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A wall heat transfer model for subcooled boiling flow
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Abstract

High compactness, low weight and little space requirement are gaining attention as prominent design criteria in the
development of modern cooling systems in many applications. The resulting demand for highest possible heat transfer
rates has lead to the very promising concept of providing for a controlled transition from pure single-phase convection
to subcooled boiling flow in thermally highly loaded regions. For its application in modern engineering design this
approach requires a realistic modeling of the complex phenomena associated with the two-phase flow heat transfer.
The present work proposes for the computation of the specific wall heat transfer rate a modified superposition model,
where the total heat flux is assumed to be additively composed of a forced convective and a nucleate boiling component.
Since the present model requires only local input quantities, it is well suited to CFD of geometrically very complex cool-
ant flows, where the definition of global length or velocity scales would be impractical. The wall heat fluxes predicted by
the present model were compared against experimental data which were obtained by in-house measurements with water
being the working fluid. The overall agreement is very good, particularly, in the partially nucleate boiling regime, where
the effect of the bulk flow rate on the heat transfer is significant. Deviations are primarily observed at higher wall super-
heats, where a strong two-way coupling between the motion of the liquid and the motion of the bubbles as well as con-
siderable bubble–bubble interactions typically occur.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In the development of modern cooling systems, be it
for internal combustion engines, or, for microproces-
sors, the increasing output of specific power combined
with a most compact space- and weight saving design
leads to increasingly high thermal loads on the heating
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surfaces. Thus, wherever a high coolant power with lim-
itations on the available surface area for the heat trans-
fer, the mass flow rate of the liquid coolant as well as the
acceptable wall temperatures is to be achieved, a con-
trolled transition to the nucleate boiling regime offers
an attractive solution. The concept of exploiting the
markedly enhanced heat transfer rates associated with
the highly complex phenomenon of evaporation is also
a big challenge to the CFD of coolant flows. The compu-
tationally very costly concept of direct numerical simula-
tion, which attempts to resolve all physically relevant
scales, is applicable only to strongly simplified cases like
single bubble configurations (see [1–3]). For engineering
ed.
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Fig. 1. Subcooled flow boiling domain in a heated channel.

Nomenclature

b model constant [–]
c specific heat [J/kg K]
Cs constant [–]
dhyd hydraulic diameter [m]
F force [N]
g gravitational acceleration [m/s2]
G specific mass flow rate [kg/m2 s]
Gs =(du/dy)(y/u) shear rate [–]
h heat transfer coefficient [W/m2 K]
hlg latent heat [J/kg]
k thermal conductivity [W/m K]
K constant [–]
m, n constants [–]
p pressure [N/m2]
q specific heat transfer rate [W/m2]
r radius [m]
S suppression factor [–]
T temperature [�C]
t time [s]
u velocity [m/s]
us ¼

ffiffiffiffiffiffiffiffiffiffi
sw=q

p
wall friction velocity [m/s]

V volume [m3]
x axial coordinate [m]
y wall normal coordinate [m]
y+ =qlusy/ll non-dimensional distance [–]

Greek symbols

a thermal diffusivity [m2/s]
j, v constants [–]

l dynamic viscosity [kg/m s]
q mass density [kg/m3]
U correction factor [–]
W constant [–]
r surface tension [kg/s2]
s shear stress [N/m2]
H angle [rad]
f mass fraction [–]

Subscripts

b bulk
bcy buoyancy
d drag
du bubble growth
D departure
fc forced convection
flow flow-induced
g vapour phase
l liquid phase
L lift-off
nb nucleate boiling
onb onset of boiling
p constant pressure
s saturation
sl shear lift
sub subcooling
tp two-phase
trans transition
w wall
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flow configurations, where the technique of direct
numerical simulation has to be ruled out for its high
computational cost, computationally feasible and at
the same time accurate boiling models have to be pro-
vided to obtain reliable numerical results.

The location of subcooled boiling occurring in a
channel heated from beneath is sketched for in Fig. 1.
The subcooled boiling region extends downstream from
a certain location B, where the wall superheat Tw � Ts is
sufficient to initiate and sustain nucleate boiling, while
the temperature of the bulk liquid Tb remains below
the local saturation temperature Ts. The corresponding
subcooled boiling segment in the flow boiling curve is
schematically shown in Fig. 2. The lower boundary at
point B marks the onset temperature Tonb of the par-
tially developed boiling (PDB), where the boiling curve
starts to deviate from the dashed-dotted extension of
the almost straight single-phase line. The heat transfer
in the PDB regime is basically dominated by two effects,
the macroconvection due to the motion of the bulk li-
quid and the latent heat transport associated with the



Fig. 2. Flow boiling curves for two bulk velocities: dashed line
(–––) denotes the higher velocity; dotted line (� � �) denotes the
pool boiling curve.

H. Steiner et al. / International Journal of Heat and Mass Transfer 48 (2005) 4161–4173 4163
evaporation of the liquid microlayer between the bubble
and the heater wall. The important contribution of the
macroconvection in the PDB region can be seen from
the different paths of the two flow boiling curves repre-
senting two different flow rates in comparison to the
path of the pool boiling curve, which is associated with
zero bulk velocity, being all depicted in Fig. 2. With
increasing bulk velocity the onset of nucleate boiling is
typically shifted to higher wall superheats, such that
the nucleate boiling sets in at point B 0 instead of B in
case of the higher flow rate, as schematically shown in
the diagram. At higher wall superheats the influence of
the macroconvection becomes less and less pronounced,
and the evaporating effect prevails. Accordingly, the
flow boiling curves approach the pool boiling curve.
The transition to the fully developed boiling (FDB) re-
gime can be localized at a certain position C down-
stream from the location B as shown in Fig. 1. The
corresponding point in the boiling curve diagram shown
in Fig. 2 is located at temperature TC. Beyond this tem-
perature TC there is a merger of the different flow boiling
curves for varying bulk velocity, which indicates that
they become practically independent of the actual flow
rate.

As already pointed out above the large number and
the wide diversity of influences which may essentially af-
fect the nucleate flow boiling practically rule out a strict
mathematical description of this phenomenon. There-
fore, one has to rely on empirical, or, semi-empirical cor-
relations to capture the basic mechanisms which
significantly contribute to the total effective heat trans-
fer. Many models suggested for subcooled flow boiling
assume the total wall heat flux qw to be superimposed
of two additive contributions, which can be written as

qw ¼ qfc þ qnb. ð1Þ

The first term qfc is due to forced convection, the lat-
ter qnb is due to nucleate boiling. This concept of addi-
tive contributions was first introduced by Rohsenow
[4]. In this approach Rohsenow subtracted from the
experimentally measured values for the total wall heat
flux a convective single phase contribution and attrib-
uted the residual term to nucleate boiling. He could
further successfully correlate this nucleate boiling com-
ponent using an equation he had originally proposed
for saturated pool boiling. In later approaches due to
Bowring [5], Bergles and Rohsenow [6] the subcooled
boiling contribution was correlated using a simple power
law

T w � T s ¼ Wqmnb; ð2Þ

where W and m are empirical constants to be determined
in experiments. Since the system pressure is of major
importance for the onset of boiling a prominent class
of the power law correlations involves the reduced pres-
sure pred as a key correlation parameter. An early corre-
lation of this type was introduced by Mostinskii [7].
Cooper [8], Leiner and Gorenflo [9] and Leiner [10], pro-
posed formulations, which account for surface rough-
ness, as well.

Rather than assuming the additive composition (1)
an alternative group of models suggests a geometrical
combination of the basic contributions. Models of this
type formulate the effective heat transfer coefficient as
some product function which can be generally written as

htp ¼ hfcUtp; ð3Þ

where the Utp represents a correction function due to
nucleate boiling. Correlations of this type as suggested
by Kandlikar [11], or, by Shah [12], mostly distinguish
between the partially and the fully developed boiling re-
gime. Accordingly, they propose different correlations
for each regime, which in turn requires an a priori spec-
ification of the point of transition from the PDB to the
FDB regime.

Among the superposition models of type (1) the
model proposed by Chen [16] is widely used today espe-
cially in engineering applications in the automotive
industry. Chen�s model was originally developed for sat-
urated boiling flow. Later, it was extended by Butter-
worth [17] to the subcooled regime, where it also
produced results with acceptable accuracy. In his ap-
proach Chen advanced his predecessors� superposition
models by accounting explicitly for the interaction be-
tween the liquid and the vapour phase. In particular,
he distinguished two competing effects on the outcome
of total wall heat flux, the enhanced convective trans-
port due to bubble agitation, and the flow-induced
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Fig. 3. Schematic diagram of the entire convective boiling flow
loop.
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suppression of the nucleate boiling. To the first effect
Chen attributed minor importance in the subcooled boil-
ing regime, and, therefore, it need not be explicitly ac-
counted for. The latter flow-induced suppression effect
is modelled by Chen in terms of a suppression factor
which reduces the nucleate boiling component especially
in the PDB regime. Basically, the introduction of such a
suppression factor in order to bridge the region between
pure single-phase forced convection and fully developed
nucleate boiling has the advantage that it circumvents
the determination of the point of transition from PDB
to the FDB regime, which mostly relies on a lot of
empiricism. On the other hand the suppression factor
proposed by Chen depends on the bulk flow Reynolds
number as the only correlation parameter, which bears
two drawbacks. First, imposing only the bulk flow Rey-
nolds number as correlation parameter the suppression
model is practically based on a single-phase bulk flow
quantity, which makes it incapable to account for
important effects like the influence of the liquid phase
flow field on the near-wall motion of the bubbles, or,
the influence of the wall superheat. The correlation is
therefore expected to be very case dependent. Secondly,
in the CFD of complex flow geometries it is hardly pos-
sible to define a reasonable bulk flow Reynolds number.
The boiling departure lift-off (BDL) model, which is pre-
sented in this work, was devised to improve Chen�s
superposition approach, in that it attempts to model
the flow-induced suppression on a physically sounder
base. The suggested correlation for the flow-induced
suppression depends only on local flow quantities which
are in general knowns in the numerical solution of the
liquid phase flow field. The impact of the subcooling,
which is very pronounced at small flow rates combined
with low superheats, is accounted as well through an
additional parameter. The predictive capability of the
BDL model is evaluated by comparing its predictions
with experimental data. These data have been obtained
in-house in boiling flow experiments. A detailed descrip-
tion of the experimental apparatus used for these mea-
surements is given in Section 2. The description of the
mathematical formulation for the BDL model is pre-
sented in Section 3.
Fig. 4. Test section of the experimental facility.
2. Experimental setup

The present experimental apparatus was designed to
investigate subcooled convective boiling at conditions,
which are typically met in liquid coolant systems of
internal combustion engines. The forced convective flow
loop is schematically shown in Fig. 3. The flow is gener-
ated by a pump feeding a tank, where the working fluid
is preheated to sustain a certain bulk temperature in the
test section. The operating pressure is set to a fixed level
using a pressure control vessel. The velocity of the bulk
flow is controlled by means of an inductive flow meter,
whose output is used to adjust the volumetric flow rate
via the speed of the feeding pump and/or the flow-rate
through the by-pass loop. The present configuration
allows the bulk velocity to be varied within the range
of 0.05 6 ub 6 2.0 m/s. The absolute operating pressure
can be set within the range 1.0 6 p 6 2.0 bar. Small bub-
bles as well as particle contaminations are sieved out by
a filter.

Fig. 4 gives a schematic view inside the test section of
the channel. The test section is a square duct with a
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height of 40 mm and a width of 30 mm. The heat flux
into the channel is generated by heating coils located
at the bottom of the aluminium heater from where it is
conducted to the top of the heater. At the upper surface,
whose length is 60 mm and width is 10 mm, respectively,
the heat is transferred to the working fluid flowing
through the channel. The wall temperature as well as
the wall heat flux are determined based on measure-
ments of the temperature using several K-type thermo-
couples appropriately distributed in the solid heater.
The base plate of the test section, where the top of the
aluminium heater is built in, is made of PTFE. The out-
standingly low thermal conductivity (kPTFE = 0.23 W/
m K) of this material should guarantee the lowest possi-
ble heat loss of the heater to the surrounding structure.
Due to thermal durability restrictions of the PTFE base
plate the maximum heater surface temperature was lim-
ited to Tw = 160 �C. Below this temperature the ob-
served thermal deformations of the PTFE-structure
always remained within an acceptable range. Windows
made of glass are embedded in the top as well as the side
walls of the test channel to make the heater surface opti-
cally accessible. Using the present configuration the total
error in the experimentally obtained heat fluxes are
mainly due to measurement and position errors of the
thermocouples, as well as the uncertainties in the actual
thermal conductivity of the heater material (aluminium
alloy) and in the heat losses to the surroundings of the
heater. A worst-case estimation turned out a total error
for the heat flux ranging from ±5% in the convective re-
gime to ±2% in the nucleate boiling regime always refer-
ring the value actually obtained from the measurements.
The error in the measured surface temperatures amounts
to ±0.15 �C. The inductive flow meter measures the flow
rate with high accuracy, such that the relative error is
only ±0.5% of the displayed value.
3. Mathematical formulation of the subcooled boiling

flow model

The BDL model invokes an additive ansatz as sug-
gested by Chen [16] for the total wall heat flux

qw ¼ qfcU þ qnbS; ð4Þ

where the two correction parameters U and Smodify the
forced convection heat flux qfc and the nucleate boiling
heat flux qnb, respectively. Both heat fluxes are com-
puted following Chen�s proposal. Accordingly, the first
is written as

qfc ¼ hfc T w � T bð Þ; ð5Þ

where the transfer coefficient hfc is calculated using the
Dittus–Boelter equation

Nufc ¼
hfcdhyd

kl

¼ 0.023Re0.8l Pr0.4l ð6Þ
involving the bulk flow Reynolds number and the Pra-
ndtl number of the liquid phase

Rel ¼
qlubdhyd

ll

; Prl ¼
llcp;l
kl

;

respectively. The nucleate boiling heat flux

qnb ¼ hnb T w � T sð Þ ð7Þ

is obtained using a correlation due to Forster and Zuber
[18]

hnb ¼ 0.00122
k0.79
l c0.45p;l q0.49

l

r0.5l0.29
l h0.24lg q0.24

g

DT 0.25
s Dp0.75s ; ð8Þ

where the saturation pressure difference corresponding
to the superheat temperature is written as

Dps ¼ psðT wÞ � psðT sÞ.

The factor U occurring in Eq. (4) represents the
enhancement of the convective component due to bub-
ble agitation. Chen [16] derived a graphic relationship
for U as a dependent of the inverse of the Martinelli
number Xtt, which reads

1

X tt

� �
¼ fg

1� fg

� �0.9 ql

qg

 !0.5
lg

ll

� �0.1
; ð9Þ

where fg denotes mass fraction of the vapour. Butter-
worth [17] fitted this relationship U = U(1/Xtt) with

fg > 0.1 : U ¼ 2.35
1

X tt
þ 0.213

� �0.736

fg 6 0.1 : U ¼ 1.

ð10Þ

In subcooled boiling flow the vapour mass fractions
are typically small, such that fg 6 0.1 applies and U
can be assumed unity.

The essential difference between Chen�s approach and
the present BDL concept consists in the modeling of the
modification of the nucleate boiling component in terms
of the factor S in Eq. (4). Chen introduced this parame-
ter S as a flow-induced suppression factor, which he cor-
related as an empirical function of the product RelU

1.25.
This correlation was later fitted by Butterworth [17] with
the expression

SChen ¼
1

1þ 2.53� 10�6ðRelU1.25Þ1.17
. ð11Þ

For subcooled boiling flow, where U 	 1, the factor
SChen obviously depends on the bulk flow Reynolds
number only. In contrast to Chen�s bulk-flow depen-
dent, hence, basically global, approach the BDL model
attempts to model the flow-induced suppression based
on the local dynamics of a vapour bubble subject to
the surrounding flow field near the heater surface.
Thereby, the BDL model utilizes a concept which was
originally proposed by Zeng et al. [19] to compute the



Fig. 6. Force balance at a vapor bubble at the instant of
departure from its nucleation site.
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size of a bubble at the point of detachment from the hea-
ter surface. According to the hypothesis of Zeng and his
coworkers the whole process of vapor bubble detach-
ment basically evolves in three different stages, as sche-
matically shown in Fig. 5. At the first stage the bubble
is attached to its nucleation site, and it is inclined by
the angle H due to the hydrodynamic flow forces. The
attached bubble is growing until it reaches a critical
departure volume VD, where the bubble is dragged off
its nucleation site. At the point of departure the volume
equivalent departure radius is defined as

rD ¼ 3V D

4p

� �1
3

.

The departure from the nucleation site marks the
beginning of the stage II, where the departed bubble
slides in upright posture (H = 0) along the heater sur-
face. Thereby, the bubble still keeps growing in size until
it reaches a bubble volume, where the buoyancy force is
sufficiently high to make the bubble lift-off from the sur-
face. At the point of the bubble�s lift-off the stage III be-
gins and the corresponding lift-off volume VL determines
the volume equivalent lift-off radius defined as

rL ¼ 3V L

4p

� �1
3

.

The departure radius rD as well as the inclination
angle H are mathematically obtained by solving the
momentum balance equations right at the instant of
departure, which are written in the x- and y-direction as

0 ¼ F d þ F du sinH; ð12Þ
0 ¼ F bcy þ F du cosH þ F sl; ð13Þ

respectively. Therein, ought to the small density ratio
qg
ql

 1 the inertial forces were neglected, such that the

Eqs. (12) and (13) basically represent a static force
balance. All the forces which are assumed to be relevant
at the point of departure, and, therefore, have to be
Fig. 5. Three stages of a vapor bubble departing from the
heater surface: (I) instant of departure from the nucleation site,
(II) sliding bubble, (III) instant of lift-off.
accounted for are schematically shown in Fig. 6. The
considered forces are the drag force Fd, the shear-lift
force Fsl, the buoyancy force Fbcy, and the bubble
growth force Fdu. The surface tension force was assumed
to be negligibly small at the moment of departure and
omitted. The drag force and the shear-lift force are given
by

F d ¼ 6pllur
2

3
þ 12

Reb

� �n

þ 0.796n
� ��1

n
( )

;

with n ¼ 0.65 ð14Þ

and

F sl ¼
3.877

2
qlu

2pr2G
1
2
s

1

Re2b
þ 0.014G2

s

� �1
4

; ð15Þ

where

Reb ¼
qlu2r

ll

and Gs ¼
du
dy

����
����
y¼r

r
u

denote the bubble Reynolds number and the shear rate,
respectively. As for the velocity u as well as its spatial
derivative du

dy, whose values at the location y = r are
needed in Eqs. (14) and (15), the presence of the vapour
bubbles is neglected such that Reichardt�s analytical
expression for single-phase flow
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uþ ¼ u
us

¼ 1

j
ln 1þ jyþð Þ

þ C 1� exp � yþ

v

� �
� yþ

v
exp � yþ

3

� �� �
ð16Þ

can be used to provide the velocity profile of the liquid
phase. Eq. (16) is written as a non-dimensional function
of the wall coordinate

yþ ¼ qlusy
ll

with the wall friction velocity

us ¼
sw
ql

� �1
2

being determined by the wall shear stress sw. The con-
stants are set to j = 0.41, v = 11, and C = 7.4,
respectively.

The buoyancy force is given by

F bcy ¼
4

3
r3pg ql � qg

� 

. ð17Þ

The bubble growth force Fdu is modeled following
Zeng et al. [21], who considered a hemispherical bubble
expanding in an inviscid liquid. They proposed the
equation

F du ¼ �qlpr
2 3

2
Cs _r

2 þ r€r
� �

; ð18Þ

where the empirical constant Cs was introduced to ac-
count primarily for the presence of the wall. Based on
a comparison with experimental data available to them
the authors suggested to set Cs ¼ 20

3
. The temporal evo-

lution of the bubble radius r(t), as well as its temporal
derivatives _r and €r needed in Eq. (18), are obtained
assuming a diffusion controlled bubble growth model
due to Zuber [20], which reads

rðtÞ ¼ 2bffiffiffi
p

p Ja
ffiffiffiffiffi
alt

p
; ð19Þ

involving the Jakob number

Ja ¼ qlcp;lðT w � T sÞ
qghlg

;

the thermal diffusivity of the liquid phase al, and the
empirical constant b.

The lift-off radius of the bubble rL is obtained by
solving the momentum balance equations (12) and (13)
under the assumption that at the instant of lift-off there
is no slip in the velocity between the bubble and the sur-
rounding liquid phase. This implies a zero drag and
shear-lift force, and a zero inclination angle, H = 0,
Fd = 0, Fsl = 0, respectively, such that rL is obtained
upon the solution of

0 ¼ F bcy þ F du. ð20Þ
The predicted bubble radii were compared to experi-
mental data measured at a given wall superheat
DTs = 29 �C for four different velocities ub = 0.05,
0.39, 0.77, 1.17 m/s, respectively. Thereby, the growth
rate parameter occurring in Eq. (19) was set to
b = 0.21. The wall friction velocities us needed as input
by the model in Eq. (16) were obtained from LDA mea-
surements of the axial velocity component in the plane
of symmetry of the test channel right before the begin-
ning of the heater surface. The bubble radii were
measured optically using video records. The results of
these bubble size measurements are depicted as vertical
bars in Fig. 7. Bubble size data taken from a recent very
detailed experimental investigation on the bubble
dynamics in subcooled boiling flow made by Maurus
[22] are shown as well. Maurus measured the bubble ra-
dii distribution functions near the wall at a subcooling of
DTsub = 20 �C, which is comparable to the subcooling of
the present in-house measurements being DTsub = 16 �C.
It is important to note that the open symbols in Fig. 7
represent the median bubble radii from Maurus� mea-
surements with varying bulk flow rate and a constant
wall heat flux of qw = 0.77 MW/m2. This heat flux is
considerably higher than in the present experiments,
where the bubble size data were obtained at a heat flux
in the range of qw = 0.40–0.45 MW/m2. The higher heat
flux evidently leads to larger bubble radii in Maurus�
data as well as to a slower decrease in bubble size with
increasing velocity. The here manifested dependence of
the mean bubble size on heat flux is also confirmed by



Fig. 8. Superheated thermal boundary layer in subcooled
boiling.
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a further set of Maurus� measurements, where the heat
flux was varied and the specific mass flow rate was kept
constant at G = 500 kg/m2 s. Referring to these mea-
surements the filled symbol represents the median bub-
ble radius obtained for qw = 0.37 MW/m2 which is
very close to the range in our own present experiments.
It becomes evident that due to the lower heat flux the
bubble median radius lies notably below the correspond-
ing value obtained for qw = 0.77 MW/m2 (represented
by the open symbol above). Ought to the comparable
magnitude of the imposed heat flux the agreement with
the present in-house measurements is better for this case
as well.

The comparison of the model predictions for the
departure radii with the corresponding experimental
data exhibits a good agreement for the higher velocities,
while deviations occur at the lowest velocity considered.
Both modelled radii become equal, i.e., rD = rL, in the
limit of zero bulk velocity. With increasing flow rate
the departure radius rD decreases markedly relative to
the lift-off radius rL. The widening gap between these
two radii with increasing bulk velocity evidently reflects
the influence of the local velocity field on the bubble
detachment process from the surface. Based on this con-
sideration the BDL model correlates the flow-induced
suppression in terms of the ratio rD

rL
, and the correspond-

ing suppression factor is proposed as

Sflow ¼ rD
rL

. ð21Þ

According to its definition Sflow is supposed to rep-
resent the flow-induced deviation of the bubble depar-
ture radius from the corresponding pool boiling limit,
which is associated with zero bulk velocity, where
rD = rL and, hence, Sflow = 1. The present formulation
for the computation of rD and rL does not explicitly ac-
count for subcooling. Thus, the obtained radius rL
basically represents the lift-off radius in the saturated
boiling regime and not in the subcooled boiling regime
as it is considered in the present configuration. This
also explains the overprediction for the bubble sizes
in the very low velocity range shown in Fig. 7. It is rea-
sonable to assume that even at very small flow rates the
advection of subcooled bulk liquid is sufficient to main-
tain a subcooled thermal boundary layer, where the
departing bubbles are typically smaller than in the sat-
urated case. Accordingly, the experimentally measured
departure radii tend towards a limit markedly below
the predicted lift-off radius rL representing the satu-
rated case.

The BDL model accounts for the effect of subcooling
by introducing the factor

Ssub ¼
T w � T s

. ð22Þ

T w � T b
The present definition of (22) is based on the concept
of a so-called ‘‘extrapolated superheat layer thickness’’
suggested by Wiebe and Judd [23]. As it can be seen in
the sketch of the superheated boundary layer in Fig. 8,
the extrapolated superheat layer thickness, dth, is defined
as the height of intersection between the tangent to the
temperature profile at the wall and the bulk temperature
Tb. It is written as

dth ¼
T w � T b

dT
dy

���
w

ð23Þ

and is supposed to reflect closely the superheated layer,
which strongly governs the whole process of bubble
nucleation, growth and departure. It further becomes
evident from Fig. 8 that due to the subcooling a consid-
erable portion of dth exhibits a temperature lower than
the saturation temperature Ts. The growing vapor bub-
bles cannot protrude into this subcooled layer, because
condensation sets in at the bubble tip, once it reaches
the zone, where T < Ts. Considering this limitation on
the bubble size due to the subcooling an ‘‘effective
extrapolated superheat layer thickness’’

de
th ¼

T w � T s

dT
dy

���
w

ð24Þ

can be defined replacing in (23) the bulk temperature Tb

by the saturation temperature Ts. The factor Ssub given
by (22) is then obtained as the ratio de

th=dth representing
thus a measure for the subcooling. The factor Ssub is at
maximum unity in the case of saturated boiling, where
Tb = Ts, and it decreases to zero for increasing subcool-
ing DTsub = Ts � Tb.

It is noted that in the choice of the empirical para-
meter b occurring in (19) the value b = 0.21 yielded the
best fit to the experimentally measured bubble radii.
Basically, this model constant is supposed to account
for the asphericity of the bubbles and is of the order
of unity. Zeng et al. [19] considered flow boiling data
for the refrigerant R113 and obtained the best overall
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Table 1
Pressures and velocities of the bulk liquid considered in the
boiling flow experiments

Absolute pressure p [bar] Velocity of the bulk liquid ub
[m/s]

1.5 0.05 0.39 1.17
2.0 0.20 0.39 1.17
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Fig. 11. Experimentally measured flow boiling curves at
p = 1.5 bar absolute operating pressure and three different
velocities of the bulk flow, ub = 0.05, ub = 0.39, ub = 1.17 m/s,
respectively.
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agreement with b = 1. The sensitivity of the predictions
for the bubble size to a variation of b and its effect on
the resulting suppression factor Sflow is illustrated in
Figs. 9 and 10, respectively. It becomes evident that
the model parameter b essentially determines the level
of the predicted bubble lift-off radius. The suppression
factor Sflow represents by definition the flow-induced de-
crease of the departure radius relatively to the corre-
sponding lift-off radius. Depending thus on the ratio of
the predicted radii and not explicitly on the predicted
individual numerical values, the factor Sflow is to some
extent less sensitive to the choice of b. As it can be seen
from Fig. 10, there is, however, still the tendency that
smaller values for b basically produce a smaller flow-in-
duced suppression factor Sflow.
Substituting the two suppression factors defined in
Eqs. (21) and (22) as total suppression into Eq. (4) the
total wall heat flux is then rewritten as

qw ¼ qfc þ qnbSflowSsub. ð25Þ
4. Comparison of the model predictions

with experiments

Using the experimental setup described in Section 2
several flow boiling curves for a given absolute pressure
and a given bulk velocity were measured. The thereby
considered individual pressure–velocity combinations
are summarized in Table 1. In all considered cases the
temperature of the bulk liquid was kept constant at
Tb = 95 �C, which implies a subcooling of DTsub = 16 �C
in the case p = 1.5 bar and DTsub = 25 �C in the case
p = 2.0 bar, respectively. The heater wall temperature
was varied within the interval 95� 6 Tw 6 150 �C. The
slowest velocity in the lower pressure case (p = 1.5 bar)
was chosen deliberately small, i.e., ub = 0.05 m/s, to come
as closest to the pool boiling limit as it was possible in
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the present experimental facility. As already noted in the
former section the individual wall friction velocities us

associated with each bulk velocity ub and required as
model input were obtained using LDA measurements
of the axial velocity profiles at the entrance of the heated
test section. Fig. 11 shows all the boiling curves mea-
sured at p = 1.5 bar plotted into one single graph to
illustrate the individual flow boiling regimes as already
discussed schematically in Fig. 2. The approximately lin-
ear sections to the left of the curves indicate pure single-
phase convection. Above the saturation temperature Ts

the curves start to deviate from the single-phase linearity
which marks the onset of the partially developed boiling
regime (PDB). The notably different paths of the indi-
vidual boiling curves demonstrate the strong influence
of the flow rate in this temperature range. Looking at
the wall temperatures, above which a non-linear increase
of the heat flux can be observed, makes evident that the
nucleate boiling sets in at about DTs = 3 �C wall super-
heat in the slow velocity case, ub = 0.05 m/s, while the
onset of boiling is located at about DTs = 15 �C in the
high velocity case, ub = 1.17 m/s. With increasing wall
superheat the individual curves converge in the region
around Tw = 140 �C (pattern-shaded interval), which
indicates the transition to the fully developed boiling re-
gime. There, the effect of the bulk flow rate is obviously
insignificant and the total heat flux is dominated by
velocity independent nucleate boiling mechanisms. As
a consequence, irrespectively of the macrosopic flow
velocity all boiling curves practically merge into one sin-
gle branch.

Figs. 12 and 13 show the comparison between the
total wall heat fluxes predicted by the BDL model with
the corresponding experimental data at the two consid-
ered levels of the operating pressure, respectively. In
all diagrams the saturation temperature Ts is marked
by a thin vertical line. In addition to the results of the
present BDL approach the heat fluxes predicted by other
widely used models, due to Chen [16], Shah [12] and
Kandlikar [11] are depicted as well.

The overall agreement between the predictions of the
BDL model and the experimental data is good. Particu-
larly in the high velocity case, ub = 1.17 m/s, the BDL
model predicts the shift of the onset of nucleate boiling
to higher wall superheats accompanied by a relative
reduction of the boiling component in the total heat flux
very accurately. This indicates that the BDL model is
capable to capture the strong flow induced suppression
of the nucleate boiling in the PDB regime very well.
For higher wall superheats, however, approaching the
FDB regime, the agreement becomes worse especially in
case of the lowest velocity considered (ub = 0.05 m/s).
This discrepancy can be explained by the fact that the
present BDL model basically relies on the dynamics of
a single bubble subject to a surrounding subcooled liquid
flow field, which is assumed to remain unaffected by the
presence of the vapour phase. Hence, it is conceivable
that the predictions of the model are less accurate once
phenomena related to the very complex multi-bubble
dynamics become important. Due to the high bubble
number densities, which are typically found on the heater
surface in the FDB regime, a strong bubble–bubble
interaction as well as a notable two-way coupling be-
tween the motion of the bubbles and the liquid phase oc-
cur. In such a regime bubbles tend to coalesce forming
larger structures on the surface. Moreover, the motion
of the bubbles pronouncedly affects the surrounding flow
field of the liquid phase and vice versa. Considering these
highly complex multi-phase flow phenomena there is cer-
tainly scope for further development of the present model
in order to improve its accuracy particularly in the FDB
regime.

The comparison with the results which were ob-
tained with the models proposed by other authors
and are also plotted in Figs. 12 and 13 reveals that
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Chen�s approach generally overpredicts the heat fluxes.
This tendency towards overpredictions, which is also
observed with many other Chen-type additive superpo-
sition correlations, can be explained by two main rea-
sons. First, the empirical function for the suppression
factor given in Eq. (11) used in Chen�s model is obvi-
ously calibrated for saturated boiling, where the nucle-
ate boiling heat transfer is typically higher than in
subcooled boiling. Second, since the factor SChen de-
pends on the bulk flow Reynolds number only, it prac-
tically represents a pure bulk flow quantity. It is
therefore insensitive to local quantities like the wall
superheat or wall shear stress, which can be expected
to have a significant effect on a local phenomenon like
the nucleate boiling heat transfer in a wall shear layer.
As it was already pointed out in the former section, it
was essentially these two shortcomings which moti-
vated the authors to develop Chen�s ansatz further to
the present BDL proposal. The comparison with the
corresponding results of the BDL model demonstrates
that the predictive capability of Chen�s superposition
ansatz could be considerably improved by introducing
an alternative model for the suppression of the nucle-
ate boiling component as proposed in the BDL
concept.

The results obtained using Shah�s model [12] show a
very good agreement in the FDB region in the case, at
p = 2.0 bar and ub = 0.2 m/s. In the PDB regime the
agreement is generally rather poor especially for the
higher velocities, where considerable overpredictions
are observed. The kink in the boiling curves marks the
transition from the PDB to the FDB regime which is
in Shah�s model located at the superheat DTs = 0.5 Æ
DTsub. At this in principle arbitrarily determined point
of transition the formulation switches from the correla-
tion suggested for the PDB to the correlation suggested
for the FDB regime which typically leads to an abrupt
turn in the boiling curve. The approach due to Kandli-
kar [11] also prescribes a change in the formulation at
the point of the transition from the PDB to the FDB re-
gime. The location of this transition is determined in
terms of the heat flux at the intersection between the
extension of the single-phase line and the FDB curve
multiplied by the factor 1.4. As shown in the results
Kandlikar�s proposal for locating the point of transition
leads to accurate predictions in the PDB regime in the
high velocity case. At the lower velocities the region
which is dominated by single-phase convection extends
too far into the nucleate boiling region, as the consider-
able underpredictions in the PDB region make evident.

In order to evaluate the performance of the BDL
model in the case of stronger subcooling its predictions
were also compared against experimental data obtained
by Bibeau and Salcudean [13]. They carried out their
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flow boiling measurements using an annular test section
with the inner surface heated. The pressure was p = 2
bar and the bulk velocity was ub = 0.08 m/s. The tem-
perature of the bulk flow was Tb = 75 �C, which implies
a subcooling of DTsub = 45 �C. As it is shown in Fig. 14,
the predictions produced by the BDL model agree very
well with the experiments. Due to the low flow rate the
flow-induced suppression is considerably small, and,
hence, the corresponding suppression factor Sflow does
not deviate much from unity. Thus, the total suppres-
sion S is mainly due to effect of the subcooling. It turns
out that the in the present case very dominant effect of
subcooling is estimated very well in terms of the corre-
sponding model parameter Ssub as given by Eq. (22).
5. Conclusion

In the present study a Chen-type superposition model
is proposed to compute the effective wall heat flux in
subcooled boiling flow. The proposed BDL model mod-
ifies the nucleate boiling contribution by introducing
two suppression factors accounting for the effect of the
flow forces and of the subcooling of the thermal bound-
ary layer. The comparison with experimental data using
water as working fluid shows good agreement especially
in the partially developed boiling (PDB) regime. This
good agreement in the PDB region, where the bulk flow
rate exerts a significant effect on the nucleate boiling,
indicates that the model captures the flow-induced sup-
pression very well. Notable deviations occur primarily
in the vicinity of the fully developed boiling (FDB) re-
gime. These discrepancies clearly demonstrate the limits
of the present model and give the scope for a further
development. Thereby, the focus will have to be put
on the consideration of the bubble–bubble as well as
the bubble–liquid interactions, which are of great impor-
tance in the FDB regime.
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