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ABSTRAGT

A theoretical developmsnt is described which leads to the following

gguation for an ideal tubular sy@tem'in forced sonvectiocn:
8, 2
9
o ,
By E

Hu is the Nusselt modulus; V is the relstive veloslty; S, ths relative

11

Nu

distence from the csnter of the tube, k the molecular sonductivity of heat:

and K is the total conductivity (molecular plus eddy).

This equation may bs applisd to any fluid in sither turbulent or viscous

Tlow.

Applicetion of the analogy betwesn fluid friction and heat transfer lsads

to ths squation:

PR o I

o (1 4 ¢ Pr EM) 4

whers OC 18 the vatic of the eddy diffusivities of momentum and heet;€ m is the
sddy diffusivity of momentum; Pr is the Prandtl modulus; and™y 15 the kinemstic

viscosity.

This equation, when used with Nikursdse's experimental dats, lesads to
numerical results similar to thoss of Martinelll and may be roughly gensralized
by the sgquation:

| =7 4 9,0@5@93)'8

where Pe is the Peclst modulus.,



ABSTRACT

Similarly the theoreticel results of Harrison and Meuke for an

asymmetriaally heated parallsl plats system ars shown to approﬁimate:

Fu = 4.9 ¢ ¢c.o17s (MPe)“B

Experiments with sodium-potassium alloy are described which appear

to support these generalizations where the parallsl plate equation is applied

to marrow sanuli and OCis assumed to be unity,
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HEAT TRANSFER AT HIGH FLUXES IN CONFINED SPACES

GHAPTER I
INTRODUCTION

ﬂhé purpose of this paper is to present the development and resulta’
of a ﬁheoretical investigation of the forced-convection heat transfer
coefficient in tubes; to present two simple uséable approximations for
predicting the heat transfer with liquid metals in tubes and in annuli;
and to describe experimental aquipment and re;ﬁlts with a sodiume
potassium alloy which appear to support the approximations.

Except for the application of the Reynolds analogy to gaéea, the
theoretical approach to heat transfer haé found little use by practical
engineers, This is because of the greater simplicity of the empirical
relatioﬁships, and, until recently, because of their grester ascuracy
for materials other than gases.

Another reason for the general disinterest in the theoretical
approach, particularly among chemical engineers, ig that the nOmenclaturq
and arbitrary eoncepts used in this approach have come from the hydro-
dynamicists and are unfamilisr to many engineers,

Recently increasing interest has been shown in liquid métals a8 ;
heat transfer media, due to the demand for higher temperatuies in beth the
power and processing fields, Few‘heat transfer data have been ebtéined

with liquid metals and those which have indicate that the ugual empirical
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relatiouships camnot be applied. Application of the thaoreﬁioal approae.h
by M‘hinelli to liguid metals has led bo extremely complicated rslation-
ships, and there has besn no expe:fimental avidence Lo support his results,
The theoretical approach used in this papei" employs most of the
basic assumptions of Martinslli, but it adheres‘ a8 closely as poseible
to the nomenclature used by chemical engineers and follows lines of
development with which they are mors fapilisr. kIt is {ound that this
offers no difficulty to the development, but rathsr, it appsars to
point the way toward simplificatiouns whish are z&ot obherwise apparento
The discovery of simple approxzimstions of the theorstical predictions
for the heat transfer cosfficient with liquid metals in lavgs-dlsmster,
narrow annuli and in tubes makes the theoretical results applicsble
by praciical apginaemo The experimental evidence presented here lends
support to these results and the approximations. k
The author is greatly indebied to Dr. M. ‘Gv: Leverebt, now e,smciatsd
with the Humble 0il Company, with whose help the problem wes originally
conceived, and who, as ‘Iﬁachniba}. Diﬁ:’ectar of th@‘ Oak Ridge National
Labaratory‘, made the necessery arrangsments for the work %o bé caxried oub,
as wali. ag supplying many practical suggevtions during ite course. |
Dr. Stuart Mclain, formerly Associate Technical Direcwlf of the
lLaboratory and now afflliated with the Argonme National Laboratory,

provided encouragesment and auggeamdxw which were inwvaluable.



INTRODUCTION

Lo

Appreciation ia felt for the éppor‘bunity to cafry out the work
and to publish this pé.per which hes been pmvme;a by the sdministration
of the Oak Ridge Faticnal Iabvoretory. The laboratory is operated at
present by the Carbids and Carbon Chemicals G’orpc»raﬁion and was operated

formsrly as Clinton Laboratories by the Monsanto Chemlcal Company.

Humerous suggestions and helpful sncouragement have bean supplied
as well 5;? Dr. M. D. Peterson, Dr. EEl?a E. Winters, Dr. B. M. Boax*fts
and Mr. ‘é)‘, B. Harrison. Hslp and suggestions wers also provided by
Professor D. L. Eatz, Professor G. ’Gq Brown, Professor D. M. Demmison,
Associate Professor A. 8. Faust, and Associste Professor BR. R, Woits of
the University of Michigan. |

Assistance in ca.iculatians and in recer&mg experimenml dats was
provided by Mr. Charles £. Hurtt and Mr. Malcom :mchwdmn, without

whose ald the scale of this work would have 'foeen much move Limited.

Finally the author would like to sxpress hie debt to the late
Professor R. ¢. Martinelli of the University of Dalif@rma whose papsyr
on liqui@ metal heat transfer whish had besn presented at the Sixih
Igterna.tional Congress for Applisd Mechanics at rParis in 1946, stimulated
the writer to develop amid uaé the ﬁhaeretical approach which 12 pressnted
here. Fx?-aquent refsrences Are m&de in the present paper Lo Professor |
Martinelli's work, and while it is hoped that the approash and son-
clusions shown hers constitute a further advance and a partial rounding
out of the subject; such results would have be@ﬁ imposeible ﬁi‘bhout

the stimulus and foundation provided by ths work of Professcr Mariinelli.



CHAPTER 2
PREVICUS THEORETICAL INVESTIGATIONS

One of the earliest quantitative theoretibal investigations of
turbulent forced convection heat transfer was that by Reynolds o
He assumed that the turbulence extended %o the walls of the tube,
and that the frictiuh forces {momentum transfer) and heat transfer were i
analogoua He related the heat transfer and fluid friction in a tube by

an expression which may be written

(1) Mue %R&
The term Nu represents the Nusselt modulus and is the heat transfer

coefficient times thé ratio of tube diameter over thermal conductivity.

| 2r
2 RNy = —
( ) "
The term Re represents the Reynolds modulus:

' 2 Iyt /P

Re m oo
Here uy is the average velocity, /> is the density, end JA is the
viscosgity of the fluid, | k

The term f represents the Fanning friction factor, It is a funetion

17

of the Reynolds modulus and has been found experimentally  to fit the

following equations
.

(4} £ = 0,046 Re 002
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Thus we may write equation (1} in the form:

(5) Nu =z 0.023 Re*®

48 gtated earlier, Reynolds ﬁssumed that turbulence exﬁendad to
the walls of the tubse and turbulent conductance of moméntum waes the- same
as the ‘turbulent vonductance of heat.

It has since become apparent that the turbulanca does not extend
to the wall of the channel, but rather that s thin layer of fluid in
laninar:flaw exists along the walls. This layer provides & barrier of
low momentum conductivity and hence high velocity gradient qompared
with the bulk of the stream, In most fluids, it also provides a barrier
of low thermal conductivity and hence one of high temparaturs gradient
compared with the bulk of the stream, |

Direct quantitative comparison of thermal:ccnductivitykwith
momentum conductivity (absolute viscosity) cannot be made because of the
differences in the units. However, the comparison is easily made by
converting to units of diffusivity which indicates the quantity iransferred
per unit driving force of concentration lifference. This may be momentum
concentiation, heat concentration or material concentration. In all
cases the units of diffusivity reduce bo: {length)?/tine. |

The molecular (as opposed to turbulent) diffusivity of momentum

is expressed by the kinematic viscositys

6) V= f%f



PREVIOUS THEORETICAL INVESTIGATIONS 6

The molecular diffusivity of heat is obtained by dividing the

thermal conductivity by the volume heat capacity, ¢/~.
7 z b
M D=
The ratio of molecular diffusivity of momentum to molecular

diffusividy of heat iss

(8) ‘%" ‘“i:@‘ = Eﬁi = Pr, the Prandtl modulus.

The numerical value of this modnlus for gasas is close to unity,
hence if we alsc assume that the eddy diffusivities of heatgand momentum
are similar, the Beyﬁo&ds analogy should apply to gases regardless of
whether the laminax layer is present or not,

When the Prandtl modulus is greater than unity, as is the case with
most ordinary liquids, the molecular diffusivity of momentum is larger
then the molecular diffusivity hest and the Reynolds analogy must be
corrected, | A
Empirically it has been founéfsthat an apﬁroximata corfection may
take the form of the Prandtl moduins of the laminar layer to the one=-
third péwer. Thus the corrected Reynolds equation becomes a form of tth

well known Colburn equation:

(9)  Nu =z 0,023 (Re)°C. (Pr)l/ ’

Attempts to obtain a satxsfactory theoretical equation have met
with complete success only recently. It will be seer that equation (9) is
daveloped from equation (1) by use of one ampirically determined rslation

for £ and an empirically determined correction factor, Prl/B.
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25 29 | |

Prandtl and Tayler introduced the assumption of g laminar layer
in the theoretical consideration énd developed equations which agreed
more closely with experimental heat transfer data than the Reynolds
analogy; but both investigators were handicsapped by lack mfradequate
knowledge of the velocity distribution in tubes. As a result the agree=.
ment is not satisfacforyp

Radognizing the basic diffieulty, Prandbtl encouraged one of his
students, J. Nikuradse, to conduct'careful expefimental investigatlions
of the wvelocity distributicn in a number of systems in turbulent flow,
These sﬁudies resulted in a series of classic paperé?o’Zl’zzwhich opened
the door to & new realm of investigation in fluid flow, heat transfer
and material transfer--s realm which has yet to be explored completely,

By using Hikuradse"s‘data, Kﬁrma%g introdﬁced the concept of =
transition or buffer layer betwsen the laminar and buffer léyer in whieh;
both tufbulent and molecular tranéfer are prominent. This innovation |
permitted him to develop & relationship which fits experimental results
with ressonsble accuracy for flulds with a Prandtl modulus up to 25,
The failure of his relationsghip to predict accuiately the hesat transfer
in fluids of highéer Prandtl modulﬁs is attributed by Karmen to the
relativeiy high temperature drop across the laminar film and to poor
knowledgé of the actual thickness of the laminar laysr in these materials
where the overall thermsl resistance of this layer is increasingly
importanf.

To improve the situation, Bﬁichardﬁérameasﬁred the velocity distris«

bution in tubes using air., He essentially corroborated the distribution
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found by Nikuradse in the turbulent region, but he was sble to obtain data
into fringes of the laminar zons, He also attempted rathariunsuccesafully
to measﬁra the velocity distribution while heat was being transferred, |
but he ¢ame to certain conclusions based on these messurements, on
thaoretical considerations, and on consideratibn of high Prandtl modulus
heat trénsfer results which enabled him to prediet accurately heat
transfer rates over the entire measursd range éf heat transfer experience
ghove the Prandtl modulus of gases. |

Boélter, Martinelli, and anésseﬁh have dévsloped a correction for the
equation of Karmen which accounts for the change in viscosity across the
laminarllayer and a subsequent change in its thickness with heat transfer.
Their relationships also permit prediction of the heat tremsfer coef- |
ficient ﬁith sn accuracy equal or greater than those of the usual
empirical relationships such as equation (9). |

In all of the preceding developments it wss assumeu that the molecular
conductivity of the fully turbulent region is negligidle, If by
“fully tﬁrbulent region® ig meant the region where molecularzmomemtum ;
transfar{is negligible compared with the turbulent or eddy transfer, such
an agsumption is justified for all cases where the Prandtl modulus is
equal to or greater than unity, | ;

In two papers,lg' Martinelli has pointed oﬁh that the molecular
conductiﬁity of heat in the turbulent core;cannét be neglected when the
Prandtl modulus becomes considerably less than unity. Such & case is

found with liquid metals, because of their high molecular conductivity,
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Accordingly, he has developed a corrsction fto be applied to the
previcus type of theoretical heat iramsfer equétion and this enables a
prediction to be mads for liguid ﬁatals. His investigation discloges thet
an exxrﬁpolatian of the empirical relstionships for ordinary fluids will
probebly not be accurste for liquid metals. He also presents a sufficient
number of calculated valuss to enabls graphs to be drawmn for‘illuatrationl
and use of his ccncluéions in spité of the extremely lengthy and complex |
nature of his relationships.

Martinelli in his second paper also develéps similar relationships
for parailel plates with uniform heat flow through both sides of the
channel. This work has recently been extended by Harrison and Menke12
to the case of parallel plates whefe heat flows through only one of the
parallelzplateso Such a system is:the limiting case of an annulus with
large diémeter comparéd to the disﬁance between the walls. Reference will
be made later in this paper to an approximationlwhich it is possible to
make for this case, and use will be made of it in the interpretation of
experimental results. ;

While the theoretical study of heat transfer in fluida of high
Prandtl modulus appears to be—reasoﬁably completé,and to be supplemented
by relatively simple empirical relationships, the results ofuﬁartinelli
and of Haﬁriaon and Menke appear toibe extremely’cOmplax and have yet to
be given adeguate experimental suppértg

The develogments and experimenﬁs described in,the remainder of this
report are designed to assist in,ovércaming;thase difficulties, and hence
to £il1l Out.the.entire’thearetical Apprcach to heat transfer in tuwrbulent
fluids.



CHAPTER 2
THEORETICAL DEVELOPMENT FOR THE HEAT TRANSFER

COEFFICIENT AND SIMPLIFIED APPROYIMATIONS
FOR LIGUID EETALS

Inkthis chapter, a method for solution of the differential
equations of idealized heat transfer by forced comvection in eireular
tubes is pragented, ‘?he resulting expression applies equally well to
viscous‘or turbulent flow where egd effects are not present. This
method is then applied for turbuiént flow using Rikuradsels smoothed
data and pumerical values of the Nusselt modulus are obtained for the
case of liquid metals. 4 simple éppraximatiantia found for these resulis
and those of Martinelli. ( | |

On the basis of the development by Harrison and Menke , an approxis
mation is proposed.fdr liquid metals in turbulent flow in annuli where
the diameter of the ammulus is reagonably lsrge compared with its width.’

The development of the generasl squation i§ entirely rigorous for
the ideal system which has been chosen. The'bésic partial differential
squation of heat flow containg foﬁr independent variablss, three
dimsnsidns and time. By careful definition of hur system, we have
essentially reduced the indapenden# variables to but one, the distence
from the center of thé tube, thus enabling us to treat our problem
by means of ordivary differenﬁial aguationg, This reduction in the
number of variables is implied in the developments by Karman and others,

but the limitations which are imposed by such 2 simplification must be

gERY,
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COEFFICIENT AND SIMPLIFIED APPROXIMATIONS
FOR LIQUID METALS

kept in mind to avoid misspplication of the lines of reasoning snd the

resulting relationships. PFurther discussion of this point ﬁill be

found in the appendiz.

Definition of the idesl System considered

The definition of the idesl system assumed in the development

includes the following qualificationss

1.}

20)

Steady State-~

This means that there are no changes in temperaturs,

~ velocity, or fluid over a reasonable length of time at a
 given position in the fluid with respect 10 the tube wall,

- It does not eliminate the rapid fluctuations in these

conditions due to eddying or molecular movement, since

- allowance for such fluctuations is made in the usunal
- definitiops of eddy diffusivity, density, viscosity, thermal

~conductivity, and heat capacity.

System independent of angular displacement,eas about the

tube axis.

3,} Uniform radial heat flux at the walle

This refers tc the flux both as a function of diatanee

along the wall {this is the % direction), and as a function

of position around the circumference of the tube. GCondition

2 also applies to the heat flux distribution arowmd the

tube wall,
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COBFFICIENT AND SIMPLIFIED APPROXIMATIONS
FOR LIQUID METALS

4s) Total conductivity (molecular $ sddy) not a function of
distancelparallel to tube axis.
5.} No end effects-

This means that thé portion of the tube under consider=
ation is fér enough from the beginnirg and end of the tube's
actual length and heated length that the velocity:and
temperature profile of the flowing stream does not change
in shape with position élong the tube length. In mathe-
matical terms such a qualification together with the four
which precede weans that gl;n“ is a constant regardless
ﬂrﬂ;,%wtm%met?smemmw%wedthhm
passing through a given:point with respect to the wall and
r is the distance of that point from the center of the tube.

6.) Heat movemeht only by mélecular condubticn, seddy conduction,
and forced éonvectiona

This eliminates such wnusual con&itions as that where
hest is transferred by rédiationg

7.} Molecular cdnductivity'at right angleé to the flow of fluid
meffected by eddying of the fluid, bﬁ the valocity of the
fluid, or by the gradient of this velocity with respect to
the axes of reference,

8.) Constant physical properties of the fluide-

Such a qualification is met esseﬁtially by liquids under
isothermal conditions, aﬂd by geses in an isothermal and

- dsobaric condition,
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f FOR LIQUID METALS

9.) In the case of turbulent flow, the ratio betwesen the eddy
diffusivitiea of heat and momentum & constant,

In the developments by most of the earlier investigators,‘
the value of this ratio was assumed to be unity, Martinelli
substituted ©C , and attributed the practice to a suggestion
by Boslter. It appears likely, however, on the_baéis of
experimental evidence reportsd here aﬁd elsewhere that the
ratio is constant and has a value close to one. Such -]
conclusion is also supported by the fact that the Reynolds

analogy applies with accuracy to gases.

Development of the Geperal Equation

}Dk h e Ay
( ) Ay (ty ~ tm)

In this equation q is the heat flowing per unit time through the

surface of a unit length of tube toward the center line of the tube,

We have defined our system in such a way thati %%%%. is a constant,
and theréfore the net heat bransferred longitudinally into one end of &
small section of the tube per unit time is equal to the net heat transferred
out longitudinally by the same means at the oppésite end of the short
section by molecular and eddy condﬁctance, Hence by a heat balance, gy

must be équal to the heat carried away by the sensible heat increase of

the fluid flowing per unit time through this unit length of tube.
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: - 2 dt
(ll) 4y = ?Trwumcp = 5 ;
where w, is the average velocity, c¢ the specified heat, and /°the
density of the fluid.
Ay in equation (10) is the area of the inner surface of a unit

length of tube.

(12) A, = 27y, |

where ry is the radius of the tube.

In equation (10} the term (%, - ty,) represents the difference betwsen
the wall temperature and the flow mean temperatures of the fluid. This
mean temperature is that which would be obtaine& by catching all of the
liguid flcwing through a cross section of the tube at the point in
quastionyand mixing it thoroughly. For this reason it is frequently
referred to as the fmixed mean" cf "hulk average® temperatufe. It is not
the same as the simple average of the temperatures of the fiuid in the
section of tube involved, but it is the averagé of fluid 1aéving the
section of tube, hence it is the average temperature of the fluid inm the

tube weighted by the velocity at each point within the short length,

(13) (tw - tm) z by = Sﬂ_—?-'lﬂ‘t g t drt‘
b 2’h‘rt u,t drt
The term ry indicates the value of r corresponding to temperature

t; and ug, represents the fluid velocity at distence ry from the cemter,
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and hence at temperature t, ﬁhilé the use of t as & subscript appsars
to be teutological at this point in the development, its necesaity will
become obviaua-latera‘

He may rewrite eguation (13):
(o, uy (b - t) dry

Ty :
2 ry ug drg

(L4) by =ty =

o
The denominator of this equation equals ﬁﬁ’rwz Uos hence

r

1
(15) ¢, -t :25 It B (b, -ty alt
[o} Tw u‘m w

Referring to Figure 1, it will be seen that the increase in
temperature with radiﬁs at the radius, rqs Where the radial heat flow
rate per unit length is designated by g, will be proportional to q and
inversely:proportional, Ty and to
the total conductivity (molecular

plus eddy), X .
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Integration of equation (16) from Ty = T to T4

expression for the term (t, - t) in terms of ry

=T, gives an

(1) (ty - #) = o,

2 Trr K
The radial heat flow rate per unit length, q, at any radius rq can
be determined by a heat balance as was done for the specific case of gy
in equation (11}, except that we are now discussing the cylihder of
fluid of radius of r qk within the flowing stream.

: : rq rq :
(18) q = codt fo 2y r udr :c(’?t£ 29 u dr
; q, ;-; rq , };
2Nr dar

Substitution of equation (18) into equation (17); (17) into (15);
and {15), (12), and (11) into equation (10) gives with appropriate

cancellations;

r

(19) b= "w

1 Ty cv k
\ Q
/*jfﬁ g fo radr gr d
T :

o |F

r K 4

ﬂ"'i
% |+

° Ty

Multiplying both sides by 2 ry with slight revision of equation (19)
k
gives equation (20) whera k represants molecular conduetivity of heat

and Nu represants the Nusselt modulus 2bry
k
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(20) Nu = P T
g :
2) Tv B ry - B-d
et e n ® e oarg dr
r K Ty Ty
AL
E_ji. w
Ty

For simplicity of notation we will define the relative velocity

in the equation

0
(21) V= ves

and the relative 3istance to the wall in the equation

(22) S = L.
Ty

Equation (20) is a triple integral equation which may now be
written in the forms |

1A s, |
(23) ~L=2f ff St Vi, SV d 5t a8y as
; Nu o /8y o 8 K

X
The order of the integrals in this equation may be changed by
appropriate changes in the limits. Thus we @ay writes

18 3 ‘ ‘
(%) - =255qjsqj St Vs SV 45, d 5y a8

07070 ;

Ru g K
X
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Equation (24) is equivalent to the equatlons

: 1 [Ssq vsaé]a
(25) a%'-'-’zg B v sl
', Lo T x
gince the term ‘
| 8q |

is & fumetion only of Reynolds modulus and Sq,’it is indepandenﬁ of any
thermal:conductivity consideratiOﬁso Hence Egquation (25) repreasents a
coneidersble simplification in the theoreﬁical'equation for heat transfer
from the standpoint of obtaining numerical answers, k |

Equation (25) ie rigorous for our ideal system. It appliss with
equal validity to viscous end turbulent flow and for fluids of all ?randﬁl
modulus; ; | | |

The term ..%_,becamms unity in viscous flow and whers molecular
conductivity ig very high as in e#tremely low Prandtl wodulus materials.
Thus two limiting cases may be solved immediately#: 1) the’caae of vigaous
flow where u% =~ u is proportional to r2 and where K eqguals the moleeular‘
conductivity, 2) the case where one assumes sopetant veloeity, slug: . |
flew and K is equal to molecular panductivity,fan approximation for a very
high conductivity material such &s a liquid metal, :

In the first cass, the cslculation readily gives:

| 48 =y,
(26) Nupige = 4.36

# Sas Appendix c
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In the case of slug flow and high conductivity the result is:

(27) inuslug = g

L

k
Slug flow approximates turbulent flow, but it will be seen later
that the limiting case, for turbulent flow as the molecular conductivity

becomeé very large, is actually aboutz

It will also be found that liquid metals under most conditions have
a molecular conductivity which only approaches the value required to mask
the eddy conductivity.

The Heat Transfer-Fluid Flow fnalogy-

Numerical solution of equation (25) requires a knowledge of the effect
of addjing on the tétal thermel conductivity of the fluid at every point
betweeﬁ the tube ceﬁter and the #all. A means of estimating this eddy
conductivity of haaf;is provided by a knowledge of the velocity distribuﬁian
in the tuba by means of the analogy between eddy conductivity of heat and eddy
conductivity of mome#tnm. Excellgnt presentations of this analogy are |
provided by Khrma&s 3 Boelter, et'alh 3 and Maftinellgs . For this resson
it is only sketched briefly here, It has alrsady been propésed that the:

ratio of the eddy diffusivities of momentum and heat be expressed as 8
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dimensionleas symbol, as suggested to Martinelli by Boelter:

(29) g_ﬁ = 1. or EH :':OCEM
H

&

We have assumed in our system thatol is a constant.
According to the Prandtl mixing length theory%, the eddy diffusivity

of momentum, 6M equals 22 du where y is the distance frowm the wall and

dy
£ is the mixing length which may be thought of as proportionsl to the

diameter of the eddies. By similar reasoning Prandt.ias, Karmanls, Boelter

et al'): and Mar’tinell%a show that the eddy diffusivity of heat £ g » should
be proportional to ’@2 %yg « The agreement of Reynolds , Prandtl ,

Karman’ and Boslter et al with experimental data in the vieinity of

Pr =z 1 indicates that o is very close to unityo However ol will be
carried through the subsequent development, and will cmly; be replaced by
unity in comparing the approximate and more ri.gorous equations with experi-
mentai results, |

In the use of aquation (25) for the case of turbulent flow, the

total conductivitys

(30) K=kt By

where Ey is the eddy conductivity of heat,

#* For an excellenﬁ description of this theory as related :to fluid friction
and veloeity distribution see Bakhmeteff<
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Converting to diffusivity,

{31 X . [k Y g
6y X . vE) 2o

e v

X \*53 e

and dividing by molecular diffusivity of wmomentum or kimematic

viscositys
K 1 £ \‘ Ey
(32) 2= [= & maﬁgj-?? o (ﬁ_%»aiFr -5 )
k . f’)"’ ‘9 / 5

(33)

The results of Nikuradse®’s velocity investigation with smooth walled
tubes can now be used to determine V and f%g,e #ith these dats numerical
solutions teo equation (33} can be obbained dirgetly for various values

of Re and O Pr,

Numerical Bssults and Simplified Aporesimaticns

The numerical rowputations are 1igted in:the appendix, They are
performed by use of Nikuradse's data directly wathsy than by use of the
approximate equaticﬁs as in Mertinelli's sslenlation, It is found,
however, that the two sets of fﬁStha agree closely,

An approximation is now proposed fer 1iquid metal heat transfer in
tubess:

(34)  Nu = 740,025 (pe)-®,
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The caleulated values from equation (33) and from equation (34)
are compared in Table I, ‘
The values predicted by equation (34) and by Martinelli are

compared in Table II.

TABLE I

COMPARISON OF NUSSELT MODULUS OBTAINED
BQUATIGNS (33) and (34)

Nu, using | Nu, using.
‘ Equation Approximate
Re ~ Pr Pe (33) Equation (34)
0 0 6,75 7.0
4x 10 | 1073 4 6.76 7,08
107 40 7.41 747
10 400 11,03 10.0
0.3 0 6.83 7.0
434 x 104 | 107 434 7.30 7.51
| 1077 434 10.30 10.2
10 4,340 30.5 27.3
5 0 0 7.05 7.0
3.96 x 10 1077 396 9.54 9.83
. 10 1 3,960 269;5 25,90
10” 39,600 136, 127
6 | 0 0 7.17 7.0
3.24 x 10 1075 3,240 20.8 21.6
107 32,400 100, 106,
10-1 324,000 613, 633,
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ETABLE II ‘
COMPARISON OF EQUATICK (34) WITH RESULTS COF
MARTINELL FOR TUBES '
' Nu using
Values of Nu According to Martinelli Approximate

Pre 104  pr.100 pr.10?  pr oL |Bametion (34)

10 7,29 7,08 7.16

100 g.11 8,06 7,97 8,00

1000 12.5 13.3 14.5 14,00 13,28

10,000 43.3 W87 53,00 46,6

100,000 | 24, 271 257

10° | 1649 1580
NOTE: These values were oblained from a correction leaflst

published by Dr. Eertinelli and containing recalculated
~ values of the results listed in his paper.
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Bquation {34) 1s seen to agree with all of the predicted values
within reascnsble engineering limits. |

The term Pe represents the #eclet modulus which is defined in the
equations |

(35) Pe = Eﬂzﬁggﬁifi z Préka

It will be vuserved immediately that the viscosity does not enter im
Equstion (34}, Since viscosity is the property which changes most rapidiy
with toﬁpomture s 1b kmay be that our assumptimi of uniform properties does
not renévo our development far frém practical situstions.

In Figure 2 will be found a plot of Equation (34). Plotted also are
parallel broken lines which reprasent Equation {9), the empirical Colburn
equation for fluids with & Prandti modulus of one and greater. The |
rewarkable change in relationshipé involving the heat transfer coeffioient
as the molecular diffusivity of hest becomes larger than the molecular
diffusivity of momentum is at once apparent, and it is obvious that the
empirical relationships for ordinery fluide should not be extrapolated for
application to the case of liquid metals. ’ |

It should be bormein wind thét the general equation, Eguaticn (33},
will give results when applied to ordinary fluide which ave similer to
those obtained by K’armanlB9 these correspond to experimental resulta for
materials of Prandtl modulus up to 25. In addition, if the modifications
of Eaichardt36 or Boslter® et al ara adepted, Equation (33} shouid be |
eapable of alight medification to fit all experimental rasults within the

aceuracy of equation {9), the emperical genarnlisatinnu
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Hérrison and Menkéa have extended the development of Martinelli to
the case where a fluid is flowing betwéen twakparallel plates, but where
heat passes through only ons of ﬁhe plates, Such a situation is the |
case where.an annulus with heat passing only through the ihner wall has
a 1argé diemeter compared with the space betwean thé two walls,

Their results gre found to be almost exactly seven teﬁths of the
results for a tube Qf comparable hydraulic size. Thus we may write for

liquid metals in large-diameter, narrow annulis

: : .8
(36) Nuann = ¢ 7 Nlltube = [# o 9 &’ O o 0175 (Pe)
In Table III a comparison of the approximation is made with the

numerical results of Harrison and Menke.

TABLE III

GOMPARISON OF EQUATION (36) WITH RESULTS
OF HARRISON AND MENKE FOR ANNULT

Nu according to Harrison and Nu using
Menke for Pr value of Approximate
Pe ; | Equation (36)
0,005 | 0,01 | 0.05 |
100 ’ - 5955 = 5.6
500 | 8.0 - - Vol
1,000 - 9.5 - 9.3
5,000 19.6 - 21.8 20.8
10,000 | 31.2 - - 32.6

These approximations will be compared with experimental results in

later chapters of this paper,



CHAPtﬁﬁ 4

CGHPARISCH 1 THECBETIC&L PREDIGTIONS
WITH PREVIOUS EXPERIMENTAL WORK

Foﬁr sources ofkexperinental?ihfbrmation én heat transfer with liguid
metals have been found. The first of these iaza reference by Hekﬁan$17’6
to an oﬁuation which he attributes to Colburn. This equation is simply |
tha empirical Colburn equation, (9}, for ordingry fluids which has been i
modified to ipply to a few oxperiﬁental indications with meiourya It
may be written in the forms

(37)  Nu = 0.023 (e} __ pr
: 0,05 & pro/3

No strong support for the modificatiom has been supplied by Mcidaus

or Colburn, and it may be concluded that it is advanced on @ tentative
basis ohiyb In Figure 3, Equsiion (37) is plotted with Equation (34) for
Prendtl moduli of I, 10“1, 10”29 ahd 1073, m Equation (37) the value efz
Hu hceon@a zerc when ﬁhe molscular conductivity'bnconea very large. As |
already seen, thisa is:at variance with the more anmalytical predictions, :
Styrikevitch and Semenovker*" have published their results using mercury
in 8 vertical tube whers the tube wall was not wet by the RGYCUrY. AW |
ahown ingrigure 4, these dats fall’sOmewhst below the predigﬁed va;uaaa
Musser and Pagolg have also published rasulta with wercury and state
that tho%?randtl modulus used by Styrikovitch aﬁd Semenovker is incarrect;
They find that their own data and those of Styrikoviteh and Semanovﬁar

27
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P£it the predictions using Karman‘akequation which at their Prandtl and
Reynolds moduli givea values for Nu sbout half th@ae predictéd by
Martinelli and by Equation {34). They state bawever that i?lthﬁir cs8e
also, the walls were not wet, and call attention to the preliminary
results of an investigation on wetting which indicste @ definite impedance
in heat transfer when the walls are not wet.

Recently the results obtained with sodium by ¥. C. Bennétésof the
Dow Chemical Company have become availsble. These have been delayed for
a long time because of the difficulty inveived ip their ineérpretatim. |
An attempt was made in the experimental work to wary the flow independently
in the annulus and tube of a douhiaatube, Pigure-of-eight héat exchange
system, by means of é by-pass. It was hoped at the time (1§45) that a
/ wilson.line type.of plot could be used in sepafating the individual cosfe
ficients. Unfortunately the data do not besr out the hops and widely
varying values are pbtained for the inner tube coefficient. ‘Thasa rangef
from 142,000 Btu/ (i) (sq. 7.} (%F) to 5400 Btu/(hr) (sq.£t.)(°F).

The report presents reasonabls values for:overall coefficient, however,
and these may provide much useful informatinn@

An excellent description of the handling methode for liquid and solid
sodium,jis given in the report, and reference in this regard will be
made again in the following chspter.

It appears then that no sabisfactory expérimental information is
available on heat transfer with liquid metals, with which to compare our

theory. To help to fill the need for experimental liquid metal heat
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transfer data, equipment was set up and tests were made uging an alloy :
of sodium and potassium. The equipment and procedure employed, and the

regults cbtained are digcussed in the following chaplers.



CHAPTER 5

EQUIPMENT FOR OBTAINING HEAT TRANSFER
INFORMATICN WITH SODIUM POTASSIUM ALLOY

In order to obtain experimental data for tubeq with wetted walls and
to obtain data for anmuli to compare with Equations (34) and (36),
equipment was built for the clrculatlon of an alloy of about 52 Wt$
sodium and 48% potassium. An alloy of these metals was chosen for several
reasons, Among these is the facﬁ that it veté the walls of its containqra,
which, as was pointed out in the last chapter; appears to have an influence
én the oversll heat trénsfar rate, S8ince our theory provides for wetted
walls it should be éompared withidata obtained under these conditions.

The alloy chosen is liquid at room temperature; it melts at about
15° €. Hence no special facilities are required in the equipment to
melt the metal, ’

In addition, the wapor pressure of the ailoy is negligible at the
temperatures of operation, and no toxicity problem is invelved.

3,9,16 agree that as long as a few simple precautions are

Authcrities
observed, the alloy is no less safe to handle than other chemicals.
While small quantities of the alloy, both hot and cold, hava been spilled
during:operation of the equipment described here, in no case did a

hazardéus situation arise.

32
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Flow Circuit

The circulating equipment is outlined in Figure 5, It consisted
of a relatively 1argé sump tank, a sump pump, é flow-indicator, a heat
exchangé unit, a heating tenk, an evaporator-cooler and a flow rate catch
tank, | _

The liquid was pumped into the header by the sump pump; the header
flow was controlled by means of aﬁ unpacked vaive which was inaide the
sump taﬁkp By means of a series of mechenical linkages and 8 stuffing
box in the top of the sump tank, ﬁhis throttling valve was controlled
from a panel board at the front of the equipment.

Frém the valve fhe liquid passed out of the tank through the elsctro-
magnetic flowmeter to the inlet of the annulus side of the dbuble tube
heat exchanger. It was heated in the annulus and from there flowed through
the heating tank wheré it could receive enough additional heat to raise
its temperature as desired above the temperaturé at the outlet of the
annulus.: After being heated, the §110y passed back through the central
tube of the heat exchénger where it lost heat to the same quantity of
liguid flowing countercurrent in the annulus, After leaving the exchanger,
the liquid was cooledifurther in the evaporator-cooler and spilled into

the flow rate catch tank from which it drained back into the sump.

gggerials of Construction ‘
Metals in contact with the liguid alloy were mild steel, stainless
steel, nickel and inconel. Asbestés packing was used for the drain valves

handling cold alloy, Teflon will react with hot sodium or abdium-potassium;
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however, because of its excellent properties as a packing, it was used for
those situatioms, such as the seal where the pump shaft enters thse sump
tank, in which alloy did not come in direct contact with the packing

material,

The Sump Tank ;
This was a two foot length of mild steel, series 40, twenty four-inch

pipe with a one inch thick plate welded on the top and bottom. Three one~
inch pipes were welded through the wall of the sump sbout ten inches from

the top and were fitted with valves inside the tank.

Valves |

In the sump tank, ordinary stainless steel globe valves were used
with all packing removed., lLeakage arcund the stems was notylarge, and
what leakage did oceur dropped back into the sump. The valves were
esquipped with a linkage to connect with extension handles passing through
0il eooled pscking glands in the top of the sum? tank, The burpose of thé
linkages was to allow’for any misaiignment of the valve and extension to
absorb the rise and fall of the valve stem as the valve was bperatad.

One valve was connected with fhe outlet ofithe puamp and:controlled
the flow rate througﬁ'the system, Another valve controlled the flow back
into thelsump, and was used to back the alloy up into the flow rate catch
tank wheﬁ flow rate measurements wére made . |

The third valve was used in dfaining the system into thé sump. It was

supplemented by three valves outside the sump which were kept closed durihg
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operatibn of system. These were maintained at a low enough temperature

to prevent excessive attack by thé alloy on their ashestos packing,

Other Accessories on Sump Tank

In addition to the glands for the three valve stem exten51ons, the
top of the sump tank gupported the pump moter, a two inch pressure rslief
line equipped with a 250 psi rupture dise, the sump filling and emptying
line with a pressure equalizing iine, a thermocouple well, a ten probe
level indicator uniﬁ, a pressure equalizing line from the catch tank
which is used also for adding or;removing gasifrom the atmosphere in the

system, and a hand hole of approximately 100 square inches.

The Pump
This was a vertical shaft centrifugal unit which was built around

the motor and liquid-cooled shaft from a “Gusﬁer' liquid métal pump
manufactured by the Ruthman Machinery Company of Cincinnati., The impellor
was eniarged and changed from semi-closed with back-curved vanes to a
completely closed impellor with radial vanes.. Use of a clbsed impellor’
permitted the sealing clearances between high and low preséure liquid to
be made between cylindrical surfaces parallal’with the shaft axig, rather
than between plane surfaces at right angles to the shaft. kThus the
clearaﬁces could be considerably closer and greater allowaﬁce could be
made fpr differentiél expansion of the uncooléd pump casing support and
the cooled shaft, |

Radial vanes provided for a%flatter head characteristic with flow

rate, thus assuring maximum utilization of impellor diameter,
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Flownster

A flowmeter forkindicating the relative flow rate was installed on ihe
inlet to the heat exchange annulus. It was an adaptation of the flowmetér
reported by Kblig5 and used the EﬁF produced by the liguid alloy flowing
through a magnetic field, In this case & permanent Alnice ? magnet was
used across one-inch stainless steel (non magnetic) pipe, aﬁd 3/32%
stainless steel welding rods, tack-welded on either side between the poles
of the magnet, acted as electrodes. The D.C. voltage thus produced was
indicatéd automatically by a slide wire potentiOmeter powered by a ’
standard Brown-instrument 4 pole self balancing motor and aistandard Brown
phase-shirting amplifier, The resulting indicator had a sehsitivity of

about 2-3 mierovolis, which was more than ample for our particular unit.

Heat Exchange Units
Results on four different heat exchange units will be reported

here. The specifications for these are listed in Table IV, In Heat ;
Exchangér A, 8 bellows expansion joint wag provided between the two tubeé
and elaborate measures were taken to ensure good alignment 6£ the inner and
outer tubes. In the remaining three exchangers, no provision was made for
differeﬁtial expansion, and alignment was ensured by a few short bits of
1/16% welding rod welded upright on the surface of the imner tube. Thesé
appeared to center the tubes welliwithcut materially influencing the heat

transfer,

The Heating Tank
This consisted of an 18 inch length of twelve inch series 40 iron pipe

with 1 inch plate welded on top and bottom. The bottom was slightly ineclined
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TABLE IV
SPEGIFICATIONS FOR EXPERIMENTAL HEAT EXCHANGERS

Heat Exchanger A

Baterials Jommercislly pure nickel

length: 48 inches;
Inner Tube

0oDs ~ 0,500 inches

I.D. = 0,432 inches

Mounted vertically
Cuter Tube

GoDo o 00759 inches

I,D. = 0.715 inches

Wall = 0,034 inches Wall - 0.022 inches

Heat Exchanger B
Materials Commercially pure nickel

Lengths 69 inches:
Inner Tube
Oof). - 00757 inches
I.D. = 0,703 inches
Wall - 0,027 inches

Mounted horigentally
Cuter Tube

0.0, = 1,001 inches

I.Ds = 0,931 inches

Wall - 0.035 inches

Heat Exchanger C
Materisls Commercially pure nickel

Iengths 33 inchess
Imnmer Tube
Qono - 00500 inches
I.D. - 0,434 inches
Wall = 0,033 inches

Mounted horizontally
Outer Tube ;
0.Ds = 0,754 inches
I.D. = 0,684 inches
Wall - 0.035 inches

Heat Exchanger D
Materials Commercially pure nickel

Iength: 69 inches;
Inner Tube
OoDo « O;}Qﬁ iHCheS
I.D. = 0.%3% inches
Wall « 0,033 inches

Mounted horizontally
Outer Tube :
C.D. = 0,754 inches
I.D. = 0,684 inches
Wall - 0.035 inches
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to sllow drainsge, Alloy entered the bottom and was removed very cloge:
to the top. Heat was supplied bj 451 ahaped’Chromalox eléctric haaters
with inconel sheaths rated at 1 XW each. Fericontrol of the heaters,

they were divided into five individually controlled banks éf nine heaters
each., Each bank was wired as a delta with three heaters on a side to a;
three phase 440 volt power line. For fine cohtrol, the No; 5 bank was
connected through three satursble core reactofs. The controlling e
current for the three reactors wgs about 1 ampere total at about 30-40
volts, It was ohtained by use of seleniumlredtifiers with & small varisc,
In this way about 40 watte was used to control sixteen to Seventeen kilowatts,
Total power available in the heating tank froﬁ the five banks was sbout
80 iilowatts. ‘

Evaporator {ooler

The alloy was cooled in & vertical, double tube heat exchanger, in
which ﬁater flowed as a falling film down the eight foot length of the
inside 2 inch tube and the sodium-potassium alloy rose in the amnulus
formed Ey a three inch pipe. To minimize the éxplasion hazard from mixing
of the alloy with water, the inner tube Was ofiseamless stainless steel,
aﬁd the steam which formed was rehoved at the bottom of thezevaporator ;
rather than the top. The top was closed by a 250 psai ruptufe disc, Dri?s
from the evaporator were caught in a trough of send which was drained at
the far side. It is believed that even if a leak had occurred through
the 1/8th inch seamless stainless steel wall, the possibility of serious

explosion was remote; since the alloy would first have met the water as a
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thin film surrounded by an atmosphere of steam, Hence the ﬁydrogen formed
could not burn, and ample room was avsilable for the sudden expansion of
the water which would have vaporized. Water did not accumulate in the
Bottom of the evaporator, but dripped immediately onto the sand where it
sank to the bottom of the trough., Any alley dripping eut of the evaporator
would find no large accumulation of water, and presumably would be held on
top of the sand by the crust of oxidation and ﬁydration products which
would form immediately, 1In addition, water to the evaporator could be
atopped'quickly by means of a solenoid valve, ;niffarential‘oxpansion
between the inner and outer tubes was absorbed by a large bellows

expansion joint.

The GCatch Tgnk ;
This consisted of a two foot length of twelve inch pipe, with 4 one

inch flat plate welded on the top and bottom, The tamk was divided into

two sections by a baffle which was open at boﬁh top and boﬁtomg The entering
stream was fed into a side of the catch tank neer the top and withdrawn ét
the lower end of the inclined bottom from whaﬁe it was piped through '
wall of the sump tank and diachafged from the;outlot valvezinsido the

sump. The top of the catch tank was equipped;with & vent line to the top

of the sump, Two probes were provided on the opposite side of the baffle
from the inlet, These probes were of different lengths and wers insulated
from tke tank. During operation they were charged with 110 volts through

a relaj system which opersated a series of lighis and a timer, ({losing ﬁhe
outlet valve in the sump backed ihe alloy up into the catch taﬁkn As the
liquid metel rose it made contact with the lagger probe and started theftimera
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When the liguid made contact with the shorter probe it stopped the timer
and sounded & buzzer, The outlet valve was then opened, and the cateh
tank was allowed to drain, The time required to £i1l the tank between

probes was recordsd and used to calculate the flow rate through the system,

Temperature Messurements

These were made with thermocouples of Leeds and Northrup glass
coveraed #30 iran—coﬁstantan duplex wire which were read by means of a 12
point 0-200° G Brown electronic temperature indicator. A bucking potent-
ometer with voltage steps corresponding to ab§ut 100° € each was installed
in series with the input to the indicator to increase its range to about
600° G, The thermocouples, instinment and potentiometers were all

calibrated,

Auxiliaries

Auxiliaries for this test system included a cooling dl system, mesans
for eﬁacuating the circulating éystem and for maintaining at other times
an atmoaphere of afgon at slight positive pressure. An attempt was made
to install dial gages to measuré the temperature of the inner tube of ﬁhe
exchanger by means of its thermal expansion. Very srratic results weré
obtaiéed, however, and interpretation was found to be impossible so that
this attempt was abandoned.

it was found ﬁhat at low flow rates and at high températures, radiation

from the main part of the circulating system was more than enough to remove
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the heét put in the heating tank. A&s a result a iwo-burner torch was
made from 1 inch sc#ewed pipe fiﬂtings and, when supplied with gas and
compressed air, this was used to heat the sump tank.
The electrical‘controls for the pump, for the heaters, and for
the codlingwwatef solenoid valve were interlocked, so that the heaters
could not be turned an if the pump motor was not running, and the entire
system could be stoéped by a master switch at either end of the operating
panel anrde k |
The control panel included all of the operating comtrols and
instruments. While this was provided primarily to protect the operator
in case of a large leak in the circulsting system, it also made the

operation of the equipment remarkasbly sasy.

Procedure
To start up this equipment, the following steps were takens
1, Close auxiliary dréin valves., '

2. Turn on flowmeter, catch tank relsy syatem, and
temperature indicator. : ,

3. Start cooling oil cireculation,

4Le Start alloy circulation.

5, Glose outlet valve {Valve #3 in Figure 5)

6. Open outlet valve when buszzer sounds, ,
(This indicated that the system had filled with alloy,
and that heaters could be turned on. They burned out

if not surrounded by alloy).

7. Turn on heaters and light burners under sump if
required. '
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8. Adjust inlet valve (Valve #1l in Figure 5) heaters,

‘ burners, and water in evaporator cooler to provide
operating conditions required,

Data were taken by going throﬁgh the following steps after equili-
brium was reacheds

1. ©Close outlet valve,

2. Record temperstures 1, 4, 2, 3, and & in that order.

3. Open outlet valve when buzzer sounds.

4o Record time indicsted by timer,

5. When light system indicated the level was below the
lower probe in the catch tank, set timer to zero and
reset relay system.

6, Adjust to new flow or heat conditions if desired.

Auxiliary data wers also recorded from time to time. These includes

Flowmeter resding

Line voltage :

Current flowing in each phase of heater power line

Cooling oil temperaturs from the various cooled portions
of equipment

Temperature of pump stuffing box

Miscelleneous NaK temperatures in various parts of the
system ‘ ~

Effectiveness of the HEquipment

In general the equipment operated with excellent reliability, The

mogt serious criticism of it is the low pressure output of the pump
{about 20 feet of head).
For future operation at sump tank temperatures above ébout 250o G the

equipmént should be more completaly insulated, since at présent, the sump
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tank can be raised to this point only by using:strong heating directly
on it. An alternative is a more effective method of heating the sump,
perhaps by means of resistance heéters as in the heating tank., It is
interesting to observe that the liquid leaving the heating tank might

be abové 5009 ¢ (960° F) while the cooler side‘of the systeé heated

very slowly. Because of the effsctivensss of the heat exchanger between
the hot and cold ends of the system, the heat remained bottled &t the
hot end, This was in spite of the fact that tha heat sxchanger usually ;

contained less than one square foét of surface,



CHAPTER 6
EXPERIMENTAL RESULTS

Tests were run with sodiumuéotassium alloy in the four heat exchangers
deseribed in the mreceding chapte? at velocitiés ranging from about two
feet per second to about twelve feet per second in the tubes, and from
about six tenths of é foot per sepond to about:four feet per second in
the annulus. While greater flow rates would have been desirable, it
was impossible to obiain then with the particuiar pump used:in these
tests, i

Reynolds moduli ranged from about 15,000 to 90,000 in the tube and
from about 8,000 to 40,000 in the;annulus,

A complete tabulation of the experimental results will be found in {
the Appéndix. The results are alSo plotted in Figures 64, B, G, and D,
These piots show the ratio of observed overall coefficient to the overe
all coefficient predicted by the use of Equation (34) for the tube
side and of Equation’(Bé) for the annulus side:to which is added the
resistance of the nickel wall of the inner tube of the heal exchanger.

Since efforts to measure the inner tube wall temperatura failed,
it is nécessary to rely on both theoretical equations to compare the daté
with either one, Foftunately theiagreement between the expériment and
the theory, appsars to be within the errors cfithe experiment and the

uncertainty of the physical properties of the alloy.
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Errorg in the Experiments

Témperature measurements in heat transfer work are usually the
subject of considerable suspicioﬁo In view of the difficulties of accurate
temperature measuremant, particularly at highitemparatures; the auspicién
may be justified, Most importani in these tests is the comparison of
each thermocouple with the otheréa To accompiish this an extra thermo=
couple was connecte& to the indicator, This was then installed successively
in each well with the indigenous:thermocouple; Comparisons in the |
readings of the two thermncoupleé in no case amounted to mdre than half
a degree centigrade, The indicating instrument was calibrated with a
Leeds ahd Northrup type K potentiometer at the beginning of these tests
and again near the eﬁd of the experimental periodo The corfections ,
required did not change appreciabiy during this period, Thé thermocouplé
wire was compared with Leeds and ﬁorthrup standardized wire, but no
serious’discrepancies appeared,

Ahead of each thermocouple, the pipe was passed around three or
four right sngle bends. The purpose of this was to providezfor adequate
mixing of the streams before the temperature was measured. To check the
effeetiﬁeness of this measure, foﬁr thermocouples were brazéd to the
cutside;of each of tha two outlet pipes at quarter points just opposite
the thermocouples in the wells., The differences in temparature neasured
between the inside aﬁd outside thermocouples, and between the outside
thermocoﬁples themsel%es ware reco?ded as the amount of heat transferred
in the exchanger was increased and the temperature indicated by the inside

thermocouple was held constant.
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The results show essentially no changs in these temperature
differances over a range of heab transfer rates from zero to several
times that recorded for experimenﬁal data. Hence we may coﬁcluda that
Proper Tﬁixing was taking place aheaci of the thermocouples, |

Heat balances were conaistently off by about 2-3% in the same
directi#n, At low flows this corresponds to a possible errér in temperature
diffafeﬁce between the two streams of as much as fifteen to twenty
percent, This may aﬁcount in part for the greater scattering of data
and the general drift from the predicted values at low flows,

Reliable heat capacity and thermal gonductivity values for sodium
potassium alloys have not yet beeh published, hence it was necessary to
‘use values which appeared to be the most probable average §f existing
information, |

Flow rate measurements depehded on an accurate knowledge of the
cateh t&nk cross section and of the distance between the probes, It
algo depended on the assumption that no dropléts of liquid metal adherek
to either probe. This last question could not be settled, however,
because removal of the probes alﬁays caused sufficient jarring to dis= :
lodge adhering material, The flow rate timer was calibrated and found |
to be amply accurate. | |

Because of impurities in the system, it is quite possible that a
scale may have formed on the tube surfaces, The impuritieé which were
present were finely divided iron:(possibly pregent as a fe}rite) and the
various oxides of sbdium and potassium., In additiocn, scdium hydride;

which Bennett3 found particularly troublesome, was undoubtedly present,
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CHAPTER 7

DISCUSSION

The theory, with its approﬁimate confirmation as presented in
this paper, opens an interestingirealm of speculation on the mechanics
of heat transfer with fluids in turbulent, forced convection in tubes, :
While no attempt will be mede here to explore this realm completely, a |
number of directions can be pointed out in which the prospéct is particularly
intriguing.

It appears that in all heat transfer involving fluide in tubes,
some of the heat is transferred all the way into the main stream by
molecular conduction, even though in most cases this effect is masked
in the turbulent core by the greater heat conducting ability of the
turbulence., The effect of the moiecular conductance into the main
stream may be exprsssed by the eguation for thé case where the molecular
conductivity is very larges | k

‘Nu - approxiﬁately 7

The actual value varies with changes in velocify profile from 4.36 for
a parabolic profile, in the case of purely viscous flow, to 8 for the
case of perfect slug flow. The value of 7 has been seen to be a
reasonable average for the case of turbulent flow, however,

As the effect of eddy conductivity becomesimore pronounced, ths total
heat transfer rate bebomes more affected by this additional means of

transporting heat which becomes pronounced, first in the central regions
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of the tube, and we mﬁst add some term to our eguaticn to account for it.
We have seen that an approximatio# of this new term is giveﬁ by the
expressions 0.025 (pe)-E. |

Why the expression should be a function of the Peclet modulus

becomes more clear if we think of it as writtem in the following equations
(38) Pe e ..if.zrwum

Thé term & g) is recognized at once as the reciprocal of the

of diffusivity, that is (lengthjg per bime, and we are brought to the

conclusion that 2 ry w, , or the diameter times the mean vélocity is

The Peclet modulus is then proportional to the ratioc of the mean eddy
diffusivity to the ﬁolecular diffusivity of heat, which we:hava assumed.
to be constant across the stream.

Another interesting point is disclosed by a brief glance at the

Reynolds modulus, in the following equations

(399 o= ";@i"’ "2”"’%"‘;3;’ . 27y U

Here the Reynolds modulus is seen to be proportional'to rabio

of mqégmgédyn

~~~~~~~~~~~~~~~~~ N 5 0 R e e .
i O S0 48 o

It seems logical that to the term representing the heat transfer due
to molecular conductivity of heat, we should add a term Which is a function

of the ratioc between eddy diffusivity and meolecular diffusivity of heal.
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Thése two terms, one represeﬁting the effect due to molecular
conductivity, and one reprasentiné the additional effect of eddying,
appesr ﬁe be sufficient for Prandtl moduli up to values cloge to unity.
The similarity with £he Reynolds énalogy} Bguation 1 has slready been
pointedfout: |

(l) Nu = £/2 Re g aspproximately 0,023 Re“s

The agreement with Nusselt's empirical aquation for gases, obltained
in 190934, is startlings |

(40) Nu = 0.0255 (pe)" 780

It will be observed thst at Prandtl moduli less than wnity, and
at low velocities, hence low Peciet modulus, ﬁhe mclaculariconductivityk
may be:important well into the tﬁrbulent core;and the Nusselt modulus
may be close to 7; thle for thefsama system and material at high velocity,
the turbulence is great enough to carry most of the heat p;actically from
the edge of the buffer region, just as in the case of Prandtl modulus |
unity,Z The only change which 1as been nade is in the Zry n, term and
hence “in the mean addy diffusivity, |

Aa the value of the Prandtl modulus is raised to unity, the region
of doﬁinance of turbulence as a:means of transferring heat expands to ﬁhe
edge of the turbulent regiong since at Prandtl modulus unity, the molecular
diffusivity of heaﬁ is the samegas that of momentum, and since we have asen

that the eddy diffusivities of heat and momentum are essentially aqual;
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wunder thase conditions the region ﬁominated by eddy conduetivity of
momentum would be dominated by eddy sonductivity of heat, the reglon,
near the wall, dominated by mslecglar conductiﬁity of momentum would
st111 be dominated by molscular conductivity of heat, end the tempsraturs
profile will ccincide with the velocity profile.

Lt:ffﬁnd@l nodulus sbove unity, the dominance of eddy conductivity
has bueh establighed in the turbuient core, and the melecular heat
conductivity of the material is low enough that the criticai resistance
to heatjflow iz in tﬁe thin 1aminér and buffer regions near‘the tube
walls, |

The behavior of fluids near walls has been the object of very extensive
studies, but the lack of agreemenﬁ smong investigators is t&pified by the
fact that Khrmaﬁhgconcludes that the true laminar region is two and one
half times thicker than Reichardt?ébelievea it to be,

Velocity distributicn information except close to the center of
the channel is well substantiated in the turbulent region, where it is
importaht in prediecting liquid metal heat transfer,

Fluid flow information close to the wall is diffiecult to obtain
experimentally, and it becomes evident that heat transfer informstion may
offer é means of stﬁdying fluid flow.close to the wall, rather than ‘
attempting to use the present laminar and buffer region velocities to
study ﬁeat transfer:of ordinary fluids. Such an idea has been implied or
expresged by previoﬁs investigators, and Reichardt has at least p&rtiaily

succesded in learning more about the laminar fegion by this means.
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‘I‘hé empirical Colburn eqmtiénz
(9) Bu = 0.003 (Re)-B Br'/3
and similar sguations appear to bé the best means available at present
for predicting heat transf’er of ordinmary flulds.

We will not attémpt to predict whether this equation can be tied
to ‘Eguaiion {34) to give & generai approximation covering Pr values from
zero to the limis of sxparimenteo; A theoretical utility may exist for :
such a combination, but for practical predictions of heat ti'a.nsfer 1t
appears preferable to leave the equations separated and mor§ sinple--
applying sach to 1ts own reslim. |

The morse rigourdus development provides impetus for further study
as t-xelin While Kikufadﬁa"s actual data have béen used in computations
in this paper, the use of Equataion, {33) with th& generalized velocity
di’stribution equations may prod.ueé 8 simpler apalytical sclution than
that presented by Martinelli, since only two integrations will be
involved instead of three. | ‘

The experimental work preaan;ted here 1s not conclusive. Additionali
work is needed, with liquid metals both in annuli and tubes. Velocity
diztriﬁution data arb alao naaded for further development o:f the fluid
flow, heat transfer :analagyo

It is hoped that the use of & nomenclature familiar to most chemical
engineérs will creste more interest among them in this %;ypa of demlopment;
and that it will lesd in this way to a better understanding mot omly of

heat transfer, but to fluld flow and the diffusion of material as well.



CHAPTER &

CONCLUSIONS

In the course of this study:

1)

2)

3)

4}

5)

6)

A genersl integral equation has been developed for
heat transfer in ideal tubular system--Equation (33).

Numerical scolutions of the equation for the case of
lignid mebals agree with solutions to Martinellit's
equation and have led to an approximate equation
for liguid metals in turbulent flow --Equation (34).

An approximste equation for liquid mebals in annuli
has been found, based on an extention of Martinellits
work by Harrison and Menke -= Equation {36)

Equipmént for measuring heat transfer rates, using ;
sodium~potassium alloy, has been designed and constructed.

Experimental dats have been obbained which appear to
confirm the approximations within the limits of the
errors of the experiments and the uncertainty regarding
the physical properties. 1

Brief consideration has been given to the physical
implications of the theoretical and experimental results,

It may be concluded from the study thab:

1)

2)

3)

Liquid metals are sxcellent heat transfer media, requiring
less area, velocity and temperature difference to transfer
a given amownt of heat to or frow a solid surface, ;

Empirical equations:based on experiencé with ordinary
flulds cannot be used with assurance to predict heat
transfor coefficients with liguid metals.

A relaﬁively simple analytical approach can be used in the

gtudy of heat tranafer for all materials over the entire
range of Prandtl numbers,

55
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5)

6)

CONGLUSIONS o 56

Approximations for hest trensfer for liguid metals
in tubes and certaln amnull, which are even easier

" t0 ugpe than the empirical eguatioms for ordinary

fluide, ‘may be empleyed with remsonable ascuracy.

 Heat transfer in liguid metals is relatively

indspendent of the viscosity of the fluid, in
turbulent flow, as long as the turbulent regime
is well astublishadv

The heat transfer coefficient with liguid metals is, in
goneral, less sensitive to velocity changes of the fluid
stream than with ordinsry materials. The actual sensitivity
is & function of the Peclet modulus, 2ry u of?. Hence the

Wilson line approach cannot be used for correla'bing exporL-
mental data.

Itknay alsc be ‘cancslud‘e& that additional studies in this field are

needed:

1)

2)

3)

b)

To establish velues for the -physieal propartiés of
ligquld metals more acourstely.

To obtain more accurats experimntal heat transfer
data, preferadly on the individual coefficlents, rather
than the overall eoefficiem‘c

To determine the effect on heat transfer, if any, of
non wetting by liquid matals of heat exchanger walls.

To cblaln velocity distribution data in &mmli with
without haats trensfer®,

‘Such information is empscially needed near the center

of the stream to datermine whether there is sctuslly a
reduction in the sddy diffusivity in this reglon as
Ppredicted by the mixmg length theory,

* The author looks forwar& with intersst to the mﬁults of work at the
University of Michigan directed toward this sndl
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: 5) To apply the veloeity distribution approximate

6)

equations of Reichardt, Nilkuradse, and Karman to
the general Equatiom (33) developed in this

paper, Such an applieation may offer a method

of aimplifying the apalytical results of Martinelli
and Boelter et al,

To investigate still further the snalytical approach
to heat trangfer, and to fluid flow and material
transfer as well,



APPENDIX A

REDUGTION OF THE BASIC HEAT FIOW
EQUATION TO ONE VARYABLE

fhé simplicity @f the development in Chapter 3 is derived largely
from the fact that only one independent variable need be considersd, and
hence that ordinary:differantial equations may be used insﬁaad of the
partial differential equations usually associated with the solution of
the equations based;on the laws éf heat flow,

The basic 1aws:in general have four independent variables, three
dimensions and time; These have:been reduced to one by choosing a
particular ideal syétem, It is important that this system‘bé‘claarly
undersiood to avoid misuse of thé results obitained,

The basic equaﬁion for heat {low lue only 4o conductioh is the

Fourier equation which is usually expressed:
2 - ef J%
(A1) T°t = el >N

where %represents Sime an{d v;;72, the laplaciesn operator,
The development of such an :quation invelves the assumption that
the thermal conductivity, z, is a constant. ‘If we use a variable conduce

tivity K , we must yrite instéadg

(a2)  div (K Zt) = -c psg_:o_\

where the underlined term is a vecltor quantity.
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BUATION TO CNE VARLARLE

Such ar equation sppliss if »e are considering a smali element of
matter and if we assune shat aea§ is srensferred in or out only by the
conductivity K .

When, as sas lone in Chapter 3, we arz coosidering an element of
space ﬁhrough which aatber is paéaing; equations (41) and (42) must be

modified tc¢ account for the shange in sensible heat of theimatter as it

passes throughs
(83) - div (K ﬁ);cﬁ%@_ 4 cfPu-yt

Equation (A3} is a fundaments gquatior for convective heat transfer.
The first term on the right hand side of Equation (43) drops out

in our development since we speaify that thers is no change with time.
By considering a tube whose axis coincides witk the z axis >f our

coordinate system, the term u » /1 becomes u ‘9 %
£~ L4

j 2z :
Writing out the equation with these changes, we obtains

JEdt . JKJr a¥dw _ o J %
2t e el Bk

One of the conditions »f our ideal system is that it is far enough

(84

inside the ends of the exchanger 50 :nsure that the temperature profile

of our system is established®,

* A study of the case where theztemperature profile has not beenZB
established is presented for viscous flow by Norris and Streiu™ .
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EQUATIOK TO ONE VARIABLE

We have also specifisd that the heat ransferred through the wall
is wniform through the wall regardless of the position along it, in the
z direction. By specifying that §he Jhysical ércperties of the fluid
remain constant we complete the cénditions'whiCL forca E%%?» to remaink
constant regardless of x, y, or z, |

If:we algo specify that X bé independent:of 2z, we find that

a Rfa Y is equal to zero, and we:have‘essentiall: raduced bur basic

zl

equation to but two independent variables in the equation:

o DRIV L d(OE) .
(Aé) é(xr ~+ (ayz :-c/"ugg

In this equation the system is described in terms of two rectangular
coordinates. #e have made the specification that when the system is
expresséd in terms of polar coordinates, r and 8, it is independent of 8,

This enables us to write,

(Aé) g_&@ﬂ - cfur .‘_i_E ‘
: dr< dz

in which K , t and u are funétions of r, the only independent variable,
Eqﬁation (46) is the basic differential eQuation which is solved

in Chapter 3.



APPENDIX B

CALCULATION OF THE PREDICTED VALUES OF NUSSELT
. MODULUS FOR LIGQUID METALS

Equation (33}, given in Chapter 3 of this report, is used in these

calculations.

. : ey : 2
gi; : = 2 [Cvas ds] ds
| e 54 (1- + Eu (czyra A
Q : \p

The stages of the caleculations at four different Reynoids moduli

are shown in Tsbles Veg— V-d.

I_ at which each velocity

_ "
is measured. These are listed in Nikuradse's paper in terms of

The values of S are the valugs of
digtance from the wall, y, hence S is found to be {1l - ~_x;) « Values
of S are given in Column #1 of th§ calculation tables., :

The relative vslocity Vv, is found by dividing the actual velocity
by the average velocity as given by Nikuradse. The values of V are listed
ih Qolumn #2 of the calculation sheets. k

The product of V times S is listed in Column #3 and plotted for the
four Reynolds moduli in Figure 702 ‘

Column #4 lists the values of 5 V 8 d§ for various values of S,
as listed in Column #1. The integratgons were carried out by a modified

mean-ordinate method using plots similar to those in Figurs 7.

6



CAILCULATION COF THE PREDICTED VALULS OF NUSSELT 62
MODULUS FOR LIGUID MuTALS :

; i ﬁsq 2
In the next column, Column #5, are listed values of Uo V584

3y

obtained by squaring the values in Columm # and dividing by the

corresponding values in Column #l.
Column #6 contains values of ...6‘!‘ 4 1. These are obtained from

: -
Nikuradse's report as values of £ .

v*

In our nomenclsture:

2 "€ EM‘!‘\)":(.@L&I g
‘ v* I'w hY) Re v*

v*r' Re v¥

Lo" L4
Hence E\}M ¢ 1 is obtained by multiplying &€ by the term

v T
Re v* , where v* ig "friction velocity® defined in the nomenclature at
th end of this report and listed by Nikuradse.
The quotient: |

) ,
SqVSdS
o

s ' '
[1+ ﬁ%‘ (O(Pr)J

is listed for values of < Pr of 0.1, 0,01, and 0.001 in
Columns #7, #3, and #9 respectively.
The term [1 . Ey (X }?1-)1 is obtained by substracting 1 from
X . -v

Column #6, sdding 1 , and then multiplying the result by (O Pr).
' (L Pry ~ '
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| MODULUS FOR LIQUID METALS

(_Q_g_ $1) -1 ¢+ 1 Nepr
Y e Fr |

Sihce values of ( \Pr) have been chosen which are integral nesgative
poweraiof 10, the ménipulatimn can be performed mentally. |

In Pigures 8, 9, 10, snd lléthe values ligted in Goiumns #5, #7, #8;
and #9 are plotted for the various Reynolds moduli conaidered.

célum #5 carrésponds to the case of ( oXPr) =0 which would arise
- with very high conductivity fluiéa This case has already been mentianed

in the main body of this report.

(B3) 1 = 2
; Nu?r ,

I:itegration of curves similér to those in Figures 8, 9, 10 and 11,
gives valuea of %&é at the Pra:idtl and Reynolds numbers chosen. In &
number ’of cages it ia desiraeble ﬁo expand the right hand side of the curve
to give better aecufacy. Approximate interpolation can be chtained by
uging the equations of Karmanl3 énd NikuradséO s

L3

from y‘g" 0 to 'y"‘ = 5

(84) u* =yt 5 .%!&131

fronzy‘g‘gf;toy#gBO

8
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MODULUS FOR LIQUID METALS

(B5) u* = 3.054% 5 Ing vt
(B6)
above y* = 30

R

a7 ot - 5.5+ 2.5 m, v
- €
(B8) vm%l--AySs
The term i* is Nikuradse's dimensionless wall distance and ut 18 his

dimensionless velocity.

114

(89) vt =3I v L Re V*
: V Ty 2 Yy

(Bio) uf

-

h's 3

1"

The results of the integrations are given in Teble V-e, together

with the resulting wvalue of the Nusselt modulus.,



TABLE V-a
CALCULATION SHEET

TOR

Re = 4000

u, = 5k.5 amfsec ; v* = 3.82 cmfBoc ; Ty = 0.5 e

T P
: . 14 .
8 ﬁf% :12 | !:S;VSdS,JéTET for Pr!
or yedg Lo €Em +1 :
8q v V8 iJo 8 v 0.1 0.01 | ©.001
i #l #2 | #3 #4 #5 #6 #7 #8 #9
1.00 1{.370){.370 | .u965 2465 1 2hés5 | 2465 .2h65
.99 1 .514% |.509 L4920 .ohk5 - 2hk5 12445 2kk5
.98 | .62 [.629 | .uB6L o511 | 1.68 | .2257 | .2395 | .2h09
.96 1 .730 |.70L L7227 2328 3.05 1932 | L2281 .2323
93 | .815 {.758 4507 L2184 k.78 .1585 | 210k 2176
.90 1 .862 |.776 L2177 .2033 6.18 | .1349 { .1933 L2022
.85 | .921 |.783 .3887 1778 8.27 L1030 | L1657 1765
8o | .967 |.TTh .3505 1536 | 9.62 | .0825 | .1klk 1523
.70 11.039 |.727 2780 11oe f11.81 | L0531 0996 ,1092
.60 {1.092 |.655 .2088 L0727 112.95 L0331 | .0649 0718
.50 {1.132 }.566 1476 L0436 |13.19 | .0196 | .0389 L OB31
40 ]1.165 |.466 .0960 0230 |312.73 | .0106 | .0206 .0227
.30 {1.193 |.358 L0547 ,0100 }11.60 L0049 | .0090 L0099
20 |1.218 | .24k L0245 .0030 9.90 0016 | .0028 .0030
.10 §1.237 |.12k .0062 .000k 7.10 .0002 | .O0OM .000%
.0k [1.246 |.050 - - k.55 - - ' -
.02 |1.248 }.026 - - - - - -
.00 11.250 |.000 .000 - - - - -
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uy, = 258.2 cm/sec ; v* = 3.862 emfssc ; ry = 1.0 cm

TABLE V-b
CALCULATION SHEET

FOR

Re = 43,400

a -8, 2 SVSdSi k

s o S’q i € [0 ng or Pr.

o f\ V8dg fio M 1 ;
Sg | v VS8 b 8 | o1 | 0.0 o0.001
#1 | #2 | #3 #i #5 #6 #7 #8 #9

1.00] .395 {.395 5022 2522 0.0 25221 2522 2520
.99] .600 .59k L4971 2496 2.3 22091 2463 2hg2
98] .709 |.695 4906 .2h55 h.5 1821 2372 Lokt
961 .786 |.755 760 2360 18.1 08711 .2015 2320
.93 .852 |.792 4526 .2203 31.6 L5431 L1686 2137
.90 .891 [.802 4287 L2041 45,3 L0376 .1415 .1955
.85{ .939 [.798 .3886 1776 58.7 02621 .1126 1679
8ol .976 {.781 .3490 .1523 67.1 .0200] (0917 L1430
701,034 .72k 2735 .1068 82.4 .0117{ .0589 . 0988
.60{1.078 {.647 2047 .0698 92.1 .0076{ .0365 L0640
50411.111 {.556 L1hbd LOBL7 93.9 .00k1} .0216 .0382
401140 (.56 . 0936 0219 89.8 00221 L0116 L0201
.3041.162 {.3k4o .0532 . DOok 83.0 .00101 .0052 .0087
.20§1.183 {.237 .0238 0028 | 69.1 L0004k | .0017 .0026
.10§1.195 |.120 . 0060 .000% | 50.8 .000L}{ .0002 . 0004
LO4i1.199 |.048 . 0009 - ' 33.0 - - -
.0241.200 {.024 . 0002 - - 22.8 - - -
.0041.202 }.000 - - 0.0 - - -




TABLE V-c

CALCULATION SHEET

FOR

Re = 396,000

Uy = 732 em/sec ; v* = 30.4 em/eec ; vy = 2.5 em

(]

!

>
J¢]
gg;VSdS i[:jgb for

; S 2 v
s - K‘q ] Pr
or ) ¥ 8dg o . Ty b it
Sq Y | V8l 8 y | o1 0.01 | 0.001
#1 #2 | #3 #h #5 #6 #1 #8 #9
1.00 | .492 |.bo2 | .499 .2hop 11 .2hko2 | 2492 .ohgp
.99 | .669 | .662 493 .2k59 32.01 .0592 {.1889 .2385
.98 1 746 |.731 ] .486 2413 66.6 1 .03191 | .1457 2264
96 | .816 |.783 A71 2311 126.5 | .0LT05 | .1025 L2053
931 .863 {.803 b7 .21k7 206.2 1 .00097 | 07026 | .1782
.90 | .902 {.812 423 .1987 277.7 1 00634 | .05274% | .1557
.85 | .9k3 |.802 .382 .1720 377.21 .00k46 | L03613 | .1250
80| .975 |.780 L343 .1469 458.5§ .0031k | .02635 | .1008
70 11.036 | .725 268 L1026 568.61 .00178 | .01538 | .06588
.60 |1.063 {.638 .200 L0666 | 649,01 .00101 | .00890 | .OLOL3
50 |1.092 | .546 L1kl .0396 658.01 .00006 | .00523 | .02390
40 11.115 | .bk6 .0909 L0207 630.21 .00032 | .0028% | .01269
.30 11.135 | .341 L0515 . 0088 583.% ] .00015 | .00129 | .00555
.20 {1.150 | .230 .0230 L0027 489,71 .00005 | .00045 | .0OLTT
.10 11.163 | .116 L0058 . 0003 357.4 1 .00001 |.00007 | .00025
Lo [1.167 | .o47 L0010 - 228.4 - - .00002
.02 |1.168 |.023 .0002 - 160.4 - - -
.00 {1.169 | .000 . 0000 . 0000 - .00000 | .00000 -
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TABLE V-4
CALCULATION SHEET
FOR

Re = 3,250,000

Uy = 2430 om/Bec ; V¥ = 83.1 emfeec ; ry = 5.0 cm

5
q ;
Bq 784 ]2 [gzsas ]'s"‘k“i' for Pr.
or ¥ 8dg §_ o 6!4&1
54 v ¥38 | )o s Vo 0.1{ ©0.01L | 0.001
# | k|8 #4 #5 #6 | # #8 | F
1.00 | .621 |.621 5004 L2505 1 §.2505 |.2505 2505
.99 | .738 {.731 4937 2463 222 1 .01062 {.07650 | .2016
.98 | .778 {.762 4863 2his 32 | .00546 |.04536 | .1686
96 | .83% §.801 LT06 2308 788 | .00293 |.02600 | .1291
.93 | .881 }.819 | .hh63 21k 1349 | .,00159 |.01479 | .0911 |
.90 | .918 }.826 L4216 L1975 1782 | .00111 {.01037 | .0710
.85 1 .957 1.813 .3806 .1705 2450 | .00069 {.00668 | .okok
.80 | .986 |.789 .3405 1851 2997 | 00048 | .00k68 | .0363
.70 {1.026 }.718 2651 .100k 3868 1 .00026 1.00253 | .0206
60 11.056 !.634 | 1974 . 0650 4301 | .00015 |.00147 | .0123
50 {1.079 | .540 .1386 .0385 4423 | 00009 {.00090 | .00OT1
A0 11.099 | Lk4o .0895 L0200 Laké | 00005 | .000k6E | .0039
.30 11.114 |.334 L0508 . 0086 3963 | .00002 {.00021 | .0018
.20 11.126 [ .225 | .0228 .D026 3302 | .00001 |.00008 | .0006
10 11.13% |.113 L0057 0003 2370 - .00001 | .0001
Lo 11.137 .05 .DDOY - 1554 - - -
.02 {1.137 |.023 .D00L - 1093 - - -
.00 11.138 |.000 .DDOO - - - - -
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TABLE V-e
RESULTS OF CALGULATIONS

1 ‘ Ru from
2 Nu Nu Approx.
from from By,
Re Pr Integration | Integration
0,000 <0741 6.75 7.0
4.0 0.001 . 07395 6.76 7.0
X 0.01 . 06505 A 747
103 0,1 04533 11,03 10.0
,,,,, ; 0,000 0732 6.83 7.0
4.34 | 0,001 0685 7.30 7.51
x 0,01 L0486 10.3 10.2
104 0.1 0164 30.5 27.3
: 000 0709 7.05 7.0
3.96 | 0.001 0524 .54 ©.83
x .01 0189 26.5 25,90
105 0.1 0379 132, 127
000 0697 7.17 7.0
3.24 | 0,001 L0240 20.8 21.6
x 0.01 . 0050 100 106
108 0.1 613.4 633
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APPENDIX C

SLUG FLOW AND VISCOUS FILOW

As mentioned in Page 18 of Charter 3 Equation {25) may be solved
easily when the total conductivity of the entire stream is due to molecular
conductivity, and where the relative velocity, V, is a simple funcbion

of the relative distance from the center, 5. Since in this case K

i

, k
becomes unity, Bquation (25} may be writtens

| | 1[{% 32
g V 5ds
(c1) S 2 o) ¢ o,

oo =g 98

: [w)
Slug Flow
In the case of slug flow, the relative velocity, V, is unity at all

points in the sysbtem, and Bquation {C1} becomes:

. ; 2 ‘
: S :
: 1 2 ' U ; sas]

(cz) N < dsq f

o q

Solution of this eguaiion proceeds easilys

‘ 1
‘ 1 - i , ;
: o

or

(C&) Nu = g

™



3LUG FLOW AND VISCOUS FLOW 76

Viscous flow is characterized by a parabolic velocity profile:

(025') (ut -u) = b2

where u ¢ represents the velpcit.y at the center of the tube and b

is a constant for the particular sys’cém and defined in the equation
2 u
w Oorbs=- ¢

Y
w

(06) ut - br

The mean velocity is found by solving the equations:
; frw ; '
l’h’ o [ui - (ul- u‘)] r dr

1

2’1§‘rdr
o

This is done by the following steps:

Tw
1175 ﬁli - brzj r dr
o 4

(c7) L

(08) Uy = T
2’:‘(5 r dr
o
ug R - 1/2 b %
(€9) wu, = W ] e u, -12b1°
< ¢ w
w

oy

(CiO) u, = ut -1/2 -_-,tl/2 ug

The relative wvelocity, V, becomes

(c11) Vg2 -2a_ _ 2(ug -bre)

2
-um‘ ud:_ - ud_ :2"23




- SIUG FLOW AND VISGCQUS FLOW ' 17

Na ~

o 1 [ FQ(Z -28%) 3 d.%] |
(12) o=~z 2 ° , 4§

' S0 "Sq .
Solutiun of Bquation (c12) gives

| A 2 4]2 |
GO 2§ L, Ce L a8 =

N
u A Sq-
(615) Fu = 2S (Sq -8 ¢+ Sq/A) d 8
<]
(616)-%;=%~%3' % ° ‘ig*' -%‘%

(C17) Fu = -‘ﬁ = 4.36



APPENDIX D
EXPERIMENTAL RESULTS AND CALCULATIONS

Fhysical Properties
In the comparison of the experimental results with the theorstisal

predictions from Equations (34} and (36), values for the followimg
physical properties are requireds% |
k, the thermal conductivity
Cy the heat capacity
f, the density
The viscosity is not requirsd, since it doas not occur;in either
equatioﬂ, and it is not used in calculations with the experimental data.é
Otitha three properties, the denasity appeérs to ba the:most ‘
accuratély known. A compilation of known information on various compo-
aitiona:of aodiumwpotassium a110y‘is listed by Kwing, Atkinson, and
Ricelg. The agreemsnﬁ among investigators appears to be goed. The values
for the élluy in question ere shown in Figure 12. |
Thelheat capacity information for sll sodium-potassium alloys appearé
$o be conflicting and meager. Some data are presented by Ewing and
Hartmanl%hich amphasiie the uncartainiy. An average of their dats far ,
the compésition involved and over the temperature range in which the haati
transfer equipment was operated is 0,292 cal/gm °C or BTU/Ib. °r.

Hence this value was used in sll célculabions.
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EXPERIMENTAL RESULTS AND GALCULATIONS M

The thermal conductivity has been reported by Deem and‘Russell7.
An appréximate average of their results over the range of operation is

16.6 BTU/{hr) (£t2} (°F/£t). This valus was used in all calcﬁlations.

Regults and Galculations
Thé experimental heat transfer results and caleulations are tabulated

in Tabl& VI. GColumn #1 1lista the run serial number and a letter which
indicates the hest exchanger used for that particular run as deseribed 1;
Table IV of Chapter 5. ‘ : |

Coinmns #2, #3, #4, #5, and #6 of Table VI list temperéturea Tys
T, r3,f T,, and Ty respectively in degrees Centigrade. The temper-
atures as listed have been corrected for errors in the temperature
recorder as calibratéd, and for the effect of fhe bucking pbtentiometer
which was also calibfatad, |

In Colum #7 is listed the time required to f£ill the cateh tank
between the two probes, in seconds.

Golum #8 contains the corresponding values of the flow rate in
pounds per hour. This is cbtaineé by multiplying the density of the
alloy in pounds per cubic foot at temperature T6 by .364, the volume
in cubic feet of betwsen the probes, times 3659, the number of seconds
in an hour and dividing the result by the time to £i11 bat#een the probes

in seconds.



EXPERTMENTAL RESULTS AMD CALCULATIONS ' 8o

The heat flux, iisted in Column #9 is obtéined by multiplying the
heat capasity, 0.292 by the average temperature change of the two strcams,
timeg th§ flow rate, end divided by the inside area of the inner tubex. 1

The observed overall coafficient listed in Column #10 was ebtained |
by dividing the flux by the average temperaturs difference between the k
streans; Since the same amount of liquid was flowing on eadh side of the
heat exchanger, and since it ia aésuned that the heat capacity doss not
vary, it must be assumed that variations in température at one snd from |
that at;the other must be dus to errors in tenﬁsraturo messurements or to
heat losses in the two streams between the poihts af temparéturo MBAKUT G
ment. On this basis there is no justification for using a log meam |
tampnraﬁure difference. |

To datermine the predicted coéfficient the’individual cbefficitntt
were calculated for the particulsr tube and annulus using Equations (34)
and {36) respectively. The cosfficient in the annulus was then corrocted:
to the area of the inszide wall by multiplying by the ratio of,onxor to
inner diameter of the inner tube, iTha reciproeﬁln of the coefficients
were then added together with 8 x 10”5 which was found to be;th.mggpruximgte

value for the resistance of the wall using an average of the information

* A1l fluxes and coefficients are based on inside area of the
inner tube. : , ‘



EXFERIMENTAL RESULTS AND CALCULATIONS : 81

given by ucAdamsl7 The Driver Harris C»amp.sny8 and the Metals Bandbook;..
In most cases the reszstance of the metal wall represented about ten
to thirty percent of the total resistance.

The last colum, Column #ﬂi;in Table VI 1ists the ratio of chserved to

predicted coefficients.

Sample Qalculaticns Run_203-B

o L, . : O o 4 o
Ty = 125° €3 T, = 257° 65 Ty = 300° G5 T, 3 166° G5 Tg = 139 G
Density at 139° G = 873 x 62.4 = 54.4 1b/ou. ft.
Time = 31.5 seconds

W or Flow Rate = %2{;4 X 54.4 % 3600 2 2260 1b/hr,
Area of tube = 0.703% x 69
14

Average Temp. change = :Eﬁﬁz_:_l§§2* 300 - 166 1.8 = 248° F

= 1.06 sq. Tt.

Heat Flux » 248.% 2262 X 2292 . 1.54 x 10°
1.0

Average Témpo drop = =12 > 00 = 227 x 1.8 = 75° ¥

Observed coefficient :ééégé x 10° & 2040 BTU/ (hr) (££23 (°F),

. U WPe 4 ¢ W=xo0.0204 %
Peyybe = X A x b 0224 D

. D up © :
Peann: eg .l.t. e .

- B = 0,022
K ’ffk(no%n) 2

w
Iﬁo ¢ Dis
(D, is inner diamester of outer tuhe, Dy is outer dismeter of :
o? inner tube) . ‘



EXPERIMENTAL RESULTS AND CAICULATIONS

For tubes |

o 2260 « iz é 865
Pe = 00,0224 703 :
Fu = 7% 0,025 x 223

T4 5.57 w 12,57

[ 3]

N £ X20:0 2 12 - 3560 BT/ (1) (£62) (%)

| 2
2.81 x 1074 Ser){££)(%F)
* BTU

111

e
h

For annulus:

Po = 0.0224 2260 x 12 . 361
b e
N z 4.9 # 0.0175 x 111 z 6.84

hop QBLE 06 K12 - g 4uo s/ (nr) (262 (O

+1615 ‘
' 2
pt s 1 703 . 1074 (Br) (7)Y (Op
h corrected = #7270 x W57 1.18 x 10 BTU :

Total Resistance = 2.8 § 1,18 $ .80 = 4.78 x 10°%

Calculated cosfficient = %Qéé T 209¢ BTU/(hr)(ftZ)(°F)
‘ 78 :

5

& obgerved . 2040 . 4 gg
Ratlo o loulated = 2090



TABLE

Vi

EXPERIMENTAL RESULTS

h&‘
™ =18

5 |k Bl

p .| Big| %ig

8 pit Qg Il B
g & IR .
§® t : gcr LY [ w0
= & &) ) & € 28 ? A gp ol 818
~ o o o © o o e o 1 8 0% I

81 §§= o & S0 B AN 2 ot ] Bt

SE | * w 1% 1® 08, jaal& | B2l 52l
Sole lele|s |8 lag (3503 |551353

8218 18|88 |2 |88 |<8|8 |88|E8|l8
f1 (42 | 3 # | 5| #6 | H7 #8 | #9 | #10 #11] £12
1A | 152 23] 275 190} 172) 34.7( 20374 1.98{2780{ 2770} 1.00
25 | 156 2391 2811 19k{ 1751 3h.2| 206k {2.03 | 28002700 1.01
34 | 153 2431 2811 1861 157 48.9| 1852]1.55 | 2uk0 | 2550 0.96
ha | 1hk kel 2761 172! 150) 68.4) 1039 1.23 {21704 2370) 0.92
S5a | 217 | 327i 386% 270f 289 32.2) 2127 2.79{2770] 28101 0.99
6A | 217 324! 3811 2707 2501 29.5) 2343 {2.97 | 3040{ 2880 1.05
TA | 212 321] 3681 2k9| 230 Lh2.7( 1628| 2.16 | 2830|2630 1.08
8A | 209 347) kool 251 216{ 60.5] 1156 1.93 ;2250 | 2hk0| 0.92
gA | 110 233f 298] 171) 111} 31.5] 2282} 3.32}2920{ 2860} 1.02
104 | 113 2321 296 172} 122) 31.0) 2311} 3.26 {2970} 2870 1.03
114 | 112 239t 2011 159! 128}] 49.3] 1501 2.18 | 2460 | 2550 0.96
124 | 109 2561 2931 136} 19| 12k.5) 576 1.02| 1750} 2140 0.82
138 | 109 2571 29| 136{ 118{ 12%.5| 576{ 1.03 ] 1770 2140} 0.83
1A | 111 2391 2831 150] 138] 65.1] 1097} 1.67 32220} 2k00| 0.93
154 | 115 251] 293 150| 136] 82.0] 871} 1.1} 2030|2290 0.89
16A | 11k 2521 2931 149 136] 82.0] 871] 1.h3}2090{2290| 0.91
174 | 217 3271 387 271| 237 28.8] 2408| 3.16{ 3090 | 2900{ 1.07
184 | 21k 3271 389{ 270] 236 28.7{ 2k17] 3.26] 3090 2900} 1.07
194 | 210 335{ 3841 252 220 9.5 1405] 2.09] 25001 2530} 0.99
208 | 214 k2] 3911 253) 208) 58.31 11931 1.84 | 2340 2440 0.96
21A | 209 347! 386] 233] e25] 115.21 604} 1.021 1810} 2160 0.84
228 | 222 3581 3981 241 poski 137.91 S50L{ 0.85] 1600} 2100 0.76
234 | 21b 33k| 373| 243 212 79.2| 882| 1.26{2100|2300] 1.03
244 | 133 226 277| 181] 138{ 32.8| 2175] 2.38] 2700 2840} 0.95
254 | 129 | 23k| 292f 182] 139 30.8| 2322} 2.90} 2870} 2870| 1.00
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TABLE VI (CON'T)

‘Run | 11 T2 3 Ty 7% Sec. |1b/8r| Flux| Uobs|Upred

#1 |#2 |43 146 {45 (46 |47 | #8 | 49 | 410} #1

oea | 128 | 238 | 292 | 183 | ko | 30.7 {2330 | 2.91{2870 |2870 5
o7 | o126 | 234 | 292 | 182 | 132 | 30.3 2360 | 2.99{2930 {2880
Poga | 125 | 230 1291 § ayr | 128 | 30.3 {2360 | 3.01 2960 {2880

208 | 122 | 23k | 295 | 180 | 1k 31.6 | 2270 | 2.99|2830 {2850

308 | 126 | 237 | 296 | 190 | 150 | 30.7 [2320 | 2.92{2640 2870

31a | 118 | 231 | 293 | 177 | 140 | 30.2 2380 | 3.15 2960 2890

324 19 | 233 | 295 | 178 | 141 | 29.7 {2420 3.2613010 {2900

334 | 107 | 224 | 288 | 168 | 12k | 30.1 {2380 | 3.27 2940 12890

3h4A : : ‘ i

35A

364

3T

384

394

L oA

1A ‘Thesa runs were dilscarded ’oacé.use of

LDA arronecus temperaturs measursments.

k34 :

S44

L5a

h6A

378

L84

LOA,

508 | 192 | 229 & 251} 213 k208 29.54 | 2380 .0312700 2890

bt

51A | 191 | 228 | 251 § 212 | 202 28.4% 12470
528 | 191 | 229 | 251 | 212 | 202 | 28.3 ak70
534 |-191 | 230§ 253 | 213 | 203 | 28.3 2470
shal 191 ] 230 ) 253 | 213 | 103 | 28.3 {2580
5561 192 | 231 | 254 | 214 | 103 | 29.0 2490

.08 2790 { 2920
.10{ 2840 | 2920
.1412790 | 2920
.19 2920 | 2930
L1hi 2930 | 2930

P

.20} 2900 ! 2950

564 1 192 | 231 § 255 § 214 kleh 28.2 | 2560
.181 2890 12940 |

s7a | 192 |1 232 {1 255 | 215 | 105 | 28.5 {2530 : ‘
58a | 265 | 301 ] 322 28k | 270 | 28.k 12520 0312870 | 2910
50a | 2u2 | 296 | 3251 273 | 259§ 27.9 2470 4312920 {2920
Goa | o831 203 | 3221 270 | 256 | 27.8 | 2480 | 1.48/2950 12929

5 et B

Pl
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TABLE VI {CON'T)

; . | obs
R | T} T T3 Ty Tg Sec. jIb/BriFlux {Yobs |Upred Ygred
41 42 L#s 1 s e |47 148 {4 |0 ]2 | fi2
614 | Hot csmplated, prror in temper&mm geasurenant |
6oh | s | 265 | 277 255 | 245 | 27.6 {2510 | 0.672960 | 2930| 1.01
63A | 238 | 263 | 276 | 252 | 2ko | 27.7 {2300 | D.7212950 | 29304 1.01
6ua | 231 1 296 | 270 | 2Bk ) 234 | 27.7 (2510 | 0.75{3060 | 2930 1.04
656 | 220 | 259 | 277 | 26 | 234 | 30.0 {2320 | 0.82{2600 | 2870{ 0.90
66a | 223 | 255 | 275 | 2ho | 209 | 28.0 {2480 | 0.96l2890 | 2930 v.99
678 | 225 | 253 | 278 | eke | 233 | 28.1 {2kyo | 0.921e8350 | 2920 0.80
684 | 219 | 2oh | 27k | 238 | 227 | 28.0 {2890 | 1.02{2930 | 2630} 1.00
6oa | 223 | 258 | 279 | o1 | 231 | 29.8 {2330 | 0.99{28%0 { 2880 0.98
704 1 ‘ - ~ _ ; ,
T | o | |
728 Errors in Tenmperature Measurements.
734
Tha ' , ‘
754 | 116 | 268 | 300 { 138 | 113 {155.6 | 62 | 0.88}1520 | 2080 0.73
76al 13% | 263 | 208 { w2 | 115 j154.7 ) 46k | 0.8211480 | 2080} 0.71
77a| 11351 261} 296 | 1431 115 {15h.2 | 466 § 0.81 1420 | 2080 0.68
7841 118 261 | 296 | 1bk | 116 }is8.8 1 k82 § 0.83,1520 1 20907 0.72
7oA} 1181 260 296 { 45 | 118 {150.6 | 476 1 0.81 1450 | 2080 0.69
Boa|l 1181 261 2981 145 13 11514 § b7h 0.82! 120 | 2090 0.68
Bial 1211 o262 | 297 | w81 117 l151.61 %73 | 0.80{ 1430 | 2080] 0.65
B2a| 122§ 259 | 295§ 1481 122 j15i.2 1 kyh 1 0.78 1640 | 2090} 0.78
Baa| 1201 2591 295 | 1501 132 {153.3 1 868§ 0.77(1190 | 2080y 0.57
gial 1271 265 296 15k | 122 j151.7 ¢ 472§ 0.7713510] 2080} 0.73
85a | 128 262 2961 154 | 125 {1k9.1 | 480§ 0.77| 170 | 2090f 0.70
868l 122 2601 206 1bo] 1o5 {161.8§ 43 | 0.73] 1300} 2070} 0.63
Bra | 1151 2501 298 § 1k2 1 11k 1559 | B6L | 0.80{ 1380 2080( 0.66
aga | 122| 261 206 ) 1o} 128 fas2.5 1 B70 | ©.78 14201 2080) 0.68
Soa| 1211 235 | 289 1881 123 1161.7{ 84 § 0.731 1290 2070 0.62
goa | 117| 256 280} 135 ) 116 [151.3 ] 75 | 0.8 1760 | 2090f 0.8
gia| 13151 256! 293 § 143§ 113 {156.2 | 460} 0.76 1360 | 2080] 0.65
o2a | 128| 2651 300§ 183 ] 122 {152.8 | k69 | 0.83 1520 | 2080} 0.73
93a | 121} 262 295 | 1k7{ 117 [151.2 ] 475§ 0.80 1510 | 2090] 0.72
ghA | 119 | 264 | 208 | k3 | 113 |156.2 | 460 | 0.80 1540} 2080 0.7
gsa | 2091 230] 295 1 170} 117} 33.8 {2130 3.03/ 2670 | 2810f 0.95




TARLE VI (CON>T)

Uohs

Tt 1% %3 ™ | Tg Lh /Er] pred | Ypred

FL oL f2 L #3 L # [ 45 | #6 1 #8 #10 | #11 | #12
Gh& 1 111§ 230} 2093 ¢ 171 ) 161 3 12080 § 2. 262012790 | 0.%
GrA 1 115 1 231} 293 ) 175 D 1B1 P 29.9 jek00p i 3. 290012900 | 1.03
OBA ¢ 114 § 229} €91 | 173 | 119 | 12370 § 3. 20602800 | 1.02
99 | 112 1 228 290 171 | 158 2330 1 3.18| 28902880 | 1.00
L00A § 117 | 229§ 2901 173 | 130 26510 1 3. 329012990 | 1.10
1014 132 ) 2661 205 ¢ 137 | 1ik sk oD, 187012080 | 0.80
1024 1 100 | 260 292 135 1 112 ¢ 37 1 0. 15002070 | 0.72
1034 1 110 ] 261 | 204 | 3135 | 111 571t 0.851 1630j2090 | ©.78
10ka | 113§ 264 | 208 | 137 | 110 k73 1 D, iékoi2000 § ©.78
1054 | 114§ 2301 295 | 175 | 127 2350 | 3. 285012910 | £0.98
1064 + 113 1 228 292§ 175 | 128 2370 1 3. 28202890 1 0.98
I07A | 11k | 22811 2911 17k | 129 k00 | 3. 202012500 1 1.0L
1084 | 115 | 2291 293 | 175 | 129 | 2350 | 3.28f 2870j2880 | 1.00
L00A | 115 ¢ 2311 2971 1761 129 2390 | 3. 2890{2890 | 1.00
1108 | 116§ 231 2%k | 176 { 130 2350 | 3.29] 28702880 | 1.00
1114 | 112 ] 2591 29% 1 138 | 115 ] 463 | 0. 1470{2080 | 0.7%
1124 | 117 259§ 296 1 vk | 117 i 479 | 0. 1350{2080 | 0.67
113A | 118§ 261} 296 1khk | 1y 111 0. 15h0l2000 | 0.7
114 | 115 ) 261 297 | 143 ; 128 76 | 0. 145012090 | 0.69)
1154 | 113§ 259 293 139 { 121 886 | 0©. 1570{2100 | 0.75
1164 | 11041 258 296 { 139 | 118 78 | 0. 14202090 | 0.68
1174} 126 1% 2621 300 I&k | 141 L83 | 0.851 145012000 | 0.69
118A 1 119 2601 2081 189 1 122 Y91 | 0. 136012100 | 0.65
119a | 11k § 255 | 2891 ikl | 124 4871 0. 1500i2100 | 0.71
1204 | 211} 256 297 | 142 | 120 488 1 0. 132012100 | 0.63
123141 109 256} 2931 136 | 121 L 472 | 0. 1450120090 | 0.69
1228 | 111 2591 297 134 | 11k 516 | 0. i720ipiie | 0.82
1234 ] 108§ 2471 2831 134 | 112 517 | 0.871 15902110 | 0.75
12ka § 113§ 252 201} ko | 11k héb | 0,81 113002080 | 0.54
@551 1101 252 | 287 138§ 117 47k} 0, 1k20/2080 | 0.68
126A 1 1114 2531 een i 1ko | 117 Y60 | 0. 1290(2080 | 0.62
12741 1201 244 93 1 165 | 148 1300 1 1. 22202890 | 0.89
128A | 1)k} 2ko| 2904 160 1 17 260 | 1. 21602470 | 0.87
120481 1151 243 ] 2931 181 1 150 6o | 1. 2220{2480 | 0.90
130A § 1194 2421 2931 7 163 | k1 1.79] 2500(2460 | 1.02
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TABLE ¥T (CON'T)

Y
-

' 5 SPOOD OODOD DTG
_83&3%m3&%a%w%%%£%

d

P?OD? D3O OO0

e ooepepe
HEYK5

oo
QD ~d =~}
KF22R

OHOOO
& v 3 o ¢

SEBIPE

Ran p 71 ] T2 LT3 T 1% | Bec. [InfEr| Plux Yobs |Ypred
Lo #e (#3 (#e | #s L #S L #r #6 1 #9 | #F0 | #
1318 0 315 | 2ko | 280 | oab7 | 135 1113.% | £30 | 1.00) 1530] 2170
1324 1 113 1 254& | 293 | 1k6 | 131 1109.2 | 5% | 1.09 1600| 2180
1334 § 133 4 247 | 283 | 143 | 129 1116.3 1 615 | 0.99) i61ip| 2160
13ha 1 117 | 243 | 200 | 162 | 148 | 57.6 (1280 | 1.82 22301 2ké0
1354 § 117 | 237 1 282 | 161 | 148 5 51.2 11390 ¢ 1.92 | 23101 2530
1368 | 1220 | 233 1 279 | 163 | 148 | 52.2 11390 | 1.84% | 23201 2530
1374 0 118 1 250 1 300 | 163 | 1BT | 59.1 11210 | 1.82| 2200 2bko
1384 | 118 | 249 | 298 | 162 | 150 | 60.% {1130 ; 1.83| 2200 2460
1394 | 118 | 250 | 299 | 163 | 150 | 0.3 {1180 | 1.83| 2200} ko
soa | 121 | 250 | 299 | 165 | 150 | £0.2 {11B0 | 1.81] 2160 2h6D
SUSTR T 250 | 297 | 165 | 152 | 40.0 11180 | 1.78 219D | 2460
sea | 31h 4 255 | 293 | 1h6 | 127 (1R3.6 § 578 ! 0.97 | 1560] 21k0
134 1 134§ 255 | 295 | k6 | 126 1130.3 | 5B9 | 0.92 | 14bo! 2130
Ivha | 114 § 255 | 292 | k6 | 126 (126.4 | 566 & 0.93| 15101 2130
Ws5a | 11k | 229 | 295 | 176 | 187 | 30.3 (2350 ! 3,19 2800 2880
1héa | 120 | 233 | 296 | 180 | 135 | 30.6 {2340 | 3.11| @820/ 2880
ILT7A ¢ 123 1 235 | 299 1 181 } 13k | 31.7 2260 | 3.04| 2750 2850
I48A § 120 § 231 | 293 | 178 1 ik | 30.9 {2310 | 3.04| 2810 2870
1koa | 128 | 237 | 297 | 185 | i7h | 30.9 ;2290 § 3.031 2790 2860
1504 | 133 1 241 1 300 | 189 79 | 30.% {2320 | 2.93| 2570 2870
1514 { 119 § 230 | 292 | 178 | 168 | 3L.4 {2250 | 2.96| 2720, 2850
1524 | 12k | 232 | 291 | 180 | 170 | 31.1 {2270 | 2.8%] 2780 2860
1538 | 233 | 331 | 397 {274 | 258 | 30.7 |2250 | 3.13) 27701 2850
11554 | 218 | 333 | 396 | 278 | 260 | 30.1 |2290 | 3.12| 2820} 2860
1554 | 219 | 333 | 296 {278 | 261 | 30.0 {2300 | 2.97{ 2820 2870
156a | 220 | 333 | 206 | 279 | 262 | 28.% [2430 | 3.2k | 2680 2910
1574 | 222 | 339 | 297 | 280 | 255 | 28.3 |24k0 | 3.2k | 2990 ! 2910
1584 | 112 | 239 | 299 | 168 { 154 | 30.2 (1410 | 2,07 1990 2540
1508 | 1ib {1 2329 | 298 1 172 | 156 | Sh.2 {1310 1 1.91 1 18301 2490
1604 | 121 [ 231 | 295 | 182 | 129 | 34.2 12000 | 2.72] 2kec| 2800
1614 | 119 | 232 | 298 | 181 | 127 | 36.2 {1980 | 2.63] 2300} 2750
1628 | 116 | 228 | 293 | 178 | 139 | 3%.0 |2100 | 2.77 | 2k4ci 2800
1634 + 12k | 235 | 2ok | 178 | 130 1 3%.5 11810 | 2.49 2kéD: 2690
16ka | 121 | 23k 263 | 176 | 128 | 38.9 (180 | 2.79¢ 27h0| 270D
1654 | 119 | 236 {26k | 175 | 126 | 38.9 (1840 | 2.51: 2410} 2710

2




TABLE VI {QON'T}

, : Yoba |

Run ;T;’»\, T % o, %5 Bec. |Lb/Hr| Flux Uobe |7 prod mpreé.
#1 #a #3 #4 #5 #6 #7 #5 #9 #10 | #11 | #12
1664 § 117 1 2831 300 | 1711 343 7.313510 | 2.221 22401 £2570] 0.87
1674 { 118 | 243 § 300 | 1717 143 1 LT.7I1B00 | 2.20) 2220 25701 0.86
168K | 119 | 2h3 | 300§ 171 ] 143 1 WB.RIZhTo | RB.16] 22001 25601 0.86
LEOA 1 116 | 246 | 290 | 1651 132 58.911210 | 1.861 2030 24507 0.83
1704 ] 115 § 287 § 300 | L 131 59.011210 | 1.861 20b0| 24501 0.93%
I71Af 1ib | 245 1 298 1 163 1 13 59.511200 | 1.86; 20h0] 2850] 0.83
1724 7 111§ 250 3 298 ¢ 154 | 138 85.718320 | 1.371 17401 22701 0.77
17381 112 § 250 1 296 0 153 | 138 ¢ 8i.4] 876 § 1.h3} 18201 2290 0.80
IThA L 1311 1 248 L 295 | 1521 138 ¢ 82.81 BBl | 1.50] 17805 2290] 0.78
1758 1 210 ] 327 1 392 § 272 1 o856 | 2B.7(2%10 | 3.301 22701 2900{ 0.78
1768 1 212 | 3281 392 | 278 | 258 28,1 12850 1 3.341 2960 29201 1.0L
1774 § 218 | 331} 39% | 278 | 2k 29.112380 | 3.161 28701 28901 0.99
L78A | 217 | 331 | 39k ¢ 277 | k6 27.912880 1 3,30 2990 2620 1.02
179A 1 216 | 3%0 | 397 1 2701 250 39.311760 | 2.571 2570 26701 0.96
1Boa | 21k | 3391 395 | 267 | 29 10.5{1700 | 2.50] 2560 2650 0.97
1818 ) 2101 337 1 396 1 26k | 245 43.811580 | 2.38] 23401 2600{ 0.9D
1828 | 209 | 337 4 397 1 283 | 245 k1.111680 | 2.561] 25101 2640{ 0.95
18341 216 1 341 ] 359 | 269 2ko | k2.2ji6ho | 2.431 2450 2630) 0.93
184a | 216 | w0} 398 ¢ 268 | 2kg L51.5{1670 | 2.451 2490 2640| 0.98
1854 | 213 | 3k2 | 396 | 263 | 233 52.7{1320 | 2.01] 2170 2k90{ 0.87
(186A | 212 | 3391 392 | 299 § 236 50,811370 | 2.061 23001 2540] 0.0L
(1B7A | 211§ 339§ 393 ( 258§ 235 56.311230 | 1.831 2070 2470 0.8
1188A 1 218§ 349§ 3991 259 | 231 30,611170 | 1.861 21801 2430 .90
1804 | 214 | 348 1 Loo . 26 23k &0.011160 | 1.83 1 20701 2820} 0.86
1G04 | 222 { 33% 1 397 | 2682 | 239 | 27.9(2480 | 3.28] 2970 2930 1.01
193A § 220§ 337 1 397 | 277 | 237 27.9{2480 { 3.36] 3090 2930{ 1.05
1926 1 115 | 235 | 295 | 175 1 122 31.k§2280 | 3.1k | 28201 28601 0.99
1934 | 136 1 235 | 2061 175 1 130 31.712260 | 3.13 ] 2790| 2850] 0.98
19bA § 120 { 237 | 297y 180 138 | 33.8/2130 | 2.87; 2600{ 2800] 0.93
1954 1 119 1 230 5 201 278 139 30.712330 | 3.03 | 27901 28701 0.97
1964 | 126 | 241 | 204 | 1751 150 ho 641670 | 2,271 24801 264D] 0.G4
197A ] 127 | 2o § 292 | 175 | 162 1 41.6]i710 | 2.281 2550( 2650| 0.96
1988 | 102 | 247 § 297 | 167 | 156 55.0031320 | 1.9% | 22801 2k90! ©.92
1004 | 123 1 246 ] 206§ 188 | 156 53.611330 | 1.93} 2280] 2500} 0.91
200A | 116 | 295 § 297 | 156 | 142 85,41 835 | 1.381 1850 2270] 0.81
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TABLE VI {CON®T)

Rm | T3 | T2 | T3 | W | T6 | sec. |Tb/mr| Flux {Uobs {Vpred|U

#L o f2 [ #3 [ # | | #6 | # # 1 #o | fa0 | #

PORA | 117 ) 2511 293 | 1581 1o B81.% ] B7611.3% {1960 {2300
2088 | 117} 2k6§ 295 162 ] 150} 31.1 {2890 1.5% |1820 |2100
203B | 125 1 287 1 300 leb | 1391 31.5 {2260 {1.5% |20kn i2000
20kB | 112 | 2ke | 294 | 1581 120 | 32.6 (2200 {1.52 11790 [2oBo
205B | 112 | 286 | 295 | 158 119} 31.9 je250 11.56 | 1820 12090

2210 11.58 11800 {2080

2068 | 110 2k9 | 299 1581 131 32.3 !

2078 | 112 ] 240 | 2081 159 1 1311 31.1 123001 1.75 12030 12100

208B | 121 ] 2791 206 { 134 | 112 {1b6.5 § 491 {040 1360 [157C

2098 1 116 ) 277 ) 296 | 1321 111 1161.5 1 L5 10,37 {1180 {1550

2L0B § 110 | 278 | 291 | 1251 110 {158.0 0 L2 {0.38 {1330 {1570
7

23118 1 125 | 284 | 299 | 1361 108 {217, 330 1 0.28 11170 11500
212B§ 110§ 270} 297 { 134 | 116 | 99.3 | 723 ;0.62 1390 | 1660
2138} 11k | 271 ) 2961 137} 1181 98.8 1 727 | 0.60 | 1400 | 1650
2B | 115 | 27h | 299 ] 139} 119 {117.9 ¢ 609 0.51 [1170 {1610
2158 | 121 | 2674 288 ¢ 10| 1211 97.9 1 733 0.57 {1580 | 1660

2168 | 122 | 272 296 | 192 122 | 9r.h | 737 1 0.59 | 1k80 | 1660
217B i 11k | 2671 296 | 1o | 127 | 84,67 846 | 0.69 {1kiD 1700
218B | 1101} 270 298 1361 123 B86.9 ] B25 | 0.70 | 1k60 {1690
219B 1 109 | 263 | 2921 1371 125 | 7H.6 | 961 0.79 |15ko | 17ko
220B | 110 2561 285§ 136 | 124 | 71.8] 979 0.76 | 1530 {17k0

2218 | 113 | 285 | 271 1381 1261 49.0 11037 10.73 [ 1570 {1760
222B ] 11k | 2851 2751 142 ] 131 | 57.9 11235 | 0.86 | 1650 | 1820
2238 117} 250 281 k6 ) 135 | 57.2 11248 | 0.88 1650 11830
224m | 120§ 253 | 28k | 149 ] 138! S6.8 {1259 | 0.89 | 1590 | 1830
2258} 127 | 247} 2797 158 | iy | 45.1 11580 |1.00 | 1780 | 1920

1

226B | 133 | 259 | 292 | 16k | 153 | k6.6 1530 {1.02 | 1757 | 1900

R27B | 136 | 265 209 | 168 | 156 | 47.1 115310 11.06 1784 {1900

228B | 14k | 260 2981 176 | 165 | B0O.B {17h0 [ 1.09 13718 1960

2208 | 148 | 262 | 20k | 179 | 168 | 39.% {1800 {31.09 | 1893 |1970
i

2308 | 151 | 264 | 296 | 182 | 170 | 39.6 [179¢ |1.07 | 1908 {1970

231B | 153 | 266 2981 183 | 170} 39.6 [ 1790 | 1.07 |1919 | 1970

232B | 1571 258 | 280 187 | 177 | 3.4 {2050 {121 (2012 | 2040

2338 | 157 | 258 | 289 | 186 | 176 | 35.5 | 1990 {1.08 {2000 | 2030

234kB | 157 | 259 | 290 186 | 176 32,8 1970 | 1. 1984 | 2020
56.8 o

o7
2358 | 15k | 262 | 287 1 176 | 163 77 1172k | 1830

E

3 :
3293 2RLRG

SOCOO Of}DO? OO0 Oo SO0 O

888N JRIBVY BI8CE BRI BIFE
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TABLE VI (COS'T)

man | T | T | T T | T | osec. {ub/uriFlux iUobe |Uprea

#1 L#e | #s @ |45 |46 {1 |48 |40 | 0] 42

236B | 211 f 351 | 396 | 259 | 238 ¢ 29.5 {2350 {1.75 {2217 {2110
2378 1 211 | 353 | 398 1 254 | 239 | 30.2 {2300 11.73 {2188 {2100
2388 | 218 § 365 | 397 | 54 | 23% | 4&3.6 11600 11.20 1798 }1920
2398 | 221 | 361 | 397 | 256 | 236 | 41.2 11690 {1.25 (1968 [1950
240B | 213 | 368 | Hoo | 240 | 217 | 62.7 {1110 10.93 l1739 11780
eh1B | 21k | 362 | 391 | 2be | 217 | 61.8 11130 {0.89 {1748 (1790
2hop | 213 | 356 | 387 | 243 | 222 | 47.6 1460 {1.11 |1996 | 1890
243B 1 213 § 368 | 396 | 237 | 211 { 66.1 {1060 |0.93 {200k {1770
ohbB | 211§ 371 | oo | 237 1 2061 71. 986 10.85 11733 {1750
2h5p 62 1 159 | 1ok oP 77 | 27.6 12630 11.38 {2331 {2180

2630 {1.36 {2277 12180
2590 11.32 {2272 | 2170
822 10.49 {1440 | 1690
760 {0.47 11351 | 1670
808 j0.53 {1408 [ 1690

2468 63 1 160 | 194 95 81 27.
2k78 66 | 1611 195 97 74 | 28,
2488 59§ 1711 151 77 5% | 89,
2h9B | 57 | 17% | 195 5 L7 | 96.
250B | 43} 168 | 189 | 63| ko 90.

108& 0.61 11540 1780

WFOHFN ~NNOooith RO EHOD TN

25188 63 | 168 | 192 83 62 | 67.

2528 1§ Sk} 1k7 | 158 66 36 {119.% {6150 [0.30 1480 | 1620
25381 4814 17k | 181 56 26 1253. 292 10.19 {1490 | 1k90
2548 2 F 184 | 198 52 o5 1182, ko3 {0.30 11410 {1530
255C | 217§ 328} 397 | 285 | 265 | 30.9 {2230 [4.16 13360 | 3020
256C ) 217 | 3281 3991 285§ 2851 30.3 {2270 {4.28 {3koD | 3030
257¢) 2201 328 396 2871 2671 29.9 12300 [4.18 [ 3430 {3050
25801 2214 330 400§ 290 2271 29.4 {2370 |4.32 {3490 {3070
259¢c | 12k | 224 { 290§ 1881 110{ 31.6 {2280 |3.84% {3310 {3030
2601 118 | 224 | 293 ] 1861 174 | 31.8 {2220 {3.96 {3210 | 3010
261c}) 118 | 21914 290 ] 183 12| 32.5 {2200 13.89 3070 {3000
262c 1 121 ) 225§ 2o7 | 190} 1kl 1} 32.1 {2220 [3.92 3100 | 3010
2630 ) 129§ 2201 20971 198 | 149! 32.1 |2220 |3.76 {3130 {3010
20401 113 | 246§ 287§ 183 | 116 {143.61 500 [1.1k §19k0 | 2220
265C 1 111 | 297§ 291§ 1he | 120 ]16B.81 42k [1.05 {1820 2170
266G ] 111§ 2571 205§ 145 | 121 {138.91 516 |1.28 {19k0 {2230
267¢ 1 110§ 254 ¢ 2801 143 121 1151.31 47k |1.15 {1870 [2200
26801 117 | 241§ 289 162 | k| 77.5 861 [1.80 12150 {2420
269cf 117 ) 2481 2961 1631 146 83.3] 85k 1‘35 22h0 {2810

1.

1790 { 2310

270C | 117 | 249 | 2961 162 | 145 | 106.3 | 669
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TABLE VI (CON'T)

LI O OO Bt A et Bt (O

; ohe
Run, Ty i Te V8 b D | T | osec. jin/Br | Flux] Yons [Upred |Uprea
UL FR L #3 p AR LS L #6 [ #T (#8449 | 410 |81 | e
2710 § 117 | 243 | 200 1 160§ 143 9 71 7521 L.61| 2010 2360 0.85
2720 1 115 | 29 ¢ 298| 159 § 141 | 105.4%1 6771 L.56) 1870| 2320; 0.81
273¢ 212 | 369 1 395 | 239 ¢ 185 | 137.51 512 1.34] 28i0! 22201 1.28
27he § 215 1 374§ 392 % 238 ¢ 186 1 187.31 3761 0.98] 2700! 2130) 1.97
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APPENDIX B

The hydrodynamic concepts de#eloped by Nikuradse and uéad by him to
present his "universgl velocity didtribution® are used in m§st of the |
discussions of fluid flow which apply to heat transfer. It is the
puryosa‘here to describe thess and related concepts briefly, and to
indicaté their reletionship to the concepis uséd in the development

in Chapter 3.

Friction Velocity
The friction velocity is defined in the follewing equAtions

(B1)  vx . /..’;g.. g,
whare'?'w is the shear at the wall} (Q is the density;‘and ggiis
the gravitational constant, the conversion factor of mass to foicht, and of
practical to absolute wnits of férceo When appropriate units of shear
or denéity are used, g, is not uged in the definitionp
It can easily be shown that the friction velocity is also repressenied

in the equation:

(B2) v = uy J £/2
17

where f is the Fanhing friction factor as defined by MchAdaws ,
and is a function of the Reynolds modulus. |
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REMARKS OF HYDRODYNAMIC RELATTONSHIPS

Dimensionless Velocity and Wall Distance

Hikﬁradae demonstrated that in the turbulent region, a éamrai
veloczity distribution for all Reynolds moduli when a &imensionleas‘
| velocity’modu}.ua is cmnpareé with & dimensionless function of the
reléltive: distance to ﬁhe center ofﬁ the tube and:the Reynolds modulus.
The dimensionless velocity modulus wes emesse&"-bx ths';smbol ¢
In Hikuradse's paper. It{,is now usually given the symbol u# zand it is
defined in the equation: |
®3) w = - u A
= "N -y : /- S

The wall distance function was expressed by Nikuradse as }k X

-
-

but recent investigators assign 1% the eymbol y¥ . It is defined in

the sguation:

(Eh) ¥o- y__ v = 3y ., Ty Uy /f/2; i Re{/f/'e
Y Ty Ay k 2ry o

At the cexit,erline of the tube:

(8) 5" = 3] = B [t/2

Eddy Diffusivity of Momentum

Difreréntiatvmg ut with respect to y&’ and rearranging gives the

following equation:

(B6) gc‘.Tw = 3 _ dm

/3 : &u#’/’dy*& : dy

{

%



REMARKS ON HYDRODYNAMIC RELATIONSHIPS

Since

, s 2 v du
(m & L ,(ew\))w
and

(ES) ’Tf S "Tw

we find:

) €tV € 41 .1
Y s{aut/ayh)

(E10) & ‘ 1

Vv osaat 7t

gpplication to Equation 33

Appropriate aubatitutions may'be may be made in Equation (33) to
transform 1% into terms of u* and y%o The resulting equation is more
complicated, but {t has the advantage of being solvable diractly
with Lquations B4) - (B8) listed in Appsndix B, The numerical results
will be essentially the same as Martinelli’s, though parhaps slightly

sasier to obtain,
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] 3

.a&bi

NOMENCLATURE

 Meaning

ares on the surface of a unit
length of tube

~specific heat
“molecilar diffusivity
idiameter of tube

eddy oonducftoivity of heat

!hnnmg friction factor
gravitational constant
heat transfeor coefficient

‘molecular coﬁduct;vity of heat
total conductivity of heat

mixing length
heat flow toward ths tube center
:diemme from tube canter; |
relative distance from tube
center, _ r

Ty
:tsml.pergturs
temperature
volocity -

dimensionless velocity, - u
¥

overall hest transfer coefficinet
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Unita

area

he#t /{mass }(teﬁperature )
{lenigtn )2/t ime
length |

heat/(time )(area )
( temperature/length )

none ,
length/(time )°
heaﬁ/(time Yarea)(temperature )

‘,heat/{time)(area)

- (temperature/length)

heat/(time }(area)
{temperature/length)

length
heat/time
length
none

temmature
temperature
length/time

none

heat/{time ) (are; )(temporature )



Ternm

2

M R M

-

Xu

Po

.

[

T
v

BOMENCIATURE {(Com’t.)

Mesning

fiicti_qn .valocsmy =
T, e

:? g = mm ;/i’ f/ 2
¥ W

xjeiative velocity = _ 1
Ym

flow rate
rectangular coordinate system

distance from wall :
dimsnsionisss wall distance -

L. vE
1%
distance along tube axis
Nusselt modulus = el
' K

Peclet modulus = &ry c’/w“m
: s

Prapdtl modulus = ¢ é\A

Remai&s modulus = 2¥y [ “}um
- N
ﬁ;HﬂiM .',:
eddy diffusivity
Fikuradse's term for yi
angular &mplacemm;

time

absclute viscosity
kinematic visoovsity

density

shoar
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Unitae

length/time

nonse

welght/time
length

length
Bone

longth

none

nons

nons
nong

none

(length)2/time

nonsg

redius

time

mass/{ Length )(time )
(1ength)*/time
mass/(length)s

force/area



NOMENG LATURE (Con't.)

Ternm Meaning  Units

96 | Nikuragse's term for u& i none
Subscript Msaning

H -— of heat

i - inner

m - mean, (in the case of flﬁid temperature, the

flow mean) '

¥ - of momentum

0 -E outer

q = where heat flow toward center is g

- where fluid temperaturs 15 ¢
¥ - at the wall
eg - fequiValent

at the axis of the tube
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