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in an annular tube are also highlighted in this article.
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INTRODUCTION
Two-phase flow and phase change phenomena in a tube are usually observed in
the power plant, heat exchanger, and condenser in industrial application.

The system’s design is crucial to ensure the safe operation, especially in nuclear power plant. Therefore, a good
understanding of two-phase flow and phase change phenomena is important when to improve and redesign the system.
Nowadays, the world demanding high accuracy of the phase change phenomena monitoring technique to enhance the
performance of the nuclear power plant.

Multifarious scholars had carried out the new experiments to make enhancements for the current available
method in understanding the behaviour of condensation phenomena. Besides, the simulation modelling technique also
has been employed to model and visualize the two-phase flow phenomenon. Through this simulation technique, the
mechanism of phase change and condensation can be visualized in a real time. These efforts motivate the current
literature review that focus on the condensation behaviour in a tube. This article is expected to provide profound
understanding on the effect of the flow behaviour or pattern to the condensation and determination of condensation
phenomena in the experiment.

In the beginning of the article, the condensation in a tube is focused based on the previous articles, which have
been reported by previous scholars. Besides, this article also provide an overview of condensation in two-phase flow in a
tube. Mostly, the researchers considered water-vapour to reveal the behaviour of condensation in a tube flow. This article
also includes the review of substantial experimental work related to the determination of the condensation in a tube. Two
streams of determination of condensation were pursued and reviewed: one towards the experiment currently used in
determining the condensation in a tube and the other towards the potential new experiment that could be used to
determine the condensation in a tube. Furthermore, some of the unique challenges and future needs in determining the
vapour-liquid condensation through the void fraction technique are also discussed in this paper.

Overview of Condensation Phenomena
Condensation involves phase change phenomena, which is a complex field in the heat transfer area. Two-phase
changes (i.e., gases or vapour and liquid or water) were studied in various applications, such as microchannel, rocket
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vehicle, heat exchanger and air conditioning system. The medium for phases reflected in the application are summarized
in Table-1. In the early stages of research, the condensation phenomena were introduced by Nusselt [1] and he proposed
the first theoretical solution to solve the heat transfer coefficient by assuming the linear temperature profile across the
laminar film thickness of the liquid. To understand the condensation phenomena, convection Newton’s Law of cooling
needs to be referred (Eq. 1), as the fundamental theory in analysing the phenomena.

Q = hA,(T, — Ty) 1)
Where

Q[W] is heat, h [Wm™2K 1] is heat transfer coefficient, A, [m] is vapour area, T,[k]is vapour temperature
and T, [k] is water temperature.

Table-1: Summary Type of Phases Involve in Condensation

Researcher Phases Application Experimental Flow Pattern
Chengbin Z et al., [2] ethanol- Modern Devices High Speed Camera Droplet-slug/bubble
water (Microchannel) Pure slug/bubble
Annular-streak
Annular flow
XuQetal, [3] Steam-water | Liquid-propellant rocket High Speed Camera Steam jet
vehicle condensation
GoulJetal., [4] Steam-water | Passive safety system Analytical Film condensation
(Heat exchanger)
Azizi S and Ahmadloo Gas-liquid | Air conditioning system Analytical Film condensation
E [5] (R134a) (Artificial Neutral
Network)

By considering the water temperature much more lower than vapour; the vapour area will decrease as followed
by the occurrence of the condensation phenomenon. This phenomenon is a condensation occurs along the tube because of
the mass vapour phase been transferred to the water phase. For phase change phenomenon, the heat transfer rate is equal
to the rate of heat transfer from vapour to water [6], as shown in equation (2), where, hy,[J/ kg~'K~'] is latent heat of
vaporization and m.[kg s~1] is the mass of condensation rate.

h(T, — T,)A, = mchfg 2

Rearranging the equation (2), condensation heat transfer coefficient, h[Wm™2K 1] from vapour to water can be
obtained as shown below,

h =i heg/A, (T, — T,) 3

As the vapour enter the tube in the superheated vapour condition, the modified latent heat of vaporization (for
subcooling condition) is integrated with the superheated effect and is given in equation (4), where, T, is a saturation
temperature at the interface of vapour. The second term refers to the subcooling of the water and the last term is referred
to the cooling from superheated vapour to the saturated temperature.

h;g = hfg - 0-68Cpl(Tsat -T,) + Cpg(Tv — Tsar) 4)

Referring to the equation (3), the area (A,) is referred to the vapour area which occurring from two-phase flow
structure either bubbly flow, slug flow, churn flow or annular flow. All type of flows will have various shapes that are
very complicated to measure the surface areas contains the injected vapour energy. In the single phase flow, convection
force practically used dimensionless parameter such as Nusselt number (Eq. 5), Reynolds Number (Eq. 6), Prandtl
number (Eg. 7) and Jacob number (Eq. 8) as defined as:

— hdy
Nu = P )
_ PwVpdy
Re = T (6)
o=y (7)
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_ PwCpwAT
] - py(hy—hy) (8)
Where

h, and h,, are the specific enthalpy of steam and water. To estimate the vapour equivalent diameter, d,,, the formula is
shown in this equation (9). But for two-phase flow, the time variation of the vapour external surface that directly contact
with subcooling liquid can be defined as by assuming that vapour shape is single bubble is derived by Yao W et al., [7]:

day _ d(dy)
E = 27Td,, at (9)

The equations (2), (3), (5), and (6) indicate that the importance of the area and diameter of vapour in tube flow
in the determination of condensation heat transfer coefficient and mass transfer rate. The understanding of flow pattern in
tube either bubble flow, bubbly-slug flow, slug flow, and annular flow (Figure-1) is vital to analyse the phenomena in
two-phase flow to determine the area and diameter of vapour.

For two-phase flow, a vapour area in flow pattern will consider as void fraction. Determination of void fraction
is a main focus for the researcher and currently demanding high accurate determination technique in two-phase flow and
phase change phenomena. The main parameters in two-phase flow, such as correlation of void fraction, flow pattern
maps, and slip velocity are also discussed in this article. Before further explores the phenomenon in the two-phase flow
and phase change, the understanding of the interfacial heat transfer formulation is important to analyse the heat transfer
of two-phase flow and condensation in a tube. Thus, section 3 summarizes the continuity equation, momentum equation
and energy equation that have been used to analyse the two-phase flow in the previous studies.

Mist Annular  Injection Plug/Slug Bubbly  Liquid
flow flow flow flow flow flow
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Fig-1: Condensation flow pattern inside tube [8]

Interfacial Heat Transfer formulation

Heat transfer in tube flow had been studied in early 1949 by Tangreen et al., [9]. In the early stage of
investigation, a lot of assumption was used to simplify the research and solve using analytical techniques. Albagli and
Gany [10] derived the two-phase continuity equation (Eq. 10). Nowadays the analysis of two-phase flow heat transfer
can be done either analytical [11, 12], experimentation [13, 14] or simulation [15-17]. The understanding of the
fundamental equation is crucial for researcher to reveal the correlation between the variables in the heat transfer
phenomena, especially in the analysis of two-phase heat transfer of tube flow. The continuity equation, momentum
equation and the energy equation in two-phase flow [10] provide better understanding in the fundamental internal force
convection in tube flow. Moreover, the heat transfer can be analysed through the correlation approach in empirical and
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semi-empirical that can be divided into three situations, which are two-phase multiplier based models [18], interfacial
shear stress based models [19] and boundary layer based models [4].

Continuity Equation
The continuity equation in the two-phase flow can be expressed by equation (10):
Meor = (1 + po) pryodo = lapyu, + (1 — a)pu]A (10)

Where
U, is a local mass flow ratio between the vapour and water [kg s~1], p;, is a density of the liquid [kgm ™3], u,, and u;,
are the velocity for vapour and liquid phase [ms~1], 4 is cross sectional area of the tube [m?], « is void fraction, and
subscript ‘o’ is referred to the initial condition for the flow in a tube. u is a local ratio mass flow rate between vapour
phase and liquid phase as shown in equation (11).

— M
n=a (11)

Void fraction is the ratio between gas areas in the liquid flow over total area of the flowing fluid. This parameter
is the most important part to analyse the condensation in the annular channel. In one dimensional flow, fundamental
assumptions need to be made to simplify the analysis. Therefore, average parameters are assumed over the cross-section
and this average model is termed as the drift flux model. Thus the void fraction can be expressed in the basic equation.

1 Ay

o =—Fmy = — 12

TP T, (12)
HpUg
Hence,
da 1 ud d du u du
_=_W(_p__,u+u_p+ __P__z) (13)
dx + u dx dx dx u; dx
Hpug
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Fig-2: Flowchart to analyse the condensation phenomena inside the tube

Momentum Equation
Momentum equation is used to describe the friction force’s effect exerted on the fluid by tube wall. This

equation shows the effect of shear stress in the last term of equation (14) denoted by 7. In equation (15), the frictional
coefficient and two-phase flow correlation factor are represented by f and ®2.

d d d
apuﬁ +(1- a)plul£ = ——laP+ (1 -a)P] - % (14)

Rearranging Equation (14): .
dor _ _ 1 [, 9 du - du — py & _ 2P g2
=-1 [a o tapu—+ 1 -a)py ot (P-pP) ] , fo (15)

dx E

In two-phase flow heat transfer, the momentum change is attributed by the material transport from vapour
phase to the surroundings, which due to the condensation (Eq.16) phenomenon.

Available online: https://saudijournals.com/journal/sh/home 336




W. M. Faizal W. A. Rahim et al., Sch. Bull., Vol-4, Iss-4 (Apr, 2018): 332-350

1 2
du 1 du du dp;  5Cppimr®lu—ug|(u—up) u(u—-up) 1 dm
puge o (g —w ) = - i
dx 2 dx dx dx 5nr3 57"3 n dx

(16)

Vapour bubble will affect by the drag factor as shown in equation (16), because of the interaction of vapour
phase surface to the surrounding and it can be calculated by the following correlation for the condensation:

_ 24 3 .
Cp == (1+16Re) iRe<1 (17a)
CD — 10(1.455—0.912l0g10Re‘); 1<Re<4 (17b)
Cp :%;4<Ressoo (17¢)
Cp = 0.444; Re > 500 (17d)

Thermal Energy Equation

Energy equation (Eq.18) describes the heat transfer between the bubble phase (i.e., bubble, bubbly-slug, slug,
annular flow) to the liquid phase in the tube, where, h is condensation heat transfer coefficient [Wm™2K '], and c,, is
vapour phase specific heat [Jkg=1K~1].

4 daT 1dmn
Anr?h(T,—T) = (1 — |6|)§m‘3pcpua + 6hfgugd—7: (18)
In order to describe the changes of vapour phase radius, the ideal gas equation (19) is considered and substitutes

into the equation (18) and rearrange to become equation (20).
P = pRT (19)

dr _ h(T;-T) T dR r dP r dT

e (20)
dx puhgg 3R dx 3P dx 3T dx

When the condensation takes place in the tube flow between vapour and liquid phase, equation (20) is mainly
used to analyse the changing of the vapour radius that describes the condensation phenomena.

The determination of condensation or phase change phenomena has been reviewed based on the most related
substantial works. The vapour radius in the condensation or phase change phenomena can be calculated through the
analytical method (Eq.20). This equation taking account many assumptions [10] to observe the phase change phenomena.
However, the result of the equation is inadequate to reflect the real situation. To increase the reliability and accuracy of
the result, experimental method [20-23] is the best approach to understanding the condensation behaviour in tube flow
and also can be used to verify the fundamental equation. In two-phase flow, the trend of void fraction will reduce and
alter during the condensation along the tube. Understanding the heat transfers of each flow structure and relationship with
void fraction along the annular tube is significant in the research area of two-phase flow heat transfer.

In reality, the visualization of a real two-phase mixtures flow inside the pipe is very difficult. In relation to this
problem, numerous researchers had put in their efforts to overcome this shortcoming. They have proposed various
techniques, which will be discussed in the following section for different purposes such as void fraction measurement,
flow pattern identification, velocity measurement, etc. From the substantial studies on relationship and correlation for the
two-phase flow, the flowchart to analyse the condensation phenomena inside tube is constructed as illustrated in Figure
2. As a result, it can be employed to determine the flow characteristic of the system through various methods (i.e.,
analytical, experimental and simulation).

Heat Transfer in Different Flow Structures

The flow patterns or flow regimes give a crucial impact on some flow characteristics, such as heat transfer
conditions, velocity profile and pressure fluctuation. The classification of the flow regime is useful for researcher but
sometimes it becomes subjective to be defined. Several flow regimes have been identified and defined by researchers.
Various appropriate names have been given with the suitable definition based on the acceptable behaviour of the patterns
and shapes of the bubble. The definitions for each type of flow pattern were given according to the flow direction of the
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two-phase flow. Besides, Hewitt and Robertson [24] defined the co-current vertical upward flow of vapour-liquid in a
vertical pipe for various regimes.

Flow pattern Mapping

The vertical upward two-phase flow, particularly those involving boiling phenomena, has a significant
engineering application. To illustrate the flow pattern in such condition, it is best to refer to flow boiling in a vertical
annulus as reported by Collier [25]. As shown in Figure 1 (in Section 2), the illustration of tube depicts the entire
structure of flow boiling from the incipient boiling until dry out.

The bubbly flow begins at the early stage during the onset of boiling bubble nucleation particularly with the
effect of sub-cooling. At this point, bubbles were generated (nucleated) within the superheated thermal boundary layer on
the wall of the heated surface but later on getting condensed in the core of the flow. Sometime, the onset of nucleation
might happen in a poor or delayed manner due to low vapour qualities and low heat flux in sub-cooled boiling. Slug
waves were formed after the bubbly flow. As the flow boiling reaches the upper part of the heated surface, the liquid has
received enough energy to change phase in a more frequent rate. As a result, the annular flow regime is formed with the
thin liquid film flow on the wall, vapour in the core, and droplet entrainment with the alternate deposition flow along
with the vapour core.

All transitions of flow regime as discussed above can be explained or estimated for prediction studies using the
flow pattern map. It is a complete diagram that shows interchange of boundaries between patterns. There were a lot of
arguments involving the two-phase studies on the selection of fair and appropriate parameters to be presented in the flow
pattern maps, particularly on scaling the transition boundaries. Generally, it can be displayed by using dimensionless
parameters representing the superficial velocity of liquid and gas, in the form of normal scale or log-log axis. One of the
famous examples of flow pattern as reported by Hewitt and Robertson [24]. This map represents the result of small flow
channel but there is also a non-dimensional pairs of parameter as in Fair [26] and, Dalkilic and Wongwises [27] studies.
The map is applicable for all conditions of channel diameter and other diameters also can be applied in the experimental
study. Moreover, another popular mapping of flow pattern was proposed by Taitel and Duklear [28].

Interfacial Heat Transfer in two phase flow

Phase change phenomena in the heat transfer or interfacial heat transfer occur during the boiling, evaporation
and condensation. Interfacial heat transfer inside the tube is depending on the interaction of gas phases. In flow pattern
maps, the transition curve can be read as the transition of patterns or transition zone that gives the analogy of transition
between laminar and turbulent flow as well. As shown by previous scholars, the parameters used by scholars differ from
one to another. To utilize the Fair’s [26] map, we should have the superficial velocities of gas and liquid on x-axis and
mass flow rate on y-axis. These superficial velocities and mass flow rate are then to be matched vertically and
horizontally to reach the intersection of the graph. The same procedure is applied in order to utilize Hewitt et al., [24]
map but we should have different parameters. In the two-phase flow studies, many more flow pattern maps were
developed with various information that can be obtained from those maps, such as comprehensive treatment provided by
Barnea et al., [29] and fluid viscosity by Furukawa and Fukano [30]. Kattan et al., [31] and Zurcher et al., [32] presented
the flow map for a diverse range of parameters such as, vapour qualities, mass velocities and heat fluxes. This map also
provided the information on the estimation of dry out point at the upper side of the tube for evaporation and extended for
other fluids, refrigerant HFC-134a, HFC407¢ and R717 (ammonia).

Flow mapping suggested by Taitel and Duckler [28] and, Furukawa and Fukano [30] typically used as a
reference since these two maps are in the range of experiment works for vapour phase (steam) and liquid (water) flow
structure and orientation. Furthermore, the tube position, the geometry of the tube, vapour and liquid flow rate and the
physical properties of the phases also give a role in determination of flow pattern and it will give the significant finding
on the condensation phenomena inside the tube [33].

In the vertical orientation, the researchers investigated the condensation in many ways, such as direct contact
condensation, which means the vapour and liquid interact without having a wall. Besides, the condensation occurs on the
surface during the low temperature liquid flow that separate from the vapour was alienated by the wall. In heat transfer of
two phase flow, the flow structure, such as bubbly flow, slug flow, churn flow and annular flow inside the tube occur in
direct contact condensation. Dalkilic et al., [33] claim that the heat transfer between phases is depending on the
interaction and flow structure. This indicates that the studies of heat transfer on the flow structure provide an overall
understanding of condensation inside the tube. Rouhani and Axelsson [34] found the condensation coefficient, h, linearly
correlates with both interfacial area and local liquid Reynolds number. Hence, they proposed the correlation to calculate
the condensation rate (equation 21):

hC = aAbRel (21)
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where a is a proportional constant and may depend on thermal and physical properties of liquid and vapour
phases with the value of 10711kg/m3sK. A, is a liquid-vapour interfacial area per unit length of the tube, and Re;
correspond to the liquid Reynolds number obtained from the local liquid velocity as,

GD,
Rel = £
(A-a)u

(22)

Referring to the equation 21 (h.), interfacial area varies sensitively according to the flow pattern. Liang and
Peter Grifith [35] used transient conduction-diffusion model to analyse condensation inside tube and assume that the
bubble volume to be characterized by the injector size, which can be expressed by V, = ¢D?. Kalman and Mori [36] also
investigated the significance of drag coefficient that involve in bubble condensing in subcooled liquid and they are
assuming the vapour bubble in the spherical shape [37-43]. Equation (22) was used to estimate the heat transfer
coefficient in the tube for a single bubble. In this equation, the rate of bubble collapse dR/dt can be calculated from the
derivation of polynomial fitted to the data of each collapse process. Meanwhile, Kim and Park[44] derived the
condensation heat transfer with this term dV, /dt to show the bubble condensation rate is expressed in equation (23),
respectively. Thus, equation (24) can be used to estimate the bubble collapse along the tube for a single vapour.

Ro dR

h = —Pvlsg AT dt (23)
h _ pvhfg(dVb/dt) (24)
ApATsyp

Table-2 summarizes the formulations of the Nusselt number to measure the effectiveness of heat transfer, which
have been used in various applications that mainly dependent on the Reynolds and Prandtl number of the flow inside the
annular tube. These correlations mainly depend on the flow pattern. Aforementioned in the previous section, void
fraction is the main properties in the two phase flow but the study on this scope is still limited in the literature. The
correlation between the void fraction and the heat transfer coefficient still remain a huge research gap. Moreover, the
annular flow pattern heat transfer will use Log Mean Temperature Different (LMTD) in calculating the heat transfer
coefficient [45].

Table-2: Correlation of flow pattern and condensation heat transfer

| Authors | Equation | Bubble History
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Akiyama [47 h.D 1
yama [47] Nu = -2 = 0.37Re06pr1/3

F

Chen and Mayinger
(48]

Before detachment

h.D
Nu = c“b

= 0.61Rey°Prt/2p03

l
After detachment
h.D
u= ;{l” = 0.851Rel7Pri/2p03

0.9
B = (1—0.56Re,/*JaFo,)

o

Zeitoun et al., [49]

(4

B =(1-5.67RelS a’3%8]1q00%8Fo,)Pr07?

—1.20Ja®/10F0?/3

Nu = - b _ 2.04Re0610-328]0.308
1
Ranz and Marshall [50 D <Re<2
(0] = —;(l” = 2+ 0.6Rey°Pr? 0= Re=200
Hughmark [51] _hDy 055033 1 =< Re = 450
== 2 + 0.6Re2°Pr, 0 = Pr, < 250
heDy, o5 033 1 = Re < 1000
Nu = ; =2 + 0.6Rev' PTl 0 é P,rl é 250
Kim and Mudawar [52] h.D, b \2 , 2
Nu = _;( —= [(0.048Ref0'69Pr]9'34 X_:;) + (3.2 x 1077Re; *385u53°
.Uf 0.1 1—x 0.9 pg 0.5
() (5
.u'g x Pr
, (dP/dz);
9 (dP/dz),
h.D,, 23 20 < Re, < 700
Warrier et al., [53] Nu = N 0.6Re; Pr*(1 1.8<Pr; <29

12 < Ja < 100
1

1

B =1-18Re’ PriJaFoy(1—
2
0.72]Ja’°Fo03)

Table 2: Correlation of condensation heat transfer and flow pattern

| Authors

| Equation

| Remark
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Akers et al., [54] k, ! Py Ls
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[56] Nu = <=2 = 0.023Ref*Pr* [(1 —x)% + (o 3 ) l
¢ Pe-
Haraguchi et al., [57] h.Dy 08y Pg 1 o077
Nu = o 0.0152(1 + 0.6Prf )X—TTRef Xop
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Uy x Ug ¥
0.75
=1+05[—o]| X935
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Dobson and Chato [58 h.D 2.22
(=6} Nu =~ = 0.023Ref*Prf** (1 +X_°'89>
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Wang et al., [59 h.D
g [59] Nu = Ck—b = 0.027PrfRe})'6792x°'22°8;b—gqbg = 1.376 + 8X%:2%5
l TT
Koyama et al., [60] h:Dy bg
Nu = — = 0.0152(1 + 0.6Prf°-8)X—TTRe;’-77¢§
=1+ 21[1 — exp(=0.319D)1X7r + X2,

Interfacial Area in Two Phase Flow

Interfacial area is a crucial variable in determining the interfacial heat transfer for all flow patterns.
Determination of the interfacial area inside the flow channel is the important part but it is impossible due to several
limitations. Referring to the Figure-2 (in Section 2), interfacial area is also considered as a main variable in determination
heat transfer coefficient for condensation phenomena in the inside tube flow. Thus, it is important to make clear the
correlation and assumption when calculating the interfacial area. Figure-3 shows the approach that reported by Lin and
Hibiki [61] that categorizes the bubble in two-phase flow into two groups. Ma et al., [62] studied the interfacial area that
affected in bubbly flow for vertical orientation and Yang et al. [63] focused on the interfacial area for the thermal
hydraulic rod bundle. Conjunction the importance of observing the condensation inside the tube, interfacial area is the
main variable that needs to be further investigated. However, interfacial area cannot directly determine from the
experiment and it needs to consider the correlation that introduced by Rohatgi and Saha [64]. They also highlight the
importance of void fraction in the determination of interfacial area. Conversely, void fraction can directly determine from
the experiment by using several methods that are reviewed in following section. Rohatgi and Saha [64] proposed the
correlation of the interfacial area per unit volume accordingly to various flow patterns:

Bubbly flow

[a < 0.3 0ra < 0.5 with G > 2700kg/m?s]

6apiV .2
b= We jl (25)
Slug flow
[0.3 < a < 0.5 with G < 2500kg/m?s]
L= 3(0.92—6!)P1Vg12 n 5(3a-0.9) (26)

We o De

where We is Weber Number (dimensionless number), o is a surface tension of liquid (N/m), D, is the hydraulic diameter
(m) and V, is weighted mean vapour drift velocity (m/s), which for upwards steam-water bubbly-churn flow:

v, =141 [w]w 27)
gt ) P2
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and a is the corresponding void fraction obtained by Zuber and Findlay [65], as in equation 28.

a=x/ [Co (x%+%) +pgTVgl] (28)

Where C, is the vapour distribution (C, = 1.13) and G is mass velocity, (kg/m?s). Toda and Hori [66] examined
the condensation using video imaging process and they found the difficulties to estimate the interfacial area inside the
tube flow along the test section. The interfacial area of void fraction is useful in analysing the flow phenomena of the
nuclear reactor safety system [61-63]. The interfacial correlation is summarized in Table-3.

| Interfacial Area Transport Equation |

Group-1 Group-2
One-Group Approach A Bubble ‘ Bubble
[ Bubbly Fiow | O i Spherical | Cap
- Partice | | Bubble
Regime Regime

Two-Group Approach

£ D
Churn Flow ‘
Annular Flow

Annular-Mist Flow

Drag Coefficient

Distorted
Particle —

Regime

Bubble Reynolds
Number

Fig-3: Hlustration of two bubble groups analysis for two-phase flow [61]

Table-3: Interfacial correlation

Authors a;, interfacial correlation
Kasturi and Stepanek [67] | a;V,
- ’_ix = 2.26 x 1075(dP/dz)+"’
Akita and Yoshida [68] gD2p, 1/2 gD} 01 113
iz( o ) (vf) 3D,
i dap . —
Tomida et al., [69] a; = 0.22 (E)z a for j, < 8ms™1

Determination of void fraction via experiment

Void fraction is a main variable in the two-phase flow phenomena. The importance of void fraction had been
discussed by many researchers in the determination and observation of condensation inside a tube [70-73]. Furthermore,
industrial applications that involve the two-phase flow and heat transfer as discussed earlier, usually having flow transfer
in many arrangements of piping system. In real application, most of them (i.e., two phase flow) are not visible, since they
are not in a transparent tube. The complexity of two-phase flow patterns, however, needed to be identified to gain
detailed information on a particular application. Therefore, the detection, monitoring and full description of flow patterns
are required since it contributes to the many influences on the flow parameters. This can be carried out via experimental
work with proper monitoring elements and must be documented in a proper manner. For example, the measurement of
various parameter distributions in space and time (e.g., velocity, density and pressure) as studied by Keska and William
[74]. Therefore, referring to the equation (24), this indicates the importance of the determination of the vapour area to
calculate the condensation and heat transfer coefficient in annular channel. By using the interfacial area correlation that
proposed by researchers [75, 76], the interfacial area could be determined easily by knowing the void fraction inside the
annular channel. To overcome this issue, void fraction and interfacial area can be considered as the best approach to
solve the heat transfer coefficient in two-phase flow. Nowadays, various modern measurement techniques such as
electrical [77-79], gamma ray [80, 81] and ultrasound [82, 83] have been employed to measure the void fraction of
vapour-liquid flow inside the annular channel. Thus, the following sub-sections are the reviews on the current and
potential experimental methods to determine the void fraction in the two-phase flow for the vapour-water condition.
Visual Observation

A few techniques have been developed and applied to identify the flow patterns. Visual observation is a very
easy and common method to visualize the flow pattern through the captured image or video. Generally, the flow pattern
is often acquired by photographic image of the flow, which can be directly captured or recorded from the experiment.
This technique had been used by Taylor et al., [84] to study the flow pattern inside a transparent tube. Many researchers
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used this technique since it is a straight forward method and with recent technologies that enable the moving flow to be
recorded and examined carefully after the experiment. It will be easier for co-current flow but a little challenging for
counter current flow. Kim et al. [85] presented some results on the flow pattern by using this method to the measure the
rising of a slug.

A high-speed photography technique is crucial to visualize the high velocity flows. Other unique techniques
were used when the experiment involves high pressure and high temperature flows. However, the major drawback of
visual observation method is light refraction. When the light transmits through the transparent tube, the flow was
subjected to a complex series of refraction, thus the images produced are often confusing. This situation making it
difficult to construe the flow information. Therefore, the visualization system requires a high technology camera that has
a high shuttle speed feature. For video visualization, a high frame rate video is required. A good lighting system such as
number of lighting point and orientation also plays a main role during the visual observation to capture a high quality
image or video.

X-ray and gamma ray method

The X-radiography technique has been developed to overcome the refraction issue in visual observation. X-ray
image can provide useful information on the nature of the flow whereas the image produced from the X-radiography
depends only on the absorption. Thus, the flow characteristics can be easily acquired and understood from the x-ray
images. Table-4 summarizes the experimental methods and applications that have been reported by the scholars.

Table-4: Experimental method and applications in determination of void fraction

Authors

Experiment

Application

Yuetal., [86]

Gamma ray attenuation

Focusing on Industrial application (boiler, core and
steam generator in nuclear reactor)

Wang et al., [87]

Near Infrared Spectrum (NIR)
technology

Natural gas production well oil-gas exploration and
electricity generation.

Ying et al., [88]

Couple Contactless Conductivity
Detection (C*D)

Milimeter-scale devices/equipment

V.Sardeshpande et
al., [89]

Electrical capacitance tomography and
high speed photography

Industrial application

Srisomba et al., [90]

Quick-closing valve and optical
observation

Air conditioning system, refrigerator

Winkler et al., [91]

Digital image processing

Air conditioning system, refrigerator

Paranjape et al., [92]

Electrical impedance-based

High-end electronic devices

Kimetal., [93] Three ring conductance probe Industrial application
Takenaka and Asano | Umbra method using neutron absorber | Nuclear safety system
[94] grid

Lim etal, [95] Neutron radiography HANARO fuel channel

Yang et al., [96]

Impedance method

Industrial technologies application

Fukano [97]

Constant electric current method

Nuclear safety system
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Jones and Zuber [98] utilized an X-ray beam that transmitted through the flow and its resultant intensity was
determined in the detector. The output signal of the X-ray beam as a function of time was measured from the
instantaneous void fraction and the probability density was used as a function for the determination of void fraction.
Heindel et al., [99] applied an X-ray imaging method to differentiate and measure some flow characteristic in large
vertical pipe with a maximum internal diameter of 32 cm and a height of 4 m. Their facilities included the x-ray
radiography and a stereography imaging technique that enables the visualization of a 3D flow structure in an opaque
channel with multiphase fluid flow with the rate of 60 frames per second. They used the digital detector to digitize the
film radiography. Hu et al., [100] measured the void fraction distribution of phases and visualized the interfacial area
structure by using the fast respond X-ray tomography. They found the amplitude wave that used to determine the liquid
hold up in a stratified flow. Moreover, Nazemi et al., [80] measured the void fraction by neglecting the flow structure and
used counted photon that sensed from the transmitted detector.

Electrical Method

Electrical method is the best measurement technique to measure the void fraction of flow inside the tube. This
technique provides real time output from the experiment to measure the void fraction (Eq. 29) [92] as proposed by
Uesawa et al. [79]. This electrical technique has been proposed by many researchers and resolved concurrent with the
latest technology in the experimental field for measuring the void fraction [101, 102].

q =2t (29)

Where
v' (= V'/Vy) is a voltage ratio.

This alternative way (electrical technique) used conductance probe was developed by Barnea et al., [29] to
characterize the flow patterns. An insulated needle probe was inserted into the flow and the conductance between the
needle probe tip and the tube wall was measured as a function of time. They obtained the characteristic of flow pattern by
displaying the response detected from the flow through the oscilloscope. This method still has some disadvantages and
which does not provide precise information as the contact between the needle probe and the flow can occur in all flow
patterns.

Yoneda et al., [103] applied this technique for high temperature flow of steam-water in a vertical large diameter
pipe with an internal diameter of 155-mm. The experiments were aimed to investigate the bubble characteristics and
structure of the flow concerning the developing state of the flow. In the early stage of the experiment, most of the
experiments were focused on the determination of flow pattern inside the tube. The data obtained from the experiment
were useful and can be used to determine the void fraction [104].

Conductance probe is a real time measurement method to determine the void fraction and can also be used to
calculate the heat transfer coefficient in two-phase flow. Typically, the conductance material functions as a sensor to
capture the difference in the electrical conductivity of vapour and water phase in two-phase flow. Woroz et al., [105]
used 13 two-phase flow condition and multi-sensor conductivity probe to measure velocity and interfacial area. They also
introduced a new electrical circuit to improve the data capturing method in their experiments. This method was also
employed by Serizawa et al., [106], Katoaka et al., [107], Cartellier, A. and Achard, J. L. [108], Wu, Q. and Ishii, M.
[109] and Kim et. al. [110] to investigate the bubbly flow using the conductance probe. Serizawa et al., [106] found the
flat radial profile was attributed to the ratio between the velocities of the phases over a huge portion of the fully
developed bubbly flow.

Fossa [111] focused on the conductance technique to prove the performance of the ring-shaped and plate
electrodes as a function of geometrical parameters, it would affect the void fraction gas-liquid in two-phase parameter.
This research studied on the different probe geometries with making reference to annular, stratified and bubble phase
distribution. It is a form of direct current method where the measured data does not require the reconstruction of cross
sectional image with the distinctive reflection, which able to characterize gas and liquid phase. This technique had been
employed by Tan et al., [112] for a flow pattern investigation of gas-liquid flow in a vertical arrangement. Nowadays,
there are various advanced methods, which potential and useful for monitoring the flow pattern but it is still difficult to
be applied in the real application of annular tube.

Future need and challenges in vapour-liquid condensation phenomena in annular tube

The heat transfer in different flow structures and the determination of void fraction via experimental method
were reviewed in Sections 4 and 5, respectively. The review revealed that the influence of flow pattern and void fraction
measurement method are significant in the knowledge enhancement of vapour-liquid condensation phenomena in the
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annular tube. It also provides the fundamental knowledge and enhanced understanding of the importance of void fraction
that gives the impact on the condensation behaviour of steam-water flow in the annular channel to the researcher and
engineer. The review also revealed the empirical formula is useful in the prediction of bubble’s radius and the
effectiveness of the heat transfer that corresponded to the flow pattern. However, the empirical formula still has the
limitation to predict the actual diameter and shape variation in various flow patterns and conditions, especially in a real
time condition. This situation creates the challenges to the researcher to further explore the alternative method in this
research field.

Aforementioned in Section 3, the real two-phase flow and condensation phenomena are difficult to visualize in
the real application in the industry because of the non-transparent piping system. Moreover, the lack of proper equipment
to visualize the flow and the phenomenon occur in the tube has restricted the researcher to carry out the experiment in the
real industrial application. Besides, the void fraction of the flow is also difficult to measure in the non-transparent piping
system. Therefore, a lab scale equipment or system was an alternative way to mimic the real piping system using a
transparent pipe to investigate the two-phase flow and condensation phenomena. The review revealed several methods
that have been employed to estimate the void fraction, which are (i) visual observation, (ii) x-ray and gamma ray and (iii)
electrical method. With the aid of visualization tools (i.e., high speed camera), the flow pattern and the mechanism of
two-phase flow can be easily recorded. The image of the flow can be analysed in the viewer software such as I-speed
viewer. Even though flow mechanism can be captured in the experiment, this method only applicable to transparent pipe.
Another alternative way that proposed by the researcher is the use of x-ray and gamma ray to visualize the 3D flow
structure in the experiment. The x-ray technique is an effective way to estimate the flow inside the non-transparent tube
and could provide the 3D flow structure. To further improve the x-ray technique in the visualization of flow structure and
void fraction measurement, the portable feature must be added to the x-ray equipment to facilitate the researcher when
dealing with the real industrial applications. The electrical method is a popular method that has been used by numerous
researchers to estimate the void fraction through the conductance probe. The presence of bubble in the flow triggers the
sensor, hence causes the difference of the electrical conductivity. Until today, the electrical method has only been applied
in the lab scale analysis.

The review also revealed most of the experimental methods are limited to the lab scale that’s not applicable to
the industrial application, such as quick-closing valve and gamma ray. An alternative method using the ultrasonic [113-
118] was reported by a few researchers. Ultrasonic is the practical technique that needs to develop in analysing the void
fraction and heat transfer or phase change phenomena. Acoustic properties [105] were used to detect the bubble
volumetric void fraction. Besides, ultrasonic vibration can intensify the occurrence of bubbles. Ultrasonic equipment
(e.g., multiwave ultrasonic pulsed Doppler [107] and multiwave transducer [110] was employed to measure the bubble
velocity profile. However, this equipment is limited in the measurement of cross-sectional area of the bubble. Thus,
cross-correlation method [110] was introduced with the aid of high-speed camera to capture the bubble size. The
advantages of using ultrasonic method are (i) does not require additional fabrication to measure two-phase flow variable
(void fraction and flow pattern) and (ii) able to provide both result instantaneously (picture and measurement). Even
though the ultrasonic method with cross-correlation method provides effective velocity and cross-sectional measurement
of the bubble, this method still has a limitation to be applied in the industry. Therefore, this remains a huge gap and
challenges to the researcher. The researcher needs to focus on the improvement of the ultrasonic method towards the
application in the industry. This review also revealed that the current measurement techniques mostly need a custom
fabrication and development to fit in the transparent tube, this situation restraint the implementation in the real industrial
application. The enhancement of the void fraction measurement and new visualization technologies for the condensation
phenomena pose challenges to engineers and researchers.

CONCLUSIONS

Reviews on the vapour-liquid condensation phenomena in annular tube were presented in this article based on
the substantial previous works. Vapour-liquid condensation phenomena in an annular tube are crucial in the heat transfer
of two-phase flow. The determination of the heat transfer in an annular tube was classified in two categories, namely
analytical and experimental techniques. Heat transfer in different flow structures and determination of void fraction
methods have also been reviewed and presented. Various heat transfer empirical equations were proposed based on the
different flow structures (i.e., bubbly and slug flow) to describe the two-phase flow. Reynolds and Prandtl number of the
flow inside the annular tube was considered in the empirical equation to represent the flow condition. The challenges in
the measurement and visualization of the vapour-liquid condensation phenomena are (i) complexity of the two-phase
flow, (ii) limited real-time equipment, (iii) lab-scaled equipment and (iv) portable 3D imaging or scanning device for
bubble characterization. The complexity of the two-phase flow and vapour-liquid condensation phenomenon led to the
difficulties in the experimental work because of the irregular changes of void fraction in the flow. A few research gaps
exist in the determination of the void fraction and heat transfer in the two-phase flow via experiment, including (i) the
real time measurement of entire bubble void fractions, (ii) the variation of bubble characteristics during the phase change
and (iii) the use of portable 3D imaging in the real industrial applications. The realization of the suggested experimental
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techniques could guarantee significant enhancement in the determination of void fraction and visualization of vapour-
liquid condensation phenomenon. Thus, the collaboration of engineers and researchers from both industrial and academic
institutions is essential in achieving the successful knowledge advancement.
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