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ABSTRACT : ‘

This paper presents an investigation and resuits of volumetric void
fraction and recondensation of bubbles in forced convective
‘subcooled boiling. Dichlordifluormethane (CCLF,) served as test
fluid, The data were taken at different heat fluxes in a'12- to 25- bar
pressure range, the mass fluxes have been varied from 500 to 3000
kg/m?s with an injet subcooling in a range of 10 to 50K. The
experiments have been conducted in an annular test channel with an
0.016m inner diameter and an 0.03m outer diameter. The inner tube

of the annulus was heated by direet current. The void fraction data

were gauged with a gamma - densitometer and a specially designed

impedance void meter. The experimental results reveal that the void

- fraction is nearly constant from the onset of nucleation boiling to a
subcooling of about AT « 10X. A method for predicting the void

fraction based on the drift flux model was calculated. With the help

of this equation, a mode! for the recondensation rate could be derived
and will also be presented in this paper. :

INTRODUCTION

The knowledge of the onset of nucleate boiling, void fractioﬁ, and

pressure drop in subcooled boiling is important for the practical
layout and design of liquid<ooled heat-generating systems operating
with high heat fluxes. The phenomena occurring during subcooled
boiling are explained in Figure 1. A fluid, which is subcooled at the
channel inlet, flows through an uniformly heated tube. Because of
the single-phase convective heat transfer, a superheated thermal
boundary layer is established near the heated wall. Here, in small
cavities; the first nucleation sites are astivated and the first bubbles
are generated (Z,). This phenomenon is called "onset of nucleate

boiling™ (ONB). The average bulk temperature at ONB: s still -

hested length z

NNy

FIG. 1 VOID FRACTION DEVELOPMENT

considerably below the saturation temperature, and the g:ncr:itcd
bubbles are small and therefore condense as soon as they come in

contact with the subcooled bulk flow. Consequently, the void fraction
is' very low in this region: The average bulk temperature increases
with increasing channel length: Therefore, the bubble condensation
rate decreases and the bubbles grow, tend to retreat from the heated
wall, and drift into the bulk flow {z,,)). Beyond the latter point the
temperature near the center of the tube is still below the saturation
temperature, and thermodynamic non- equilibrium continues to exist
until this temperature reaches saturation (z,). Beyond that point, the
released heat contributes only to liquid evaporation. Point Z..,
revesls the saturation temperature of the flow when the {irst law of
thermodynamic is applied neglecting the thermodynamic non-
equilibrium.  In subcooled boiling, not only the heat transfer



coefficient increases in comparison to single-phase flow, but also the
void fraction, which causes' a change of the fluid dynamic
characteristics, such as the pressure drop. More detailed information
concemning subcooled boiling can be found in [1]. Subcooled boiling
phenomena have been investigated by several authors. Dix [2] and
Jain ct al. [3] have experimented in the region z, - z_, using Freon

113 as test fluid, and Rouhani [4] using water, all of them, however,

have worked in low-pressure ranges.

EXPERIMENTAL SETUP : ‘

The experiments are conducted in & closed loop made of stainless
steel. The loop is designed to operate with refrigerant 12 up to the
criical pressure (41.6 bar). A vertically arranged test section having
an annular cross section with a hydraulic diameter of - 0.014 m is
mounted in the loop. The inner tube consists of three sections. The
unheated sections at the inlet and outlet are made of copper; the
heated section is a stainless steel tube with & 16-mm outer diameter

and a 1.5-mm wall thickness. This tube is supplied by dircct current -

to guarantee uniform heat flux. The void fraction was gauged by
means of a y - densitometer and ' specially designed impedance
probes.. More - detailed  information of the test loop - and “the
respective measuring devices have been published in [5].

VOID FRACTION IN SUBCOOLED BOILING

As an example of the experimental results concerning the void
fraction Fig. (2) shows the volumetric void fraction plotted over the
local subcooling; which  in. this case is more revealing than the
cquilibrium -quality defined below. This drawing illustrates the
volumetric void fraction: formation under different pressures. It is
obvious that the void fraction decreases under increasing pressure.
The overall behaviour of the void fraction can be explained by a
combination of - physical  phenomena. The recondensation rate
decreases with reduced subcooling of the liquid. Therefore the void
fraction increases. On the other hand, the bubbles are able to detach
from the heated wall and move inward to the bulk flow. This will be
supported by even very little pressure differences duc to the radial
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FIG. 2 VOID FRACTION FORMATION AT DIFFERENT
PRESSURES

velocity differences in the flow. The differences in density will make
the detached bubbles faster than  the liquid flow surrounding them.
This phenomenon is effected by decreasing the focal void fraction
gauged with the impedance probes. | This behaviour of the void
fraction at various mass fluxes can be explained by the decreasing
radius of the bubbles and decreasing thickness of the boundary layer
with increasing pressure. Therefore the bubbles detach later from the
heated wall and condense more rapidly in the subeooled bulk flow,
due to the smaller diameter and- the smaller dcnsxty dxﬁ'crcncc
between the phases.

The influence of the mass flux density on the void fracnon formation
is shown in Fig. (3). Within these test runs, pressure and heat flux
were kept as constant as possible, the tests were however, performed
with different mass fluxes. In this case, the void fraction is plotted
over the equilibrium quality x_ defined by eq. 1 :
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The  expected behaviour of the voidbformation, decreasing void

 fraction by increasing mass flux can.be physically explained with the

decreasing thickness of the superheated or saturated boundary layer.
This leads to an earlier condensation of the bubbles attached at the
wall. Moreover, the single phase heat transfer between the wall and
the liquid increases with increasing mass flux and conscquently, the
walls super heating necessary for the bubble growth will be reached
in Jower subcooling ranges. The arrow marked with ONB indicates
the onset of nucleate boiling calculated with the equation published
by Brituer [6]. The calculated value of the equilibrium quality for the

'ONB and the measured value are in & very good agreement. (i. ¢.

oo ® 0.209, Xy, = 0.19).



_ The changes in the void fraction formation by various heat flux
densities is illustrated in Fig. 4. In this figure, only subcoolings up to
AT « -40[K]are shown, due to limitation of the test loop. The
pressure and mass flux are kept constant. An interesting detail in this
figure is the slight decrease of the void fraction measured with a heat
flux of g « 3.8[W/cm . As st out above, this can be explained with -
the detaching and floating of the bubbles in the bulk flow.
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Morcover, due to the detaching of the bubbles, the turbulence in the
boundary layer is increased which supports the heat transfer between

the heated wall and the single phase liquid flow. Rouhani {4, 11}
proved this physical phenomenon experimentally. -

To calculate the true quality x, defined by eq. 2 ;
‘ ‘ ‘M @
x.—£ )
M

with the total mass flow (M) and the vapor mass flow (37,) can be
calculated by using an energy balance. In this case, the measured

radial temperature profile must be corrected.  To fit the data, the

well-known drift flux model, proposed by Zuber and Findlay [7}, is

used. In this model, the relationship between the volumetric void

fraction ¢ and the true quality x is given by eq. 3
x/p .

. - ; C 3
Colxpy+ (1 -2)/pd « Vyim

where ¥, is the vapor drift velocity and C, is the distribution.

parameter. The drift velocity was set to
agle;- o | |
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distribution parametar C

with the surface tension (o ) and the acceleration due to gravity (g).
Using a stepwise regression analysis of about 500 data, measured in
the above-described test section and the satuation data published by

 Friedel [8], the distribution parameter C, was fitto -

aad un
C,=2{1+1.049 7% (1. Ja)““J(‘ ‘) (1-1’.
| nlx) Lon) o

with the average volumetric flow concentration ¢ defined by -

; S ®
; Lo [(1 - 2)x] (o lp)
In consideration of the geomctry and the mass ﬂux, thc Froud
number : -

-3
Fr oo 2 : ™
gdxyPt

was included. To indicate the degree of Subcooling, i.e.,, the inlet
subcooling of the fluid, a modified Iacob number was inserted,
which is defined by ‘
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" Figare S shows o alosiised distribution. parameter C, fora mass

flux- density m - 1500 {kgi&’:] at various pressures, Figure 7
illustrates the measured quality =, gauged at the mass flow rate
m « 500 [kg/m?s] at several heat flux densitics and pressures, which

- i% plotted versus the volumetric void fraction. The lines indicate the

calculated void fraction with eq. (3) using the distribution parameter

 calculated with eq. (5). The data of refrigerant 12 under subcooled
_ conditions ( T' < T, ) and a pressure range 12 < p < 40[bar} are

re@ardccf in eq. (4). Thcsubcoohng tslumtedbysc < AT ¢ 0K,
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The mean dgviation betweeri the measured - values and - the
prediction with the presented calculation method is 12%.

Madel o[ Recondensation
Now; the true quality at hand, it is possxble to detcrmme thc mass

flow of the void which has recondensated due to the themodynamic
non-equilibdum. Models for the recondensation rate had been
published by Ulrych [9], Dix [2] , Huges [10] and Rouhani and
Axelsson {11] and other. They all used slightly different approtaches
to calculate the recondensation rate. The model which is to be
demonstrated here is based on' a macroscopic view of the void

 fraction of subcooled boiling processes. Based on the conception that
the present true quality can be obtained from the difference of the
theoretically formed - void bubbles. in the boundary layer of the
heated wall and the recondensated bubbles, the eq. 10

My e My e - M ®

can be used. If the theoretical vofd mass flow can be determined, the
fraction of recondensation can be obtained by the present void mass

flow received by the measured valuss This theoretically fomqed steam

amount can be determined by by the eq. 10

Qu' QY’ Q:p * Qﬂ: . ch‘ ‘(10)

using the energy balance of the boundary layer (see Fig. 6); In this

cquation 0, stands for the heat flow which is used for the
evaporation of the saturated or overheated fluid, which can be found
at the heated wall or in the boundary layer. Q is the heat flow
transferred by single-phase forced convection t.nd Q is the heat
flow transferred by micro-convection. @, is the heat flow which is

transferred by condensation at the bubble top/head to the subcooled

fluid. This fraction of the total transfer of heat flow is small compared

' to the heat flow which is transferred by micro-convection and can

therefore be neglected according to Forster and Greif. This means
that equation 10 can be simplified to

Quae - Q”’ "Q'“ | an
Thc term - micro-convection designates - the dzsturbancc of the
boundary layer by detaching void bubbies letting subcocled fluid-
enter the boundary layer. The detaching bubble pulls some fluid from
the boundary layer along in addition to its volume. A schematic -
representation of this process can be seen in fig. 6. This method of
balancing the various heat transfer mechanisms is analogous to that

of Rouhani [4, 11. To simplify the calculation of the individual heat
flows, the following assumptions are made:

--the boundary layer. has saturation tcmperatumk
(compare Larsen and Tong [12])

~ the subcooled fluid has the same temperature - level. This
simplification was also used by Larson and Tong [12}.

With these asump&ons the various heat flows in equation 12 can be

. determined as follows. The heat flow which contributes to the

evaporation of the fluid is described by eq. 12

Oy = Meswo by @2

liquid flow

boundary layer

FIG. < 6 SHEMATIC ILLUSTRATION OF THE

- MICROCONVECTION

and contains the theoretically formed void mass flow A4,
which is required latcr to determine the mcondensaung vo:d mass

flow.

The heat flow §__ transferred by micro-convection can be described
by the equation 13

. . 13)
Qe BV o by, - by



according to Bowring[ 13]. The empirical factor B takes account of

the mass of the fluid which follows at the immediate condensation of
the bubble at the heated wall, respectively after the void bubbles have

detached from the subcooled area. Hun and Griffith [14] have
determined  this factor to the value two by  photographic
measurements and theoretical considerations: of this process, i.e.
when a void bubble detaches from the heated wall, not only the
volume of the void bubble is displaced by the subcooled fluid, but
saturated, respectively overheated, fluid is drawn along with the
bubble from the boundary layer. This process in subcooled boiling

activities_ is also significant for the heat transfer. Using the before

mentioned assumptions the growth of a bubble leads to &

displacement of saturated fluid from the boundary layer into the

subeooled fluid. With these assumpt:ons the factor B was determined
 to three.

The heat flow @ v transferred by single phase forced convection was

'determnined using the wellknown equation by Colbum. It was applied

by Rouhani in this rather unconventional form and presented more
precisely in {1].°

According to this relation the single phase heat transfer cocfficient
L3 in this case between the saturated boundary layer and the
subcooled fluid flow in the boiling channel, can be determined by eq.
14. : ‘

" CHBHp, -02 14
6« 0.023me, PrC¥IR 02 ‘( )

The transferred: heat flux density by the‘“single phasc force
" -convection can thus be obtained by eq. 15

9p-opT-T) ).

After having filled in the various heat fluxes and the algebraic

transformation one receives an equation (which is equal to eq. 16
except the limits of the integral) for the recondensated void mass flow.

in a control clement of the length Az. Due to the differences in

physical - properties, surface tension and evaporation enthalpy,

between water and the R12 used in this experiment, s strict
distinction between the range where the bubbles adhere to the wall
and the area of detaching bubbles cannot be made. Pictures with a

high speed camera, as shot by Briuer  [6], reveal that the void

bubbles detach very soon afier boiling begin. Responsible for this
carly detachment is the considerably lower surface tension of R12 as
compared to water. Therefore, this equation can be written integrally

from the beginning of the bubble formation (ONB) z,, to the point

-z, where the fluid temperature equals the saturation temperature, as

. follows: ‘ ; :
Using this equation the proportion of the recondensated void can be
determined within the limits of predetermined assumptions.The
results of the calculation of the recondensation rate are to be shown
as an example in fig. 7. Here the void fraction and the recondensating
void mass flux acc. 1o eq. 16 are drawn above the subcooling range
AT.
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The mass ﬁux of the void M  present in the balance volume with the
length. Az at a given subcooling temperature describes an almost

* horizontal line after its steep rise following the onset of boiling, as
“does the volumetric void fraction with which it is connected. At s

subcooling rate of approx.. AT, - <15 X - it begins to increase

exponentiaily. The recondensated void flux (ace. to ¢q. 16) shows

a- similar behaviour but decreases to the value 0 when reaching
saturation temperature. This behaviour can be explained physically
by the void bubbles' early detachment , due to the relatively low
surface tension. Recondensation is highly determined by the fluid
temperature, i.c. the bubble condensate faster at a high subcooling
than at a low one letting a great proportion of the developed void
condensate again afler the onset of boiling. When subcooling
decreases the bubbles in the fluid flow ¢an exist longer and the
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present void flux increases proportionally, or resp. the recondensating
void flux decreases until this process stops completely when reaching
saturation temperature.

Fig. 8 shows the course of the recondensating mass flux ata I'ugher
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hesting performance and a higher mass flux density.  This behaviour
Jets us conclude that the bubbles already condensate at the beginning
- of the heated course and not only at the boiling surface, but can
detach from the surface of the inner tube and condensate in the
subcooled fluid. These figures show that eq. 16 represents for the
physical processes of recondensation under subcooled boiling to &
high degree and allows the calculation of the recondensatxon witha
known existing true quality. :

NOMENCLATURE
4 area [nf']
c, - specific heat capacity of the liquid IZ'J/kg K ]
c, distribution parameter -
dy, hydraulic diameter [m]
Fr Froud number
g gravity acccleration {mi/s’]
b specific heat /klkg/
by © specific heat of vaporization [kI/kg]
Ja ~ Jacob number
L - length fm]
" mass flux density ﬂg’m’s}
M mass flux [kg/s]
r pressure fbar]
q heat flux density [k//m’s]
] heat flux [&V/s]
T temperature /°CJ
AT subcooling fAT « (T - T,); K]
u circumference [m]
Ve vapor drift velocity
true quality
o equilibrium quality
axial coordinate [/
Greek Symbols :
a heat transfer coefficent
e volumetric void fraction :
¢ " volumetric flow concentration
p density fkg/m’}
o surface tension [N/m]
ubscripts
e critical
co -condensation
e in inlet
g gas phase
heat - heated :
! liquid phase

ndp net vapor production

me micro-convection

re recondensation

5 saturation .

sb onset of nucleate boiling
"sp single phase

theo - theoretical

fot . total )
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