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(Reprint,"l frum the Transactions of the ASME, for May, 1948) 

Heat Transfer to Water Boiling 
Under Pressure 

BYE. A. FARBER 1 AND R. L. SCORAH2 

The film coefficient of heat transfer from a hot metal 
surface to a boiling liquid was estimated from experiments 
with an electrically heated wire submerged in the liquid. 
The heat-flow rate was given by the consumption of elec-
tric power. The temperature drop through the film was 
talrnn as the difference between the surface temperature 
of the wire and the mean temperature of the liquid. The 
surface temperature of the wire was estimated by a small 
thermocouple. The graph of film coefficient, as a func-
tion of temperature drop through the film, is called the 
"boiling" curve. As the temperature drop increased, the 
film coefficient first rose to a· maximum, then fell to a 
minimum, from which it rose steadily as the temperature 
·•op continued to increase. When water was boiled at 
;mospheric pressure, different heated metals gave dif-

ferent boiling curves, Preliminary data are given for 
nickel, tungsten, chromel A, and chrome) C. When water 
was boiled at different elevated pressures, the same heated 
metal gave different boiling curves. The data are given 
for nickel and chromel at 0, 25, 50, 75, and 100 psig. 
Throughout these experiments the general form of the 
boiling curve remains the same. 

Iwmouuc'l'ION 

T HERE is an extensive literature on tho subject of boiling, 
excellent reviews of which have been given by McAdams 
(1), 3 King (2), Jakob (3), Drnw and Mueller (4). Many 

investigations have been made of the boiling curve using steam-
heated metal tubes submerged in various liquids boiling at 
atmospheric pressure. Under those conditions, the temperature 
drop through the boiling film has been limited to modest values, 
usually less than 2,10 F. In general, these experiments have 

'ven values along the boiling curve for various combinations of 
,1uids and metals, These data have often been sufficient to de-

fine the maximum values ·of the film coefficient and frequently 
extend to the region of the minimum values. 

Apparently it was Nukiyama (5) who first obtained values of 
the film coefficion t in the region beyond the minimum on the 
boiling curve. He used an electrically heated pl11tinum wire 
submerged in water boiling at atmospheric pressure. For some 
reason, ho was unable to determine values of the film coefficient 
in the region between the maximum and minimum points of the 
boiling curve, and, consequently, his maximum and minimum 
values rest to some extent on speculation. Furthermore, he 
used no surface-standardizing procedure, as did the present 
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authors, Therefore his results are not comparable, so ate not 
presented herewith for comparison. 

EXPERIMlsN'rAL ARRANmJMENTS 

The fundamental characteristics of the experiment were first 
explored at atmospheric pressure in the open jar shown in Fig, 1. 
The tests reported herewith were made in the pressure apparatus 
shown in Fig 2, using the bus barn shown in Fig. 3. The pressure 
vessel consists of a 6-in. pipe-cross mounted horizontally, with 
glass windows fitted at two opposite flanges, One other flange 
is connected to a verticnl 6-in. header, and the opposite flange 
receives the test wire and thermocouple nssembly mounted on n 
blind flange, as shown in Fig. 3. The vertical header is pro-
vided with a water column, a safety valve, feed and drain lines, a 
pressure gage, a thermometer well, and an electric immersion 
heater. 

TF.B'l' WIREH AND Bus BAHS 

The submerged part of I.he electrical circuit is sh~wn in Fig. 3. 
The upper bus bar waR nrndo of I-in-diam cold-rolled steel 
shafting. One CIHI of the lm1· is reducied to 6/ 8 in . diam to pass 
through a 3/ 1-in. hole in th,1 blind flange aud thrc!adcd to receive 
tightening nuts and collarn. Thu collars and t.lie bar ll'l'l'e elP1·-

Frn. 1 OmGINAI, Tiss1' A1•P.UtA1'U8 
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F10. 2 PRESSURE APPARATUS USED IN TESTS ltEPORTl!lD 

trically insulated from the flange by gaskets made of selected 
India mica. A movable extension arm made of 1/a-in. X 2-in. 
mild steel and provided with a locking device was fitted per-
pendicular to the 1-in. bar. 

The lower bus bar was made of mild steel in the form of a bolt 
with a 2-in-square head and a 6/rin-diam shank threaded for 
tightening nuts and collars. The assembly was made through a 
hole in the flange using mica gaskets. Extension bars made in 
various lengths of ¼-in. X 2-in. mild-steel stock were fastened 
to the square head by alloy-steel cap screws. The contact sur-
faces were lapped to secure good electrical connection. 

With these 11,rrangements, the bus bars were able" to accom-
modate test wires of various lengths and to position them as de-
sired in view of the observation windows. 

The connection botween the bus bars and the test wire8 was 
made by means of two compression blocks at each joint. The 
blocks were made of 1/,-in. X ¼-in. mild-steel stock each 2 in. 
long. The 1/,-in. faces were lapped to each other and to the 
bus-bar surface to insure good electrical connection. Each pair 
of blocks was fastened to · the bus bar by two alloy-steel cap 
'!crews. The test wire was gripped for a 1 /,-in. length between the 
two blocks. Round grooves were cold-forged in the block sur-
face to grip the test wire without crushing. These grooves were 
made by pressing a pair of blocks together with a drill rod be-
tween them of slightly smaller diameter than the test wire. 

In the experiments reported here, the test wires were all 
0.040 in. diam and made of nickel, tungsten, chrome! A, or chro-
me! C. The length of test wire betwuen the bus-bar connections 
was 6 in. in all experiments. When ns8ernbled in the pressure 
vessel, the bus bars held the test wires in a !10rizontal position at 
an elevation about 20 in. below the water level. 

' FJO, 3 Bus BAHS Usirn lN TmB'!' APrARA'l'US 

The electrical resistance of the circuit was concentrated in tho 
test wires. The end losses wern Rmrdl since the result.8 obtained 
were independent of the test~wiro length. This charnctoristic 
was demonstrated by connecting the voltmeter leads with spring 
clips at various positions along tho length of the Lest wire. For 
a given operating condition, the voltage drop was dii·ectly propor-
tional to the wire length. The electrical resistance of the bus bars 
was so low that with our instruments the same voltage drop w1 
observed when the voltmeter leads were clipped to the bus b&n, 
or to the ends of t,ho heated test wire. In the experiments, the 
voltmeter leads were connected to the bus bars. 

Both direct and alternating eurrnnt were used to heat the 
wires and no difference was dotentcd in tho results obtained. 
Under the conditions of our laborntory, it was more convenient to 
use 220-volt single-phase 00-cycle power. The supply line was 
connected to a 7-kva variac autotransformer which provided the 
quick control necessary to regulate the boiling process. The 
secondary of the autotransformer was connected to the primary 
of a 5-kva transformer having a 5 to 1 step-down voltage ratio. 
The 5-kva secondary wrts connected to the bus ba1·s. 

TEMPERA'l'URE MEAHUREM!sN'l'il 

Tho surface temperature of the test wiro was estimated in 
three ways: (a) by using the experiment1tl wirn as a resistance 
thermometer; (b) by using a small thermocouple; and (c) by an 
optical pyrometer at high temperatures. 

When the experimental wire was used as a resistance ther 
mometer, the measurement of the surface tempernture depende, 
upon a knowledge of the tempernturn field within the wirn. The 
analysis of the temperature . field roquirnd a precise lmowledge 
of the necessary physical, electricitl, and thernutl properties of the 
wire, and precise values of tho current and volt.age drop. The 
method appeared promising, but in prnctico, prnvcd tu requirn 
instrumentation beyond the facilities of our laburnlory. Special 
difficulties confronted this method as the surface temperature 
of the test wire approached tho nielt,i11g; point. Evidence was 
obtained that the core of the wire melted first ,rnd that the 
melted area could spread to points on Uie surface wil.11uut causing 
the wire to separate into pieces. The microstrnctures show11 
iu Fig. 4 were obtained from specimens of ehroml'l C I.est wires 
0.100 in. diam, first in the as-received condition, and then after 
glowing under .water for 15 min without separating into pieces. 
Evidently the greater part of the wire lutd been molten under 
water, and the value of such a wire as 11 rcsistl\nce thermometer 
appeared very doubtful. Because of these difficulties, the use of 
11, thermocouple and an optical pyrnmetcr w1,s invest.iiat.ed. 

The thermocouples finally employed \\'lll't\ made ,if chromol-
alumel No. 28 gl\g;e wire. A small eylindric,d thennocouple 
weld was used, and the couple w,Ls electrirnlly wdded to 
the surface of the test wire in a posi Lion normal t.u the test-wire 
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surface. Tho weld was mu.do without forming a fillet. The 
temperatures indicated uy such thonnocouplmi when tho sub-
merged test wire was not heat.eel electrically agreed wit.h the water 
temperatures given uy u. We8ton thermometer. By heating the 
submerged test wire electrlc11.lly until it was glowing, tho surface 
temporaturo could be estimated by i. Leeds 1111d Northrup optical 
pyrometer. The results of thiH comparison ti.greed within 30 deg 
Fat indicated tempcmturcs of the 01·der of 1500 F. Under these 
operating conditions the test wire was surrounded by a thick 
film of highly supcrhcatml steam. Tho thormocouplo wires 
pi.ssed through thh1 film . In so far u.s the eye could detect, there 
wi.s no variation in color or bl'ightnu~s 11long tho length of tho 
test wire or at the thermoeouplu eonneelion, i.nd no indication of 
boiling wns ou8erved along the thermocouple wircs. The availi.-
ble evidence suggests that, the film of superhcnted stmun sup-
pressed the tmnpernturu grndiunt illong tho thermocouple wires 
situated within tho film so tlmt the conduction loss w11.s small 
,.nd the junction, accordingly, opernted very uear the surfami 
.cmperature of tho te:,;t wire. In tho preparation of the test 
wires with thermocouple attached, only about one assembly in ten 
passed tho following i11Hpoctions: 

A small cylindl'ical thel'mocouple junction welded normal 
to the test-wire surfoco without fol'ming a fillet. 

2 Agreement betwec!l the temperaturn indicated by the 
thermocouple and the tempemturc of the water when the sub-
merged test wire wa:,; not heated elcctricnlly. 

3 A uniform color t1nd brightness 1ilong the test wire and at 
the thermocouple junction when the test wire was glowing under 
water. 

4 Agreement witliin 2 per cent between the temperature indi-
c11tcd by the tlwrmocouplo nnd the temperature indicated by i.n 
optical pyrometer when the test, wire was glowing under water. 

Having pi.ssod theHo in:,;p,!ctiorlR, tho temperntme indicated l,y 
the tlwrmocouple w11.s taken as the surface temperature of t.he 
wire. 

Test runs wore made with tho tlwrmoeouple attached nt tho 
top, side, and bottom of the test wire with the same n,t,u)ts. 
Simi!a1· rnns were nmdowith tho tlwrmocuuple attached 11.t vari-
ous locations along the length of the te:,;t wire with 110 differeuce 
in the results. I11 the cxperi1ne11ts l't!por(,cd hern, the thermo-

couple w11s 11tt11che<l near tho mid-length of tho test, wire at a 
point 11bout 30 deg 11bove the horizontal. '!'he length of sub-
merged thermocouple wires w11.1, 11.bout 11 in. 

Surface temperaturcH obtained in this way arc certainly sub-
ject to error, but under tho circumstances, they appoar to be the 
best available estimates of the true surface temperatures. 

The tempernture of the water was road from a Weston ther-
mometer and checked with the saturation temperature corre-
sponding to the pressure. 

ANAI,Y'l'ICAL PnoclsDUllhl 

The numerical observations consist. of the length and diameter 
of the wire, the v1ducs of electric currnnt, vultnge drop, water 
temperature, and hot surface tempcrn(.urc. 

The heat tmnsfcr is 

q=3.413 Rl=hAA'l' .... , , ......... [l) 

and the film coellicicut 

q 
h = AA'l' 

3Al3 Bl 
1rDL(7',-'1',,)' . . ' . . . . ... . ' 121 

where 

q = heat transfer, Btu/ hr 
h = film coefficient of heat trnnsfer, Btu/(hr) (ft1) (deg F) 
E voltage drop in the tl!st wire, volta 
I current flow in the teHt wire, 1rn1p 

D wirn diameter, ft 
L wirc length, ft 

'1', = surface tempurnturn of wire, de!{ F 
7',. = nwan wu.ter tempurnturc, deg 1" 
A'l' = '1', - 7'., = tempornturc drop in Luiling film, deg l•' 

Fw, 5 TYPICAi, BmL1No Cuuv~:8 
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Tho general form of tho experimental results is shown in Fig. 5. 
The boiling process was stable from A to Band from C to D, 
and unstable between B and C. After increasing tho energy 
input from A to B, a further increase caused the wiro tempera-
ture to rise as much as 1000 deg F, and tho boiling process would 
attempt to come into equilibrium at some point E above the 
melting point of the oxpcl"imontal wire. When tho energy in-
put was quickly lowered before the wire could melt, the boiling 
process would roach equilibrium tit som(l point such 1ts D. Tho 
energy input could then bo rnglllu.tcd for various conditions be-
tween D and C. Starting at C with slowly applied increases of 
energy, it was frequently possible to move tho boiling process 
through the conditions between C and B. Starting at F in the 
unstable region, a quickly applied increa.9e of energy would cause 
tho boiling process to shift to some point such as 0 1 and con-
versely, a quickly applied decrease of energy would cause the 
boiling process to shift to some point such as H. For energy 
inputs between B and C,. thorc wore throe possible vnlues of tl.T, 
tho melting tempernture of the wire permitting. 

V1SUAI, 0DSEHVATION8 

From visual obscrv1it,io11R of tho boiling process, it was p<msiule 
to identify at least six differcut. variations eorToHpondiug to 
different regions along the boiling curve. The tmnsition from 
one type into 1inother, though gradual, is represented by lines in 
Fig. 6. The different types of boiling are described as follows: 

I For tl.'1' values from 0 up to about 4 F, ~team was pro-
duced by vaporization at the li4.uid-vapor interface. The heat, 
transfer from the metal surface to the liquid took place by con-
duction and single-phase convection which maintained an upward 
flow of superheated liquid. 

II Ebullition began at a tl.'11 value of al.,out 4 F. Fur values 
of ll '1' from 4 to about 11 F, mtmy small spheroidal bubbleH would 
leave the metal surface, somo combined to form l:ugor bubbles, all 
eondcnsod in superheated liquid before roaching tho liquid-vapor 
interface. The boiliug was nucleate in the scn8e that tho 
bubblos ol'iginatcd u.t favored spots on the metal surfacu. Carn 
was take n to insure the 1dJse11co of subcooled liquid. 

III For values of ll '1' from 11 to about fi5 F, nucl<mt.e boiling 
waH observed. Larger aud morn numerous IJulibles wore genc-
rnt.od, aml they worn ahlu tu transport steam tu tho liquid-vapor 
interface. WheLlwr thusc l,ubblos iucrnasml or deornaxcd in 
size could uot be observud siucc suvernl bubbles wo11ld 1.!most 
inv1niably combine beforn reaching the iuterfu.ct, . 

l V For values of ll '1' from fi/i to 400 F, an unst11bln steam 
film formed around the wire, tuid large bubblus originated at the 
outer upper :mrfacl' of this film . This 8Loa m film waf:! not me-

. elrnnically xt11ble, and uuder the action of tho circuh,tiol) cm-
rnnts the film appeared to collapse and re-form rapidly. The 
prnsence of this steam film provided additional resistu.uce to heat 
transfer, and reduced tho value of tho hcat-trnnsfor coefliciout. 

V For values of ll'l' from ,100 to 1000 F, the steam film 
around the wire was stable in the souse that it did not collapse 
and re-form rope11tedly. The shape of tho outer surface of the 
steam film varied continuously uuder the action of the 1Jircul11-
tio11 currn11ts and the ru.pid discharge of steam Lubbles. 

VI For value:; of tl.'1 1 above 1000 F, the inHucuce of rndiation 
became pronounced . Ju ll1is rugiuu the wire w:iil observed tu 
rndiate visible light. Tho st;<mm film was very st11blc me-
chanicu.lly, and the onlel'l_y disr.harge of bubbles suggest<!U (a) 
that the frequency aud locatiuu of bubble orip;irmtiou wai; con-
trolled by factors operating at tho out.er surface of the s tuam 
film, aud (b) that "fovornd HpoLs" along tlte wire wt•n, without 
effect. 

Fig. 7 i;hows in Mketch fot·m tho phenomena obHerved in the 
different rogionH along the boiling curve. Photographic observa-
tions were tried with diHappointlug re1mlts. 

Thll foregoing doscriptiom1 and sketches apply for atmoRpherie 
pressure. At olovat.od presRurcs, the corrcHponding valueR of 
{!i.T along tho IJoiling curv(I wurc modified as Hhown hy the data. 
The appe11mnco of the boiling proceSR under pressure parnlleled 
the descriptions. In general, th<1 buhhlc:, were sm11llnr, tho films 
thinucr, tho circulation less. 

Since tho snmo rate of heat transfer can be obtained with any 
one of three different values of tl.'1', it was posHiblo to operate a 
wirn with seotions at ttny one of thrc<l different tompernt,uros. 
This type of opernt,ion was used to observe the shape and be-
havior of tho axinl end of tho steam film. The middle portion 
of an experimental wiro wits heated to incandescence, and a steam 
film deHeribed ns typo VI was estnblished. The wire on either 
side of this glowing section ivas operat.ed at a lower value of tl.7' 
corresponding to type III boiling. Tho change from film to 
nucletite boiling at both ondH of tho i11t,1uidoscent section was 
sharp. Tho end of th<, film w1is funnel -shaped as shown in Fig, 
8. On tho liquid sidn of the funnel, no bubhl<,H were observed 
for a Hhort. distance along t.hc wire, whieh suggested that the 
heat tmnsfeN·cd in t,hiH section w11s absorbed by supcrheatinir 
the liquid. O11ly I-ho ragged end of the fuunel cone ga.vo of. 
bul.Jbles, and they w<·rn disdmrge<I at a rather high velocity iu 
the axilll direet,ion. This type of film-end boiling \l'aH a noisy 
prom\HH 11nd at timeH caus<id Uw wire and its supports t.o vibrate. 

Exi·•1m1Ml':N'l'AI, lt1,;,wu1·s 

'1\,~t <bLa worn tu.ken at 0, 25, 50, 75, 1rnd foo psig. In all ti ,sts 
the wil'(,S worn 6 in. long, 0.040 in. di11m, 1wd wcr<: opt,rn!.ed in a 
hori zontu.l poHitiou 11t u, point 20 in . bdow tho wat.ur lovd. The 
result:; for chronrnl C, chrome! A, and nickol arn plotl.cd in Figs. 
!J, 10, and 11, reHpcctivnly. A nomparison of the boiling t•urves 
at 0 psig for chrome! C, nhronwl A, nickel, and t1111gHl.n11 i8 ,;huwn 
ill Fig. 12. The tes t data an: givon in Tablu I. 

R1sPrtOllUCllllL!'l'Y OF Exl'l•}lllMNN'l',11, It1,:;;u1:1',; 

Whon nllw test wi res were required, tlwy wcrn 11111de lo glow 
u11dc1· water for about 15 min, a[tcr whit:!1 pruviouH test n·sult.s 
could be duplicated . Ono demonstrnt.ion of thb 1·h11m,·Loristic 
w11s _ tho comparison of six test rnns urnde with di1Term1t wirns 
on different dr1ys. The test data am given in Tt1ble 2, and 
plotted ill Ji'ig . 13. Thcso to8t wir·,is wore made of chromel C, 
0.0,10 in. diam X li in. long, and were oporntcd in a horizo11t11I 
position under al,mosplwric pn•ssure plus 20 in. of water. 

\Vmi,;-S1 n n'AC1s-F1N1s11 M1M:;tin1m1,; NT:, 

Preliminary studies of tho wire s11rf1wc h11ve inc\udnd 11w11sure-
monts of the surface r<rngh1ws:,; of chrnnwl C wires as-rm:L\ived, 
and after glowing under water for 15 min , The surf1u:P profiks 
shown in Fig. 14 wore m11de by Mr, l'aul Ogdnn with II Typo 
SA2 Brush imrfaec mrnlyzcr, and tho root-mean-sqm1rn roughness 
w11s nwasurcd with II type BL-105 met.er. The t,rn<·t: 1\' 11s madc 
parnllel t.o tho wire axis . The wires wen, 0.102 i11. di :u11. Tho 
roughncss expressed in root.-mmm-square micruindH's at. 8 luc11-
t,ious on each \\'ire was as follows: 

Rms Maximum Mean 
As-recci ved 54 30 . 5 
()lowing 15 min. 0-! 43.5 

Minimurn 
7 

:.l3 

l'vlux/ l\Iin 
7.14 
:.l . 78 

These measurements indie1tl,e that after glowing under water for 
15 min, the mei.u rougluwss of tho wire stu·foco was increased 42 
per cont, 11nd the rnnge of roughuess was doc1·eatied GI per cont. 
The s mall inl'reaHe in n1t i1u1 roughness was not eonsidored ,;ig-
nifieant, hut the large iucre11so in uniformity of the rouglmess and 
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TABLE 1 DATA FROM 'fEB'l'B ON CJIHOMEL C, CllflOMIDL A, NICKEL, AND TUNOB'l'EN WIHE 
(All wires 0,040 in, diam and 0 in. long, Wire• hold l10riwntal ""d 20 In. bolow water level) 

E I Q/A ~T h E I Q/A D T h. 
April 25, 1946, ohrome1 :o, o psig, Tw : 212° F, 15,l 87,2 858000, 58,0 14820, 

4,06 2.0 11.4 66,4 493000. 82,8 5930, ,029 ,18 1,71 6,6 36,2 164000, 176, 932, ,090 ,59 34,5 3,l.l3 9,0 3,94 22,6 57900. 392, 146, ,43 2,14 598, 6.67 66.9 3,96 2?.,6 58600, 591. 99,6 1,43 6,45 7660 . 16,9 465, i,50 26,2 76600, 813, 94,3 4,23 24,6 67750, 26,3 2560. ,40 37,2 155000, 1200. 123, 9,75. 57 ,6 276000. 44,6 8020. 12,95 75,2 634000. 59,2 107)0, JW10 13, 1946, chromel c, 75 psig, Tw = 320° F, l~,7 65,6 820000, 72.8 11250 1 .2 94,2 992500. 99,9 9970. ,004 ,026 ,66 ,29 ,23 14,13 62,4 756000 , 14), 1290. ,011 ,076 ,56 ,64 ,88 9,15 54,8 326000. 222. 470, ,026 ,154 2.61 l. )7 1190 4,JJ Jl,6 89000, 510. 175, ,116 ,671 50,7 2.22 22,6 J,99 23,2 60300. 1009. 59,8 ,)44 l.98 4)9, J,76 118, 4,68 27, 2 82900. 1420. 58, 5 1.05 6,05 41)0, 5,92 700. 5,95 34,6 1)4000 , 18)0, 7),2 J,)5 19,~ 42300. 8,98 4720, 7,90 46,0 2)6500, 2280, 10),5 6,55 t· 276000, 13,J 20810, 
267° F, 12,6 7,2 551000, 16,7 3)000, Jwie 12, 1946, chromel c, 25 psig, Tw = 17,0 98,8 1093000 , 22,6 48260, 

,JJ 18,6 109,6 1)40000, JO,l 44500, ,006 ,0)2 ,12 ,37 15,J 69,0 886000, 42,8 20670, ,Ol;, ,086 ,84 ,84 1.0 11,4 66,4 493000, 69,5 7080, ,045 ,260 7,6 1.81 4,2 7,)7 42,8 204000, 12), 1670, ,15) ,885 88,2 3,94 22,3 J,69 22,6 57)00, 219 262, ,522 J,03 10)0. 7,78 1)2. J,65 22 ,2 55600. 508, 109,5 1,40 8,10 7380, 12,3 598, 4,50 26,2 76800, 691. 111. J,25 16 ,8 )9600, 18,9 2110. 5,96 )4,6 lJl,000, 889, 151. ?,06 41,0 189000, 26,9 701). 
9,67 59,6 )76000, JJ,4 112)0, Ju.ne 15, 191,6, cl\romel c, 100 pnis, Tw = JJ7° F, 1),50 73,4, 690000. 42,9 16120. 

15,60 90,b 920000. 51.l 18090, ,006 ,04) ,17 • )4 ,1,9 16,75 97,4 1063000. 61,7 l 7250, ,016 ,106 1.24 ,70 1,79 lJ,60 79,0 700000. 111, 6)20. • 058 ,JJ7 12,7 1.)2 '), 7 5,77 JJ,4 1 25400. 276, 455, ,218 1.27 180, 2 . ?.l 8] ,8 J.!lo 21.2 52500. 643. 81.1 ,858 4,97 2780, J,1,6 805. 4.,.5 25,6 74200, 1007, 7;,5 3,9) 22 ,7 58000, 5,(,8 10200, 5.5'I )2,0 116200, 1420, 81.9 10,0 58,2 )79000, 7,:JO 518)0, 7,28 42.2 ~00000, 1830, 109,J 14,7 85,6 819000, 9,20 89160, 
: 297° 20,5 119,0 1590000, 12,8 124200. June 13, 1946, chromel C, 50 psig, Tw F, 20,0 ll6,4 1564000, 16,1 942 50, 18,1 105,0 12~.0000, 19,9 62100. .0019 ,111, .14 ,',JO 1.57 14,5 34,6 798000. ?4,7 )2500, ,053 ,JlO 10,7 1.72 6. ?.3 8,9 5),4 }09000, 50,9 6050, ,182 1.06 125,6 },21 )9,2 1,,25 24.8 68600, 87, 1 7ll'i, ,51,2 3,14 ll09. 5.68 195, 2,75 15,8 28300, 173, 159, 1,67 9,70 10540. 9,72 1086, 2,89 16 , G )1600, ?.'.,1. 126, 4,78 27,7 86200, 15,6 5520. -- 4,42 25,6 73700. 4)2, 171. 7,89 45,8 235000, 19,8 11930, 

12.2 71.2 566000. 25,7 22080, Moy 6, 1946, chromel A, 0 psie, Tw : 211° F, 14.9 86,4 8390001 32.1 26170, 
15,5 89,8 906000, 39,5 22910. ,003 ,017 ,OJ ,19 ,17 

,005 ,022 ,07 ,'31 ,2J 
,012 ,057 ,44 ,58 .77 ,076 .126 6,23 1,00 6,23 
,061 ,296 11,75 1.70 6,9 

INTERfAC< .-SIAP, IIUCICILUI ~ILM 
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.374 · TRANSACTIONS OF THE ASME MAY, 1948 

TABLE 1 (Conlinu,d) 'rABLEl I (Continu,d ) 

E I Q/A b,T h F I Q/A .1.'l' h 
3.61 2)0.0 540500. 10,6 51110. 

5.6S 27.6 101600. 9.02 11250, 1.6) 1oi.6 109900 , 20 , 3 5~0 , 4.01 19,46 50900, 1),5· )760. .8s2 5 ,2 )2270 , 52,l o. 
2,51+ 12,)6 20420, 20,8 981 , ,810 51.s 27)10 , 20). l3So 2,74 1),36 23810, )9,8 600 , 1,09 69 .2 49100 , 4.f.2. 106, 
5,17 25,i · 8i900, 142. 590·. 1.53 97.6 97210. 821 , 119, 8,2·5 40,2 21 000, 239, 906 , ),i.5 220,0 494100. 17)0, 287, 

May 10, 1946, nickel, o psis, 'l'w : 2120 F, JUly 2, 1946 1 nickel, 75 peig, 'l'W = )20° F, 
,00108 ,1196 .15 ,35 ,·42 . 00123 , 0787 • , 06 , 22 ·fl .00388 ,2465 .62 ,62 1,00 , 00427 ,2718 , 76 , 52 l , ,00872 ,us 3,17 1,09 2, 92 ,00851 5,i2 )0,1 1,10 27,3 .03s3 2, 61,l 2,37 25,8 ,0)54 22 , l 522, 1,68 )11. 
.os~ 5,)9 297,6 J,22 90;3 ,568 J6 ,2 1)400, ;?,25 5950, ,17 11,38 1)20, i , 63 286 , 1,56 99 ,2 101000. ),14 )2110, · ,1+95 )1,)5 10100, ,22 16)0, ),02 192,4 )78500, 4, 6) 80170 , ,924 58,4 )5120, 7,~8 4630 , 3,72 2)6,0 571000 , 5,58 102)00, 

1. 56 99,4 101000, a. 9 11210. ),96 252,0 650000 , 6,92 94250 , 2,Sl 159,4 260500. 11,8 22130, 4.16 264,0 715000 , 11,9 60)20, 2,90 185,0 )49000, 14,J 26500, 2,0) 129,0 170800, 17,J 9870, J,OJ 19),0 )80600, 18,J 2)810 • 1,20 76,6 59000 , 28 ,5 2105, 1,89 120,8 148700 , JO,J 4920, ,89 56,4 32700. 122, 267, ,SJ 52,6 · 28400, 65 ,1 436, 1.11 70,8 51200, )$9, 14), ,67 42,i 18500, 222, SJ, 1,94 124,0 156900, 8JO, 189 • ,87 55, )1440, iJ8 , 72, )ol3 199,6 407000. 1480, 276, 1,13 72,0 52900. 98 , 76 , 
100 ps1g, Tw: 337° F, 2,30 146,0 218500, 1750, 125 , July 3, 1946, nickel, ),03 19),0 )80500, 2080 , 18J, 

267° F, 
,00278 ,177 • )2 'ls ,91 Juen 29, 1946, nickel, 25 psig, Tw : , 012) 78) 6 , 27 • 1 10,) 
, 06J6 .4,04 167,J , 92 182, 

.0014 ,090 ,08 ,28 • JO ,288 18,J 3439, l,;2 2610. ,0065 ,415 1,76 ,82 2, 14 ,965 61,6 38700 , 1,78 21800, ,0298 1,8~8 35,9 1,78 19 , 6 2,18 lJl,8 187000, 2,16 86400, ,12) 7,8 629,4 ),08 205 , 3,65 232 , 0 · 552000. J,07 181200, ,)52 21,62 4954, 4,61 1030, /+ , OJ 256,0 672000 , 4, Jl 156000, 
,985 62,8 40270, 5, 99 6720, 2, 68 170,4 · 298000 , 7,80 ;8200, 

2,4J 154,8 2i4900, 8, 73 28150 . 1,37 87 , 4 78000, 19,2 4080. 2,98 190,0 ) 8600, 11 .l 33ao. ,910 57,8 54250 , 37,9 906, ),09 197,0 1038000, 13,2 30150, ,911 58,0 4450 176, 193, 
2.1z 1)8,i 195500, 20,7 9470, 1,09 69,2 49200, 293 , 168, 
1,0 67, 46650, 39,5 1120 . 1,64 104,4 111500, 618 , llll. . ,699 4a,6 20300. 123, 165 , ),22 205 ,0 431000 , 1390, JlO , 

,915 5 .2 34670, 382 , 91 , 
1,15 ?'J,O 54650, 619 , 68, Me.y 12, 1946, tungsten, 0 psig , Tw .. 212° F' , 2,1) 135,8 188300, · 1420, 13?,, 2,7) 2)8,0 42)000 , 2090, 271 , ,0021 , 0326 ,05· ,25 ,18 

,0041 , 753 ,20 , 48 ,51 July ). I 1946, niokel, 50 psig , Tw = 297° V, ,0142 ,214 1,98 1,11 1, 79 
,0322 , 468 10,23 1 ,96 5,18 ,00188 ,119 1,46 ,'.32 , 46 , 0762 1,152 57,l J , 16 18,l 

,00519 ,369 1 25 , 67 2.07 ,20 3,044 )96, 5,61 70 , 9 .0206 1,)08 11:54 l,)J 13 , 2 , 45 6, 81 1995, 8,21 243, ,104.6 6,65 453,7 2, 22 205, 1,00 20,0 13020, 13,0 632 , ,421 26,82 7350, 2, 96 2480, 2,00 30,0 39060, 14,0 2Jl5, 1,)1 BJ,6 71)00, ),99 17930, 2,50 40,0 65100. 16,0 3370, 2,4) .154,6 244500, 5,48 t720 , ,.,,. ·212,0 461000, 7,21 4340, 

'.!'ABLE I (Continued) 

E I Q/A 4T h 

J,25 50,0 105800 , 17,0 5170. 
4,10 60,0 · 160100, 18,0 8470, 
4,70 70 , 0 214200, 19 ,0 9)50. 
5,25 80 , 0 273400. 20,0 11340, 6,00 . 92 , 0 359300, 21.0 14200. 



E 

,158 
,379 
.938 

2,42 
5,97 
9,87 

12,12 
13,89 
13 ,92 
10,15 

6,1,0 
3,53 
2, 39 
2,43 
2,79 
3, 43 
5,30 
9 ,50 

16.3 

l 

,772 
l , 85 
4.48 

11.8 
29.0 
47,6 
59.2 
47,6 
68.2 
49,4 
31.0 
l u,O 
11, 6 
11. G 
13.6 
16.3 
25,8 
46,2 
79,2 

TABLE 1 (Continued) 

Q/A 

79.4 
458. 

2730, 
18600. 

112600. 
.306000. 
466000. 
610000. 
618000. 
327000. 
129000. 

36000 . 
18100. 
18650 
24700 . 
:;7600, 
89000. 

236000. 
840000. 

l),T 

2.75 
4,20 
6.10 
8,90 

u .• o 
15 ,2 
18,3 
25,0 
28,0 
36.0 
50. 
67, 

110. 
260 . 
352. 
520, 
910. 

1460., 
1710. 

June 25, 1946, chromel A, 25 psig, Tw: 267° F, 

,0046 
,0093 
• 020 
.044 
. 109 
,254 
,661 

l.563 
2,91 
5,47 
8,50 

10.00 
11,62 
13 , .3 
14,45 
13,55 
12,05 

6,89 
4,05 
2,G4 
2,88 
3,44 
5,11 
7,77 

16,6 

,022 
,045 
.099 
• 134 
.S:35 

1.243 
3,24 
7, 65 

14,2 
26.6 
41,4 
48,8 
58,0 
64,8 
70,4 
66 ,o 
53, 8 
33,6 
19,8 
lJ.8 
14.0 
16. 3 
25 ,0 
39,8 
80,4 

, 07 
,27 . 

1.29 
5,27 

38 , 
206. 

1390. 
7790. 

26900, 
94800. 

229000. 
313000, 
438000. 
561000. 
662000, 
582000, 
461000. 
151000 . 

52200 , 
25800, 
26200. 
37600. 
33200. 

191000. 
867000, 

. 23 

.41 
• 67 

1.06 
1.91 
2,83 
4,30 
6.10 
7,90 

10.0 
12.5 
13,2 
14,l 
15,6 
17.2 
21.5 
25.l 
37,5 
57.2 
97,5 

lG2, 
323. 
561. 
905. 

1480. 

June 26, 1946 , chromel A, 50 psig, Tw: 297° F . 

.0032 

. 0061 
• 017 
,055. 
,166 
,284 

.016 

.030 

.083 
• 275 
.324 

1.387 

.03 

.12 
.9C 

9.85 
34.9 

255, 

.17 
,30 
.5.3 

1.10 
2,15 
3,92 

h 

29. 
109. 
447 . 

2100. 
8050. 

20000. 
25500 . 
24500. 
22100 . 

9100 . 
2600 . 

537, 
165, 

72 . 
, ... 
72, 
98 , 

195. 
491 . 

,29 
,66 

1.95 
4 , 97 

20, 
73, 

325. 
1280. 
3410, 
9500. 

18310, 
24060. 
31100. 
35970 , 
38670, 
27100. 
18320 , 

4010. 
912. 
263. 
145 , 
116 . 
148 , 
212. 
586. 

, 19 
,40 

1.72 
8.9 

l.6,2 
65,5 

E 
1.054 
7.32 

10.4 
13.4 
l.5 , 5 
15.C 
9,38 
5. 06 
3,40 
3,42 
3,67 
4,23 
4,90 
6,62 
9,37 

15,9 

I 
5.16 

35,6 
50,4 
65,2 
75,6 
77,0 
45.6 
24,6 
16.6 
l.6,8 
13. 0 
20.6 
23,G 

. 32.2 
45.6 
77,8 

TABLE 1 (Continued) 

Q/ A 

35400, 
170000. 
341000~ 
568000. 
742000. 
792000. 
278000. 
81000. 
36GOO. 
37400. 
43000. 

. 56700. 
75900 . 

139000. 
278000. 
805000. 

AT 
6.1 
8.3 
9,8 

11.8 
13 , 9 
15. 6 
29 ,5 
47.8 
96.2 

168. 
229 . 
308. 
402 . 
590 , 
Gl2 . 

1192 . 

June 27, 1946, chramel A, 75 psis , Tl, = 320° F . 

.0042 
,0112 
,0321 
,Oi.!43 
.2265 
,993 

1.46 
2. 692 
5.82 

11.5 5 
15,55 
17.67 
113,4 
17.65 
9,22 
6.41 
4. 72 
4. 07 
2,90 
4.15 
5, 27 
7,36 

11,90 

.020 
,055 
, 153 
, 415 

l.103 
2. 41 
6.11 

13,13 
2G,4 
56,4 
75,G 
C6,2 
'9 ,. c.s:2 
45,0 
31,2 
23.0 
19,3 
14,2 
20 . 2 
25.8 
35,8 
58.2 

,05 
.40 

3,3 
22.9 

163. 
1556. 
5800 • 

23100 • 
107500 • 
424000. 
767000, 
990000. 

1077000. 
990000. 
267000, 
130300. 

70800. 
52500. 
26300. 
54500. 
G3500. 

172000. 
451000. 

.20 
-39 
.69 

1.12 
1.83 
2.31 
3,08 
3,S7 
5.1 
6.3 
7,6 
:;.9 
9.9 

10.1 
17.6 
21.G 
2ll.2 
36.c 
39,2 

151. 
296, 
503. 
760. 

h 

5820, 
20500. 
34800 . 
48100. 
53400. 
50800. 
9470. 
1690. 

378 , 
221. 
187. 
135. 
138, 
236. 
343, 
673. 

.20 
1.33 
4,Gl 

20,5 
69.2 

673. 
1890 • 
5990. 

21100 . 
67200, 

10120c. 
111300. 
109000. 

93200, 
15300. 

5930. 
25:iO . 
11...30 . 

6Gl. 
361 . 
299. 
342. 
596 , 

June 2G, 1946·, chromel A, 10c, psis, Tw = 337° F. 

,0087 
.0266 
.0795 
.226 
.65.3 

l..9J8 
4,70 
9,15 

l.0.80 
l.4.60 
l.6.20 
l.6.22 
l.3,58 

.043 

.130 
,390 

l.104 
3,20 

21:~5 
44,6 
52.6 
71.2 
78,8 
79.2 
66,2 

.24 
2,25 

20.2 
162.5 

1361. 
11920. 
69750, 

266000. 
370000 • 
676000. 
831000. 
836000. 
585000 •. 

.31 

.55 

.88 
1.32 
1 . 61 
2.02 
2.41 
2.97 
3.21 
3, 92 
4.32 
5,71 
6.29 

,79 
4 .1 

23. 
123. 
848. 

5920. 
28900. 
89600. 

l.15200. 
170300 • 
193200. 
146700, 

93500. 

:r 

lit 

- .4T = ll-65°F 

.O.T=400-1000°F 

JC :, 

I) 0 

0 0 0 

~F 

F IG . 7 TYPICAL BOILING FOR THE DIFFERENT 
SECTIONS 

Fm. 8 FUNNEL SHAPE AT Em> OF Fn.11 



376. THANSACTJONS 01•' THI~ ASMt•; MAY, 1948 

TABLE 2 COMPARATIVE DATA F'ROlVI SIX TEST RUNS ON DH'FimENT WlltES ON DIFl•'EltEN'l' DAYS 
·· (Sb, chrome! C .wirco with preos111·e 0 psi,:. ,All wir"• 0.040 in. ciilun anc! 6 in. Ion~. Wires held horizontal and 20 in. below water level) 

! I Q/A AT h E I Q/A AT h 
Wire No, J, April 18, 1946 • Tw • 2120 F, 

Wire No, 11 April 10, 19),6 1 Tw: 212° F, 
.00)26 ,0189 ,04 .22 · .18 
.00747 ,04)2 .21 ,51 ,41 

,00182 .0106 .01 ,12 .10 . 021. .1J8 2,15 l,J9 1.55 ,00228 ,01)2 ,02 ,1) ,15 ,lOJ ,598 40,2 4,10 10,2 
.00557 ,oi22 .12 ,J9 ,JO ,465 2,72 8)2 9,JO 88,5 
.onz ,0 78 ,52 ,76 .68 l,77 10,) 11890 18.8 6)2 
.0~9 · ,287 9,27 2.26 4,1 5.41 Jl,2 110000 28,9 J810 ,1 0 ,926 90,7 5,05 19,2 7 , 52 i) .8 214800 J4,l 6)00 ,712 4,12 1910 11,l ,172, 11,6 7,6 512500 51,0 10050 2,29 lJ,) 19980 20.l 99J li,l 82,2 755400 67,5 11200 

~-97 28,8 9)500 29 , l )210 l ,l 9J,2 977000 81,0 12060 ,05 )5,2 1)8800 )4,0 ~080 15,7 84,4 865000 115 7520 9,27 . 5),6 )2t00 40,5 000 7,1) 41.4 190200 241 790 10.10 59,0 l8 800 48 , 0 8100 4,70 27,4 84000 410 205 11,25 65,6 81000 54,0 8900 J,60 21.0 i9JOO 78) 6) 13,25 76,8 665000 60,l 11050 4,10 2).8 )800 1160 55 15,60 90,4 915000 84 lO~og 4,88 28.2 8~00 1690 53 14,60 84,4 801000 101 7 5 7, 56 41,.0 21 500 2165 100 14,40 8),6 783000 15, 5190 
11.10 64,2 465000 19J 2410 
5,4) 31.~ 111200 372 '299 Wire No, 4,. April 19, 1946, Tw . 2120 F, ),79 23, 58800 588 100 
),78 21.8 5)600 1050 51 ,00171 ,0099 , Ol ,10 .ll ),84 19.8 109000 1880 58 ,00219 .0127 . 02 , 15 ,12 6,67 37,4 164000 2000 82 ,00277 .0162 ,OJ ,19 ,15 

,008Jl ,0482 ,26 ,58 ,45 
,0518 , JOO 10,l 2,JO 4,J 
.216 l.26 177 5,92 JO 

Wire No 2, 1 April 11, 1946, TW.,. 212° F. J,25 18.9 40000 24,7 1620 
J,84 22,4 55950 25,J 2210 
6,05 35,4 1J9JOO J0,9 i5l0 7,09 f·8 256000 J9,2 5)0 .00261 ,0150 ,02 . 18 ,14 11, )5 5.6 i85000 51.8 9J70 ,00675 ,0)92 ,17 ,49 ,)5 lJ,30 77,0 66000 60,0 11100 ,0173 ,0998 1.15 1.10 1.05 15,80 91.6 942000 77 , 8 1210C ,105 ,4)8 15,6 2,79 5,61 16·,20 94,0 994000 1C9 9120 ,178 1,02 113 5,59 21,1 14,65 85.2 81)500 13) 6110 ,880 5,08 2910 lJ.l 222 12,80 74,2 617500 172 )590 2,89 16,8 )1600 22.9 i,~g 5,135 40,2 15)100 2137 5)) 6,12 35.6 14.1900 )1,8 ) , 94 2:i.o 59100 519 114 6,68 54.0 2)5000 Jl3, 2 150 4, 00 2).2 60500 605 100 

12,0 69,6 546000 53.5 10200 J,65 21.2 ~.:,~oo 710 71 1),0 75,6 642500 64 ,2 10050 ) , 99 2J.O 59 00 12~0 49 15,3 88,•4 877500 88,0 9970 6 , 45 )7.6 158000 2060 76 14,8 86.2 13)4500 126 6620 8.10 47,0 248000 2215 112 1),8 79,8 715500 159 4500 
12.1 70,4 555000 178 )120 

5,85 JJ.9 129000 J22 401 
3,67 21.~ 51200 610 84 Wire No, S,, April 25 1 1946 1 data given in Table l, ~-94 22, 58500 1220 46 

,22 42,0 197500 2100 94 

TABLE 2 (Co11tinued) 
E Q/A AT h 

Wire No _6., May 12, 1946, TW • 2120 F, 

,00208 .0121 .02 , 14 , 12 
.00276 .0161 ,OJ ,20 .14 
,00485 .0280 ,09 .Jl ,28 
.0144 ,0834 .78 .91 .86 
,0)9~ .2)0 5.96 1.9) J,09 
,-0737 ,427 20, 5 J.05 6,72 
,143 .1328 77,1 4. 56 16.9 
.J24 1.8a · )96 1. e5 52 

l.255 7. 26 5945 15 . 2 )91 
3,50 20.2 46160 22.2 2080 
5,79 )).~ 126000 )0 ,6 iOlO 7,55 4), 216000 )5.4 100 

10.z 61.8 z30000 46.2 9)10 
lJ, 76,4 94000 62.5 11100 
15,7 91.2 934500 89 10500 
lJ,6 79,0 701000 169 4150 6,20 35,13 l4460o 295 490 

3,56 20,8 41lJOO 895 54 
4,56 26.8 80050 1510 5) 
ii,86 39,8 1713000 2170 82 



FARBER, SCORAH-HEA1.' TRANSFER TO WATER BOILING UNDER PRESSURE 
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'378 TRANSACTIONS OF THE ASME 
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the more fine-grained eharn.ct.er of that rouglwe:;:;, as :;howu by 
the profile tro.ce, was thought to be a contributing factor in ex-
plaining the reproducibility of datn. o.ftor the wire had been made 
to glow under water. 

T he available roughness measurmncnt,s have suggested as a 
working hypothesis that the more uniform and fine-detailed 
roughness of a wire s urface, produred by heating tho wire to 

incandescence under water , largely accounts for the rcproduci-
hilit,y of the heat-transfer data fro m such wires. 

CONCLUSIONS 

A number of conclusions can be drnwu from thuse preliminary 
experiments, as follows: 

The boi ling cu rve wi,s found to be c•r111linuous over a wide 
rnnge of metal surface tempcrnt,ures, and tho form of the curve 
remained the same, As the value of ti. '1' was incru11sod from 0, 
t,hc value of tho heat-transfer con/licient incre11sed to a maxi-
1, um, t hen fe ll to a Jll inimum, frolll which it ineren.scd steadily 
un t il t,he metal fa iled by melting; , 

2 At the same pressure, differont; metals g1we differnn t numeri-
cal v11lues fo r the boiling curve. 

At. 11tmospheric pressure n. nd 1, ti. '1' of 10, the heat-transfer 
r.oofficiunt was 100 for chrome! C, 500 fo r t ungsten, 3300 fo r 
chronu,l A, and 20,000 for ni clrnl. 

3 At difforont; elev11ted µrc8su1·os1 t he s1tme met.id gave,. tier-
on t numericttl values for the boi ling curve. 

For chrome! C n.nd n. ti.'l' of 10, tho hoat-transfcr coefficient was 
I 00 for 0 psig, 1200 fn r 50 psig, 8000 for 75 psig, 1tnd 9()1)()0 
fur 100 psig . 

4 T he mechanism of t.hu l>uiling; p1·uct,:;s is d ifferen t for dif-
fon,nt parts of the boiling curve. 

T he boi ling procoss at atmu:,phcri c a nd elevated pre:,sures was 
ol>Herved, d<iscribccl, and illustrnted in Llw pr.per. 

5 The mechan ism of t he boiling process permits the same 
l1011t-trn118fer rate wit.Ii t ltrnu different values of ti. 'l>. 

For cluomel C at al,musphoric pressure, a heat-transfer rate 
of 100,000 Btu /(hr)(ft 2) was allowed at ti.'1' values of 30, 430, a nd 
I 650 F, the corresponding v1tlucs of the heat-transfer coefficient 
being 3330, 232, and 60.5. T he presence of such boiling condi-
tions may explain certain industrial opernt.ing phenomena. 

G The electrically heated, submerged-wire method of st udy-
ing the boiling process is promising, and its fur ther use and d&-
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veloprnent should be encouraged. Tho precision of the ~u1face 
temperature measurements should be increased. 
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Discussion 
R. C. CoRElY. 4 The resull,s obtained by the authors for the 

variation of the hcat-trnusfot· coelfwicut, h, as a function of the 
temperature grn.dient bctwcon the heater and the liquid, arc ex-
tremely interesting and thought-provoking. That heat-tra1rnfer 
rates as high as 1,000,000 Bt.u per hr and sq ft could be 11U11ined 
with temperature diffcrnncoH of the order of 10 <leg F, as noted 
for chrome! C at a g11gc pressure of 100 psi, suggests lines for 
fundamental resen.rnh 011 the !icat-trnusfer chamcteristics of the 
steaming surfaceH of boiler tubes at pressures up to 2000 psi . 
To date, estimates of the temperature grndient bet.ween the fluid 
and the tube met.al in furnace wall tubes absorbing heat at 
rates of the order of 100,000 Btu por hr and sq ft arc based upon 
assumed film cocfiicients between 5000 and 20,000, an<l therefore 
arc subject to considemble conLroversy. 

The authors mention Umt I.he wirn tempernturus worn dcLer-
mincd indcpemlcnt,ly by rnoanH of thermocouplm; and an opticul 
pyrometer, n1Hl tl111t at 1500 F, tltc t,wo ml,l,hods agrCl,d within 
30 deg li'. However, they co11cndo inhorcnt errors in the t,h.,rnw-
c,:i uplc method but neglect to stn,tc that mcasurcmenLs ll'il.h Lite 
optical pyrometer also may be suriously in error, dopuuding upon 
whether the rndir1ter i:; surroundml by a hotLer or 11 colder en-
vironment tint! upon the tempomturo and emissiv it.y of tlw 
wire.• Since the interprcLation of the result.,; <lopeuds to ,mnw 
extent upon aecurnt,e deLermi1u1tiou,; ot the tempcni.tunJ gmdiL.i1t., 
partieularly in tho rngiou:; whom Lhc minimum occurs in l,lw Ii.-
values, it would seem de:,;irnhle Lo iuvestig11t.o morn t.hornughly 
Lhe cnorti i• Lhe t.empemturo moasurnmenLs. 

It is stat ,d in the paper th11L in zone IT, " .. . inauy snrnll 
spbcl',:,:_ . bL1bbles would leave tho metal smfac,\ ,;omo coml>iucd 
to form larger bubbles, all cunde11Hed in superheated liquid l>dorn 
reaching the liquid-vapor i11t.erl'ace." lt is uot clear Lo the 

'Supervising Engineer, Co1ubustiun Research Section, Centml 
Experiment Station, Bureau of Mines, Pittsburgh, Pa. Published 
by permission of Direct.or, Bureau of Mines, U. S. Department of 
the Interior. 

6 "Enors in 'l'empcrnture Measurement by Hnclionietric lvfoasurc-
ments," by W. T . Heid . und ll. C. Corey, Cumbusliun, vol. 15, l•'ob-
ruary, 1944, pp. 30-34. 

writnr why the 11utho1·s aHHumo tlie liquid to be superheated, 
Co11densat,ion of the bubbles would occur if the temperature 
of Ute liquid wern not uniform. 

Since the h-valuc for given temperature gradients was influ-
enced markedly by the composition of the heater wire, and the 
maximum value was a function of pressure, some explanation for 
the abrupt cutoff for tungsten wire, which is shown in Fig. 12, 
would be desirable. 

The marked difference found for tho heat-transfer characteristics 
of chromol. A, chrome! C, and nickel wires is of considerable in-
terest. Larson's work6 with met11llic cbullators, in which he 
studied the phenomena of liquid superheat and of nucleate boiling 
in connection with heat transfer, suggests that'thc important cri-
terion of good cbullators is nonwcttability and that physical 
roughness or porosity of the surface did not appear to be a fact.or, 
Since he found marked variations in superheat for differnnt metals 
and alloys, it seems likely that the 1111turc of the surface as re-
gards the vn.lence type and the crystf1l structure of the pl,ase 
comprising the surface may influence strongly the a<lhesiou-free 
energy of the surface. In the authors' experiments, the marked 
diffcrcnces found between chrome! A and chrome! C, which are 
essentially chromium-nickel 111loys, leads one to suspect that pre-
treatment of the wires under water, to secure reproducible result,· 
resulted in oxide phases of different compositions fur the t11 
alloys. It is well known that oxidizing; trciLtment of single-ph1,se 
chromium alloys le::uls to diffusion of the elements to tlie surface 
at <liffrmmt rntes, with the result t.lmL t.hn ral.io of t.hc metal ious 
in tho surfacl\ oxide may lie quite diffen,nl"frum that of the p1Lrc11t 
metal. 7 

Vv. 11. McAuAMS. 8 This paper presents data over fL wide nrnge 
of tcmpemturc differnnccs for water boiling on four diffcmmL nwtal 
surfaces. It rcpreslmts a substantial cent,ribut.ion to the litera-
turn in the rather poorly understood fil'ld of heat trnnsfer to 
boiling liquids, both at at,mospheric pn,.ssurn aud eleval(•d pres-
sures. 

In view of Lhc iutercst in this field, it is hoped that the authors 
will publish the original d1Ltu :md nut merely plots of cocfficionts 
versus tempcrnturn difference . it is ditficult to read these 
plotted values wit,h rnnsoni.hle precision, in view of the number 
of logarithmie cycles required in t.he grnphs. It is believed that 
other workers would apprncial.e complete l.ttbles of data, show-
ing rnn number, wire 11111trn·i11l, wire diirnwlcH' a11d lungth, locatie 
of volLngo taps, po\l'l,r dissip:Llcd frnm 1virl,, t.ype of electriciL .. 
(de or a c in l,acl1 rntso), l,wal.ion of Lh,•rmoe"uples 011 uadt wire, 
pros.~urn, l.01npund,11ru of Llin liquid, whul h,,i· 01· nnL fouli11g or 
discolorntiun of Lho win.,s O(!('.U1T1•d, 1t11d I'(•1ulinµ;s l,y opl i.,,Ll pyro-
mctur (whl,u usL,d) . 

The ~iguif-ican<:e of reading~ of Lheriw,uouplc:; att.adied dirnctly 
to ~. cylindor carrying either a-c or d-c electricity, has luug been a 
11ml,l.er of couj(:et.urc, since the drnp in applied voltage across the 
widLh uf tho therntocuuple might. not. ill: neglig;ihlu Lo Lho volt.age 
sot up by th" thcrnwcoupk. 

Surely some hcnt is condu,,t.ed frnn, t.hu jHIWU<' ll'irn :dong the 
le11ds of tlw t,hormocouplc,s and dissipa.t.ed t,1> tho liquid, rnusi11g 
tho hu,,.t.-flux deusiLy !LIHl l'Ol•flil'il'lll,, liased only upon the aren. 
of tlw pow1,r win,, to IJ1, l.ou high. \Vheu t.hu olccLrically heated 
wire was quite lwt., was any i>oili11g noted frolll the hi11ds of 
the thermocouplo'/ J,; vi,n lhough l,etllpornlurcs uwnsurcd by 
a thermocouple agreed within 30 di,µ; J,' wit.It those obl11incd by 

6 11 Faetur~ .'\ffecl;inµ; Boiling: in n Liquid, 11 by H. F. Larsu11 1 / ndus~ 
ll'ial 1111il J;'11uine{)r·1'.110 C/w11,,:,1ry, vol. :l7, l\M5, pp. IOO·l ··lOll\J. 

7 " Corrosion by Hot Gases," by H. C. Corey, Coml.,11,liu1L, vol. 15, 
Novomber, 1943, pp. 3,1- 3.\J. 

8 Professor, Dopo.rt1nent of Clw1nical Enµ;ineoriug 1 'the l\Iassn-
ch1rnotts Institute of Technology, Cambridge, !\£ass. 
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the optical pyrometer, if the latter were sighted on. the thermo-
couple, errors due to conduction in the leads might still .bo sub-
stantial, since both measured temperatures might be significantly 
lower than that of the wire with no thermocouple attached. 
Would the authors care to give a quantitative estimate of the 
errors caused by conduction in the leads, and to report any 
measured gradients in temperature along the test section ·of the 
power wire? 

Because of the possibility of error in temperature measurement, 
it would be safer to plot heat-flux density versus temperature, 
rather than ·coefficient versus temperature in order to isolate any 
possible ertor in the abscissa. 

E. P. PARTRIDGl!l, 0 Any attempt to correlate what happens at 
the surface of a horizontal electrically heated wire 6 in. long 
and 0.04 in. diam wit,h what happens on the internal surface of a 
vertical boiler tube 50 ft long with an internal diameter of 0.92 
in. must seem a mere exercise of tho imagination. Nevertheless, 
the film boiling produced in the laboratory by the authors of this 
paper differs only in magnitude and in detail from the film boiling 
observed by Davidson, Hardie, Humphreys, Markson, Mum-
ford, and Ravese, published in their important paper five years 
ago.10 

Fig. 30 of tliat paper indicates th11 existence of a "hot spot" 
part way up the vertical 50-ft wall tube, with normal tempera-
tures above and below this jitnited region of overheating. In 
their discussion of this figure, Davidson, ct al, say, "The value 
of Llt rose above the limits of the chart shortly after point 10 and 
returned to normal values at point 16. It is in this length of the 
tube that steam-blanketing or the co-existence of continuous 
phases of vapor and liquid is assumed." 

The present authors appear to have duplicated, under labora-
tory conditions, the creation of a localized region of film boiling. 
Even though they heated a portion of their experimental wire to 
incandescence to produce this condition, the temperature of the 
metal surface may not have been much higher than that indicated 
by the m crostructure of some boiler tubes which have failed in 
service at localized hot spots. 

F. B. Scm-rEIDER, 11 In so far as the test arrangements are 
concerned, one of the most important measurements is the de-
termination of the temperature of the wire surface and of the 
mean temperature of the water, It is believed that if a typical 

st reading were ·published it would help to answer some of the 
questions in the mind of the reader. In the absence of this in-
formation, the writer would be interested to know the answers 
to several quest.ions. 

Every precaution has been taken t.o assemble tho thcrmo-
coupbs <' .>JTectly to the wire, according tu the best-known prac-
tice. They were attached i1t right angles to the wire and. at 
various positions around th<i perimeter. It was found that such 
a location does not cause a variation of the temperature. This 
agrees with previous experiments in so far as higher tcmper~ture 
differences are concerned. ; However, at lower temperature dif-
ferences between metal and water, substantial variations of 
the wire temperature at various positions around the perimeter 
have been observed in previous tests with tubes of 1/, in . diam 
and larger. Since the wires of this investigation had a diameter 
of 0.040 in,, it would be valuable to know for what diameters the 
influence of the location of thermocouples can be noticed. 

• Director of Research, lfall Laboratories, Inc., Pittsburgh, Pa. 
10 "Studies in Heat Transmission Thrnugh Boiler Tubing at Pres-

sures From 500 to 3300 Pounds," by W. F. Davidson, P.H. Hardie, 
C. 0. R. Humphreys, A. A. Markson, A. R. Mumford, and 'l'. Ravose, 
Trans. ASME, vol. 65, 1943, pp. 5.53-591. 

11 Locomotive Engineering Dfvision, Gonernl Electric Company, 
Erie, Pa. Mom. ASME. 

The presence of the thermocouple wires causes deflection of the 
circulation currents around the wire which has led to misleading 
results in previous experiments. From the illustrations and from 
tho description it is not clear where tho thermocouples were 
fastened longitudinally, The writer believes that the correct 
location would have been at the center of the wire, in order to 
avoid the cooling effect of the bus bars and of the walls. How-
ever, special tests would have to be carried out to determine the 
effect of circulatory disturbances. In this investigation the 
readings of the thermocouples were checked with thermometers 
only at noncirculating flow. 

The mean water temperature was measured by a thermometer 
suspended above the center of the horizontal wire, as shown in 
Fig. 1 of the paper. Since this will measure the temperature of 
the warm current of water and of bubbles rising from the wire 
before the current is dispersed by the circulatory motion, the 
recorded temperature difference between wire and water will be 
a mm1mum. If the thermometer was located above the center 
of the wire, but laterally displaced toward the wall, probably 
higher temperature differences would be obtained. The differ-
1mce in readings may be important at low values of t.T. The 
distance between the thermometer and the wire is also important 
since the temperature of the rising current varies with height. 
Therefore the writer would appreciate any information about 
temperature traverses in t.he vessel during the tests. 

The influence of the type of wat.er used in the test is considera-
ble. With the use of distilled \mter, the heat-transfer coeffi-
cient may be 25 per cent lower t.han with contaminated water. 
Also, a film of oil on the wire may reduce the heat-transfer values 
considerably within the temperature range of tests previously 
taken. In this investigat;ion the wires were subjected to glow 
for 15 min before the tests wern started. This may have caused 
a thermal decomposition of the oil with an accompanying in-
crease of heat transfer due to scaling. If tests have been under-
taken to determine the inHuence of distilled water, water with 
special agents, wires free of oil before glowing, and wires with an 
oil film before glowing, tho writ.er would bo indebted to the au-
thors for publishing them. 

From the "Visual Observations" as dcscl'ibod in item II and shown 
in sketch II of Fig. 7 of the paper, we learn that small spheroidal 
bubbles combine to form larger bubbles. Prnvious publications 
of similar observations maintain that the bubbles grow rapidly 
from small into larger ones. According to ·McAdams, the super-
heat is consumed in vaporizing 11,dditional liquid, thus increasing 
the volume of the bubble. He substanti11tes his statement by 
referring to the stl'oboscopic photographs of Ji.cob an~ Fl'itz 
who measu!'ed the inc!'ease in volume of typical bubbles. They 
obtained au increase of up to 4500 por cent of the ol'i11:inal volume. 

In addition, the writer cannot agrnc with t,ho author; that, the 
larger bubbles condense in the superheated liquid before reaching 
the liquid-vapor int.el'phase. Since the heat transfer into the 
liquid is considerably higher than into vapor, the temperature 
of the vapor in the bubble, even if superheated, must be lower 
than the temperature of the liquid. This temperatme gradient 
permits the evaporation of additional liquid whereby the re-
maining part could be cooled to the tompemture of the vapor in 
tho bubbles. Then this process is terminated. The bubbles 
attained maximum size. In order to condense the vapoi· in the 
bubbles completely, the temperat.urc of the surrounding liquid 
must be below the saturation temperature of the vapor. Thcr,i • 
fore in the region where the bubbltis disappeal' the liquid cannot 
be superheated. On the contn,ry, the, temp,m,ture of the 
liquid must be subcooled. Since no other heat loss can occur, 
the only expla1111tion is t,ho mixing of the previously supcl'hcated 
liquid with cooler,liquid in the apparatus which did not pass the 
hot wire. At this stage of the boiling process, the location of 
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t,he thermometer which determines the mean temperature of the 
water is important. At higher values of heat dissipation, the total 
amount of water in the vessel becomes superheated with the 
result that condensation of vapor is impossible. The bubbles 
reach the liquid-vapor interface of the liquid as described in item 
III. 

In Fig. 8 of the paper the authors describe the very interesting 
formation of a fuI)nel-shaped film · and observe that no bubbles 
appear close 'to tho glowing wire. In one section the authors re-
mark that the wire was heated to incandescence, If this means 
the radiation of white light, tho temperature of the wire must 
have been above 1500 F, which agrees with the authors' state-
ment that~T was above 1000 Fin sketch VI, Fig. 7. If these 
temperatures were above 2500 F, tho dissociation tempera-
ture between hydrogen and oxygen, it is possible that the film 
around the wire, as shown in Fig. 8, did not consist entirely of 
st.earn, but also of hydrogen and oxygen. The high velocity 
of the bubbles and the noise may indicate explosive combustion of 
the hydrogen-oxygen-gas mixture. 

The data derived by t.he authors and illustrated in Figs. 9 
to 12 of the paper can be compared with similar information in 
the region of atmospheric pressure only. The test results of this 
investigation furnish film coefficients of heat transfer of 11,000 
to 30,000 Btu per hr sq ft deg F for chrome! C and A at critical 
temperature differences of from 20 deg F to 70 deg F. The 
authors found a . maximum film coefficient of 25,000 Btu per hr 
sq ft deg F at a critical temperature of 30 deg F for nickel. Mc-
Adams published values for chrome-plated copper of from 3300 
to 8600 Btu per hr sq ft deg Fat 45 deg F, and for nickel-plated 
copper of from 3800 to 8200 Btu per hr sq ft deg F a.t 50 F to 42 F 
at atmospheric pressure. Chrome! C attained approximately 
the same film coefficients as tho maximum values reached for 
chrome-plated copper. However, chrome! A and nickel show 
values which' are far above similar results. On tho other hand, 
the critical temperature d_ifference for chrome) C is ,70 deg F, 
while the highest critical temperature difference prnviously known 
for metal in water is about 55 deg F. 

Nickel and chrome! A show a critical temperature difference of 
approximately 20 deg F, which is one half of the hitherto known 
value. Since the maximum values of the film coefficients found 
by the authors for chrome! A and nickel are very high, multiples 
of those for chrome! C, copper and steel, thQ writer would appre-
ciate knowing upon what characteristics of the materials or 
the liquid the authors base their explanation for this outstanding 
result. A duplication of their findings would be extremely valua-
ble in commercial evaporative processes. 

On the other hand, at a temperature difference of 5 deg F, the 
values of the film coefficients of heat transfer at atmospheric 
pressure are from 20 to 500 Btu per hr sq ft deg F while previous 

· tests furnish data of 220 to 700 Btu per hr sq ft deg F. About 
220 seemed to be normal. Therefore it is remarkable that 
chrome! C and tungsten have such low coefficients as 20 and 50 
Btu per hr sq ft deg F. 

In conclusions 1 and 2 of the paper, the authors describe the 
standard boiling curve. It would have been valuable to sub-
stantiate by test that this curve can be straightened into a flat 
line from zero ~T to critical AT at the maximum heat-transfer 
coefficient with sufficient agitation at both atmospheric and 
elevated pressures. Furthermore, it is not known if this line 
extends over the cl'itical temperature and continues until it meets 
the rising branch of the boiling curve (see VI in Fig. 6) . In 
conclusions 3, the authors furnish data of the remarkable in-
.crease of heat transfer by increasing the pressure to 50 or 100 psi. 

As a detail matter, the writer would like to mention that at 
AT~ 10, h = 500 for tungsten as per Fig. 12, and not 155 as 
described. 

In concluding tho discussion, the writer believes that tho in-
dustrial world connected with evaporative processes is indebted 
to the 1tuthors for their important findings which may well 
stimulate further research In this particular field . Although 
there are many questions which remain unsolved, the reRults 
shown in this paper can be used immediately and to great ad-
vantag<' in commercial applications. 

B. J . CRossu AND W. S. PATI'ERSON. 13 Research work such 
as that reported by the authors is a valuable contribution to the 
technical literature when it confirms the work of earlier investi-
gators or extends the investigation into unexplored regions as 
the authors have done by working up to 100 psi with extremely 
high rates of heat flow. Such work is particularly valuable if the 
results lead to conclusions and recommendations for application 
to industrial-equipment design problems. However, the writers 
would like to have the authors explain the following: 

1 The authors present data which show that different metals 
give different boiling curves and different film coefficients. Is 
this not more a function of surface condition than a function of 
the composition of the wire? It is stated that for any wire the 
results could not be duplicated until the wire was first conditioned 
by heating to redness when immersed. Was the surface finish of 
all test wires identical before and after use for the boiling tests 
What were the "visual and thermal inspections" which led to the 
rejection of 9 out of 10 test-wire assemblies? 

It is known that practically all metals are chemically attacked 
by water. Therefore it is reasonable to expect that tho four 
metals used in the heating elements would each be differently 
attacked and each would have a different surface condition. 

It would also be expected that mild steel, the material most 
commonly used in commercial heat-transfer apparatus, would 
give other values for film coefficient than those reported. 

If this suggested explanation of the difference in the results 
with the four wires used is true, then the composition of the water 
would be a factor. Has this been givon consideration? 

2 Could the condensation of steam bubbles as described in 
item II of "Visual Observations" be due to heat losses from the 
pressure vessel, which would result in nonuniform water tem-
perature throughout tho vessel, particularly at low rates of boil-
ing? It seems difficult to account for bubble condensation by the 
method suggested by the authors. 

3 The authors state that circulation was less at elevated 
pressure compared to atmospheric pressure. Does this refe 
to observed velocity of the bubbles flowing upward from the wires 
or water velocity approaching or passing the test wire'l That 
less circulation produced thinner films is contrary to what we 
would expect. 

We agree with the authors that their method of studying the 
boiling process is promising, and its further use and development 
should be encouraged. The use of a single horizontal wire may, 
however, give results which are different from what would be 
obtained with a bank of horizontal wires or tubes (to simulate a 
commercial evaporator). In the latter case, the circulation con-
ditions would be different in many respects depending upon tube 
arrangement and width of lanes between tubes. Evaporation 
from the inside or outside of vertical tubes could be simulated 
by mounting the test wiro vertically and enclosing it in a tube to 
force the steam generated to increase velocity as it appro11chod 
the top of the test wirn, thereby duplim1ting to a certain extent 
conditions which exist in vertical boiler tubes. 

Some relationships pertaining to maximum values of ~t, h, and 

~llse,uch Engineer, Combust.ion Engiu<loring Comµllny, Inc., 
Now York, N. Y. Mom. AS!\-IK 

u Assistant Manager, Forced Circultition Boiler•, Combustion 
Engineering Company, Inc. Mem. ASME. 
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q/ A are plotted in Figs. 15 to 18, inclusive, of this discussion, using 
data from the authors' curves. Although the shape of tho curves 
for h maximum, Fig. 15, and At 11,t maximum h, Fig. 16, are 
1uite similar for tho three metals when plotted against pressure, 
the curves for q/A at maximum h (Fig. 17), are not similar. 
For two of _tµo metals, a maximum point·appears at 90 psi, above 
which tho total heat flux drops off. The same phenomenon is 
illustrated when q/ A maximum is plotted against pressure, Fig. 
18. Do the authors have any explanation for these phenomena 
or for the fact that their dat.a show more than twice the maxi-
mum heat flu.x for ohromel C than for nickel heating surface? 

It is interesting to note that heat-transfer rates in excess of 
1,000,000 Btu per hr per sq ft were obtained with nucleate boiling 
and with temperature · differences of the order of 10 to 20 deg F 
between boiling surface and fluid . 

AU1'HORS' CLOSURE 

This paper was accorded encouraging and thoughtful discussion 
at Chicago, and the foregoing discussers have submitted their 
remarks for publication. The authors thank all discussers for 
their interest in tho subject and their helpful comments. 

The manuscript has been extended for publication to include 
the ol'iginal data in accordance with Professor McAdams' sug-
gestion, and other items of general interest have been added. 
Since tne questions raised by the discussers arc quite simil11,r1 our 
reply has been directed to those topics. 
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l!onJcnsation of Zone I I Bubbles 

150 

The typo II boiling mechanism w1is observed in the open jar 
shown in Fig. 1 and in tho test tipparnt.us shown in Fig. 2. The 
test appo.rntus was very heavily insulated, and by means of the 
electric immersion heater in the vcrti cctl heador, tho whole water 
content of the appamtus wtis brought slowly to a streaming con-
dition o.t the dcsirud test p1·os8Ul'0. 'fho heat loss wus so small that 
tests could be made without, opurnting tho immersion heater. 
Tho thermometer well UHed in the mensu1·ument of tho water 
temperature was located a,bout, midway between the experimental 
wire in the pipe-cross and the ver tical header containing the steam 
space. Since tho water temperature chucked the saturation tem-
perature corresponding to the pressure, it was concluded that 
tho small currents of superheated liquid steaming upward from 
the test wire to the liquid-vapor interface in tho hetidcr had been 
well mixed before passing tho thermometer well. • 

When operating at elevated pressures, a novel chcc), on the 
absence of subcooled liquid in the test section of the pipe-cross 
was available . Strong illumination was arranged at one sight 
glass so as to floodlight the whole test sec tion as observed from . 
tho opposite sight glass. With the test wire not operating, tho 
saturated water was clear and free of st.cam bubbles and striations. 
Then by valving off steam, tho prcssuro was reduced until the 
first vapor bubbles appoarnd. Those bubbles were of the nucleate 
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typo formed at favored spots. The observed even character of.the 
distribution of these bubbles throughout the interior surfaces of 
the test section was consi.dered strong evidence against the pres-
ence of undercooled aurfaces and pockets of subcooled water, 

Much closer inspection of the boiling process was possible 
when using the open jar of Fig. 1, and many hours have been 
spent in such observations. To insure against tho presence of 
subcooled liquid, eight or more thermometers were placed 
throughout tho water, and tho jar was covered with insulation in 
which inspection doors wore provided. Under these conditions, 
tlio authors and their associates have often observed the type II 
boiling mechanism with tho same results. The bubbles wore origi-
nated at favored spots and with few exceptions were very small, 
suggesting a mist. The tendency for these bubbles to 9ombin,e . 
before condensing was later observed to be less frequent than 
at first believed. Condensation of tho zone II bubbles was always 
completed within a few inches of the test wire. 
Ttmperature Measurements 

The water temperature was influenced by tho location of the 
thermometer. Referring to Fig. 1, for locations directly above 
tho test wire, the temperature was somewhat higher due to the 
presence. of superheated liquid in this region. Quite uniform 
water temperatures were observed at locations to the side and 

. below the test wire. In tho test apparatus shown in Fig, 2, the 
thermometer well was located at a point 16 in. distant horizontally 
from tho center of the test wire in order to minimize the influence 
of superheat on the observed water temperature, 

Regarding the test wire thermocouples, no evidence of boiling 
was observed along the thermocouple wires. With the limited 
facilities of our laboratory, the construction of a test wire and 
thermocouple assembly was so difficult for our students that no 
attempt was made to further complicate the construction by 
fastening secondary thermocouples to the . wires of the primary 
thermocouples in order to observe the operating gradient. 

As to the effect of test-wire diameters above 0.040 in. on the 
uniformity of the surface temperature around the wire, some 
experiments have been made with 0.102-in-diam wires and very 
nearly uniform temperatures were observed around the wire. 

Some error must have been present in the optical-pyrometer 
measurements of the surface temperature. The wire was assumed 
to be a hot body surrounded by a colder body, and the emissivity 
of the wire surface was taken as equivalent to that of solid iron 
oxide. These conditions are covered by Table 1 of an excellent 
paper6 by Heid and Corey. F rnm this table, an optical-pyrometer 
observation of 1600 F corresponds to a true surface temperature 
of 1603 F, a small error. However, our assumptions have not 
been proved, and one of our graduate students, D. E. Hall,' has 
undertaken an experimental study of the problem. · · 

'Pest Wires and 'Pest W atcr 
The Farber method u of standardizing a metal surface for boi.1-

ing consists of heating the metal component to incandescence for 
a short period of . time while submerged in the boiling liquid. 
After applying the treatment to a test wire, the surface was cov-
ered with a dark-gray coating or scale, very thin and tough. 
Once formed, this new surface appeared to be quite stable or at 
least subject only to a very slow rate of growth. When examined 
at various magnifications, the surface was observed to have a 
uniform, lacelike, 01· spongy structure. The gas film which covered 
the surface during the process was composed of steam and its 
dissociation products. Considering the materials present, the 
lacelike fine structure of the surface was very probably covered 
by a thin film of oxides. 
~tructural Changes in a Chrome-Nickel-Iron Alloy Due to 
High Temperature Heat Flux," by Paul Ogden, J, T, Kin1breU, and 
R. L, Scorah, NEPA Symposium on Heat Transfer, Oak ltidgo, 
Tonn., December 8-1'.J, 1947. 

The Farber treatment was applied to wires In the "as received" 
condition, free from ordinary dirt. The effect of preliminary 
coatings of oil and other agents was not investigated. In the 
case of tungsten, it was not possible to secure incandescence as 
the wire failed by chemical action when AT exceeded 21 F at 
atmospheric pressure. 

The over-all result of the l<'arber treatment was considered to 
be the establishment of more durable and more uniform physical 
and chemical properties at tho solid-fluid interface, the principal 
properties being the surfii,ce tension, emissivity, and chemical 
stability of the solid surface, . The Farber treatment was able to 
make the surface properties more uniform for each kind of wire 
but was not able to make the surface properties more alike for 
various kinds of wire. The characteristic differences in the inter-
face properties of different metal-water combinations persist 
after the Farber treatment and account for the difference in the 
boiling performance of different kinds of wires, as shown in Fig. 
12 and Figs. 15 through 18. The fundamental phenomena in-
volved here were the subject of an important paper published 
recently by Professor Larson.• 

The test water was required to be clear for good visual ob-
servation of the test wire and to operate without fouling the wire 
surface. In the open jar of Fig. 1, where solid-nickel bus bars wcrl' 
used, distilled water was employed. In the test apparatus o, 
Fig. 2 distilled water discolored rapidly. Various agents such IU! 

trisodium phosphate and sodium hydroxide were added to ad-
just the pH value of the solution to the point of minimum solu-
bility for iron. The results were not altogether satisfactory. 
The procedure finally adopted was to wash and boil the apparatus 
with the immersion heater using a pH = 10 solution of distilled 
water and sodium hydroxide, The solution was then drained, 
the sight glasses cleaned, the test wire assembly installed, the 
apparatus filled with distilled wator and brought to a steaming 
condition at the test pressure. For a considerable period of time 
the test water remained clear and satisfactory for tests and visual 
observations. 

Applications 
Imagination like the spirit is unquenchable, :ind there must be 

some conelation between a laboratory test wire and a 50-ft boiler 
wall tube. Aside from geometrical and material differences, the 
heatflux and fluid dynamic effects were uniform along the test 
wire and variable along the tube. 

The open jar of Fig. 1 has been the scene of many interesting, 
experiments intended to simulate some feature of commercial 
boiling equipment. Our students have made resistance elements 
of many -different materials and shapes and have observed tho 
resulting effects. For example, when tho natural circulation cur-
rents were confined to flow through 11, closed passage made of glass 
walls, the circulation velocity increased, throll'ing scalding water 
out of the jar, and the passage above the heated wire eventually 
became steam-bound. This simple step in changing the original 
laboratory conditions toward those simulating the conditions of 
commercial apparntus seriously complicated the whole boiling 
process. For these reasons the present tests were directed t:ownrd 
a study of boiling under fundamentally simµle conditious. 
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