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INTRODUCTION

The recurring need for estimates of burnout (critical) heat fluxes

in subcooled water systems prompted the writer to prepare a group of

curves with which rapid estimates may be made for purposes of initial

evaluation or preliminary design. The calculations were made with an

additive or superposition correlation1 which has been shown to be in

better accord with burnout data for subcooled coolants (~1^00 points)

than other correlations.

In the additive method, the burnout flux is taken to be the sum of

a term characterizing the boiling contribution in the absence of forced

convection and another term representing the forced-convection contribu

tion in the absence of boiling. In the original proposal,1 predictions

of the correlation were compared with data for seven coolants in axial,

swirl, and cross flow in tubular, annular, rectangular, and rod geometries

over broad ranges of flow conditions (0.05 < V < Ilk fps, k.2 < P < 3000

psia, and 0 < At < 506°F) which resulted in burnout fluxes from

0.1 x 10s to 31.k X 106 Btu/hr»ft3. It was shown that 96$ of the rep

resentative data (~900 tests) agreed with the predictions within a maxi

mum deviation of kQffc. Using burnout data for water only, the additive

correlation encompassed ~35$ more points at a maximum deviation level of

kQfjo than did Bernath's well-known correlation2 for subcooled flow burnout.

The superposition correlation is expressed by:

^bo = ^o^oil + (*bo}nb ' ^
in which

and where

^HDo'boil ^o'pool ^^bo'pool,sat sub ' ^ '

^nao sub
sub

J^bo'satJ pool

The saturated pool term was evaluated with the Kutateladze-Zuber' equation:

(3)



and the subcooling factor was calculated, in the original version,1 with

a relation proposed by Kutateladze on the basis of limited small-wire

data:

P„ N0,933 , C At
F . = 1 +

sub ^pv' * 25 X

The second term of Eq. (l) was evaluated with the conventional Newton

cooling law:

(r*) (rt^-a) . (5)

(^nb = hnb K ~ Vbo > ^

and (t ), in Eq. (6) was taken from Bernath's generalized plot3 of

(AtsaAo verSUS TsatAc'
Since most nonboiling film-coefficient correlations are written in

the form:

N.T = k' U? N? , (7)
Nu Re Pr ' v''

Eq. (l) may be expressed, by substitution of Eqs. (2) through (7), as:

^Q -**" (Kc**o)» *(F3ut) +K' (I) ^ ^ (t„ - tb)bQ . (8)

MODIFICATION OF CORRELATION

Available heat-transfer data were examined in order to establish

lower limits with which the separate factors of the final correlation

could be aligned. It was found that such a fit could be accomplished

by selecting an appropriate value of K in Eq. (k) and of K7 in Eq. (7),

by altering the subcooling-factor correlation (Eq. 5), and by using a

modified plot for the burnout wall superheat.

Specifically, a review of saturated-pool burnout data indicated

that for water, a K value of 0.10 is a reasonable minimum. The mean

value of K for water is ~0.l8 (and for all fluids ~0.15), but variations

associated with surface condition and orientation, as well as with the

apparently inherent uncertainty (of ~10$) in saturated-pool burnout

fluxes,3 combine to decrease K to a minimum level of ~0.10. For a



fr\%*'-to •'&
rough, horizontal heater surface cooled by low-pressure water, the con

stant K might be as large as 0.20, but for a clean, smooth, long, vertical

heater exposed to high-pressure water, K tends toward the lower limit

(oao)• A Tffl - 7?*/ -7fr/'£^
The correlation which best predicts the increase in burnout flux

associated with subcooling of the coolant appears to be that of Ivey

and Morris,4 which has the form of Eq. (5) but is based on considerably

more extensive data:

, p. N3/4 ,C At . N X

Since the maximum scatter of the data4 about Eq. (9) is <~±25$, design

values were calculated with: /

f „. ., +0.fl 2i f (Vf- )^/#"? (10)
"A»m A ft, ' ^ o ft * 'sub Pv N 9.8 X

In accord with the forced-convection nonboiling data of Rohsenow

nb

the following version of Eq. (7)

and Clark5 and others, the minimum value of h , was calculated with

Ofc', -̂ ^ReC <**&" • W\0«8

Calculations were simplified by isolating a combined numerical and

physical-property factor from Eq.. (ll):

V0, 8

h . = F , (12)
nb ^0.2 ' v '

e

and plotting the factor F, given by:

jjB/3 ci/3 po.e
F = Ik.k 2 1_ , (13)

0.467

versus bulk water temperature, as shown in Fig. 1. The units of

velocity and diameter in this dimensional representation, Eq. (12),

must be taken as fps and inches, respectively.
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Fig. 1. Variation of Physical-Properties Factor F with Bulk Temperature.



The critical or burnout wall superheat, (t — t ,), , enters the
* ' K w sat'bo'

calculation since the temperature potential (t — t ) inEqs. (6) and

(8) is the sum of the wall superheat and the subcooling at the burnout

site, (t , — t, ), • The critical superheat varies rather significantly

with surface condition, ranging from relatively high values for smooth

surfaces with few effective nucleating cavities to small values for

rough surfaces. For commercially prepared surfaces, which generally

contain a wide range of cavity sizes, the burnout wall superheat has

been graphically correlated as a function of P/P,, or of T ,/T by

Cichelli and Bonilla,6 Bernath,2 and Ivey and Morris.4 Over portions

of the pressure range, there is poor agreement among the subject cor

relations. Bernath's values of (At ) , e.g., are, on the average,

~6o°F higher than those of Cichelli and Bonilla in the interval

0.2 < (P/T ) < 1.0; and behave quite differently at lower reduced pres

sures, dropping rapidly with pressure reduction rather than rising

slowly. In addition, the Ivey and Morris curve gives superheats that

are slightly smaller than those shown in the original Cichelli-Bonilla

plot.

An overly conservative approach could be taken by ignoring the wall

superheat altogether, and using the subcooling as the film temperature

difference in Eq. (8). Such a formulation would be contrary to physical

reality, however, since the wall superheat must be finite in a boiling

system, and the burnout flux with zero subcooling is not zero. In order

to take credit for a reasonable value of critical wall superheat, a com

posite design curve was constructed by combining the correlations of

Bernath and of Ivey and Morris, as shown in Fig. 2. The upper (dashed)

curves, for (At .), £ 68°F, represent the portions of the subject cor

relations which lie below their intersection point — i.e., at t < 254°F,

the Bernath curve is lower, whereas for t , > 254°F, the curve of Ivey

and Morris gives smaller values of wall superheat. Though there is limited

evidence7 that the Bernath curve is in some error, especially at low pres

sures, and that the critical wall superheat probably increases with de

creasing pressure, as represented by the curve of Ivey and Morris at low

t ,, relevant data are too sparse to decide the point conclusively at

this time. The design curve (lower solid line of Fig. 2) was taken as
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Fig. 2. Variation of Minimum Burnout Wall Superheat with Saturation
Temperature for Water.
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0.8 of the mean-curve values. The few critical,.wal]J-s^)etheat data
which have been measured with smooth or commercial syirfaees all fall

above the design curve.

RESULTS

The calculated minimum burnout fluxes for pool-boiling systems are

plotted in Fig. 3 versus pressure, with subcooling as the parameter.

Calculated heat fluxes for flow burnout are plotted in Figs, k through 11

for coolant velocities of 10 to 100 fps and system pressures of 15, 100,

300, 600, 1000, 1600, 2^00, and 3000 psia. In Figs. 5 through 8, cor

responding to pressures of 100 to 1000 psia, the high-subcooling curves

cross over, their divergence increasing with increasing velocity (at a

given pressure) and with decreasing pressure (for fixed subcooling values)

The crossover behavior of the curves is attributable to the variation of

h , with bulk temperature - i.e., h^ decreases with decreasing t^ for t^
less than ~500°F (see Fig. l) — and to the increasing dominance of the

forced-convection term as the velocity rises.

Figures 3 through 11 are based on a normal earth gravity (a/g = l),

and Figs, k through 11 were calculated for De = 0.1 in. and the ratio

L/De a 60. For L/t)e < 60, the calculated h , should be multiplied by the
factor [l + (De/L)0'7] to correct for the thermal entry region in which
the thermal boundary layer is not fully developed. The forced-convection

curves should apply equally well to axial subcooled flows in tubular,

annular, and rectangular geometries.

Burnout fluxes for D„ = 0-5 in. were also calculated. Figure 12

(parts a through d) displays the results in terms of the ratio of 0.

for D = 0.1 in. to 0, for D = 0.5 in. plotted versus velocity with

subcooling as the parameter. The subject flux ratio varies from 1.06 to

1.3^ over the variable ranges investigated. By definition,

_(«boVl in. . (lU)
0.5 in. Fig. 12 ordinate

As discussed previously by the writer,1 burnout fluxes can be

affected significantly by diameters less than a critical value which is
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Fig. 3. Pool Boiling of HO, Pressure Dependence of Minimum Burnout Heat Flux.
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Fig. k. Forced-Convection Burnout Heat Fluxes, P = 1.0 atm abs,
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Fig. 5. Forced-Convection Burnout Heat Fluxes, P = 6.8 atm abs.
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comparable to bubble dimensions. The limited data acquired with suffi

ciently confined geometries indicate that for water, the "critical"

diameter varies with pressure approximately as follows:

P (atm abs) •+ 1 30 90 150 200

(De)c, mils -» 75 58 45 36 20

If D < (D ) , the design curves are not applicable, since the burnout

fluxes will be either sharply increased or decreased, depending on the

hydraulic supply-demand characteristics of the system.

CALCULATING THE RATIO OF BURNOUT TO INCIPIENT-BOILING HEAT FLUXES

The amount by which a local heat flux, 0 , can be increased beyond

first boiling (0 = 0 ) before burnout occurs (0 = 0, ) is frequently

desired in reactor safety analyses. The subscript "x" is used to emphasize

that an increase in the local heat flux only is under consideration. If

the total channel power is increased significantly, the burnout flux is

decreased because the increased upstream heat load decreases the local sub

cooling at the burnout site.

The heat flux 0., can be calculated by simultaneously solving Eq. (6)

in the form:

*nb =hnb <Atsat +Atsub^)> " ' 0-5)
with the dimensional expression proposed for water by Bergles and Rohsenow:8

Kb'lo-usl IS-fi?-1^ (At_at)a-w^30, .11 (16)
in which the appropriate units are Btu/hr*ft2, psia, and °F.

An alternative approach is based on an interpretation of the method

of superposition as illustrated by Fig. 13, in which the line AB corre

sponds to nonboiling convective heat transfer, the line BC to the nucleate-

boiling region, the point C to the critical (burnout) condition, and exten

sions CE and CF to the course of the boiling curve, for At > (At ) ,

when the heat source is one of constant heat flux and of constant tempera

ture, respectively. Since the slope of AD is small, and (At A is not
' K sat'to
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much larger than (At +)-L.J a*1^ since (0t-o)nb as defined in the additive
correlation [Eq. (6)] corresponds to point D, it follows that 0 « (0, )

and that:

*bo *bo Eq" <8) h7,
» = . {11)

*ib (*bo>nb E<5- ^

As is clear from Fig. 13, the ratio 0bo/0.;-h should be slightly under-
predicted by this procedure.

For a nominal HFIR case (P = 600 psia, V = 45 fps, Dg = 0.1 in., and
At , = 250°F), the flux 0., as calculated by simultaneous solution of

Eqs. (15) and (l6) gives a ratio <tK.cJ^--u of 1.442. The prediction of
Eq. (IT), I.385, is only 4$ smaller. These calculations have been extended

to show, in Fig. 14, the velocity, subcooling, and pressure dependencies

of the 0hV0i>, ra'ti0 for tase values of V = 45 fps, At , = 200°F, and
P = 600 psia.

CONCLUSIONS

Design curves of burnout heat flux for subcooled water systems were

based on K = 0.10 (2/3 overall mean value), k' = 0.019 (0.8 mean value),

(At .) = 0.8 of probable minimum value, and subcooling-factor increment =

mean/l.25. The plotted curves should be valid for diameters above a criti

cal value which varies with system pressure.

A simple method of estimating the 0., is proposed; based on limited

comparisons, the method gives good agreement with the procedure of Bergles

and Rohsenow.
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ADDENDUM

In a recent comparison of burnout correlations for water coolant,9

'it was shown that a dimensionless equation developed by Kutateladze10

for the case of a high-velocity just-saturated liquid:

0c =0.0155 VX (p^P-.)1"^8 , (18)

is in excellent agreement at the higher velocities with the super

position correlation, Eq. (8), as modified. With Eq. (l8), 0 -♦ 0 as

V -♦ 0; and at V = 0, the difference between the predictions of Eqs. (8)

and (18) is essentially the value of 0 for the saturated-pool case.

It is also noted in Ref. 9 that buoyancy forces in heated vertical

channels cooled by low-velocity downflows act to decrease the 0 sig

nificantly below corresponding values in upflow or horizontal-flow

systems. In normally encountered geometries, this effect is negligible

for water when V exceeds about 8 fps. The velocity below which the

buoyancy effect is important increases with increasing L/D ; for values

of this ratio less than about 200, the buoyancy correction is negli

gible for V i 10 fps.11
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NOTATION

//

a system acceleration

C constant-pressure specific heat of liquid

D equivalent diameter of flow channel

F liquid physical-properties factor [see Eq. (13)]

F , subcooling factor [see Eq. (3)]
sub

G mass velocity of coolant

g gravitational acceleration

g mass-to-force conversion constant
c ' »

7
h heat-transfer coefficient

k thermal conductivity of liquid

K constant [Eq. (4)]

K7 constant [Eq. (T)]

L heated length

m, n constant exponents, 0.8 and 1/3, respectively

N,T Nusselt modulus, dimensionless, hD /k
Nu e'

N„ Prandtl modulus, dimensionless, Cu/k
Pr P '

N-3 Reynolds modulus, dimensionless, D G/u
Re e

P absolute system pressure

P thermodynamic critical pressure

t temperature

T thermodynamic critical temperature

T . absolute saturation temperature
SQuXt

Atsat wal1 suPerheat^ (\ ~ tsat^
At , coolant subcooling, (t .— t^)

V axial coolant velocity
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Greek Letters

X latent heat of vaporization

u dynamic viscosity of liquid

p density

Ap phase density difference, (p. - py)

rj surface tension, liquid/vapor

0 heat flux

Subscripts

b bulk (mixed mean)

bo burnout

boil boiling

c critical

ib incipient boiling

JL of liquid

min minimum

nb nonboiling

sat saturation

sub subcooled

v of vapor

w wall

x local
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