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ONSET OF NUCLEATE BOILING, HEAT TRANSFER, VOID FRACTION
AND PRESSURE DROP IN SUBCOOLED CONVECTIVE BOILING WITH R12
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Lehrstuhl A fiir Thermodynamik, Technische Universitit Miinchen
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ABSTRACT
k Detailed knowledge of th physical phenomena involved in

subcooled boiling is of great importance for the design-

of liquid-cooled heat generating systems with high heat
fluxes. Experimental data of heat transfer, void fraction
and pressure drop were obtained for forced convective boil-
ing of dichloro- difluoroethane (R 12). The flow is circu:
lated upwards through a concentric annular vertical chan-
nel. The reduced pressure studied were 0,24 < p/perit0, 8,
inlet subcooling varing from 10 to 75 K and mass fluxes

from 500 to 3000 kg/m?s, which corresponds to Re num-

bers from 30 000 to 300 000. For correlating the void frac:
tion in subcooled flow , the drift flux model by Zuber was
" extended, by introducing a new equation for the distri-

bution factor C, with the Jakob- and Froude-number as
variables. ~

1 INTRODUCTION

The liquid supplied to flow boiling channels is usually in a
subcooled state. In such systems, the first occuring heat
transfer process is that of convective heat transfer to single-
phase flow in liquid form up to the point onset of nucleate
boiling (ONB).

These characteristics of subcooled boiling flow have been
extensively investigated, but most of the available studies
were performed with water. For the conditions of incipient
boiling with water, Sato and Matsumura [ 1 ], Bergles and
Rohseriow [ 2 ], and Davis and Anderson [ 3 ] proposed analyt-
ical models based on the existence of cavities on the heated
surface. Other investigations dealt with the criteria for the
point of net vapour generation and bubble behaviour [ 4-8
}, but only limited tests have been carried out on other
fluids, especially refrigerants. Using R113, Hino and Ueda
[ 9 ] and, using R11, Abdeimessih [ 10 ], observed wall su-
perheating which is independent of the mass flux and inlet
subcooling. A more detailed literature review can be found
inf[ir]. ‘ ~

2 EXPERIMENTAL SET-UP AND TEST
PROCEDURE

The experimental facility, employed in this study, is a2

closed loop. It is designed to operate with R12, up to the
critical pressure: The test section itself; as shown in Fig.1,

. 1s a vertically arranged concentric annulus with the inner

tube consisting of three sections of the same diameter, one
above the other, namely the entrance region, stainless steel

heater; and unheated outlet region.

The inner tube has an outer diameter of 16 mm and its
heated part is 650 mm long.” Heat is supplied at a uniform
rate by passing direct electric current through the tube
wall. The outer tube is made of a duran glass with inner
diameter of 30 mm. The resulting hydraulic diameterof the
annulus is 14 mm.

The wall temperatures are measured by -5 shielded Cr-Al
thermocouples {diameter of shielding 0,5 mm). These ther-.
mocouples are arranged over the length and circumference
of the inner tube as also shown in Fig.1. The inlet fluid
temperature is measured by two thermocouples, the radial
profile of the cutlet temperature by three thermocouples.
The wall temperature of the outer tube is gaged with ten

~ thermocouples, which are fixed to the wall at different ele-
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Fig.1 Test section



vations. The whole test section is insulated to yield nearly

adiabatic conditions.

The onset of subcooled boiling is measured during slow
heating transient, by recording the signals of the thermo-
" couples in the heated wall. At constant systempressure,
mass flow rate and inlet subcooling, the heat flux of inner

tube in the test section increases slowly and linearly with

time. The transient is slow enough to guarantee pseudo-
steady conditionsover the cross-section by heat conduction
in the tube wall and turbulent heat transfer in the fluid.

In pure single-phase flow, the heat transfer coefficient is a - :

function of flow conditions only, i.e. it is constant during
this period of the heating transient. Therefore, the wall
temperatures increase linearly with time. When subcooled
boiling starts, the heat transfer coefficient suddenly under-
goes a step change; which is observed as a break in the plot
of temperature versus time. With R12, this break is so pro-
nounced that even a stépwise temperature decrease can be
seen at the exact moment at which subcooled boiling starts,

as demonstrated in Fig.2, where the wall temperature and -

heat flux are plotted versus time.” With continuing heat
supply, the boiling zone expands upstream, downwards and
when the signal of the thermocouple "R”; see Fig.1, indi-
cates that the nucleate boiling has reached the entrance
region, the maximum heat flux for this particular run has
been achieved. In order to check the wall temperature be-
haviour when boiling is terminated and the heat transfer
mode changes from béiling to single-phase convection, the

heat flux is temporarily reduced in the same way as de-

scribed above until boiling is terminated.. Obviously, no

temperature jump does occur now when subcooled boiling
subsides but the wall temperature decreases continuously

with decreasing heat flux.

A single beam - densxtometer is used to mieasure the radxal
void distribution and, subsequently, to evaluate the inte-
gral void fraction in a cross section; as well as to compare
~-source data with imped ance void fraction data. The
y-source comprises a Cs 137 radiator in a lead shielding.
The outlet of the source and the inlet of the detector are

sharply collimated to a height of 30 mm and a width of 1
 mm. This is to guarantee that the beam passes through
a well-defined control volume. The y-densitometer set-up
is mounted on a table which can be moved vertically and
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radially. Accordingly, measurements can be taken at any
point of the test channel.

To measure relatively low void fractions, which occur dur-‘
ing subcooled boiling, a special impedance probe set-up
has been designed. Eight of these impedance probes are
installed at different elevations in the test section. Fig.3
illustrates the probe design. The outer electrode of the
messuring capacitor is represented by a brass ring of 20
mm length mounted flush with the outer tube of the annu-
lus section. The heated inner tube of the annulus serves ag
counter electrode of the capacitor. Above and below each
so-called guard rings are arranged, supplied by the same
electric circuit as the measuring electrode, which make the
electric field in the measuring capacitor as homogeneous as
possible. Both measuring ring and guard rings are held in
a resin, which is resistant to Freon 12 even up to relatively
The vessel of the probe is made of
stainless steel with two cable connections for the signal ca-
ble and the guard signal cable, respectively. The probe and
the ring with a pressure tap are fixed between two flanges.
One of the impedance probes is mounted in the unheated
inlet dection of the test tube. Shortly above the lower end
of the heated section, a set of four impedance probes is
mounted within a short distance of each other, to obtain
void fraction data at the onset of nucleate boiling. - The
three other probes are distributed in equal distance along
the remaining length of the heated section.

Fig.4 illustrates the electric circuit supplying the imped-
ance void probes. The guard rings are supplied with an
electric field of the same phase, amplitude and frequency as
the measuring electrode, thus avoiding stray capacity of the

* measuring capacitors’ field. The impedance probe; which is

mounted in the unheated section of the test tube, serves as
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a reference probe in the way that the measured capacitance

value represents the difference between the capacitances of
the reference probe and the considered measuring probe in

the heated area. The accuracy of the measured value can
be largely increased by using this differential method.

The pressure drop profile along the test section is mea-
sured by four strain gage differential pressure transducers.
Separation vessels are mounted outside the test section in
the same level as the pressure traps to avoid bubbles in the
meastring tubes, which can cause a measuring error. At
the top and bottom of the measuring tube, thermocouples
are installed to gage the temperature in these tubes, which
is needed for the later correction of the measured values
becoming necessary due to the hydrostatic pressure in the
tubes.

The radial temperature profile was measured with a move-
able temperature probe fixed in the test section at an ele-
vation of 1.045 m above the beginning of the heated section
of the test tube. The probe is electrically insulated from
the outer tube to prevent an electric shock, which could
damage the built-in themocouple. The actual temperature
1s measured with a coated cromel-alumel themocouple with
a diameter of 0.25 mm. This thermocouple can be moved
inside the gap between the outer and the heated inner wall
in steps of at least 0.1 mm pitch:

3 'ANALYSIS OF ONSET OF SUBCOOLED
BOILING

3.1 The Boiling Hysteresis Phenomenon

During heating, as soon as incipient boiling is' initiated,
a sharp drop in wall superheating takes place. After this
jump, the measured curve is close to that of fully devel-
oped boiling. The temperature profile for decreasing heat
flux follows that generated by increasing the heat flux until
boiling. The temperature profile for decreasing heat flux
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follows that generated by incresing the heat flux until boil-
ing is terminated.  From this point, the curve continues
to decline smoothly, to merge with the single-phase forced
convection curve. This behavoiur is traditionally referred
to.as "hysteresis” and is even more clearly demonstrated
in Fig.5, where the heat flux is plotted against the wall ~
superheating for two different mass flow rates.

For boiling water, this considerable wall superheating has
not been reported in literature. To explain this difference;
a comparison of some physical properties of water with-
those of R12 is shown in Table 1. The basxs of comparison
was the reduced pressure;

Table 1 shows that the surface tension of water is more
than triple that of R12. Therefore, it can be assumed that,

. in R12, the larger cavities on the heated wall will proba-

bly be flooded, i.e. wetted and filled with liquid prior to
incipient boiling and are, therefore, not available for nu-
cleation. If this is the case, the residual volume in those

-cavities, which are not flooded, is very small and a corre-

spondingly high superheatingis required to activate these
cavities. This may be an explanation of the measured high
wall superheating needed for the activation of boiling in
R12, as shown in Fig.5.

Tabie 1. Physical properties of water and refrigerant
R12 at reduced pressure presure p/perit in the range
0 < p/perit < 0.75, according to {12]

EH,0 = 0.466 KRz [ l\g/m S }
ka0 = 7.330 kpis [W/mK]
OH,0 = 3242 0p,, [N/m]
Ahypo = 1214 Ahory, [ T/kg ]
Pero =" (.33 PT‘RN [ }

3.2 Regression Analysis

In order to formulate a correlation for calculating the on-
set of necleate boiling as a function of thermal and hydro-
dynamic parameters used in the present experiments, an
empirical exponential equation of the following type was

chosen:
P b
Bo=CRe" | —— | Ja§0a (1)
Perit
2o
. Pp = 10 bar
ATu = 18 K .
1@t | Om = 580 Kg/mew2we R
Awm = 3OBB Kg/meeee
TR
) R ) 2l & a8
A
T N R
. [ -
. i
x ,?PULP ey
o
] o
i 12° [ o
o o :
= ooool "E :
‘5 - BOILING HYSTERESIS —
I g
agt -
12 12 20

s-107"

WALL SUPERHEAT (Tw~Twatl fiky

Fig.5 Boiling curves at different mass fluz densities



The Bo number
dond

mAhy

2

Bo = 2)

in Eq.. (1) includes two parameters of main influence,

namely The heat flux and the mass flux, whereas the Re-

number ) .

Re mDa

7

reflects the influence of the velocity profile.

Furthermore, the reduced pressure (p/perit) is used as a
scaling parameter for modelling the thermodynamic pa-
rameters of different fluids.

The variable degree of subcooling is taken mto account in
the modified Ja-number

he =Ry pr—py

Ahy Py

Jamea = (4)
To determine constant C and exponents in Eq. (1}, a step-
wise multiple regression: analysis was employed. The result
of this calculation is summarized in Eq. (5).

e

Bo = 0.0015Re*112-E_ 740,778 5

Perit

(5)
In the first consideration, it is astonishing that the expo-
nent on the Re number in (5) is negative and, as a result,
the ‘mass flow rate also has a negative exponent. Taking
into account the fact that the mass flux is included in the
denominator of the Bo number as well, the resultant ex-
ponent on the mass flux will be 0,89 and this value is in
good agreement with the correlations from literature for
single-phase flow.

Fig.6 shows how equation (3), based on our own experi-
mental data, agrees with measured data in the literature [
10 - 18 ), taking in account also experiments in water.

4. VOID FRACTION AND PRESSURE DROP
4.1 Void fraction

In Fig.7 the volumetric void fraction, gaged with the im-
pedance void meter, is plotted versus the equilibrium gual-
ity defined by

hy —hsy  ep(T(2) — To)
hic hic

Teq (6)
where T(z) is the mean bulk temperature (. according to
Dix [19]) at the axial position z. Fifteen data sets are plot-
ted together in this figure.. They were measured at the
same reduced pressure p/p. = 0.48 and the same mass flux
m = 500 kg/m?s. For a set of five of these test runs the
inlet subcooling has been varied from 10to 50 K. The data
sets illustrated in Fig.7 allow to see the void formation over
a wide range of calculated equilibrium qualities. Analysing
the results one can see that, after a small increase at the
beginning of vapor: formation, the void fraction is nearly
constant over a wide range of the equilibrium quality until
a point of significant vapor generation {please refer to [7])
is reached. This behaviour can be explained by the fluiddy-
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namic behaviour of the bubbles. At very high subcoolings,
the bubbles remain attached to the wall and recondense at
the ‘place they grew, due to tlie very thin superheated or
saturated liquid layer. Consequently, the void fraction is
high at a given equilibrium quality z.,, because the slip S
(eq.7) is zero. The slip is defined by

uG
urL

S M
With decreasing subcooling some bubbles grow larger and
are able to detach from the heated surface, due to the drag
and bouyancy forces, which exceed the attaching force of
the surface tension. So the detaching bubbles slide along
the bubble layer and flow with the bulk, where they con-
dense. Eventually, the slip approaches 1 and finally exceeds
1, which means that the bubbles start to travel faster than
the liquid, resulting in a phase separation. A reason for
the almost constant void fraction in this zone, inspite of
increased evaporation, is increasing condensation due to
the better heat transfer between the moving bubbles and



the subcooled liquid.  In a range from -0.1 to 0 of the

- equilibrium quality, the vapor production exceeds the re-.

condensation rate. A variation of the mass flux density is
given in Fig.8. In this figure three diverent mass flux den-
sities are plotted together gaged at the same pressure and
heat flux density. The void fraction decreases with increas-
ing mass flux. The arrow placed at the z., axis indicates

" -the calculated onset of nucleate boiling using equation (5)

for the mass flux of n = 2500 [kg/m?s].

An example of the radial void profil measured with the ¥
ray attenuation and of the radial temperature distribution
in the fluid is given in Fig.9, where the mass flux den-
sity was set to rh = 1500 kg/m?s, the reduced pressure to
p/pe = 0.48 and the heat flix density to ¢ = 7.5 W/em?.

" The void fraction data are indicated by circles, the tem-
perature data by crosses. These three plots illustrate the
vapor formation at different inlet subcoolings.

The true vapor-quality £ defined by
Mg

r ®

with the total mass flow (M - and the vapor mass flow
{Mg), can be calculated by using an energy balance and
the balance of momenturmn. In our caleulations the energy
balance was based on the measurements of the temperature
profile (Fig.9) which however had to be corrected. This
correction had been done using the method proposed by
lit Staub [24] To fit the data, the well known drift flux

model, proposed by Zuber and Findlay {22], was used. In

this model, the relationship of the volumetric void fraction
€ and the true quality £ is given by
ew o #lec -
Colz/ec +(1 —z)/eL] + Vig/m

where Vj; is the vapor drift velocity and Cy the distribution

. e

p/pc= 0.36
= 9.4 W/om®
P $-1 ¥ ;
: : © 500 kg/m:s
i 0. 1000kg/m's
+  2500kg/m'’s

- a@ - 30 -.ra - 18 ]

ONB

Fig.8 Void fraction formation at various mass fluz densi-
ties
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para‘meter‘. The drift velocity Vj, was set to

[oae - pa)]*®
Vi, = 1.18[—T— | (10)
L

with the-surface tension (¢) and the aceeleration due to
gravity {g). - Using a stepwise regression analysis of the
data; measured in the above discribed test section and the
stutation ‘data published by. Friede! [23], the distribution
parameter Cp was fit to

Co = ¢[1+ 1.049Fr=005(1 - Ja)01e4

(PG)Q'Ggi(.l_f_f)(l *fg)o'u;] (11)

oL z

with the average volumetric flow concentration ¢ defined
by : :
PRSI A o (12)
= i- ‘
1455582

In consideration of the geometry and the mass flux, the

Froud number
‘ m?

B gdhy@% S
was included. To indicate the degree of subcooling, i.e.

the inlet subcooling of the fluid, the Jacob number was
inserted, which is defined by

hsp = hin
Ja = ——— 14) .
a hia (14)

Fr {(13)

Fig.10 illustrates the measured quality #, gaged and calcu-
lated at a mass flow rate i = 500 kg/m?s at several heat
flux densities and pressures, which is plotted versus the
volumetric void fraction. The lines indicate the calculated
void fraction with eq.9 using the distribution parameter Cj
calculated with eq.11.
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4.2 Pressure Drop

In order to receive information about the single phase fric-
tion factor, some single liquid flow experiments under adi-

abatic conditions have been conducted. The obtained fric- :

tion factor for the considered geometry shows a good agree-
_ ment with the equation proposed by Deubel [24] for single
phase liquid flow in an annulus. Therefore, the correlation
can be generally used to quantify the ratio of the two phase
pressure gxadxent {given in eq.15).

9 (dp/dz)zp
(dP/ dz)sp

‘The pressure drop in subcooled boiling qualitatively shows
a similar behaviour to' the void fraction. versus the sub-

(15)

cooling, respectively versus-the flow path. In Fig.11l the -

Martinelli two-phase flow multiplier (defined in eq:(15) is

plotted versus the subcooling, represented by the equilib-
The data were taken at a mass Aux

rium’ quality z.q.
density of = 2000 kg/m?2s, a reduced pressure of
p/pc = 048 and a heat flux of ¢ = 12.07 W/cm?®
The bubble "coating” at the wall displaces the liquid and

reduces its flow area. The resulting higher velocity and ~

especially the momentum exchange with the bubble "coat-
ing” leads to a pronounced increase in the pressure drop
at the onset of subcooled boiling. Here we have to realize
that each activated bubble grows and recondenses within
a few microseconds and always presents a small, but vio-
lent obstacle in the flow. Upstream or at lower subcooling
bubbles can separate from the wall and travel with the lig:
“uid, so their influence as an obstacle is reduced. Therefore,
the pressure drop curve in this area is less steep. Another
reason for this flattening of the pressure drop curve is the
fact that the bubbles still condense in the subcooled liquid

and their decrease inn volume and final disappearance has

an accelerating effect to the liquid. Finally, with strongly
increasing void fraction - at low subcooling - the pressure

drop increases exponentially and, as we saw in Fig.7, anal-

ogous to the void fraction.
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