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a b s t r a c t

When a gas–liquid turbulent jet with hydroxyl free radicals is jetted into a ballast water discharge pipe
to kill the invasive microbes, there is a challenge for hydroxyl free radicals to contact a large number
of microbes in ballast water. In this paper, the Eulerian–Eulerian two-equation model is employed to
simulate the mixing process of gas–liquid being jetted into the ballast water crossflow. The results show
eywords:
as–liquid impinging jet
onfined crossflow
ulerian–Eulerian two-equation model
as volume fraction

that the upstream wall-surface vortices lead to counter-rotating scarf vortex pairs (CVSPs) at downstream
in confined crossflow, which enhance the mixing process. However, it is hard for the gas in the downstream
wall-surface jet to diffuse due to the fact that the CVSPs have no influence on the downstream wall-surface
jet. Therefore, the higher the momentum ratio is, the lower the value of weighted coefficient of variation of
gas volume fraction at outlet is, however, when the momentum ratio is constant, the weighted coefficient

d the
eighted coefficient of variation
allast water treatment

of variation first drops an

. Introduction

The introduction of invasive marine species into new environ-
ents via ships’ ballast water and other carriers has been identified

y Global Environment Facility (GEF) as one of the four greatest
hreats to the world’s oceans. This problem has become the focus of

arine Environment Protection Committee (MEPC) of International
aritime Organization (IMO). At present, the advanced oxidation

echnology based on hydroxyl free radicals is a promising technol-
gy for ballast water treatment [1–3]. Since hydroxyl free radicals
re of high oxidation efficiency [4], the transport pipelines of bal-
ast water can be used as a “pipeline reactor”, namely, the harmful

icrobes can be killed in ballast water discharge process.
The process of online ballast water treatment must take account

f the characteristics of ballast water and hydroxyl free radicals.
irst of all, a vast volume of ballast water is discharged in a short
ime. For example, 75,000 tons of ballast water carried by a 175,000-
on bulk are emptied with two 2500-ton ballast pump in 15 h, and
he velocity is 2.5 m/s in pipe with the diameter of 600 mm; sec-
ndly, low dosage of hydroxyl free radicals is adequate for killing

large number of harmful invasive marine microbes because of

ts strong oxidization; thirdly, since the life span of hydroxyl free
adicals is short, the uniform mixing period must be short enough
o ensure plenty of time for killing invasive organisms. Thus, the
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n goes up with increasing diameter ratio.
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uniform degree of mixing determines the effect of removing the
organisms by hydroxyl free radicals in a limited length of bal-
last water discharge pipe. An online treatment equipment must be
designed under the condition of having no influence on the ballast
water discharge; hence, the effective channel mixing method and
proper pipe length must be figured out to optimize the performance
of the online treatment equipment.

In recent decades, studies on the single-, multi-nozzle or
narrow-gap free jet vertically jetting into crossflow found that the
most significant characteristic is the forming of counter-rotating
vortex pairs (CVPs) like kidneys [5–7], leading to uniform mixing
and good mass transfer [8]. The CVPs aforementioned are induced
from a flow pattern of turn jet [9], which does not penetrate the
ambient crossflow or impinge pipe wall. Although existing in a long
distance, the CVPs are not easy to swell in radial direction because
of the limitation of pipe wall and the weak momentum ratio (jet-
to-crossflow). The shear stress between CVPs and crossflow is not
strong so that a “mixed death zone” exists between CVPs and pipe
wall, where the jet hardly mixes with crossflow. While the jet pen-
etrates the ambient crossflow and impinges pipe wall, upstream
wall-surface vortices are formed at upstream. When bypassing the
jet body, upstream wall-surface vortices lead to counter-rotating
scarf vortex pairs abbreviated as CVSPs, which can suck crossflow

with more force and result in better radial mixing [5,10]. There-
fore, the strong entrainment characteristics of CVSPs can be used
to strengthen the uniform degree of mixing between impinging jet
and crossflow. The flow of ship’s ballast water treatment is shown
in Fig. 1.

hts reserved.
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Nomenclature

C1�, C2 constants in Realizable k − �model
C1, C� parameters in Realizable k − � model
Cv(Cv,w) the (weighted) nonuniform degree coefficient
d, D diameters of jet and main pipe, respectively
�g acceleration of gravity (m/s2)
Gk the generation of turbulent kinetic energy (J/m3 s)
�Fq an external body force (N)
�Flift,q a lift force (N)
�FVm,q a virtual mass force (N)
I turbulent intensity
¯̄I the unit tensor
kq turbulent kinetic energy (m2/s2)
P the pressure shared by all phase (Pa)
Rd jet-to-pipe diameter ratio Rd = d/D
Rm jet-to-pipe momentum ratio Rm = (�jd

2v2
j
/�cD2v2

c )
Re Reynolds number
�Rpq an interaction force between phase (N)
S a ratio of standard deviation
�vq velocity vector (m/s)
xi a mean value of each small distribution interval
x̄i a mean value of whole distribution interval
yi a percentage of distribution of gas volume fraction

Greek symbols
˛q volume fraction
�q dissipation energy (m2/s3)
�q bulk viscosity (kg/m s)
�q shear viscosity (kg/m s)
�t,q eddy viscosity (kg/m s)
�k,q, ��,q constants in Realizable k − � model
�q kinematic viscosity (m2/s)
�q density (kg/m3)
¯̄�q stress–strain tensor
¯̄�
′
q Reynolds stress tensor

Subscripts
c, j crossflow, jet

c
fl
c
b

g, L gas, liquid
p, q phase p th, q th

When ballast water pumped by pump 1 flows through the dis-

harge pipe, part of the water is sucked by booster pump 2 as motive
uid. At throat of mixer 3, the water is accelerated to suck the spe-
ific gas. The specific gas is produced from device 4 , a dielectric
arrier discharge reactor, where oxygen and water vapour can be

Fig. 1. Flow chart of ballast water treatment: 1, ballast water pump; 2,
ng Journal 150 (2009) 344–351 345

ionized to produce large number of hydroxyl free radicals. Further-
more, the specific gas is broken into small bubbles at throat of mixer
and then disperses into the motive fluid. At last, the gas–liquid
with hydroxyl free radicals vertically jets back into ballast water.
In the process of gas–liquid jet mixing with crossflow, the harmful
invasive microorganisms are killed by hydroxyl free radicals.

Although single-, multi-nozzle or narrow-gap jet vertically jet-
ting into crossflow [5–7] and the flow in T-type[11,12], have been
studied, little literature on multiphase impinging jet was reported
because the properties of impinging jet in crossflow and multi-
phase flow are too complicated. In this paper, the Eulerian–Eulerian
two-equation model is employed to simulate the mixing process of
gas–liquid impinging into the ballast water crossflow. The results
show that the wall-surface vortices come into being at upstream
and will lead to counter-rotating scarf vortex pairs (CVSPs) at down-
stream. The formation and development of CVSPs enhance the
process of jet mixing with crossflow, but, it is hard for the gas
in the downstream wall-surface jet to diffuse. Therefore, increas-
ing momentum ratio and pipe diameter ratio results in different
changing trends of weighted coefficient of variation at outlet.

2. Mathematical formulations

For phase q th of a multiphase turbulent flow, the governing
equations of mass, momentum and Realizable k − � turbulence
model are

Continuity equation:

∇ · (˛q�q�vq) = 0 (1)

Momentum equations:

∇ · (˛q�q�vq�vq) = −˛q∇P + ∇ · ¯̄�q + ˛q�q�g

+ (�Fq + �Flife,q + �FVm,q) +
n∑

p=1

Rpq (2)

Phase stress–strain tensor:

¯̄�q = ˛q�q(∇�vq + ∇�vT
q ) + ˛q

(
�q − 2

3
�q

)
∇ · �vq

¯̄I (3)

Reynolds stress tensor:

¯̄�
′
q = −2

3
(�qkq + �q�t,q∇ · �vq)¯̄I + �q�t,q(∇�vq + ∇�vT

q ) (4)
Turbulent viscosity:

�t,q = �qC�
k2

q

�q
(5)

booster pump; 3, jet mixer; 4, free radicals-generated apparatus.
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are put together to share the same legend, such as Rm = 1.60 and
Rm = 6.40, Rm = 2.30 and Rm = 3.14, Rm = 4.09 and Rm = 5.18.

Due to the limitation of wall and crossflow, the development of
pathlines is different in the vicinity of impinging point. When Rm
Fig. 2. Schematic diagram of tee pipe.

Turbulent kinetic energy kq:

· (˛q�qkq�vq) = ∇
[(

�q + �t,q

�k,q

)]
+ Gk,q − �q�q (6)

The rate of dissipation of turbulent kinetic energy �q:

· (˛q�qεq�vq) = ∇
[(

�q + �t,q

��,q

)]
+ �qC1Sq�q − �qC2

�2

kq +
√

�q�q

(7)

here, ˛q, �q, �vq are volume fraction, density and velocity of phase
th, respectively; �q and �q are bulk viscosity and shear one; �g

s acceleration due to gravity; Kpq is coefficient of the momen-
um exchange term for turbulent flows; �Fq, �Flift,q and �FVm,q are the
xternal body force, lift force and virtual mass force, respectively.
qs. (1)–(7) constitute the closure formulations for the current
imulation. The model constant C1�,q, C2, �k,q and ��,q have been
stablished to ensure that the model performs well for certain
anonical flows. The model constants are:

1�,q = 1.44, C2 = 1.9, �k,q = 1.0, ��,q = 1.2

nd the others in these equations can be referred to FLUENT 6.3
ser’s Guide.

At the same time, the volume fractions of all phases sum to unity:

n

q=1

˛q = 1 (8)

amely, fractions of all phases must sum to unity in every control
olume. Therefore, if the control volume is full of liquid, then ˛L =
. Similarly, if it is full of gas, then ˛g = 1. In all cases, the gas is
ssumed to be inert and behave as a homogeneous phase.

. Computation domain/grid and boundary conditions

The impinging jet will bring out many various vortices includ-
ng shear vortex, scarf vortex, wake vortex and so on, which affect

arkedly the flow characteristics in the vicinity of impinging point.
nd the impinging jet flow shows strong three-dimensional prop-
rties, so a 3D computation domain is taken into consideration.
arameters of the 3D computation domain are: the main pipe with
he length of 4 m, the diameter of 0.6 m, the lateral pipe with a
ength of 0.2 m crosses vertically the main pipe at 1 m from left
nlet. A schematic diagram of tee-pipe is shown in Fig. 2.

Fig. 3 shows the structure grids of computation zone.
The velocity of water flow is 2.5 m/s for the left velocity-inlet of

ain pipe, and the velocity of gas–liquid flow is a series of values
or the velocity-inlet of lateral pipe. The pressure is 3.5 atm for the

utlet of main pipe. Assumed to be fully developed pipe flow, the
urbulent intensity at inlet and outlet can be estimated with Eq.
9)[13].

g(L) = 0.16(Re)−1/8 (9)
Fig. 3. Grids distribution of inlet and wall. (a) Grids of branch inlet; (b) grids of main
pipe; (c) wall-grids of junction.

The wall boundary conditions are of no-slip boundary condi-
tions. For the evaluation of wall effect on turbulence, the near-wall
treatment employs STANDARD WALL FUNCTIONS [14]. There is no
heat transfer between liquid and wall, so the ENERGY EQUATION is
not worked out.

4. Simulation cases

The major parameters used in the process of the numerical sim-
ulations are given in Table 1.

All numerical simulations are carried out at ambient temper-
ature. The simulations are realized by Fluent code, which is a
commercial software including the broad physical model and has
been applied to industrial applications ranging from air flow over
an aircraft wing to combustion in a furnace, from bubble columns
to glass production, from blood flow to semiconductor manufactur-
ing, from clean room design to wastewater treatment plants, and
which is a leader in multiphase modeling technology. The second-
order scheme is employed except for volume fraction equation
using quick scheme.

5. Results and discussion

5.1. Analysis of the pathlines of different momentum ratios

Fig. 4 shows the development of pathlines of gas–liquid con-
fined impinging jet with different momentum ratios. The legend
represents the flow time of pathlines, the time unit is second (s).
Developing from inlet to outlet, the pathlines in blue indicate short
time while the red indicate long time. The pathline profiles, with
a little difference of maximum of flow time from inlet to outlet,
Table 1
Summary of simulation conditions.

Momentum ratio 1.60 2.30 3.14 4.09 5.18 6.40
Pipe radius ratio 0.09 0.14 0.19 0.24 0.28 –
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pathlines confronting jet body get sharply curve downward owing
ig. 4. Distribution of pathlines with different momentum ratios at Rd = 0.14.

anges from 1.60 to 5.18 at Rd = 0.14, the pathlines appear sym-
etry distribution from top view. However, when Rm = 6.40, the

athlines are no longer symmetrical as mentioned in the reference
10], and shown in Fig. 4.

First of all, the wall-surface jet around impact point comes into
eing on account of wall interruption, but its development is differ-
nt because of the limitation of wall and the crossflow. At windward

ide of jet, wall-surface jet plugs in the space between wall and
rossflow. The jet’s energy of flowing upstream decays due to the
rag of crossflow. When the jet’s energy disappears somewhere, the
all-surface jet turns back with crossflow. However, a little part of
ng Journal 150 (2009) 344–351 347

this jet returns to the upstream wall-surface jet, so a type of vor-
tices called upstream wall-surface vortices are induced at last. We
could clearly note that, when momentum ratio increases from 1.60
to 3.14, namely, the higher the momentum ratio is, the more upward
the vortex centre is and the greater the vortex height is, but the
increscent trend is not obvious as momentum ratio changes from
3.14 to 5.18. After bypassing the jet body, the upstream wall-surface
vortices develop into scarf vortices . At downstream cross-section,
the scarf vortices are in the form of a pair of counter-rotating scarf
vortices (CVSPs).

At the same time, the ambilateral pathlines of jet body develop-
ing downstream in a confined pipe is different from pathlines in a
unconfined space [10]. In a confined pipe, the ambilaterial pathlines
climb along the wall when pathlines extend downstream. With
momentum ratio changing from 1.60 to 5.18, the height of climbing
pathlines grows greater, and so is the bending strength. When the
clambing pathlines reach the top and collide into each other, they
convene towards the bottom again and form the secondary jet flow.
The secondary jet can enhance the vortex intensity of CVSPs.

Additionally, with Rm increasing from 1.60 to 5.18, the maximum
of the residence time grows greater and is proportional to the vortex
intensity. Namely, the existence of CVSPs can enhance the residence
time of jet flow. Nevertheless, the non-blue pathlines mainly exist
at the center of CVSPs and the curvature of pathlines is greater than
that of the blue. The above-mentioned changing characteristics are
displayed in Fig. 4.

In Fig. 4 for Rm = 6.40, the pathlines appear asymmetrical distri-
bution, that is to say, the upstream wall-surface vortices and scarf
vortices move one side, whose ability of sucking crossflow is greatly
enhanced. While a small part of pathlines of jet and pathlines of
downstream wall-surface jet distribute on the other side, whose
curvature is flat and the ability of sucking crossflow is weakened.
Since the process of sucking crossflow is asymmetric, the location of
pathline distribution generates deflexion in confined pipe, which is
different from the distribution in unconfined space [10]. Comparing
with Rm = 5.18, the residence time of pathlines is greatly shortened.
For example, the maximum of residence time is 3.86 s at Rm = 5.18
but only 2.37 s at Rm = 6.40.

5.2. Analysis of the pathlines of different diameter ratios

The higher the momentum ratio is, the stronger the interaction
and mixing between jet and crossflow are, thus the development
of pathlines of different diameter ratios is analyzed at constant
momentum ratio. In order to discuss in depth the interaction of
pathlines between main pipe and lateral pipe, the birth sites of
pathlines are put on a few straight lines at two inlets. For example,
the y-coordinate of straight lines at main pipe inlet lies in 0,±0.25m,
respectively, and the center lines along x- and z-coordinates
at lateral inlet are selected. Interaction pathlines are shown in
Fig. 5.

The stagnation spot of impinging jet varies with Rd ranging from
0.09 to 0.28. For example, the pathlines of jet hardly skew down-
stream at Rd = 0.09 but skew downstream evidently at Rd = 0.28.
The foregoing results could be explained in this way that the larger
the contacting area between jet and crossflow is, the greater the
acting force on jet imposed by crossflow is, and simultaneously the
smaller the flow rate of the upstream wall-surface vortices is.

The pathlines start from y = 0.25 m of main pipe inlet and main-
tain horizontal development without being affected by upstream
wall-surface vortices. When pathlines are close to jet, the partial
to the interruption and drag force by jet, and then is involved in
upstream wall-surface vortices. The part close to the pathlines con-
fronting jet body also bends down and forms boundary layer of
downstream wall-surface jet, but this part does not mix well with
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increasing diameter ratio as shown in Fig. 7, but the vortex height
Fig. 5. Distribution of pathlines with different diameter ratios at Rm = 6.40.

et, that is, the gas volume fraction is the smallest in this zone. The
egment far away from the pathlines confronting jet body bends
pward due to the low pressure behind nozzle, and then in a dis-
ance goes downward, the pathlines also go sharply down and form
he boundary layer of downstream wall-surface jet. The color of
athlines transfer from blue at upstream to blue-green at down-
tream. Comparing with the legend, it is known the residence time
f those pathlines is short because they depend only on the initial
elocity of the inlet.

As for pathlines starting from y = 0, the horizontal part of which
s shorter than that of those starting from y = 0.25 m. The pathlines
ump upward after meeting the upstream wall-surface vortices,
nd then bend down because of the drag force of jet. However, the
athlines bypassing the jet body mainly adhere to outer sphere of
VSPs rather than form boundary layer of downstream wall-surface

et. Additionally, the color of pathlines changes from blue to green.
t is shown that the residence time is longer than the former’s on
ccount of the influence of CVSPs.

For pathlines starting from y = −0.25 m, the interaction with
pstream wall-surface vortices is evident. The pathlines cohere and

nterwine with upstream wall-surface vortices, and then develop
nto CVSPs after bypassing the jet. Moreover, these pathlines are

ot affected by downstream wall-surface jet. The pathlines in the
enter of CVSPs is non-blue, whose flowing time is much greater
han others. For example, when Rd = 0.09, the flowing time actually
eaches 4.25 s.
ng Journal 150 (2009) 344–351

All in all, as for the crossflow, pathlines below y = 0 are mainly
sucked by upstream wall-surface vortices at upstream, and sucked
by CVSPs at downstream. The lower the y value of pathline location
is, the stronger the influence of upstream wall-surface vortices is,
hence the crossflow falling in this zone easily mix with jet flow.
Contrary to that, pathlines beyond y = 0 are hardly affected by
upstream wall-surface vortices and CVSPs, so the greater the value
of y is, the less the influence is. Those pathlines form boundary
layer of downstream wall-surface jet, where the gas volume frac-
tion of this zone is the smallest. Additionally, when mometum ratio
is constant, the velocity increases with decreasing jet diamter, the
stronger the upstream wall-surface vortices are, the longer the res-
idence time of pathlines in center of vortices is.

Therefore, the intensity of upstream wall-surface vortices and
CVSPs is a key factor for the mixing degree. For example, increas-
ing intensity of vortices leads to greater mixing degree because
the residence time of jet in the vortices is longer and the ability
of sucking the crossflow is greater, that is, the prolonged residence
time ensures the sufficient contact betwen jet and crossflow, which
results in better gas dispersion at last.

5.3. Uniform degree of mixing at outlet

The contour map and weighted variation coefficient of gas vol-
ume fraction are analyzed to decide the optimal momentum and
diameter ratio, which can realize high degree of mixing between
jet and crossflow in a limited pipe.

Fig. 6 shows the contour map of gas volume fraction under dif-
ferent momentum ratios at Rd = 0.14 and the legend shows the gas
volume fraction without dimension. The contour map is symmet-
rical when Rm ≤ 4.09, but is partial asymmetrical at Rm = 5.18 and
is obvious asymmetrical at Rm = 6.40. Although the contour map
grows asymmetrical when Rm ≥ 5.18, the mixing process still com-
ply with certain laws, in other words, the greater the momentum
ratio is, the stronger the influence of CVSPs on gas distribution gets,
at the same time, and leading to greater gas volume in the down-
stream wall-surface jet. The part of jet flow clambering along wall
encounters and compresses at upper, and then converges towards
bottom again, which results in secondary jet flow and increas-
ing the vortex intensity of CVSPs. It is also noted that gas–liquid
fluid will cover the pipe wall to the outlet. When the momen-
tum ratio increases, the secondary jet flow is closer to bottom, but
its head bifurcates again like an “anchor” or an inversing “mush-
room” together with CVSPs. Since the vortex intensity of CVSPs
gets stronger when Rm increases from 1.60 to 5.18, the vortex cen-
ter of CVSPs grows more evident in contour map. In addition, as
the momentum ratio increases, the gas volume in the downstream
wall-surface jet increases, but the zone between CVSPs and down-
stream wall-surface jet reduces.

Fig. 7 shows that the contour map of gas volume fraction under
different diameter ratios at Rm = 6.40. The distribution of contour
map is symmetrical except for Rd = 0.14 and Rd = 0.19. With Rd

increasing, the thickness of downstream wall-surface jet grows
thicker than the former. The thickness can be seen through the lon-
gitudinal and cross-sectional contour map at Rd = 0.09, Rd = 0.24
and Rd = 0.28, but merely through the cross-sectional contour map
for Rd = 0.14 and Rd = 0.19. The degree of skewness of jet body can
also be embodied by contour map at the longitudinal profile, of
which its change tendency and cause have been mentioned in path-
lines and will not be repeated here. Comparing Fig. 6 with Fig. 7, it
is noted that the upstream wall-surface vortices change a little with
is greater and the vortex center is farther away from the impinging
point with growing momentum ratio as shown in Fig. 6. In addition,
when Rd = 0.24 and Rd = 0.28, there is a new phenomena that the
CVSPs isolates from secondary jet flow.
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Fig. 6. Longitudinal and cross-sectional co

All in all, in the momentum-dominated near field, namely,
efore the jet impinges on the wall, the jet-induced velocity is
ignificantly greater than the ambient current, and the jet is only
lightly affected by the crossflow. Thus the mixing is similar to that
f a momentum jet in still fluid. However, after the jet impinges
n the wall, the upstream wall-surface vortices form and enhance
he mixing degree between jet and crossflow. At downstream side
f the jet, the upstream wall-surface vortices become the CVSPs
hich can remain in long distance downstream. As expected, the
ixing is greatly enhances by the CVSPs in the far-field.
The degree of mixing could be demonstrated by the histogram

f gas volume fraction at outlet, but it is not easy to distinguish
mong different cases in the condition of changing momentum
atio and diameter ratio. Currently, for statistical analysis of the
istogram of gas volume fraction at outlet, the standard tecnnique

s the coefficient of variation (Cv = (S/x̄) × 100%). The coefficient of
ariation is the ratio of standard deviation of component concen-

ration (S =
√

(1/(n − 1))
∑n

i=1(xi − x̄)2) to its mean concentration

x̄ = (1/n)
∑n

i=1xi). However, the percentage of each small interval is
ot considered. So the percentage had better be taken as a weighted

actor. Therefore, the weighted coefficient of variation is calculated
y the formula as follows:
v,w =

√√√√(
n∑

i=1

(xi − x̄)2 × yi)/(n − 1)

x̄
× 100% (10)
map of gas volume fraction at Rd = 0.14.

where, Cv,w is the weighted coefficient of variation; xi and x̄ are
the mean value of each small distribution interval and the whole
distribution interval of gas volume fraction, respectively. yi is the
percentage of each small distribution interval of gas volume frac-
tion.

Fig. 8 shows the variation trend of weighted coefficient of vari-
ation with different momentum ratios. The declining trend of
weighted coefficient of variation is critical from 1.60 to 2.30 but
slows down from 2.30 to 6.40, the reason of which is that more jet
flow are turned into the downstream wall-surface jet with increas-
ing momentum ratio, and this part is of no effect by CVSPs so that
less gas is diffused in time. Therefore, when the momentum ratio
equals 6.40, the value of weighted coefficient of variation is 12.8%,
which could result in the rapid and short-distance mixing between
jet and crossflow.

Fig. 9 shows the changing trend of weighted coefficient of vari-
ation with different diameter ratios. Comparing with the former’s,
the trend is greatly different from Fig. 8. For example, when the
momentum ratio is constant, as the diameter ratio gets larger, the
weighted coefficient of variation first drops down, and then goes up
again. The valley value of coefficient 12.8% is reached when diam-
eter ratio equals 0.14. Before the valley value, the coefficient drops
off sharply; and after the valley value, the coefficient climbs sharply

from 0.14 to 0.28. The weighted coefficient of variation rises due to
the force on the jet by crossflow gets stronger with increasing diam-
eter ratio, and more jet flow forms the downstream wall-surface
jet just like the case of increasing momentum ratio at a constant
diameter ratio.
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Fig. 7. Longitudinal and cross-sectional contour map of gas volume fraction at Rm = 6.40.
Fig. 8. Weighted coefficient of variation of gas volume fraction at Rd = 0.14. Fig. 9. Weighted coefficient of variation of gas volume fraction at Rm = 6.40.
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. Conclusion

The Eulerian–Eulerian two-equation model is employed to sim-
late the mixing process of gas–liquid being jetted into the ballast
ater crossflow. Some specific conclusion are summerized as fol-

ows:

1) Analyzing the profiles of mixture pathlines shows that
upstream wall-surface vortices are the major cause for counter-
rotating scarf vortex pairs (CVSPs) at downstream in confined
crossflow, and the secondary jet increases the vortex intensity of
CVSPs. The vortices enhance the mixing process, in other words,
the complete and uniform mixing mainly depends on the CVSPs
at downstream.

2) It is difficult for the gas to diffuse in the downstream wall-
surface jet flow without influence of CVSPs.

3) Analysis of contour map and weighted variation coefficient of
gas volume fraction at outlet shows that the higher the momen-
tum ratio is, the lower the weight coefficient of variation is.
Especially, when the pathlines or contour maps are asymmet-
ric, though the residence time in pipe grows shorter, the degree
of mixing is much greater.

4) Therefore, within reasonable span of energy dissipation, the
optimal momentum ratio is greater than or equal to 6.40 when
the diameter ratio is 0.14. When the momentum ratio equals
6.40, the optimal value of Rd is 0.14.

Experiments shall be performed to further clarify the effect of
mpinging jet on the degree of mixing, particularly to collect more

ata on the influence of increasing momentum ratio and diameter
atio. At the same time, experiments results shall be consistent with
umerical simulations, and prove the transition boundary condi-
ion from symmetric to asymmetric distribution of gas volume
raction.

[
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