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ABSTRACT

Tee-junction is a device used in pipes to transfer, mixing of two dissimilar fluids of different parameters or
either same type with varying parameters. The design of the tee-pipe affects its function. The present paper
introduces a numerical study of two-phase flow mixing in a T-junction pipe. Water liquid streams in the
horizontal main pipe of a T-junction while saturated steam is drawn from the other pipe branch (it lies in a
vertical plane). That results in water liquid and steam mixing with steam condensation, and the mixture is
directed to exit from the main pipe. The computational model is validated first with the experimental data
for a single-phase flow. Two junction angles 90° and 45° between the main pipe and branched pipes are
utilized for the T-junction. Different mass ratios for water liquid and steam are examined in the main pipe
and branched pipes. Also, various turbulence models are utilized to select the best suitable model for
predicting such flows. The comparison ensured the superiority of the realizable k-e model for the present
two-phase flow mixing. The obtained results reveal that the T-junction pipe with a junction angle of 45°
achieves improved operational performance compared to the pipe with the junction angle of 90°. This result
shows that the incline of the branch pipe could induce more heat transfer on the area of the T-junction,
which inevitably could condensate more steam from the branch pipe. The T-junction pipe with a 45° angle
can condense all the mixed steam in shorter pipe lengths with lower pressure loss at the same operational
conditions compared to the 90° junction angle pipe. Moreover, for constant mass flow rates in the main and
branched pipes, an increase in their diameters results in a remarkable enhancement of steam condensation.

Keywords: Two phase-flow, T-junction, Mixing, Condensation

1. Introduction

Mixing is defined as the process of thoroughly
combining different materials to produce a
homogenous final product. Also, mixing can be used
to reduce the inhomogeneity (such as concentration,
phase interaction, and temperature) to achieve the
desired property. The mixing process includes mass
transfer, reaction, desired product properties and
controlling parameters in industrial applications. For
obtaining uniform mixing, two conditions should
exist. The first condition is a convective flow should
be obtained to get rid of any dead and stagnant zones.
Secondly, a mixing zone with a high fluid shear is
required to break the resulted homogeneities. The
mixing of different materials with different phases
has been used in various industrial applications.
Besides, the use of the mixing process to get a certain
degree of flow homogeneity—it is also being utilized
in the industry to improve heat and mass transfer, and
phase change process for two-phase flow interaction.

In the present study, mixing steam and water liquid
results in condensation due to phase change from
steam into water liquid. This process is complicated
as various generating effects are created due to the
condensation phenomenon. Condensation generates a
vacuum region, which increases the induced
turbulence and it also generates the flow fluctuations.
These flow fluctuations may transmit to the carrying
pipe. Furthermore, condensation produces thermal
fluctuation and disturbance in the mixing region,
which should be carefully considered in the CFD
simulation [1,2].

Few  researchers studied theoretically and
experimentally the mixing process in T-junction.
Frank et al. [3] studied numerically the thermal
mixing of two turbulent flows. The CFD results
predicted the thermal stripping phenomenon’s
existence in the T-pipe. Furthermore, CFD results
were in good agreement with the obtained
experimental data. Benyamina et al. [4] discussed the
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turbulent mixing in a T-junction using large eddy
simulation (LES). They concluded that to get
numerical results close to the experimental data, the
required mesh resolution should consider the Taylor
micro-scale length. They noted that fine meshes must
be used to capture fluctuations accurately in the shear
layer near the center of the mixing zone.

Experiments on a T-junction of a small-scaled
rectangular cross-section were presented by Masuda
et al. [5]. In this work, the mixing was studied at high
pressure with very large temperature differences.
The flow conditions were in the laminar region and
the effect of buoyancy forces was noticed which
improved the mixing process by destabilizing the
flow regimes. More recently, an experimental
investigation of thermal mixing phenomena in a T-
junction pipe was carried out by Mei-Shiue Chen et
al. [6]. This study analyzed the changes in the flow
rate in the main and branch pipes. Also, the study
analyzed the reverse flow effect of cold-water shock
on the wall of the main pipe. Moreover, this study
discussed the effect of high thermal fluctuations in
the wall (main pipe) causing strong thermal stresses.
It is noticed that the reverse flow created large
thermal wall stresses.

Maruyama et al. [7-9] presented a series of studies
for the jet injection of fluid into a pipeline over the
first twelve pipe diameters from the injection point in
T-junction. First, Maruyama et al. [7] presented an
experimental investigation for the two fluid streams
mixing at the T-junction. The conditions required for
the optimum mixing were obtained analytically. In
another study, Maruyama et al. [8] found out a
mixing condition based on the temperature
distribution across the main pipe diameter. The
mixing conditions at an oblique branch for two fluid
streams as a function of the branch angle was
described. The main conclusions of this study [8] are
the oblique branch should be at an angle of 45° to the
main pipe for rapid mixing. In a complementary
study, Maruyama et al. [9] investigated the optimum
conditions for the rapid mixing of two fluid streams
in turbulent pipe flow for single and dual injection.
They concluded that mixing depends on the flow
patterns created by the jet impingement. These
patterns depend on the degree of penetration of the jet
into the main flow stream.

Hosseini et al. [10] presented an experimental model
including the T-junction with a 90° bend. They
analyzed the mixing phenomenon based on the real
operating design of the Phoenix reactor. The
temperature and velocity data showed that a 90° bend
had a strong effect on the fluid mixing mechanism
and the momentum ratio between the main velocity
and the branch velocity of the T-junction. To better

observe the mixing phenomena, Zughbi [11] carried
out numerical and experimental investigations of the
mixing inside tees. Hot water introduced through the
branch pipe was mixed with cold water flowing in the
main pipe. The length of the main pipe downstream
of the jet inlet required to achieve 95% mixing is a
function of the velocity ratio. Numerical results
showed a good agreement with experimental results.
The angle of the jet had a significant effect on the
mixing length. Moreover, it showed that mixing
depends on the flow patterns created by the jet
impingement. Turbulent mixing phenomena have
been investigated in a T-junction by Zboray et al.
[12]. Their study conducted an experiment named
ETHZ test case to study the problems of thermal
fatigue that may be encountered in nuclear power
plant operation. Their experiments were accompanied
by numerical simulations and good agreements were
obtained.

Hegazy et al. [13] proposed a new framework for
using the cooling seawater of the condenser of a
steam power plant for desalination. In this new
system, the warm saline water left the condenser is
allowed to flow into a barometer tube. This warm
saline water flows to a tight evaporator under vacuum
and some water vapor is flashed. The produced water
vapor continued to reach the tip of an inverted U-
pipe. This tip of the inverted U-pipe is connected to
an entraining tube and the siphon flow is used to
produce a vacuum. The results of this analytical study
for predicting the proposed system performance have
revealed that a relatively high value of producing
freshwater rates can be achieved by selecting the
appropriate dimensions of the proposed system. This
system has inspired us to study the mixing process
characteristics of the flashed water vapor with the
flowing water liquid at the tip of the inverted U-pipe.
They recommended that their study is necessary to
improve and manufacture this system.

Nimadge and Chopade [14] designed an experimental
set-up and performed a CFD analysis to establish
velocity and pressure characteristics for the water
liquid flow through the T-junction of the pipe. The
main conclusions of this work were the velocity of
water flow is strongly influenced by the 90° angle of
the T- junction of the pipe. In addition, the velocity
and pressure of water tend to decrease, after passing
through T- junction of pipe. The energy loss can be
decreased by decreasing the angle of T- junction of
pipe. Numerical analysis by using CFD simulation of
fluid flow in T-Junction pipe was performed by
Ferede [15]. This study ensued the effect of T-
junction angle on the generated flow field after
mixing of the two junction streams. Ren et al. [16]
performed an experiment of steam condensation in a
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T-junction with an angle of 45° and under water-
injected conditions. They analyzed the process of
cooling water injection from the branch pipe into a
horizontal main pipe in which the steam is flowing.
The main conclusion of the experiment ensured that
the incline branch offered more directly contact
condensation and more heat transfer when sub-cooled
water was injected.

It appears from the available previous studies that the
steam condensation due to steam and water liquid
mixing in the T-junction pipe is rarely studied. The
present work aims to study numerically the effect of
the T-junction angle on the steam and water liquid
mixing in the presence of steam condensation. In this
work, the mixing of water liquid and vapor at the T-
junction of a vertical pipe is simulated using the
commercial package FLUENT. This simulation
leads to predicting the flow characteristics inside the
T-junction and studying the head loss suffered by the
mixture on passing through the junction.

2. Mathematical Methodology

The flow of most fluids can be mathematically
described by the use of continuity equation and
momentum equations. The momentum equations are
sometimes also referred as Navier-Stokes equations.
They are most commonly used mathematical
equations to describe many flow situations. The
steady Navier Stokes equations are solved together
with the turbulence and two-phase flow model
equations. The mixture model integrated with the
evaporation-condensation model is used in this study
for the two-phase flow computations. These models
ensured the most appropriate and economical
approach for the homogeneous flow simulation [17].

2.1 Computational Domain

The detailed computational domain is carried out at a
connection of two pipes of equal inner diameter
(Di, = 0.05m) for both the main and branch pipe.
In addition, the effect of the pipe cross-sectional area
on the steam condensation is considered. The length
of the main pipe before the junction is equal to 1 m
which is 20D;, to obtain fully developed flow
conditions. The length of the main pipe after the
junction is 0.5 m, which is equivalent to 10D;,,. The
length of the side branch pipe (steam pipe) is also 0.5
m which is 10D;,, as shown in Figure (1). The water
is flowing from left to right with a static temperature
of 300 K and at atmospheric pressure while the
saturated steam is drawn down through the branch
pipe at the atmospheric pressure. The steam and
water liquid flows are combined and mixed after the
T-junction. The exit mixture temperature and flow

conditions after the mixing point depend on the inlet
flow properties and steam to water liquid mass ratios.

Steam Inlet

1D 3D 5Di Mixture

Water Inlet Di=005m | | | Qutlet Pipe

Main Pipe
Figure (1) Computational domain to the main and
branch pipes at 45° T-junction

2.2 Governing Equations

Steady-state  3-D CFD  computations  were
accomplished for the T-Junction depicted in Figure
(). The properties of water liquid is assumed to be
constant while the steam properties are taken to be
functions of temperature. User defined functions
compiled by FLUENT are used to define the steam
property in each cell of the mesh as a function of its
temperature. Steam dryness fraction is equal to 1 at
its steam inlet and its reverse back flow is taken to be
zero at the pipe exit. Also, it is considered that the
mixing is homogenous and no velocity gradient
between the two phases. The general differential
equations governing the turbulent flow in mixing
pipes are given as [17,18]

Continuity

div (pu) = 0 (1)

The momentum conservation equations

0
div (puu) = — 6_p +div (u grad u)
x

apuzl ~ apu,vl ~ apu’W,
0x dy 0z

+ |-

2

0
div (pvu) = — a—p + div (u grad v)
y

~ apu’U’ ~ apvzl ~ apU’W’ (3)
0x dy 0z

+

0
div (pwu) = — O_Z +div (u grad w)
- 4

!

_ dpu'w' _dpvw dpw’
0x dy 0z

+
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The statistical energy conservation equation
div (pEu) = div (K grad T) + @ + (%)

_ apu'E' _ dpv'E _ dpw E
0x dy 0z

Where u, v and w are the flow velocity components,
u? = u® + v* + w? T is the static temperature
and p is the dynamic viscosity. p is the mixture
density and p is the static pressure. E = h—§+

24,2
Cinas) while the function of dissipation is ® and h

is taken as the sensible enthalpy, h =),;Y;h; and

h; = fTTr o CpidT where T, is considered as the

reference temperature and taken to be 298.15 K.

2.3 Turbulence Modeling

The choice of turbulence model is very critical in any
CFD simulation. In the present study, the CFD
simulation of superior different turbulence models
(Spalart - Allmaras, Standard k-g, RNG k-g¢ and
Realizable k-¢) are executed and compared with the
results of the ETHZ experiment reported in [12].
Generally, for comparing the data from experimental
and theoretical analysis of the temperature fields, the
nondimensional quantities are mostly utilized. The
used nondimensional quantity is known as mixing
scalar which is defined as = T-T.oiq Where

Thot™Teola

T T are the hot and cold temperatures of
hot’ * cold

water in the main and branch pipes inlets,
respectively. The comparative study of the above-
mentioned turbulence models is executed at 0.025 m
before and after the mixing region centerline. The
realizable k-g¢ model is the most suitable for the
present study as its results have a close agreement
with the ETHZ experiment as shown in Figure (2).

1 =

A A A ETHZ Experiment -

o8 Realizable K-¢
77777 Standard K-e
— - — RNGK-¢ =

Spalart Allmaras
06 |-

0.4 -

0.2 -

o T T T T T T T T T
-0.025 -0.02 -0.015 -0.01 -0.005 o 0.005 0.01 0.015 0.02 0.025
X (m)

Figure (2) mixing scalar along the distance 0.025 m

(5D;;,) before and after the T-junction by using
different turbulence models

In the present study, the realizable k — & model in
mixture form is utilized for computing the turbulence
fields based on the comparison depicted in Figure (2).
The realizable k —& model can provide a
superposing performance in many complicated flows.
Also, this turbulent model is characterized over the
other turbulence models as it contains a new
formulation for the calculating turbulent viscosity
and a new transport equation for the dissipation rate €
is used [17,19,20]. The turbulent kinetic energy and
the dissipation rate equations are

a
ax, 09) = 5

d 1\ kd (©)
pt+—|—|+
; x; g, axl.

G +G,—pe—-Y, +S,

0( ) ad +ll, &l
—(pue,) = — —|—
ox, PUe, dx, # a,) dx,

2

£
In the mixture turbulence model, the same turbulence
field are given to all phases. That means that all
phase properties are replaced with mixture properties
in Egs. (1) to (7). Gy, is the turbulent kinetic energy
generation due to the mean velocity gradients while
G, is the of turbulence kinetic energy generation due
to buoyancy. S; and S, are user-defined source terms.
The other constants in the equations are [18,19],
] £
Clzmax[0.43,— , n=S-
n+5 k

+

(7

£
pC.eS - pC, +C,-C,6,+S,

(®)
S=/52.5.

ijeij

. K%

In turbulence modeling, u, = p Cu? , Hesr=H+
H
The favorable features of the considered turbulence
model as discussed earlier is €, does not have fixed
value and can be correlated as [18,19],

1 * -~ =
C =—U =55 +0.0.
n k yy gy

U
Ay A=~
(0]

©)

'Qi]' = 'Qi]' ~ €ty
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Here, .f_li]- is the rotation tensor rate, with angular
velocity  wpand Ay = 4.04,4, = V6 cos o,

-1 -1 — SiiSjkSki T
¢ = cos (Vew), W =5 S=

1(oU; , aU;

$iiSij» Sij =E<a_x,-+a_xi)' In the current study,
C.=1.44,C,=1.9,0,=1.0, and o, = 1.2.
The cell volume fraction for the phase is 4, and all
phases volume fraction summation is equal to 1, i.e.
[17,21]

n

Zaj =1 (10)

j=1
In water liquid and steam flow, in the fully water
celled, the volume fraction of water, ,, , is 1 while
w
o Istakento be 0. For calculating the secondary and
S

primary phase’s volume fractions, FLUENT® solves
a continuity equation for the secondary phase while
Eq. (10) is utilized for the primary phase. In the
condensation process, the water liquid is generated
from steam due to phase change. So, the steam is
considered as the primary phase and the water liquid
is taken to be the secondary phase. The continuity
volume fraction equation for the secondary liquid
phase can be written as follows [17]

(11

n
-
V. XYP Vi = z m,_ —mg
j=1

m,,_.,m,_, isamass source term that represents the

mass transfer rate from water liquid to steam in case
of evaporation or mass transfer rate from steam to
water liquid in case of condensation. The average
velocity of the mixture is, _ Zy_lajpj;j and the

v =
m pm

mixture density can be calculated by using the
arithmetic mean of all phase densities

, _yn . All the mixture properties are
Pm = Ljy )P Prop

correlated like the mixture density calculations,

2.4 Initial and Boundary Conditions

Boundary conditions specify the flow and thermal
variables on the boundaries of the physical domain.
Figure (1) shows the boundary conditions utilized in
the present study. The mass flow inlet is applied for
each phase and the mixture temperature is specified
at the inlets of the steam and water of the T-pipe. The
inlet turbulent intensity is taken to be 5% and the
velocity profile at inlet is uniform. Reynolds number
for the water liquid inlet flow ranges from 2860 to
11440 while it ranges between 100-1700 for the
steam inlet. The pressure outlet boundary condition is
specified as a constant value and equal to zero-gauge

pressure at the outlet pipe and the backflow volume
fraction is set to water liquid in case of reverse flow.
The isolated wall of the duct has been set as
hydraulically smooth walls with non-slip boundary
conditions applied for both steam and water liquid
phases. Enhanced wall functions are favorable in case
of high thermal gradient near the wall and this wall
treatment is considered in the present simulation for
boundary layer capturing.

2.5 Computational mesh

Several mesh types have been tried to assess the grid
dependence study. Tetrahedron mesh is more
efficient than cut cell and it has a close agreement
with the experimental results [12], as shown in Figure
(3). For the present CFD computations, a grid
independence study is performed and fine tetrahedral
cells are used as depicted in Figure (4). The fine
tested grid size is 573,950. The fine mesh is utilized
for the current computational calculations as it has
the best agreement with ETHZ experimental data for
single phase flow [12]. Furthermore, the validation is
performed for single phase flow as shown in Figures
(2), (3), and (4) while the two phase flow model
validation with the experimental data reported in [16]
is presented in Figure (5). The branched injected
water mass flow rate is changed in the range of 100-
500 kg/hr and it is presented on the horizontal axis
while the steam flow rate in the main pipe is kept
constant, m_ = 0.014 kg/s- The steam condensation

mass flow rate is depicted on the vertical axis. The
present two phase flow model can capture the steam
condensation mass flow rate within a maximum
deviation of 14%. This deviation between the present
CFD and data reported in [16] may be attributed to a
longer downstream pipe is used in the experiment.
This longer downstream pipe gives more time and
space for the steam to be condensed.

2.6 Computational procedure

In the present simulation, the continuity, momentum,
and energy equations are solved with the mixture and
evaporation-condensation models in a three-
dimensional domain using Ansys FLUENT®. Also, a
quick discretization and first-order upwind scheme
are used for all conservation equations to save
computational time. For more accurate results, the
third-order MUSCL discretization scheme is used.
The coupled scheme is used for pressure-velocity
coupling and the pressure is calculated with the
presto scheme, as it is recommended for two-phase
complex flow. The coupled algorithm solves the
momentum and pressure-based continuity equations
together which make the solution robust and more
efficient over the segregated solution scheme. The
used solver is pressure-based and the flow is steady
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state. The gravitational acceleration is set equal to
9.81 m/sz in the vertical direction to account for the

buoyancy effect with the density gradient. To achieve
the steady-state convergence, different pseudo time
steps are applied to the fluid (flow domain) and solid
zones (pipe walls) of the computational domain. The
selected pseudo time scale factors for fluid and solid
zones are 0.7 and 1, respectively. The pseudo-
transient fashion is recommended for the complex
two-phase flow which accounts for high mass
transfer through simulation.

1 e
- \ A A A ETHZ Experiment -

o8 Tetrahedron mesh

Cutcell mesh

0.6

0.4 i~

0.2 |-

o T T
-0.025 -0.02 -0.015 -0.01 -0.005 o 0.005 0.01 0.015 0.02 0.025
X (m)

Figure (3) Mixing scalar arlong with the distance
0.025 m (5D;,,) before and after the T-junction using
two mesh types.

A A A ETHZ Experiment -

08 Tetrahedron fine mesh _|

77777 Tetrahedron med. mesh
- — Tetrahedron coarse mesh|
0.6 - -

0.4

o T T T T T T _I - T T
-0.025 -0.02 -0.015 -0.01 -0.0056 O  0.005 0.1 0015 002 0.025
X (m)

Figure (4) Mixing scalar along the distance 0.025 m
(5D;,,) before and after the T-junction using three
mesh levels (fine, medium, coarse).

0.015

Mass flow rate of steam

o
o
2
I
>
I

0.005 — —

Mass of steam condensation (kg/s)

® ® @ PresentCFD
e A A A Experiment [16]
ol L

0 100 200 300 400 500
Mass flow rate of water liquid (kg/hr)

Figure (5) Validation of the present two phase flow
model with the experimental data reported in [16]

3. Results and Discussion

Condensation of two-phase flow inside a tube shows
a complicated phenomenon that affects both the
pressure drops from upstream to downstream and the
void fraction distribution in the pipe. This
phenomenon always appears in the T-junction which
is a kind of piping structure found in nuclear and
steam power plants. The investigation of two-phase
flow in this structure helps to predict the
hydrodynamic phenomenon of heat and mass transfer
in mixing undergoing condensation.

In the present study, two cases for the T-pipe are
considered. In the first case, Case 1, the branch angle
(0) is 90° while in the second case, Case 2, the angle
is 45°, where @ is the oblique branch angle and it is
measured between the water liquid and steam flow
directions in the main and branch pipes, respectively.
Also, more operational conditions are trained for both
cases and tested to fit the limiting condition for the
condensation rate in the T-junction with the
considered two angles. These limiting conditions
were found to be 0.1 — 0.4 kg/s for the water liquid
mass flow rate and mass ratio (m,,/ rig) in the range
of 500-2500. The results are presented for the whole
T-junction to track the flow contours inside the whole
domain. The mass flow rates of both fluids are kept

constant for both cases.

3.1 Results for Case 1

Figure (6) describes the steam mass flow rate
influence on the contours of pressure at m,,= 0.1 kg/s
and g = ggo. The static pressure decreases towards

the mixing point. Also, the static pressure continues
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to decrease towards the tee exit due to rapid bulk
condensation as a result of steam/water liquid
mixing. Steam condensation generates a vacuum
region inside the pipe as a result of large specific
volume differences of water liquid and steam. Hence,
a more steam flow rate results in more condensation
inside the T-pipe which generates more vacuum
inside the pipe. The generated vacuum decreases the
static pressure inside the pipe. This can be seen in
Figure (6.d) that achieves the lowest outlet pressure
compared to the other conditions for lower steam
mass flow rates, see Figures (6.a, 6.b, and 6.c).

Figure (7) describes the temperature fluctuations that
occur due to rapid bulk condensation in the mixing
region. The temperature decreases towards the T-pipe
exit due to steam to water liquid mass transfer at
m =0.0002 kg/s as shown in Figure (7.d). The

S
temperature fluctuations increase when the value of
rises due to the thermal mixing of water liquid

N

and steam at a big temperature difference. At the end
of the T-pipe, all steam is turned into water and the
exit temperature is raised due to steam latent heat
release. Also, the temperature stripping is easily
appeared around the mixing region in Figure (7.d).
This temperature stripping magnifies with the steam
mass flow rate increases.

Figure (8) shows the water liquid volume fraction
contours at g —gge and mw = 0.1 Kkgfs. It is

obvious from Figure (8) that steam is converted to
water liquid due to bulk condensation and it releases
its latent heat in the mixing region. Figures (8.c) and
(8.d) show the zone of flow recirculation beyond the
steam emerging region. This generated circulation
delays the two fluids mixing in the pipe top
immediately downstream the T-connection. Figure
(8.d) shows shed light on the effects of the rising

value of m and makes them more pronounced.
N

Increasing the steam mass flow rate makes the steam
takes a longer distance from the mixing region to be
condensed, i.e. delayed mixing. Moreover, in some
cases, steam may reach the duct exit without
condensation due to high water velocity or high
steam mass flow rate. The mixing length is a highly
turbulent region and it is mainly affected by the mass
ratio between the water liquid and steam.

Figures (9) and (10) show mass transfer rate and
volume fraction distributions in pipe cross-sections at

x=1D, » x=3D, » ad x=5p_, respectively,
where , is the axial distance measured beyond the

mixing point on the pipe centerline. The blue color
represents the highest value while the red color

indicates the lower value for all figures. Volume
fraction distribution in Figure (10.a) shows a rather
sharp stratification of the steam with water liquid at
the locations of 1D, and slightly at 3D, in Figure

(10.b). This sharp stratification can be easily noticed
near the upper pipe wall after the mixing region of
the T-pipe. In Figures (9.c and 10.c) at y = 5D, the

enhanced turbulent mixing has led to steam
penetration of steam into the flow and more
condensation rates can occur. Furthermore, Figures
(9.c and 10.c) show the pronounced and progressed
mixing at = 5D, where the averaged mass transfer

and steam volume fraction are well below the upper
sidewalls of the pipe cross-section and detached from
the upper walls, this is due to the buoyancy effect and
wall condensation.

The path-line of turbulent mixing is an indicator of
the degree of interaction between two streams. The
path-line interactions can be visualized by the intense
intersected lines at higher mixing. Figure (11) shows
the path-line mixing at y = 1D, 3D, and 5D, that

indicate more interactions and mixing at x = 1D, -

Figure (11) illustrates the region of flow recirculation
beyond the steam penetration. As noticed in the
previous case, this circulation retards the two flows
blending at the top of the pipe after the T-junction.
The steam volume fraction of the pipe top wall at x =

1D, suggests quite a high concentration near the
inlet of the branch pipe and then the steam volume

fraction decreases with axial distance due to its
condensation at x=3D, and 5D, - Also, the

buoyancy effect due to the density gradient is noticed
in Figures (10.a and 10.b).
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Figure (11) Pathline turbulent mixing behind the T-junction for Case 1 at m, =0.1kg/s and m_=0.002kg/s

along the main exit pipe

3.2 Results for Case 2

In this case of inclined mixing, the oblique branch
pipe angle (g) between the water inflow steam pipes
is 450. For Case 2, the computations are executed for

the same conditions considered for Case 1.
Furthermore, we will introduce the same operational
conditions for Case 2. Then, more results will be
documented and tabulated for comparison as will be
seen later in Table (1).

In this session, the effect of the inclined mixing will
be described and compared with the perpendicular T-
junction (case 1, #=90°). The inclined branch offers
more direct contact condensation and increased the
area of heat transfer between the interface of the
water liquid and steam, as predicted previously by
[8,11]. Figure (12) describes the effect of increasing

the steam mass flow rate on the static pressure
contours at g — 450 at m, =0.1kg/s It is clear

from Figure (12) that the static pressure values
decrease towards the T-pipe exit, due to the same
reasons explained previously. The contours of the
static temperature and liquid volume fractions for the
same conditions are described in Figures (13) and
(14), respectively. The temperature fluctuations can
be seen at different mass flow rate ratios.
Furthermore, it is noticed that steam with high
temperature is diffused along the pipe walls due to
this interrupted mixing, which results in a high-
temperature fluid, as seen in Figure (13.d) at
g = 45°- The inclined angle increases the area of

thermal mixing between the liquid water and steam
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which can be seen in Figure (13.d). The Cross-
sectional distribution of mass transfer and volume
fraction of y = 1D, 3D, and 5D,, for Case 2 are

shown in Figures (15) and (16), respectively. The
steam and water liquid stratification can be easily
observed in Figures (16.a and 16.b) with the
buoyancy force effects. It is obvious from Figure (17)
that the recirculation zone due to mixing is not
delayed in Case 2 compared to the same results for
Path-line in Case 1. These results in rapid mixing
after the T-junction lead to a slight fast condensation
compared to Case 1. This can be clarified by
comparing the volume fraction contours at the same
cross-section and location for Cases 1 and 2 in
Figures (10) and (16), respectively. Figure (18)
describes the effect of pipe cross sectional area on the
water liquid volume fraction inside the T-junction
pipe. It is obvious that rising the pipe diameter at the
same steam and water liquid mass flow rates
enhances the condensation at the mixing region. This
may be attributed to the flow velocity decreasing
which gives more time for the steam to be mixed and
condensed. At lower steam mass flow rates and
bigger pipe diameter, the water liquid can be slightly
drawn by the vacuum generated due to the
condensation in the branch pipe as shown in Figure
(18-).

In this section, we will discuss the condensation
mixing length. This length is the required length to
condense all the inflow steam before the T-junction
exit. The condensation mixing length depends mainly
on the water liquid/steam mass flow rate ratio and
mixing angle. The condensation ratio of the T-pipe
exit can be used as an indicator for the condensation
performance and this ratio can be calculated by Eq.

(12)
Condensation ratio at T-pipe exit = 100*(1- (12)
rﬁs at T-pipe exit
rﬁs at T-pipe inlet

When the condensation ratio is equal to 100%, it
means that all steam entering the T-junction is
converted into water liquid, fully condensation at the
T-pipe exit. Lower values of condensation ratio
indicate that steam still exits from the T-junction
without condensation; in this case, the mixing length
is not sufficient for the completely steam
condensation as shown in Table (1). It is clear from
Table (1) that a T-junction with 45° has a higher
condensation ratio at its exit for the same water
liquid/steam mass flow rate ratios compared to 90°T-
junction. T-junction with an angle of 45° provides
more water/steam mixing capability and surface

contacting which achieve higher condensation rates
compared to the T-junction with an angle of 90°
branch.

Table (1) Condensation ratio at the T-junction exit for
Case 1 and Case 2

: Condensation ratio at T-pipe
m m m .
w w s exit (%)
ase 1C ase 2C
o o
9 =90 6 =45
2500 100 100
o1 2000 100 100
1500 100 100
1000 100 100
500 100 100
2500 99.8 99,9
025 | 2000 99.6 99 8
1500 99.2 978
1000 97.9 98.5
500 87.4 897
2500 97.2 98.20
2000 95.9
0.4 97.1
1500 93.3 94.8
1000 78.2 89
500 63.9 66.6
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Figure (18) effect of pipe cross sectional area on the water liquid volume fraction contours for Case 2
atm, =0.1kg/s

Conclusions

In the present study, a T-junction pipe with two
oblique angles between the primary water liquid and
branched steam inflows is numerically investigated.
The effects of mass flow rate ratios between the two
streams are discussed. Distributions of the static
pressure, temperature and volume fraction as a result
of water-steam mixing and steam condensation were
taken into account. The results show that there is
more flow fluctuation and the temperature
fluctuations may be producing a high turbulent flow
in the mixing region which should be considered
when designing the T-pipe. Besides, the T-pipes
with both angles 45° and 90° show relatively the
same condensation rate at the lowest considered
water liquid mass flow rate of 0.1 kg/s and water
liquid/steam mass ratio of 500 or more. By increasing
the water liquid mass rate to 0.25 kg/s, T-junction
with an angle of 45° shows an improved condensation
rate compared to T-junction with 90° at a mass ratio
of 2500 and less. To reach a full condensation of the
steam at the pipe outlet for both angles of T-junction
with a water liquid mass flow rate of 0.4 kg/s, a
minimum mass ratio of water liquid/steam of 3000 is
required. Furthermore, the T-junction with an angle
of 45° can condense all the mixed steam at the duct
outlet with lower pressure loss under the same
operational conditions as the 90° T-pipe.

Also, a T- junction with an angle of 45° may improve
the recirculation area resulting after the junction and
therefore better performance occurs. Also, increasing
the T-junction pipe diameters gives rise to notably
improving the mixing process and enhancement in

steam condensation.

Nomenclature

pipe diameter (m)

total Energy (kJ)

enthalpy (kJ/kg K)

turbulent kinetic energy (m?%/s?)
thermal conductivity (W/m.K)
length of the pipe (m)

mass flow rate (kg/s)

pressure (kPa)

Reynolds number (-)
temperature (K)

axial mean velocity (m/s)
radial mean velocity (m/s)
tangential mean velocity (m/s)
reek letters

volume fraction (-)

turbulent dissipation rate (m?/s°)
dynamic viscosity (kg/m.s)

U turbulent viscosity (kg/m.s)

=T me QE<SHDOI.CXF TMO

effective viscosity (kg/m.s)

P density (kg/m®)

mean rate of rotation tensor (-)
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g inclination branch angle of the T-junction
between main and branch pipes

Subscripts

in inner

m mixture

ref reference

p pipe

S steam

w water liquid
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