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FOREWORD

This investigation was carried out in the Heat Transfer Laboratory
of Tllinois Institute of Technology under the sponsorship of the Argonne
National Laboratory (Subcontract ANL No. 31-109-38=453).

The work was initiated under the direction of the lete Max Jakob
end was completed under the directicn of the undersigned; who, prior to
Dr. Jakob's death in 1955, acted in a supervisory capacity in cormection
with the work. Robert K. Lo, Assistant Research Bngineer, was the main
participant in this exerimental study; student assistants were employed
from time to time as the need arose. Mr. Frederick Salzberg, also a
leboratory staff member at the time, set up and carried out the auxiliary
tests dealine with the resistivity measurements of Chromex wire. Mr. Serge
Vinogradov of IIT!s Chemistry Department determined the srecific resiste-
ence ond pH value of the test water.

The support of Argonne lintional Laboratory is gratefully acknow-

ledged,

Respectfully submitted,

8., P. Kezios

Assoclate Professor of Mechanical Engineering
Director, Heat Transfer Laboratory

September 15, 1957
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CHAPTER I

INTRODUCTIGN

Purpose of the Investiration

Scientific investigators have, over a period of many years, contri-
buted substantisl theoretical snd experinentel information concerning the
heat transfer, tempersture distribution, boundary layer and eddy fornation
for flow of fluids noramal to cylinders. I['owever, for the most part, ex-
perimentsl studies dealing with the hest transfer between cylinders and
liguids have bheen made for the case of heet transfer without change in
phase of the 1ijuid, that is, without boiling.

In recent vears the beoilin- pheromenon itself has received consider-
able attention. BResults of hect transfer from wires with [res-convection
surface boiling have been reported, and o mwmber of investigations dealing
with heat transfer for subcooled 1liyuids passing throush inside of cylinders
or annuli of concentric cylinders have also been carried out, to mention
only a few types of boiling studies. iesearch in this area continues.

Nevertheless, the informsbtion reperding forced-convection surface~
beiling heat transfer for flow normal to wires is still extremely meacer.
This lack of detailed information constitutes ¢ major handicep to enginesrs
dosigning epperatus of limited size for hest transfar ot very high rates
of flux; such information is especially needed, for exemple, in the desipn
of certain tynes of "boiling---ater"” reectors, in which rod-tyme arrays suge
gest themselves as possible fuel-element contirucetions.

It is the rurpose of this inveghtiretion to obtein expesriment-1 data Tor
heat trensfer from heeted wires or rods normal to —ater flow, with and

without chanse of vhrse and up to the limat ol burnout. A hested vire may,



in certain designs, simulate the solid fuel elements in a nuclear reactor;
moreover, information obtained with & single rod is of fundamentol impor-
tance, and it provides a point of departure for experiments and analyses
dealing with wire assemblies of various sorts. As such, the research re-
ported herein may be considered as an initial step toward 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 with forced-convection
non=boiling and surface-boiling heat transfer from an electrically heated
1/8-in. OD by 10~in. long Chromax wire to subcooled water flowing normel

to it with emphasis on the following items:

1 correlation of the convective heat-transfer coef{icient, wlocity,
and fluid properties (temperature influence) for the case of heat

transfer without chanse in phase and the siven normel flow geometry,

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 with zero qualityg% and

L)  photographic study of the boiling phenomenon.
The variables employed in this study range as follows:

1) mean velocity: 1 to 6.8 ft/sec,

2) system pressure: 15 to 30 psia,

#* . . . e
These items involve only so-called "local® or "partial® boiling.




3) degree of subcooling: LU to 100 F (this smallest value cor-
responds to s bulk water tempersture of 180°F),* and
L)  heat flux: up to 3,750,000 B/hr ftz, corresponding to a power

inpub of 30 kva at a heated wire.

The test wires were centrally located in & 6-5/8-in. by 10-in. test
channel with their long dimension oriented across the 10-in. channel width.

In addition to the experiments falling under the scope outlined above,
some preliminery experiments dealing with the heat transfer and burnout
charscteristics of extremelv simple metrix arrays were carried oubt. They
are reported in Appendix B.

Some suxiliary experiments, performed with 1/8-in. OD Type 304 stain-
less steel tubes, were also carried out in order to provide data on boiling
heat transfer using a different mebtsl and, mainly, using different technique
to measure the surface temperature. These experiments are reported in

Appendix C.

e
ot

ale
B

Brief Review of Related Studies

Only literature more or less directly related to this study are intro-
duced here, and no attempt is made to cover in a comprehensive menner the
rather large literature dealing with the general problem of heat transfer
in surface boiling. Although this study involves heat transfer by forced-
convection surfece boiling, a few papers on free-convection surface-=hoiling
heat transfer are slso cited; these cover the main historical developments

end the techniques for measurine surface temperatures of the heating elements.

¥, . . . oo s
These items involve only so=celled "local® or *partial" boiling.

3
Fhe reader already acquainted with the main literature on the subject
of boiling cén proceed at once to Chapter II, page 15.




Jakob and Fritz (1)1 investirated boiling heat transfer by employing
a horizontal copper heating element of 10-cm diameter, heated electrically,
and housed in a double-walled beoiler. Windows were provided for visual
observetion end photogra~hy. #ith this experimental arrangement they
studied the influence of the roughness of , and the gas absorbed at, the
heater surfece, and also the effect of the length of immersion time. They
presented their results by plotting flux density g" and heat trensfer co-
efficient h versus temperature excess Zktsat, Employing the theory of
capillarity, they elso observed that there are three fundamental tyres of
bubbles, classified according to whether they form on an unwetted surface,
on a rartially wetted surface, or on & totally wetted surface. The tem-
perature varistion of hulk water was carefully measured by a movable
thermocouple in order to investigote the heat trensfer from the bulk water
to the rising bubbles. Because of the limit of heet input to the electric
heater, they could only obbain heat flux up to 1L,720 B/hr ftz.

Jakob and Linke (2,3) performed experiments with a vertical heating
surfece. They improved their origzinal sprarstus snd increased its moximum

2

heat flux to 73,600 B/hr £1°. As a result of their work, thev rroposed a

correlation of the Tform:

e _ , . n
M = C(Lﬁr NPr) (1)

where C represents a constent derending on the conditions of the heater
surface. They found that n = 1/L for vertical surfaces and n = 3/, for
horizontel surfaces. These valuss were substontiated throush the use of

Schlieren photography, through which it wes observed that the convection

1Numbers in parentheses refer to Bibliography at the end of this
report.




flow nesr a verticrl hesting surface ves always laminer whereas it was
inverisbly turbulent on # horizor'rl horted surfece, ©Htill vhoborrerhs
and motion picturcs wece used hto deteruine the rate of rovth of bubbles,
hubble rise veloecits end other cher-cteristics. Frequency ol bubble
generation wes also messured stroboscopicelly using ¢ robrting disk and
lomp,

Cryder and Gillilsnd (L) studied [ree-convection surfnce-boiling hest
transfer from an elnctricelly heasted 1.,0L=in. OD brass tube to satursted
water and seven other organic liguids. FErass disks wers silver-soldered
to the ends of the tube inside of which the heating element, made of AWG
No. 22 Hichrome wire, was housed. The surflace temperature was messured
by means of five Chromel=coprer theraocounles silver=soldered on the test
surface and at the ends of the units. They reported that a maximum heat
flux density of 2L,000 B/hr ftQ wes ablained. Heat transfer coelficients
in the nucleste boiling resion were expressed as varying with tempera-
ture excess Zxﬁsat to the 2,40 power.

Nukiyama (5). in o classic study, wes probably the first to obtain
the complete hest flux ¢" wversus temperature excess thaat curve shove
ing the four distinct repions of bwet transfer, thet is, that by free con-
vection, that b nucle~te boiling, thot by partinl film boiling nnd that

by radietion throush the venor [ilm Llankeving the hentines suriace. He
sutmerged platinum wares 20-ua long and O,1ll-to Ulh-mm in diemeter in a
pool ol sabursted woter at atmosphoric rressurn. The test wire was inbtro-
duced in a lranch of a Whertsturs eleocetric bridee, and the relabicn of its
tempereture to the reqding of the bridre was calibrated beforehend vith ¢

smell current from o batter:. The wire ims heeted with direct current.

First he observed that when hest [lux reached a maxinum at 2 temperature




excess equal to L0O°C, the wire melted. Then, through the manipulation of
the external resistance of th=2 circuit, he succeeded in obtaining, beyond
the heat flux of burnout, » minimwa heat flux at a higher temperature dif-
ference hetween the wire surface and the water. Beyond this point, further
incresse in heat input resulted in rapid increase of wire te.perature; at
this state the wire was seen glowing brightly in the water. He also per—
formed experiments with an electrically heated copper disk of 10-mm dia-
meter. The results obtained are similar to those from pletinum wires.

Drew and Mueller (6) experimentslly obt~ined a complete boiling curve
similar to that of Nukiyeme. Their heoting element, made of a 1/h-in. ID
by 1/2-in. OD looned nipe, was placed in a fluid held in e sealed [lask.
Steam vassing and condensing inside the pipe served as a heating medium.
The use of condensing steam in conjunction with hylrocarbon {luids per-
mittad the exporiments to be carried out beyond the point of burnout for
the usual electric heater and allowed for the oper:tion in the region of
film boiling., From the results of their experiments with vorious orgfonic
substances they plotted the curves of hest flux ¢¥ versus temperature
excess thsat end their correlation.

Cryder and Finalborgo (7) investiroted free-convection heat transfer
from an electrically heated 1-1/2-in. OD by l-in. ID brass tuhbe to saturated
water and seven other liquids at pressures below atmospheric. A resistance
wire, comnrising the henter, wes inserted in the inside of the tube yhich,
in turn, wes mounted by fitting it to a 6~in. OD by 16-in. high bress
boiler. The boiler wss closed at both ends with brass plates and it was
lagged with 2-1/2-in. megnesia-osbestos. The outer surfece tempersture
of the heater was obtoined by seversl AWG llo. 2{ copper—Copel thermocouple

wires spot-welded to the surface. They reported that from their preliminery
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measurements various ncthods for attachine the t ermocouple wires to the
surfnce indicsted neglisible differences in results. They found that in

the nucleate boilins repion the he-t trons’er coefficient veried with

temperature excess thsa to the one=fourth power vhich confirmed the

t
findin~s of Jakob (2).

Akin and McAdems (8) determined [ree=convection heat transfer coeffici-
ents from a single horizontal steam=heated 3/l=in. nickel=plated copper
tube to water and three alcohols boiling at etmospheric pressure and under
vacwum, Thev also verified experimentollwy that the heat flux wenb through
s maximun value as the temperature difference was increesed. Film hoiling
occurred at the larpe temperature differences heyond the hump in the
curve, At stmosrheric nressure a meximwa hest flux 360,000 B/hr ftg for
distilled water was obtsired., Arnroximately the sane meximum heat {lux
wes also found with tep water boiling on e scasled tube; axcent ab » higher
termerature difference.

Akin ~nd McAdems developed s specicl thermocouple technique to neasure
the surface temperature. Their construction vas #3 I'ollows: a 0,026-in.
hole wes drilled in the tube well, =itl. the closed end almost ot the
outer surface of the tube. A sincle ARG 30 constentan wire, serled in e
P:rex tube except for the tip of the wire, was tlen inserted and tine
soldered so that the hot Jjunction -wos almost at ihe surface.

Farber and Scorah (9) studied heat transfer to weter boiling in a
pool at different pressures i‘rom four different wires, na=el: , nickel,
tun~sten, Chromel A and Chromel C. All of their wires vere & ir. long
and 0.CL in. in diemeter, heotnd electricelly. To mersure the surface

temmerature of the wire they velded an AWG 28 Chrouel-Alumel thermocouple

on the surface, and they alsc emnloyed a rrrometer for this purnose., Both




a=—c and d-c¢ rower were used to bheat the wires end they reported that no
diffrrence wes detected in r=sults obtained. The shape of the boiling
curves they obteined was similar to that by Nukiyeme. They found that
at the same pressure, different metels pave different numericel values
for the boiling curve; at different pressures, the same mnetal pave dif-
ferent numerical velues for the boiling curve. However, the shepe of
the boiling curve remained the same,

Knowles (10) employed downflow of subcooled tap water in an annulus
containing centrslly located stainless steel tubes, 1/0 in. end 1/L in.
in dismeter, with length hydraulic-diameter ratio verying rrom 7.6 1o
6lis3. Alternating current was used to heat the tubes. The outside sur-
face temperature of the hested tube was calculsted fron the electrical
energy dissipated in the tube and the temperature registered by a movable
copper-constantan thermocouple. Knowles obtained meximum heat flux density

2 gt a velocity of 10 ft/sec. He slso found surface-

2,300,000 B/hr £t
boiling to incresse the hest—-transfer coefficient to over four times the
volue predicted for non-boiling conditions.

McAdems snd co-workers (11) obtained data for water boiling in a
pool al atmospheric rressure on horizontal platinum wires ranping in dia-
meters from 0,004 to 0,02 in., heated with direct current from a L to
LO-volt storage battery. The platinum wire served hoth as the hest-
transfer surface and as a resistance thermometer. Corrections for radial
temperature gradient were also made in this study, in a manner similar to
thet of Knowles (10).

They reported that at a given temperature éktsat wire size has a

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

(Zthat from Iy to 15°F). In the rrgion of film boiling (Kthat from




1350°F to 2350°F) the heet Flux was found to be inversely orovortional to
the square root of the diaseter of the wire. In the rerion of nucleate

boiline (Z&tsa from 17 to Li2°F), diameter hes little effect. They also

t
reported thet in the range of nuclente boiling,experiments made with a
dirty 0.,0117~in. pletinun wire showed the meximum hert flux density to

2 at 1 atmosrhers o 2,003,000 RB/hr 12 at

incresse froa 00,000 R/hr Tt
£3 atmospheres.

Ho complete boiling curve, such s that found by Fukiyaana, was re-
ported by McAdems'! group.

McAdans and co-workers (12) in = subseyuent study dinvestigated hn=t
trenster at hich heat flux density I'rom a heated surface to deressed dis-
tilled weter flowing upward throuch sn amunulus of & verticsl flass tube
conteining a centrally located hes*er of 1/li-in. OD Tyre 30L steinless
stesl tube, which was heated with direct current. The outer wsll lemvera-—
ture wes calculated from uniform heat generation with constant trermal
conductivity and constant electricel resistivity and inner well tempera-
ture vhich were recorded by several iron-constantan thermocourles rlsced
inside the heated tube ot an equel specing. The length of the heater
emioved was 3.75 and 11.5 in. with equivalent hvdraulic diameters 0,17,
Ol and 0.5k in.

They reported eoxcellent r:23lts on surflace boiling with quantitetive
relations ameng hest flux densit;, Le.nerature difference, rressurs,
derree of subcocling, water velocit: ond geometry of the flow rath; pres—
sures renped froa 30 to §0 nsia and th= deprrec of subcooling from 2J to
150°F, while the velocity was voried from 1 to 12 fi/scc. Thaev corrclsted

their data for boiling end wire owsnouvts by the dinsnsionel esyuatiouns:
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H

Y 3086
9" = C(At,,) (2)

]

affy = (L00,000 + LBOO = At ) w2 (3)

where V is velocity in It/sec.

Kreith and Summerfield (13) investigated heat transfer to subcooled
distilled water from both horizontel and verticel, Type 30Ul steinless
steel tubes, 1/2 in. in diameter, and 17 and 3¢ in. in lenpgth, hested
with alternating current. The inner tube well terperature ves calculsated
from heat flux density sml the outer well tempersture recorded using
0,005~in. OD iron-constantan thermccourles spot-welded on the surface.

They vlotted their r=sults for the verticol tvhe in the vsual menner,
with hest flux densit> g¥ veorsus boapereture oxcess thsat and with
curves for several nressures rancins from 1€ to 200 psia. BEach curve for
a riven pressure showed & produal transition. This shilting was ebtri-
buted to the effect of total pressurc because a conshtunt degree of sub-
cooling was not meintained.

Comparison of forced—convection heat transfer with snd withont sur-
face boiling was also made for velocitiec in the renge of & to 12 ft/sec
end pressures of 30, 100, and 200 psia. Under non-boiling conditions
the data were closely correlated by the egquetion of Dittus end Boelter
(14). Under surface-boiling conditions, a large increase in heat flux
only resulted in a minor incresse in well temperature. At the same
pressure the curve of high velocity shifted toward that of low velocity.

The velocity employed in this study ranged from & to 13 £t/sec snd
meximum heat flux obtained was 1,450,000 B/hr ftzo Burnout data were re~

ported only for one run.
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Gunther (15) studied surfoce-Loilin- with harh=speed photosrarhy (up
to 20,000 frsmes ner socond) by circulatane depegsed, distilled water
throu~h » transperent channel of rectrppula~ cross -gection, 3/10-in. by
1/2-in. by ¢ in. A 1/0=in. wide by  ,00l=in, thick met<1l strip wes sus-
vended lengthwise to divide the chennel into two possepes; it was hented
~ith direct currrnbt. The nictures sheo.ed that with low degrees of 1liyuid
subcooling the bubbles Jdebtached from t.e surface and condensed in the
streom but et high deprees of liquid subcooling they remnained atitached
to the surfece growing and colla~sing.

He also showed that the essential feature of bubble formetion in
nucleate boiling was the intense oscilletion in the leminer sublayer im-
medistely next to tre henter surfuoce induced by the growbl end collepse.
The bubhle crowth asnd collanse ceused sn agitatinn vhich effectively
destroved the laminor sublaver with ¢ resulbing incrzose in reat tronsfer.

He nlso correlated, within & naximun devialaion of 27 per cenl, the
results of thirtve-eight rsxuperiments on burncub, wath pressures rancinge
Trom 11,7 to 10k msis, volocitics from © to hu ft/sec. degree of sub-
cooling from 22 to 282 F and heet flux densities from 120,000 to 11,400,000

B/hr ftzo The correlsoting equeticn vos as followss

1/2

= 7000 V At (I

BO sub

Buchberg ond co-workers (1J) erployed upward verticsl flow of sube—
cooled de-serated snd depnssed, distilled water throush the inside of a
1/li=in. OD by 20-an. long Time 3L7 steinless sheel tube hent d with di-
rectb current. The inner wall teperature ves colculated from heat cnergy

issipated, thernal conductivit: of the tub-, and teurerature recocded by

Chromel-Alumel thernocouples shob—clded on the outesr surf~ce., The
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variables ranged with pressure up to 2500 psia, mass velocity up to
770,000 1h/hr ftz, water temperature ur to GS0°F and heat flux density
w to 3,800,000 B/hr £t°,

Their results for non-boiling heat transfer could be correlated
within 12 per cent using the equation of Colburn (17).

They found that the inner wall temperature ves independent of mass
velocity ond heat flux for pressures above approximately 1000 psia, but
& trend indicating a small increose in surfece tempersture with increas—
ing heat flux wes observed for pressures below 1000 psie. The prescnce
of nitrogen in the water (up to 900 cc/liter et 2000 psia and 110 cc/liter
et 500 psie) wes found to have no significant effect on tube wall tempera-—

ture during fully estshlished surface boiling.

A correlation for burnout wms olso renorted,

af = 520 ¢°7 (At )0F (5)

Similar to the work reported by Buchberg, et al (16), Rohsenow snd
Clark (18) also employed upward flow of de-aerated, dastilled water through
a 0,1805-in. ID by 9.l~in. lony nickel tube heated with direct current.
Veriables in their study covered heat flux up to 3,500,000 R/hr ftz,
inlet velocities wp to 30 ft/sec, rressures up to 2000 psia and liquid
subcooling between 50°F and 250°F, The temperature of the inner tube
wall wes calculated from measurcments of the outer well temperature, the
electric current and the geometrical and physical properties of the nickel

tube. The outer wall temperature of the tube wes measured by Chromel-

constanten thermocouples wrappred around and electrically insulated from

the tube wall by a small sheet of 0,001f-in. thick mica, Guard heaters
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were also provided to ascertain the true tube well temperature recorded
by the thermocouples.

The correlation of {heir results of non-boiling heat trensler wes
below Colburn's eyuation (17) by sbout 17 per cent. In boiling region
they reported that at higher pressures less well superheat existed at a
given rete of heat transfer, end at higher heat transfer rates decreased
the effect of velocity which were reported by previous investigators
(10,12,13).

Jens snd Lottes (19) summarized the work reported by Buchberg, et
al (16) and Rohsenow and Clark (18) on surface boiling of water flowing
upwerd in a verticel electricelly heated tube of stainless steel and

nickel, The data were correlated by the dimensionsl equation:

1/4
1.9(q"
tsat = er()%i)ﬁo (6)

where p is the ebsolute pressure in psia. The burnout hest flux wes

correlated within + 25 per cent by the dimensionsl equation:

n
al, 1070 = ¢ [-_913] (Atsub)o°22 )

107
As pressure increased from 1000 to 2000 psia the averape value of C
decressed from 0.76 to 0,50 and m increased from 0,27 to 0.,50.
Lowdermilk and co-workers (20) studied burnout heat transfer by em-
ploving unword flow of distillead weter through 0,12, 0,067, and (,0L0-
in. ID st~inless steel tubes hested with alternating current. Weasure-
ments were m~de for renrss of velocities fr m 0.1 to 19 ft/sec, nressures
from ctmospheric to 2000 vsia, lencth diameter retioc of 25, 37.5, ond 50,
inlet subcooling from zero to LOO°F and meximum he~t fluxes from 27,000

2

B/hr £t° to 6,110,000 B/hr ftz, but no correlation ras rencrted.
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Dingee and co-workers (21) parformed experimental study of bhurnout
hest trensfer to distilled wmter flowing in a rectangular Zircaloy chan-
nel, 0,087-in. by l-in. in cross section and 12-1/16 in. long, heated
with alternating current. The tests were performed st an ambient pres-
sure of 2000 psie end at flow rates from about 200,000 1lb/hr ftz to
500,000 1b/hr ftz. Qualitative burnout deta were obtained for two inlet
subcoolings, 10 and 60°F. Maximum heat flux obtained wes 613,000 B/hr £t2.

No correlation was reported.




CHAPTER II

SUMBARY OF RESULTS

The experimental work reported herein covers the results of forced-
convection non-boiling and surface-boiling heat transfer; heat flux at
burnout, snd qualitative results of some photographic studies. The
principal results are summarized below according to the above classifi-
cations,

It may be only mentioned here that surface temperatures of the
heated wire were measured with thermocouples carefully silver-—soldered
to the wire surface, and the observed temmeratures were corrected for the
error dus to conduction, Deteils of the technique as well as other dis-
cussion relating to temperature measurement of the wire are presented

later,

Forced-convection Non-boiling Heat Transfer Results

The results of non-boiling heat transfer from heeted wires under
normel flow obteined at different heat flux densities, namely, 0,0860 x

60,1383 x 10°, and 01786 x 10 B/nr £t2

10 , each for velocities of 1,
2, 3, by, 5, and 6.8 ft/sec and at constant water temperature of 85°F,
are listed in Test No., 1; Appendix E. They are plotted in Fig. 1 with
heat flux g" as a function of the difference between the surface tem-
perature and the bulk water temperature (ts - tw)o

Figure 1 shows clearly the proportionality between log q" and
log (ts - tw) for any given fluid velocity under non-boiling conditions.
The slopes of the representative lines, drawm through the data for each

velocity, ranpse from just about unity st & flow velocity of 6.8 ft/sec

to approximately 1.25 for a flow velocity of 1 ft/sec, increasing

i5
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Table 1 Results of Forced=Convection Non-Boiling Heat Transfer

Potm = 29,18 in. He, t, = 85°F, b, = T6°F
Run p " W /N N {* Devia~
abs ) " v Pr <I§u§f> < gu,f 9
Vo, = s N o3 ion
(x 107°) Ity Npr g 4 NPr’f/corr
inHg —2— °F ft/sec - L oF — %
hr ft
1 37.72  0.0860 169.6 1 1655 19.3 19.3 0
2 10,07 1 151.1 2 3310 30,0 30,5 + 0.6
3 Lh.67 " 128,5 3 L550 37.1 37.6 + 1.0
L L7.97 " 121, 4 59,10 Ll .0 o7 + 1.5
5 53,97 " 117.9 5 7L80 L8.5 52,2 + 7.6
6 61,97 " 111.4 6,8 9300 59.6 6003 + 1.1
7 37.72 0,136l  207.2 1 2085 22,7 22,5 - 0.9
8 L0.07 C.1348 179.3 2 37.20 32,2 33,2 + 0
9 Ll.67 " 150.8 3 hovo 39.6 39.8 + 0,5
10 L7.97 " 139.2 N 6310 5.8 L6.7 + 1.9
11 53.97 0.,1383  134.5 5 7740 53,2 53.4 + Ooh
12 61,97 " 123,9 6.8 11120 6.8 67.8 + L6
13 37.72 0.1786  231.9 1 <--—-Boiling occurred———-—- » -
1l L0,07 " 198.1 2 1,100 35,6 35.1 - 1.k
15 Lh.67 " 165.6 3 5350 39.5 11.9 + 6,1
16 147.97 " 153,7 L 6880 L9.7 L9.5 - 0.k
17 53.97 " 149.0 5 8300 53.6 55.9 + U3
18 61.97 f 136.5 6.8 10750 66,0 66,4 = 0.6
Average 1.9

M, = 1D/ke 5

N

pr e = A6/ kr 3

¥caleulated from Equation (8).

e .
Based on experiment.

Moo, = PeVD/MLp
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to represent fluids in general, and its more general form is plotted in
Fig. 3 to provide sdditional basis [or comperison. It also provides a
rather good check on the extrapoletion of the correlation for liquids into
a flow regime in which apparently no data have heretofore been available

for liquids.

Forced-Convection Surface-~Boiling Heat Transfer

In order to isolate any possibilities of error in temperature measure-
ment it is usuel and, in fact, good practice to plot heat flux density q¥
versus temperature difference (ts - tw) rather than heat transfer coef-
ficient vorsus temversture difference. All of the boiling data have been
plotted in this way.

Figures L through 9 show the effect of subcooling on boiling at ve-
locities ranring fron 1 to 6.8 ft/sec. Boiline curves for a given velocity
and for 80 F and 14O F subcooling are plotted in each figure. It may be
observed at this point that the boiling curve at 80 F subcooling tends to
merge with that at 1LO F subcooling, as heat flux increases,

Theoreticolly smeaking, boiling would commence when the temperature
of the heater surface reaches the saturstion temperature corresconding to
the preveiling static pressure P, in the test sectionel It can be seen
in Fig, L through 9 that all the boiling curves inflect upward at, or in

the vicinity of', the degree of subcooling., It seems in agreement with the

lNeglecting.9 in first epproximation, the variation of total pressure
p over the cylinder vhich, expressed in terms of pressure excess above
the preveiling static pressure pg, sbarts with a value of (p«-pg)/(pV%/Z)zl.
et the forward stagnation, decreases to zero at approximately LO” from the
leading edge, takes on neretive volues (aprroximately =~ 1) between sbout
60° and 300°, and then increases egain to + 1 at 360°. Local saturetion
temperature around the cylindrical vrrofile of the test rods is not con-
sidered quantitatively.
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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 1LO F and 80 F, respectively. For the same subcooling,

boiling commences at higher heat flux density as velocity becomes higher,

*All boiling curves tend to merge together as hest flux increases.,

Figure 12 is a plot of heat flux density versus temperature excess
for velocities ranging frm 1 to 6.8 ft/sec, and subcooling of 1LO F and
80 F. All twelve curves tend to converge to a zone where boiling is

vigorous, or fully established. In this zone the temperature excess

(t_ - tﬂat) is comparatively insensitive to heat flux density, velocity

5

and the degree of subcooling, l

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 vlay at burnont conditions,
such as the effect of surface condition, the role of fluid prorerties
and other veriables, the burnout results are correlated in a dimensional
equation. This correlation,; carried out by first plotting the heat flux

density at burnout qf. apainst degrees of subcooling Agts and then

980 ub
drawing correlating lines through each set of data representing a given

mainstream velocity, yielded slopes of eprroximetely 0.78. When heat

flux densities were plotted ageinst mass flow rates given by G/lO6

s
lines st a slope of epovroximately 0.18 were found to reoresent the data.

A somewhat better correlation was found as heat flux at burnout aq¥
002

, \ G
varying with (mmg)
10

“BO

(A% )O°8o The results were finally correlsated

sub
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Table 2 Burnout Test Results

=6 =6 ) . e
Run Velocit t t Gx10 w }) x10 - (g¥.) x 10 ~ Deviation
Y w A sub (qBO exp BO” ca1 (based on
No. v Pabs 1b B B experi-
ft/sec in.Hg °F F m2 5 5 ment )
hr £t hr £t hr £t

1 1 36,19 110.0 112,0 0,2229 1.9083 1.7206 - 9.8
2 2 38,79 109.0 116,5 0.LL59 2,0307 2,0421 + 0.5
3 2 39,03 109.9 116.1 0.LL59 2,0309 2.0420 + 0.5
L 3 L2.58 110.8 119.2 0.6685 2.1339 2,2512 + 5,5
5 L L47.76 112.,7 123.8 0,891l 2,2107 24602 +11,.2
6 5 Sho76  97.0 1L7.5 1.1178 2.,6009 2.9587 +13.6
7 6,8 60,78 127.9 122,1 1,5113 2,8071 2,7068 - 3.5
8 1 36,15 61,1 160.9 0.22L7 2,5387 2.3262 - 9.3
9 2 38,40 57.0 168,0 0,196 2. 7577 2,760 + 0.1
10 3 2,12 56,5 173.2 0.67LS 2.8386 3,0766 + 8.6
11 h Lh7.7h  6L.1 172.2 0.8986 2,9320 3.2428 +10.6
12 5 53,73  69.2 173.7 1.1245 3.1161 3.3929 + 8.9
13 6.8 61.60 52,1 198.9 1,5317 3.7502 4.,025) + 7.8
1L 1 35,53 1l1.3  79.7 0.2207 1.4h227 1,.3186 - 7.3
15 2 37,96 1h3.6  80.8 O.hiahL 1.5953 1.5383 - 3.5
16 3 h1.42 140.2  88.5 0.6620 1.7429 1.7795 + 2.1
17 k L6.78 16,0 89,3 0.8820 1.9571 1.8921 - 3.3
18 5 53,47 148.0 9L.7 1.1016 2.0433 2,0797 4+ 17
19 6.8 60,26 1L5.L4 10L.2 1.5028 2,2190 2,3852 + 6,0
20 1 36.03 179.0 42,5 00,2190 0.8LL9 0,8737 + 3.4
21 2 37,88 179.2 15.3 0.L359 0.9976 0,959L = 3.8
22 3 I1.25 173.5 55.2 0.6556 1.1585 1,211k + Lo5
23 Y L6.65 175.5 59,7 0.8471 1.3L60 1.3561 + 0.7
2L 5 52,70 178.1 64,1 1.0908 1.6028 1.5329 - lo3
25 6 60,27 174.0 76,7 1.L859 1.8612 1.85L6 - 0,3
26% 1 36,15 85,0 136.7 002239 1.8536 2.0261 4+ 9.3
27 3 11.85 85.0 1hl.k 0.6718 2.7hho 2,6639 - 2,9
28 5 Sh.hl 85,0 158,.8 1.,1196 3,286l 3,1785 = 303
29%% 2 38.32 85.0 139.8 0.4L78 2.3851 2.37LL - 0.k
308 L L7.66 85,0 151.3 0.8957 2,9222 2.9105 = 0ol
3l 6.8 61.L0 85,0 165.5 1.5227 3.5L0L 3.L89L - 1.l
Average Lo8

*Data were taken from simple matrices with Chromax wires as vertical
elements (see Appendix B).

**Date were taken from simple matrices with Teflon rods as vertical ele-
ments (see Appendix B).
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by the method of averages (22) with = maximum deviation of 13.6 per cent
and an average deviation of L.§ ver cent and are expressed by the follow-
ing equations

0,2

6 G, °
= 0,0536 (—_3)
10

#oox 10 (zxtsub)o°8 (10)

9pg

The experimental results and the correlating eguation given above are
shown in Fig. 13, Semple wires after burnout are shown in Fig. 1l.

Table 3 shows the comperison of correlations of burnout proposed by
investigators who employed different [low systems, heating surfaces, and
ranges of variables,

The position of wire burnout along the length of the test wire is
shown in Fig. 15 in which location is plotted for different meen flow
velocities. The zero positiun on the abscissa represents the center of
the test wire. Four individual burnouts are shown for each mean velocity,
except for a velocity of 2 fi/sec where seven burnout runs were made. The
randomness of the burnout position is evident, considering slso the veloci-
ty distribution across the test section (ahead of the test wires) shown

in Fig. 16,

Photographic Results

Employing a Fastax high-speed camers, fifteen reels of 1l6mm Kodak
film were taken to record surface boiling phenomena at different heat
flux densities and flow conditions. Representative pictures of typical
bubble formation are shown in Fig. 17=A through -D.

Figures 17-A and 17-B are sequences of high-speed photographs taken
under identicel flow velocities of L ft/sec and for spproximately the same

heat fluxes, but with the degree of subcooling decreased from 160 F in
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Fig, 14 Tyvical Wires after Burnout
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Table 3 Comparison of Correlations of Forced-Convection Burnout

e T e e e e e e e —

Heated System Range of
Equation Source  Surface of Flow Variables
- G 0.2 0.8 Cross Vs 1-6.8 ft/sec
1. q'B'Ox 10 =G,O§3€>(———6) (Atsub) °** present Chromex (Outside P: 15-30 psia
10 Study tube) Ot s LO=170°F
/3 Vs 1-12 ft/sec
2. q§0==(hOQ,OOO4-hBOO[ltsub) Vl McAdesms SS Tube Annular P: 30-90 psis
(12) At s 20-100 F
sub
/2 Ve 5-30 ft/sec
3. q§0 = 7000 Vl (Zstsub) Gunther Metal Channel F: 500-2000 psia
(15) Strip At _ .3 3=600 F
sub
L. Ay = 520 61/2 (Zktsub)o°2 Buchberg SS Tube Inside
(26) Tube | v, 5-30 ft/sec
P: 500-2000 psia
o c \® 0.22 S8 and At s 3-600 F
5. Ao *¥10° = C (=) (At_,) Jens Nickel Inside sub
10 (19) Tube Tube

where C eand m are constant depending on pressure P, asg

P o1 c
psia

500 0,16 0.817
1000 0.28 0,626

2000 0,50 O.hlis
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sequence 17-A to 11k F in sequence 17-B; here, o film speed of 3250 frames
per second was used. Comparison of Fig., 17-A and 17-B shows clearly the
larger bubble population on the wire exposed to the waber stream having
the smollest degree of subcooling (17=R, the water closest to its satura-
tion temperature), even though the heat {lux in the second case is some

20 per cent less than that for the wire shown in Fig. 17-4.

The sequences shown in Fig. 17=C and 17=D, also taken at a film speed
of 3250 frames per second, are presented to allow further comparison of
the boiling phenomenon. Figure 17-C is a sequence taken for the same con-
ditions as Fig. 17-B, nemely, a velocity of L ft/sec and 11L F degrees of
subcooling; here, however, the heat flux has been reduced materially (from

6 6 1 2)

2,1 x 10° t0 1.5 x 10” B hr' ~ £t °). The sequence of Fig. 17-D represents

conditions identical with those of Fig. 17-B, namely, degree of subcooling
114 F and heat flux of 2.1 x 106 B hrml ftm23 except that the wvelocity has
been increased to 8.6 ft/sec.

Comparing Fig. 17-B and 17-C shows a marked decrease in the quantity
(and size) of the bubbles brought about by the sherp decrease in heat flux;
only a few small bubbles can be seen in Fig. 17-C,

Comparison between Fig., 17=-B and 17-D shows that, at the same heat
flux and degree of subcooling, bubbles less in number and smeller in size
were ormed under conditions of higher {low velocity. Although the abso-
lute pressure in the run at the velocity of 6.8 ft/sec was 30.L psia and
that at the velocity of L ft/sec was 23.2 psie, it is not expected that
the rressure difference influences the result sienificsentl y.

In all of the photograrhs it is seen that the bubble formation occurs

at the rear portion of the wire for the conditions invelved; only st very
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high heat fluxes did the bubble formebion advence to include the forward
portions of the test wire. This is to be expected,; considering the com-
bination of the lower pressure area downstream from the forward stagnation
region and the sweeping action of the flow.

Under certain conditions bubble growth and collepse occurred at the
wire surface, particulerly for large bubbles, while in other cases the
bubbles would separate from the surface and depenerate in the downwash.

To obtain quantitative informetion from the film sequences available
would be extremely difficult, if at all possible, because the test aprara-

tus was not specificelly designed with such research in mind and, further-

more, the technigue would have to te improved considerably.




CHAPTER II1I

EXPERIVMENTAL AFPARATUS

General

Figure 18 is a schematic diagrem ol the experimental aspparatus showing
the mein flow system and its auxiliaries, as well as the test section and
wiring diegram for the electricelly hested test wire. The major components
of the test epparatus include the following: the main loop of schedule 5,
Type 30L, stainless-steel pipe with & stainless-steel test section (rec-
tangular shape 7 in., high and 10 in. wide), storage tank wath auxiliary
heaters, and circulsting pump of steinless steel; an auxiliary cooling
system consisting of a heat exchenger to remove heat from the main system,
a. cooling tower to dissipste the heat to the atmosphere, and pump, sump,
and piping; a special power transformer wto supply electricel power to heat
the Chromex test wires; and instrumentation for measuring weter [low rate,
water pressure and temperature, surface temperature of the test wires, and
electric power output of the transformer.

All pearts of the main flow system are constructed of either Type 304
or Type 316 stainless steel.

Figures 19 and 20 are photogrephs of the experimentel apparatus show=
ing the mein components. In Fig. 19 the main loop is shown; the supply
tank and pump (with by-pass loop) can be seen at the upper center. while
the test section can be seen in the horizontel brench et the left. Control
valves for the main loop and those for the auxiliary heat exchenger (visible
just below the foreground branch) cen elso be seen.

Figure 20 shows the power transformer at the right (behind which a

portion of the test section is visible) and the control panel at the lefw.

L3
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Fig, 20 Control Panel and Transformer
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Hein Flow System

Before tep water leaves the open supply tank, its temperature level
and, therefore, the degree of subcooling, can be adjusted by two L8O-volt
single~phase 2-kw immersion heaters (Chromalox TLS-220) loceted in the
tank end manually controlled by means of toggle switches located at the
instrument panel,

iater flows from the supply tank into the 950=gpm, 60=ft, single-
stage, centrifugal pump (Allis-Chalmers Model S5xL SSN) which is driven by
a 20=hp. 1750-rpm, three-phase induction motor. The pump body and impeller
are of Type 316 stainless steel construction. The pump discharges through
s pate velve into a l=in. pipeline which is branched off into a 6=in, main
line and & lL=in. by-pass. The latter serves as a means for flow control
by returning a vert of the water to the sucticn side of the pump. Down.-
stream of the pump the water nasses through a LO-mesh stainless steel wire
screen before it comes to a calibrated orifice. This screen serves to
standsrdize the flow turbvlence and to rroduce a more uniform flow epproach-
ing the orifice, which is locsted downstream of the first 90-degree bend
after the pump,

After leaving the orifice, the water flows alonr = short streight
section and then passes through e 90-degree elbow where it enters a straight
section 23 pipe diameters in length. The test duct, mede of lé=gage
Type 30L stainless steel, is comnected to the end of the long straight pipe.

The test duct consistis of a round-to-rectangvlar transition section
followed by a short rectengular section, the rectangular test section,
another short straight section, and finelly a rectanpular-to=round transi-

tion section. Both of the transition sections are 19 in. long with a
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diffusing angle of 6 degrees; one transforms the 6-5/8 in. circular

section into a 6-~5/8-in, by 1l0-in. rectangular section, whereas the other
(downstream) transforms the flow back to a circular section. One straight-
ening section 19 in. long (the longer of the two) is assembled upstreem

of the test section, while the 12=-in. long straight section is fitted to
the downstreasm side; both are 6-5/8 in. high and 10 in. wide. The test
section is of the same cross section, 9 in. long. A piezometer ring con-
necting three pressure taps located at the midplane (lengthwise) of the
upstreem straight section is connected to a 60-in, Merriam well=type
mercury manometer for measuring absolute pressure,

A LO-mesh stainless steel wire screen is fitted between the divergent
transition section and the straight section to standardize turbulence in
the flow and to assist in producing smooth and ressonably flat velocity
profiles,

Downstream of the test section the flow passes through a 6=in. con-
trol valve snd, after leaving this control valve, the major nert of the
water returns to the supply tank for recirculation. The other part is
branched off to a 2=-in. pipeline leading to a lhl~tube, lL~pass stainless
steel hest exchancer (Bell and Gossett Type WU-1L7-LS) where it is cooled
before it returns directly to the supply tank for mixing. The amount of
water passing through the heat exchanger can be manually controlled by s
6~in. globe valve in the mainline and by 2-in. end l~in. globe valves in
the by-passes. An orifice is installed in the 2-in. pipeline and two
pressure teps, one 2 pipe diameters upstream and the other L=1/2 pipe
diameters downstreem (of the orifice) are provided, and they are connected

to a 50=in, Trimount stainless steel U-tube manometer [{illed with
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chlorinated naphthalene;l this insteumentation sllows for meosurement of
the flow through the heat exchanger.

Flow control is accomplished by manually operating the l=in. globe
valve in the by=pass line of the circulating pump in conjunction with the
6=~in. plobe valve located downstream of the test section.

The temperature of water upstream of the test sechtion is measured by
three radially moving thermocouples; they are 120 degrees apart end lo-
coted upstream of the long celming pipe. Three thermocouples of the ssme
construction =re located downstream of the transition section. Tempera-
tures of water inlet and outlet of the hest exchanger are also measured
by thermocouples nlaced in thermometer wells already vprovided., All thermo-
couples sre comnected to a recording potentiometer (Leeds and Northrup

Micromax Model SLOO0O).

Orifice [or Main Flow Measurement

The orifice; L.500 in. in dismeter, was machined and assenbled in the
menner described in reference (2l1), except that the central portion of the
front face of the orifice was recessed by 1/32 in. to protect its sharp
edge during assembly into the flaenges. Another orifice, 2,500 in. in dia-
meter, of the same construction, but for lower flow measurement, is also
vrovided. One piexometer ring connecting three pressure tans which are
90 deprees spart is located 2 pipe dismeters upstreram of the orifice; the
other ring of the same construction is loceted L-1/2 pipe diameters down-

strear =s specified (2L).

1 . e . . . P
Comercially known as "green" indicating fluid; it has a srecific
cravity of 1,25,




50

Figure 21, a plot of discharge coefficient of the orifice Cd as &
function of the Reynolds number, shows the results of the calibration,
which was carried out on a full=-scale basisl with the orifice as installed
in the final setmupOQ Alsc shown on Fig. 21 are the standard calibration
curves, normally accepted under the proviso that all installation conditions
specified by the standards ere 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-ft, single-
stage centrifugel pump (Ingersoll=Rand 1-1/2-KRVS-3) which is driven by a
3-hp, 3450-rpm, three-phase induction motor. The pump of cast iron casing
and bronze impeller discharges into a 2-in. galvanized steel pipeline lesd-
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 e 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.

lFacilities of the Hydrodynamics Leboratory of IIT's Civil Engineer—
ing Department were placed at our disposal for the calibration; further
calibration was carried out efter final assembly using a 1lO-point traverse
along the pipe diasmeter,

2I‘he minimun emount of straight section of pipe on the upstream side
of the orifice as specified by the standards (2L) could not be vrovided,
according to the space available; therefore, calibration hed to be carried
out on an M"as-installed® basis. Results of the calibration clearly show
the necessity of this procedure.
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After the water leaves the exchanger it flows to a 30=ton blower-type
cooling tower (Binks 3Bll-A) where it is sprayed through nozzles dovnward
against s counter-flow air current forced into the bottom of the tower by
a centrifugal blower. A&fter passing through wooden eliminators, water sc-
cumulates at the bottom of the tower and returns through a 3-in. pipe to
the supply tank for recirculation.

Water flow is metered by two orifices of the same construction as
previously described, One orifice is located in the supply line and the
cther in the by-pass. Two pressure taps from the supply line are connected
to a 30=in. Merriem well=type stainless steel manometer filled with mercury;
the other pressure teps from the by-pass are connected to another 30=in,
manometer filled with scetylene tetrabromide°1

Temperatures of supply and return water are measured by well-type
thermocouples comnected to e K=2 potentiometer (Leeds and Northrup MNo. 2430)

through a selector switch,

Test Section

The test section, made of lb=gage Type 30L stainless steel, is
6-5/8 in. by 10 in. in cross-section and 9 in. in length with flanged ends
of 1/8-in. stock. Figure 22 is a frontal photograph of the test section
showing an installed test wire with three surfece thermocouples in place,
Details of the mounting of the test rod are shown in Fig., 23, and a
description of the assembly is as follows: At the center of each side

wall a l-in. hole waes drilled to provide for installation of the electrodes.

1Commerciallyknown as Yred" indicating fluid; it has a specific
gravity of 2.9L.
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Fig, 22 Typical Assembly of Test Wire
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Machined from 2-in. diemeter copper rod, each electrode is 2=1/2 in. long
and 3/l in. in diameter, except that e portion 3/16 in. away from the in-
side end is 1/2 in. long and 1=1/2 in. in diemeter. This larger portion

of the electrode is provided to ellow clamping and sealing of the whole
assembly. On one end of the electrode a 1/2-in. hole is tapved, so that
the Chromax wire, which has already been silver-soldered to a threaded
1/2-in. diameter coprer connector, can be connected through its two threeded
ends., For electrical insulation from the pipeline two 1/8=in. thick Teflon
insulators with sleeves are inserted ageinst each surface of the larger
portion of the electrode, one surface against the metal wall and the other
ageinst the face of the aluminum retaining ceap 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 thresded
copper connectors.

Electric power is supplied through copper bus bars vrotruding through
the beck of the transformer and the other end is fastened to a Bundy con=
nector which was, in turn, firmly clemped to the electrode.

As a safety precaution the entire duct system was completely grounded.

For visual observation two l-1/2-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 1/L-in. thick stainless steel
ring for reinforcement. A 2-in. thick Plexiglas window is inserted into

each ring. Between the Plexiglas window and the rinz there is a 1/16-in,
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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 sbove the top Plexiglas window so that the boiling can be observed
from the side of the duct; a light source was placed below the bottom

Plexiglas window to aid the visual observations,.

Transformer

The transformer, enclosed in a metal housing 60 in. high and 24 in,
by 30 in. at the base, can be seen at the right of the photo, Fig. 20, It
operates from a Ll0-volt, 60-cycle, single-phase current., The secondary
connections, composed of eyual windings, ere brought out in the form of
1/2-in. by 1l-in. bus bars vrotruding through the back panel. Each secondary
was designed to deliver 800 amperes maximum at LO volts. The transformer
is equipped with a special current transformer, mounted on its front panel,
used as en 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 switch. A red pilot light is also
provided to indicate when the mein transformer svitch is closed and power
is flowing in the windings.

For power control there are 15 taps on the primery, terminating in
two 8-point rotary switches connected in series., Beyond the adjustment
renge of these switches there is a 15-kve powerstat (Superior Model 1256L25B)
in series with the primary of & buck-boost transformer, of which the
secondery 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 trensformer between L and L0 volts. There are also & dividing taps
between the start of the primary winding and ths first coarse tap. These
are vernier taps and they terminate in an 8-position rotery switch on the
front panel. The purpose of these taps is to shift upward or downward in
smll increments whatever secondery condition has been produced by pre-
arrangement of the other two rotary switches,

Using the three B-point switches and the vernier, infinite step control
is provided on the output side in the range L to L0 volts and for O to
800 per secondary.

Seven telephone jacks are provided on the front panel for the purpose
of connecting ammeters to resd current in the secondary windings. When
the meter plug is not inserted, these jacks short circuit so that the
secondary winding of each current trensformer does not burn out. When
the meter plug is inserted in a Jack, the load of the meter is placed
across the winding before the short-circuit discomnection is made., This
occurs automatically. Adjacent to the row of jacks a flexible cord and
a plug are brought out of the panel. This is connected in series with
an a=c ammeter (Weston Model 476) with a full~scele accuracy of 2 per cent
and a range of O to 5 amperes. This panel ammeter only indicates the
gpproximate current in the secondsry windings,

Another loose plug is also provided for connection to an electro-
dynamometer type, a=c and d=c armeter (Weston Model 370) with a full-
scale accuracy of 0,25 per cent and a range of O to 5/2,.5 amperes. This
precision ammeter is not mounted on the front panel, but is placed on a
table in front of the unit. The arrengement described above mekes it posg=
sible to read one or more secondary windings dependings upon the number of

circuits to be used,
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During the early period of operation of the transformer, it was dis-
covered that it did not function in accordance with its predicted per-
formence; conseyuently, ell the seven secondaries were connected in parallel

to give the power required.

Temperature Measurements

(A) Measurement of Surface Temperature of the Heated Wires

One of the most difficult tasks in experimental hest transfer
studies is the determination of the temperature of the heat-transfer sur-
face, In this study much thought and effort were given to employ the
heated wire as a resistance thermometer in estimsting the surface tempera-
ture. At the outset of the work it was planned to obtain the surface
temperature by calculation, assuming that the heat transfer coefficient
is uniform around the wire and applying the theory of non-uniform develop-
ment of heat inside of a cylinder (25) when it is heated electricelly.
This method reyguires a precise knowledge of the electrical and thermsl
properties of the wire and the precise measurement of the current and
voltage drops.

As a first step, the electrical resistivity versus temperature
relationship was obtained by direct calibration, as described in Appen~
dix D. The thermal conductivity of the wire was provided by the manu-
facturer. With voltage drop and current known from measurements, one can,
by employing Eg. (17), Appendix D, calculate the mean temperature dif-
ference. Based on the measured resistance, one cen also obtain the mean

temperature using the resistance temperature calibration. Ilence, surface

temperature can be determined,
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It was experienced in the early stages of the work that velues
of electrical resistance of the operating wire could not be obtained with
the desired degree of precision originelly sought; a slight inaccuracy in
determining the electrical resistance will yield a fairly high inaccuracy

in mean temperature. Because of these difficulties, the use of directly

attached surface thermocouples was finally decided upon.

The thermocouples [inally employed were made of AWG No. 28
Chromel-Alumel wires., Three thermocouples were carefully silver-soldered
to each test wire at 2=1/2 in. equal spacing with one at the center and
one at each side. The soldering was made as smell a fillet as possible,
Any excessive solder or soldering flux around the thermocouples and be-

tween the wire of thermocouples was removed by carefully scraping and

filing,l They were then tested by submerging the wire in a tank of water
at wniform temperature to check their indicstion. After assembly in the
test secticn, inspection of the thermocouples was again made with the
test wire heated with very low current and no water flow.

FEech thermocouple had an independent circuit. The cold junctions
were inserted in separete glass tubes end immersed in an ice-water mixture |
in a Dewar f{lask. Leads were then connected to e 10-point switch (Leeds
end Northrup Type 82L0).

The thermal electromotive force was measured by a Leeds and
Northrup K-2 potentiometer comnected to a d=c galvenometer (Leeds and
Horthrup Type No. 2430), a standard cell (Eppley Mo. 52118L) =nd a 2-volt

Willare storase battery. The potentiometer, in the ranre used, reads

1This was done under a mapnifying glass having a maepnification fac—
tor of five,
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microvolts directly; a reading can be estimated to a tenth of a microvolt,
which corresponds to about 0,00L°F., This indication is much better then
the reproducibility of the thermocouple and the potential leads. The
potentiometer accuracy, under the test condition, is 0,1 per cent; or
better, of the reeding. The galvanometer sensitivity is 0.L5 microvolt
per millimeter on scale,

The Chromel-Alumel thermocouple wires employed wers calibrated
in an electric furnace (Sentry Model V #7) against a 2l=in. platinum-
platinum plus 10 per cent rhodium thermocouple (Leeds and Northrup Model
8702) which wes certified by the Bureau of Standards with corrections of
=0,1°F at 300°F and -1.0°F at 800°F. The results obtained were +0.2°F

at 2L5°F and O°F at 766°F,

(B) Measurement of Water Temperatures

In measuring water temperstures all thermocouples were made {rom
the same batch of Leeds and Northrup varnished and cotton-insulated AWG
No, 30 copver—constentan wires. Each junction was formed by soft soldering
with a bead approximately 1/32-in, dismeter.

Each thermocouple was inserted into a 1/8-in. OD stainless steel
tube with its junction protruding out of one end about 1/16 in. This end
was sealed with e mixture of Kadon liquid and powder, a dental plastic.
The other end of the tube was sealed with Paxalloy., Two thermocouples
from the same batch of wires were calibrated simulteneously in & hypso-
meter at the steam point. The average devietion from a standard table
was found less than 0.1°F; consequently, no correction was made,

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 downstream of the test section are
used, as already mentioned. BEach is inserted into an individual adapter
silver-soldered to the periphery of the pipe. Each adepter is provided
with a rubber O-ring, a spacer and a locking nut, comprising a sealed holder
for the movable thermocouples. All of them were connected to a Leeds and
Northrup Micromax (Model S 1j0000) to detect the radisl terperature vari-
ations,

In order to record water tempersture accurately, one of the
three radially movable thermocouples upstream of the calming section and
one of the three downstream were connected to the K-2 potentiometer through
a selector switch. Another of the aforementioned thermocouples was con-
nected to a Leeds and Northrup Type G speedomax, and this was used to
maintain constant weter temperature while the system was in operation.

To measure the temperatures of water in the cooling system,
two thermocouples were provided. Bach of them was installed in a 1/8~in.
stainless steel tube which was then slippred into a pre-drilled hole in a
1/8-in. steel pipe plug and soft-soldered. They were then assembled with
their junctions spnroximately 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 copver-constenten thermocouples.

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

possible at all, to perform a meanineful energy balance.

Pressure Measurement

Instrumentstion is provided for measurine orifice pressure differenti-

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



62

pressure differentiasls upstream teps are located 2 pipe dismeters from the
orifice and downstream taps at lL-1/2 pipe diameters away were used.

In the main flow system, every pressure tap wes prepared by first
drilling a 1/8-in. radial hole through the stainless steel pipe wall
(0,109~in. thick) end then instelling and silver-soldering in place the
1/8-in. tube of a stainless steel adapter, cut to a length equal to the
thickness of the pipe wall., After soldering, the hole was once again
cleaned out with a drill and polished with emery cloth. All burrs were
eliminated and the inside of the pipe was polished smooth with emery cloth,

Three radial pressure taps, each at 90 degrees spart in the plane per-
pendicular to the flow direction at 2 pipe diameters upstream of the main
orifice and another three similar pressure taps at L-1/2 pipe dismeters
downstream, are connected through piezometer rings to a 60=in, Merriem
well-type manometer filled with acetylene tetrabromide (specific gravi-
ty 2.9L). As already mentioned, the location end construction of this
orifice is not exactly in accordance with the standards (2l;), so that a
calibration was made (see Fig. 21),

Three pressure teps, ll~in. just upstream of the test section,mwere
also connected through a piezometer ring to a 60=in. Merriam manometer
filled with mercury for measuring the absolute pressure (in conjunction
with a barometer).

Two pressure taps, one at 2 pipe diameters upstream and one at L=1/2
pipe diemeters downstream of the orifice in the 2-in. by-pass to the heat
exchanger, were directly connected to a 50=in. Trimount U~tube manometer

filled with chlorinated naphthelene (specific gravity 1.25).

A11 connections were made with 1/8-in. stainless steel tubing.
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In the cooling syste., consisting of schedule LO ~elvanized steel
ripes, the same care used in constructing teps in the main flow system was
teken in the preparation of pressure tans, except that the 1/L~in. brass
fittings were first screwed to the pipe and then brazed into place. The
30-in. Merriam manometer {or measuring pressure differentials in the
coolant-supply at the rate of 100-gpm was filled with mercury and that
for coolant through by-pass was filled with acetylene tetrabromide.

All menometers have divisions of 0.1 in. and readinss can be estimated

to 0,02 in.

Electrical Power Measurement

For rough indicstions and sebttings the ammeter (weston Model L476)
mounted on the front panel can be usad to read the current in the secondary
windings. However, for accurabte measurements & precision voltmeter and a
precision ammeter coupled with a current transformer were employed.

Potentisl leads wer» nrovided at the middle of ihe copper electrodes
which held the Chromex test wire. A Weston Model 341 voltmeter with a
full-scale accuracy of 0,25 per cent and a range of 0 to 75/30 volts was
employed to record voltage drops ahove 15 volts, and a Wesbinghouse Type G
voltmeter with a {ull-scale eccuracy of 0.5 per cent and a range of O to
75/15/3 was used to measure vcltage drops below 15 volts.

Cn account of the difficulties encountered in installation, volbtage
drops were measured by potential leads tepped at the copper electrodes
instead of the Chromax wire itself. That this is an acceptable procedure
can be seen from examination and comparison of the electrical properties

and geometry of the Chromex wire ond coprer electrode.
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Chromax wire Copper electrode
Electrical resistivity,
ohm/cir mil/ft at 70°F 600 10,6
. . 1/8-in. OD by 3/li=in. OD by
Dimensions 10-in. long 1-1/2 in. long

Since the electrical resistance of a conductor is directly vproportional

to its resistivity and length and inversely proportional to its cross—

sectional areas, it is observed from the above values that the resistance

of the copper electrode is negligible compared to that of the Chromex

wire.l -

To measure the current three current transformers were employed.

They were used in conjunction with a Weston Model 370 ammeter having a
full-scale accuracy of 0.25 per cent and a range of O to 5/2.5 amperes.

The current transformers are listed as follows:

Make Accuracy Ratio Range Employed
g:;i;nggggge 0,25 per cent 1,00 :5 below LOO amperes
ﬁ?ﬁtoﬁygzdfl 0.25 per cent 800:5  below 800 amperes

3

‘ ﬁzit9§y§§d§1 0.25 per cent ~ 1000:5  above 1000 smperes

3 -

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

one of the test-section electrodes.

1This assumes that the contact resistance between 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 inside 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-
ment s,
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In order to determine the effective power output of the transformer
from the measurements of voltage drop and current, the power factor must
bhe known. The calibration of power factor versus load was obtained using
2 VWeston Model 310 wattmeter with an accuracy of 0.25 per cent together
with a voltmeter, an ammeter and the current transformers. The calibration

curve is shown in Fig. 2kL.

Determination of Water Conditions

The electrical resistance of the tested water was measured with a
Leeds and Northrun conductivity bridee (Serial No. 1041256) with approxi-
mately 3 per cent accuracy. The pH value wss determined with a Bechman

Model G glass electrode pH meter with an accuracy of + 0.2.

High=3peed Movie Camera and Its Accessories

The high-speed movie camera used is a 1émm Fastax camera manufactured
by Wiollensak Optical Company of New York. The camera employs a continuous
moving film with a rotating prism positioned between the lens and film.

The prism rotetes synchronously with the film, creating successive and

properly spaced images traveling with the film. Thus, a continuous sequence

of still photographs is obtained.

This camera can be operated with a d-c source for film speed below
1000 fremes ver second. For speed above 1000 and wp to 7000 frames per
second an a-c¢ source must be used. The camera has two 1/L-hp, 120-volt
universal mobors, one driving the film take-up spindle, and the other
driving the film sprocket and rotating prism. Although the motors are de-~

signed to operaste at full initial impact wp to 130 volts without reguiring
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accelerating equipment, a control unitl is used to conbrol acceleration
chaeracteristics and speed. Coupled with this control unit, a film speed
at 7000 frames per second can be obtained.

Various combinations 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 15L.5mm =
f£:6.5 lens plus a 1-in. extension tube.

A neon glow lamp timer is mounted inside the camera. The lamp normally
operates from a 115-volt 60-cycle a-c supply 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 chsnnel
was turned 90 degrees, that is, the tested wire was in a vertical position.
Two General Electric Model 750-R spotlights were placed facing the front
wirdow and one facing the rear through s vellum paper for diffusing the
light. The setting for camera speed and lighting condition was obtained
by a Weston electric light meter snd a calculator. The film used through-

out this study was Kodak XX (black and white).

lTrade—named iGoose®,




CHAPTER IV

EXPERTMENTAL PROCEDURE

Before any run was made the temperatures indicated by the three ther-
mocouples silver-soldered on the surface of the tested wire were checked
against themselves and the water temperature indicated by one of the ther-
mocouples in the main flow circuit. This wes done meinly to provide a
check of the continuity of the surface thermocouple circuits, considering
that damage to the rather delicate junctions covld occur during assembly
of the test wire into the test section. After this initial check, the
transformer circuit was closed allowing & low power input to the tes* -wire;
the power supplied was at approximetely 20 amperes at approximately L volts,
corresronding to a heat flux of about 1000 B/hr ftg. At this power input
another check of the surface thermocouples was mede. The transformer cir-
cult was then opened and the run was started.

To start the run the flow rate and, hence, the flow speed at the test
section was sct #t the desired value using the control valves., Then,
with the circuleting 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 temperature level of oneration, the temperature
level in the main line was controlled by using either or both of the 2-kw

electric heaters immersed in the reservoir tank and/or by diverting part

of the flow to the heat exchanger.l

1At the highest operating temperastures, which represent the lowest

degrees of subcooling, the auxiliary heaters would be turned on several
hours prior to the run and, in some instances, had to be left on through
the previous night to raise and keep the relatively large bulk of water
at high temperature.
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After the water tempersture 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-
Tormer circuit end setting the level of the power to the test wire by
changing tep positions and adjusting the powerstat control. It was ob-
served {rom the temperature measurements at the surface that a steady
state condition was achieved within two to three minutes after the teps
were initially set. FYor comperatively minor adjustments in power level
the time required to reech 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-
gquently wntil burnout occurred.

During the course of the experiments the water tempersature would
tend to increase because of the additionsl heet introduced by the test
wireol When this increase approached 2 F the transformer was cubt off and
the amount of coolant to the heat exchanger was increased accordingly.
Experiments were resumed after the water temperature was held constant
over & five-minute interval. Nevertheless, the water temperature 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 (menometer readings).

1The energy input of the pump (end 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.
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Two persons were required to operate the apparatus and to record the
data,

At the end of each experiment, the tested wire was taken out for in-
spection anc cleanins. It was sometimes found that the wire 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
was undertaken.

fthenever a new wire assembly was installed, the checking of the sur-
face thermocouples was repeated before new experiments were pverformed.

When beoiling 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 arrengement allowed the
high-speed camera to be used in a horizontal position in its usnal tripod
mount and it ellowed for the introduction of at leest 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

DISCUSSION

Reproducibility of the Surface Thermocouples

As & check on the uniformity of the mounting technigue of the surface
thermocouples, tests were carried out using different instrumented wire
assemblies, The results of auxiliary tests, reported as Test No. 17
(A and B) in Appendix E, are compared with results obtained with different
assemblies during the course of the main forced-convection boiling experi-
mentation; in particular, temperature indications ohserved in Test No. 17A
(comprising 13 runs) are compared with those of main Test No. 8, both at
a velocitv of L ft/sec, end those of Test No. 17B (comprising 1L runs) are
compared with those of mein Test No. 10, both at a velocity of 5 ft/sec.

The results are compared on the basis of surface temperature indi-

cotion tin plotted against heat flux, and they are shown in Fig. 25,

d
Conditions for each comparison acre identical for all practical purposes,l
The maximum difference in both Fig. 25A and 25B comes close to 6°F, and
this occurs at a heat flux of about 0.9 x 106 B/hr ftg. At lower and
higher wvalues of heat flux the agreement is even better for both compari-
sons, amounting to 3 F or less.

The reproducibility is considered excellent in view of the difficult

and delicate technique involved in properly attaching the surface thermo-

couples.

lFor example, conditions of Test No. 8 were identical with Test
No. 17A in the essentiasl features: velocity L ft/sec (same); degree of
subcooling Atgup = 1LO°F (seme); absolute pressure L47.77 in. Hg com-
pered with L7.L7 in. Hg; water temperature 96,5°F compared with 96.3°F.

Likewise, conditions of Test No. 10 end Test No. 17B are practically identi-

cal as can be seen from the data.
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An estimation of experimental errors is presented in Appendix A.

Non-Boiling Heat Transfer Results

It may be observed that the correlating lines shown in Fig. 1, which
is a log-log pvlot of heat flux " as a function of temperature dif-
ference (ts - tmg’ have slopes ranging from about 1.06 for the highest
water velocity of 6.8 ft/sec to a vslue of apnroximately 1,25 for the
lowest velocity of 1 ft/sec. The slopes increase progressively, although
slightly, as the {luid velocity decreases; the change is systematic, and
it shows an increasing dependence on the convective heat-transfer coef-
ficient on the temperature difference between surface and bulk fluid,
slight at first, but becoming more pronounced at the lowest velocities.
¥hile some dependence of the heat-transfer coefficient on temperature
difference may he expected,l the proportionality between the convective
heat-transfer coefficient to nearly the one-fourth nower of the tempers-
ture difference, shown by the data for the lowest flow velocities of
1 and 2 ft/sec, apnears too large to be accounted for by property changes
alone, In fact, the dependence of the heat transfer on the 1,25 power
of temperature difference falls in the range of what normally is expected
for free convection elone. On this basis it is probable that, as the
lower velocities are reached, free convection effects begin to play some
role,

To check the possible influence of free convection, an approximate

theoretical computation was cerried out, considering the action of the

1, .
Mainly as a result of temperature influence on properties in the
laminar boundary layer existing over the forward portion of the wire.




buoyant forces involved to result in an upward acceleration of the fluid
to a finel velocity of Vf. Physically, one may consider the average
buoyant force acting through a vertical distance which characterizes the
system (in this case through a vertical distance equal to the diameter of
the wire D) to result in a certain amount of work done on the fluid it-
self; the work done shows up as an increase in kinetic energy of the fluid
in the directinn of the force. Such an analysis1 == assuming the density
of the fluid p evaluated at an average temverature --— results in the
relationship Vé = gFB(tS - tw) * D, where P is the coefficient of thermel
expansion of the fluid.2

Considering the surface temperature at ts = 195.7°F and & water
temperature t = 85°F (highest heat flux run at 1 ft/sec flow speed in
Run 13 of Test No. 1, shown in Appendix E) the value of B is found from
steam table data to be 2,93 x 1o'h; herewith, tsking D = % in. = éé ft
and the acceleration of gravity g = (32.2 x 12.96 x 106) ft/hr2, we find
Vf = 377 ft/hr or 0.105 ft/sec, which is just over one-tenth of the forced
flow velocity in the system.

While the above computation shows that influence of free convection
at the lowest 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-

1See, for example, Brown and Merco (32), p. 132; Jakob (25), p. LS3,
shows a related analysis.

%Defined in terms of the specific volume by Vg = vy [1 +B(ts- tw) 15
where subscript s refers to surface and subscript w refers
water.

to bulk
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centagewise, and even smaller in magnitude becsuse of the decreasing sur-
face temperature of the wire.

The systematic nature of the shift in the slope of the correlating
lines, then, may be the result of a second order effect in the nature of
the surface tempersture correction aspplied. At least this vossibility
exists and, considering the character of the results at low speed end
high heet flux rates, it offers at first hand a reasonable explanation of
the shift. For example, an error in corrected surface temperature of 10 F

6

(too low)1 at the highest heat flux rate of 0,176 x 10° shown for

V= 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 found for the date obteined
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 outer 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 £ NRe,f £ 11,000 and shown in Fig. 2, is consistent
within itself, and it agrees reasonably well with an extrapolation of the
correlation recommended by McAdams (23) which is based on results of pre-
vious investigators who employed liquids flowing normal to wires and tubes

in the range 0.1 € N < 250. It is clear from Fig. 3 that the extra-

'Re , £

1This would mean a 30 per cent error in the correction at this point,
which is not wvery likely.




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 obteined by modifying the specific correlation avail-
able from the plentiful data for eir in cross flow over cylinders. In
this instance, the air results, also available from McAdams (23), have
been reduced to include all fluids; 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 assumes that McAdams! correlation for liquids 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 found in
the present work are somewhat low. This implies that the surface tempera-
tures 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 temperature.

Seve for the two low points, which represent date from the 1-ft/sec
run, the results are in excellent egreement with the genersl 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 temperature difference (ts - ts) and
shown in Fig. L through 9, indicate at sharp upward inflection just as
boiling commences. It may be observed from Fig. li through 9 that the heat
flux 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 saturation 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 mey be attributed to the fact that the whole mechanism
of heat transfer from a solid surface to & flowing liquid changes as the
temperature of the solid surface exceeds the saturation temperature. When
boiling occurs, the thermsl resistance is greatly reduced; it is postulated
that this reduction in thermal resistance results from the growth and
collapse of bubbles formed at the liquid-solid interface, thus increasing
the heat transfer rate with relatively smell temperature increase. In
this regard it must alsc be considered that the violent action of bubble
formetion effectively reduces and to a preat extent destroys the boundery
layer which comprises the main resistance to the heat flow. Hence, cooler
liguid comes into contasct with the surfaces and brings about a large in-
crease in the effective heat transfer.

The figures 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 velocity 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 comparastively 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 Beiling. 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 bresk in the correlating lines of Fig. L through 11; instead,
it occurs as a more or less rapid transition from the initial slope for
non-boiling to the steeper one evident under boiling. WNevertheless, the
location of the sharp break shown in each case, which was obtained by
extending the lines for each of the two heat-transfer regimes to their
point of intersection, corresponds to a wire surface temperature very
nearly equel to the saturation temperature of the water ~- a condition
which must prevail before change of phase can teke place.

Referring to the figures, it can be seen that for lower bulk water
temperature (higher subcooling), incipient boiling occurs at a corre-

spondingly higher value of heat flux and, of course, of (ts - tW).

Effect of Subcooling. Figures L through 9 show that, at the same

velocity, the heat transfer is greater for the case of lower subcooling
(higher bulk water temperature), but the slope of the boiling curves is
steeper at higher subcooling (lower bulk water temperature).

That the heat transfer would be higher for lower subcooling can be
understood from the higher surface temperatures involved, which, compara-—
tively speaking, are much higher than the saturation temperature of the
water, and this results in a more vigorAus boiling with attendant higher
coefficients of heat transfer. This can be seen readily by comparing
any two boiling curves (for fixed velocity) at a given value of (ts-tw).

The differences in slope of the boiling curves at fixed velocity may
be explained in terms of the bubble formaetion. Lower water temperature
favors the formation of smaller bubbles with higher frequency of formation

and collapse, compared with lower frequency and larger size for lower
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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 trensfer. Thus, a higher rate of heat transfer will

be associated with a smaller temperature increase; consequently, the slope
of the boiling curve becomes steeper with higher subcooling. At higher
heat flux the curves tend to merge, which may be attributed to the fact
that at high heat flux the surface tempereatures in both ceses have far
exceeded the saturation temperature of the water producing vigorous boil~
ing in which case the subcooling, or, more specifically, the bulk water

temperature plays a role of much less importance,

Effect of Velocity. In the case of non-boiling heat transfer the

boundary layer esteblished on the forward portion of the wire comprises
the main thermal 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 boundary layer
breaks down due to the agitation created by the growth and collapse of
bubbles; moreover, cooler fluid comes in contact with the heated surface.
Hence, the thermal resistance is greatly reduced. The influence of velo-
city on resistance is, in this case, meinly confined to a sweeping action
of the bubbles. Curves 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 commences, and it diminishes proportionately

as the vigorousness of bhoiling increases.

Domain of Vigorous Boiling. Inspection of Fig. 12 reveals that as

boiling becomes vigorous at & higher heat flux g" and a higher temperea-
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ture excess (ts - tsat) the curves sppear to merge regardless of veloci-
ties and subcooling. This clearly indicates that once the bolling is
vigorous or fully established at high heat flux, the effect of agitation
of the liquid on heat transfer becomes dominant and effects of velocity

and subcooling become much less pronounced.

Comparison with other Results. While it appears that no previous data

exist for boiling in normal flow to cylinders, a comparison is made with
some of the data obtained in another investigation in which a basicelly
different configuration was employed, in order to get an idea of the com-
parative renge of the data with respect to variables other than the geo-
metry and to allow for some general remarks about boiling. For this pur~
pose boiling data obtained by Buchberg and co-workers (16B) for flow of
water through an ennulus have been used. They are shown in Fig. 26

to cther with results obtained from the present study. The three sets
of data compared were obtained at the seme main-flow velocity, degree of
subcooling and absolute pressure, but for different configurations and
for different emounts of dissolved air in the water.

Certain important characteristics of the curves compared in Fig,26,
such as the heat flux and assoclated surface temperature at incipient
boiling, as well as with the slopes of the boiling curves, are listed
in Table L.

As indicated in Fig., 26 and Table l; the dete of Buchberg et al, ob=
tained for an annular-flow system with forced upward flow, were found using
two different types of tube materials, namely, stainless steel and nickel.
From Teble )| it is seen that the surface temperature of the stainless steel

tube 8t incipient boiling is 280°F while that for the nickel tube, under
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identical conditions, was found to be 256°F. At first hand, two veriables
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 Lj. Characteristic Features of the Data Compared in Figure 26.

Heat Flux Surface Slope of Heated Source
Tempersture Boiling Curve Surface
~5 B
x 10 P oF
hr £t
0180 280 Vertical S.S. Tube Ref. (16B)
0.172 256 19 Nickel Tube Ref. (16B)
0.420 235 3 Chromax Wire (Present
Study)

Regarding the influence of dissolved gases, it is generally believed
that higher gas content of the weter facilitates earlier boiling and in-
creased heat transfer, thus lowering the surface temperature at the incipi-
ent boiling point. While 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 lower surface temperature
at incipient boiling exhibited by the present data in Fig. 26 is quite
likely the result of higher dissolved gas contentol This argument is sup-
ported by the experimental work of McAdams and co-workers (12) who obtained
some limited data for forced flow through an emnnulus showing that 69cc of

dissolved. "x pry . weo heve a pronounced effect on the initiation of boiling.

1No analysis of the air content was made in this study, but, using
information from the report of Kreith and Summerfield (13), it is esti-
mated that roughly< '~ of <ir weredissolved per liter of water, consider-
ing that the water was in equilibrium with atmospheric air on the suction
gide of the pump.
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In view of this, the difference in surface temperature at incipient
boiling exhibited by the data of Buchberg and co-workers (see Fig. 26)
cannot be attributed to differences in air content because in the case of
the stainless steel tube the air content was higher than in the case of
the nickel tube. It is most likely that, in the same flow system, dif-
ferent surfece temperatures for different points of incipient boiling are
attributable to the different surface conditions. Different solid-liguid
interfaces usually have different spots favoring the formation of bubbles,
in the sense that comparatively lower temperature would allow an earlier
initiation of bubbles on one solid surface than on another and comparative-
1y lower tewmperature difference would allow transfer of heat at a higher
rate from one surface than the other. Thus, different solid-liquid inter-
faces would have different surface temperatures and rates of heat transfer
at incipient boiling and would assume different boiling curves. At very
high heat flux rates the role of the nature of the surfece is less pro-
nounced., This is supported, for example, by the experimental results of
Farber and Scorah(9). They studied free-convection boiling heat transfer
from four different metals, namely, Chromel A and C, nickel and tungsten
to water in a pool under simospheric and elevated pressures and found that
under the same pressure different metals assume different boiling curves.

Furthermore, it is probable that the flow system may also affect (to
a certain extent) the surface temperature, at which boiling initiates, as
well as the slope of the boiling curve. In an upwerd annulsr flow sysbem,
bubbles form on the tube wall and rise in the relatively narrow space,
interfering with the motion of one another as they progress toward the

top. The fluid changes in density and properties eas it flows through the




tube, In an open cross flow system, on the other hend, some of the bubbles
formed at the front and on the upper and lower surfaces of the wire slide
along the surface and most of them are swept away into the water stream
end collepse therein. Since the sliding path is very short, the mutuel
interference would not be as pronounced as that in the cese of an annulaer

flow, if important at all.

Comparison of Results of the Present Study obtained using Different

Heating Surfaces and Different Techniques of Temperature Measurement. Re-

sults obtained in the seme flow system and at the same velocity end degree
of subcooling, but using different solid-liquid interface and different
technique of temperature measurement,are compared herein. The data shown
in Fig. U, obtained from a Chromex wire with thermocouples attached to
the surface for measuring the surface temperatures, are compared with the
data shown in Fig. 30, Appendix C, obtained using a Type 30L stainless
steel tube with outer surface temperatures determined from the measured
temperature of the inner wall and the calculated temperature drops across
the well.® In both cases the velocity was 1 ft/sec. Table 5 summarizes
the main points of comparison.

As pointed out previously, the difference in heat fluxes at incipient
boiling and slope of the boiling curves may be attributed to the surface
conditions. As can be seen, they are, nevertheless, in the same order of
magnitude and show satisfactory agreement, considering that the prevailing

conditions, although very close, are not identical.

1The auxiliary experiments cerried out using a 1/8-in. OD tube are
described in Appendix C; the computation of surface temperature of the
tube, using the inside wall temperature and the internal heat production
in the tube, is also shown there.
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Table 5. Comperison of Boiling Data from a Heated Wire with that
from a Heated Tube (both present study).

Incipient Boiling

Slope
Heat Flux Surface of
-6 Temperature Boiling Heated
Subcooling q" x 10 (Apvroximate) Curve Surface
F B 5 op
hr £t
110.0 0.25 22,0 L.5 Chromex Wire
1hh.7 0.29 225,0 3.0 S. S. Tube
80.0 0.12 222,5 3.0 Chromax Wire
82.6 0.17 22266 2,0 5. S. Tube
Rurnout

As a check on the reproducibility of data on burnout, which are quite
consistent within themselves, a duplicate run was performed at the practi-
cally identical conditions of 2-ft/sec velocity end 116.5F and 116.1°F
degrees of subcooling, respectively.l The hest flux densities obtained

2 and 2.039 x 106 B/hr ft2, respec—

at burnout are 2,030 x 106 B/hr ft
tively. The deviation amounts to O.L per cent.

The locations where burnouts occurred, shown in Fip, 15, should be
considered along with the velocity distribution across the test section
(under test condition) shown 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 expected to occur in the neighborhood of the duct wall.

This was not the case at all; inspection of Fig., 15 shows that only two

burnouts occurred near the duct well and, moreover, no particular spots

lsee Runs No. 2 and 3 of Test No. 1L, Appendix E.
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are favored. No doubt the cooling effect at the ends of the mﬁrel result-
ing from the fairly heavy copper electrodes into which the wires are set2
counteracts the possible effects from lower velocity at the wall, As can

be seen, the location of burnout is completely random.

Visual Observations

Visual Observations with Unaided Eyes. The boiling phenomenon could

be observed through the Plexiglas window while experimentation was in
progress. At moderate healt input, more or less spherical bubbles were
formed on the wire surface along the leading edge and trailing edge. (On
account of limitations in orienting the lighting, the boiling action on
the top surface could not be observed clearly.) Some of the bubbles de=
parted into the mein water stream and collepsed faster than the others.
Because of the dynemic force of the water, some were pushed along the sur-
face and finally collapsed. As heat flux increased, the size of bubbles
became sm'aller.3 As heat flux further increased, a fine spray of bubbles
would issue from the surface into the flowing water, and audible noise
could be heard. As heat flux again increased, a big clump of bubbles
would grow and cover a very small portion of the wire at a Favored spot
along the trailing edge. That portion of the wire located under the clump
of bubbles was over-heated and could be seen glowing red. Up to a certain
size, the relatively large bubble clump would collapse (condense) as the

water pressure overcame the vapor pressure within it, under the condition

10utside of the central test zone.
%See Fig. 23.

3The 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 heet transfer prevailing. When the bubble collepsed, 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 seme spot, and so did the brightness. After a few repetitions

the bright spot would extend forward (upstream) to the center of the wire
end then burnout occurred instantly. The ability of the wire to withstand
the repeated overheating may be attributed to its relatively large heat

capacity, which may not be sensitive to the onset of film boiling.

Visual Observations of High-Speed Motion Fictures. From the high-

speed motion pictures taken it was observed that a decrease in weter 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'permanentl bubbles were carried out from the
heated surfaces into the water stream. The pictures also showed that the
bubbles formed cyclically.

A reel of high-speed film, from which Fig., 17B was reproduced, was
taken at velocity L ft/sec, degree of subcooling 11l F and heat flux
2.1 x 106 B/hr ftz. It was very near burnout condition, and it could be

seen that the whole wire was almost covered with big clumps of bubbles

swaying around its trailing edge.

1They had a very slow rate of collapse, unlike the steam bubbles.




CHAPTER VI

SUMMARY AND CONCLUSIONS

Forced-convection heat treansfer from an electrically heated Chromax
wire oriented normal to a suhcooled water flow was experimentally investi~
gated with and without change of phase. Experiments were carried oub up
to the limit of burnout, and photographic cbservations were also made,

The variables emnloyed in this study ranre: velocity from 1 to 6.8 ft/sec;
subcooling in the range 14O to 80 F; and hest flux density up to 3.5 x 10°
B/hr ftz. Pressures at the test section renged from 15 to 30 psie.

The following items cover the results and conclnsions:

1. The results of the [{orced-convectivn non~boiling heat transfer
can be correleted with a msximun deviation of 7.6 per cent and an average
deviation of 1.9 per cent in the Reynolds number range between 1500 and

11,000 by the following equation:

0.3 _ 0.66
NNu,f/}qPr,f = 0.1L5 Nﬁe,f ‘ (8)

This correlation gives heat-transfer coefficients in good agreement but
somewhat lower than would be obtained from an extrepolation of a correls~
tion for liquids presented by McAdams, assuning that McAdams' correletion
can te extended beyond Reynolds number 250. The results are in very close
sgreement with a generslized representation of existing and well-established
date for air in normal flow against a cylinder, except {or two experimental

points at about Reynolds number 2000, which are low.

2. Results obtained in the boiling regime are presented in tabuler

form (Appendix E) and they are shown in graphical form as Fig. L through 12




in which correleting lines sre shown.

3. Surface boiling commences wihen the surface temperature of the

heated wire slirhtly esceeds the saturostion tempersture of the flowing

water at the prevailing pressure (Figr. L through ¢). The effect of super-

heat on the initietion of boiling in the cross flow system employed was

found not to be pronounced. In this study the point of incipient boiling

was obtained as the point of interception of the non-boiling and bolling

v

curves. This implies sudden and sharp chanre from the non-boiling to the

boiling regimes; in reaslity, the transition is not abrupt, bul the assump-

tion that it is results in surface tempersiures corresponding closely to

the ssturation temmerature of the water.

L Once surface bolline tegins, the heat trensfer e chanism changes,
The agitation created hy the rrowth and collapse of bubbles causes a
breakdirwn and virtusl destruction of the boundsry layer. Thus, thermal

resistance iwz greatly reduced and o very much higher rate of heat transfer

results from a reslatively small increase in surfece temperature; the com-
paratively low ther mal resistance explsins the extremely steep slopes of

the boiling curves in contrast to those for non-boiling.

5. High degrec o1° subcooling in boiling favors the formation of
bubbles of small size Weith higher freguency of bubble formation and, in
view of item (L) above, the +po.no1 pesistance is reduced over that for
a lower degree of subcooling (2171 gpper conditions remsining the same) and
a hirher heat transfer results. Suci., en effect, shown clearly by the ex—
perimeninl results in Fig. L through 9, be oo 1.5 important &s the ve-

locity increases, slthough it is still clearly tnpesent ab the hiphest

velocity reached, that of 6.8 ft/sec.

o
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6. The influence of the velocity on boiling in the range studied,
shown in Fig. 10 end 11, is larpe at first —- et incipient beoiling, however,
~s the bubhle field at the surface becomes better estezblished it diminishes
until, at large rates of heat flux {near burnout), it plays a minor role.

The decresse of thermsl resistance as velocity increases is apparently

©

mainly confined to the sweeping action of the bubbles; when the apitation

caused by the bubbles is great (high heat flux) thre velocity influence,

or sweeping action, becomes reletively unimportant.

™4

7o For vigorous boiling the relstionship betwsen heat flux g% and

the tempcrsture difference (ts - tsat) epparently tends toward a fixed

limit (before burnout) for a riven water temperszture. This trend cen be

o

seen in Fig. 12, and it represents the chanpe in cheracter of the thermel
esistance as the bubble populations become so great thelt the wire is
affectively covered with 2 blanket of wvapor. At higher degrse of sub-

cooling (cooler water temperature) the limit of q" and of (tc -t )
- sat

are higher; whether or not a definite trend is involved cann i pe giated

conclusively from the data on hsnd.

8. The results at burnout ere correlated with 5p average deviabion

of L.8 per cent by the following equation:

6 G OOL
Q. x 1070 = 0,536 —-7:) {At

)<3,8
BG 10°

sub (10)

t section in pounds

n which G is the average mass velocity atl the tes
per hour per square foot. The maximum dewiation of any experimentul point

from the shove eguation was 13,6 per cent,
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9, The location of burnout along the wire was found to be random,
indicating essentially no effect of the velocity profile on the position
of burnout. This is not an unexpected result, considering that the pro-
file is essentially flat over the central 6 inches of the test wire and
that the conduction of a small amount of heat from the ends of the wire
by the main electrodes counteracts the tendency toward burnout in the
vicinity of the wall where lower velocities exist. In general, conditions
at the surface favoring the growth of relatively large bubbles bring about

burnout at a particular spot.

10, Auxiliary experiments (Appendix B) were conducted for the burnout
of Chromax wires comprising the active wire in a simple crossed-wire mabrix,
in which the horizontal he~ted wire was arranged between three vertical
elements of the same diameter and made of either Teflon or Chromsx. The
purpose of these tests was to learn whether or not the points of cross over
in the simple array are favorable burnout positions. At mainstreem veloci-
ties ranging between 1 and 6.8 ft/sec, for six seperate wire arrays, all
burnout positions fell outside of the "cross—over® locations. This result
is not considered entirely conclusive, however, because four of the six
burnouts occurred within one inch i'rom the wall of the test section, repre-
senting & higher freguency of occurrence near the wall than found in the
main burnout studies. This is the direct effect of a different and less
flat velocity orofile employed in these auxiliary studies. Additional
experimentation using a screen upstresm (as was done in the main tests)
is required before more decisive results can be obtained. However, neither
of the two burnouts which did occur within the central 6 inches of the test

took plece 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 experiments cerried out; this was not the case, and more refined

experimentation is needed to see whether there is any favoring at all of

the crossing points.

11. Some auxiliary experiments were performed at 1 ft/sec using a
1/8-in, 0D stainless-steel tube in place of the solid Chromax wire employed
in the main tests; in this case the surface temperature was calculated
from the internal heat developed and the measured adiabatic wsll 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 temperature at which boiling com-
mences agrees closely with that found with the Chromax rods, although the

slopes of the boiling curves are somewhat less.

12. High-speed motion pictures show the formation and condensation
of the bubbles on the wire surface tekes place in a cyclic manner apparent-
1y not, however, related to the frequency of the 60-cvcle current used,
The pictures also show that an increase in the degree of subcooling results
in a decrease in size, population, and lifetime of the bubbles; an increase
in velocity has e similar effect although much less pronounced. At or
near burnout the whole surface was blanketed with bubbles and clumps of

bubbles.

13: The use of the heated wire as s sort ol resistance thermometer

whose surface temperature would be trectable from the measured mean re-

sistence coupled with 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 end
effort, difficulties in obtaining the desired degree of accuracy (see
Appendix D) forced ebandonment of this technique and adoption of the di-
rect surface temperature measurement with necessary corrections. The
technigue requires a precise knowledge of the thermel and electrical
properties of the wire and precise instrumentation; while the properties
of Chromex were rather accurately known and the instrumentation was guite
precise by research standards, the temperature coefficient of resistance
(found indirectly from the resistivity-temperature measurements carried
out in our laboratory) was found to be lower than originally anticipated
and therefore the method could not be used with eccuracy. Only the lack
of availability of a reasonably low-cost masterial having a somewhat higher
temperature coefficient of resistance than does Chromex limits use of this

method in this application.



APPENDIX A

ANALYSIS OF DATA AKD ESTIMATION OF EXPERIMENTAL ERRORS

Anglysis of Data

Evaluation of Heat Flux Density., The heat flux density, or the rate

of heat transfer from the heated wire to the flowing water was caelculated

from the following equaetions:

q" = BOL’J—Z ‘EI (PuFo) N (11)
8

where P.F, 1is the power factor of the transformer, The calibration of
P.F. versus kva has already been shown in Fig. 2L. Using Fig. 2L one
cen obtain the power factor from the output kva, which, in turn; is found
from the measurement of voltage and amperage. AS is the heat transfer

area.

Correction of Surface Temperature., Because of difficulties encount-

ered in accurately determining and reproducing the messured resistance of
the heated wire, the early idea of using the heated wire as a resistance
thermometer was abandoned in favor of the use of the Chromel-Alumel ther-
mocouple wires directly attached to the surface. These thermocouples,
silver-soldered to the surface of the wire and protruded out into the
flowing water, are subject to thermal conduction through the leads and
convection from the leads and to the water31 thus decreasing the tempera-
ture of the wire at the thermocouple junction. The temperature indicated
by the thermocouple, therefore, will not be the true temperature of the

surface, that is, the temperature at the spot if the thermocouple were

1So~ca11ed conduction error.

oL
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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 compared to the
conduction error. Hence, only correctimn of the error due to conduction
is made,

Boelter and co-workers (26) considered the case of a thermocouple pro-
truding from one surface of a flat plate of which both sides are exposed
to flowing fluids. Assuming that the section of the plate occupied by
the Jjunction is circular and at an wniform tempersature, and that the heat
transfer coefficients of the fluids are uniform, they obtained an equation

end its simplified solution for temperature corrections as:

Ys = Ying L
ts by ) 27 r Kl(x4§ rs) 2
14+ -2 AB e

b kp P
Ko(q/g rs)

ve Tie

The subscript tec refers to thermocouple.

Boelter and Lockhart (27) experimentally verified the above equation
and they reported that the results are in fairly good agreement with the
theory.

In this study, Eq. (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 plene, and the wire immersed in one fluid is "transformed" into a
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rectangular plate of which the cross-sectional area is eyuivalent to that
of the wire and which has a length egual to the wire diameter as its one

side. Hence, the thickness of this "transformed" plate is:

= r%/2r = r/2 = 0,00818 £t.

S

The radius and thermal conductivity of AWG No. 28 Alumel-Chromel thermo-—

couple wires obtained from Ref. (27) are respectively:

r 0.0126 in. = 0.00105 ft

tc

ktc

i

16 B/hr £t F
and the thermsl conductivity of Chromax wires obtained from Ref. (30) is:
kp =7 B/hr £t F

Substituting the above numerical values into Eq. (12) gives the working

equation,

b - t, 1
ind _ (13)

s
t =t

s w % K (/B r)

1+ 1.86 hp 1 P S

te KO(N4§ rs)

6.2 x 1073 4/n* .

]

and x@? r

Assuming that the thermocouple wires are normal to the flow, one may
estimate htc’ the heat transfer coefficient between the thermocouple wires
and water from Eq. (9),l which is valid for Heynolds numbers between O.1

and 250 in a cross flow system. The heat transfer coefficient between

1t aprears as Eq. (10-7a) in Ref. (23).
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the heated wire and water, h*, can be estimated from the difference between
the indicated surface temperature and the temperature of the water; its
effect is discussed below.

A1l temperature corrections were mede from E,. (13). The values of
the Bessel functions involved were obteined from Ref. (28).

It is of interest to investigate the nature of the correction. As an
aporoximation one mey consider the vertical plane passing through the axis
of the wire as an insulating plane, in which case the system closely approxi-
mates that idealized by Boelter and co-workers (26). Suppose now the data
of Run ¥o. 16, Test No. 10 (Appendix E),are taken as an example, with a
thermal conductivity 9 B/hr ft F selected at the indicated temperature
(Fig. 33). Using E;. (12) and choosing heat transfer coefficients 25 per
cent, 50 per cent and 200 per cent of that given by the experimental data
shown in Hun No. 16, Test No. 10, one obtains the results (b), (¢) =nd (d),
respectively, shown in Table 6, where they are compared with a computation

based on Eq. (13).

Teble 6. Comparison of Temperature Correction

based on Estimated Heat Transfer Coefficients.

Equation ® Per Cent
Case Used b k h t. t Deviation
ol ind s
ft 3 B B 5 °p op
x 10~ hr £t F hr £+° F
(a) 13 8.18 7 10,860 287  342.8 —
(b) 12 5.20 9 8,340 287  3L8.0 2,1
(c) 12 5,20 9 553L0 287  359.1 Lie5
(a) 12 5.20 9 21,720 287  332,0 3.1

1The deviation is based on the corrected tempersture 3L2.8°F.




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 waristion of the
thermal conductivity is not too significant. Even with the extremes chosen,
it amounts to L.5 per cent out of total correction 19 per cent at most.
The example 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 are: the

-
heat flux density, flow rate and velocity of the fluid, temperatures of .
|
water and the heated wire, absolute pressure and the condition of the

|

water.

The nominal diemeter of the Chromsx wire is 0.125 in. and its varia-
tion was found to be within + 0.000L 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
mesasurements of current passing through it and voltage drop across it.

The voltage drop was measured with either a Weston Model 31 voltmeter
with a full-scale accuracy of 0.25 per cent or a Westinghouse Type G voli-
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 measurement is within + 0.7

per cent. The current measurements were made with a Weston Model 370
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smmeter with 2 full-scale accuracy of 0.25 per cent together with a cur—
rent trensformer either of Westinghouse Stvle 29798, or a Weston Model
L61, Type 1 or 2. All of them have an accuracy of 0.25 per cent. There-
forn~, the accuracy in current measurements is estimated to be within

+ 0.5 per cent. The determination of power factor of the transformer wes
mede with a Weston Model 310 wattmeter with an accuracy of 0,25 per cent
in conjunction with e voltmeter and ammeter and a current transformer as
used in the determination of voltage drop and current., The accuracy of
the determination of power factor is within 0.3 per cent. Consequently,
the accuracy of electricel power dissipation is within + 1.5 per cent
and the accuracy of heat flux density is 4 2 per cent as a maxXimum, with
the probable error somewhat less than this value.

The temperatures of the water, measured with calibrated copper-
constantan thermocouples, are accurate to + 0.,2°F. The Chromel-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 Northrup
conversion table. They were subjected to errors due to conduction, method
of attachment, change of metallurgicel structure of the portion of the
metal, and the local turbulence at the place where silver-soldering was
made; attention has only been directed to the correction of conduction
error, the main source of error.

The velocity or the flow rate measurements are estimated to be in
error by not more than + 2 per cent. The manometer used has 0O.l-in.
divisions and can be estimated to 0.02 -in., and during operation only
minor fluctuations of rmanometer fluid were observed. Most of the error

is contributed by the uncertainty of orifice celibration.



The absolute pressures were measured with a menometer with O.l-in.
divisions. The mercury column could be estimated to 0.,02-in. The fluctu~
ations sometimes were two or three times the division value. These luctu-
ations could cause, 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 + 0.2, Their accuracies are believed to be within the
limits of the instruments employed.

As mentioned in the main texbt, no attempt was made to obtain energy
balance between the electricel and thermsl energy. Bven if the system were

insulated, such a balance would be difficult, if not impossible, to achieve.




APPENDIX B

PRELIMINARY EXPERIMENTAL STUDY ON BURNOUT OF A SIMPLE MATRIX

The work presented herein is a preliminery experimental study on the
location of burnout in a simple matrix mede of crossed wires. Specilically,
it wes desired to learn whether or not the cross-over positinns of the rods
are favored burnout positionse.

The experimentel apparatus used in this study is the same a5 that de-
scribed in Chapter III, except that the test section was modified to ac~
commodate three vertical elements, either of Teflon or of Chromax.

The horizontal heated 1/8-in. OD Chromex wire wes arranged between
three vertical elements, also of 1/8-in. OD, one at the midpoint dowmstream
of the horizontal wire, the other two located on the upstream side., All
these verticel elements had a trensverse pilch of L diameters and longi-
tudinel pitch of 2 diameters. DEach of them was slipped through pre-~drilled
matchirg holes in the upper and lower Plexiglas windows. O-rings, packing
glands and brass fittings were also provided to keep the wires in position
and to prevent lesksge. By turning tension nuts into the threaded ends
of each vertical element against the brass fitting, the element could be
straightened and a good contact with the test wire would result.

Figure 27 is a photograph of the test section showing the arrangement
of the simple matrix, as assembled, prior to installation. BRefore assembl—
ing the test section to the system, the contact points between the verticeal
elements and the horizontal test wire were inspected under light from an
electrical lemp. After assembly, the pump was turned on end a desired flow
rate was set. Power was then turned on end gredually increased until

burnout occurred.

101
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In these experiments no screen was instslled upstream of the test sec-
tion because it was termorarily out of service. The velocity distribubtions
determined using s movable Prand%l tube are shown in Fig. 28.

Runs were made at mainstream velocities at 1, 3, and 5 ft/sec with
Chromex wire as verticel elements; Teflon rods were used at velocities of
2, Ly and 6.8 ft/sec.

The results of locstion of burnout are plotted in Fig. 28. As can be
seen, three burnouts occurred st about 1/2 in., one at about 7/8 in. and
one at ebout 2 in. from the duct wall, and one at 1-1/L in. from the center.
In no case did the wire burn out at any of the crossing positions in this
simple matrix., Nevertheless, one must consider the results in the light
of the experimentel conditions. Four of the six burnouts obtained occurred
within 1 inch of the wall, and these were for the highest mean velocities.
The two burnouts occurring within the central 6é-inch portion of the wire
were obtained at the lowest speeds.in which case the velocity profiles are
reasonably flat in the central regimms. While it must be considered that
the comparatively low velocity near the well 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 burnout took place at the crossing positions, no definite
conclusions can be drawn from these simple and limited trsts except that
the favoring, 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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tion should be carried out for a complete matrix assembly using also smal-

ler trensverse and longitudinal pitch.




APPENDIX C

BOILING HEAT TRANSFER FROM A l/8-in. OD TYPE 304 STAINLESS STEEL TUBE

The objective of experimental work reported in this Appendiz was to
obtain data on béiling heat tranéfef 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 that, instead of a wire, a l/8-in.
OD by 0.,02-in. wall Type 304 stainless steel tube was used as a heating
element; 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
AWG No. 28 Alumel-Chromel wires with a part of their cotton insulation re-
moved. The leads were inserted into a 1/l6~in. 0D, 2=hole porcelain in-
sulator, 4 inches long; their ends were then twisted and silver-soldered

with a l/32-in. bead as a hot Junction. BRBach heated tube had two thermo-

couples installed, one from each end, and each was located at 2-1/12 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-in.
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 downstream. The thermocouple leads
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passed through pre-drilled holes along the axis of the electrodes and con-
nected to a selector switch,

When runs were made, the main pump was first turned on and a desired
flow rete was next set. The coolins system and electrical heaters were
manually regulated so that a constont woter temperature was maintained,
After loads were applied, 15 minutes were allowed with fixed conditions
prior to the recording of data.

The outer wall temperature was calculeted from = Taylor series solu-
tion of the temperature distribution for heat conduction in an electrically
heated tube with adiabatic inner wall. The working equation,1 g simplifi-
cation proposed by Rohsenow and Clark (18) wherein higher order terms are

neglected and which is accurate within 5 per cent, is as follows:

2
e
ty -t = k-mf' [Ax + ZE? + :] (1kL)
1 1 1
3Jﬂ2l%ﬁ
where m = 5 ¢
277%(x2 - rf)

In the system employed,

r_ = 0,0625 in. = 0,00521 It

0.0425 in. = 0.,0035L ft .

H
il

The working equation then becomes

IZ‘PQ
- 3 m
ti - to = 1.,7L2 x 10 T P- e (15)

141

1The derivation and solution of the eguation were originated by
Kreith snd Summerfield,



108

The equation allows for variations of electrical resistivity and ther-
mal conductivity with temperature; the thermsl and electrical properties
were provided by the mnufacturer of the heated tube (29) and they are shown
in Fig. 29.

Experiments were made for runs et velocity of 1 ft/sec and degrees
of subcooling of 1LL F and 83 F. The outside wall temperatures were cal-
culated from EqQ.(15) and the results are shown in Fig. 30. The slope of
heat flux g% versus temperature difference (ts - tw) curves in the
nucleate boiling region is approximately 2.8 for the 1l F subcooling
run and approximately 2.0 for the 83 F subcooling run. It also shows
that the latter tends to merge with the former. The results are in satis-
factory agreement with those obteined from boiling heat transfer from
Chromex wires at the same velocity, epproximately the same degree of sub-
cooling and in the same flow system. The comparison of the results has
been discussed in Chapter V.

As can be seen from Eq. (1L), the tempersture drop across the tube
wall is inversely proportional to the thermel conductivity and electrical
resistivity. Both of them are dependent on temperature. That is to say,
the accurscy of the calculated outer wall temperature depends on the
values of thermel 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 shown 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




Electrical Resistivity, ohm-ft

3L0

p= 22,65 1070 (140.00062 t), —

Ref. 29 ﬁ/

320

300
/
/
280 42
260 // / 11

2Lo / = llo
220 \—k=8.50(1+0.000517 %), 9
Ref. 29
200 8
0 100 300 500 700 900

Temperature, °F

Fig, 29 Electrical Resistivity and Thermal Conductivity
of Type 304 Stainless Steel

=1 ft-z

Thermal Conductivity, B

109




110

3.0 T T T ] T f ) 7 T

2.0

1.0

1)
8
7
H
/a 2
Mi:
~ L IB: Incipient Boiling =+
M Heated Surface: Type 304 SS
=, Tube
107t
8
6
L ,o/
2 8 2 [} ] § g [ 1 N
2 3l 6 8 10° 2 3

ts b tW’ F

Fig. 30 Effect of Subcooling on Boiling at Velocity 1 ft/sec
using a Stainless-Steel Tube




111

results, more precise values of thermal conductivity and electrical re-
sistivity should be obtained by direct measurements. However, this was

beyond the scope of this worke.




APPENDIX D

USE OF THE HEATED WIRE AS A RESISTANCE THERMOMETER

In the present study initial ettempts were made to use the Chromax
wire as e 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 function of

temperature.

The report presented herein contains the calibration of the Chromax

wire and the discussion on experiences with and the possibilities of em-

ploying the method.

Calibration of Wire

Figure 31 shows the wiring diagrem for calibrating the electricel re-
sistivity of the Chromex wire versus temperature, and Fig. 32 is a phobo-
graph showing the experimental apparatus.

Each Chromsx wire tested, 1/8~in. diameter by 33 -in. long, was threaded
for about 2 in. at both ends to adapt tension nuts. Two 1/32-in. OD por-
celain insulated copper wires were separately inserted and silver-soldered
to two pre-drilled holes; each at 3 in. from the lomgitudinal center of
the wire. These copper wires were used as lead wires to measure the po-
tential drops; they were connected to the selector switch. The wire as-
sembly was then placed inside the 2-in. ID combustion tube of the 110-volt,
60-cycle, single-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 wire and potential leads passed

through Lava plugs which closed the two ends of the combustion tube. The
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Fig. 32 Apparatus for Resistivity Calibration of Chromax Wires
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sagging of the wire (under high-level heating) wes diminished by turning
the tension nuts against the Lava plugs; only enough tension was applied
to prevent excessive sag.

For determining the temperature prevailing inside the furnace, a
movable 2L~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 furnece with its Junction at the
longitudinal center of the wire. Extension wires (Leeds and Narthrup
Type 16-60-1) were also used to form a cold junction and to connect to a
selector switche

Electric current for the measurement of resistance was supplied by a
2-volt Willard storage battery. In series with the rheostat was a O.l-ohm
standard resistor made of a Manganin strip and across which two potential
leads were connected to the selector switch (See Figo.. 31). A K=2 potenti-
cmeter was used to measure the electromotive force.

In this celibratinn both unennealed wires and wires annesled 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 equation:

B
p=2R, 5= A (16)
2
vwhere R2 is O.1--ohm, the resistence of the stendard resistor, E2 the

potential drop across the standard resistor, El the potential drop sacross
the 6-in, portion of the tested wire and Ac the cross-sectional area of

the wire, 15,280 circular mils. The results of this calibration is shown

in Fig. 33.




N

Flectricel Resistivity, ohm (Cir Mil) £t~r

720

700 12

k = 6,95 (1 + 0,001107 t)
- Ref. 30 f\

680 11
660 10
6Lo 9

sz 591.3 (1 + 0.000206 t),
/ Ref. Present Study

620 / 8
/ Symbol ¢

600 ¥ Vire Annealed 7
O VWire not Annealed

580 6
0 100 300 500 700 900

Temperature, °F

Fig, 33 Electrical Resistivity and Thermal Conductivity
of Chromex Wires

£p2

Thermal Conductivity, B hr ™t




117

According to the manufacturer of the wire, the thermal conductivity
and electrical resistivity of the wire may change from heat 1o heat but
it is claimed that the variation of thermal conductivity is not substantial.
The values of the thermal conductivity shown in Fig. 33 are those supplied

by the manufacturer.

Determination of Surface Temperature

Considering heat non-uniformly generated inside a cylindrical body
and analyzing the temperature field within it, Jakob (2L) obtained a so-
lubtion for the difference between the mean temperature of the body and its
surface temperature as:

2 J. (o)
o =L | L 17
m € [O‘Jo(c’) ] )

where Qm = tm -ty F

€ = temperature coefficient, 1/F
o=r4i€ q7§'7k,

Assuming that the heat transfer coefficient around the wire is uni-
form (that is, the surface temperature of the wire is uniform), one may
apply the above equation to determine the surface temperature by employing
the mean tempersture 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 example, Run No. 1L, Test No. 2, Appendix E. For con-

venience, the experimental data are enumerated as follows:
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Current Heat Flux  Surface Temperabure
Potential Meter Transformer "oy 1076
Volts Reading Ratio Amperes 4 5 Indicated Corrected
B/hr ft °F °F
21.0 3.68 16021 588.8 1.5518 262.3 300

The other ohysical and geometrical properties pertinent to the wire employed
may also be given as follows: r = 1/16 in. = 0.0052 ft; A= 15,280 cir
mily; L = 10 in, = 0.834 ft; v = 7.08 x 3.0"5 ft3; and € = 0,000206 1/F,
where the temperature coefficient € 1is obtained from the calibration
curve as shown in Fig. 33 (a constant within the temperature range).

From the sbove data one may proceed to estimate the surface tempera-
ture. The heat generated per unit volume is:

m _ 3:112E I (P.F.) _ 3.412 x 21 x 588.8 x 1
qm - v = -5

= 595.88 x 10° B/hr £t3.

The electrical resistance and resistivity at the test condition are, re-—

spectively:

= 0,042799 ohm/ft

H
ol

RY = %— X
p=~Ru, = 0.042799 x 15280 = 653.97 ohm/cir mil/ft .

Based on the above value of electrical resistivity, one can find, from

Fig. 33,
bt = SO5°F
k = 10.9 B/nr £t F .
-l -6
Apsin, oo W - 5.2 x 103 2,06 x10 1%535.88::10

= 0,5518 .
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From table shown in Ref. (31) one gets

JC)(U') = JO(OGSS]-B) = 00927
Jl(c’) = Jl(o,SSle) = 0,265 . \

Substitubting the pertinent values into Bg., (17) gives

0 = 1 [ 2 x 00265 1] - 175°hc‘F

m L 06 x lo-h C.5518 x 0,927
or,
ts = tm - @m = 505 = 175,k = 329,6°F .

This is 29.6°F, or 10 per cent, higher than the temperature measured with

thermocouples and corrected for conduction error.

Discussion and Conclusions

During the main experiments e Weston Model 341 voltmeter was used to
measure the voltage and a Weston Model 370 ammeter coupled with a Weston
Model 461 Type 1 current transformer with a ratio 800:1 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-
minetion of surface temperature 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 shown in the above example one can ob-
tain within the limit of accuracy,

E = 20,95 voltsy I = 590.3 amp .
Hence, Rt = U,042588 ohm/ft and p= 650.7 ohm/cir mil/ft.
From Fig. 33 one gets,

t, = LBO°F and k = 10,7 B/hr £t F .
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Proceeding as previously, one finds.

o = 0.556l; Jl(o) 02683 Jo(o) = 0,926

from which

o}
H

]

196'F, and t_ =+t - 6 = L8O - 196 = 26L°F .

m

This is 16°F, or 5 per cent, lower than the temperature measured by thermo-
couples and corrected for conduction error.

Inasmuch as the accuracy of the measured physical quentities are
within the accuracy limit of the instruments employed, 0.50 per cent devi-
ation of electrical resistivity from its nominal value would cause as much
as 15 per cent, or 1,5.6°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 within the accuracy limit of the instruments and
neglects the error from other sources, If, as it unavoidably does, human
error arises, for example, the reading from the ammeter with a current
transformer 160:1 could have been reed + 0,01 from 3.68. This amounts to
a difference in 16 amperes, or 0.3 per cent, aend the temperature error thus
induced would be much higher,

It may be concluded that the use of the heated wire as a resistance
thermometer appears promising. In practice, it requires very precise de-
termination of the thermal and electrical properties of the wire and pre-
cise instrumentation. It is also noted that the deviation in meen tempera-
ture or surface temperature can be reduced, provided a msterial with a
large increase in electrical resistivity per unit temperature con be se-

lected, but, unfortunately, excluding expensive materials such as platinum,
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it appears that no such meterials are readily availeble. In fact, Chromax
was originally selected because it has the most favorable resistance-
temperature relationship of a whole class of nickel-chromium elloys. It
has a much larger temperature coefficient than the usuel stainless steels
which have been used for the most part in other boiling studies where

electrical power is used as the energy source,




APPENDIX E

TABULATION OF EXPERIMENTAL DATA

This appendix comprises all experimental deta, including peripheral
data concerning such items as calibration.

Test No. 1, comprised of 18 runs, covers the data for non-boiling

heet transfer.

Tests No. 2 through 13, representing e totel of 175 runs, cover the
data for surface-boiling heat transfer at different velocities and degrees

of subcooling.

Test No. 1l presents the data of the burnout studies; e total of 31
runs sre 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 No. 16 covers the data for surface-boiling heat transfer from
the Type 30L 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 power 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 N0. 1
Forced-Convection Non-Boiling Heat Trensfer

at Constant Heat Fluxes

Date: 5-11-56; Potn = 29,47 in. Hg; tm = 76°F; tw = 8§5°F.
— Temperature Correction <}
1/2 0.3
fun v nx 1076 t u* n & (WBr) (B ) ¢ h t o\ 5F PerP
o g ind tc Frg WPy Klvprg s e N\ A
ft/sec  B/hr £8° v °p Br 1t p mfar 6% °r  BhrstlF  °F

1 1 0.0860 2,603  1h7.3 1380 * 3960 0.561 L3106 1.620 169.0 1012 117.5 19.3 1655
2 2 " 2,255 132.2 1832 5650 0,570 3.513 1.L87 151.1 1300 118,0 30,0 3310
3 3 " 1.882  116.2 2780 6950 0,634 2,779 1.297 128.5 1975 10€.8 37.1 L350
b L " 1.768  110.8 3330 7950 0.6L7 2,500 1.21%5 1214 2360 103.2 LL.0 5910
5 s " 1,705  108.2 3720 878c 0.650 2,345 1.167 117.9 2610 101.5 L8.5 7L.80
6 6.8 ® 1.595  103.5 L6%0 10620 0.660 2,047 1,068 111.h 3260 98,2 59.6 $300
7 1 0,136h 34255 1757 1510 3960 0,620 3.919 1.580 207.2 1116 1k6.1 22.7 2¢83
8 2 0.1348 2,723 152.6 1952 565¢ 0.595 3.357 1.Lhe 179.3 1L30 132.2 32.2 3770
9 3 n 2,256 132.3 2810 6950 0.6L0 2,750 1.208 1508 2050 117.9 9.6 L970
10 L " 2,058  123.9 3L60 7950 0,660 2,160 1.203 139.2 2490 112.1 L5.2 6L10
11 g 0.1383 1.970 120.0 395C 8780 0.670 2,266 1.11 13L.5 2800 105.8 53,2 7740
12 6.8 " 1.802 112.% £03C 10620 0.669 1.956 1,036 123.9 3560 10L.5 6L.8 11120
13 1 0.1786 3.725 195.7 1615 3960 0.6L0 3.780 1.519 231.9 ( Boiling occurred-e—-—<r—mm—e-)
ik 2 4 3,061  167.3 2170 5650 0.618 3.330 1.hh3 198.1 157k 1.6 R 13C0
15 3 " 2,505  1h3.2 3070 6950 0.665 2.620 1.251 165.6 2220 125,3 39.5 530
16 L # 2,305  13k.S 3600 7950 L7k 2,390 1.18 153.7 2600 119.4 L9.7 £880
17 g " 2,218 130.6 3910 §780 0.668 2.273 1.1LL 1L9.0 280G 117.0 53.6 8300
18 6.8 " 2,011 121.5 L89G 10620 0,680 1.989 1.048 13.5 3470 10.8 £6.0 10750
NOTES:: i. n° was based on indicated surface temperature, while h was based on corrected surface temersture.

2. Corrected temperatures were calculeted from Equation (13).

Cer



TEST WD, 2

Results of Forced-Convection Surfece-Boiling Heat Transfer

Dates 6-27-56 Poipy = 29468 in. Hg b= 89°F
V=1 ft/sec P = 3779 in. Hg by = 22°F at_, =10 F t, = 85°F R = 3800 ohm ce™t pH = 7.10
Indicated Temperature, tind ,’f Temperature Correction —{
ed/2
Run g x10'6 Right  Center  Left Yean ta =ty n* hee (EL> ‘1(’/}. ra) xo(ﬂ ) ty  bg=t, = tout
tec
¥o.  B/hr £t8 w wv w W °p 4 Bar 2827 B st ¥ °p ¥ r
1 0,0905 2,108 2,362 2,386 2,385 137.5 52.5 1723 3957 0.957 3.36h 1.516 155.4 T0.b
2 0.1128 2,918 2,765  2.945  2.885  1%55.5 7h.5 1900 0,696 3.3 1.L70 18L.2 9902
3 0.1656 3.100 2,880  3.120 3,033  166.1 B1.1 2045 0.72k 3.303 1.436 192.2 107.2
L 00,2920 3.845 3.618 3.830 3,76k 198.7 112.7 2645 0.817 3.859 1.319 231.9 145.5 79
g 0.3L03 3.910 3.803 3.90C 3.781  202.0 117.0 2910 0.860 2.702 1.275 236.4 151.L 12.4
6 0.6516 b.258  L.183  L.357  L.233  &A7.h 132.4 Lgeo 1.118 1.978 1.0Lh 251.0  166.0 27.0
7 0.7L31 Lob3s k.27l L3877 L.36L  223.5 138.5 5370 1.168 1.861 1.009 257.5  172.5 33.5
g 0.8126 4,530 L.LS0  L.S37 L5066 229.7 1hke7 5620 1.195 1.82 0.987 265.0  1%0.0 k1.0
9 0.9246 ).660 4.515 h.670 L.615 23h.2 149.2 6180 1,253 1.717 0,948 269.5 18L.5 5.5
10 1.0309 L.837  L.755 L8l L.B17  243.2 158.2 6520 1.288 1.656 0.92k4 280.0  195.0 6.0
1 1.1768 L.955  L.813  L.960  L.909 247.3 162.3 7240 1.355 1.552 0.883 20L.0 199.C €00
12 1,3284 5.089  L.960  5.080 5.043  253.1 168.1 7960 1.0ak 1.L6k 0.847 250.0  205.0 €40
13 1.4359 5.178  5.091  5.086 5,118  256.3 171.3 8Loo 1.L5% 1.106 0.822 293.3  208,3 £7.
1k 1.5518 5.28L 5,182 5,276  5.2L6  262.3 177.3 8950 o 1.hoG 1.370 0.807 300.0  215.0 76,0

was calculated based on indicated temperature.

was celculated from Equation (9) besed on weter temperature.

et
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TEST N0. 3
Results of Forced-Convection Surface-Boiling Heat Transfer
Date: 7-9-56 Pptm = 2oLl in. Hg tg= T6°F )
V=1 f4/sec Paps = 36.61 in. Hg togt = 222.5°F ety = 8o F t, = 142.5°F R = LOLO ohm (:(:-1 pH = 7.90
Indicated Terperature, tin a li: Temperature Correcticn '-g
P /2
. #* h

Run " x10 Right Center Left Wean g by h h . (E;) K.l(\/p rs) KO(VF rs) b, tg =ty %
Noo  B/nr £t° Wy wy wy ey °p F B/ 182 F  B/he 142 P °p F

1 0.L62 3,096 3.122 3.1C9 165.3 26.8 1750 675 0.61h 3.63L 1.512 179.0 36,5

2 C.0673 3.235 3.385 3.310 178.0 35.9 1800 0.638 ERAL 1.L69 191.0 .8

3 0,0802 ° 2.L37 2,503 2,L7¢ 185.0 L2.5 1885 0,635 3.L69 1.L77 202.5 60,0

L 0.1375 - 3.930 L.1C8 L.019 208.3 65.8 2090 C.670 326k 1.L26 225.0 f2.3 2.5
5 1.1793 §” Lasé  L.as2 L7k 25,2 72.7 2L70 0.726 2.97° 1.351 232.0 80,¢ Sl

o
6 0,283 L2 Laby L339 2223 79.8 3360 0.85%0 2.500 1.8 2lL.5  102.0 22.¢
7 0,37€9 & L. L9 L.529 L.L99 2091 89.9 L350 0,965 2.133 1.097 259.0 116.5 36.5
2 0.6367 & 5.039 5.039 253.0 110.5 5770 1.111 1.750 0.578 22,3 139.% 39.7
9 0,7351 5 5.155 5,155  258.2 115.7 €370 1.170 1,682 0.934 287.0 1.5.2 £3.2
10 0.8072 @ 5,218 5,218 261.,0 118.5 £810 1.207 1.611 0,9CE 200,0 1L7.3 £5.8
B

1 0,.£559 -§ 5,270  5.270 263.3 120.8 7080 1.231 1.575 G802 2031 1.: el
12 0.9357 g 5.388 5.368 267,14 125.9 7Lk0 1.261 1.525 0,872 29%0¢ 156.4 "€l
13 0.9837 S.L26  B.L26 27u.3 127.8 7700 £ 1.285 1.L89 0.257 301.0  158.5 78

NOTES: 1. htc wag calculated frcw Equation (9} based on water temperaturs.

2. h" was calculated based on indicated te-perature.

AN




TEST M0. b
Results of Forced-Convection Surface-Bcoiling Heat Transfer
Date: 6=25=56 Pota = 29,5k in, Hg = 80°F
V=2 ft/see Dyps = 10 in. Hg 4, = 227,2°F st , =10 F t, = 87°F R = 3820 ohm ce™F oH = 7.18
Indicated Tenpersture, ti nd }_ Tewperature Correction :"
Y
wx10~¢ - # h

Run  3"x 10 Right  Center  Left Vagn ind ™ bu h o (}-‘;> Kl(«/;? ) Ko(l\/F r) g tgmty bt et
vo,  B/ar 2 wy "y " y °p F g/nr 182 F  p/br £t F °F F F
1 040295 1,916 1.7R6 1,918 1.873 115.7 28.7 3118 56L0 0746 2.594 1,253 125.6 38.€

2 2,1108 2,306 2,018 2,300 2.21€  130.5 L3.5 3237 0.7€0 2,550 1.230 1Ls5.4 TR.L

3 C.1729 2,560  2.290 2,560  2.L70  1l1.5 £h.5 3272 0,762 2.525 1,222 160.0 73.C

L 0.2172 2.770 2,8L8 2,760 2.693  151.1 6.1 3390 0.775 2,476 1.208 172.8 85,8

5 003303 3,379 3.022 3,370 3.257  175.7 88,7 ;2 0,815 2.337 1.16L 205.6 18,0

6 0.6587 LaLS  3.968 Lok  L.085  211.2 12k.2 5305 0.972 1.881 1.009 2L7.7  160.7

7 G.7LC6 Le39c  L.a15  k.380  L.295 220.5 133.7 55L7 0,953 1.840 C.99L 259.5  172.%

2 0,7153 L5860 L.328 L.560 L.Llg 227.3 140.3 5810 1.012 1.782 C.973 2650 1510

9 08303 Le693 Lo513 L.£93 3.633 235.2 1Le.z2 6277 1.060 1.704 Lo9L3 27¢.E 123,
10 1.03L32 L.877 LoD L.877 L.B22 a3l 156.6 6663 1.090 1,635 C.916 2B€.7 179,32

1 1.193L L.913  L.831 L.563  L.91€6  2L7.8 1€0.8 7L22 1.155 .52 0.870 20,6 227 L3.5
12 1.3202 5,065 L.950 5.065 $.027 252.L 165.4 8227 1.210 1.h22 0,829 295.2 5,7 £%.C
13 1.L383 5.130 5.05C 5,130  5.103 255.7 168,7 a6kl 1.2L0 1.380 0,511 298,85 2ll.3 71,2
15 1.35l8 5,260 5.123 S.260 S.217 200,.8 173.9 goLé JL 1,260 1,348 Co797 3047 nT.? 775
LOTES: 1. htc was celculated from Eguation (9) besed on water te-merature.

2. h¥ wes celculated based on indicated termerature.

9cT


file:///nd-V

Results of Forced-Convection Surfece-Boiling Heat Transfer

TEST NO. 5

-3

Date: T-1L=56 Pom = 29,54 in. Hg - 80°r
V=2 ft/sec g = 36-05 in. Hg bogy = 22LSF at , = 80 F = 1LL.5°F R = 3850 ohm co™t pE = 7.50
Indiceted Temperature, tin " % Te-perature Correction ;'l
L /2
=& ; 3 h - \

Run q"x 10 Right Center Left Meen ind™ b h heo (E;) Kl(q/P rs) AO(‘V’- rg) by Bom by bt
Noo  B/hr £i w W W wy °F F g/nr £82 F  B/br 568 F °p F F
1 0,097k 3,093 3.109  3.090 3,098 169.0 24,5 3070 6610 0.775 2,252 1.137 182.8 38,3

2 0.1371 3.282 3,306 3.278  3.289 177.0 32,5 L23e 0.L00 2,17 1.110 18,2 L3.7

3 0.1706 3.503  3.hhk2  3.501  3.482  185.6 1.1 Liso L7952 2,191 1.1317 196,82 25,2

L 0,191h 3.635 3.613 3.635 3,638 191.9 L.k oo 0.793 2.238 1.132 209.0 L.z

5 0,2666 3.950 3.890  3.960  3.933 207.7 63,2 L230 0.800 2,171 1.110 229,L 8h.7 LG
& 0.378L 4.262 L.275 L.220 L.272 219.6 75.1 5000 0,870 1.961 1,038 2LL.2 99.7 19.7
7 0.L5LC L. Loo hob2s LeL00 LeL08 225.4 80.9 5630 0.020 1.821 0.987 251,0 17¢.3 2ot
8 0.6316 4,635  L.700 L.6l5 L,660 236.5 92.0 6270 1.020 1.£07 9,905 263.9 19,4 305
9 Q,7265 L.857 L.887 4.857 L.866 2453 100.8 7260 1,048 1.548 0.381 274.8 120.3 e 3
10 0.6952 keS73 5.205  h.973  L.950 251.0 106.5 7480 1,062 1.521 0.870 281.8 137.3 ~743
11 0.8L97 5.028 5.116 5.028 S.A5L  253.7 109.2 7740 1,020 1.L481 0.25L 285, 1L0.5 €0a5
12 0,9028 5.175  5.175  5.175  5.175 259.3 114.8 7840 1.090 1.Lh71 0,850 2%2,0  1L7.5 £7.5
13 0.9675 5.210  5.215 5,210 5.212 260.6 116.1 8320 E N 1.120 1.Lk6 0.839 200,06 155.5 75.3
HOTESS 1. ¥ S calculnted from Equation {(9) besed on water te-meraturs.

2. n" was calculeted based on indicated temperature,

L2t




TEST 0. 6
Results of Forced-Convection Surfece-Boiling Heat Transfer
Date: 7=1=56 Potn = & 5L in. Hg tom = 80°r
¥ = 3 fY/sec Paps © Lh.60 in. Hg toay = 223°F atg = 1o F b= 93°F R’ = 3400 otm eet oH = 7,33
Indiceted Temperature, by . le Temperature Correction ‘-;
b #* n /2

Run q%x10 Right Canter  Left Hean T b n htc (Ff.: Kl(‘\/F rs) Ko(\/F rs) g By =ty by =t
No.  B/ar £t? w ¥y w uy °F F s/or 182 F  B/ar il °F F ¥

1 0091k 1.83% 1.792 1.840 1.82L 113.5 20.5 LL6o 7080 0.795 2.102 1.087 120.7 277

2 O.1k22 2,100 2,087 2.090 2,093 125.1 32.1 Liso 0795 2.102 1.087 136.3 43.3

3 0.1739 2.260 2,185  2.270  2.238  13l.k 38.k L5L0 0,803 2.077 1.078 L7 5L

b 0.2203 2,152 2.386 2,390 2.112 139.1 6.1 4780 G823 2,012 1056 15409 61,9

5 0.3310 2.953 2,929 2,953 2,945 162.2 69,2 Leco .82 2,006 1,054 186.0 93.0

6 0.65%0 3.8L0 3.825 3.830 3.832 200.6 107.6 6120 0,930 1.726 0,952 23h.9 1.1.9 1.9

7 0.7L05 L.135 L.120 L.1ké Lo13k 213.5 12G.5 6150 0,933 1,722 0.950 2517 158.7 13,7

8 0.8153 Le3ld  Le210  L.3W5  L.265 219.2 12%.2 6L50 00955 1.669 0.92h 258,k 165.L 25,4

9 0,9303 Lohibs Le393 L.l30 L.k23 226.1 133.1 6980 0,994 1,591 0,£98 266.7 1737 33.7
10 1.0335 L.65L  L.590  L.673  h.638  235.k 1h2.b 7260 1,015 1.5L8 0.881 18k 18%.L L3el
11 1.1800 hoPih  L.761  L.Bl6  L.79h  2k2.2 1k9.2 7900 1.056 1.k57 0.8k 285.8 1928 52,8
12 1.3268L L.960  L.BSS  hL.850  L.BER  2ké.L 153.h 2660 1.110 1.380 0.811 2900  197.0 5740
13 1.L207 £.107 L.980 2.110 5,066 25L.3 161.3 8820 1,120 1.360 0.503 30040 207.0 67.0
1k 1,5318 5.190 g.11L 5.190 £.165 258.8 165.8 9250 1,130 1.322 0.78% 305.8 21.2.8 72.8
15 1.65LL S.2kS 5.185 5.260 £.230 261.5 168.5 9830 E X 1.180 1.262 0,760 307.6 21ke6 Theé

NOTES: l. ht c s calculated from Equation (9) based on water tempsrature.

2. b* was celculated besed on indicated temerature.

Q2T



TEST X0. 7
Results of Ferced-Convection Surface~Bolling Heat Trensfer

Date: 7-17-56 Dyim = 29.40 in. He b = 92°F
V= 3 5t/sec Pabs = Lh1.26 in. Hg tsat = 228.5°F At’sub =80 F t' = 1L8,5°F R = L02C ohm cc'l
Indicated Tewerature, tin d IL‘L Temperature Correction ;I,
»3/2
* h

Ran Right  Center  Left Yenn tyna™ by h by (5;) B(vPr) K WPr) t,
Neo wy "y w v °F F Bhr £t2 F  B/hr ft8 F °F
1 3.310 3.290 3.300 3.30C 177.5 29.0 Léeo 8197 0.756 2,041 1.066 188,3
2 3.103 3.387 3.420 3003 1821 33.6 5025 0.7%5 1.950 1.03L 1hk.3
3 3.77 2.755  3.7%2 3,770 198.0 Lo 5370 0.810 1.876 1,007 215.6
- delda  Le270 L.L23 Lo3€6  33uL.5 75.0 €025 C.L60 1.745 0,958 2L9.2
g Letle L.638 L4.650  LJELS  235.5 87.0 7270 0.9i1 1.548 0.581 263.8
. La.928 LoS10  L.928 L.922  2hE.1 9%.6 7270 0.9L1 1.548 0.88 281.6
- 5.0 5.007 E.020 5.022 252.1 103.6 7700 0.970 1.L89 0.B57 285.3
" 5.130 5,115 S.130 5,125  256.5 108,60 2000 0.990 1,453 0.9 250,5
5.220 5,211 Z,200 5,210 260.5 112,0 £100 0,954 1.4L3% 003 285.7
1< £.305 £.308 .31 £.307 26L.5 116.0 8100 1.015 1,406 Cl.R22 300.L
1 3,372 ©.356 $.360 5.366  267.5 119.0 8530 1.020 1.393 0.817 3ok.2
iz T.L25  5.L2% 5.L23 s.kak 270.2 121.7 $850 0,042 1.348 0,797 307.2
L 5.520 5.520 5.510 5.517 27L.2 125.7 9260 £ 1,065 1,318 U7k 312.0

Ct 1. h wag calculated from Equation (9) based on water temperature.

2, % wss calculated based on indicated tewrersture.

62T



Results of Forced=Convection Surface-Boiling Heat Transfer

TEST K0. 8

0fT

Date: 7=3-56 Puin = 29,41 in. Hg b= 86°F
V=L ft/sec P g = L7.77 in. ¥g bggy = 236.5°F atgy = 10 F t, = 96.5°F & = 3850 om cc™t pH = 7.50
Indicated Temperaturs, %, . ll: Temperature Correction ;jl
‘ R Y]
- * h

Run q¥x 10 Right Center Left YWean 50 by h hy . (E\) K1(\/F rs) FO(VF rs) tg by = &y ¢ ™ toat
Yo.  B/hr ft? uy w uw w °F F Bhr £t2 F Biar £t2 F °p F 7
1 0.0909 1.835  1.768  1.780  1.797  112.2 15.7 5750 26 0.8L7 1.787 0,97k 137.7 21.2

2 0,14h20 2,025 1,937  2.005  1.989  121.0 24,5 SBCO 0.8L0 1.787 0.57h 129.4 32.9

3 0.1713 2,105 2,050 2,100 2,085  124.8 28,3 6150 0.867 1.73L 0.953 13L.2 37.7

5 0,2171 2,251 2,171 2,230  2.217  130.7 3h.2 6350 0.8F1 1.682 0,93k 12,3 ]

= 0.3270 2.660 2,530 2,610 2,600  1h7.3 50.8 6LLO 0,889 1.66% 0.929 1643 67.8

6 0.6512 3.465  3.328  3.hlo 3.3z 182k 85,9 7580 0,963 1.510 0.866 2100  113.6

7 0.7325 3,712 3,620 3.618  3.683  19kL. €76 7500 0,957 1.510 0.866 225.6  129.1

e C.2065 3.965  3.885  3.9L0  3.930  20h.7 108.2 7450 0,954 1.5 0.870 239.5  1h3.0 3..
9 G.9246 L. 2l0 k.230 he230 Le233 217.4 12G.9 76€0 0,568 1.192 C.85¢ 286,06  159.5 1%,.°
10 1.0173 L.385  L.360 Le370  L.372 223.8 127.3 7970 0986 1.L60 0.8L5 2640  167.5 27.5
11 1.1695 L.706  L.6B8  L.697  L.697  237.9 1.k 8250 1,001 1.k22 0.82% 1.9 1954 LS.h
12 1.3167 L.89¢  L.820  L.872  L.BEL  245.0 148.5 8860 1.0k0 1.361 0.803 291.1  19L.6 Sheé
13 1.L166 5.063 5,002  5.0L2  5.036  252.8 156.3 9070 1,052 1.336 0.792 300,80  2C3.5 £3.5
1 1.5360 €, 190  5.120  5.172  5.161  2%8.% 162.0 9L70 1.073 1.303 0.778 307.1 21C.6 7Ge6
15 1.4503 £.356  5.35h  5.3b2  5.351  267.0 170.5 9680 1.008 1.280 0.767 312.5  221.0 01,0
1€ 1.7201 s.L20  S.498 5002 S.Llo 2710 17khe3 9860 £ 1.098 1.265 0.761 322.L  225.% 25,9

wag calculated from Ejquation {(9) besed on water termersturs.

was calculated based on indiceted temerature.
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TEST KO. 10
Results of Forced=Convection Surface-Boiling Heat Transfer
Dates 7=f=56 Do = 29442 in. Hg t_ = 90°F . T
V=5 ft/see Pabs = 53,78 ine Hg toar = 2L3.L°F at_, =1OF b, = 103.L°F R = 3950 ohm ce” pH = 7.£0
Indicated Temperature, tin a '[.L Temperai}xrze Correction ;l‘

Tan "x10®  Right  Cemter  left Youn t, =% w h —h—* K- (4B r.) E (4B r) (3 to-t %
E 4 e * ind” Cw te . (VP T, o P s s s  “w  “s " “sat
vo.  E/ar £t2 wy wy w wy °F F Bar 112 F B/hr ot F °5 ¥ F
1 0,1742 2,150 2.142 2,156  127.9 2k.5 7120 9208 0.880 1.563 0.887 136.4 33.0

2 0.1975 2,275 2,250 2,263 132.7 9.3 6750 0.860 1.619 0,910 1h3.0 3%2.6

3 C.3267 2,505 2,538 2,567  1L5.7 L2.3 7720 0,717 1.485 04855 1£0.0 56.6

4 L6330 3,500 3,462 3,481 185.% 22.1 7950 0.932 1.460 C.8L45 212.9  109.5

7 we73lL 3.595  3.L8E 3.5k2 180, Eh.7 2700 .97k 1.377 0,510 215.6 112,2

= Lel162 3.811 3,760 3,786 19%.5 5.1 £L80 0,565 1.396 718 220,86  126.2

h 0.912% Loou  3.998 Lokl 209.5 166,1 £eco 0,970 1,383 c.m12 20h.0 106 Col
g 10161 L4.207  L.198 Le2o2  214.7 113.3 8920 0,990 1.348 0.797 280 L9l ool
k] 1.,158% L.zol L.het L0 209.6 126.1 9180 1.000 1.327 04788 I 1leb.b 26.¢
10 1.2983 L.83%  L.795 L85  2L3.3 139.9 9270 1.001 1.318 0.754 2% 1%.6 Liwob
11 1.1316 Lo9€S  L.898 L.333  2L&.L 1L5.0 9670 1.025 1,280 0,767 2°L.0  190.6 00
12 1,5118 C.187  5.140 5.17h 289.2 155.2 9730 1,020 1,268 0.762 00,2 2kl Lo?
13 1.630C £,162  §.282 Se272  263.4 16G.0 10200 1.052 1.232 c.7h6 312,56 209.2 £5,2
1. 1,6596 .10 5.387 5.399 269.0 265 .6 10260 1.050 1,211 0.736 320,k 217.0 77
13 1,217 5.725 5,630 568 276,9 173.5 10600 1.072 1.195 0.729 33C.°6 227,4 "L
16 L.59h, 5.795  5.802 5.799 287.0 183.6 10860 2. 1.085 1.17% 0,722 3La.” 2394 29,5

ws calculated from Eguation (9) based on weter temperature.

was calculated based on indicated tewmerature.
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TEST ¥0. 11
Results of Forced-Convection Surface-Beiling Heet Transfer
S T T e e . T T T asen = TS TSRS
Date: T7=2L56 Potr. 29,45 in. Fg tm = 92°F .
- - O z  51,2® - —_ ew - 13O - S =
V=5 ft/sec Paps = 53.81 in. Hg by = 2h3%F atg ., = OF b= 163°F R = 1100 ola cc L= f,25
Indicated Te-werature; tin a ln———-——— Terperature Correcti-n 41]
L 1/2
-6 : W, * n

Run g% x10 Right Center  Left ~an bam b h LI ;;-;> Kl(V? ) Ko(«@' rl by L
ro.  B/nr £t? wy wy Y Wy °F F B/or ft° 7 B/hr #° F °F F 7
1 G,1372 310 3.L22 J.k16 1FLL 18,1 7675 11082 o35 Lllo2 Ze88E 170 5.0

2 vol™is 3.5C7 3,538 3.523  187.1 bl 7130 Co®0L 1,543 CL.88L 13¢.2 3362

3 22723 3.8L2 3.953 3540 9kh.5 31.5 86L0 0.5 F¢ 1370 G 11 01.E L5,

L JoL€1ly ko350 b 3k5 Le3L8 2118 18.8 9000 0,837 1.h@2 Go858 234400 7l.

4 0o (5E L.695 5.700 LeTCO 23,0 75.0 2780 C.293 L 367 C.E06 2el.£ 1016 1.8
& CoTho2 L7684 L. Boé 4788 2h2,2 79.0 9370 0720 1.312 0,781 e 107.0 27.C
7 Uot LOE L.932 1,953 Lo5hL3 eLe,” 25.8 oLio 0,925 1.297 16775 a3 115.¢ 2l
2 0,86L2 S.lou 5,142 £.150 280,60 g, 2080 {906 1,333 Te791 “"low T el
S 9101 5,255 5,26l 5,255 2063.0 1C 1.0 91RC {010 1.304 77T jaae’ 135.3 3,8
16 0.9855 5,287 5,391 5,309 2ef .3 10%.3 9360 0970 1.312 P | Tkt p Ry “le”
11 1.0507 £.5C0 £.510 5,505 273.7 110.7 9500 G928 1..54 <oT7L 12,2 1L, 2 ol
12 1.0982 546,25 5.610 5617 27,8 115.6 okt0 Ge025 1.294 LeTTE 319.0 €L Tt
13 1.1612 5.680 5,720 5.7C0 282, 11%.6 $720 0.937 1.27L SR 323.7 1e0,7 Ce
1L 1.28L7 cL7lo 5.78C 2,760 208, 122.0 10300 G006 1.221 GoTk 326.2  1€3.2 T3.2
g 1.3365 2,790 5.828 ERAN 287.5 12h.5 10730 2 0.985 1.152 LoT2l? 3260 1eé o TELC

XOTES: le Rk wes celeulated from Equation (§) besed on water tewperature.
te

2. h" was celculated based on indicated temperature.




TEST NO. 12
Results of Forced-Convection Surface~Boiling Hest Transfer
Dates 7-7-56 P, = 29Lb in. Hg t, 90°F T
- - - . - - o - -1 o
V= 6.8 £t/sec Pobs = 61.80 in. Hg tsst = 251,2°F abgy = OoF t, = 111.2°F R = 3870 olm cc oH = 7.5
Indicated Tesperature, t, . l':‘ Te'qpera?/xge Correction ;l'
-6 # n

Ran  g"x10 Right Center  Left Hean t509= by b (E;) 1(1( {F r.) YD(VF rs) by tgmt, o=t
Ye. B/hr £t? ww w wy wy °p F B/ £t2 F  B/ne ot F °r 7 F
1 0.211L 2.u15 2.119 2,319 2.351 136.5 25.3 8030 10520 0.860 1,450 .00 115.7 3L.5

2 0.3284 2,730 2,677 2.796 2,73k 153.2 L2.0 7830 0.7L7 1470 0.851 127, 57.4

3 0.6L87 L.510 3.128 3.467 18L.8 73.6 8830 0,500 1.3€1 0.203 210.8 39,6

L 0.7328 3.702 3,652 3,677 192.8 81.6 8970 0,905 1.3L5 0.796 2214 116.2

5 0.79882 3.927 3.816 3.8L2 201.2 0.0 2870 0,903 1.354 0,200 232.8 121.6

L

3 0,92l L3 3.861 % L.056  210.3 99.0 9320 0,925 1.312 0,781 2L, 133.L

7 11,0181 L.280 5,118 8 L.199 226.5 105.3 2650 0,936 1.282 0,760 280.6 114 lea

g 1.15%k o508 L. k67 g L.LER 238.9 127.7 9130 0,916 1.33C 789 2€3.2 172.C 32.C

B 1.3060 L.820 b,71E B L.768 210.9 125.7 10080 0.923 1.246 0,752 286.2 175.0 Sel
10 1.3985 5.012 L.955 & 4,98k 250.7 139.5 10000 0.957 1.246 U.752 298.0 186,70 L&
11 1.k952 5.288 5.176 B 5.228 2614 150.2 9975 0,957 1.257 w755 312.3 201.1 £1.1
12 1.6253 $.377  5.385 o S.331  266.0 15L.8 10550 0.98L 1.205 0a73k 317.6  2a6.L £6.1L
13 1.6501 5.5h2 S.h77 E 5.509 274.0 162,.8 10L00 0,980 1.219 0.7L0 323,2 217.0 778
15 1.83k0 5.678 5.630 o 5.624 27942 168.0 10500 1.000 1.177 C.7d1 3347 223.5 23.5
15 1.9903 5,92k 5,885 f2 S.504 291,82 180.6 11000 1.000 1.172 0.718 351.h 240.2 100.2
16 2.1772 6,108 5.986 6.047 287.9 186.7 11620 £ 1,032 1.128 0.696 358.1 2L6.° L85
NOTES: 1. h was caleulated from Egquetion (9) based on water termerature.

2. u*

was calculated based on indicated temoerature.
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TEST NO. 13
Results of Forced-Convection Surface-Boiling Heat Transfer
Date: 7-27=56 Pogn = 29.L5 in. Hg trm = 92 F. 4
V = 6.8 ft/sec Pvs = €1.71 in. Hg o = 251,2°F at_, =8F b, = 170.2°F R = LI50 omm ce r! oL
Indicated Temerature, tin d 'I: Temwperature Correction 4‘
i
b 3% h* .

Run g"x 10 Right  Center  Left Hean g™ by h h (h_t:) xl(yfp' rs) KD(\/F rs) b b= e
Fo. B/hr 82 Wy Y W uy °F F B/hr 1t F B/hr mlF 82 7 7
1 0.,13%99 3.500 3.50k4 3.506 .503 186.5 15,3 9130 13200 0.833 1.333 2791 192,3 2.1

2 0.1621 3.542  3.586  3.578 3.569  189.3 18.1 8560 0.829 1,348 0777 18c.0 e

3 0.2L83 3.79% 3.782 3,788 198.5 23.1 10730 0.826 1.1%2 0729 Ztal 3Tl

L 0.4196 L.2ko  heo36L  h.302  220.8 19.6 8Lko 0.800 1.113 v.821 2207 L7

S 0.6L7 ho725  L.789  L,762  2L0.6 6.4 93k0 0.6L0 1.303 3,778 287.2 gt 1.

[

6 0.757 B L.R27 L83 L83 2Lk 72,0 10250 0.871 1,225 6,748 271, 3, .
7 0.£180 g 5.002  L.8LL k923 28l 76.9 10780 0,00k 1,190 Oo72 "Wl Yl et
8 0.8673 2 5.086 5,086 2552 8L.0 10320 0,286 1,221 0,741 el 11..9 2
9 0.9271 § S.238 5.238 261.9 90,7 10320 0,88¢ 1,221 0.7k 2.3 1tha .ol
10 0.9922 & 5.390 £.3%0 268.5 97.3 10200 0,200 1,260 G.758 k.2 133.0 ool
11 1.0335 k2 S.h78 S.L78 271.5 100,3 10330 G886 1.224 0,752 AW 137.2 P!
12 1.1018 @ S.5L7 S5.5k7 275.5 10k.3 106C0 0,807 1.197 2730 313.6 1L2.c $ e
13 1,1759 2 £.710 5.710  283.0 111.3 10550 0,896 1.1%98 0.731 32L.0 132)” T2
14 1.2700 = £.820 5.820 288.0 116.8 10900 0.510 1.177 0,721 330.3 18%.1 mhL
15 1.3313 Fo 5.925 £.925 292.8 121.6 11000 0.910 1,172 0.71€ 3368 165.6 -3
16 1.L232 6.053 6.053 298.1 126.9 11220 < 0.912 1,152 708 L. 172.8 3R,

KOTES: 1. htc wes calculated from Equation (9) based on water temperature.

2, h" was calculated based on indicsted temperature.

3
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TEST NO. 1k
Forced-Convection Surface Boiling Heet Trensfer from Single Wires at Burnout
6 \Qe2 G \0»2 Location of
Tate & B 1 lg()xm-é v Pabs tsat t.' Atsub F G=x 10-6 ("tsub)o.a (7) [(7) (‘tsub)o’e] crrat, o
10 e Certer, .rec.es
*a. Volts Amps B/hr 2 ftfeec  in. Hg °F °F F lbm/ft3 1b m/hx- £l Right Left
3-13-56 1 23,75 651,2 1.5083 1 36,19 220.0 110.0 112.0  61.9 0.2229 L3.L C.7L0 32,1 1/4 -
1B 2 2L.20  £E6R.F 2.0307 2 38.79 225.5 109 116.5  €1.9 0.LLse Lhaf 0.R21 20, 2 -
3-1L-56 3 24,50 £63.2 2,0390 2 39,02 226.0 109.9 1161 6L.9 0.LL5S9 bh.& 0,851 27, - 234
3-14-56 L 2L.60  £91.2 21339 3 42,58 230.,0 110.8 119.2 61.9 0.6685 U5e5 0.923 L2.G L-1/4 -
3-18-56 5 25,20 £99.2 2.2107 L L7.76  236.8 112.7 123.8  éL.9 0.0891L L7.0 0.L77 L5 - 1-1/k
2e18-56 6 27,40 756.8 2.6009 g SL.76  2hl.5  97.0 1L7.5  62.1 1.1178 Sh.0 1,023 $5.2 0 0
b= €=56 7 29,75 770 2.8071 6.8 60,78  250.0 127.9 1z22.1  61.6 1.5113 k6.5 1.08€ 5065 - 1-1/L
w756 P 26,96 752,0 2,5362 1.1 36,15  222.0 £l 160.9  62.h 0.22h7 58,5 G.7h2 L3k - L=7,16
3-07-36 9 28,50 772,0 2.7577 2 30.40 225.0  57.0 168.0 62,5 0.hlgé €045 0.852 Clel - 2-7/8
3-29.5¢ 10 27,88 7PLLO 2,838 3 L2.2  229.7 56,5 173.2  £2.% 0.67L5 62.0 0.92% 574 0 c
WMt 11 29,35 796.0 2,9320 k L7.7h  236.3  6L.l  172.2 62,4 0. 0L 61.8 L9790 60.5 - 2-1/2
UL, ¥ AL R0 3.1161 s $3.75 2.3.0  £9.3 173.7 62.h 1.12L5 62,0 1.021 £3.3 1-1/L -
i7-56 13 33.50  892,0 3.7502 6.8 €110 251.0 52,1 198.9 2.k 1,5317 69.0 1.088 75.1 2 -
Le 7256 14 20,10 S€L.O 1.h227 1 35,53 221.0 1ll.3  79.7 6l.3 0,2207 33.7 0.7L0 - 17 -
- 5=56 1% 2.0 59L.0 1.5953 2 37,96 22k 1h3.6  80.8 61.3 o.Lklak 33.8 0.8k9 2.7 L -
Lo c=86 16 22,0 62u.0 1.7L29 3 b2 2277  1l0.2 88.5 €1.3 G.E620 36,0 0.521 33,2 - 2= 1
S eZn 17 23,70 65°.0 1.9571 i LE.TE  235.3  1L6.0 89.3  61.3 0.RR20 36,2 0.975 3.3 o-2/ -
R 2he3v 6700 2.0433 S 53.47  2L2.7 1.0 k.7 6l.2 1.1016 38.0 1.1016 2,0 - 2-1.72
k= 7=56 19 25,60  7TCGL0 »2L50 6.0 60,26 2l9.6 1hS.L  10L.2 €1.3 1.502¢ 1.0 1,083 ihes 2 -
L~ 9=56 20 15,30 LLU.O CofLur 1 36.03 221.5 17L.5  L7.5  60.9 G.2192 22,0 0,710 16,3 3 -
L1156 21 14,70 L76.0 U7 2 37.88  22L.5 17,2 L5.3  £€0.6 0. h35e 21.2 0.°L7 17,9 1L ~el
Lel1-8¢ 22 128,10 510.0 1.15¢8 3 11,25 22 .7 173.5  55.2  €0.7 0.6556 21,6 0.01¢ 22.6 1 -
Le11-5¢ 23 19,50 550,0 1.3L60 L Lé.65  235.2  173.»>  39.7 0.7 0.8L71 26,2 0,967 25,3 w1/. -
b=13=5¢ 24 21.50 5940 1.602° 5 82,70 2h42.2  173.1  6ha €06 1.00C8 22,0 1.022 2 .6 - PR
L-13-5¢ 25 23.10  642.0 1.9812 6.8 60,27 2407 173.0 76,7 60.7 1.L8Se 32,0 1.081 3hets - e
£e17-56 26x 23,20 638.0 1.857€ 1 36.15 221.7 &% 136.7 2.2 0,2239 S1.0 0,710 "ol - =17,
o=l7-55 27 28.LC  770.0 2,7Lk0 3 11.85 229, 65 1Lkl éz.2 0.6718 52,0 0,022 L7 o -
£-19-5¢ 27 31,10 5L2.0 3.2864 5 Sh.hlh  243.2 8% 58,8 62,2 1.1106 52,0 1.023 a3 -3 -
€-19-56  20mx 26,25 72L.0 2.3851 2 38,32 22L.8 8% 139.8 62,2 C.1l78 £2.0 0.852 LL.3 - 3
£-19-56  30%x 20,70 7°L.0 2,9222 k L7.0€  236.3 82 151.3 62,2 0.8957 555 0.978 Sh.3 W=7 1€ -
£-1%-56  3lxw 32,50 B6P.O 3.5404 €,.8 €1.40  250.5 &% 165.5 62,2 1.5227 59.8 1.088 €5.1 - =1, ®

“QTES: *These data were taken from simple metrices with Chromax as vertical elements.

rhess data were teken from simple metrices with Teflon rod as verticel elements.
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TEST NO. 15
Veloeity Distribution Acrose Test Seetion
With 4L0=megh Wire Serren Upsbtrenm

Dates 8=15-56 Poem =29.33 in Hg tym =76 °F

§P, pr. of manometer fluids 1,25

AP, Mean AP in Green Fluld at Various Stations

in  Veloeity 15 L 13 2 11 0 R1 R2 R3 R4 RS
RF  f£t/sec

.30 1 40,2 40,4 40,4 40,4 +0.4 +0.4 +0,4 0.4 +0.4 +0.4 +0,2

=0,2 =044 =0.4 w0ody »0e4 =04, =04 =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 0.4

local
Velocitys 0.73 1,04 1,04 1,04 1.04 1,04 1,04 1.04 1.04 1.04 0,73
£t/sec
B L6l 2 1.2 +1.4 +1,5 +1.,8 1,7 1.7 1.7 +l.4 L4 L4 1.2
©1,2 =1.6 1.7 1,7 =1.8 =1,7 =1,7 =1.6 =1,6 =1,5 =1,2
2.4 2.9 3.2 3.2 3.5 3.4 3.4 3.0 3.0 2.9 2.4
Ioeal
Velocitys 1.80 1,98 2,07 2,07 2,17 2,14 2.1 2,0 2,0 1,98 1.80
£4/sec
0.9 3 2,2 3.2 3.4 3.6 3.6 3.6 3.6 3.5 3.4 3.2 2.0
-202 -303 -304 '3@7 “'3@6 "306 '306 "3.6 "3.5 -3.2 "2.1
Lok 6.5 6.8 7.3 7.2 7.2 7.2 7.1 6.9 6.4 4.1
Ioeal
Veloc1ty$ 2043 2095 3002 3014 3¢11 30]1 3011 3009 3.04 2-91& 2035
£t/sec
9.6 4 4.0 5.5 5.9 6,2 6,2 6,1 6,1 6,1 5.8 5.5 4.0
’4.0 '508 “’509 ‘6,2 '602 "’602 “6@2 ‘692 "'5.9 '508 '400
8,0 11,3 11.8 12.4 12.4 12,3 12,3 12,3 11.7 113 &.0
local
Yalocitys 3,29 3,80 3,98 4.08 4.08 4,07 4.07 4.07 3.97 3.89 3.29
f£t/sec
30,6 5 6,2 8,6 9.7 10.0 10,0 10,0 10,0 9.9 97 8.6 6.2
6.t =8,7 9,9 «10,1 =10,2 ~10,2 =10,2 =10,1 =9,9 =B8,6 =6.4
2.6 17.3 19.6 20,1 20,2 20,2 20,2 20,0 19.8 17.2 12,6
local
Velocity:s  4.12 4.81 5,14 5.70 5.20 5.20 5.20 5.18 5.16 4.80 4.12
ft/sec
43.8 6.8 12.4 15.8 17.0 17.6 17.7 17,7 17.7 17.8 16,7 15.8 12.4
e12,6 =16,2 ©17,0 =17.7 =17.8 17,8 «17.8 =17,8 16,9 «16,2 =12,6
Local 25,0 32,0 34.0 35,3 35,5 35,5 35.5 35.6 33.8 32.0 25.0
ea

Velocity: 5,80 6,56 6.77 6.89 6,92 6,92 6.92 6,92 6,75 6,56 5,80
£t/sec

Computation: Vygee1 = J2eR (1.25 = 1 )
where R is in It of menometer reading
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Date: 8-21-56

TEST N0, 15 (eonttd,)
Velocity Distribution Across Test Seetion
Without Wire Screen Upstresm

i

Patm =29.43 in Hg trp =76 °F

SP, gr. of manometer fluid: 1,25

&Py Mean &P in Green Fluid at Various Station®
in Velocity 15 L, 13 2 L1 0 Rl R2 R3 R4 R5
fF  ft/sec
43.8 6.8 +5,9 +10,0 14,7 +18,1 19.7 19.8 19.0 17.9 4.6 10,0 +5.9
‘602 ’100 5 '15 02 "1903 '200 5 '2008 "'200 0 "1807 .1502 -100 5 '602
to 12,1 20.5 29,9 37.4 40,2 40,6 +39.0 36,6 29.8 20.5 12.1
cal
Velocity: 4,02 5,25 6,34 7,00 7.36 7,39 P24 .02 6,34 5.25 4,02
£t/sec
30.6 5 +4‘7 7.6 10‘6 12.4- 12.9 13.2 12‘8 12.3 1005 707 407
"'10»08 «7,9 "1101 "1300 "1305 «13,7 ‘13-4 "1209 «11,0 =8.0 ’1&08
Lo 9.5 15.5 21,7 25,4 26,4, 26.9 26,2 25.2 21,5 15,7 9.5
cal
Velocitys 3.57 4.56 5.39 5.8, 5.96 6.01 5,92 5,80 5.38 4,59 3,57
£t/sec
19.6 4 3.0 4.8 6.5 79 8,2 83 82 79 6,6 5.2 3,0
‘3-1 "4‘9 -6.7 -801;« ’8.6 "’8.7 '8.6 "8.2 ‘6.8 "5.1 ’3.1
Local 6.1 9.7 13.2 16.3 16,8 17.0 16,8 15.9 13.4 10.3 6.1
a
Velocitys 2,86 3,61 4,21 4.68 4. AT L.TA 4.62 4.24 3,72 2.86
£1/sec
10,9 3 1.2 2.1 3.8 4.7 4.9 5.2 4.8 4.5 3.9 2.6 1,2
'103 '202 ‘309 ’4-9 "501 "503 =5,0 '4.7 =40 .108 -103
2,5 4o3 7.7 9.6 10,0 10,5 9.8 9,2 7.9 4.4 2.5
local
Velocitys 1.83 2,40 3.21 3.58 3.67 3.76 3.63 4.51 3.26 2.42 1.83
£t/sec
4 .64 2 +0.,5 +1,0 1.6 2,0 2.3 2.3 2.3 2.0 1,6 1.0 0.5
'006 “102 "1.8 .2.1 "204 "204 "2.4 .201 ’1‘8 101 ’006
L1l 2.2 3.4 4.1 4.7 47 4.7 41 3.4 2.1 1.1
Loeal
Velocitys 1.21 1.71 2,14 2,55 2.51 2,51 2,51 2,55 2.1 1.67 1l.21
ft/sec
1.3 1 6.1 0.2 03 0.5 06 0,6 0,5 05 0,3 0,2 0.1
0,1 0,3 «0,2 =0,§5§ =0,6 =06 =0,55 =0,5 =0,/ 0,3 -0,1
0.2 0.5 0.6 1.0 1.2 1.2 1.1 1.0 0,7 0.5 n.2
Local
Velocitys 0.52 0,82 0,80 1,15 1.27 1.27 1.21 1,15 0,97 0.82 0.52
£4/sec

Computation: Vipeal =/2 g R(1,25 = 1)

where R is in £t of manometer reading
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TEST ¥0. 16 (Continued)
Forced-Convection Surface Boiling over a 1/8-in. Diameter Type 30L Stainless Steel Tube

Teter T-2-56 Doy = 20418 in. He top = EL'F by, = 82.6°F Electrical Conductivity: R = LOSO ohm co >
V=1ft/see Dobs = 36,68 in. Kg Boat = 222.6°F Tater Comii.t'.icu;:2 pH = 7.93
-5 hater Inner Tube 8 22 8 2 g P

Ran 4" x 10 Tern., t_ tell Term. B! Po X210 1% x 10 k, py X100 kp x10 Eopr b=ty tg t-t
RER ~/rr £12 o °F v °F ohm/ft ohm-{'t (Am—ohm—ft)2 B/hr £t F oha=f% % 107 F °F °F
2 C.ule 2.L65  1lo 3.7 186.8 040383 267.3 9.881L 9,18 253.0 2,3225 L.25L8 7.4 13%.4 1e.L
2la Gel237 2.L65 1Lo L.323 221.5 0,058, 27,8 15,7089 9.30 256.4 2.38L5 6.5879 11.5 21G.0 TCL0
22 7227 2,473 1h0.2  5.539 275.3  0.05984 2724 27.353€ 9.56 26h.2 2.5257 10,8302  18.9 256,k 1le.l
22 ~L0TG2 " " 5,861 2¢0.3 U.0587 273.7 32,0121 9.60 2l.5 2,558L 12,6689 22,1 20062 12C.2
2l el " " 6.110  3C1.0  0.0601 275.6 37.2992 9.67 262 .0 2,5916 1h.3923 5.1 275, 12C.9
25 Oodin b " " 6,330 311.0 C.C601 275.6 L1.1€L9 9.72 265.5 2.6195 15.71L6 27k 2035 1L3.¢
2% (2™ n " £.18¢ 317.7 C.0602 27665 LL.3507 9.75 271.0 2.6k23 16,7848 29.2 282,.5 12,5
27 er32 " " SCB2  326.6 0.0€07 278.3 Ls.1818 9,78 272.0 2.6602 18.L800  32.2 28l 1Th.w
2% (1,50 2,457 13%.7  7.077  3kh.h 0.0510 2757 66,3360 9,87 275.0 2,713 2hbilok k2. 3 1.7 1dL.8
e - " " 7239 352.0 C.06LL 2l1.5 70.93E2 3.50 276.0 2.7324 25,9€19 k5.2 30€.2 1EE.D
»n " " 702 350,1  0,06415 282,0 7L.2683 2,94 277.0 2,753% 26,9733 k7.0 312.1 "z
N " " 72562 3€6.6 [sRe Y 202.3 79.5782 9,97 278.0 2.7747 28,7110 50.0 3.t 17e.€
az " n 7.618 3ER,9 C.0620 20103 £1.9398 2.98 278.2 2,776k 25,513C 51.4 317.5 1I77.5
33 " " 7.759 375.3  0.0618 283.4 86.4072 10,03 27%.L 2.792h 309437  53.° 321.L 171.L
3L n l 7,893 31,1 0.062 28Li.8 92.88L3 10.0k 279.0 28012 33,1588  57.8 323.3 1£3.3
35 " n 8,081 389.5  0.0623 265,37 98,5199 10.07 271,0 2,8297 3L.068L  €0.9 3286 182.6

*Phis ts the moan termerature of two Alumel-Chromel therrmocouple readings. Each of them
vas located 2=1/2-in, frem the center.
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Temperature Indications of Soldered-on Thermocouples
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7 n,e110 2.3, 15,3 7 L e 7.1 ~%, A
¢ 0,9173 L. 1 221, 2 (PR TP R
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TEST NO. 19

Calibration of Blectrical Resilstance
vs, Terperature for Chromax Wire

?

Date Mire E E, R £ Temperature
6"iire 0,1 StD
No, Condi~ resistor £
tion mv mv afee Cir Mil P4 ov oF
2017=56 1  pob. . 32.360 81,95 0.,0393 600.5 0,877 72%
" w annsaled 35 Jag 8144,  0.0393  600.5  0.877  72*
" " 32,155 81.44 0,0393 600.5 0,877 2%
2-17-56 33,910 83,44 0,0406 619.0 4,238  210,5%
n f 33,750 83,10 06,0405 618.8 4,238  210,5%
" " 33,740 82,95 0,0405 618,8 4,238  210,5%
2-18«56 2 17,200 81,150  0.0419 640.0 1.747 400
" " 17,210 81,160  0,0419 640.0 1,747 400

" " 17,200 81.155 0,0419 640,0 1,747 400

2=19=56 n 18,035 81,945 0,0441 673,0 2,812 668.5
" " 18,085 82,020 0,0441 673,0 2,811 668,4
" " 18,070 82,040 0.0440 672.5 2,810 668.3

6= 6=56 3 annealed 17.630 89,400 0,0395 603,6 0,220 100
" " 17,625 89,400 0,0395 603.6 0.220 100

" " 17,630 89,400  0,0395 603 .6 0,220 100
b= 7=56 " 17,850 89,900 0.04015 613,4 0,501 176
" " 17,855 83,000 0,04015  613.4 0.501 176
n " 17,850 88,900  0,04015  613.4 0,501 176
6= 8=56 n 18,660 89,710  0,04160 635,06 1,273 357
" " 18,660 80,710  0,00160  635.6 1,273 357
i " 18,660 89,715 0.04160  635,6 1,273 357
6= 9«56 " 19,470 90,350 0,04310  658.6 2,206 550
" " 19.465 90,352 0.04310  658,6 2,206 550
" U 19,670 90,350  0,04310  658.6 2,206 550

Computations Rt= 2(0,1)(81/8,) , <2/5%

§= Rt 4= (15230)Rt, <2/ cir W41/

Note : 1, " Indicates temrerature was recorded with a copper-constantant
thermoeouple, others vecorded with a platinumeplatinum plus 100%
rhodium thermocouple eelibrated by the National Bureau of Stand-
erd.

2, Wire No.3 was annealed at 1800 °F for two hours and conled inside
ingide the furnece.
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