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An experiment is conducted here to investigate how the channel size affects the subcooled flow boiling
heat transfer and the associated bubble characteristics of refrigerant R-407C in a horizontal narrow annu-
lar duct with the gap of the duct fixed at 1.0 and 2.0 mm. The measured boiling curves indicate that the
temperature overshoot at ONB is relatively significant for the subcooled flow boiling of R-407C in the
duct. Besides, the subcooled flow boiling heat transfer coefficient increases with a reduction in the duct
gap, but decreases with an increase in the inlet liquid subcooling. Moreover, raising the heat flux imposed
on the duct can cause a significant increase in the boiling heat transfer coefficients. However, the effects
of the refrigerant mass flux and saturated temperature on the boiling heat transfer coefficient are slighter.
Visualization of the subcooled flow boiling processes in the duct reveals that the bubbles are suppressed
to become smaller and less dense by raising the refrigerant mass flux and inlet subcooling. Raising the
imposed heat flux, however, produces positive effects on the bubble population, coalescence and depar-
ture frequency. Meanwhile, the present heat transfer data for R-407C are compared with the R-134a data
measured in the same duct and with some existing correlations. We also propose empirical correlations
for the present data for the R-407C subcooled flow boiling heat transfer and some quantitative bubble
characteristics such as the mean bubble departure diameter and frequency and the active nucleation site
density.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Choosing a suitable refrigerant plays the most important part in
the design of air conditioning and refrigeration systems. In
addition, the chlorofluorocarbons refrigerants (CFCs) have been
completely prohibited in production since 1996 and the hydro-
chlorofluorocarbons refrigerants (HCFCs) are planned to be phased
out by 2020, due to the presence of chlorine and carbon in these
refrigerants which are depleting the earth’s stratospheric ozone
layer and increasing the Total Equivalent Warming Impact (TEWI).
Thus, the substitution of CFCs and HCFCs becomes urgent recently.
The hydrofluorocarbons refrigerants (HFCs) such as R-134a, R-
407C, R-410a, R-410b and R-507 are considered to be the eligible
alternatives and some are currently in use.

In air conditioning and refrigeration systems, small channel
with its small volume, lower total mass and low inventory of work-
ing fluid is an appropriate option for the compact heat exchangers
to improve the boiling and condensation heat transfer perfor-
mance. It is important to comprehend the boiling and condensa-
tion heat transfer and flow characteristics in the small channels
consisted in compact heat exchangers. The channels size in a com-
ll rights reserved.
pact heat exchanger can significantly affect the performance of the
exchanger [1]. In sizing the small channels, Kandlikar and Grande
[2] proposed that for the conventional channels Dh >3 mm, for
the mini-channels 200 lm < Dh < 3 mm, and for the micro-chan-
nels 10 lm < Dh < 200 lm. On the contrary, Kew and Cornwell [3]
introduced the Confinement number, Nconf ¼ ðr=ðgDqÞÞ0:5

Dh
, which rep-

resents the importance of the flow restriction by the small size
channel. They showed that the effects of the channel size became
extremely substantial when Nconf > 0.5.

Investigation of refrigerants R-11 and R-123 flow boiling in a
horizontal small copper tube (Dh = 1.95 mm) by Bao et al. [4]
showed that the heat transfer coefficients were independent of
the refrigerant mass flux and vapor quality, but were function of
the wall heat flux. Nucleate boiling was the dominant mechanism
over a wide range of the tested flow conditions. Tran et al. [5]
examined refrigerant R-12 flow boiling in small circular and rect-
angular channels (Dh = 2.46 and 2.4 mm). Two distinct two-phase
flow regions were noted, the convective boiling dominant region
at lower wall superheat (<2.75 K) and nucleate boiling dominant
region at higher wall superheat (>2.75 K). The differences in the
boiling heat transfer coefficients in the circular and rectangular
tubes are small. The R-134a experimental data taken from an up-
ward vertical rectangular multi-channel (Dh = 2.01 mm) by Agos-
tini and Bontemps [6] concluded that bubble nucleation was the
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Nomenclature

As outside surface area of the heated inner pipe, m2

Bo Boiling number, Bo ¼ q
G�ifg , dimensionless

cp specific heat, J/kg�C
Di, Do inner and outside diameters of duct, m
Dh hydraulic diameter, m, Dh = (Do � Di)
Dp dimensionless mean bubble departure diameter
dP bubble departure diameter, m
Fd dimensionless mean bubble departure frequency
f bubble departure frequency
Fr Froude number, Fr ¼ G2

q2
1 �g�Dh

, dimensionless
ff friction factor
g acceleration due to gravity, m/s2

G mass flux, kg/m2s
hr boiling heat transfer coefficient, W/m2�C
ifg enthalpy of vaporization, J/kg
kl liquid thermal conductivity, W/m�C
nac active nucleation site density, n/m2

NAC dimensionless active nucleation site density

Nconf Confinement number, Nconf ¼ ðr=ðgDqÞÞ0:5
Dh

, dimensionless

Ja Jakob number, Ja ¼ q1 �Cp �DTsub
qg �ifg

, dimensionless

Nu Nusselt number, Nu ¼ hDh
k , dimensionless

P system pressure, kpa
Pr Prandtl number, Pr ¼ l � cp=k, dimensionless
q average imposed heat flux, W/m2

qb, qc, qt heat flux due to bubble nucleation, single-phase convec-
tion, total value, W/m2

Qn net power input, W
Rel liquid Reynolds number in two-phase flow, Re1 ¼ GDhð1�xÞ

l1
,

dimensionless
Tr, Tr,i mean, inlet temperature of liquid refrigerant, �C
Tsat saturated temperature of refrigerant, �C
Tw wall temperature of heated inner pipe, �C
x vapor quality
z downstream coordinate for annular duct flow, mm

Greek symbols
DTsat wall superheat, (Tw � Tsat), oC
DTsub inlet subcooling, (Tsat � Tr,i), oC
d gap size, mm
l1 viscosity of liquid refrigerant, N � s=m2

qg, q vapor and liquid densities, kg/m3

Dq density difference, Dq = ql � qg, kg/m3

r surface tension, N/m
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dominant mechanism for the heat flux higher than 14 kW/m2 and
wall superheat higher than 3 K, and the transition from the boiling
dominated by bubble nucleation to convection occurred at
Bo � ð1� xÞ � 2:2� 10�4. Kandlikar and Steinke [7] found that for
a fluid with a high liquid-to-vapor density ratio, the convective ef-
fects dominated as the vapor quality increased. This led to an
increasing trend in the boiling heat transfer coefficient at increas-
ing vapor quality. A high boiling number results in a higher nucle-
ate boiling contribution, which tends to decrease as the vapor
quality increases, causing a decreasing trend in heat transfer coef-
ficient with increasing vapor quality. An experimental study for the
refrigerant R-141b flow boiling in a vertical tube (Dh = 1 mm) con-
ducted by Lin et al. [8] concluded that at low vapor quality nucleate
boiling dominated and at higher vapor quality convective boiling
dominated. In a review article, Watel [9] concluded that convective
boiling dominated at low heat fluxes and wall superheats and high
vapor qualities otherwise nucleate boiling dominated.

It has been known for some time that bubble characteristics
such as bubble departure frequency, growth, sliding and departure
size play an important role in flow boiling heat transfer. Chang
et al. [10] examined the behavior of near-wall bubbles in subcooled
flow boiling of water in a vertical one-side heated rectangular
channel (Dh = 4.44 mm) and described the coalescence of the bub-
bles. Similar study for subcooled flow boiling of upward water in a
vertical annular channel (Dh = 19 mm) conducted by Situ et al. [11]
indicated that the bubble departure frequency increased with the
heat flux. Outcomes from Yin et al. [12] for R-134a in a horizontal
annular duct (Dh = 10.31 mm) showed that the bubble generation
was suppressed by raising the refrigerant mass flux and subcool-
ing, and only the liquid subcooling exhibited a significant effect
on the bubble size. The study of water boiling in a one side heated
horizontal rectangular channel (Dh = 40 mm) conducted by Maurus
et al. [13] manifested that the waiting time between two bubble
cycles decreased significantly at increasing mass flux. An experi-
mental study on the bubble rise path after its departure from a
nucleation site for water in a vertically upward tube (Dh = 20 mm)
by Okawa et al. [14] suggested that the inertia force significantly
influenced the onset of bubble detachment and the shear force in-
duced a lift force to detach the bubble from the wall. FC-87 flow
boiling in a vertical rectangular channel (Dh = 12.7 mm) investi-
gated by Thorncroft et al. [15] manifested that both the bubble
growth and departure rates increased with an increase in the Jacob
number and the bubble departure diameter decreased with the
mass flux. Low pressure subcooled flow boiling inside a vertical
concentric annulus (Dh = 13 mm) examined by Zeitoun and Shoukri
[16] showed that the mean size and lift duration of the bubbles in-
creased at decreasing liquid subcooling.

Chen [17] proposed an early general empirical correlation model
for flow boiling in channels which divided the boiling heat transfer
coefficient into two parts: a microconvective (nucleate boiling) con-
tribution estimated by the pool boiling correlations and a macrocon-
vective (non-boiling forced convection) contribution estimated by
the single-phase correlation. In order to account for the diminished
contribution of nucleate boiling as the forced convective effects in-
creased at a higher vapor quality, he introduced an enhancement
factor E and a suppression factor S to respectively accommodate
the forced convection augmentation and nucleate boiling retarda-
tion. Gungor and Winterton [18] modified the Chen’s correlation
and proposed the correlations for the enhancement and suppression
factors. A general subcooled flow boiling correlation based on a large
amount of data measured from pipes and annuli was developed by
Shah [19]. An improved correlation from Liu and Winterton [20]
introduced an asymptotic function to predict the heat transfer coef-
ficient for vertical and horizontal flows in tubes and annuli. Later,
Zhang et al. [21] modified the Chen’s correlation to predict the heat
transfer in mini channels. Besides, Tran et al. [5] modified the heat
transfer correlation of Lazarek and Black [22] with the Reynolds
number of the flow replaced by the Weber number to eliminate vis-
cous effects in favor of the influences from the surface tension. Sim-
ilar correlations were proposed by Fujita et al. [23]. Kandlikar [24]
divided the subcooled flow boiling into the partial boiling, fully
developed boiling and significant void flow regions. Meanwhile,
appropriate correlations were presented to predict the heat transfer
in the each region. In a following study [25], he developed correla-
tions to predict transition, laminar and deep laminar flows in
mini-channels and micro-channels.

The above literature review clearly indicates that the flow
boiling heat transfer of HFC refrigerants in small diameter channels
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remains largely unexplored. In a recent study [26], we measured
the saturated flow boiling heat transfer and investigated the asso-
ciated bubble characteristics for R-407C in a horizontal narrow
annular duct. In this continuing study, we move further to explore
the heat transfer and bubble behavior in subcooled boiling flow of
R-407C in the same duct. The effects of the imposed heat flux, gap
size, and R-407C mass flux, inlet subcooling and refrigerant satu-
rated temperature on the boiling heat transfer characteristics will
be examined in detail. Particularly, flow visualization is conducted
to examine the bubble characteristics such as the mean bubble
departure diameter and frequency from the heating surface,
intending to improve our understanding of the subcooled flow
boiling processes in a narrow channel. Data from this study for
R-407C will be compared with those for R-134a reported in the
previous study [27] and with some existing correlations for small
diameter channels proposed in the open literature.
2. Experimental apparatus and procedures

The experimental system employed in the previous study [26]
is also used here to investigate the subcooled flow boiling of R-
407C in a narrow annular duct. It is schematically depicted in
Fig. 1. The experimental apparatus consists of three main loops,
namely, a refrigerant loop, a water–glycol loop, and a hot-water
loop. As schematically shown in Fig. 2, the test section of the appa-
ratus is a horizontal annular duct with the outer pipe made of Pyr-
ex glass to permit the visualization of boiling processes in the
refrigerant flow. The glass pipe is 160 mm long with an inside
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the DC current passing through the cartridge heater. The thermo-
couples are positioned at three axial stations along the inner pipe.
At each axial station, two to four thermocouples are placed at top,
bottom, or two sides of the pipe circumference with 180� or 90�
apart. The outside surface temperature of the inner pipe Tw is then
derived from the measured inside surface temperature by taking
into account the radial heat conduction through the pipe wall.
The details of the three loops, photographic apparatus, data acqui-
sition unit, and experimental procedures are already available in
our early studies [26–28] and are not repeated here. The data
repeatability is insured by measuring each data point three times
and the deviations of the measured values from their average
should be all less than 5%.
3. Data reduction and verification of experimental system

The imposed heat flux q to the refrigerant flow in the annular
duct is calculated on the basis of the net power input Qn and the
total outside surface area of the inner pipe of the annular duct As
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as q = Qn/As. The total power input Qt is obtained from the product
of the measured voltage drop across the cartridge heater and elec-
tric current passing through it. Hence the net power input to the
test section is equal to (Qt � Qloss).

The total heat loss from the test section Qloss is evaluated from
the correlation of Churchill and Chu [29] for natural convection
around a circular cylinder. To reduce the heat loss from the test
section, it is covered with a polyethylene insulation layer. The out-
comes from this heat loss test indicate that the total heat loss from
the test section is generally less than 1% of the total power input no
matter when single-phase or two-phase boiling flow is in the duct.
The subcooled flow boiling heat transfer coefficient at a given axial
location is defined as

hr ¼
Q n=As

ðTw � TrÞ
ð1Þ

Here Tr is the local bulk liquid refrigerant temperature and at the
middle axial location it is approximated by the equation

Tr ¼
Tr;i þ Tr;o

2
ð2Þ

Uncertainties of the measured heat transfer coefficients are
estimated according to the procedures proposed by Kline and
McClintock [30] for the propagation of errors in physical measure-
ment. The results from this uncertainty analysis are summarized in
Table 1.

In order to check the suitability of the experimental system for
measuring the subcooled flow boiling heat transfer coefficients, the
single-phase liquid R-407C heat transfer data for the liquid Rey-
nolds number ranging from 3459 to 14,640 are measured first
and compared with the well-known traditional forced convection
correlation proposed by Gnielinski [31], as that in the previous
study [26–28]. The results manifest that the present data can be
well correlated by their correlation with a mean absolute error of
3.9%. Thus the established system is considered to be suitable for
the present subcooled R-407C flow boiling experiment.

4. Results and discussion

The present R-407C subcooled flow boiling experiments are
performed for the refrigerant mass flux G varying from 300 to
600 kg/m2s, imposed heat flux q from 0 to 45 kW/m2, inlet liquid
subcooling DTsub from 3 to 6 �C, and system pressure P set at
776 kPa and 899 kPa (corresponding to Tsat = 10 �C and 15 �C) for
the gap of the duct d = 1.0 and 2.0 mm. The ranges of the parame-
ters chosen above are in accordance with some air-conditioning
applications. The measured boiling heat transfer data are ex-
pressed in terms of the boiling curves and boiling heat transfer
coefficient. Moreover, selected flow photos and data deduced from
the images of the boiling processes taken at a small region around
Table 1
Summary of the results from uncertainty analysis.

Parameter Uncertainty

Annular pipe geometry
Length, width and thickness (%) ±1.0%
Area (%) ±2.0%

Parameter measurement
Temperature, T (�C) ±0.2
Temperature difference, DT (�C) ±0.3
System pressure, P (kPa) ±2
Mass flux of refrigerant, G (%) ±2

Subcooled flow boiling heat transfer
Imposed heat flux, q (%) ±4.5
Heat transfer coefficient, hr (%) ±14
the middle axial station z = 80 mm are presented to illustrate the
bubble characteristics in the boiling flow.

4.1. Subcooled flow boiling curves

The effects of the experimental parameters including the R-
407C refrigerant mass flux, inlet subcooling, saturated tempera-
ture and the gap size of the duct on the subcooled boiling curves
measured at the middle axial location of the duct are illustrated
in Fig. 3. The results in Fig. 3 indicate that for a given boiling
curve, at low imposed heat flux the temperature of the heated
wall is below Tsat of R-407C and heat transfer in the duct is com-
pletely due to the single-phase forced convection. As the imposed
heat flux is raised gradually, the heated wall temperature in-
creases slowly to exceed Tsat at a certain q and we have a positive
wall superheat DTsat (Tw–Tsat). When DTsat reaches a certain crit-
ical level, a small increase in q causes boiling to suddenly appear
on the heated wall and the heated wall temperature drops imme-
diately to a noticeable degree. Thus, there is a significant temper-
ature overshoot during the onset of nucleate boiling (ONB) in the
subcooled flow boiling. Note that the temperature overshoot can
be as high as 5.8 �C for G = 600 kg/m2s, d = 1.0 mm, Tsat = 15 �C
and DTsub = 3 �C (Fig. 3(a)). Note that the influence of the refriger-
ant mass flux on the magnitude of the temperature overshoot
during ONB is slight. Besides, a slightly higher wall superheat is
needed to initiate the nucleate boiling for a higher G due to the
thinner thermal boundary layer on the heated surface. Beyond
the ONB, a small rise in DTsat causes a large increase in the wall
heat transfer rate and the slopes of the boiling curves are much
steeper than those for the single-phase convection. Checking fur-
ther with the data in Fig. 3(a) reveals that beyond ONB, the
refrigerant mass flux exhibits rather slight effects on the boiling
curves. Nevertheless, in the single-phase region the heated wall
temperature is somewhat affected by the refrigerant mass flux.
The higher G causes the higher liquid velocity in the channel
resulting in a shorter time for the refrigerant to be heated. Thus,
the imposed heat flux needed to initiate ONB is larger at a higher
mass flux.

Next, the effects of the inlet liquid subcooling on the subcooled
boiling curves are shown in Fig. 3(b). Note that higher wall super-
heat and higher imposed heat flux are needed to initiate the boiling
on the heated surface for a higher DTsub. It is also noted that the
boiling curves are not affected to a noticeable degree by the inlet
liquid subcooling in the two-phase region. However, in the sin-
gle-phase region a higher liquid subcooling results in a higher heat
transfer from the heated wall to the refrigerant flow.

Then, the effects of the refrigerant saturated temperature on the
subcooled boiling curves are exemplified in Fig. 3(c). It is noted
that higher DTsat and q are needed to achieve ONB for a lower sat-
urated temperature. This is attributed to the fact that at a lower
Tsat, the surface tension of R-407C is higher. At the higher sur-
face-tension, the liquid refrigerant is more difficult to completely
flood the cavities, which in turn retards the bubbles to nucleate
from the cavities on the heated surface. Otherwise, the effect of Tsat

on the boiling curves is rather slight.
Finally, the effects of the duct gap on the subcooled boiling

curves are shown in Fig. 3(d). It is noted that somewhat lower wall
superheat and imposed heat flux are needed to initiate the boiling
on the heated surface for a smaller d. This primarily results from
the fact that for given G, q, Tsat and DTsub, the mass flow rate
through the duct is lower for a smallerd. Thus, the axial tempera-
ture rise of the refrigerant flow is larger for a smaller d, which re-
sults in a required lower DTsat and q at ONB. It is also noted that the
boiling curves are shifted significantly to the left in the nucleate
boiling region as the gap size is decreased, indicating that the boil-
ing heat transfer in the duct with a smaller gap is much better.
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Fig. 3. Subcooled flow boiling curves of R-407C: (a) for various refrigerant mass fluxes at Tsat = 15 �C, DTsub = 3 �C and d = 1 mm, (b) for various inlet subcoolings at Tsat = 15 �C,
G = 500 kg/m2s and d = 1 mm, (c) for various saturated temperatures at G = 500 kg/m2s, DTsub = 3 �C and d = 1 mm, and (d) for various gap sizes at Tsat = 15 �C, G = 500 kg/m2s
and DTsub = 3 �C.
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4.2. Subcooled flow boiling heat transfer coefficients

The R-407C subcooled flow boiling heat transfer coefficients
measured at the middle axial location (z = 80 mm) in the narrow
annular duct affected by the four experimental parameters are
shown in Fig. 4. The results in Fig. 4 indicate that the increase of
hr with the imposed heat flux is relatively significant for all cases.
We note from Fig. 4(a) that the refrigerant mass flux exhibits only a
rather slight effect on the boiling heat transfer coefficient. Besides,
the boiling heat transfer is much better with a smaller inlet liquid
subcooling (Fig. 4(b)). For instance, at q = 40 kw/m2, Tsat = 15 �C,
G = 500 kg/m2s and d = 1.0 mm, hr for DTsub = 3 �C is about 14%
higher than that for DTsub = 6�C (Fig. 4(b)). Then, the refrigerant
saturated temperature shows relatively slight effects on the boiling
heat transfer coefficient (Fig. 4(c)). It is of interest to note from the
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Fig. 4. Subcooled flow boiling heat transfer coefficient of R-407C: (a) for various refr
subcoolings at Tsat = 15 �C, G = 500 kg/m2s and d = 1 mm, (c) for various saturated temper
Tsat = 15 �C, G = 500 kg/m2s and DTsub = 3 �C.
data in Fig. 4(d) that reducing the duct size can effectively enhance
the subcooled boiling heat transfer in the duct. For the specific case
with q = 40 kw/m2, Tsat = 15�C, G = 500 kg/m2s and DTsub = 3�C, hr

for d = 1.0 mm is about 40% higher than that for d = 2.0 mm
(Fig. 4(d)). This is considered to mainly result from the fact that
in the narrower duct the radial gradient of the liquid axial velocity
is larger, which in turn exerts higher shear force on the bubbles
nucleated from the wall and causes them to depart from the heat-
ing surface at a higher rate.

It is noted that for each case the data in Fig. 3 for the boiling
curves allow us to read the heated surface temperature and then
the data in Fig. 4 for the boiling heat transfer coefficient can be
used to find the refrigerant temperature at the middle axial loca-
tion. Finally, the refrigerant temperature at the duct outlet can
be evaluated from Eq. (2).
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4.3. Bubble characteristics in subcooled flow boiling

To reveal the bubble characteristics, the photos of the R-407C
boiling flow for the cases at selected experimental conditions taken
from a small region around the middle axial location are shown in
Fig. 5. First, the bubbles at the low q of 25 kW/m2 for the case at
Tsat = 15 �C, G = 500 kg/m2s, d = 1.0 mm and DTsub = 3 �C can be seen
from Fig. 5(a). Checking with the video tapes recording the bubble
motion discloses that the bubbles form and grow at the active
nucleation sites while they experience a short period of stationary
growth to a certain size and then detach from the heating surface
and accelerate into the subcooled liquid refrigerant. As the im-
posed heat flux is increased slightly to q = 35 kW/m2 (Fig. 5(b)),
more bubbles are nucleated and they collide and coalesce occa-
sionally. The coalesced bubbles rise faster than the tiny bubbles
due to the larger buoyancy force associated with them. Coales-
cence of the bubbles occurs more frequently and irregularly as
the imposed heat flux is raised to 45 kW/m2 (Fig. 5(c)). In general,
increasing the imposed heat flux directly provides more energy to
the cavities and more cavities on the heating surface can be acti-
vated. Besides, the higher buoyancy from the higher wall superheat
causes the bubble departure frequency to increase substantially
with the imposed heat flux. Moreover, the bubble departure diam-
eter increases slightly with the imposed heat flux due to the higher
wall superheat.

Next, Figs. 5(d)–(f) show the bubble characteristics around the
middle axial location affected by the refrigerant mass flux by pre-
senting the photos for the higher G of 600 kg/m2s but at the same
q, Tsat, d and DTsub as that for Figs. 5(a)–(c). The higher speed of the
refrigerant flow for a higher G can sweep the bubbles more quickly
away from the cavities resulting in a higher bubble departure fre-
quency and the smaller bubble departure diameter. Besides, at a
higher G the liquid temperature is lower for a given imposed heat
flux at a given DTsub. Thus, less bubble nucleation is activated on
the heated wall and the bubble population falls.

Then, the effects of the inlet liquid subcooling on the bubble
characteristics are illustrated by comparing the photos shown in
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Fig. 5. Photos of bubbles in the subcooled flow boiling of R-407C in a small region arou
subcoolings, saturated temperatures and gap sizes.
Figs. 5(g)–(i) with Figs. 5(a)–(c) respectively for DTsub = 6 �C and
3 �C at q = 25�45 kW/m2, G = 500 kg/m2s, d = 1.0 mm and
Tsat = 15 �C. In general, the bubbles are larger at a lower liquid sub-
cooling due to the weaker vapor condensation and more bubble
coalescence at a lower DTsub. In addition, an increase in the inlet
subcooling results in the reduction of the bubble departure fre-
quency and active nucleation sites. This is due to the fact that at
a higher DTsub, the liquid R-407C temperature at the subcooled li-
quid–vapor interface is relatively low compared to the hot heated
surface. Thus the wall superheat is not high enough to sustain the
continuing growth of the bubbles for an increase in DTsub.

Additionally, the effects of the refrigerant saturation tempera-
ture on the bubble characteristics are exemplified by comparing
the photos shown in Figs. 5(j)–(l) with Figs. 5(a)–(c) respectively
for Tsat = 10�C and 15�C at q = 25�45 kW/m2, G = 500 kg/m2s,
d = 1.0 mm and DTsub = 3�C. In general, bubbles are larger due to
the higher surface tension at a lower saturation temperature with
more bubble coalescence. Besides, the active nucleation sites in-
crease with increasing Tsat due to lower surface tension and enthal-
py of vaporization.

Finally, the bubble characteristics affected by the duct size are
shown by comparing the results in Fig. 5(m)–(o) with Fig. 5(a)–(c).
It is noted that the bubbles are slightly bigger in the smaller duct. Be-
sides, the bubble departure frequency is higher. The larger bubbles
collide and coalesce more frequently in the narrower duct. It is due
to the larger axial temperature rise of the refrigerant flow with a
smaller duct gap, which in turn results in a higher liquid temperature
at the interface between gas and liquid. Thus, more large bubbles are
formed from the coalescence of the small bubbles in the smaller
ducts. As the heat flux is raised to q = 45 kW/m2 (Figs. 5(c) and (o)),
the bubbles in the smaller duct coalesce even more frequently and
the large bubbles somewhat deform due to the space limitation.

To be quantitative on the bubble characteristics, we video tape
the motion of bubbles and estimate the mean bubble departure
diameter, frequency and the active nucleation site density in the
bubbly flow by carefully tracing the bubble motion from the
images of the boiling flow. The outcomes from this estimation
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nd middle axial location for various imposed heat fluxes, mass fluxes, inlet liquid
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are examined in the following. The effects of the four experimental
parameters on the mean bubble departure diameter for the R-407C
subcooled flow boiling at the middle axial location (z = 80 mm) of
the annular duct are shown in Fig. 6. Note that the increase of
the bubble departure size with the heat flux is very significant
for all cases presented here. Besides, the effects of the refrigerant
mass flux shown in Fig. 6(a) indicate that the average bubble
departure diameter dp is slightly larger for a smaller G. It is also
noted that dp is somewhat larger for a smaller liquid subcooling
(Fig. 6(b)). Moreover, at a higher Tsat the average departing bubble
is slightly smaller (Fig. 6(c)). Furthermore, the average departing
bubbles are slightly larger in the narrower duct especially at high
imposed heat flux (Fig. 6(d)). It is worth mentioning that even
the size of the largest departing bubble is below 0.15 mm which
is much smaller than the diameter of the outer glass pipe in the
test section (Dp = 20.0 mm). Thus the observation of the bubble size
through the curved surface of the glass pipe is not expected to pro-
duce significant error.

How the bubble departure frequency is affected by the four
parameters for the subcooled R-407C flow boiling at the middle ax-
ial location in the annular duct are shown in Fig. 7. Note that the
increase of the bubble departure frequency with the imposed heat
flux is rather significant for all cases presented here. Besides, the
bubble departure frequency is higher with higher refrigerant mass
flux and saturated temperature. However, the bubble departing
rate reduces at increasing duct size and liquid subcooling.

The associated density of the active nucleation sites affected by
the four parameters is shown in Fig. 8. Again, for all cases the in-
crease of the average active nucleation site density with the im-
posed heat flux is rather pronounced. It is also noted that the
active nucleation site density is higher with lower refrigerant mass
flux, lower liquid subcooling and higher refrigerant saturated tem-
perature especially at high imposed heat flux. Besides, the influ-
ence of the duct size on the average active nucleation site
density is insignificant.

4.4. Comparison with data for subcooled R-134a flow boiling

We move further to compare the present data for the R-407C
subcooled flow boiling with that for R-134a subcooled flow boiling
from Lie [27] measured in the same narrow annular duct in Fig. 9.
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Fig. 6. Mean bubble departure diameter for subcooled flow boiling of R-407C: (a) for var
inlet subcoolings at Tsat = 15 �C G = 500 kg/m2s and d = 1 mm, (c) for various saturated tem
at Tsat = 15�C, G = 500 kg/m2s, DTsub = 3 �C.
The data from the boiling curves in Fig. 9(a) indicate that a slightly
higher wall superheat is needed to initiate boiling for R-134a. This
can be attributed to the lower surface tension for R-407C. Besides,
the slope of the boiling curve for R-407C is much steeper, suggest-
ing the subcooled flow boiling heat transfer for R-407C is much
better. Indeed, the data in Fig. 9(b) manifest that R-407C has a
much higher boiling heat transfer coefficient except at the low heat
flux near ONB.

4.5. Comparison with some existing correlations

Moreover, in Fig. 10 the present data for the R-407C subcooled
flow boiling heat transfer coefficient are compared with some exist-
ing empirical correlations proposed in the open literature. Note that
the correlations from Shah [19] and Kandlikar [24] substantially
over-predict our data. Similarly, the correlations from Bao et al.
[4], Tran et al. [5], Liu and Winterton [20] also over-predict our data
to some degree. However, our data are well correlated by the corre-
lation of Fujita et al. [23]. The correlation of Fujita el al. is

hr ¼ 0:884G0:143q0:714 ð3Þ
4.6. Correlation equations

According to flow boiling mechanisms [17], heat transfer in the
bubbly flow regime in the flow boiling can be roughly considered
as a combination of single-phase liquid forced convection heat
transfer qc and pool boiling heat transfer qb. Thus, the total heat
flux input to the boiling flow qt can be expressed as

qt ¼ qb þ qc ð4Þ

Here qb and qc can be respectively calculated from the relations

qb ¼ qgVgfNacifg ð5Þ

and

qc ¼ EhlðTw � TrÞ ð6Þ

Note that in the above equation, an enhancement factor E is
added to qc to account for the agitating motion of the bubbles
which can enhance the single-phase convection heat transfer.
Empirically, E and h1 can be correlated as
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Fig. 7. Mean bubble departure frequency for subcooled flow boiling of R-407C: (a) for various refrigerant mass fluxes at Tsat = 15 �C, DTsub = 3 �C and d = 1 mm, (b) for various
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E ¼ max 1;N 0:2
conf Fr 0:01

1 ð1þ 200BoÞ5
� �

ð7Þ

and

hl ¼ Nulkl=Dh ð8Þ

Note that Nu1 is estimated from the Gnielinski correlation [31],

Nul ¼
ðff =8ÞðRe1 � 1000ÞPr1

1þ 12:7
ffiffiffiffiffiffiffiffiffi
ff =8

p
ðPr2=3 � 1Þ

for Re1 P 2300 ð9Þ

Here the friction factor ff is evaluated from the relation

ff ¼ 1:82� log10Re1 � 1:64ð Þ�2 ð10Þ
0

1

2

3

4

5

N
ac

( 
10

6 
n/

m
2 )

0

1

2

3

4

5

0 10 20 30 40 50

q (kW/m2)
0 10 20 30 40 50

q (kW/m2)

(a) R-407C Subcooled Active Nucleation Site Density

at Tsat = 15
o
C ,  ΔTsub=3

o
C , δ = 1.0 mm

 G = 500 kg/m2s
G = 600 kg/m2s

(b) R-407C Subcooled Active Nucleation Site Density

at Tsat = 15
o
C , G = 500 kg/m2s  , δ = 1.0 mm

ΔTsub=3
o
C

ΔTsub=6
o
C

Fig. 8. Mean active nucleation site density for subcooled flow boiling of R-407C: (a) for va
inlet subcoolings at Tsat = 15 �C G = 500 kg/m2s and d = 1 mm, (c) for various saturated tem
at Tsat = 15 �C, G = 500 kg/m2s, DTsub = 3 �C.
In Eq. (5) qg is the vapor density, Vg is the mean vapor volume of
the departing bubble which is equal to 4p

3 ð
dp

2 Þ
3, f is the mean bubble

departure frequency, Nac is the mean active nucleation site density,
and ifg is the enthalpy of vaporization. Since the experimental Rel

ranges from 5400 to 11,500, we use the Gnielinski correlation for
Rel > 2300 to evaluate the single-phase forced convection heat
transfer. It is difficult to distinguish the individual bubbles at a
higher imposed heat flux. Hence the above correlations do not ap-
ply to the data for q > 40 kW/m2.

To enable the usage of the above correlation for computing the
flow boiling heat transfer in the bubbly flow regime, the mean
departing bubble size and frequency and the mean active nucle-
ation site density on the heating surface need to be correlated in
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advance. The average bubble departure diameter in the R-407C
subcooled flow boiling in the narrow annular duct estimated from
the present flow visualization can be correlated as

Dp ¼
dpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r=ðgDqÞ
p ¼

160Nconf ðq1=qgÞ
0:6

Re0:5
l Jaþ 150ðq1=qg Þ

0:9

BoRe1:4
l

� � ð11Þ

Here Ja is the Jakob number defined as
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Fig. 10. Comparison of the present data for heat transfer coefficient in
Ja ¼ q1 � Cp � DTsub
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Fig. 11(a) shows that almost all the present experimental data for
dp fall within ±25% of the above correlation and the mean absolute
error is 13.3%. Besides, an empirical equation is proposed for the
product of the mean bubble departure diameter and frequency as

Fd ¼
f � dp

l1=ðq1DhÞ
¼ 1600 � Re0:887

1 � Ja�0:05 � Bo0:887 � N0:3
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Note that almost all the experimental data for f�dp collected in
this study can be correlated within ±20% by Eq. (13) and the mean
absolute error is 10% (Fig. 11(b)). Finally, we propose an empirical
correlation for the average active nucleation site density in the R-
407C subcooled flow boiling as

NAC ¼ nacd2
p ¼ �0:035þ 1700Bo � Re�0:25

1 � Ja�0:25 � N�0:05
conf ð14Þ

Fig. 11(c) shows that nearly all the present experimental data
fall within ±30% of the above correlation and the mean absolute er-
ror is 14.8%.

When the correlations for dp, f, and nac given in Eqs. (11)–(14)
are combined with Eqs. (4)–(10) for qt, more than 90% of the heat
transfer data for the bubbly flow regime measured in the present
study fall within ±30% of the correlation proposed here with a
mean deviation of 17.3% (Fig. 11(d)).
5. Concluding remarks

The experimental heat transfer data for the subcooled flow
boiling of R-407C in the narrow annular duct have been pre-
sented here along with the bubble behavior in the boiling flow.
Effects of the imposed heat flux, refrigerant mass flux, inlet sub-
cooling, saturated temperature, and duct size on the R-407C sub-
cooled flow boiling heat transfer and associated bubble
characteristics have been investigated. Moreover, comparison of
the present data with some existing correlations is conducted.
The major outcomes obtained here can be summarized in the
following.

(1) The temperature overshoot at ONB is significant for the sub-
cooled flow boiling of R-407C in the narrow annular duct.

(2) The subcooled boiling heat transfer coefficient increases
with a decrease in the duct size, but decreases with an
increase the inlet subcooling. Besides, raising the imposed
heat flux can cause a significant increase in the boiling heat
transfer coefficients. However, the effects of the refrigerant
mass flux and saturated temperature on the boiling heat
transfer coefficient are small but cannot be entirely
neglected in the narrow duct examined here.
(3) Visualization of the bubble motion in the boiling flow
reveals that the bubbles are suppressed by raising the refrig-
erant mass flux and inlet subcooling. The mean bubble
departure diameter, mean bubble departure frequency and
active nucleation site density reduce at increasing inlet sub-
cooling. Moreover, raising the imposed heat flux produces
positive effects on the bubble population, coalescence and
departure frequency.

(4) The boiling heat transfer coefficient, mean bubble departure
diameter, bubble departure frequency and active nucleation
site density in the R-407C subcooled flow boiling are corre-
lated in terms of the relevant dimensionless groups.
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