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THE CORRELATION OF NUCLEATE BOILING BURNOUT DATA
Peter Griffith *

ABSTRACT

A dirensionless correlation is developed for nucleate boiling
barnout date including the following ranges of variables.
Fluids - Water
Benzene
n - Heptane -
n - Pentane
Ethanol
Pressure - 0.0045 to 0.96 of eritical pressure
Velocity - O to 110 ft/sec.
Subcooling - 0 to 280 oF
. Quality - 0 to 70%

The data is drawn from & variety of sources and has been collected
on widely verying types of systems. Over 300 points are correlated
vith 94% of the points included betwsen the ¥33% envelope drawn around
the beat line through the points. The correlation includes only fluid
properties and quentities which can be calculated on the aasumptian of

equiliibrium conditions at the burnout point.

* Assistant Professor of Mechanical Engineering, Massachusetts Institute
of Technology, Cambridge 39, Massachusetts.




LIST OF SYMBOLS
Capitals

A = Area

Ay Ay Ay - Dimensionless constants in Equation (6).
Values given in (8).

C - Fraction of heat transferred to the bubbles. Defined by
a Equation (2).

Cyp = Constant defined by Equation (1).
D -~ Pipe diameter.
- Bubble diameter.

Factor correcting pool boiling heat fluxes for changes in
conditions. Value given in Equation (8).

Reynolds number = VD f']_/ﬂ-l.
- Pressure.
Critical pressure.
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-~ Temperature.
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- Velocity.

Small Letters

- Specific heat.

- Frequency bubbles form at point on surface.

~ Acceleration of gravity.

Enthalpy.

- Thermal conductivity.

- Power on product term of Equation (6) equal to 0.5.
- Number of bubbles/unit area at burnout point.

- Heat flux.
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Greek Letters
f - Density
M = Viscosity

Unexplained Subscripts

b - Bulk 1 - Liguid

f = Liquid m - Maximum

g <« Vapor 8 « Saturation
fg - Liquid to vapor ¥ = Well
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INTRODUCTION e

A lerge number of dimensional empirical correlations exist in the litera-
ture for nucleate boiling burnout date in which an experimenter satisfactorily
correlates his deta using his particular set of independent variables usually
raised to various nondntagral powers with, perhaps, an arbitrary coefficient
(1, 3, 4). Lttempts to apply these correlations to other experimenter’s data
have usually met with feilure because the coefficients and exponents include
system characteristics which are usually different for the different systems.

In addition, no general correlation scheme exists, so that it is impossible for
& designer to take burnout data for water, for instance, and use it to calculate
the burnout heat flux for some organic fluid under similar conditions. This
work has been undertaken to fill the need for a general correlation.

Because the burnout process is so complicated, it is unlikely that every
possible variable can be included in the correlation. Therefore, attention has
been focused on the most important variables and the secondary variables have
been ignored. This naturally limits the application to certain classes of
problems. The primary variables ineluded in this correlation are pressure,
veloeity, quality, and subcooling; the secondary variables include surface
geometry, surface conditions, and heater strip orientation.

The burnout heat flux is visualized as a local phenomenon, i.e., it is
determined by the conditions existing in the immediate vieinity of the heater
gtrip. With the high heat fluxes often associated with burnout, there are large
departures from equilibrium conditions in the vicinity of the strip. However,
the magnitude and exact nature of these departures are also unknown and cannot
be used to determine burnout heat fluxes. Likewise, quantities such as wall
superhest, maximum bubble diameter, or the thickness of a superheated layer
near the surface, which also are unmeasured or unknown, should not appear in
the correlation even though they are well defined and, perhaps, significant in
their effect on the burnout process. Therefore, a useful correlation must
relate the burnout heat flux to some fictitious equilibrium properties which
can be computed. This has been done here.

In any general correlation scheme, the central fact which mst be recognized
from en examination of the burmout data, is that when small changes in velocity,
pressure, subcooling or quality are imposed on the system, there afe no resulting
abrupt changes in burnout heat flux. This implies that there i8s no sudden change
in the burmout mechanism over most of the ranges of variables eonsidered. This
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fect has suggested the correlation scheme presented here.

- A good correlation for saturated pool boiling burnout for a number of
flulds under a wide variety of pressures already exists (7, 8). This correla-
tion with a rational correction factor containing empirically determined
coefficients and powers has been used as a starting point. This factor contains
several dimensionless groups incorporating the effects of changes in velocity,-
quality, and subcooling. In the following sections this correlation scheme will
be developed and the limitations on its application pointed out.

THE CORRELATION

When the boiling heat flux is increased, both the number of bubbles on the
surface and the fraction of surface covered by bubbles increase. At some point
the fraction covered exceeds a certain value, the heat flux is decreased and the
heater burns out. Essentially then, burnout is viewed as occurring at a certain
eritical packing of bubbles on the surface. At the highest qualities this may
not be the limiting process, but within very wide limits such a critical packing
eriterion seems to be valid. In the following section a saturated pool boiling
burnout correlation will be developed which has thié as its basis. It will then
be altered and extended to include the various possible departures from satu:-
rated pool boiling conditions.

Let us start by imagining that at burnout the surface is packed with
 bubbles of uniform size. The number of bubbles per unit length will be equal
to 1/nb and the number per unit area will be equal to 1/Db=. The bubbles may
not be packed in this manner so let us assume that the number of bubbles per
unit area is actually

c
vb
n = '5;5 (1)
in which cvb is a constant which is, at most, a function of pressure. It has
been observed that the heat transferred to the bubbles is proportional to the
net heat transfer or

(%)boiling = Gghp, anfg) D ¢ (2)

where Cq is the fraction of heat transferred to the bubbles. When (1) is
gubstituted into (2) end the C's evaluated at the meximum heat flux point the
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result is
($)
4 n T

m 5 (3) cqcvb ; (3)

The constants on the right of equation (6) are assumed to be, at most,
functions of pressure. This analysis was presented in reference (8) and
correlated data with an error of approximately f11% by the following equation

(a/4) £ = f )0'6
—-—-—-—E ] l
Jpghfg 143(}"'fPEE* (42)

The quantity (be) in equation (3) is the product of the frequency and
deperture size of the bubbles and is primarily a funetion of their average
growth rate. Equation (3) can then be rewritten as :

A .
c

hfg Fg_v_ growth

When conditions are altered from those of saturated pool boiling by
chenges in velocity or by subcooling, the average growth velocity also changes.
Let us continue by considering what the effect is of these changes on the average
growth velocity. ‘In reference (7) results of caleculations are presented whiech
show that the average growth velocity of a bubble growing on a wall in a temp-
erature gradient is a function of three things: a thermal layer thickness "b",
s bubbile growth coefficient P (T, - T.)/ Pghggs and a temperature parameter
(Tw - Ta)/(Tu - Tb). In order to use these growth rate curves to correlate
data, however, it is found necessary to make a number of assumptions about the
actual processea occuring near the wall.

These assumptions and the development of the expression for the average
growth velocity at saturation conditions are presented in Appendix C. For this
application, however, this expression is perhaps best regarded as a group of
terms with the correct dimensions and a plausible basis. Perhaps other groups
are better, but this seems as good as sny. The average growth velocity then, is

‘ o el 1/3 .
T PEE( it (8) (5)

growth M Fa Ps
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If equation (5) is substituted in equation (4b) and the resulting burnout group
is plotted versus P/Pc’ the f(R[Pc) in equation (5) need not be specified.

Next let us consider how equation (4b) should be altered to accommodate
changes in flowing velocity and subcooling. The primary effect of both flowing
velocity and subcooling is a reduction in the maximum size achieved by the
bubble. This is accomplished through a reduction in the thickness of the
superheated layer of liquid near the surface. The bubble growth rate calcula-
tions in (7) show that as the meximum bubble size is decreased the average
growth velocity increases, all other conditions being equal. Therefore, the
pool boiling bubble growth velocity should be altered by a factor which intro-
duces this fact in an appropriate manner. This has been accomplished by
defining a Reynolds number

VD
N =i
Re Ay

in which the V is the velocity of the material flowing past the burnout point.
As the layer of interest is in the liquid, liquid properties have been used.
The use of thls velocity implies that the liquid and vapor are both moviné'&t
the same velocity. The "D® in this number is the hydraulic diameter for the
flow passage. For large values of this Reynolds number, the burnout heat flux
seemed to be proportional to the Reynolds number, so the first power on the
nunber was chosen with the coefficient left to be determined. Let us now turn
our attentlon to the appropriate subcooling compensation factor.

The bubble growth rates were found to be a function of two parameters;

e {T = T ) s R
.fi 1.h W 8 At Tw — Taj)_
SDE fg W

b
This pair of paremeters could as well have been replaced by the pair

0% %), 5T :
Pelrg Pe'te

in which the unknowmn 'T" appears in only one of the parameters. Previously,
however, the first parameter was found to be a function primarily of P/Pe which
is treated as a variable by plotting the burnout group of equations (4) and (5)
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versus P/Pc' The subcooling effect can now be handled by means of the dimene
sionless group Plcl(T . = rb)/ Pghfg alone. A cross plot of the computed
bubble growth rate results (7) indicated the power of this group should be

about 1.
From theoretlcal considerations it seems also that a product of the sub-
cooling and velocity terms is also desirable so this has been included in the

correction factor. This correction factor is then:

VD (T, - T,) (T, = T,)
F = 14+ Al(?x%)’" A, (&?";T-‘—J-i- A, 7%-) (-f%ﬁk (6)

We shall now briefly turn our attention to a change in equation (4b) which should
be made to extend its range of application. After this we shall return to con-
slder how the constants in equation (6) are determined.

When a bubble departs from the surface in saturated pool boiling, the liquid
rushes in t0 replace has an enthalpy equal to hf. Some of this liquid is con-
verted to vapor, experiencing a change in enthalpy hf ~ If the liquid in the
bulk is subcooled, the liquid has an enthalpy hb and experiences & change in
enthalpy hg - b . Therefore, it is appropriate to replace hfg by (hg - hb).

The same reasoning would apply in the quality region, except that what replaces
2 bubble would generally include both liquid and vapor. Burnout heat flux
decreases when this enthalpy difference decreases and when (q/A)m goes to zero
(at 1007 quality) this enthalpy difference also is zero.

The various coefficients in equation (6) for the factor "F® were determined
as follows. Equation (4b) is written below with the change suggested in the
previous paragraph and the Vg_m wtn 88 given in equation (5)e

g (o/8)
(b, - 1) fg (.211:_1.&) g( 11%

vhere F is defined by equation (6). When the degree of subcooling is 0, both
the product term and the subecooling term are 0. Thus "Al" is determined by
plotting the left side of (7), with F omitted, versus VD yl/h for various
pressures. All the forced convective data with hb} h o has been used to
deﬁermine Al' The coefficlent A2 is determined by plotting, in the same manner

)2 7 f(%) 7
F
1
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as sbove, the only pool boiling subcooled data evailable (2) and choosing the

best wvalue for &2. With the values determined earlier for Al and Az, with
Ay = 0, the plot of equation (7) versus the product (VD 91/,441)( Plel(Ts - Tb)/

' thfg) has been made for the various pressures and the best values for the

exponent and the coefficient chosen. These data included voints at both high
and low pressures. When the factor "F® is written with the factore Al, Az, and
A., and the exponent "m" inserted, it becomes

r &N + 10-6<Y;L&)+ 0.014 (—Eﬁ&-—'rbl + 0.5 x 10"'3 (V_Dﬁ w (TB 4 Tb)

: | Pghfg Ay Pe'rg

No more significent figures are presented for the coefficients than are felt
to be Justified by the scatter in the data. It is desired also to keep the
funetional relatlonships as simple as possible and the coefficients as few as

. possible. For the data correlated here, F has the range 1 to 9 with its value

in the high pressure range varying from 1 to 2.5. Other correlation schemes
are possible with these data and dimensionless groups, yet it does not seem
possible to materially reduce the complication of the correlation scheme or
the number of arbitrary constants.

DATA CORRELATED
All the burnout data available has been collected and examined., Not all

that is available, however, appears in this correlation. The excluded data
has been omitted for eny one of the followling reasons.
1. The burnout was due to flow instability so that the burnout heat
fluxes were characteristic of the size of the flow fluctuation and
the system dynamies, not only time average local conditions.
2. The burnout data was badly inconsistant internally or scattered so
mich as to cast serious doubt as to the care taken in its collection.
3. The quality at the burnout point was above 70%. These high quality
points did not correlate and their exclusion is justified because it
is felt the limiting process is not the same as for the other data.
A correlation of these data based on a more appropriate limiting
process is under consideration now.
Individual points which deviated, though they did not come under one of the
three catagories listed above, were not excluded as it was felt that the validity -

0.5 i

(8
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of the correlation would be seriously open to question if such points were
arbitrarily excluded. '

It is appropriste at this time to comment on the burnout process and on
how some of the deviations from this correlation might arise. Most nucleate
boiling is at a sufficlently high heat flux so that if a pulsation of flow,
heat flux, or quality occurs, for even a rather short period, it is possible
that the transition to film boiling could occur at an average heat flux which
1s appreciably lower than the maximum attainable steady state heat flux.
However, it is only the peak flux on the temperature difference-heat flux
curve which is unique, so that a burnout heat flux below this peak value is
characteristic of a disturbed system. A heat flux measurement taken on this
kind of‘syatem without any information as to the nature and magnitude of the
disturbence is difficult to interpret. Therefore, the highest burnout heat
fluxes measured for a given set of operating conditions represent the repro-
duecible values. In running the burnout spparatus at M.I.T. it has been found
that a premature burnout occurs if the power on the test section is increased
too rapidly or too unevenly. It is, therefore, only the reproducible noints
in the M.I.T. data which are reported. :

RESULTS : :
The results are presented in Figure 1. The maximum range of variables

covered on this curve are as follows:
(a/8), - 0.075 to 11.4 x 10° BTU/hrapt2
Velocity - O to 110 ft/sec
- Fluids - Water
Benzene
n - Pentane
n - Heptane
Subecooling - 0 to 280 °oF
Pressure « 0.0045 to 0.97 of critical pressure
Quality - O to 70%
94% of the points are included between the £33% envelope drawn around the best
line through the points. '
In order to aid in the calculation of the burnout heat flux for water at
a given condition, the property groups appearing in equations (5), (7), and (8)
are plotted in Figure 2.
The range of validity of the correlation is limited by the nature of the
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date that wes used to determine the empiricel coefficients. The types of
systems included in this correlation are tabulated in Appendix A. Heater
strips or tubes thinner than those mentioned in Appendix A are likely to
decrease the burnout heat flux. This is so because the possibility of a
local hot spot being able to dissipate its excess heat to the surrounding
material is limited if the strip is very thin. Gunther (1) indicates that the
strip used in his experiments was thin enough to affect his results. However,
when the velocity, pressure or subcooling increases the dependence of the
burnout heat flux on the strip thickness decreases. This is so because the
meximim bubble size is decreased by any of these changes, and the possibility
of a local hot epot under a single large bubble is decreased. An examination
of his forced convection points indicates that only low velocity, pressure and
subcooling points are outside the T334 1imits.

There is also a minimum channel height for which this correlation is walid.
The dats of References (3 & 9) is close to it. Aside from its effect on the
Reynolds number in the factor ®F® , the channel height seems to be important at
spproximately the height at which en individual bubble is able to span the
channel, Under these circumstances the nature of the boiling process is
chenged. A large number of the points outside the lower envelope at l’fi'.:= = 0.62
are from the small tubes, Enough points correlate, however, so that it is
felt that the small tube data should be included.

In general, the heater geometry does not seem to be importent in its
effect on the burnout heat flux since \d.re;s, tubes, pletes, and strips all
gorrelate here. Likewise, surface conditions, such as roughness or contact
angle, do not appear to be importent variables. Some experimenters apparently
£ind that large contact angles led here to premature burnouts, but our experi-
ence has been that it is difficult to maintain a large contact angle. There-
fore, the surface is not an important variable from system to system.

‘ In the course of this correlation work, several gaps in the experimental
prograns became apparent. Very little data exists below 500 psia for water,
in particular very little has been taken: between 100 psia and 500 psia. Also,
all the coefficients for "F® are calculated on water because, to the author's
knowledge, no forced convective quality or subcooled date has been published
for other fluids., It would be worthwhile to test some other substance to see
if the dimensionless coefficients calculated on water are as general as 1s

hOdee
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1500 psia

Source |. Fluid Pressure Geometry Length | Material Heating Comment,
(1) | Water 14.7 to L S 6% DC Low subcooling and
164 psia | 16 b{,2 - velocity points low i
with g X 0.004" because of heater
strip. strip thickness. |
(2) | Water 14,7 psia | Strip in lucite 4" 304 Stain- DC Pool boiling saturated
002" thick x .125" less steel and subcooled.
wide
(3) | Water 2000 psia | 0,18 I Dia 11.6" | Nickel ®A®
0.306' I Dia and DC
23.2
(4) | Water 500 Tube 0.226 ID 24.6" | Stainless DC A1l subcooled forced con-
1000 vection points for UCLA
2000 psia data.

(5) | Ethanol 14.7 to Chromium Indirect | Only clean surface data
n-Pentane | 195 psia Flat surface plated used, pool boiling.
n-Heptane faeing up copper
Benzene

(6) | Water 14.7 to 0.024" OD wire Platinum DC Pool boiling saturated.

2650 psia It is felt the highest
pressure points are
higher than could be

| attained on a plane
surface.

(9) | Water 500 to Tube .18" ID gn Nickel. DC
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APPENDIX C

Development of the Expression of the Bubble Growth Velocity

growth
The bubble/rate caleulations of reference (7) give dimensionless bubble

radius and growth veloecity as a function of dimensionless time for various
values of (T, - Ts)/(T" - T,) and Proy (T, - b)/g ghfg. The definitions of
the various terms mentioned here are:

b = thickness of heated layer near the surface, dimensions of length
Y = R/b, dimensionless bubble radius C-1
s klt/ j’lolb’, dimensionless time -2
0 = (Tw Tb)/(Tu - b)’ dimensionless temperature c-3
vy = ¥ — b( ?1°J./k1) » Gimensionless velocity Cwd}

When the bulk of the liquid is at saturation temperature the growth velocity
becomes a function of ?131('1" - b)/ @ ghfg alone. In the course of the cal-
culations (7) it became apparent that this parameter is primarily a function
of the critical pressure ratio (P/P c) so that p]_cl(z"'r - Ts)/hrg Pg can be
replaced by a function, f(P/Pc), which is left unspecified.

Let us start the caleculation for the average growth velocity by specifying
the characteristic dimension "b", then see how "b" is fixed by the boiling
process, and finally caleulate the everage growth velocity. Assume the true
temperature distribution in the liquid is approximated by a constant temperature
in the bulk and a stralght line temperature distribution from the surface temp-
erature to the bulk temperature. Call the distance from the wall to the point
where there is a constant bulk temperature "b*. The length "b" can now be
determined by considering the unsteady heat transfer to the liquid after a
bubble departs. It has been noticed that the delay between bubble departure
and the initiation of the next bubble is approximately equal to the life of
the bubble on the surface*. During this time the cool liquid rushing in after
the bubble departs is being heated. If the liquid is treated as an infinite
slab of stagnant liquid then the temperature distribution is represented
by an error function (erf) curve. Approximating the "erf® curve by two straight

lines leads to
§on T -
Y1%

#* Heat Transfer, M. Jakob, Jojm Wiley and Somns, Vol. 1, p. 632, 1955,
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where tb is time the bubble spends on the surface and is assumed equal to the
delay between bubbles. Eliminate "b" between C-2 and C-5 and the result is

T = 0.25. c-6

This is the dimensionless time at which the dimensionless radius and velocity
are evaluated. The range of bubble sizes encountered is such that the rise
veloelty is adaquately represented by Stokes Law

g(Py - P02
Veise = _13-# c-7

The definition of dimensionless veloeity at any time gives

' = p 4 -L C-8
growth b (,Pl"l)
The definition of Y gives

R = bY C-9

A3 the bubble grows on the surface it is approximstely hemispherical but when
it departs it is approximately spherical. Therefore, the diameter of the
spherical bubble equal in volume to that of a hemisphere of radius R is

Db =
in which R has been eliminated by use of C-9. When & bubble departs, its
rise velocity must be at least equal to its growth velocity. Let us assume
this is a sufficient condition and speeify V rise = Vgrowtn &b departure and
equete C~7 and C-8, When Db is eliminated with C-10, then an expression for

b is

1,59 bY C=10

o V3 1/3
) 4 A K
- [am(B)] |wy ()] e

The average growth velocity is

D,

growth =~ %
average %

v C-12

When equations C-5, C-8, C~9, C-10, and C-11l are substituted into C~12 then



[~ 1/3
4 l T 1 S s | _&
Verowtn ~ 18 (v)[¥3] ) elfPy = 9 ("1°1\5 i
average {(a25) [z—y!l. 55 ( ?.r) .

The terms appearing in the first brackets are dimensionless and at T = 25 are
constants or functions of (P/P c)‘ Therefore, let us rewrite C-13 as

. 'a 2/3
s = | w7277 ()| 48D

average
This is the average growth velocity which is to be substituted in equation (5)
of the text.
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CAPTIONS

Figure 1 Water property groups for substitution in equations 7 and 8
with the assistance of Figure 2.

Figure 2 Burnout correlation. The experimental conditions are tabulated
' in Appendix A. The strokes to the right of the vertical lines
are points at the pressure corresponding to the vertical lines.
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