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GHAPTEfl I 

IMTIDDUGTICN 

Purpose of the Investigation 

Scientific investigators have, over a period of many years, contri­

buted substantial theoretical and eroerinentel inforaation concerninc the 

heat transfer, temperature distribution, boundary layer and eddy for*iation 

for floT/ of fluids nor.nal to cylinders, I'misever, for the most part, ex­

perimental studies dealing ifith the best transfer between cylinders and 

liquids have been made for the case of heat transfer xtithout chanpe in 

phase of the liquid, th.'̂ t is, iiithout boilinf. 

In recent 7/ears the boilin- •nhonoinenon itself has received consider­

able attention„ fiesults of heot transfer from x'drea i-'jith free-convection 

surface boiling have been reported, and R mraber of investigations dealing 

T.dth heat transfer for subcooled liquids passinf throuph inside of cylinders 

or annuli of concentric cj-linders have also been carried out, to mention 

only a fe-yj- tjrpes of boiling studies, itesearch in this area continues. 

Nevertheless, the information ref'arding forced-convection surface-

boilini' heat transfer for flow norraal to -.Tires is still extremely meaf;ero 

Thj s lack of detailed i.nf or.aation constitutes s laajor handicap to engineers 

dosigninp apparatus of limited siae for hoot transfer at very high rates 

of flux; such information 3 s especially needed, for exa"iple, in the design 

of certain tjines of "bo3linp--;ater" reectors, in which rod-tj'pe arrays sug-

f;est themselves as possibl"^ fuel-element c on.'if aw et ions. 

It is the purpose of this immstip-ptj on to obtpin sxrî riraent'-l data for 

heat trnnsfer froiri heat'-̂ d rires or rods nor-iiil to --'ster flotT, rilth and 

rdthout chnnjjp of phrse fxnd up to the limit of burnouto A heated r.ire may. 

1 



in certain designs, simulate the solid fuel elements in a nuclear reactori 

moreover, information obtained mth a single rod is of fundamental iinpor-

tance, and it provides a point of departure for experments &nd analyses 

dealing with wire assemblies of various sorts. As such, the research re­

ported herein iiay be considered as an initial step toTiard the understanding 

of the complex problem of heat transfer with change of phase in an assembly 

of wires (or fuel rods). 

Scope of the Work 

This research, experimental in nature, deals mdth forced-convection 

non-boiling and surface-boilinj^ heat transfer from an electrically heated 

l/8-ina OD by lO-in. lonf Chromax wire to subcooled water flomnp normal 

to it mth emphasis on the follo?/ing items t 

1) correlation of the convective heat-transfer coefficient, •relocity, 

and fluid properties (teinperature influence) for the case of heat 

transfer without change in phase and the riven normal flow g'eometry, 

2) influence of the degree of subcooling and velocity on the rate 

of heat transfer with change of phase, 

3) correlation of heat flux density, velocity and degree of sub-

cooling at burnout xfith zero quality, and 

ii.) photographic study of the boiling phenomenon. 

The variables employed in this stud̂ / range as follows? 

1) mean velocitys 1 to 6,8 ft/sec, 

2) system pressures l5 to 30 psia. 

These items involve onlj so-called "local* or "partial" boilings 
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3) degree of subcoolingi iiO to 160 F (this smallest value cor-

responds to s bulk water teaiperature of 180*F), and 

o 
h) heat fluxs up to 3,750,000 B/hr ft , corresponding to a poifer 

input of 30 kva at a heated wire. 

The test Td.res were centrally located in a 6-5/fi-in. by 10-in. test 

channel with their long dimension oriented across the 10-in» channel mdth. 

In addition to the experiments falling under the scope outlined above, 

some nreliminary experiments dealing mth the heat transfer and burnout 

charpcteristics of extreael"".' simple matrix arrays vmre carried out« They 

ere reported In Appendix B. 

Some auxiliary experiments, performed mth l/8-in. OB Type 30h stain­

less steel tubes, m-ere also carried out in order to provide data on boiling 

heat transfer using a different met'sl and, mainly, using different technique 

to measure the siirface teaperature« These experiments are reported in 

Appendix C. 

Brief Review of Belated Studies 

Only literature more or less directly related to this study are intro­

duced here, and no atbeapt is made to cover in a comprehensive manner the 

rather large literature dealing T/ith the general problem of heat transfer 

in s-urface boiling„ Although this study involves heat transfer by forced-

convectjon surface boilinf̂ , a fê / papers on free-convection surface-boiling 

heat transfer are also cited| these cover the main historical developments 

and the techniques for measurinp surface temperatures of the heatinf̂  elements» 

These items involve onlj so-called "local" or "partial" boilin?^. 

The reader already acquainted w3.th the main literature on the subject 
of boiling cSn proceed at once to Chapter II, page l5. 



Jakob and Fritz (1) investicated boiling heat transfer by employing 

a hori55ontal copper heating element of lO-cm diameter, heated electrically, 

and housed in a double-T/alled boiler. l»indows were provided for visual 

observation snd photogrfl'''hy« with this experimental arrangement they 

studied the influence of tho roughness of, a.nd the gas absorbed at, the 

heater surface, and also the effect of the length of immersion time. They 

presented their results by plotting flux density q" and heat transfer co­

efficient h versus temperature excess At ,. Biploying the theory of 

capillarity, they also observed that there are three fundamental tjmes of 

bubbles, classified according to whether they form on an uniretted surface, 

on a T̂ artially i-zetted surface, or on a totally wetted surface* The tem­

perature variation of bulk iirater T/as carefully measured l)y a movable 

thermocouple in order to investigate the heat transfer from the bulk water 

to the risjng bubbles. Because of the limit of hert input to the electric 

heater, they could only obta3„n heat fixer up to lii,720 B/hr ft . 

Jakob and Linke (2,3) performed experiments vrjth a vertical heating 

surface. They improved their original apparatus snd increased its aoximuni 

heat flux to 73,cOO B/hr ft . As a result of their work, they rroposed a 

correlation of the formj 

i«W = c(i:̂ ^ ' M^^f (1) 

Y/here C represents a conste-nt depending on the cond5.tions of the heater 

surface. The? found that n = l/k for vertical surfaces and n = 3/h for 

horizontal surfaceso These values were substontiatod through the use of 

Schlieren photography, through which it ?ms observed that the convection 

Humbers in parentheses refer to Bibliography ab the end of this 
report* 
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flow neoT a vertical besting surface wrs always Inminpr T.'ĥ reas it was 

invariably turbulent on s horison'""! h-̂ f̂̂t.-̂d surface« Still nhotographs 

and motion nictur^s •̂;?̂'e used to deteriijne th--̂  r-'-ite of rror-th of bubbles, 

bubble rise velocitr snd other char'cterlstjcsc I<i"equency Oi" bubble 

generation was also mer.sured stroboscopicslly using e rot-̂ tj ng disk and 

lamp, 

Cryder nnd Gilliland (h) studied free-convection surface-boiling heat 

transfer from an eloctricallj- heated loOii-ino OD brass tube to saturated 

water and severe other organic liquids« Bi'aso disks were silver-soldered 

to the ends of the tube inside of which the heating element, made of AUG 

lo. 22 Hichrome m r e , was housedo The surface temperature ifas measured 

by raeans of five Chromel-copper ther;aocouplps silver-soldered on the test 

surface and at the ends of the units,, The;' reported that a maxi-mum heat 

p 
flux density of 2ii,000 lyjir ft was attained,. Heat transfer coefficients 

in the nucleate boiling region were ejqiressed as varying ?,dth te'.'-ipera-

ture excess A-& to the 2oii poFjero 

Ilukiyama (5).; in a classic study, W8S probably the first to obtain 

the conpletR he.?t flux q" vei'sus temperature excess At_^ , curve show-
sat/ 

ing the four distinct regions of herit transfer, that is, that hy free con­

vection, that b^ Rucle.-'te boiling, thsd", by parti.'il film boiling and that 

by I'adiotion through t!ie vanor film blanketing the heating surface» He 

submerged platinum wires 20-aa long and O,lij-to Ook-ram. in diameter in a 

pool of saturr^ted water at atmospheric rressuro ̂  The test I'dre was intro­

duced in a branch of a "wher-tstoj'.'s electric bridf/", and t:i9 relation of its 

temperrture to the re-jding of the bridge was caMbrated beforehand with a 

small ctirrcnt from a batter; » The Td.re i:as heated witli direct currento 

First he observed that when heat flux reached a maxi-au'ii at a temperature 
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excess equal to iiO*C, the I'dre melted» Then, through the manipulation of 

the external r e s i s t ance of bh3 c i r c u i t , he succeeded in obtaining, beyond 

the heat f lux of burnout, v minimum heat flux a t a higher temperature dif­

ference between the T/ire surface and the water. Beyond th j s poin t , further 

increase in heat input resul ted in rapid increase of Tjire te . .pera ture | a t 

t h i s s ta te the mdre was seen glomng b r igh t ly in the water« He also pe r ­

formed experiments with an e l e c t r i c a l l y heated copper disk of lO-mm d ia ­

meter. The r e s u l t s obtained are similar t o those from platinum wires» 

Drew and Mueller (6) experimentell;- obt'-'ined a complete boi l ing curve 

similar to tha t of Eukiyama. Their heobing element, made of a l/i i-in» ID 

by l / 2 - i n , OD looned r i p e , Tjas placed in a f lu id held in a sealed f l a sk . 

Steam oassing and condensing inside the pipe served as a h'^ating medium. 

The use of condensing steam in coniimction with hylrocsrbon f lu ids per ­

mitted the esperimenbs to be carr ied out beyond the point of burnout for 

the usual e l e c t r i c heater and a l l a t ed for tlie opart t ion in the region of 

filiu bo i l ing . From the r e s u l t s of t he i r experiments with vorious organic 

substances they plot ted the curves of heot flux q" versus toaperature 

excess A t . and t he i r correlation,, 

Cryder and Finalborgo (7) invest igated frep-convection heat t r ans fe r 

from an e l e c t r i c a l l y heated l - l / 2 - i n . OD by 1-in. ID brass tube to saturated 

water and seven other l iqu ids at pressures below atmospheric, A res i s tance 

m r e , comprising the heater , was inser ted in the inside of the tu.be # i i c h , 

in tu rn , was mounted by f i t t i n g i t to a 6- in . OD by l 6 - i n , high brass 

b o i l e r . The bo i le r was closed at both ends with brass p l a t e s and i t was 

lagged with 2 - l / 2 - i n . magnesia-asbestos. The outer siirfsce temperature 

of the heater iias obtoined by severol Al'G llo, 2f copper-Copel thermocouple 

wires spot-T/elded to the surface. They repoi'ted tha t from thp i r preliminary 

http://tu.be


7 

measurements various mothods for nttacliiiig the t ermocouple m r e s t o the 

surface indicated negligible differences in r e s u l t s . They found t h a t in 

the nucleate boi l ing r--gion the h« ' t trons. 'er coefficient veried with 

tenperab'ure excess A t . to the one-fourth power which confirmed the 

findings of Jakob (2) , 

Akin and IcAdams (8) determined free-convoction heat t ransfe r coef f i c i ­

ents from a single horizontal steam-heated 3/il-in» nickel-plated copper 

tube to water and three alcohols boi l ing at atmospheric pressure and under 

vscuumo They also ver i f ied experimentolly t h a t the heat f lux wenb through 

a masdmum value as the tempera.ture difference ims increased. Film boi l ing 

occurred at the large temDerature differences beyond the hump in the 

2 curve. At atmospheric nrpssur-e a Biaximun he"t f lux 360,000 B/hr f t for 

d i s t i l l e d T.-ater was obtBired, Ap-nroximately the same maximum h^at f lux 

wfs PISO found ?dth tap water boil ing on a scaled tub^, except ab r higher 

teimerature d i f ference . 

Akin ind McAdsms developed a special tliermocouple techniqiie to measure 

the siirface temperature» Their coi'structi on ras ss followsi a 0,026-in» 

hole was d r i l l ed in tho tube wal l , ^-dth the closed end alxaost s t the 

outer surface of the tube» A si>irle I¥«G 30 consttmtan wire, soiled in a 

fycex tube except for the t i p of the wire , cas then inser ted and t i a -

soldered so tha t the hot junction -..-as almost a t the surface» 

Farber and Scorah (?) studied heat t ransfer to r.'ater boi l ing in a 

pool at d i f ferent pressures "rom four d i f fe ren t wi res , namely, n icke l , 

bun'-stpn, Chromel A and Chronel C. All of t h e i r mdres were 6 i r , long 

Tnd 0,0)4 in. in dietieter, heotod e lec t r i cp l lyo To mersurp the surface 

tPBinPrsture of the wire they Tslded an AIG 28 Chromel-Alumel thermocouple 

on thp surfnce, and f ' ey also em-nloyed a p;'T0Biet'"'r for t h i s pumosc. Both 
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a-c and d-c poirer were used to heat the mres and they reported that no 

difference yras detected in r-̂ suits obtained^ The shape of the boiling 

curves they obtoined was similar to that by Kukiyama, They found that 

at the same pressure, different metsls gave different numerical values 

for the boiling ciu*ve| at different pressures, the sarae metal gave dif­

ferent numerical values for the boiling curve. However, the shape of 

the boiling curve remained the same» 

Knowles (10) employed downflow of subcooled tap water in an annulus 

containing centrally located stainless steel tubes, 1/C in. and I/I4 in. 

in diameter, rdth length hydraulic-diameter ratio varying from 7»6 to 

611^3' Alternating current was used to heat the tubes. The outside sur­

face temperature of the heated tube was calculated froa the electrical 

energy dissipated in the tube and the temperature registered by a movable 

copper-constantan thermocouple. Knowles obtained maximum heat flux density 

2,300,000 B/hr ft^ at a velocity of 10 ft/sec. He also found surface-

boiling to increase the heat-transfer coefficient to over four times the 

vilue nredicted for non-boiling conditions. 

McAdsms and co-Tiorkers (11) obtained data for water boiling in a 

pool at atmospheric pressure on horizontal platinum wires ranging in dia­

meters from OoOOli to 0„02i4 in, heated with direct current from a J4 to 

iiO-volt storage battery. The platinxm ?dre served both as the heat-

transfer surface and as a resistance thermometer. Corrections for radial 

teiperature gradient were also made in this study, in a manner similar to 

that of Knowles (10). 

They reported that at a given temperature At . wire size has a 

substantial effect on the heat flux in the region of free convection 

(At from h to l5'F). In the rf-gion of film boiling (At . from 
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1350*F to 2350®F) the heat f lux was found to be inversely orouortional to 

the square root of the dia.fteber of the wire . In the region of nucleate 

boi l inf ( A t . from 17 to li2°F), diameter has l i t t l e e f fec t . They also 
S S u 

reported tha t in the range of nucle^^ N boiling^ experiments made with a 

d i r t y 0,0117-in. platinum ?dre showed the maximum he!»t flux density/ to 
p 2 

increase from ii00,000 P/hr f t a t 1 atmosrhere to 2,00i',000 B/hr f t a t 

£'3 atmospheres. 

Ho complete boi l ing curve, such r-s thab found by Hulcij/ama, was r e ­

ported by McAdPias' groxxp. 

McAda/fis and co-workers (12) in a subsequent study investij 'ated host 

t ransfer at hirh heat flux densi ty j'rom a heated surface to degassed d i s ­

t i l l e d water flo?ri.ng upward through en annulus of a v e r t i c s l g lass tube 

containing a cent ra l ly located hea-^er of l / l i - in . OD Type 30I4 stc-inless 

s t ee l tube, wlii ch was heoted T.dth d i rec t current . The outer wall tempera­

ture was calculated from uniform heat generation with constnnt f'^ermal 

conductivity and constant -electrical r e s i s t i v i t y and inner wall tenipera-

tiU'e which were recorded by several iron-constantan thermocouples plsced 

inside the heated tube et sn equal specing. The length of th^ heater 

enmloyed wis 3^75 '='nd l l o 5 i n . vd.th equivalent hydraulic diameters 0^17, 

OjiP and 0.5i4 ir>. 

They reported excellent r -^cdts on surfac'=> boil ing with quan t i t r t ive 

r e l a t ions amt̂ ng hv't flux densit ; ' , to. nerature differ'=^ncP', -nressur^, 

degree oi' subcooling, water velocity ond geometry of the flow rath^ p r e s ­

sures ranged from 30 to SO ps ia ond th'^' degree of subcooling from 20 to 

150*F, while the veloci ty was v r i n d from 1 to 12 f t / s e e . They correleted 

t h e i r data for boi l ing pnd wire nurnouts by the dimensional equatioiiss 
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q" = C(At^^^)^'^'^ (2) 

q^ = (ii00,000 + Ii800 - Atg^^) ¥^/^ (3) 

where ¥ is velocity in ft/sec. 

Kreith and Summerfield (13) investigated heat transfer to subcooled 

distilled water from both horizontal and vertical, Type 30I4 stainless 

stof̂ l tubes, 1/2 in. in diameter, and 17 and 3^ in, in length, heated 

Tdth alternating curront. The inner tube wall terperature T-as calculated 

from heit flia density and the outer well tempereture recordî d̂ using 

0«005-in, OD iron-constantan theriiiocourl'̂ s snot-welded on the surface. 

Tho7/ -plotted th^ir results for the verbic-̂ l tnl̂ e in the usual manner, 

?dth hes't flux density q" versus temperature excess At , and with 

curves for several orpssures ranging from 16 to 200 psia. Each curve for 

a given pressure showed s grcdual transition. This shifting was attri­

buted to the effect of total pressure because a constant degree of sub­

cooling was not maintained. 

Comparison of forced-convecbion heat transfer Tdthi and Tdthout sur­

face boiling was also made for velocities in the range of 6 to 12 ft/sec 

and pressures of 30, 100, and 200 psiao Under non-boiling conditions 

the data were closely correlated by the equation of Dittus and Boelter 

(lit). Under surface-boiling conditi ons, a large increase in heat flux 

only resulted in a minor increase in wall temperature. At the same 

pressure the curve of high velocity shifted toi?ard that of low velocity. 

The velocity employed in this study ranged from 6 to 13 ft/sec and 

maximum heat fltix obtained vr&s I,ii50j000 B/hr ft . Burnout data were re­

ported only for one run9 
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Gunther (15) studi'^d surfoce-boilin- %'dth high-speed photography (up 

to 20,000 frsmes p^r second) by eirculatsng dpg^ssod, d i s t i l l e d water 

throu-h p t ransparent channel of r'^ctrngnla-- cross -section, 3/l6-ino by 

1/2-in, by 6 i n . A l /C- in , idde b;- LoOOii-in, thick n e t ' 1 s t r i p was sus-

p<=nded lengthrdse to divide the channel in to two passagesj i t was heated 

"dth d i r ec t curront . The pictui'i^s sliOwed thiat vdth low degrees of l iqu id 

subcooling the bubbles 'Ictachod from tho surface and condensed in the 

streom but a t high degrees of l iqu id subcooling thoy remained attached 

to the surfece grordng and colla'-^si ng. 

He also showed tha t the essen t ia l feature of bubble fortiatxon in 

nucleate boil ing was the intense o sc i l l a t i on in the laminar sulslayer im-

mpdistely next to the heater surface induced by the growth end collppse^ 

The bubble groT.th find collapse caused en a g i t i t i o n ?jhich eff-^^ctively 

destroyf^d th«> laminar sublayer rdth a r e su l t ing incra'-se in 1-eat t r s n s f e r . 

He nlso corrf^la ^ -̂d, within a maximum deviation of 27 per cent , the 

r e s u l t s of th1rty~pight experiments on burncut, T.ath pressures ran^-ing 

from l lu7 to l61i ^ s i ? , v i l o c i t i o s from 5 to hi. ft/see_ degree of sub­

cooling from 22 to 2P2 F and hnrt flux densibips from li2C,C00 to l l , i |00,000 

B/hr f t o The corre lot in^ equDtion ws as folloTrsj 

q«0 = 7000 V^-/2 At^^^ (il) 

Buchberg ?nd co-Tiorkers (16) euploy^d upTard v e r t i c a l flow of sub­

cooled de-aeratod pnd degassed, d i s t i l l e d xmter through the inside of a 

l / i i - in . OD by 25-xn, long Tjiio jhl s t a in l e s s s t ee l tube lie^it'd ra th d i -

recb current . The inner wall t^ iperabure was calculated from heat energy 

diss ipatpd, thermal conductivity of the tub", and teuppr-vbure recorded by 

Chromel-Alumel theruocouplos snot--, elded on the outer sur f"ce . The 



variables ranged mth pressiire up to 25J00 psia, mass velocity up to 

770,000 Ib/hr ft , water temperature up to 650*F and heat flux density 

up to 3,800,000 B/hr ft^» 

Their results for non-boiling heat transfer could be correlated 

lu/ithin 12 per cent using the equation of Golburn (17)» 

They foimd that the iimer wall temperature was independent of mass 

velocity ond heat flux for pressures above approxiiaately 1000 psia, but 

a trend indicating a small increase in surfsce temperature with increas­

ing heat flux was observed for pressures below 1000 psia. The presence 

of nitrogen in the water (up to 900 cc/liter at fflOO psia and 110 cc/liter 

at 500 psia) wss foimd to have no significant effect on tube wall tempera­

ture during fully established surface boilings 

A correlation for burnout was also reported. 

Similar to the work reported by Buchberg, et al (16), Rohsenow and 

Clark (18) also eiiployed upward flow of de-aerated, distilled water through 

a 0sl805-"in, ID by 9<.i4~in. long nickel tube heated wdth direct current. 

Variables in their study covered heat flux up to 3,500,000 B/hr ft , 

inlet velocities up to 30 ft/sec, presstires up to 2)00 psia and liquid 

subcooling between 50^F and 250*?, The tesf̂ erature of the inner tube 

wall was calculated from measuroiaents of the outer wall tenperature, the 

electric current and the geometrical and physical properties of the nickel 

tube. The outer ¥/all teaperature of the tube was measured bj' Chromel-

constanten thermocouples T̂ Tapped around and electrically insulated from 

the tube wall by a small sheet of 0^0015~ino tMck mica. Guard heaters 
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rmre also provided to ascertain the true tube well temperature recorded 

by the thermocouples. 

The corre la t ion of t h e i r r e s u l t s of non-boiling heat t ransfer was 

beloTf Colburn's equation (17) by about 17 per cent . In boil ing region 

they reported t ha t at higher presstires l e s s wall superheat existed a t a 

given ra te of heat t ransfer , and at higher heat t ransfer ra tes decreased 

the effect of ve loci ty which were reported by previous inves t iga tors 

(10,12,13). 

Jens and Lottes (19) siJiame.rized the work reported by Buchberg, e t 

a l (16) and Rohseno?f and Clark (18) on surface boi l ing of water f lomng 

upirrard in a v e r t i c s l e l e c t r i c a l l y heated tube of s t a in less s t ee l and 

nickel<, The data Tv-cre correlated bj? the diniensionsl equations 

' s a t ^p/ 

wliere p i s bhe absolute pressure in p s i a . The burnout heat f lux r/as 

correlated within + 25 per cent by the dimensional equationi 

t...=imp (6) 

^W - ^°'' - ° [-^T (̂ *sub) 0.22 („ 
-10 

As pressure increased from 1000 to fflOO ps ia the average value of G 

decreased from 0*76 to Oo50 and m increased from Oc,27 t o Oa50, 

Lowdenailk and co-workers (20) studied burnout heat t ransfe r by em™ 

plojdng upward flow of d i s t i l l e d wpter through Ool2, O.O67, and 0,0l;0-

i n , ID s t i i n l e s s s t ee l tubes he'sbed with a l t e rna t ing current , Ifeasure-

ments were ai'̂ de for r-sng '̂S of v e l o c i t i e s f r m 0,1 to 19 f t / s e c , pressures 

from ctraospheric to 2000 Ps ia , length dianieter r c t i o of 25, 37^5, end 50, 

i n l e t subcooling from zero t o itOO'F and laaxiiaura ho-t fluxes fron 2P,000 

B/hr f t to 6,110,000 B/hr f t ^ , but no corre la t ion was repor ted. 
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Dingee and co-workers (21) performed f̂ 3cperimental study of burnont 

heat transfer to distilled -•.'?5.ter flofjing in a rectanpular Zircaloy chan-

nelj Oa087-in. by l-in« in cros& secbion and 12-1/16 in. long, heated 

•with alternating current. The tests ?/ere performed at an ambient pres­

sure of »00 psia and at flow rates from about 200,000 Ib/hr ft^ to 

500j,000 Ib/hr ft . Qualitative burnout data were obtained for two inlet 

subcoolingSj 10 and 60*F, MaxirnxBii heat flux obtained was 6ii35000 B/hr ft . 

lo correlation iras reported» 



CMPTES I I 

SUfJMRI OF RESULTS 

The exper imenta l work r e p o r t e d h e r e i n covers the r e s u l t s of f o r c e d -

convect ion non -bo i l i ng and s u r f a c e - b o i l i n p hea t t r a n s f e r ^ hea t f l ux a t 

burnout^ snd q u a l i t a t i v e r e s i j l t s of some photograDhic s t u d i e s . The 

p r i n c i p a l r e s u l t s a re sumittarized below according t o the above c l a s s i f i ­

c a t i o n s . 

I t may be only mentioned here t h a t surface t empera tu res of t h e 

hea ted Tiire were measured m t h thermocouples c a r e f u l l y s i l v e r - s o l d e r e d 

t o the wire surface^ and the observed teraoera tures w*=re c o r r e c t e d f o r t h e 

e r r o r due t o conduc t ion . D e t a i l s of t h e technique a s we l l as o t h e r d i s ­

cuss ion r e l a t i n g t o t empera ture measurement of the m r e a re p r e s e n t e d 

l a t e r . 

Forced-convect ion Non-boi l ing Heat Trans fe r I t e su l t s 

The r e s u l t s of non -bo i l i ng hea t t r a n s f e r from hea ted m r e s under 

normal f low obta ined a t d i f f e r e n t hea t f l u x d e n s i t i e s , , namely^ O0O86O x 

10°^ 0.1383 X 1 0 ° , and O.I786 x 10^ B/hr f t^5 each for v e l o c i t i e s of 1^ 

2j 3s h$ 5., and 608 f t / s e c and a t c o n s t a n t i t a te r t empera ture of 85'^F, 

are l i s t e d i n Tes t No, 1^ Appendix E« They a r e p l o t t e d i n Figo 1 m t h 

hea t f l u x q" as a f u n c t i o n of t h e d i f f e r e n c e betTieen t h e su r face tem­

p e r a t u r e and t h e bulk water t empera ture ( t - t )« 

F igure 1 shows c l e a r l y t h e p r o p o r t i o n a l i t y between log q" and 

log" ( t - t ) f o r any given f l u i d v e l o c i t y imder n o n - b o i l i n g c o n d i t i o n s . 

The s lopes of t h e r e p r e s e n t a t i v e l i n e s , , drarm through t h e da ta f o r each 

v e l o c i t y , ranpe from, j u s t about u n i t y a t a f low v e l o c i t y of 6«8 f t / s e c 

t o approximately 1»25 fo r a floTif ve loc i t j ^ of 1 f t / s e c j i n c r e a s i n g 

15 
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1.5 2 4 5 6 7 8 io2 

tg - t •#» 

Fig^ 1 Heat Flmt versus Tomporature Difference 
of Non-Boiling Heat Transfer 
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p r o p r e s s i ^ c i y fi-.-ch de j . :fa.s7- v f'x'.'i 5 .cSc' lii tiie J twest speeds,) and psr -

t i cu l a r j -y a t _ fb/i.f-Sj th^ (!.:,>ei a--'' ~ -,:< -h ' "i'̂  ; i u t r a t e q ' on about 

t h e lo25 poifer of the- Vi.ta.'ersxnAy .0 "1"=-''/:c. h?nj,c«^A th«^ sur face and t h e 

bulk waber sufPe^s"'.s su..^ . rflua-n-.c ux" J r fe coni/ecnoi'i e f f e c t s consxder ing 

t h a t t he coe f f^c ipn t of convect.!'*e 'le'^t sTanbfor i s seen t o depend on 

about the one four"h noner of 'oiie *:erra-rraiure d i f f e r e n c e (see Dxscussxon^ 

Chapter I V ) , 

The rP3i£L&s c o i r e l a t c d eranlvyxnf tiie mecbod of averij^es (22^, a re 

shoTm in Table i and &he" are pif , ' ;ei in "\F., '""„ Tdb'^e 1 . 'lo^c ijd,/-ir'ui..i 

deviatxcin of 7 - J ro r ^t-nt ona an a--e 'fMs disv\aj.'on of lo9 p e r cen t from 

t.he correlaxxi i f l i n e . The f'orre.. a"< x'lii lu iion d iKeni iona l form and valxd 

for RejTioliD numbers bei^fiecr i "-"'OO azd i l j'JO. L& f i vea by t h ^ folj.o-wxng 

eqiiat.ions 

!w . / ? t ! ' 1>.̂ '.. 3.. 'o M;:^" C8. 

f a r f i o a S'JPCI'J </1ji t ' i <^ -̂̂ j-i'̂ j 'JI> . 1' .",,J .<:C Ĵ.*OJ".J O.L3 ^ lu :jfo.jS i iow 

a.re TOMnm-ized b;/ ¥,'.i\ci-<"ie ^.i)) h'- . ec^.Mic^iica %.rrsl '*tiO'i lor dey 

f o l d s nuBs^sefs h^,.u^~.' w>^ siC' 2-'j ; 

\ ' u f/ ' V % f 

Bo&h Squa.txon3 »''5) and i"̂ > l iy i t - r a t ' .^r,: cvLr-«pcdatiorj (do"&ted IxneJr, 

a r e piot i ;ed xr- Fxfr» J* Tor t t i i t oan ro „ l i aodi-^xon to the kiiorm cor-.-'eLaxaon 

f o r ixqoxds xntruduceJ a - rve trie .'jtiJ..-teS^abL^shud rcrrexatxoi j fo r a i r xii 

noimai f l e w c^er cy ixnde i s rc-presei'Vt ii 'ciMic-a of iianv mvestXr'afcoi s and 

p resen ted by McAQams ( 2 j K na? Oce'i laodiriHCi i>f the i n t ^ o i a e t i o i i of \l'^f 
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Table 1 Results of Forced-Convection Mon-Boiling Heat Transfer 

^"° Pabs 
Io« 

in.Hg 

1 37o72 
2 i|0a07 
3 I1I1067 
h h7.97 
5 53»97 
6 61,97 

7 37»72 
8 it0»07 
9 I1I4067 

10 ii7.97 
11 53.97 
12 6l«97 

13 37»72 
llj l40«07 
15 iiii.67 
16 li7o97 
17 53.97 
18 61,97 

Pata = 29.i|8 i n . 

q" 

(X 10^^) 

B 

hr f t ^ 

O.O86O 
« 
II 

ti 

M 

M 

0.136it 
O.13I48 

n 
n 

0^1383 
M 

oa786 
fl 

If 

H 

If 

tt 

hn,f = hB/k^ 1 ] 

% 

' F 

169.6 
1 5 1 a 
128.5 
i 2 i . i l 
117 o9 
l l l« l4 

207.2 
179.3 
150.8 
139.2 
13ii.5 
123o9 

231.9 
1 9 8 a 
165«6 
153 0 7 
Ili9o0 
136.5 

Hg, 

¥ 

f t / s ec 

1 
2 
3 
h 
5 
6.8 

1 
2 
3 
k 
5 
6.8 

1 
2 
3 
li 
5 
6.8 

V,f =AfV^f 

t = 85*F, t ^ = w rm 

p^TO / 

A f \ 

1655 
3310 
Ii55o 
59.10 
7ii80 
9300 

2085 
37.20 
ii970 
6310 
77ii0 

11120 

' % u , f \ / 

' exp 

19 .3 
3O0O 
37ol 
ililaO 
1̂8 o5 
59.6 

22,7 
32 .2 
39 »6 
ii5»8 
53.2 
6ii.8 

76'F 

%n,A 
«0.3 I 

VTr . f / ^ corr 

19.3 
30,5 
37.6 
itlio7 
52«2 
60.3 

22.5 
33.2 
39»8 
li6.7 
53 . ii 
67.8 

«~—Boiling occurred » • 
iaoo 
5350 
6880 
8300 

10750 

J Mĵ ^ 

35<.6 
39<.5 
h9^1 
53.6 
66aO 

35a 
ill.9 
ii9.5 
$^.9 
66.h 

Average 

,,f = PfW/^f " 

Devia-

t i o n 

% 

0 
+ Oa6 
+ 1„0 
+ 1^5 
+ 7o6 
+ 1.1 

- 0.9 
+ 0 
+ Oo5 
+ 1.9 
+ Oali 
+ k.6 

_ 

- i . i t 
+ 60I 
- 0«l4 
+ it»3 
- 0.6 

1.9 

Calculated froia Equation ( 8 ) . 

Based on e:Kperiment« 

http://i2i.il
http://-i.it
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F i r . 2 Correlation of Kon-Eoiling Heat Transfer Data 
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to represent f lu ids in general , and i t s more general form i s p lo t ted in 

F ig , 3 t o provide additional bas is for conparisono I t also provides a 

ra ther good check on the extrapolat ion of the corre la t ion for l iqu ids in to 

a flo?; reginie in iriiich apparently no data have heretofore been avai lable 

for l i q u i d s . 

Forced-Convection Sxarface-Boiling Heat Transfer 

In order to i so la te any p o s s i b i l i t i e s of er ror in t e i^e ra tu re taeastire-

ment i t i s usual and^ in f ac t , food prac t ice to plot heat f lux density q" 

versus temperature difference ( t - t ) ra ther than heat t r ans fe r coef­

f i c i en t versus temnerfture differenceo All of the boil inp data have been 

nlot ted in t h i s uay o 

Figtures h through 9 show the effect of subcooling on boi l ing a t ve­

l o c i t i e s ranging fro.n 1 to 6o8 f t / sec^ Boilinr curves for a given veloci ty 

and for 80 F and litO F subcooling are p lo t ted in each figure<, I t may be 

observed a t th i s point tha t the boilang curve at 80 F subcooling tends to 

merge T.dth that a t lltO F subcooling, as heat flux increases« 

Theoretically sneakingj boi l ing T/ould commence when the temperature 

of the heater surface reaches the sa tura t ion temperature corresTDonddng to 

the prevai l ing s t a t i c pressure p in the t e s t sectione, I t can be seen 

in Figo il through 9 t h a t a l l the boil ing curves in f l ec t upT/ard a t , or in 

the v i c in i ty of̂  the degree of subcoolingo I t seems in agreement m t h the 

Neglecting, in f i r s t a-oproximation, the var ia t ion of t o t a l pressure 
p ov"r the cylinder T/hich, expressed in terms of -nressure excess above 
the prevai l ing s t a t i c pressure Poa s t a r t s m t h a value of (p-po) / (pV2/2) = 1 
at the for-vi/ard stagnation^ decreases to zero at approximately itO from the 
leading edge^ takes on nepative values (ap-nroxiniately - 1) between about 
60* and 300*5 and then increases again to + 1 at 360*o Local sa turat ion 
temperature around the cji^lindrical r-rofile of the t e s t rods i s not con­
sidered quant i ta t ively^ 
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theory and the effect of superheating at the surface does not seem pro­

nounced, under the prevailing conditions., 

Figures 10 and 11 show the effect of velocity on boiling at values 

of subcooling of liiO F and 80 F̂ , respectively. For the saiie subcoolinpj 

boilinp commences at higher heat flux density as velocity becomes highero 

•All boiling curves tend to merge together as heat fltix increases, 

Figiire 12 is a r»lot of heat flux density versus temperature excess 

for velocities ranging frm. 1 to 6̂ 8 ft/sec, and subcooling of li|.0 F and 

80 Fa All tiraelve curves tend to converge to a zone where boiling is 

vigorous, or fully established„ In this zone the temperatiire excess 

(t - t . ) is comparatively insensitive to heat flux density, velocity 
S SB.1D 

and the degree of subcooling» 

Burnout 

A summary of the results of the burnout experiments are shown in 

Table 2» Owing to the lack of complete and detailed understanding of 

various factors involved and the role they play at burnont conditions^ 

such as the effect of surface condition^ the role of fluid properties 

and other variables^ ths burnout results are correlated in a disensional 

equation. This correlations carried out by first plottjng the heat flux 

density at burnout ql^ apainst degrees of subcooling A t , and then 

dra-wing correlating lines through each set of data representing a given 

mainstream velocityj, yLelded slopes of approximately 0o78o Ihen heat 

flux densities q" -raere plotted apainst mass flow rates fiven by G/10 

lines at a slope of aporoximately 0al8 T?iere I'ound to reDresent the data^ 

A somewhat better correlation was found as heat flux at burnout q" 
A p "BO 

varying with (<—y.) (At , ) * , The results were finally correlated 
10 ® 
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Table 2 Burnout Test Results 

Run ' 

No« 

1 
2 
3 
h 
5 
6 
7 

8 
9 

10 
11 
12 
13 

III 
15 
16 
17 
18 
19 

20 
21 
22 
23 
2k 
25 

26» 
27* 
28* 
29*^ 
30** 
31» 

ifeloclty 
IT _ 

» 
f t /sec 

1 
2 
2 
3 
il 
5 
6«8 

1 
2 
3 
h 
5 
6o8 

1 
2 
3 
ii 
5 
6.8 

1 
2 
3 
il 
5 
6 

1 
3 
5 
2 
ii 
6„8 

^abs 
5 in»Hg 

360I9 
38«79 
39.03 
ii2.58 
ii7»76 
5ii«.76 
60o78 

36.15 
38oiiO 
ii2.12 
li7»7ii 
53.73 
61060 

35»53 
37»96 
iil«ii2 
ii6.7a 
53 J47 
60o26 

36.03 
37»88 
ia.25 
ii6»65 
52.70 
60o27 

36,15 
iil«.85 
51ioiiii 
38.32 
l47o66 
61«ii0 

t 

•F 

110 oO 
109,0 
109.9 
110.8 
112.7 

97.0 
127 a9 

61 ol 
57 .0 

%S 
6i i . l 
69 .2 
52 ,1 

lia.3 
lii3o6 
liiO.2 
l i i6 .0 
liiS.o 
Iii5.l4 

179.0 
179.2 
173.5 
175 .5 
178 ol 
17ii.O 

85.0 
85oO 
85.0 
85..0 
85.0 
85.0 

A*sub ^ ^ 1 0 ^ ^ 

l b 
F — ^ 

hr ft*^ 

112.0 0.2229 
116 o5 0eliii59 
l l 6 a 0«iiii59 
119.2 006685 
123.8 0«891ii 
lii7«5 1.1178 
122 .1 1.5113 

160.9 0o22i47 
168.0 0.iiii96 
173.2 0«67li5 
172.2 0.8986 
17307 I .12i i5 
198.9 1.5317 

79.7 0.2207 
80.8 O.ijlilii 
88 .5 0.6620 
89 .3 0.8820 
9ii.7 1.1016 

lOii.2 1.5028 

ii2.5 0.2190 
Ii5.3 O0I4359 
55.2 0.6556 
59.7 0.8ii71 
6ii,l 1.0908 
76.7 I.J4859 

136.7 0.2239 
liiii.li 0«6718 
158.8 1.1196 
139.8 O.liliTS 
151.3 0.8957 
165.5 1.5227 

(q|o) -10^^ 
6 3 ^ 

B 
0 

hr ft"^ 
1.9083 
2.0307 
2.0309 
2.1339 
2.2107 
2.6009 
2.8071 

2.5387 
2.7577 
2.8386 
2.9320 
3.1161 
3.7502 

1,14227 
1.5953 
I.7I129 
1,9571 
2.0ii33 
2.2ii90 

0.8iiit9 
0.9976 
1.1585 
lo 3li60 
1.6028 
1.8612 

1.8536 
2.7iiii0 
3.286ii 
2.3851 
2.9222 
3.5ii0ii 

(q|o) xlO-6 
c a l 

B 
9 

hr f t ^ 

I.72O6 
2.01421 
2.0ii20 
2.2512 
2^ii602 
2.9587 
2.7068 

2.3262 
2.760ii 
3,0766 
3.2ii28 
3.3929 
ii.025ii 

lo3l86 
1.5383 
1.7795 
i o 8 9 a 
2.0797 
2,3852 

0.8737 
0.9^9h . 
1.211ii 
1.3561 
1.5329 
1.85ii6 

2.0261 
2.6639 
3.1785 
2o37liii 
2.9105 
3.l489ii 

Average 

Deviation 
(based on 
experi­
ment) 

- 9.8 
+ 0 . 5 
+ 0 .5 
+ ^.$ 
+11 e 2 
+13.6 
- 3«5 

- 9o3 
+ 0 . 1 
+ 8.6 
+10.6 
+ 8o9 
+ 7.8 

- 7 .3 
- 3o5 
+ 2 .1 
- 3^3 
+ 1.7 
+ 6.0 

+ 3.lt 
- 3.8 
+ ii.5 
+ 0.7 
- h3 
- 0.3 

+ 9.3 
- 2,9 
- 3 .3 
- O.li 
" Ooii 
- l . i i 

li«8 

Data -were taken from simple matrices m t h Chroiaax m r e s as v e r t i c a l 
elements (see Appendix B). 

Data irere taken from simple matrices with Teflon rods as ve r t i c a l e l e ­
ments (see Appendix B). 
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by the method of averages (22) rath a maximum deviation of 13.6 p r cent 

and an average deviation of it«6 per cent and are expressed by the follmf-

ing equation? 

q«Q X 10-6 ̂  o^Q^3^ ^^^0-2 ^^^^^^^0.8 ^^^^ 

The e3cperiaental results and the correlating equation given above are 

shown in Fig. 13. Sample T/ires after burnout are shoT/n in Fig. ll|. 

Table 3 shows the comparison of correlations of burnout proposed by 

investigators who ensplojed different flo?/ systemŝ , heating stirfaceSj and 

ranges of variables. 

The position of wire burnout along the length of the test Tdre is 

shown in Fig„ 15 in which location is plotted for different mean floir 

velocities. The zero positiun on the abscissa represents the center of 

the test Tiire. Four individual btirnouts ai'e shovm for each raean velocity., 

except for a velocity of 2 ft/sec -prtiere seven burnout runs were made. The 

randomness of the burnout position is evident^ considering also the veloci= 

ty distribution across the test section (ahead of the test wires) shoTin 

in Fig. 16, 

Photographic Results 

Bnplojdng a Fastax high-speed cameraj fifteen reels of l6mni Kodak 

film were taken to record surface boiling phenomena at different heat 

flux densities and flow conditions. Representative pictures of typical 

bubble formation are shofm in Fig. 17~A through -D.. 

Figures 17-A and 17-B are sequences of high-speed photographs taken 

under identical flow velocities of li ft/sec and for approxitn8.tely the same 

heat fluxesJ but with the degree of subcooling decreased from 160 F in 
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Table 3 Comparison of Correlations of Forced-Convection Burnout 

Equati on Source 
Heated 

Surface 
System 

of Flow 
Range of 

Variables 

, 0,2 « o Cross ? j 1-6.8 f t / s ec 
1 . q « x 10"^= 0 .0536( -^ ) (At J ^ present Chromax (Outside Ps 15-30 ps ia 

•fcsU T „ 0 SUD OX..J.. 4.„-u«% A A . l,n__T7n* 10' 

2. q|Q=(i|0Q,000+ii800Atg^^) 

3. qJo-7000 1 f l / 2 (A t^^^ ) 

^ / 3 

Study tube) A t , s iiO-170 F 
sub 

¥2 1-12 f t / sec 
McAdams SS Tube Annular Ps 30-90 ps ia 

(12) "̂•* ŝub° 20-100 F 

Is 5-30 f t / s ec 
Gunther Metal Channel P J 500~2000 psia 

(15) Str ip A t , s 3-600 F 
sub 

1.. <i^ = S20 0^/2 (A t3^ , ) ° -2 

m 
5 . q f c x l O * = 0 ( - ^ r ( A t , „ / - ' ' 

Buchberg SS Tube Inside 
(16) Tube 

SS and 
Jens Kickel Inside 
(19) Tube Tube 

Vs 5-30 f t / s ec 
Ps 500-2000 psia 

A t ^2 3~600 F sub 

where C and m are constant depending on pressure P, ass 

P 

p s i a 
m 

500 

1000 

2000 

0.16 

0.28 

0.50 

0.817 

0.626 

0.iiii5 
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sequence 17-A to llii F in sequence 17--B| here^ © film soeed of 3250 frames 

per second was used. Comparison of Fig, 17~A and 17-B shows clearly the 

larger bubble population on the mre exposed to the water stream having 

the smallest degree of subcooling (17-P^ the water closest to its satura­

tion teirperature) J, even though the heat flux in the second case is some 

2) per cent less than that for the wire shot-m in Figo 17--Ao 

The sequences shovm in Fig» I7-C and 17-Dj also taken at a film ^eed 

of 3250 fraiES per secondu are presented to allow further caiiparjson of 

the boiling phenomenon^ Figure 17-C is a sequence taken for the same con­

ditions as Figo 17-B, nsmelyj a velocity of h ft/sec and Hit F degrees of 

subcooling; hero^ however^ the heat flux has been reduced materially (from 

2,1 X 10° to 1,5 X 10" B hr ft" ). The sequence of Fig„ 17-D represents 

conditions identical riith those of Fig. IJ-B^ namely, degree of subcooling 

llti F and heat flux of 2.1 x 10 B hr ft"" , ezcept that the velocity has 

been increased to 8,6 ft/sec0 

Comparing Fig„ I7-B and I7-C shows a marked decrease in the quantity 

(and size) of the bubbles brought about by the sharp decrease in heat flux| 

only a few small bubbles can be seen in Fig, 17-G„ 

Conparison between Fig» I7-.B and 17-D show's that^ at the same heat 

flux and degree of subcoolinf̂ j bubbles less in number and similar in size 

T?jere formed under conditions of higher flow velocityo Although the abso­

lute pressure in the run at the velocity of 6,8 ft/sec was 30oii psia and 

that at the velocity of h ft/sec was 23a2 psia^ it is not expected that 

the pressure difference influences the result sifnificantly,, 

In all of the photof^raphs it is seen that the bubble formation occurs 

at the rear portion of the wire for the conditions involvedj only at very 



high heat fluxes did the bubble formation advance to include the forward 

portions of the test wire* This is to be expected, considering the com­

bination of the lower pressure area doTjnstream from the forward stagnation 

region and the sweeping action of the flowo 

Under certain conditions bubble g-rotfth and collapse occurred at the 

wire surface, particularly for large bubbles, Tjiiile in otter cases the 

bubbles would separate from the surface and degenerate in the doxmwash. 

To obtain quantitative information from the film sequences available 

would be extremely difficulty if at all possible, because the test appara­

tus was not specifically designed ?ath such research in mind and^ further­

more, the technique would have to be improved considerably^ 



CHAPTER I I I 

EXPERIlfflNTiil AFFAMTUS 

General 

F igure 18 i s a schematic diagram of the exper imenta l appara tus showing 

the ras.ln f low system and i t s a u x i l i a r i e s ^ as -R-ell a s t h e t e s t s e c t i o n and 

idrinf^ diagram f o r t h e e l e c t r i c a l l y hea ted t e s t w i r e . The major components 

of the t e s t appara tus inc lude t h e fo l lowing s the main loop of schedule 5i, 

Type 30ks, s t a i n l e s s - s t e e l p ipe wi th a s t a i n l e s s - s t e e l t e s t s e c t i o n ( r e c ­

t a n g u l a r shape 7 ifio high and 10 i n . wide).j s t o r a g e tank ifxth a u x i l i a r y 

hea t e r sg and c i r c u l a t i n g pianp of s t a i n l e s s s t e e l | an a u x i l i a r y coo l ing 

system c o n s i s t i n g of a hea t exchanger t o remove hea t from t h e main systenij, 

a coo l ing toirer t o d i s s i p a t e the h e a t t o t h e atmosphere^ and pu^ap^ sump^ 

and p i p i n g i a s p e c i a l power t r ans fo rmer -DO sunply e l e c t r i c a l power t o hea t 

t h e Chromax t e s t w i r e s j and in s t r iMen ta txon for measuring water f low ratSc, 

water p r e s s u r e and temperatui 'ej, sur face t e iapera tu re of the t e s t wires^ and 

e l e c t r i c pojier output of t h e transfoi-mero 

Al l p a r t s of the main flwj- system are cons t ruc ted of e i t h e r Type 30h 

or Type 316 s t a i n l e s s steel<> 

F igures 19 and 20 a re photographs of t h e e ^ e r l n e n t a l appa ra tus show­

ing the main componentsa I n F i g . 19 t h e main loop i s shownj t h e supply 

tank and pxmp (with by-pass loop) can be seen a t the upper cen te r„ whi le 

t h e t e s t s e c t i o n can be seen i n t h e h o r i z o n t a l branch a t the l e f t o Control 

va lves for t h e main loop and those f o r t h e a i ix i l i a ry hea t exchanger ( v i s i b l e 

j u s t below the foreground branch) can a l s o be seeno 

Figure 20 shows the power t r ans fo rmer a t t h e r i g h t (behind which a 

p o r t i o n of t h e t e s t s e c t i o n i s v i s i b l e ) snd the c o n t r o l panel a t t he left.,. 

h3 
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Main Flow System 

Before tap water leaves the open supply tank^ i t s temperature level 

and J therefore^ the degree of subcooling, can be adjusted by two Ii80-volt 

single-phase 2-kw imaersion heaters (Chrouialox TLS-220) located in the 

tank and manually controlled by neans of toggle ST/itches located a t the 

instrument panelo 

?»ater flows from the supply tank in to the P^O-gpm^ 60-ft|i s ing le -

stage^ centrifugal pump (Allis-Chalmers ¥odel $xk SSM) which i s driven by 

a 20-hpfl 1750-rpm5 three-phase induction motor. The pump body and impeller 

are of Type 3l6 s t a in le s s s tee l constructiono The pump discharges through 

a gate valve i n t o a 1 -̂in.. p ipel ine inhich i s branched off in to a d-in^ main 

l ine and a is-ino by-pass0 The l a t t e r serves as a means for flow control 

by returning a Dart of the vrater to the suction side of the pujap<. Down­

stream of the pwm the water roasses through a IjO-mesh s t a in le s s s t e e l wire 

screen before i t comps t o a cal ibrated o r i f i c e . This screen serves to 

stand^^rdize the flow turbulence and t o rroduce a more uniform flow approach­

ing thp or if ice^ i/hich i s locoted doiimstreani of the f i r s t 90-degree bend 

after the pimp. 

After leaving the orif ice^ the T/ater floT/s along a short s t ra ight 

section and then passes through a pO-degree elbow ?fhere i t enters a s t ra igh t 

section 23 pipe diameters in length . The t e s t duct^ made of l6=-gage 

Type 30k s t a in l e s s steel« i s connected ^o the end of the long s t ra igh t p ipe . 

The t e s t duct consis ts of a round-to-rectangular t r a n s i t i o n section 

folloT/ed by a short rectangular sectionj, the rectangular t e s t section^ 

another short s t ra igh t section^ and f ina l ly a rectangular-to=round t r a n s i ­

t ion sec t ion . Both of the t r a n s i t i o n sect ions are 19 i n , long with a 
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diffusing angle of 6 degrees^ one transforms the 6-5/8 i n , c i rcular 

section into a 6~5/8-in, by 10- in , rectangular sect ion, whereas the other 

(downstream) transforms the flow back to a c i rcular sect ion. One s t r a igh t ­

ening section 19 i n , long (the longer of the two) i s assembled upstream 

of the t e s t section^ while the 12-in# long s t ra igh t section i s f i t t e d to 

the downstream s ide ; both are 6-5/8 i n . high and 10 i n , wide. The t e s t 

section i s of the same cross sect ion, 9 In, long, A piezometer r ing con­

necting three pressure t/ips located at the midplane (lengthwise) of the 

upstream s t ra ight section i s connected to a 60~ino Merriam irell-type 

mercury manometer for measuring absolute pressure , 

A iiO-aesh s t a in less s t ee l ra re screen i s f i t t e d bet-a-een the divergent 

t r ans i t i on section and the s t ra igh t section to standardize turbulence in 

the flow and to a s s i s t in producing anooth and reasonably f l a t ve loc i ty 

profileSo 

Downstream of the t e s t section the flow passes through a 6- in , con­

t r o l valve andJ a f te r leaving t h i s control valvej the major pa r t of the 

water re turns to the supply tank for r ec i r cu la t ion . The other par t i s 

branched off t o a 2-ino pipel ine leading to a liiij-tubej ii-pass s t a in le s s 

s t ee l heat exchanger (Bell and Gossett Type lU-lii7-ii5) where i t i s cooled 

before j t re turns d i r e c t l y to the si5)ply tank for mixing. The amount of 

water passing through the heat exchanger can be manually controlled by a 

6- in , globe valve in the mainline and by 2-ino end ii-in» globe valves i n 

the by-passes. An or i f ice i s ins ta l l ed in the 2- in , pipel ine and two 

pressure taps^ one 2 pipe diameters upstream and the other l i- l /2 pipe 

diameters downstream (of the or i f ice) are provided^ and they are connected 

to a 50-in, Trimount s t a in l e s s s tee l U~tube manometer f i l l e d with 
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chlorinated naphthalenei t l i i s instrumentation sllows for meosurement of 

the flow througij the heat exchanger. 

Flow control i s accomplished by manually operating the it-in, globe 

valve in the by-pass l ine of the c i rcu la t ing pump in conjunction Tilth the 

6-in, globe valve located doTffistreani of the t e s t section^ 

The temperature of water upstream of the t e s t section i s measured by 

thre*» rad ia l ly moving thermocouples| thej are 120 degrees apart and l o ­

cated upstream of the long calming pipe., Thre*^ thermocouples of the ssrae 

construction "re located downstream of the t r a n s i t i o n sec t ion . Tempera­

tu res of vmtBT i n l e t and out le t of the heet exchanger are also measured 

by thermocouples nlaced in thermometer wells already Drovided. All thenao-

couples are connected to a recording potentiometer (Leeds and Northrup 

Micromax Model SJaOOOO)̂  

Orifice for Main Flow Measurement 

The orif ice^ 14,500 i n , in diameter^ rms jrachined and asse-nbled in the 

manner described in reference (214)3 except tha t the central port ion of the 

front face of the or i f i ce was recessed by 1/32 i n , to pro tec t i t s sharp 

edge during assembly in to the f langes . Another orifice^2,500 i n , in d i a ­

meter^ of the same constructionj but for lower floi? measurement^ i s a lso 

provided. One piezometer r ing connecting three pressure tans iifriich are 

90 degrees anart i s located 2 pipe diameters upstr'^ain of the o r i f i ce j the 

other r ing of the same construction i s located i i - l /2 pipe diameters down"-

streaii ps specified (2ij)„ 

Coniaercially knoT?m as "green" indicat ing f luidj i t has a sf^ocific 
grav i ty of le25o 
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Figure 21, a plot of discharge coefficient of the orifice C, as a 

function of the Reynolds nximber, shoTcs the results of tte calibration, 

which was carried out on a full-scale basis with the orifice as installed 

2 in the final set-t^). Also shown on Fig, 21 are the standard calibration 

curves^ normally accepted under the proviso that all installation conditions 

specified by the standards are met# 

It is apparent from the comparison of the actual and standard calibra­

tion curves in Fig, 21 that the location of the orifice less than 15 pipe 

diameters downstream of a 90-degree elbow influences the calibration 

appreciably. 

Cooling System 

Water stored in a supply tank is induced into a 100-gpm, 90-fts single-

stage centrifugal pump (Ingersoll-Rand l-l/2-KR?S-3) which is driven by a 

3-hp, 3ii50-rpm̂  three-phase induction motor. The pump of cast iron casing 

and bronze impeller discharges into a 2-in, galvanized steel pipeline lead­

ing to the shell side of the heat exchanger, A manually operated 2-in<, 

globe valve is located at the inlet of the heat exchanger and a by-pass is 

provided across the pipelines of the inlet and outlet of the heat exchanger. 

Through this arrangement flow inlet to the heat exchanger can be regulated. 

Facilities of the Hydrodynaiaics Laboratory of IIT's Civil Engineer­
ing Department were placed at our disposal for the calibration| further 
calibration was carried out after final assembly using a 10-point traverse 
along the pipe diameter, 

e minimum amount of straight section of pipe on the upstream side 
of the orifice as specified by the standards (2I4) could not be provided^ 
according to the space available; therefore^ calibration had to be carried 
out on an "as-installed" basis^ Bestilts of the calibration clearly show 
the necessity of this procedtire. 

^h 
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After the water leaves the exchanger i t flows to a 30-ton blower-type 

cooling tower (Binks 3B11-A) ifAiere i t i s g rayed through nozzles doi'mTmrd 

against a counter-flow a i r current forced into the bottom of the toTrer by 

a centrifugal blower = After passing through wooden eliminators^ tirater ac­

cumulates a t the bottom of the tower and returns through a 3-in« pipe to 

the sipplj' ' tank for recirculat ion^ 

¥<ater flow i s metered by two or i f i ces of the same construction as 

previously described. One or i f ice i s located in the supply l ine and the 

other in the by-pass, Two pressure taps from the stpply l ine are connected 

to a 30-ine Merriam well-type s t a in le s s s t ee l manometer f i l l e d with mercury; 

the other pressure taps from the by-pass are connected to another 30-inB 

manometer f i l l e d with acetylene tetrabromide, 

Tenfieratures of supply and re tu rn water are measured by well-tj^pe 

thermocouples connected to a K-2 potentiometer (Leeds and Morthrup Ho» 21̂ 30) 

through a se lec tor switch^ 

Test Section 

The t e s t sect ion, made of l6-gage Type 30ii s t a in le s s s t e e l , i s 

S-S/^ in» by 10 i n . in cross-sect ion and 9 i n . in length T/ith flanged ends 

of 1/8-in, stocko Figure 22 i s a f ronta l photograph of the t e s t section 

showing an in s t a l l ed t e s t wire ivlth three surface thermocouples in place» 

Detai ls of the motmting of the t e s t rod are shown in Fig, 23, and a 

descr ipt ion of the assembly i s as follows? At the center of each side 

•wall a l- in» hole was d r i l l e d to provide for i n s t a l l a t i on of the e lec t rodes . 

Connnercially known as "red" indicat ing f lu id ; i t has a specific 
gravity of 2.9U. 



53 

Fig« 22 Typical Assembly of Test Wire 
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Machined from 2-in<, diameter copper rod^ each electrode is 2-1/2 ino long 

and 3/h in, in diameter, except that a portion 3/l6 in^ aT«y from the in­

side end is 1/2- in. long and 1-1/2 in^ in dianeter. This larger portion 

of the electrode is provided to alloi"/ clamping and sealing of the irhole 

assembly. On one end of the electrode a 1/2-in. hole is tapned^ so that 

the Chromax -wirê  which has already beon silver-soldered to a threaded 

l/2-in. diameter copper connectorj can be connected through its tro threaded 

endSo For electrical insulation from the pipeline two l/8-in, thick Teflon 

insulators with sleeves are ijiserted ageinst each surface of the larger 

portion of the electrode^ one surface against the metal wall and the other 

against the face of the aluminum retaining cap which holds the electrode 

in position, Neoprene ring-type gaskets are provided between the Teflon 

insulators and the duct as seals. 

At the middle of each electrode a lead is provided for measuring po­

tential drop across the heated wire^ The heated length of the test wire 

was defined as the distance between the inner face of the two threaded 

copper connectors6 

Electric power is supplied tiirough copper bus bars protruding through 

the back of the transformer and the other end is fastened to a Bundy con­

nector which was J in turn, firmly clamped to the electrode,, 

As a safety precaution the entire duct system was completely groxmdedo 

For visual observation two l~l/2-in, holes opposite each other were 

drilled at the center of the top and the bottom of the test section. On 

the outer surface of each hole is welded a l/i|-in. thick stainless steel 

ring for reinforcement, A 2-ina thick Plexiglas windoif is inserted into 

each ring, BetT/een the Pleziglas mndo¥; and the rin-j there is a l/lb-in. 



Neoprene gasket. Six No^ 8 screws hold the Plexiglas plug to the ring and 

keep it watertight. The inner surfaces of the Plexiglas are flush with 

the inner surfaces of the test section so that the flow would not be dis­

turbed (see inside of duct at top in Fig, 22)« A mirror is installed 

directly above the top Plexiglas -silndow so that the boiling can be observed 

from the side of the duct; a light source vms placed below the bottom 

Plexiglas window to aid the visual observations. 

Transformer 

The transforner^ enclosed in a metal housing 60 in, high and 2I4 in, 

by 30 in, at the base, can be seen at the right of the photo, Fig. 20« It 

operates from a l+ljO-volt, 60-cycle, single-phase current. The secondary 

connections, composed of equal -windings, are brought out in the form of 

l/2-ln„ by 1-in, bus bars protruding through the back panel. Each secondary 

was designed to deliver 800 amperes naximum at kO volts. The transformer 

is equipped mth a special current transformer, mounted on its front panel, 

used as an indicating instrument to adjust current during a run. On the 

front panel of the unit there is an amber pilot light to indicate that power 

is available at the main transformer s-witch, A red pilot light is also 

provided to indicate when the main transformer STdtch is closed and power 

is flowing in the -windings» 

For power control there are l5 taps on the primary^ terminating in 

two 8-point rotary s-witches connected in series. Beyond the adjustment 

range of these s-witches there is a l5-kva powerstat (Superior Model 1256L25B) 

in series with the primary of a buck-boost transformer, of which the 

secondary is connected in series -with the primary of the main transformer. 

This set-up results in voltage steps of 1/2 volt in each secondary of the 
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main transformer between h and kO v o l t s . There are also 8 dividing taps 

between the s t a r t of the primary'- winding and the f i r s t coarse tap^ These 

are vernier taps and they terminate in an 8-position ro tary s-witch on the 

front panel . The purpose of these taps i s to shi f t iip-?mrd or down-roard in 

SBBII increments whatever secondai*y condition has been produced by p r e -

arrangeitRnt of the other two ro ta ry switches^ 

Using the three 8-point s id tches and the vernier^ i n f i n i t e step control 

i s provided on the output side in the range k t o liO vo l t s and for 0 to 

800 per secondary. 

Seven telephone jacks are pro-vided on the front panel for the purpose 

of connecting ammeters to read current in the secondary windings, then 

the meter plug i s not inserted^ these jacks short c i r cu i t so t ha t the 

secondary winding of each current transformer does not burn out , Ihen 

the meter plug i s inserted in a jackj the load of the meter i s placed 

across the winding before the shor t - c i r cu i t disconnection i s made. This 

occurs automatically. Adjacent to the row of jacks a f lexible cord and 

a plug are brought out of the panel« This i s connected in ser ies ifith 

an a-c ammeter (¥<eston Itodel 1̂ 76) ?dth a fu l l - sca le accuracy of 2 per cent 

and a range of 0 to 5 amperes. This panel anraeter only indica tes the 

approximate current in the secondarji^ -windingSo 

Another loose plug i s also provided for connection to an e lect ro~ 

dynamometer type^ a-c and d-c aiimeter (ffeston Model 370) with a full= 

scale accuracy of 0,25 per cent and a range of 0 to 5/2,5 amperes. This 

precis ion ammeter i s not mounted on the front panels but i s placed on a 

table in front of the un i t . The arrangement described above makes i t pos­

sible to read one or more secondary/ -"(-andings depending upon the number of 

c i r cu i t s t o be usedo 
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During the early period of operation of the transformerj it rms dis­

covered that it did not function in accordance -with its predicted per­

formance; consequently J, all the seven secondaries -mere connected in parallel 

to give the power requireds 

TeBiperature Ifeasurements 

(A) MeasureiiBnt of Surface Temperature of the Heated ffires 

One of the most difficult tasks in experimental heat transfer 

studies is the determination of the temperature of the heat-transfer sur­

face. In this study much thought and effort were given to eafsloy the 

heated -wire as a resistance thermometer in estimating the surface tempera­

ture. At the outset of the work it was planned to obtain the surface 

teaiperature by calculation^ assuming that the heat transfer coefficient 

is uniform around the Tdre and applying the theory of non-uniform develop­

ment of heat inside of a cylinder (25) -when it is heated electrically. 

This method requires a precise knowledge of the electrical and thermal 

properties of the wire and the precise measurement of the current and 

voltage drops. 

As a first step, the electrical, resistivity versus teufierature 

relationship ivas obtained by direct calibration^ as described in Appen­

dix D. The thermal conductivity of the -sdre ims provided by the manu­

facturer. With voltage drop and current known from measurements^ one can^ 

by employing Eq, (17)^ Appendix Dj calculate the mean teaperature dif­

ference. Based on the measured resistance^ one can also obtain the mean 

temperature using the resistance tenperature calibration, Ilencê  surface 

teiaperature can be deteiminede 
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I t was experienced in the early stages of the pork tha t values 

of e l e c t r i c a l res is tance of the operating -wire could not be obtained -with 

the desired degree of precision o r ig ina l ly sought; a s l ight Inaccuracy in 

determining the e l e c t r i c a l res is tance wall yield a f a i r l y high inaccuracy 

in mean temperature. Because of these d i f f i c u l t i e s , the use of d i r ec t l y 

attached surface theriiocoi^jles was f ina l ly decided upon« 

The thermocouples f i n a l l y euployed were made of AWG No. 28 

Chromel-Al-umel "sdres. Three thermocouples ?;ere carefully s i lver-soldered 

to each t e s t -wire at 2-1/2 i n , equal spacing with one at the center and 

one at each s i d e . The soldering -was made as small a f i l l e t as possible,, 

Any excessive solder or soldering flux around the thermocouples and be­

t-ween the -wire of thermoco-uples ims removed by careful ly scraping and 

f i l i n g . They -were then tes ted hj submerging the m r e in a tank of water 

at uniform temperature t o check t he i r ind ica t ion . After assembly in the 

t e s t sect icPj inspection of the thermocouples -was again made isdth the 

t e s t -wire heated with very lo?f current and no water flow. 

Each thermocouple had an independent c i r c u i t . The cold junctions 

•were inser ted in separate glass tubes and immersed in an ice-imter mixture 

in a De?rar f l a sk . Leads were then connected to a 10-point SYdtch (Leeds 

and Northrup Type 82ii0), 

The thermal electromotive force was measured by a Leeds and 

Northrup K-2 potentiometer connected to a d-c galvanometer (Leeds and 

Morthrup Type Ko, 2li30)5 a standard ce l l (Eppley Ho. 52ia8ij,) and a 2-volt 

Willare storage ba t t e ry . The potentiometer, in the range used, reads 

i s was done under a iaagnifyi.ng glass ha-ving a magnification fac­
tor of fiveo 

^Th 
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microvolts directly; a reading can be estimated to a tenth of a microvolt, 

which corresponds to about O.OOiî F. This indication is much better than 

the reproducibility of the thermocouple and the potential leads. The 

potentiometer acc-uracŷ  under the test condition^ is 0,1 per cent^ or 

better, of the reading. The galvanometer sensitivity is 0.ii5 microvolt 

per milliiaeter on scale. 

The GhroDBl-Alumel thermocouple -pares employed were calibrated 

in an electric furnace (Sentry Model Y #7) against a 2lt-in, platimja-

platinum plus 10 per cent rhodiim thenaocouple (Leeds and Northrup Model 

8702) ifhich was certified by the Bureau of Standards idth corrections of 

-O.l^F at 300*F and -l.O'F at 800®F, The results obtained îiere •K)«2''F 

at 2l;5'F and Ô 'F at 766'F. 

(B) Measurement of later Temperatures 

In measuring -water temperatures all thermocouples were made from 

the same batch of Leeds and Northri^ varnished and cotton-insulated AWG 

No» 30 copper-constantan -wires. Each jimction iiras formed by soft soldering 

-with a bead approximately l/32-in. diameter. 

Each thermocouple was inserted into a l/8-in, OD stainless steel 

tube -vdth its junction protruding out of one end about I/I6 in. This end 

-was sealed with a mixture of Kadon liquid and po-wderj a dental plastic. 

The other end of the tube -was sealed -vdth Paxalloy, Two thermocouples 

from the same batch of -wires were calibrated simultaneously in a hypso-

meter at the steam point. The average deviation from a standard table 

was found less than Ool'F; consequently, no correction ¥/as made a 

To measure the water temperature in the main flow, the three 

radially movable thermocouples located upstream of the long straight 
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section and the other three located do-vmstream of the test section are 

used, as already mentioned. Each is inserted into an individual adapter 

silver-soldered to the periphery of the pipe. Each adapter is provided 

?ath a rubber 0-ring, a spacer and a locking nut̂  comprising a sealed holder 

for the movable thermocouples^ All of them rmre connected to a Leeds and 

Northrup Ficromax (Model S IiOOOO) to detect the radial teiaperature vari­

ations . 

In order to record wa^er tempereture accurately, one of the 

three radially movable thermoco-uples upstream of the calming section and 

one of the three donmstream -were connected to the K-2 potentiometer through 

a selector s?dtch. Another of the aforementioned thermocouples ims con­

nected to a Leeds and Northrup Type G speedomax, and this was used to 

maintain constant water tenperature -.',hile the system was in operation. 

To measure the teiiperatures of water in the cooling system^ 

two thermocouples were provided. Each of them was installed in a l/8-in, 

stainless steel tube which was then slipped into a pre-drilled hole in a 

1/8-in. steel pipe plug and soft-soldered. They -vrere then assembled -vdth 

their jimctions approximately in the midstream of the supply and return 

lines. They were also connected to the Micromax for recording. 

Temperatures at the inlet and outlet of the heat exchanger were 

also obtained using copper-constantan thermocoiiples. 

Even if the system were insulated, it would be difficult, if 

possible at all, to perform a laeaningftO. energy balance» 

Pressure Measurement 

Instrumentation is provided for measuring orifice pressure differenti­

als and gage pressure upstream of the test section. To measure orifice 



pressure d i f f e r en t i a l s upstream taps are located 2 pipe diameters from the 

or i f ice and do-srmstreaia taps at i | - l /2 pipe diameters a-way -trere used. 

In the main flow system, every press-ure tap -was prepared by f i r s t 

d r i l l i n g a l / 8 - i n . r ad ia l hole through the s ta in less s tee l pipe wall 

(0,109-in. thick) and then i n s t a l l i n g and s i lver-solder ing in place the 

1/8-in. tube of a s t a in less s t ee l adapter, cut to a length equal to the 

thickness of the pipe wal l . After soldering, t t e hole ims once again 

cleaned out -with a d r i l l and polished vdth emery c lo th . All burrs were 

eliminated and the inside of the pipe was polished smooth -with emery c lo th . 

Three r ad i a l pressure taps^ each at 90 degrees apart i n the plane per -

pendiciiLar t o the flow di rec t ion a t 2 pipe diameters upstream of the main 

or i f ice and another three similar pressure taps at i i - l /2 pipe diameters 

do-wastream, are connected through piezometer r ings t o a 60-in, Iferriam 

well-type manometer f i l l e d with acetylene tetrabromide (specif ic g rav i ­

t y 2@9k) » As already aentioned^ the locat ion and construction of t h i s 

or i f ice i s not exactly in accordance id th the standards (2l|), so tha t a 

ca l ibra t ion was made (see Fig, 21)® 

Three pressure taps , iJ i - in. j u s t upstream of the t e s t section^i.'sere 

also connected through a piezometer r ing to a 60-in. Merriam manometer 

f i l l e d -with mercury for measuring the absolute pressure ( in conjunction 

-vdth a barometer). 

T-wo pressure t aps , one at 2 pipe diameters upstream and one a t [i-l /2 

pipe diaireters do-wnstream of the or i f ice in the 2-in, by-pass t o the heat 

exchanger, -were d i r e c t l y connected to a 50-in. Trimount U-tube manorieter 

f i l l e d -Fdth chlorinated naphthalene (specific gravity 1,25). 

All connections i-rere made with l / 8 - i n . s t a in le s s s t ee l tubing. 
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In the cooling syst-^L, consist ing of schedule IjO s-'elvanized s tee l 

p ipes , the sasie care used in constructing tsps in the main flow system was 

taken in the preparation of pressure t a n s , except t ha t the l/i | .-in. brass 

f i t t i n g s were f i r s t screwed to the pipe and then braaed in to p lace . The 

30-in. Merriam mano/iBter for .iieasuring pressure d i f f e ren t i a l s in the 

coolant-supply at the r a t e of lOO-gpm was f i l l e d with mercury and tha t 

for coolant through by-pass -p/as f i l l e d vdth acetylene tetrabromide. 

All manometers have divis ions of 0.1 i n . and readings can be estimated 

to 0.02- i n . 

E lec t r i ca l Por/er Measurement 

For rough indics t ions and se t t ings the amnfter (»«feston Model I476) 

mounted on the front panel can be used to read the current in the secondary 

Tdndings, However, for accurate measurements a precis ion voltmeter and a 

precis ion ammeter coupled i d th a current transformer were employed. 

Potent ia l leads wer^ nrovided a t the middle of the copper e lect rodes 

Ttiich held the Chromax t e s t -wire. A les ton Model 3I4I voltmeter id th a 

fu l l - sca le acc-uracy of 0,25 per cent and a range of 0 to 75/30 vol t s was 

enroloyed to record voltage drops above 15 v o l t s , and a Itestinghouse Tjpe G 

voltmeter with a fu l l - s ca l e accuTacy of 0,5 per cent and a range of 0 to 

75/15/3 was used to measure voltage drops below 15 v o l t s . 

On account of the diffj cu l t i e s encountered in i n s t a l l a t i o n , voltage 

drops viere measured by po ten t i a l leads tapped at the copper e lectrodes 

instead of the Chroimx m r e i t s e l f . That t h i s i s an acceptable procedure 

can be seen from examination and comparison of the e l e c t r i c a l p roper t i es 

and geometry of the Chromax Tdre ancl copper e lec t rode . 



ELectrical r e s i s t i v i t y , 
ohn/cir roil/ft a t 70'F 

Dimensions 

Chromax wire 

600 

1/8-in, OD by 
10- in . long 

Copper electrode 

10«6 

3/ii-in» OD by 
1-1/2 i n . long 

Since the e l e c t r i c a l res is tance of a conductor i s d i r e c t l y proportional 

t o i t s r e s i s t i v i t y and length and inversely proportional to i t s c ross -

sect ional areaj i t i s observed from the above values t h a t the res is tance 

of the copper electrode i s negligible confjared t o tha t of the Chromax 

•wire» 

To measure the current three current transformers -were employed# 

They were used in conjunction with a les ton Model 370 ammeter having a 

fu l l - s ca l e accxiracy of 0®25 per cent and a range of 0 to 5/2,5 an^seres. 

The current t ransforaers are l i s t e d as follows i 

Make 

Tiestinghouse 
Style 29798 

leston Model 
h6lg Type 1 

Weston Model 
il6lj Type 2 

Accuracy Ratio Range Employed 

0,25 per cent ii00s5 below I4.OO amperes 

0^25 per cent 800s5 below 8OO amperes 

0»25 per cent 100015 above 1000 an̂ êres 

The current transformers were located around the main bus bar leading to 

one of the test-section electrodes® 

This assumes that the contact resistance betiveen the threaded por­
tions of the copper connector and the copper electrode (see Fig» 23) is 
also negligible. To check this some runs were made with potential taps 
on the insjde of the test section and results obtained in this way were 
compared to the potential drops measured in the manner described above| 
differences could not be found within the accuracy of the measuring instru-
ments» 



es 

In order to determine the effective power output of the transformer 

from the measurements of voltage drop and current5 the power factor must 

be known» The calibration of power factor versus load was obtained using 

a leston Model 310 wattmeter with an acctaracy of 0^25 per cent together 

with a voltmeterJ an ammeter and the current transformers. The calibration 

curve is shown in Fif. 2I40 

Determination of Water Conditions 

The electrical resistance of the tested water was measured mth a 

Leeds and I-brthru-n conductivity bridge (Serial Ko^ 101(1256) with approxi­

mately 3 per cent accuracy. The pH value was determined with a Bechman 

Model G glass electrode pH meter with an accuracy of + 0«2. 

High-Speed govie Camera and Its Accessories 

The high-speed movie camera used is a l6mm Fastax camera manufactured 

by Ibllensak Optical Company of New York, The camera employs a continuous 

moving film with a rotating prism positioned between the lens and film. 

The prism rotates synchronously with the film, creating successive and 

properly spaced iamges traveling with the filri» Thus^ a continuous sequence 

of still photographs is obtained. 

This camera can be operated with a d-c source for film speed belo?/ 

1000 frames ner second. For speed above 1000 and 1^ to 7000 frames per 

second an a-c source must be used. The canera has two l/It-hp, 120-volt 

universal motors, one driving the film take-up spindle^ and the other 

driving the film sprocket and rotating prisra« Although the motors are de­

signed to operate at full initial inpact up to 130 volts without requiring 
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accelerating equipment, a control unit is used to control acceleration 

characteristics and speed. Coipled with this control unit, a film speed 

at 7000 frames per second can be obtained» 

Various conbinations of lens and extension tubes, both provided with 

the camera, enable one to choose the most suitable size of camera field 

and the image. For this study the pictures were taken using the l5it#5mm — 

fs6«5 lens plus a 1-in. extension tube, 

A neon glow lanp timer is mounted inside the camera. The lamp normally 

operates from a 115-volt 60-cycle a-c supplj' and gives 120 pulses of light 

per second. Using timing marks on the edge of the film, the average time 

elapsed between two consecutive frames can be calculated® 

On account of the inadequate space for back lighting, the flow channel 

was turned 90 degrees, that is, the tested wire was in a vertical position. 

TTTO General Electric Model 750-R spotlights were placed facing the front 

window and one facing the rear through a vellum paper for diffusing the 

light. The setting for camera speed and lighting condition was obtained 

by a leston electric light meter and a calculator. The film used through­

out this study was Kodak XX (black and white). 

'ade-named •'Goose*. 



CHAPTER I? 

EXPERIMEITAL PlfiDCEDUffi 

Before any run was made the temperatures indicated by the three ther­

mocouples silver-soldered on the surface of the tested iw're ii-ere checked 

against themselves and the water temperature indicated by one of the ther­

mocouples in the main flow circuit. This was done mainly to provide a 

check of the continuity of the surface thermocouple circuits, considering 

that damage to the rather delicate junctions coî ld occur during assembly 

of the test ?dre into the test section. After this initial check, the 

transformer circuit m-as closed allo%"dng a low poTsfer inpnt to the te,s+ -.'drei 

the power supplied was at approxims.tely 20 amperes at approximately it volts, 

corresponding to a heat flux of about 1000 B/hr ft . At this power input 

another check of the surface thermocouples was made. The transformer cir­

cuit was then opened and the run vms started. 

To start the run the flow rate and, hence, the flow speed at the test 

section was sot pt the desired value using the control valves. Then, 

with the circulating pump of the cooling system and the cooling-tower fan 

turned on, the amount of cooling water to the heat exchanger was regulated. 

Depending upon the desired teiiperature level of oneration, the temperature 

level in the main line was controlled by using either or both of the 2~kw 

electric heaters imnersed in the reservoir tank and/or by diverting part 

of the flow to the heat exchanger. 

At the highest operating temperatures, which represent the lowest 
degrees of subcooling, the auxiliarjr heaters would be turned on several 
hours prior to the run and, in SOGE instances, had to be left on through 
the previous night to raise and keep the relatively large bulk of water 
at high temperattire, 
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After the ?mter temperature was brought to the desired temperature 

and maintained at that fixed level, under the preset flow conditions, 

for at least 20 minutes, experiments were started by closing the trans­

former circuit and setting the level of the poorer to the test mre by 

changing tap positions and adjusting the powerstat control. It was ob­

served from the temperature measurements at the surface that a steady 

state condition was achieved idthin two to three minutes after the taps 

were initially set, i'or comparatively minor adjustments in power level 

the time required to reach steady state was even less. Even so, final 

data were usually not recorded until steady conditions held for at least 

five minutes beyond this time, except, of course, for runs in which the 

burnout point was approached in which case the data were recorded fre­

quently until burnout occurred. 

During the course of the experiments the -water temperature would 

tend to increase because of the additional heat introduced by the test 

wire. I'hen this increase approached 2 F the transformer was cut off and 

the amount of coolant to the heat exchanger was increased accordingly. 

Experiments were resiamed after the water temperature was held constant 

over a five-̂ ninute interval. Nevertheless, the water tenperature during 

any experiment was kept constant within + 2 'F. 

The main data recorded for each run include values of current and 

voltage to the test wire, the emf's of the surface thermocouples, emf of 

water temperature, thermocouples, and pressures (manometer readings), 

'T'he energy input of the pump (and any other fixed energy input) is 
compensated by the initial adjustment of the by-passed water coupled with 
the adjustment of the flow rate of the coolant to the heat exchanger. 



Two persons were required to operate the apparatus and to record the 

data. 

At the end of each experinent, the tested f/ire was taken out for in­

spection anr' cleaning. It was sometimes found that the nire was coated 

with an extremely thin layer of white scale, discernible only from the 

change of surface finish. This layer was rubbed off before a new test 

?/as undertaken. 

Whenever a new wire assenbly i/as installed, the checking of the sur­

face thermocouples was repeated before new experiments •viere performed. 

lihen boiling was violent and large clumps of bubbles appeared as the 

burnout point was approached, the power input was increased very slowly 

and carefully, and data were repeatedly recorded up to the moment of 

burnout, 

To facilitate the photographic work, the test section was rotated 

on its axis through 90 degrees so that the viewing ports were at the 

sides instead of at the top and bottom. This arrangement allowed the 

high-speed camera to be used in a horizontal position in its usual tripod 

mount and it allovred for the introduction of at least the minimum lighting 

required to carry out the photography. 

The resistivity and pH value of the water were determined at the 

Physical Chemistry Laboratory of the Institute. 



CHAPTER V 

DISCISSION 

I fep roduc ib i l i ty of t h e Surface Theraocoiroles 

As a check on the un i formi ty of the mounting technique of the su r face 

thermocouples , t e s t s vtere c a r r i e d out us ing d i f f e r e n t ins t rwnented wire 

a s s e m b l i e s . The r e s u l t s of a u x i l i a r y t e s t s , r epor t ed as Tes t Ho. 17 

(A and B ) i n Appendix E , are compared ¥/ith r e s u l t s obtained with d i f f e r e n t 

assembl ies dur ing t h e course of t h e main fo rced-convec t ion b o i l i n g e x p e r i ­

men ta t ion ! i n p a r t i c u l a r , t empera ture i n d i c a t i o n s observed i n Test Mo, 17A 

(conrorising 13 runs ) are compared wi th those of main Test No. 8 , bo th a t 

a v e l o c i t y of it f t / s e c , and those of Tes t No, 17B ( c o i ^ r i s i n g lit r u n s ) a re 

compared T'dth those of main Tes t No, 10 , both a t a v e l o c i t y of 5 f t / s e c . 

The r e s u l t s a re cam-oared on t h e b a s i s of sur face tempera ture i n d i ­

c a t i o n t . , p l o t t e d a g a i n s t h e a t fl-ux, and they are shown i n F i g , 25 , 

Condi t ions f o r each comparison a re i d e n t i c a l f o r a l l p r a c t i c a l p u r p o s e s . 

The maximum d i f f e r e n c e i n both Fig., 25A and 2 5 B comes c lose t o 6 F , and 

t h i s occurs a t a hea t f l u x of about 0 ,9 x 10 B/hr f t . At lower and 

h ighe r va lues of hea t f l u x -the agreement i s even b e t t e r f o r both compari­

sons , amounting t o 3 ^ or l e s s ^ 

The r e p r o d u c i b i l i t y i s considered e x c e l l e n t i n view of t h e d i f f i c u l t 

and d e l i c a t e technique involved i n p r o p e r l y a t t a c h i n g t h e su r face the imo-

c o u p l e s . 

For example, c o n d i t i o n s of Tes t Bo, 8 were i d e n t i c a l -i-d'th Tes t 
No, 17A i n t h e e s s e n t i a l f e a t u r e s s veloci t j ' - h f t / s e c ( same) | degree of 
subcool ing A t g ^ b = litO°F ( same) | a b s o l u t e press-ure hi oil i n , Hg com­
pared wi th li7«ii-7 i n , Hgj water t e n p e r a t u r e 96s5^F c o ^ a r e d wi th 96,3®F, 
Like-wise, c o n d i t i o n s of Test No, 10 and T e s t No. 17B are p r a c t i c a l l y i d e n t i ­
c a l as can be seen from t h e d a t a . 
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An est3.mation of experimental e r ro rs i s presented in Appendix A. 

Mon-Boiling Heat Transfer Results 

I t may be observed tha t the corre la t ing l i nes shown in Fig, 1, which 

i s a log-log Dlot of heat flux q" as a function of temperature dif­

ference (t - t ) , have slopes ranging from about l806 for the highest 

water veloci ty of 6,8 f t / sec to a value of ap-nroximately 1#25 for the 

lo-mest veloci ty of 1 f t / s e c . The slopes increase progressively, although 

s l i g h t l y , as the f lu id ve loc i ty decreases; the change i s systematic, and 

i t shows an increasing dependence on the convective heat - t ransfer coef­

f i c i e n t on the temperature difference between surface and bulk f l u i d , 

s l igh t at f i r s t , but becoming more pronounced at the lowest v e l o c i t i e s , 

I h i l e some dependence of the hea t - t ransfer coefficient on temperature 

difference may be escpected, the propor t ional i ty between the convective 

hea t - t ransfer coefficient to nearly the one-fourth power of the tecpera-

ture difference, shoiwn by the data for the lowest flow ve loc i t i e s of 

1 and 2 f t / s e c , ap-nears too large to be accounted for by property changes 

alone. In f a c t , the dependence of the heat t ransfer on the 1^25 power 

of temperature difference f a l l s in the range of \iha.t normally i s expected 

for free convection alone. On t h i s basis i t i s probable t h a t , as the 

lower ve loc i t i e s are reached, free convection effects begin to play some 

r o l e . 

To check the possible influence of free convection, an approxjjmate 

theore t ica l computation iims carr ied out, considering the action of the 

Mainly as a r e su l t of tenperature influence on proper t ies in the 
laminar boundary layer exis t ing over the for?»rd por t ion of the m-'re^ 



buoyant forces involved to result in an upward acceleration of the fluid 

to a final velocity of V Physically, one may consider the average 

buoyant force acting through a vertical distance liiich characterizes the 

system (in this case throvigh a vertical distance equal to the diameter of 

the -wire B) to result in a certain amount of -work done on the fluid it­

self j the -work done shows up as an increase in kinetic energy of the fluid 

in the direction of the force« Such an analysis — asstming the density 

of the fluid p evaluated at an average teniDerature — results in the 

2 
relationship ? = gP (t - t ) ' D, where 6 is the coefficient of thermal 

2 expansion of the fluid, 

Considering the s-urface temperature at t = 195»7*F and a water 

tenfjerature t = 85^F (highest heat flux run at 1 ft/sec flow speed in 

R-un 13 of Test No. 1, sho%TO in Appendix E ) the value of A is found from 

steam table data to be 2,93 x 10~^| hereTdth, taking D = w in. = ̂  ft 

and the acceleration of gravity g = (32.2 x 12.96 x 10 ) ft/hr , we find 

V„ = 377 ft/hr or 0^105 ft/sec, which is just over one-tenth of the forced 

floaf velocity in the system* 

Ihile the above computation shows that influence of free convection 

at the lo-mest flow speed of 1 ft/sec is not at all decisive, its magnitude 

of the -upward velocity component is such as to suggest some bearing on the 

results obtained at this lowest speed. As the speed increases, however^ 

the influence of buoyant forces would rapidly become less important^ per-

See, for exaaple. Brown and Marco (32), p» 132j Jakob (25), p. k93f 
shows a related analysis„ 

jDefined in terms of the specific volume by Vg = v.̂  (j-+B(^s~'^•w^J) 
where subscript s refers to surface and subscript w refers'-to bulk 
water. 
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centage-wise, and even smaller in magnitude because of the decreasing sur­

face temperature of the wire. 

The systematic nature of the shj.ft in the slope of the correlating 

lines, then, may be the result of a second order effect in the nature of 

the surface ten53er8ture correction applied. At least this possibility 

exists and, consider.!ng the character of the results at low speed and 

high heat flux rates, it offers at first hand a reasonable explanation of 

the shift. For example, an error in corrected surface temperature of 10 F 

(too low)"^ at the highest heat flux rate of 0.17̂ ' x 10 shown for 

? = 2 ft/sec line would bring the slope into better agreement -with the 

higher speed curves^ But, on the other hand, the existing slope for the 

1 ft/sec velocity agrees very closely with that foimd for the data obtained 

using a tube instead of a solid -wire rod, in -which case the surface tem­

perature was obtained in an entirely different -way. (Figure 1 and Fig. 30 

of Appendix C may be compared to check this.) For the case of the tube, 

the cuter surface temperature was calculated from a measured value of in­

side wall temperature (adiabatic) and the internal heat production -within 

the tube (see Appendix C). 

Nevertheless, the dimensionless correlation of these data, obtained 

for the range 1500 ̂  N„ „ ̂ 11,000 and shoim in Fig. 2, is consistent 

i t e , i 

•within i t s e l f , and i t agrees reasonably well m t h an extrapolat ion of the 

corre la t ion recommended by McAdams (23) which i s based on r e s u l t s of p r e ­

vious inves t iga tors who employed l iqu ids flo?dng norraal t o wires and tubes 

in the range 0.1 ^ M „^ 250. I t i s c lear from Fig . 3 t ha t the ex t ra -

xhis would mean a 30 per cent error in the correct ion a t t h i s po in t , 
which i s not very l i k e l y . 



polation, a risky enterprise to pursue in general, appears to be well sub­

stantiated both by the order of magnitude and by the trend of another 

general correlation obtained by modifjdng the specific correlation avail­

able from the plentiful data for air in cross flow over cylinders» In 

this instance, the air results, also available from McAdams (23), have 

been reduced to include all fluidsj they are also plotted on Fig. 3 and, 

in fact, they are in very close agreement with the results of the present 

study. 

If one assuiKS that TIcAdams' correlation for liq-uids alone is correct, 

and that it is valid over its extrapolated range above a Reynolds number 

of 250, then it would mean that the heat-transfer coefficients foxmd in 

the present work are somewhat low# This implies that the surface tenpera-

t-ures used in the present study are too high, which does not seem likely 

in view of the probable magnitude and direction of the error involved in 

determining the surface tenperature. 

Save for the two low points, -rfiieh represent data from the 1-ft/sec 

run, the results are in excellent agreement with the general correlation 

obtained from the air data. 

Surface Boiling Heat-Transfer Results 

Slope of the Boiling Curve. The lines representing the data obtained 

•under conditions of change of phase at the -wire surface, plotted in the 

form of heat flux q" versus the tenperature difference (t - t ) and 
s s 

shown in Fig. k through 9$ indicate at sharp up-ward inflection just as 

boiling commenceso It may be observed from Fig. k through 9 that the heat 

fl-ux increases practically linearly as the temperature difference between 

the -wire surface and the bulk water until the surface temperature reaches 
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the sattrration temperature of the water, at which point boiling commences. 

In the boiling region a relatively minor increase in temperature results 

in a proportionately larger increase in heat flux than for non-boiling. 

This behavior may be attributed to the fact that the whole mechanism 

of heat transfer from a solid surface to a flo?ang liquid changes as the 

temperature of the solid surface exceeds the saturation temperature. Ihen 

boiling occurs, the thermal resistance is greatly reduced^ it is posttiLated 

that this reduction in thermal rpsistance results from the growth and 

collapse of bubbles formed at the liq-uid-solid interface, thus increasing 

the heat transfer rate -with relatively small temperature increase. In 

this regard it must also be considered that the violent action of bubble 

formation effectively reduces and to a great extent destroys the boundary 

layer which comprises the main resistance to the heat flow. Hence, cooler 

liquid comes into contact Tfith the surfaces and brings about a large in­

crease in the effective heat transfer. 

The figupps also show that the degree of increase of the slope of 

the boiling curve over that for non-boiling, under the same conditions of 

water velocitj'' and temperature, becomes less pronounced as the bulk veloci­

ty is increased (see, for instance. Fig. 9)» This can be understood in 

terms of the comparatively thinner boundary layer, and the attendant larger 

heat-transfer coefficient, already existent over the forward portion of 

the wire surface at the higher velocities; therefore, the increase in heat 

flux per unit increase in temperature difference is proportionately less 

than at the lower velocities. 

Onset of Boiling. It is important to note that the transition from 

non-boiling to boiling is not abrupt or instantaneous as is indicated by 
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the sharp break in the corre la t ing l i n e s of Fig. h through 1 1 | ins tead, 

i t occurs as a more or l e s s rapid t r an s i t i on from the i n i t i a l slcpe for 

non-boiling t o the steeper one evident under bo i l i ng . Nevertheless, the 

locat ion of the sharp break sho-pffi in each case, which was obtained by 

extending the l ines for each of the two heat - t ransfer regimes t o t h e i r 

point of in te r sec t ion , corresponds to a wire surface temperature very 

nearly equal to the sa tura t ion t e i^e ra tu re of the water — a condition 

which must preva i l before change of phase can take p lace . 

Referring to the f igures , i t can be seen t h a t for lo-wer bulk water 

teuperature (higher subcooling), inc ip ient boil ing occurs at a cor re ­

spondingly higher value of heat fl-ux and, of co-urse, of ( t - t )# 

Effect of Subcooling8 Figures h through 9 show t h a t , a t the same 

ve loc i ty , the heat t r ans fe r i s grea ter for the case of lo-»«r subcooling 

(higher bulk water teraperat-ure), but the slope of the boi l ing curves i s 

steeper a t higher subcooling (lo-vrer bulk wa-fcer tem]::«rature). 

That the heat t ransfer would be higher for lever subcooling can be 

understood from the higher surface temperatures involved, which^ compara­

t i v e l y speaking, are much higher than the sat-uration temperattire of the 

water, and t h i s r e s u l t s i n a more vigorous boil ing with attendant higher 

coeff ic ients of heat t r ans f e r . This can be seen read i ly by comparing 

any two boi l ing curves (for fixed veloci ty) a t a given value of ( t - t ) . 
s w 

The differences in slope of the boiling curves at fixed velocity may 

be explained in terais of the bubble formation. Lo-wer water temperature 

favors the formation of smaller bubbles -with higher frequency of formation 

and collapse, compared idth lower frequency and larger size for lo-wer 



subcooling, and the greater frequency apparently acts in the direction of 

more vigorous agitation of the fluid in the boundary layer thereby pro­

moting better heat transfer. Thus, a higher rate of heat transfer -will 

be associated -with a smaller tenperature increasej consequently, the slope 

of the boiling curve becomes steeper with higher subcooling. At higher 

heat fltjx the ctirves tend to merge, which may be attributed to the fact 

that at high heat fltjx the surface temperatures in both cases have far 

exceeded the sattjration temperature of the water producing vigorous boil­

ing in which case the subcooling, or, more specifically, the bulk i->ffl.ter 

temperature plays a role of much less importance® 

Effect of Yelocity. In the case of non-boiling heat transfer the 

botindary layer established on the forward portion of the -mire comprises 

the main ttermal resistance. The thickness of the boundary layer de­

creases as velocity increases, and this results in a decrease of the 

thermal resistance. For surface—boiling heat transfer the boundar-y layer 

breaks do-iwi due to the agitation created by the growth and collapse of 

bubblesj moreover, cooler fluid comes in contact with the heated surface. 

Hence, the thernal resistance is greatly reduced. The influence of velo­

city on resistance is, in this case, mainly confined to a sweeping action 

of the bubbles. Ctirves plotted in Fig. 10 and 11, each for a given value 

of subcooling, show that the effect of velocity on the heat transfer is 

not great once surface boiling comnEnces, and it diminishes proportionately 

as the vigorousness of boiling increases. 

Domain of Vigorous Boiling. Inspection of Fig. 12 reveals that as 

boiling becomes -vigorous at a higher heat flux q" and a higher tempera-
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ture excess (t - t .) the ctirves appear to merge regardless of veloci-
s sa"u 

ties and subcooling. This clearly indicates that once the boiling is 

vigorous or fully established at high heat flux, the effect of agitation 

of the liqidd on heat transfer becomes dominant and effects of velocity 

and subcooling become much less pronouncedo 

Comparison -with other Hestilts. ¥toile it appears that no previous data 

exist for boiling in nonaal flow to cylinders, a comparison is made -with 

some of the data obtained in another investigation in which a basically 

different configuration was enployed, in order to get an idea of the com­

parative range of the data with respect to variables other than the geo­

metry and to allow for some general remarks about boiling. For this p-iir-

pose boiling data obtained by Buchberg and co--workers (16B) for flow of 

water through an anntilus have been used^ They are sho-tm in Fig. 26 

to:.,cther with results obtained from the present study. The three sets 

of data compared -were obtained at the same main-flow velocity, degree of 

subcooling and absolute pressure, but for different configtirations and 

for different emotmts of dissolved air in the -pmter. 

Certain important characteristics of the curves compared in Fig.26, 

such as the heat flux and associated surface temperature at incipient 

boiling, as well as -with the slopes of the boiling curves, are listed 

in Table I4. 

As indicated in Fig, 26 and Table k the data of Buchberg et al, ob­

tained for an annular-flow sjstem fdth forced upward flow, were found using 

two different tj'pes of tube materials, namely, stainless steel and nickel. 

From Tfible h it is seen that the surface temperattire of the stainless steel 

tube at incipient boiling is 280"F while that for the nickel tube, under 
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identical conditions, -vjas found to be 256®F. At first hand, two variables 

offer possible explanations for this difference; they are the dissolved air 

content of the water and the nature of the surface at which boiling occurs. 

Table h« Characteristic Features of the Data Confjared in Figure 26, 

Heat Flux Stirface Slope of Heated Source 
Tempers 

2 'F 

^ „ Temperature Boiling Curve Stirface 
X 10-"^ ^ 

hr f t 

0J.80 280 

0.172 256 

0«it» 235 

Vertical 

19 

3 

S.S. Tube 

Nickel Tube 

Chromax lire 

Ref. (16B) 

lef. C16B) 

(Present 
Study) 

Regarding the influence of dissolved gases, it is generally believed 

that higher gas content of the water facilitates earlier boiling and in­

creased heat transfer, thus loiirering the surface temperature at the incipi~ 

ent boiling point. Ytiile basically different configurations are compared 

herein, the effect of configuration on the point of incipient boiling is 

probably not too great and, therefore, the much loiner surface temperat-ure 

at incipient boiling exhibited by the present data in Fig, 26 is qtiite 

likely the result of higher dissolved gas content. This argument is sup­

ported by the experimental irork of McAdams and co-workers (12) who obtained 

some limited data for forced flow through an annulus showing that 69cG of 

dissolved, 'r pr-j . ̂ v.̂* iT-ve a pronotmced effect on the initiation of boiling. 

Ho analysis of the air content was made in this study, but, using 
information from th^ report of Kreith and Summerfield (13), it is esti­
mated that roughly?"̂ "'-' of sdr were dissolved per liter of water, consider­
ing that the T/ater was in equilibritm -sri-th atmospheric air on the suction 
side of the pump. 
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In view of t h i s , the difference i n stirface temperature at incipient 

boi l ing exhibited by the data of Buchberg and co-workers (see Fig. 26) 

cannot be a t t r ibu ted to differences in a i r content because in the case of 

the s t a in less s t ee l tube the a i r content -was higher than in the case of 

the nickel tube. I t i s most l i k e l y t h a t , in the same flow system, dif­

ferent surface temperatures for different points of incipient boil ing are 

a t t r lb t i table to the di f ferent surface conditions. Different so l id- l iqu id 

in ter faces usually have di f ferent spots favoring the formation of bubbles, 

i n the sense t ha t comparatively lo-vyer teufBrature would allovr an e a r l i e r 

i n i t i a t i o n of bubbles on one sol id surface than on another and comparative­

l y lo-wer terrperattire difference -would allotf t ransfer of heat a t a higher 

ra te from one surface than the o ther . Thus, different so l id- l iq tdd i n t e r ­

faces -would have different surface temperatures and r a t e s of heat t ransfer 

a t inc ip ient boi l ing and -would assume different boil ing curves. At very 

high heat f lux r a t e s the role of the nature of the surface i s l e s s p ro ­

notmced. This i s supported, for exainple, by the e35perimental r e s u l t s of 

Farber and Scorah(9). They studied free-convection boil ing heat t ransfer 

from four di f ferent metals , namely, Chromel A and C, nickel and tungsten 

to water in a pool under atmospheric and elevated pressures and found t h a t 

tmder the same presstire d i f ferent metals assume dif ferent boi l ing curves, 

Ftirthermore, i t i s probable tha t the flow system may also affect ( to 

a ce r ta in extent) the stirface tenpe r a t tire, a t which boil ing i n i t i a t e s , as 

-vrell as the slope of the boiling ctirve. In an up-nard annular flow system, 

bubbles form on the tube wall and r i s e in the r e l a t i v e l y narrow space, 

in te r fe r ing -with the motion of one another as they progress toward the 

tope The f lu id changes in densi ty and proper t ies as i t flows through the 
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tube. In an open cross flow system, on the other hand, seme of the bubbles 

formed at the front and on the i5)per and lower surfaces of the wire sl ide 

along the stirface and most of them are swept away into the water stream 

and collapse t he re in . Since the s l id ing path i s very short , the mutual 

interference wotild not be as pronotmced as tha t in the case of an annular 

flow, i f important a t a l l . 

Coiiyarison of Restilts of the Present Study obtained using Different 

Heating Surfaces and d i f ferent Techniques of Temperature Measurei«nt« "BB-

su l t s obtained in the same flaw system and a t the same veloci ty and degree 

of subcooling, but using di f ferent sol id- l iq t i id interface and d i f ferent 

technique of tenperattire measurement, are compared here in . The data shown 

in F ig , it, obtained from a Chromax Tare -with thermocouples attached t o 

the surface for measuring the surface temper att ires, are compared -with the 

data sho-sm in Fig . 30, Appendix C, obtained using a Type 30Ij. s t a in l e s s 

s t ee l tube with outer surface temperattires determined from the meastired 

temperature of the inner isall and the calculated temperattare drops across 

the wa l l . In both cases the ve loc i ty was 1 f t / s e c . Table 5 stmamarizes 

the main poin ts of comparison. 

As pointed out previously, the difference in heat fltixes a t inc ip ient 

boi l ing and slope of the boi l ing curves may be a t t r ibu ted t o the surface 

condit ions. As can be seen, they are , never theless , in the same order of 

magnitude and show sa t i s fac to ry agreement, considering t h a t the prevai l ing 

condit ions, although very c lose , are not i d e n t i c a l . 

The auxi l i a ry experiments carr ied out using a 1/8-in. OD tube are 
described in Appendix C| the computation of surface tenperattire of the 
tube, using the ins ide wall temperattire and the i n t e rna l heat production 
in the tube, i s a lso shotm t h e r e . 
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Table 5. Comparison of Boiling Data from a Heated lire -with that 

from a Heated Tube (both present study), 

Subcooling 

1? 

liiO^O 

Ihk.l 

80 «0 

82,6 

Btirnout 

I n c i p i e n t 

Heat Flux 

q" X 10"^^ 

B 
2 

h r f t 

0 .25 

0.29 

0 .12 

0.17 

Boi l ing 

Surface 
Temperature 

(Approximate) 

•F 

22it.0 

225»0 

222.5 

222^6 

Slope 
of 

Boi l ing 
Curve 

3»0 

3.0 

2.0 

Heated 
Surface 

Chromax l i r e 

S. S. Tube 

Chromax Wire 

S. S . Tube 

As a check on the reproducibility of data on burnout, which are quite 

consistent ?dthin themselves, a duplicate rtm vms Derformed at the practi­

cally identical conditions of 2-ft/sec velocity 8nd 116.5''F and 116.1°F 

degrees of subcooling, respectivelj's The heat flux densities obtained 

at burnout are 2.030 x 10^ B/hr ft^ and 2.039 x 10 B/hr ft^, respec­

tively. The deviation aiaounts to O.it per cent. 

The locations where burnouts occurred, shotim in Fig. l5, shotd-d be 

considered along wi.th the velocity distribution across the test section 

(under test condition) sho-twi in Fig. 16. Since the velocity in the vi­

cinity of the duct wall is generally lower than that in the mainstream, 

burnout may be ea^acted to occur in the neighborhood of the duct wall. 

This -was not the case at all; inspection of Fig. 15 sho-ws that only two 

burnouts occurred near the duct wall and, moreover, no particttlar spots 

See Rtins No. 2 and 3 of Test Ko. lit. Appendix E. 
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are favored. No doubt the cooling effect a t the ends of the wire r e s u l t -

2 ing from the f a i r l y hea-vy copper electrodes in to which the -sidres are se t 

co-unteracts the possible effects from lower veloci ty at the walle As can 

be seen, the locat ion of btirnout i s completely random« 

Visual Observatj ons 

Visual Observations with Unaided Eyes. The boil ing phenomenon could 

be observed through the Plexiglas -window -vriiile esqserimentation Tjas in 

progress . At moderate heat input , more or l e s s spherical bubbles were 

formed on the wire surface along the leading edge and t r a i l i n g edge, (On 

account of l imi ta t ions in or ient ing the l i g h t i n g , the boi l ing action on 

the top surface cotild not be observed c l ea r ly . ) Some of the bubbles de­

parted in to the main water stream and collapsed fa s t e r than the others* 

fecause of the dynamic force of the -water, s«ie were pushed along the sur ­

face and f ina l ly col lapsed. As heat f lux increased, the size of bubbles 

became ana l l e r . As heat f lux further increased, a f ine spray of bubbles 

would issue from the stirface into the flowing water, and audible noise 

cotild be heard. As heat fltix again increased, a big cltmp of bubbles 

would groif and cover a very small por t ion of the wire a t a favored spot 

along the t r a i l i n g edge. That port ion of the -wire located under the cltimp 

of bubbles vms over-heated and could be seen glowing red, I^ to a ce r ta in 

s i z e , the r e l a t i v e l y large bubble clump would collapse (condense) as the 

water presstire overcanK the vapor presstire i-dthin i t , under the condition 

Outside of the centra l t e s t zone. 

^See Fig . 23. 

The formation of large bubbles at the early stages is apparently 
caused by the presence of the dissolved air. 
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of the net heat transfer prevailing. Ii'hen the bubble collapsed, the sur­

face momentarily cooled and the brightness of the overheated spot disap­

peared. In a matter of a few microseconds, the clump of bubbles reappeared 

over the sa^ spot, and so did the brightness. After a few repetitions 

the bright spot would extend forward (upstream) to the center of the -wire 

and then burnout occurred instantly. The ability of the wire to -withstand 

the repeated overheating may be attributed to its relatively large heat 

capacitj'-, which may not be sensitive to the onset of film boiling. 

Visual Observations of High-Speed Potion Pictures. From the high­

speed motion pictures taken it -was observed that a decrease in water veloci­

ty increased the bubble number, size, and lifetime; a decrease in sub­

cooling had a similar effect. Due to the presence of dissolved gases, 

some small and apnarently permanent bubbles -mere carried out from the 

heated surfaces into the water stream. The pictures also showed that the 

bubbles formed cyclically, 

A reel of high-^eed film, from which Fig. 17B was reproduced, was 

taken at velocity h ft/sec, degree of subcooling Hit F and heat flux 

6 ? 
2.1 X 10 B/hr ft . It was very near burnout condition, and it could be 

seen that the whole Tare was almost covered -with big clumps of bubbles 

s-waying around its trailing edge# 

'They had a very slow rate of collapse, unlike the steam bubbles. 



CHAPTER VI 

SUlMAai AND CONaUSIONS 

Forced-convect ion hea t t r a n s f e r from an e l e c t r i c a l l y heated Chromax 

Tfidre o r i e n t e d normal t o a suhcooled Tjater flow was experimental l j / i n v e s t i ­

gated -id.th and wi thou t change of p h a s e . Experiments were c a r r i e d out up 

t o t h e l i m i t of burnout , and photographic observat.1 ons were a l s o made* 

The v a r i a b l e s eranloyed i n t h i s s tudy ranges v e l o c i t y from 1 to 6.8 f t / s e c ; 

subcool ing jn t h e range litO t o 80 F ; and heat f l u x d e n s i t y up to 3^ x 10 

B/hr f t . P r e s s u r e s a t t h e t e s t s e c t i o n ranged from l 5 t o 30 p s i a . 

The fo l lowing i tems cover the r e s u l t s and c o n c l u s i o n s ; 

1* The r e s u l t s of the fo rced -convec t ion non -bo i l i ng hea t t r a n s f e r 

can be c o r r e l a t e d with a maximtira d e v i a t i o n of 7"6 pe r cen t and an average 

d e v i a t i o n of 1,9 pe r cen t i n the Reynolds number range between l500 and 

11,000 by t h e fo l lowing equa t ions 

This c o r r e l a t i o n g ives h e a t - t r a n s f e r c o e f f i c i e n t s i n good agreement bu t 

somewhat lower t han would be ob ta ined from an e x t r a p o l a t i o n of a c o r r e l a ­

t i o n f o r l i q u i d s p r e s e n t e d by McAdams, assuming t h a t McAdams' c o n f l a t i o n 

can be extended beyond iieynolds number 250. The r e s u l t s a re i n ve ry c lose 

agreement wi th a g e n e r a l i z e d r e p r e s e n t a t i o n of e x i s t i n g and ? r e l l - e s t a b l i s h e d 

da t a f o r a i r i n nornml flow a g a i n s t a c y l i n d e r , except f o r txfo exper imenta l 

p o i n t s a t about Reynolds'number 2000, which a re low. 

2, R e s u l t s obta ined i n t h e b o i l i n g regime a re p r e s e n t e d i n t a b u l a r 

form (Appendix E) and they a re shotm i n g r a p h i c a l form as F i g . ^ th rough 12 

88 



89 

in T,'hich corre la t ing l ines are shoT,i.Ti. 

3 . Surface boil ing commences vjhen the surface teiiroerature of the 

heated rare s l ight ly esceeds the satui 'ation temperature of the floosing 

Tfiaier a t the prevai l ing pressure (Fir» h through 9)« The effect of super­

heat on the i n i t i a t i o n of boiling in the cross i'loiv system emplojed vjas 

found not to be pronounced. In t h i s study the point of incipient boil ing 

-A-as obtained as the point of in tercept ion of the non-boiling and boil ing 

curves. This implies sudden and sharp chawe from the non-boiling to the 

boil ing regimesj jn r e a l i t y , the t r ans i t i on i s not abrupt, but the assump­

t ion tha t i t i s r e su l t s in surface temperetiires corresponding closely to 

the sa tura t ion temnerature of the water. 

is. Once surface boiling 's^egins, the heat, t ransfer rKchnRism changes. 

The ag i ta t ion created by the Fro?.th and collapse of bubbles causes a 

breaknlnwn and v i r tua l des t ruct ion of the boundnry l aye r . Thus, thermal 

res is tance it.^ great ly reduced and a very much higher ra te of heat t ransfer 

r e s u l t s from a rt-^latively small increase in surface temperaturej the com­

para t ive ly lo¥; the r aal res is tance exploins the extremely steep slopes of 

the boil ing curvps in contrast to those for non-boil ing. 

5. High degree oj ^ subcooling in boil ing favors the formation of 

bubbles of soiall siae VJ-A^^^^ higher frequency of bubble formation and, in 

view of item (it) above, tiie xĵ ĵ̂ jĵ ĝ T̂  res i s tance i s reduced over t ha t for 

a lower degree of subcooling (s^^-^ ^^,_^ conditions remaining the same) and 

a higher heat t ransfer r e s u l t s . Suci.,, ^^ ef fec t , sliown c lea r ly by the ex-

peri meninl r e s u l t s in Fig. h through 9 . b-ocomes l e s s important as the ve­

loc i ty increases , although i t i s s t i l l c lear ly t^^^g^nt at the highest 

ve loci ty reached, t h s t of 6.P f t / s e c . 
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6. The influence of the velocity on boiling in the range studied, 

shown in Fig. 10 end 11, is large at first — at incipient boiling, however, 

as the bubble field at the surface becones better established it diminishes 

until, at large rates of heat flux (near burnout), it plays a minor role. 

The decrease of thermal resistance as velocity increases is apparently 

mainly confined to the ST̂ eeping action of the bubbles | when the agitation 

caused hj the bubbles is great (high heat flux) the velocity influence, 

or si'seping action, becomes relatively unimportant. 

7. For vigorous boiling the relationship between heat flux q" and 

the tejjpcrature difference (t - t ) appat̂ ently tends toward a fixed 
s sau 

l i ja i t (before burnout) for a given %".'ater temperature. This trend can be 

seen in Fig . 12, and i t represents the change in character of the thermal 

res is tance as the bubble populations become so great t h s t the m r e i s 

e f fec t ive ly covered -iTith a blanket of vapor. At higher degree of sub­

cooling (cooler itater tenperature) the l imi t of q" and of ( t + ^ 
•! ~ ^sat^ 

are higherj mhether or not a def in i te trend i s involved cann^^ -^ stat<=d 

conclusively from the data on hand. 

8. The r e su l t s a t burnout ore correlated -.-dth p̂̂  average deviat ion 

of lu8 per cent by the follovdng equations 

in which G i s the average mass veloci ty a t tJne t e s t section in pounds 

per hour per square foo t . The maximuffl de^iiation of any experimental point 

from the above equation i-fiis 13..6 per cent a 
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9. The location of burnout along the mdre was foimd to be random, 

indicating essentially no effect of the velocity profile on the position 

of burnout. This is not an unejqjected result, considering that the pro­

file is essentially flat over the central 6 inches of the test mre and 

that the conduction of a small amount of heat from the ends of the wire 

by the main electrodes counteracts the tendency to^mrd burnout in the 

vicinity of the wall v/here loiter velccities exist. In general, conditions 

at the surface favoring the growth of relatively large bubbles bring about 

burnout at a particular spot. 

10s Auxiliary experinBnts (Appendix B) i-jere conducted for the burnout 

of Chromax wires conprising the active wire in a simple crossed-mre matrix, 

in fdiich the horizontal heated wire was arranged between three vertical 

elements of the same diameter and made of either Teflon or Chromax. The 

purpose of these tests was to learn ivhether or not the points of cross over 

in the simple array are favorable burnout positions. At mainstream veloci­

ties ranging between 1 and 6®8 ft/sec, for six separate wire arrays, all 

burnout positions fell outside of the **cross-over*' locations o This result 

is not considered entirely conclusive, hoTi-ever, because four of the six 

burnouts occurred within one inch from the wall of the test section, repre­

senting 8 higher frequency of occurrence near the wall than foxmd in ttie 

main burnout studies® This is the direct effect of a different and less 

flat velocity -nrofile employed in these auxiliary studies« Additional 

experimentation using a screen upstream (as vi&s done in the main tests) 

is required before more decisive resiilts can be obtained. However, neither 

of the two burnouts v^ich did occur within the central 6 inches of the test 

took place at or near the cross over positions. At all events, if the 
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conditions at the cross-over points strongly favor burnout, it is likely 

that some evidence would have been found to this effect even within the 

limited eaqjeriments carried out| this was not the case, and more refined 

e:xperimentation is needed to see ̂ iniether there is any favoring at all of 

the crossing points. 

11. Some auxiliary eaq̂ eriments were performed at 1 ft/sec using a 

1/8-in. OD stainless-steel tube in place of the solid Chromax wire enxployed 

in the main testsj in this case the surface temperature was calculated 

from the internal heat developed sjid the measured adiabatic wall tempera­

ture at the inside surface of the tube» The results of these tests, repor­

ted in Appendix C and discussed in Chapter V where they are compared with 

the main results, show that the surface tenperature at which boiling com-

HEnces agrees closely with that fotmd with the Chromax rods, although the 

slopes of the boiling curves are somewhat less. 

12# High-speed motion pictures show the forimtion and condensation 

of the bubbles on the i-rire surface takes place in a cyclic manner apparent­

ly not, however, related to the frequency of the 60-c.\''cle current used^ 

The picttares also shoiT that an increase in the degree of subcooling results 

in a decrease in size, population, and lifetime of the bubblesj an increase 

in velocity has a similar effect although much less pronounced» At or 

near burnout the whole surface ?fas blanketed Tath bubbles and cltmps of 

bubblesa 

13« The use of the heated wire as a sort of resistance thermometer 

whose surface tenperature would be tractable from the measured mean re­

sistance coupled mth the theory of non-uniform development of heat within 
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a rod appears promising. The experimental program was started with the 

planned use of this method, but, after considerable investigation and 

effort, difficulties in obtaining the desired degree of accuracy (see 

Appendix D ) forced abandonment of this technique and adoption of the di­

rect surface temperature measurement with necessary corrections* The 

technique inquires a precise knowledge of the thermal and electrical 

properties of the wire and precise instrumentation! while the properties 

of Chromax were rather accurately known and the instrumentation was quite 

precise by research standards^ the tenperature coefficient of resistance 

(found indirectly from the resistivity-temperature measurements carried 

out in our laboratory) was found to be loi^r than originally anticipated 

and therefore the method could not be used with accuracy* Only the lack 

of availability of a reasonably low-cost material having a some\'!rhat higher 

teaperature coefficient of resistance than does Chromax limits use of this 

method in this application^ 



IPPENDII A 

AMALYSIS OF DATA AW ESTIMATION OF EfPEEIffiMTAL ERRORS 

Analysis of Data 

Evaluation of Heat Flux Density» The heat flux densi ty , or the r a t e 

of heat t r ans fe r from the heated fdre to the floTdng water was calculated 

from the following equationt 

where P<,F« i s the power factor of the transformer» The ca l ibra t ion of 

P«F» versus kva has already been shown in Fig . 2ii= Using Fig, 2[i one 

can obtain the power factor from the output kva, whJchj, i n t u rn , i s found 

from the nEasurement of voltage and amperage, A i s the heat t ransfe r 

areao 

Correction of Sirface Teaf?erature. Because of d i f f i c u l t i e s encount­

ered in accurately determining and reproducing the measured res i s tance of 

the heated wire , the ear ly idea of using the heated wire as a res i s tance 

thermometer was abandoned in favor of the use of the ChroBBl-MuBiel t h e r ­

mocouple wires d i r e c t l y attached to the surface. These thermocouples^ 

s i lver-soldered to the surface of the wire and protruded out in to the 

flowing water, are subject to thernal conduction through the leads and 

convection from the leads and to the water, thus decreasing the tenpera-

ture of the wire at the thermocouple j tmction. The temperature indicated 

by the thermocouple, therefore , w i l l not be the t rue temperature of the 

surface, t h a t i s , the temperature at the spot if the thermocouple were 

So-called conduction error» 

9h 
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absent. Although there are other sources of error, such as the error due 

to imperfect attachment, these are of secondary importance conpared to the 

conduction error. Hence, only correction of the error due to conduction 

is madeo 

Boelter and co-workers (26) considered the case of a thenaocouple pro­

truding from one surface of a flat plate of which both sides are exposed 

to floTdng fluids. Assuming that the section of the plate occupied by 

the junction is circular and at an uniform temperature, and that the heat 

transfer coefficients of the fluids are xmiform, they obtained an equation 

and its simplified solution for temperature corrections ass 

% " \nd ^ 

%-K 2^r ^^iCV^^s^ 
(12) 

1 + _ S h k A/6 

r = 2 VrT" 
s ^ to 

The subscript tc refers to thermocoupleo 

Boelter and Lockhart (27) experimentally verified the above equation 

and they reported that the results are in fairly good agreement with the 

theorya 

In this study, Sq. (12)^ after modification, was employed to estimate 

the temperature correction due to thermal conduction^ To approximate the 

system, the vertical, diametral plane of the wire is assumed to be an in­

sulated plane, and the wire immersed in one fluid is "transformed" into a 
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rectangiilar p la te of which the cross-sect ional area i s equivalent to t ha t 

of the wi-re and which has a length equal to the m r e diameter as i t s one 

s3.de. Hence, the thickness of t h i s "transformed" p la te i s : 

b = T^/2c = r / 2 = 0,00816 f t . 

The radius and thermal conductivitj'- of ATIG Ko. 28 Alumel-Chrcanel thermo­

couple wires obtained from Ref. (27) are respect ive ly! 

r . = 0^0126 in» = 0.00105 f t t c 

k^^ = 16 B/hr f t F 

and the thermal conductivity of Chronmx wires obtained from Ref. (30) i s i 

k = 7 B/hr f t F . 

Substituting the above numerical values into Eq. (12) gives the working 

equation, 

-X^^f^ = — — C13) 
'̂ " ' ......R v^fV 1 + i,86'\/^— 

\c \i^/fr^) 

and W r^ = 6,2 x lO""̂  V h * • 

Assuming that the thenaocot5)le Tares are normal to the flow, one may 

estimate h. , the heat transfer coefficient bet?reen the thermoco-sple wires 

and water from Eq. (9)? iThich is valid for Reynolds ntmbers between 0.1 

and 250 in a cross flow system. The heat transfer coefficient between 

It appears as Eq. (10-7a) in Ref. (23). 

http://s3.de
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t he hea ted wire and water , h , can be es t imated from the d i f f e r e n c e between 

t h e i n d i c a t e d surface temperature and t h e tempera ture of the water j i t s 

e f f e c t i s d i scussed below. 

A l l t empera ture c o r r e c t i o n s irere made from E-j,. (13)® The va lues of 

t h e Besse l func t ions involved were obta ined from Ref. ( 2 8 ) , 

I t i s of i n t e r e s t t o i n v e s t i g a t e t h e na tu re of t h e c o r r e c t i o n . As an 

approximation one may cons ide r the v e r t i c a l p l ane pas s ing through t h e a x i s 

of the wire as an i n s u l a t i n g p l a n e , i n which case the system c l o s e l y approxi­

mates t h a t i d e a l i z e d by Boe l te r and co-vrorkers ( 2 6 ) . -Suppose now the d a t a 

of Run Mo, 16 , Tes t No. 10 (Appendix E)^ a re t aken as an example, w i th a 

thermal c o n d u c t i v i t y 9 B/hr f t F s e l e c t e d a t t h e i n d i c a t e d t empera tu re 

(F ig , 3 3 ) , Using E i . (12) and choosing hea t t r a n s f e r c o e f f i c i e n t s 25 p e r 

c e n t , 50 p e r cent and 230 p e r cen t of t h a t given by t h e exper imenta l d a t a 

shown i n Hun No. 1 6 , T e s t No, 1 0 , one o b t a i n s the r e s u l t s ( b ) , (c) and ( d ) , 

r e s p e c t i v e l y , shown i n Table 6 , iiAiere t hey are coBpared with a computation 

based on Eq. (13)# 

Table 6 . Comparison of TeufDerattire Cor rec t ion 

based on Est imated Heat Transfer C o e f f i c i e n t s . 

Case 

(a) 

(b) 

(c) 

(d) 

Equat ion 
Used 

13 

12 

12 

12 

b 

f t 

X 10""^ 

8.18 

5.20 

5.20 

5,20 

k 
P 

B 

h r f t F 

7 

9 

9 

9 

h* 

B 

hr f t ^ F 

10,860 

8,31+0 

5^3140 

21,720 

*ind 

' F 

287 

287 

287 

287 

t s 

*F 

3l42,8 

3h8>0 

359 .1 

332,0 

Per Cent-
Dev ia t ion 

2 ,1 

h,S 
3 ,1 

'he d e v i a t i o n i s based on the c o r r e c t e d t e n p e r a t u r e 3ll2.8*F, 
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Inspection of Table 6 shows that the deviation in temperature cor­

rection due to the magnitude of the estimated heat transfer coefficient, 

the depth of the cylindrical source and the slight variation of the 

thermal conductivity is not too significant. Even with the extremes chosen, 

it amounts to li,5 per cent out of total correction 19 per cent at most. 

The exanfjie shown is a very much amplified one to illustrate the relative 

insensitivity of the correction to the above variables. 

Experimental Errors 

The measured quantities of main importance in this study arei the 

heat flux density^ flow rate and velocity of the fluid, teuiperatures of 

water and the heated wire, absolute pressure and the condition of the 

water. 

The nominal diameter of the Chromax wire is 0.125- in. and its varia­

tion was found to be within + OsOOOii- in,, or + 0,3 per cent. The nominal 

heated length of the wires is 10 in» within less than 1/32- in,, that is, 

+ 0«3 per cent. Hence, the heat transfer area is known within + 0,6 per 

cent. 

The electrical power dissipated by the heated wire was obtained by 

measurements of current passing through it and voltage drop across it. 

The voltage drop was measured with either a feston Mbdel 3I4I voltmeter 

with a full-scale accuracy of 0,25 per cent or a I'estinghouse Type G volt­

meter with a full-scale accuracy of 0«5 per cent. In either case the 

measurements are accurate within 0®5 per cent. The contribution to voltage 

drop due to potential tap located at the electrode is less than 0®2 per 

cent. Hence, the probeble error in voltage fneasureiiBnt is within + 0*7 

per cent. The cxirrent meastireHents -were made with a Weston Ibdel 370 
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amneter mth a full~scale accuracy of 0»25 per cent tofether mth a cur­

rent transforner either of festinghouse Style 29798^ or a Weston Model 

it6l̂  Type 1 or 2, All of them have an accuracy of 0^25 per cent, There-

forf̂ j the accuracy in current measurements is estimated to be mthin 

+ 0,5 per cent* The determination of power factor of the transformer ims 

made with a lest on Model 310 wattmeter y/ith an accuracy of 0^25 per cent 

in conjunction with a voltmeter and ammeter and a current transformer as 

used in the determination of voltage drop and current. The accturacy of 

the determination of poTrer factor is mthin 0^3 per cent. Consequently^ 

the accuracy of electrical power dissipation is mthin + 1«5 per cent 

and the accuracy of heat flux density is + 2 per cent as a maximiamj with 

the probable error somewhat less than this value» 

The temperatures of the water, measured with calibrated copper-

constantan thermocotqjles, are accurate to + 09 2"F, The Chrome1-Alumel 

thermocouple wires used to measure surface temperature were calibrated 

and found to be - 0,1* F at 300®F from the standard Leeds and Horthrtp 

conversion table. They were subjected to errors due to conduction^ method 

of attachment, change of metallurgical striicture of the portion of the 

uetal, and the local turbulence at the place where silver-soldering was 

madej attention has only been directed to the correction of conduction 

error J the majn source of errors, 

The velocity or the flow rate measurements are estimated to be in 

error by not more than + 2 per cent* The manometer used has 0»l-in<, 

divisions and can be estimated to 0,02-in,, and durjng operation only 

minor fluctuations of nanometer fluid were observed. Most of the error 

is contributed by the uncertainty of orifice calibration. 
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The absolute pressures were measured with a manometer with 0®l™in« 

divisions. The mercury column could be estimated to 0,02--ins The fluctu­

ations sometimes were two or three times the division value. These fluctu­

ations could cause5 at most, about + 0®5 per cent error in the runs at low 

flow rates, and the error will be much less at high flow rates. 

The electrical resistance of the water was measured with a Leeds and 

Northrup conductivity bridge with about + 3 per cent accuracy and its 

pH values were determined with a Bechman Model G glass electrode pH meter 

with an accuracy of + OB2. Their accuracies are believed to be within the 

limits of the instruments employed. 

As mentioned in the main textj no atteiipt was made to obtain energy 

balance between the electrical and thermal energy. Even if the system were 

insulated, such a balance would be difficult, if not impossible, to achieve. 



APEEl'JDIX B 

PRELIIIEARY EXPEHIMENTAL STUDY ON BURNOUT OF A SDffLS MATRIX 

The work p r e sen t ed h e r e i n i s a p r e l im ina ry exper imenta l s tudy on the 

l o c a t i o n of burnout i n a simple ma t r i x made of c rossed m r e s . S p e c i f i c a l l y , 

i t was d e s i r e d t o l e a r n ?/hether or not t h e c ros s -ove r p o s i t i o n s of the rods 

a r e favored burnout pos i t ions® 

The exper imenta l appara tus used i n t h i s study i s t he same as t h a t d e ­

sc r ibed i n Chapter I I I , except t h a t t h e t e s t s e c t i o n was modified to a c ­

commodate t h r e e v e r t i c a l e l emen t s , e i t h e r of Teflon or of Chromax. 

The h o r i z o n t a l heated l / 8 - i n , OD Chromax wire was arranged between 

th ree v e r t i c a l e l emen t s , a l s o of 1 / 8 - i n . OD, one a t t he midpoint doTmstream 

of the h o r i z o n t a l w i r e , the o the r two loca t ed on t h e upstream sidee Al l 

t h e s e v e r t i c a l e l e i i en t s had a t r a n s v e r s e p i t c h of k d iameters and l o n g i ­

t u d i n a l p i t c h of 2 d i a m e t e r s . Bach of them was s l ipped through p r e - d r i l l e d 

matchjrg ho les 3n t h e upper and lower P l e x l g l a s i-sindows. 0 - r i n g s , packing 

glands and b r a s s f i t t i n g s were a l s o provided to keep the wi res i n p o s i t i o n 

and t o p r e v e n t l e a k a g e . By t u r n i n g t e n s i o n nu t s i n t o the th readed ends 

of each v e r t i c a l element a g a i n s t t h e b r a s s f i t t i n g , t h e element could be 

s t r a i g h t e n e d and a good con t ac t with the t e s t wire would resi£Lt» 

Figure 27 i s a photograph of t h e t e s t s e c t i o n sliowing t h e arrangement 

of the simple m a t r i x , as assembled, p r i o r t o i n s t a l l a t i o n , ftfore assembl­

ing the t e s t s e c t i o n to the system, the con t ac t p o i n t s between the v e r t i c a l 

e lements and t h e h o r i z o n t a l t e s t wire were i n j e c t e d under l i g h t from an 

e l e c t r i c a l l a ^ e Af te r assembly, t h e pump was tu rned on and a d e s i r e d flai 

r a t e was s e t . Power %'as then turned on and g r a d u a l l y i nc rea sed u n t i l 

biirnout occxirred® 

101 
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i 

Fig. 27 Assembly of Simple Matrix 
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In these experiments no screen was installed upstream of the test sec­

tion because it -̂Tas teiroorarily out of s-̂ rvicet The velocity distributions 

determined using a movable Prandtl tube are shoim in Fig» 28. 

Runs were made at mainstream velocities at 1^ 3§ and 5 ft/sec mth 

Chromax wire as vertical elenKntsj Teflon rods were used at velocities of 

2, Iij and 6.f ft/sec. 

The results of location of burnout are plotted in Fig. 28. As can be 

seen^ three burnouts occurred at about l/2 in., one at about 7/8 in, and 

one at about 2 in^ from the duct wallj and one at I-I/I4 in. from the center. 

In no case did the mre burn out at any of the crossing positions in this 

simple matrix. Nevertheless^ one must consider the results in the light 

of the ê ĝ erimental conditions. Four of the six burnouts obtained occurred 

mthin 1 inch of the -wall, and these imre for the highest mean velocities. 

The two burnouts occurring within the central 6-inch portion of the mre 

•mere obtained at the lowest speeds. i.n which case the velocity profiles are 

reasonably flat in the central regions, lliile it must be considered that 

the coiif)aratively low velocity near the wall probably favors burnout in 

this vicinity^ neither of the two burnouts in the central regions occurred 

at or even close to the matrix assembly. It would seem that if the cross­

over positions were strongly favored burnout locations^ some evidence would 

have been forthcoming even from these simple tests. 

Although no btirnout took place at the crossing positions^ no definite 

conclusions can be drawn from these simple and limited t̂ ŝts except that 

the favorinp, if it exists^ is probably not strong^ and^ therefore^ a more 

detailed and thorough investigation would be required to detect whether or 

not the cross-over points are favored hot spots at all. Such an investiga™ 
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Flg^ 28 location of Burnout in a Simple Matrix and 
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tion should be carried out for a complete matrix assembly using also smal­

ler transverse and longitudinal pitch. 



APPEMDIX C 

BOILIIG HEAT TEMSFER FROM A l/8-in. OD TYPE 30i|- STAIHLESS STEEL TUBE 

The objective of experimental -work reported in this Appendix vas to 

obtain data on boiling heat transfer using a different metal as the heat­

ing element and a different technique to determine the surface temperature, 

so that a comparison with the main data could be made. 

The experimental apparatus employed in this study are the same as 

those described in Chapter III, except thatj instead of a wlre^ a l/8-in» 

OD by 0.02-in, wall Type 304 stainless steel tube was used as a heating 

element I also^ the outer surface temperature was calculated from the 

measured inside wall temperature and the heat developed within the tube. 

Thermocouples for measuring inner wall temperatures were made from 

A¥G lo. 28 Alumel-Chromel wires with a part of their cotton insulation re~ 

moved» The leads were inserted into a l/l6-in» OD, 2-hole porcelain in­

sulator^ k inches longj their ends were then twisted and silver-eoldered 

with a l/32-in. bead as a hot junction. Each heated tube had two thermo­

couples installed, one from each end^ and each was located at 2-l/l2 in. 

from the tube center. The end of the thermocouple was slightly bent^ so 

that it would be in contact with the inner wall of the heated tube when 

inserted. The ends of the tube were separately silver-soldered to a l/2-ln. 

threaded copper plug for a good electrical conductor. The gaps between the 

porcelain and heated tubes were sealed with Paxalloy to avoid leakage. 

The heated tube assembly was installed in the test section with the 

location of thermocouple leads facing domistreain.. The thermocouple leads 

106 
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passed through p re -d r i l l ed holes along the axis of the electrodes and con­

nected to a selector switch. 

When runs were made, the main pump was f i r s t turned on and a desired 

floif ra te Tjas next s e t . The cooling system and e l e c t r i c a l heaters were 

nanually regulated so that a constant Tjater temperature ?/as maintaired. 

After loads ?rere applied, 15- minutes were allowed with fixed conditions 

p r io r t o the recording of data . 

The outer wall tenperature was calculated from a Taylor ser ies solu­

t ion of the tPBperature d i s t r i bu t ion for heat conduction in an e l e c t r i c a l l y 

heated tube with adiabatic inner Tjall. The working equation, a s impl i f i ­

cation proposed by Rohsenow and Clark (18) wherein higher order tei*ms are 

neglected and -Khich i s accurate m t h i n 5 per cent , i s as followss 

t. »t =^^L^\'E^^ + 'M^+ ...1 
^ ° î pi L î J pi 

2 2 

(li^) 

where m = 
2 7f 2(r2 ^ r^) 

2 ' 

In the system enployed. 

r^ = 0,0625 i n , = 0.00521 f t 

r^ = 0,0)425 i n . = 0,003514 f t 

The working equation then becomes 

j 2 . 2 

t . - t^ = l,7ii2 X 10^ — i . (15) 
X f i 

The derivation and solution of the equation were originated by 
Kreith and Summerfield. 



108 

The equation allows for variations of electrical resistivity and ther­

mal conductivity with tenperaturej the thermal and electrical properties 

were provided by the manufacturer of the heated tube (29) and they are shown 

in Fig. 29. 

Experiments were made for runs at velocity of 1 ft/sec and degrees 

of subcooling of lUii F and 83 F. The outside virall temperatures were cal­

culated from Eq.(l5) and the results are shown in Fig. 30, The slope of 

heat flux q*' versus temperature difference (t - t ) curves in the 
s w 

nucleate boiling region is approximately 2,8it for the lliii F subcooling 

run and approximately 2.0 for the 83 F subcooling run. It also shows 

that the latter tends to merge mth the former. The results are in satis­

factory agreement with those obtained from boiling heat transfer from 

Chromax wires at the same velocity^ approximately the same degree of sub­

cooling and in the same flow system. The comparison of the results has 

been discussed in Chapter ?, 

As can be seen from Eq. (Ill), the temperature drop across the tube 

wall is inversely proportional to the thermal conductivity and electrical 

resistivity. Both of them are dependent on temperature. That is to say, 

the accuracy of the calculated outer well temperature depends on the 

values of thermal conductivity and electrical resistivity. Since the 

chemical compositions and metallurgical structure of the stainless steel 

may differ slightly from heat to heat, slight variations may exist in 

thermal conductivity and electrical resistivity, The curves shovai in 

Fig» 29 are only representative, average values of the metal. They may 

not be the exact, specific values pertaining to the tube used. For better 
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resultsj more precise values of thermal conductivity and electrical re­

sistivity should be obtained by direct measurements, Ho?jevex', this was 

beyond the scope of this work. 



APPENDIX D 

USE OF THE HEiTM) m R E AS A RESISTAIGE THiaMOlETER 

In the present study initial attempts were made to use the Chrcmax 

mre as a heating element as well as a sort of resistance thermometer to 

obtain the surface temperature. This method requires a precise knowledge 

of the electrical and thermal properties of the wire as a fxmction of 

teB5)erature. 

The report presented herein contains the calibration of the Chromax 

wire and the discussion on experiences with and the possibilities of em­

ploying the methods 

Calibration of ¥ire 

Figure 31 shows the wiring diagram for calibrating the electrical re­

sistivity of the Chronax wire versus temperature^ and Fig. 32 is a photo­

graph showing the e:xperimental apparatus. 

Each Chromax wire tested^ l/8-in. diameter by 33--in, long^ was threaded 

for about 2 in. at both ends to adapt tension nuts. Two l/32-in, OD por­

celain insulated copper wires were separately inserted and silver-soldered 

to two pre-drilled holes^ each at 3 in. from the longitudinal center of 

the wire. These copper wires were used as lead wires to measure the po­

tential dropsJ they were connected to the selector switch. The wire as­

sembly was then placed inside the 2-in8 3D combustion tube of the llO-volt, 

60-cycles sjngle-phase a-c electric furnace (Sentry Model V #7)« The 

tested wire was supported in three places with fire brick along the inside 

of the combustion tube. Both ends of the mre and potential leads passed 

through Lava plugs which closed the two ends of the combustion tube® The 
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sagging of the wire (under high-level heating) was diminished by turning 

the tension nuts against the Lava plugsj only enough tension vias applied 

to prevent excessive sag. 

For determining the teaperature prevailing inside the furnace^ a 

movable 2lt-in, platinum-platinum plus 10 per cent rhodium thermocouple 

(Leeds and Northrup Model 8702) shielded in a porcelain protection tube 

was used, and it was placed inside the furnace with its junction at the 

longitudinal center of the wire. Extension wires (Leeds and Ncrthrip 

Type 16-60-1) were also used to form a cold junction and to connect to a 

selector switch« 

Electric current for the measurement of resistance was stpplied by a 

2-volt Willard storage battery. In series with the rheostat ims a O»l-ohm 

standard resistor made of a Manganin strip and across i-tiich two potential 

leads were connected to the selector switch (See Fig». 31). A K-2 potenti­

ometer was used to measure the electromotive force. 

In this calibration both unannealed mres and wires annealed at 1800*'F 

for two hours and cooled inside the electrical furnace were employed. 

The resistivity of the tested wire at a measured temperature was cal­

culated from the following equations 

P = 2 R 2 ^ A , (16) 

#iGre S^ i s Oel--ohmj the res i s tance of the standard r e s i s t o r , Ep the 

po t en t i a l drop across the standaixi r e s i s t o r , Ê  the po ten t i a l drop across 

the 6-in. por t ion of the t es ted wire and A the cross-sec t ional area of 
c 

the wire^ 155280 circular mils. The results of this calibration is shown 

in Fig. 33. 
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According to the manTifacturer of the wire, the thermal conductivity 

and electrical resistivity of the wire may change from heat to heat but 

it is claimed that the variation of thermal conductivity is not substantial. 

The values of the thermal conductivity shown in Fig. 33 w e those supplied 

by the manufacturer« 

Determination of Surface Temperature 

Considering heat non-uniformly generated inside a cylindrical body 

and analjrzing the temperature field mthin it, Jakob (2i|,) obtained a so­

lution for the difference between the mean temperature of the body and its 

surface teHf>erature ass 

, j-2 J, (cr) -, 
0 = 1 - . - i — _ 1 (17) 
"̂  ^ U J (cf) J 

ô  

itoere © = t - t , P 
m tn. s 

£ = temperature coefficient^ l/F 

o' = r \f'& ̂ yk . 

Assuming that the heat transfer coefficient around the wire is tmi-

form (that is, the surface teniperature of the wire is unifortE), one may 

apply the above equation to determine the surface teiuperature by employing 

the mean temperature of the wire, which may be accurately determined if 

very precise values of the current passing through and the potential drop 

across the wire can be obtained. 

Consider, for exanple, fiun Ho» lit. Test No» 2, Appendix E. For con­

venience, the e3(periniental data are enumerated as follows i 
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Currenb Heat Hux Surface Temperature 
Potent ia l Meter Transformer" ——— ^̂  lo""^ 

Volts Reading Ratio Amperes ^ Indicated Corrected 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ ^ B/hr ft'^ ^F ^F 

21«0 3M I6O1I 588«8 1.5518 262,3 300 

The other ohysical and geometrical proper t ies per t inen t to the m r e enployed 

may also be given as followsi r = I / I 6 in« = 0»0052 f t | A = 15^280 c i r 
G 

mils L = 10 i n . = 0,83li f t | v = 7M x 10™^ f t ^ | and £ = 0»000ffl6 l / F , 

itoere the temperature coeff icient £ i s obtained from the ca l ib ra t ion 

curve as shown in Fig . 33 (a constant within the temperature range)» 

From the above data one may proceed to estimate the surface teupera-

t u r e . The heat generated per unit voltme i s i 

3.1jl2 E I (P»F.) 3*ia2 X 21 X 588.8 x 1 

^ ^ 7.08 X 10-5 

= 595^88 X 10^ B/hr f t^ „ 

The e l e c t r i c a l res is tance and r e s i s t i v i t y a t the t e s t condition a re , r e ­

spect ive ly! 

S' = I X j ^ = 0.0ii2799 ohm/ft 

p = R'A^ = O.OI12799 X 15280 = 653.97 ohm/cir mi l / f t . 

Based on the above value of e l e c t r i c a l r e s i s t i v i t y , one can f ind , from 

Fig . 33, 

t = 505"F 

k = 10*9 B/hr f t F , 

Again, <r= r Vc^J^ = 5.2 x lO""̂  M^§A^9:.^g9SMl2^ 

= 0.5518 . 
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From tab le shown in Ref. (31) one gets 

J Jo-) = J^(0.55L8) = 0.927 

J^(o') = J^(0.5518) = o«265 . 

Subst i tut ing the per t inent values in to Eq. (17) gives 

-, 1 r 2 X 0^265 T 1 inc: )"TP 

o r , 

*<. = "t™ - ®™ = ^05 - 175. l i = 329«6^F . 
s m m 

This is 29e6*F, or 10 per cent, higher than the teinperature measxired with 

thermocouples and corrected for conduction error. 

Discussion and Conclusions 

During the main esq̂ eriments a 'feston Model 3iil voltmeter was used to 

measure the voltage and a Weston Model 370 ammeter coipled with a leston 

Model ii6l Type 1 current transformer with a ratio 800 il was used to measure 

the current flowing through the wire. All the instruments have an accuracy 

of 0«25 per cent. It is of interest to estimate the error in the deter­

mination of surface tenperature within the accuracy limit of the instru­

ments* 

Suppose the voltage reading is on the high side and amperage on the 

low side. From the nominal values shovm in the above exanple one can ob­

tain within the limit of accuracy, 

E = 20.95 volts; I = 590a3 amp .-

Hence, R» = U.Oii2588 ohm/ft and p = 650.7 ohm/cir mil/ft. 

From Fig. 33 one gets, 

t^ = iieô F and k = 10«7 B/hr ft F . m ' 
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Proceeding as previously, one f inds . 

o = 0«556ii| J^(o) = 0.2681 J^(o) = 0,926 

from -rtiich 

e = 196''F, and t = t - © = i|80 - I96 = 281î F , 

This is l6®Fj or 5 per cent^ lo-wer than the temperature measured by thermo­

couples and corrected for conduction error» 

Inasmuch as the acctiracy of the measured physical quantities are 

•within the accuracy limit of the instruments employed^ Oe^O per cent devi­

ation of electrical resistivity from its nominal value would cause as much 

as 15 per cent, or ii5»6®F, deviation of surface temperature from its nominal 

value» It should be pointed out that the above discussion is only con­

cerned with the deviation mthin the accuracy limit of the instrtments and 

neglects the error from other sources« Ifj as it unavoidably does, human 

error arises, for example, the reading from the ammeter with a current 

transformer l60sl could have been read + OsOl from 3<.68. This amounts to 

a difference in 16 amperes, or 0®3 per cent, and the temperature error thus 

induced would be much higher® 

It may be concluded that the use of the heated mre as a resistance 

thermometer appears promising. In practice, it requires very precise de­

termination of the thermal and electrical properties of the mre and pre­

cise instru'ttentationo It is also noted that the deviation in mean tenpera-

ture or surface tenperature can be reduced, provided a material mth a 

large increase in electrical resistivity per unit temperature can be se­

lected, but, unfortunately, excluding expensive materials sxich as platintonj 
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it appears that no such materials are readily availableo In fact, Chromax 

Ttas originally selected because it has the most favorable resistance-

tenperattire relationship of a whole class of nickel-chromium alloys. It 

has a much larger temperature coefficient than the usual stainless steels 

•Aich have been used for the most part in other boiling studies nbere 

electrical power is used as the energy soxxt'ce. 



APPEIDIX E 

TABULATIOM OF EIPERIlffiNTlL DATA 

This appendix comprises all e:^erimental data, including peripheral 

data concerning such items as calibration. 

Test No. 1, comprised of 18 runs, covers the data for non-boiling 

heat transfer* 

Tests Ho. 2 through 13, representing a total of 175 runs, cover the 

data for surface-boiling heat transfer at different velocities and degrees 

of subcooling# 

Test No. Ill presents the data of the burnout studiesj a total of 31 

runs are listed, the last six of which are taken from the burnout studies 

of simple matrices« 

Test No. 15 presents the measurements for the velocity distribution 

across the test section. 

Test Ho. 16 covers the data for siirface-boiling heat transfer from 

the Type 30ls stainless steel tube, 36 test runs in all» 

Test No. 17 covers the reproducibility of the soldered-on thermo­

couples » 

Test No. 18 presents the data for determination of poirer factor for 

the power transformer. 

Test No. 19 is a presentation of data used for the determination of 

electric resistivity of Chromax wire as a function of temperature* 
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TEST NO. 1 

Foreed-Convection Kon-Boiling Heat Transfer 
a t Constant Heat Fluxes 

Dates 

Htm 
KG, 

1 
2 
3 
k 
5 
6 

7 
8 
9 

10 
11 
12 

13 
111 
IS 
16 
17 
l e 

S - l l - 5 6 | 

f t / s e c 

1 
2 
3 
i. 
S 
6.8 

1 
2 
3 
1, 
S 
6.8 

1 
2 
3 
li 
S 
6.8 

P ju -

B/hr f t ^ 

0,0860 
M 

a 
n 
n 

^ 
0.1361t 
0.13M 

II 

n 
0.1383 

(1 

0.1786 

K 

l« 

it 

K 

29.1t7 i n . fie= *™ 

\ n d 

MY 

2,603 
2.255 
1.882 
1.768 
1.70S 
1.595 

3.255 
2.723 
2.256 
2.058 
1.970 
1.802 

3.725 
3.061 
2.505 
2.305 
2.218 
2.011 

"F 

ll»7.3 
132.2 
116.2 
110.8 
108.2 
103.5 

175.7 
152.6 
132.3 
123.9 
120.0 
112.5 

195.7 
167.3 
l l i3.2 
131..S 
130.6 • 
121.5 

= 76*F5 t ^ 

f-
1-

B/hr f t ^ F 

1380 
1832 
2780 
3330 
3710 
ii6S0 

1510 
1992 
28!:0 
3160 
395C 
5030 

1615 
2170 
3070 
3600 
3910 
1»890 

= 8S°F. 

B/hr f t ^ F 

• 3960 
5650 
6950 
7950 
8780 

10620 

3960 
S6SC 
6950 
7950 
8780 

10620 

3960 
5650 
6950 
7950 
6780 

10620 

- Tenmerature 

[hcj 

0.591 
0.57c 
O.63I1 
0.61i7 
0.650 
0,660 

0,6X1 
0.595 
o.eiio 
0.660 
0.670 
0.669 

0,61jO 
0.618 
0.665 
0.671; 
0.668 
0.660 

Correction — 

f^(%/f r^ ) 

t .106 
3.513 
2.779 
2.500 
2.31.5 
2.0147 

3.919 
3.357 
2.750 
2.160 
2.266 
1.956 

3.780 
3.330 
2.620 
2.390 
2.273 
1.989 

K^iVf rj 

1.620 
I.I187 
1.297 

i.as 
1.167 
1.068 

1.580 
l.ljl.9 
1.288 
1.203 
I . I U . 
1.036 

1.51.9 
l .U ,3 
1.251 
1.181 
l . l U i 
l.GljS 

i 

• F 

169.0 
151.1 
128.5 
121.I1 
117.9 
m . l i 

3)7,2 
179.3 
150.8 
139.2 
13 t . 5 
123.9 

231.9 
198.1 
165.6 
153.7 
11.9,0 
136.5 

h 

B/hr f t ^ F 

1012 
1300 
1975 
2360 
2610 
3260 

1116 
lli30 
» 5 o 
21.90 
2800 
3560 

( 
1571. 
2220 
2600 
2800 
31.70 

=^=ss==s;̂ = 

117.5 
118.0 
106.8 
103.2 
101,5 

98.2 

l i .6 .1 
132.2 
117.9 
112.1 
109.8 
lOlj.S 

0' 
19.3 
30.0 
37.1 
11..0 
1.8,5 
59.6 

22.7 
32.2 
39.1 
15.S 
53.2 
6i..e 

i io- .e 35.6 
125.3 
119.1, 
117.0 
110.8 

39,5 
1.9.7 
53.6 
66.0 

> f 

16SS 
3310 
ISSo 
5910 
7L80 
9303 

2CSS 
3770 
1970 
6U0 
771.0 

11120 

1 
l i c o 5350 
6880 
8300 

10750 

IJOTESs 1 . h'̂  -Has based on indica ted surface t e ape ra tu r e , while h iras 

2 . Corrected ten^jeratures nsre ca lcu la ted front Equation (13) . 

based on corrected surface teiEserature. 



TESt m, 2 

Bsmiits of Forced-Cororaetion Surfsee-Boil iag ifeat Transfer 

Dates 6-27-56 

f = 1 f t /s i 

q ' l s I O " 

"abs 

. 29.66 i n . Hg 

: 37.79 i n . Hg 
* r « = ® ' ^ 

t „ . = 2 2 r F = lliO F 

Indica ted Tei^wrature, t •ind h 
t ^ = 8S'F 

Tsj^e^a^uT® Correction 

1/2 

H = 3800 oh« ec' - 1 pH = 7.10 

M.ght 

No. B/hr f t 

Center 

m 

Left 

m "F B/hr f t ^ F B/lir ft^ F *? 

*a - * , *s - V t 

6 
7 
e 
9 

10 

11 
12 
13 
11. 

0.0905 
0 .1U8 
0.1656 
0.29S0 
0,31.03 

0.6S16 
0.71.31 
0.8126 
0.921(6 
1.0309 

1.1768 
1.3281. 
1.1.399 
i.ssia 

2.1.08 
2.9US 
3.10) 
3.81.5 
3.910 

1..258 

l j ,S30 
l,.660 
1».837 

1..9SS 
5.089 
5.178 
5.281 

2.362 
2.76S 
2.880 
3.616 
3.803 

l i . l83 
li.271 
1..1.S0 
1..S1S 
ii.TSS 

I..813 
li.960 
5.091 
5.182 

2.386 
2.5>iiS 
3.120 
3.830 
3.900 

1..357 
U.387 
1..537 
1».670 
J..8to 

1.960 
5.080 
S.086 
5.276 

2.3SS 
2.815 
3.033 
3.761. 
3.781 

it.233 
I..361. 
1..506 
li.615 
I4.817 

1..909 
5.01,3 
5.118 
5.21^ 

137.5 
159.5 
166.1 
198.7 
202.0 

a 7 . l l 
223.5 
229.7 
23!,. 2 
21,3.2 

21,7.3 
253.1 
256,3 
262.3 

S8.S 
7U.S 
81.1 

112.7 
117,0 

132.1, 
138.5 
l^!j.7 
l t e . 2 
158.2 

162.3 
168.1 
171.3 
177.3 

1723 
1900 
»1,S 
261,5 
2910 

1.920 
5370 
S 6 » 
6180 
6 5 » 

721,0 
7900 
81.CX) 
89SO 

3957 0.957 
0.696 
0.721. 
0.817 
0.P60 

1.118 
1.168 
1.195 
1.253 
1.288 

1,355 
I.I4II: 
1.1,55 
1.1,90 

3.361, 
3.1,1a. 
3.303 
3.859 
2.702 

1,978 
I .S81 
1 . 8 a 
1.717 
1.656 

1.552 
1.1,61. 
1.1.06 
1.370 

1.516 
1.1,70 
1.1,36 
1.319 
1.275 

l.OUl, 
l.C»9 
0.987 
0.91,8 
0.921, 

0.883 
0.81,7 
0.822 
0.807 

155.1, 
18I..2 
192.2 
231.9 
236.1, 

251.0 
257.5 
26S.O 
269.5 
280.0 

281.0 
290.0 
293.3 
300.0 

70.1, 
99.2 

107.2 
11.6.5 
151,1. 

166.0 
172.5 
1=0.0 
l e i . S 
195.0 

199.0 
a j s .o 
208.3 
215.0 

7.9 
12.1, 

27.0 
33.5 
1,1.0 
1,5.5 
56.0 

60.0 
tlj.O 
6'r.3 
76.0 

KOTESs 1 . h. tias ca lcula ted f raa Equation (9) based on water tenmera turs . t c 

2 . h" lias ca l su l s t ed based on ind ica ted temperature . 
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Dates 

No. 

TEST liO. 3 

I tesul ts of Forced-Convection Surface-Boiling Heat Transfer 

7-9-56 

? = 1 f t / s 

q " x l 0 ' ^ 

B/hr f t ^ 

^&iM ~ 2 ' * ^ *•"• ^S 

^abs 
= 36.61 i n . Hg 

Indicated Te^iperatures t 

76 'F 

222.5*F At 'sub 80 F 

'ind 

Right Center 

H7 

Left ¥ean "ind-

: 11,2.5*F 

Teasperatur© Correction -

/ 2 

\(^if r̂ ) 

R = tOii) Ota cc" pH = 7.90 

B/hr f t F B/hr f t ^ F 
(d'' 

H 
o ( ^ - s ' s * s - ^ 

F 

t_ - t •sat 

1 
2 
3 
i 
5 

6 
7 

9 
10 

11 
12 
13 

0.1.69 
0.0673 
0.0802 
0.137S 
1.1793 

0,2683 
0,3769 
0,6367 
0.7351 
0.6072 

o.esS" 
O.S3S7 
0.9837 

3.096 
3.235 
2.1.37 
3.930 
1..1S6 

!i.329 
1..1.69 

3.122 
3.385 
2.503 
i. . ic8 
1.192 

1..3li9 
1..S29 
5.039 
5.155 
5.218 

5.270 
5.388 
5.126 

3.109 
3.310 
2.170 
1.019 
1..171 

1..339 
1.199 
5.039 
5.1SS 
5.218 

5.270 
5.38S 
5.1.26 

169.3 
178.0 
185.0 
208.3 
215.2 

222.3 
299.L 
253.0 
258.2 
261.0 

263.3 
26M 
27^.3 

26.8 

65.8 
72.7 

79.8 
89.9 

110.5 
115.7 
l i e . 5 

120.8 
125.9 
127.8 

1750 
1900 
1685 
2090 
2170 

3360 
1350 
5770 
6370 
cclO 

7080 
71.1,0 
7700 

1,675 0.611. 
0.638 
0.635 
0.670 
0.726 

0.850 
0.965 
1.111 
1.170 
1.207 

1.231 
1.261 
1.285 

3.631 
3.1.10 
3.1.69 
3.26t 
2.97" 

2.500 
2.133 
1.790 
1.682 
1.611 

1.575 
1.525 
1.1.E9 

1.512 
1.16? 
1.1.77 
1.1.26 
1.3S1 

1.215 
1.007 
0.976 
0.931. 
0,906 

0.8°2 
O.S72 
0.557 

179.0 
191.0 
202.5 
225.0 
232.0 

2 a . 5 
259.0 
2'=2.3 
287.0 
200.0 

293.1 
299.0 
301.0 

36.5 
J'.S 
60.0 
82.5 
S?.5 

102.0 
116.5 
139.3 
1^5.2 
1L7.5 

15c . t 
156.6 
158.5 

22.C 
36.5 
5 9 . " 
t 3 . 2 
tS.E 

- 6 . ; 
78.5 

I.'OTESs 1 . h ims ca lcula ted f rc^ Equation (9) based on -.mter te-aperature. 

2 . h iras ca lcula ted based on indicated te-Toerature. 



TEST: lu. 1, 

Resul ts Of Forced-Convection Su-face-Bcil ing Heat Transfer 

Dates 6-29-56 

V = 2 f t / s e o 
''at.-B = 29,51. m . Hg 

Indicated Te ipe ra tu re , t , . 

A t , , . = 11,0 F \ = ?7''F 

TeiiperatiH^ Correction 

a = 3820 oha oe' - 1 pH = 7.15 

Run i " x l O " ^ 

r o . B/hr f t ^ 

Hlght 

W 

Center 

•W 

Left 

•w 

\ n d - V 
•»y »F F B/hr f t * F B/hr f t ^ F 

(£f 
-^ 

¥^"^3^ V ^ ' - s ) *s *a~*w *a"*sat 
• r F p 

1 
2 
3 
1. 
5 

6 
7 
3 
9 

10 

11 
12 
13 
I j 

c.0'395 
0.1108 
C.1727 
0.2173 
0.33C3 

0.6537 
0.71C6 
O.C153 
0.93C3 
1.0313 

1.193u 
1.3':;c? 
1.1563 
1.551? 

1,916 
2.306 
2.560 
2.770 
3.379 

1..11S 
1..390 
1.560 
1.693 
1..877 

L.913 
5.065 
5.130 
5.260 

1.7% 
2.0W 
2.290 
2.5i.e 
3.022 

3.968 
1..115 
1..32S 
1.513 
1.711 

1.331 
L.950 
5.050 
5.123 

1.913 
2.30) 
2.SK0 
2.760 
3.370 

LlliO 
)..380 
L.560 
L.693 
1..877 

1.963 
5.065 
5.130 
5.260 

1.873 
2.216 
2.170 
2.693 
3.257 

1.085 
1.295 
1.11.9 
3.633 
1.822 

L.916 
5.027 
5.103 
5.217 

115.7 
130.5 
l U . S 
151.1 
175.7 

211.2 
2 :c .5 
227.3 
235.2 
21.3.6 

21.7.8 
252.1. 
255.7 
260.6 

28,7 
1.3.5 
51..5 
61i.l 
66.7 

12U,2 
133.5 
11.0.3 
U P . 2 
156.6 

160.6 
165.1. 
168.7 
173. ' ; 

3118 
3237 
3272 
3390 
33.2:^.. 

5305 
551.7 
5810 
6277 
6663 

71,22 
822? 
861,1. 
591.6 

561.0 0.71,6 
0.760 
0.762 
0.775 
0.815 

0.972 
0.953 
1.012 
1.060 
1.090 

1.155 
1.210 
1.21,0 
1.260 

2.591. 
2.5$) 
2.525 
2.1.76 
2.337 

1.681 
1.81,0 
1.782 
1.70!, 
1.635 

1 . 5 a 
1.1.22 
1.380 
1.31,8 

1.21,3 
1.230 
1.222 
1.208 
1.161 

1.009 
0.991, 
0.973 
b .9 l3 
C.916 

0.870 
0.329 
O.Sll 
C.797 

125.6 
115.1 
160.0 
172.8 
205.0 

217.7 
259.5 
266.0 
276.8 
286. r 

290.6 
295.2 
298.5 
30!,.7 

38.6 
58.1. 
73.0 
85.P 

iie.o 

160.7 
172.5 
1=1.c 
I-- . ' . ' 
199.3 

2^3.*; 
2C ' . -
"1Z.B J 
217 • ' ' 

:c.5 
32.3 
u^."-
19.-, 
--y.C 

f _ 1 ^ ' 

b?.C 
Tlo"^ 
77.5 

I.'OTES! 1 . h. sras ca lcula ted fro-n Equation (9) based on water te- roera ture . 

2 . h TOTS calcula ted based on indicated ter inera ture . 
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TEST m. 5 

Hesults of Forced-Convection Surface-Boiling Heat Transfer 

Date : 7-11,-56 

¥ = 2 f t / s 

Hun q" X10" 

No. B/hr f t ^ 

Pabs = ^^•°^ ^"* "2 

Indicated Teraperatare s t . 

t = S O ' F 

* s " = ^ai-S-F -sub = 80 P 

ind 

t ^ = l t l . .5°F 

Te-roerature Correction 

a = 3850 ohm ce' - 1 pK = 7.S3 

M? 

Center 

m 

Left Mean 

Mf *F 

md •» 

B/hr f t ^ F B/hr f t ^ F 

(E™) ¥ v f V yif-s5 % %-K "s"Vt 

1 
2 
3 
1. 
5 

6 
7 
8 
9 

10 

11 
12 
13 

0.0971. 
0.1371 
0.1706 
0.1911. 
0.2666 

0.3781, 
0.151.0 
0.6316 
0.7265 
0.6952 

0.81,97 
0.902S 
0.9675 

•3.093 
3.282 
3.503 
3.635 
3.950 

1,.262 
1,.1.D0 
i..635 
I.SS7 
1..973 

5.028 
5.175 
5.ao 

3.109 
3.306 
3.1.1.2 
3.613 
3.890 

li.275 
l..ii25 
l,.7O0 
1..887 
5.205 

5.116 
5.175 
5.215 

3.090 
3.278 
3.501 
3.635 
3.960 

li.2?0 
ii.1,00 
1,.61,5 
1,.857 
i..973 

5.028 
5.175 
5.210 

3.098 
3.289 
3.1,82 
3.638 
3.933 

li.272 
1..1.08 
1,.660 
1..866 
tj.990 

5.151. 
5.175 
5.212 

169.0 
177.0 
185.6 
191.9 
207.7 

219.6 
225.1. 
236.5 
21.5.3 
251.0 

253.7 
259.3 
260.6 

2i,.5 
32.5 
l a . i 
1,7.1. 
63.2 

75.1 
80.9 
92.0 

100.8 
106.5 

109.2 
l l i , . 3 
116.1 

3970 
1230 
IdS) 
IpliO 
1,230 

5000 
5630 
6870 
7260 
71.80 

771.0 
7860 
8320 

661.0 0.775 
0,1.00 
1.792 
0.793 
0.800 

0,370 
0.020 
1.020 
l.Oli? 
1.062 

1.030 
1.090 
1.120 

2.252 
2.171 
2.191 
2.238 
2.171 

1.961 
1 . 8 a 
1.607 
1.51,8 
1.521 

1.1.81 
1.1.71 
1.1,1,6 

1.137 
1.110 
1.117 
1.132 
1.110 

1.038 
0.987 
0.905 
0.381 
0.870 

0.851. 
0.S50 
0.839 

162.8 
1P8.2 
199.8 
209.0 
229.1. 

2U,.2 
251.0 
263.9 
271.. e 
281.3 

2S5.0 
292.0 
300.0 

38.3 
13.7 
55.3 
£1.5 
81..7 

99.7 
l C t . 3 
119.1 
130.3 
137.3 

i l o . S 
117.5 
155.5 

'-..9 

19-7 
t.wo.'' 

30.!. 
50 .3 
-• ' .3 

CO. 3 
67,5 
75.5 

IJOTESs 1 . •-
t o 

was ca lcu la ted f ron Equation (9) based on water t e i p e r a t u r e . 

2 . h was ca lcula ted based on ind ica ted tei iDerature. 



fesults of Forced-CffliOTCetisB SBrfaee-Bolliag Heat Transfer 

Dates 7 - l . » 
f = 3 f t / s 

q-'slO 

^ata = 29.51, in . Hg 
Pabs = l»l»-60 in . Hg 

Iiriiested Tenfieratur® 

t ^ = SO'F 
= lliO P 

•ind Tea^eratore Csrreetlms 

a. = 3liOO Ota oe -X pH = 7.33 

Slglit tenter Left 

Mo. B/hr ft^ W M? W 

\nd-*w 
m 'f B/hr f t ' F B/hr ft* F 

(€' K ^ C v f V \^^^B^ t . - 1 _ 

9 
10 

11 
12 
13 
11, 
IS 

0.0911. 
0.11,22 
0.1739 
0.2X)3 
0.3310 

0.6590 
0.7105 
0.8153 
0.9303 
1.0335 

1.1800 
1.3281, 
1.1,207 
1.5318 
1.651,1, 

1.792 
2.087 
2.185 
2.386 
2.929 

3.825 
l,.120 
1,.210 
I..393 
ii.SSO 

l,.761 
1,.SSS 
1.980 
S.llt, 
5.185 

1.61.0 
2.090 
2.270 
2 .^0 
2.953 

3.830 
li.11,6 
l,.3li5 
l,.li30 
I,.6?3 

l,.ei6 
1,.850 
S.UO 
5.190 
5.260 

1.821, 
2.093 
2.238 
2.ia2 
2.91,5 
3.832 
l,.13l. 
1,.26S 
1,.1,23 
1..638 

l,.79l, 
1,.868 
5.066 
S.16S 
•̂ •230 

113.5 
125.1 
131.1, 
139.1 
162.2 

200.6 
a 3 . 5 
219.2 
226.1 
235.1, 

21,2.2 
21.6.1, 
251..3 
258.8 
261.5 

20.5 
32.1 
38.1, 
1.6.1 
69.2 

107.6 
120.5 
126.2 
133.1 
11,2,1, 

11,9.2 
153.1, 
161,3 
165.8 
166.5 

1,1,60 
1.250 
i,Sto 
1,780 
Moo 

6120 
6150 
61.50 
6980 
7260 

7900 
e6a 
8820 
9250 
9830 

7090 0.795 
Q.795 
0.603 
0.823 
0.821, 

0.930 
0,933 
0.9SS 
0.991, 
i .cas 

1.056 
1.110 
1.120 
1 .1» 
1,180 

2.102 
z.iQa 
2.077 
2.012 
2,006 

1.726 
1.722 
1.669 
1,591 
l.SM 

1.1.57 
1.380 
1.3fiO 
1.3a 
1.262 

i.oar 
1.08? 
1.078 
1.056 
1.052, 

0.952 
0.950 
0.921, 
0.898 
0,881 

0.81ili 
O.SlX 
0.303 
0.785 
0.760 

1».T 
136.3 
l l i . 7 
ISU.? 
186.0 

23li.9 
251.7 
258.2, 
266.7 
278.1, 

285.8 
290.0 
300.0 
3OS.8 
307.6 

27.7 
U . 3 
51..7 
61,9 
93.0 

11J..9 
158.7 
165.1. 
173.7 
185.1 

192.8 
197.0 
207.0 
a 2 . s 
a l , .6 

1.9 
18.7 
25.1. 
33.7 
1.5.1 

S2.S 
57,0 
67.0 
78.8 
71..6 

1. h vms calculated froa Equation (9) based on water temperature. 

2. h M&a calculated based on Indicated tei»erature. 



DatPs 

Kc. 

7-17-56 

V ^ 3 r t / s p c 

TEST KO. 7 

i tesul ts of Forced-Convection Surfaoe-Bsiling Heat Transfer 

q"K10"^ 

B/hr f t ^ 

Indicated Te-nperature, t . 

t ^ = 92*F 

*sat = 228.5''F 

Right 

m 

ind 

Centpr l e f t 

m av 

M e a n 

MV ' F 

ind w 

4*sub = 80 F t ^ = I W . S ' F 

TeBperature Correction 

B/hr f t ^ F B/hr f t ^ F 

R = 1.080 ohB co' - 1 cK = S.OO 

•to ( i^j v ^ v yvpr^) t̂  t^-t^ t^-t^,. 

IC 

11 

c.1358 
C.16P9 
<-.:'S7 
. . . . ^ 1 -

L',-C3<. 

- .9733 

i .ca3- ' 
1.-/- 5 
1.1622 

3.310 
3.1.03 
3.773 

I . t i t 

1J.92? 

5.010 
5.130 
5.220 
5.305 

5.372 
5.1.23 
5.520 

3.290 
3.367 
3.755 
L.270 
1.638 

U.910 
5.007 
5.11? 
5.211 
5.305 

^.356 
5.125 
5.520 

3.300 
3.1.20 
3.7?2 
1.123 
1,.6S0 

1.928 
5.020 
5.130 
5.200 
5.311 

5.360 
5.1.23 
5.510 

3.300 
3.1.03 
3.770 
1.366 
1.615 

1..922 
5.022 
5.125 
5.210 
5.307 

5.366 
5.1.214 
5.517 

177.5 
182.1 
198.0 
33li.5 
235.5 

2I1S.I 
252.1 
256.5 
260.5 
26l,.5 

267.5 
270.2 
271..2 

29.0 
3 .6 il 

75.0 
67.0 

95.6 
103.6 
1C8.0 
112.0 
116.0 

119.0 
121.7 
125.7 

1,680 
5025 
5370 
6025 
7270 

7270 
7700 
eooo 
8100 
8100 

8530 
9850 
9260 

6197 0.756 
0.735 
o.eio 
0.860 
0 . 9 U 

0.911 
0.970 
0.990 
0.091, 
i . o i S 

1.020 
0.0!i2 
1.065 

2.01.1 
1.950 
1.876 
1.71.5 
1.5M 

1.51.8 
1.1.69 
1.1,53 
1.1.39 
1.1,06 

1.393 
1.31.8 
1,318 

1.066 
1.031 
1.007 
0.958 
0.831 

0.881 
O.P57 
o.sa 
rt.»36 
C.822 

0.817 
0.7=7 
U.7'=l. 

188,3 
ll.i , .3 
215.6 
219.2 
263.8 

281.6 
285.3 
290.5 
295.7 
300.1, 

301.. 2 
307.2 
312.0 

39.8 
15.8 
67.1 

100.7 
115.3 

132.1 
136.6 
11.2.0 
11.7.2 
151.9 

155.7 
15°.7 
163.5 

20.7 
J3.3 

52.1 
56.S 
62.0 
67.2 
-1 .9 

75.7 
73.7 
33.5 

to 
as calculated from Equation (9) based on i iater te i ipera ture . 

2 . ^'' w\s ca lcula ted based on indicated te-aperature. 



o 

TEST KO. 8 

Resul ts of Forced-Convection Surface-Boiling Heat Transfer 

Bates 

Hun 

No. 

1 
2 
3 

? 

6 
7 

9 
10 

11 
12 
I J 
11. 
15 
16 

7-3-56 

¥ = 1, f t / s e o 

q - x l O - * 

B/hr f t ^ 

0.0909 
0,11,20 

o.i7ia 
0.2171 
0.3270 

0.6512 
0.7325 
C.3065 
0.921.6 
1.0173 

1.1695 
1.3167 
1.1166 
1.5360 
1.6503 
1.7201 

mght 

m 

1.835 
2.025 
2.105 
2.251 
2.660 

3.1.65 
3.712 
3.965 
li.2to 
i..385 

lj.706 
1.890 
5.063 
5.190 
5.356 
5.1.20 

Pat,. 

Pabs 

= 29.Ui. i r 

= 1,7.77 in 

. Hg 

. Hg 

Indicated Tei^serature, t . , 

Center 

m 

1.768 
1.937 
2.050 
2.171 
2.530 

3.328 
3.620 
3.885 
l,.230 
1,.360 

l,.688 
1,.820 
5.002 
S . l » 
5.351. 
S.li98 

Left 

•if 

1.730 
2.005 
2.100 
2.230 
2.610 

3.1ito 
3.618 
3.9to 
li.230 
2..370 

1..697 
1.872 
5.01,2 
5.172 
5.31,2 
5.1.02 

t 
rm 

^sa t 

•fean t 

m 

1.797 
1.98? 
2.065 
2.217 
2.«)0 

3.1.12 
3.683 
3.930 
i».233 
1..372 

1..607 
1,.861 
5.036 
5.161 
5.351 
5.i,to 

"F 

112.2 
121.0 
12l,.8 
130.7 
11,7.3 

182.!, 
19lj.l 
20l,.7 
a 7 . 1 . 
223.8 

237.9 
21,5.0 
252.8 
258.5 
267.0 
271.0 

= 86°F 

= 236.5'F 

Lnd"*w 

F 

15.7 
2i,.5 
28.3 
3!,.t 
B).8 

65.9 
57.6 

108.2 
120.9 
127.3 

i i a . i , 
11,8.5 
156.3 
162.0 
170.5 
17lj.5 

^*sub 

h 
r 

h* 

B/hr f t ^ F 

5790 
5800 
6150 
6350 
6l,to 

7580 
75c» 
71,50 
7660 
7970 

8250 
8860 
9070 
91.70 
9680 
9660 

^ sr^s:=-^:?'S=as 

= i t o F 

\ a 

B/hr f t * F 

ea6 

J. 

— ' ~ — 
t ^ = 96.5°F -i 

Tes^erature 

0.81,7 
0.81,0 
0.867 
ce^^i 
0.889 

0,963 
0.957 
C.9S1, 
0.966 
0.986 

1.001 
1.01,0 
1.052 
1.073 
1.088 
1.095 

Correction — 

1.787 
1.787 
1.731 
1,682 
1.669 

1.510 
1.510 
i.Sa 
1.1.92 
1.1,60 

l . t 2 2 
1.361 
1.336 
1,303 
1.280 
1.265 

= 3850 ohm oe 

yvfr,) 

0.971. 
0.971, 
0.953 
0.931. 
0.929 

0.866 
0.866 
0.870 
0.858 
0.81,5 

0.629 
0.803 
0.792 
0.778 
0.767 
0.761 

s=^ss:=s^^ 

"1 

H 
\ •F 

117.7 
l ? 9 , l 
13L.2 
112.3 
161,.3 

210.0 
225.6 
239.5 
256.0 
26!,.0 

261.9 
291.1 
300.0 
307.1 
312.5 
322.1. 

FH = 

t - t s w 

F 

21.2 
32.9 
37.7 
1,5.8 

67.8 

113.6 
129.1 
11,3.0 
159.5 
167.5 

ISS.l. 
19i.,6 
2C3.5 
ac.6 
221.0 
225.9 

7.50 

% - * s a t 

F 

3 . -
19 . "̂  
27.5 

15 .1 
5i,.6 
£3.5 
70.6 
31.0 
35.9 

KOTESs 1 . h. was ca lcula ted fro>ii B^uatioa (9) based on -water te r raera ture . t c 

2 . h Has ca lcula ted based on ind ica ted te-roerature . 
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LO 

Dates 

ro. 

1 
2 
3 

TEST HO. 10 

Resul ts of Forced-Convection Surface-Boiling Heat Transfer 

7-5-56 

7 = 5 ft/s. 

q»x 10~* 

B/hr ft^ 

^ati! 
= 29.1.2 in. Hg 

Indicated Teiperaturej t 

t « = 90-F 

At, sub 
11,0 F 

ind 

t ^ = 103.i!*F 

TeH^orature Cos-rection 
1/2 

H = 3950 ofea oc" - 1 pH = 7.60 

Right 

m 
Center Left M-an 

W 'F B/hr ft F B/hr ft F 

\ o ( l ^ ] ¥ V F V •^o^vfr^) "sat 

11 
12 
13 
1 -
13 
16 

0,171.2 
0.1975 
r.3267 
- .653? 
W.735L 

^.[16= 
0.9121, 
1.0161 
1.1585 
1.2983 

l.lai6 
1.511'5 
1.6302 
1.6996 
l . E a 7 
l.99hh 

2.190 
2.275 
2.505 
3.5CO 
3.595 

3.811 
!..o:o 
1..207 
1.501 
1.835 

1..96S 
5.187 
5.162 
5.1.10 
5.-25 
5.795 

2.11.2 
2.250 
2.538 
3.1,62 
3.1.86 

,760 
,998 
.198 

.795 

1..898 
5.160 
5.282 
5.387 
5.630 
5.802 

2.156 
2.263 
2.567 
3.^81 
3.51.2 

3.786 
I..0I1I 
1..202 
1.501 
i , .8l5 

i..933 

5.m 
5.272 
S.399 
5.568 
5.799 

127. P 
132.7 
115.7 
165.5 
l e e . i 

19«.5 
209.5 
216.7 
2?9.6 
21.3.3 

218.1 
259.2 
263.1, 
269.0 
276.9 
287.0 

21..5 
29.3 
12.3 
82.1 
6i,.7 

95 .1 
106.1 
113.3 
126.1 
139.9 

11.5.0 
155.8 
loO.O 
265.6 
173.5 
183.6 

7120 
6750 
7720 
7950 
8700 

61,80 
r6oo 
8920 
9180 
9270 

9670 
9730 

10200 
10260 
10600 
10660 

9208 0.880 
o.eeo 
0.-17 
0.932 
O.97I. 

0.965 
0.970 
0.990 
1,000 
1.001 

1.025 
1.030 
1.052 
1,050 
1.072 
1.065 

1.563 
1.619 
l . W S 
l.i.&i 
1.37' 

1.396 
1.383 
1.31.8 
1.327 
1.31s 

1.280 
1.26P 
1.232 
1.211 
1.195 
1.179 

0.887 
0.910 
0.855 
0,81,5 
0.810 

..,^18 
C.812 
0.797 
0.788 
0.791. 

0,767 
0.762 
C.7I16 
0.736 
0.729 
0,722 

136.1, 
11,3.0 
160,0 
212.9 
215.6 

229.6 
21.i,.G 

2<5l.O 
3O&.2 
312.6 
32J.I. 
33C.8 
312." 

33.0 
39.6 
56.6 

109.5 
112,2 

126.2 
110.6 
I1.9.I 
l t ;6.6 
l ° i . .6 

190.6 
2Cl,.o 
209.2 
217.0 
22-?.i. 
239.1 

c; 
26l6 
U.6 

50.'. 

69.2 
7''.0 

09.1 

"OTESs 1 . h. was ca lcula ted trcm Equation (9) based cm -water te toora t i f fe . 

2 . h -was ca lcula ted based on indicated t«-"S5erature. 



Dates 

TEST KO. U 

Results of Forced-Convection Surface-Boiling Heat Transfer 

7-21.-56 

V = 5 f t / s 
•atr. 

29.1.5 i n . Fg 

Indica ted Te-^^rature^ t 

"sat • 2!,3*F ^*sub = 8° f 

ind 

t = 163*? 

T e ^ e r a t u r e Correct! n̂ 

1/2 

H = Uoe oL-a oc" 

Hun 

r-3. 

1 
2 

-̂  
I 
5 

6 
7 
2 
9 

10 

1 1 
1 2 
1 3 
I L 
I S 

q - x l C " " 

B / h r f t ^ 

0 . 1 3 ^ 3 
c . 1 - 1 5 
^ . 2 7 2 3 
O . L £ l 5 

o.tStc 

0.71.02 
o . i ' o j e 
0 , 6 6 1 2 
C . 9 i ; i 
C . 9 5 S " 

1.C507 
1.C982 
1 .1612 
1 .2117 
1 .3365 

R i e h t 

i n ; 

?.iao 
3.5C7 
3.81i2 
! . ,350 
1..695 

1..781. 
l i .932 
S . l t u 
5 . 2 5 5 
5 .387 

5 . SCO 
5 .625 
5 . 6 6 0 
f .7L0 
5 . 7 9 0 

C e n t " ! 

!̂V 

3 . 1 2 2 
3 .538 
3 . ° 5 3 
i, .3liS 
!,.70O 

i,.eo6 
I1.953 
5.11.0 
5 . 2 6 1 
5 . 3 9 1 

5 . 5 1 0 
S . 6 1 0 
5 . 7 2 0 
5 . 7 8 0 
5 . 8 2 8 

^f^an 

MV F/hr f t ^ F B/hr f t^ F 

^c (IT;) VVp-sJ y ^ V 

-L = C.23 

t^ - t t - t ^ 
s -w s s a t 

3.I1I6 
3.523 
3 . ^ 6 
l,.3i.3 
1,.7C0 

i4.795 
1,91.3 
5.150 
5.259 
5.389 

5.505 
5.617 
5.7CO 
5.760 
3.6^5 

I P l . l 
I P 7 . I 
loli.S 
ai.8 
236.0 

2!i2.2 
218 . ' 
25r.o 
2tj3.0 
2tl-".3 

273.7 
27P.8 
282,5 
285.0 
267.5 

1^.1 
21,.1 
31.S 
18.8 
75.0 

79.0 
85.8 
=5.0 

ICj.O 
103.3 

110.7 
115.6 
119.6 
122.0 
121..5 

76^-6 
7130 
861,0 
9000 
8760 

9370 
9l.to 
9080 
9I8C 
9360 

9500 
91(70 
9720 

10300 
10730 

11082 c , P 3 5 
C.^Os. 
O . T ' ' 

0 , 8 3 5 

c.e93 
0.^.20 
0 , 9 3 5 
C .906 
! . ^ IC 
0 .92C 

0 . 9 2 t 
0 . 9 2 5 
0 . 9 3 7 
G , Q 6 6 

o.pes 

l , ! i 9 2 
1 . 5 6 3 
I . 3 F 0 
1.1,92 
: 367 

1 .312 
1 .297 
1 .333 
1 .324 
1 . 3 1 2 

i . : o i . 
1.291. 
1 . 2 7 1 
1 . 2 2 1 
1 .192 

c.esE 
C . P 6 I 
C . ' l l 
0 . 8 5 8 
0 . E 0 6 

0 . 7 8 1 
' . 7 7 5 

C,791 
_ . , I 

. . 7 : 1 

- . 7 7 1 
t . 7 7 l 
0 , 7 6 ; 
0 . 7 a 
. , . 7 2 3 

1 '••' .C 
l - t . 2 

ccr.S 
23ti.O 
?Di .6 

^'1 . 0 
2 " ^ . t 
-'l.i 
Z''^^ . 0 
XL.9 

' . 12 .2 
3 1 9 . 0 
3 2 3 . 7 
3 2 6 . 2 
32<-'.C 

CS.O 
3 3 . 2 
L5 .0 
71.C 

1 0 1 . £ 

107 .G 
l l S . t 
i ; " " . . . 
1 3 5 . 0 
i - j . . ' 

IL '^ .S 
156 .C 
l t Q , 7 

1 £ 3 . 2 
l o £ . . 

2 1 . t 

0 " r 

"^^ t 
S.l 

"• oC 

• , 1 . " 

-
7c .C 
CO.-" 

: 3 . 2 
C c . : 

KOTESs 1 . h ^ s ca lcu la ted from Equation (9) baspd on water t e i p e r a t u r e . 

2. h -was ca lcula ted based on indicated tes icera ture . 



TEST W . 12 

Results of Forced-Conveetion Surface-Boiling Heat Transfer 

Bate : 

am 

So. 

1 
2 
3 
1. 
S 

6 
7 
8 
3 

10 

11 
12 
13 
11 
15 
16 

7-7-56 
? = 6.8 f t / 

q^x lO"^ 

B/hr f t ^ 

0.2111, 
0.3281. 
0.61.87 
0.7328 
0.7988 

0.921.1. 
i.oiei 
1.1591. 
1.3060 
1.3985 

1.1.952 
1.6253 
1.6901 
1.631.0 
1.9903 
2.1772 

see 

Rieht 

m 
ZM5 
2.730 
1..S10 
3.702 
3.927 

1.193 
l.SSO 
I..S08 
1.820 
5.012 

5.268 
5.377 
5.51.2 
5.678 
5.921, 
6.108 

Pa ta = 

Pabs = 

29.!,!, in . Hg 

61.80 i n . He 

Indicated TeEcerature, t . j 

Center 

W 

2.ia9 
2.677 
3.1.25 
3.652 
3.616 

3.S61 
l i . l lS 
l,.i.67 
1..715 
1..955 

5.176 
5.385 
5.1.77 
5.630 
5.885 
5.986 

Left 

MV 

2,319 
2.796 

© 

1 O 

o 
u 

§ 
•^ 

1 
i 

*« 
Sat 

Mean 1 

W 

2.351 
2.731. 
3.1.67 
3.677 
3.81,2 

1,.056 
1,-199 
1,.1,ES 
1,.768 
11.981, 

5.228 
5.331 
5.509 
5.621, 
5.90!, 
6.01,7 

»p 

136.5 
153.2 
IBli.S 
192.8 
201.2 

210.3 
a6.5 
238.9 
21.0.9 
250.7 

261.1. 
266.0 
27l,.0 
279.2 
291.8 
297.9 

JO'F 

= 251.2°F 

'ind" K 
F 

25.3 
1,2.0 
73.6 
81.6 
"0 ,0 

99.0 
105.3 
127.7 
129.7 
139.5 

150,2 
I5i..8 
162.8 
168.0 
180,6 
186.7 

^*sub 

t 

B/hr f t ^ F 

8030 
7830 
8830 
8970 
8870 

9320 
9650 
9130 

10080 
10000 

9975 
lOSSO 
loloo 
10900 
11000 
U620 

= = = = i 

= 11,0 F 

\ c 

B/hr f t ^ F 

10920 

A 

" 
t ^ = 111.2''F a = 3870 oha co 

Te-5>erature 

0.860 
0.=li7 
0.9('0 
0.905 
0.903 

0.925 
0.936 
0.916 
0.923 
0.957 

0.957 
0.981. 
0.980 
1.000 
1.000 
1.032 

Correction —-

1.1,50 
1.1,7!, 
1.361 
1.31.5 
1.351, 

1.312 
1.282 
1.330 
1.21.6 
1.21,6 

1.257 
1.205 
1.219 
1.177 
1.172 
1,125 

yvfr^) 

c.fia 
0.851 
0.S03 
0.796 
O.COO 

0.781 
0.76C 
0.789 
0.752 
0.752 

b.755 
0.731. 
0.71.0 
0.721 
0.71S 
0,696 

-1 

H 
t 

s 
°F 

l!.5.7 
1 L " . 6 
210.8 
221.1, 
232-8 

211.6 
252.6 
283.2 
286.2 
298.0 

312.3 
317.6 
323.2 
331..7 
351.1. 
35s . 1 

.-=;= 
oK = 

t - t 
S -B 

F 

31.S 
57.1. 
09.6 

110.2 
121.6 

133.1 
I L l . l 
17 2.C 
175.0 
186. C 

201.1 
216.1. 
a7.c 
223.5 
21.0.2 
21.6.= 

" ~ -

7.S) 

t - t . s s a t 

F 

l . a 
32.0 
35.C 
16 ." 

61 .1 
66 .1 
77.0 
:3.5 

100,2 
1C6.9 

K)TESs 1. h -was calculated froa Equation (9) based on water tenneratur®, 

2. h nas calculated based on indicated teaoerature. 



TEST NO. 13 

Results of Forced-Convection Surface-Boiling Heat Transfer 

Date 5 7-27-56 

? = 6.8 f t / s e c p = 61,71 i n . Hg 

Indicated Te'TOerature, t . , 

s a t 

92°F 

251.2"F ^*sub = e° ^ 

Hun q " x l O " ° 

KG. B/hr f t ^ 

t = 171.2°F 

Te-nperature Correction 

H = l iSo oha co" 

Right 

iJV 

Center Left 

W 

Mean 

MV *F 

\rA-\ ĥ  \ c (hj;) ¥ ^ - s ^ K^(vpr^) 

B/hr f t ^ F B/hr f t ^ F 
s 

•F 

1 
2 
3 
1. 
5 

6 
7 
8 
9 

10 

11 
12 
13 
11. 
IS 
16 

0.1399 
0.1621 
0 . 2 ! J 8 3 
0,10.96 
0,61,7': 

.71.57 

.8180 

.8673 
,9271 
.9922 

1.0335 
1.1018 
1.175" 
1.2700 
1.3313 
1.1232 

3,500 
3.51.2 

3.9)U 
3.586 
3.795 
l..21fl 
lj.72S 

11.827 
5.002 
5.086 
5.238 
5.390 

5.1.78 
5.51.7 
5.710 
5.820 
5.925 
6.053 

3.506 
3.576 
3.782 
!,.361, 
1..789 

1..83'' 
li.ei.!. 

3.503 
3.569 
3.76? 
li.302 
1..762 

1,.833 
1..923 
5.086 
5.238 
5.390 

5.1.78 
5.S1.7 
5.710 
5.820 
5.925 
6.053 

186.5 
189.3 
198.5 
220.8 
21,0.6 

2!.li.l 
21,8.1 
255.2 
261.9 
268.5 

271.5 
275.5 
283.0 
286.0 
292.8 
298.1 

15.3 
18.1 
23.1 
1.9.6 
69.1, 

72.0 
76.9 
81,.0 
90.7 
97.3 

100.3 
10l,.3 
U l . S 
116.8 
121.6 
126.9 

9130 
8960 

10730 
81,1,0 
931.0 

1023) 
10780 
10320 
10320 
10200 

10330 
106C0 
105S) 
10900 
11000 
11220 

13200 0.833 
0.829 
0.826 
0.800 
0.81.0 

O.BPl 
O.^Ol, 
0.866 
0.686 
O.PfO 

0.886 
0.897 
0.896 
0.910 
0,910 
0.912 

1.333 
1.31.8 
1.192 
1.1,13 
1.303 

1.229 
1.190 
1.221 
1.221 
1.260 

1.221, 
1.197 
1.198 
1.177 
1.172 
1.152 

.791 
0.7'>7 
0.729 
0.821 
0.776 

0.715 
0.72t 
0.71.1 
0.71.1 
0.7Se 

0,71,2 
.730 

0.731 
0.721 
0.718 
I .708 

192.3 
Ifc.O 

c7-2 

271 .1 
-7 . f 
-^* . . l 
: ; ; . 3 
3C!..2 

3 t : . i 
313.6 
32I..O 
330.3 
336.8 
31.1.0 

21.1 

ct .C 

11...« 
121..1 
133.C 

137.2 
112... 
152.^ 
159.1 
165.6 
172.3 

, . . 1 

KOTESs 1 , h was ca lcu la ted from Equation (9) based on m t e r t e w e r a t u r e . 

2 . h Tias ca lcula ted based on indicated temneratt ire. 



Tate 

3-13-5t 
J-l ' .-S£ 
3-11-56 
J - l l - 5 6 
3-18-56 
•>13-56 
1.- 6-56 

^-' '7-56 
3-2--56 
3-2=-56 
'j-'*'5_^t 
- ' . ' jo^r^ 

C'Ms6 
h- "-56 
1.- 5-56 
I - r--5£ 
I - c-5c 
h-.-% 
!.- 7-56 

L- 9-56 
1.-11-56 
1-11-56 
l - l l - S t 
1.-13-56 
1.-13-56 

1-17-56 
0-17-5& 
6-18-56 
6-19-56 
e-19-56 
f - n - S i 

'OTESs 

ilun 

' 3 . 

1 
2 
3 
1, 
5 
6 
7 

p 
9 

10 
11 
1? 
13 

11, 
15 
16 
17 
IC 
19 

20 
21 
22 
23 
21, 
25 

26-s 
27® 
2f» 
2 o « 
3 0 « 
3 1 M 

®These 

These 

E 

Volts 

23.55 
21.20 
2l,.50 
2l,.60 
25.20 
27.1.0 
2".75 

26.00 
28.50 
2 ^ 8 5 
2'?.35 
X,06 
33.50 

20.10 
21.10 
22.L( 
23.70 
2i..3^ 
25.60 

15.30 
16.70 
18.10 
19.50 
21.50 
23.10 

23.20 
26.1.0 
31.10 
26.25 
?s.70 
32.50 

I 

AnpS 

651.2 
668. P 
£63.2 
691.2 
699.2 
756.8 
7-'P.O 

752.0 
772.0 
781.0 
706.0 
826.0 
692.0 

561,.0 
5«1.0 
62...0 
65° .0 
070.0 
7GC.0 

lllO.O 
1.76.0 
510.0 
Sso.o 
59lj.O 
61,2.0 

638,0 
770.0 
31.2.0 
721..0 
7*'!..0 
S6P.0 

data iBere taken 

data ^e 

q ^ x l O " ^ 

B/hr f t ^ 

1.9083 
2.0307 
2.03'50 
2.1339 
2 . a 0 7 
2.6009 
2.SC71 

2.5382 
2.7577 
2.8386 
2.9320 
3.1161 
3.7502 

1.1.227 
1.5953 
1.71.29 
1.0571 
2.01.33 
2.2leo 

C f l a " 
U.9976 
1.15S5 
1.31,60 
1,602^ 
1.9812 

1.8576 
2.7I1I.O 
3.2861, 
2.3851 
2.9222 
3.51.01. 

from sijsple 

re taken from slirole 

TEST HO. l i . 

Forced-Convection Surface Boilinp H-at Transfer 

? 

f t / s e o 

1 
2 
2 
3 
1, 
5 
6.8 

1.1 
2 
3 
1, 
5 
6.8 

1 
2 
3 
i. 
5 
6.8 

1 
2 
3 

6.8 

1 
3 
5 
2 
1, 
6.8 

J'abs 

i n . Hg 

36.19 
36.79 
39.02 
1,2.58 
1.7.76 
Sl„76 
&).78 

36.15 
32.1,0 
1,2.2 
li7o7lj 
53.75 
61 a o 

35.53 
3".96 
1,1.1.2 
16.7e 
53.1.7 
60.26 

36.03 
37.38 
U , 2 5 
1.6.65 
52.70 
60.27 

36.15 
l a . 8 5 
51,.i.l. 
38.32 
l7.t-6 
61.10 

*sa t 

»F 

2a) .o 
225.5 
226.0 
230,0 
236.8 
2 a . 5 
250.0 

222.0 
225.0 
229.7 
236.3 
213.0 
251.0 

221.0 
221,.l, 
22P,7 
235.3 
2L2.7 
21,9.6 

221.5 
22i,.5 
22 .7 
235.2 
21.2.2 
21,0.7 

221.7 
229.!, 
21,3.8 
22!,.8 
236,3 
250.5 

matr ices with Chranax as 

-satrices with Teflon r a i 

K 
'1 

110.0 
109 
109.9 
110.8 
112.7 

97.0 
127.9 

61.1 
57.0 
56.5 
61„1 
69.3 
52.1 

1 U . 3 
11,3.6 
11.0.2 
116.0 
11'-.0 
11.5.1. 

171.5 
1-T.2 
173.5 
175.> 
178.1 
173.0 

85 
85 
85 
85 
85 
85 

v e r t i c a l 

A%ub 

F 

112.0 
116.5 
116.1 
119.2 
123.8 
11.7,5 
122.1 

160.9 
168.0 
173.2 
172.2 
173.7 
198.9 

79.7 
80.8 
68.5 
69.3 
9lj.7 

101,. 2 

1.7.5 
1,5.3 
55.2 
59.7 
61, .1 
76.7 

136.7 
ILL.!, 
158.8 
139.8 
151.3 
165.5 

ele-aents 

f 
i b y f t ^ 

61.9 
61.9 
61.9 
61.9 
61.9 
62.x 
61.6 

62.!, 
62.5 
62.5 
62,1. 
62.1, 
62.1, 

61.3 
61.3 
61.3 
61.3 
61.2 
61.3 

60.9 
60.6 
60.7 
fc0,7 
60.6 
60.7 

62.2 
62.2 
62.2 
62.2 
62.2 
62.2 

• 

as v e r t i c a l elements . 

froa Single Wires a t Burnout 

G x l O - * 

I b j / h r f t ^ 

0.2229 
O.LLS" 
0.1,1,59 
0.6685 
O.P91L 
1.1178 
1.5113 

0.221,7 
0.1,L96 
0.67L5 
o . ' pe6 
1.12L5 
1.5317 

0.2207 
O.LLIL 
0.6620 
0.8820 
1.1016 
1.5026 

0.2192 
0.1,35'' 
0.6556 
0.BL71 
l . O f C 
l.Le59 

0.2239 
0.6718 
1.1106 
0.l!li78 
0.8957 
1.5227 

L3.1. 
LL-.f 
hk.5 
L5.5 
L7.0 
5L.0 
1,6.5 

56.5 
60.5 
62.0 
61.P 
62.0 
69.0 

33.2 
33.8 
36.0 
36.2 
36.0 
la.o 
22.0 
21.2 
21.6 
26.2 
2«.0 
32.0 

51 .P 
52.0 
5=.o 
52.0 
55.5 
59.8 

Q°" 
410 / 

o,7Lo 
0,851 
0.851 
0.923 
0.1.77 
1.023 
1.086 

0.7L2 
0.852 
0.02'^ 
1 .̂979 
1.C21 
1.088 

0.7L0 
0.8L9 
0.021 
0.975 
1.1016 
1.085 

0.7i.O 
0.PL7 
O.oic 
0.967 
1.C22 
1.081 

0.7110 
0.^2L2 
1.023 
0.852 
0.978 
1.088 

l;^)""*-'""' A 10 / 

32.1 
3" . l 
3C.I 
1.2,0 
1.5.9 
55.2 
50.5 

L3.1. 
51,5 
'^7.L 
60.S 
63.3 
75.1 

2 . , . J 
2-.7 
33.2 
3; .3 
3''.: 
iX.5 

l t . 3 
r . o 
22.6 
25.3 
2 .6 
3L.b 

3-.C 
'. .7 
^9.3 
a .3 
Sl,.3 
65-1 

Location of 
Burnout f roa 

CPrter , 
Right 

l /L 
2 

l - l / i . 

0 
-
_ 
„ 

0 
_ 

1-1/L 
2 

1-7/ 
l „ " '0 

_ 
C—''/u 

„ 

2 

3 
1/L 

1 

u-i/ . 

-
„ 

- -1 _ 
-3" 
-

„ 7 •) . ; 

-

- ro .es 
Left 

— 
2|L 

l - l / L 
0 

1-1/1. 

1-7/16 
2-VS 

C 
2-1/2 

-
. 
„ 

2-1 .. 
_ 

2 - 1 / : 
-
... 

"-1 : 
-
_ 

; - " ' ' 
---''-
1-1'„ 

-
-
3 
-

I . - 1 , = 
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TEST NO. 15 
feloeitj" DlstrlbutJoti Acnwi Teat Section 

With 40-iflesh Ts'lre Ser<"fln Uprit'ewnj 

DateI 8-15-56 
SP, RT. of manometer fluid :'t 25 

=29.33 In Hg .̂m «76 «P 

APo Mem 
in Velocity 1.5 
HF ft/sec 

AP In Green Pin Id at farlous Stations 
U 1.3 K LI 0 El E2 13 R4 R5 

1.30 1 

local 
felocityi 
ft/see 

4.64 2 

I«cal 
felocityi 
ft/sec 

10«9 3 

local 
felocHyt 
ft/seo 

19.6 4 

toeal 
^̂ elocityi 
ft/sec 

30.6 5 

local 
felocityi 
ft/sec 

43.8 6.8 

I«cal 
felocityi 
ft/sec — 

1.7 
1.7 
3.4 

1.7 
-1.7 

3.4 

• 1.4 
-1.6 
3.0 

1.4 
-1.6 
3.0 

1.4 
-1.5 
2.9 

1.2 
-1.2 
2.4 

+0,2 +0.4 •O.Z +0,4 +0.4 +0.4 +0.4 +0.4 +0.4 +0.4 +0.2 
-0.2 -0,4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.2 
0.4 +0.8 +0.8 +0.8 +0.8 +0.8 +0.8 +0.8 +0.8 +0.8 OU 

0.73 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 0.73 

1.2 +1.4 +1.5 +1.5 1.7 
-1.2 -1.5 -1.7 -1.7 -1.8 
2.4 2.9 3.2 3.2 3.5 

1.80 1.98 2,OT 2.07 2.17 2.14 2.34 2.0 2.0 1.98 1.80 

2.2 3.2 3.4 3.6 3.6 3.6 3.6 3.5 3.4 3.2 2.0 
-2.2 -3.3 -3.4 -3.7 -3.6 -3.6 -3.6 -3.6 -3.5 -3.2 -2.1 
4.4 6.5 6.8 7.3 7.2 7.2 7.2 7.1 6.9 6.4 4.1 

2.43 2.95 3.02 3.14 3.11 3.11 3.11 3.09 3.O4 2.94 2.35 

4.0 5.5 5.9 6,2 6.2 6.1 6.1 6.1 5.8 5.5 4.0 
-4.0 -5.8 -5.9 -6.2 -6.2 -6.2 -6.? -6.2 -5.9 -5.8 -4.0 
8.0 11.3 11.8 12.4 12.4 12.3 12.3 12.3 11.7 11.3 8.0 

3̂ 29 3.89 3,98 4.08 4.03 4.07 4.07 4.07 3.97 3.89 3.29 

6.2 8.6 9.7 10,0 10.0 10.0 10,0 9.9 9.7 8.6 6̂ 2 
-6.4 -8.7 -9.9 -10,1 -10.2 -10.2 -10.2 -10.1 -9.9 -8.6 -6.4 
12.6 17.3 19.6 20.1 20.2 20.2 20.2 20.0 19.8 17.2 12.6 

4.12 4.81 5.14 5.20 5.20 5.20 5.20 5.18 5.16 4.8O 4.12 

12.4 15.8 17.0 17.6 17.7 17.7 17.7 17.8 16.7 15.8 12.4 
-12.6 -16.2 -17.0 -17.7 -17.8 -17.8 -17.8 -17.8 -16.9 -16.2 -12.6 
25.0 32.0 34.0 35.3 35.5 35.5 35.5 35.6 33.8 32.0 25.0 

5.80 6.56 6.77 6.89 6.92 6.92 6,92 6.92 6.75 6.56 5.80 

Computations ?iocal = |2gR""(1.25 - 1 )' 
where R Is in ft of manoraeter reading 
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TBT NO, 1$ (eontid®) 
fe lec l ty Distr ibution Across Test Section 

Without Wire Screen Opstream 
s s 

Dates 8-21-56 Patm *29.43 la Hg 
SP. gr. ©f manomster fluMi 1.25 

t^« -76 ®F 

# P© Mean 
In faloclty 
W ft/sec m 

AP In Green Fluid at farlous Statlooa 
13 L2 U. 0 El 12 13 B4 R5 

43.8 6.8 

kjcal 
ftlocltys 
ft/a 

30.6 5 

toeal 
felooltyi 
ft/see 

19.6 4 

loeal 
feloeltyi 
ft/s©c 

10.9 3 

k»al 
f®l©eltyi 
ft/see 

4.64 2 

Loeal 
feloeitjt 

f t / s ee 

1.3 1 

loca l 
fe loel tys 

f t / s ee -

+5.9 *10.0 14.7 418.1 19.7 19.8 19.0 17.9 34.6 10.0 +5.9 
-6.2 -10.5 -15.2 -19.3 -20.5 -20.8 -20.0 -18.7 «15«2 »10.5 -6.2 
K . l 20.5 29.9 37.4 40.2 40.6 *3«?.0 36.6 29.8 20.5 12.1 

4.02 5.25 6.34 7.00 7.36 7.39 7.24 7.02 6.34 5.25 4.02 

*4.7 7.6 10.6 12.4 12.9 13.2 12.8 12.3 10.5 7.7 4.7 
«-4.e -7 .9 -11.1 -13.0 -13.5 »13.7 -13.4 -12.9 - l l .O -8,0 -4 .8 
9.5 15.5 21.7 25.4 26.4 26.9 26.2 25.2 21,5 15*7 9.5 

3.57 4.56 5.39 5.84 5.96 6.01 5.92 5.80 5.38 4.59 3,57 

3.0 A,$ 6,5 7.9 8.2 8.3 8.2 7.7 6.6 5.2 3.0 
-3.1 -4 .9 -6 .7 -8.4 *S.6 -8 .7 -8.6 -.1.2 -6.8 -5 .1 - S . ! 
6.1 9.7 13.2 16.3 16.8 17.0 16.8 15.9 13.4 10.3 6.1 

2.86 3.61 4.21 4.68 4.74 4.77 4.74 4.62 4.24 3.72 2.86 

1.2 2 .1 3.8 4.7 4.9 5.2 4«8 4 .5 3.9 2«6 1.2 
»1.3 -2.2 -3 .9 -4 .9 - 5 . 1 -5»3 -5.0 -4 .7 -4 .0 ^1.8 -1.3 
2.5 4.3 7.7 9.6 10.0 10.5 9.8 9.2 7«9 4.4 2.5 

1.83 2.40 3.21 3.58 3.67 3.76 3.63 4.51 3.26 2.42 1.83 

*0.5 *1.0 1.6 2.0 2.3 2.3 
-0.6 •.1^2 -1 .8 -2 ,1 -2 .4 -2.4 

1.1 2.2 3.4 4 .1 4.7 4.7 

2.3 2«0 1.6 1.0 0.5 
••2.4 -2 .1 - l«a 1.1 -0«6 
4,7 4 .1 3.4 Z.l l . l 

1.21 1.71 2.14 2.55 2.51 2.51 2.51 2.55 2.14 1.67 1.21 

0.1 0.2 0.3 0.5 0.6 0.6 0.55 0^5 0^3 0.2 0.1 
- 0 . 1 -0.3 -0.3 -0 .5 -0.6 -0,6 -0.55 -0.5 -0 .4 -0 ,3 - 0 . 1 
0.2 0.5 0.6 1.0 1.2 1.2 1.1 1.0 0«7 0.5 0.2 

0.52 0^82 0.89 1.15 1.27 1.27 1.21 1.15 0.97 0«82 0.52 

Computation! f loea l -J2'f^ R(1.25 - i f 
where R la in f t of manometer reading 
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TEST l a . 16 (Oontlnoed) 

Forced-Conveetlon Sirface Boiling over « 1 /8- in . Diameter Tjp® 301, S ta in l e s s Steel Tub® 

ri,-t=: 

Run 

7-2-56 

7 = 1 f l / s o o 

q " x l O - ° 

- / h r f t 2 

"a t a • 

V.ater 

w °P 

29.1.8 i n . He 

36.68 i n . Kg 

Inner Tub® 
T,!ai Tesc . 

•nv ' F 

= eL'F 

t ^ = 222.6*F 
sa t 

Aty, = 82 .6 'F 

ohn/f t 

f ^ . l O ' ' 

oh»-f t (Aa-ohn-ft)^ 

E l e c t r i c a l Oonducti-irityt E = L093 ohm cs~ 

«ater Conditions pH = 7.93 

B/hr f t F ohn-ft 

• ^ i - f i 

x l 0 3 

s 

• F 

21 
^•la 

25 

2£ 

30 

31 
32 
33 
3L 
35 

C.i,.L9 
0.1337 
C,22" ^ 
^.r7C2 

o.3LvL 

( . 3 •'" 
.,.1032 
".S'.O" 
n.r7L5 
O.v.i-rCc 

c.'ia 

C.7L32 
e .7 ' 73 

3.7L6 
L.32S 
5.539 
5.861 
6.110 
6.330 

6.1.85 
6,682 
7.077 
7.239 
7.102 

7.562 
7.618 
7.759 
7.893 
8.081 

156.8 
221.5 
275.3 
2S0.3 
301.0 
311.0 

317.7 
326.6 
3LL.I. 
352.0 
359.1 

366.6 
368.9 
375.3 
3''1.1 
389.5 

0.0583 
0.058L 
0.0591. 
0.0597 
0.0601 
C.C601 

C.06C2 
0.0607 
0.C610 
0.C61L 
O.C615 

267.3 
267.8 
272.1, 
273.7 
275.6 
275.6 

276.5 
878.3 
279.7 
2C1.5 
282,0 

O.C-617 282.3 
0.0620 281.3 
0.0618 283.1. 
0.0621 28L.S 
0.0623 285.7 

9 . 8 a L 
15.7089 
27.3538 
32.L121 
37.2992 
L1.16L9 

LL.3507 

i9.ieis 
66.3360 
70.9382 
71.. 2683 

79.5782 
51.9398 
86.L072 
92.S8L3 
98.9h99 

9,18 
9.30 
9.56 
9.60 

,67 
.72 

.75 
,78 
.87 
.90 
.91. 

9,97 
9.98 

10.03 
10 .OL 
10.07 

253.0 
256.L 
261,. 2 
2t6.S 
268.0 
269.5 

271.0 
272.0 
275.0 
276.0 
277.0 

278.0 
278.2 
278.1. 
279.0 
281.0 

2.3225 
2.381,5 
2.5257 
2.5581, 
2.5916 
2.6195 

2.6L23 
2,6602 
2.711.3 
2.7321. 
2.7S3L 

2.7717 
2,7761. 
2,792L 
2,8012 
2.8297 

L.25L5 
6.5879 

10.8302 
12.6689 
11..3923 
15.71L6 

16.7eL9 
1S.L89'-
2L.LL0L 
25.9619 
26.9733 

28,7110 
2?,513C 
30.9L37 
33.1588 
3L.C6S1. 

7.L 
11.5 
18.9 
22.1 
25.1 
27.1. 

29.2 
32.2 
1.2.6 
LS.2 
1.7.0 

50.0 
51.1, 
53.9 
57.8 
60.9 

1:9.1, 
210.0 
256.1, 
26r,2 
275.9 
2C3.6 

2S8.S 
29L.L 
3 ^ 1 . " 
3G6.S 
312.1 

3I0.6 
317.5 
32I.L 
323.3 
328.6 

J.9.1 
7C.0 
llt.L 
12c.2 
13c .9 
1L3.6 

lis. 5 

161'.2 
166.8 
1-2.1 

l"fc.6 
I-7.S 
1-"1.L 
183.3 
188.6 

*Thi,3 -'s the PKan t e r r e r a t u r e of t-r«i Alunel-Chromel thernoeouple r ead ings . Each of 
T-ns loeat-jd 2 -1 /2 - in . froa the cen t e r . 
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Temperature todlcatlona of SoMered-on Theraocoiiples 

UaUt > " " % , p,,.^^- ' ^ » / 5 hij\. <iV 

t ^ « 'V.3 <=F, At,,,fe » 141 F t̂ , « 10. . / Of. It^„^, ^ 3.;o F 

Run 

J 
2 
3 
A 
5 

6 
7 

e 
Q 

1^ 

11 
12 
13 

q" 

O.U^5 
0.i73«i 
O^aiKl 
0,3Pf3 
r>.«= ".ir 

O.VIV'f 

o.eii« 
0,Q1?3 
1.01*'J8 
1.17^" 

l^iP-o'^ 
l..i,V>7 
1.5:95 

rtr F 

2.^,«r 
2.17') 
' , •", 11 

^ 6 ^ 5 
• ? / - ' 0 

i , ' ^ T 
/.IfY* 
1. 14 
. . 4 % 
/ . . / / / I 

' ) .o :8 
^ ' . i l '^ 
' . ' - ' 0 

t U . n 
12s.«; 
13 A. 3 
15U3 
101.5 

Toi.n 
n ? , 3 
? 2 1 / ^ 
22< ,̂.» 
?l\3 

•-7,0 
2^ ' ; / i 
r6A.'^ 

< « 1 

1 
^ 

3 
4 
5 

6 
7 

e 
n 

m 
11 
13 
11 
14. 

• \ ' ' / l 
, 1̂ ; 

' . 1"' 
' / *'7«. 
-*. ' / / /* 

' ' T ' l 
, . » - | t J H 

•t •! 

" , " ' 1 7 
1/«1 '0 

!,.n/./. 
' ® • ' ' ' 

1, 4 ^ 
! / • '̂ 

h 
tl'f 

' . ; 7" 
. i^ 

< . " * 

•><• . 

/ , 1 M 
. .*. J 

• J (<•> 

/. ,'V..n 

\ 1 ! 
••, 1 ^ '̂ 

' , V 1 
.1 ? ' \ 

'i 
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iru? 
Tf'\i 
VI.'' 
l '!",0 
J".'\'*' 

"Oi'.'J 
"I •?, ri 

: v .0 

.'̂ - .5 

.'"^^.i 
' , I , - , 

) ' « ; -4 
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•Si 

1:1 
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1 

AS 

rx I--' 

0 > 

c » 

r «', Al r> •»; 
•''» SI • t- O I" 
!k) p " •" • 

f.» o e o tf̂  <" 
c o c r c f 
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C O r- ~ 
."- .{; ft. ( 

r3 

c -r 
(•: -..f f' »r. «• 
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If > « » r SI' u w\ i.r «• '~ c '^ 
t - e- <•'" t i-- f« r- I >j-> c s*' 
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J '.>•» i-j - J 

V "• c c- <" i'"" -J '*.• vf r , r^ 
. / 1 < 

; c ^( r 4; 1 « , • 

c c r »- ,t m n; -5 «•''- r 
. • • - ' - • ' < • 

n a f-i r c- c f '• ' r 

c .-• - I •• "s -̂  < . 0 •'• *• c 
r i tr-i H ' '. < I .'% •"•'I --t ^!:• •:* t c 

f.r~ 

C m w- rn r-4 - c t;- -^ ?'- M.". 
,.,- f. » . ^^ I ' , *• ^ <̂ J O -^t - J 

»H r-< r'1 r 

«"• 'C'̂  J xC -'O 

~.t -.;f •"̂ . <'^ - 4 -•? 

tri O ''• C C> O 

s-s f-1 (••' <*; r i f*" 

r-1 ?^ c n . ^ ».'-i •JO C - '«"< O- O rH 
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TEST HO. 19 
Calibration of E l ec t r i c a l Reaiatance 

•a^ Teirparature for Chroraax Wire 

Date 

2-17-56 ] 
n « 
It c 

2-17-56 • 
« » 

2-18-56 : 
R r 
II f 

2-19-56 • 

« t 

6- 6-56 : 
It 1 

R 1 

6- 7-56 • 
M 1 

tl 1 

6- 8-56 • 
n f 

n ! 

6 - 9-56 ' 
tf 1 

« 1 

Computa 

Wire 

i o . Condi­
t ion 

1 annealed 

El 
6"iir© 

« • 

32,360 
32.185 
32.155 

33«910 
33o750 
33.7^0 

17.200 
17o210 
17.200 

I80O35 
M0O85 
18,070 

1 annealed 17„630 
• 17o625 
• 17,630 

tlons R 

17o850 
170855 
17o850 

18^660 
18.660 
18,660 

19«470 
19«i.65 
19.670 

'= 2C0.1)( 

0.1 stD 
resistor 

IDT 

81.95 
81, U 
81.44 

83 oU 
83olO 
82.95 

81.150 
81,160 
8 i a 5 5 

81o9/.5 
32,010 
82.04.0 

89.4.00 
89,400 
89,400 

89^900 
83,900 
88o900 

8<;<o710 
S93710 
&9o713 

90,350 
90.352 
90.350 

Ei/feo) . ^ / 

1' 

^tt 

0.0393 
0^0393 
0^0393 

0^04.05 
0,0405 

Oo 04.19 

0.0419 

0.0441 
0»0441 
O0O44O 

O0O395 
O0O395 
0,0395 

0.04015 
0.04015 
Oo04015 

0.04160 
O0O4I6O 
0^04160 

O0O43IO 
0.04310 
O0O43IO 

'ft 

f 

M 
Clr Mil Pt 

600.5 
600.5 
600«5 

619.0 
618«8 
618.8 

640*0 
640.0 
640.0 

673,0 
673.0 
672.5 

603.6 
603 a 6 
603.6 

613,4 
613.4 
613,4 

635^6 
635.6 
635.6 

658.6 
658.6 
658.6 

Temperature 

JUT 

0^877 
0.077 
0.877 

4.238 
4.238 
4.238 

1.747 
1.747 
1.747 

2.812 
2.811 
2,810 

0^220 
0.220 
0.220 

0.501 
0.501 
0.501 

1.273 
1.273 
1.273 

2 . 2 * 
2.206 
2.206 

op 

72* 
72* 
72* 

210.5* 
210.5* 
210.5* 

400 
400 
400 

668.5 
668.4 
668.3 

100 
100 
100 

176 
176 
176 

357 
357 
357 

550 
550 
550 

f « R8 A - (15230)R« , ^/ Cir K i l / f t 

l o t e 1 1. "*" IMica tes temrerature was recorded f'lth a eopper-constantant 
thermocouple, o t t e r s recordrf with a platimmi-platlnum -plm lOC^ 
rhodiim thefmocouple eal ibra ted by the Sational Bxireau of Stand-
erd. 

2 . Wire Io,3 was annealed at 1800 ^F for two tours and cooled inside 
inside the fiiraaee.» 
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