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A,.8STRACT 

A ~tudy of the parti~l film boiling r,:.~g10n of water at 
2000 psig was made in a 1 I 4. in. OD vertical lp.conf;ll'".X 
tube, 0. 152 in. ID x 12-1/2 in. long. The water para~ 
meters were: ma~s 'flow r~te.s approximately 0. 4 x 106 
to l. 5 x 106 lb/hr"-sq_· .. ft, at inlet enthalpies. of A/.377 to 
614 Btu/lb.· NaK, a liquid r.netai, was. used as the heat.,. 
ing medium~ 

The wall temperatures mea.sured in. the nucleate 
bo·lling region agree'd within approxima~ely + 10°F of 
Jens & .Lottes correlation. The burnol1t h~at flux re,-. 
s·n:tlts reported agree witil.in approximc:Ltely + 25o/o of W 1\PD 
(Bettis Plant) correlation. The film boiling data does. I).Ot 
appear to yield to correlation. over the range inves.tigated 
in. this experiment. The partiaL film boiling coefficie:r:tts 
found in this experime11t range from approximately JOO to 
10,000 Btu/hr ~q ft-°F. 

Future test programs will furnish data in. the ,partial 
' filni boiling region at elevated pres.sures of 2000, 1200 

and 800 psig. 

ii 
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Parti~l Film Boiling with. Water at-2000 psig 

in a. Round Vertical Tube 

J. B. McDonough 
W. Milich 

. E. C. King 

1 INTRODUCTION 

1 

One of the major limitations on. the power output of a pressurized water 
nuclear reactor is the heat transfer burnout.* This occurs when the heat 
transfer surface of the fuel element becomes steam blanketed by an unstable, 
irregular film which is in violent motion. Presence of the vapor on. a heat 
transfer. surface causes the heat transfer coefficient to drop and a rapid rise · 
in fuel elemen.t temperature. This temperature increase could result in over 
heating and possible failure of the fuel element and the release of fission 
products into the reactor .. Consideration is being given at the present time 
to operate nuclear reactors, following accident~! conditions. (rod jump, loss 
of coolant"and loss of coolant flow), for a short period (order of seconds) of 
time in the partial film boiling region. 

The present thermal design margin in a nuclear r·eactor·. is based on a 
n.o -burnout criteria, cons .e q tie n t 1 y~ the transient operation of the reactor 
is designed to scram in a fraction of seconds. Before the present thermal 
design procedure is changed it becomes necessary to know the heat transfer 
coefficient in the partial film boiling region. 

The purpose of this investigation was to provide th.e necessary data 
to estimate heat transfer coefficients in the partial film boiling. region .at 
an. elevated pressure of 2000 psig. · 

2 APPARATUS 

NaK Side 

A schematic diagram of the experimental system is s}?.own in Fig. 1. 
An EM pump was used to circ1,1late the NaK past a magnetic flowmeter, up 
through a 25 KW electric immersion heater, past an expansion tank, down 
through the shell side of the test section, past a second magnetic flowmeter 
and back into the pump. The main piping was. constructed of 1 in. Sch 80, 
Type ~16 ss. All fittings were Sch. 80, socket welded Type 316 ss. Heat 
wa.s supplied to the NaK system by 6 calrod immersion type heaters with 

. a total rating of 21 KW. · The heaters were manually con.trolled by a bank 
of 6 high powerstats. The system contained approximately 35 lb of NaK 

* Burnout is defined, in this report, as the departure in magnitude from 
the uniform wall temperature (N6420F) in the nucleate boiling region. 
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. (56o/o K) and the flow was measured at two different locations by magnetic 
. flowmeters. The flowmeters were calibrated over their range to be ac­
curate to within 2o/o of the instantaneous flow reading. 

Water Side 

2 

A Westinghouse 30 gal/min canned rotor pump was used to circulate the 
water (see Fig. l } .. The water was pumped through 3 flowmeters connected 
in. series, through a 25 KW pre-heater, up through the tube side of the test 
section~~ throuh the cooler, past.the pressurizer, and back again into the 
pump. To maintain water purity, some water flow was by.,.passed at the 
pump discharge, thrcmgh an economizer, a cooler, ddwn th~ough a deminer­
alizer, and back into the suction. side of the pump. The. flow was normally 
measured by one of three Fisher and Porter rotameter~ connected in parallel •.. 
These were in series with an orifice and venturi meter used for flow meas­
urement during the period of heat transfer data collection. 

The main water piping was. constructed of 1 in. Sch. 80 Type· 304 ss pipe. 
The fittings were Sch. 80 socket welded Type 304 .ss and the main. sys~em 
valves were Powell globe with. Type 316 ss cast bodies with. Stellite seats 
and plugs and. Teflon packing. 

The surge tank, used to degas the water and press1,1rize the system, was 
equipped with 8 calrod immersion type heaters rated: at 30 KW •. Six of the 
heaters were manually controlled and the other two operated automatically 
to control the pressure within + 25 psi. A fisher and Porter liquid level con­
troller operated the Hills McCanna makeup pump~ Two mer~oid switches, 
incorporated as a. safety feature, were wired for high and low level control 
which would automatically shut the system down at either level. 

The de-ionizer, used to maintain the w~ter purity at approximately 2 
meg-ohm-centimeters, contained a 3-1/2 in. diam·x36 in. bed of Rohm and 
Hass mixture AB resin. 

The pre'7'heaters were a co,mbination of cast in bronze heaters:.and cal­
rods. Their function was to control the water inlet temperature to th~ te.st 
section. The total capacity of the pre-heaters was 25 KW with about 75o/o 
of the· power controlled direct and 25o/o by a ma~ually operated powerstat, 

The water to air cooler fabricated by Griscom-Russell was designed 
to remove 45, 000 Btu/hr, which was th.e maximum· heat input in th.e test 
section. 

Flow was measU:re.d by an orifice meter and a venturi meter connected 
in s~ries with. three parallel Fisher and Porter rotameters. The orifice 
and venturi meters were calibrated over their range to be accurate to 
within 2o/o of the instantaneous flow reading. The rotameters were guaran­
teed for 2o/o accuracy at top scale reading and 20o/o at bottom scale readings. 
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Thermocouples 

The. bulk temperatures of both the NaK and the water streams were 
measured by two ther~ocouples at the exits and entrances of the teE;t. section. 
Chromel-AUumel and Iron. Constantan thermocouples were used on the NaK 
and water sides respectively. 'rhese thermocouples were insluated and in.., 
serted into 1/8 in. stainless steel wells. To minimiz.e axial conduction, one 
thermocouple in each. set had at leas~ a 5 in. length immersed in an isother­
mal region. Mixing, chambe:~s were placed at the exits and entrances of the · 
test se~tion to secure complete mixing. In addition. to the bulk fluid thermo,. 
couples, 40 external thermocouples (station thermocouples) were. silver 
soldered on the outside wall of the test section. To check the concentricity· 
of the tube and to obtain more data in the peak heat flux region, twenty of 
the 4o thermoc.ouples were added toward the.end of the test program •. S.ee 
Fig. 2 for orientatioq. of these thermocouples. The bulk thermocouples 
were calibrated over the temperature range cov~red in' this. experiment. An 
ice bath was used as a cold-junction reference and all thermcouples were read 
on a self balancing Brown precision potentiometer. 

The test section. {see Fig. 2) was desig~ed in an "LT' shape to take care 
of differential expansion between the tube and the shell. ·The tube was 0. 152 
in. ID x 0. 25 in. OD x 12.5 i~. heated length. The tube material·~ In­
-conel-X which has a high strength and good corrosion resistance at elevated 
temperature.s. 

3 TEST PROCEDURE 

Inthe preliminary tests the tube wall ·temperatures were determined 
from the station thermocouples located on. the outside wall of the exchan~er~ 
Acalibration of these thermocouples was. obtained by flowing NaK in the an­
milus without the test fluid and plotting station thermocouples versus NaK 
bulk temperature. The bulk temperatures across the tube were corrected 
for radiation. losses. 

Before the film boiling· tests were. :run, it was ~eces!;ary to establish a 
calib.rated forced· convection. annular coefficient equation for NaK. A series 
of tests were run using NaK on both. sides of the test section. The results 
indicate the annular coefficient could be estimated by the following equation:· 

(
D uf'c· )0

· 8 

= 4. 9 + 0. 025 : e~ . -~ 
(1) 

11* 
Lyon's equation was used for evaluation. of the coefficients on the inner 
tube surface • 

. ::c Superscripts refer to sim,ilarly numbered entries in the Bibliography 
section. 
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Runs were made with. wat~r in the forced-convection. region. to ch¢ck the 
NaK coefficiepts predicted by equation {1 ). The experimental results agreed 
within 7o/o of the e$timated values ()btained from equation. ( 1 ).. The Dittu~ ... 
Boelter1 equation._was used to determine the forced-convection film coeffi~ 
cients for water. 

Before starting the final test program the loop was filled with deminer­
alized water and. degassed for approximately 5 hr until the oxygen content 
was. 0. 25 ppm as determined by the Winkler Method2. Some water .was pas­
sed through th.e ion exchanger until a purity of' two meg"':'ohm.,.cm was ob­
tained. The· loop was raised to the test pressure of 2000 psig; the water 
flow rate was fixed at a given. value and the pre-heaters set to ·give the de,;, 
sired water in..let temperature. . The heat was supplied to the test section 

. from NaK flowing in the. annulus. until ·equilibrium condition[> were achieved. 
The heat was increased step-wise to the NaK and plots of the NaK bu!f 
temperature· versus distance along the exchanger were made, Fig. 3''. Three 
of four sets· of data were recorded at each $tep to minimize errors in. the 
thermocouple readings. 

4 . CALCULATING PROCEDURE 

Knowing the. local distribl,Ition of the NaK bulk temperature (see Fig •. 3), 
the local annular coefficients were calculated from equation 1. Since there 
was little change in the NaK physical p'roperties along the test section, the-~ 

. local N:aK coefficients were uniform; therefore. the average NaK coefficient 
was used. :(See AppenlHx II. for pos.sible error introduced with. this assump.­
tion.) 

'Local Heat Flux 

The local heat flux was determined from the local $lope of the NaK 
temperatu+e profile (see Fig~ 3) by: 

eq. 2 

Wall Temperature Meas.urement 

· Using the NaK annulus film coefficient, thermaJ conductivity (k) of th.e 
Inconel-X tube and the local heat flux, the inner tube wall temperature (l' w) 
was obtained from: 

eq. 3 
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Film Boiling. Coefficient Measurement 

With a knowledge of the NaK temperature profile (see Fig. 3), the flux 
distribution along the test section (Fig. 5), and the water inlet temperature, 
the film coel'ficients were determined from: 

T w - Twate.r (bulk) eq. 4 

5 DISCUSSION OF RESULTS 

A typical run illustrating nucleate and partial film boiling is shown, 
(see Fig. 3). Th.e lower curves (Runs 6-1 and 6-2) indicate that two phases 
of boiling (nucleate and partial film) were pre sellt simultaneously in di:(fer"­
ent regions of the tube of the test section. Runs 6-3 and 6-.4 illustrate film 
blanketing across the entire heat transfer .surface with the early film boil­
ing region occurring approximately at stations 12 through 13. Fig. 4 
through 8 show the direct re13ults of the experimental work for run 6-2 •. 

The ~eat transfer rate associated with. nucleate boiling is. very high as 
compared to film boiling, because of the. agitation by the bubble population 
of the water near the heating surface. The heat transfer rate associated with 
partial film boiling, as represented by the nearly horiz.ontal portion (see 
Fig. 3) of the curves, is much. lower due to the insulating vapor present on 
the heat transfer surface. 

Fig. 4 illustrates. composite plots of NaK :bulk (TNaK), inner ·tube wall 
(~w), and water ·bulk (TH2 o) temperatures versus distance along the test 
sectiq,n •. The existance of the nucleate boiling region is indicated by the uni­
form axial water side wap temperature of 642\ F (+ 10°) which.is in. close 
agreement with. Jens and Lottes8 prediction of 64z'0F. The point of depart­
ure upward from the uniform wall temperature indicates the initiation of 
partial film bo.iling. The dotted portion at the departure represents. the un: 
certainty of the exact position where film boiling. initiation. occurred. The 
accuracy of this point is probably within_:!:.1/2 in. The.wall temperature 
curve also s4ows that a variation of approximately 300' F occurs in about 

.1 in. of the· tube in the transition region. To increase ~e data and the de­
g:ree of accuracy in this critical region, additional external thermcouples 
were added toward the end of the test program. Repeat runs had been 
scheduled to investigate fuis region more- th,oroughly but the experiment was 

·terminated following. the test 's~ction failure during the las.t week. of operation. 
A future experiment at elevated pressures of 12·00 and · 80.0 psia· will also in­
clude repeat :runs. at the 2000 psig range. 

The heat fl~ distribution along the test section for nucleate and partial 
film boiling il:l shown (see Fig. 5). The uncertainty of the exact burnout flux 
occurrance in the tube is represeiJ,ted by the dotted portion of the curve. 
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Fig. 6 sl;tows the local heat flux distribution as a function of water side 
axial wall temperature. The departure in magnitude from the uniform wall 
temperature indicates film blanketing. One can observe that the flux in the 
nucleate boiling region. can increase several fold without a corresponding in­
crease in th.e wall temperature. The departure from the peak heat flux shows 
a. sharp increase in the tube wall temperature with a decrease of the corres­
ponding heat flux. 

The water· enth·alpy distribution versus tube wall temperature for··run 
6-2 is shown in Fig. 7. The change in boiling. regions is indicated by a 
departure from the uniform wall te:r:pperature. This curve is also indicative 
of the heat trans.fer rate to the wate!r in the nucleate and film boiling. regions. 

Fig. 8 is a plot of local heat transfer coefficients of the water as a func­
tionof the water side tube wall temperature. The magnitude of the nucleate 
boiling coefficients in this particular run ranged from 2, 000 to 90, 000 Btu/ 
hr-sq ft- °F. Thes.e coefficients account for the high heat transfer. rate at­
tributed to the nucleate boiling region. The change from the nucleate boil­
ing to the film boiling region is accompanied by a decrease in the film coef,.. 
ficient to approximately 200 Btu/hr-sq ft'-°F. 

The film and nucleate boiling data are tabulated and. shown in Table 1. 
The majority of the· partial film boiling data reported were in the quality 
region where the enthalpy is equal to or greater than the en.thalpy at the 
saturation temperature. 

The partial-:film boiling coefficients follow the expected pattern, the 
higher the tube wall temperature the lower the coefficients. The reason for 
this behavior is that radiation does not play an. essential role in the partial 

·.film boiling. region. A decrease of the heat flux or film coefficient with a 
. corresponding increase in tube wall temperature must be due to an increase 
in the tl;tickness of the vapor film and this effect-is relatively larger than the 
incre~.e of the tube wall temperature. This decrease continues until stable 
film boiling ·is initiated, where radiation through the film begins to have con­
·Siderable effect. Run. 14...,3 (Table 1} illustrates complete film boiling which 
is indicated by the uniform heat flux along the test section. 

The film boiling. data obtained in. this experiment is shown. graphically in 
. ·Fig. 9. This plot s}).ows the variation of the partial film boiling. coefficients 
as a function of the wall temperature minus the saturation temperature 
(Tw-636}. The partial film boiling•data over the range investj.gated does 
not appear to yield to correlation on the basis of; bulk fluid conditions, 
velocity, channel L/D," or inlet enthalpy. A further attempt will be made to 
correlate these results with data obtained infuture experiments-at elevated 
pressures of 2000, 1200 and 800 ps~g, 

The scattering in the. region of high. heat fluxes and low .11 T seems to be 
a function of the burnout condition. 
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6 ACCURACY·OF DATA AND R,ESULTS 

The uncertainty in. calculating the heat flux, which is determined from 
the slop,~ of the NaK temperature profile, is approximately 15% in the nu-

··-... c;:leate boilin,g region. This uncertainty increases to about 25% in the par• 
ti'al""film"'boiling region because of the difficulty of maintaining. true equilib­
riu.rn. ·'· con'tlit.ions. This difficulty is attributed to, the unstable phenomena 
of the partial film boiling. region, fluc;:tuation in power supply to immersion 
heaters, and the decreasing. slope of the NaK temperature profile along the 
tube caused by th.e. vapor film. 

Analytical estimates. were made on 4 typical runs to determine the ef­
fects of axial variations of heat flux on the NaK conductance;. See Appendix 
II for results and discussion. Fig. 10 shows the results. of this analysis 
for Run 11-2. In general, the study indicated that a serious error in the 
accuracy of the results can be made due to the uncertainty of the NaK con­
ductance. This uncertainty. in the NaK conductance is. caused by the rapidly 
changing heat flux in the burnout region. which. causes a. changing longitudinal 
temperature gra.Oient in the NaK film. 

The heat .balances between the NaK and water checked within. 6%. These 
balances were only checked in the aub·.;.;cooled region, because of the lack of 
independent measurement of the exit steam 'quality during the quality runs. 

The burnout heat flux results .(see Table 2) agree withiri. + 25o/o of the 
values predicted by a W APD correlation 5 for a round vertical tube .• 

The tube wall temperatures in the nucleate boiling region agreed to 
+ 10°F With. the Jens and Lottes 8 prediction of 642,. F. 

Sample Calculations 

Fig •. 11 is the data (corrected for thermocouple calibration) plotted for 
Run. 15-2. The plot shows the longitudinal NaK bulk temperature distribu- . 
tion along the shell of the test section. (See· Fig. 2 for orientation of ther­
mocouples). In the original plot approximately 70 or more data points are 
used, but only some typical points are shown. on this plot. The curve is 
drawn through the data that represent the NaK bulk temperature distribu..­
tio.n. Knowing: this distribution, local NaK coefficients could be calcula­
ted~ Since there was only a slight change inthe physical properties the 
average coefficients were used. 
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_A.nn,ular NaK Coefficie:rtt 

1132. F = NaK inlet bulk. temperature 
-883 F = NaK outlet bulk_ temperature 
1007 F = Average NaK bulk temperature 

· 387 1b/hr ~ NaK flow (m·easure9- by magnetic flowmeters) 
15.8 Btu/hr,.sqft..._°F/ft = Th.ermal condu<;:tivity (k) of 

NaK at Tavg • 
. 0.235 Btuj_lb" ... °F =. Specific heat.(CP). of NaK at Tavg . 
. 12 .. 9 x. 10 4 ft2 = Annular cross sectional flow area. 
2. 47 x 10"'2 ft =. Equivalep.t,-..q.iameter (Deq) 

Sub. i.J:l. eq~. 1 

8 

h = ~- 9 + 0 025 (2.47x1o-2 )(387)(0.~35)o.~-~ 15.8 J 
d 2 

· (15-.8)(12.9x10 .... 4 ) .• 47x10-

h = 3810 Btu/hr-sq ft.;.°F 

Locai H~at Flux: Calcula;tion for. 1 in.·· Using the Tempe·ratures 
at Stations 11 and 12, Front. (See F-ig. 9) 

1070 F ... NaK bulk temperature at Statio.n. 11 
· 1053. F = NaK bulk temperature. at Station 12 
0~ 00332 sq ft/in •. · = Heat. transfer a.rea (ba_sed on inside 

diameter) for 1 in • 

. S.ub .. eq. 2 

= (387){0 .• 235)(1070-1053) 
(0. 00332) (1) 

. 6 . 
--- 0. 464 x 10 Btu/hr..,~q it 

Doing_ this for each increment ~long the. tes_t section and 
plotting_ lo<;:al heat flux 0yersus. distance along test section 

. gives the heat flu:k distribution along the exchanger. The 
h~at flux distribution for Run. 6.;.2 is shown (see. Fig .. 5_). 

Tube Wall Temperature Calculation at Station. 12. Front 

0. 497 x 106 Btu/hr sq ft. = ~peal heat flux based on 
. inside area (ohtain.ed from 
plot of 0 vs distance along 
test section. 

1053 F = NaK bulk temperature at Station .12 



0.'49 in. 
d. 152 in. 

Thicknes.s of tube (L) 
= ID of tube 

0_. 201 in. = Average _diameter of tube 
0. 25 in. = OD of tube 
13. 7 Btu/hr ft2- 9F = Thermal conductivity of Inconel.-X 

at average wall temperature 

Sub. eq. 3 

9 

T w ::- 1 0.5 3 - ~0. 497x J06)(o. 152) 

L . < 3 81 o_)( o. 2 5 > 
+ (Q. 497 ~106!10. 048 )(0. 152)] 

(12)_(0. 20lt(13. 7) 

Tw 862. F 

. Film Boiling_ Coefficiep.t at Station. 12, Front 

636. F = Water bulk te~peratu:re (Twater) determined 
from heat balance 

Sq.b. eq. 4 
' 

6 0.497xl0 

(862. - 636) 
=. 2200 Btu/hr-sq ft.-°F 

. Thi~ ana~ysis neglects the effects due to axial con~ 
duction in the tube wall, axial conduction in. the NaK $tream, 
and axial variation of heat flux on the NaK conductance. The 
above ~nalysis is based on the average tube wall thickness 
which. was in. close agreement with_ the log mean. value us.ed 

' for thick wall tubes . 

. Analytical estimates. show Ql.e first two effects_ to be· 
negligible· •. See Appendix Il for discussion .. of NaK co_nductance. 

7 CONCLUSION 

The major aim of this expe:rimep.t was to study the partial film boiling 
. region of water and to estimate the hea:t trans.fer coefficients in this region. 

Wall temperatures du:ring local boiling with,forced circl,llation may.be 
predicted within approximately + 10°F by using the Jens. and Lottes8 corre­
lation at 2.000 psig: 
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= 6.0 C0. ~ 1o-6)o .• 25 
Tw.:...T .. t a 

· sa P/900 
eq. 5 

Bur:Q.out flux in aforced circQ.lati~g. system in a. round tub.e may be pre­
dicted within +25% of the Betti~ bur~J,out cor.relation5. 

Co:+;rel~tion of the data (as preSel;lted in Fig. 11) .at this time dO~$ ap ... · 
pear feasibl¢, however, atte~pt~ will be made again ~ter further experi::. 
menta,tion at low:er pres~ures. The data shown in. Eig •. 9 should be. of con.;. 
s.iderable v.alue. to the. r¢actor d.e.signers since no idea as to the magnitude of 
the heat trctnsfer coefficients. were kno.wnbefor¢ ~ 
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A~ 

cP 

D 

Deq 

G 

HHzO 

Hao 

hHzO 

·hNaK 

k 

k/f· 

L 

p 

.(q/ J\)x 

TNaK 

THzO. 

Tw· 

Ts 

t= 

8 NQMENCLATURE F0R TEXT AND APPEND~ .l 

Heat trans.fer area per unit length (sq ft) 

Heat capacity of NaK (Btu/lb: °F) 

Inner diam~ter of test section (ft) 

Equivalent diameter of the. annulus in. the test; 
section (ft) 

;- Water mass flow rate (lb/hr sc(ft) 

W~ter inlet enthalpy (Btu/ll:~) 

-i' Local enthalpy of the water at burnout (B:tu/lbl 

Heat transfer coefficient for water· (Btu/hr..,sq ft-:- 0 .F) 

Heat transfer coefficient for NaK (Btu/hr;.,.sq. ft-°F) 

11 

Thermal conductivity (Btu/hr sq ft °F /ft) 

· Thermal resistance of the tube wall temperatur~ 

'" L.ength of tube from inlet to point of reference ·(see Fig. 2) 

Pressure {psig) 

Local heat flux at point x (Btu/hr sq ft) 

'- Loc.al NaK bulk temperature· °F 

Local water bulk temperature °F 

lnne.r tube wall temperature °F 

Water s.atura:tion temperature °F 

Tube wall thickness (ftl 

( ~t/ i)zJx.- Slope of NaK temperature profile ·(°F/ftl 

u Velocity of NaK (ft./hr) 

w NaK flow {lb/hr) 



NOME_NCLA TURE. FOR T.EXT AND APPENDIX I ~ continu~~ 

Greek Letters 

f1t·'"'o ' Yl ).:) .. 

Local heat flux (Btu/hr sq ft) 

Burnout heat flux (Btu/hr. sq ft) 

/
0 

Density of NaK (lb/cu ft) 

12 
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Run 
.!iQ... 

l-2 

1-1 

1-3 

2-1 

Z-2 

2-3 

3-1 

* 

6 
7 
8 
9 

10 

5 
6 
7 

. 8 
9 

10 
11 
12 

5 
6 
7 
8 
9 

10 
11 
12 

5 
6 
7 
8 
9 

10 
Jl 

4 
5 
6• 
7 
8 
9 

5 
6 
7 
8 
9 

10 
11 

4 
5 
6 
7 
8 
9 

10 
11 
12 

Table 1 

Water Inlet 
Enthalpy 
(Dtu/lb) 

377,0 

380.2 

378 

378.0 

ne. o 

377.0 

380.2 

Heat Transfer Coefficients of Water In~ide T·ube 
0.152 ID x 12"'1/.2 in. In Length 

. Tube WaH Water Side Heat 

27 

Mass Fl~w Rate 
(lb/hr-ft · x 10 ) 

Water 
Enthalpy 

L/D" (13tu/lb) 
(T %)Temp. Local Heat Fl~ Transfer. CoeffiCient 

( F) (Btu/hr-ft2 x 10 ) (Dtu/hr-ftZ-°F) 

0.428 

0.421 

0,444 

0,555 

0.548 

0,557 

0,705 

59.2 
52,6 
46.0 
39. 5 
32.9 

59.2 
52.6 
46.0 
39.5 
32.9 
2Ei.3 
19. 7 . 

59.2 
52.6 
46.0 
39.5 
32.9 
26.3 

59.2 
52.6 
46.0 
39.5 
32.9 
26·. 3 

65.7 
59.2 
52.6 
46,0 
39.5 

59.2 
52.6 
46.0 
39.5 
32.9 
26,3 

65.7 
59.2 
52.6 
'16. 0 
39.5 
32', 9 . 
26. 3 
19.7 

745.0 
739.6 
730.6 
711. 3 
643.8 

752.3 
,743. 2 
725.8 
672.6 
607.8 
548.4 
506,2 
471.5 

740.0 
'l.i5. 6 
731.2 
728.0 
721.9 
714. 1 

.697.6 
660. 1 

697. 1 
690. 1 
667.0 
616.8 
561:!,0 
525 .. 4 
489.9 

679.9 
666.3 
631.0 
588.2 
549.4 
516.7 

701.7 
696. 7 
690.7 
677.9 
626.7 
569.5 
521. 8 

719.6 
715.8 
709.2 
681.5 
639.9 
592.2 
552. 1 
516.8 
484,3 

1192 
. 1175 

1127 
960 
645 

1069 
957 
693 
639 
647 
640 
645 

1284 
1276 
1266 
1250 
1217 
1092 

1097 
850 
647 
640 
634 
639 

908 
734 
648 
646 
643 

1249 
. 1213 

934 
6% 
647 
643 

1171 
1104 

821 
677 
641 
640 
741 
637 

0.08 
o. 11 
0,21 
0.575 
1. 131 

0.206 
0,44 
0.935 
0.875 
0. 714 
0.604 
0.513 

0.073 
0.080 
0.094 
0. 115 
o: 18 
0,45 

0,30 
0.815 
1.115' 
l. 08 
0.1316 
0,682 

0,56 
0,64 
0.880 
o. 740 
0.625 

o. 105 
o. 16 
0. 825 
1. 25 
1. 097 
0.915 

o. 13 
0.29 
0.94 
1. 165 
1. 12 
1. 04 
0.917 
0.644 

144 
204 
427 

1, 770 
•43,600 

476 
1, 370 

16,400 
19,900 

7,440 
4,870 
3,220 

113 
125 
149 
187 
310 
986 

651 
3, 760 

24,!150 
14,600 
1:!.000 
4, 970 

2,030 
6,830 

13, 300 
7,880 
5, 300 

171 
277 

2, 760 
45, .lOO 
13, 700 

804 

243 
6113 

5,"070 
19,400 
19. 700 
12,200 
7,800 
5,880 

-----------------------------

See Fig. 2, page 17 for method for determining L .. 

556 
529 
491 
324 

_26 

433 
321 

57 
44 
96 

124 
159 

648 
640 
630 
614 
SAl 
4f,6 

461 
2.17 

45 
H 

102 
137 

2.75 
123 

66 
' 94 

118 

613 
577 
298 

27 
80 

114 

535 
468. 
185 

60 
57 
85 

116 
144 



Run 
No, 

4-i 

4-2 

Table 1 

Station 

Water Inlet· 
Enthalpy 
(8tu/lb) 

4 
5 
6 
7 
·a 
9 

10 
11 

4 
5 
6 
7 
8 
9 

10 
11 

378.0 

378.0 

28 

Heat Transfer--Coefficients of Water Inside Tube 

0. 152 ID x 12-1/2 i.n. In Length - continued 

Mass Flow Rate 
(lb/hr-ft2 x 106) 

0.732 

0,707 

65.7 
59.2 
52.6 
'\6.0 
39.·5 
32.9 
26.3 

65 . .7 
59.2 
52.6 
46.0 
39.5 
32.9 
26. 3 

Water 
Enthalpy 
(8tu/lb) 

651.7 
647,0 
620,6 
581.0 
543.0 
510.7 
483.2 
460.1 

662.0 
660,0 

· 654. I 
632.0 
589.0 
544,3 
507.7 
477. l 

Tube Wall Water Side Heat 
(T,.;) Temp. Local-Heat Flux Transfer Coefflc\ent 

· (°F) (Btu/hr-ft2 x 106) (Btu/hr-ft2~°F) 

1098 
815 
640 
642 
640 
638 
639 

1270 
1178 
917 
645 
638 
639 
638 

0.37 
0,94 
1. IS 
0.965 
0,820 
0.698 
0.582 

0,09 
0,31 
0,86 
1.3 
l. 09 
0.915 
0,78 

___,:~;,.;;,;,...;;;..,~:.... 

778 
4,450 

t8;ooo 
10, 020 
6,830 
4,900 
3, 550 . 

140 
561 

2, 820 
20,700 
12, 100 
7,50 
5,300 

-------- ---- -.--- --- -- ---- --- ---- --- ---- -.--------- --
S-1 

6-1. 

6-2 

6-3 

6-4 

* 

s· 
6 
7 
8 
9 

5 
6 
7 
8 
9 

10 
ll 
12 
13 

4 
5 

.6 

7 
8 
9 

10 
11 
12 
13 

4 
5 
6 
7 
6 
9 

10 
II 
12 
13 

4 
5 
6 
7 
8 
9 

10 
II 
12 
13 
14 

374i0 0.977 

416.7 o. 43~. 

·411. I 0, 435 X 10° 

416. 7 0.433 

415.6 0,421 

59,2 
52.6 . 
46.0· 

·65. 7 
59.2 
52.6 
46.0 
39.5 
32,9 
26.3 
19.7 
13. 2 

65,7 
59.2 
52.6 
46.0 
39.5 
32.9 
26.3 
19. 7 
13.2 

72. 3 
65.7 
59.2 
52.6 
46.0 
39.5 
32.9 
26.3 
19. 7 
13.2 

65. 7 
59.2 
52.6 
46,0 
39.5 
32.9 
26,3 
19.7 

645,8 
633,0 
596.7 
556.4 
521.3 

690. 1 
649.9 
614.6 
584. 1 
557.2 
532.8 
510.9 
491.3 
474,3 

783. I 
777.0 
769.7 
1161.2 
730,1 
684.7 
629.0 
Sill. 7 
540,1 
504. I 

'809. 6 
802.9 
796.2 
786. I 
776.0 
764.2 
749.1 
no: s 
672.2 
605. 7. 

818.6 
811.3 
804.0 
796.7 
789.4 
782.0 
767.3 
750.2 
708,6 
642.6 
575.3 

1005 
692 
637 

665 
642 
645 
647 
644 
643 
642 
643 
643 

1064 
1049 
1010 

824. 
649 
641 
646 
648 

. 636 

1228 
1224 
1215 
1201 
1184 
1162 
!lOS 

985 
808 

1294 
1292 
1288 
1276 
1254 
1198 
1112 
923 

0.89 
1. 4(•5 
I. 392 

0.650 
0.620 
0 .. 54 
0,475 
0,425 
0.380 
0.338 
0.30 
0,266 

o. 102. 
0. 125 
0,207 
0,625 
0.925 
0,83 
o. 72 
0.63 
0,56 

0. 109 
0. )j 
o. 124 
o. 146 
0.) 76 
0,213 
o. 344 
0.610 
0,965 

o. 120 
0. 110 
o. 103 
o. 118 
o. 163 
0,26 
0,47 
0.865 

See Fig. 2, page 17 for metl:10d fo.r determining L. 

227 
14,600 
17,400 

22, 300 
34,400 
12,'.000 
6,980 
4,940 
3, 620 
2,810 
2, 140 . 
1, 720 

238 
303 
554 

3, 320 
71, 100 
26,600 
10,400 
6, 120 
4,580 

184 
187 
215 
258 
37.2 
405 
'/34 

1, 750 
5,600 

162 
168 
150 
184 
263 
'164 
988 

3,010 

476 
211 

64 
96 

120 
142 
164 

641 
552 
305 

63 
90 

122 
147 

392. 
105 

80 

29 
18 
45 
68 
86 

lOS 
120 
140 
155 

428 
413 
l74 
188 

13 
31 
69 

103 
122 

592 
588 
579 
565 
548 
526 
46'1 
349 
172 

658 
656 
652 
640 
616 
560 
476 
281 
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Run 
No;· 

7-1 

7-2 

8-1 

8-2 

9-1 

Station 

5 
6 
7 
8 
9 

11 
12 
13 

5 
6 
7 
8 
9 

10 
11 
12 

5 
6 
7 
8 
9 

10 
II 
12 

5 
6 
7 

·a 
9 

10 
1-1 
12 

5 
6 
7 
8 
9 

10 
11 
12 

10-1 6 

10-2 

"( 

8 
9 

10 
II 
12 
13 

6 
7 
8 
9 

10 
II 
12 
13 

Water Inlet 
Enthalpy 
('Btu/lb) 

416.7 

417.8 

413.4 

415.6 

415.6 

486. 3 

487.4 

29 

Heat·Tran~er Goeffi-cients·-·of··-water- Inside Tub·e· 

0.152 ID x 12-1/2 in. in Length ... cor;ttinued 

Mass Flow Rate 
(lb/hr~ft2 x 106) 

0.54 

0.555 

0,641 X 106 

0.65 

Q, 967 X 106 

o. 424 J( 106 

0,416 

Water Tube-Wail 
Enthalpy (T wl Temp·. Local Heat Flux 

L/o*· (Btu/lb) (OF) (Htu/hr-ft2 x 106) 

. 59.2 
52.61 

46:·o 
39.5 
32.9 
26.3 
19.7 
13.2 

59.2 
52.6 
46,0 
39.5 
32.9 
26.3 
19.7 

65. 7 
59.2 
52.6 
46.5 
39.5 
32.9 
26.3 

59.2 
52.6 
46.5 
39.5 
32.9 
26. 3. 

59.2 
52.6 
46.0 
39.5 
32.9 
26.3 
19,7 

65.7 
62.5 
·59. 2 
52.6 
46,0 
39.5 
26.3 

65.7 
62.5 
59.2 
52.6 
46,0 
39.5 
26.3 

711.4 
704.0 

·697.6 
690. 1 
678.0 

"656,5 
6!1. 7 
555.7 

716.8 
702.8 
660.8 
616.8 
577.6 
544.0 
515. 3 
491.5 

662. I 
658.9 
655.0 
649.5 
642.4 
632.2 
617.3 
566.4 

699.4 
693.5 
685, I 
670.0 
615.6 
567.0 

. 669.5 
662, I 
648,2 
611.5 
573.6 
540, 1 
510.4 
484.5 

819.3 
·8ll. 3 
801.8 
'774.7 
733.4 
693.5 
656.8 

895. 1 
885.0 
874.9 
864.8 
853.0 
841.2 
824.4 

1277 
127·5 
1262 
1242 
1205 
1142 

947 
719 

928 
704 
652 
637 
639 
640 
647 

1285 
1275 
1260 
1237 
1206· 
l!62 
1074 

1195 
1176 
1128 
983 
636 
637 

1178 
1009 
679 
639 
638 
636 
637 

855 
828 
735 
63!! 
642 
639 

1140 
1137 
1134 
l!26 
l!08 
1005 
1055 

o. 97 
0.91 
o. 109 
0.142 
0.206 
0.318 
0.69 
I. 09 

0,55 
0.92 
0.875 
0.76 
0.652 
0,55 
0,45 

0,066 
0.085 
0. 115 
o. 156 
0.215 
o. 300 
0.475 
I, 4 

o. 138 
o. 17 
0.27 
0,60 
l. 260 
l. 11 

0. 355 
0.8 
I, 41 
I. 318 
I. 16 
I. 025 
0.906 

0.289 
0.345 
o. 523 
0.687 
o. 613 
0.558 

o. 159 
0. 159 
0. 159 
o. 165 
0. 193 
0.235 
0.290 

Water· Side Heat 
Transfer Cocfliclcnt 

(Btu/hr -ft2 - °F) 

151 
142 
174 
235 
363 
618 

1, 980 
6,700 

. 1, 880 
12,400 
17,500 
12, 100 
7,160 
4,740 
3, 130 

10 I 
131 . 
182 
254 
366 
545 

I, 000 

247 
315 
549 

I, 730 
36,000 
15,600 

649 
2,070 

17,400 
19, 100 
12,300 
8,800 
6,470 

I, 320 
I, 795 
5,270 

343,500 
102,000 
46,500 

315 
317 
319 
337 
408 
523 
692 

* ·See Fig. 2, page 17 for method for det~rmining L. 

641 
639 
626 
606 
569 
514 
349 
163 

292 
74 
50 
63 
91 

116 
144 

654 
646 
633 
614 
587 
550 
472. 

559 
540 
492 
348 

35 
71 

547 
386 

!II 

69 
94 

ll6 
140 

219 
192 

99 
2 
6 

12 

/ 504 
501 
498 
490 
472 
44 1) 

419 



Run 
No. Station 

10-3 6 

11-1 

,7, 

8 
9 

10 
11 
12 
13 

6 
7 
8 
9 

10 
11 

11-2 6 

11-3 

12-1 

13-l 

14-1 

7. 
8 
9 

10 
11 
12 
13 
14 

5 
6 
7 
6 
9 

10 
11 
12 
13 

6 
7 
6 
9 

10 
ll 
12 
13 

5 
6 
7 
8 
9 

10 
11 
12 

6 
7 
6 
9 

10 
II 
12 
13 

Water Inlet 
Enthalpy 
(Btu/lb) 

486.3 

485.0 

485. l 

485. 1 

487.4 

486.3 

614.4 

30 

Heat ·Transfer ·co~fficients of Water In~ide Tube 

0. 152 ID x 12-U2 in .. In Length ..,. continued 

Mass Flow Rate 
(lb/hr-et2 x 1061 

o. 634 

0,632 

0,648 

I, 45 

0,444 

Water Tube Wall Water Side He;.t 
Enthalpy (Twl Temp. Local Heat Flux . Transfer Coefficient ..Jd!t:. ;Btu/lb)· (°F) (Btu/hr-!t2 x 1061 (Btu/hr-et2-°F) 

65.7 
62.5 
59.2 
52:6 
46.0 
39.5 
26.3 

65.7 
62.5 
59.2 
52.6 
46.0 
39.5 . 

65,7 
62.5 
59.2 
52.6 
46.0 
39.5 
32.9 
26.3 
49.2 

69. 1 
65,7 
6'2. 5 
59.2 
52,6 
46.0 
39.5 
32.9 
26.3 

65.7 
62.5 
59.2 
52.6 
46.0 
39.5 
26.3 

69. l 
65.7 
62.5 
59.2 
52.6 
46.0 
39.5 
32.9 

65,7 
62.5 
59.2 
52.6 
46.0 
39.5 
32.9 

825.3 
820.0 
814. 7 
804. 1 
791.7 
777.5 
758.0 

642.9 
640.1 
635.4 
617,6 
581, I 
547,5 

767.2 
763. 1 
758.9 
748.6 
735.6 
734. 1 
712,4 
668.8 
624,3 

784,6 
781.2 
777.8 
774.4 
767.6 

. 759.6 
750.8 
739. I 

705.0 
702.9 
700,8 
694.3 

.682.5 
662.2 
633.4 

673,6 
669.8 
665.6 
657.2 
636.3 
611. 3 
589. 1 
569. 1 

907.6 
895.5 
883,4 
871.3 
859.2 
847.1 . 
821.4 

1183 
1180 
1177 
1166 
1149 
1120 
1032 

1011 
1002 

959 
772 
642 
648 

1123 
1119 
1110 
108~ 

1050 
994 
654 
648 
648 

1243 
1240 
1237 
1234 
1223 
.1207 
1183 
1151 

1187 
1184 
1163 
1122 
988 
817 
638 

1163 
1145 
1065 
916 
719 
643 
646 
635 

900 
898 
895 
690 
883 
821 
739 

o. 176 
0.176 
o. 176 
0. 189 
0.217 
0.274 
0.480 

0. 135 
o. 175 
0,273 
0.69 
0,906 
0,79 

0.19 
o. 195 
0.'205 
0.245 
0.308 
0,418 
0,715 
l. 095 
0.98 

o. 168 
o. 168 
o. 168 
o. 168 
0,180 
0.205 
0,25 
0.31 

o. 149 
o. 149 
0,20 
0.36 
0.584 
0. 931 
l. 235 

0.4 
0,425 
0.58 
0.93 
l. 275 
l. 288 
l. 146 
l. 05 

o. 23 
o. 23 
o. 23 
0, 23 
0.23 
o. 362 
0.523 

321 
329 
326 
357 
424· 
566 

1, 210 

345 
455 
790 

4,060 
13, 700 
8,580 

389 
395 
432 
546 
743 

1, 170 
3,270 

78,200 
23,900 

277 
279 
280 
201 
307 
359 
456 
603 

270 
27.2 
379 
741 

1,660 
5,000 

49,400 

760 
033 

1,340 
3,230 

12,300' 
20,500 
17,900 
15,400 

an 
676 
890 
906 
930 

1,960 
5,060 

* See Fig~ 2. page 17 for method for determining L. 

547 
544 
541 
530 
513 
484 
39,6 

392 
385 
345 
170 
66 . 
98 

487 
483 
474 
448 
414 
358 
218 

14 
41 

607 
604 
601 
598 
587 
571 
547 
515 

551 
548 
527 
486 
352 
186 
25. 

527 
510 
432 
288 
104 
45 
64 
68 

264 
262 
259 
254 
247 
185 
103 
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Table 1 Heat· Transfer Coefficients of Water Inside Tube 

0 .. 152 ID.x 12..;,1 /2 in. In Length. - continued 

Water Inlet Water Tube .Wall Water Side Heat 
Run Enthalpy ·Mao a Flow Rate 

* 
Enthalpy (Tw) Temp. Laval Heat Flux Transfer Coefficient Tw-Tl·I20 

N'J ·· Station (Btu/lb) (lb/hr-It2 x 106) L/D (Btu/lb) (oF) (Btu/hr-ft2 x 106) (Btu/hr-It2- °F) (oF) =--: 

14-2 5 613.0 0.444 69. 1 . 968.0 1069 0.247 572 433 
6 65.7 960.6 1064 0,247 578 428 
7 62.5 953.2 \059 0.247 587 423 
8 59.2 945.8 1055 0.249 590 419 
9 52.6 931.0 1046 0.247 603 410 

·to 46.0 912.9 1037 0.247 617 401 
11 39.5 898. l 1027 0.247 633 391 
12 32.9 880.0 . 1012 0.262 697 376 
13 

------ ------- - - - - - - - - ~ --------- ---------- -------
1,4-3 6 614.4 0.446 65.7 973.2 1188 0.283 513 552 
~ 7 62.5 963,8 1183 0.283 518 547 ... 

8 59.2 954.4 1177 0.283 524 541 
9 52.6 945.0 1166 0.283 534 530 

10 46.0 935.6 1155 0.283 546 519 
11 39.5 926.2 1"145 0.283 557 509 
12 32.9 916.8 1135 0.283 568 499 
13 26.3 907.4 1125 0.283 580 489 

.. ... - - - - - - - - - - - - ------ ------ - - - - - - - - - -------
15-l 4 614.4 0. 606 l< 106 72.5 890.6 1167 0.21 396 531 

5 69.1 886.0 1163 0.21 398 527 
6 .65. 7 881.4 1159 0.21 402 523• 
7 62.5 ··8J6. s 1155 o. 21 404 519 
8 59.2 892. 7 1151 0.21 407. 515 
9 52.6 861.9 1141 0.21 416 505 

10 46.0 852.7 1133 0.21 423 497 
11 39. 5. 843.5 1123 0.217 446 487 
12 32.9 833.2 1084 0.296 661 448 
13 26.3 Ul6 1007 0.458 1, 232 371 
14 

--------------- --------- ------- ------ ------
15-2 6 65.7 870.4 1042 0. 137 337 40~ 

7 62.5 864.3 1039 o. 137 340 403 
8 59.2 858.2 1037 o. 137 342 401 
9 52.6 852. l 1032 o. 137 346 396" 

10 46.0 846.0 1017 0. 162 426 381 
11 39.5 836.3 956 0.30 937 320 
12 32.9 815.8 862 0.497 ·z,2oo 226 
13 26.3 789. 1 752 0.71 6,070 117 
14 

* . See Fig. 2, page 17. for method for determining L. 
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· TCl.ble 2 Comparison. of MSAR Data and WAPD Burnout Flux 

,WAPD 
·r 

B 0 x10;;. 6 Local Enthalpy ; . -6 % Deviation 

(Bt~/h~ "-ft2J 
B~ 0. X 10 / fro'm . ".MSA~ 

Run (Btu/lb.)' L/D Ere.dietion B.O,: 
~ ;: 

L-1 0.95 620 44.4 .0.97 2. 1 

.·1.,..2 . 1.-13 643 . 32 .• 9 0..88 -22.1 

2-.1 I. i2 620 47.4 0 .• 96 .,..14 .• 3 

... 2.,..2 o. 91 588 . 55 .. 9 1.10 20.8 

2.,..3 .1.25 630 39.4 ··~-. 0.94 "".24. 8 

3.,-1 I. 18 610 44 .• 7 I. 01 +14~4 

4.;.1 Ll7 582 5-3.'J 1.13 3.4 

4-2. I. 30 590. 46~ 0, 1.10 .;-15.4 

5-1 1.52 560 5.0. 6. I. 24 ..-18. 4 

.6 .. 1 0.935 674 39.4 0.81 -12.9 

7.;.1 1.18 553 .U .. 1 I. 28 8.,5 

7.,..2. 0 .• 94 . 610 5.0. 6 1.00 6.4 

. 8-2 I. 33 616 35. 5. LOS ... 21. 0 

9-1 1.41 585 44.7 1.11 ~21. 2 

9:-2 1 •. ~.0 605 61 .• 2 1.02 "-15.0 

10-1 0.69 740 47.4 D. 62 "': 10 .• 0 

11-1 o. 91.: 582 48.0 1.13 24.1 

ll"-2. 1..10 670 26.3 0.83 -24.~ 5 

12-1 1. 2.3 633 32.8 0 .• 94 -.23. 5. 

~3.;.1 1. 36. 611 49.5 1. 0.5 ,..22.8 

•• 
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APPENDIX II · 

DETERMINATION OF'. THE LOCAL NUSSELT NUMBER 

FOR FLOW THROUGH AN ANNULUS WITH HEAT TRANSFER 

. FROM ONE SIDE 

33 



* NOMENCLATURE FOR APPENDIX .11 

Engli~h .Letter. Symbol~ 

·a 

b 

c 

c 

t t . T bl 1 d. . 1 .d . ** cons a~ 1p. a e , 1mens.1on. ess, an constant 
' . . 0 

in. eq. (13), . F 

0 cons.tant in. eq. (13), . F 

specific heat, Btu/(lb°F) 

constants in Table 1, dimension1e~s 

c n constants. in. eq. (~). dimensionless 

D 

g 

f~ow tube diameter, ft 
-

functions of x + and r + defined by eq. {18 ), 
dimensionless 

Gn ... cons:ants defined by .eq. (4:), dimensionles.s 

H\ functions of Y ~ defined by eq. (20), dimensionless. 

L - ·· d~my integration variable varymg from 0 to x +, 
dimensionless 

q heat flux at surface of tube, Btu/(hr. s.q ft) 

r radial distance from center of flow tube, ft 

r 0 flow tube radius, ft 

. r + r I r 
0

, dimensionless. 

t Temperature, °F 

t 0 Coolant temperature attube en.trance, °F 

· tw · G.oolant tube wall surface temperature, °F. 

* Taken .. directly frorn; Kays, W .. M., and Nico.ll, W. B., The In­
fluence of Non.- Uniform Heat Flux on. the Convection. Co·nductance$ 
in. a Nuclear Reactor, Technic~l Repo~t 33 (Contract Nonr. 225(23) 
NR-065·...104) Stanford Unive-r.Sity, November 1, 1957. 

34 

** Tables. and equations in. the nomenclature refer. to W. M. Ka,ys'· repo~t. 



. Nomenclatu:re for Appendix 11 ,... cont~nued 

x ,. axial distance fron:i tub.e entJ:"a,nce, ft 

x+ ,.. .{s/r0 }(NRNPrJ, dhnen~:j.onles~ 

Greek Letter ·Symbols . 

8 ,.. dimen~ionless parameter defined .by eq .. (26J 

2 
'Y m · eigenv(llues. for constar.tt heat flux pr<Jblem, 

dimensioz:Lle s$ 

A:~ "- eigenvalues; for con~.tat1.t ~urfac:e tern,perature 
problem, dimensionless 

Non,.,;. Dim ens ioil.Je.s. s. Grouping~ 

Nu Nusselt number hD/k, 2 hr
0
jk 

NPr ..; Pran.dtl number. _A cp/k • .1-<c(k 

. NR ·Reynolds nll;ffiber, .DV pi/'< , 2r
0
V p/ft. 

35 
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·APPENDif{ 11 

The following analy~is suggested by Kays 10 was us.ed to determine the 
effect of variable axial heat flux on the local Nusselt n~ber. At the present 
there is. no data available to predict the local Nus.selt number. for flow through 

. an ann~lus with hee~.t transfer from one side. However. there are data. for 
such an. analysis for flow in a circular tube. Therefore; the following r:q~th.., 
od9, 10 is carri.ed out assuming the annulus is a tube. 

Method 

on Sub. 

. then. 

. (tw ~- t 0 ) = ~ ix g{x+ • L, 1) q(L) dL 
. .k 

0 

Since q(L) is negative in this case 

g(x + "" L, 1) q(L.) dL 
k 

By an. Energy Balance 

rko ix+ t = t .. 4 q{~) dL 
0 

By definition 

hD 
Nu::: 

k 

Nu = 

Nu = 

= 

2 q r 0 

q(L) dL .., t
0 

+ ro (x+ 
k Jo 

2q 

eq. 7 

eq. 8 

eq. 9 

. eq. 10 

+ j'k g(x· ..,L, 1) q(L)dLJ 

+ 
g{x +_ L,!) q(Lj dL- 4[ q{L) dL. eq. 11 
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;_ F.or .th_e. purpo,se. of .this.·analysi$ a. typical te~t· run .{l.l•.Z,), was. clu)~eli 
. fo_r· study •. The P:e.clet.number for th.ts run -is. appr.oxi:rriately 100. therefore, 
k11owing th~ Pe~le,t nUm.b~r th~ following table of eigenyaJue_s. was. cl:lo!u~n 
from .Kays,•', .and. Nicoll'\s re'port.9:. . . 

·2 
(\.n 

to~z· 

56 .• 3 

142 

~6.6 

42~ 

630 

Table. of Eig~n.:v;a,lue ~ and. Constants. 

· f()r P-r ;:: Q .• PI. ~R ::. 1Q •. eQO. 

Gn, 

.0.96 .. 

. Q. 8.10 

.Q.76.0. 

0 .• 728. 

0.704 

.o, •. 685 

-(2 
... m = 

98~5 

206 

353 

539 

Nut=. 5.10 NuNuH::: 6.46 

·.· . 2 -H"1,;.J ) , . •. :;\,I-~· 

7,~34 X 10.'"'3 

z. o.4.x Hr~ 3 

0 .• 93.5 X 1.0.;.·3 

0~ 528 X 10'.;..3 

0 334.x 10.\: 3 
. .. ; ' ' ~ 

Using_ the Eigenv.alu~~- and co.nsta.nt~ .• th~ ta~le of heat fl~es, Table 3, 
wa.s· cons.tructed for. run.(il'"'2J u~_ing. 1 .•. 95 x 10_5. B.tu/hr s·q.~ft at··the x+ ~-o.- · .. ~ 
wher.e X = 111 p(),si~ion. a,nd .10~'62 X. ,rqS Btu/h:r s·ci'_ ft .a~ the h.eat {lwt at x+ = 
0,. 540,-1 x = ·9."' position. 
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Table 3 . .,. Heat Fluxes for Run. 11.:.2 

X 

Inches Heat Flux 

of q x 1o-5 
.A,nnulus x+ Btu/hr sq ft 

1 0 1 .• 9 
1.5 0.0338 .1.9 
2.0 0.0675 L9 
2.5 0.1015 1.9 
3.0 0. 135 1.9 

.3. 5 0 .• 169 2.0 
4. o. 0.203 2 •. ~ ... 
4 .• 5 0.236 2.4 
5.0 0.270 2 .• 7 
5.5 0.304 3. 1 

6.0 0.338 3.5 
6. 5 0.372 4.2 
7 .. 0 . o. 405 5.3 
7.5 o. 438. 7.2 
8.0 .. 0. 473 10. 1 

8.5 0~507 11.0 
9.0 0.54:0 10.62 

With. the aid of the table the following function can. now be ~valuated: 

. + 
g(x - L, 1) = 4 + 

on. sub. in eqi!.ation_l.l 

2 
rn 

. 2 + . 
e.-Y rn(x -~)_ 

"f~(""H\( 1"~) 

Fir$t ev<:Lluating the integral~ at x +:::: 0. 338 

eq. 12 . 

eq. 13. 
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Table 4 - Evaluation. of Integral for Run .. 11-2 

Consider x = 0. 338 

+ ._ 
q(L) 

2 y~ (~-L) y 2 (x-L)y2 (-H) (L.)x 10-.5 L X. -L Y m·(x-L) m- . _m· q . -

0 0.;338 1.9 10.2 0.0 o.o 
0.0338 o. 3.04 1.9 9.18 9600 0.0005 0.00095 
0.0675 o. 270 1.9 8.15 3500 0 .• 0013 0.00247 
0.1015 0. 2.36 1.9 7.13 1250 0.0036 O.OQ684 
0.1350 0..203 1.9 6.13 . 460 0.0098 . o. 0180 

0.1690 0.169 2.0 5.1 16_5 0 .• 0273 o .• 0540 
0.20,3 0.135 2.2 4.07 59 o_. o764 o. 1680 
0.236 0 .• 102 2.4 3.. 08 21.7 0.207 0~496 
0.270 0.068 . 2 .. 7 . 6 .• 7 810 0.005 1. 57 

2.05 7.8 0.576 

.o. 581 

0.304 0.034 3. 1 3.35 2.8. 5 1. 62 . 5. 50. 
1..025 2.78 o .• 158_ 

l. 778 

0 .• 338 0 3 .• 5 1 .,. ... .;. 

Thi.s gives the integral up t6 L = 0. 304, . (x + -L) .;. .Q. 034. The remainder 
can be approximated by. 

S~nc~ q is linear over this. region then 

q(~) - a+ b L 
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.]!;valuated s~ries is 

[
x: 0,. 30,95(a +bx+J.O. 00560 b. (a+bx+ .Q. OS b)(O,. 03335)+ 0. 001093 b 

eq. 15 

at L. = 0. 338 q(L) - 3. 5 

· L =. 0. 304 q{L) ... 3. 1 

. solving . 3. 5 = a + 0. 338 b 

}.1 = a + 0. 304 b 

a= -0. 48. 

b=11.8L 

·«L) = -0.48 + 11.8 L. eq,. 16 

. on . .Sub. in. eq. 15 

0.334 

=. o. 3095 [-o. 48+(11. 8}«0. 338U ..:.0. 00.56,0(11. 8)- . 

Eo~ 48 + 11. 8«o. 338}.;.0. 05(11. s~[o. 0333~ +Q. OOl0.9~(u. 8) 

(0. 334 

Jo. 304 

=.0.93 

$imporrv·f1 Rule is used to evaluate t4e remaining integral \.... 

f.304 = 
0~ 0·

34 
(0. 4.96 + 4(1.. 57J + 5 .. 50) 

3 

(00. 30: .. 
Jc 0 • .139 



•. 

Then 

Sub eq. 13 

0.139 + o. 93 = 1.069 

+ . . ~5 
. Nu (x = 0. 338) =. (2)(3.5) x 10 = 6. 55 

6.55 

6.46 

f:069 x. 1o- 5 

- 1. 015 
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Since the Nusselt nwnber for thi.f:l rwi is 5. 85, the corrected nwnber is 

Nuc 1. 015 x 5~ 85 =5. 95 

To avoid repetition in calculations the results of Run.ll.-2 are tabu"-· 
. lated in Table 5. 

Table 5 ·-;. Res.ults .Showing the ~ffect of Variable Heat Flux 

on the Local NaK Conductq.nce - Run.l1-2 

X Corrected Nu Corrected Water Coefficients 

Inches of Nu(x+) Nux+x 5 85 . Wall Temp . h.reported · · .. h..-~orrected 
X+ -- .. (oF) Bfu;hr sqft oF Btuiu- sqft °F Annulus Nuoo Nuoo 

6 d .• 338 1. 015. 5 .• 95 1029 

6.5 Q. 372. 1. 035 6.05 994 1,170 1.168 
\ 
'·'-... 

7.0 0.405 1. 058 6 .• 20, 945 - .. 
. 7. 5 0 .• 438 1. 09 6.38 862 3,260 3, 160. 

8.0 0 .• 473 1. 12 6.66 735 11, 00.0 '9, 200 

8.5 o. 5.07 i. 015 5.95 651 137,.000 64,500 

' 



-
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The various temperatures, (Run 11-2) are. plotted as a function of posi­
tion along the tube, together {by a· solid line) with the original inner tube 
wall temperatures calculated on the basis of an assumed con~tant NaK Nus­
selt nUrn.ber .(see Fig. 10). It is. apparent from the curve that the effect 
(axial variation of heat flux on NaK conductance) is very small. except for 
the region in the early partial film stage. 

Table 5 also shows the magnitude of this effect (variable heat flux) on 
the water coefficients. This effec;:t is only significant in the burnout region 

. since this is the area of greatest h.eat flux change. 

The results of the other three:.runs, which are similar to Run 1, are 
tabulated in. Table 6. The runs sh.ow a difference in Nusselt number at peak 

. flux changes as much as 17% .. The significant error occurs in the vicinity 
of the peak heat flux region, where the tube wall temperature changes. rapidly 
.as. film blanketing causes a reduction. in. the rate of heat transfer •. Sin.ce the 
longitudinal temperature gradient of the NaK film is changing, th.e heat con.+ 
duc:ted longitudinally in. the NaK film. is also varying and affects the cal­
culated values of Nu:sselt Number. This effect.is of appreciable magnitude 
only in the burnout region where the heat flux changes rapidly. It is obvious 
from the table that this occurs over approximately 1/2 in. length. of the tube. 
In conclusion, it is felt that the experimental error in this critical region 
·is of such. magnitude as to overshadow the effeots suggested by KayslO. 

The ..authors presented this analysis to show the possibility of error in 
. the peak heat flux region. An attempt will be made in. future, tests to mini­
mize the experimental error by incorporating. additional thermocouples in. the 
critical region. 

Table 6 - Results on .. Corrected NaK Conductance 

Distance 
Along 

Nu(x+) 
· Nusselt Number 

%= Nucor'r» -·Nuconst. heat fluxx lOO Run Annulus Constant 
No. (in. ) . Nu00 Heat Flux Corrected. Nue:onst. heat flux 

. 

6 ... 3 5 1. 17 5.76 6.75 17.2 
6 1.114 5.76 6.42 11.5 
6.5 1.034 5.76 5.96 3.47 
7 .0.993 5.76 5.73 - 0.52 

- - - - ... ... - - - - - - - - - - - - - - - - - - - - - - - - .... - - - - ... -
7,., 1 3.5 1. 05 5.54 5.83 5.2 

4. 5 1. 07 5.54 5.93 7.04 
5. 5 1.142 5.54 6.33 14.25 
6.5 1. 07 5.54 5.93 7.04 

... - .. - - - - - - - - - ... - .. - - .,. - ... ... ~- - ..,. - - - - - - - - - - -
10-3 6 0 .. 991 6.02 5.96 - 0.99 

7 1. 04 6.02 6.26 4.0 
8 1. 11 .6.02 6.67 11.0 




