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AJ3STRACT 

Ametho-d of eo:rrela.ting experiment-al va1ues 

of t.he -eddy viseo.eity- in turbulenii f:l('Jw in-side 

tubes and !l'ectangular channels is detfcnbecl., 

A pree,edure :for p,redi eting the intluetJ:ee ot • 

physiea.1 preperti es on the ratio of the eddy 

eo11duetivity to the eddy viseesity is- pre-sented. 

The values e.f' the eddy eondueti vi ty obtained i1:1 
' 

thi:s manner have been u'.s,ed 'te predict rates -o-E 

heat transf'er in-side tu'bes which. eheck well. with 

experimental valu·ee .. 

II. 

A study of· the eva.peratie:n of i -odo:f'01m eon• 

ta.ining radioactiv-e iodine is deseribed. An 

at.tempt wars ~de te· measure th·e eddy dif'fttsivity 

in a. turbulent air stream through this study. 

The· use .o:f m-dieactive· ma.te,rial.s for mea·suring 

small. ·ce.ncentratio-n-s of vapors in gaseous mix

ttires wa.s i.nv,es,t.igated. No measurements of' 

eoncentra ti-ene in tu1rbulent a:i.it flow. and eon

sequentl-y. ·l!!O values of the e:udy ditfusivi ty 

were obtained,. 
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I NTRODUCTION 

fhe fields of heat transteP, momentum transfer, and 

-ma.te:Pial transfe~ a.re ot ~tat importanee to many inaustP1$s. 

Me.ny millions of dollars a:re inv~stea ever¥ y•ar in $quip• 

ment t~r transpe:rting, hes.ting or eooling; &nd ehe.nging the 

<J,€>mpo.sitton of variOU.$ fluids• Wtu~n eonst~uetl&Y). of sueh 

apparatus is based on rati<>nal design, it is altnost invar!• 

abltr the result of empirical e·errelation. 

!'he Chem1ee.1 Enginetl'ing .ta'barater:v of the Qali.foPnia 

ln$t!tute of Techn0lii>gy ia now u.nde:rtaking a leng rane;e 

!nvestiga tion o.f' the fundamental m$ohantsrn of these transfer 
I 

pl.90f$1Sses • 'l'he work px-es~n.tecl ln this papeP .efVer s tw0 

parts et this study. Meana et using the -e~perimental 

information on heat ti-us.fer obtained in th1s project t<-> 

pr$4lct the pertormane~ of.' indust:r»ial equipment a.Pe given. 

Secondly• a method investigated fGP the e~perimental study 

Gf e4dy diftus1en. whieh did net yield suecesshl res.ults 1 

\ls described. 
~ • r 

; 

\ 'l'he develc:>pment of a fundamental app:r<\'aeh to problems 

in heat and mass transfer originated with the woPk ot 

~sbou:rne Reynolds, ( l.) *, in 1874 • The papers Gf L 11 F?iandtl.- " /) 

(IS)-, and Th. vo.n Karman, (3), are out.standing Euttong the 

n$ny tha. t he:re appeared :tn subsequent years• The theorieta 

~ '.References given in this setltion are tabulated in 
Part I. 



of these write:rs a.re based on the use of tht"ee qua.nt1tie&, 

E,v , the eddy viseos1ty,. E,~ , the eddy cenduet1v1ty, and E,0 , 

the eddy diffusivity, These variables are defined by th~ 

equations 

7:/( - (E 11 -rv) J/40 
-

ctcr 
C, 

Q - (E<--t-K) ~t--
JT Cr 0--

M -

Reynolds originally proposed that all these eddy 

quantities are equal. This hypothesis 1s supported by 

Pvandtlfs momentu.m tran$t'eP theory, (4) 1 bu.tis not in 

agi,eement with the vortiei ty transfeP theoJ?y of G. I. Ta.ylor, 

(5), Experiments . made in the Chemieal Engineering Labo.ra

toPy at the Oalit'ornia Institute have shown that E.c_ and E, v 

\!lll"e equ.al 1n uniform air streams.-

\ 
\ 

In order to prediet the changes in temperatu:c•e that 

~ill oceur und.er spec1£1.ed physi0al conditions, it is 

n(H}essapy to knew the value Qf Ee. as a function of positien 

ih the streem under con~ideration. Karman and Prandtl have 

aecompl1shed this assuming the equality E c. : € vand obtain .. 
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ing E.v .from velocity distribution equations; (I); (6). 

In the present work, a new methed ot correlating 

exptrimental va lues cf E. v d1reetly ha.$ been presented. A 

proeedur~ t or predicting the influence ef flu.id physical 

properties on the ratio 2~ is given. The values of E_c.. 

~bta1ned in this way have been utilized to predict r a tes of 

overall heat transfer inside tubes which agree sa.t.isf0.ctoi1ily 

with experimental determinations_. Two new procedures to't' 

predieting tem.peratu~e d:lstJil1but1on.s and heat transfer rates 

.from a knowledge or E.'-are presented. 

The work on eddy diffusion which was attempted was a 

:et\ldy of the evaporation of 1odofrom containing rad1oaet1ve 
i 
I 

l1odine • 131 into a turbulent air stream. The objective Qf 
I 
l 

jthis project wae to pvovid, a meane of measuring eoneentra• 

ftions in turbulent air streams, so that values ot E0 eould 
r 
ibe obtained., The evaporation of' ma. tet-1a.l r:rom a solid 
! 

:sw:-faee was chosen in order to avoid difficulties found by 
i 

'.previous investigators, (7). (8) 1 (9). These latter st:udits 

consisted of evaporation from liquid. surfaees, and injeetion 

$fa gas into another g~s stream of different composition• 

dons1derable undesirable disturbance of the flow resulted 

f~om both of these techniques. 

Xn the e)tperiments whieh the author tried, the at'!' 

eltlannel used was that in the heat tran$fer apparatus of the 

Chemical Engineering Laboratory of the California. Institute. 
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This .apparatus is desePibed in dettiil by M:i;u.u>n1 (10)+ f,t'he 

air- flows between two eopp,r plates 3/4 inch apaz;t, 12 3/8 

$..nehea widt, and 13 feet in length 4 • The iodofox,m was 

.$prayed onto a fixed area c,f the lower plate., and air sampl~s 

were taken horn the r1ag1on above th~ epraye1d area.., It was 

hoped to deteJimine the ceneentrati~n of iodofox-m vapor 

:i?elattve tG aaturat1on by measuring the intensity of tbe 

radia.tion from the air sam1les and compaPing th:ts 1ntensit7 

with that of the saturated vapor-. 

No e,xper1merita.l data on the. 'V_apor coneentra tion were 

obtained+ The ~s.dU\t1on emitted by ·the a.ix- samples was 

t'ou:nd to be too we.ak to measure. l:t was concluded, that 

while the· iodofe:vni d1sa.ppeal"~d fpom the plate, :J.t blew away, 

and did not evaporate. 



Pa:rt I 

Problems in Turbt-tlent Heat Transfer 
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• ff(EAStJR1~r:rErn AND CORRELATION OF 'l1HE EDDY CONDUC'11!VITY 

,J\WD EDDY V!SCOSI TY I N UNI FORM FLO-ill 

Although velocity d.istJ?1butions in tt;tt,'bulently flow• 

ing st1•e1uns have been measur•d by quite a numbt~· of: investt.

gators in this eenturz,, no adequat.e general m$t.hod of 

pred1et1ng edd7 viseoe.1tie$ is now in the 11te:vature. 

tr:1ru.ally; attention has been g1ven to approximate correla t1on 

l of the veloeity data itself, The eddy viscosity, which is 

a lttU¢h. more sensitive variable, bas received little con• 

liJideratien. 

Values of the eddy· v1seos1tf and eddy eonductiv1ty 

obtained bJ the transfer reiea:r.-ch program of this department 

have been used in the present work to px•ovide a direct 

correlation of thest quantitiefh 

The experir:1ental :meaeurements of eddy quanti ties 

have been made on the heat transfer research apparatus 1n 

t his d.epartment. Thll.s equipment is described 1n full by 

J!oreoran, (27) • In bri,ef,. it eans1sts of two parallel 

~opper plates, 1 foot wide~ l3 feet long• with a 3/4 inch 

~!~ channel i.n between them.. !!'hes~ plates are independently 

n'l,a1ntained at an1 desired tempers.tu.re b¥ means of oil bath$ 

a\'bove the upper pl$.te and below the lower plate. Heat 

t~ansfer experiments e.re made by mair1taining the upper plate 

at a higher tempera tu.re than the lower plate a.nd measur1n.s 
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the temperature distribution in the ai.r oha.nnel. Values ot 

tlte eddy viscosity are obtained :rrom '7eloc1tt d~term1nattons 

. obtained a.t the same time aa the temperature de.ta. 

The results of the most e.ecurate me&aurements 1n 

unifo~m fl&w obtained thua far n:re shown ln Figure 1~ It 1s 

· ev-1dent ,that the values of the eddy v!seosity ave identieal 

with the values of the eddy conductivity within the experi

mental uncertainty. 

Further inspeetion ot F1gu.i-& 1 point$ out the 

ehf;lracter1st1e shape or the ourv~s, and tho tnerea1Se of the 

· values with the velocity or the tlu1d.., The slight asyinmetry 

l G.t the eurvee 1s p~e'\\lable not due to the temperature va:rt ... ; • 

i 

i at.ion. in the air sttteam. It is als<> seen 1n experi1:nents 

l made w1 'bh 'both pla tem at tht same ttmpePa tve • 
i 

The work ot Niku.Padse, ($), and von Kaxmian, (3), has 

,resulted in speQ1t1c eq™1tiene tott the etidy vtscc>eit'Y• 

;niese equations pi,edlet th$ dee11ease ot this quantity to 

'. zer0 at the centerline ot pipes and ehannels1 wh1eh 1s not 

@b$erved here,. Tlle expx-e·es1on applying t$ the main part of 

the flawing stream, called the turbulent core, is1 1n 

d1m.ens1onlese ftrm, 

€. ~ V ~ ( I - ;I,~/ ;,J-'t, R ,_ JH2: (l) 

If the product oft.he Reynold•s numbe~ and Vf/~ 
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at-e transposed to the lef't~hand side 0r equation {1), we 

t;btain 

I 

(~ +1) RR_ JTfi (8) 

• ' • 

r10 n.ote th.at het'e th.$ gvoup (Ev/v +!) R ~ ff72.. .is- expressed ai 

a un1vei,.ss. l function ot 7/ 7 0 " 

Tb.e d~ta o.t thia le.bQra.1i0ry hav e been el!'.presised as 
. ' . (€ V /-v j- I ) 

tbe ru.nct.1on /?...e._ '{fie.. and plotted ve1•sus 7/70 in Figu:re 2. 

The untve~sal eil"Vt <t>f Nlkuradsct and: another OUJ:lVe used 

• later in the pre.t .$nt investiga.t:ton S.l)lle also shown. Valu.es 

-:ot bQth the eddy viscosity and eddy conductivity have been 

\11.sed, s1nee these va:t'iables have been f ·l!>und essentially 
' :$qual throughout any one experiment. 

Inspection of the points in Figu.zte 2 showis that there 

! is a po$s1bl11 ty ¢f securing a gene);lal e¢J?relation or the 1 . • 

. datn in this manner, although more data nm.st be com.ps.red 

'before this p.rop-Gsition can be mdequatelj tested. It seel!'I.I 

.likely that, at least ovel' a limited range_, ed.dy viscosity 

¾J-alues will fa.11 on a single eu.rve when plotted. as in 
• • OF 

In an7 ~ventt a o1Qsely s.1.mil~P family eurves 

eihanging slawly with Reyno1df.s ntunb~r would at. least be 

e\apecrt:ed. Th~ wx,tte:ra believes that the t:r,eatment of eddy 

vls.cosi ty da.ta 1n this form elar1f1es the 1nt'luenee o-f the 

pl\l:ys!cal properties of the fluid to a eon.side:vable degr-ee, 
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lt should be po:tnte<'l out that the devia tion of the 

tvto sets of date. on the right side of Figut>e ! does not 

a.rise 1n the method of correls.t1on., • Both <.rn.:r.v$s in Figure l. 

a~e seen to 'be un.syrnmetrical, the high side being different 

.in tl1t11 two ee:sE!Hh In s.n experiment made with no hea t trans• 

r~:r through the air stl"'eain e.t a nominal veloci.ty or 30 rt/see, 

the eddy v1s<H:>s1 ties found were 30% above those 11Il. the l~e,_. 

cru~ve of il'!gutte 1. This s\:lppot-ts the conclusion that small 

changes in the apparatus between taxperiments :ma~ be responsi• 

ble f:OI' the lack or cH.>r~elatton 1n F1gure 2. Earlier, less 

.vree1se data 0n the eddy eonduet!,.v1ty determined on this, 

apparatus have 'been Qm!tted r0:r this res.ton. 

It .future w@k Ve)rtfles the general cor~ele.tion of 

eddy v:tseosity data by means ot a single curve in the 

.eoo~dinates or Figure 21 s. unlv•:raal velce!ty distributt<>n 

.may then 'be o'bta1ne4 from t:hts clll'Ve, 

r 1.iet us repl't$~t this eddy viseoeitJ eoPrelation by 
I 

. / th$ equatton 
I 

! (€11-t--V) 

.- \ j l 
. \ 

-v 

The definition of the eddy Viseos1ty may be written 

(3) 

(4) 
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Betvreen par~llel p1n tes., 01" 5.n$1de a. cit'cnlar eondui. t, the 

a-hear toree is expressed by 

(5) 

--
f, 

(8) 

\ lllui1cat1ng the 1ntep-ation of equation (8), we obtain our

·l'unive:rtaal veloeitv cU,str1bu.t1on exp. Pesa ion ~ · •• ~ • 
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f AP J!!!i) -t- constant 

4, [-;.] 
(9) 

By choosing the e.ppropr1ate · value of. the conste.nt of inte-

. gr:;i.t1on 1n equaticm (9) 1 this expresaion ma:, be used for any 

, t-agion 1n the turbulent stream 1:n whieh the proposed eddy 

viscosity correlation is valid. In other words, if equation 

(S) represent$ the eddy viscosity satisf'aetorlly only in th• 

central portion of the fluid str~am, the 1ntegt>ation in 

~quat1.on (9) ms.y be limited. to this region.,_ and the constant 

; of integration (wh1eh may be a fl..tnetion of Re) evaluated at 
' 
: the boundary ot this a rea• • 
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o :r TEE :c:nDY C0 1D)T1CT I VJ'_i1V TO 'I' '"G JI)]' ' V VI SCOSITV 

The ex:peri ment2-, l r esult s cE s cussed in the p r e cedj_ng 

section s h ow clearly the equ 8,li t y of t hese e ddy quantiti es 

in uni f or:ml :r flo·wi ng a ir streams. Sj_ nce many of t h e mo re 

important a ~J:r:,1 5cations of e c.1. dy conductivity stu dies are in 

the fl ov.r of other materials, the extensi on of t h is data to 

such cases is of con s ide r a bl e interest. 

T:iuch ·work in the l i terature, (3),. (11), (12),. (13), 

is b a s e d on t h e tacit a s sum~9tion tha t€c..=E.vregarcUess of 

the p ro pert i es of the fluid .. This assumption is probably 

the result of considering the turbhlent transfer processes 

to b e influenced only by fluid motion. The p r esent author 

beli ev es t hat, p2, rticularl y in les ~ violent turbulence, 

tra nsfers of momentmi1 a nd ene r gy within t h e eddi es by me2,ns 

of th e a bsolu te viscosity and therm.al conductivity of the 

flu id are quite importa nt. 

In orde r t o make a q_ua nti tative estj_nat e of t h e 

va ria tion of...§. in diffe rent medi a an idea lized "mo del 11 

E:..v 
h a s been employ ed t o rep re s en t t h e ac t ua l t u r b ul ent motion. 

The early mixi ng leng t h t heo r y of Prs,ndt l, ( 11c ), has b e en 

used f or t hi s purpose. Th i s t heory vi s ua lize s tra nsfer 

:proces s e s in turbul enc e a s du e to t h e exch2...ng e of narticl e s 

of flu i d betweeD. r egion s rr:',vtng cHf f e r ent merc\n ve l oc i tj_ 2s 
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and temperatures. That is, a.n "eddy" originates in one 

plane, mo11ee through the fluid with constant velocity and 

tempet-ature for a specific distance defined as the 11mixing 

lengthP, and then disintegrates, leaving its entire momen~ 

tum and internal energy in the second laJel'• 

The present treatment alters this concept only by 

allowing the moving particles to change their energy and 

momentum while in flight. This change is considered to 

result only from the thermal conductivity and molecular 

~iscosi ty ot the "$ddiesn. such an effect must. be pres.ent; 

the temperature of a solid body moving through a liquid in 

a rtgion of positive temperature gradient will increase. 

In ordel1' to use the· tetnperature hi story of" an eddy 

to calculate €.c:..we shall use an equation for turbulent 

heat transfer derived by Reynolds, fl), 

= 
Cp u 

t ,'11" I (l.O) 

If the tem.pe:ratu.re of the eddy did not change in flight,. 

our definition of the mixing length on the previous page 

would give us. 

E.. = l"l.T' 
C 

(ll) 

since t' • 1 dt/d.y. However,, since t t is ac·tually less 

than t his amount, we have instead 



.,f.' t>-t." 
E.c.~ ~ ~(dt:/&~) 

In order to obtain a.n e,cpresai0-n for ~J,tj~• the 

eddies have been assumed to be spher~s having a radius 

(12) 

• ,, equal to the mixing l.ene;th., The surla.ce t -~1,,era.t,.ire ot the 

pa.rtieles is assumed to vary lint?a.rly with time during· 

its movement. The inttnal ot time bflitw•sn the eddy's 

e:reat:ton ,.and its destl"Uet:ton ie taken as 1/v'• Ca.rt'li a:w 

and Ja.eger 1 (l4)i give the average temperatu:ee of' the sphere 

under these .eonditiQns by the t(')mu.ls 1. 2- (13) 

tR_t:r 2.. ,Jl l-. o0 I - -?( 7t' I<)} 
t-t:o ~ e-L ~ . ,., z:__ ~'t-Jl.. 0 • c1:s) ,.. ,s K. K 'Tr -~':::..I~ ~' ' 

At the time t :;; 1/-v-t,, thie may be e~mbined with equation 

{~2::o g~v~;~e{· e;~•;:oa(_.e..,.')~-!:-t(/-; ~!~Jj 
R l'"\r, - l<. IS- l{b t< -1{::./"1 (14) 

The eun~ :tepref:lented by thie equation is :pletted in 

Figure s. 
A complete analyei s ot the ana.l.otous ef:f e·ct ot 

moleeula:r V-1S$0,si ty on mementill21 transfe't ean:no,t 'be c>~ 
·, 

tained directly. However, the analogy between the effects 

of therm.al conductivity and V'lacoEJity is so elose that, the 

writer has felt just:itied in applying an e·quation eorre• 
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qondiq to (14) tc,r ca.leula.:ton of th& eddy viscosity. :tn 

other words., 1 t i& assumed 

~ ~ ~v' r~ _ /2. 11!!.) 'l-¾r{-fl-'tt1.1r:"L..,.;fa_-iJ)i) . . 
~--u-' I< ,s- 71-i\v r>1.= r \1 1 (15) 

Thie proeedure is supported by the reeent demonstration of 

Batohelor1 (35)• tha-t momentum transfer (or energy dissipa• 

t ion) in small scale turbulence is go'V'erned by vi sco si ty :tn 

a.n equation a.na.logous to tha.t for htat eonduetioti. 

An expression givfng the ratio of E.c... to t v explicitly 

is ob-ta.1ned from division ef equation (14) by eg:uation (15). 

The result 

(16) 

f v / 7J a.re shown in Fi.pre 4. 

The irttormation shown in Figure 4 may be used in the 

calculation ot O"tera.11 heat transfe1, rates inside tubes,. in 

the estimation of temperature distributions inside tubes 

with and without the presence of ehemical reactions, a.nd in 

many other wa.ys. 

Ho\ltever, it must be emphasized that these results 

are a.t present entirely speculative. The 13.sic a.ssumptione 

of this derivation may not be fulfilled in very weak 
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turbulence,. i. e. • where € v/-vis, say, l es s tr1a.n unity. 

eon5ider flw near a solid ·wall;: in the so-call.ed "'buffer 

laye~n., wher-t flow is alteJmately tul"bulent and lamina.I' .• 

It seems that here, turbulent frietbn may be due to m&men ... 

tary distortion of the streamlines, and formation of 

vortices. The inte:;;-ch..ange ot well defined. elements of 

:f'lutd. between planes of dif:f'e:t"ent veloei ty is eonsidered 

unl.ikely under these eonditiotts. 

The theory presented here predicts values ot i~ under 

conditions where no other inform.a.ti.on ie available. :By 

giving even a Ttery ro·ttgh pic·ture of what is to he expected* 

1 t :ma.y be a useful guide :f'o:r- ftttur-e ~erimental work. 

When Ev/7,) iS very stna.ll and the the·or:y is more uncertain, 

the effects ot molecular viscosity and eonduetivity are 

largest. The approaeh of' pPert0ue wo:tkers, (12), (13) 1 whe. 

neglected the•se e.f:reets., is even more uncertain. 

The •x.perimenta1 mea surements of E.c.. and ~ v made in 

this department in turbulent air streams do not test thi$ 

theory se1te:r1y. Sinee ai:, has a Pra.ndtl numb er of o, 741 J 

the :pre.dieted va lues ·of E:c./f:~re all. very elose to unity, 

as may be seen in Figai-e 4. As measured, t h is );'a.ti$ is 

unity within the e~perimental u.nse:i,tainty o:f 101;. Since 

the theory p:i1~dicts ~~ # 1 when the e:ff ects of phy$iG@;l prop'l!!t 

erties a r e negligible (~~~ , t his agreement does not make 

a major eontribution of sv:pport for '-his theory. 
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There h2.ve been s evere,l workers in recen t ::-e --,_ rs, 

(3), (12), (13 ) , \·J'ho have given e qu8,tions f o r ov e r 2,ll 

hea,t transfer obt2.ined from assrnned v2,lues of the eddy 

conductiv.ity. Stmilar c2,lcule. t i ons h2,ve 1-:)een. m2,de from 

the t h eory of the };; receding section. This wor'c :i.s c om

-Jared with ez:- -erhnent?,l d2,ta , 2,nd the -orevious theories. 

Temperature d_j_ stri butions in turbJ.ent stree.ms are 

governed by the partial differential equation derived in 

AJJl;endix I 

0 ,,-y-
(17) 

An analytical solution of this equation cannot be obt~ined 

1:ri thout many sir1plifying assumptions, because of j_ ts non

linearity. Two new procedures for solving this e quation 

are p resented in this section. Another method, similar to 

one develo ped by JCartinelli, ( 12), has been used ,-ri th eddy 

conductivities uredicted by equa tion (16) to show how this 

relation may be ap:::,lj_e d . 

Steady State Solution 

The last mentioned p rocedure will be described first. 

Unli', e the others, it has been e,1'):pli ed to a v,ride r 1.n1?,;e of 
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Reynolds and Prandtl numbers. From the definition of the 

eddy conductivity, one may write 
ll 

Q -- (18 ) 

Martinelli, ( 12) • has introduced the assumption that 

t O a&2r/D. This allows the problem to be treated by means 

at equation (18), an ordinary dif'ferentia l equ~.tion. The 

more dif:ficul t solution of ( l?) ,, a non-.linear partial 

differential equation is avoided., 

It should be noted the,t the dimension x. in the 

direction of flow, is eliminated from the problem in this 

fashien,.. !f the answer desired is a t~pera.ture distribu"!" 
' ' . ' tw • t 

tion, it will be obtained in the :l':'orm of' t;; .• !£ -_ 
a.v 

as a function of :r.-adial position only, for given conditions. 

If a. :prediction of tota l hea t transfer is wanted, the result 

will 'be t he Nu.eselt number a.s a function of the Reynolds 

and Prandtl numbers. '£he Wu sselt number is def'ined by 

't(l'ume, ~lt· nT"""'"'-·e ... .. 'l':r.u ... ~o D . . 
.l\; ..,.,, - w u u .,. • .\.\i ~ k( t~ ... -tav> (19} 

It is found, experimentally, (15) 1 a.nd theoretically, later 

in this pa.per1 tha.t Nu is unusually high at small values of 

-_ ... ./,r,, : . • M t· 11 .r ... a·- .,.=~n,,t i o:r1 ~--.reeludes detection of this ,;,v .v a.r 1ne • J • .., "'"""" J:' ;tr' 

effect. 

Equation (18) now takes the form 
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~( 20 ) 

This result may now be rearranged into dimensionless form 

to give 

(21) 

Recalling the de:finitions of Nusselt and Pra.ndtl numbers, 

we see that equa.ti0n (20) may be rewritten as 

(
t: -t; ) 

cl_ -t,:-t;A 

&(~) 
( 22) 

in te:rm:=,i of y., the distance from the pipe wall. Integrat-

ing a.nd averaging both sides of' the equation between the pipe 

wall a nd centerl ine., 111e find 

or ~ equals the 
Pr 

I 

( 23 ) 
r"'10

( /- :z --;1 o) d ( 1-lo) 
J~ (6-/-v+ 'lt7..,,,J 

reo1:proca l of this R;ve1"&,g ·ed integral . 

In contra.at to 11artinel: i • s proc 3dur:a, whi ch wa.e 

entirely analytical, ca.lcula.t.!9llS have been made fr'OOI. 

equation (22) by numerical integration. V~ 1-ues of }1 ... 2:YLPf ) 
~+- ,;.,_ 
-V Pt-
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were tabulated a t appropriate intervals and integrated. b7 

s-u..inm:a. t1on to a aerie$ o.f values of y/D,, Then a setond 

1nteg11ation was pertormed to ear1•y out the averaging, At 

hi,gh Prandtl numbers;, where the first integ.ria. 1 reaches 

nearly it$ maximum value in the imm.ediate vicinity 0£ the 

waJ.l, this 1ntegra t1<:>n has 'been pex,to:rmed only out to 

y + : 100. An analytical method was d~,-1.11ved for evaluating 

the small inc~ement 1.n this integral. in the eenter portion 

of the stream. 

the $ trea.m in to a laminar- la1·er_, nea.:r the wa 11~ a buffe:i, 

layer, and e. tui-bu.lent co:re has been l.'.tetained. ln the 

lamina.~ l ayer., €, v and Ee. are aasumed to be ze~o. :tn the 

buffer layer which has been: chosen by Karman, (3), to extend . 

between r + of 5 and 30, 11..is equation • • 

( I - ~D 11 /? _p_ {f-1~ 
6v-t-V - -,; 

r.as been used. ln the turbµlent core, the relation 

(25) 

has bsen emplorea. 'i1hls equa tioI?,., fox- flow bttween parall~l 

ple. tes•, ls shown as the upper em.~ve in Figure e. A be$ t. 

~ Betvreen parallel plates• the Reynolds number ts 
ealcule.ted using twloe the plate sepai-atSi.on as the hydraulte 

• d!ameter 11 A co•peasfiilting f'aetor of two waa, 1nt~oduet<i 1nto 
equatiO'n (24) 1n obte.1n1ns the eurve in F1gu:re 2. 
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fit .line, through the points on tb.is plot was not used 

becauee piu;,t of this work was done betore .these e,rperim.ental 

uata were c;.vail.a.ble.. After ve.lv.es of E,.,/-v were obtained at 

necessary points.; f::.c/6v ws.s read from a l aree r:ioale plot of 

Pi~l"'e 4,. and Ec./v ealeuh1. ted ace ordingJ.y., 

The reeults obtai!ied. by thie. procedure ai~e shown in · 

Pigu.i~e~ 5 ... a together with curves of YiArm.an and. Martinelli., 

The treatment c>f Karman is quite similaI' te that of 

WuartinelliJ except that the thermal eQndliLeti-rity of th~ 

fluid is neglected in the turburent ccn:•e• Inspection f.ihovra 

that these authQ:t1s t· results ditfe:r only at low. Prandtl 

numb$l'S • Here the laminar and bu.ff er layer resistances ne.v• 

bee·ome $.mall due to the high conductivity ot the fluid. 

The equation obtained by 1~rman1 (3). is 

f- le 

I + s-(f;;z. {(l?r -1} +~[!f-;f{r-r-u] 

in the present nomenclature. 1,1art:inel.11fs relat1onship1 

(/2.), hae the somewha t different for.m 
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the f actor F~ This i'a ctor is essentia l ly •unity f or va lue$. 

of.' the Pr andtl modulus above 1.0~ 

At a Reynold$ number of 2001,000 the predictions are 

C.<Ompa.~ed with experiment a l de.tu on heat transfer tc) gases; 

and mercury, in Figures 5 and 6. Th.e pres;ent Vi Ork is seen 

to agree most satisfactorily with the experimenta l (11;). ta on 

mercury4 It differs from Martinelli'$ work only in using 

values of Ec./6v from 0,1. .... o.4 insteed ot unity. Since 

gases have . Fr :c 0.,.74 . .,0 .• se, Figure 4 precU.ets 6c/b-v : v.n1t7 

t hroughout nea:rly the, entire. fluid, i,nd the present ana lysia 

becomes tdentioe.1 with that or Martinelli, 

Ftgur-e.s o/ and 81 for a Re-ynolds m.unber of 10., 000 

present a :Ps.tber- different pt.cture4 'FJ'ere 1 th~ region o.f the 

curves at values of P:r e.bove 1.,0 have ~eceivec1. grt,a test 

e:Rp~:r:tmental attention, The theoretieal cu1')ves give 

reasonable approximt.ations to the 4ata points up to J?randtl 

nwnber of so. Here the data b. ec ome much more uncerts,in , • 

but Re:tcha.rd.t's pred:tction seems too h1gh, with the writ.er'$ 

and Ii'fa.rtinelli;s lines being too low. 

It may be noted, in Figure 7, that ail t ~1e prediotlona 

approach constanti limi t ing values ot the Nusselt nu~ber a.a 

asymptotes.. ..4.-t these higJ:1 values ot the l"re.ndtl nu.nibe1", alll 

the he.::t t~ansfer theories give the result 

Nu: Re .vili 
Ylt 
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\.Vhere y1+is the value of y+- assigned to the inner bou.ndary 

of t he ls.mina1'" sublayer . 'l'his , value is a. pp!'oa.ched because 

all o.f' the other :t'esis to.nces to heat transfer become negli• 

gi bl~ in th.is region+ 

'.tn :che light of equation · (26) 1 the !'act tha t 

iteichardt usec.l. a valu.e of Yf :: 2 clearly explain$ the dif

f'eI'ence • between his cUl've and those of the auth ox· and 

Martinelli;. which we:r·e -both based on Yi: 5, It J.s not•- ✓~\ 

worthy ths.t wherea$ t he writei,.ts line :ts quite close to 

that of Martinelli fo r> Pr ) l 1 Heicha.~dt'$ values become ver1 · 

d ifferent* '!he £act that in the present wo1"k, at Pr t l.001 

vm.J.ues of tc./ €y • t'.t-om 2 - to 5 inste1l d of uni t y.., a.t'fected the 

!n contra.stt the quite small change introduced in 

Re ichardt •s velocity distribution nee.r the wall bas cat'!.sed 

a ve1·y large change i x.l the p1;~e-dieted Nusael·b number. In 

Figure 9, a comparitHu1 • ef the~e velo.Q!ty curves with 

avallable experimental cl.a ta i s shov1n~ The sea tter in the 

points is suoh a.a to r ender any choice between the t wo linea 

difficult, if not impossible. 

such a. ikeptica l position is further encouraged if 

one reada of Laut~r•i expGrimental dif!'ie.ulties. As th~n 

used., -the het ... wire technique was found to give unexpectedly 

.high velocities netl l' -the channel bounda ry'• This was 

explained as heat condu.e t,ion to the wall . Data we1-e then 
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t aken with a lower> hot-wire operating tempe.rature, aud were 

found to be of' the e~pec t ecl ma gni tu.de,. 11he~e l a tter valt1.es 

a:r>e those used in Figu.1"e 9 • Since Reieha.x•dt 's mea surement$ 

were a lso obtained •t✓ i. th f.l. h ot-wire, thi.e difficulty is 

likely to be present 111 his a.a. tt~ r11 so • 
. +-It should be noted that between y of 2 0.nd 5., 

according to the lower curveJ! E. vis iqu.ite sn1& ll compared to 

v', but at Pr : 1001 6cJ.s large compared to K., which is 

only 1/100 of --v • This illustrates one of the fundamental 

difficulties of predicting b.eii>. t tre.nsf'er· at high P:randtl • 

number s from v~loeity data, Even if £.c../~v were known . 

s a t1s:f'actoriiy,. it is ext:raordinarllJ difficult to mer, sure E: 11 

when 1 t !$ sraall compared. to v • Expe:riments on the te!!lper• 

ature di$trlbu.tion nec..r such a heated wall will be much 

Unsteady State Solution, 

Two methOds of tr•ea ting the overall hea. t t:ransf er 

problem have be,en developed which ~how 'VaPia.tiGns in 1~..1eselt 

number and tempe:vat1.U'e pro.file with longitudinal position. 

Both of these solve t he partial dif.fet'er.:tis.l equmtion (17). 

T11e first of these procedu.I'es uses an analogous electi"ieal 

circuH, • !l."he otht~ technique 1s an 1 tere. tive numerical 

solution wl11cb. is a pplied to a finite difference f o~m of 

equation (17). :ManJ proQlems .in le>eal:tze.d ~ intermittent 
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s 
heating of flu.ids are su'.beptible to solution 1:ri this fa.ab.ion 

that othe!l.wise wouJ.d ha.'1'e to be 'by•pass•d ent1:vely. 

'l"he eleotrieal circuit considered to be analogous ·to 

the p~esent physieal situation is shown in Figure 10.- In 

this gr1d1 the eueeessive junct1on points between resistors 

eei,respond. to suecesstve point$ along a. radtus o.f the tube, 

and the resists.nee~ connecting them I'epres~nt the lumped 

thermal :ve.s1stanee. of the intervening liquid. The time 

dimemsion ot the eleetr1eal network eorresponds to distance 

in the direction ot tlow, making th~ current flow into the 

eondensere analogous to the rate at which thermal energy is 

.removed by tranapo:rt with the flowing stream. The fluid 

•temperature at a given radius is then represented by the 

·n~twork voltage at the corresponding point, and its vari• 

;atien with distante d<>Wn$ti-es.m. from t'he entr-anee is :repre• 
i 

'. sent~d by thEJ var-1atton of this voltage with time elapsed 

• s:tnce elos.in~ the r-otary .switch. 

The s:verage veloe1ty of the fluid at any point, and 

the corresponding edd7 v1soos1 t1e.s have been evaluated b7 

the same preeedwe used .in the steady state treatment 1 

nowever, since the equations developed in the p~eeeding 

s,eetion,♦- relating ec., ane. f:v were not aif/~:llable at the t:tme 

or this work, th.est q;u.antities were assumed equal, Since 

ealeula ttons by means et this analogy nave be.en performed 

only tor water, the values et E.c./t1r predicted would nave 
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been elose to unity, and the results would have been essen• . 

tiallJthesame. 

The analogous electrical eit1euit shown 1n Figure 1 

mat be justified by intuitive physical t'eta.$H>n1ng or by an 

e.nalyt1eal dertva tion~. 

An •appl'o;cima te :r1epres~nta tion of equa t1c>n ( 17), w.a.7 , 

be obtained using the finite difference expre,udon that 1• 

indicated below« 

~e (lr-t £c.hc(t3--t J-~,(l<f €:J:z{ (t~-tJ _ 
(Ll ,,..,)e -

:tn this equation, the su.bserlpte re.teP to a aeries ot points 

·at various radial d1$'battc•s for glven longitudinal pe$1t1ona 

i in the s trea:in., 

In the analGgQ'\1$ el.ect:,ieal e1reu1t, the :response !a 

:governtd by th& :rele.t1<:,n$hlp 

V3 - ll2. Ve ~ V, _ 

~ 1tquatton. {$8)• s denot~• el.eetr1eal resistance e.nd t 

rti,,resent, time, lnspe.oti.@n et equations (e7) and. (28) 

J\iel.ds the i'olle,wb.g anal(l)gteu, 

"'--" vol.tag• 

capaci tanc• 

e1eetXt1eal res1stance 

(18) 
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downsin:-eam· ..-....., time 
distanee 

Sttoh an analogy hae 'be~n utilized on the analog eomputei- of 

tlals institute, (16),. to tind teniperat'Ul'e d1str1but1on in a 

m.t:rbulent stream. ~ order th.at 1'esults could be eompa.~ed 

with experim•ntal. data., operating.conditions wE$:re chosen 

which eorresponded to the eond1t1ona reported by Sherwood 

and. Petrie, (17) 11 fhese ope.rating va.r1ablee and Pesul.ta in 

eaeh oase ax-e p:tte&ented in Table I-. The ealeulated value, 

of thermal flu and temper-a tm;-e d1.fterenee between the fluid 

e.nd the wall we~• comointd to yield an effective the~mal 

ta,ansfer co.tff:telent. The average temperatux-e was deteP.mi.n~4 

by integration ot the p:roduet ot the temptYrature and. the 

: point veloe1ty, divid$d by the ave?'age velooi ty• The pro• 

eed~e es'babllshed the tempe:r-atnu:•e of the nd..,u,d fluid after 

'equ111br1um had bten :reached at a particular aeetlon. ~• 

curve obtained. in this fashion fO'J! eaae B 1e shown :tn 

:Figw?e 11, 

'the v~l tage mta•~•m.ents were made with a ea thOd.e,~:ra,

oseilloseope wh!,~h \PeeoVd~Hi the eleetromottve roree a.a a 

tunetlon of ttmt. A typ:teal photogr61ph1e reeord is shown !n 

F18'lre 12. The eurvt$ w•¥-e smoothed gitaph1eallf w1th reaptcl 

t11> the analogs. <>.f t~mpe~atUJt• and ~adial distance, 1.lgtll'ea. 

1$ and 14 eo:rr:~un;,ond to ease A of !able :t and Figu.Pee 15 and 

16 relate to caet s~ 
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the change in voltage acr0se the 1'1:rst resis t or q t 

th~ network pt>ov;Ld$d a means of determining the thel'tnal 

flu at any point. This resistor was considered. t o represe~t 

e. po1nt within the lami nar sublayer. Consequently t he t he?t.

rua l flux was equal to t he pl"Oduct ot the thermal eondu.ctivit7 

ancl. the r£?.dial tem.pe:ra tu:re gi"adient., ri1his vms deter mined 

f rom t he volta ge drop across the first res istor, 

'l'he t>esults of these ee.leulQtions are shown in Ta\>le 

:r: 11 They are 1n reason&'ble agreement with the experimental 

data but some s1gnifi.~a.nt differences e~ist. I t is probable 

, ·chat the$e ditfer&nces may be asortbed to the f ollowi ng 

. s ourcea of error:-

( 1) Untertainty in th$ va lues of E-c.. as predicted 

tl!'€1Dl 'both iscthermal and non•:l.sothermal flow. 

(2) The distortion of Stll'eanQ.ines by natura l eon...

vee tion as a re~n.11 t ot 'tempera tuttt,1 gradients• 

(3) 'rhe use ot f .lni 'be dif.ferenee app:roxima tions in 

th~ solutlon of tht differential equation. 

(4) Deviations :t.n the resistances and capaeitaneea 

ueed fl'Qm valuttni $t1pulat.td by tho analogy, and 

the l.1m1t$d precision r•sult1ng fl:Jom th¢ rela• 

tivel7 aniall s lae <!!J.f o&cilloscope used• 

In th1S. 1nstanee1 the '\Ul(Hiitrtainty in £ c... is the 

prt)dorninant souree of error. Reference to 11gtll'e 2 shows 

t:r.e minimum d.evia tion whioh may be e~pected 1n lie c since 
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$J?e¢-u.J.a tion a s tQ £c../f-a1 is a1tH> present• 

The eqtt$pment used for e1ectr1eal anal0gy measUr»$• 

ments only p<!!r>rnits t he eircuit paramateP$ to 'be estab1.ishee 

with.in a.bout· 5 per tent :tn sorne case$ .. TJ:t1s was a result 

of thewid.e variation 1n ~elative vo.lues of resistance and 

espaeitanee that was ne eded in the s◊lution of -th1s problem, 

By the use of' larger cittltmit elements and a cor:respond1ngly 

longer> time fop ea.eh measu»em.ent the uncrnPtainty may be 

decreased,, 

Rowev~r, it seer.tS likely that te>r most pv.rposes, the· 

ite~ative nume:11ieal solu.t1~n of $q_u.at1on , (1'7) will be fQund 

more appropriate" In th.ls ease., th.ta d.1ff'e~imt:La1 equ.Q tton 

he.s been :replaced by tb.e finite diffe~enoe exp~e$sion 

~ ~ (K-f f~L(t3~-tJ-~,(J(1fJjt~tJ 
~ -t') -z.._ ::=-

where ta 1s the temperature .at the same ~adiu.s aa point 2, 

' 'b:u.t one 1:nte~Yal dGWnstream. PG%' eonven1tnee, this EUtpres• 

sion has be,en l'ff~1tten in the dimens1onle$s toPm. 

(50) 
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Equation (30) has been further abbr-evia.t-ed fo-e eorn ... 

putational u.se int<:'I the f'erm 

( 
I(+- E:. c.) (~\ [ ,,.,_ 1 

7J )21 D ) \D)-z. 1 

From these definitions ., T has a value of 0,.0 a.t the bou.nda.1"1' 

• .x :: 01 and a valu.e of 1.0 at· the boundary l"/D : ½. · Con

sequently, the entire temperatm."e field in the :problem :te 

·oo-tained by suce•ssive a.pplioation of equat1()n (31), beginn• 

ing at the Up$tPeam boundary and proceedj_ng · in · the direction 

. ot flow• 

This procedtll'e has been applied to the heating of 

,l.iquid mercury, at a Ileynold's nu...mber ot 2001 0001 and a 

Prandtl number of 0.,.0056• 

o. 1, with points ta.ken equally .apaeed betwe~m the wall and 

the eenteitlina. s. Frankel has :reoentJ.y prepared a papel'j 

(le), in whieh !t .is shown that,, :ror the case wheite ,1 is 

epnstant, 1ts value rnu3 t be equal to or lr.laS than one-halt., 

tt the s01ut!on is to be convePgent., On this bas1ta1 the 
~'Jl 

inte:r,,ai.,0 , was ahosen a$ 2.,0 ; this gave a va.ltJ.e of f4 on 
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one aide ,ot a. po:lrlt which wa$ 0,;59> but the value on 'the 

opposite side wa.Ei 0 .. 21., Quite eutisfuqtory convergence wa.s 

obtained._ The format used !n this case .• with sample calcu

ls. tions shown_ :La gi"tTen in Appendix II,. 

A plot of the Nusselt nmubet' as a fu.n~ti.on o:f' J.o.ng:1. .. 

tudinal position tor -this case i:;3 shown in Figure 17, 

together with the value ca lcu.lated by the steady.state pro

cedure. 11:ha agre ement is considered quite sat1sfaetory, · 

purticula::t?ly in view of the d1:t'fe~en.ee 111 the assumptions 

made in the t\,o $altttions, :rt is noted that ·the value of 

the l-Tusselt modulus obtained f~r x/rr af 10 is less t han ·7% 

higher than the asymptot1e value• Thi$ i~ i."l mtal'!ted con• 

. trast to the result ot Sand~rs, (19), wbo predicts them even. 

: at 100 diameters, the Nusselt number is mo~e than 20% above 

. 1ta asympttiitie value., His unsteady-state treatment is baaed 

onl1 on con$1deration of tbe re,gion ver7 near the wall • 

. Since this region i, of minor i~po"Ptanoe a.t low Prandtl 

number,, his 'I.U).J'eaaouable Pesult is not surprising, 

A chart has been prc,pared to aummarize the que.l!ta• 

tive oonolusions wh1eh have b$el'l d:rawn about the influence 

of the Fr-findtl num.btr on th$ varioue f'aetGJ?s governing ovei-• 

all heat t:ransfe~ 1na1de tubes. Thi$ ehart is pre.sented 1n 

:Figure 18+ lt ia htped toot it 1-vill give the reader a 

b~tte:r pieture ot the application of the developments given 

in this pape~, and of the need :tor .fu.ture experimental ·w·Gl'k, 
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1:.TOt~-TJNIFORM TtnB1JLENT FLOW 

The p:x:-eaent statue of exp$r1menta1 and theoretical 

wo:rk on the relattonshtp betwe~n heat ti-e.nefe:r and fri~'llion 

1n non-un1fo~m t,u-bulent flQW doea n(l)t permlt precise 

$\ta lu.a ti en of e.c/E v undel" any e ond1 tl ons • '!'he w o:rk of 

$everal investigA.ttl.4s; (t!QJ_. (~}).., (10) 1 indieatea that th1s 

:ra:tto 11Eta between 1,0 and 2.,0, but tht va~1ations ar•e such 

that ne mol'e definite Qonelu.ston may be drawn, 

Th.$. pP!11cl.pal ·theorttical develepments :1.n this field 
, ;,t/i.S(,, , , , 
a:ve mom~ntum tran$te~ hypothee1a of Prandtl, (4)i and tht 

. vorticity t:riansfer theory ot Taylor, (5)~ Prandtl'a wOl"'k 

. has b<,en briefly sum.nw.Piii<l h$:ite 1n the d:tecu.aslon of the 

• effect ot £1~:ld properties on €c../6v • EtfG.>n p:eior to this, 

•· Tayl~L'" po1nt;ed out.1 (22) 1 that •• an eddy moved betw$en two 

le.yers in the fluid., 1t$ momentum might 'be changed by pites• 

a'U].')e gradtenta in the fluid,. -contrary to Pra.nd.tl ts assainptittb 

Taylor p.ropo$ed1 as an alternative, that, in two 

dimensional flow, tlae vo1 .. tie1t:y of an eddy be aaswned i~• 

variant in its mf)tion th:J?ough the fluid 11 Under these eon• 

G}ti:;m.s, the vortie1ty ro.ay be written as ½ (d u/c3 y), lfh.e 

C\On.eentl;"a t:l.on gradient ot voztticity is th&n ½ (0
2
,ifo rl • 

T~e ra ti! ot vortioi ty t;ranster baa been shown, ( 5)., to bl) 

equal to 2. r ( a.i--~ y), S1nee th• concept of eddies being 
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creat~d, trave ling 1:-i. distance equal to the mixing length., . . 

and th~n being destroyed is rets,ined 1 lvt is s'c:tll a "dif• 

fusion coetf'1c1ent" .for the eddies. C;:>nsequent. ly., we may 

eombtne the above quantities to yield 

(33) 

TJnle$s thenatur" · Q.f the variation ot 1v1 !s known., (33) 

does not yield a di:rect solu.tion., 

1.t it should be assallled that over a region, lv* ia 

constant, th.e above relat1on may be integrated to give 

(34} 

CorapHrison of equ.at1on$ (1) 1 (11), and (34) shows that we 

: now have the re1u tion Ee.. *2E.v, The recent e2t.perimenta.l 

data obtained in this department., shown tn Figure l.J nave 

demonstX1ated that this r elation is not valid in unii"o1"m flow, 

In f"e,ct, the rival theory of Prandtl has been verified tor 

this case. 

However, the recent measurements of Mason, (10) 1 in 

the wake ot a heated cylinder have demonstrated th.a. t value.a 

of frc./fv oonaiderably higher tl1.an unity aan be obtained 

~'1.der sueh conditions. Corrsin and U'beroi., (2.1)., b.o.vc mad$ 

direct mes.t.n~ements ot t, c::', dt/dy in heated a.1:r jet$, s.nd 

have found E.<.. /iv to lie between 1.s and 1.4" Fa.ge and 
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Fal.kn•r, (23), have p:rea•nted exp.eP:tmente.l ev1d.enee tn $UP• 

port ot iayloP•a hyp<>tlhea,ts,. although d1:reet ealeu.lattons of 

. E c. and t:.c,, we~, not made• 

bandtl has sugge,ted a possible phys1eal basis to;i, 

a. difftPence 1n the )llature ot ehannel tlow and the non

unito:rm t1• (.)f wakeu, and jet.a, (24). lea~ tht trail:lng 

edge ot an obstacle 1n an open s~:ream, tlu!d is being t:rans• 

formed t'P0m its undistttl'bed approach into high.1J turbulertt 

motion. The orientation of the fluctuating velocity com• 

pone!lta is p:robablJ closel7 determined bf thtt position ot 

the obstaele. for $Xllntp1&1 if the flow app,:,0aches a eyl1n.de,:r, 

pel:'pendieu.lar to 1 ta a,cl.8·, the turbulent met ion w1ll be two• 

dimensional, with tluetu.at1oni in th• direction of the 

·cylf.nd$r axis being pPacttoallJ negligible, As opposed to 

Jthis pietUPe; fullf 4eveloped tw:-bulenc• &n a channel has 

had ampltt time to~ •qu.111brium to be estab11.shed between tht 

:va;r11!>Us eom.ponents ot the fl1;u:-;tua ti~n. It has long bc,en 

known the.tit>. th1$ equilibrium cond1tlon, the turbulence 

$.ttains a high degree Qf isotl'opy. In tact, Fage e.nd 

townend.1 (25) 1 he.Ve shown that near a wall, the most violent 

fluctuat1.ar.s are perpendicular to the plane of t1ow, 

Since taylor 1., theo:ry is derived. on the premise thet 

the d1sturbanoes a.re twe-a.1mens1onal., it should not 'be 

surprising it his predictions were to be at least appr-&~tlllately 

fulfllled in the w·ake ef obstaeles, and in jets, where this 
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oondit·i ·()n. ts met, 

An empirical s.ttid7 ·ot the temp.~&ature' an·d veloci-

ty eurves '...in herrted ,jets he,s been made-·;. Tht • data of $$VtVa1 

worke.r-$ have been compared by plQtting t•ts as a function 

at 3!, • '?he :reeultlng paph is .shown 1n 
1
Ji~e 19. Under 

ti 
assulptione generallJ made 1n int$grat!ne; the basic pat-tie.l 

dif'ferrential equatiea, (5) 1 the alo" ,et the line in this 

plat represent$ th~ loea.1 value. or €c./€v •· Thu.a the date. is 

$een t0 oorrespond m;ort elosely to Ee.. e cbv tar downstt'ea:m 

1.n the jet• rather than near th~ mouth, ae would be expfb'tte4 

<>11 th$ basis ot Prantfl.tl ta veasening., 

Rega:Nileas • of whether the var10us turbulence theer1e$ 

a.re 1n ag~eement with the po1nts1 the pl~t i:n FigUPe 19 f.1 

:consid.e:t>edi by th$ authe:t.1 tt e;lve a vtluable eo~relation. In 

th11 fashion,. the temperairu.11~ d1$t:r1bu.tion to be expetted 1n. 

a jtt can be px,ed1·eted d.1re~tly from a knowlede;e ot the 

velocity d1at:,:.1bwt1on., When this latter information is net 

\knQwn t)Xpertmenta:tly, it mar be predicted by seve!'al p~o• 

~edtU?es now ava1la'ble• 

It sb0uld bf! emphasi~ed that 1n non~uniferm turbulent 

f:10-w • te.mp~ra -r;,u,e fields are gove:rned by the d.1.f:t'e:x>ential 

•¢aua~
1
r;-(Kt6c.}_,,. f£-] d [ CKitt}:JL # ]_ ~ 

a ,..,- , +rr a ""I-- - n--AA..- J ~ 

1 

- ' '" • !Jt;. Se abs enc• ef heat S<>'tl:Vces and s1nks within ~ 
fluid 1$ a.ssumed he~,• 
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'm:11.f!l relation 1a de:r1ved in · Appendb X., Thie equation eon~ 

:aiders trurbulent transt~~ pettpendieular to ·l;h@ stream, and 
' 

also in the direet1on of tl1e flew. • l.'Pevious w:v1ters, (20), 

(lS), :( 15 h hs.V~ neglee ted the edo.y eendue t1v1 ty in tb.t 

direction or flow 1 silnplify1ng eque.tion (35) to the form 

It follows by 1ntegrat1on tt this e:xpresston that 

00 f .-,,-= "t cl~ == cons t 8.nt 

-0<1 

(36) 

This 1nteg:t'al is propo~t1-o.na1 to the !'ate of enthalpy flow 

•in the direction of the stream.,. 

The data ot Coxi~~d.11.- (86)., en flow :!.n heated jets ha.s 

• been 1:ised to ealoula.te ve.lu.es of the abeve integ:r1a.1. The 

.~atio of the,$e valu.es tot.he integral at the jet mouth has 

been plotted d1stanee downst:rea.m in Ftgare 20!t Aeeord1ns. 

to equation (37), a constant ratio ef un!ty should be 

¢bta ined.. tfnexpeetedly1 the eu~ve dl'.'ops as low as 60%. 

iet~ning to equation (35) 1 it 1a seen that this decrease 

~st be due to turbulent transfer along the jet axia, · 
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MOMENCLAT'O'RE 

Ooneent~at!on, l bs/tt5 

spe~ltie heat at constant pressure, Btu/lb $F 

dia.rn&ter, rt• 
Di.tfuaton eoeffieient, tt2/se~, 

Pe.nn:lng tr1et1on factor, diw.u1s1onless 

Gravita t!~nal eonstant, ft/sece 

Heat transfer ~oeff'ieient, itu,/lu' rt2 GF 

Entha1py1 Btu/lb 

Thelnttal eonduetivity,, Btu/hr tt2 o, 

Thex-med di.ftusivitr, tt2/sf.tlc 

Milting length, ft 

Rate or hta t flow 1 peP unit a'.!'ea Stta/hr tt2 

Rttte of h~$,t !l~ pex, unit area. at wall, Btu/hr tt2 

Radial diste.nee., fit~ 

E1$ttJ.?1eal re:id.stanee,. ohms 

'T~mpepatUPe, °F 

Point velocity.,. tt/aee 

u/ {r:,/{ 
Av.traie veloeit:,, ft/ s$e 

Voltage 

a 00rt11:na te $, rt ., 

D1$.tanee from wall, rt •. 

Pla t,a sepa.Pa tion in two-di.men.a tonal flow,. or tube 
dt&:.m.eter. rt. 
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NOMENCLATURE (Cont'd) 

~ff.ff 
---v 

. £c, 
Rat10T 

'I/ 

Density, lbs/:tt3 

Viscosity, .l.b-sf;eec ·ft 
2 

Eddy conductivity, ft /sec 

Eddy diffusivity, ft 2/see 

Eddy viscosity, , ft2/eec 

Kinartmtie -viscosity, ft
2/~ec 

:Mass density, lbs sec2/rt4 

Shear force at wall-,, lbs/:f't2 

Local sheali' for<Hi, lbe/ft2 

See equation (32) 

Dimensionless Groups 

Nuseelt numl:ter_, defined in equation (19) 

Prandt1 number, ~,,U 

Reynolds number, • ~ 
-u 

Stanton number, -equal to 
(Reynolds na.) {Prandtl 'ne.") 

Nusselt no. • 
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Table I 

Compar ison of ~q,erimental and Calculated Conditions 

Reynold 1 s tbnber 

Pra.ndtl !'rumber 
0 

Inlet V'later Temperature F 

. ' 0 
Average Temperature of Tube wall F 

Ma8sured Out.lat Ta,;:,erature °F 
0 

Calaulated Outlet Tem.perature F 

Case A 

181.8 

203.7 

192.0 

193.2 

Case B 

1.826 

203.1 

192.3 

194.6 
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Figure 6. Nusselt number ·versus Pra.ndtl number 
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Figure 18. Factors influencing heat transfer 
inside tubes as a function of Prandtl modulus. 
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1'L41)!ATI O."if MEASUREMENT 

The g2•,ea t•st effor t :tn perfo1,ma.11ce ot these expel"i• 

m«ents has been devoted to the development of an instrument 

eapable of mea$\U?ing accuztatel7 the weak 1ntens1t1ea ot 

rad.1at1011 employed, 11he isotope UtJed is iodine. ... 131, ·which 

h.e.s. a he.1.f•lite of s .. o days,- emitting gamma ray$, and btta 

rays which l1ave a maximum ene:rgy of o.6'1 million eleetpon 

trolts, (l) t: J:t has been dec1~d~d that in ord&r to avoid 

se~toua radi&. tion hazards , a maximum or 20 m1111curtes of 

this isotope will be used at any one time, 

:tn a p:relimi.l1ary e:~q;,erinlent on the use of this 

methed,. i n which 5 mill:tauries ot l"S.dtoactive iodstorm w&tte 

evaporated :1n the heat t ~ansfer apparatus, the volume of 

iab ee.~ry1ng av,e.y t he 1odotoPm was approximately 106 as 

lal'ge as the v,()lume of one or the aampl♦s used fop mea sure• 

ment, at t he lowest e.ir velocity which could be us ed. At 

:the highest velocities used to:r heat tt-ansfe~ measu.:remen.ta, 

·this tacto:e would become a x 101 • fhis unusually large 

dilutio.n I'B.t.1o was the entire just1ticat1on fo.:r use of a 

tracer technique., but made it necessary to use a counter 

trube that will ,,ee0rd s..-107' of the d1$1ntegrat1ons oecur-rtng 

in e. 100 cc gas sample~ 

Several types of instwmente listed below, haite been 

g!'Ven detailed consideration fer this application, 
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1., Thin-walled glass Geiger· tube staled in a con

eent:~1c. glass jacket, shown in :P'igul'e 1, 

s. f \j..x th:tn ... walJ.ed, alur.11num Geiger tubes sea.lad. in 

a ~,ta1n1ess steel eh.amber, shown in Figu.res 2 

a.nd 3~ 

3. Glass Geiger tube, ade.pted to eount air sample• 

tntr-oduced internally, shown ln Figure 4. 

4,. Lau.ritsen quax-tz fiber electi--oacopeJI adapted fo11 

inte~nal air sample~ 

s. Tt.vo large, end window Geige:r tubes; v11th the thin 

ends form!.ng a oh.amber tor, th$ aeti'V'e gas, 

With the exoetption of the La.u:v1taen electroscope, 

all or these methods have been given active trials• Ivieasu.Pe• 

1nents on samples ot scti'v-e 1odo.form vapor or lmown relative 

aoneen·tra.t1on ha.ve shown that tubes of type l yield results 

• of adequate pren1s1on, but are 1nsu.ff1e1ent17 sensitive • 

. An inst!'tt.ment of t-y:0e ~ has sh0i!1n ta.tr counting character• 

istics, and is expect.ea to be entirely satisfactory, sinee 

1 t was designed to g1ve several times m1n:irrrJ;lrl necess aTJ 

sensitivity♦, 

The ~ther poss1b111t1es listed. we1.io :rouna. tmsuitable 

tor this purpose. Sine& the pritpa~atton of Geigel'> counter 

tubes 1a stlll Ve1!7 rro.1ch an art, brief desol'!ptS.ons of wo;,k 

on these le. tte:r, 1nstruittenta will be ineluded. 

!he c9nv~ntipnal ieiger counter eona1sts of a thin 
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metal wire an.ode suppor ted i nside a cyl indr:teal metal 

eathodth The volume between the1e eleetPodes 1s filled. 

wtth a gas, frequently a m:J.xt~e of 90% argon and 10% ethyl 

a lcohol at a. press'W."'e of 10 om, mereury,. The a.node is 

maintained r:l.t a high pot ential, or. the or>der or 1000 vo1ta. 

A sudden (10 n1i.~rose<;onds) tall :t:n. voltage on the een:te-r • 

w!re ia pl"oduced vih$n a free eleot1:1on 1s libera t ed i ns:tde 

the meta l oylind~r. Reeord1ng these voltage cb:-ops provides 

a nieans of cm.mt1l'lg the :n:umbe~ o.f ionizing .particles Y1hieh 

~nter the tube, 

Type l 

aeve~~l tubea of this type we~e const~ucted and 

tes ted., A ou.rve of c ounting r o. te as a fu.11ot1on of vol t fq~e 

for a fixed sample, t s.ken on one of them, is shown 1.n 

Figure 5* Most Geigel" c ounters used for qu.ant1 ta tive wopk 

have a 1.,.,egi on tn which c o1.mt:tng r 1d:e :ts nearly i ndependent 

.of voltage, Such a region is found on this ou._Y'Ve, and 1n 

1 t.,. the number of o""u.nt$ registered is equ.al to the m:unbet-t 

of ioniz i .ng '.)artloles pas$1ng thr~gh the sensitive pat-t ot 

the tube , T'.r.1.eretore, when the tu.be is c>perattad at a vc1tag$ 

within tl-ie ttplateau~ o.f the euwe, its rate ot counting will 

be di:r-eetly p~opol'tio:aal to the ~oneentrat1on of ra.cU.oactiv• 

1¢,dof orm vapo:r in the gla.ss jaeke)'b. 

Tb.is method was first t~ied by attaching glass sample 
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eh~rdbet•s to comme:rcle.1 counters with ?1EJ.J[ sea.1$• Permanent 

01:mtara.inntion restiltec:1 from nbsorption of iodofoz.ro. in the 

wax .. , S®.t.isffJ.cto1°y opera t1on w~s not ,,bttd.ned until all 

orge.nle m.a te1"ie ls wer,e e limJna ted h~ eon.struct1ng the tubee 

des0,ribed be1ow 1 

In preps.ring these counters, the th:i.n-wialled., 

inte:r,1or o) .. 1inder was first drs.vm., and. a grot.m.d wire inserted 

through e. s 1cie arm .. 

2:'he jacket wns p:eepa.red, with 1ts stopcock a ttached, 

and then joined to the other piece with !'ing seals,. The 

lo\1er end ot this inside tv.be vraa temorar111· sealed otf', 

The interior o:f' this section in some of the countera was 

then chend.ce.lly a1lv~red tbt>ougl1()ut by m.eana of the Roche1l• 

salt process, de~eribed by Strong, (2). Any unwanted silver 

c.oati:ng was removed by wiping lightly with a eloth._ The 

Geiger tube on the :Le.ft of Figure 1 has a silver surts.ce or 

this type " 

rt was found that the interior face of this coatins 

lb.ad a dull grny e.ppetl:rance~ In an e. tteinpt to obtain a. 

eurfa.ce of lower photoeleetvic ef!'1c1.tney, one tube, shown 

an the r1gl:.t in Figure 1,. was coated instead with tttiquid 

Bx,ight Gold" $Olut1on.,. and baketl♦. /i,n unusuallJ shiny 

interior f'aee was produeed.t Fiowever, the count~ing charae• 

t~:r1st1cs of this tube were not appreciably di.tf'e:rent from 

those whi(?.h were s11 vered~ 
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A.fter · e.ppI:l.c0. tio:n of the c B thoc~e surface , a glass 

tube was attHched for filling, e nd the eente.J? w:i.re was 

1n$er'ted. by m,e&.rw of t-i.ul gs ton me te.1 • to - glass ~ea.ls at 

the eri.a.s of tb.e interior t.i1.be , in w-hicb t he actv.a l. c ouriti ng 

took pluce ., The s.ctive SfH~tion. of this ~node consisted Gt 

0,004 inch tungsten wi re , ch:>ewn t ight when the l ast see.1 

wa s ne de. 

All tubes were fill<~d with the st-9.ndax•d mL'{ t ure of 

90% argon f,l, ncl J.0% ei.bsolute ethyl aloohol to i,1 total pr·essu~• 

of 10 cm; of mercuri·, They were not baked ou,t n.or was tl.J.e 

center wil"'e gl0?1ed,; both o:r which procedures are $Ometitnes 

p1"'ae t ieea.. 

An experiment was pe:i:>for meei to 'V€~l: if'y directly the 

• proport1.onal i t y be twe en eountlng re.t e regiE,ter•ed by the 

• C·eiger t1..1JJes ~-no. cone-entra tion of a etive iodofor:m :ln the, 

: j a cket. One of t1'HHH3 oountere was se~led into a v~:;,c1.mrn 

. ;:iy~d;en e.xpi;>sine only e;l ass and me t~l. ~1J.1•.faces t o vapors 

' b:>a.ns f e:t'eO. th:rough 1.'li. P. 1/4 gr am, 10 millicu.rie 1 sample of 

active iodof·or·m was a J.lowed to vapor•ize 1n. an a1:r-fi11ee.; 

~l-ga11on 'bottl~. After &.,llowin~ time f or saturation to 

❖ccUl'.1 this ~ir was transfered i nto a 5-ga llon bottle which 

l~ncl been eva eue. ted to appi~o~ima t e lJ 300 milli111e tcrs o,f' 

m~):r<n.iry absolute preeJsu.re to separ a te i"t from the rema ining 

solid iodoform. 

Several hours were then allowed for uniformi ty ot 
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then adl'.111 t ted to t he j a cket su1•:rou.nding t he c ounter, 

r~corded dur ing $B. ch :measv.rer'.1ent, and all manom.e-cer read

lngs werP. e onverted to presm.u-1€ a t 20° C, Since s ome series 

ot mi~H-surements l e.sted a s 1w.eh a.s 12 hou1:1s, all counting 

r e tes were correct ed fOl.,, decay of the 8 d.e.y ha lf-life 

Th e results (tf three suoh ae1 .. ies ◊f measuremen ts ure 

5.n THble l of the Append:j.x. Dur i:ng the first two runs , it 

vms observed that the high voltage ()Ui.,put of the c ounter 

rJB.v lng va.I•ia tions of 25 to :30 vol ts, 

: t h i s fluctu.a.t :ton vias quite serious,, The tro·uble V'lG.8 c lb:dn• 

a ted by ope:r>a. t ing t hi6 pow Bl"' suppJ.y vd. t h an input of 125 

v olts .. i nstead of the us1rnl 110 volts,. 

The last da t a shown vrhich al"'e in Figure 8 1 were 

obtained under "th:1.s con.di t:ton, The number of 0 0 •111ts taken 

at eaoh point varied from 1000 to 30001 with an ave re.ge Qf 

2200. 

If a.11 t he counts reca1-..ded are produced by disinte~ 
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gra t:ton of m.1 iod1.:ne rme l eu.t1.: t rw h · occur rence wiI1 'be 

r.<'.tl:!. tua11y • i no. e pE-mdent , On t his bas is::, it has beEn sb.own ., 

p1-;oviding no othe:r u.11eertainties are present, where M is 

the number of counts taken-. 

Fo1" t he pointm :in the 1.as t 1--un, this deviation 

varied. from 1.6% to 4p%. fhe predicted standat'd deviation of 

the entir® set ot me, ®. sv.rement,e was 8$1 while that calculated 

from the obse:J?ved eou.ntlng n =t te1.1 WS.$ 2½%. In considera tion 

of this deviation, t. t is be11eved that th~ precision provided 

, by this method of analysis 1s entirely eo.dequ.ate f or studies 

, of turbulent diffusion.. 

An e. ttempt wa.S. made to use thie type of Geiger tube 

tor an e.etual detePm.1na t1on of diffusion rates above a su.r• 

faee of iodeform 1.n the air stream of the hea t transfer 

t1pparatu$, The concentra tion er t he !oda.fe:inn in the samples 

ta.ken was so much less than those p:rev10\\sly used thia t the 

a~tivity ob&er-ve<a was less than one t!f.Uartff ot' th@ baek• 

ground!, ma.king qu:anti ta t1vt mea.s~ement 1mpGse1bl(h 

The m0!'e sens1ti.ve eounter de$eribed btlow was eon .. 

structed in the hope of eliminating th1s difficulty. 
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Two type.s of losses in s ensitivit y a.:r.e px:•esent in 

of ti.l<.l.e p:trticl~s 0:r light q;uanta betore they reach the 

sent:d.t1ve portion of' the me$J,SU!:1'ing instrument.. Second ii 

geomErtrit!al f'aetG>l', represented by the a.vailable solid angle 

of the c oun te!I .'-" 

The aver&g,3 th1c1o:1.es s in the sen.s1ti,re area of the 

Geiger ·tu.he used. I n x•un on th$ hes t transfer apparatus waa 

0,00863 inehes,: or 57 .5 ro.g, /crmB111 F:rom the cu.J?ve shown in 

Figure 9~ this cor1 .. esponct;s to tran$m1.ss1on ot only 17.5% of 

the rB.dlr11ti 1o;nw ih1. a p p]:>o.xima te equation tor the fra ction ot 

the radiation !"~aching i:;he exterior of the sensitive section, 

called F 11 has been dor1~1ed t~r the eont1gttratlon of' type 1, 

a nd is :presc-mted b i9lor-, • 

1 :1nd L are the 1:ingth~ nr the sens 1. t :!:1re sec ti ,m and 

:ts abou t 8%1 :r~i:-orn v-.rhich the overall true 'l,ion :)f t:1:-le di$ .... 

integra tions recorded wa s 1.4%~ . .... 

The new counter designed to remedy this d:1.fficulty 

is shown in Figures 2 and 3. The six Geiger 'tubes f orm ;;1 
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ring enclos i:."'1g 1=:c l c, rge f:re. ct ion of the vo1u.me of the stain .. 

less steel chamber,. The GtlLuninu,m walls of the counters &1.re 

r.r1.Aichine mv.de, ~rnd it is ex:rGoted that a reproducible t hick• 

ness has been s.chi~ved, 'their vveigb.t is specif'.ied by the 

rna n.uf'i?cturer to be 30 m.g/cmt, which oo::erespond.$ to 39% 

tre.nsmis~d.on of the r adia tion. 

tis ing eQ,1..1..a ti on 5 ( g), p, 54, in 11ioAde.ms t "Eea t Trans

mission", (4,), the geometrice.l efficiency of· 'this new 

cov.nter has been estima ted at D5--40.%. From thie vs.J.ue., the 

overall efficiency of the assembly is calculated to be 

13-16%,. representing ~m improvement by a factor• of ten . 

The electrical chs.racterist1es of these tubes have 

proved to be sa tisfaetory~ P, sre.tib of eotmting r a te as a 

, fu.nction of voJ.te.ge f or 9. constant fi ample is shown in 

, F'ig1.1..re 10. The po:7.nts are e.e re;produc:!.ble as th$ volt;ae;e 

set t ings on the high voltf;.ge supply, 

been introo:nced in series w;i.th e~ch counter to reduce 

effective cB.paci tt-.noe present in firing of ont?;- of the 

tubes• 1Nitb.ou.t them, the cape,eitance of a.11 $1.,c counters 

wou.lcl be 

in es.ch pulse before the- cente,r ... w!re potcr:!. tiesl 

wov.ld :reach the tk'a·eshold va1u.e and :reco'Very ot: the tube to 

i-t~ inttial sfa:i. te could begin., This would mean a proportional 

inc:ree.ee in the number of n$purious" puli!!es,. and shor,tening 
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ir::. the us ei'ul life ·::i f the tubes . 

The i:ci.dividual c ounters ,:..i;,o sealed into t h9 chamber 

mea sur e -eddy d.i.ffw:dviti~s in an air t~tree.D1 above a surface 

was fom1.d to be very weak. :Cn addi t:1011, a certr:tin degree ,,t 

contamim:. tion rema i 11.ed in the counter after e[~ch sample. 

'.rhe r~ost sensitive mearl.s of dete:rmining the intensitl" 

. of heb,'. radia tion from s. s iu:1ple of g1.:ls is the introduction 

oJ:' this cus into the clec tr·io .field o:f u 0-e:i.ger counte r .. 

Then every nuclca:i." disintegJ•u. tion occuring '11ithin the a ctiV$ 

region of' this ti$ld. will produce n count, This p:c·ocedure 

v:::1 t a ge r egulation equipment wa.s developed :to~ ... this appJ.i ... 

diGcussed,. but no qui:::.11titt1..·~ive eva luation oi' its '..m.certain-

The gas of interest in this case was atmospheric air.

Since any attempts to eliminate the dust or moisture con-



70 

tellt et this al:f m&ght a.1eo i-e!fl'tOV9 the ~•ullGaftlve lo«,•to~, 

the pvea.,nct et th•·•• ef'll~pon•nta could aot be .. esula\14. 

Ooaatllottng -vl.,.,potnle have b4ten exp~•••-4 tn th• 

1lte,.atm,e on th& u.1• o-t Gelgei, 0~1ntere ttlltd. with sa••• 
<H•ta1ntna be• •~ts•n• l♦hei-, fl), atiite• that at.r at a 

t••••u~• ot a to 6 ctiltimttt·N et _.,,OQJ i-eaulu in a 

1e.tLstaoto17 c .'1Wl.1stli1 Ko1JJtt., {6). stat•• that us• f!)f o~gen 

•• a .ftJ.11ns sa• le undtJlll!t.'l>l.t d'u• to ,~ tt.on ot nept.tv• 

•rs•n lt.Jne• 

Ont ot in tube1 ·11herm f.n F:te;v• •••· tonn•-ete4 ,o 

t.ha t aS.1' 1amplel- i<:iU ld bt, htPo4UOt4 lrud.de t~ oa tbede 

••lu.• A N•ht'P..1fa•,-,. 4uMhl•1 eh-cult w&• attaoh.e(t ta 

thl• e.ater 1ft •cte• to atop the tlow ot <>-r,u,r-ent af'te~ ea.th 

J)ll1••· .SQM deVUe to'»- thll p;u-p:oe• t ,s Me•aaa:r11 wht~« .... 

the ttll.tn.g e•• 4oea n.ot contail'l •••--1 p~cent, o~ mo.r-e,, 

ti Q polr~taic traPQ•• v.,_., •~!'atto ... ,u.1t1 li'tF• Qb\Qlne4 

trom th.le Etl""'1P•••t, •••n wlltl\ tlU, ••1t$g• a.op 04ottl'Ans 

tn tbe pulse• ~oduo,4 b7 tht tuh wa• ~pt coqtan, fox

aitteztftlt 1ampte• by m•••• o.f' a oat:tu,tte.,,~ar oeolllQtJOtpe. 

Cha•••t•1rutto• moet 1f.ke thole ot noN&l •~te2'a 

••t-• obtatn•• flt• t.h,e a,&1•• tub• •h•n in !'lsu•• 4., bf 
tl.111.ng lt \t.ltib ·a idllt\We 11t ·IO!i abeoltat«t ethe.n•l and. &Of 

a,t..-, to $ total pl'etl\11'•• ot e V• ecm.,tl•t••• ot mel"•~• 

A ouve of oountba ti-ta.1u~ ve•su •oltage f• a fb.ed a.ettvl ty 

aoa..-...e le gl-<ten in F1pi,e 15, No met.al eatbo4e, 11 lleed. in 
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th!.s tube; the gold coating seen 1n the ph0togria.ph la on the 

wtside ot the eylindett ws.11., Soft glas$ conatruet:tan wa.• 

U$tUl t& R.llmv -d1sa1pa tien of aecurnula ted ehs.t'ge rt-om the 

interior svf'ace. Thts design ts intended to reduce emission 

of photoelectrons from .the eathod.e surf'ace. 

Ooru-:!dera t1on was g1•en to use . of the Lauritsen elec• 

troseope in this propam because or the :rel:t.abllity and 

simplicity of this instrument.. Hent'1quee, et al, (7), have 

measured po~t1ons of eapbon • 141 sulfur• 351 and hydrog•n 

• 31 a.a ame.11 as the present iodine samplee, with this tool.. 

The hight?' ener-gy of the beta ,:-adiatton .from iodine - 131 

makE;.s thia. t•U~hnique unfavorable• 

The reacU.ng of an eleetreseope is nearly pp,op,<.>r:t1ona,1 

to the numbe:r ot ton. .. patrs liberated: within its eham.be.r, 

G:reateP 1on1zatlon pet' unit length of path is pro.due~d by 

low enero beta rare than b7 those ot higher energy. The 

:sensitivity 0f e.n el.ee.trosc<>pe to 1od1ntl • 131 would be 

·:roughly ont•f,S,fth th.at to earbon • 14. 

Censt:ruotior,. of two 3 1nch d!am-eter, mica windew 

¢0.unters t1tt1ng into a 3ample chamber waa attempted, 'l'lwee 

i'l'.l ch brass pipe was U$ed for the cathode walls. A larg$ 

sheet of lrultan ruby miea ebta.trutd from the Phys1es steek• 

rt>om was a:p:11 t seV.el'al t1m$a to yield a layer 15 • 20 

ma.,/c1n.2 in weight (0.002 inches thiek) which would w1th• 
"°"Ci' I' 

etand repoa.t-ed application .of a pressure ditferenee of' one 
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a tmoaphet'e over th:$:s 7 square inch area,. Pulses were ob• 

se:rved trom. the tube,. but respons~ was highly erratic"' and 

• developed after appro;ximately 25 i"illings with 

1.L'be equipment used tor the expe:riments Gn eddy d1f• 

.fusion thus far performed, and to be used for thofSe pr>O• 

posed. ia the heat transfer apparatus of the Chemical 

Engineering de,partment.. This appars. tus is deseribed in 

detail by Ce,p-eoran, (10) ., Some of the pertinent features 

a:re discuss~d below, 

A photograph of the equipm•nt as used for this pro ... 

gram is shewn in Figure 11. In the working section., the air 

flows between two par s.llel e0ppe:v plates, in a ehannel 0,.'75 
; 

inches high, 12 3/8 1nehe$ wld.$ and 168 1n.ches in l$ngth. 

• A rectangular duet has been installed 1n the system down ... 

s t:veam o:f' the working section 1Hi> dispose of , air eontaintng 

~ad.ioaetive iodo;f"orm vapor when material transfera meaaul'.'$•· 

•nts are 1n progress, Adjacent to the oepper plate$ are 

two oil baths, which permit their te-mpe:raturee to be eon• 

t);"olle<a to within 0.005° Ft A d1rect heater pe:,.,m_1ts the 

alr temperatue to be controlled wt th the same precision •. 

'fraversing geav installed on this equipment ;perm1ts 

veloe1tiet and temperatures. to be determined,. and samples ot 
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the air to be taken a t any po.int within .the channel, Thie 

is shown in Figure 12. 

These sainple.s a1~e with.drawn through the pi tot t ube 

used fox• veloei ty mea.eftwenaent.,. which has an outside dia.rne t~l!' 

of 0,030 inch.- The position of its center--line may be 

measured to within 0,.0005 inch, A drawing of this sample 

tube, w:t t h a hot ... wire anemometer, a.s located 1n the a i r 

che..nnel• is show11 1n Figure 13. Measurements of air 

velocity, wh1eh a.z,e necessary fo:p ealculation of the eddy 

d1:f'fusivity, may be t a.ken. with e. hot-wi~e anemometer in 

addition to the p1tot tube., The uncertainty is :tn both 

ca ses 0.1 ... 0.4 ft/sec ., dep~nding on velocity. 

Portable Atutlysis Unit 

In order to w1thd~aw samples rapidly from a flowing 

gas stream and analyze them as an experiment is being per-

. fcrmed, special apparatus was oonstrueted.. A photogra ph ot 

•. the complete assembly is shown in Figure 14, 

A vraeuum system was pro'7"1ded so that e. saniple e ou. ld. 

be drawn d.ir~otly into z~n eve.cuu ted chamber around a Gei,ge:r 

counter (or group of counters) to measure 1ts i ntens ity of 

radia.ti<>n+ 

'l'he possibility of continuously drawing the gas past 

a counting chamber was eons:tdered4 but the vohtme of .flow 

necessary to achieve steady state would be ord.e:r .. of .. 
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magni t u.de l1i rger, and the sample presswe cou ld not be so 

readily controlled. 

A mercury manometer was provided tor measuremen t ot 

presaru•e within ths vacuum manifold and the e-ounting chamber. 

!n o:rder to· secure rapid, thoroagh· evaeua.tion of the system.; 

both a mercury diffusion pump and a Cenco T!yvac purap wer+$ 

installed Gn the movable bench. One novel feature of the 

appa r a tus is the nwans of cooling the dif'fus1on pump. The 

water trom the condenser :ts passed through a length of 

copper tub1ngwh1eh is soldered under the lower aluminum 

plate, pl"OV1ding sutf'ieient area to dissipate the hea t to 

the atmosphere., A Y1-T¢Leod gauge, operated by a leveling 

bulb, is attached directly to the vacuum manifold, With 

• the present 0.1gt:r eounter tubes installed., a. pressure of 

less than 1 micron was routinely obtained. 

A rotameter and. an extension of copper tubing is 

; provided to eon.neet t h e gl a. ss system with the p1tot tube ot 
\ -

•. the heat tran1;1fer apparatus• Use of the rota.meter permits 

rneasUl'ement or the r a te of with().ra.wa.1 or the samples, while 

p:r-esenting a m1nimu.m obstruction to their flow, so that the 
' velocity ot air entering the pitot tube may be kept below 

the velocity of the stream approaching the pitot tube. !b.e 

rotameter was calibrated after instnllation b7 means of a 

w♦t test mete;r. DJ plugging the end of the pitot tube the 

.entire line was eheoked and found free of va.euum lea.ks,. 



A .l.&a.d $h1e1d enclostng the Get:ger eoUttter tu:b~s, 

a counting eircui t:, and a timer eora1ected to the ·sealittg 

eireui t are insta.ll..~d. permanently en the.-upper leitel •. _ 

Th.is greup ot equ!pntent was assflmblett on a porta.b;l• 

beneh so that it could be :removed f'l"Gm the opera.ting area 

when heat tra.nef e~ :mea.su.rementa were being takelli. 

The :radloa-ctive l-odtne usecl ln this inV'etrU.gatttu 

was ob~ain.ed :f:to• the Atomic 1.1.:ne;rgy Commission ih the 
form of a t:arr1fl1' f:rte aolutiezt ot todium fodi.de bi 

distilled wat·et",. Tb.t1 20 mlllieur1e shipment-a were shipped. 

ln a.ppro~tel;:, $ t••·• ot solution.-_ 

Active iCi>d&f'.o:rm was ;prepared from this Utate:rial 

in the spec'ial isotopes laborato:ry at this Institute:., 

Th$ •ost eatisfactery -prc:>cedure devele:p$d was the ad

dition of so4lum hyJ)f>ehl.t)]rite solution ·to a mi.~ture o:t 

acetone,,. ·sodlum hyd.i;oside", carritU." s<:>dlum iodide,1 _ t:i.t1d 

the iodine - 131 s-ol.:utior..i. The equation :for the react'i9;111 

involvet\ l• 
3NaI + )BaOOl + ;Cij3COCH:3 ➔CIUf ~IH-.3NaCl+cHjC02Na 
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The quantities used in this :preparation weres 

1.00 gms. Na.I. 6.0o e.c. of 16% Na.OCl solution a.tid 

0.129 gm;s. of acetone; and 10 c.e. of distilled water. 

The sodium iodide was first weighed out into a 50 c.e. 

centrifuge tube. The radio:u~ti..-e iodine solution was 

then added, its container being washed out by means of 

the additional water. The acetone was added as a 20% 

by volume solution in water to facilitate measurement 

of the quantity used. Finally; the sodium hypochlorite 

solution wa.s introduced dro:p by drop; with mechanical 

stirring. 

The solid iodof'orm was precipitated immediately 

during this la.st addition, and separated from the super .. 

natant liquid by centrifuging and dec~nting. Ten c.c. 

of absolute alcohol were added• and the cent:cifuge tube 

was heated in a water bath to dissolve the precipi t?, te. 

This iodoform was then recrystallizea from the solu~ion 

by cooling in dry ice-acetone mixture. Measurement of 

the radiation from this precipitate by means of the 

Chemistry Department radtation monitor indicated 60-?0% 

recovery of the iodine• 131, the quantity varying 

slightly from one preparation to the next. 
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Attempts were D'.!a,de to synthesize the iodoform 

using -potassium pen•sulfate as an oxiding a.gent, instead 

of sodium hypoehlorite, and also by means o:f an elec

trolytic method. lil"ei ther of these :proved satia:factory. 

The deposition of a uniform coating of iodo:form 

on the lower copper plate offered certain inherent 

difficulties. As previously mentioned, the height o:f 

the air channel above this :plate is only o.75 inch. 

It was originally intended to attach a. metal 

dam to this surface in order to hold a solution of 

iodo:fo:rm in an organie solvent over the area wh-ile 

the liquid evaporated. E:xperiments on this technique 

showed that a satisfactory coating could be produced. 

However, it was discovered that the a.ir channel 

deviated sufficiently from a horizontal plane to 

cause the evaporation solution to run entirely to 

one edge of t he area and produce uneven precipitation. 

Coatings p:roduced by spraying solutions of 

iodo:form in alcohol and acetone proved to be quite 

uniform in appearance. A sprayer which eould be used 

in the restricted space available was co:nstructed. 
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A section of' l/16 inch stainless steel tubing was 

silver soldered to a 3 :foot length of 3/8 inch 

brass tubing closed at one end. A l/16 inch hole 

was drilled in the large tubing at the end J;Oint 

of the small tube. The sprayer was used by in ... 

serting the free end o:f the stainless steel tube 

into a centrifuge tube containing iodoform solu.;; 

tion1 and blowing air through the 1/16 inch hole• 

thereby drawing up and. dispersing the liquid. 

The portion of the air channel not sprayed was 

masked off with kraft pa.per. 

The writer and other workers in this labora

tory originally feared that the lower cop:per plate 

of the heat transfer apparatus might be corroded 

by the iodofo:rm to be eoated on the surface. Re

peated tests ort a sample copper sheet demionstrated 

that no corrosion was produced when iodo:form which 

had been freshly prepared or rec~rstallized was 

used. 

Discussion 

.AtteF the second unsuccessful attempt to ob ... 

ta.in measurements of iocloform. conoentration in 

the air channel• a list of :possible ex.plana.tione 

:for the la.ck of results was examined. Since the 
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Geiger counter tubes were tested immedia.taly

before and after the run, they are assumed to 

have been opera.ting. Previously• many tests 

had been made in which iodof'orm samples were 

drawn into a counter from a bottle conta ining 

solid iod0torm. 1'To evidence of loss of' the 

iodof'orm in the sam:;::,ling lines was found. 

The fact that most of the radioactive 

iodine arriving at the institute from the 

Atomic Ene:t"gy- Commission reached the heat 

transfer a]):pa.ratus had been verified on the 

:previous run by use of a laboratory monitor. 

Measureme.nts were ma.de a round the apparatus 

after the last run with an ex:posed Geiger 

tube from the assembly shown in Figure 3. 

Only a very small fraction o:f the radia

tion which originally had been present re ... 

ma:i.ned.. Thi& verified the a.ssum:ption that 

the radioactivity left the area on which it 

was deposited while the air stream was flowing. 

The number o;f disinte_grations per unit 

volume ¢fair wilich would have been obtained 

if the iodoform had evaporated was ca.loulated. 

The counting rate which was expected at this 
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concentration of' radioactive vapor was calculated 

from the ef:ficiency previously estima ted :for this 

counter. The result wa s greater than the obser ... 

ved counting rate by a factor of more than 100. 

It was then concluded that the iodoform had 

blown away, instead of evaporating. 
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Concentration. lbs/rt3 

Di.ff'usio:a coeffic ient , r t 9/sec 

Fr r,ction of ra.diRtion for e.ir sample renching e.xteriol" 
of sensitive portion of Geiger eou.nter 

Length ot sensitive section of Geiger tube 

Length of jacket of Geiger tube 

Rate or material transfer, lba/ft2sec 

Inner rad1ua of annular sample chamber 

Outtr radius of annular aStmple chamber 

Edd7 d.itrustvity. :rt2/seo 
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Ru.n I 
Sho,vn in Figw:,e 

Counts Sample 
Per Second Pressure 

o.9e 0 

7~73 45,1 

a.38 9. 6 

5f47 ms,5 

6,91 33.6 

a.~o 41.3 

4.68 19'!8 

s.39 40.9 

5,28 ts.s 
3.59 14jj3 

2.41 a.1 

5tG4 29~4 

s,99 32.2 

5.4$ !6 7 ~ 

3.oe lli.o6 

l,63 7,5 

o.75 0 

5.49 2.57 

83 

TABLE l 

Run II 
Shmvn in Figure 

Counts Se.mpl$ 
Per sco1.d PreSS'l:U'."~ 

o.ss9 0 

2,89 18.33 

0.610 0 

8,01 53,6 

4 .52 29.7 

0,-645 0 

9.15 Ba.a 
s.07 38.2 

6.09 37.3 

s.n 55 .. G 

8,.06 49.,9 

4.ao as.1 
7.95 52'!4 

4 '..51 24•8 

0-.678 0 

7 •• ,o 45t5 

l.94 s.e 
7.65 46.1 

7.99 47.7 

2.,0 15.i 
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Figure a 
Aluminum Geiger eounter tubes 

iia stainLes:s steel chamber 
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Jt"lgan 3 

E)q)lode.d vi eig- of aluminum Geiger 
,c-&unt.e:-e a .'SS0ln'bly 
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Figur,e 4 

G.eig-e.r eo.unter tube ferr 
intema.1 gas sample 
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Figure l.2 

Traversing geaY 
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I 
I 

I 

Figure 13 

Sa.mp.ling tube and hot wire anemometer 
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Figure 14 

Portable analysis unit 
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APP.EN.DIX I 

G(f3neral Differential Equa.t i o:na · ot' Thermal Transfer 

Equations a.re derived in this secti·on. t<;>r two

dimension~l the::a.nal transfer ill Cartesian coordinates 

an~ eyJ.indrica l cocrdine,tes. 

below. 

." 

. . 

element o·f fluid a s show.n 

I 
I 
I 
I 
I 

✓- - - --
/ · 

,I 

The ?'ate at which e11e1'gy enters they .. ~ faee of 
. . . 

the eu:be. due to eddy and molecula r conduetio·n is 

c,. ~ (K+~)~ ~1! ~ JJ£ 0 . 
The n:te at which. enex;gy_ enters this fa-ee o:f the cube 

due to mo.t,ion of the fl:,uid is 

~?J (Hr)~dr 
13,J tneari,$ of a a.imila r consideration o:t· energy transfer 

through t he other f ac e s of" t he: cube ., the r a te of aeeumu• 

lat ion, -ef e:rie~y wi t.hin the .element. i e to,und to 'b~ 

In e-pite of the f aet .that the sveeific volume o:f 
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the fluid may change with conditions, the rate of energy 

accumulation is al.se equal to 

J't • ~-c 1 
[

d{K+E.c.~laT. ~K1-{J7"f-+- ;J(M_t11al.;;J~1Ha) J.~~ cl~ 
a--,:., -,. ;; ~ cpo- -a~ ,c-,a-a41 7r a 

Com'b:i.:nation of' these expressio1rn yi€lds the result 

I 

I 
I 
I 
L----- -

I , 

The r a te of conducti on of energy i nto t he cube th rough 

the f a ce in t h e r- l..p plane is 

The r a te of energy movement into the ele.'llent due to the 

fluid velocity at this poi nt is 

-AA~ (Ho-)-;-- ~ .-y-e,( ~ 
'fh e r a t e of energy tran s:fe:r into t h e c ub e 1.:,y cond.uction 

in t h e r direction (tr.trough the r..-,c face) is 

Cr o- (l<-f-tc,)-r (15) d~ n- J 1/J 
And the movement into the element by ;mE;m,ns of the flui 1 « s 
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v·elocity in tJ:ae 1t direct:lon is equal to 

Combining all the se expressions.,. we find the general dif.,.. 

ferential equation to be 

[rr(~+~J,r~] c)[(K"-t<-•),/~]}_ J(rr!lcr,U.,.r)_ d{"f'"H<rAl,J _ 'Y"~/-/(J 

orr + « d"K-, J O/'f"" arJ.,. - a e 

Let us assume the fluid to be i.ncor.rpres:d ble,, with enthalpy 

ind.e;Pendetit of pressure.. and with Gp inde};lendent 0f temper• 

ature,. Our equation f'or rectangular coordinates then t akes 

the f'orm 

And in cylindricaJ. cooli"dinates 1 the result is 

J[,,-CK+cJ~itl a[(Kt-Ec.2 ~] ;J("YM,rt) Jt J"t 
Jrr +rr a! - atY ~~=rr5e 

Whe:r.t this equation is a.pplied under eteady ate,te a-ondi tions 

(that is t jt: 0) 1 where veloeity in the radial direction 

may be neglected-• as inside tubes or in most axially sym

metrical. jets, equation (35) of Pa::c,t I is obta ined. If the 

further simplifiea tion tha t the eddy conductivity in the 

x, or axial direction is applied, equa.t:i.ons(l7) and (36) of 

Pa 1':'t I, which ar-e identical,. result. 
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Propositions submitted by Rodman Jenkins 

.n. Oral Examination, Au.gust 26, 1949, I:00 P. M., Crellin Conference Room. 

mmittee: Professors Sage (Chairman), I;i.acey, Lucas, Pauling, Schomakerj Yost. 

emical Engineering 

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

2. The application of Eyring's theorJ of viscous flow to the correlation 
the viscosities of fluids at high pressures, particularly near the critical 

gion, should be investigated. Thermodynamic data on such fluids may be used 

calcu.la.te values 0£ th~ internal pressures 'i'h:i_s fflt1y' be combined m..th equ
Lons of Ewell and Eyring, (1), to flna values of viscosity. 

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

4. By using a eutectic mixture of sodium nitrate, sodium nitrite, and 
~assium nitrate as a medium for temperature control, a pressure-volume
nperature cell for use at temperatures up to l000°F could be constructed 

rnEzSt;ry 

6. The continuous transition between metallic and non-metallic liquids may 
illustrated by an experimental study of the viscosity of solutions of alkali 

;als in liquid ammonia~ 

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

8. Relative concentrations of radioactive materials emitting~ and y 
rs may be measured by means of one or more cylindrical Geiger counters sealed 
;o a gas sample chamber. 

ihanical Engineering 

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

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