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analogauab Ne related &he heat transfur and f lu id  

an expression whhh laay be writtan 

(1) Hu 0 Ra 
2 

The t e n  Estl represents the Nussslt modulus and is 

cocaffieienti times the ratio, 

(2) NU h - 2 r W  
k 

The term Re represents 

Here % l e  the ava~age 

viscosity of the fluid, 

the heat transfer 

velocity, is &he density, and /A is the 



5 

Bitis we m y  write equation [J.j in the fumo 

( 5 )  Mu : O.UZ3 Reo8 

AB stated earlier, Bsynolds asawed t ha t  turbulence extended to 

tihe walls of the tube and turbulent canductmoe of &anantmu was the dtlune 

ae %lLe turbulerst, b itt8536e Qf heat. 

It has slnee becoae apparent that the twbulanca doeat riot extend 

t o  'the w d . 1  of tha chaanel, b& 

lraplinar Plow exis ts  along the. wallso 

I? that  8 thin hyes  of f l u d  9n 

This layer provides co barrier of  

velocity gradient cappared tum conductivity and hence 

wikh the bulk of the stream, 

of low thermal c 

ooapalled with the bulk of the stpeann, 

In must fluidtp, it also providea a barrier 

t iv i ty  and henee an0 of high tereparartwce gradiant 

Direct quantitative comparison of thermal conductivity with 

momentum condue~2vitgy (absolute viseo 

differences in the units. Homve~, the comparison is easily mdrs by 

converting to .units of diffusiv 

per un i t  drivfng force of eon 

omcentration, hest cmcmxtmtion or makerial concentration. 

cams the anits of diffusivity reduce tot 

) carmat be -de because of the 

h indioates the quantity tranrsferred 

liffepence. This m y  be mamenturn 

In all 

(length);?/trims. 

Ths molecular (as opposed to twbubnt) diffusivity of momenkum 

is expressed by the khematie vie 
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The molecular diffusivity of heat; is obtained by dividing the 

thermal conductivity by the 

&e ratio of molecular 

difftlsfvity of heat frst 

Ther numerical value af 

volume haet capacity, e/-*  

diffusivity of momentum to molecular 

this modulus for gases is clam to unity, 

6 

hence if we also a s s w  that .the eddy diffuftivities of heat and mm9ntcnrt 

are sfnrilar, the Eteynulds analogy should apply to gams regardless of 

whether the3 lambar layer is prssen% or not. 

When the Praadtl modulus Ta greater than unity, as is the c a w  with 

most ordinary liquids, the rnohctilrut difl'usivity of mmentmn is larger 

than the molecular dPffusivity heat and the Reynolds analogy mstc be 

comect;ed, 

EhpiricelXy it has been f o n d  that an approximate correction may 

t a b  the form of the Prandtl mod.lzlus of the, laminar layer %o the me- 

third powero Thus the corrected Beynolds equatfon becomes a f o r m  of tw 
well known Colbnm equation: 

(93 NU t 0,023 (Rs)"*o (e) v 3  

Attempla to obtain a satisfactory ~heoretical.sq,uaticm have mt 

with coapleta SUGCBSB only recently, 

developed froa equatiion (I) by w e  of cule mphica l lg  detarpl9ned relatian 

It will be s e x  that equatfon (9)  is 

for f arrd an empirically determined correction factor, Pr v 3  e 



These studies resulted in a saries of classic p a p e r ~ ? " ~ ~ ' ~ ~ w h i c h  opened 

the door t o  a new realm of investigation in f lu id  flow, heat treur&er 

and material tranafeP--ba realm which has yet to be explored completely, 

a3 By using Nikwzradse~s data, ffirman in"cci&;r@ed the concepk of a 

transition or bufrm layer between the laminar and buffet. layer in which 

both .t;uPbalent and molecular t ransfer  a ~ e  prominent, 

permitted him to develop 81 relatianship which fits expa~imental results 

with Pertsonable accuracy f o r  f l u ids  with a Pyarndtl modidus up to 25, 

The failure af his re lat imshfp to predict accmaLely the heat &ransfw 

in f lu tds  of higher Prandtl modulus fs attributed by Karman ti0 the  

Pelatively high temperstwe drop across the laminar f i b  and to POOP 

knowledge of the aekual thickness of the lamher  layer in thass materials 

whem the overall t h a t w , l  resistance of t h l s  layer is fncreasingly 

bpOI%t%F3t* 

This innovation 

26 To fmpr~ve the Sf%U8ti0nF BE wdt remeasured the velocity d i s t r i -  

Ha essent ia l ly  corroborated the distribution bution in Lubes using a i r a  
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formd by bTm8dse Sn the turbulent region$ but he was able to obtain data 

i n t o  f’ringes o f t h e  lamhar ammo We also attelnpted rather ~successFuZly  

to meagctre the velocity distribution w h i l e  heat was being tramferred, 

but he ewe to  @ePtaSn canclusfons based m these measwernenfs, ots 

theoretical consSdePations, and an consfderatfon of high E)rwdtl. nnadnlus 

heat transfer results which enabled him t o  predict accurately heat 

transfer rates over the entire measured range of heat transfer exparimme 

above the pPand.l;l modulus of gaseso 
4 Boelter, Mart;inalli, and Jonassen have developed a correctioa for the 

equation of Kamn which accounts f o r  the change i n  viscosity across the 

l a r h a r  layep and a subsequent change in its thickness with heat transfer. 

The* relationships also permit prediction of the heat trmafer coef- 

Siciernt with 8x1. accuracy equal 03e greatep than those of the usual 

empirical ralaffonships such as equation (9) 

In a l l  of the preceding developwnts it was assumeu Ghat the molecdas 

conductivity of the W l y  tu;rb&nt region is negligibls,  If by 

transfer lis n6gligible compared with the turbulent 

an assumption is justified fop a l l  cases where the 

equal to OP greater than unity, 

In two ppe~s,’~ BQar%inell$ has pointed out  that the molecular 

conductivity of heat i n  the turbulent OOPB cannot be neglecked when the 

Prandfl mdulxw becomes considerably less than unityo Such a case is 

found with l iquid metals, because of thefr high mOlecular conductivitg, 



channel, This work has recently been elrtended by Narrison and Menke 12 

to the case of parallel  plates where heat flows thrm& only m e  of the 

parallel plates, Such a system is the l imit ing case of an a n u l u s  w i t h  

large diameter compared to the distance between the walls, 

be made l a te r  in this paper t o  an approximation which it is possible to 

Reference w f l P  

make fop this case, and use w i l I  be made af it in 

axperhn%al  results, 

t&ile the theorelical studs of heat transfer 

Prandtl modulus appea~oj, Co be Peaamably comple$e 

by relatively s3mpl.e empirical Pelationships, the results of Idsrrttnelli 

and of Hwrfson a d  Mslllke appear to be ex$remely complex and have yet to 

be gfven adequate experiwentttl srtppopt, 

'ib developments and experimeats described in the remainder of this 

report are designed to ass i s t  in ovare- these difficulties, and hence 

to fill out the, ent i re  thaoretictal approach t o  he& transfer in turbulent 

fluids . 







Total conductivity (molecular %. eddy) not a function of 

distance P a P a l h l  to tube -3.ao 

NO end sffects- 

WB m13n~ that the po~%iun  of the tuba wdtap emsfdtw 

ation l a  far enough from %he beginning and a d  of tb t u b * s  

actual Isn@ end haaOed length tha t  the velocity and 

tempera'cure prof i le  of the PLoarixlg stream does not change 

in shape with positfan along the tube length, 

matical terms such 8 qualiffcaticm together with the fou r  

which precede wms khat As&-*"* is a constant regardless 

of P, 

passhg through a given point with respect to the wall and 

P is the distance of that point f ~ o m  the center af the tube. 

Heat movement only by molecularo conduction, eddy conductlon, 

fn glathe- 

$ 2 1  
Z,OP time, where t is the temperatwe of the fluid 

a d  fW@& COnVf3C%~C%l- 

This e l inhates  such unusual conditions as that where 

heat is transferred ky radiation, 

Molecular cmductivity a t  Pfght angles to the f low af fluid 

zPneffec%ed by sddy9ng of the fluid, by tihe veloeit,y of the 

f lu id ,  or by the gradiant of t h i s  m1oeit;y with respect t o  

the axes ai? mfer"8nmo 

Constant & ~ . C S $  ~ ~ ~ p e k t i ~ ? ~  of the  f;luid-- 

isothermal conditions, and by gases in an isothermal and 

i sohap ic condi tarn Q 

........_ . . . . . .,............ -.- ......,......._ , . . . . . . . . .: . . ........ . . . . . . . . . . .,. ...,.,.,.,.... , , , . , , , . , . . . . . , . . . . . , 



3.3 

9,,) In tho ease of twbulent f‘lorrr, the ratio be%ween the eddy 

cliffuctivitieo of haat and some a constant,olC, 

331 t?ie devebpmants by laost of the earlier investigators, 

the value of 4 M s  ratfa was asawned to be unity, &xdih@l~i 

substituted M ,  and attributed the practice t o  a auggeskian 

by 3os1tere 

experimental evidence reported hers and else&~re tha t  the 

ratio is constanti arid has a value close to one. Such 8 

conolusfon is also supported by the fac t  that *ha RaynoIda 

analogy applies with accuracy to gasese 

It appears l ikely,  howeverr, on &e b a s h  of 

De’geLopinent of the &nePal E&ption. 

9, = $v (tw L tea) 

In this equation S, fs the  heat flowing par unit t i n t  thPough t h  

surface of 8 uni t  length of tube toward the cWxteP line of the .tube. 

have deffnad azp system 3s such a way %hat 3 is a const;ant, 
XT 

and thwefore the  net heat transfemed 1mgitudinaUy into one end of a 

small. section of the tube per unit time is equal to the net heat %ransferred 

,J out longitadinally by the same means a t  the opposite end of the short 

section by molecular and eddy ca&uetBx.fceo Hsacs by a heat balance, qn 

murst be equal t o  the heat carried away by the sensible heat 2ncrewe of 

the f l u i d  flowing pep wit time through this unit l e n s h  of tube, 



where is the average velocity, c the specfffed heat, and P t h e  

density of the fluid, 

& in equation (la) is the area of the innas surface of EB wit 

length Of t&ee 

(12'3 $B z 2npw 

where pW 1s the radius of the  tube, 

h equation (10) the t e ~ m  (t, - tm) represents 

the wal l  temperature and the flow mean temperatures 

metin temperahre is that which wuuld be ubtahrsd by 

'che difference between 

Qf the f l u i d ,  This 

catching all of the 

liquid f l a d n g  through a CPOSS seetion of the tube a t  the p o h t  in 

question and &Xing ft thoroughly, 

referred t o  tas the @mixed B Z E ? ~ ' ~  OP %ulk average@ teapwature. 

the same as the simple amrage of %rs temperatures of %he f lu id  in the 

section of tube involved, but. it is the average of fluid leaving the, 

seotfon of tube, hence k t  $8 the average temperature of the flu3.d ia the 

For this  reason it is k-equentQ 

It is not 

tube weighted by the velocfty at each point  IrJithh the short length, 

(13) (tl, - tJ e c 2 W r %  t, dPt; 

i P w 2 W r t  at drt 

The tern rt indicates t he  value of r corresponding to temperatwe 

t; arid ut, represents the fluid velocity a t  distance rt from the center, 



Rsfia~ring to Figure 1, 4t w i l l  be seen that the increase in 

tempaPatw@ wfth radius a t  tihe radius9 pq0 where the radial heat fQow 

rate pep unit length is dasignated By qg rill be proportional t o  q and 

hvarss ly  proportional, r9, and to 

%he totax conductivity (molecular 

plus eddy), ]IC a 



T 

Iategratioa of equation (36) frum rq 2 rt to rq : r gives an 

expreasim for the term (h - t) in f e w  of q, 
19 

16 

The radial b a t  flow rate per mft length, q, at  any radiw r4 csn 

be determined by a heat balance as  fa8 dme for the specific cam of ~1 

in equatiopl (Ll), except that we are now discurssing the cylinder of 

fluid of radius of r d t h i n  the flowing stream. 

(ll.sl q . ? r < a @ e  k’h,xr u = cpk Jrq 27ir u & 

lrq2Xr dr 

SubStftutim O f  equation (18) b t O  egwtion (17); (17) into ( 1 5 ) ~  

and (IS)$ (12), and (11) into equation (10) gives wish appropriate 

cancellations; 

Ylultiplring both sides 2 rx with slight revision of eqwfsaor (19) 
k 

givee equation (20) where k repreadis mbcular  conductivity of heat 

and bfu represents the Husselt modulus, rQ . 
k 



Nu = I 

i, rW 

For simplicity of notation we wrrill define the relative velocity 

in  the equation 

U (21) v r g 

and the relative 3istance t o  tfre wall in the eqwtian 

(22) s = f 
r W  

Equation (20) is a t r i p l e  int;egral equation which may now be 

written fn the formr 

The order of the integrals i n  this equation may be changed by 

appropriate changes i n  the lW%s. 'Phus we m y  miter 



flow and where aalecluler 



K 
k 
--*1 

Slug flow approximates turbulent flow, but it will be seen later 

that the l i m i t i n g  case, for turbu1en.t flow as the molecular condutltivfLy 

becomes very large, is  actually about: 

It will also be found tha t  liquid metals under most canditions have 

a molecular conductivity ophich only api~roaches the value required tomrtsk 

the eddy conductivity, 

Numerical soS;utian of equation (25) requires a howledge of the effect 

of eddying on the tota l  thermal conduct2vi%y of the fluid at every point  

between tb tube center and the wall, 

conductivity of heat is provided by 8 knowledge of fhe velocity di8tribut;ion 

in the tube by meas of the, analogy between eddy eonductivify of heat and erddy 

conductivity of momentm. lbcrsllent presentittione, of th i s  analogy a m  

A means of estimating this eddy 

provided by K a r m a 8  j Boelter, et a l l  ; end MartineXd8 e Por this reason 

it is only sketched br ie f ly  hem. It has already been proposed that t h e  

rat io  of' the eddy diffusfvities of moment- and heat be expressed a8 a 



20 

We have asslamed .in o w  system that;< is a constant 

According t o  the f i a n d t l  m i x i n g  length t h ~ o w ,  the eddy diffusivity 

2 %  of momentum, EM equalafi dy where y is %ha distancs from &e #all and 

1 is %he mixing length which may be thought 02 as pPoportiona1 to the 

diameter of %he eddies, 3y s i m i l a r  reasoning Prandt12’, flarman13, Boelter 

4 % e t  al, and Martineld’ show t h a t  %he eddy d s f u s i v i t y  cf heaL & should 

be proportional t o k 2  The agreement of &$nolda f iandt l  

&man, and Boafter e t  a 1  with exprimantal data i n  the vicinity of 

Pr 0 1 indicates t h a t  O& is very close to unity, Hoaeve~ 6 w i l l  be 

carried through the subsequent develoammt, and will only be replaced by 

unity i n  comparing the approximate and more r+gorous equations with experi- 

mental msultse 

dy 

In t h e  use of squation (25)  for the c a m  of tur%ulent flow, the 

t o t a l  conduct fvitg 8 

(30) K s k B. % 
where EE is the eddy conductivity of heato 

* For an excellent dascr5ptfan o f  t h i s  theory as re lated t o  fluid f r i c t i o n  
and velocity distrlbzztim 3ee Bakhme-t;t;lFf2 



(313 
-..v - 
k 

and dfvidlng 

siscositys 

+ 2.e .  
k 



The calculated values from equation (33) and from equation (34)  

are compared in 'fable 1, 

The values predicted by equation (34) and by IdartSnePli are 

comparsd in Table 11, 

22 



?e 
--..A- 

10 

100 

1000 

10,000 

100,000 
6 10 

These values were obtained from a correction l e a f l e t  
published by DP, 1Y;artlneJli and coztaining recalculated 
values of the results llisted in his pager, 
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CCrZFIC i.NT Ak3 SI?d2LIFIlD MPWXXATIaS 

FOR LIQUID M T A U  

12 
Harrison and Illlenlre have extended the devehqment of Martinalli Lo 

the  case where B fluid is flowing between two parallel plates, but where 

heat passes through only one of the plates,  

oaae where an annulus with haat passing only thPargh the inner w e d 1  has 

a large diameter compared with the space betwaen the two wellso 

Such a erftuatfon is the 

Their resultsl ars found t o  be almost tsxactly. sewn tienths of t he  

results for a tube of comparable, hydmulic s h e ,  Thus re mag wr i te  for 

liquid metals in farge-diam&ier, X BIT TOW annulis 

In Table 111 a comparison of the appmxflnation is made with the 

numerical results of‘ Iiarrison and Menka. 

TABLE; 1x1 

C W A R I M  OF EQUATION (36) KITH WSULTS 
W HARtlIsoM AND MEEXL?: FOR ANNULI 

c 
5,000 x 10,000 

Nu accoPdfng to fsarrison and Nu using I 
Menke for Pr value of 

0,005 

19.6 

31Q2 

Approximate 
q u a t i o n  (36) 

5,6 

7 4  

963 

20,8 

32.4 I 
These approximations will be cornpared wi’ch experimental results ?in 

later chapters of this paper, 
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mad0 again in the following chapter, 

It appears then %hat no satisfactory eqerinnentd bfornation is 

available on heat tmart~ft3r with liquid metals, with which t o  caapare OUT 

the-, To help t o  fi l l  the need fop experfmental liquid xaat;al heat 



of sodium and potassium, 

results obtained am discussed ;fra the foll lwing chapters, 

The squfprnent and procedure employed, and th6 



CHAPTER 5 

EWUMENT FOR OBTkIMING HEAT TRANSF’EB 
INFOWTZm NXTK SQIDXW PQTASSnTBtl ALlXlY 

In order to obtain experimental data far tubes with 

to  obtah  data for annuli to cumpare wlith Equations (34) 

equipment was built for the circulation of an alloy of about 52 lst$ 

sodium and 48% potassium, 

rea85ns. Among these 1s the fact  that it wets the wal ls  of ita containers, 

which, 88 was pointed out in  the l a s t  chapter, appears t o  have an fsl5hzence 

on the overall heat transfer rate. 

walls  it should be compared with data obtained under these conditionas, 

‘he a l loy  chosen is l iquid at room temperature; it lltelte a t  about 

Hence no special f a c i l i k t e s  are required in the equfpment t o  

An alloy of these metals was chosen for several 

Since ow? theory provides f o r  wetW 

15O C. 

melt; the mtal. 

In addition, the vapor pressure of the alloy is  negligible s t  the 

temperatures 02 operation, and no toxicity problem is involved. 

~ut1mritias399’1~ agree t h a t  as long as a few simple precautions are 

observed, the alloy i s  no less s a f e  t o  handle than other chemicals, 

While amall quantities of the alloy, both hot and cold9 haw been spilled 

during operation of the equipment described hem, fn no case did a 

haaardous situation ariser 

32 
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Flow Circuit 

The circulat ing eqaipment i s  outlined in Figure 5. It consisted 

of a re lat ive ly  large sump tank, 8 sump pumpl a flow-indicator, a he& 

exchange uni t ,  a heating tank, an evaporator-cooler and a flow rate catch 

tank. 

The liquid was pumped into the headar by the sump pumpp the header 

flow was controlled by means of an unpacked valve which was inside the  

swnp tank, By means of a series of wchanical linkages and a s t u f f i n g  

bax in the top of the swnp tank, this t h ro t t l i ng  valve was controlled 

from a panel board a t  the front of the equipment, 

&om the valve the liquid passed out of the tank through the electro- 

magnetic flowmeter t o  the Snlet of* the annulus s i d e  of the double tube 

heat exchanger. 

the heating tank where it  could receive enough addi t ional  heat to raise 

its temperature as desired above the temperature a t  the outlet of the 

It ma5 heated in the amulus and *om there flowed through 

annuJlus. 

tube of the heat exchanger where it laat heat to the same quantity of 

l iquid f lowing countercurrent I n  the annuluso 

the liquid was cooled further in the evaporator-cooler and spi l led  into 

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

After being heated, the a l loy passed back through the central 

After leavfig the exchanger, 

Baterials ,.of C.onatruction 

BBetals in contact with the liquid a l lay  

Asbestos packing 

Teflon will react with 

s t ee l ,  n icke l  and bconel.  

handling cold alloy. 

were m i l d  steel, stainless 

was used for the drain valves 
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however, because of its excellent properties as  a packing, it was used for 

those s i f w t l m s ,  such 8s the seal where the p a p  shaf% enters the m p  

tank, in which alloy dfd not come in direct contact with the packing 

material, 

The S m p  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, 

inch pipes were welded through the wall of the sump about ten inches f’rm 

the top and were f i t t ed  with valves ins ide  the tank. 

%rets o m -  

Valves - 
In the tmup tank, ordinary stainless steel globe salves were used 

Leakage around the stems was not large, and with all. packlng relwovedo 

what leakage did occur dropped back i n t o  the sump. 

equipped with a linkage to connect with extension handles passing through 

oil cooled pack9ng glands in the top of the sump tank, 

linkages was to allow fo r  any misalignment of %be valve and efieneion to 

absorb the Pfse and fall of the valve stern as the valve was operated, 

The valves were 

The purpose of the 

&e valve was connected with the outlet of tbe pmp and controfled 

the flow rate through the system, b o t h e r  valve controll.tsd the flow back 

into the sump, and was used to back the alloy up i n t o  the flaw ra%e catch 

tank when flow rate measurements were made. 

The third valve was used in draining the sgstxm into the ampo It was 

supplemented by three valves outside the sump which were kept closed durixig 



operation of system, These were maintainad at a low enough temperature 

%a prevent excessive at tack by 

Other Accessox-ies OD Sump Tan& 

In addition to the glands 

top of the sump tank supported 

the 

for 

the  

al.loy on t h e i r  ashestos packing, 

thts t h e %  valve stem exlxmsions, the 

pump motor, a two inch p m s w e  relief 

line equipped with e 250 psf rupture disc,  the sump f i X b g  md amptying 

l ine  with B pressure equalizing line, a thermocouple well, a ten probe 

leve l  indicatm unit ,  a pressure equalizing line from the catch tank 

which is used 

system, and a 

The ?ump 

This was 

the motor and 

also f o r  adding or remov-lng gas from the atmosphere In the 

hand hole of approximately 100 square inches. 

a vertical shaft centrifugal unit which was b n i l t  around 

liquid-cooled shaft from a “Gushera l iquid metal punp 

manufactured by the Ruthman Machinery Company of 25ncinnatf. 

was enlarged and changed from semi-closed with back-curved v m e ~  to a 

completely closed impellor with radia l  vanesI 

permitted the sealing clearances between high and low pressure liquid t o  

be made between cylindrical surfaces p a r a l l ~ l  with ths shaft  axis, rather 

than between plane surfaces a t  Fight angles to the sherft. 

clearances could be considerably closer and greater al lmace  could be 

made for differential axpansion of the uncooled pump casing support and 

the cooled shaft;,, 

The irnpelhr 

Use of a closed f n p l l o r  

Thus the 

Radial vanea provided for a f l a t t e r  head characteristic with f l o a  

rate, thus assuring m d m u m  ut i l izat ion of impellor diameter, 



Flowmeter 

A f l m e t e r  f o r  indicating t he  relative flow rate was instal led on tbe 

i n l e t  t o  the heat exchange annulus, It was an adaptdiion of tihe flowmeter 

15 reported by Kcdin and used the W produced by the liquid auoy flowhg 

through 8 magnatia f i e ld ,  

used across one-inch stainless  stisel (non magnetic) pipe, and 3/32' 

s ta in less  s t e e l  welding rods, tack-welded on either side between the poles 

of the magnet, acted PS electrodes, 

indicated automatically by a slide wire patenLiomeLer powered by a 

standard Brown-instrument 4 pole self  balancing motor and a standard Brm 

phase-shff'ting amplifier, 

about 2-3 microvolts, which was more %ban ample f o r  our particular unit. 

Heat E x c b n e  Units 

In  this case a permanent Alnico PI magnet vas 

The D,C, voltage thus produced was 

The resu l t ing  indicator had a s e n s i t i v i t y  of 

Results on four d i f f e ren t  heat exchange unite w i l l  be reported 

here. 

Exohanger A, a bellow expansion j o i n t  weis provided between the two tubee 

end elaborate neasu~61 wem taken t o  enmre good aligment af tbe inner and 

outer tubeso 

differential  expansion, and alignment was ensured by B few short bits of 

1/16" welding rod welded uprtlght on the  surface of the inner .Cube. These. 

appaared t o  center ths  tubes well without materially inflwncfag the heat 

transfer, 

%e apsoifications for these am Ifated in Table fV, Zn Heat 

Zn tha remaining three exchangers, no proveaim was made for 

The Heating Tank 

T h f s  consisted of an 18 inch length of twelve inch series 40 iron pSpe 

with 1 inch plate welded on top and bottom, The bottom was slightly inc lbed 
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%o allow dralnbtgca* 

$0 tihe top, 

with inconel sheaths rated a t  1 KK eacho 

they wepe divided into five individually eanfxolled banks of nine hawterhJ 

eacha Ehch bank was wired 85 a delta w i t h  three heaters on a side SO sa 

t b e e  phase G O  volt power l ine,  For f k e  ~ o n t m l ,  t h e  No, 5 bank was 

connected thm*q,h three saturabh core react~ra~ The cantmlLlng W 

current f o r  the three reactors w a ~  about 1 amosre total a t  about 30-40 

volts, 

Xn t h i s  way about 413 watts was used to control simctsen $0 seventeen kilowattss ,  

Total power available in the heating tank from the f ive  banks was about; 

80 kilowatts, 

Alloy entered the bottom aad was remaved very cPose 

Heat was supplied by 45 U ahaped Clfixdumfax elect;ric: haa ts rs  

Fss control of the heatsrc, 

1% was obtained by UBB of wlenium revkif%w@ with a alaa3.l variaa, 

Evaporator Cooler 

Tzle al loy was 

which water flowed 

inside, 2 inch tube 

cooled i n  a vertical, double tube heat exchanger, in 

as a f a l l i n g  film down the  eighfi foot length of the 

and the sodim-patassium al lay row3 in the wll lua  

formed by a three inch pipe, 

of ths alloy with water, the inner tube was of seamless stainless steel ,  

and the steam which formed was removed a t  the bottom of the evaporetor 

ra ther  than the top, 

from the evaporator were caught i n  8 troxgh of sand which was draSned a t  

the  far side, 

the 1/%h h c h  seamless stainless s tee l  w a u ,  th0 possibi l i ty  of serfous 

explosion was remote, since %he alloy would first have met the water as a 

To minimiset the explosion hawrd from mixing 

The tap was closed by a 250 psi rupture disc, Drips 

It is believed t ha t  even if a leak had occurred through 
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T S r e  consls%ed of a two foat Xetlgbkt o f  twelve inch p i p s  wi.th a cme 

The tmk wa8 divided into inch f l a t  plate welded on the top and bottom, 

two rectims by a baffle which wag open a t  both top and bottQm, 

st3.earn waB fed ir19;rr a side of" the catch tank neap the tap and withdram a t  

the, lower end of the i n c l i n d  bottom from where i% was piped %hpough 

w a l l  of the Simp tank and dfechrged from the o u t h t  v d v e  Snsfds the 

awarp, 

of tha sump, 

tram the Onlet, 

from the tank, D w h g  operratlon they ware charged with 110 mlts t h o u @  

The mtsr9ng 

The top af the catch tank w33 equipped with a sent line t o  the tog 

Two probes #@re provided on the oppmite  aide of the baffle 

There probes P I B ~  of different lengths and were hSda%& 

CL reda 

uutSet 

liquid 



pM.ien the liquid mds cont;aot with the shorter pmbe it stopped the timar 

and sounded a btnl;oesr. 

tank was allowed to drainD 

probes was Pecor&d and used t o  calculate the flow rate through %he systemr 

The outlet  valve was then opened, and the? catch 

The .time required $0 f i l l  the tank bslrargm 

Tem~csratws &e amement- ,  

These were made with  the~rnocauples of Leeds and Nort2ulup glass 

covered #3O iron-constantan dwglex wfm which werre read by means uf a 12 

point 0-200° C Brown eleckronic temperatuse indicator, 

ometer with voltage steps correapormdhg to abaut 103’ C rarjloh was instal led 

in series wfth the input t o  the indicator t o  bcPeaFss its range to about 

BOO0 C, 

calibrated, 

A bucking potent- 

ThB thermocouples, instrument and potentiometers wem a l l  

Auxiliaries 

Awdlfarias for  this tes t  system included a cooling dl system, mans 

fo r  evacwting the circulating system and for mahtatxllfng at other times 

an atmosphere of argon a t  s l ight  pasitllve pressure. Bn attempt wahs made 

to install d i a l  gages t o  maaswe %he tempratwe of the inner tube of thO 

exchanger by means of its thermal expansion, 

obtained, hovevsr, and fnterpretatfon was found to be Zrnpossible so that 

‘chis attempt was abandonedo 

Very i r r a t i e  results were 

It was found that, a t  low flow rates and a t  high temperaf;ures, radiation 

from the main par t  of the circulating system was more than enough to remove 



the  heat put in %he heating tank, 

made from 1 inch screwed 2ipe f i t t ings  and, when supplied with gas and 

eomprsssed air ,  thie was used t o  heat the sump tank, 

A s  a result 8 two-burner torch was 

The electrical controls for the pump, for the heaters, an8 for 

the cooling-water solenoid valve were interlocked, SO that, the heaters 

could not be turned on if %he pwnp motor was n o t  mulnkg, and the ent i re  

system could be stopped by a master switch a t  ei ther  end of the operating 

panel board, 

The c o n t m l  panel included all of the operating cmtrols and 

instruments. 

in case of a large l sak  i n  the eimu1atin.g slystem, it also made the 

operation of  the equfpment remarkably easy, 

While t h i s  was provldad pr€maz*fJ_y t o  prbtect the operator 

Pr ocedyg 

To s t a r t  up t h i s  equipment, the following steps were taken2 

Close auxiliary drain valvea. 

!hzm can flowmeter, catoh tank relay system, and 
temperature indicator. 

& a p t  coaling oil circulat;im, 

Start alloy circulation, 

Close o u t l e t  valve (Valve #3 in Figwe 3 )  

Open o u t l e t  valve when buzzer sounds. 
(This Indtcated tha t  the system had filled with alloy, 
and that  heaters could be turned on, They burned out 
if not surrounded by alloy), 

Turn on heaters and l i gh t  burners under s u p  if 
1~8 qdped 



81 Adjust h l e l  valve (Value #I jln Figure 53 heaters, 
burners, and water in evaporsto~ cooler t o  provide 
operat&g conditions required, 

Data were taken by going through the Pollrmfng 

brim was reached3 

1, Close outlet  vakm, 

2. 

3 .  

4* 

Record temperatures 1, 4 ,  2, 3, and 6 

@en out le t  valve when buzzer soundse 

itecord time indicated by timer, 

steps after squili- 

in bhat order, 

was below the 5* lfhen Light s y s h m  indioated the l ~ v e l  
lower prow in the catch tank, set  timer to zero and 
reset relay system, 

6, Adjust to new flow or heat conditions Ef dasired. 

Auxiliary data were also recorded from time t o  tiare,  These includes 

Flowmeter reading 

Current flowing in each phase of heater power lhfa 
Cooling 051 temperature from the various cooled portimts 

Temperature of pump stuff ing box 
ii3,scellaneous WaKtsmperaturss in various pasts of' the 

LZne voltage 

of equfpment 

SgrShI I  

EXf ectimne 8s of the iCauipment 

In general the equipment onprnted with excellent reliability,  The 

most serious crit icism of it 9s the l o w  pressure output of the pwtlp 

(about 20 feet of head)* 

For future operation a t  gunp tank temperatures above about 250' C the 

equipslent should be more completely insulated, since at present, the SUB@ 
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tank can be raised to this paint only by using strong heating direcely 

033 it, An alternative is a more effective nethod of heat ing  the sump, 

perhaps by means of reaisLance heaters a s  in the heating tank, It is 

i n t e ~ e s t h q  to observe %hat the liquid leaving the heating tank might 

be above 500* C (900' 3') whlle the coolep side of the eysfem heated 

very slowlyo 

the hot and o d d  endas of the @ys.t;erm, the b a t  remad,ned bottllsrd a t  the 

hot endo 

contained bss than one quare foot of surface. 

Because of the effecfivsness of the haat exahangar between 

l%is was in erpite of %be fact that the hest exrskLeng@r uSueUy 
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l3XJ%liIPdlgT& AUSUL'i',3 

Tests were PUL -srri%h sodium-pota8siun al loy in the four heat exchangers 

deecctrfbed in the preceding chapter a% velocit ies ranging from about two 

feet  pep second %o about twelve f e e t  per second i n  the tubes, and front 

about six tent;hs of a foot per second to about four feet per second is 

the annulus. 'S8hile greater flow r a t e s  would have been desirable, it 

was impossible t o  obtain then with t h e  particular pump used in these 

tes t s .  

Reynolds moduli ranged from about 15,000 to 90,000 Lfa the tube and 

from about 8,000 t o  40,000 i n  the annulus, 

A complete tabulation of the ex,aerimental results w i l l  be found i n  

the Appendix. The results are a l so  plot tad i n  Figuros ba, 3, C, and a, 
These plots show the ratio of observed overall coeff ic ient  t o  the over- 

all coeff ic ient  predicted by the use of Equation (34) for the tube 

side and of Equation (36) fo r  the annulus side t o  which is added the 

resistance of the  nickel wall of the inner tube of the heat emhanger, 

Since efforts t o  measure t h e  inner tube wall temperature failed,  

it is necessary to rely on both theoret ical  equations t o  compare the data 

with either one. Fortunately the agreement between the experbent and 

the theory, appears t o  be w i t h i n  the er rors  of the experiment and the  

uncertainty of tha physfcal properties of the alloy. 
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Errors % the Ekperiments 

Tempera%use measmements i n  heat transfer wmk are usually tihe 

subject of considerable suspicion. 

tempemature measwemnt, iaar%ictahrhy a t  high temperatures, the suspicion 

may be justified, %os% 5.rnporLant in these t e s t s  is %he comparison of 

each themscougls wikh the othersD 

couple was connected t o  the fndica%oro 

in each wall wfth $he indigenous thermocoupleo 

readings of the two thermocouples in no case amounted to more than half 

a depee  centigrade, 

b e d s  and Northpup type K patentiorneter a t  the beginning of these testis 

and again near th0 end of the experimental period, 

required did not change appreciably duping thts period, 

wire was compared with  Leeds and RTo&thpup standardized wire, but no 

S ~ P ~ O U S  discrepancies appeared, 

k view of 'th difficulties of accurate 

To accomplish khfs an extra  thermo- 

This was then i a s t d l e d  sur=casslvdy 

Gomparisons iu3. the  

The indicating instrument was cal ibrahd with a 

The corrections 

The themmcouple 

Ahead of each themocouple, the pipe was passed around three BP 

four right angle bends, 

mixirig of the streams bsfaps the tempesa.t;ulpe was measwed, 

effectiveness of t h i s  measure, four the~moc~uples were brazed t o  the 

outside of each of the two outlet pipes a t  quarter points jus t  opposite 

the thermocouples in the wells. 

between the inside and outside thermocouples, and between the outside, 

thermocouples themselves were recorded a6 the amount of heat transferred 

in the exchanger was increased and the temperatme indicated by the inside 

thermocauple was held constant, 

The purpose of t h i s  was t o  provide for adequate 

To check the 

The differences fn temperatwe measwed 



The r e s d k s  show essentlalfy ac change b these temperature 

differences over a range of heat trlrtlsfer rakes f ~ c r m  w r o  t o  several 

ti9mes t h a t  sacordsd for exparimendul data, 

proper mixing was Wxix~g prclce ahead of tihe tharmscouplos. 

€lanes we may concZudta %hat 

 am conraistentIy off 'try abaut, 2-3s in the same 

flows t h i s  corresponds to a possible error fn tmpsrat;ure 

the two streams of as much as fifteen to twenty 

socount in part for the grouter scattering of d a h  

md the general drif't from the pFedictad valufsn at  low f l W s ,  

Reliable heat capacity and thermal conductivity trelues for sodim 

potassium alloys haw not y e t  bem published, hence it was necessary to 

u8e values whjoh appeared to be $he mast probab2e average of existing 

f a f o m t i o n *  

Flow ra te  measurements depended on 83a accwate knowledge of the 

1% cateh tank cross section and of the distance betw8sn the probes. 

also depended on .the asswption that no droplets of l iquid metal adhere 

t o  eithep probe. 

because removal of the probes always caused sufficient j a r r ing  to dis- 

lodge adhering material, The flow rats timer arm calibrated and found 

to be amply aGewatea 

This Last question oould not be settled, however, 

Because of impurities in the system, it; i s  quite  possible that a 

scslta may have formed on the tube mrfac?esI 

present were f ine ly  divided iron (possibly present 8s a ferrite) and the 

various oxides of sodium and potassSum, In addition, sodium hydride, 

which Bennett 

The impurit ies  which were 

3 found particularly troublesome, was undoubtedly presento 





The themy, with iks approximate confirmation ax presented in 

tkis paper, opens: an interesting r e a h  of speculation on the  mechanfcs 

of heat transfer with f lu ids  in tmbulent, forced convectfan In. tubes, 

Rbile no attenlpt w i l l  be made here to explore t h i s  realm conpletely, a 

number of dtrectiolzs can be pointed out tn Iwhich the prospeeti is particularly 

intriguing e 

It appears t ha t  i n  a12 hea t  transfer involving f luids in tubes, 

some of the heat is t randemed a l l  the way into the Rain stream by 

molecular conduction, even though in rnost cases t h i s  effect is masked 

in the turbulent core by the greater ?mat conducting a b i l i t y  of the 

tupbdencse, 

stream mag be expressed by the equation for the case where the molecular 

The effect of the molecular conductance i n t o  the main 

conductivity 1s vary largen 

Nu = approximately 7 

The actual  value varies with changes in velocity pro f i l e  from &36 for 

a parabolic profi le ,  in t he  c a m  of purely viscous flow, to 8 for the 

case of perfect slug flowe 

peasonable average. for the case of turbulent f low,  howeverr 

The value of 7 has been seen to be a 

As t h e  effect of eddy conductivity becomes more pronounced, the  total 

heat transfer rate becomes nose affected by thia add i t iona l  means of 

t rampor t ing  heat which bec~mes pronounced, first in the cent;ral regions 



of %he tube, 

%e have seen 

Nhy the 

becomes more 

(389 

a d  we mst add some term to om equation to account for it, 

that an approximation of t h i s  new term is given by the 

0,025 (?e) *8. 

expression should be a function of the Peelet modulus 

clear if we th ink  of it as written i n  the folhwring equations 

C P  "he term - is recognized a t  ~ n c e  a@ the reciprocal Of the 

The tern 2 F~ urn also has the units 

2 

k 
molecula? difrusiviLy of he?$, 

of diffusivfity, that is (length) 

concluaion that 2 P~ urn , or the diameter t i m e s  the mean velocity is 

proportional to the mean 

The Peclet modulus is then proportional to the ratio of the mean eddy 

diffisivity to the molecular dfffusivity of heat, which we have assumed 

t o  be constant across the stream, 

p r  tfaus, arad WB are brought %a the 

i d  in the  tube. 

Anothe~ interesting point is disclosed by a brief glance a t  the 

Reynolds modulus, 9n the following equation: 

P 1 raez - o Z r ; , q 3 l , - . -  0 2 P w y ,  
(39) P 2) 

Here the R e p o l d s  modulus is seen t o  be proportional t o  r a t i o  

Of 

to 

Of 

l a r  diffusivity , ^ .  of mrnentum. 

1% seems log ica l  t h a t  t o  the term representing the haat t r ande r  due 

molecular conductivity of heat, w 0  should add a term which is a k.mctfan 

the r a t i o  between eddy d l f f w i v i t y  and molecular d i f f w i v i t y  o f  heat. 



BISCUSSPklN 

S"raElse two texlms, one represenking the sffwt dura to molsoular 

pointed out: 

Tt w i l l  bs ubaepved that a t  Prandtl rrmoduli leas than Wi%%y, and 

a t  l ow valocititw, henoe low Peclet modulus, the molecular conductivity 

may be important w e l l  i n t o  the turbulent core and the Nuseelt raodulus 

may be close t o  7; while for the  same system and marterial a t  high velocity, 

the turbulence is great  enough t o  carry most of the heat practica13y fran 

the edge of the buffer regionp just as in the c a m  of h a n d t l  mOdulua, 

unity, tam and 

hence in the man add7 dUfwfvlfty9 

The only change which 'ias been nade is i~ the 2sw 

ha the value of %he ;nPh~ldtl modulus is raiaed to wity$  the region 

04 dominance af turbulence a8 a means of transferring heat expwdra Lo the 

edge of the  turbulent pegion; since a t  PPandtl modulus unfty, the  rnols&r 

dfffwfPity of heat is the same a8 t h a t  of momntua, and sfnae we kava uem 

that the eddy dlffursivities of heat and momentum are esa@ntit$lfy @qual, 



1-31 
f a c t  that  fcarman concludes tha t  the true i a d n a r  region is two and one 





CHAPTER 8 

A general i n t e g r a l  sqwt i an  hac %sen developed f o r  
heat t ransfer  in ideal, tuhulas syatern--quation (33) * 

H'umartczil solutions of the aquation for the  case of 
liq?&d metals agree with S O ~ % ~ C R I S  to Nartinelli s 
equation and have! led to an approximate equation 
fo r  fiq&d rndials i n  turbulent f l c m  --Equation (34) .  

An appraxjmBtte equation for liquid Rietals in a n n d i  
has been found, basad on an extention of N a r t h e l l i g s  
work by B a ~ r i s o n  and Menke,-- Equation (36) 

Equipment for measuring heat transfer rates, using 
sodim-potassium al loy,  has been designed and constructed, 

E q e r i m n t a l  data have bean obtained which appear t o  
confirm the apppoximations wif-hin the limits of the 
errors of the experiments and the  uncertainty regarding 
the physical properties, 

Brief consideration has been given to %he physical 
implications of %Lie theoretical and experimental  resulta. 

It may be concluded from t h e  study thats 

1) Zjquid metals are axcellent heat transfer media, requiring 
less area, velocity and temprature difference to transfer 
a given amount of heat t o  or from 8. solid supface, 

Empirical equations hslstsd m experience x i t h  wdknary 
fltiide cannot be used wwith assurance to predict heat 
transEer coefficients with liquid metals, 

A re la t ive ly  sim2le analy t ica l  approach can be used in the 
study of heat tranafsr f o r  all matarials over the entire 
range of Prandtl nwnbers. 

2) 

3 )  
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"rtxe simplicity of the  dsvdopment in Chapter 3 is derived l a r p l y  

from the fact that only one indspendient variable need be considered, an8 

hence that ordinary dlleferential equations may be used hstead of the 

pertfar1 dfffarentE~t1 equations usually associated with the solution of 

the equations based on the laws of heat flow, 

The basic laws in general have four  independent variables, three 

dimnsions and time, 

particular ideal system. 

understood to avoid misuse a€ %he results obtained. 

These have been reduced t o  one by choosing a 

It is important tha t  this system be c1ear;l;S. 

"he basic squation for heat Zlow 3ue x l y  bo conduction is thB 

Fourier equaticm which is usually expressed; 

where h r e p r e s e n t s  Arne and q', the h p l a c i a n  operatoro 

'?%e development af such m q u a t i o n  hvolves the assmW.m that 

the  therm1 conductivity, 5 ,  I s  a constanto 

tivtty L , we .nust m i t e  instead:: 

If we use a variable conducc 

where the underlined term is a vector quantity, 



&e of the :onditions If JUT ideal  system is that  i t  is f a r  enough 

inside the ends 3f the  sxchange.~ 50 :nsur.e that, %he teaperatu~e prof i le  

of  our system is established*, 

41 A study of t he  case whesla the  temperature proflle has riot beer! 23 
eslablished is pLdescnted for  viscous flow by No:r.ris and S t re ie  I 



to P6Bd.n 
3 %  remain aons-t w e  complete the condikions whici force 

constant regardless of x, y, os zi. 

If we also specify that It be independent of z 9  we f i n d  that ' is equal t o  zero, and we have essential12 reduced o w  basic -5-F- 
equation t o  but two i n d e p n b n t  variables in the equatirmr 

331 this equation t he  system 5s described in terms of t w o  rectczllgular 

coordinates. Ne have made the specification that wha khe system is 

expressed in terms of polar coordinates, r and 8, it is independent of 8, 

This enables us fo write. 

in which K 

Equation (A63 t s  the basic different ia l  equation which is solved 

t and rc1 are functions of r, the only indapendent va~iable~ 

i n  Chapter 3,  



c alculation s 

this report ,  is used in these 

2 

The &ages of the calculations a t  four  different  .Reynolds moduli 

are shown in Tables Y-a- V-d. 

The values of S are the values of -2- at which each velocity 
rv 

i e  measured. 

distance from the wall, y ,  hence S is f m d  t o  be 1, e Values 

of S are given in Column #l of the calcula&ion tables. 

These are fisted in Mikuradsafs paper tn terms of 

( - %  ) 
The selatkve velocity V, is found by dividing the actual  v e l m i t y  

by the average velocity as given by Nikuradae, 

in Oalumn #'2 of the calculation sheets, 

The values of V are l i s ted  

The produat of V t i m e s  S is l i s t ed  in Column #3 and plotted f o r  the 

four Rapolds moduli in Figure 7, 

Q S d§ for various valwa of 43 I" Column #4 lists the values of 

as l isted in C o l m  #l. 

mean-ordinate method using plots similar to those in Figure 

The integratfoncr were carried out by 8 mbdfffed 
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C o L m  #6 contains values of EM B 1, These are obtained from 

N i b a d s e t s  report as values of 
U 

1 

Hence €A4 0 I 1s obtained by multiplying E- by the  tern 

Re v* , whem W is  " f r i c t i o n  velocity* defined i n  the nomenclature at 

the  end of this report and l i s t ed  by Nikuradso, 

- 
v vr-r 

urn 

The quotient:  

Csq V S dS 

is l i s t e d  f o r  values of d P r  of 0,1, 0,01, and 0,001 i n  

C ~ l ~ m r r ~  #7, #43$ and B respectivelyo 

The term [l &- ( w  ?r)] is obtained by subsfracting 1 frwl 

, and then multiplying the result by (Ot a). 
't, 

Column #6, adding 



cdul be, 



dimensionless velocity, 

The results of the integrations are given in Table 8-e,  together 





ea 
k> 
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31.6 
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FIGURE 30 
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Slug 

Ib. the c a w  of du:; flow, the relative velocity, %is unity a t  a l l  

y o i n t s  in the u;;sLe;-~, and. bquntian (C1) becornas: 

Solution of tkds squation proceeds eas i ly ;  

1 
Eau (c3) - = 



viscolls Flaw 

is a 

Viscous flow I s  characterized by a parabolic velocity profile4 

where u4 represents the velocity a t  the center of the tube an2 b 

constant for the particular system and defined i n  the equation 

The mean velocity is  found by solving the  equation8 

This is done ?qr the following steps: 

f 0  

QP 

(ClD) 2 u c  - 1/2 u = 1/2 UQ 

The relative velocity, V, becomes 





-1 Prowrtfes 

&I %he campparism of the experimental result$ with khe thaoretirtal 

predictions fro? J$qustions (34) and (38), valves for  the following 

physlcal psopePLiers aP8 required8 

k, the thEarmal conductivity 

c p  the heat ctapacity 

/3, the density 

!I%% viitaoerity is not Pequlred, s h c e  it doae not occw in sither 

eguatian, and it is not wed fi calculations with the eJcper2rPentaX data. 

95 the three properties, the density appeara to be the moat 

acmwatsly knm, A canpilation o f  known informafSon on variorxa QORPO- 

sftislns of sodium-potassiusl alloy 5s l i s t ed  by Wing, Atkinson, a d  

R 5 ~ a ~ ~ ~  T b  agreement among investigators appear# tu be good, The valms 

Par the allay 3.n question are &ow in Figure l ;Eo 

The heat capacity hfarmatfon for a l l  sodiuwpotsasiwp a l h y s  appcntwa 

t o  be conflioting and meager. 

Hartman’hich emphasizle the maarfaintg, An avorage of their data $00: 

thte compoctitirm involved and 0-r the *emperatwe rang@ in which the beati 

tranarfer equipment was operated 58 0,292 c a l / p  % OP BTU/lb, %. 

Soare data are prersented by p)sing and 

Hence thfe valw was uwd in all calculations, 
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Hence thfe valw was uwd in all calculations, 

78 



whhh was srbo calibrated, 

In Golumn #7 it? liaZsd the %fa@ requilwd to f i l l  the cat& t u k  

between the M o  probes, €n immndeo 

Column #8 containts the corresponding valudtar of the flaw rate in 

poundB per how, %is is obtainel by d t i p l y i n g  the dtsneity of the 

alloy 9n pounds per cubic foot at  ttsrapertlture 3'6 by *364, the voltutle 

in oubie fee% uf betwen the probee, tfmes 3600, the number of seconds 

in an hour and dividing the restalt by the tfm t o  fill between the pmbss 

in  meads*  



valua for the ~ a s i a b o e  of the wall using 



In =st cases the resistance of the metal ml l  represenMd about ten 

to thirty percent of the t o t a l  resistancea 

The last column, Ce1um-1 # 4 i n  Table VI lists the ratio of obmrved t o  

predicted coefficients. 

- 227 x 1,8 750 p - f 2 5 & 3  
2 Average Temp, drop = L66 

(D i e r  inner dfagleter of outer tube; Di 5s outer diameter of 
of inner tubs) 



FOr 

, 



34.7 
dt .2 
48.9 
6B.k  
32 *e 

28 * 5  
42.7 
60.5 
31.5 
3x.c 

82 .Q 
28.8 
28.7 
49 .T 
58.3 
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i 

29.4 

28.b 
28.3 
28*3 
28.3 
29.0 

28.2 
28.5 
28.4 
27 -9 
27 .8  



268 462 
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The hgdpbdynaniic concepts devraloped by Nfkurerdss and wed by him to 

present his %nivePsaS velocity dPdtributfon@ 81"e used In atoert of the 

diacussions of f l u i d  flaw which apply t o  heat transfer, 

purpose here to describe these and related asncapts briefly,  and to 

indicate theip relationship tu the  conctsp%:s wed in the development 

1% 9s tbe 

in Chapter 30 

velocity is defined in the follawing eywtion: 

Irricticm Belocity 

The friction 

(El) VW e 

where?, es 

t he  gravitational 

t h a t  the EPietSon velocity 

f r i c t b n  factur 8s defined 

i a  

bY 

also represented 



but 

the 



and 

(W 
we finds 
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' f f -  

w -  



m - n0m, (in the  case of ffuld teaperatwe, the 

M - of mowntuni 

f l o w  mean) 

q - where heat flow tovturd csatar i s  q 

t - where f l u i d  temsratuss is t 

w - a t  the wall 

eq 0 equcfvalent 

4 - at, the axis of the tubs 



i 






