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Visualization of flow boiling of liquid nitrogen in a vertical mini-tube
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Abstract

The flow boiling patterns of liquid nitrogen in a vertical mini-tube with an inner diameter of 1.931 mm are visualized with a high-
speed digital camera. The superficial gas and liquid velocities are in the ranges of 0.01–26.5 m/s and 0.01–1.2 m/s, respectively. Four typ-
ical flow patterns, namely, bubbly, slug, churn and annular flow are observed. Some interesting scenes about the entrainment and liquid
droplet deposition in the churn and annular flow, and the flow reversal with the indication of negative pressure drop, are also presented.
Based on the visualization, the two-phase flow regime maps are obtained. Compared with the flow regime maps for gas–water flow in
tubes with similar hydraulic diameters, the region of slug flow in the present study reduces significantly. Correspondingly, the transition
boundary from the bubbly flow to slug flow shifts to higher superficial gas velocity, and that of churn to annular flow moves to lower
superficial gas velocity. Moreover, time-averaged void fraction is calculated by quantitative image-digitizing technique and compared
with various prediction models. Finally, three kinds of oscillations with long-period and large-amplitude are found, possible explanation
for the oscillations is given by comparing the instantaneous flow images with the data of pressure, mass flux and temperature recorded
synchronously.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Flow boiling heat transfer in mini/micro-channels has
attracted a great deal of attention in the past few years
because of its wide engineering applications. Examples
include high-heat flux electronic chip cooling, micro-elec-
tromechanical system (MEMS), etc., most of which are
related to the normal working fluids like air–water, refrig-
erants, ethanol, CO2, and so on. In cryogenic temperature
range, liquid nitrogen (LN2) as one of the most popular
cryogenic working fluids in the field of flow boiling in
mini/micro-channels, also owns many applications in
micro-cryogenic surgery apparatus (MCSA), the cooling
of high-temperature superconductivity (HTS) devices and
so on. Visualization of flow boiling including two-phase
flow patterns, flow regime maps, etc., is essential for under-
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standing the mechanisms of flow boiling in mini/micro-
channels. The goal of the present study is the visualization
of flow boiling of liquid nitrogen in a single mini-tube. For
an intact background, a brief review is presented from the
aspects of the flow patterns, flow regime maps and two-
phase flow instability in mini/micro-channels.
1.1. Flow patterns

Two-phase flow patterns in small channels have been
investigated extensively in the past years. Damianides and
Westwater (1988) observed air–water two-phase flow pat-
tern in horizontal glass tubes with hydraulic diameters
Dh = 1.0–5.0 mm. Bubbly, slug, dispersed-droplet, and
annular flow were observed in their experiments. Barajas
and Panton (1993) tested a horizontal 1.6 mm internal
diameter tube to study the effect of contact angle on the
flow patterns. Mishima et al. (1995), Coleman and Garim-
ella (1999), Triplett et al. (1999), Yang and Shieh (2001)
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and Zhao and Bi (2001) studied the flow patterns of air–
water two-phase flow in mini/micro-channels under differ-
ent conditions, i.e., various channel geometries, hydraulic
diameters, orientations and so on. Akbar et al. (2003)
pointed out that with the exception of stratified flow, the
major flow patterns that appeared in normal channels were
similar to those appearing in micro-channels as well,
although certain flow pattern details might be different
from those in normal-sized channels.

However, the latest studies demonstrated that there really
appeared to be some new flow patterns in micro-channels.
Chen et al. (2006) conducted an experiment with the working
fluid of R134a. They observed confined bubble, as well as the
typical flow patterns like dispersed bubble, bubbly, slug,
churn, annular (mist), and annular-mist flow. Serizawa and
Feng (2001) observed flow patterns in a Dh = 0.05 mm
round glass tube with steam water, and found a new type
of flow pattern named liquid-ring flow. Similarly, for air–
water in a Dh = 0.02 mm channel, they also observed
liquid-ring flow and identified another flow pattern they
called liquid-lump flow. An interesting study on adiabatic
two-phase flows was presented by Cubaud and Ho (2004)
for water and air in square channels with hydraulic diameters
of 0.2 and 0.525 mm. They identified a wedging flow regime
between the bubbly and slug flow regimes.

1.2. Flow regime maps

Damianides and Westwater (1988) obtained their own
flow regime map after investigating air–water flow patterns
in horizontal glass tubes of inner diameters from 1 mm to
5 mm. They found the diameter had obvious effects on
the flow pattern transition line. Fukano and Kariyasaki
(1993) also used air–water as working fluid in flow experi-
ments in both horizontal and vertical tubes with inner
diameters of 1 mm, 2.4 mm and 4.9 mm and they con-
cluded that the surface tension played a dominant role.
Their experimental results revealed that the orientation
with respect to gravity could be neglected in small tubes.
Similarly, Triplett et al. (1999) investigated air–water
two-phase flow in circular micro-channels with inner diam-
eters of 1.1 mm and 1.45 mm, and in semi-triangular cross-
sections with hydraulic diameters of 1.09 mm and 1.49 mm.
Their observation was consistent with the results of Fuk-
ano and Kariyasaki (1993). Yang and Shieh (2001) consid-
ered the effects of properties of working fluids on flow
patterns in small circular tubes. R-134a was used to make
comparison with the air–water and it was concluded that
the slug flow to bubbly flow transition occurred earlier
for air–water than for R-134a because the surface tension
of air–water was much larger than that of R-134a.

The plotted flow regime maps are based on experimental
data and the applications of these maps are strongly limited
by particular working fluids and experimental conditions.
Taitel et al. (1980), Mishima and Ishii (1984) proposed
the earliest theoretical models on flow pattern transitions,
and both models remain popular among researchers. How-
ever, Zhao and Bi (2001) found that both models signifi-
cantly deviated from their experimental data of the flow
regime transitions in mini-triangular channels. Pettersen
(2004) observed the flow patterns of the evaporating CO2

in micro-channels and found the flow regime maps also
agreed poorly with maps derived from the two popular the-
oretical models. The discrepancies might be attributed to
the fact that the previous phenomenological models were
developed for moderate and large circular channels, in
which the effect of surface tension was insignificant. Tradi-
tionally, most flow regime maps are plotted with the coor-
dinates of superficial liquid velocity versus superficial gas
velocity. Since superficial velocities are just the functions
of the mass flux and the vapor quality, some important fac-
tors affecting flow patterns like the surface tension, hydrau-
lic diameter, etc., can not be presented in these maps. To
avoid the disadvantages in the above flow regime maps,
the flow regime map based on Weber number coordinates
which is dimensionless and takes into account of the sur-
face tension and hydraulic diameter, has attracted more
and more attention.

The flow regime map based on Weber number was first
used to present two-phase flow experimental results in large
channels under micro-gravity, in which, the surface tension,
inertia force, and viscous force were important, while the
buoyancy was suppressed. The situation is similar to two-
phase flow in mini/micro-channels, in which the gravity
effect can be neglected and the surface tension becomes
important as well as the inertia force. Akbar et al. (2003) fit-
ted flow regime transition lines in the Weber number coor-
dinates maps according to all relevant data for air–water
flow in circular and near-circular mini/micro-channels and
found all other data is in overall agreement with the fitted
lines except the data of Mishima et al. (1995) and Zhao
and Bi (2001). Chen et al. (2006) plotted flow regime maps
in superficial velocity coordinates and Weber number coor-
dinates, respectively. They also found the latter was more
appropriate because the effect of diameter was incorporated
in the coordinates as well as the surface tension.

Some researchers try to predict flow transition in small
channels by the models deduced from normal-sized tubes
and significant progress has been achieved. However, the
theoretical study on flow transition in mini/micro-channels
is still at an early stage. No general model or correlation for
mini/micro-channels is validated or accepted widely and
more experimental results are still required to facilitate
the modeling.

1.3. Two-phase flow instability

Two-phase flow instability are generally undesirable,
because they can bring about the local overheat of the heat-
ing wall, the mechanical vibration, etc., which may cause
the failure of the whole system. So the mechanism of the
two-phase flow instability needs to be understood and mea-
sures should be taken to reduce or eliminate the two-phase
flow instability. The two-phase flow instability in mini/
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micro-channels shows great differences in the instability
phenomenon and mechanism.

Qu and Mudawar (2003) observed two kinds of behav-
iors of flow instability in a water-cooled two-phase micro-
channel heat sink containing 21 parallel 231 lm � 713 lm
micro-channels, i.e., severe pressure drop oscillation and
mild parallel channel instability. Kandlikar et al. (2001),
Hetsroni et al. (2003) and Brutin et al. (2003) also reported
two-phase instability in their experiments, and the periods
of the periodical instability observed were less than 2 s.
Wu and Cheng (2004) observed three types of oscillation.
The working fluid was deionized water and their experi-
ments were carried out in eight parallel silicon micro-chan-
nels with an identical trapezoidal cross-section having a
hydraulic diameter of 186 lm. The longest oscillation they
observed was named liquid/two-phase alternating flow in
which liquid phase and bubbly flow appeared periodically.
During the cycle, the liquid phase lasted 5 s and bubbly flow
lasts 197 s. Similarly, Xu et al. (2005) also observed a kind of
large-amplitude/long-period oscillation with a period of
117 s. Water and methanol were used as working fluid in a
compact heat sink consisting of 26 rectangular micro-chan-
nels of 300 lm in width and 800 lm in depth.

As for the mechanism of flow instability, Jones and Judd
(2003) concluded that instability was deemed to be caused
by the onset of CHF and to be the result of dry out and
rewetting of the heated surface. They studied the flow boil-
ing of water in a vertical gap of 1 mm, 3 mm and 5 mm.
Flow reversal was observed and the cause and condition
under which the flow reversal occurred were reported.
Hetsroni et al. (2003) observed a quasi-periodical oscilla-
tion of temperature and pressure drop with a frequency
of around 0.5 Hz in parallel micro-channels. They linked
the observed oscillation to cyclic bubble growth and col-
lapse. Kandlikar et al. (2001) observed the severe pressure
fluctuations in their experiments. Moreover, with the help
of high-speed camera, they obtained a series of images of
flow reversal leading to a deeper understanding of flow
instability. They finally concluded that flow reversal was
the result of the rapid expansion of bubbles pushing the
interface of liquid–vapor to upstream and downstream of
the channel. As for the long-period and large-amplitude
oscillation in the literature of Wu and Cheng (2004) and
Xu et al. (2005), the instability mechanism is still unclear.
There is still a long way to go before obtaining the proper
theory for two-phase instability in mini/micro-channels.

A great progress has been achieved in recent years in the
study of flow boiling in mini/micro-channel. However,
most of them are related to normal working fluids like
air–water, refrigerants and so on. The study about flow
boiling of liquid nitrogen in mini-tubes is rarely reported,
although liquid nitrogen have been widely used as a desir-
able and cheap working fluid in cryogenic application. One
of the reasons may be the difficulty in completing the whole
experiments at cryogenic temperature. Visualization of
two-phase flow patterns at cryogenic temperature is more
complicated than that under normal condition. Moreover,
liquid nitrogen has its intrinsic desirable properties such as
the ideal wettability of various solid surface, small surface
tensions, small viscosity and so on. The corresponding
three kinds of dominant forces (inertia force, surface ten-
sion and viscous force), decide the thermal-hydraulic char-
acteristics of flow boiling of liquid nitrogen in a mini-tube.
Different ratios of the action of the three forces will bring
different thermal-hydraulic characteristics. These charac-
teristics include heat transfer, pressure drop, flow patterns
and so on, among which the flow patterns is one of the
most fundamental characteristics.

In this study, flow boiling patterns of liquid nitrogen in a
vertically placed mini-tube are investigated. With the help
of the high-speed camera, the pictures of the flow patterns
are obtained and analyzed quantitatively. The typical flow
patterns are demonstrated; flow regime maps including
transition lines are plotted with different coordinates. Void
fraction is measured and compared with various models.
Two-phase flow instability phenomena, which are encoun-
tered during the present experiments including three types
of particular oscillations and the flow reversal, are depicted
in detail.

2. Experimental apparatus and procedures

2.1. The test loop

Fig. 1 shows the schematic illustration of the experimen-
tal apparatus. The working fluid (liquid nitrogen), which is
stored in a tank placed in a vacuum dewar, is supplied to
the test section with the help of the high-pressure nitrogen
gas cylinder. A reductor and a pressure valve which locate
between the dewar and the high-pressure nitrogen gas cyl-
inder are used to control the system pressure. After passing
the test section, the liquid nitrogen flows out of the dewar
and is guided into an evaporator immersed in a 20 �C water
bath and evaporates completely. The mass flux of the evap-
orated nitrogen gas is measured by an Alicat� mass flow
meter with a calibration accuracy of ±0.8% before they
are released into the atmosphere. Details of the experimen-
tal arrangement could be found in Qi et al. (2007).

The arrangement of the optical system is a tough task,
and the difficulties of visualization in the mini-tube at cryo-
genic temperature lie in two major aspects:

(1) The illumination. Normally, there are no observation
windows on high-vacuum dewar because of the heat insu-
lation consideration. In the present experiment, a dewar
with three special observational widows fabricated through
the inner and outer wall of the dewar without damaging the
vacuum is used for visualization of flow patterns, as shown
in Fig. 1. However, there comes another great problem that
how to provide high-intensity and high-quality illumina-
tion for high-speed photography. LEDs (light-emitting
diode) have ever been put into the dewar for illuminating.
It is found that LEDs dim out at the cryogenic tempera-
ture. So a halogen lamp, which is placed outside of the
dewar, is used as the light source to illuminate the test sec-
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Fig. 1. The schematic illustration of the experimental apparatus.
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tion. The backlighting is employed for illumination. A par-
ticular transparent screen (normal to the direction of light)
is set near the test section as a uniform light intensity
background.

(2) The magnification. Because of the constraint of the
dewar, the camera has to be placed much farther from
the test section than that in normal temperature experimen-
tal rigs, which substantially decreases the magnification of
the test section. Photomicrography, which could get great
magnification, could not be adopted because the great
working distance of the present optical system is out of
the range of photomicrography. So macro-photography,
which permits relatively large working distance and pro-
vided the magnification ranges of �1–�5 (satisfying the
demand of visualization in the mini-tube), is used for the
present optical system. However, for obtaining high-qual-
ity images in large magnification with high-frame rate,
the intensity of illumination is still a great challenge.

The high-speed digital camera (REDLAKE Motion-
Pro�X3, 1280 � 1024 pixels resolution, 1000 frames/s with
the full resolution, 64,000 frames/s with the reduced resolu-
tion) is employed in the experiment, together with a macro-
lens with the focus length of 105 mm to magnify flow pat-
terns in the mini-tube. The recorded images are transmitted
to the computer for further analysis.

2.2. The test section

Fig. 2 illustrates the configuration of the test section.
The test section is installed vertically in the vacuum dewar,
and liquid nitrogen flows upward through the mini-tube.
The mini-tube and the inlet/outlet flanges are soldered
together. As shown in Fig. 2a and b, the test section com-
prises three parts: a heating section, an adiabatic observa-
tion section and an outlet calming section with the
lengths of 100 mm, 50 mm and 100 mm, respectively.

The heating section is a segment of stainless steel tube,
on which the Manganin wire with a diameter of 0.18 mm
is wrapped uniformly as the heater. It is ensured that no
touch of the wire to the thermocouple, which is placed
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Fig. 2. Photography and schematic diagram of the flow pattern observation test section.

Table 1
Summary of the uncertainty

Parameter Uncertainty

Parameter measurement

Diameter, D (mm) ±0.001
Length, L (mm) ±1.0
Temperature, T (K) ±0.1
Pressure, P (kPa) ±0.3

Parameter derived

Heat flux, q (%) ±5.0
Mass flux, G (%) ±0.9
Vapor quality, x (%) ±3.2
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on the outer wall of the stainless steel tube and is about
10 mm upstream of inlet of the glass tube, as shown in
Fig. 2b. Cryogenic glue is sputtered on the wire and the
thermocouple to fix them. The input heat is controlled by
the adjustment of the electric current and voltage of a
power supply (the maximum power was 360 W). Wool felt
and aluminum foil is also wrapped on the heating section
to reduce the heat leakage.

The observation section, made of Pyrex glass with the
same internal diameter as the stainless steel heating tube,
is connected by the cryogenic glue to the other two sec-
tions, as shown in Fig. 2a and b. The Pyrex glass tube
has a great optical performance and could work well at
cryogenic temperature. Before experiments, the test tube
is cleaned carefully by ultrasonic cleaner (SCQ-3201A).
The calming section is made of the commercial stainless
steel tube similar to heating section.

Three pressure transducers with an accuracy of
±0.3 kPa are employed to measure the inlet pressure, outlet
pressure and vessel pressure. The inlet and outlet tempera-
ture are obtained by two platinum resistance thermometers
with the uncertainty of ±0.1 K. The thermocouple (T type)
with a diameter of 0.1 mm, which is calibrated against a
standard Lakeshore� temperature sensor with an accuracy
of about ±0.1 K, is used to measure the temperature of the
wall. Table 1 shows the uncertainty of the key parameters
of the experiments. Overall heat loss including the heat
radiation to the ambient and heat conduction from the
ends of the mini-tube is estimated to be less than 5% of
the input power. The result is verified by heat balance
between the ohmic heat input and sensible heat increase
of the fluid for single-phase flow.

2.3. The test procedures

The air in the dewar is replaced by gaseous nitrogen
before pre-cooling procedure, because the vapor in the
air might frost on the glass tube during pre-cooling proce-
dure, which will drastically reduce the quality of the
images. Then, the dewar is evacuated to 2.0–5.0 Pa by a
mechanical vacuum pump during the experiment, which



Table 2
Ranges of some key parameters for the flow regime maps in the present
experiment

Parameters Ranges Parameters Ranges

Ti (K) 76.7–86.7 UGS (m/s) 0.01–26.5
Pi (bar) 1.12–2.96 ULS (m/s) 0.01–1.2
x (–) 0.001–0.91 WeLS 0.06–327.9
G (kg/m2s) 26.6–906.5 WeGS 0.00001–874.6
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is an essentially important procedure for reducing the heat
leakage from the outside of the dewar. Afterwards, the
liquid nitrogen storage tank in the dewar is filled. The data
acquisition system and optical system start to work when
the experiment reaches a steady state that the pressure
and the wall temperature fluctuate within ±0.3 kPa and
±0.1 K, respectively. The data and images are collected
synchronously for further analysis.
3. Results and discussions

3.1. Two-phase flow patterns 1

The flow patterns of flow boiling in the vertically placed
mini-tube are clearly recognized by the images recorded
from the adiabatic glass tube. All the images are recorded
under the condition of the superficial gas velocity
UGS = 0.01–26.5 m/s, and the superficial liquid velocity
ULS = 0.01–1.2 m/s. The detailed parameters are listed in
Table 2. The phasic superficial velocities are calculated
from Eq. (1),

ULS ¼
Gð1� xÞ

qL

; U GS ¼
Gx
qG

; ð1Þ

where x is the vapor quality at the inlet of the glass tube
which is calculated according to the heat balance, qL, qG

and G are the liquid density, gas density and mass flux,
respectively.

The representative images, as shown in Fig. 3, demon-
strate the characteristics of four typical flow patterns in
the present experiments including bubbly, slug, churn and
annular flow. The original visualization videos can be
available through a request email to zhangp@sjtu.edu.cn.
The details of flow patterns are depicted as follows:

(1) Bubbly flow. Numerous small bubbles disperse in the
continuous liquid phase and the bubbles travel with a com-
plex motion within the flow, as shown in Fig. 3a–d. Bubbly
flow can be subdivided into two kinds due to different
superficial gas velocity: discrete bubbly flow and dispersed
bubbly flow. Discrete bubbly flow, as shown in Fig. 3a,
shows the bubbles with different motion characteristics at
a lower superficial gas velocity. At a relatively higher super-
ficial gas velocity, there appear the bubbles which can be
formed by turbulent breakup of larger bubbles, as shown
in Fig. 3b, and this high-speed bubbly flow are named dis-
persed bubbly flow.

In some cases, the bubbles are accumulated near the
wall. Serizawa and Kataoka (1988) treated this flow pat-
tern as sub-patterns of bubbly flow and named it wall-
peaking bubbly flow. Wall-peaking bubbly flow observed
in the present experiments as shown in Fig. 3c, demon-
strates some characteristics as follows: (1) the bubbles
almost attaching to the wall with the same span and with
1 The videos presented in the paper can be available on the request to
zhangp@sjtu.edu.cn.
the nearly identical diameter of 0.5–0.6 mm; (2) the part
of the bubble close to the center line is round, while the
part close to the wall has developed a tip like a ‘‘neck”

which is the typical shape of the bubble which just finishes
departing from the nucleation center in the heating section.
The bubbles can keep the shape because there is little
chance for the bubbles to break or coalesce at low flow rate
and vapor quality in the adiabatic observation section after
departing from the heating section. The sizes of the bubbles
in Fig. 3c are similar to the departure diameter of bubbles
(Db = 0.62 mm according to Lee (2001)) in liquid nitrogen
under normal pressure. Moreover, it can be deduced that
all the bubbles in Fig. 3c may nucleate, at grow up and
depart from the same nucleation center of the heating sec-
tion before flowing into the adiabatic observation section.
The wall-peaking bubbly flow proves that low speed bub-
bles generate at the stage of nucleate boiling.

It is noted that the bubbles in bubbly flow, as shown
Fig. 3d, could coalesce and develop into elongated bubbly
flow. The process of coalescence is depicted in detail in
Fig. 4. The two bubbles in the bottom of Fig. 4a separate
from each other. They start to coalesce after 3 ms, as
shown in Fig. 4b. After some time of coalescence in
Fig. 4c, the two bubbles are finally integrated into a big
bubble, as shown in Fig. 4d. The whole process proves that
bubbly flow is not a stable flow pattern, and when the bub-
bles travel further downstream, more bubbles may coalesce
and develop into slug flow. Meanwhile, the slug can merge
the small bubbles close to wall and grows longer. So the
observation section should be located more close to outlet
of the heating section, which can reflect the variation of
flow pattern along the tube precisely.

(2) Slug flow. Bubbles in the slug flow have coalesced to
big bubbles with almost the same diameter as the glass
tube. The big bubble (also named Taylor bubble) usually
takes the shape of a bullet followed by a stream of small
bubbles like a tail, as shown in Fig. 3e. The liquid phase
in slug flow exists in two kinds of forms: (a) the liquid slugs
which are the major form of liquid phase separate succes-
sive Taylor bubbles, according to Hout et al. (1992), the
liquid slug consists of three regions (the wake region, inter-
mediate region and developed region); (b) the liquid film
between Taylor bubbles and the wall. The length of the
Taylor bubbles can vary considerably due to different
superficial gas velocities. The length of Taylor bubbles in
Fig. 3f with higher superficial gas velocity is almost twice
as that in Fig. 3e. The longest bubble observed is even



Bubbly Bubbly Wall-peaking 
bubbly

Elongated
bubbly

Slug

(a)
UGS=0.20m/s

ULS=0.10 m/s 

(b)
UGS=0.89 m/s

ULS=1.05 m/s 

(c)
UGS=0.07 m/s 

ULS=0.10 m/s 

(d)
UGS=0.60m/s

ULS=0.31 m/s 

(e)
UGS=0.91m/s

ULS=0.26 m/s 

Slug Churn Churn Annular Annular 
(f)

UGS=1.57 m/s 
ULS=0.41 m/s 

(g)
UGS=2.32 m/s 
ULS=0.31 m/s 

(h)
UGS=8.08 m/s 
ULS=0.30 m/s 

(i)
UGS= 1.51 m/s 
ULS= 0.29 m/s 

(j)
UGS=9.80m/s
ULS=0.30 m/s 
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Fig. 4. Bubble coalescence process in the mini-tube with inner diameter of
1.931 mm (ULS = 0.380 m/s; UGS = 0.921 m/s).
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much longer than the length of the observation section
(50 mm). Zhao and Bi (2001) observed similar phenome-
non of slug flow in their experiments. They found that
the length of bubbles in slug flow increased with increasing
the superficial gas velocity. Also, the rear of Taylor bubble
in Fig. 3f deforms more greatly than that in Fig. 3e. That is
because the effect of wake vortices in the wake region,
which induces the deformation of Taylor bubbles, increases
as the superficial gas velocity increases.
(3) Churn flow. The slug flow shifts to the churn flow
when the wake region extends to the whole liquid slug.
The gas–liquid interface becomes rather irregular as shown
in Fig. 3g and h.

As well known, there is a great amount of droplet and
entrainment in the annular flow. Serizawa et al. (2002)
obtained clear images of droplets in the slug flow. Fig. 5
shows a droplet deposition process in churn flow. It is
not easy to observe such phenomenon in churn flow clearly
because the liquid droplet and gas flow are traveling at a
very high-velocity in the center of tube. Fig. 5a–j shows
the whole process of the droplet touching the gas–liquid
interface and developing ‘‘wrinkles” on the interface. As
shown in Fig. 5b, the droplet is with contour line and the
narrow part of the gas core in the bottom is named ‘‘node”.
The axial distance (vertical solid line) between the droplet
and the ‘‘node” in Fig. 5c is greater than that in Fig. 5b.
That indicates that the droplet in Fig. 5 moves faster than
the gas–liquid interface near the wall. This proves that the
droplet is the liquid droplet not the bubble. The coales-
cence of small bubbles in churn flow, as shown in Fig. 6,
is showed for contrast. The bubbles, as shown in Fig. 6,
apparently flow with lower speed than the corresponding
gas–liquid interface. Finally the bubbles strike the interface
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and vanish. It seems that the liquid droplet is definitely dif-
ferent from the small bubbles. The small bubbles are dis-
tributed near the wall with lower velocity than that of
interface and coalesce easily to the main flow. Most liquid
droplets move fast along the center line, however, occa-
sionally droplet deposition occurs when several droplets
deviate from the center line and strike the gas–liquid
interface.

(4) Annular flow. At a higher superficial gas velocity, gas
phase becomes a continuous flow in the core of tube. The
gas core is surrounded by a thin liquid film; as shown in
Fig. 3i with low superficial gas velocity and in Fig. 3j with
high superficial gas velocity. For annular flow, it is found
that there appear to be different gas–liquid interfaces with
different superficial gas and liquid velocities. Fig. 3i and j
was recorded at roughly the equal superficial liquid veloc-
ity, and apparently the gas core in Fig. 3j with higher
superficial gas velocity flows more smoothly. The interac-
tion of gas and liquid phases decides the shape of the inter-
face. The momentum coupling between the gas and liquid
phase is less in mini/micro-channels than that in normal-
sized channels. Also, the two-phase interaction in the annu-
lar flows with greater superficial gas velocity or smaller
superficial liquid velocity is smaller and the gas phase can
flow with less hindrance in the center of the tube. So the
gas–liquid interfaces appear more smoothly and more sta-
ble in Fig. 3j.

In addition to the above four typical flow patterns, flow
reversal together with negative pressure drop and high-fluc-
tuation amplitude, as shown in Fig. 7, are observed during
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the experiments. Fig. 8 shows the representative images of
flow reversal corresponding to point A in Fig. 7. It is easy
to identify the flow reversal due to the round nose of Tay-
lor bubbles in Fig. 8 which indicates the flow direction.
Obviously, the Taylor bubbles flowing downward, as
shown in the Fig. 8, indicates the flow reversal. The flow
reversal happens together with severe pressure drop fluctu-
ation with occasionally negative pressure drop, as shown in
Fig. 7. Flow reversal was also found by other investigators.
Chen and Garimella (2006) found that flow reversal was
the results of an increase in fluctuations in the measured
pressure drop across the micro-channels with the dimen-
sions of 389 lm � 389 lm. The amplitude was measured
to increase by approximately 250% once flow reversal
was initiated. Kandlikar et al. (2001) observed large-ampli-
tude fluctuations in multi-channels and found expanding
bubble flow pattern which generated rapid bubble growth
rates causing significant flow reversal. The present
observed flow reversal is different from those in Chen and
Garimella (2006) and Kandlikar et al. (2001). The differ-
ence lies in two aspects: (1) the present flow reversal is
observed in adiabatic section rather than as in the heat sink
in Chen and Garimella (2006) or multichannel evaporators
in Kandlikar et al. (2001); (2) the present flow reversal is
detected in a single mini-tube rather than micro-channels
Fig. 8. Representative photographs of flow reversal corresponding to
point A in Fig. 7.
or multi-channels with relatively higher mass flux. Kandli-
kar et al. (2001) investigated the flow reversal in both the
single channel and micro-channels and found the flow
reversal was greatly reduced in a single channel. However,
the flow reversals are frequently observed in the mini-tube
in the present experiment.

As for the mechanism of the flow reversal, it is found
that the negative pressure drop, which is brought about
by the severe pressure oscillation, causes the flow reversal.
As for the factors to cause the severe pressure oscillation,
the chambers located at the inlet and outlet of the test sec-
tion should be taken into account. In the study conducted
by Lin et al. (1998), the large mixing chamber upstream of
the test section leaded to significant flow instabilities that
caused large pressure drop excursions, and occasionally
resulted in a negative pressure drop with a corresponding
flow reversal in the channel. It is notable that the liquid
nitrogen, rather than normal working fluids like water
and refrigerants which mainly experience condensing in
the outlet chamber, experiences evaporating in the outlet
chamber which may enhance the amplitude of pressure
oscillation.
3.2. Flow regime maps and flow pattern transition lines

For the 1.931 mm internal diameter mini-tube, the flow
pattern maps are depicted in Figs. 9–11 with three different
coordinates: mass flux versus vapor quality, superficial
velocity coordinates and Weber number coordinates. The
maps include four kinds of flow patterns, 102 sets of exper-
imental data in the ranges of UGS = 0.01–26.5 m/s,
ULS = 0.01–1.2 m/s. All the flow patterns have clear transi-
tion lines except the transition line between churn and
annular, because the shapes of the two flow patterns are
alike and difficult to be recognized.

Fig. 9 is the flow regime map with the coordinates of
mass flux versus vapor quality (G–x). It is clear that the
flow pattern transfers to bubbly, slug, churn and annular
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Fig. 9. Flow regime map with the form of mass flux versus mass quality
(G�x) for the mini-tube with inner diameter of 1.931 mm.
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flow sequentially with the increase of vapor quality.
Another characteristic of the present study is that annular
flow occupies most regions in the flow regime map and
there is no other flow pattern but annular flow when the
vapor quality is larger than 0.15. Moreover, as shown in
Fig. 9, the higher the mass flux, the earlier the annular flow
is reached. The explanation can be drawn from the slip
ratio model and drift flux model as below:

The drift flux model (for churn flow):

a ¼ x

qG
x

qG
þ 1�x

qL

h i
þ 1:18

G
gr qL�qGð Þ

q2
L

h i1=4
� � ; ð2Þ

where r is the surface tension, g is gravitational
acceleration.

The slip ratio model:

S ¼ 1þ 2:54D1=4
e qL

G
1� p

pcrit

� �
ð3Þ

a ¼ 1þ S
qG

qL

1� x
x

� �� ��1

ð4Þ

where De is the equivalent diameter, p is the pressure, pcrit is
the critical pressure, a is the void fraction and S is the slip
ratio.



Table 3
Properties of liquid nitrogen, water and R-134a under saturated
temperature

Properties LN2

(77.36 K)
Water
(20 �C)

R-134a
(20 �C)

Viscosity l (lPa s) 158.0 1004 210.7
Surface tension

d (N/m)
8.75 � 10�3 72.7 � 10�3 8.76 � 10�3

Contact angle e (�) 0a,b, 1.0c, 7–10d, 13.75e 45c 5.1–8.3f

a Grigorev et al. (1973).
b Bald (1973).
c Stephan and Abdelsalam (1980).
d Brennan and Skrabek (1971).
e Steiner and Schlunder (1976).
f Bhavin and Daniel (2007).
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From Eq. (2), we can see that the void fraction a
increases with the increase of mass flux G when the vapor
quality x is kept constant. The increased void fraction will
intensify the coalescence of bubbles which results in the
earlier arrival of annular flow. The similar analytical results
can be obtained from Eqs. (3) and (4). Revellin et al. (2006)
studied the effect of mass flux on the coalescence of bubbles
in a diabatic 0.5 mm channel using R-134a as working
fluid. They found the higher the mass flux, the earlier the
annular flow was reached. Moreover, they observed that
there was almost no existence of bubbly flow when mass
flux was more than 1000 kg/m2 s. Their results are similar
to ours. Bubbly flow is not found in the present study when
mass flux is larger than 820 kg/m2s. It seems that the coa-
lescence of gas phase has played a dominant role in flow
transition. However, the data of flow transition at high-
mass flux is rare due to the difficulty to identify the flow
pattern, the relationship between coalescence of vapor
phase and flow transition needs further study.

So far, the flow regime maps are drawn mostly in the
coordinates of superficial velocities (ULS–UGS) due to its
simplicity and practicability. Fig. 10 is the flow regime
map in the form of superficial velocities coordinates. The
superficial velocities are in the units of m/s. Because the
results for liquid nitrogen in mini/micro-channels are lim-
ited, the experimental curves of the normal working fluids
from Triplett et al. (1999), Zhao and Bi (2001) and Chen
et al. (2006) are presented for comparison. Three solid lines
in Fig. 10 are the experimental transition lines which divide
the map into four regions, i.e., bubbly, slug, churn and
annular flow regions. At lower superficial gas velocity,
there exists bubbly flow, and then the flow regime transfers
to slug, churn, and annular flow sequentially as the super-
ficial gas velocity increases. The results of air–water two-
phase flow patterns in a vertical equilateral triangular
channel with hydraulic diameter of 2.886 mm given by
Zhao and Bi (2001) are presented, as shown in Fig. 10a.
Obviously, the churn/annular flow transition line of the
present experiment shifts to lower superficial gas velocity.
But the bubbly/slug transition line shows great difference,
i.e., their bubbly/slug curve is on the top left corner,
beyond the region of the coordinates. Another conflict with
the flow regime map of Zhao and Bi (2001) lies in that the
slug flow region of their map is much wider than ours. The
possible reason can be that the surface tension force of air–
water is much larger than that of liquid nitrogen, so their
annular flow occurs later. However, the surface tension
force effect can not explain why the regions of bubbly
and slug flow of Zhao and Bi (2001) are so different from
ours. The comparison is also made to the curve of Triplett
et al. (1999) which corresponds to air–water flow regime
map in a 1.45 mm circular tube, as shown in Fig. 10b. Sim-
ilar to Zhao and Bi (2001), it is found that the bubbly/slug
transition line of the present study shifts to higher superfi-
cial gas velocity and churn/annular transition line to lower
vapor velocity. The slug region of the present experiment is
narrower than that of Triplett et al. (1999). Fig. 10c shows
the comparison of the present work with that of Chen et al.
(2006), which plotted the flow regime map of R-134a in a
circular tube with the hydraulic diameter of 2.01 mm. They
also investigated the effects of pressure on flow regime tran-
sition and found that transition lines shifted to lower super-
ficial gas velocity at higher pressure. It seems that their flow
transition lines shift left compared to ours. One of the pos-
sible reasons can be that the experimental pressure (6–
14 bar) of Chen et al. (2006) is much higher than that of
the present work (1.12–2.96 bar), so their transition lines
move to lower superficial gas velocity when the surface ten-
sion of R-134a is almost the same to that of liquid nitrogen.

It is concluded that the bubbly/slug transition line of the
present work shifts to higher superficial gas superficial
velocity and the transition line of churn/annular shifts to
lower superficial gas velocity compared to air–water flow
regime maps. Correspondingly, the regions of slug flow
of the present work become apparently narrower than
those in Triplett et al. (1999) and Zhao and Bi (2001).
The surface tension which is frequently used to explain
the flow transition lines in mini/micro-channels is not
enough to explain the characteristics of the flow regime
map of liquid nitrogen in mini-tube. Probably, viscous
force and contact angle should also be taken into account
for the flow patterns transition of liquid nitrogen. Furuka-
wa and Fukano (2001) found flow patterns transition
depended strongly on liquid viscosity when they investi-
gated the effects of liquid viscous force on the flow patterns
of upward air–liquid flow in a vertical tube of 19.2 mm in
inner diameter. They found the bubbly/slug transition line
shifted to higher superficial gas velocity when the viscous
force decreased. The liquid–solid contact angle plays a
great role on the departing sizes and frequency of bubbles
in the flow boiling. So the contact angle will naturally
affects the flow pattern transitions especially the bubbly/
slug transition. Table 3 shows the comparison of viscous
force, contact angle and surface tension of liquid nitrogen
to those of the water. It is found that all those parameters
are much smaller than those of the water. Smaller viscous
force of liquid nitrogen may be the reason that the bub-
bly/slug transition line of the present study moves to higher
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superficial gas velocity. The ideal wettability of liquid–solid
interface due to smaller contact angle could possibly inten-
sify the nucleation and coalescence of bubbles which may
explain that the region of slug flow is so narrow. In general,
the surface tension force combined with viscous force and
contact angle may be possible to explain the characteristics
of flow regime maps of liquid nitrogen flow boiling in mini-
tubes. Future theoretical and experimental studies are
needed to specify the detailed effects of above three factors
on flow regime maps of liquid nitrogen flow boiling in
mini-tubes.

Comparison is also made to the semi-theoretical model
of Taitel et al. (1980) expressed as below:

Bubbly to slug:

ULS ¼ 3:0UGS � 1:15
gðqL � qGÞr

q2
L

� �1=4

: ð5Þ

Slug to churn:

l
D
¼ 40:6

U LS þ UGSffiffiffiffiffiffi
gD
p þ 0:22

� �
; ð6Þ

where D is the inner diameter, l is the entrance length.
Churn to annular:

U GSq
1=2
G

rgðqL � qGÞ½ �1=4
¼ 3:1: ð7Þ

Fig. 10d shows the predicted transition lines of the model
which appear to be in poor agreement with the experimen-
tal results. The churn flow region predicted by the model is
much wider than that of ours. Moreover, the bubbly/slug
experimental transition line shifts to higher superficial gas
velocity compared to that calculated from Eq. (5), as
shown in Fig. 10d. The discrepancies might be attributed
to the fact that previous Taitel et al. (1980) model was
developed for moderate and large circular channels, in
which the effect of gravitational force played an important
role.

Fig. 11 shows the flow regime map based on phasic
Weber numbers which is expressed as below:

WeGS ¼
qGDU 2

GS

r
;WeLS ¼

qLDU 2
LS

r
; ð8Þ

where WeGS and WeLS are the superficial gas velocity We-
ber number and the superficial liquid velocity Weber num-
ber, respectively.

Weber numbers, dimensionless, as the function of super-
ficial velocity, is the ratio of inertia force to surface tension
force as shown in Eq. (8). The experimental transition lines
in Fig. 11 are very similar to those in flow regime maps of
superficial velocity coordinates in Fig. 10, which is because
Weber numbers is essentially dimensionless superficial
velocities square. Table 2 shows the ranges of phasic Weber
numbers in the present study which indicate that the two
kinds of forces are dominant in different regions. In the
flow regime map based on Weber numbers, the whole
region can be classified into three regions, i.e., the surface
tension dominant zone (bubbly and slug flow regions),
intermediate region (churn flow region), inertia force dom-
inant region (annular flow region), as shown in Fig. 11.
Experimental data of Zhao and Bi (2001) in vertical equi-
lateral triangular channel with hydraulic diameter of
1.44 mm are presented for comparison. Apparently the sur-
face tension dominant region of the present study is much
wider than that of Zhao and Bi (2001). Also, the interme-
diate region of our study is much narrower. Akbar et al.
(2003) fitted the transition line of all regions and found that
most data agree well except Zhao and Bi (2001) and Mishi-
ma et al. (1995). However, their proposed lines (Fig. 11) did
not agree well with the data of the present work, one of the
possible reasons is that the fitting line is based on data of
air–water experiment and the transition lines vary consid-
erably among different working fluids.
3.3. Time-averaged void fraction

Void fraction, defined as the volume of space occupied
by the gas phase and involving in predicting the two-phase
pressure loss and heat transfer, is one of the most impor-
tant parameters in the study of two-phase flow. Taking
images, due to its no intrusion to the flow field, is one of
the routines to obtain accurate void fraction.

For each data point of stable two-phase flow patterns,
1000 images recorded by high-speed camera in one second
is analyzed to obtain void fraction. For each image, the
void fraction is the ratio of the volume of gas phase to
the whole volume of fluid on the image. The volume of
gas phase is decisive to the accuracy of the result and is cal-
culated in different ways for different flow patterns. For
bubbly flow, all the bubbles are treated as spheres with dif-
ferent diameters; for slug flow, the Taylor bubble is
assumed to be a cylinder with a hemisphere; the gas
cores which are the major existing forms of gas phase in
churn and annular flow are regarded as cylinders. The
time-averaged void fraction is obtained by the following
expression:

a ¼
P1000

n¼1 an

1000
; ð9Þ

where a: estimated time-averaged void fraction, an: esti-
mated void fraction in one image.

As for the uncertainty, the selection of interface is criti-
cal to the accuracy of void fraction. The gas–liquid inter-
face is actually a very narrow blur band at high-flow
rate. Two values are obtained by selecting upper and lower
boundaries of the blur band, and the truth value is defi-
nitely between the two values. So the uncertainty is
obtained by the following expression:

Dan ¼ 2�
an;upper � an;lower

		 		
an;upper þ an;lower

; Da ¼
P1000

n¼1 Dan

1000
ð10Þ
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where an,upper and an,lower are the estimated values of void
fraction by selecting upper and lower boundaries of the
interface, respectively. Dan: the uncertainty of estimated
void fraction of one image, Da: the uncertainty of estimated
time-averaged void fraction which is estimated to about
15% in the present study.

Void fraction is plotted against homogeneous void frac-
tion (b) defined as below:
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 � qG
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 �0:10
@
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L

h i0:25

1:22þ 1:22 sin hð Þ
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psystem

; ð15Þ
b ¼ UGS

UGS þ U LS

: ð11Þ

When the two phases have the same velocity at the dy-
namic equilibrium condition, a is equal to b as indicated
by the solid line (homogeneous model) with slop of unity
in Fig. 12. For different flow regimes, the gas and liquid
phase have different velocities. So the real a � b curve will
deviate from the line with slop of unity. It is seen that the
homogeneous model prediction agrees poorly with the re-
sults of experiment, which indicates the great slipping be-
tween gas and liquid phase. Kawahara et al. (2002) got
the similar result when they investigated the a � b relation-
ship in a 100 lm circular micro-channel. One of the possi-
ble explanations can be that the liquid and gas phases have
smaller momentum coupling than that in normal-sized
tubes when the flow is at relative high-vapor quality, i.e.,
annular flow. So the vapor phase can flow in the core
smoothly with little resistance. However, the liquid phase,
which appears to be a thin liquid layer attached to the wall,
will be confronted with great hindrance under great wall
shear and surface tension. So the gas–liquid slip ratio is
much higher than that in normal-sized tubes and the curve
of the present study deviate the linear relationship fiercely.
Correspondingly, the relationship of a and b is fitted as
follows:
a ¼ 0:06391b0:5=ð1� 0:93609b0:5Þ: ð12Þ

The homogeneous model, Zivi (1964) annular model and
the universal model of Woldesemayat and Ghajar (2007)
are chosen to make a comparison with the experimental
data as shown in Fig. 13 with the coordinates of void frac-
tion (a) versus vapor quality (x). The relationship of void
fraction and quality in homogenous model is given by

a ¼ 1þ qG

qL

1� x
x

� �� ��1

: ð13Þ

The solid line in Fig. 13 obtained by homogenous model
gives a greatest overestimated result compared with the
other two models.

The Zivi (1964) annular model is predicted by

a ¼ 1þ qG

qL

� �0:67
1� x

x

� �" #�1

: ð14Þ

Zivi (1964) annular model, the dash line in Fig. 13, gives
fair prediction in the annular region compared to homoge-
neous model.

Recently, Woldesemayat and Ghajar (2007) proposed a
universal model through comparison of correlations and
2845 sets of experimental data as follows:
where, h is the incline angle (h = 90� for the present exper-
iment), patm and psystem are atmospheric pressure and sys-
tem pressure, respectively. It is obvious that the universal
model of Woldesemayat and Ghajar (2007), the dash dot
line in Fig. 13, gives the best prediction.

It should be noted that the droplet and entrainment in
the annular flow are not taken into account in the images
processing, which will bring the lower results. Moreover,
the images are obtained at the relatively low mass flux,
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because the flow patterns could not be identified accurately
at high-mass flux.

3.4. Two-phase flow instability

Unstable phenomena like periodical oscillations are fre-
quently detected in the 1.931 mm experimental runs with
high-mass flux. We observed three types of periodical oscil-
lations at different mass flux and heat flux: (1) liquid/two-
phase alternating flow; (2) continuous two-phase flow; (3)
liquid/annular flow. The images of typical flow patterns
during the above three types of oscillations are recorded
with the aid of the high-speed camera. Simultaneously,
the corresponding parameters including temperature, mass
flux and pressure are recorded by the data acquisition sys-
tem synchronously. The detailed description is as below by
taking three samples:

Type A: liquid/two-phase alternating flow at mass flux
G = 277.4 kg/m2 s, heat flux q = 1.15 W/cm2.

Fig. 15 shows the typical images of different time during
an oscillation period, which lasts for around 33.5 s. It
begins with a single liquid phase flow at 5.5 s, as shown
in Fig. 15, and then the bubbly flow appears at 13.0 s. After
a few seconds, there comes the slug flow at 22.5 s. The
annular flow comes at 28.0 s. The annular flow lasts for a
few seconds, and there comes churn flow at 30.0 s. The slug
flow and the bubbly flow appear again at 35.5 s and 37.5 s
sequentially. Finally it comes back to the single liquid
phase flow at 39.0 s. During this period, the liquid phase
flow accounts for 16.1% of the time (5.4 s), as shown in
Fig. 20a which displays the flow pattern appearance prob-
ability of three types of oscillations. The probabilities of
bubbly, slug, and churn flow are 9.5% (3.2 s), 13.1%
(4.4 s), and 13.3% (4.5 s), respectively. The dominant flow
is annular flow which accounts for 48.0% of the time
Table 4
The detailed data of the samples for the three types of oscillations

Type-A

q 1.15 W
G Average value 277.4 k

Oscillation amplitude 202.8 k
Pi Average value 143.4 k

Oscillation amplitude 1.4 kP
Po Average value 137.5 k

Oscillation amplitude 6.8 kP
Pi–Po Average value 5.9 kP

Oscillation amplitude 5.6 kP
Ti Average value 79.4 K

Oscillation amplitude 0.6 K
Tw Average value 89.1 K

Oscillation amplitude 0.5 K
Total period of oscillation 33.5 s
Liquid phase 5.4 s
Bubbly 3.2 s
Slug 4.4 s
Churn 4.5 s
Annular 16 s

Pi and Po are the inlet pressure and the outlet pressure of the test section, res
(16 s), as shown in Fig. 20a. The detailed data for the above
oscillations are listed in Table 4.

The synchronous signals of pressure, mass flux and
temperature are shown in Fig. 14a and b. During the
same period as in Fig. 15, the amplitude of the mass flux
and the pressure drop are 202.8 kg/m2 s and 5.6 kPa. It is
seen from Fig. 14a that the mass flux and the pressure
drop are out of phase, i.e., the trough in the mass flux
curve corresponding to the crest in the pressure drop
curve and also corresponding to the annular flow at
28.0 s in Fig. 15. It is also seen that the crest in the mass
flux curve corresponds to the trough in the pressure drop
curve in Fig. 14a and also corresponds to single liquid
phase flow at 5.5 s in Fig. 15. The wall temperature oscil-
lation in Fig. 14b is also with the same period as flow
pattern oscillation in Fig. 15. The wall temperature
(Tw) and inlet temperature (Ti) are in phase with the
amplitude 0.5 K and 0.6 K, respectively. Moreover, the
crest in wall temperature curve is roughly responding to
the trough in the mass flux curve in Fig. 14a or annular
flow at 28.0 s in Fig. 15.

Type B: continuous two-phase flow at G = 692.6 kg/
m2 s, q = 2.85 W/cm2.

The image series of Type B oscillation in a period is
shown in Fig. 17. It is found that the single liquid phase
flow is missing compared to Type A in Fig. 15. The images
are obtained at high-recording speed with small visual field
due to much higher flow rate. The period is about 28.5 s
and starts with bubbly flow at 18.5 s as shown in Fig. 17.
The slug, churn and annular flow appear alternatively dur-
ing one period. Finally the flow pattern changes back to
bubbly flow at 47.0 s. As shown in Fig. 20b, the dominant
flow patterns are bubbly flow and annular flow accounting
for 35.6% (10.1 s) and 41.4% (11.8 s), respectively. The slug
flow and churn account for 11.2% (3.2 s) and 11.8% (3.4 s).
Type-B Type-C

/cm2 2.85 W/cm2 8.61 W/cm2

g/m2 s 692.6 kg/m2 s 764.5 kg/m2 s
g/m2 s 650.6 kg/m2 s 992.4 kg/m2 s
Pa 175.4 kPa 163.7 kPa

a 4.6 kPa 5.3 kPa
Pa 168.2 kPa 137.9 kPa

a 15.1 kPa 63.6 kPa
a 7.2 kPa 25.8 kPa
a 11.9 kPa 60 kPa

79.8 K 80.3 K
0.2 K 1.0 K
104.2 K 252.2 K
17.9 K 6.0 K
28.5 s 31.5 s
0 s 4 s
10.1 s 0 s
3.2 s 0 s
3.4 s 0 s
11.8 s 27.5 s

pectively.
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Corresponding to the same period as flow pattern alter-
nation in Fig. 17, the mass flux and pressure drop are plot-
ted against time in Fig. 16a. The amplitude of mass flux is
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Fig. 14. Two-phase flow instability for the mini-tube with inner diameter
of 1.931 mm at G = 277.4 kg/m2s, q = 1.15 W/cm2: (a) mass flux and
pressure and (b) temperature and heat flux.

5.5 s 13.0 s 18.5 s

30.0 s 33.5 s 35.5 s

Fig. 15. Variations of two-phase flow pattern during the oscillations at G =
1.931 mm.
650.6 kg/m2 s, and the amplitude of pressure drop is
11.9 kPa. It is found that the mass flux and the pressure
drop are out of phase as shown in Fig. 16a. The trough
in the mass flux curve is corresponding to the crest in the
pressure drop curve and also corresponding to annular
flow at 32.0 s in Fig. 17. During the same period, the ampli-
tude of wall temperature and inlet temperature are 17.9 K
and 0.2 K, respectively. It is similar to Type A oscillation
that the temperature is roughly out of phase with the mass
flux.

Type C: liquid/annular flow at G = 764.5 kg/m2 s,
q = 8.61 W/cm2.

This oscillation appears at higher mass flux than the
above two oscillations. It is observed that the bubbly, slug
and churn flow are missing in the period which lasts for
31.5 s, as shown in Fig. 19. Flow patterns alternate
between single liquid phase flow and annular flow,
accounting for 12.6% (4 s) and 87.4% (27.5 s) of the period
as shown in Fig. 20c, which agrees well with the findings of
Revellin et al. (2006). They found the bubbly flow, slug and
churn flow disappeared in the case of high mass flux.

The amplitude of mass flux and pressure drop are 992.4
kg/m2 s and 60 kPa in Fig. 18, respectively. It is found the
mass flux and pressure drop are out of phase. Their corre-
sponding relationship are similar to those of the above two
oscillation. It should be noted that there exists negative
value of pressure drop indicating of flow reversal. During
the same period, the amplitude of wall temperature and
inlet temperature are 6.0 K and 1.0 K, respectively.
 22.5 s 28.0 s 

 37.5 s 39.0 s 

277.4 kg/m2s, q = 1.15 W/cm2 for the mini-tube with inner diameter of
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Fig. 16. Two-phase flow instability for the mini-tube with inner diameter
of 1.931 mm at G = 692.6 kg/m2 s, q = 2.85 W/cm2: (a) mass flux and
pressure and (b) temperature and heat flux.
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Fig. 18. Two-phase flow instability for the mini-tube with inner diameter
of 1.931 mm at G = 764.5 kg/m2 s, q = 8.61 W/cm2: (a) mass flux and
pressure and (b) temperature and heat flux.
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The explanation for the above three periodic oscillations
are as follows: the pressure drop along the test section
greatly increases when flow boiling occurs. The increase
of the pressure drop brings about the decrease of the mass
flux which conversely causes the decrease of the pressure
drop. So the oscillations happen. The mass flux and the
pressure drop in the oscillations are out of phase with a
18.5 s 20.5 s 22.5 

35.5 s 39.0 s 43.0 

Fig. 17. Variations of two-phase flow pattern during the oscillations at G =
1.931 mm.
strict phase angle of 180�, as shown in Figs. 14, 16 and
18. Other researchers got similar results. Wang and Chen
(1996) concluded that large-amplitude oscillations could
be sustained when the oscillation of pressure and induced
oscillation of mass flux had phase differences. Wu and
Cheng (2004) also observed long-period/large-amplitude
oscillations in micro-channels and found the oscillations
s 28.0 s 32.0 s 

s 45.0 s 47.0 s 

692.6 kg/m2s, q = 2.85 W/cm2 for the mini-tube with inner diameter of



11.0 s 16.5 s 26.0 s 33.5 s 42.5 s 

Fig. 19. Variations of two-phase flow pattern during the oscillations at G = 764.5 kg/m2s, q = 8.61 W/cm2 for the mini-tube with inner diameter of
1.931 mm.
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Fig. 20. Flow pattern appearance probability of three types of oscillations.
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occurred when the mass flux and pressure drop were out of
phase. The heat flux and mass flux decide the flow pattern
alternations during a period of the oscillations. The single
liquid phase flow occurs only in Type A oscillation when
the constant heat flux is insufficient to cause boiling in
the case of maximum mass flux of liquid nitrogen. Type
B oscillation appears when the constant heat flux is suffi-
cient to boil the maximum mass flux of liquid nitrogen.
According to the analysis in Section 3.2 of the paper, the
bubbly flow tends to disappear as well as the slug flow
and churn flow when the mass flux is increased to a certain
value. So the oscillation in the case of large mass flux and
high-heat flux takes the form of Type C oscillation.

4. Conclusions

The flow boiling patterns of liquid nitrogen in an
upwards vertical mini-tube with the internal diameter of
1.931 mm are studied experimentally in the present work.
The following conclusions can be obtained:

(1) Four typical flow patterns are observed in the exper-
iments, i.e., bubbly, slug, churn and annular flow.
Sub-patterns of bubbly flow like wall-peaking bubbly
flow, elongated bubbly flow and dispersed bubbly
flow, etc., are also demonstrated. As for the slug flow,
the Taylor bubbles are elongated when the superficial
gas velocity increases. It is found many droplets and
wisps are entrained in the churn and annular flows, in
which the liquid droplet deposition in churn flow is
observed and illustrated in detail.

(2) The annular flow covers most regions in the flow
regime map, and there is no other flow patterns but
annular flow when the vapor quality is larger than
0.15. The bubbly flow is not found when mass flux
is higher than 820 kg/m2 s. Compared to air–water
data in the mini-channel, the transition line of bub-
bly/slug of the present work shifts to higher superfi-
cial gas velocity, while churn/annular to lower gas
superficial velocity. The slug region is much narrower
than that in air–water flow regime maps. Surface ten-
sion, which is frequently used by many researchers to
explain flow pattern transition lines in mini/micro-
channels, is not adequate to explain all the above
characteristics in flow regime maps. So future work
on the effect of properties of liquid nitrogen should
be endeavored for accurate flow patterns
determination.

(3) Void fraction is measured quantitatively and the
results are compared to various models in which the
model of Woldesemayat and Ghajar (2007) gives
the best prediction. The homogeneous model over-
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predict the results and the probable explanation is
that slip ratio in mini-tubes is much higher than that
in normal-sized tubes in which homogenous model
can give good predication.

(4) Three kinds of two-phase flow oscillations are
observed and the similar characteristics of all the
oscillations are: the mass flux and pressure drop are
strictly out of phase with a phase angle of 180�; wall
temperature and inlet liquid temperature oscillate in
phase, but both of them are roughly out of phase to
mass flux. High-speed camera visualization shows
that: flow patterns changes between single liquid
phase flow and two-phase flow at Type A oscillation,
and with the decrease of mass flux, flow patterns
change to bubbly, slug, churn and annular flow grad-
ually; at medium mass flux and heat flux, there
appears Type B oscillation without single phase flow
and flow patterns change among bubbly, slug, churn,
and annular flow. Type C oscillation which occurs at
high mass flux and heat flux is special, in which flow
patterns change periodically between single liquid
phase flow and annular flow.
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