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a b s t r a c t

Experiments of vertically upward steam-water two-phase flow have been carried out in single-side
heated narrow rectangular channel with a gap of 3 mm. Flow patterns were identified and classified
through visualization directly. Slug flow was only observed at 0.2 MPa but replaced by block-bubble flow
at 1.0 MPa. Flow pattern maps at the pressure of 0.2 MPa and 1.0 MPa were plotted and the difference
was analyzed. The experimental data has been compared with other flow pattern maps and transition
criteria. The results show reasonable agreement with Hosler's, while a wide discrepancy is observed
when compared with air-water two-phase experimental data. Current criteria developed based on air-
water experiments poorly predict bubble-slug flow transition due to the different formation and
growth of bubbles. This work is significant for researches on heat transfer, bubble dynamics and flow
instability.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Flat plate fuels are widely used in reactors, aerospace, elec-
tronics and some other fields because of its compact structure,
relatively low processing requirements, high volume power, low
center temperature, high fuel consumption, good safety and some
other excellent properties. The flow channel of Flat plate fuels is a
typical narrow rectangular channel, and two-phase flow patterns in
that channel determine two-phase flow resistance and flow boiling
heat transfer characteristics. Flow patterns in narrow rectangular
channel are different from those in conventional circular channels
due to its unique geometry, so lots of researches have been
conducted.

Sadatomi and Saruwatari [1] conducted two-phase flow pat-
terns experiments in vertical rectangular, triangular, circular, and
annular channels, and divided flow patterns into bubble flow, slug
flow, and annular flow. They presented flow patterns map and
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concluded that channel geometry has little effect on flow patterns
transitions when the hydraulic diameter of channel is greater than
10 mm. Taitel et al. [2] classified the flow patterns into bubble flow,
slug flow, churn flow and annular flow in the circular tube channel,
which is the traditional classification on flow regimes, and gave the
corresponding flow patterns transition criteria. Mishima and Ishii
[3] gave the same classification on flow patterns, but proposed new
transition criteria. The results show that the criteria for the tran-
sition from bubble flow to slug flow and from churn flow to annular
flow are in good agreement with experiment data, but the transi-
tion from slug flow to churn flow varies widely. This may be
attributed to the difference in the proposed basic mechanism of the
slug-to-churn flow transition. Xu [4] found the flow characteristics
in narrow rectangular channel with the gap of 0.6 mm and 1.0 mm
were not much different from those found in traditional channels,
but bubbly flow was replaced by cap-bubbly flow in 0.3 mmwidth
channel. He thought bubbly flow is suppressed in such a channel
with a thin gap, and small isolated bubbles are squeezed to be
coalescedwith each other, causing the coalescence of small bubbles
to form cap-bubbly flow. Xu [5] improved the distribution param-
eter of transition criteria in Mishima and Ishii [3], and the revised
transition criteria are in good agreement with the experimental
result (1.07 mm) in Mishima et al. [6], but the transition is slightly
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later than that inWilmarth and Ishii [7]. Churn flownever appeared
in Mishima et al. [6] but was found in Xu [5], which may be caused
by the confusions between slug flow and churn flow, or churn flow
and annular flow. Hibiki and Mishima [8] proposed flow patterns
transition criteria for vertical upward flow in narrow rectangular
channels based on the same principles of Mishima and Ishii [3], but
the difference is that bubbly flow in narrow rectangular channel
can be approximated as circles on two-dimensional plane unlike in
round tubes. The criteria are satisfactory and coincide well with the
results ofWilmarth and Ishii [7] andMishima et al. [6], but deviated
from Xu [5] largely. The reason may be the inconsistent standards
for flow patterns identification, which is heavily dependent on the
individual observer. Friction pressure drop, flow patterns, and void
fraction characteristics of air-water two-phase flow at different
angles and flow directions were studied in narrow rectangular
channels with gaps of 0.778 mm and 1.465 mm in Ali et al. [9].
Those were found to be similar for all orientations except for hor-
izontal flow, and the effect of the gap width was small. Chalgeri and
Jeong [10] carried out researches on vertically upward and down-
ward air-water two-phase flow patterns [11] in a narrow rectan-
gular channel with a gap of 2.35 mm. They found flow patterns in
upward flow were similar to traditional flow regime and the
transition had the same trend with the result of Wilmarth and Ishii
[7]. But in downward flow, flow patterns are divided into bubbly
flow, large-bubbly flow, cap-bubbly flow, slug flow, churn turbulent
flow, falling film flow, annular flow, and one undefined. Also, there
are no satisfactory criteria for downward flow.

Researches were almost conducted on air-water two-phase
flow, while little performed on steam-water two-phase flow re-
gimes under heating conditions. Hosler [12] studied steam-water
two-phase flow patterns in vertical narrow rectangular channel at
heating condition with the pressure from 1 MPa to 9.7 MPa, and
bubbly flow, slug flow and annular flow were observed. Flow
regime map shows that the transition would become earlier with
the pressure increases. A photographic study about flow patterns
for flow boiling of water at single-side heated in a vertical narrow
rectangular channel have been carried out in Wang et al. [13]. Not
only the flow patterns are divided into dispersed bubbly, coalesced
bubbly, churn flow, and annular flow, but also the transition criteria
are slightly different from those in conventional flow regimes.
These significant deviations may be due to the different bubble
forms and distributions in heating conditions. In the field of elec-
tronic heat dissipation, there are many literatures (Revellin and
Thome [14], Arcanjo et al. [15], Fu et al. [16], Li et al. [17]) focusing
on steam-water two-phase flow patterns in narrow channels. After
all, it is different from the conventional narrow rectangular channel
due to the great influence of surface tension and domestic inertia
force on the bubbles. There are also some numerical research
[18,19] on flow characteristics in narrow rectangular channel, but
they lack experimental verification.

As stated above, researches on two-phase flow patterns under
heating conditions in narrow rectangular channel are very limited.
This work investigates vertically upward steam-water two-phase
flow regime under heating conditions at different pressure through
single side visualization in narrow rectangular channel with a large
aspect ratio. The flow patterns characteristics and transitions were
conducted visually and compared with others’.

2. Experimental method

2.1. Experimental apparatus

The experimental loop is shown in Fig. 1, and working fluid is
deionized water treated with anion and cation exchanger. The test
loop is divided into two parts: the primary experimental loop with
test section and cooling loop. The primary experimental loop is
mainly composed of high-pressure plunger pump, regenerator,
preheating section, test section, condenser, water tank, etc. The
cooling loop, mainly cooling the flow water in main experimental
loop, is mainly composed of condenser, cooling water tank,
condensation pump, cooling tower, etc.

The flowing water is diverted into two pipes by high-pressure
plunger pump after passing the valve and filter from water tank.
One is the bypass system designed to adjust the flow and pressure;
the other is the primary experimental loop, in which the working
fluid enters the high efficient regenerative double-pipe heat
exchanger after passing the regulating valve and the flow meter,
absorbing the heat from theworking fluid flowing out from the test
section. And then, the working fluid enters the preheating section,
which can heat the water to the required temperature for the inlet
of test section. Water would be heated to boiling in test section,
where two-phase flow is observed visually, and condensed by heat
exchanger and condenser. Lastly, it returns to the water tank, and a
cycle is completed.

2.2. Test section

The schematic diagram of the test section is shown in Fig. 2. It
mainly includes narrow rectangular flow channel, heating plate,
conductive copper column, inlet and outlet, visual window, sup-
porting structure and measurement structure etc. The test section
is entirely covered with thermal insulation cotton except visual
window to reduce heat dissipation.

A rectangular groove is milled on the stainless steel plate, and a
rectangular stainless steel heating plate is embedded. The heating
plate and the stainless steel pressure shell are insulated by insulating
ceramic. Thenarrow-side insulatingceramicfixs thewidthof theflow
channel, and the gapof channel isdeterminedbymatingbetween the
narrow-side insulating ceramic and thewide-side insulating ceramic.
Waterwould beheated to boiling at 1MPa, sovisualwindow that can
withstand high temperature and high pressure becomes the key
component of this test section. There is a large square cavity between
the inner glass and the outer glass in this test section storing still
water. The square cavity is interconnected with the rectangular
channel at outlet, but sealed at inlet, so the pressure in them are the
same and the water in the cavity does not flow. The inner glass can
withstand high temperature fluctuations and the outer glass can
withstand high pressure. This structure design prevents the rapid
cooling and heating of the fluid in the rectangular channel from
causing the outer glass to crack.

In this experiment, the water is directly heated into two-phase
flow boiling through a heating plate. The heating plate, whose
electric resistance is very small, is connected with low voltage and
high current DC power supply, and would generate a lot of heat. DC
power supply can achieve uniform heating, and has no charge
accumulation. The heating plate has 590 mm length and 70 mm
width, and the gap of the rectangular channel is 3 mm. Certain
length is reserved before and after the effective heating section as a
transition section to eliminate the inlet and outlet effects and
ensure that the fluid fully develops in the vertical narrow rectan-
gular channel.

Preset flow rate and pressure are obtained by adjusting the
pump and the valve, and inlet temperature required for test con-
dition is obtained by adjust the power of preheating section. When
bubbles appear in the channel through slowly increasing the
heating power of test section, and image data and corresponding
parameters would be recorded, especially focusing on visualization
image and corresponding parameters when flow patterns transi-
tion occurs at the end of the plate. Other conditions can be carried
out by changing mass flow rate and repeating the above steps.



Fig. 1. Schematic diagram of experimental loop.

Fig. 2. Schematic diagram of test section.

Table 1
Experimental parameter ranges.

Item Parameter range Max uncertainty

Mass flux(kg/h) 0e750 0.201%
Pressure(Mpa) 0e1.0 0.251%
Pressure difference(kpa) �6.2e6.2 0.251%
Temperature(�C) 60e180 1e2 �C
Heating current(A) 800e3000 0.5%
Heating voltage(V) 5e20 0.1%
Heat flux(kw/m2) 200e1000 0.52%
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2.3. Measurement and data acquisition

K-type armored thermocouples are arranged in the channel
before and after the effective heating section to measure the tem-
perature of inlet and outlet fluids, and thermocouples on the back
of the heating plate are evenly spaced to measure the wall tem-
perature. At the same time, pressure holes are set at the inlet and
outlet tomeasure the pressure and pressure difference. The heating
power of heating plate is obtained by measuring the voltage and
current. Coriolis mass flow meter produced by EMERSON is
installed before preheating section. All signals are obtained through
processing by NI data acquisition system, and its uncertainty is
0.02%. Flow patterns image is acquired by Phantom VEO 640 high-
speed digital camera. In this experiment, flow patterns in the
channel are recorded at a frame rate of 500 frames/s and image data
is stored in PC at the same time.

The uncertainty of experimental measured results mainly comes
from the uncertainty of measuring instrument and the uncertainty
of data acquisition system. Assuming that the measuring error of
instrument obeys a uniform distribution, the standard uncertainty
of any parameter measured can be estimated by the following
formula [20]. The uncertainties of all measuring parameters in this
experiment are shown in Table 1.

DR
R

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
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(a)bubble flow (b)b lock bubble flow(c)churn flow

Fig. 4. Flow patterns at 1.0Mpa.
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3. Results and discussions

The flow pattern maps at 0.2 MPa and 1 MPa have been inves-
tigated respectively. As can be seen in Fig. 3 and Fig. 4, bubble flow,
slug flowand churn floware identified at 0.2MPa,while slug flow is
replaced by block bubble flow at 1 MPa, shown in Fig. 4(b). During
the period of annular flow, the flow channel is close to dryout, and
the liquid phase is just in the form of droplet in the vapor phase. At
this time, [21,22] CHF would be triggered easily and cause the
heating plate to burn out. Therefore, the study of annular flow has
not been carried out for the time being.

3.1. Flow patterns at 0.2 MPa

3.1.1. Bubble flow
In the middle of the mainstream, small bubbles are densely

distributed, but the mainstream is subcooled. Small bubbles are
attached to the heating wall and slide forward. If bubbles leave the
wall and enter the mainstream, they will annihilate. At the two
narrow-sides, large bubbles are generated, but restricted by the gap
of channel, and the bubbles are compressed into flat shape. The
large bubbles can only be observed at narrow side, revealing heat
transfer deteriorates or weak flow appears. Especially, when the
large flat bubbles are dragged to center, they would be cooled
down. As a result, small bubbles observed at center display the
same size. While large flat bubble at narrow-side grow faster than
the rate of annihilate, the bubbles would continuously laterally
grow to form Taylor bubbles. At this time, flow patterns transform
from bubble flow into slug flow.

3.1.2. Slug flow
When the heat flux further increases in late period of bubble

flow, bubbles at narrow-side of channel begin to coalesce and grow,
the growth rate of bubbles sharply increases, and the small bubbles
attached to the heating wall in central area are engulfed. Finally, a
(a)bubble flow  (b) slug flow  (c)churn flow    

Fig. 3. Flow patterns at 0.2Mpa.
large long flatten bubble is formed, with a semi-circular front and a
nearly flat tail, in the middle of which a small amount of droplets
diffuse. Unlike Taylor bubble in air-water two-phase flow, those
bubbles are intermittently generated at narrow-sides, and the
starting positions are randomly distributed. In the late period of
slug flow, large long flat bubbles are generated at both narrow-
sides intermittently, sometimes simultaneously. Bubbles would
squeeze each other, forming a long liquid film in the middle of the
flow channel.
3.1.3. Churn flow
In the late period of slug flow, the nose of long flatten bubbles

break up due to high heat flux and turbulence, and flow patterns
transform into churn flow. The long flat bubbles produced at two
narrow-sides squeeze each other, and the long liquid film swings
left and right and hits narrow-sides, slapping abundant droplets
and forming largewave. After that hitting, flow stagnation and even
flow reversal would occur, which is more obvious at low flow rate.
There are still endless small droplets moving forward in the long
flat bubbles, whose velocities are exceedingly larger than bubbles’.
3.2. Flow patterns at 1 MPa

3.2.1. Bubble flow
In the center of the channel, small bubbles are densely

dispersed, but the bubbles are larger and more densely distributed
than those observed at 0.2 MPa. Confined by height of the gap, the
bubbles are flattened in the direction of height after growing, and
approximately observed as circles at two-dimensional plane. The
sizes of bubbles at the same cross section in center are basically the
same. Near the two narrow-sides, bubbles grow faster than the
center's and the size is larger. The diameter of bubbles exceeds the
gap of channel, so bubbles slide forward against the front and rear
walls. During the flow, the shape of bubbles are constantly slightly
changingwith no fixed shape, but overall they are still round. In this



Fig. 5. Flow pattern maps at 0.2Mpa(a) and 1.0Mpa(b).

Fig. 6. Pressure effects on flow pattern transitions.
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process, the growth of bubbles mainly depends on the evaporation
of liquid film at the heating wall and its devouring small bubbles
Fig. 7. Flow pattern maps in heated chan
attached to the heating wall, however there is no coalescence be-
tween the same size bubbles at the same cross section.
3.2.2. Block bubble flow
The deformed bubbles begin to coalesce and bubbles grow

quickly, and they become flat block-like bubbles. The bubbles are
seriously deformed and extrude each other. In addition to the
impact of heat flux and flow turbulence, the boundary of flat block-
like bubbles becomes extremely irregular, and distorts extremely,
and the block-like bubbles have no fixed shape during the upward
flow. InWang et al. [13], this flow pattern is called coalesced bubbly
flow, but block bubble flow maybe more in consistent with its
characteristics due to bubbles embed mutually like blocks.

In this flow patterns, the growth of bubbles in this process is
mainly depended on coalescence between bubbles, and the growth
is limited to the width and length of the channel. The sizes of block-
like bubbles vary from each other, and appear early at narrow-side,
due to the poor heat transfer coefficient and weak flow. Bubbles
deform and distort severely, especially at high heat flux corre-
sponding to high flow rate. In the late stage of block bubble flow,
block-like bubbles begin to coalesce and void fraction further
increases.
nel compared with Hosler [12] data.



Fig. 8. Flow pattern maps in heated channel compared with Wang et al. [13] data.
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3.2.3. Churn flow
Flatten bubbles would be broken up by wall shearing force, flow

turbulence, and heat flux when bubbles grow up to a certain critical
size. Steam-vapor nearly fills the entire cross section. As a result of
bubbles breaking up, liquid phases collide with each other and pro-
duce many waves dispersed in vapor phases. The interface between
vapor-phase and liquid-phase is chaotic and indistinguishable.

In this flow pattern, there are no shaped bubbles, and the
channel is dominated by vapor phase. The liquid phase is flaky or
filament-like dispersed in the vapor phase and sometimes liquid
films are interconnected to form a network structure. Affected by
bubbles breaking up, the liquid phase flow will stagnate or even
reverse partly. Steam-water two-phase turbulence is very serious.

3.3. Flow pattern maps

Flow pattern transitions are affected by many factors, such as
fluid properties, inlet subcooling and the surface roughness of the
heating walls, etc. Actually, the observed flow patterns boundaries
are not distinctive lines, but a wide transition region where the
transition occurs gradually. For representation, the transition zones
are depicted as distinct lines. And they merely represent the gen-
eral trends, but not the precise location [10]. Generally, flow pattern
maps are presented with superficial vapor velocity(Jv ¼ Gx= rv)as
the abscissa and superficial liquid velocity(Jl ¼ Gð1 � xÞ= rl)as the
ordinate. According to the definition of vapor quality at thermal
equilibrium:

xe ¼
�
hin þQ

.
G�hf

�.
hfg

The real vapor quality should be revised by Levy [23] model
when the outlet is at subcooled boiling:

x¼ xe � xeB exp
�
xe
xeB

�1
�

Where xeB is the vapor quality at thermal equilibrium corre-
sponding to the bubble departure point, calculated according to
Bowring model.

The flow patterns at 0.2MPa and 1MPa are shown in Fig. 5. Fig. 6
shows the pressure effect on flow regime transitions. Both the
bubblyeslug(block bubble) flow transition and slug(block bubble)-
churn flow transition occur earlier with pressure increasing. This
may be due to the fact that the vapor density is higher while the
system pressure increases, and superficial vapor velocity decreases
correspondingly. As a result, the flow patterns transition occurs
earlier. In addition, bubble-slug flow transition requires a large
range of bubbles to coalesce to form a long flatten bubble, but
bubble-block bubble flow transition only need bubbles to coalesce
in small region to form relatively small block-like bubbles, which
requires lower vapor quality and superficial vapor velocity. Simi-
larly, the condition for slug-churn flow is rigorous than block
bubble-churn flow. The former needs the nose of long flatten
bubbles to break up while the latter just needs the block-like
bubbles to coalesce or break up, which is relatively easier.

Similar phenomena could be found in Hosler's [12] data,
although he didn't find churn flow. As shown in Fig. 7, comparision
betweenpresent flowpattrens transition andHosler's [12] has been
conducted. The present transition at 0.2 MPa is higher than those
given by Hosler [12] due to the effect of pressure. And the present
transition at 1 MPa shows great agreement with Hosler [12],espe-
cially at the same pressure, though there is a litter deviation which
can be accounted by different geometric conditions.

Fig. 8 shows comparisonwith the transition given byWang et al.
[13] for steam-water two-phase vertically upward flow in 3 mm
gap narrow rectangular channel at 0.4 MPa, whose heating plate
are 470 mm length and 40 mm width. His result is significant for
our experiment because the geometry of his test section and the
thermos-hydraulic parameters of his experiment are quite similar
to this study. As can be seen in the figure, both of the transitions in
Wang et al. [13] shifts significantly towards left. The reason may be
the great difference in heat flux. The effective heating area of Wang
et al. [13] is less than half of present experiment's and additionally
inlet subcooling is 80 �C, while it is 60 �C in present experiment. As
a result, the heat flux in Wang et al. [13] is much larger at the same
vapor quality, corresponding to severer disturbance and deforma-
tion on bubbles. Besides, the smaller width of channel leads to
more serious accumulation of bubbles. All of those factors cause the
easier coalescence and transitions occur more rapidly.

Comparison of air-water two-phase flow experimental data in
adiabatic channel and flow transition criteria model has been
conducted. The flow regime transition lines for the vertical upward
flow experiment of Xu [4] through a narrow rectangular test section
with the gap width of 0.6 mm and 1.0 mm are compared with the
present flow regime maps in Fig. 9. All of the transitions shift right
especially at 0.2 MPa. In adiabatic channel, the superficial velocities
of vapor and liquid phases along the path keep the same. As long as
the adjacent bubbles break through surface tension from each



Fig. 9. Flow pattern maps in heated channel compared with Xu [4] data.
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other, they would coalesce to form Tayler bubbles, which will cause
the flow pattern transition. However, bubbles continually increase
along the heating channel and the macro-parameters such as vapor
quality and void fraction are not a constant value. Bubbles are
generated by the evaporation of the heated liquid phase. With the
continual heat flux, bubbles expand and accelerate downstream
fluids, which is equivalent to pushing the downstream bubbles
away, leading to difficulties of bubbles coalescence. As a result, the
flow patterns transitions delay. This phenomenon can also explain
why the slug-churn transition in this experiment is later than that
in Xu's [4] experiment. In heating channel, a higher void fraction is
required to achieve the flow patterns transiton. Only with bubbles
growing to certain critical extent and reducing the liquid phase
barrier between them, can transitions occur.

Fig. 10 shows a comparison of flow pattern transition criteria
developed by Hibiki andMishima [8] for a vertically upward flow in
narrow rectangular channel with the present experimental data. As
can be seen in the figure, the present data agrees well with the
block bubble-churn flow transition at 1 MPa and shift right a little
with the slug-churn flow transition at 0.2 MPa. However, the
bubble-slug transition and bubble-block bubble transition shifts
significantly towards the right and many of bubble flow regions lie
outside the modeled region.

The transition criteria from bubble flow to slug flow is based on
the improvement of Mishima and Ishii's [3] model.The possibility of
Fig. 10. Flow pattern maps in heated channel compared with
collisions and coalescence is considered to increase significantly if
themaximumpossible distance between two bubbles becomes less
than a projected diameter of a flat bubble of 2Rb. The bubbly flow to
slug flow transition is considered to occur under this condition,
namely void fraction a varying from 0.2 to 0.3 [8]. Nevertheless,
bubbles don't coalesce even when the distance between bubbles is
less than a projected radius in the present heating channel. The
void fraction in heating channel is much higher than that in adia-
batic channel due to the different generation method of bubbles,
and the corresponding transition occurs significantly later.

4. Conclusions

In present study, experiment of vertically upward steam-water
two-phase flow in heated narrow rectangular channel has been
carried out and flow patterns maps at 0.2 MPa and 1.0 MPa have
been plotted based on the measured data. Three different flow
patterns, namely bubble flow, slug flow, and churn flow were
identified at 0.2 MPa while slug flow did not appear and were
replaced by block-bubble flowat 1.0MPa. The study of annular flow,
for which CHF maybe triggered easily, has not been carried out yet
for the protection of heating plate. Flow patterns were identified
and classified with direct visualization analysis.

Flow pattern maps at 0.2 MPa and 1.0 MPawere compared with
other's experimental results and transition criteria. Both the
transition criteria developed by Hibiki and Mishima[8].
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present result and Hosler's [12] data conclude that the flow pattern
transitions shift left with pressure increasing, and the transition
line at 1 MPa reasonably conforms to the present data. Comparison
of experimental data with Wang et al.'s [13] shows heat flux has
large effect on transition, due to the disturbance and deformation of
bubbles. Experimental result on air-water two-phase flow given by
Xu [4] does not fit well with present data, because of the different
bubbles generation methods and gap widths of channel. Transition
criteria from slug flow to churn flow developed by Hibiki and
Mishima [8] in narrow rectangular channels show great agreement
with present data, while bubble-slug transition criteria poorly
predict it owing to the observed discrepancy of void fraction. With
comparisons stated above, it should be noted that further experi-
ments with various thermal parameters and geometric parameters
are needed to develop new flow pattern transition criteria which
are suitable for vertically steam-water two-phase flow at heating
conditions in narrow rectangular channel.
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