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An experiment is conducted here to investigate how an imposed time periodic flow rate oscillation in the
form of a triangular wave affects the long time subcooled flow boiling heat transfer and associated bubble
characteristics of refrigerant R-134a in a horizontal narrow annular duct. In the experiment the mean R-
134a mass flux G varies from 200 to 500 kg/m2 s, imposed heat flux ranges from 0 to 45 kW/m2, and the
amplitude of the mass flux oscillation changes from 0 to 30% of G with the period of the mass flux oscil-
lation varied from 20 to 120 s for the inlet liquid subcooling ranging from 0 to 6 �C. The duct gap is fixed
at 2.0 mm. The results indicate that the inlet liquid subcooling significantly affects the oscillatory flow
boiling heat transfer characteristics. Besides, when the imposed heat flux is close to that for the onset
of stable flow boiling, intermittent flow boiling appears. The intermittent boiling prevails in a very differ-
ent range of the Boiling number for a change in the inlet subcooling. Moreover, in the subcooled boiling
the heated wall temperature, bubble departure diameter and frequency, and active nucleation site den-
sity also oscillate periodically in time. Furthermore, in the persistent boiling at high imposed heat flux the
resulting Tw oscillation is stronger for a higher inlet liquid subcooling and 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 dp, f and nac are noted. Finally, a flow regime map is provided to delineate the
boundaries separating different boiling regimes for the oscillatory R-134a subcooled flow boiling in
the annular duct.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Energy efficiency improvement in various engineering systems
is receiving ever increasing attention worldwide intending to re-
duce the release of CO2(g) to the atmosphere during the combus-
tion of fossil fuels. Recently, the use of variable frequency,
instead of ON/OFF, compressors in air conditioning and refrigera-
tion 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 to accom-
modate the changing thermal load. How the time varying refriger-
ant flow rate and heat flux affect the characteristics of boiling and
condensation processes in the refrigeration cycles employed in
these systems remains largely unexplored.

Flow boiling of refrigerants at constant flow rate in small ducts
subject to time independent heating has received some attention.
Boiling heat transfer of various fluids in a small duct can be dom-
inated by nucleation or convection depending on the levels of im-
posed heat flux, wall superheats and vapor quality [1–5]. Besides,
at lower liquid subcooling bubble nucleation was found to be more
important [6]. Moreover, boiling heat transfer is better for smaller
duct and liquid subcooling and bubbles in the flow are suppressed
to become smaller by raising the flow rate and subcooling [7].

For several decades, different forms of dynamic instabilities in
the flow boiling of various liquids in a long heated channel have
been recognized [8]. Significant temporal oscillations in pressure,
temperature, mass flux and boiling onset occur at certain operating
conditions. In a study for R-11 in a long horizontal tube, Ding et al.
[9] examined the dependence of the oscillation amplitude and per-
iod on the system parameters and located the boundaries among
various types of the oscillations. A similar experimental study
was carried out by Comakli et al. [10] and the effect of the channel
length on the boiling flow dynamic instabilities was examined.

The dynamic behavior of boiling flow in a horizontal channel
connected with a surge tank for liquid supply has received some
attention [11]. The boiling onset in an upward flow of subcooled
water in a vertical tube of 7.8-m long could cause substantial flow
pressure and density-wave oscillations [12]. These boiling-onset
oscillations were attributed to a sudden increase of pressure-drop
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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)

Di, Do inner and outer diameters of duct (m)
Dh hydraulic diameter, Dh = (Do � Di), (m)
dP bubble departure diameter (mm)
f bubble departure frequency (1/s)
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 mean system pressure and instantaneous inlet pressure

(kPa)
q imposed heat flux (W/m2)
qb heat flux due to bubble nucleation (latent heat transfer)

(W/m2)
qONB, qONB steady-state and time-average heat flux for the onset

of nucleate boiling (W/m2)

Qn net power input (W)
t time instant (sec)
tc time constant (sec)
to time instant at beginning of a periodic cycle (sec)
tp period of mass flux oscillation (sec)
DTsat, Tsat instantaneous and time-average saturated tempera-

ture of refrigerant (�C)
Tw temperature of heated wall (�C)
z coordinate (downstream coordinate for annular duct

flow) (mm)

Greek symbols
DG amplitude of mass flux oscillation (kg/m2 s)
DTsat wall superheat, (Tw � Tsat) (�C)
DTsub time-average inlet liquid subcooling (�C)
d duct gap (mm)
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across the channel and a large fluctuation in the water flow rate at
the onset of nucleate boiling. The effects of the inlet flow condi-
tions on the boiling instabilities were found to be relatively signif-
icant [13]. A similar study for subcooled flow boiling of deionized
water was conducted by Shuai et al. [14] and the pressure-drop
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oscillation was also noted. Reviews of two-phase flow dynamic
instabilities in tube boiling have been conducted recently by Kakac
and Bon [15] and Tadrist [16].

In view of its importance on thermal hydraulic safety of nuclear
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of water in boiling channels has been intensively investigated at
low mass flux and pressure conditions [17–24]. Significant reduc-
tion in the critical heat flux by the flow oscillation was noted. How-
ever, to the knowledge of the authors the effects of an inlet flow
oscillation on the nucleate boiling heat transfer have not been re-
ported in the open literature.

Considerable amount of works was carried out in the past to
examine bubble characteristics associated with stable subcooled
flow boiling of various liquids in a duct. It was noted that the bub-
ble departure frequency was suppressed by raising the mass flux
and subcooling of R-134a, and only the liquid subcooling signifi-
cantly affected the bubble size [25]. But the bubble departure fre-
quency increases with the heat flux and the bubble growth rate
dropped sharply after the bubble lift-off [26]. Besides, the waiting
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time between two bubble cycles decreases significantly at increas-
ing mass flux [27]. Moreover, the size of coalesced bubbles de-
creases for an increase in the water mass flux and the mass flux
only exhibits a strong effect on the bubble size [28].

The above literature review clearly indicates that the unsteady
flow boiling heat transfer of HFC refrigerants in small diameter
channels resulting from time varying mass flux and/or heat flux re-
mains largely unexplored. In a recent study [29], we experimen-
tally investigated the time periodic saturated flow boiling heat
transfer and associated bubble characteristics for R-134a in a hor-
izontal narrow annular duct due to flow rate oscillation. In the
present study we move further to investigate how the liquid sud-
cooling affects the R-134a flow boiling in the same duct subject
to the same periodic flow rate oscillation. The effects of the ampli-
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tude and period of the flow rate oscillation on the time dependent
subcooled boiling heat transfer characteristics will be examined in
detail. Particularly, visualization of the boiling flow will be con-
ducted to improve our understanding of the time varying flow boil-
ing processes in the narrow channel.
2. Experimental apparatus and procedures

The experimental system used in the previous study [29] for the
oscillating saturated flow boiling is also employed here to investi-
gate the subcooled flow boiling of R-134a due to flow rate oscilla-
tion in the same 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. Refrigerant R-134a is circulated in the refrigerant loop. In or-
der to control 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 description of the system is detailed in the
previous study and is not repeated here.

As schematically shown in Fig. 2, the test section of the appara-
tus is a horizontal annular duct with the outer pipe made of Pyrex
glass to permit the visualization of boiling processes in the refrig-
erant 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 con-
nected 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 diameter 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 outside surface of the inner pipe is polished by fine
sandpaper. In order to insure the gap between the inner and outer
Fig. 3. Timevariations of imposed mass flux, inlet pressure, and wall t
pipes being uniform, we first measure the outside diameter of the
inner pipe and the inside diameter of the glass pipe by digital cal-
ipers whose resolutions are 0.001 mm with the measurement
accuracy of ±0.01 mm. Then we photo the top and side view pic-
tures of the annular duct and measure the average radial distance
between the inside surface of the glass pipe to the outside surface
of the inner tube. From the above procedures the duct gap is ascer-
tained and its uncertainty is estimated to be 0.02 mm. An electric
cartridge heater of 160 mm in length and 13.0 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 Teflon blocks and thermally
nonconducting epoxy to minimize heat loss from it. Thermal con-
tact between the heater and the inner pipe is improved by coating
a thin layer of heat-sink compound on the heater surface before
installing the heater. Then, 8 T-type calibrated thermocouples are
positioned at three axial stations along the inner pipe. The outside
surface temperature of the inner pipe Tw is then derived from the
measured inside surface temperature by taking the radial heat con-
duction through the pipe wall into account.

The photographic apparatus established here to record the bub-
ble characteristics in the time periodic flow boiling in the annular
duct consists of an IDT X-Stream™ VISION XS-4 high speed CMOS
digital camera, a Mitutoyo micro lens set, a 3D positioning mecha-
nism, and a personal computer. The data for some bubble charac-
teristics are collected in a small region around the middle axial
location (z = 80 mm). After the experimental system reaches a sta-
tistical state, we start recording the boiling activity. The 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 dp and frequency f and active nucle-
emperature at z = 80 mm for various q, DG�G and tp at DTsub ¼ 3�C.
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ation site density nac in a periodic cycle are calculated by viewing
more than 1000 frames at each time instant. Specifically, the
images of the bubbles during the boiling processes are directly
visualized and measured by showing them on the computer screen
in a much slower rate. By considering the pixel depth, size, resolu-
tion, center-to-center spacing, sensor image area, minimum inter-
frame rate, and integration time of the digital camera and com-
puter screen, the uncertainties of the measured dp, f and nac are
estimated to be ±10%, ±4.5% and ±5.5%, respectively.

Before a test is started, the temperature of refrigerant R-134a in
the test section is compared with its saturation temperature corre-
sponding to the measured pressure and the allowable difference is
kept in the range of 0.2–0.3 K. Otherwise, the system is re-evacu-
ated and then re-charged to remove the air existing in the refriger-
ant loop. A vacuum pump is used to evacuate noncondensable
gases in the loop. Note that in the test the refrigerant at the inlet
of the test section is maintained at the required subcooled liquid
state by adjusting the water–glycol temperature and flow rate. In
addition, we adjust the thermostat temperature in the water loop
to stabilize the inlet R-134a 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 se-
lected period and amplitude of the mass flux oscillation. The im-
posed 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 photographing the bubble activity,
Fig. 4. Time variations of imposed mass flux, inlet pressure, and heat transfer coeffici
d = 2.0 mm.
we can calculate the heat transfer rate to the refrigerant and obtain
the bubble characteristics. All tests are run at statistical state con-
ditions. The whole system is considered to be at a statistical state
when the variations of the time-average system pressure and im-
posed heat flux are respectively within ±1% and ±4%, and the vari-
ations of the time-average 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 [30]. 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
q

ðTw � TsatÞ
ð1Þ
ent at z = 80 mm in persistent boiling for various q, DG�G and tp at DTsub ¼ 3�C at
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Uncertainties of the imposed heat flux, measured heat transfer coef-
ficients and other parameters are estimated according to the proce-
dures proposed by Kline and McClintock [31] for the propagation of
errors in physical measurement. The results from this estimate
show that the uncertainties of the dimension, temperature, pres-
sure, mean mass flux, period of oscillation, amplitude of oscillation,
imposed heat flux, and boiling heat transfer coefficient measure-
Fig. 5. Variations of amplitudes of heated wall temperature with imposed heat flux for v
amplitudes of mass flux oscillation (d) and periods of mass flux oscillation (e).
ments are less than ±1%, ±0.2 �C, ±0.2 kPa, ±2%, ±0.25 s, ±4.8%,
±4.5% and ±14.0%, respectively.

To check the suitability of the experimental system for measur-
ing the flow boiling heat transfer coefficients, the steady state sin-
gle-phase liquid R-134a heat transfer coefficients for a constant
liquid Reynolds number ranging from 3,648 to 11,420 are mea-
sured first and compared with the well-known traditional forced
arious refrigerant mass fluxes (a), saturated temperatures (b), inlet subcoolings (c),
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convection correlation proposed by Gnielinski [32]. The results
manifest that the present steady heat transfer data can be well cor-
related by his correlation with a mean absolute error of 3.9%. Be-
cause of the lack of the unsteady 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

In the present experiment the mean refrigerant mass flux G var-
ies from 200 to 500 kg/m2 s, imposed heat flux q from 0 to 45 kW/
m2, average inlet liquid subcooling DTsub from 0 to 6 �C, and mean
system pressure P set at 414.6 kPa and 488.6 kPa (corresponding to
the mean R-134a saturation temperature Tsat = 10 �C and 15 �C) for
the duct gap d = 2.0 mm. Besides, the amplitude of the refrigerant
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 are in accor-
dance with some air-conditioning applications. In the following,
attention will be mainly paid to examining the effects of the inlet
liquid subcooling on the oscillatory R-134a subcooled flow boiling
heat transfer performance. Note that for the limiting case of
DGG = 0% we have subcooled flow boiling of R-134a at a constant
Fig. 6. Flow regime map for time periodic R-134a sub
refrigerant mass flow rate in the test section, which is designated
as stable subcooled flow boiling and has been investigated by Lie
and Lin [7]. In the following the thermal characteristics of the oscil-
latory flow boiling is illustrated by the time variations of the
instantaneous heated pipe wall temperature and boiling heat
transfer coefficient. Moreover, selected flow photos and data de-
duced from the images of the boiling processes are presented to
show the time dependent bubble characteristics in the boiling
flow.

The time constant tc associated with the response of the heated
wall temperature to the imposed time dependent refrigerant flow
rate is an important physical quantity in the oscillatory flow boil-
ing. It is measured directly here from the time response of Tw sub-
ject to a step change in the mass flux for various q, Tsat and DTsub.
The measured data show that in the transient subcooled boiling
flow tc is longer for lower Tsat and higher DTsub. Over the ranges
of the present experimental parameters tc varies from 16.3 to
20.3 s. The average tc is about 18.6 s. The large tc value mainly re-
sults from the inertia of the refrigerant flow rate change with time
and the time needed for the heat diffusion and convection from the
pipe wall to the refrigerant flow. The time constant associated with
the pipe wall of the inner copper pipe alone is rather short, ranging
from 0.06 to 0.12 s, due to its high thermal diffusivity. It is of inter-
cooled flow boiling in annular duct at d = 2.0 mm.
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est to note that when the period of the imposed mass flux oscilla-
tion is much shorter than tc the boiling flow is not able to quickly
respond to the fast oscillation and we essentially obtain steady
flow boiling heat transfer data for the imposed time-average mass
flow rate. On the other end as the period of the mass flux oscilla-
tion is substantially longer than tc the heat transfer in the boiling
flow is affected only in the initial stage of the flow rate oscillation.
After that quasi-steady flow boiling heat transfer prevails. Thus the
transient variations of the boiling heat transfer characteristics are
expected to become pronounced when the flow rate oscillation
period does not deviate from the time constant of the boiling flow
to a large degree. Hence in the present study tp is chosen to vary
from 20 to 120 s, as given previously.

4.1. Time-average subcooled 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 were obtained for various DTsub,
G, q and Tsat. The data clearly indicate that in the present time
dependent subcooled flow boiling of R-134a the time-average boil-
ing 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 subcooled flow boiling [7].

4.2. Time dependent subcooled flow boiling heat transfer
characteristics

The oscillatory subcooled flow boiling heat transfer characteris-
tics for the R-134a flow in the annular duct resulting from the peri-
odic refrigerant mass flux oscillation are illustrated in Figs. 3 and 4
by presenting the measured time variations of the heated wall
(a) G =500 kg/m2s, ΔG/G = 10%, tp= 120sec (b) G =500 kg/m2s, Δ
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Fig. 7. Photos of bubbles in time periodic subcooled flow boiling of R-134a in a small reg
at Tsat ¼ 15�C, DTsub ¼ 3�C, q = 25 kW/m2 and �G = 500 kg/m2s for various DG�G and tp at
temperature Tw and boiling heat transfer coefficient hr at the mid-
dle axial location in the statistical state for various �G, �Tsat , DG�G, tp,
and q at DTsub ¼ 3�C. For clear illustration, the measured data for
the variations of the imposed refrigerant mass flux are also given
here. The mass flux varies like a triangular wave. By and large,
the measured oscillatory subcooled flow boiling heat transfer char-
acteristics are qualitatively similar to the oscillatory saturated flow
boiling [29]. However, some noted differences do exist. It is of
interest to find from these data that in addition to the persistent
boiling, intermittent boiling also appears depending on the level
of the imposed heat flux, as that for the oscillatory saturated flow
boiling with DTsub ¼ 0�C. But the temporal oscillations in Tw and hr

are noticeably stronger for the subcooled boiling at DTsub ¼ 3�C.
Note that the Tw and hr oscillations are also periodic in time and
are at the same frequency as the mass flux. And the Tw and hr oscil-
lations become more intense for a higher DTsub and for a higher
amplitude and a longer period of the mass flux oscillation. The
stronger Tw oscillation at a larger tp is attributed to the accumula-
tion and dispersion of thermal energy in the heated pipe wall,
respectively in the first half and second half of every periodic cycle
over a longer period. However, the amplitude of the Tw oscillation
varies nonmonotonically with the imposed heat flux. Note that in
the single-phase flow the heated surface temperature oscillates
stronger at a higher q at a relatively low imposed heat flux with
q < �qONB. Here �qONB is the time-average heat flux for the onset of
nucleate boiling for the cases with oscillating mass flux. But an
opposite trend is noted in the persistent boiling which prevails at
high heat fluxes. The data given in Figs. 3 and 4 also show that
the Tw oscillations slightly lag the mass flux oscillation. This time
lag apparently results from the large time constant of the flow boil-
ing heat transfer in the duct.

A close inspection of these data further reveals that for the sin-
gle-phase convection at low q and in the first half of the periodic
cycle in which the mass flux decreases with time, the wall temper-
ature is found to rise also with time, suggesting that the single-
G/G = 30%, tp= 20sec (c) G =500 kg/m2s, ΔG/G = 30%, tp= 120sec 
6mm 

(5) t=to+4tp/8,  
G = 350.2 kg/m2s

6mm

(1) t=to,  
G = 651.2 kg/m2s

6mm 

(5) t=to+4tp/8,  
G = 349.9 kg/m2s

(6) t=to+5tp/8,  
G = 414.6 kg/m2s

(2) t=to+tp/8,  
G = 587.4 kg/m2s

(6) t=to+5tp/8,  
G = 421.1 kg/m2s

(7) t=to+6tp/8,  
G = 502.7 kg/m2s

(3) t=to+2tp/8,  
G = 504.6 kg/m2s

(7) t=to+6tp/8,  
G = 503.7 kg/m2s

(8) t=to+7tp/8,  
G = 588.7 kg/m2s

(4) t=to+3tp/8,  
G = 420.4 kg/m2s

(8) t=to+7tp/8,  
G = 587.9 kg/m2s

ion around the middle axial location at eight time instants in a typical periodic cycle
d = 2.0 mm.
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phase convection heat transfer over the heated surface is poorer at
a lower G. This trend agrees with the traditional forced convection
heat transfer in single-phase flow [32]. The opposite process occurs
in the second half of the cycle. The corresponding Tw oscillation
amplitude in the single-phase flow can be significant. It is worth
noting in the oscillatory subcooled flow boiling that for the im-
posed heat flux somewhat higher than �qONB in the persistent boil-
ing regime, the heated surface temperature can be well below that
in the single-phase flow regime prevailed at much lower imposed
heat flux in the entire periodic cycle. This outcome obviously re-
sults from the relatively significant temperature overshoot at
ONB in the oscillatory subcooled flow boiling for R-134a, as seen
in the stable flow boiling [7]. We also note that intermittent flow
boiling exists less often in the time periodic subcooled flow boiling,
when compared with that in the saturated flow boiling [29]. The
time instants for the start and termination of the nucleate boiling
are marked on the Tw curves for the cases with the presence of
the intermittent boiling. At this intermediate imposed heat flux
the Tw oscillation is very weak. Note that in the persistent boiling
at 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 sup-
ported by the data for hr (Fig. 4). The reverse trend is noted in the
second half of the periodic cycle in which G decreases with time.
This unusual result of increasing (decreasing) hr at reducing (upris-
ing) G can be attributed to the unique effects of the refrigerant
Fig. 8. Photos of bubbles in the time periodic intermittent flow boiling of R-134a in a sm
periodic cycle for Tsat ¼ 3�C, DTsub ¼ 3�C, �G = 500 kg/m2 s, q = 19.5 kW/m2, DG�G = 30% an
mass flux variation on the bubble characteristics in the boiling
flow, which will be examined later. The results in Fig. 4 also show
that the hr oscillation is significantly weaker at a higher imposed
heat flux in the persistent boiling.

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 the low frequency component of the inlet
refrigerant pressure oscillates nearly in phase with the mass flux
oscillation and also in the form of triangular waves. In fact, the in-
let pressure oscillation is characterized by high frequency compo-
nents superimposed on the low frequency component. A close
examination of these data, however, reveals that the mass flux
oscillates slightly behind the low frequency component of the
pressure oscillation.

Then, we move further to present the data in Fig. 5 to elucidate
the effects of the experimental parameters on the amplitude of the
Tw oscillation over a wide range of the imposed heat flux covering
the single-phase, intermittent and persistent boiling flow regimes.
The results for a given inlet liquid subcooling of 3�C at the high �G of
500 kg/m2 s shown in Fig. 5(a) clearly indicate that in the single-
phase flow the oscillation amplitude of Tw increases significantly
with the imposed heat flux for given Tsat, DG�G and tp. Note that
when the intermittent boiling appears the Tw oscillation starts to
weaken substantially with an increase in the imposed heat flux.
At a certain higher q but still in the intermittent boiling regime
the Tw oscillation decays to a minimum point and then a further in-
all region around the middle axial location at eight time instants in a typical time
d tp = 120 s at d = 2.0 mm.
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crease in q causes Tw to oscillate in a larger amplitude. This non-
monotonic 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 single-phase and persistent boil-
ing flow, as noted in Fig. 3. Specifically, Tw increases as G decreases
in the single-phase flow but in the boiling flow Tw decreases at
decreasing G. Thus as the bubble nucleation starts to appear in
the single-phase flow the Tw oscillation is weakened. This trend
continues until 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 regime at high im-
posed heat flux the Tw oscillation gets gradually weaker at increas-
ing q. Note that a much stronger Tw oscillation results for a higher
inlet liquid subcooling, as evident from Fig. 5(c). Besides, the Tw

oscillation is also somewhat stronger for a higher amplitude and
a longer period of the mass flux oscillation (Figs. 5(d) and (e)).
However, the mean saturated temperature of the refrigerant shows
a relatively insignificant effect on the amplitude of the Tw oscilla-
tion (Fig. 5(b)).
4.3. Intermittent flow boiling

In the oscillatory subcooled boiling flow in the heated annular
duct for the imposed heat flux close to that needed for ONB of
the stable boiling, we also have intermittent boiling, as mentioned
earlier. More specifically, in a typical periodic cycle of the refriger-
ant flow rate oscillation bubble nucleation on the heated pipe wall
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 required incipient boiling heat flux is below the imposed
heat flux. The boiling process continues for some time interval.
At a certain later time instant in the second half of the cycle in
which the imposed refrigerant mass flux increases and the needed
incipient boiling heat flux is higher than q, bubble nucleation dis-
appears and boiling stops. Single-phase flow then prevails in the
Fig. 9. Mean bubble departure diameter variations with time in a typical periodic cycle
�G = 500 kg/m2s at d = 2.0 mm.
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 substan-
tially affects the intensity of the wall temperature oscillation for
the subcooled flow boiling. To be more clear, the time instants at
which boiling starts and stops are marked on the Tw curves in
Fig. 3. It is noted that at a higher imposed heat flux the onset of
boiling is earlier and the termination of boiling is later. Besides,
the instants for the boiling inception and termination are not af-
fected by the amplitude and period of the mass flux oscillation to
a noticeable degree (Fig. 3).

A flow regime map to delineate the boundaries separating dif-
ferent flow boiling regimes in the oscillatory subcooled flow boil-
ing in terms of the mean Boiling number versus the relative
amplitude of the mass flux oscillation is given in Fig. 6. The results
show that the intermittent boiling prevails at a much higher Boil-
ing number for an increase in the inlet subcooling from 3�C to 6�C.
Besides, the intermittent boiling exists over a wider range of the
Boiling number for a higher amplitude of the mass flux oscillation,
a lower mean refrigerant mass flux and a higher mean refrigerant
saturated temperature.
4.4. Bubble characteristics in time periodic subcooled flow boiling

The bubble characteristics associated with the stable subcooled
flow boiling of R-134a in the present narrow annular duct have
been examined in our recent study [7]. 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. They also reported that at a higher refrigerant mass flux
for various DG�G at q = 25.0 and 30.0 kW/m2 (a), tp (b), �G (c), Tsat (d), and DTsub (e) at
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the bubble departure frequency was higher and the bubbles were
smaller and in violent agitating motion. However, the active nucle-
ation site density is lower at a higher mass flux. But at a lower mass
flux the bubble coalescence is more important and a number of
bigger bubbles form in the duct. Then, at a lower saturation tem-
perature of the refrigerant the bubbles were found to grow bigger
and depart at a lower rate, and the active nucleation site density is
lower. In general, the bubbles are smaller and less bubble coales-
cence takes place at a higher inlet liquid subcooling due to the
stronger vapor condensation, along with the reduction of the bub-
ble departure frequency and active nucleation sites.

By and large, in the oscillatory subcooled flow boiling investi-
gated here the effects of the imposed heat flux and mean refriger-
ant mass flux, saturation temperature and inlet liquid subcooling
on the bubble behavior exhibit similar trends to that in the stable
subcooled flow boiling. Hence, we first illustrate here how the time
periodic bubble characteristics are affected by the amplitude and
period of the mass flux oscillation for the persistent subcooled flow
boiling in Fig. 7 by presenting the photos of the boiling flow for the
selected cases for DTsub ¼ 3�C in a small region around the middle
axial location at eight selected time instants in a typical periodic
cycle in the statistical state. In the figure the symbol ‘‘t = to’’ signi-
fies the time instant at which the instantaneous refrigerant mass
flux is at the highest level and starts to decrease. The results indi-
cate that for given q, �Tsat , D�Tsub, �G, DG�G and tp the bubbles get big-
ger and become more crowded with time in the duct in the first
half of the cycle in which the mass flux decreases. The opposite
processes take place in the second half of the cycle in which the
mass flux increases with time. These changes of the bubble charac-
teristics with the instantaneous mass flux are more significant at
increasing amplitude of the mass flux oscillation. Besides, more
large bubbles appear in the duct for the cases with a longer period
of the mass flux oscillation. Then, the bubble behavior in the inter-
mittent flow boiling for a selected case is shown in Fig. 8. The re-
Fig. 10. Mean bubble departure frequency variations with time in a typical periodic cycle
�G = 500 kg/m2 s at d = 2.0 mm.
sults clearly indicate that initially in the beginning of the cycle
the instantaneous mass flux decreases 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 time instant slightly before t0 + tp/8
at which the instantaneous mass flux is somewhat above �G: Note
that 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 surface at a certain time instant slightly
after t0 + 7tp/8 when the mass flux exceeds �G to a certain degree
and bubble nucleation stops completely. Single-phase flow again
dominates. We have to wait until the middle 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.

To be more quantitative, we estimate the time variations of the
space-average bubble departure diameter and frequency and the
number density of the active nucleation sites on the heated surface
in a typical periodic cycle at the middle axial location for the per-
sistent subcooled 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 experi-
mental parameters on the time dependent bubble characteristics.
In these plots the time lag in the flow is ignored. The data in Figs. 9–
11 indicate that as the refrigerant mass flux oscillates time period-
ically, the bubble departure diameter and frequency and active
nucleation site density also vary 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 and the active nucleation
site density on the heated surface increase but the bubble depar-
ture frequency decreases significantly in the first half of the peri-
odic cycle in which the mass flux decreases with time. While in
for various DG�G at q = 25.0 and 30.0 kW/m2 (a), tp (b), �G (c), Tsat (d), and DTsub (e) at



Fig. 11. Mean active nucleation site density variations with time in a typical periodic cycle for various DG�G at q = 25.0 and 30.0 kW/m2 (a), tp (b), �G (c), Tsat (d), and DTsub (e) at
�G = 500 kg/m2 s at d = 2.0 mm.
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the second half of the cycle an opposite process is noted when the
mass flux increases with time. Besides, the results in Figs. 9(a),
10(a) and 11(a) show that at a larger amplitude of the mass flux
oscillation the bubble departure diameter, frequency and the ac-
tive nucleation site density oscillate somewhat stronger. Moreover,
the results in Figs. 9(b), 10(b) and 11(b) indicate that f, dp and nac

are not affected by the period of the mass flux oscillation. Further-
more, increases in the mean refrigerant mass flux and saturation
temperature and a decrease in the imposed heat flux cause the
departing bubbles to become smaller but do not change the wave
form of the dp variation with time (Fig. 9(a), (c) and (d)). At higher
q, �G and �Tsat the bubble departure frequency is higher (Fig. 10(a),
(c) and (d)). Note that nac is significantly larger at a lower �G and
higher q and �Tsat (Fig. 11(a), (c) and (d)). It is also noted that dp, f
and nac are somewhat smaller for a higher inlet liquid subcooling
(Figs. 9(e), 10(e) and 11(e)). It is worth mentioning that in the pres-
ent study even the size of the largest departing bubble is below
0.25 mm which is much smaller than the diameter of the outer
glass pipe in the test section (Do = 20.0 mm). Thus the observation
of the bubble size through the curved surface of the glass pipe is
not expected to produce significant error.

Based on the data presented in Figs. 9–11 for the oscillatory
subcooled flow boiling of R-134a in the duct at d = 2.0 mm, the
dependence of the quantitative 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 oscil-
lation is neglected. Here the exponents a, b and c range respectively
from 0.5 to 0.54, 0.79 to 0.84, and 0.44 to 0.52. Note that the latent
heat transfer resulting from bubble nucleation in the persistent
boiling qb is proportional to d3

p, f and nac, as reported in the litera-
ture [7,33]. Thus, qb / G�d, here d varies from 1.15 to 1.3. This re-
sult clearly indicates that the flow boiling heat transfer gets
better at decreasing refrigerant mass flux since qb prevails in the
boiling heat transfer. This in turn causes the heated wall tempera-
ture to decrease during decreasing refrigerant mass flux and vice
versa in the oscillatory subcooled flow boiling, as already seen
from Fig. 3 and discussed earlier in Section 4.2. Besides, the domi-
nant effect of the mass flux oscillation on the boiling heat transfer
comes from the very strong influences of the mass flux on the bub-
ble departure size.

5. Concluding remarks

The measured heat transfer data for the oscillatory subcooled
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 oscil-
lation amplitude and period of the refrigerant mass flux on the
oscillatory subcooled 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 oscillatory subcooled 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 and bubble characteristics
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 and for a higher inlet liquid subcooling.
Besides for a larger amplitude of the mass flux oscillation,
stronger oscillations in the bubble characteristics, such as
dp, f and nac, are noted.

(3) Increases in the bubble departure size and active nucleation
site density at decreasing refrigerant mass flux overwhelm
the bubble departure frequency in the oscillatory subcooled
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flow boiling. 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) The intermittent boiling exists in narrower ranges of the
experimental parameters in the subcooled flow boiling. A
flow regime map is given to delineate the boundaries sepa-
rating different boiling flow regimes in the annular duct.
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