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ABSTRACT

Ie

A method of correlating experimental values
of the eddy viscosity in turbulent flow inside
tubeg and rectangular channels is described.
A procedure for pradietiﬁg the influence of
physical properties on the ratioc of the eddy _
conductivity to the eddy viscosity is presented,
The values of the eddy conductivity obtained in
this manner have been used to prediect rates of
heat transfer inside tubes which check well with

experimental values.

II.

A study of the evaporation of iodoform cone-
taining radicactive iodine is described. 4n _
attempt was made to measure the eddy diffnsivity
in a turbulent air stream through this study.
The use of radioactive materials for measﬁring
small concentzétions of vapors in gaseous mix-
tures was investigated. No measurements of
concentrations in turbulent aiy flow, and conw
sequcntly, no values of the eddy diffusivity

were obtained,
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INTRODUCTION

The fields of heat transfer, momentum transfer, and
material transfer are of great importance to many industries,
Maaﬁ millions of dollars are invested every year in equipe
ment for transporting, heating or cooling, and changing the
éampasiticn of various flulds, When construction of such
apparatus is based on rational design, it is almost invari~
ably the result of empirical correlation,

The Chemical Engineering laberatory of the Californias
{imstitute of Technology is now undertaking a long range
ginvestigation of the fundamental mechanism of these transfer
%prueassei. The work presented in this paper covers two
%p&rts of this study., MNeans of using the experimental
iinfarmatian on heat transfer obtained in this project to
%ppediet the performance of industrial egquipment are given.
;ESecandly, a method investligated for the experimental study
fZaf eddy diffusion, which did not yleld successful results,
215 desecribed,

}: The development of a fundamental approach to problems
in heat and mass transfer originated with the work of
Osbourne Reynolds, (1)¥, in 1874, The papers of L. Prandtl,
(2), and Th, von Karman, (3), are outstanding among the

meny that have appeared in subseguent years, The theoriles

® Relerences given in this section are tabulated in
Part 3:3
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of these writers are based on the use of three quantities,
€y s the eddy viscosity, c ., the eddy conductivity, and €,,
the eddy diffusivity, These varilables are defined by'thc

equations
'ZJ/( = (eufv) —gi/'—/;/—
Q

Cp @~

(€ 4K ;fﬁ%

M = (E,ﬂ* D) j/}/
Reynolds originally proposed that all these eddy

guantities are equal, This hypothesis 1s supported by
IPrand’cl's momentum transfer theory, (4), but is not in
agreement with the vorticity tranafer theory of G, I. Taylor,
(5). Experiments made in the Chemical Engineering laboraw
tory at the California Institute have shown that €. and C
are equal in uniform air streams,

A In order to predict the changes in temperature that
vl’sill occur under specified physical conditions, it is
necessary to know the value of Cc as a function of position

in the stream under consideration, Xarman and Prandtl have

accomplished this assuming the equality €. 3 €  and obtaine



ing €., from velocity distribution equations, (3), (6).

In the present work, e new method of correlating
experimental values of ¢, directly has been presented, A
procedure for predieting the influence of fluld physical
properties on the ratio-é%ris given, The values of & _
pbtained in this way have been utilized to predict rates of
overall heat transfer inside tubes which agree satisfactorily
with experimental determinations, Two new procedures for
predicting temperature distributions and heat transfer rates
from a knowledge of €, _are presented,

The work on eddy diffusion which was attempted was a
study of the evaporation of iodofrom containing radloactive
éiodine « 131 into a turbulent alr stream. The objective of
%this project was to provide & means of measuring concentra-
%tions in turbulent air streams, so that values of €, could
%bs obtained, The evaboration of material from a sclid
;surface was chosen in order to avoid difficulties found by
Lprevioua investigators, (7), (8), (9)s These latter studies
consisted of evaporation from liquid surfaces, and injection
of a gas into another gas stream of different composition,
Considerable undesirable disturbance of the flow resulted
from both of these techniques,

In the experiments which the author tried, the air
channel used was that in the heat transfer apparatus of the

Chemical Engineering ILaboratory of the California Institute,




This apparatus is deseribed in detall by Mason, (10), The
air flows between twé copper plates 3/4 inch apart, 12 3/8
inches wide, and 13 feet in length, The lodoform was
sprayed onto a fixed area of the lower plate, and air samples
were taken from the region above the sprayed area, It was
hoped to determine the concentration of iodoform vapor
reletive to saturation by measuring the intensity of the
radietion from the air samples and comparing this intensity
with thaet of the saturated vapor.

No experimental data on the vapor concentration were
obtained, The rediation emitted by the alr samples was
found to be too weak to measure, It was concluded, that
while the ilodoform disappeared from the plate, it blew away,

and did not evaporate.



Part I

Problems in Turbulent Heat Transfey



MEASUREMENT AND CORABLATION OF THE EDDY CONDUCTIVITY
AWD EBDY VISCOSITY IN UNIFORM FLOW

Although veloeity dlstributions in turbulently floww
ing streams have been measured by quite & number of investiw
gators in this century, no adequate general method of
prédieting eddy viscosities 1s now in the literature,
Usually, attentlon has been given to approximate corrslation
'ef the veleéity date 1tself, The eddy viscosity, which is
- & much more sensitive variable, has recelved 1little cone
- gideration,

Values of the eddy viscoslty and eddy conductivity
obtained by the transfer research program of this department
have been used in the present work te provide & direct |
correlation of these quantities,

The experimental measurements of eddy quantities
have been made on the heat transfer resgearch apparatus in
this department, This equipment is described in full by
Corcoran, (27)s In brief, it consists of two parallel
copper plates, 1 foot wide, 13 feet long, with a 3/4 inch
air channel in between them, These plates are independently
meintained at any desired temperature by means of oll baths
ebove the upper plate and below the lower plate, Heat
transfer experiments ere made by maintaining the upper plate
at & higher temperature than the lower plate and measuring



the temperature distribution in the sir channel, Values of
the eddy viscosity are obtalned from velocity determinations
obtained at the same tlme as the temperature data,

The results of the most necurate measurements in
uniform flow obteined thus far are shown in Figure 1., It is
evident that the values of the eddy viscosity are ldentieal
with the values of the eddy conduetivity within the experis

mantal ﬁncértainty. |

Further 1népection of Pigure 1 points out the
characteristic shape of the curves, end the inerease of the
vélues with the velocity of the fluild, The slight asymmetry
of the curves 1s probable not due to the temperature varis
%atian ih the air stream, It is also seen in experiments
%made with both plates at the same temperature,
| The work of Nikuradse, (6), and von Karman, (3), has
resulted in specific equations for the eddy viscosity,
~ These equations predict the decrease of this quantity bo
zero at the ecenterline of pipes and channels, which is not
observed here, The expression applying to the main part of
the flowing stream, called the turbulent core, is, in

dimensionless form,

L, Qﬂﬁi)ﬂ%;‘;) e

Al = (1)

If the product of the Reynold's number and (/2



ape transpased to the left-hand side of equation (1), we

obtain
|

(&) Rovms = 29/4)2

. (2}
We note that here the group Gb/vﬁf}??zgf?7z'is expressed as
o wniversal function of WTee

The data of this leboratory have been expressed as ”
the funct;oné%i?%%;%%~*and plotted versus y/y, in Figure 2,
The universal cirve of Nikuradse and another curve used
riaterﬂin the present investigatiaﬁuar@ also shown, Values
. of both the eddy viscosity and eddy conductivity have been
Eused, sinee thess vériables have been feuné essentially
zequal thrbugheut any one experiment, |
j Ingpection of the paimtg in Figure 2 shows that there
éis a possibility of securing'a general correlation of the
‘data in this manner, although more data rmst be‘eompared
‘before this proposition can be adsyustely tested. It scems
ilikﬁly that, at least over a limited range, eddy viscosity
values will fall on a single curve when plotted as in
Figure 2, In any event, a closely similar familypiurves
ehanging slowly with Reynoldfs number would at least bse
expecteds The writer bellieves that the treatment of eddy
viscosity data in this form elsrifies the influence of the
physical properties of the fluid to a considerable degree,



- It ghould be polinted out that the devietion of the
two sets of date on the right side of Figure 2 does not
arise in the methoed of corrslstion, Both eurves in Figure 1
are seen to be vnsymmetrical, ths high side being different
in the two @&seé. In an experiment made with no heat trange
fer thfaugﬁ the air stresm st & nominal veloeclty of 30 ft/sec,
the eddy viscgs&ties found were 304 ebove those in the lower
eurve of Flgure 1, This supports the conclusion thet small
changes in the apparatus betwesn @xperiménta may be raspanéiw
ble for the lack of correlation in Plgure 2, Earlier,‘less
precise data on the eddy ccnducﬁivity determined on this
;apparatus have been omitted far'this‘reasonQ
l . If future work verifies the general correlation of
‘eddy viscosity data by means of & single curve in the
{caordinates of Figure 2, 2 universal velocity distribution
imay then be obtained from this curve,
jA Tet us represent this eddy viscosity correlation by

' fths equation

o) | g [ 2]

v {3)

The definition of the eddy viscoslty may be written

|

v ()T

(4)



Between parellel plates, or inside a cireular conduit, the

shear forece is expressed by

o )
T= 7T, ,3’[ | (5)

Combining these éxpressions, we find

G R L

It may be shown that
X = Ve

Tatroducing this equality inbto equation (6),

] (6)

| /
e T RS
%

isinceZ%;z—“ Re, and using Prandtl's equelity again, we find

0(/“"’ 2 r

~ =

= T ®
[ A

Indicating the integrotion of equetion (8), we obtain our

universal veloelty distribution expression

W
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[ (/{ )&K—Cﬁ) + constant (g}

5[5 ]

: By choosing the appropriate value of the constant of inte~

gration in equation (9), this expression may be used for any
peglon in the turbulent stream in which the proposed eddy
viscoslity correletion is valid, In other words, if squation
‘ (3) represents the eddy visecosity satisfectorily only in the
~eentral portion of the fluid stream, the integration in
squation (9) may be limited to this reglon, and the constant
of integration (which may be a function of Re) evaluated at

‘the boundary of this area,



PREDICTION OF THE ERFTRCT OF TLUID PROPHRPTIES ON THE RATIO

QF THE ¥NDY COIDWCTIVITY TO THRE IDMY VISCOSITY

The experimental results discussed in the preceding
section show clearly the equality of these eddy quantities
in vnifoxrmly flowing air streams. Since many of the more
important annlications of eddy conductivity studies are in
the flow of other materials, the extension of this data to
such cases is of considerable interest.

Much work in the literature, (3), (11), (12), (13),
is based on the tacit assumption that€.,=€,regardless of
the properties of the fluide This assumption is probably
the result of considering the turbmlent transfer processes
to be influenced only by fluid motion. The present author
believes that, particularly in less violent turbulence,
transfers of momentum and energy within the eddies by means
of the absolute viscosity and thermal conductivity of the
flvuid are cuite important,

In order to make a cuantitative estinate of the
variation of<€% in different media an idealized "model®

v
has been emploved to represent the actual turbulent motion.
The early mixing length theory of Prandtl, (4), has been
used for this purpose. This theory wvisualizes transfer
processes in turbulence as due to the exchange of vnarticles

of Tluid between regions having different mean velocities
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and temperatures, That is, an “eddy" originates in one
plane, moves through the fluid with constant wveloecity and
temperature for a specific distance defined as the "mixing
length®; and then disintegrates, leaving its entire momen=
tum and internal energy in the second lapr,

The present treatment alters this concept only by
allowing the moving particles to change their energy and
momentum while in flight, This change is considered to
result only from the thermal conductivity and molecular
wiscosity of the "eddies", Such an effect must be presents
the temperature of a solid body moving through a liguid in
a region of positive temperature gradient will increase,

In order to use the temperature history of an eddy
to caleulateC we shall use an equation for turbulent
heat transfer derived by Reynolds, (1),

éb el

= ta' (10)

Cp T
If the temperature of the eddy did not change in flight,

our definition of the mixing length on the previous page

would give us

13
6:,04;' )

(&

gince t¥ % 1 dt/dy. Howsver, since t' is actually less

than this amount, we have instead



s -Co
= A //(d’f/cﬂ'\g)

-
In order to obtain an expression for 9, the
Iaﬁ7a§

eddies have been assumed to be spheres having a radius

(12)

- egual to the mixing length. The surface temperature of the
particles is assumed to vary linearly with time during

its movement. The interval of time between the eddy's
creation and its destruction is taken as 1/v's Carclaw

and Jaeger, (14), give the average temperature of the sphere

under these oanditiana by the formula 2 (13)
-k
At T o2* 2 ( = )
g S L e

[ }e 1Sk Y ,,é‘,fﬂ‘l (13)

At the time € = 1/vt, this may be eomhinea with equation

(12) to give the expression :
Ce  _Mrfa )Z—-z(/'ve )
The curve represented by this equatiaa is plotted in

Figure 3,

A complete analysis of the analogous effect of
moleculay viscosity on nmomentum transfeyr cannot be obe
tained directly., However, the an&iogy between the effects
of themmal eonductivity'anﬁ viscosity is so closs that the

writer has felt Justified in applying an sguation corres
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(@)}

sponding to (14) for caleculaton of the eddy viscosity. In

other words, it is assumed

€y W (a (=2 (W ) Z 6( - WL‘U/HJ)
' - x st e (15)
This procedure is supported by the recent demonstration of

Batchelox, (38), that momentum transfer (or energy dissipaw=
tion) in small scale turbulence is governed by viscosity in
an equation analogous to that for heat conduction.

An expression giving the ratio of €. to Ea,&xplimitly
is obtained from division of equation (14) by equation (15).

The result is

0 _4f7rlK/F§7
2 12 (AN () )
€ p Jig otk )féwﬁ’ (I-= (16)
-l z
Sy ._;/-’__sl_f; ,,Q’UJ - -t vfha
)T

Curves expressing this relationship for wvarious values of
€v/—u are shown in Figure 4.

The information shown in Figure 4 may be used in the
caleulation of overall heat transfer rates inside tubes, in
the estimation of temperature distributions inside tubes
with and without the presence of chemical resctions, and in
many other ways,.

However, it must be emphasized that these results
are at present entirely speculative, The bsic assumptions

of this derivation may not be fulfilled in very weak



turbulence; i. €. whereév/—pia, say, less than unity.
Consider flow near a s0lid wall, in the so-galled "buffer
layer®, where flow is alternately turbulent and laminar,
It seems that here, turbulent frictbn may be due to momen-
tary distortion of the streamlines, and formation of
vortices, The interchange of well defined elements of
fiuid between planes of different velocity is considered
unlikely under these conditions,

The theory presented here predicts values of% under
conditions where no other information is available. By
giving even a very rough picture of what is to be expeecied,
it may be a useful guide for future experimental work,
When€vqyis very small and the theory is more uncertain,
the effects of molecular viscosity and econductivity are
largests The approach of previous workers, (12), (13), who
neglected these effects, is even more uncertain,

The experimental measurements of € and Qv made in
this department in turbulent air streams do not test this
theory severly., 8ince air has a Prandtl number of 0,74,
the predicted values of €cfg are all very close to unity,
as may be seen in Figure 4, As measured, this vatio is
unity within the experimental uncertainty of 10%. Since
the theory predia%a%%;% 1 when the effects of physical propw
erties are negligible (%%*7*99 this agreement does not make

a mejor coniribution of support for his theory.
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T TRAVSFER RATHES

PREDICTION OF OVERALL ITEAT TS

TUSTIDE CIRCTLAR COXDUITS
T
(3), (12), (13), who have given equations for overall
heat transfer obtazined from assumed values of the eddy
conductivity. Similar calculations have been macde from
the theory of the preceding section., This work is com~
nared with exterimental daia, and the previous theories.
Temperature distributions in turblent streams are
governed by the partial differential eguation derived in

Appendix I a[rr('(*'eg %rtr;-] ot
::zf?ul‘adx, 27

o ~
An analytical solution of this equation cannot be obtained
without many simplifying assumptions, because of its non-
linearity. Two new procedures for solving this equation
are presented in this section. Another method, similar to
one develoned by Martinelli, (12), has been used with eddy
conductivities v»redicted by eqguation (18) to show how this
relation may be apnrlied.
| Steady State Solution
The last mentioned procedure will be described first.

Unlize the others, it has been avplied to a wide ranse of



Reynolds and Prandtl numbers. TFrom the definition of the

eddy conductivity, one may write
Q

Q dt
—a*;_—:—* = Cégl'l-k) . C=0 (18)

Martinelli, (12), has introduced the assumption that

8 s Qozxfb. Thig allows the problem to be treated by means
of equation (18), an ordimary differential equation, The
more difficult solution of (17), a non-linear partial
differential equation is avoided,

It should be noted that the dimension x, in the
direction of flow, is eliminated from the problem in this
fashion, If the answer desired is a temperaoture distribu~-

-t
tion, it will be obtained in the form of %%w;—%;;
as & function of radial position only, for given conditions,
If a prediction of total heat transfer is wanted, the result
will be the Nusselt number as a function of the Reynolds

and Prandtl numbers, The Tusselt number is defined by

D
Nusselt number % Nu = _ao
BT, i)

(19)

It ie found, experimentally, (15), and theoretically, later

in this paper, that Nu is unusually high at small values of
x/D. Martinells:'e assumption precludes detection of this

effect.

Equation (18) now takes the form



<—ED:) = (e +K) :pg_

This result may now be rearranged into dimensionless form

Ce (20)

to give

tu-T

: etk A\ F~Em
%(‘C(} 'tw)(f’/*)(arr) = E%)t (21)

Recalling the definitions of Nusselt and Prandtl numbers,

we see that equation (20) may be rewritten as
= e -217;' €c
d(%) i

!
e (22)
in temms of y, the distance from the pipe wall, Integrat~

Py

ing and averaging both sides of the equation balween the pipe

wall and centerline, we find

/
N..
- - (23)

P j‘vlo /-2 7/0) d ( 1//0)
0 €'*'/ V+ '/ Pr )

or %g equals the reciprocal of this pyernged integral.

In contrast to Martinelii's proc2durs, which wag
entirely analytical, caleculslions have been made from

equation (22) by numerical integration. Velues of 4%;22&2% )
-V Pr
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were tabulated at approprlate Intervals and integrated by
summation to & series of values of y/D, Then a second
integration was performed to carry out the averaging, A%
high Prandtl numbers, where the fi?ét integral reaches
nearly its maximum value in the immediate vicinlty of the
wall, this integration hag bYeen performed only out to
3’* - 100.. An snalytical méthod was derdved for evaluating
the small incremént in this integral in the center portion
of the stream, . | “

In obtaining € /), Karman's concept of  dividing
~ the stream Into a laminar layer, near the wall, a buffer
layer, and a-turbﬁlsnt core has been retalned, In the |
laminer layer, €, and € are assumed to be zero, In the
buffer laysr which has been cheosen by Kerman, (3), to exbend
between y+' of 5 and 30, his equation

(1= 22) ReV52

€ +V {24)
- S
has been used, In the turbulent core, the relation
etV (-2 Ve (25)

-/ - & &

has been employed. This equation, for flow between parallel
plates“, is shown as the upper curve in Figure 2, A best

" Between parallel plates, the Reynolds number is
calculated using twice the plate separation as the hydraullce
‘diameter. A compensating factor of two was Introduced into
equation (24) in obtaining the curve in Figure 2,



fit line through the points on this plot was not used
because part of this work was done before these experimental
date were uvallable, After values of €./ were obtained at
‘necessary points, 6¢/6v was read from a large scale plot of
Figure 4, and € /v caleulnted accordingly.

The results obtained by this procedure are shown in
Pigures § = 8 together with curves of Xerman and lMertinelli,
The treatment af.Kﬁrman is quite similar to that of
Martinelli, except that the thermal conduetivity of the
fluid is neglected in the turbulent core, Inspection shows
that these authors?! results differ only at low Prandtl
numbers, Here the laminar and buffer layer resistences have
become small due to the high conductivity of the fluid,

The equetion obtailued by Karman, (3), is

. ¥/e
St =
|+ S5k [(B ) £ 0. [1+5C-DS

in the present nomenclature, HMartinelli's relationship,

{(/2), hag the somewhat different form

- « I (55)
5[@(/3,,7»,&(/7‘6&/9}0554( /;Z]

Martinelll presents curves for the retio Yw « t and for
= Vay
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the factor F, This factor is essentially unity for values
of the Przndtl modulus abaove 1,0,

At 2 Reynoldes number of 200,000 the predictions arve
compered with experimental dats on heat transfer to gases,
end mereury, in'Figures 5 and 6, The pregent work is seen
to agree most satisfactorily with the experimental data on
mereury., It differs from Martinelli's work only in using
values of'ecﬂev'fram 0,1 = 044 instead of unity, Since
gases have Pr = 0,74-0,85, Figure ¢ prediets€c/c, = unity
throughout nearly the entire fluld, snd the present analysis
becomes identicel with that of Martinelld,

Figures 7 and 8, for a Reynolds number of 10,000
present a rather different pleture, Fere, the region of the
curves at valnes of Pr zbove 1,0 have recelved greatest
experimental attentlon, The theoreticel curves give
reasconable approximations to the data points up to Prandbl
number of B0, Here the data become much more uncertain,
but Relchardt's prediction seems too high, with the writer's
and Martinelli's lines belng too low,

It may De noted, in Figure 7, that all the predictlons
approach constant, liniting values of the Nusgselt number as
asymptotes. AL these high values of the Prandtl nuwber, all
the hect transfer theories give the result

¥u = Re Ufgz (26)
3
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where yi+is the velue of yT assigned to the inner boundery

of the laminar sublayer, This value is approached because

all of the other resistonces to heat transfer become neglie
gible in this reglon,

In the light of equation {26}, the fact that
Reichardt used a value of y;": 2 cleerly explaing the difw
ference between hias curve and those of the author and
Martinelli, which were both based on yif: 5. It is notem ﬁﬁ\
worthy thaet whereas the writer's line is guite close to
that of Mertinelli for Pr)>l; Reichardils velues become very
different, The feet thaet in the present work, at Pr & 100,
values of €¢/¢, from 2 to 5 instead of unity, affected the
result hardly at all,

In contrast, the quite small change Introduced in
Reichardt's velocity distribution neer the wall has caused
a very large change in the predicted Nusselt number, In
Pigure 9, a comparison of these velogliy curves with
avalilable experimental data is shown, The scatter in the
points is such 28 to render any cholce between the two lines
difficult, if not impossible,

Sueh a sképtical position is fuéther engouraged if
one reads of Laufer's experimental difficulties, 4s then
used, vhe hobt-wire technique was found to give unexpectedly
high velocitles near the channel boundery, This weas

explained as heat conductlon to the wall, Data were then
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taken with & lower hot-wire operating temperature, and were
found to be of the expected magnituvde, These latiter values
are those used in Figure 9, Since Relchardbtls measurements
were also obtained with & hote-wire, this cifficulty is
1llkely to be present in his date also,

It should be noted that between y*—of 2 snd 5,
sccording to the lower curve, €vis gulte small compared to
V, but at Pr = 100, €cis lerge compared to K, which is
only 1/100 of V , This illustrates one of the fundamental
diffienlties of predicting heslt trensfer at high Prandtl
nurbers from veloelty date, &ven Lf€</c. were known .
satisfactorily, it 1s extrasordinarlly difficult to mecsure €,
when it is small compared to UV , Experiments on the tempere
ature distribution necr such & heated wall will be umuch

wmore useful, snd probably much eagier to obtailn,
Unsteady State Solutions

Two methods of treating the overall heat transfepr
problem have been developed which show varlations in Musselb
number and temperature profile with longltudinal position,
Both of these solve the partial differertlal equation (17).
The first of these procedures uses an anslogous electrical
circuii, The other technique is an iterative numerical
solution which 1s applied to a finite difference form of
equation (17} Many problems in loczlized or intermittent
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heating of flulds are a&ieptible to solution in this fashion
that otherwise would have to be by-passed entirely.

The electrical circult consldered to be analogous %o
the present physical situation is shown in Figure 10, In
this grid, the successive junction points between resistors
correspond to suceessive points aleong a radius of the tube,
and the resistences connecting them represent the lumped
tﬁermal resistance of the intervening liquid. The time
dimension of the electrical network corresponds to distance
in the direction of flow, making the current flow into the
condensers analogous to the rate at whieh thermal energy is
removed by transport with the flowlng stream, The fluid
temperature at a given radius is then represented by the
network voltage at the corresponding point, and itz varie
ation with distance downstream from the entrance is repre-
%ssnted by the variation of this voltage with time elapsed
‘since closing the rotary switch,

The average velocity of the fluld at any point, and
the corresponding eddy viscosities have been evaluated by
the same progedure used in the steady state treatment.
However, since the equations developed in the preceding
section, relating €. and €, were not available at the time
of this work,; these quantities were assumed equal, Since
caleulations by means of thils analogy have been performed

only for water, the values of €c/c  prediected would have
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been close to unity, and the results would have bsen essene
tially the sanme,

The enslogous electrical circuli shown in Pigure 1
may be justified by intuitive physical reasoning or by an
analytical derivation,

An approximate representation of equation (17), may .
be obtained using the finite difference expression that is
indicated below,

52 (4 €)selsts) e, (kredy (tet)_ (_di
(a )¢ - T oz

(27)

In this equaﬁian, the subseripts refer to a series of peiﬁts
at various radial»éistane@s for given longitudinal positions
Lin the stream,

In the analogous elqetrieai cireait; the response is

governed by the relationship

Vg_va Va"’VI _ dV)
A s e &
Sae Sz £

—_

(28)

In equation (28), 8 denotes electrical resistance and @
represents time, Inspection of equations (27) and (28)
yields the following analogles:

Temperature ~— voltage

rasy ~— eapacitance

apr/p{K+€.) -~ eleetrical resistance
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downgtream —~— btime
distance

Sﬁeh an analogy hag been ut;lized on the analog computer of
this institute, (16), to find temperature dlstribution in a
turbulent stream, In order that results could be compared
with exﬁerimental data, apergting conditions were chosen
which corresponded to the conditions reported by Sherwood
and Petrie, (17), Theae operating variables and results in
each eage érs.preaented in Table I, The caleculated values
of thermal flux and temperature differcnce between the fluild
and the wall were comblined to yield an effective thermal
tranafer coeffieieht. The avaréga tenperature was determined
by integvation.of the product of the temperature and the
point veloeity, divided by the average velocity, The pro-
cedure established the temperature of the mixed fluid after
‘equilibrium had been rveached at a particular section, The
curve obtained in this fashion for case B is shown in
Figure 11,

The voltage measurements were made with a cathode-ray
oseilloscope whieh recorded the electromotive force as a
function of time, A typlecal photographic record is shown in
Flgure 12, The curves were smoothed graphically with respect
to the analogs of temperature and radls) distance, Figures
13 and 14 correspond to case A of Table I and Flgures 15 and

16 relate to case B,
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The change 1n voltage scroes the first resistor of
the network provided a means of determining the thermal
flux at any point, Thils resistor was considered to represeat
e peint within\the leminayr sublayer, Consequently the thepre
mal flux was equél ﬁo the product of the thermal corductivity
and the radiel tempersture gradient, This was debermined
from the voltage drop ascross the first resistor,

The'results of these caleculations are shown in Table

I. They arse in reasonable agreemeht wilth the experimental
date but some significant differences exist, It iz probable
that these differences maey be aseribed to the following
‘gources of errori |

(1) Uncertainty in the values of €. as predicted
frém both isothermal and non-isothermal flow,

(2) The distortion of streamlines by natural con-
vection as a result of tempevsture gradients,

(3) The use of finite difference approximetions in
the solution of the differentiel equation,

(4) Deviations in the resistances and capacitances
used from values stipulated by the analogy, and
the limited precision resulting from the relae
tively small size of oscilloscope used,

In thies instance, the uncertainty in € . is the

predominant source of error., Reference to Flgure 2 shows

the minimum devistion which may be expected in & . since
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speenlation as to €/€s 13 also praesent,

The equipment used for electrical snalogy measures
ments only permits the circult parameters to be esiablished
within abbut siper cent in some cases, This was a resuld
of the wide varlatlon in velative values of resistance and
capacitance that was needed in the solution of this problem,
By the use of larger clreuilt elements and a correspondingly
longer time for sach measurement the uncertainty may be
decreased, |

However, 1t sesems likely that for most purposssg, the
iterative numerical solution of equation (17) will be found
more appropriate, In this cases the differential equation

‘has been replaced by the finlte difference expression

5o (K€, (ET) -z (K ) (¢ ) (tamT2)  (20)
(4& kS Tata AL

where t, is the temperature at the same radius as point 2,
‘but one interval downstream, For convenience, this exprese

glon has been rewritten in the dimensionless form

(Ex)fkreafrtey iymed (fets)
A

()" (30)

w7 Ea~Te
(59 G

(%5+)
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Bguation {30) has been fumther abbreviaied for com-

putational use into the form
g’s' ) - @(T.-T)) (31)

where

(59, (596, ‘
I%Jf (E%;%% (E%§%> (;%E)Z_ (32)

From these delfinitions, T has a value of 0,0 at the boundary
x # 0, and a value of 1,0 at the boundary »/D 3 &, Con-
sequently, the entire temperature fileld in the problem is
obtained by successive appllcation of equation (31), bveginne
ing at the upstream boundary and proceeding in the direction
“of £low,

| This procedure has been applied to the heating of
1iquid mercury, at a Reynold's number of 200,000, and a
.Prandﬁl number of 00,0086, The interval,f%?; was chosen as
Oe¢ly, with points teken equally spaced between the wall and
the centerline, 3, Frankel has recently prepared a paper,
(18), in which it is shown that, for the case whers J is |
constant, its value must be equal to or less than one-half,
1f the solution is to be coanvergent, On this basis, the

AXL
interval,;~, was chosen as 2,0; this gave & value of g on
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one side of a point which was 0,89, bubt the value on the

opposite side was 0,21, Quite satlslactory couvergence was
obtained, The format used in thls casge, with sample calou-
lations shown, is given In Appendix II, |

A plot of the Russelt number as a funcbion of loagi~
tudinal positlon for this case 1is shown in Figure 17,
together with the value calculated by the steady~sbate pro=
cedure, The agrecment is considered quite satisfeactory,
particularly in view of the difference in the assumptlons

made In the two suviutions, It.is noted that the value of
the Nusselt modulue obtained fo& x/D of 10 1z less than 7%
higker than the zgymptotie value, This is in marked cone
trast to the result of Sanders, (19), who predicts them even
&t 100 diameters, the Nusselt number is more than 207 above

' 1ts esympbotic value, His unsteady-state treatment 1s based
~only on conslderation of the reglon very near the wall,
lﬁinae‘this region is of minor importanee at low Prandtl
numbers, his unweésonable result is not surprising,

A chart has bheen prepared t0 sumarize the qualitae
tive conclusions which have been drawn about the influence
of the Prandtl number on the varlous factors governing ovepw
all heat transfer inside tubes, This chart is presented in
Pigure 18, It is hoped that it will give the reader a
better pleture of the application of the devalopments glven
in this paper, and of the need for future experimental work,
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HONMENTUM AND THERMAL TRANSFER IR
TONLUNIFORYM TURBULENT PLOW

'?he present atatus of axperimanbal and theoretical
work dn bhe‘ralatianship between heat transfer and friction
in non-uniform turbulent flow doss not permit precilse
evaluation of €/c, under any conditions, The work of
several investigntors, (20), (21), (10), indicates that this
ratlo lles between 1*0 and 2,0, but the varlations are such
that no more dafiniee conclusion may be drawn,

The prineipal theorebleal developments in this fiel&
aréﬁéomentum transfer hypothesis of Prandtl, (4), and the
vorticity tpansfer theory of Taylor, (5), Prandtl's work
.ﬁaa been briefly summarized héra in the discussion 6f thé
effoct of fluid properties on €c/6, . Even ﬁriar to this,
Taylor pointed eut% (22), théﬁ 28 an eddy moved bebtween two
layers in the fluid, 1ts nmomentum might be changed by presw
:aure gradients in the fluid, eontrary to Prandtl's assumption.

Taylor proposed, as an alternative, that, in two
dimenslonal flow, the vortielty of an eddy be assumed ine
varlant in its motion through the fluild, Under these conw
4itions, the vwﬁicity way bs written as & Puby)e The
concentration gradient of vorticity is then % iaauvﬁyﬁlg
The rate of vortlelty transfer has been shown, (5), to be
equal t02 ¢ (9TRy), Since the concept of eddies being
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ereated, traveling a dlstance equal to the mixing length,
and then being destroyed is retelned, 1v' is =t111 & "dife
fusion coafflclent® for the eddies, Consequently, we nay

combine the above quantiti&s to yi@lﬁ

0 7:’/,7 ijv' 97 ) (33)

Unless the nature of the varlation of 1lv! is known, (33)
does not yleld a direct solution,

If 1t should be assumed that over a region,fiv' is
constant, the above relation may be integrated to give

&= @ L 7 ' (34)
Comparison éf equations (1), (11), and (34) shows that we
now have the relation €. 22€,, The recent experimental
data obtained in this department, shown in Flgure 1, have
demonstrated that this relation 1s not valid in uniform flow,
In fact, the rival-thaory of Prandtl has been verified for
this case,

However, the recent measurements of Mason, (10), in
the wake of a heated c¢ylinder have demonstrsted that values
Qfet/ev considerably higher than unity can be obtained
under such conditions, Corrsin and Uberoi, (21), bave made
direct messurements of 8, T, dt/dy in heated ailv jets, end
have found}ig/%v to lie between 1,3 and l.4, Fage and
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Falkner, (23), have presented experimental evidence in supe
port of Taylor's hypothesis, although direect ecalculations of
€. and €, were not made,

Prandtl has suggested a possible physical basis for
a difference in the nature of channel flow and the none
uniform flow of wakes and jets, (24), Near the ﬁrailing
edge of an obstacle in an open stream, fluild is being trans-
formed from its undisturbed approach into highly turbulent
motion, The orientation of the fluctuating velocity come
ponents is probably closely determined by the position of
the obstacle., For example, if the flow approaches a cylinder
perpendicular to its axls, the turbulent motion will be twoe
dimensional, with fluctuations in the direction of the
‘¢ylinder axis being practically negligible, As opposed to
‘this pilecture, fully developed turbulence in a channel has
‘had ample time for equilibrium to be established between the
:?arions components of the fluctuation, It has long been
known that in this equilibrium condition, the turbulence
attains a high degree of ilsotropy. In fact, Fage and
Townend, (25), have shown that near a wall, the most violent
fluctuatiors are perpendicular to the plano of flow,

S8ince Taylor's theory is derived on the premise that
the disturbances are twa»dimanslonal, it should not be
surprising if his predictions were to be at least approximately
fulfilled in the wake of obstacles, and in jets, where this
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condition is met. |

An empirieal'atuﬁy of the temperature and veloci-
ty curves in hemted jets has been made. The data of several
workers have been compared by plotting §“§§, as a function
of 4 ,» The resulting graph is shown in ﬁzggre 19. TUnder
assﬁgptians generally made in integreting the basic partial
differential equation, (5), the slope of the line in this
plot represents the local value of €</cv , Thus the deta is
seen to correspond more closely t0 €. ®2&. far downstream
in the jet, rather than near the mouth, as would be expected
on the basis of Prandtl's reasoning,

Regerdless of whether the various turbulence theories
are in agreement with the points, the plot in Flpgure 19 is
consildered by the author to give a valuable correlation, In
this fashion, the temperature dilstribution to be expeected in
a jet can be predleted directly from a knowledge of the
velmaity distributien; When this latter information is not
known experimentally, it may be predicted by several proe
cedures now avallable,

It should be emphasized that in nenwuniform turbulent

flow, tempsravure fields are governed by the differential

equation® ‘ +
5 Tr(kre) S5 3 [ae), £ ] )t
i +"r = rrac a ¢

3~ o % (38)

¥ Whe absence of heat sources and sinks within the
fluid is sssumed here,
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This relation is derived in Appendix I, This equation cone
siders turbulent transfer perpendicular to the stream, and
also in the direction of the flow.i Previous writers, (20),
(12), (13), heve neglected the eddy conduetivity in the
direction of flow, simplifying equation (35) to the form
P [””'(/(7‘60)”5&% 2t
BEE G e

It follows by integration eof this expression that

oo _

37
{/r,u,t d~ = constant , \#T)
—og

This integral 1s proportional to the rate of enthalpy flow
in the direction of the stream, |
The data of Corrsin, (26), én flow in heated jebts has

‘besn used to calculate values of the above integral, The
ratlio of these values to the Integral at the jet wmouth hasg
Dbeen plotted dilstance downstream in Flgure 20, According
o equation (37), a constant ratio of unity should be
obtained, Unexpectedly, the curve drops 22 low as 60%.
Returning to equation (35), it 1s seen thet this decrease

mist be due to turbulent transfer along the Jet axis..



13,

14,

15,
16,

37

REFERENCES

9. Raynalds, Prae. Manchester Lit, and Phil, Sor,., 14

7. (1874},

Ly Prandtl, Phys, Zeit,, 29, 487, (1928),

Th, von Karman, Trans, A.S.M.,E., 81, 705, {1939).
L,.Pr&ndtl, Phys, Zeit, 11, 1072, (1910).

G. I, Taylor, Proc, Roy. Soc, {London), AL3B, 685, (1939).
J» Niluredse, Forshungsheft, VDI, 381, 1, (1933).

Ts K4 Sherwood and B. B, Wasrtz, Iﬂd, Eng. Chem,y; 31,
457, (1939).

We L, Towle and T, K, Sherwood, Ind, Eng, Chem., 31,
1034, (1939).

We G. Schlinger, and B, H, Sege, %o be published in
Chem, Eng. Progress,

De g, Heaon, Ph,D, thesis, Calif, Inst, of Tech,, June
1949, : .

Ly, My K¢ Boelter, R, C, Martinelll, and P, Jonassen,
Tranﬁc BB yMoE,, ”éﬁ 6&7} (1941)*

Re Oy Martinelli, "Further Remarks on the Analogy
Between Heat and Momenbtum Transfer", Paper presented at
8ixth International Congress for Applied Mechanics;
Paris, France; Sept, 1946,

H, Relchardt, Zelt, fur Ang, Math, & Meech., 20; 297,
(1940), also NAC4As ToM, 1047,

H, 8, Carslaw and J, C, Jaeger, "The Conduction of Heat
ig Sollds™, pe 202 3rd edition, Cembridge Univ, Press.,
1948,

A, Cholette, Chem, Eng. Proge, 44; 31; (1948)9
G, Dy MeCann, C, H, Wilts, and B, Locanthi, ”Eleetrenia

Technigue Applied to Analog Methods of Computation®,
Trans, Inst, Radio Engra., (to be published),




17. T« Ke Sherwood, and J. M. Fetrie, Ind., Eng. Chem., 24,
736, (1932).

18, 8. Frankely, “The Rate of Convergence of Relaxation
Method Calculations®, California Institute of Technology,
1949,

19. V. D. Sanders, "A Mathematical Analysis of the Turbulent
Heat Transfer in a Pipe with a Surface Temperature
Discontinuity at Entrance", M. 8, Thesis, University of
California, Berkeley, Calif., Wovember, 1946,

20. G. I. Teylor, Proc. Roy. Soc., (London) Series 4, 215,
1, (1915).,

2le 8. Corrsin and M. Uberoi, Ne. Ae Cs A, Tech, Note 1865,
May 1949,

22. G. I. Taylor, Proc. Roy. Soc., (London), AL51, 494, (1935)

23. A« Page and T. P, Palkner, Froc, Roy. S50C., {(London),
4128, 702, (1932).

24, L. Prandtl, in ¥, L. Durand's "Aerodynamic Theory", ‘
Vol. III, p. 176 & 177, Berlin, Julius Springer, (1935).

25, A. Page and H. C, H, Townend, Proc., Roy. Soce., (London),
Al38, 657, (1932).

26, 8, Corrsin, N¥. A. C. A, Wartime Report wW-94,

27+ W. Hse Corconan, Fh.D, Thesis, Calif, Inst. of Tech.,
June, 1948, -

28, V, Cleeves and Li M. K. Boelter, Chem, EngQ Frogey
43, 123, (1947).

29. P. Ruden, Waturwissenshaften, 21, 375 (1933).

30+ Je Laufer, Ph.D, Thesis, Calif, Inst. of Tech,,
June, 1948,

3ls Fs He Morrie and We. G. Whitwan, Ind, Eng. Chem,,
20, 234 (1928),

32. A. Bagle and R. M. Fergusen. Proe¢, Roy. Soe., (London),
Al27, 540 (1930).

33 M. A. Styrikovitch and I. E. Semenbwker, Jour, Teech.
Phyao’ (UbSoSoR»)‘ 3‘-‘9, 1324 (1940).

34. A. P. Colburn and C. A, Coughlan, Trans, A, S. . BEay
63, 561 (1941).



B £ 08 & v ¥ L0 D : i : e o
3 < wy o o @ SRR T R

Xp¥s2

HOMBENCLATURE

Concentration, 1bs/fto

Speeific heat at constant pressurve, Btu/1b OF
dlameter, ft,

Diffusion coefficient, £t2/seec,

Panning frietiqn faetor, dimensionless
Gravitational constant, ft/aeeﬁ

Heat transfer coefficlent, Btu/hr £t® OF
Enthalpy, Btu/1lb

Thermal eonductivity, Btu/hr £t2 OF

Thermal diffusivity, £t%/sec

Mizing length, £t

Rate of heat flow, per unit area Btw/hr £t°
Rate of heat flow per unit area at wall, Btu/hr £t°
Radlal distance, ft.

Electrical resistance, ohms

Temperature, °F

Point veloeity, ft/sec

W \%/P

Average veloeity, £t/sec

Voltage

Coordinates, ft,

Distance from wall, ft,

Plate separation in twoudimensimnal flow, or tube
dlemeber, £,
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NOMENCLATURE (Cont'd)
G/
L

€ec
Ratio;::

Density, lha/ftz
Viscosity, lbs/sec £t
Eddy conductivity, ft?/aee
Eddy diffuaivity,,ft?/see
Eddy'viscosity,lft?/sse

Kinematie viscosity, ft%/sec

Mass density, 1lbs seez/ft4

Shear force at wall, lba/?tg
Local shear force, l‘bs/ft2
See equation (32)
Dimengionless Groups
Nusselt number, defined in equation (19)
Prandtl number, ﬁ%ﬁ‘
Reynolds number,_gg

Stanton number, equal Nusselt no.:
oy equal 10 IreTmeIds N0, ) (Prandtl no.)
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Table I

Comparison of @mperimental and Caleulated Conditions

Case A Case B

Reynold!s Number : 50,800 82,300

 Prandtl Number . 1.891 1.826
Inlet ?iate:" Temperature °p 121.8 © 18445
Average Temperature of Tube Wall °p 203.7 .263.1
Measured Outlet Temperature °F 192.,0 192,3

Calculated Outlet Temperature °F 193.2 19446
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Figure 10, Electrical analogy cireuit.
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Figure 12, Typical oseilloscope
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Low Prandtl
number,< 0,1
(1iquid metals)

Medium Prandtl
number, 0,1 -1,0
(gases, water,
light liquids)

High Prandtl

number > 10
(Heavy oils,
glycerin, etec.)

Location of .

Laminar layer,

major resistance Turbulent buffer layer, Laminar layer
to heat flow core and turbulent
core are all
important
Influence of
velocity dist-
ribution assumed Negligible Medium Large
near the tube
wall
Influence of
ratio on Large Medium Small
calculated heat
transfer
iffGCt of Tengrl Appreciable for! Appreciable for
o diameter ra-
$%6 on Hoat f?rst ten tube | first ?wenty
fratigfer diameters tube diameters
after heating
begins
Variation of
fluid propertieg
with temperaturd Small Medium Large

Figure 18, Factors influencing heat transfer
inside tubes as a function of Prandtl modulus,
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Part II
An Attempt to lMeasure the Eddy
Diffusivity in Unifomm
Turbulent Flow
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The greatest effort In performance of these experie
ments has been devoted to the development of an instrument
cepable of measuring accurately the weeak intensitles of
radlation employed, The 1sotope used is lodine - 131, which
has & helf-life of 8,0 days, emltting gamma rays, and beta
rays which have & maximum energy of 0.6v'million electron
volts, (1), It has bheen decided that in order to svold
serious radistion hazards, a maximum of 20 millicuries of
this isotope will he used at any one time,

In a prelinminery experiment on the use of this
method, in which 5 millicuries of radicactive iodoform were
‘evaporated in the heat transfer apparatus, the volume of
air carrying away the iodoform was approximately 10° as
large as the volume of one of the samples used for measure=-
ment, at the lowest alr veloclty which could be used., At
‘the highest velocitles used for heat transfer measurements,
this factor would become 2 x 107, This unusually larvge
dilution ratio was the entire justification for use of a
tracer technigue, but made it necessary to use a counter
tube that will record 5-10% of the disintegrations occurring
in & 100 cc pgas sample.

Several types of instruments listed below, have been

given detailed consideration for this application,
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1, Thin-walled gless Gelger tube senled in a cone
centric glass jacket, shown in Pigure 1,

8¢ 2ix thine-walled, aluminﬁm Gelger tubes sealed in
a sbtalinless steel ehambar, shown in Pigures 2
and 3,

3¢ Glanss Celger tube, adapted to eount air'samplaa
introduced intermally, shown in Figure 4,

4, Eauriﬁsen quértz :iber 2lestrogcope, adapted for

inﬁarnal air samplé.

5, Two large, end window Gelger tubes, with the thin

ends forming a chanmber for the active gas,

With the exceptlon of the lauritsen electroscope,
all of these méthads hava been givén sctlve trials, leasuree
men%svon sampies of active lodoform vapor of lmown relative
%aoncentratiaa heve shown that tubes of type 1 yield results
of adequate preclelion, but are Insufficlently sensitive. “
An instrument of type 2 has shown falr counting characher-
‘istics, and 1z expected to he entirely satisfactory, sinece
Eit was designed to glve seversl times minilwum nscessary
sensitivity. |

Tﬁe other pogssibillitles listed wore found wnsuitable
for this purpose, S8ince the preparation of Geliger counter '
tubes 1z still very much an art, brief descriptions of work
on these latter instruments will be included.

The conventional Gelger aounter consists of a thin
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mebal wire anode supporited inside a eylindrical metal
eathode, The volume between these electrodes is filled
with a gas, frequently a mixbure of 90% argon and 10% ethyl
aleohol ab a pressure of 10 em, meroury, The anods 1s
maintained at a high potentlal, of the order of 1000 volts,.
A sudden (10 mieroseconds) fall in voltage on the center .
wire is produced when e free electron is liberated inside
the metal c¢ylinder, Recording these volbtage drops provides
a mesns of counting the number of lonizing particles whieh

enter the tube,
Type 1

Several tubes of this}type were consbtructed and
tested, A curve of ecounting rate ag a function of volbage
for a fixed sample, taken on one of them, is shown in
Pigure &5, Wost Gelger counters uged for gquantitative work
‘have 2 veglon in which counting rate 1s nearly Independent
of voltage, Such a reglon ls found on this curve, and in
ity the number of counts reglstered is squal to the number
of lonizing n»articles passing through the sanaitivé part of
the tube, Thersfore, when the tube 1ls operated at a voltage
within the "plateau" of the curve, 1ts rate of counting will
be directly proportional to the concentration of radiocactive
iodoform vapor in the glass Jacket,

This method wag first tried by attaching glass sample
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chanbers to commerelsal counters with wey seels, Permanent
contanination resulted from absorption of iodoform in the
wax, Sebtlefactory operstlon was net obteined until 211
organic meterisls were climinmted by congiructing the tubes
described below,

In preparing these counters, the thin-walled,
interior cylinder was first drawn, and a ground wire inserted
through ¢ side arm,

Tre Jacket was prepared, with its stopcock sttached,
and then jolned to the other plece with ring seals, The
lower end of this inside tube was temorarily sesled off,

The interlor of this sectlon in some of the counters was
then chemleally silvered throughout by meazns of the Rochslle
salt process, described by Strong, (2), Any unwanted silver
coating was renoved by wiping lightly with a e¢loth, The
Geliger tube on the left of Flgure 1 has & silver surface of
this type.

It wags found that the interior face of this coating
had a dull gray sppearance, In an attempt to obtain s
surface of lower photoelectrle effieciency, one tube, shown
on the rigkt in Flgure 1, was coated instead with "Tiquid
Bright Gold" solution, snd baked, An umsually shiny
interior face weg produced, However, the ecunté@ing charag=
teristics of this tube were not appreciably different from

those whieh were silvered,
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After applicetion of the cathode surfuce, a glass
tube wag attached Tor filling, end the cenber wire wag
inserted by means of ftungeten metel « to - glass sesls at
the ends of the interior tube, In which the sctual counting
took place, The esetive sectior of this snode consisted of
0,004 inch tungsten wire, 6rewn tight when the leglt seal
wap made.

A1l tubes were f1lled with the standard mixbure of
00f argon and 107 absolube ethyl sleohol to @ total pressure
of 10 cm, of mercury, They were not beked out nor wes the
center wire glowed, both of which procedures are sometimes
praeticed,

tn experiment was performed to verifly directly the
proportlonality between countling rete reglstered by the
Geiger tubes and concentration of aetive lodoform In the
Ejaeket. One of these counters wes sesled into a vaeuunm
}gystam exposing only glasg and mebal surfeces to vaporg
transfered through it, A 1/4 gram, 10 millicurle, sample of

%
L

active lodoform was allowed to vaporize in en slr-filled,
S=gallon bottle, After allowing time for saturation to
peeur, this air was Lransfered into a S-gallon bottle whieh
had been evaeunted to approximately 300 millimeters of
mercury absolube pressure to separate it from the remaining
s0lid iocdoform,

Several heours were then sallowed for uniformity of



65

conposlition %o be reached, Portlons of thls mizbture were
then admitted o the Jacket surrounding the counter,
randonly varyling pressures, Before eatry of a glven sample,
the precsding one was removed eompletely Dy evacuatlon,
Bagh time, the pressure of the alr being counted was detere
mined with a mercury mancmetber and e verticsl component
cothetomeber, The temperature of the Geliger btube wes
recorded during each measurenment, and all menoneter read-
ings were c¢onverited to pressure at 20° C, Since some serles
of nmeesurements lasted as mueh ag 12 hours, 2ll counting
retes were corrected for decay of the 8 day hallf-life
lodine,

The results of three such series of nmeasurenents are
Cshovn In Plgures €, 7, and 8, The datas plotted are given
. in Table I of the Appendlx, During the flrst two runs, it
was obgerved that the high voltage cutpubt of the counter

celroult wes unstable, having varlatlons of 25 to 50 volts,

o+

:qhis fluctuatlion was qulte ssrious, The trouble was slimine
ated by operating this pover supply with an Input of 126
volts, instead of the usual 110 volts,

The last data shown which are in Flgure S, were
obtalned under thils condition, The number of ¢ounts taken
at each polnt varied from 1000 to 3000, with an aversge of
2200,

If all the counts recorded are produced by disinte=
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gration of an lodine mucleus, thelr ocecurrence will be
rmatually independent, On thls basls, 1t has been shown,
(3}, thet the standsrd deviation of a single observation is.

che forrule

Deviation = (N>

&

ot
4
s
by
-
!
g

ps

X
2.

providing no other uncertainties are present, where I is
the nvmber of counbs taken,

For the points in the last run, this deviation
varied from 16% to 45%, The predicted standard deviation of
the entire set of messurements wsg 24, while that caleulated
from the observed sounting rates was 23%., In consideration
of this deviatiorn, it 1s belleved that the preclision provided
by this method of snalysis 1s entirely adequate for studles
of turbulent diffusion,

‘ An attempt was maée to use this type of Gelger tube
‘for an sctual debermination of diffusion rates above 2 sure
fage of lodoform in the air stream of the heat transfer
ppparatus, The concentration of the lodoform in the samples
taken was so much less than those previously used that the
activity observed was less than one quarter of the back=-
ground, making guantitative measurement impossibla.

The more sensitive counter deseribed below was con-

structed In the hope of eliminating this difficulty,
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Type 2

Two types of losses la sensitivity are present in
radiation measurement, Filprst is absorption or deflsction
of the partlcles or light quants before they reach bthe
senaltive portion of the measuring ihstrﬁmﬁn%, Second is
geometrical factor, represented by the avallable solid angle
of the counter,

The average thilclness in the sensitive area of the
Gelger tube used In run on the heat ﬁr&n&far apparatus was
0,00883 inches, or 57.5 mg,/bmg; From the curve shown in
Figure 9, thls corresponds to transmission of only 17,5% of
the radiation, An approximﬁtavgquation for the fraction of
the radiation reaching the exbterior of the sensitive section,
called P, has been derived for the configuration of type 1,

and is presented below,

/) (e ) "
f:ﬂ - \l_ ) l/nzz L

1 and T are the lsangths of the sensitive section and
the Jaeket, respectlvely, whlle »; and rg are the inner and
outer radlli of the glass tubes, The mumerical valus of F
is about 8%, from which the overall fraction of the dis¥
integrations recorded was 1,47,

The new counter designed to remedy this difficuliy

is shown iIn Filgures 2 and 3, The six Gelger tubes form a
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ring enclosling & large frection of the volume of the stoeins
legs steel chamber, The aluminum wells of the counters are

ry

machine mede, =nd it 1s expected that a reproducible thicke.
ness bes been schieved, Thelr welght is specified by the
varufecturer to e 30 mg/cmg, which corresponds to 387
transwission of the radiation,

Using eguatién 5 {g)s pPs» 54, in Meofdems'! "Heat Transe
wission”, (4), the geometricel efficiency of this new
counter has been estimabted at Z5-40%, From thls value, the
overall efficlency of the assembly is calculated 4o be
13-16%, representing on lmprovement by a factor of ten,

The electricael characteristics of these tubes have
proved to be satisfactory, A& greph of counting rate as =z
Sfuncbion of voltage for a conetant sample 1s shown in
Figure 10, The polinits are as reproducible as the voltage
:setiings on the high voltage swpply.

In conneeting this instrument, & & meg-ohm resistor
éh&s been: introduced iIn series with esch counter to reduce
iﬁkﬁ effective cepacitance present in firing of one of the
tubes, Witheut them, the capselibtance of 2ll six counters
would be in parallel; six bimes es much lonization would be
produced in eech pulse before the center-wire poteniial
would reach the threshold value and recovery of the tube to
its initiel state could begin, This would mean a proportional

increase in the number of "spurious" pulses, and shortening
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S I ot —

by means of neoprene gasksts fitting under small flanges
iocated near one end of the tube, 4 pressure of less than
ane mieron ig obbained resalor v 1 ias 1nit
one micron is obtalned regularly In this unlk,

Thege Jelger Tubes were also hried in an citenpt %0

measure oddy diffusivities in an air stresm sbove a surflace

{821

of rediosetive lodoform, Agalin, the Intensity of rediation
ras found to e very wealk, In addition, a certain degree of

contanination remained in the counter after esch sample

The most sensitive means of deterwulning the intensity
of bete radiation from sz sanple of gag is the introduction

e o m & v

of this gus into the eleciric fleld of a Gelger counter.

region of this field will produce a ¢count, This procedurs
‘hag been employed in several lunsbances, for measurement of

=l

concentbrutions of carbon - 14 and hydrogsn - 3, ZIZlaborate

voltage 1 *&vﬂ lation equipment was developed for this appli-
gation by Drowny, (5), The precision of this
discussed, but no quantituitive evaluation of its uncertaline
tleg was presenied,

The gas of interest in this case was atmospheric alr,

Since any abvtempts to sliminate the dust or moisture con-
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tent of this alr might also remove the radicactive lodoform,
the presence of these gon
Conflicting viewpoints have been expressed in the

nonents could not be regulated,

literature on the use of Gelger counters filled with goses
eontaining free oxygen, HNeher, (2), states that air at a
pressure of 3 to 6 centimeters of mervgury results in a
setisfuctory counter, Horff, (6), states that use of oxygen
a8 & £1lling gas is undesireble due to formation of negative
oxygen ions,

One of the tubes shown in Figure was connected so
thaet alr semples could be introduced inside the ecathode
volume, 4 NehepsHarper quenching circull was attached to
this counter in order to stop the flow of current after sagh
pulse, GSome device for this purpose is necessary whenever
the filling ges does not contaln several percent,; or more,
of & polyatomic vepor, Very erratic results were obtalned
from this arrangement, even when the voltage drop oceuring
in the pulses produced by the tube was kept constant for
different samples by means of a cathodeersy oscilloscope,

Characteristics most like those of normal counters
were obtained from the Uelger tube shown in Figure 4, by
£4lling 4t with o mixture of 2074 absolute ethanol and B0%
air, to a total pressure of & 1/4 centimeters of mercury,

A curve of counting rate versus voltage for a fixed activity
source is given in Plgure 15, No metal cathode is used in
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this tube; the gold coating seen in the photograph is on the
outside of the eylinder wall, Soft glass construction was
used to allow dissipation of accumulated charge from the
interior surface, This design is intended to reduce emission
of photoelectrons from the cathode surface,

Consideration was given to use of the lauritsen elece
troscope in thils program because of the reliability and
simplicity of this instrument, Henrigues, et al, (7), have
measured portions of carbon < 14, sulfur - 35, and hydrogen
- 3, a8 small ag the present lodine samples, wlth this tool,
The higher energy of the beta radiation from iodine -~ 131
makes this technique unfavorable,

The reading of an eslectroescope is nearly proportional
to the number of ion = bairs liberated within its chamber,
‘Greater ionization per unit length of path is produced by
low energy beta rays than'by thogse of higher energy., The
sensltivity of an electroscope to iodine - 131 would be
roughly one-fifth that to carbon « 14,

Congtruction of two 3 inch diameter, mica window
counters fitting into a sample chamber was attempted, Three
inch bress pipe was used for the cathode walls, A largs
sheet of Indian ruby mica obtained from the Physics stocke
room was split several times to yleld a layer 15 - 20
mgs/cm,® in welght (0,002 inches thick) which would with-

stand repeated application of a pressure differsence of one
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atmosphere over this 7 square inch area, Pulses were ob-
gserved from the tube, but response was highly errvatic, and
& lesak developed after approximately 25 £illings wilth

argon aleohol mixture,
The Heat Transfer Apparatus

The equipment used for the experiments on eddy dif-
fusion thus far performed, and to be used for those pro-
posed 1s the heat transfer apparatus of the Chemical
Englneering department., Thils apparatus is desecribed In
detall by Corvcoran, (10), Some of the pertinent features
are discussed below,

A photograph of the equipment as used for this pro-
gram is shown 1in Figure 11, In the working section, the air
flows between two parallel copper plates, in a channel 0,75
inches high, 12 3/8 inches wide and 162 inches in length,
A rectangular duet has been installed in the system down~
‘stream of the working section to dispose of air containing
radioactive lodoform vapor when material transfer messurew
ments are in progress, Adjacent to the copper plates arve
two ©0il baths, whiech permit thelr temperaturesz to be cone
trolled to within 0,008° F, A direct heater permits the
alr temperature to be contrelled with the same precision,

Traversing gear installed on this equipment permits

veloeities and temperatures to be determined, and samples of
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the alr to be taken at any point within the channel, This
ie shown in Plgure 12,

These samples are withdrawn through the pitot tube
used for veloeity meagurement, which has an outside diameter
of 0,030 inch, The position of its center-line may be
measured to within 0,0005 inch, A drawing of this sample
tube, with a hot-wire anemometer, as located in the air
channel, is shown in Figure 13, MNeasurements of alr
veloclity, which are necessary for caleulation of the eddy
diffusivity, may be taken with a hot-wire anemometer in
addition to the pitot tube, The unecertainty 1s in both

cases  0,1-0,4 ft/sec, depending on veloeity,
Portable Analysis Unit

In order to withdraw samples raplidly from a flowing
gas stream and analyze them as an experiment Is being perw
formed, speclal apparatus was constructed, A photograph of
.the complete assembly is shown in Figure 14,

A voecuum system was provided so thet a sample could
be drawn directly into an evecuated chamber around a CGeiger
counter (or group of counters) to measure its intensity of
radiation,

The possibllity of continuously drawing the gas pest
e counting chamber was considered, but the volume of flow

necessary to achieve stecdy state would be order « of -
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magnitude larger, end the sample pressure could not be so
readlly controlled,

A mercury manomebter was provided for messurement of
pressure within the vacuwn manifold and the counting chamber,
In order to secure rapld, thorough evacuation of the system,
both a mercury diffusion pump and & Cenco Hyvac pump were
installed on the moveble bench, .One novel feature of the
apparatus 1s the means of cooling the diffusion pump, The
water from the condenser 1s passed through a length of
copper tubling which 1is soldered under the lower alualnum
plate, providing sufficlent area to dlssipate the heat to
the atmosphere, A MeLeod gauge, operated by a leveling
“bulb, is attached directly to the vacuum manifold, With
the present Geiger counter tubes Installed, a2 pressure of
less than 1 micron was roubtinely obtained,

A rotameter and an extension of copper tublng is
ipravided to connect the glass system with the pltot tube of
1the heat transfer apparatus, Use of the rotameter permits
‘measurement of the rate of withdrawal of the samples, while
presenting a minimum obstruction to thelr flow, so that the
veloelty of alr entering the pltot tube may be kept below
the velocity of the stream approaching the pitot tube, The
rotameter was calibrated after instsllation by means of a
wet test meter., By plugging the end of the pltot tube the

entire line was checked and found free of vacuum leaks.
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A lead shield enelasing the Geiger counter tubes,
a counting circuit, and a timer connected to the scaling
circuit are installed permanently on the upper level. ‘
This group of equipment was assembled on a portable
bench so that it could be removed from the operating area

when heat transfer measurements were being taken.

Preparation And Deposition Of Iodoform

The iadiaantive iodine nseé_in this investigation
was obtained from the Atomic Energy Commission in the
form of a carrier free solution of sodium iodide in
distilled water, The 20 millicurie shipments were shipped
in approximately 3 ¢c.¢. of solution..

Active iodoform was prepared from this material
in the special isotopes laboratory at this Institute.

The most satisfactory procedure devélayed was the ad-

dition of sodium hypochlorite solution to a mixture of

acetone, sodium hydroxide, carrier sodium iodide, and

the iodine « 131 solution. The equation for the reaction

involved is .
3¥aI+3Na0CL+ CH3COCH, -‘-acm;l— 2Na0k+ 3NaCl+-Chz C0,Na
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The quantities used in this preparation weres
1,00 gmse Nal, 6,00 c.ce of 16% ¥NaOCl solution and
0129 gms. of acetoney, and 10 cec. of digtilled water,
The sodium iodide was first weighed out into a 50 c.c.
centrifuge tube, The radiocactive iodine solution was
then added; its container being wéshed out by means of
the additional water. The acetone was added as a 20%
by volume solution in water té facilitate measurement
of the quantity used. Finally, the sodium hypochlorite
solution was introduced drop by drop, with mechanical
stirring.

The solid iodoform was precipitated immediately
during this last addition, and separated from the supere
natant liquid by centrifuging and decanting. Ten c.cCo.
of absclute alcohol were added, and the centrifuge tube
was heated in a water bath to dissolve the precipiti=te.
This iodoform was then recrystallized from the solubion
by cooling in dry ice~acetone mixture. Measurement off
the radiation from this precipitate by means of the
Chemistry Deparﬁment radiation monitor indiecated 60~70%
recovery of the iodine - 131, the quantity varying
slightly from one preparation to the next,
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Attempts were made to synthesize the iodofomm
using potassium persulfate as an oxiding agent, instead
of sodiuwm hypochlorite, and also by means of an elecw
trolytic method. Neither of these proved satisf&ctorj.

The deposition of a uniform coating of iodoform
on the lower copper plate offered certain inherent
difficulties, As previously mentioned, the height of
the air channel above this plate is only 0,75 inch.

It was originally intended to attach a metal
dam to this surface in order to hold a solution of
iodoform in an organic solvent over the area while
the liquid evaporated. Ixperiments on this technique
showed that a satisfactory coating could be produced.
Howevef, it wasdiscovered that the air channel
deviated sufficiently from a horizontal plane to
cause the evaporation solution to run entirely to
one edge of the area and produce uneven precipitation.

Coatings produced by spraying solutions of
iodoform in alcohol and acetone proved to be quite
uniform in appearance, A sprayer which could be used

in the restricted space available was constructed.
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A section of 1/16 inch stainless steel tubing was
gilver soldered to a 3 foot length of 3/8 inch
brass tubing closed at one end. A 1/16 inch hole
was drilled in the large tubing at the end point
of the small tubes, The sprayer was used by in-.
gerting the free end of the stainless steel tube
inte a centrifuge tube containing iodoform solu=
tion, and blowing air through the 1/16 inch hole,
thereby drawing up and dispersing the liguid.

The portion'of the air channel not sprayed was .
masked off with kraft paper.

The writer and other workers im this labora-
tory originally feared that the lower coppei nlate
of the heat tfansfer apparatus might be corroded
by the iodoform to be coated on the surface. Re-

peated tests on a sample copper sheet demonstrated

that no corrosion was produced when iodoform which
had been freshly prepared or recrystallized was
used,
Discussion
After the second unsuccessful attempt to ob=

tain measurements of iodoform concentration in

the air channel, a list of possible explanations

for the lack of results was exanmined. 8Since the
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Geiger counter tubes were tested immediamtely
before and after the run, they are assumed to
have been operating. Previously, many tests
had been made in which iodoform samples ﬁere
drawn into & counter from a bottle containing
solid loderome. XNo evidence of loss of the
iodofom in the sam:ling lines was found,

The fact that most of the radicactive
iodine arriving at the institute from the
Atomic Energy Commission reached the heat
transfer apparatus had been verified on the
previous run by use of a laboratory monitor,
Veasurements were made around the apparatus
after the last run with an exposed Geiger
tube from the assembly shown in Figure 3.
Oaly a very small fraction of the radia-
tion which originally had been present re-
mained, Thisg verified the aasumption that
the radioactivity left the area on which it
was deposited while the air stream was flowing.

The nmunber of disintegrations per unit
volume of air wiailch would have‘been obtained
if the iodoform had evaporated was caleculated,

The counting rate vwhick was expécted at this



concentration of radioactive vapor was caleculated
from the efficiency previcusly estimated for this
counter., The result was greater than the obser-
ved counting rate by a factor of more than 100,
It was then concluded that the iodoform had

“blown away, instead of evarvorating.
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NONMTNCLATURE

Concentration, lbs/ft3
Ll 2 o PR s 2
Diffusion coefficient, £t°/sec

Frecbion of redistion for zir sample reaching exterior
of sensitive portion of Geiger counter

Length of sensitive section of Geliger tube
Iength of jacket of Gelger tube

Rate of material transfer, 1lbs/ft®sec
Inner radius of annular sample chamber
Outer radius of annular sample chamber

Rddy diffusivity, f£t/sec
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TABLE I

Rate of Counting as a Function of Sample Pressure

Run I Run IIX
Shown in Plgure Shown in Plgure
Counts Sample Counts Semple
Per Segond Precasure Per Seoud Pressure
0.90 0 0,669 ¢
773 45,1 2,29 18,33
2.38 9,6 0.610 0
5447 25,5 8,01 5346
6,91 5346 4,52 29,7
8,20 41,3 0,645 ¢
4,68 19,8 Q.15 5846
8,39 40,9 6.07 38,2
5,28 25,3 6,09 3743
3+59 14,3 8,79 05,46
2.41 8,1 8.05 49,9
5,64 29,4 4,20 25.1
5.99 32.2 7.286 ‘52;4
5,45 26,7 4431 2448
3,08 11.6 0,678 0
1,63 7.5 7,70 45,5
0,75 4] 1.94 6.8
5449 2.87 T7.63 46,1
T+99 477

2,90 15,6
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Run IIIX
Shown in Pigure 8
Counts Sample
Per Second Preasnre
2.98 1?.9
4,48 29.8
3411 19,856
5,09 33,2
.64 0
0.68 0o
6.14 42,9
6.52 45.4
4,36 R9.9
5.67 39.2
4,18 36.4
4,18 29.2
5.64 397
2,49 14.74
3.47 22.0
5.62 40,0
5.01 34,6
4.49 31.8
0,57 0
2,09 11.9
5.4? 37.8
2.?9 16,74
890 25.8

3.87 22,2
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Pigure 1.

Glass Geiger counter tubes
with comcentrie jackets
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Figure 2

Aluminum Geiger counter tubes
in steinless steel chanber
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Figure 3

Exploded view of aluminum Geiger
counter agsenmbly
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Figureé

Geiger counter tube for
internal gas sample
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Figure 11

General view of heat transfer apparatus



Figure 12

Traversing geayr
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Figure 13

Sampling tube and hot wire anemometer
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Figure 14

Portable analysis unit
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APPENDIX
‘General Differential Eguations of Thermal Transfer
HBouations are derived in this section for two-
dimengsional thermal transfer in Cartesian ecordinates
and eylindrieal coordinates.

Let us consider o gmall element of fluid as shown

N

below,

Ay

N\
N\
)

.
A Y

)

The rate at which energy enters the y~z face of

the cube due to eddy and moleculsr conduction is

Ji?)

crem (s, () dopd

The rate at whiceh energy enters this face of the cube

due to motion of the fluid is

By means of a similar consideration of energy transfer

through the other faces of the cube, the rate of accumu=

lation of energy within the element is found to be
acrH) y
(6 o dn Ay

In spite of the fact that the specific volume of
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the fluid may change with conditions, the rate ¢f energy
accumulation ig alsoe equal to
ot ¥t
olK+ec )= 3 K‘*Q el 9(»6(,&/09 Huyta) drd. ‘{?Jv
a—p ' pf‘aaé TG af?’

Combination of these exyresslons yvields the resuli

JC“E%J 5= aEr*ewJ%’l J@fwd SAuuyHo) _ 3 TH
¢, 0~ 67’ 7y

In eylindrical coordinates. we hava the element

of fluid drawn below,

Q

w7
dy

The rate of conduction of energy into the eube

the face in the r-~ 4)w1ane is

C o (k‘fﬁ. ) (J:Z;)‘"' affr-c{ %

The rate of energy movement into the element due to the
fluid veloelty at this point is

The rate of energy transfer into the cube by conduction
in the v direction (trrough the r-x face) is

¢ (Kred)., (3) de A dP

And the movement into the element by means of the fluid's
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velocity in the r direction is equal to

u__ (Ho)rdydu

Combining all these expressionsg, we find the general dif-
ferential equation to bve

[‘:"(K"'ec.):r—n?] 9[(&’1-6‘»)1?3] ANrHold) Ofr mw,é) SHIT
G A 0 o a6

Let us assume the fluld to be incompressible, with enthalpy
independent of pressure, and with Cp independent of tempers
ature, Our equation for rectanpgular cocerdinates then takes

the form

e =] Szl T e 2t
o T o~ g dy % 0ZT 36

And in eylindyical cooxdinates, the result is

dlrkre) S5 3ller ) 35] dlrunt) g 3t

MUY TS Sy o
o~ L oA o U =" o e
When thisg ecuation is applied under steady state conditions

(that is,ggs 0), where veloeity in the radial direction
may be neglected, as inside tubes or in most axially sym=-
metrical jets, eguation (35) of Part I is obtained., If the
further simplificatior that the eddy conductivity in the
X, or axial direction is applied, equations(1l7?) and (36) of

Part I, which are identical, result,
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Calculation of Temperaturs

&ppendix II

)

Distribution

and Overall Heat Transfer in Heating of Mercury
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Propositions submitted by Rodman Jenkins

D. Opral Examination, Avgust 26, 1949, I:00 P. M., Crellin Conference Room.

mittee: Professors Sage (Chairman), Lacey, Lucas, Pauling, Schomaker; Yost.

smical Engineering

1. The effect of pressure on the rate of homogeneous gas phase chemical
actions may be determined by performing the reaction in a constant volume type
sssure-volume-temperature cell. The reaction rate could be found from measure-
nt of the pressure in the bomb as a function of time with the aid of sup-
ementary pressure-volume-temperature data on the system in question,

2. The application of Eyring's theory of viscous flow to the correlation
the viscosities of fluids at high pressures, particularly near the critical
gion, should be investigated. Thermodynamic data on such fluids may be used

calculate values of the internal pressures 1his figy be combined with equ-
ions of Ewell and Eyring, (1), to find values of viscosity.

3. A fundamental study of the drying of granular solids may be performed
passing an air stream over a bed of wet, regularly packed, spheres.

4e By using a eutectic mixture of sodium nitrate, sodium nitrite, and
tassium nitrate as a medium for temperature control, a pressure-volume-
nperature cell for use at temperatures up to 1000°F could be constructed

mistry

6. The continuous transition between metallic and non-metallic liquids may

illustrated by an experimental study of the viscosity of solutions of alkali
sals in liquid ammonia,

7. Pure specimens of refractory metals, such as titanium, may be pre-
ed by the reaction of a volatile halide (if such exists) in the gas phase
;h an alkali metal vapor.

8. Relative concentrations of radioactive materials emitting £ and v
rs may be measured by means of one or more cylindrical Geiger counters sealed
50 a gas sample chamber,

thanical Engineering

9. Stress analysis of complex parts may be accomplished by solution of
yropriate finite difference equations with punch card computing machinery.

10. At high values of the Prandtl number, the variation of local heat
msfer coefficients with the Prandtl number should be the same for flow in-
le tubes and for flow transverse to cylinders and other shapes.

Reference -

1. R. H., Ewell and H, Eyring, J. Chem. Phys., 5, 726 (1937).





