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PEAK HEAT FLUX AND TEMPERATURE
DIFFERENCE IN NUCLEATE BOILING
OF LIQUEFIED GASFES

T. H. K. Frederking

University of California
Los Angeles, Califorma

INTRODUCTION

Two-phase phencmer‘a are encountzred fre quenuv In cryogenic svsiems. Since the
thermal difusivity and kinematic viscosity of the liquids under considerstion {and their
vapors) are low, the ¢ritical value of the Ravr‘wn or Reynolds number is easily exceeded.
Consequently, turbulent conditions prevail and 2 co wplicated flow partern resuits, A
special t tvpe of two-phase flow is 11\01»&0. in nucleate boiling which is cnar::rellzed by
the appearanc : bubblies. It may be caused by

conventional tvpe
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flux delivered frop rge that the resulting vapor

ger permits z liguid pat ge thermal conduciance, the

cleate boiling breaks dow be established, accompanied

ss temperature, T de sometimes may be useful,

erconductivity iy by excesding the critical

‘ever, him beiling 0 herefore it is Imporiant for

the desavn and operation of cryogenic svstems to know the conditions determining the
two fundamentelly different bcriiing regimes, in particular the peak nucleats boiling

heat fux ¢u(“maximum flux,” “burnour fluy’ ') and the accompar‘vmo temperature
ly.

difference (A7)p. The two quantities are dealt with subsequently. We restrict ourselves

to 2 gne-component system and normal cryogenic liquids,

PEAK HEAT FLUX

‘Under sready state conditions of the system, the total rate of growth of the vapor
phase is the product of the number of active certers 7 at the surface and the rate ofgrou th

of the vapor domain at 2 single center. A total volume flow rate of vapor )

Vtof_ =1. V-U}-IT : (])
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results 1f the vapor volume Vy is pmuuced at a single center with a f frequency 1 Hr Wik

rising heat flux the number of centers increases L‘L"lt'1 a maximum value will be reached
at the pezk flux. It may be convenient to introduce 2 cov erage factor { defined as the ratjg
of the surfzce covered by bubbles to the total surface area 4, Then the number of centers
may be e\pxcsscd in terms of { by neting that the product of £ with the total surfece
arez 1s cqual to the number of centers multiplied by a mean bubble cross section, av eraged
in time znd over the surface. At the peak heat ﬁux the coverage factor approaches a
maximum value {p, ({p < 1). As soon as {5 is known, the number of centers can be
eliminated from (). The other unknown guantities oi this equation are closely related
to bubble kinematics and dynamics.

As z2n e\ampm we may consider free-convection nucleate boiling on a horizoatal
plate at the bottom of a vessel filled with saturated liquid. Under steady state conditians,
i there were a continuous emission of bubbles, the average mass flow rate of vapor froma
single center would have 1o be accounted for by an equal mass flow rate of IluL iid 2o the
centar, At the ceme‘, however, the volume of a depart!nv bubble must be replaced by
liquid, Due to the excess mass flow of hqmd to the center, a coverage factor of the order

10-11is expected at the peak heat <. By changing the meaning of {, and defining it by
means of the maximum bubble cross section A%, we arrive at the relatrion
Ly = in(A"/) (2)

{For first-order estimates {p
is expected to be approxima
bo
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% may be inserted.) The value of the peak coverzge factor
v constant in different cases since similar considersiions
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apply to various nucleate ng sysierms. :

At high population cbnames and thus also at gp, the total amount of heat deliversd
from the surface is rransported indirectly to the buik hqwd via the beilin
The volume flow rate of vapor due to the pezk fux gp for this vaper-liguid e
mechanism{*] will be
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f_-_‘p '—)(..-..,x;tjlzry = {:1'4\ .é:.";L‘Dl.

Exact values of the ql.ammcs on the left-hand side of (J) have to be determin
mentally due to the difficulties of predicting turbulent flow phenomena
mxcmstol ,, however, might be useful. The unknown ratic 77/ 4% 1
mas

:m bubble radius R*. The latter has & value of the order of /. ¢

Ll
1
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thermal boundary layer[®]. Therefore gy will be proporticnzi to

the {mean) temperature gradient large, the bubbles will grow ra

work on cryogenic boiling has recently been summarized by Richa
few comments on the peak heat flux will be given here,

Subcooled Boiling

if a subcooled liquid is exposed tc a high heat flux, an estimate of gp may be ohbuained
by means of an approximate relation given by Forster e «f.[!] The quantity
R*¥(Ty — Ty){r has been found to be 2 pproumatelv constant. Accordingly

gp ~ [RHTo = 1] (%)

or gp ~ H=2, Of course this estimate cannot be expected to held true for the whole
range of sbocoolmg and for all geometrical arrangements and operating conditions.

Natural Convection Pool Boiling of a Saturated Liquid
This type of nucleate boiling occurs frequently in eryogenic containers filled with
normal liquids, The bubbles do not collapse as in subcooled boiling, but are carried into
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the bulk liguid. The eguation given by Kut
fux on a horizontat plate or 2 11‘mlar connuun_ion

gp = K Lo\ 2 [galor — pu)]H? (3)

where from experiments Ky = 0.16.
Experimental resuits indicate[8] that small and multi-g accelerations may be accoun-

red for satisfzctorily by inserting the proper multiple of ginto (5).

"y

Forced Convection {Saturated Liquid} o

At high velocities, the thickness of the shermal boundary faver becomes smaller than
in free-convection systems. Therefore, the cak flux is expect ted to increass, provided
he qualityis low. At high qualities, hawever, the chances are great that bubbles approach-
ing the solid surface reduce the thermal conductance of the 1zqurd layer adjacent to the
wail. Consequently, the peak flux is low cred and transition to 8lm botling may cecur
easily. Tn the particular case of swirling flow, (3) might be used by replacing g with the
op p_r ate acc&lerauon term (w’r).

[ .—4—

i

Comp‘ex Natural Convection Systems
The decrease of the peak fux is most remarkable wit thin confined cHannels connected
2 1ar"€ reservoir of ’tqum while motion s ma__ltailled due only to na turzl convection,
{e.g., cryogenic cooling of eleciromagness). In this case, gp has been found['] ¢ be
considersbiv smaller than the value calcuizted f“om 5}.
Tr helinm dewars with conventional insulation, the bubbles rising from the container
o

induce motion of the liquid (Msimulzted forc ecl convection”}[8]. The peak fux
. -

3

of 2 heater mounted wit '11'1 the bath will then be higher than the values computed from
(3); however, large scatter ! bserved which might Se due to the presence of the bubbles
in the louid.

i

s simulated forced convection” the peak flux may be incrzased by

F k b
). In the experiments reported $o far, §y was not mcreased by an order
of megnitude, Therefore, conservarive cal lculaticns may be Dase

factars which mav iower the peak flux should be con nsidered carefully.

PEAK TEMPERATURE DIFFERENCE

Whersas the peak flux in different systems has been found to depend on the siate of
the bulk liquid, the peak temperatur s difference {(AT)p is much more clos elv related to
surface properzies and thermodynamics of phase change, and, to a first order approxima-
on, indepcr\_mL of the conditions of the bulk liquid. The temperature difference for a
given surface (given roughness and contamination} is fairly constant at high bubble
poputation densities. Remarkabie differences int the {_\T}p values are encountered when
the microroughress of the surface is changed as tificially[10]. It is expected, however, that

the surface properties of cryogenic nonbrit tle materials wili not vary so much as those
of artificially created surfaces or of other cons rruction materials which may be changed
rastically by hqmda, such as water from deposits, corrosion, or other reactions. For
praczical cr\ocenzc purposes, therefore, a boiling correlztion right be sa:icfﬂctor‘v‘
if the influences of the physical properties and pertinent operation parameters are
accounted for propes 1y, To obtain the p\,;k value (AT )p two -pproache:» are taken.
One way consists of inserting the appropriate peak heat flux into a given generud boiling
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Fig. 1. Reduced temperature differences, Curve (@) —~(AT)max/Te for constent mressure
accerding to {2); curve (h)—estimared beiling peak tempererure

=H RN

[#]
o
=)
Fy
(143
—
I
r
-
L)
=}
1]
&}
0.
W

olving for {

AT}p. The second approach taken will be based solely on

b
o]
[y
I
-t
I3
5!
4
=
e
o]
g
r+
g
e
")
Iy
f
2
~+
[y
2
o
I
-
oy
=
=
1
4]
M.
o
%}!
4
¢
™
)
o
[wnl
)
fald
o
e
"
v
~—

method, the choice of

Fu
the peak flux eguation is not very critical for a given surface since A7 does not vare cone
siderably in changing the dux. Therefore the peak value of {3) will be taken as the reference

o i wi e

hux. As a general boiling correlatien, the equztion proposed by Forsier and Graif
will be chosen sinee it was successful in predicuing the heat t ini

LY. i

13

urds in the low-pressure range.

=

121 20T [O T 214 '-.5'S{u-(:z I
g = i.i 0 v {

Lowchit | (L5,)2

According 16 this equation, AT is predicted to be fairly constant zt high flux values:
however, an approximation which is obtained by making use of the Clausius—Clageyron

i
equation cen be handled more easily. Though AT, for a given ¢, quantitarively

somewhat from the value evaluated by means of (6), this approach seems to b
for our purposes. Replacing Ap by LpeAT!Ts where (1/p; < 1/ps), we obtain 2 flux
T S P R fop BB e 10
-‘-ECLPIFJ—'?‘U 3 4By P S -
g L2 1078 — ] (Tt — 1 AT {7
Ts L s |

Hi K/
Combining (5) and (7) we obtain
100y 172 TPy — pp )8y T8
BT~ (—”’_) e 12 114508 ( }
\ pit Pt

y
Equation (8) provides a first-order approximation at low pressures or at low values of the
reduced temperature 7, = 7/7T, (Tc = critical temperature).* At high pressures or
saturation temperatures the (A7), values predicted are too high. (Ve note that thiz method

(8)

I

Hr

* Figures which show this approximation for various fluids are available, bur have not been

included in this presentation.
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provides a critical check of general boiling correlations which have been proposed so far
or which will be propesed in the t"uturc.} The physical properties are those of the super-
heated liguid oc the saturated vapor[i]. They may be expressed in terms of dim ensi
tess parameters of state: Ty = TiTe, Pr = pipe, or vp = viv.. Since subst'tutions of
this kind lead to rJ“-Lr lengthy expressions, a shorter a ppro ximation is much more
desirable.
Cur second appmach is based upon 2 crude estimate of the possible reetastable states
which may be reachied in the two-phase region. For a given pressure (or a given value of
}th'—*rc exists a maximum reduced temperature difference (AT max T, ¢ at thc minimum
o; the metastable isotherms in a p—v diagram, which might be attained with 2 very clean
system. One of the simplest equations of state is that due to van der Waals

pro= (87 (S

Equation {9) may be useful for the purposes of 2
agreement cannot be expeciad. .-‘a‘;: the minimum of the isotherms we have :om {9)
upon differentiation and m'-.nl zation with respect to oy, 7,* = (3v, — 24e,
the vapor pressure can be ev "’i sted, the values of (AT Ve T = (T — (Tr:lsa,gJ are
availzble. The latzer have been plotted in Fig. | as curve (2).

ar a constant pressure svstem has been assu-rnee however, an excess
required for bubble growth. Assuming tentatively that the peak temperzture

fated
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difference, at p + Ap, is equal to the eq"ilibriuh‘L :emperature difference associated with

Ap, along the vapor-pressure curve, we arrive at the reduced values (AT),/ T, plotted in

Fig. 1 as curve (b). It is convenient to approximarte this curve by 2 relation of the form
AT/ Te = afl — T{T)™ when ~ 0356 <« TiT, < 1 (10
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imum bubble cross section
ifie hear ar constant pressure
leration due to gravity
thickness of thermal Dounc'ar} laye
number of zctive nucleating sites
the rrz\'tl conductivity
consiant defined by {5)
latent heat of vaporization
m = constant, defined by (10)
p = pressure :
g = near Aux {heat flow rate per unis surface area)
¥ = radiu
R* = maximvum bubble radius
T = temperature (T, T wail and saturecion temperatuse, respectively)
AT =T, — T,
u = bubble rise velocity
v = speciiic volume
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V: = bubble volume
I/mt = total volume fow rate of vapor
= thermal diffusivity
f; = goverage factor
p = dynamic viscosity
w = angular velocity of fluid
p = density
¢ = suriace tension
+ = bubble period
Subscripts
¢ = criticel point
{ = liquid
# = peak quantities
r = reduced parameters (e.g., Tr = T;T,, asterisk: minimum of metastable isotherms)
v = vapor
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