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An experiment is conducted here to investigate the effects of the imposed time periodic refrigerant flow
rate oscillation in the form of nearly a triangular wave on refrigeriant R-134a flow boiling heat transfer
and associated bubble characteristics in a horizontal narrow annular duct with the duct gap fixed at
2.0 mm. The results indicate that when the imposed heat flux is close to that for the onset of stable flow
boiling, intermittent flow boiling appears in which nucleate boiling on the heated surface does not exist
in an entire periodic cycle. At somewhat higher heat flux persistent boiling prevails. Besides, the refrig-
erant flow rate oscillation only slightly affects the time-average boiling curves and heat transfer coeffi-
cients. Moreover, the heated wall temperature, bubble departure diameter and frequency, and active
nucleation site density are found to oscillate periodically in time as well and at the same frequency as
the imposed mass flux oscillation. Furthermore, in the persistent boiling the resulting heated wall tem-
perature oscillation is stronger for a longer period and a larger amplitude of the mass flux oscillation. And
for a larger amplitude of the mass flux oscillation, stronger temporal oscillations in the bubble character-
istics are noted. The effects of the mass flux oscillation on the size of the departing bubble and active
nucleation site density dominate over the bubble departure frequency, causing the heated wall temper-
ature to decrease and heat transfer coefficient to increase at reducing mass flux in the flow boiling, oppos-
ing to that in the single-phase flow. But they are only mildly affected by the period of the mass flux
oscillation. However, a short time lag in the wall temperature oscillation is also noted. Finally, a flow
regime map is provided to delineate the boundaries separating different boiling regimes for the R-
134a flow boiling in the annular duct.

� 2010 Published by Elsevier Ltd.
1. Introduction

Improving energy utilization efficiency in engineering systems
is receiving ever increasing attention worldwide intending to re-
duce the release of CO2(g), a global weather warming gas. Recently,
the use of variable frequency, instead of ON/OFF, compressors in
various air conditioning and refrigeration systems to meet the
temporally changing thermal load has been found to significantly
augment their energy efficiencies. In these systems the refrigerant
flow rate varies with time and the systems are subjected to chang-
ing thermal load. How the time dependent refrigerant flow rate
and heat flux affect the characteristics of boiling and condensation
processes in the refrigeration cycles employed in these systems re-
mains largely unexplored. Besides, in cooling future ultra-high
component density electronic devices, methods based on the phase
change heat transfer are often considered. Moreover, the power
dissipated in these devices is also time dependent and hence the
Elsevier Ltd.
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cooling load. The associated time dependent two-phase flow and
heat transfer processes are also poorly understood.

Flow boiling of refrigerants at constant flow rate in small ducts
has received some attention. About a decade ago flow boiling of
refrigerants R-11 and R-123 in a horizontal small tube (Dh =
1.95 mm) investigated by Bao et al. [1] showed that the heat transfer
coefficients were independent of the refrigerant mass flux and vapor
quality, but were a strong function of the wall heat flux. Nucleate
boiling was noted to be the dominant mechanism. A similar study
from Tran et al. [2] for R-12 reports two distinct two-phase flow re-
gions – the convective boiling dominant region at lower DTsat

(<2.75 K) and nucleate boiling dominant region at higher DTsat

(>2.75 K). For R-134a in an upward vertical rectangular multi-chan-
nel Agostini and Bontemps [3] noted that bubble nucleation was the
dominant mechanism for q > 14 kW/m2 and DTsat > 3 K, and the
transition from the boiling dominated by nucleation to convection
occurred at Bo(1 � x) � 2.2 � 10�4. Kandlikar and Steinke [4] found
that for a high liquid-to-vapor density ratio, the convective effects
dominated as the vapor quality increased. This led to an increasing
trend in the boiling heat transfer at increasing x. A high boiling num-
ber results in a higher nucleate boiling contribution, which tends to
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Nomenclature

As outside surface area of the heated inner pipe (m2)
ATw amplitude of the heated wall temperature oscillation

(�C)
Bo Boiling number, Bo ¼ q

G�ifg (dimensionless)

Bo time-average Boiling number, Bo ¼ q
G�ifg

(dimensionless)

Di, Do inner and outside diameters of duct (m)
Dh hydraulic diameter, Dh = (Do � Di) (m)
dP bubble departure diameter (m)
f bubble departure frequency
G;G instantaneous and time-average mass fluxes (kg/m2 s)
hr boiling heat transfer coefficient (W/m2 �C)
ifg enthalpy of vaporization (J/kg)
nac active nucleation site density (n/m2)
P, Pin system pressure and inlet pressure (kpa)
q imposed heat flux (W/m2)
qb heat flux due to bubble nucleation (latent heat transfer)

(W/m2)

Qn net power input (W)
Re time-average Reynolds number of liquid flow, Re ¼ GDh

ll
(dimensionless)

tp period of mass flux oscillation (s)
Tsat; Tsat instantaneous and time-average saturated temperature

of refrigerant (�C)
Tw temperature of heated wall for inner pipe (�C)
x vapor quality
z downstream coordinate measured from inlet of heated

test section (mm)

Greek symbols
DG amplitude of mass flux oscillation (kg/m2 s)
DTsat wall superheat, (Tw � Tsat) (�C)
DTsat time-average wall superheat, (Tw � Tsat) (�C)
d gap size (mm)
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decrease as x increases, causing a decreasing trend in hr with increas-
ing x. An experimental study for the flow boiling of refrigerant R-
141b in a vertical tube conducted by Lin et al. [5] indicated that at
low vapor quality nucleate boiling dominated. But at higher vapor
quality convective boiling dominates. In a review article Watel [6]
concluded that convective boiling dominated at low heat fluxes
and wall superheats and high vapor qualities, otherwise nucleate
boiling dominated.

For several decades, two-phase dynamic instabilities in the flow
boiling of various liquids in a long heated channel have been recog-
nized [7,8]. Significant temporal oscillations in pressure, tempera-
ture, mass flux and boiling onset occur at a certain operating
condition. Specifically in flow boiling of R-11 in a vertical channel,
the pressure-drop and thermal oscillations were observed by Ka-
kac et al. [9]. The presence of the density wave oscillation superim-
posed on the pressure-drop oscillation was further noted by Kakac
and his colleagues [10]. In a continuing study for R-11 in a horizon-
tal tube of 106 cm long, they [11] examined the dependence of the
oscillation amplitude and period on the system parameters and lo-
cated the boundaries for various types of oscillations. A similar
experimental study was carried out by Comakli et al. [12] and
the effect of the channel length on the two-phase flow dynamic
instabilities was examined.

The dynamic behavior for a horizontal boiling channel con-
nected with a surge tank for liquid supply has received some
attention [13]. The boiling onset in an upward flow of subcooled
water in a vertical tube of 7.8-m long connected with a liquid
surge tank could cause substantial flow pressure and density-
wave oscillations [14]. These boiling onset oscillations were
attributed to a sudden increase of pressure-drop across the
channel and a large fluctuation in the water flow rate at the on-
set of nucleate boiling. This in turn results from the feedback of
the pressure-drop and flow rate by the system, causing the loca-
tion of the boiling onset to move in and out of the channel. The
pressure-drop oscillation of n-pentane liquid in a vertical small
rectangular channel (Dh = 0.889 mm) was reported by Brutin
et al. [15]. The effects of the inlet flow conditions on the boiling
instabilities were found to be relatively significant [16]. A similar
study for subcooled flow boiling of deionized water was con-
ducted by Shuai et al. [17] and the pressure-drop oscillation
was also noted. Reviews of two-phase flow dynamic instabilities
in tube boiling have been conducted recently by Kakac and Bon
[18] and Tadrist [19].
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. Yin et al.
[20] examined some bubble characteristics associated with stable
subcooled flow boiling of R-134a in a horizontal annular duct. They
noted that the bubble departure frequency was suppressed by rais-
ing the mass flux and subcooling of R-134a, and only the liquid
subcooling significantly affected the bubble size. Visualization of
stable subcooled flow boiling of upward water flow in a vertical
annular channel by Situ et al. [21] suggested that generally the
bubble departure frequency increased with the heat flux and the
bubble growth rate dropped sharply after the bubble lift-off. The
study of stable water boiling in a horizontal rectangular channel
conducted by Maurus et al. [22] manifested that the waiting time
between two bubble cycles decreased significantly at increasing
mass flux. Chang et al. [23] studied the near-wall bubble behavior
for water in a vertical one-side heated rectangular channel. They
showed that the size of coalesced bubbles decreased for an in-
crease in the water mass flux and the mass flux only exhibits a
strong effect on the bubble size. Del Balle and Kenning [24] exam-
ined the stable subcooled flow boiling for water in a rectangular
vertical channel and found that the maximum bubble diameter
was independent of the heat flux. An experimental study on the
bubble rise path after its departure from a nucleation site for water
in a vertically upward tube by Okawa et al. [25] suggested that the
inertia force significantly influenced the onset of bubble detach-
ment and the shear force induced a lift force to detach the bubble
from the wall.

The above literature review clearly indicates that the unstea-
dy flow boiling heat transfer of HFC refrigerants in small diam-
eter channels resulting from time varying mass flux and/or
heat flux remains largely unexplored. In a recent study [26],
we measured the stable saturated flow boiling heat transfer data
and investigated the associated bubble characteristics for R-134a
in a horizontal narrow annular duct. In the present study we
move further to investigate the R-134a flow boiling in the same
duct subject to a time periodic mass flux oscillation with a con-
stant imposed heat flux. The effects of the imposed heat flux,
amplitude and period of the mass flux oscillation, and refrigerant
saturated temperature on the temporal boiling heat transfer
characteristics will be examined in detail. Particularly, flow visu-
alization is conducted to examine the bubble characteristics
associated with the time periodic flow boiling, intending to



C.A. Chen et al. / International Journal of Heat and Mass Transfer 53 (2010) 3593–3606 3595
improve our understanding of the unsteady flow boiling pro-
cesses in a narrow channel.
2. Experimental apparatus and procedures

The experimental system modified slightly from that used in
the previous study [26] for stable flow boiling is also employed
here to investigate the time periodic flow boiling of R-134a 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. Refrig-
erant R-134a is circulated in the refrigerant loop. In order to con-
trol various test conditions of the refrigerant in the test section,
we need to control the temperature and flow rate in the other
two loops. The system is already described in detail there [26].
The temporal oscillation of the refrigerant flow rate is imple-
mented by an external control of an inverter connecting to a refrig-
erant pump through a programmable DC current or voltage signal
sequence.

As schematically shown in Fig. 2, the test section is a horizontal
annular duct with the outer pipe made of Pyrex glass to permit the
visualization of boiling processes in the refrigerant flow. The glass
pipe is 160-mm long with an inside diameter of 20.0 mm. Its wall
is 4.0-mm thick. Both ends of the pipe are connected with copper
tubes of the same size by means of flanges and are sealed by O-
rings. The inner copper pipe has 16.0 mm nominal outside diame-
ter with its wall being 1.5 mm thick and is 0.41-m long. Thus the
gap of the annular duct is 2.0 mm (Dh = 4.0 mm). Note that the out-
side surface of the inner pipe is polished successively by fine sand-
papers of Nos. 1000, 2000, 3000 and then cleaned by ethanol. In
Fig. 1. Schematic of experimental syste
order to insure the gap between the inner and outer pipes being
uniform, we first measure the outside diameter of the inner pipe
and the inside diameter of the glass pipe by digital calipers whose
resolutions are 0.001 mm with the measurement accuracy of
±0.01 mm. Then we photo the top and side view pictures of the
annular duct and measure the average radial distance between
the inside surface of the glass pipe to the outside surface of the in-
ner tube. From the above procedures the duct gap is ascertained
and its uncertainty is estimated to be 0.02 mm. It is also noted that
the flow enters the duct long before the heated section with the en-
try length of 93 mm so that the entrance effects on the boiling are
small. An electric cartridge heater of 160 mm in length and
12.5 mm in diameter with a maximum power output of 800 W is
inserted into the inner pipe. Furthermore, the pipe has an inactive
heating zone of 10-mm long at each end and is insulated with Tef-
lon blocks and thermally nonconducting epoxy to minimize heat
loss from it. Thermal contact between the heater and the inner
pipe is improved by coating a thin layer of heat-sink compound
on the heater surface before the installation of the heater. Then,
eight T-type calibrated thermocouples are electrically insulated
by electrically nonconducting thermal bond before they are fixed
on the inside surface of the inner pipe so that the voltage signals
from the thermocouples are not interfered with the DC current
passing through the cartridge heater. The thermocouples are posi-
tioned at three axial stations along the inner pipe. At each axial sta-
tion, 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. In view of the
relatively high thermal conductivity of copper, this approximate
m for flow boiling in annular duct.
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evaluation of the heated wall temperature is found to result in an
error smaller than 0.1 �C, when compared with the data derived
from solving the transient heat conduction equation for the inner
pipe wall by numerical computation.

The photographic apparatus established in the present study to
record the bubble characteristics in the time periodic flow boiling
in the annular duct consists of an IDT X-StreamTM VISION XS-4
high speed CMOS digital camera, a Mitutoyo micro lens set, a 3D
positioning mechanism, and a personal computer. The high-speed
digital camera can take photographs up to 143,307 frames/s with
an image resolution of 512 � 16. Here, a recording rate of
10,000 frames/s with the highest image resolution of 512 � 256
is adopted to obtain the images of the bubble ebullition processes
in the flow boiling. The data for some bubble characteristics are
collected in a small region around the middle axial location
(z = 80 mm). After the experimental system reaches a statistical
state, we start recording the boiling activity. The high-speed digital
camera can store the images which are later downloaded to the
personal computer. Then, the time variations of the space-average
bubble departure diameter and frequency and active nucleation
site density in a periodic cycle are calculated by viewing more than
1000 frames at each time instant. More specifically, the bubble
departure diameter and frequency are respectively evaluated by
measuring the diameters and numbers of bubbles departing from
a few nucleation sites over a time interval much longer than the
bubble departure period and much shorter than the mass flux
oscillation period. Besides, the active nucleation site density is esti-
mated by counting number of bubble nucleation sites over a small
heated surface area over the same small time interval.

Before a test is started, the temperature of refrigerant R-134a
in the test section is compared with its saturation temperature
corresponding to the measured time-average saturation pressure
and the allowable difference is kept in the range of 0.2–0.3 K.
Otherwise, the system is re-evacuated and then re-charged to
remove the air existing in the refrigerant loop. A vacuum pump
is used to evacuate noncondensable gases in the system to a
low pressure of 0.067 pa in the loop. In the test the refrigerant
at the inlet of the test section is first maintained at the liquid
state (x = 0) and its temperature is kept at the time-average sat-
urated temperature corresponding to the time-average refriger-
ant pressure by adjusting the water–glycol temperature and
flow rate. In addition, we adjust the thermostat temperature



C.A. Chen et al. / International Journal of Heat and Mass Transfer 53 (2010) 3593–3606 3597
in the water loop to stabilize the inlet refrigerant temperature.
Then, we regulate the time-average refrigerant pressure at the
test section inlet by adjusting the opening of the gate valve
locating right after the exit of the test section. Meanwhile, by
controlling the inverter current of the AC motor connecting to
the refrigerant pump, the refrigerant flow rate can be varied
to procure the preset mean level and the chosen period and
amplitude of the mass flux oscillation. Specifically, due to the
flow intertia the refrigerant flow rate varies like a triangular
wave. The imposed heat flux from the heater to the refrigerant
is adjusted by varying the electric current delivered from the
programmable DC power supply. By measuring the current
delivered to and voltage drop across the heater and by photo-
graphing the bubble activity, we can calculate the heat transfer
rate to the refrigerant and obtain the bubble characteristics. All
tests are run at statistical conditions. The whole system is con-
sidered to be at a statistical state when the variations of the
time-average system pressure and imposed heat flux are respec-
tively within ±1% and ±4%, and the variations of the time-aver-
age heated wall temperature are less than ±0.2 �C for a period of
100 min. Then all the data channels are scanned every 0.05 s for
a period of 360 s.
3. Data reduction and verification of experimental system

The imposed heat flux q to the refrigerant flow in the narrow
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 as q = Qn/As. The total power input Qt is obtained from the
product of the measured voltage drop across the cartridge heater
and electric 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 for natural convection around a circular cylinder
by Churchill and Chu [27]. To reduce the heat loss from the test
section, it is covered with a polyethylene insulation layer. The re-
sults from the present heat loss test indicate that the total heat loss
from the test section is generally less than 1% of Qt no matter when
single-phase flow or two-phase boiling flow is in the duct. The flow
boiling heat transfer coefficient at a given axial location at a given
time instant is defined as

hr ¼
Qn=As

ðTw � TsatÞ
ð1Þ

Uncertainties of the imposed heat flux and measured heat
transfer coefficients are estimated according to the procedures
proposed by Kline and McClintock [28] for the propagation of er-
rors in physical measurement. The results from this estimate show
that the uncertainties of the dimension, temperature, pressure,
mean mass flux, period of oscillation, amplitude of oscillation, im-
posed heat flux, and boiling heat transfer coefficient measurements
are less than ±1%, ±0.2 �C, ±0.2 kPa, ±2%, ±0.25 s, ±4.8%, ±4.5%, and
±14.5%, respectively.

In order to check the suitability of the experimental system for
measuring the flow boiling heat transfer coefficients, the steady
state single-phase liquid R-134a heat transfer coefficients for a
constant liquid Reynolds number ranging from 3648 to 11,420
are measured first and compared with the well-known traditional
forced convection correlation proposed by Gnielinski [29], as that
in the previous study [26]. The results manifest that the present
steady heat transfer data can be well correlated by his correlation
with a mean absolute error of 3.9%. Because of the lack of the un-
steady turbulent forced convection heat transfer data in the open
literature, direct validation of the present time periodic liquid heat
transfer data is not possible.
4. Results and discussion

The present time periodic R-134a flow boiling experiment is
performed for the mean refrigerant mass flux G varying from 300
to 500 kg/m2 s, imposed heat flux q from 0 to 45 kW/m2, and mean
system pressure P set at 414.6 kPa and 488.6 kPa (corresponding to
the mean R-134a saturation temperature Tsat ¼ 10 �C and 15 �C) for
the gap of the duct d = 2.0 mm. Besides, the amplitude of the refrig-
erant mass flux oscillation DG is set at 0%, 10%, 20%, and 30% of G.
Moreover, the period of the mass flux oscillation tp is fixed at 20,
30, 60, and 120 s. The ranges of the parameters chosen above for
the mass flux oscillation are in accordance with the practical oper-
ation of variable speed compressors in some air-conditioners and
refrigerators subject to fast changing thermal load. In the follow-
ing, attention will be mainly paid to examining the effects of the
amplitude and period of the refrigerant mass flux oscillation on
the time periodic R-134a flow boiling heat transfer performance.
Note that for the limiting case of DG=G ¼ 0% we have saturated
flow boiling of R-134a at a constant refrigerant mass flow rate in
the test section, which is designated as stable flow boiling and
has been investigated by Lie and Lin [26]. The measured boiling
heat transfer data are expressed in terms of the boiling curve and
boiling heat transfer coefficient. The thermal characteristics of
the time periodic flow boiling are illustrated by the time variations
of the instantaneous heated pipe wall temperature and boiling
heat transfer coefficient. Moreover, selected flow photos and data
deduced from the images of the boiling processes are presented
to show the bubble characteristics in the boiling flow.

The time constant tc associated with the response of the heated
wall temperature to the time dependent refrigerant flow rate is an
important physical quantity in the time periodic flow boiling. It is
measured directly here from the time response of Tw subject to a
step change in the mass flux for various q. The measured data show
that tc is about 16.0 s which is known to mainly result from the
thermal inertia of the heated pipe wall.
4.1. Time-average boiling curves and heat transfer coefficient

At first, the time-average boiling curves and heat transfer coef-
ficients measured at the middle axial location (z = 80 mm) of the
narrow annular duct for various amplitudes and periods of the
refrigerant mass flux oscillation are examined. It is noted that
the time-average boiling curves and heat transfer coefficients are
not affected by the amplitude and period of the refrigerant mass
flux oscillation to a significant degree. In fact, they are nearly the
same as that for the stable boiling.
4.2. Time dependent flow boiling heat transfer characteristics

The time periodic flow boiling heat transfer characteristics for
R-134a flow in the annular duct resulting from the periodic refrig-
erant mass flux oscillation are illustrated in Figs. 3 and 4 by pre-
senting the time variations of the heated wall temperature and
boiling heat transfer coefficients at the middle axial location in
the statistical state for various G; Tsat ;DG=G, tp, and q. For clear illus-
tration, the measured data for the variations of the refrigerant
mass flux are also given here. The results manifest that when G
oscillates periodically in time nearly like a triangular wave, signif-
icant temporal oscillations in Tw and hr can occur. Note that the Tw

and hr oscillations are also periodic in time and are at the same fre-
quency as the mass flux. Besides, the Tw and hr oscillations get
stronger for a higher amplitude and a longer period of the mass
flux oscillation. However, the amplitude of the Tw oscillation varies
nonmonotonically with the imposed heat flux. Note that single-
phase forced convection prevails in the duct at a relatively low



Fig. 3. Time variations of imposed mass flux, inlet pressure, and wall temperature at z = 80 mm for various q, DG=G and tp.
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imposed heat flux. These data further reveal that the Tw and hr

oscillations slightly lag the mass flux oscillation, which apparently
results from the thermal inertia of the heated pipe wall. Moreover
for the single-phase convection at low q and in the first half of the
periodic cycle in which the mass flux decreases with time, the wall
temperature is found to rise with time, suggesting that the single-
phase convection heat transfer over the heated surface is poorer at
a lower G. The opposite process occurs in the second half of the cy-
cle. It is further noted in the experiment that at a low q the wall
temperature of the heating surface is lower than that required
for the onset of nucleate boiling and no bubble nucleates from
the heating surface. As the imposed wall heat flux is raised gradu-
ally, the wall temperature increases correspondingly. The corre-
sponding Tw oscillation can be significant, as evident from the
curve for q = 3.0 kW/m2 in Fig. 3(c). At a certain higher wall tem-
perature for a small increase in q bubbles start to nucleate from
the heated surface at certain instant of time but bubble nucleation
is not seen in the whole cycle. Thus, we have intermittent boiling
in the flow in which nucleate boiling only exists in partial duration
of the periodic cycle. The time instants for the start and termina-
tion of the nucleate boiling are marked on the curves for Tw for
the cases with the intermittent boiling. At this intermediate im-
posed heat flux the Tw oscillation is very weak. In fact, for most
cases the amplitude of Tw oscillation is smaller than 0.2 �C. For
some increase in the imposed heat flux nucleate boiling persists
over the entire period of the cycle and we have persistent flow
boiling in the duct. It is of interest to note that at this higher q in
the first half of the cycle in which G decreases with time, Tw also
decreases with time, suggesting that the flow boiling heat transfer
over the heated surface is better at a lower G, as supported by the
data for hr (Fig. 4). This trend is opposite to that for the single-
phase convection. The results in Fig. 4 also show that the ampli-
tude of hr oscillation is not affected by the imposed heat flux in
the persistent boiling to a noticeable degree. The appearance of
the intermittent nucleate boiling and the improvement of boiling
heat transfer by reducing G in the persistent boiling are somewhat
unusual.

In this transient oscillatory boiling flow the time variations of
the refrigerant pressure at the inlet of the test section are also
shown in Figs. 3 and 4 for selected cases. The results indicate that
Pin oscillates nearly in phase with G and also in the form of trian-
gular waves. A close inspection, however, reveals that the mass
flux oscillates slightly behind the pressure. Besides, the corre-
sponding oscillation in the refrigerant saturated temperature is
found to vary from 0.2 �C to 1.1 �C for all cases tested here. Specif-
ically, in the first half of the periodic cycle in which G decreases
with time the R-134a saturated temperature also decreases with
time. Thus the R-134a liquid at the test section inlet which is kept
at a constant level is at a superheated state and we have flow boil-
ing in a superheated liquid. The resulting boiling heat transfer is
hence improved. While in the second half of the cycle the opposite
processes take place and we have boiling in a subcooled liquid. The
resulting boiling heat transfer is hence poorer.

Finally, we move further to present the data in Fig. 5 to eluci-
date the effects of the experimental parameters on the amplitude
of the Tw oscillation over a wide range of the imposed heat flux.
The results for the high mean mass flux of 500 kg/m2 s shown in
Fig. 5(a) indicate that in the single-phase flow the oscillation
amplitude of Tw increases significantly with the imposed heat flux
for a given DG=G. Note that when the intermittent boiling appears



Fig. 4. Time variations of imposed mass flux, inlet pressure, and heat transfer coefficient at z = 80 mm in persistent boiling for various q, DG=G and tp.
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the Tw oscillation starts to weaken substantially with the increase
in the imposed heat flux. At a certain higher q but still in the inter-
mittent boiling regime the Tw oscillation decays to a minimum
point and then a further increase in q causes Tw to oscillate in a lar-
ger amplitude. This nonmonotonic variation of the Tw oscillation
amplitude with q in the intermittent boiling can be attributed to
the completely opposite trends in the Tw oscillation for the sin-
gle-phase and boiling flows. Specifically, Tw increases as G de-
creases in the single-phase flow but in the boiling flow Tw

decreases as G decreases. Thus as the bubble nucleation starts to
appear in the single-phase flow the Tw oscillation is weakened. This
trend continues until the effect of the boiling flow dominates over
the single-phase flow for a rise in q to a certain level. Then, the Tw

oscillation gets stronger for a higher q. In the persistent boiling re-
gime at high imposed heat flux the Tw oscillation gets gradually
stronger for a higher q up to about q = 30 kW/m2. Beyond that
the Tw oscillation nearly levels off. It is worth to note from the data
given in Fig. 5(a) that at the low G of 300 kg/m2 s the increase of
the Tw oscillation amplitude with q in the intermittent boiling is
very substantial and the Tw oscillation decays noticeably at increas-
ing q in the persistent boiling. This stronger Tw oscillation at a low-
er G is attributed to the associated stronger boiling ebullition on
the heated surface with the accompanying weaker single-phase
convection. While at the intermediate G of 400 kg/m2 s the varia-
tion of the Tw oscillation amplitude with q is small in the persistent
boiling regime. Specifically, at intermediate imposed heat flux in
the intermittent and persistent boiling Tw oscillates in a larger
amplitude at a lower G but the opposite trend prevails at high q
in the persistent boiling. The results in Fig. 5 also indicate that
the Tw oscillation is stronger for a higher amplitude and a longer
period of the mass flux oscillation. At the low tp of 20 s, which is
only slightly larger than the time constant of the present system,
the Tw oscillation is rather weak (Fig. 5(d)), reflecting that the
heated wall is unable to respond instantly to the fast mass flux
oscillation for a tp around or below tc. However, the mean saturated
temperature of the refrigerant shows a relatively insignificant ef-
fect on the amplitude of the Tw oscillation (Fig. 5(b)). It is also
noted that for all cases tested in the persistent boiling for
q > 10.0 kW/m2 the amplitude of the Tw oscillation is less that
10% of the wall superheat. But in the intermittent boiling ATW can
be as high as 25% of DTsat.

4.3. Intermittent flow boiling

It is of interest to note in the visualization of the boiling flow
in the annular duct that over a certain intermediate range of the
imposed heat flux the intermittent boiling appears. More specif-
ically, in a typical periodic cycle bubble nucleation on the heated
inner pipe is first seen at a certain time instant in the first half
of the cycle as the imposed refrigerant mass flux decreases to a
certain low level and the pipe wall temperature rises to exceed
the wall superheat required for the onset of nucleate boiling.
The boiling process continues for some time interval. At a certain
later time instant in the second half of the cycle in which G in-
creases and Tw decreases to the level below that required for the
onset of nucleate boiling, bubble nucleation disappears and the
boiling stops. Single-phase flow then prevails in the duct. The
above processes of the intermittent flow boiling are repeatedly
seen on the heated surface. The data in Fig. 5 clearly manifest
that the appearance of the intermittent boiling substantially af-
fects the intensity of the Tw oscillation. To be more clear, we
mark the time instants at which boiling starts and stops in
Fig. 3 on the curves for the cases with the presence of the inter-
mittent boiling. The present data show that at a higher imposed



Fig. 5. Variations of amplitudes of heated wall temperature with imposed heat flux for various refrigerant mass fluxes (a), saturated temperatures (b), amplitudes of mass
flux oscillation (c), and periods of mass flux oscillation (d).
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heat flux and at a lower mean mass flux the onset of boiling is
earlier and the termination of boiling is later. Besides, the in-
stants for the boiling inception and termination are not affected
by the period of the mass flux oscillation to a noticeable degree
(Fig. 3). A flow regime map to delineate the boundaries separat-
ing different boiling regimes in terms of the Boiling number ver-
sus the relative amplitude of the mass flux oscillation is given in
Fig. 6. The results show that the intermittent boiling prevails
over a significantly wider range of the Boiling number for a
higher amplitude of the mass flux oscillation and a lower mean
saturated temperature of the refrigerant and for the mean refrig-
erant mass flux lowered from 500 to 400 kg/m2 s by comparing
the curves for different Tsat and G. But for G reduced further
from 400 to 300 kg/m2 s the intermittent boiling dominates in
a smaller range of the Boiling number except for DG=G exceeding
about 25%. Based on the present data, the conditions leading to
the appearance of the intermittent boiling can be empirically
correlated as

ð�4:65� 10�5 þ 1:55� 10�6Re0:5Þ 6 Bo1:2

ðDG=GÞ2:5

6 ð2:99� 10�3 þ 5:23� 10�6Re0:5Þ ð2Þ



Fig. 6. Flow regime map for time periodic R-134a flow boiling in annular duct.
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More than 96 % of the present data falls within the above
correlation.

4.4. Bubble characteristics in time periodic flow boiling

The bubble characteristics associated with the stable saturated
flow boiling of R-134a in the present narrow annular duct have
been examined in our recent study [26]. These characteristics indi-
cate that for the imposed heat flux exceeding that for onset of
nucleate boiling the duct is dominated by the persistent boiling
and a number of discrete bubbles nucleate from the cavities and
slide along the heating surface. At a higher q the active bubble
nucleation density increases and a lot of coalescence bubbles ap-
pear. More coalescence bubbles are seen and they are confined
by the duct walls to become slightly deformed for a further in-
crease in q. At even higher q the duct is mainly filled with the coa-
lescence bubbles. They also reported that at a higher refrigerant
mass flux the bubble departure frequency is higher and the bub-
bles are smaller and in violent agitating motion. However, the ac-
tive nucleation site density is lower at a higher mass flux. But at
the lower mass flux the bubble coalescence is more important
and a number of bigger bubbles form in the duct. Then, at a lower
saturation temperature of the refrigerant the bubbles were found
to grow bigger and depart at a lower rate, and the active nucleation
site density is lower due to the higher surface tension and enthalpy
of vaporization.

By and large, in the time periodic flow boiling investigated here
the effects of the imposed heat flux and mean refrigerant mass flux
and saturation temperature on the bubble behavior are similar to
that in the stable flow boiling. Hence, we illustrate here how the
time periodic bubble characteristics are affected by the amplitude
of the mass flux oscillation for the persistent boiling in Fig. 7 by
presenting the photos of the boiling flow for the selected cases in
a small region around the middle axial location at eight chosen
time instants in a typical periodic cycle. In the figure the symbol
‘‘t = to” signifies the time instant at which the instantaneous refrig-
erant mass flux is at the highest level and starts to decrease. The
results indicate that for given q, G, DG=G, and tp the bubbles get big-
ger and become more crowded in the duct in the first half of the
cycle in which G decreases. The opposite processes take place in
the second half of the cycle. These changes of the bubble character-
istics with the instantaneous mass flux become more significant
for an increase in the amplitude of the mass flux oscillation. Be-
sides, we also note from the other photos not shown here that
the bubble coalescence occurs more frequently and more large
bubbles appear in the duct for the cases with a longer period of



Fig. 7. Photos of bubbles in time periodic flow boiling of R-134a in a small region around the middle axial location at eight time instants in a typical periodic cycle at
Tsat ¼ 15 �C; q ¼ 15 kW=m2, and G ¼ 500 kg=m2 s for various DG=G at tp = 120 s.
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the mass flux oscillation. Then, the bubble behavior in the inter-
mittent flow boiling is demonstrated in Fig. 8. The results clearly
indicate that initially at small t the instantaneous mass flux de-
creases with time but is still well above G no bubbles nucleate from
the heated surface. The flow is in single-phase state. Note that the
bubbles start to nucleate from the heated surface at a certain later
time instant slightly before t0 + 3tp/8 at which the instantaneous
mass flux is somewhat below G, Besides, the number and size of
the bubbles increase noticeably with time in the second quarter
of the periodic cycle for the continuing decrease of the mass flux.
Then in the third quarter of the periodic cycle the number and size
of the bubbles diminish noticeably with time due to the increase of
the mass flux. The bubbles cease to nucleate from the heated sur-
face at a certain time instant slightly before t0 + 6tp/8 when the
mass flux slightly exceeds G and bubble nucleation stops com-
pletely. Single-phase flow again diminates. We have to wait until
the end of the first quarter of the next cycle to see the bubble
nucleation appearing on the heated surface. The above processes
repeat in each cycle. The precise instants of time at which the onset
and termination of nucleate boiling take place vary with the flow
conditions.

To be more quantitative on the bubble characteristics in the
time periodic flow boiling due to the mass flux oscillation, we esti-
mate the bubble departure diameter and frequency and the num-
ber density of the active nucleation sites on the heating surface in a
typical periodic cycle at the middle axial location for the persistent
flow boiling from the images of the boiling flow stored in the video
tapes. Selected results from this estimation are manifested in Figs.
9–11 by presenting the effects of the amplitude and period of the
refrigerant mass flux oscillation on the time dependent bubble
characteristics for G ¼ 500 kg=m2 s. In these plots the small time
lag in the Tw oscillation is ignored. The data in Fig. 9 indicate that
as the refrigerant mass flux oscillates time periodically, the bubble
departure diameter also varies time periodically and to some de-
gree like a triangular wave as the mass flux oscillation. More spe-
cifically, the size of the departing bubbles increases significantly in
the first half of the periodic cycle in which G decreases with time.
While in the second half of the cycle an opposite process is noted
when G increases with time. Besides, the results in Fig. 9(a) show
that at a larger amplitude of the mass flux oscillation the time var-
iation of the bubble departure diameter is somewhat stronger.
Meanwhile, the bubble departure diameter oscillates slightly
stronger at a higher imposed heat flux. Moreover, the results in
Fig. 9(b) indicate that to a certain degree the bubble departure
diameter varies stronger with time for a longer period of the mass
flux oscillation. Specifically, the amplitude of the dp oscillation in-
creases about 30% for tp raised from 20 s to 120 s. This large change
in the dp oscillation amplitude with tp causes the significant varia-
tion of the Tw oscillation amplitude with tp, as already seen in
Fig. 5(d). Furthermore, increases in the mean refrigerant mass flux
and saturation temperature cause the departing bubbles to oscil-
late slightly stronger but do not change the wave form of the dp

variation with time (Fig. 9(c) and (d)). It is worth mentioning that
even the size of the largest departing bubble is below 0.3 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 bub-
ble size through the curved surface of the glass pipe is not expected
to produce significant error.

How the temporal variation of the bubble departure frequency
is affected by the mass flux oscillation is shown in Fig. 10. Note that
the bubble departure frequency also varies like a triangular wave.
Besides, for an oscillating mass flux the bubbles depart from the
heated surface at a decreasing rate in the first half of the periodic
cycle in which the refrigerant mass flux reduces with time



Fig. 8. Photos of bubbles in the time periodic intermittent flow boiling of R-134a in a small region around the middle axial location at eight time instants in a typical time
periodic cycle for Tsat ¼ 15 �C; G ¼ 500 kg=m2 s; q ¼ 5:5 kW=m2; DG=G ¼ 30%, and tp = 120 s.

C.A. Chen et al. / International Journal of Heat and Mass Transfer 53 (2010) 3593–3606 3603
(Fig. 10(a)). Apparently, in the second half of the cycle in which the
refrigerant mass flux increases the bubble departing rate rises.
Moreover, the results in Fig. 10(a) indicate that at the larger ampli-
tude of the mass flux oscillation the bubble departure frequency
exhibits a stronger variation with time and at a higher q the oscil-
lation in f is slightly stronger. Then, the results in Fig. 10(b) indicate
that the bubble departure frequency is negligibly affected by the
period of the mass flux oscillation. Finally, at higher G and Tsat

the bubble departure frequency is in a stronger oscillation
(Fig. 10(c) and (d)).

The time variations of the associated number density of the ac-
tive nucleation sites affected by the mass flux oscillation presented
in Fig. 11 clearly show that in the time periodic flow boiling the ac-
tive nucleation site density also varies like a triangular wave. Be-
sides, nac increases substantially with time in the first half of the
periodic cycle in which the refrigerant mass flux decreases. The re-
verse process appears in the second half of the cycle in which the
refrigerant mass flux rises. At the higher amplitude of the mass flux
oscillation the temporal variation of nac is also stronger (Fig. 11(a))
and a higher imposed heat flux results in a slightly stronger oscil-
lation in nac. But the effect of the period of the mass flux oscillation
on the time variation of nac is small (Fig. 11(b)). Finally, nac oscil-
lates slightly stronger at a lower G and a higher Tsat (Fig. 11(c)
and (d)).



Fig. 9. Mean bubble departure diameter variations with time in a typical periodic cycle for various DG=G at q = 15.0 and 20.0 kW/m2 (a), tp (b), G (c), and Tsat (d) at G ¼ 500 kg=m2 s.

Fig. 10. Mean bubble departure frequency variations with time in a typical periodic cycle for various DG=G at q = 15.0 and 20.0 kW/m2 (a), tp (b), G (c), and Tsat (d) at
G ¼ 500 kg=m2 s.
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Fig. 11. Mean active nucleation site density variations with time in a typical periodic cycle for various DG=G at q = 15.0 and 20.0 kW/m2 (a), tp (b), G (c), and Tsat (d) at
G ¼ 500 kg=m2 s.
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Based on the data in Figs. 9–11, the dependence of the quanti-
tative bubble characteristics on the R-134a mass flux oscillation
can be approximately expressed as dp / G�a, f / Gb and nac / G�c

when the short time lag in the Tw oscillation is neglected. Here
the exponents a, b, and c range respectively from 0.37 to 0.42 ,
0.93 to 0.99, and 0.46 to 0.65. Note that the latent heat transfer
resulting from bubble nucleation in the persistent boiling qb is pro-
portional to d3

p , f and nac, as discussed in the previous study [26].
Thus, qb / G�d, here d varies from 0.58 to 0.98. This result clearly
indicates that the flow boiling heat transfer gets better at decreas-
ing refrigerant mass flux since qb prevails in the boiling heat trans-
fer. This in turn causes the heated wall temperature to decrease at
decreasing refrigerant mass flux and vice versa in the time periodic
flow boiling, as already seen from Fig. 3. Besides, the dominant ef-
fect of the mass flux oscillation on the boiling heat transfer comes
from the very strong influence of the mass flux on the bubble
departure size.

5. Concluding remarks

The heat transfer data for the time periodic flow boiling of
R-134a resulting from the refrigerant mass flux oscillation in
the narrow annular duct have been presented here along with
the bubble behavior. Effects of the mean level and oscillation
amplitude and period of the refrigerant mass flux on the time
periodic R-134a flow boiling have been investigated. The major
results obtained here can be summarized in the following.

(1) The time-average boiling curves and heat transfer coeffi-
cients for the time periodic flow boiling of R-134a are not
affected to a noticeable degree by the amplitude and period
of the refrigerant mass flux oscillation.
(2) The heated pipe wall temperature, bubble departure diame-
ter and frequency and active nucleation site density also
oscillate periodically in time and at the same frequency as
the mass flux oscillation. Experiments also show that the
resulting oscillation amplitudes of the wall temperature
get larger for a longer period and a larger amplitude of the
mass flux oscillation. Besides for a larger amplitude of the
mass flux oscillation, stronger oscillations in the bubble
characteristics, such as dp, f and nac, are noted. But f and
nac are only slightly affected by the period of the mass flux
oscillation. A short time lag in the wall temperature oscilla-
tion is also noted. Moreover, the bubbles become smaller
and more dispersed in the flow when the refrigerant mass
flux increases with time. The opposite processes take place
for a decreasing refrigerant mass flux. Furthermore, reduc-
tions in the size of the departing bubbles and active nucle-
ation site density and augmentation in the bubble
departure frequency result in the time duration in which
the mass flux is rising. When the mass flux is sinking the
opposite processes occur.

(3) Increases in the bubble departure size and active nucleation
site density at decreasing refrigerant mass flux overwhelms
the decrease in the bubble departure frequency. This in turn
causes an increase in the latent heat transfer and a drop in
the heated wall temperature at decreasing G, opposite to
that in the single-phase flow.

(4) When the imposed heat flux over the heated surface is close
to the heat flux corresponding to that for the onset of stable
flow boiling, intermittent flow boiling appears. A flow
regime map and an empirical correlation are given to delin-
eate the boundaries separating different flow regimes in the
annular duct.
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