | )
exp, i sm, i

i=1

g, = [ e ] (30)

2 1/2

Cavers (6, 11) reported values of the total conductivity in the

€E £
vicinity of the walls in terms of the parameter _TC —19 . This param-
eter is expressible as a unique function of
(1-)u
+ s "o -
¥ e (31)

provided the dimensionless velocity u/u* is also a function of y+

alone, and provided Reynolds' analogy holds with

y=Pr_ | (32)
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T
Values of the total conductivity parameter _TC -2 corrected

£

for viscous dissipation are given in Table V. Figure 7 shows the eiffect
of the distance parameter on the total conductivity parameter at the
upper and lower wall. The full curve shows the line of best fit to the
data corrected for viscous dissipation, and the dashed curves repre-
sent the line of best fit to the uncorrected data (11). Data for both upper
and lower walls is shown in fig. 8. The corrected and uncorrected
data are represented by the full and dashed curve, respectively. Table
VI records the coordinates of the lines of best fit to the corrected data,

and the standard error of estimate of the experimental points from

these lines.
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DISCUSSION OF RESULTS

Effect of the Correction on the Total Conductivity

The effect of the correction on the total conductivity can be seen
most easily by comparing the two parts of fig. 9. The upper part of
the figure shows results obtained at Reynolds number of about 54, 000
by neglecting the effect of dissipation on the heat flux. The total con-
ductivity appears to be a function of temperature gradient as well as
position, since the data at the average temperature gradients of 200 and
1000 oF/ft. differ by about 30%, which is larger than the experimental
uncertainty of 7% estimated from uncertainties in the individual measure-
ments (2, 3, 5, 6). The corrected values are shown in the lower part
of the figure, in this case no clear relation exists between the total
conductivity and the temperature gradient. Neither corrected nor un-
corrected values of the total conductivity appear to be symmetric
about the centerline of the channel, although the lack of symmetry is
less marked for the corrected results.

In order to obtain a definite measure of the average temperature
gradient on the values of the total conductivity, a complete variance
analysis (24) would be desirable, but unfortunately the data available
is not sufficient for such an analysis. Nonetheless, it is possible to
obtain a measure of the significance of the trends by making some
assumptions. Tests 196 and 197 are replicates of Tests 32 and 33 re-
spectively, as regards to Reynolds numbers, and these four tests are

at essentially the same average temperature gradient. These tests
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were therefore used to determine the significance of asymmetry and
it was found that at the temperature gradient of about 1000 0F/ft. the
asymmetry was not significant for either corrected or uncorrected
values of the total conductivity. The data, however, is not sufficient
to establish whether this result is applicable at lower temperature
gradients.

Since asymmetry is not significant at high temperature gradients,
and since the previous analysis indicates that the correction is nearly
constant near the center of the channel, it is reasonable to assume
that this effect is absent near the center of the channel. Making this
assumption, it is possible to obtain a variance analysis by considering
values of the total conductivity at y/yo = 0. 40 and y/yo = 0. 60 as repli-
cates. Such an analysis was performed, and it indicated that the effect
of temperature gradient is significant about the 1% level in the uncor-
rected results, but is not significant in the corrected results. Thus the
qualitative observations mentioned earlier are confirmed by this analysis.

In view of the foregoing discussion, it is of interest to eliminate
the asymmetry from the smooth values reported. For this reason,
Table VII and fig. 10, containing smooth, symmetrical values of the

total conductivity corrected for viscous dissipations are included.

Comments on Reynolds' Analogy

It is of interest to determine the validity of Reynolds' analogy,
as defined by equation 6, and of the modified Reynolds' analogy defined

in equation 5 in view of the corrections for viscous dissipation. Figure 11
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depicts the ratio of the eddy viscosity to the eddy conductivity corrected
for viscous dissipation, the ratio is given as a function of the position,
for four Reynolds numbers, and at a temperature gradient of about

200 °F/ft. In the preparation of this figure data of Page (5) was used
in addition to data presented in this work.

The eddy Prandtl number

Pr,. = | (33)

varies appreciably with position, and appears to vary somewhat with
Reynolds number. Figure 12 shows the average value of the eddy Prandtl
number as a function of the reciprocal of the Reynolds number. This

average was defined by the equation

1 0. 95 em -
(Pr.), = aL) (34)
“awe ’ 0. 05 Ec Yo

This somewhat arbitrary definition was necessary because the uncer-
tainty in the ratio becomes very large as the walls are approached, and
the ratio is indeterminate at the wall. This figure indicates that the eddy
Prandt]l number does not vary in a systematic way with Reynolds number,
and for all the measurements considered is within 10% of the molecular
Prandtl nﬁmber. This is probably within the experimental uncertainty
of the measurements.

It therefore appears that although the eddy Prandtl number varies

with position in the channel, on the average it satisfies the equation
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(P, )ave =Pr.. (35)

Approximate values of the average eddy Prandtl number obtained from
the data of Sleicher (25) for flow of air through a pipe are also shown in
fig. 12, and appear to contradict these conclusions. This discrepancy
is probably due to the fact that Sleicher neglected the effect of viscous
dissipation in calculating the eddy conductivity, this assumption leads
to a calculated average eddy Prandtl number which increases with in-
creasing Reynolds number (28).

Equation 35 is probably applicable to gases in general, but should
not be applied to systems whose molecular Prandtl number differs ap-
preciably from unity. The data of Isakoff and Drew (26) and of Brown,
Amstead, and Short (27) indicates that for mercury at Reynolds numbers
of the order of 500, 000 the eddy Prandtl number decreases toward

unity and is not independent of Reynolds number.
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CONCLUSIONS

The total conductivity based on the local heat flux has been shown
to be independent of the average temperature gradient, to within experi-
mental error. On the other hand, the values of total conductivity ob-
tained from the experimental data by neglecting the effect of viscous
dissipation depend on the average temperature gradient.

In practical applications, therefore, the total conductivity may
be considered as a function of position and of Reynolds number and the
heat flux may be evaluated with due consideration to viscous dissipation.
However, when temperature fields are to be calculated under conditions
which closely resemble the experimental ones, it is probably easier
to regard the heat flux as constant and to use values of the total con-
ductivity computed without regard to viscous dissipation effects, but
giving due consideration to the dependence of these values on the average
temperature gradient.

At Reynolds numbers between 9, 000 and 50, 000, the data indicates
that the eddy Prandtl number varies with position in the channel, but on
the average this quantity is independent of Reynolds number to within
10%. Under these conditions, the average value of the eddy Prandtl
number for air may be considered equal to the molecular Prandtl number

to within experimental error.
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NOMENCLATURE

Roman Symbols

C
P

f

Qe z =

olps

isobaric heat capacity, Btu/(lb. )(°F)
a function

distance fromlcenterline, ft.
distance from centerline to wall, ft.
number of experimental points
thermal flux, Btu/(sq. ft. )(sec.)

local thermal flux increase due to viscous dissipation,
Btu/(sq. ft. )(sec.)

pressure, lb. /sq. ft.
molecular Prandtl number = v /k

eddy Prandtl number = € _/e_

vg average eddy Prandtl number, defined in equation 34

Reynolds number

temperature, °F

temperature difference between the plates, °F
instantaneous local velocity, ft. /sec.

friction velocity = ('rO/p)l/2

Cartesian coordinate along the axis of stream, ft.

Cartesian coordinate normal to wall, measured from the
lower wall, ft.

distance parameter
separation between plates, ft.

Cartesian coordinate parallel to wall and normal to axis
of stream, {t.
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Greek Symbols

Y a constant

EC eddy conductivity, sq. ft./sec.

| total conductivity, sq. ft./sec.

Em eddy viscosity, sq. ft./sec.

. total viscosity, sq. ft./sec.

ul molecular viscosity, lb. sec./ ft. .

K thermometric conductivity, sq. ft./sec.

v kinematic viscosity, sq. ft. /sec.

P density, lb. sec. 2/ft. %

g specific weight, 1b. /cu. ft.

T standard error of estimate defined in equation

T shear stress, lb. /ft. o

7, shear at the wall, lb. /ft. .

¢ dissipation function, Btu/(cu. ft. )(sec.)

i turbulent energy transport function, defined in equation 11
Subscripts

a at upper plate

b at lower plate

exp experimental value

i, k dummy variables

sm smooth value

- in x direction

y in y direction

z in z direction
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Superscripts

time-averaged value

fluctuating component, difference between instantaneous
value and time-averaged value

* value uncorrected for viscous dissipation



~-35-

981

Ge8 *0-
L6Z %1
1800°0
9210°0

ooeLe

96 °09
9°¥%6

1°601

0°00T
L*Z1
8950 °0

¥

91

L322 0~
28T 91
¥10°0
Z2€L00°0

00TLT

£1°82
0°496

2°%01

0°00T1
L*21
1L50°0

0%

L6
gyt
9eE "1
8800 °0
911°0
00624
Z2°6L
0°0.
0°0€1
0°00T
€°0T1
8190°0

€e

856
65 °0-
18€ °*%1
8800 °0
G980°0
00%9¢
2°%9
0°0L
0°0€T1
0°00T
€°01
9290°0

i

sIoqurnN 38oT,

SNOILIONOD TVININWNIHMIdIXH

.uw\ho ‘quetpead eanjeroduwia) a8eISAY
*33°nd/ °qr ‘jueipeid einsseiqg

*ut*bs/ *q[ ‘uorjedo] @519A®I} JB SINSSII
I9jem uorioely Jy3rom

(°oos8)( °31 .wmv\zpm CXNTF [eUWIaY T,

Iaqunu sprouiay

*098/1y ‘43100104 s80ID

.ho ‘oanjexradwal 9jeld emorT

o.mo foanjexoduway ogerd xaddp

gt ‘oanjeraduwe) x1e Furuwroou]
37 ‘Uol}edO0] 2SIDABI]T,

°37 fsojerd usamjaq adue}sIg

Ayryuengy

‘I HTdV.L



02s
LT8% "o~
092 °%1
0TT10°0
2%20°0
8LG8T
0°0¢
€0°G8

96 *¥11

-G

0°001
1°8
86L90°0

o¥1

216
88%0 °0-
80¢ °¥1
G%10°0
L010°0
PGLL
921
6711
627°98
0°00T
gzl
80L50°0

19

819

9150 °0~
PLEPT

aT110°0

€110°0

2218

1°¢1

1€ °G8
86°%11
0°00T

g el

GZLS0°0

09

sIaquInp 389,

(penurjuo))

061 .pm\ho ‘quatpeif sanjersduwa)l 983BIDAY
629°1~ ®33°no/ °ql ‘juerpeild 2anssaid
801°%1 :S.Wm\opﬁ.QOEMUonmHm>dHuﬁmmasmmmnm

6€£10°0 I9jem UOLIORIF IYSTOM
94 10°0 (°008)(*35 °bs)/nig XNy TRWIAYL
00524 Iaquunu splouiay
€% °88 *098/ *33 ‘43100704 SE5OID
¥ °¥6 .ho faanjexaduwal 23eld I9MOT
1°G0T °d, ¢arnjeraduwag orerd xoddpn
0°001 ..,mo faxnjexaduus) xte Jurwoour
R °17 ‘UOI}BDOO] 98IDARL]
¥9G0°0 °17 ‘sojerd usamiaq 20URISI(
a4
fyrguengy
1 ITEV.L



=3 T=

029
G89 °1-
2€€°¥1
0110°0
84950°0

68999
€°%16
Gg1°g8
¥0°ST1
0°00T
1°8
05.50°0

Svl

029
G128°0-
68¢ °¥1
6010°0
12%0°0

82glE

2°09
€0°98

G6°FIT

0°00T
1°8
06,50°0

12 a!

819
6GLL°0-
982 °¥%1
G600 °0
11%0°0
S119¢
9°LS
S8 °%8
¥0°S 11
0°00T
§°21
62850 °0

eVl

618

€9¥%2 *0-

G8Z°%1

6210°0

€¥20°0

12881

0°0¢

28 °%8
¥0°ST1
0°00T

G°2Z1

G2850°0

71

sIaqunp 389J,

(penurjuon)

.ﬁ\ho ‘Juatpead sanjeradwra) afeISAY
®33*no/ °qr ‘jueipeald sanssord

*ut*bs/ °q[ ‘uor}edO0] 985I9ARI} JB BINESSDI
I9jem UOTIOBIJ JYIToMm

(°oos)(®33*bs)/mig ‘xmyy [ewrILY],

Iaqunu sproukary]

*098/ *33 “A310079A ss0ID

°q  ‘sanjexradwaj oje(d xomorT

o

o,mo ¢aanjexaduwag a3erd xaddn

ormo ‘oxnjeradura) xte Surwrooug

°17 ‘UOTI3}EBD0] 9SI9ARIT,

°15 ¢soje[d usamjaq aduelsiqg

Aryuengy

°I ITAV.L



-38-

Z00T

062 °%1
¥600°0
8E¥0°0

99LL1
9°L2
Z0°0L
86 °621
0°00T
9°01
€8650°0

G61T

019
£€620°0-
LEE T
9600°0
10600°0
6909
8°6
01°98
L8°FT1
0°00T
1°8
€€850°0

8F%1

219
1€€0°0-
61€°%1
L800°0
¥€600°0

1199
¥°01
¥0°98

88 °¥I1

0°00T
G°Z1
€€850°0

L¥T

809
vis°1-
8LE°¥1

6800 °0
LES0®0
089%4
8 °98
€9 °G98
L0°GTT
0°00T1
G°21
G1890°0

9%1

sIoqump 3837,

(penurjuoD)

dw\ho ‘guatpead aanjeradwa) aBeioAy
*33°n0/ °q1 ‘juerpeld sanssaid
J&ovm\oﬂﬁ.Goﬁdooﬁmmhm>MHaﬂwmhﬂmmmh&
I91em uotjdeI] WYSToMm

(°0os)(®3°bs)/n3g xnly rewrrIay],

Iaqunu spiouday

®008/ °)7 °£3100794 sSOID
faanjexaduua] aje[d TomoOT

Ormo

..,mo faanjexaduwral ajerd xeddn

", foanjeraduwa) xte Jurwaodur

°17 ‘U0TI)EOOT 98IJABI],

%11 fsojeld usamjaq aduelSI(J

Ajryuengy

‘I ITLV.L



]
o~
o

I

L6¥

61€°%1
€600°0
L8€0°0
9LYLE

€°LS
00°58

00°ST1

0°00T
9°01
Z2%090 °0
661

667

€¥Z °F1
0800 °0
§250°0

89565

6°58
00°58

00°G 11

0°00T
9°0T
L1090°0
861

7001

2927 °%1
0L00°0
€L0T°0

LG9G§

1°98

10 *0L

¥2°0¢1

0°00T
9°0T
00090 °0
L61

€66

0LZ*%1
€010°0
L9L0°0
¢Eele
1°LG
20°0L
2o°0¢1
0°001
9°01
Z¥090°0
961

sIaquunp 389

(penurjuo))

.um\ho ‘quatpesd a2anjeradwal 93 IDAY
®33p°no/ °q[ ‘jusrpeid sanssord

*ur °bs/ °q[ *uor}edO] 9SIDABI) JB DINESIIJ
I93eMm UOT}ORIF IYITOM

(®oos)(®3°bs)/nig *xnyy rewrrayy,

Ioquunu splouday

°c98/ %37 ‘43100794 880ID

a5 f¢asxnjexedwe)] ojerd remorT

(o]

-r.Ho faanjexadwel ayerd xoddn

o,mo ¢aanjeradwe] 11e Surwroouy

°17 fUOT}EDOT ©8IDABI],

°11 ®sojeld usamjiaq aouelsIq

A1yueny

°I ITIV.L



-40-

. ¢ d
05 96% um\ho juaipead aanjeradwa) adevIdAy

- - 33 'no/ °q[ ‘juatped eanssaid

792 "¥1 9¥%2 "¥1 ‘ut .Um\ *q[ ‘UOl1j}BOO] 2SIDABRI} JB DINSSDIJ
0210°0 9110°0 I9)BM UOTIORIJ JYS1am
S800°0 0220°0 (*o@s)(3y'bs)/mig ‘xn[y [ewIay]

0909 Z¥e81 Toqunu sproukay

S°6 7°82 098/ *33 ‘43100794 88010

00 "98 00 °S8 e o8 ‘oanjexadwia) ajerd 1emorT

00°9T11 00°STIT .ho ‘aanjexadwa] a3erd xoddn

0001 0°00T ‘g, ‘eanjeradway ite Furwoou]

901 9°01 ‘17 ‘UOI}EDO] 9SIDABRL]

05650 °0 06090 °0 33 ‘seojerd usemioq 2ourISI(]

102 002

sIaqump 3597J, Aryuengy

(pepniouo)d) ‘I 2IqEBlL



)

8% °6¢ ¥00°1 1€°6¢€ GZ°%¢ 800°1 ¥6 °8¢ 22°%6¢ €20°1 ¥€°8¢ 06 °0

22°69 $00°1 86 °89 $8°19 800°T €v 19 89 *¥9 GZ0°T1 GE°€S G8°0
¥ °¥9 S00°T1 01°%9 81°09 010°T 85 °65 92°¢9 S20°1 ZL°19 08°0
S§1°99 G00°T €8 °¥%9 65 °€9 010°1 96 °29 28 °99 920°1 S1°%9 GL°0
G0°19 G00°1 GL°09 66 °29 010°1 €6°19 28°69 920°1 S1°%9 0L °0
€1°LS G00°T §8°99 06 °89 010°T 2€°89 29°19 L20°1 06 °65 §9°0
81°¥%S G00°T 16 °€S 66 *€S 010°1 9% °¢cg SS °¥S L20°1 21°¢s 09 °0
¥z °25 S00°T 86 °19 0L °6¥ 0T10°1 12°%% L8 °8% L20°T1 6S°L¥ §5°0
8E°1S G00°T Z1°1§ 78 °8% 010°T ¥¢°8% ¥8 °9% LZ0°1 19 °S¥% 05 °0
8" 19 S00°T Z1°1§ ¥9 °09 010°1 $1°09 L9°L¥ LZ0°1 ¥ °9% S¥%°0
€9 °2S S00°T XA A] Ly €S 010°T ¥6°2S 61°09 L20°1 L8 °8% 0% °0
0% °q§ S00°T 21°6¢9 91°LS 010°1 65 °95 0L °¢S L20°1 62°29 G£°0
10°69 S00°1 2L°8S #5°09 010°T ¥6 °6S 61°LS LZ0*1 69 °SS 0€ °0
€9 °29 G00°T 2€°29 1%°€9 010°T 8L°29 96 °6S 820°1 €€ °89 gZ°0
¥8°19 S00°1 €5°19 96 °09 010°T1 9€°09 1€°6S 620°1 ¥9 °LS 02 °0
T€°2S S00°T G0°29 82 °¥9 0T10°T ¥L°€S 89 °8% 0€0°T 91°L¥ G1°0
8118 900°1 €6 °0% 21°¢¥ Z210°1 19°2% 19 “¥¢ 1€0°T LS°¢g 01°0
umm\m.ﬁ N uom\Num uom\mu.« . uwm\mpm umm\mum . UOm\Nw_m
D wu O O wu o= o= W oo (o]
5 01% 3 T+ OTm_ 3 01X 2 T +1 50T%, 2 ;01% 2 me.H JOI% 3 L2
G6TI59L 002 353L | 0% 3881

ALIAILDNANOD "TVIOL A0 SHATVA AILDAYYOD ANV AALDIYIOONN °II TTV.L



GL°%6 610°1
6°611 120°1
L*21 120°1
Fo6¥1 220°1
0°%T1 2201
%01 220°1
¥°90T €20°1
6°001 €20°1
1°L6 €20°1
0°06 €20°1
1°101 €20°1
0°GT1T €20°1
Z2°021 €20°1
0°2¢1 €20°1
9°LTT ¥20°1
L°S01 GZ0°T1

08 *%6 920°1

o

86 °26
L¥LIT
01°%21
02°9%1
25111
81°L01
¥0°%01
L9 °86
¥6 °¥6
€0°88
98 °86
L Y1
67 L1T
00°621
08 °¥11
91°¢01
1¥°26
UMm\Nﬁ

—

2°06
2011
z°2z1
09921
¥eG11
6°201
€°L6
G °¥6
G°¢6
9 °%6
L°66
1°80T1
L1}
¥°021
8°GTI
€°%01
9Z°%L
UMm\mum

oHNuw
¥

Z¥0°1
¥¥0°1
9%0 °1
L¥0°1
8%0°1
8%0°1
6%0°1
6%0°1
6%0°1
6%0°1
6%0°1
6%0°1
0S0°1
050°1
150°1
€90°1
960°1

e

o

Tt

o'

66T 3S9.L
1 ATEV.L

(penurjuon)

09 °98
€9 °G01
18°911
G6°021
LO®0TT
81°86
¥L°26
01°06
60°68
61°06
90°96
807€0T
90°211
L9 %11
F1°0T11
L0%66
ze°oL
uwm\mﬁ

UI
]
SOIX,

19 “08
9°G01
T°€TT
L°¥TT
8°60T
L5001
€°€0T
€°001

E¥ 86

€0°86

1L °86
8°00T

L°%01
¥°801
9°L0T
¥°001

1L°18

uwm\mum

bo T
X 3
ﬁOH

121°1
821°1
EE1"1
9¢1°1
6ET®°T
0F1°1
P1°1
I71°1
5 2 S
171°1
P11
¥1°1
£F1 %1
9%1°1
6¥%1°1
€911
191°1

16°1L
L9°¢€6
¥8 °66
96 °001
L9 °86
15 °¥6
0G °06
06 °L8
L2°98
G6 °G8
19 °98
0¢ °88
29°16
89 %6
L9°%¢e6
S0°L8
8¢ 0L
uwm\mﬁ

U-l.
3
OHN%

06°0
§8°0
08 °0
SL°0
0L °0
G9°0
09 °0
s °0
0§ °0
g% °0
0% °0
ge®o
0€°0
§2°0
02°0
G1°0
01°0

K/ &



1

o0

Ay
1

FLZT
01°591
L4
2°6L1
9°0LT
0°8S1
8°¥1
9%LET
0°s¢1
9°8¢€l
9°9%1
8°LG1
BYILY
L°181
¥oSL1
0°991
6°221
umm\mum

oﬁxow
¥

060°1
S60°1
660°1
101°1
€011
€01°1
$OT°T
FOT°IT
¥01°1
$01°1
¥OT1°1
GOT°1
901°1
LOT®T
60T°T
eIT*1
LIT*t

B

eg?

4W.+H

86T 318°2L

GO°LTI
¥9 *1¥1
$0°8G1
€L®°291
¥9°941
62°¢H1
90°2¢1
65 °%21
97°221
29°921
GL°zZ¢eT
78 °C¥1
8€°GG 1
GT°991
L1°8S1
62°0%1
Z0°0T1
uom\mﬁ

U.I.
X 3
LU

6°2¥%1
8°cL1
2°061
9°681
6°6L1
1°281
9°%E¥I
0°%¢€T
G%¢€T
9°0%1
1°6¢1
1°L%1
€°691
8°%S1
L°8¥%1
$°8¢€1
€°¢21
umm\mﬁ

O
X 3
on

$82°1 k2™t
10€°1 LG €ET
gIE*Y 86 °F¥1
61€°T LL°EVT
$2e°1 88°G¢T
LZE®Y 29I
82€°1 I1°801
62¢°1 99 °%01
0ge°1 16 °%01
0£€”1 69°G01
0€€"1 96 °F01
1€€°1 GG °0T1
Pee’1 17°911
BECT ZL°GT1
PPe°T L9°0T1
PGl A A
69€°1 90 °06
. umm\mﬁ
° D=
.w.+ﬂ 5012
¥ 359L
°II ATdV.L

(penurjuo))

92°¢8

TG LT
6°811

G%TT

0°TT11
9°001
0°66
0°€6
0°¢6
L°%6
Z2°86
€°%01
9°%11
7°811
9°2¢11
6°001
PeoLL

umm\mﬁ

¥

O._”u_nUW..

120°1
220°1
€20°1
$20°1
$20°1
$20°1
$20°1
$20°1
$20°1
$20°1
G20°1
G20°1
G20°1
G20°T
920°1
L20°1
820°1

e

e g

T +1
b

96T 383 L

w

LG °08
69°601
L2911
L9111
¥¥°801
827 °86
€L °26
LL®06
8L °06
L¥°26
28 °96
8L°101
18°111
PG°GT11
2L°%601
LZ°86
¥e *aL
omm\mﬁ

UI
3
QL%

06 °0
G8°0
08°0
GL°0
0L 0
59 °0
09 °0
G5 °0
05 °0
S%°0
0% °0
S€°0
0€ °0
SZ°0
02°0
S1°0
01°0

o>\>



-44-

€Al
7191
€181
9 LAl
17991
181
‘8¢1
‘0¢T
"ZET
LET
b
ST
991
2Ll

9 TeLl

6891

T4
umm\muw

N < O I~ = ™ ~ <H

o

oﬁxow
¥

¥¥0°1
9%0 '1
8%0 1
6%0°1
050°1
0601
160°1T
190°T
160°1
190°1
16071
260°1
280°1
250°T
€60 °'T
§50°1
LS0°T

®p
=41
s

L6T 3891

L2211
P PSI
L62L1
€2 691
12 °891
LT FP¥I
28 "1¢1
68 €21
1L 62T
00°T€T
00 "8€T
88 "L¥1
8¢ "LGT
9€ "¥9T
88 "¥91
08091
8L°9T1
umm\mum

Ul|
E}
¢on*

(pepniouoD)

0°9%1
L €%l
€Ll
6891
27791
Geqtl
€Il
8 €€l
8 I¢l
9 "OEl
6°S¥I1
L 09k
62L1
¥'8L1
0°'¥%81
G891
2°%¢el
owm\mum

oﬁxuw
¥

Z¥0°1
¥H0 "1
9%0 "1
L¥0 T
8%0 ' T
8%0 ' 1
8%0 1
6¥%0 1
6¥%0 "1
6%0 ' 1
6¥%0 "1
6%0 "1
6¥%0 "1
060 °T
1601
2601
#G0 1
®b
.JVZ

€g 59

‘II A" TdV.L

Z°6¢€l
€ 98T
L %91
€191
L 98T
S '9%1
B Pl
9°L21
9921
T1°0€T
G6¢€l
cERl
8'%91
6°691
T gLl
L'0ST
E"Le1
uom\mum

HNUW
*o *

06 °0
80
08 "0
GL"0
0L 0
690
09 °0
5 °0
050
S%°0
0% "0
S€°0
0€°0
GZ°0
020
GT°0
010

o>\>



.uom\ 17 "bs utr passoadxe Aj1a1jonNpPUOD Telor,

L '¥P1 €021 696 8 0L €'6¥ LY1IE 081 06 °0

L8LT 9°6¥%I1 G021 906 0°09 8 €¥ ¥°L2 G8°0

€ F61 1°€91 0°2¢T 0°00T ¥°L9 009 G'z¢e 08°0

¥°961 9°G91 L ¥l 0°¢0T 9 0L ¥€g 0°9¢ GL0

L 281 € PS1 6°G21 896 0°L9 2°19 ZaE 0L°0

L'991 ¥ 0%1 T°'G1T 1°68 9°29 9 '8% ¥ ¥e 690

€ PG1 6°0€T G°LOT G'¢8 6 "8G 6°S¥ 8°2¢ 09 ‘0

2 L%l 6°%21 G201 9 6L 799 8 ¢c¥ i B GG 0

0°9%1 8°¢71 S 10T 9°8L €99 6°2¥ ¥ o¢ 0S °0

% ¥ 8%1 L°921 0°€0T 9 "6L 8°G9 Z°¢ ¥ 0¢ S¥°0

: 2651 PrIetT 9°L0T Z7°'¢8 7°8S 0°'S¥% 9°1¢ 0% ‘0

9°L97 L*T%T L'STI : 1°68 0°29 9°L¥ 0°¢€¢ Ge'0

8'6L1 8 IGT LgZ1 6 V6 9°99 0°0S 7 %€ 0€°0

0°L81 L°LST - 6°871 ¥ 86 L°L9 G 16 0°S¢ 620

9 €81 S PST €621 796 8 '%9 9°9% T*Z2¢ 0Z°0

0°991 1°6€1 2 e 9°%8 ¥ 99 ¥o1v €92 S1°0

5-0LX 6°FEL . OTX G ZIT . 01X 0°06 5-0T X 0°L9 p-0l X ¥°€¥ . 01X 0°I¢€ 5- 01 ¥ 7781 010
000 ‘09 000 ‘0§ 000 ‘0¥ 000 ‘0¢ 000 ‘02 000°ST 000 ‘0T

Iaqum) splouday , o>\>

NOILVJISSIA SNODSIA Y04 AELDOTYIOD L,ALIALLDNANOD TVIOL FHL 40 SENTVA HLOOWS ‘III TEV.L



-46-

TABLE IV. STANDARD ERROR OF ESTIMATE OF THE DATA
CORRECTED FOR VISCOUS DISSIPATION
FROM THE SMOOTH RESULTS

Test o, X 104
ftz/sec
40 4,14
200 2.23
195 2,30
41 10.92
199 6.12
32 . 8.40
196 7.14
44 11.15
198 Tud 2
33 3.25

197 6.48
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TABLE V. CORRECTED VALUES OF THE TOTAL

CONDUCTIVITY PARAMETER, E:—K__c_ll_o

Upper Wall Sewer Wall
+ EC 10 + E(:, £0
7 *T 7 * T
Test 60 0.25 1.00 0.27 1.00
0.51 1,00 0.54 1,00
0.76 1.01 0.81 1.01
1.02 1.01 1.08 1.01
1,27 1.01 1.35 1.01
2.20 1.02 2. 70 1.02
5.10 1..05 5,38 1.04
10. 26 1.61 10. 70 1.60
15.46 2.56 16.00 3.52
20.67 4,33 21.31 6.13
25. 87 6.48 26. 60 7.86
Test 61 0.26 1. 00 0.25 1.00
0. 52 1. 00 | 0.49 1.00
0.79 1,01 0.74 1.01
1.05 1.01 0.98 1.01
1.31 1.01 1.23 1.01
2.61 1.02 2.46 1.02
5.21 1.11 4,94 1,04
10.36 1.78 9. 93 1,24
15.49 B 0L 14. 96 2.48
20.62 4.95 20,00 4.46

26.19 6. 94 25,04 2493



Test 147

Test 148
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TABLE V.

Upper Wall

+
.y.

0.21
0.40
0.63
0.84
1.05
2.10
4,21
8.47
12. 76
17.05
21.35
32.13

0.19
0.38
0.58
0.78
0.97
1: 95
3.92
7.85
11.83
15,80
19.80
29.80

14
1.
1.
.01
.01
.02
.05
. 24
. 86
. 60
.01
« 19

O G W e = e e

o I 7 B o B R e e e e o A =R

€
—c
K

(Continued)

2
s
1

00
00
01

. 00
. 00
.01
.01
.02
.06
« 18
« 50
.94
. 50
.36
.35

Lower Wall
i Ec 10
* * T
0.22 1.00
0.43 1.00
0.67 1.01
0.89 1.02
1.12 1.02
2.23 1,08
4,46 1,34
8. 87 1.73
13. 26 2.28
17. 64 2.96
22.01 3.94
32.90 7. 50
0.21 1.00
0.40 1.00
0.62 1.00
0.83 1.01
1.04 1.01
2.07 1.02
4, 14 1. X2
8.25 1.53
12,30 2,08
16.36 2.93
20,41 4,21
30,52 8. 59
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TABLE V. (Continued)

Upper Wall Lower Wall
+ 2 "o + £ 1o
7 *T y * T
Test 40 10.72 3. 71 10. 88 2.49
21.47 7. 70 21,73 4,67
32,24 11,59 32.60 8.16
Test 140 0. 57 1.00 - -
1.14 1,01 1.21 1.01
Ls 71 1.01 1,82 1.02
2. 28 1.01 2.42 1.03
2+85 1.01 5.02 1.06
5.72 1.05 6.03 1.49
1l. 50 1.92 12.01 2.43
23.10 5, 19 23.92 6.15
34,74 11.25 - -
Test 141 0.57 1.00 0.61 1.01
1.14 1.01 }.2a 1.01
1. 71 1.01 1.82 1.02
2 29 1. 01 2.43 L.G3
2. 86 1.01 3.04 1.07
5.74 1. 35 6.06 1.34
13.52 2.10 12.06 2.36
23,17 4,47 24. 85 6.43

34.85 8.02 - -



Test 41 12
21+

Test 143 1.

2

3.
.07
. 10
10.
20.

Test 144

(=TT T O TV

TABLE V.

+

y

66
13

01
03
05

24
5T

.02
.04
Y
.10
s 13
3
.70

£
K

<5l

(Continued)

Upper Wall

2.94
6. 07

1,01
1.01
1.03
1.04
1.06
1. 99
4,81

1.01
1.01
1.02
1.04
1.05
i, @
4, 68

£
o
x5

Lower Wall
Y+ = 10
Kk T
12. 86 2o 1T
21,44 4.50
1.08 1.08
2.16 1,09
3.24 1:09
4,31 i 110
5.39 1,12
10.73 1.94
21.36 7.58
1.09 1.08
2ol 1.:08
3. 26 1.08
4,34 1.10
5.41 127
10.79 2. 60
21.49 6. 52
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TABLE V. (Concluded)

Upper Wall Lower Wall
+ £ !o + Ec !o
3 * T 5 * T
Test 145 1.46 ) L | 1.56 1.18
2,93 1,02 3.12 I.18
4,41 1.03 4,67 1:.23
5.88 1.04 b.. 21 1..52
735 1.06 7. TH 1.96
14. 82 2. 95 15.45 5.06
29.74 9. 11 30,82 10. 58
Test 146 1,41 1.01 1. 50 1.18
2,82 1. 02 3.00 1.18
4,23 1.03 4.49 o I
5.65 1.04 5.98 1,19
7.08 1.06 7.46 1.69

14.15 Z.94 14,87 4,92
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TABLE VI. SMOOTH VALUES OF THE TOTAL
CONDUCTIVITY PARAMETER, CORRECTED
FOR VISCOUS DISSIPATION

Distance Total Conductivity Parameter
Parameter

Y+ Upper Wall Lower Wall Mean
1.0 1.010 L, 015 1,015
2.0 1.:035 1.050 1.050
3.0 1.080 1.100 1.100
4.0 1.135 1.165 1.165
5.0 1,205 1.250 1. 250
6.0 1.290 1.365 1.360
7.0 1,385 1.500 1.495
8.0 1. 500 1.660 1. 645
9:0 1.630 1.850 1.810
10.0 1.780 2.050 1.995
11.0 1.945 2,255 2.185
12.0 2.140 2.465 2.390
1550 2.340 2.670 2. 595
14.0 2.560 2.885 2.820
15.0 2.795 35 120 3.060
16.0 3.065 3.370 3.320
17.0 3.3175 3. 640 3.595
18.0 3,745 3,925 3.890
19.0 4,140 4,235 4,215
20.0 4. 540 4.560 4,560
21:0 4,945 4,945 4,945

o 0. 5581 0.6021 0.5854



.uom\ *17 *bs ut pessaxdxe AJTAT}ONPUOD 1eloL,,

08 "6¢€T 6€°911 86 ‘26 26 '89 R 47 ¥E 1€ L1 81 80

9¢ °2ZL1 9€ ‘¥¥1 9€ 911 8G "L8 6189 79 '2¥ 88 °97 L0

. ¥6 881 08 °891 89 "821 0L L6 6099 ¥E 6% 0% "Z¢ 9°0
i TL 161 69 "191 6S 1€ 69 "001 ¥1°69 ¥¥ 28 ¥G ‘G ¢ S0
€2 181 $0°€G1 ¥8 '¥Z1 ¥8 'G6 92 '99 89 09 2L e ¥°0

29 '991 011 0% ST1 ¥1°68 0€ 29 L0 8% 89 ‘g€ €°0

08 "PS 1 0Z "1¢€1 09 "LOT $€ €8 LS '89S 9% ‘G ¥ 81 °2¢ Z2'0

8L LY 87 °GZ1 9L 201 29 ‘6L 00 "9 8% "¢¥ 78 °0¢€ 1°0
50l X TO°9PT . OTXLL €T . 0T 25°10T ;. OI*G9°8L . O0IXTe'ss . OIX%6°2% . OI*%%'0€ 0°0

000 ‘09 00005 000 ‘0% 000 ‘o€ 000 ‘02 000 ‘ST 000 ‘0T

Iaqum) splouday
NOILVJdISSIA SNODSIA ¥0 4
QILOTYHOD L,ALIAILDNANOD TVIOL EHL J0 SHNTVA TVOIILIWWAS ‘HLOOWS ‘IIA TdVL



-54-

PART I1
THERMAL TRANSFER FROM SMALL WIRES IN THE

BOUNDARY FLOW ABOUT A CYLINDER
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INTRODUCTION

The problem of heat transfer from small wires is of particular
interest because this transport phenomenon is the basis for the techniques
of hot-wire anemometry (1, 2)*. The determination of temperature in
regions of large temperature gradients also requires knowledge of the
heat transfer from small wires (3,4). Although the heat transfer from
wires in boundary flows is of particular interest, no systematic research
has been done on this problem, and it is usually assumed (1, 2) that the
heat transfer from a wire is dependent only on the local velocity of the
fluid stream.

It appears, however, that this assumption is not valid. Recent
work on the boundary flow about spheres (3, 5) has. indicated that such
an assumption is not valid in three-dimensional flows, probably due to
flow parallel to the wire axis induced by the three-dimensional gradients
(3,5). A mathematical model (6) predicts that in two-dimensional
boundary flows the heat transfer from a wire will depend on the local
velocity and on the ratio of the distance between the wire axis and the
wall to the wire radius.

In order to gain some understanding of the phenomenon of heat
transfer from small wires in boundary flows an investigation of the heat
transfer from a 0.00l-inch wire in the forward half of the boundary flow
about a l-inch diaz;neter cylinder was undertaken. In this investigation

the wire was maintained parallel to the axis of the cylinder, so as to

*
Numbers in parentheses indicate references listed on page 120.



.

retain as much as possible the two-dimensional character of the flow.
Furthermore, the cylinder was maintained at the same temperature

as the air stream so the flow was nearly isothermal. It is hoped that
the results of this study can serve as a basis for comparison for future
work treating non-isothermal and three-dimensional flows, so that

eventually some understanding of the problems involved may be obtained.
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THEORY

The problem of convective heat transfer from bodies immersed
in a fluid can be approached by considering the equations of continuity,
momentum, and energy. These may be written respectively in the

form:

Do _ , o *
Sp =-cV- T (1)
Du d, ou ou

i __ 8P\ @ i i 2 -
P pg = Fiex,t Jﬁii[n(é?j*ﬁii“gaijv' “)1 (2)

j=1 i
i=1 2, 3

DE DV | _ R

O'[Tj-g—‘[‘Pm_'—‘v Cl+¢ (3)

If these equations could be solved simultaneously for the boundary and
initial conditions of the physical situation, and using the equations of
state of the fluid under consideration, a complete description of heat
transfer in boundary flows could be obtained. Solutions of this type are
extremely difficult to obtain even when the differential equations are
simplified and the properties of the fluid are expressed in terms of
elementary functions of temperature and pressure.

It is possible, however, to obtain solutions to approximate
equations of transport, and these are useful for purposes of compari-
son with experimental data. Since these solutions are discussed in detail

in the literature, only the main results will be mentioned.

* :
Definitions of the symbols used are given on page 122.
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Description of the Flow Field About a Cylinder

For Reynolds numbers large compared to unity it is customary
to divide the flow field into two regions (7, 8), in the outer region or
core the fluid is considered to undergo potential flow (9) whereas in the
inner region it is assumed that the flow is governed by Prandtl's
boundary layer equations (7, 8, 10) which are an approximation to equa-
tion 2. The solutions are well-known for the case of a cylinder in an
infinite stream.

In the region of potential flow the tangential and radial velocity
components are given respectively by the equations

2
T

ul-IJP =U_ (14 ;.; ) sin (4)

A
T

= Ul - r_g) cos | (5)

From these equations the magnitude of the velocity is found to be

ri Zri 1/2
Iulszoo(1+_¢I+__2_C°S 21) (6)
r r

In the boundary layer, the velocity components are expressed
in terms of non-elementary functions:

df, gdfy ¢ g4

uq,b:ZUmWaﬁ‘;‘r*ET*B—n‘l“ani"“) (7)

2U
2 1 .4
urbzm_e(;%/z(fl—2¢f3+z¢f5-...) (8)

where
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2 =(Z - 1re)/? (9)
(0]

The functioas fi and d.fi/d.Q are available in the literature (7, 8).

Heat Transfer From Wires at Low Reynolds Number

When the dissipation function, ¢, is negligible and the fluid

properties are constant, equation 3 may be written as

2
-Vt=$vt (10)

—
u

This equation can be solved in closed form if it is assumed that the
velocity is constant in the flow field. This approximation, which cor-
responds to Oseen's approximation for the case of momentum transport
(11), has been solved by Cole and Roshko (12). Under these conditions

the Nusselt number is given by

Re Pr
< I(——)
Nu = 2 Z g 2 e (11)
= e

Piercy, Richardson and Winny (6) have obtained a solution of
equation 10 assuming the flow field is that of potential flow in a region
bounded by an infinite flat plate and a cylinder, with the flow at infinity
parallel to the plate, The temperature of the plate was the same as
that of the approaching fluid. The solution to this problem is not ex-
pected to apply at values of the Peclet number, Re Pr, larger than

unity, or when the distance between the wire and the plate is of the
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order of one wire diameter. Within the limits of applicability, the
solution agrees fairly well with experiment (6). Figure 1 shows the

predicted dependence of the Nusselt number on the Peclet number and

distance from the cylinder.



NUSSELT NUMBER

-]~

!
\\ B’ =1.0 ,
1.0
| |
\ i '
0.8 ?
\L , 0.5
0.6 T
\\___ i 0.2
0.1
0.4 ]
.\1_______ 0
0.2
10 20 30 40 50
RELATIVE RADIAL POSITION 2(r-ry)/d,
Figure 1: Nusselt Number for a Wire Near a Flat Plate (6)
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SOME PRELIMINARY CONSIDERATIONS

Definitions of Reynolds Number

Many definitions of Reynolds number have been used in the
literature (7, 8,13,14). In the present discussion the term "Reynolds
number" is used to denote the Reynolds number based on cylinder

diameter and free-stream conditions, as defined by the equation:

2r U _p
PO . (12)
(o] LT

The Reynolds number based on wire diameter, local velocity,
and properties of air at free-stream conditions is referred to as "wire

Reynolds number." It is defined by the equation

= w
RE, - (13)

Definition of Heat Transfer Coefficient

The heat transfer coefficient is usually defined as the ratio of
a heat flux to a temperature difference. For the present case it is
defined specifically as the ratio of the electrical power dissipated in
the wire, per unit area of wire surface, to the difference between the
mean temperature of the wire as determined from the electrical re-
sistance and the free-stream temperature:
9e

h = (tw‘_too)'”d&f i
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Definitions of Nusselt Number

For any given conditions, a general definition of Nusselt number
can be given in terms of the expression:

hdw
Nua = o (15)
a

The subscript a in equation 15 is used to indicate that the thermal
conductivity of th¢ fluid, ku.’ is evaluated at a temperature to.’ which
is a function of the temperatures tw and too and is selected so that
the Nusselt number defined by equation 15 depends on only one param-
eter. The use of such composite temperatures, tu’ results from the
empirical observation that the Nusselt modulus based on free stream
conditions depends not only on the wire Reynolds number but also on
the temperature difference between the ‘wire and the free stream.

This dependence arises from the non-linearity of the equations which
govern the transport.

The definition of t, asa function of the variables t and L5
is not unique (13, 15) since it depends on the specific parameter used
for purposes of correlation. Thus if it is desired to obtain a relation
between the Nusselt number and the wire Reynolds number based on
properties at the free-stream temperature the dependence of tu on
tw and tee will not be the same as that obtained by correlating the
Nusselt number with a Reynolds number based on properties at some
other temperature, such as the mean wire temperature.

In order to maintain a close correspondence between the quan-

tities measured in the laboratory and the parameters derived from
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them, the Nusselt number based on free stream conditions was used.

This quantity is called "experimental Nusselt number, " and is defined

as
hdw
Nue = (16)
(o)
Since, however, the experimental Nusselt number was found to
*
vary with wire temperature, and "adjusted Nusselt number, " Nu , was

defined. This is the Nusselt number that would have been measured
if the experimental conditions had been a wire temperature of 150°F.
and a free stream temperature of 100 °F. The method used to obtain
this quantity, is described in pages 84 to 87.

Various authors (1, 12, 16, 17) have indicated that the Nusselt
number as calculated from the heat transfer coefficient defined by
equation 16 is not useful for purposes of comparison among different
wires. In order to obtain a value of the Nusselt number which is inde-
pendent of the dimensions of the wire, two effects must be taken into
account:

a) 'the effect of non-uniform wire temperature due to finite
wire length (1, 12), which depends on the ratio of length to
diameter of the wire, and

b) the effect of temperature jump at the air-wire interface (16,
17) due to molecular mean free paths of the general order
of magnitude of the wire diameter, which depend on the ratio

of molecular mean free path of the fluid to wire diameter.
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For this reason a third definition of Nusselt number was used:

NuOO = ENu (17)

The quantitative aspects involved in the determination of the correction
factor £ are summarized in Appendix I. Since this definition of the
Nusselt modulus is the one of more general application, the unmodified

term "Nusselt number"™ will be used to name it.

Discussion of Some Constants Used

The values of the properties of air used in the present work are
given in Table 17 This data was obtained from a critical survey of the
literature by Sage and co-workers (18), and from a recent publication
of the National Bureau of Standards (19). The values of the properties
of air given in these publications are in good agreement. These
properties are defined in terms of a British thermal unit (Btu) of
0.947831 x 10" absolute joules (19), accordingly, this value of the

conversion factor was used throughout.

Assumptions Made in the Analysis

In reducing the experimental data to obtain final results some
.assumptions were made. An estimate of the effect of these will be
given in the following paragraphs.

One assumption was: that the radiant transfer between the wire
and the surroundings is negligible. Assuming that the surroundings

are a black body at 90 °F and that the emis sivity of platinum is 0, 04

%*
Tables are presented on page 126.
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(13), the heat flux by radiation is found to be 0. 0016 Btu/sq. ft. sec.

for a wire temperature of 200 ®°F. This is consistent with a value
measured by Short (5) of 0. 0035 Btu/sq. ft. sec. at a wire temperature
of 238 °F. Under the same temperature conditions, the lowest heat
flux encountered was approximately 3. 00 Btu/sq. ft. sec., so the error
introduced by this assumption is less than 0.1%. Only at very low
wire temperatures, when the transport by convection between the wire
and the air stream was %rery small, would the assumption of negligible
radiant transport introduce a significant error.

In calculating the difference in temperature between the wire
and the air stream, it was assumed that the bridge current used in
determining the resistance of the wire at free-stream conditions did
not materially affect its temperature. The change in wire temperature
calculated from the conditions under which measurements were taken
was of 0.05 0F, if radiant transport was neglected. If radiant trans-
port was taken into account this was reduced to about 0. 02 OF, which
is near the precision limit of the measurement of temperature by
means of the wire.

Finally, it was assumed that, when significant oscillations oc-
curred, time-averaged values of the measured quantities gave a good

representation of steady-state conditions.
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EQUIPMENT

The measurements of heat transfer coefficients from a small
wire in the boundary flow about a cylinder were carried out in an air
stream emerging from a rectangular jet. The equipment will be
described in several sections, each pertaining to one part of the total

equipment used.

Air Supply

Except for minor modifications, the air supply equipment used
in the present investigation has been described by other workers (20,
21). The main difference between the system that they described and
the one used is that the duct was redesigned to eliminate a bend close
to the duct opening. Figure 2 shows a schematic diagram of the air
supply equipment. It consisted of a blower, A, from which air was
pumped, through a Venturi meter, B, into a system of 12 x 12 square
ducts, The duct led from the blower to a jet opening, C, 3 inches wide
and 12 inches long, preceded by a smooth converging section. In this
way, a flat velocity profile was obtained at the duct opening as shown
in fig, 3. The data used in the preparation of this figure are given in
Table II, the values of the velocity were obtained from corresponding
values of the Nusselt number by the correlation of Collis and Williams
(16).

The duct and converging section were provided with heaters
which could be regulated independently so as to control closely the tem-

perature of the air stream. For finer control of this parameter, the duct
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9.0
\¢“~8 4 o
o e

8.0

Q@ lin. above jet opening

O 2 in. above jet opening

U = 7817 ft/sec.
7.0 l ‘
-1.5 -1.0 -0.5 0 0.5 1.0

Distance from Centerline of Jet, in.

Figure 3: Velocity Profile of Unobstructed Jet
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was provided with a control heater, operated through a thyratron
circuit by a resistance thermometer. The details of this temperature
control system have been described by Corcoran and co-workers (22).
The temperature at eleven points in the duct could be determined by
means of 40-gauge copper-constantan thermocouples; two copper
constantan thermocouples, 0. 003 inches in diameter, were available
for the measurement of duct temperature. The air temperature at
the Venturi meter ‘and upstream of the converging section could be
determined by means of platinum resistance thermometers shown at

D and E, respectively,in fig. 2.

Copper Cylinder

Figure 4 shows a diagram of the copper cylinder. The core,
A, consisted of a 12-inch copper tube with a machined double-lead
thread, B, 1/8 inch wide by 1/8 inch deep and of 1/4 inch pitch. Each
lead of the thread was provided with a ribbon heating element, C,
insulated electrically from the core by means of alundum insulation.

Three thermocouples were installed in thermocouple wells,
D, located at the mid-point and two inches on either side of it. The
thermocouple leads were insulated from the core by means of glass
capillaries and were cemented so the thermocouple junction was flush
with the outside of the core. The thermocouple leads were brought to
the exterior through the hollow center of the tube.

The core was covered by a copper shell, E, 0. 030 inches thick
and 1. 000 + 0. 003 inches in external diameter. The core and shell were

soft-soldered by tiﬁning both, sliding the core into the shell and placing
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the assembly into an oven at 400 °F (23).

For purposes of support the copper section was continued at
both ends by about 12 inches of bakelite tube of the same external
dimensions. The electrical leads were passed through the opening
in the bakelite and connected in a terminal box mounted on one end of
the bakelite extension.

The cylinder assembly was mounted on machined aluminum
clamps and aligned so that its axis coincided with the centerline of
the jet. Alignment was accomplished by use of a depth probe mounted
on a jeweler's milling attachment. A spirit level was used to ensure
that the cylinder axis was parallel to the plane of the jet opening. The
distance between the cylinder axis and the jet opening was approximately

2 inches.

Wire Assembly

The wire assembly consisted essentially of a supporting probe
and a traversing gear. The probe, shown in fig. 5, consisted of two
tapered platinum needles, A, of about 0.03 inch diameter at the base,
attached through bakelite supports, B, to a steel head, C. The steel
head was bolted to a 0.25 inch steel shaft, D, which could be secured
to the traversing gear. The platinum needles were supplied with 30-
gauge platinum wires, E, welded close to the base to provide current
and potential terminals for measurements. These leads were fastened
to the bakelite supports and extended about 6 inches along the support-
ing shaft, at which point they were connected to copper leads extending

into a contact box near the duct.
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Figure 5: Diagram of the Probe
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The wire itself was welded onto the tips of the needles. The

wire used was pure platinum Wollaston wire 0.001 inch in diameter.

A microphotograph of a section of wire is shown in fig. 6 together with

a microphotograph of a calibrated scale taken at the same focal distance.
Dimensions of the wire as determined from these photographs agreed

to within experimental error with the nominal value quoted by the manu-
facturer. Throughout this_ investigation wires were obtained from the
same spool.

The traversing gear used to position the wire consisted of three
milling attachments such as are used by jewelers. The position in a
plane perpendicular to the cylinder axis could be determined with pre-
cision by means of two dial gauges with 0. 00l-inch divisions. A photo-

graph of the probe and traversing gear is shown in fig. 7.

Wire Measuring Circuit

A diagram of the measuring circuit used for dete rmination of the
heat transfer characteristics is shown in fig. 8. It consisted of a Wheat-
stone bridge with two adjacent arms composed of fixed resistors of 4
and 40 ohms. The arm adjacent to the 40 ohm resistor consisted of a
variable resistor, RV, which could be used to balance the galvanometer,
G. The fourth arm was composed of two standard manganin resistors
having nominal values of 0.5 and 0.05 ohms, and of the wire itself. The
standard resistors were provided with potential terminals which could
be connected to a White potentiometer or to a K-2 type potentiometer,

for the determination of the potential difference across these elements.



Fig. 6ba: Microphotograph of a Wire

Fig. 6b: Microphotograph of a Calibrated Scale
(smallest division 1 micron)
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The current leads from the wire assembly could be connected into the
Wheatstone bridge circuit by means of a commutator switch, and the
potential leads could be connected to either of the potentiometers men-
tioned earlier, The power supply consisted of two 6-volt DC batteries
connected to the bridge through a control resistor, Rc' which served
to regulate the current through the bridge so that the wire resistance
could be maintained at any given value as determined from the setting
of the ba.lancing resistor, Rv’ and balance of the galvanometer.

The potentiometer connections then permitted the simultaneous
measurement of potential difference across the hot wire and a standard
resistor. In this way the resistance of the wire and the input of electri-
cal energy to it could be determined accurately. The commutator
switch connecting the wire to the bridge circuit could also be used to
connect the wire to a G-1 type Mueller bridge, with which the resistance
of the wire at the temperature of the air stream could be measured.
When the wire was connected in this position, the bridge circuit was
closed through a 7-ohm resistor so that current would be maintained
through the bridge; in this fashion transient behavior of the batteries

and bridge components was minimized.
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EXPERIMENTAL MEASUREMENTS AND REDUCTION OF THE DATA

The purpose of the present section is to indicate briefly the ex-
perimental methods employed and the procedures used to calculate final
results from the experimental data. Since the measurement of the heat
transfer characteristics of a small wire in a boundary flow requires
several auxiliary measurements, these also will be discussed. For the
sake of clarity the experimental measurements and the reduction of the
data will be divided into several sections: measurement of flow condi-
tions, calibrations of the wires as temperature measuring devices,
determination of the heat transfer coefficient, determination of a method
for adjusting the heat transfer coefficient, and determination of the heat

through characteristics in the boundary flow.

Measurement of Flow Conditions

During the course of experimental work, it was of importance to
ensure that steady state operation of the equipment was obtained. For
this purpose the equipment was started about 5 hours before the beginning
of a test. During the stabilization period measurements of duct tem-
perature at the 15 points at which this variable could be measured were
obtained atlfrequent interva.ls.‘ The temperature of the Venturi meter
and duct resistance thermometers were followed closely. In addition,
the pressure difference across the Venturi meter was observed in order
to ensure that stable control of this variable had been attained. Similar
measurements were taken before and after each test, and also at approxi-

mately 40-minute intervals during the period in which actual measure-
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ments of the heat transfer from the wire were being made.

The data pertaining to conditions at the Venturi meter was
sufficient to permit the determination of mass flow rates of air. From
these, and the measured temperature and pressure at the duct opening,

it was possible to compute the average velocity at the jet by the equation:

_ @ ZbT
U = P (18)

>

The average velocity thus obtained was used to calculate the Reynolds
number by equation 12.

The temperature of the air at the jet opening was obtained from
the readings of the resistance thermometer, as this instrument retains
calibration for much longer periods than copper constantan thermo-
couples. However, the indications of the thermocouples in the duct
were taken into consideration in determining whether steady state had
been attained before the beginning of the test. Table III presents the

conditions under which the experimental data was obtained.

Calibration of the Wires

In order to obtain accurate heat transfer data, the resistance of
the wires must be known as a function of temperature. Ideally this in-
formation should be obtained by determining the resistance of the element
at the three fixed points used in precision thermometry: the ice-point,
the normal boiling point of water and the melting point of sulphur. How-
ever, since the wires were approximately 1. 25 inches long, immersion
in baths would have required extensive insulation to eliminate appreci-

able gradients.
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The procedure followed was to determine the resistance of
the wire while in the air duct, using air temperatures of approximately

0, 1000, and 120 c'F; this variation represented the maximum tem-

80
perature range obtainable with the equipment. The temperature of

the air during these calibration tests was measured by means of a
standard platinum resistance thermometer installed at the duct opening
within a few inches of the wire under calibration.

Due to the relatively small range of temperatures that could be
attained with the equipment the second derivative of resistance with
respect to temperature could not be determined with precision. In
order to obtain a significant quadratic fit for the resistance as a function
of temperature, additional information was obtained from data on labora-
tory resistance thermometers (24). As shown in fig. 9 a plot of the
derivative

d(R/Ro)
L=~ - (19)
normalized to a value of unity at 100 OF, versus temperature indicates

that the derivative of this quantity is constant:

d(a/a,q,) B}
_qtlﬂ - - 0.000169 (°F)* (20)

A value of the derivative dR/dt at 100 °F and an estimated value of
the ice-point resistance were obtained by the method of least squares
(25). From this data the value of a at 100 °F could be estimated.

With this information, each datum point could be used, in conjunction

with equation 20,to obtain new approximations to the ice-point resistance.
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0.990

0.985

=82

&

Temperature, S

Symbol Thermometer %100
Number (24) ' %
L. B 978 0. 002188 g
o 1019 0. 002123 \
0 1033 0. 002124 g
© 1075 0. 002186
o 20121 0. 002187
| I
130 160 190

Figure 9: Dependence of a/a.mo on Temperature
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Successive approximations were made until consistent values were
obtained in two consecutive trials,
The resistance was expressed as a function of temperature by

the equation:

R _ 2
i_o_l+B1+B2t+B3t (21)

Table IV presents the important properties of the wires used, as well
as those of pure platinum calculated from data of Mueller (26) and of
Wenner and Lindberg (27). The resistance per unit length for pure
platinum was calculated by assuming that the wire was circular and
0. 00100 inches in diameter. The agreement of the data obtained with

that of pure platinum is good.

Determination of Heat Transfer Coefficients

Under steady conditions, the electrical energy dissipated in the

wire per unit time is given by

9, =E_I_ (22)

Since the current through the wire is equal to the current through the

standard resistor, equation 22 may be expressed in the form

E

e

e T B (23)
s

Combining equations 14 and 23 it follows that
q. E_E

_ 1 w8
h = ﬁ_ tw)ﬂdw‘e = (ﬂ-dwf RS )/(tw‘ t(I)) (24)
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In order to obtain data for the calculation of heat transfer coef-
ficients, the potential difference across the wire, Ew’ and across the
standard resistor, ES, were determined.

The potential differences measured, with the known resistance
of the standard resistor, were used to calculate the resistance of the

heated wire:

EW
R_ = E—-—s R (25)

This value was used in conjunction with equation 21 to obtain the wire
temperature, tw’ while the free stream temperature, too’ was calcu-
lated from equation 21 using the resistance of the wire as measured with

a Mueller bridge.

Determination of the Adjusted Nusselt Number

As defined in page 64, the adjusted Nusselt number is the value
of the experimental Nusselt number which would have been obtained if
the measurements had been carried out with a wire temperature of
150 °F and a free stream temperature of 100 °F. In order to determine
the relation between the adjusted Nusselt number and quantities meas-
ured in the laboratory, it was necessary to establish the dependence of
experimental Nusselt number on temperature difference, wire Reynolds
number, and position relative to the cylinder. Since the free stream
temperature did not differ materially from 100 c)]-.7‘, it was not necessary
to investigate this additional variable.

Tests 359, 376, and 377 were conducted with the purpose of es-

tablishing this dependence, by varying the pertinent parameters. The



-85-

data obtained indicated that the change of experimental Nusselt number
with temperature difference was of the order of 0,0005 per degree, and
that the effect of other variables was of a smaller order of magnitude.
Since the variafiou of experimental Nusselt number with temperature
was found to be essentially linear, as shown by some typical results in
fig. 10, it was found convenient to account for this dependence by deter-

Baverage" temperature at which the thermal conductivity could

mining an
be evaluated to give a Nusselt number independent of the temperature

difference between the wire and the free stream. This was found to be
t1/4 =t + At ' (26)
Hence the adjusted Nusselt number was defined as

k
*
Nu = Nu_ (=2 )( 1;112*5 )
1/4 100

(27)

In order to obtain a quantitative measure of the success of equa-
tion 27 in determining a value of the Nusselt parameter at reference
conditions, the derivative d(-Nu*)/d(At) 'was obtained by the method of
least squares (25) for all the points obtained. The results, which are
presented in Table V, indicate that the variation of the adjusted Nusselt
number is of the order of 0.00005 per degree. The dependence of ad-
justed Nusselt number with temperature is illustrated in fig. 10,

The results appeér to indicate a slight variation of adjusted Nusselt
number with temperature difference, but this is too small to determine
with any certainty, Furthermore, since the difference between adjusted

and experimental values of the Nusselt modulus is of the order of 0, 5%,
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even a moderate error in the method of interpolation would introduce
only insignificant error in the final result. For these reasons it was
decided that no further study of the relationship between these two

parameters was necessarye.

Determination of the Heat Transfer Characteristics from Wires in the

Boundary Flow

a) ‘Determination of the cylinder coordinates relative to the wire
coordinates, - An accurate description of the dependence of Nusselt
number on the position of the wire in the boundary flow, requires that
the position of the wire relative to the cylinder be known, In order to
obtain this information, the traversing gear was moved slowly to bring
the wire toward the cylinder along a horizontal line. When the wire
was close to the cylinder, a small light source was directed toward the
expected point of contact so as to be nearly tangential to the cylinder,
The traversing gear was then carefully moved until the tips-of'the plati-
num needles, their reflection in the cylinder, and their shadow along
the cylinder surface coincided. Similar information was also obtained
for vertical approach of the wire to thé cylinder. This technique was
found to give a sensitive indication of position, and results obtained in
this way were reproducible to within 0,002 inch, which is the same mag-
nitude as the variation in cylinder diameter as obtained from micrometer
measurements. It should also be noted that both probe needles were ob-
served, so the uncertainty mentioned gives a measure of the lack of

alignment between the wire and the cylinder axis.
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b) Determination of the Nusselt number field, - In order to deter-
mine the Nusselt number field in the forward part of the boundary flow,
coefficient of thermal transfer from the wire was determined at several
points along horizontal and vertical traverse lines. Approximately 10
traverses, five horizontal and five vertical, were completed for each
of three Reynolds number, so that the heat transfer coefficient was
known at about 200 points for each Reynolds number. The experimental
results are listed in Table VI,

Typical results for nominal Reynolds numbers of 7100, 3500, and
1750 are shown in figs, 11, 12, and 13 respectively. From the results
obtained, through large-scale graphical methods, the distribution of
Nusselt numbers in the boundary flows were obtained. The complete
fields for the three nominal I_{eynolds numbers mentioned above are
presented in figs. 14, 15, and 16 respecti;\rely.

From these figures, in turn, the variation of Nusselt number
with radial position was determined. This dependence is given in

Table VII, and shown in figs. 17, 18, 19, and 20, for angles of 00, 300,

(e]

60°, and 90° from stagnation, The standard error of estimate of the

experimental data from the smooth curves, defined as

N
Z (Nui- Nusi)z 1/2

- i=1 ] (28)
Te [ N =1

is given in Table VIII,
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DISCUSSION OF RESULTS

Accuracy of the Measurements

Because of the complexity of the measurements, an estimate
of the accuracy of the results cannot be made conveniently without
recourse to assumptions or empirical observation. Thus the error in
the determination of temperature difference depends not only on the
accuracy with which resistance measurements were made, but also
on the accuracy of the calibration of the wire as a temperature
measuring device, and on the relative accuracy of the instruments
used to determine the resistance of the wire.

The relative accuracy of the Mueller bridge and the K-2 type
and White potentiometers was determined by measuring the resistance
of several precision resistors by two methods, one using the Mueller
bridge and one using the two potentiometers. In this way it was es-
tablished that the instruments were consistent to within 0.03%. Hence
this value may be assumed to be the error involved in the difference
in resistance of the wire as measured by the two methods, The error
in a single resistor measurement with the Mueller bridge may be
determined from the data presented in Table IV as about 0.0007 ohm
absolute.

The derivative of resistance with respect to temperature was
determined from measurements by means of the Mueller bridge in
the range of 80 to 120 °F. In this interval the change in resistance was

of about 0. 52 ohms, so the maximum error in this difference was
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0.3%. The error in temperature difference is of the order of 0.05%,
so the error in the derivative may be as large as 0.35%. However,
since the derivative of resistance with respect to temperature was
established from more than two points, the error in this quantity may
be taken as 0,10%.

From this data, the error in the temperature difference between
the wire and the free stream was about 0,2 °F. This constitutes an
error of 0,4% of the nominal temperature difference of 50 °F used in
the determination of the Nusselt number field, but in some of the
measurements used in establishing the dependence of experimental
Nusselt number with conditions the ®rror may be 4%.

The error in the measurement of power input to the wire may
be estimated as 0.1%, so that the error in the electrical measurements
may be expected to be 0, 5%.

The largest uncertainties are those in the dimensions of the
wire, since the length and the diameter were known only to within 1%.
On this basis, the calculated heat transfer coefficients are known to
within 2. 5%, and the Nusselt numbers to within 1, 5%. It should be
remarked, however, that the consistency of the calculated resistances
at the ice-point per unit length indicates that the errors in the dimen-
sions may have been, fortuitously, lower than estimated.

Besides the errors in the quantities immediately relevant to
the calculation of the Nusselt number, error in auxiliary measurements
also affect the uncertainty with which the distribution of Nusselt number
is determined. The error in the determination of position of the wire

relative to the cylinder may be considered as 0.003 in. if the variation
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of cylinder diameter is taken into consideration as well as the repro-
ducibility of the point of contact.

The error in determining the Reynolds number is small com-
pared to the variation of Reynolds number from test to test. This

variation will be considered in the next section.

Reproducibility of Results

In general, the results were found to be reproducible to within
experimental error. Values of the Nusselt number obtained at a given
position during the same test, on different tests, and even with dif-
ferent wires, agreed to within the estimated error for most of the
conditions investigated.

Values obtained at a nominal Reynolds number of 7100 at angles
from stagnation greater than 45° constitute an exception to this gener-
alization, In this region differences in the Nusselt number determined
at a given position in different tests were of the order of 5%, as may
be seen in the data for x = -0,360 in fig. 11,

In contrast to this behavior, the data closer to stagnation at
a nominal Reynolds number of 7100, as well as all results at the lower
Reynolds numbers, were considerably more reproducible, This may
be seen by comparing the curves in figs. 11, 12, and 13 which contain
duplicate sets of points, and is also evident from a comparison of the
standard errors of estimate given in Table VIII.

The variations in Reynolds number from test to test do not, by
themselves, account for this lack of reproducibility. This may be

inferred from the dependence of Nusselt number on Reynolds number (12,
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13,16) and from the fact that, with comparable variations in Reynolds
number, the results are reproducible under all other conditions. It
therefore seems reasonable to ascribe the variation of Nusselt num-
ber to variation of the flow field in this region caused by the slight

changes in Reynolds number.

Characteristics of the Nusselt Number Field

The Nusselt number fields shown in figs. 14, 15, and 16 may
be divided into two regions. Close to the cylinder the Nusselt number
increases rapidly with radial distance, and curves of constant Nusselt
number are roughly parallel to the cylinder wall. At larger distances
from the cylinder,_ the variation of Nusselt number with radial position
is relatively small,

The region close to the wall may further be subdivided. For
angles between 0 and 700, the lines of constant Nusselt number in this
region intersect lines of constant angle only once; at larger angles,
however, lines of constant Nusselt number have two intersections with
lines of constant angle. This behavior indicates that the Nusselt num-
ber is rapidly increasing in the immediate vicinity of the wall, This
effect, which may be seen from the traverse curves illustrated in
figs. 11, 12, and 13, is not confined to this region, but also occurs
in the outer region at small angles from stagnation. It is believed
that this behavior is due to convection from the wire to the cylinder
wall.

The appearance of the Nusselt number field in the vicinity of the
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wall is indicated in figs. 21, 22, and 23 for the three Reynolds numbers
studied. The use of logarithmic coordinates for the radial distance
from the cylinder wall allows a clearer picture of the field to be given.
The lines of constant Nusselt number, for values of this parameter
lower than about 0. 75, appear to consist of two detached segments,

one in the region upstream of 30° énd one in the region downstream

of 700. As mentioned earlier, the second segment intersects lines

of constant angle twice. This behavior implies that the forward seg-
ment of this curve terminates at the cylinder wall or, more rigorously,
one wire radius away from the wall.

For the higher Nusselt numbers shown in figs. 21, 22, and 23,
the curves consist of a continuous segment over the region investigated.
At intermediate values of the parameter the curves may be continuous
or consist of distinct segments, however this cannot be decided on the
basis of the experimental data; more accurate determination of the
distance between the wire and the cylinder would be required to

establishthe behavior of these lines.

Comparison of the Results With Theory

The Nusselt number at any point in the flow field may be calcu-
lated from equation 6 or frc;rn equations 7 and 8, by making use of
available correlations for Nusselt number as a function of Reynolds
number. The correlation used in this work is that obtained by Collis
and Williams (16). Values obtained in this way will be referred to as

theoretical.
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The theoretical description of the Nusselt number distribution
is subject to several limitations, these will be summarized before a
quantitative comparison of experimental and predicted results is pre-
sented.

The velocity distributions described by equations 4, 5, 7, and
8 correspond to a cylinder in an infinite flow field. Thus they do not
correspond closely to experimental conditions, in which the projected
area of the cylinder was one-third of the area of the jet. Neverthe-
less, it is expected that reasonable agreement would be obtained in the
region of stagnation.

A second limitation is that the boundary layer description is es-
sentially an asymptotic solution for large Reynolds numbers (7,10).
The Reynolds numbers used in this investigation are in the moderate
range, so that the terms neglected in solving the equations of motion
of the fluid are of the order of 1 to 5% of the terms retained (7).

The theoretical predictions obtained in this way correspond
to the physical situation only in as much as the assumption made in
hot-wire anemometry, that the Nusselt number depends only on the
wire Reynolds number, is valid. Such predictions for the Nusselt
number as function of radial distance are shown in figs. 24 and 25
for angles of 0 and 30° from stagnation. The results computed from
potential flow theory are in fair agreement with experimental results.
The curves obtained from boundary layer theory are not in agreement
with the experimental results and, if the curve for a Reynolds number

of 7098 at 30° from stagnation is excepted, the trends of the predicted
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and experimental curves differ appreciably. For the particular curve
mentioned, the agreement is not good, but the trend of the experimental
curve is very similar to that of the theoretical one.

The lack of agreement in the vicinity of the cylinder wall cannot
be ascribed wholly to limitations in the theoretical description of the
flow field. Regardless of the detailed description, it is well established
that the fluid velocity tends to zero at the wall and, under such condi-
tions, the Nusselt number should be monotonically increasing with
radial distance if a one-to-one correspondence between Nusselt number
and wire Reynolds number exists. The experimental data shown in
fig. 24, as well as that presented in figs. 11, 12, 13, and 20, indicates
that the curves are not all monoteni¢c increasing in this region. Thus,
by implication, the assumption that for a given wire Reynolds number
there is one Nusselt number is not valid near the cylinder wall.

Two reasons may be advanced to account for these discrep-
ancies. Firstly, as shown by Piercy, Richardson, and Winny (16) con-
vection to the wall tends to increase the Nusselt number above that which
would be obtained in the absence of a wall at the same wire Reynolds
number. Secondly, thermal transport by natural convection becomes
appreciable in the immediate vicinity of the wall (6,16) and tends to

raise further the Nusselt number.
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CONCLUSIONS

Experimental data on the heat transfer characteristics of a
0.001-in. wire in the boundary flow about a one-inch copper cylinder
indicates that the Nusselt number may be considerably different from
that predicted by using calculated velocity fields and correlations
from the literature. These differences, which are most pronounced
near the cylinder wall appear to be due to the increased importance
of convection to the wall and of natural convection.

The experimental data obtained does not allow the formulation
of conclusions as to the relative importance of these two effects. Data
for this purpose could be obtained in several ways, such as by per-
forming similar experiments using a cylinder constructed of material
of low thermal conductivity. Under such circumstances the relative
importance of convection to the cylinder wall would be greatly de-
creased, and the effect of natural convection could be determined.

In applying the results that have been presented it should be
remembered that they were obtained with a cylinder temperature es-
sentially equal to the free stream temperature. It is expected that if
the temperature of the cylinder differs appreciably from the free
stream temperature the relative importance of convection to the wall
will significantly alter the heat transfer from the wire at small radial

distances.
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APPENDIX

The purpose of this appendix is to discuss briefly the nature of
the corrections applied to the adjusted Nusselt number, and to sum-
marize the quantitativé aspects of these corrections,

The adjusted Nusselt number was defined in terms of the electri-
cal power addition to the wire and the temperature difference between
the wire and the air stream. This definition would apply rigorously if
the ratio of the length of the wire to its diameter were infinite, if there
were no radiation losses, and if the fluid were a continuum.,

In the laboratory, however, these conditions are not.obtained,
and suitable corrections must be applied in order to obtain a value of
the Nusselt number which will be independent of the geometrical dimen-
sions of the wire.

The effect of radiation has been discussed, and it was shown that
the largest errors involved in neglecting the transfer by this mechanism
were of the order of 0.1%., The following discussion will therefore deal
with effects of finite wire length and non-zero mean free path of the fluid
molecules., In the course of this analysis it will be assumed that the
fluid properties are constant, and that all properties of the wire, except
its resistance, do not vary with temperature. These assumptions are
justifiable because the correctiéns are small, so that the second order
corrections which would arise from a more rigorous treatment are
negligible. It will also be assumed that the convective heat flux from the

wire is the same at all points on the wire surface,
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Effect of Finite Length

Consider a wire such as that shown in fig. Al. If the resistance

of the wire is assumed linear in temperature, then
R = Rm[l +aft - too)] (A1)

If the temperature varies along the axis of the wire, the mean resistance

is given by

R l/2 [ |
R = — l1+aft-t )]d (A2)
b Jan o

and for constant heat capacity and density, the mean temperature is

given by

L/2
t = = S‘ tdz (A3
-1 /2

Combining equations A2 and A3, there is obtained

R’w= Roo[l & a(tw - tm)] (A4)

The input of electrical energy to the wire is
q =I°R_[1+aft_ -t_)] (A5)
—e foo) w @

So the adjusted Nusselt number is given by

2
IR _[1+aft -t )]
Mo = % w__ o (A6)

e ka)(tw -t

o)

assuming that the measurements were carried out with a mean wire tem-

perature of 150 °F and an air temperature of 100 °F.
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If radiation is neglected, the energy equation for the wire may

be written as (1,4, 5)

2 Z 2
d™(t-t ) 4k I'R a 41°R
2.00 T2 - (NuJZ - ﬁ-nlgo (e - too) = - 2 = (A7)
dz d k [o's) md £k
W S w s

In equation A7 the parameter NuJZ is the Nusselt number based
on the convective heat flux, If the measurements had been made with
an infinite wire carrying the same current and at a constant tempera-
ture tp the Nusselt number Nuﬁ could have been determined from the
equation

12(-——-R°° M1 +aft, -t_)]
Ji 1 o]

Nu,@ = {A8)
ﬂkm(t£ - tcx))

Combining equations A6 and A8 there results

1+
Nu, = Nu" g—:' T+ z:v (A9)
where
B, =alt, -t) (A10)
and
By =alt, -t ) (A11)

If equation A7 is solved (28), and the results are combined with
equations A8, AlO, and All, a description of the variation of temperature

difference along the wire is obtained (1):
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2z 1 1/2
I" cosh TZ 3 (Bw/ﬁﬂ) /
t-ta=(t£-t)l_1— T 172 } (A12)
cosh = (B /B,)
where / /
d 1+, 1/2 k 1/2
W w S
S"T(Nu£ ) ('1'(—) (A13)
oo
Combining equations A3 and Al2, there results
s 1-s(8, /812 tannl1/s(e_ /)] (A14)
B, 1/ Pw S/ Py
Equation Al4 implicitly defines a function such that
ﬁﬂ

For small values of s, a good approximation of this function is given

by (1):
f(s) =1 - 1.1s (A16)

If the parameter s were known, the ratio E’w/ﬁﬂ could then be
found, and from a knowledge of the wire characteristics and its mean
temperature, the value of the Nusselt number Nuﬂ could be obtained
by equation A9, In general successive approximations must be made be-
cause s, as defined by equation Al3, involves the parameter NU.“,_u How-
ever, if the correction is small, the error introduced by using the adjusted

Nusselt number in the calculation of s is extremely small.
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Effect of Temperature Jump

When a surface at a temperature tw is immersed in a gas, the
temperature of the gas at the interface, tai’ may be determined by the

equation (29):

ot
a
t.=t, - g(-é?r) : (Al17)
r*= 0
where
. 2-a 4c1 A
&= 3 YA Pr (A18)

In equation Al8, a is the accomodation coefficient, vy is the
ratio of the isobaric to the isochoric specific heat, \ 1is the mean free
path of the gas molecules, Pr is the Prandtl number of the gas, and c
is a constant which depends on the kinetic model used for the gas, but
differs only slightly from 0, 50, For platinum in air, the value of g
is very nearly twice the mean free path of the molecules (16,17) so the
temperature of air at an air platinum interface is given approximately
by

_ 9t
t =ty - zx(-ﬁ.)r » (A19)

The convective flux is given by

k

(t_-t_)

d, = Nuy(t_-t_ (A20)

Sl

if the temperature difference between the wire and the free stream is
considered as the driving force, However, if the driving force is taken

as the difference in temperature between the air at the interface and the
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air at free stream conditions, the heat flux may be expressed as

k

oo
c ' k(tai - too) Ev-v (a21)

Combining equations A20 and A2l there results

t. =%

W Q0
i Rl S e (a2z)
al Q

Finally, combining equations Al9 with A22, there results

Nu = (A23)

Experimental results (16) have shown that the parameter Nuﬂ’ X
is independent of wire dimensions, whereas the parameter Nu_f is not,
thus supporting the hypothesis that the difference in temperature be-
tween the airr at the interface and the air in the free stream should be
considered as the driving force for convective heat transfer. Equation A22

has also been derived from the differential equations of transport (17).

Determination of the Correction Factor

In view of the experimental support (16) for the validity of the cor-
rection for temperature jump, the parameter Nui,’ \ is the Nusselt
number of greatest interest. Accordingly, the values of the Nusselt
number used in this report are corrected for both finite length and tem-

perature jump, that is

(A24)
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In the text, the Nusselt number, Nuoo’ was defined by equation 17
as:
Nu00 = §Nu1’ N (A25)

Combining equations A9, A23, A24, and A25, the correction factor,

€, is given by

Pe 171F,
B, T+¢
£ = - . £ (A26)
A * Tw {
1-2 Nu .
& B ¥R,

Equation A26 thus describes the factor £ interms of quantities whichcanbe

calculated from experimental data.
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NOMENCLATURE
Roman
a accommodation coefficient
A area of jet opening, sq. ft.
b specific gas constant

By, B,, B3 coastants in equation 21

c constant in equation Al8
Cp isobaric heat capacity, Btu/lb. °r
Cv isochoric heat capacity, Btu/lb. °F
d diameter, ft.
D substantial derivative operator, '899 +u -V, g,
E internal energy, Btu/lb.
ES potential difference across standard resistor, volt absolute
Ew potential difference across wire, vote absolute
f a function
F bod-y force, lb. /cu. ft.
heat transfer coefficient, Btu/sq. ft. sec. °F
I current, amperes absolute
In modified Bessel function of the first kind of order n
k thermal conductivity of the fluid, Btu/sq. ft. sec. (°F/ft.)
kw thermal conductivity of wire, Btu/sq. ft. sec. (OF/ft. )
Kn modified Bessel function of the second kind of order n
£ length of wire, ft.
_:H_'l_ total material flux, 1lb. /sec.

Nu Nusselt number
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experimental Nusselt number

smooth value of Nusselt number
pressure, lb. /sq. ft.

Prandtl number

heat flux, Btu/sq. ft. sec.

convective heat flux, Btu/sq. ft. sec.

total electrical power input, Btu/sec.

radial distance from centerline of cylinder, ft. or in.

radius of cylinder, ft. or in.

radial distance from wire surface, ft.
resistance of wire, ohm absolute

resistance of wire at ice-point, ohm absolute
resistance of standard resistor, ohm absolute
Reynolds number

parameter defined in equation Al3
temperature, “r

arbitrary average temperature, “r

average temperature defined in equation 26
absolute temperature, °F

local velocity, ft./sec.

bulk velocity, ft./sec.

specific volume, cu. ft. /1b.

Cartesian coordinate in direction of flow, measured from

cylinder axis, ft. or in.

Cartesian coordinate in horizontal direction, measured

from cylinder axis, ft. or in.
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Z Cartesian coordinate parallel to cylinder axis, measured
from the centerline of the wire, ft.

Z compressibility factor
Greek
a derivative of normalized resistance with respect to tem-

perature, d(R/Ro)/dt, (0]5‘)'l

ﬁl’ [SW parameters defined in equations All and Al0 respectively

v ratio of heat capacities, CP/CV

61j Kronecker delta

n viscosity of fluid, 1lb. /ft. sec.

6 time, sec.

A mean free path of gas molecules, ft.

£ correction factor

P density; Ilb. sec.‘?'/ft.4

T specific weight, lb. /cu. ft.

T standard error of estimate

o, sample estimate of population variance

é dissipation function, Btu/cu. ft. /sec.

U angle from stagnation, degrees or radians

Q distance parameter defined in equation 9
Superscripts

— vector

* adjusted to reference conditions
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Subscripts
a air
ai air at air-solid interface
b boundary layer
iy dummy variables
i corrected for finite length
n index
P potential flow
r radial component
s platinum
W ‘ wire
a evaluated at 1:(1
N corrected for mean free path effects
Y tangential component
1/4 evaluated at tl/4
100 evaluated at 100°F
112. 5 evaluated at 112. 5°F

o0 evaluated at free-stream conditions
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TABLE I

PROPERTIES OF AIR

Temperature Thermal Conductivity Absolute Viscosity
e 3 Btu/sec. £t2 (°F /£t) 1b, sec, /ft2
100 4,347 x 1078 3,98 x 1077
120 4,480 4,09
140 4,614 4,29
160 4,747 4,30
180 4,881 4,40

200 5,014 4. 50
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TABLE IV

CHARACTERISTICS OF PLATINUM WIRES

Wire R B, x10° B.x10°
o i | 2
Number o1
ohm abs. ("F)
1 6.3890 -6,871 2.153
2 6.1009 -6.866 2. 152
3 6.0661 -6. 866 2.152
4 6.3933 -6.811 2.134
Pure Pt - -7.095 2w 213
N
-— 2
Z (Rof Ro) 1/2
[ i=1
a) o =
¥ N -1

7
B,x10' R_/I N

O~ -2 Ohm abs.
VE T wp—

-1.79 59,0 12
-1.79 59.0 3
-1.79 58.7 -

-1.77 59.0 9

-1.81 59.1 -

ohm abs.

0,0009

0.0005

0.0009
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TABLE V

VARIATION OF THE ADJUSTED NUSSELT NUMBER
WITH TEMPERATURE DIFFERENCE

£
Test Traverse Position Number @—x 104
2 dAt
of Points
-% v
in. in, (OF)ml
359 1 0.896 0.000 5 -1.05
359 1 0. 696 0.000 5 -1.90
359 2 0. 596 0,000 4 0.14
359 2 0, 546 0.000 4 -0.22
3259 2 0.521 0.000 5 1.33
359 3 0.000 0,857 3 9 5T
359 3 0,000 0.757 3 8. 88
359 3 0.000 0.657 3 2,87
359 4 0.000 0. 557 3 -4, 59
359 < 0,000 0.507 2 -0.18
376 1 0.886 0.000 4 0.00
376 1 0. 686 0.000 = -0,22
376 1 0. 536 0,000 3 0.54
376 Z 0.866 0,200 3 -1.34
376 2 0. 686 0,200 3 -0, 95
376 2 0,486 0,200 3 -2.00
376 2 0.461 0,200 3 -7.16
376 3 0,286 0.919 3 -11.17
376 3 0,286 0.719 3 -1.46
376 3 0.286 0.519 2 -0, 74
376 3 0.286 0.449 2 2:32
376 3 0,286 0.429 3 -11.03
377 | 0,886 0,000 4 -0. 99
3TF 12 0,786 0.000 4 -0.58
30T 1,2 0. 686 0,000 4 -0.27
377 i 0. 586 0,000 4 0.06
37T 1,2 0,536 0,000 4 0. 93
37T ;2 0,511 0,000 4 1.30
37T 1,2 0. 501 0.000 4 1.08

Average -0.57
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TABLE VII
SMOOTH VALUES OF THE NUSSELT NUMBER

A) Reoo = 7098

Polar Angle Nusselt Number
Distance from o o o o
Cylinder Surface @ 0 B ¥
ine.
0.002 - - 1.160 0.693
0.004 (0. 682)% 1.062 1.228 0. 661
0.006 (0.676) 1.198 1.299 0.641
0.008 (0. 669) 1.280 1.354 0.624
0.010 (0. 664) 1.363 1.410 0,614
0.012 (0.658) 1.403 1,450 0.607
0.014 (0. 656) 1.409 1,485 0,609
0.016 (0. 658) 1.410 1,516 0. 615
0.018 (0.661) 1.410 1,543 0,628
0.020 0.667 1,410 1,564 0,647
0.025 0.684 1.410 1.601 0. 750
0.030 0, 708 1,409 1.621 0.901
0.035 0. 730 1.406 1.625 1.043
0.040 0. 752 1.402 1.624 1.169
0.045 0.774 1.396 1.622 1.279
0.050 0.796 1.391 1.619 L3771
0.055 0.815 1.387 1.616 1.440
0.060 0.833 1.382 1.614 1.491
0.065 0,850 1377 1. 611 ! 1..5632
0.070 0.864 1.372 1.607 1. 566
0.075 0.880 1.367 1.602 1.594
0.080 0.894 1.361 1.599 l1.611
0.085 0.909 1.357 1,594 1.618
0.090 0.923 1.353 ¢ 1.589 1.621
0,095 0.938 1.349 1,584 1.614
0.100 0. 952 1.346 1,579 1.625
0.200 1,123 1.352 1.492 1.611
0.300 1.204 1.366 1.453 1,590
0.400 1. 237 1,381 1.426 1.582
0. 500 1.256 1.397 1.404 1. 558

a) Values in parenthesis are extrapolated.



Polar Angle

Distance from
Cylinder Surface
in.

0.002
0.004
0.006
0.008
0.010

0.012
0.014
0.016
0.018
0.020

0.025
0,030
0.035
0,040
0,045

0.050
0,055
0.060
0.065
0,070

0.075
0.080
0.085
0.090
0.095

0,100
0, 200
0,300
0,400
0. 500

TABLE VII (Continued)

<150

B) Re = 3526
@
Nusselt Number

0° 30° 60° 90°
0. 609 0.963 0.994 0,753
0. 593 0.999 1,048 0.662
0,588 1.033 1.099 0.603
0. 584 1.069 1,140 0,578
0. 580 1.102 1,188 0.563
0.577 1.138 1. 227 0. 557
0.576 1.167 1.259 0. 557
0.576 1. 175 1.286 0, 560
0,578 1. 176 1: 307 0.571
0,581 1,175 1,322 0.587
0. 598 1, 173 1.340 0672
0.612 1,171 1.350 0. 799
0.628 1,169 1.355 0.915
0, 643 1. 16T 1,359 1.016
0,658 1.165 1,361 1.163
0.670 1: 163 1l.362 1.175
0. 685 1,161 1.363 1,234
0.697 1,159 1.362 1.278
0, 711 1.157 1.361 1.312
0.723 1.155 1.357 1,334
0.736 1.153 1,363 1,347
0, 748 o | 1.350 1.351
0.759 1,149 1,347 1,354
0.770 1.147 1,344 1,354
0,781 1,146 1,342 1.354
0,792 1,144 1.340 1.354
0.943 1,141 1.311 1.342
1.016 1,156 I..293 1. 3372
1,044 1. I'71 1,2%7 1.324
1.060 1.179 1,264 1.316



Polar Angle

Distance from
Cylinder Surface
in,

0.002
0,004
0.006
0.008
0.010

0.012
0.014
0.016
0,018
0.020

0.025
0.030
0,035
0,040
0.045

0.050
0.055
0.060
0.065
0.070

0.075
0.080
0.085
0.090
0.095

0.100
0.200
0.300
0.400
0,500

TABLE VII (Concluded)
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C) Re = 1757
(0 0)
Nusselt Number

0° 30° 60° 90°
0. 560 0.801 0. 786 0. 683
0. 550 0.816 0.813 0. 638
0.542 0.823 0. 840 0. 603
0.536 0. 848 0.862 0.578
0.532 0.862 0.887 0. 563
0.528 0.878 0.909 0,557
0.526 0.896 0.932 0. 554
0.524 0.910 0.953 0.558
0.524 0.916 0,972 0.565
0.526 0.920 0.990 0.578
0,534 0.921 1.024 0. 582
0. 544 0.922 1,041 0. 696
0. 554 0,922 1.049 0. 753
0.564 0.921 1.050 0.807
0.574 0.920 1.052 0.858
0. 583 0.919 1.054 0.904
0. 593 0.919 1.054 0.945
0. 602 0.918 1,054 0.979
0. 610 0.918 1,052 1.005
0.618 0.917 1.052 1,021
0. 626 0.916 1,052 1.034
0. 634 0.915 1.051 1. 045
0. 641 0.915 1.050 1,050
0. 648 0,914 1,049 1.052
0. 654 0.913 1,047 1.052
0. 661 0.913 1.046 1,052
0. 760 0.909 1.026 1.046
0.820 0.914 1.011 1.040
0.853 0.924 1,002 1.033
0.871 0,938 0.995 1,027
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TABLE VIII

STANDARD ERROR OF ESTIMATE OF THE RESULTS

Test

348

350a

350b

352

3569

All tests at Re
oo

A) Re = 7098
oo

Traverse N

28
13
12
12

9

[S2 " ~SER VS G

—

27

12
20
13
16
13

oo W

13
10
13
9
12
8

o~ U R WY

10
13
Ll

8

B W N

= 7098 282

a
e

0.0624
0.0350
0.0184
0.0161
0.0568

0.0124

0.00438
0.0060
0.0045
0.0034
0.0186

0.0166
0.0899
0,0587
050111
0.0109
0.0050

0.0349
0.0097
0.0205
0.0897

0+0353
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TABLE VIII (Continued)

B) Re = 3526
Qo

Test Traverse N T,
363 1 11 0. 0122
2 11 0.0024
3 15 0.0096
4 13 0.0038
5 8 | 0.0087
6 11 0.0163
369 1 14 0.0020
13 0.0071
3 11 0.0042
A2 1 6 0.0047
2 8 0.0054
3 2 0.0043
= 8 80037
373 1 9 0.0032
2 12 0.0031
3 10 0.0011
4 7 0.0018
5 9 0.0048
376 1 12 0.0047
2 L5 0.0491
3 13 0.0372
4 T 050312

All tests at Rem = 3526 235 0.0197
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TABLE VIII (Concluded)
C) Re = 1757
lo'e)
Test Traverse N

ST 1 14

379

11
12
11
11

o o W

380 13
14
12
13

11

o Ul o W

All tests at ReOO = 1767 148

o
e

0.0056
0.0086

0.0083
0.0016
0.0016
0.0026
0.0013
0.0026

0.0018
0.0062
0.0007
0.0007
0.0024
0.0010

0.0039
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PART III

PROPOSITIONS
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PROPOSITION 1

Conventional models for stationary stochastic queues assume
that the mean rate of arrival of customers to a service facility is inde-
pendent of queue length. It is proposed that models which take into
account the fact that mean rate of arrival is dependent on queue length
are of more general applicability and of greater usefulness.

Conventional models (1, 2) for stationary stochastic queues at-
tempt to describe the waiting-line characteristics of a service facility
by assuming that customers arrive at a mean rate, \, which is inde-
pendent of queue length. If the mean service rate, p, is greater than
the mean rate of arrival, the probability, Pn, of a queue of length n

is given by

PL=(5) -3 (1)

n
and the gross income per unit time is

I=C\ (2)

Thus, by assuming that the mean rate of arrival is independent of queue
length, a solution is obtained which predicts that gross income is inde-
pendent of service rate; and therefore, that the optimum service rate
is the one that costs least. In order to obtain a more realistic evalua-
tion of servicing policy, it is customary to assign a cost to customer
waiting time (1), and to obtain in this manner a profit function dependent

on the servicing rate.
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In constructing a model for the description of queue character-
istics it should be recognized that, for a competitive enterprise, pro-
spective customers are likely to seek service elsewhere if the queue
at the facility is long. Therefore the mean rate of arrival of customers
should be considered a function of queue length in order to obtain a
model of more general applicability.

If 2 simple description of this dependence, such as

Il

mean rate of arrival = A, 0s<n<N

= 0, n=N

is used, the probability of a queue of length n is found to be

o (g0 (@-3) o
n” T (AN =ash
n
(4)
=0 n>N

and the gross income per unit time is given by

1 N T

A A -
(_1) (l __1)
I = cw[l- - '§+1 ] (5)
A
1- (""!)
n

Thus the gross income predicted by this model increases as the rate
of servicing increases, and it is not necessary to introduce costs ex-
traneous to the model in order to make the servicing policy amenable
to analysis.

Finally, the parameters introduced in the description of mean

rate of arrival as a function of queue length, such as the value of N
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in the model described, may be established by observation of the queue,
by sampling opinion of customers, and from estimates of management.
Hence, by reconciling these independent estimates, these values can

be assigned with considerable certainty.
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PROPOSITION 2

It is proposed that an effort be made to determine the electronic
energy levels of a metal in the solid state near the melting point and
in the liquid state near the freezing point in order to elucidate some
aspects of the solid-liquid phase transition.

Phase transition from solid to liquid is traditionally regarded
as a change in the "order" of the crystal lattice at the intermolecular
level (3). However, it may be inferred from information available in
the literature (4, 5, 6) that intramolecular changes may occur in the
vicinity of phase transition or in the process of change of phase.

Such changes are probably caused by the "order-disorder"
characteristics of the material (5) near the transition point, but it is
possible that the point of transition is determined by intramolecular
changes. A detailed knowledge of the distribution of energy among
the electrons in the solid and liquid states in the vicinity of phase
transition would probably lead to more definite conclusions as to

whether transition is determined by intramolecular changes.
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PROPOSITION 3

It is proposed that in general-purpose digital computers a com-
mand to halt operation is not necessary and that small general-purpose
computers could be made more effective by replacing the "halt" com-
mand by one more useful in programming.

The logic of general-purpose computers usually includes an
explicit command which halts arithmetic and logical action by setting
the computer in a closed cycle during which all registers and memory
locations remain unchanged (7). Apart from the explicit command
structure, however, every computer has non-addressable logic which
inhibits the performance of "forbidden" operations by setting the com-
puter in a similar cycle. Thus a programmed halt could be obtained,
in the absence of an explicit command, by use of a "forbidden™ operation
such as division by zero,

In order to use this method of halting the action, a few memory
locations may be réquired. In small general-purpose computers,
which usually have 16 to 32 commands, the availability of an additional
co.mrnand for arithmetic or logic would more than compensate this

loss of a few memory locations out of the usual 4000 to 5000 available,
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PROPOSITION 4

It is proposed that the rate of condensation of a one-component
vapour may reach a maximum as the temperature of the condenser
surface is decreased while maintaining constant vapour temperature.

Nusselt (8) derived an expression for the heat transfer coeffi-
cient from an inclined plate to a condensing vapour. The solution,
which is valid for laminar flow of the condensate film, may be ex-

pressed in terms of a2 mean value of the heat transfer coefficient:

4 a"fzj\k:sf sin ¢ 1/4
b =3 [ 4'r1££(tv~t's)j| (1)

From this expression, which has been verified experimentally (9, 10),

the mean rate of condensation may be expressed as

2.3 3_1/4
kK, sin @(t_ -t )
4[ T *f v 's } (2)

m =
3
2 4ngt A

In equations 1 and 2 the latent heat of the substance, A, is a function
of the vapour temperature, tv’ whereas the specific weight, T
thermal conductivity, kf, and viscosity, Mg of the condensate film
are functions of an "average" film temperature. The average film

temperature, t, may be taken as (9)

1
ts + @tv (3)

W

tf=
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By differentiating equation 2 at constant vapour temperature

there results

@

9m - 131 f 11 f 11 1
( =m[ e SO W Wk S —c—)-—] (4)
t ot ZHZ; at; 'Zcr ot g ng Ot t -t

From equation 4 it follows that a local maximum at constant vapour

temperature will exist provided

e SO T S 1(8%)- 2 =0 (5)
kf atf o atf Btf e

Figure Pl shows the locus of equation 5 for water. The calculated
results indicate that the rate of condensation will go through a maxi-
mum only when the vapour temperature is above 300 °F. Below this
temperature the predicted surface temperature is below the freezing
point, so the analysris of Nusselt is not applicable. Experimental

results to confirm the existence of a local maximum are not available.
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PROPOSITION 5

It is proposed that experiments in two-dimensional, non-iso-
thermal, laminar flow be conducted in order to establish whether the

relation between shear stress and velocity derivatives obtained under

such conditions is the same as that for isothermal flow.

The momentum equations for a fluid may be written in terms of

stresses (11, 12, 13) in the form

3
8'r
P_T z s i=423 (1)

In order to solve these equations it is often assumed that the stresses

are given by (12, 13):

Bu Bu
Tji=ﬂ(—+a—x) 1_#.] (2‘)
and
=-P+ (22 2 goF|enty. W (3)
THTTE TN %9, T 3 il e

It has been verified experimentally (14) that many fluids satisfy

equations 2 and 3 under isothermal conditions. Under such conditions,

the phenomenological coefficient 1, known as the viscosity of the fluid

is a function of temperature and pressure.

Combining equations 1, 2, and 3, there results
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3
Du — ou, =
i_ oP N 0 1 v | =H ] 3% . =
Pop = Fiex, t ﬁj["(zﬁi"'zéijv “)J"‘as;iﬂvu
j=1

Equation 4 is often applied to problems of non-isothermal flow (11, 13, 15),
even though experimental verification of the validity of equations 2 and
3 for this case is not available.

If equation 4 is restricted to the case of steady, uniform,
laminar, two-dimensional flow between parallel plates, it can be

simplified to

ou
oP te]
F.= = + (ns=)=0 (5)
1 X ﬁz axz
9P _
F, - —XZ-O (6)

From equations 5 and 6 the validity of the representation of the shear
stresses may be verified if the pressure gradient, temperature, and
velocity fields are measured in experiments which satisfy the restrictions
mentioned above, provided the dependence of viscosity on temperature

is known for isothermal conditions and the components of the body forces

are known.
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NOMENCLATURE

gross income per customer serviced

substantial derivative operator, 58_9_ +4 - v, sec._1
component of body force in X, direction, 1b. /cu. ft.
mean heat transfer coefficient, Btu/sq. ft. sec. °F
total gross income

thermal conductivity, Btu/sq. ft. sec. (OF/ft.)
length of condenser surface, ft.

rate of condensation, lb./sq. ft. sec.

number of customers in a queue

maximum number of customers in a queue
pressure, lb./sq. ft.

probability of a queue of length n

temperature, °F

local velocity vector, ft./sec.

component of local velocity in x; direction, ft./sec.

Cartesian coordinates, ft.

Kronecker delta

viscosity, lb. sec./sq. ft.

bulk viscosity, lb. sec./sq. ft.
time, sec.

mean rate of arrival of customers

latent heat of vapourization, Btu/lb.
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M mean rate of service

[0} density, lb. sec. 2/ﬁ:.4

o specific weight, 1b. /cu. ft.

o.. components of stress acting in x, direction on a plane

J perpendicular to x, direction, Ib. /sq. ft.

[0} angle between plate and horizontal
Subscripts

i, ] dummy variables

£ condensate

s condensate surface

v vapour
Superscript

: proposed model

- vector



