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ABSTRACT

Mao, Keyou. M.S.N.E., Purdue University, May 2016. Development of Drift-Flux
Correlation and Flow Pattern Transition Criteria for Two-Phase Cross-Flow in Horizontal
Tube Bundles. Major Professor: Takashi Hibiki.

In relation to void fraction and flow regime transition predictions of cross-flow in
horizontal tube bundle of steam generator, a phenomenological drift-flux correlation and
new flow regime transition criteria have been developed to meet the demand on the study
of two-phase flow gas and liquid velocities, two-phase pressure drop, heat transfer, flow

patterns and flow induced vibrations in the shell side of the U-bend section of the steam

generator.

The distribution parameter is obtained by assuming constant asymptotic values and taking
into account the differences in channel geometry. The drift velocity is modelled depending
on the non-dimensional viscosity number. Void fraction effects on drift-flux parameters
are also considered for computation capabilities in higher void fraction regions. The new
model agrees well with cross-flow experimental databases of air-water, R-11 and R-113 in
parallel triangular, normal square and normal triangular arrays with a mean absolute error
of 1.06% and a standard deviation of 4.47%. In comparison with other existing correlations,
the developed correlation is superior to other studies due to improved accuracy. Prototypic

analysis performed for typical steam generator along with common industry heat exchanger
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operating conditions demonstrates the scalability of the new drift-flux correlation due to
plausible estimation trends opposed to other models. The current developed drift-flux
correlation is able to calculate the void fraction of cross-flow over a full range with
different sub-channel configurations in shell-tube heat-exchangers. A new approach for
implementing the drift flux model to predict the void fraction over the entire steam

generator region has been proposed.

For the flow regime transition criteria, a new analysis approach has been proposed based
on the analysis on the underlying physics of the cross-flow behavior. Based on the classical
flow regime transition criteria by Mishima and Ishii (1940), the transitions from bubbly to
cap bubbly, cap bubbly to churn and churn to annular have been modelled. The transition
to finely dispersed bubbly flow has been modified based on the flow regime transition
criterion for this regime developed by Taitel et al. (1980). The new phenomenological flow
regime transition criteria include the fluid types, geometric effects and operating conditions,
which can be applied to a wide range of engineering heat transfer systems. The newly
developed flow regime map based on the developed flow regime transition criteria for the
cross-flow have been validated with all the available data and existing flow regime maps.
The new flow regime maps show reasonable trends against the other maps. In addition,
sample flow regime maps using the newly developed criteria for typical steam generator
and adiabatic heat exchanger systems working conditions have been plotted to provide a
guide to predict the flow regime transition for upward cross-flow in a horizontal tube

bundle system.



CHAPTER 1. INTRODUCTION

1.1 Significance of Problem
A steam generator is a type of heat exchanger. Water that has passed through a nuclear
reactor core (“the primary fluid”) is carried through the steam generator within thousands
of metal tubes, known as “heat transfer tubes.” Some of the heat contained in the primary
fluid is conveyed through the walls of the heat transfer tubes to water flowing outside of
the tubes (“the secondary fluid”). The secondary fluid is water at the steam generator inlet,
but the water boils into a two-phase mixture (steam/water) as heat transfers from the
primary fluid to the secondary fluid, so that a good portion of the secondary fluid has
become steam as it reaches the steam generator outlet. After leaving the steam generator,

the steam is the driving force that rotates a turbine to generate electricity.

Some of steam generators have experienced some problems such as tube support corrosion,
tube-sheet corrosion, tubing corrosion, fretting fatigue cracking and impingement, which
have led to unplanned outages (Green and Hetsroni, 1995). To avoid these problems, steam
generator design should be improved based on detailed three-dimensional local thermal-
hydraulic conditions computed by steam generator thermal-hydraulics codes. A porous
media approach is usually utilized in the steam generator thermal-hydraulics codes. A

control volume in the porous media approach includes volumes of structures and flow cha-



-nnels and the porosity is defined by the ratio of volume of flow channels to total volume.
Various reliable steam generator thermal-hydraulics codes have been developed based on

different two-phase flow porous media formulations.

CAFCA code developed by EDF (Electricite de France in France) and FIT-III code
developed by MHI (Mitsubishi Heavy Industries, Ltd.) adopt homogeneous flow model
composed of three transport equations such as mass, momentum and energy conservation
equations (Boivin et al., 1987; Hirao et al., 1993). The velocity slip is considered through
a void fraction-quality correlation. ATHOS code developed by EPRI (Electric Power
Research Institute) utilizes algebraic slip model composed of three transport equations such
as mass, momentum and energy conservation equations (Singhal et al., 1982). The velocity
slip is considered through the momentum equation with a drift-flux type correlation.
PORTHOS code developed by EPRI uses two-fluid model composed of six transport
equations such as mass, momentum and energy conservation equations for gas and liquid
phases (Chan et al., 1987). The outputs of the steam generator thermal-hydraulics codes
are utilized for improving the steam generator design and stability analysis of fluid-elastic

vibration.

A complete understanding of the flow structure requires the study of the two-phase pressure
drop, flow patterns, heat transfer and flow-induced vibration. Liquid and vapor velocities
are dependent on the void fraction (Godbole et al., 2011). Two-phase pressure drop
estimation relies on the shell side two-phase flow local density distribution (Consolini et

al., 2006) which is based on the void fraction. Cheng et al. (2008) and Quibén and Thome



(2007) also pointed out that the dependency of the heat transfer coefficient on flow patterns
requires the knowledge of void fraction. Void fraction and flow pattern transitions are
intrinsically related which influence heat transfer in the heat exchanger. Excessive
vibration in high flow rate systems due to fluid elastic instabilities such as steam generators
leads to tube failure, fretting wear and corrosion, which should be avoided at design stage
(Pettigrew and Taylor 2003). As pointed out by Khushnood et al. (2004), vibration

excitation and damping mechanisms are also determined by void fraction and flow regimes.

In order to enhance the code prediction capability, continuous improvements of
constitutive equations are indispensable. Among the constitutive equations, void fraction
correlation is essentially important, because void fraction affects two-phase mixture
density directly and two-phase mixture mass flux. Void fraction constitutive correlations
are often given for each flow regime, each channel geometry, and each channel orientation,
but it is preferred to use a single void fraction constitutive correlation in the code. However,
since the two-phase flow structure changes from parallel flow along tube bundles in a
vertically straight section to cross flow in a U-bend tube section, it is challenging to develop
a single void fraction constitutive correlation which is applicable for all void fraction range

in the steam generator.

Well-renowned flow regime maps have been developed such as Hewitt and Roberts (1969),
Taitel et al. (1980) and Mishima and Ishii (1984) for the pipe flow. However, flow patterns
of the cross-flow in the horizontal bundles are more difficult than that in the tube systems

due to the complexity of the bundle geometry. Unlike the free path in the tube which bubble



can move along the tube without resistance, the configuration of the tube array constrains
the motion of gas bubble as it rises and impinges on the tube which is an arduous flow
direction. In a vertical tube system, the flow patterns usually include bubbly, slug, churn-

turbulent, annular and annular mist flow.

However, with respect to the cross-flow system, no universal flow regime map has ever
been developed phenomenologically. Thus, a more detailed approach needs to be
elaborated to investigate the underlying physics of the cross flows in the tube bundle
system. In general, the flow regimes of the cross flow in horizontal tube bundles are divided
into three regions: bubbly, intermittent and annular. But the definitions of all the flow

regimes vary through multiple researchers.

Before finally determining the unified flow pattern map, the previous work should be
recalled. Figure 1.1 combines all the representative existing flow regime maps into one
graph including Grant and Chisholm (1979), Ulbrich and Mewes (1994), Xu et al. (1998)
Noghrehkar et al. (1999) and Kanizawa and Ribatski (2016). From the Fig. 1.1, the
controversial regions among these authors are generally the bubbly flow and intermittent
flow regime. As the superficial liquid velocity exceeds 0.2m/s with superficial gas velocity
between 0.4 to 3.9m/s, Noghrekar et al. (1999) characterize the flow as intermittent while
Grant and Chisholm (1979) and Xu et al. classify it into bubbly flow (intermittent and churn
flow are also parts of this area). However, Ulbrich and Mewes (1994) indicate a transitional
region containing both bubbly and intermittent flow regimes. The flow regime map

calculated by Kanizawa and Ribatski (2016) is a little bit different to all the other flow



regime maps since it is the first predictive method. The boundary for transition from bubbly
flow to intermittent flow of the superficial gas velocity for their study is slightly higher
than Ulbrich and Mewes (1994), Xu et al. (1998) and Noghrehkar et al. (1999), but lower

than Grant and Chisholm (1979).
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Figure 1.1 Summary of Flow Regime Maps for Upward Two-phase Cross-Flow in a
Horizontal tube bundle

Other minor discrepancies exist, for example, Xu et al. categorize the regime of lower
superficial liquid and gas velocities as churn flow while the other maps insist on bubbly
flow instead. Meanwhile, for the higher speed flow regime which transits to annular flow,

the flow pattern map developed by Noghrehkar et al. (1999) occupies the smallest



superficial gas velocity. Grant and Chisholm (1979) has the largest superficial gas velocity
when transferring to the spray flow. Ulbrich and Mewes (1994) and Xu et al. (1998) possess
similar transitions boundary to the annular flow, where the shifting is caused by the
different flow pattern definitions between the authors. Ulbrich and Mewes defines the
dispersed flow as relatively low velocity intermittent dispersed flow and high velocity
annular flow, however, Xu et al. only incorporates the low velocity intermittent dispersed
flow into intermittent flow regime and considers the annular dispersed flow as the annular
flow regime. Besides, Aprin et al. (2007) identified flow patterns of hydrocarbons in a
parallel triangular array, but the flow regime transitions they observed are much smaller
than all the previous mentioned investigators’ work in air-water systems. All of the existing
flow pattern experiments have not yet performed measurement under very high superficial
liquid and gas velocities, because the excessive flow induced vibration can damage or even
destroy the experimental facilities (Kanizawa and Ribatski, 2016). More details on the flow
patterns of the cross-flow and existing flow regime transition criteria will be discussed in

chapter 4.

1.2 Thesis Outline
From the point of view in section 1.1, this study aims to develop a drift-flux correlation for
improving the prediction accuracy of steam generator thermal-hydraulics codes developed
based on homogeneous flow model. In the meantime, a new predictive approach for the

flow regime transition criteria in the horizontal tube bundles is proposed.



In the second chapter, basic drift-flux model theory is reviewed to highlight the importance
of void fraction correlations. Literature survey on existing void correlations and databases
is presented afterwards. In chapter 3, the methodology of the newly developed physically
based drift-flux correlation follows and then its computational results of the void fraction
are compared with other correlations and data. Moreover, a predicted void fraction by the
newly developed drift-flux correlation is calculated for the steam generator condition and
the new predictive approach to estimate the void fraction over the whole steam generator
region using the drift-flux model is provided. In the fourth chapter, extensive literature
reviews on existing flow regime transition criteria and flow regime maps are conducted. In
what follows, chapter 5 introduces the development methodology of the flow regime
transition criteria for the cross-flow. After that, the new flow regime map for the horizontal
tube bundles based on the developed flow pattern transition criteria is compared with other
flow regime maps and data. Furthermore, a predictive flow regime map under the
prototypic steam generator operating condition is provided. Finally, chapter 6 summarizes
the whole study and offers some suggestions for the two-phase cross-flow analysis.
Additionally, in Appendix, the data provided by Schrage et al. (1988), Aprin et al. (2007)

and Hong and Teng (2012) will be analyzed.



CHAPTER 2. EXISTING DRIFT-FLUX CORRELATIONS AND VOID-FRACTION
DATABASES

2.1 One Dimensional Drift-Flux Model
This section briefly reviews the formulations and constitutive equations of the drift-flux
model and discusses its application in various conditions. The well-renowned drift-flux
Model (Zuber 1967) is a simplification form of the more detailed two-fluid model which
is used in many current thermal-hydraulics system analysis codes (Wang et al., 2014).
However, due to its simplicity and unique parameters representing the interfacial
characteristics between phases to a wide range of two-phase systems with reasonable

accuracy, the drift-flux model still plays a critical role in two-phase flow analyses.

2.1.1 One Dimensional Drift-Flux Model Formula
The general expression of the legacy drift-flux model can be expressed in the following

form of Eq. (2.1).

el ()=o) e

where j,, a, v,,and j are the superficial gas velocity , the void fraction, the gas velocity

and the mixture volumetric flux, respectively. These parameters are defined in Eq. (2.2) to

Eq. (2.4).



Jg =av, (2.2)
i =(1-a)v, 2.3)
j=1,+ s =Gx/p, +G(1-x)/ p, (2.4)

where G and X are mass velocity and quality which can be measured by experimentation.

Further discussion about mass velocity will be covered in the later part of this article. < >
and << >> are the mean simple area-average over the cross-sectional flow area and void

fraction weighted area-average, respectively. C, and v,; are the distribution parameter and

the drift velocity. They can be written as Eq. (2.5) and Eq. (2.6).

_ (@)
C, = <a><j> (2.5)
Vg =V, — ] :(1—05)(vg —V, ):(1—oz)vr (2.6)

where v, and v, are the liquid velocity and relative velocity. The void fraction weighted

drift velocity is given by Eq. (2.7).

()= o

The appropriate mean transport drift velocity is defined by Eq. (2.8).

Vy = (v D)= (1) =(Co =) (i) +{(vy)) (2.8)
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2.1.2 Distribution Parameter
The distribution parameter C, depends on pressure, channel geometry and flow rate which
are simplified as factors of density ratio p, /p; and Reynolds Number GD/, (Ishii

1977). The distribution parameter boundary approaches unity, when density ratio
approaches unity. Thus distribution parameter can be represented approximately as the

following asymptotic form Eq. (2.9).

C,=C, —(Cw _1)\//9_79 (2.9)
P

where C,, is the ideal distribution parameter neglecting the density ratio effects. p, and
p, arethe gas and liquid phase density, respectively. The density group in Eq. (2.9) scales

the inertia effects of each phase in a transverses void fraction distribution (Ishii and Hibiki
2010). For a circular pipe, C, can be approximated to 1.2 for bubbly, slug and churn-

turbulent flow in pipes proposed by Ishii (1977) as Eq. (2.10).

co=12—02,£i 2.10)
f

Meanwhile, Ishii also gave the following form of the distribution parameter for a

rectangular channel as Eq. (2.11).

Py
Ps

C,=1.35-0.35 @.11)
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For other geometries such as the annulus channel, Julia et al. (2009) give C_ values

ranging from 1.03 to 1.05 depending on the ratio of rod diameter over pitch distance while
Ozar et al. (2008) fix its value at a constant of 1.1. In the bubbly flow regime for adiabatic
flow, the lift force causes bubbles to move away from the channel core to the channel wall.
It should be noted that this effect of the bubble size can vary the distribution parameter for

upflow which has been studied by Hibiki and Ishii (2002b) are written as Eq. (2.12).

C, = {cm -(c, —1)\/2—79}[1—exp(—22<Dsm )/Dy) ] (2.12)

D,, =6{a)/(a) (2.13)

where D, is the Sauter mean diameter which can be calculated by using Eq. (13) (Hibiki
and Ishii 2002a), a, is the interfacial area concentration and D, is the hydraulic diameter.

For boiling flow, Ishii (1977) extended the use of Eq. (2.8) by adding a weighting factor to
take into account the effect of wall bubble nucleation due to the concave void fraction
profile. The subcooled liquid in the core of the channel and wall nucleation delay the bubble
travelling towards the core, providing C, with an initial value around zero of the two-phase
flow region. As the weighted area-average void fraction increases, the void distribution

transits from the wall peak to the central peak leading to a convex profile which means the

C, value grows. For the above case, the Eq. (2.14) relates C, - 0 as <a> —0.

C, = {cw -(C, -1) E}[l—exp(lS(a))J (2.14)
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Ishii (1977) developed this equation for fully developed turbulent flow. Later, Hibiki et al.
(2003a) developed the analytical bubble-layer thickness model to derive the constitutive
equation for distribution parameter for boiling flow in the internally heated annulus using
a modification factor, A, which incorporates the channel geometry effects of fully
developed turbulent flow are modified as Eq. (2.15).

C, = A£1.2—0.2 &J[l—exp(—ls;(a))] (2.15)

P
It is not the intent of this section to present mathematical theory and numerical

approximation to the modification factor from the bubble-layer thickness model which can

be found in the paper by Hibiki et al. (2003a).

2.1.3 Drift Velocity
The void fraction weighted mean drift velocity in Eq. (2.1) has various forms for different
two-phase flow patterns. Ishii (1977) took into account the effect of interfacial momentum
transfer in the kinematic constitutive equation of the drift velocity, and derived the

following Egs. (2.16) to (2.19) for the drift velocity over a wide range of flow regimes.

Distorted bubbly flow regime

<(vgj)>=ﬁ(09Ap j (1—(a))"™ when i, « i, (2.16)

i
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Slug flow regime

_ Dn9Ap
((vg)) =035 " (2.17)

Churn-turbulent flow regime

<<ng >> =2 (GgA’O JOIZS (2.18)

i

Annular flow regime

)l P ey
<0{>+\/ g f

(@) P

where o, g, Ap, u, and u; are the surface tension, gravitational acceleration, density

difference between two phases, gas viscosity and liquid viscosity, respectively.

For bubbling or boiling pool systems which has relatively larger diameter than the pipe
length compared to smaller tube systems, the instabilities at the interface leads to the
absence of large-size Taylor bubbles which almost occupying the whole cross-section of
the channel. At low flow conditions, cap bubbles and recirculation flow patterns both
emerge contributing to a possible rise in the drift velocity. Kataoka and Ishii (1987)

developed the constitutive equation for the drift velocity for large-diameter-channel

systems ((jf > = 0) as shown in the following Egs. (2.20) and (2.21).
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Low viscous case: N, < 2.25x10°°

%2 for Dy, < 30;

-0.157
((v;))=0.0019D; %2 [&] N
Psi

(2.20)
-0.157
((v;))=0030] Z=| N2 for D} >30
P g
Higher viscous case: N > 2.25x10°°
—-0.157
((v;))=0.02 (&] for D}, > 30 2.21)
Ps

uf IS

where <<ng>> is defined as the non-dimensional drift velocity in Eq. (2.22) and N

defined as the viscosity number in Eq. (2.23).

(V)= M (2.22)

_ _ (2.23)

The characteristic channel diameter is expressed as the dimensionless hydraulic diameter

D,, in the following Eq. (2.24).

D’ = (2.24)
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The Kataoka and Ishii (1987) drift velocity correlation is applicable to experimental

conditions of the pool boiling at <j;r> <0.5 when combining it with Egs. (2.10), (2.11) and

(2.16) implemented into Eq. (2.1). <Jg+> is defined as the area-average dimensionless

superficial gas velocity.

(is)= k) o (2.25)
ogAp
%)

Hibiki and Ishii developed (2003b) a correlation for a large diameter pipe as the following

Eq. (2.26).

(Vi) =((Vaa) Jexo(-139( ;) (Vo) [1-exo(-130()) | .26

((Vgs)) and ({(Vs)) are respectively, the mean non-dimensional drift velocities

computed by Ishii’s bubbly flow correlation (1977) Eq. (2.16) and Kataoka-Ishii

correlation (1987) Eqgs. (2.20) to (2.21).

It should be noted that in the Kataoka-Ishii correlation (1987), the characteristic channel
diameter has two different types. One is the hydraulic diameter of the sub-channel of the
entire pool, and the other is the entire channel size. In this thesis, the hydraulic diameter
should be selected as the channel box length instead of the sub-channel, because the drift-
flux model utilized for the horizontal tube bundle system should reflect the characteristics
of the total flow throughout the channel. On the other hand, the flow behavior in each sub-

channel varies for different void fraction regions such that formation of large cap bubbles
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spanning over gap between bundles in churn turbulent flow regime is unable to describe
the bubbles using a typical sub-channel length scale. For such a case, the transverse
velocity profile of each phase as well as the hydraulic diameter of the channel resemble

those of a single channel.

2.2 Existing Correlations
As indicated in Fig. 2.1, for the geometry of horizontal tube bundles in a heat exchanger,
the cross-flow dominates in the channel. However, as discussed in the introduction chapter,
both the cross-flow in horizontal tube bundles and parallel-flow in vertical bundles are
observed in heat exchangers such as the steam generator U-tube, which consists of parallel-
flow mainly passing through the riser sections and cross-flow in the U-bend sections while
parallel-flow is relatively weak. Thus, existing void fraction correlations for parallel and

cross flows are discussed in this section.

2.2.1 Cross-Flow in Horizontal Tube bundle
For the cross-flow in horizontal tube bundles, several scientists have developed void
fraction correlations for cross-flow in horizontal tube bundles. These correlations are listed
and critiqued, including correlations developed Kondo and Nakajima (1980), Schrage et al.
(1988), Dowlati et al. (1992), Haquet and Gouirand (1995), Delenne et al. (1997), Xu et al.
(1998) and Feenstra et al. (2000). The performances of all the listed correlation are

evaluated by the authors in the meantime.



17

Kondo-Nakajima correlation (1980)

(2.27)
where K is defined as

K - \/E[Ej _PH 2.29)
L{L) py_ 7D

4

where P is the tube (or rod) pitch. H is the spacing of tube rows (= P -sin60° in authors’

paper). D is the tube (or rod) diameter. L, is the tube length. This correlation considers
low flow at maximum j, =0.0032 m/s merely with their own experiment data, which

shows incapability of the model to predict void fraction at high flow rate conditions.

Schrage correlation (1988)

()= {1+0.123N " In(x)} (229)

Py (1—xj
+7 -
Pr\ X

where the Froude number, N, , is defined by Eq. (2.30).

(2.30)

where G is the gap mass flux (also named pitch mass flux). Schrage’s correlation is

developed by the air-water system cross-flow data measuring the void fraction by quick-
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closing valve techniques. However, for the correlation itself, in Eqg. (2.29), when x

approaches a tiny quantity, the void fraction may be an unanticipated negative value.

Dowlati correlation (1992)

- .x\—05
(a)=1-(1+ A, + AJ;) 231)
where A and A, are fitted constant parameters. Various combinations of these two
parameters have been explored by Dowlati et al. (1990, 1992 and 1996) to provide a best
fit for their experiment data. Non-dimensional superficial gas velocity j; is defined below
by Eqg. (2.32).

oG (2.32)

= JP,DgAp

It should be noted that, two kinds of hydraulic diameter have been discussed in the last

section. Similarly, two alternatives of superficial velocities can be categorized by different

characteristic lengths. Eq. (2.17) adopts the G, gap mass velocity which can be obtained
from the relation G = p, j, /x, but the superficial gas velocity here corresponds to the sub-

-channel gap making its value higher than that of the entire channel based on the total mass
flux throughout the channel. As a result, Dowlati’s correlation may overestimate the void

fraction.

Haquet-Gouirand correaltion (1995)

C,=a,+a(a)+a,{a) (2.33)
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This correlation accepts the drift-flux model. a,, a,, and a, are quadratic polynomial
coefficients fitted by the authors’ experimental data. Void fraction can be calculated after

substituting C, and <<vgj>> into Eq. (2.1). Haquet and Gouirand (1995) developed the

correlation using data of Freon 114 at 9 bar and 78 °C in a normal square array, but this

correlation predicts unsatisfactorily lower values for void fraction and gas velocities.

Delenne correlation (1997)

i Apgo 025
<(vgj>>_1.53( > ] (2.34)

Delenne et al. (1997) used drift-flux correlation to best fit their experimental data for cross-
-flow where C, =0.9. The drift velocity is defined in Eq. (2.34) which is also accepted by
Dowlati et al. (1992) and Feenstra et al. (2000). In contrast, Dowlati et al (1992) chose

C, =1.035 while Feenstra et al. (1992) set C, =1.

Xu correaltion (1998)

CFroy©
e (2.35)
1+CFroy ©

(@)

where C,, C,, and C, are given best fit value based on their experimental data such as

C, =107, C,=0.069, and C,=0.645 for air-water mixture upward cross-flow. The

liquid-only Froude number is defined as:
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Figure 4.8 Flow Regime Map for Upward Cross-Flow in a Tube Bundle for (a) Normal
Square Array (In-Line) and (b) Normal Triangular Array (Staggered) (Noghrehkar et al.,
1999).

Kanizawa and Ribatski (2016)

(@) (b) (©)
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Figure 4.9 Sketch of the Two-Phase Flow Patterns by Visualization in the Vertical Cross-
Flow in a Horizontal Tube Bundle (a) Bubbles, (b) Large Bubbles, (c) Dispersed
Bubbles, (d) Churn, (e) Intermittent and (f) Annular (Kanizawa and Ribatski, 2016).

Recently, Kanizawa and Ribatski (2016) identified the flow regimes of two-phase cross-
flow in a horizontal tube bundle by both flow visualization and objective method. They
proposed the flow regime maps based on the pressure drop signal and an improved k-means
clustering method. Besides, they proposed the first predictive flow pattern transition
criteria based on their objective identification method. Their test section consists of both
normal triangular array with 20 rows. Each row has four tubes with 19 mm outside diameter.
The pitch/diameter ratio is 1.26. They used capacitive sensors to measure the capacitance
of the two-phase mixture in the central region of the bundle. The experiment was conducted

under atmospheric pressure with mixture mass velocity varying up to 1515 kg/m?s.
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It should be noted that the definitions of flow patterns are based on their observations.
Figure 4.9 depicts the two-phase cross-flow patterns for the upward flow in a horizontal
tube bundle. The six flow patterns proposed by Kanizawa and Ribatski (2016) are defined

as the following.

Bubbles: bubbly flow in Fig. 4.9 (a) has the small bubbles less than the gap between tubes
with a continuous liquid phase. The superficial gas velocity is relatively low and superficial
liquid velocity is in the entire range.

Large bubbles: Large bubbles in Fig. 4.9 (b) indicate the distorted bubbles with larger size
than the gap between tubes because of the coalescence of small bubbles. This flow pattern
requires reduced and intermediate superficial liquid velocity and intermediate superficial
gas velocity.

Dispersed bubbles: Dispersed bubbles in Fig. 4.9 (c) are observed only under high
superficial liquid velocity and intermediate superficial gas velocity. Turbulence energy
prevents the smaller bubbles merging into larger bubbles. The dispersed bubbles are fairly
smaller than the bubbles flow regime.

Churn: Churn flow in Fig. 4.9 (d) has similar definition to that of Xu et al. (1998). This
flow pattern has increased bubble size but does not contain sufficient energy to keep
upward movement until being pushed again by the following upward mixture. The
movement of the churn is chaotic and driven by gravity with intermediate superficial gas
velocity and decreased and intermediated superficial liquid velocity.

Intermittent flow: Figure 4.9 (e) demonstrates the next important flow pattern, namely the

intermittent flow. The intermittent flow is governed by inertial effects and has a periodical
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propulsion by the gas flow with dispersed liquid droplets or liquid film along the walls of
the shell and tubes due to the large portion of the liquid phase. The superficial gas velocity
is relatively high and the superficial liquid velocity is in the entire range.

Annular flow: The last flow pattern is the annular flow shown in Fig. 4.9 (f). The definition
of this flow regime is similar to other authors’ which refers to liquid film along tube and
shell walls containing a high speed gas core in the tube bundle with droplet entrainment in
the meantime. This flow pattern requires decreased superficial liquid velocity and high

superficial gas velocity.

The flow regime maps proposed by Kanizawa and Ribatski (2016) have two types: k-means
method based on fuzzy logic and predictive approach based on their predictive flow regime
transition criteria. Figure 4.10 shows the flow pattern map of vertical upward cross flows
in a horizontal tube bundle based on the superficial liquid and gas velocity developed by
them. They concluded that their flow regime maps agrees very well with the existing flow

regime maps from the literature.



81

| | 0
éﬂ 2X10 IFIov.- regime map by © ' ' T

Kanizawa and Ribatski (2016)

() |Normal Triangular Array
- 10 = = Flow pattern transitions using g — = = = = = = =7
e~ i k-means method P
—— Flow pattern trantions based o),

>: predictive approach ’
=

Q
S 2x10"
>
=] -1

5 10 Bubbles

o
- p—

—

=

- -

2 2

L'q:) 2x10

o Annular

j=] 10'2 " e P | x N
%8 -1 0 I

10 10 10

Superficial Gas Velocity, j, [m/s]

Figure 4.10 Flow Regime Map for Upward Cross-Flow in a Horizontal Tube Bundle for
Normal Triangular Array (Staggered) (Kanizawa and Ribatski, 2016).
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CHAPTER 5. DEVELOPMENT OF FLOW REGIME TRANSTION CRITERIA AND
VALIDATION

5.1 Development Methodology of Flow Regime Transition Criteria
This section will discuss about the development of the new flow regime transition criteria.
Before introducing the detailed derivations of the flow regime transition equations, an
overview of the flow regime transition identification method is necessary. One very
important factor about the flow regime transition is the flow regime development in a

channel (Julia et al., 2011).

<j>~0.25 m/s : \\\\\ CcT - A
<fp>=0.046m/s <jp>=0.227m/s <jp>=0.607m/s Jo>=1.023m/s <>=3.951m/s Jo>=10.79m/s

Figure 5.1 Local Flow Pattern in an Annulus Channel (Julia et al., 2011).

Based on the previous flow regime maps, it is necessary to have a unified flow regime map
including all the flow structures and characteristics during the flow transition. By flow

visualization, such subjective observation of the local flow regime cannot reveal authentic
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global flow regime in a channel. In reality, Noghrehkar et al. (1999) pointed out the
variation of the local flow regime occurrence between the tube wall and the core of the
subchannel in a shell-tube heat exchanger by using the PDF identification technique.
However, even though their objective approach might work for the central part, the global
flow regime of the tube bundle system needs an average of the summation of all the local
flow regimes. This is especially important when it accounts for the weighting of each local
flow regime as the predominance of the flow regimes locally over the other flow regimes

at the same flow conditions.

Julia et al. (2011) investigated the differences of the local flow regimes in an annulus
channel. Figure 5.1 shows the local flow pattern in their experiment with same superficial
liquid velocity but under various superficial gas velocities. Four flow regimes are observed
as bubbly flow (B), cap-slug flow (CS), churn turbulent flow (CT) and annular flow (A).
As is can be seen in this graph, the radial flow regime develops along with the increase of
the superficial gas velocity. The first bubbly flow pattern initiates at very low superficial
gas velocity as a complete bubbly flow full over the annulus in B1. Then, the increase gas
velocity leads to the formation of the dominant cap-slug flow while bubbly flow does not
vanish until the forward increase of the superficial gas velocity presented in CS3. If the
superficial velocity of flow keeps increasing, the churn turbulent flow occurs as an annulus
around the inner near wall which is shown in C1, a local flow regime combination of churn
turbulent flow and cap-slug flow. The complete churn flow pattern emerges in C3 as the
superficial gas velocity is more than three times larger than that in C1. The entire annulus

channel is filled with chaotic churn turbulent flow. Finally, further increase of the
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superficial velocity of two-phase mixture contributes to the development of the annular

flow. The entire flow channel comprises of both annular and churn turbulent flows.

As is mentioned above, all the flow visualization methods performed by previous
researchers are merely based on subjective observation on the local flow regime in the shell
side of the heat or local PDFs. It should be notified that the weakness of the flow
observation approach criticized by Noghrehkar et al. (1999) reflects inaccuracy of their
own flow pattern measurement. Instead of the void fraction fluctuations at certain point in
a tube bundle, information of more locations in a subchannel should be collected since the
global flow regime map depends on the combination of all local flow regimes and the
dominance of one certain flow pattern over the others. Recently, Kanizawa and Ribatski
(2016) utilized a more objective approach to predict flow patterns integrating the pressure
and capacitive sensor signals. However, the issue is still associated with the distinguishing
between the local and global flow regime map. To sum up, the flow regime development
for the two-phase cross-flow in a horizontal tube bundle should be determined by
identifying the local flow regimes to obtain an area average or volumetric average global

flow regime map.

After figuring out the importance of the local and global flow pattern concepts, next very
important thing is to have an appropriate approach to obtain the flow regime transition
criteria. Figure 5.2 shows the full process of developing the flow regime transition criteria.
From this figure, the normal approach to obtain the full flow regime transition criteria is

via clear definitions of the flow patterns. However, for the cross-flow case, various flow
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5.1.1 Bubbly to Cap Bubbly Flow Transition

Spherical Bubble

Spherical Influence

Figure 5.3 Schematic Diagram for Bubble Packing and Coalescence of Bubbly Flow.

Mishima and Ishii (1984) used the following Fig. 5.3 to describe the bubble coalescence
mechanism. As can be shown in Fig. 5.3, the bubbles are casted in a 2D plane when they
are arranged as tetrahedral in three dimensional space. The limit condition for two bubble
colliding and merging into one bubble is depicted in Fig. 5.3. No matter how fluctuated the
bubble interactions can be, the distance between two bubbles less than the diameter 2ry of
one bubble determines the formation of one larger bubble. The radius of the spherical
influence around a bubble is 1.5r,. The void fraction in this case can be calculated by the

following Eq. (5.1), which is 0.3.

2 3
a=(§j ~0.3 (5.1)
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Figure 5.4 Sketch of the Mechanisms of the Flow Regime Transition of Cap Bubbly to
Churn Flow.

For the upward cross flows across horizontal tube bundles in a shell-tube type heat
exchanger, the length of the tube is much larger than the dimeter of the pipe. Similarly, the
slug flow cannot exist in cross-flow of a horizontal tube bundle. Thus, the second flow
pattern for cross-flow in horizontal tube bundles is cap bubbly flow instead of slug flow.
The flow regime transition criterion from cap/slug flow to churn flow proposed by Schlegel
et al. (2009) is referenced in this paper. The similar maximum packing scheme is utilized
as the criterion for cap and distorted bubbles. The cap bubble maximum packing for cross-
flow in a tube bundle is given as the void fraction 0.30 due to the effective bubble break
up caused by the bundles. The diagram of this transition is demonstrated in Fig. 5.4. The
critical void fraction is 0.3 for the cap bubble in the whole tetrahedral structure. The small
distorted bubbles occupy 0.3 for the remaining area. Thus, the final result of the cap-bubbly

to churn transition is represented as the following Eq. (5.5).
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(aer) ={at, )+ (0 )(1—(a,))=0.51 (5.5)

Based on the void fraction criterion calculated above, Eq. (5.2) can be transformed into the
following transition criterion for cap bubbles to churn flow.

(1)~ - 5

051C, C,

5.1.3 Churn to Annular Flow Transition

Two criteria for the churn to annular flow transition will be discussed here.

(1) Flow reversal

The first criterion indicates the flow reversal of the liquid film occurring along large
bubbles (Mishima and Ishii, 1984). The classical theory of this mechanism for the in-pipe
flow was developed by Mishima and Ishii (1984), however, cannot be applied to the cross-
flow in a horizontal tube bundle system. In order to model the liquid film flow reversal in
a subchannel of a horizontal tube bundle system, the onset of the flow reversal in the
channel should be chosen appropriately. Hibiki and Mishima (2001) developed the churn
flow to annular flow transition criteria for upward two-phase flow in a vertical narrow
rectangular channels. Since the length of the tube in a horizontal tube bundle system is
relatively larger than the gap a between tubes, the liquid film mainly forms along the tube
side as is depicted on the left side of Fig. 5.5. Therefore, the liquid film along the tube
becomes the major factor to initiate the churn to annular flow transition. The simplified
model to derive the annular flow model under this condition is drawn on the right side of

Fig. 5.5, which is very similar to the narrow rectangular channel. The film is uniform with
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athickness ¢ and the length of the tube is w. Then, the annular flow model control volume

analysis is conducted for both of the liquid and gas phase.

Figure 5.5 Liquid Film Model in a Subchannel of the Horizontal Tube Bundles.

Figure 5.6 shows the control volume analysis for the annular flow model at the gap of a
subchannel in a horizontal tube bundle system for both the liquid film along the tube side
as well as the gas core. The relationships among the pressure drop, shear stresses and

gravitational force for each phase have been expressed as the following Egs. (5.7) to (5.8).

dp 27, 27,

_F_ — i L 5.7
iz "9 1a)a (a)a G-D
dp 27,

_F_ nid } 5.8
4 P9t (5.8)
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where the Greek symbols 7, and z,, denote the interfacial shear stress between the liquid

film and gas core and the wall shear stress of the liquid film, respectively.

Void fraction « is the local value at the gap. The void fraction equals (s—25)/s. By

subtracting Eq. (5.7) from (5.8) (pressure drop is the same for both phases), the pressure
drop can be eliminated so that the following equation for the two-phase mixture is obtained.

2, 2,
M= i—a)a (1-a)a 69

In Eq. (5.9), the following assumptions for the interfacial and wall shear stress are acquired

here as:

T, =Lpgvr2 (5.10)
2

T, =%pgvf (5.11)

where the relative velocity between the liquid and vapor phase is marked as v, . The friction
coefficients for the interfacial shear stress and wall shear stress are denoted as f, and f,,

respectively. If Eq. (5.10) and (5.11) are substituted into Eq. (5.9), the equation becomes

the following.
- . 2 - -
leg = fipy [J_g_ Ji J B prfJf‘Jf‘ (5.12)
Apgaal ¢ 1l-«a Apg(l—a)za

If the flow reversal occurs, the superficial liquid velocity j, =0. Then, Eq. (5.12) turns

into the Eq. (5.13) as follows.
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(b)

Figure 5.6 Control Volume Analysis for the Gap of a Subchannel during the Churn to
Annular Flow Transition in a Horizontal Tube Bundle System: (a) Liquid Film and (b)

Gas Core.



