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Abstract—The structure of a conical nozzle is critical to the gas induction of a venturi ejector. In this work, the effect
of nozzle structure on the gas induction was investigated by means of multiphase CFD and validating experiments.
Under different structures, the maximal gas induction was obtained through analyzing the nozzle outlet velocity
(NOV), nozzle inlet velocity (NIV), as well as nozzle shrinking angle (NSA). The simulated inlet pressure is positively
proportional to inlet flow rate, which is in good agreement with experimental results. The simulated results reveal that
the inlet pressure and gas induction increase with the increasing NOV. Considering the operational characteristics of
centrifugal pump, the recommended NOV is about 21.8 m/s. NIV and NSA show little impact on gas induction and
inlet pressure. Based on the pipeline energy consumption, the recommended NIV is the same as the outlet velocity of
centrifugal pump. The recommended NSA is about 20° to obtain the maximal gas induction.
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INTRODUCTION

Effective dispersion between gas phase and liquid phase is im-
portant in the chemical industry, such as multiphase reactions [1-
3]. An ejector loop reactor (ELR) is more and more appreciated as
a typical multiphase mixed reactor [4-7]. Fig. 1 provides a schematic
diagram of the ELR, which mainly consists of recycling pump, ven-
turi ejector, heater exchanger and vessel. The gas phase is intro-
duced into the venturi ejector by the high speed liquid from the
recydling pump. The mixing behavior of gas and liquid phases occurs
in the venturi ejector and vessel. The recycling pump provides all
the power for this system. Compared to the stirred tank reactor
[8-11], ELR exhibits high efficiency of heat and mass transfer due
to the heat exchanger and recycling pump. Furthermore, ELR is
preferred for a high pressure reaction and the easy scale-up ability
with the advantage of being without rotating parts.

It is proved that ELR is of great potential for different chemical
reactions. Poissonnier et al. [12] performed bimodal reaction in ELR
and obtained higher homogeneous product yields with a low cata-
lyst-to-liquid ratio. Serio et al. [13] studied ethoxylation reactions
in different reactor types and pointed out that ELR can achieve maxi-
mum productivity under a low power input. Warmeling et al. [14]
demonstrated that ELR could enhance catalytic reactions.

The venturi ejector is the key part to determine the performance
of the ELR. Fig. 2 presents a schematic diagram of the venturi ejec-
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tor. The key components of the venturi ejector are the conical noz-
zle, suction chamber, mixing tube and diffuser. The liquid from
the recycling pump is accelerated in the conical nozzle. According
to Bernoullis theorem, the static pressure drop generates a vacuum-
ing effect at the nozzle outlet. The gas is drawn into the suction
chamber by the pressure difference. The dispersion between liquid
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Fig. 1. Schematic diagram of ELR.
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Fig. 2. Schematic diagram of the venturi ejector structure.
and gas happens in the mixing tube. When the velocity of the liquid- EXPERIMENTS

gas mixture in the diffuser is reduced, the static pressure increases.

The entrainment ratio, given by the ratio of gas induction to lig-
uid flow rate, is the critical parameter to influence the bubble size
distribution, the hydrodynamics and mass transfer properties of
ELR [15,16]. Some approaches have been suggested to improve the
entrainment ratio. Sharma et al. [17] found that mixing tube length
and nozzle diameter have a more complex impact on gas induc-
tion. Kim et al. [18] designed a water-driven annular type ejector
loop for air absorption and found that entrained air flow rate had
a linear relationship with water flow rate. Song et al. [19] concluded
that simple change of nozzle shape can greatly improve the ejector
performance under high back pressure conditions. Sharma et al.
[20] studied the effect of turbulence on the jet dynamics and gas
induction rate in an ejector. Zhang et al. [21] investigated the effect
of nozzle position on entrainment ratio and obtained the optimal
nozzle position of 6 mm for a given operating conditions and fixed
geometries. Chen et al. [22] proposed an ejector with bypass to im-
prove the entrainment ratio and investigated the effects of operational
and bypass geometrical factors on the ejector entrained capacity.

ELR structure, especially the conical nozzle, is one of the main
factors to determine the vacuuming effect and the entrainment
ratio. Though some investigations focused on the optimized noz-
zle, the universal conclusion about the nozzle design scheme con-
sidering the operational characteristics of ELR has not yet been
fully understood. The nozzle has a close relation with the recycling
pump, especially the centrifugal pump, because the nozzle inlet pres-
sure changes according to the nozzle outlet velocity (NOV), which
will affect the operating status of the recycling pump as well as the
nozzle inlet flow rate. The universal design parameter of nozzle
structure could be obtained if nozzle inlet velocity (NIV), NOV
and nozzle shrinking angle (NSA) were confirmed. Thus, this paper
aimed to optimize the nozzle structure for the purpose of the maxi-
mal gas induction considering the characteristic of the recycling
pump by means of the multiphase CFD and validating experiments,
and to establish the universal nozzle velocity and angle.

Table 1. Simulation models with different dimensions

The experimental setup and flow diagram of a simple ELR is
given in Fig. 3. Water and air were the experimental liquid and gas,
respectively. The centrifugal pump was chosen as the recycling pump
with the rated flow rate of 15m’/h and the rated lift of 30m. A fre-
quency converter was installed for the centrifugal pump which could
adjust the water flow rate. A pressure transducer and flow transducer
were utilized to quantify the pressure and flow rate of the liquid into
the venturi ejector with a precision of +£0.5% preset in the pipes.

The dimension of the experimental venturi ejector is partially
shown in Fig. 2. Because the liquid-gas mixture from the venturi
ejector enters into a tank under the atmospheric pressure, the out-
let pressure of venturi ejector is equal to the atmospheric pressure.

MODELING APPROACH

1. Geometries and Grids

In this paper, some different models were developed to optimize
the nozzle structure. The nozzle outlet diameter (NOD), NIV and
NSA with different dimensions are presented in Table 1. The dimen-

g (-]
(b) ; =
. é [?re:;:uri Flow i
Gas ol [ D transducer
inlet M4 |
\'avleﬁ i
E
Centrifagal*
pump
Tank

Fig. 3. Experimental setup and flow diagram.
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sions of the venturi ejector structure in simulation are the same as
the experimental setup. Fig. 4 exhibits the geometry model gener-
ated in the preprocessor ANSYS Workbench Design Modeler 14.5.

The mesh model was produced in the ICEM 14.5. The O-grid
block was chosen as the grid topology to produce the structured
mesh. The global mesh size was used to control the grid distribu-
tion. The first cell height was about 0.4 mm at the position of nozzle
outlet. The quality of the meshes was analyzed using the orthogo-
nal quality. The minimum orthogonal quality was 0.67, indicating
that the mesh was fair. The grid distributions of the center plane
and outlet surface were preset in Fig. 5(a) and (b), respectively.
2. Mixture Model and Governing Equation

The mixture model is a simplified multiphase model that can
be used to depict multiphase flows where the phases move at dif-
ferent velocities. It can perform as well as a full Eulerian multiphase
model for bubbly flows, which is in accord with the venturi ejec-
tor. The mixture model can model n phases by solving the momen-
tum and continuity equations for the mixture.

The continuity equation for the mixture is

Ve(p,u,)=0 @
where p,, is the mixture density
Pm= Z P (2)
k=1

and u,, is the mass-averaged velocity

n
D Py
k=1

u,==——— 3
Pon

o, o, and u, is the volume fraction, density and velocity of phase

k, respectively; t is the time; n is the number of phases where n=2
is for this simulation model.

The momentum equation for the mixture could be obtained by
summing the individual momentum equations of all phases. It can
be expressed as

Ve (0, u,1,)==Vp+Ve[1,(Vu,+Vu,)]
; @
+F+Ve (Z PRy, Uy, kj
=1

where F is a body force, and 24, is the viscosity of the mixture:
Hp= 1;1 % ®)

u, . is the drift velocity for phase k:
Uy =1, ©6)

Among the standard k-& models, the RNG k-&model, and real-
izable k-£ model, one of the major documented drawbacks of the
standard k-& model is the over-prediction of turbulent viscosity at
lower Reynolds numbers (Re<10,000). However, in a practical sit-
uation, the Reynolds number is very high (Re>115,444) [23,24].
Considering the robustness, economy, and reasonable accuracy for
a wide range of turbulent flows, the standard k-& model was selected
to study the venturi ejector [25-28]. The turbulent viscosity, £, was
calculated based on model transport equations for the turbulence
kinetic energy (k) and its dissipation rate (). The k, eand g, were
obtained from the following transport equations:

Apyku,) 9 JIAYeS
0x; _6xj|:(’u’”+0' ﬁxj-,—Gk_pmg ?)
Apuan,) 2 ( A g
ox, ‘axj[ ", axj““ka Caenig ®
K’
=2 ©)

In these equations, G, represents the generation of turbulence
kinetic energy due to the mean velocity gradients, g;=1.0, 0,=1.3,
C,=144, C,=1.92, C,=0.09.

3. Numerical Simulation Settings

The commercial software ANSYS Fluent 14.5 was used as the

CFD solver. The SIMPLE scheme was adopted for pressure-veloc-

(a)

Fig. 5. Grid generation at center plane (a) and outlet (b).

(b)
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ity coupling. Both the first-order upwind and second-order upwind
were tested in this model; however, practically identical results were
found. The first-order upwind was chosen for spatial discretization
due to the strength of its calculation time for this simulated model
[7]. The standard pressure, least squares cell based gradient were
employed in this model.

Water was selected as the liquid phase and the air worked as the
gas phase. The boundary conditions for liquid inlet, gas inlet and
outlet were velocity-inlet, pressure-inlet and pressure-outlet, respec-
tively. The initial condition of simulation model was full of liquid
phase. Residuals for governing equations were performed within
1.0x10™ relative error as a criterion for convergence of the solution.
The gas induction reached a stable level and the mass flow rate was
balanced for entering and leaving the model as another converged
condition.

4. Mesh Independence Study and Experiment Validation

To validate CFD simulation accuracy, Fig. 6 presents the effect
the mesh number on the gas induction at NIV of 2.0 m/s and NOD
of 16 mm. In this paper, gas induction takes the place of entrain-
ment ratio because they have the same change rule when the liquid
inlet flow rate keeps unchanged. As the mesh number increases,
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Fig. 6. Relation between gas induction and mesh number.
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the gas induction decreases slowly and then keeps at a stable level.
When the mesh number increased from 1,855,628 to 2,665,253,
the gas induction changed from 0.0112m%s to 0.0111 m’/s and
had little change. Thus, the mesh number used in the simulation
was about 1,855,628.

Fig. 7 illustrates the comparison of inlet pressure simulated results
with experimental results under different liquid inlet flow rate. The
simulated flow rate is determined according to NOV (15.0 m/s,
20.0 m/s, 25.0m/s, 30.0 m/s), so the range of simulated flow rate
changes from 10.6 m’/h to 21.2 m’/h. The range of experimental
flow rate is determined by the rated flow rate and lift of recycling
pump. The maximal flow rate can only reach 164 m’h for the
venturi ejector with NOD of 16.0 mm. Due to the limitation of the
experimental setup, the range of the comparison have some inevi-
table differences. From this figure, it is clear that liquid inlet pressure
is proportional to liquid inlet flow rate. In addition, CFD simulated
results show the same evolution trend with the experimental inlet
pressure, which indicates that CFD simulation is reasonable.

RESULTS AND DISCUSSION

1. Optimizing Nozzle Outlet Velocity

In this part, the NOV changes with NOD under the same lig-
uid inlet flow rate. The value of NIV is 2.0 m/s, the nozzle inlet
diameter is 50 mm, the NSA is set to be 8°, and the different val-
ues of NOD are shown in Table 1. Fig. 8(a) and (b) present the
axial velocity contour of center section, radial velocity contour of
different axial distances, respectively. For the sake of comparing the

axial-velocty e ——
30 m's ‘_ = NOD 13mm
26.4
= 228 F _ —
. 19.2 ‘=T.EL -F'-‘-___::
= 158 “—-‘ NOD 14mm
=~ 12 )
‘i‘ 84 . :,' —
B .--'— ~~ NOD 16mm
-24 -
6 E 'ﬁk —
NOD 18mm

w Fe e
“..

S8
7=650

radial-velocity - @ @ @ -
Ia =V —_ -

osoms| S @ @ g 7-s50

4 061 =2 © © 0 Z=500

W S S @

037 P @© © @ -0

< 029 = = o Z=350

021 =

013 — - = @ z=300

0.05 - <o = = 7=250
-0.03 [ 3 - c- - o

011 = i Z=200

- = - @ 7=150

(b) - - - @ 7=100

e £ - = 7=50
- - - @@ 7-0

NOD 13mm  14mm 16mm 18mm

Fig. 8. (a) Axial velocity of center section and (b) radial velocity of
different axial distances.



Optimizing conical nozzle of venturi ejector in ejector loop reactor using computational fluid dynamics 1833

A —4-A

[ arEamaal
NOD 18mm| -

NOD 16mm| o-eole
NOD 14mm! °
NOD 13mm| o Bl

w
1
4 F o0

B
1

Normalized jet half-widths
1
g

r
1

10 20 30 40 50 60
Normalized streamwise distance

Fig. 9. Normalized jet half-width along normalized streamwise dis-
tance for different NOD.

velocity magnitude, the same kind of contour legend is set for dif-
ferent NOD contours. As Fig. 8(a) shown, the liquid axial velocity
accelerates gradually due to the decreasing flow area in the coni-
cal nozzle. The maximal liquid velocity appears in the position of
nozzle outlet, which decreases with the rising NOD. The velocity
core zone fades away gradually when the liquid leaves from the
nozzle outlet. For this model, the velocity core zone disappears
eventually in the diffuser. The velocity core zone vanishes later for
smaller NOD due to lager liquid velocity.

The radial velocity reflects the gas-liquid diffusion. From Fig. 8(b),
it is clear that the radial velocity is very small in the mixing tube
due to the unchanged flow area, indicating that the gas-liquid phase
hardly mingles. The gas-liquid diffusion mainly happens in the part
of diffuser on account of the increased flow area. When the velocity
core region disappears, the radial velocity reaches its maximum.
The radial velocity increases with the decrease of NOD because of
the increasing liquid velocity.

Fig. 9 shows a comparison of jet half-width from the mixing
tube inlet to outlet for different NOD. The jet half-width and stream-
wise distance are both normalized by NOD. The jet half-width is
defined as the transverse distance from the jet axis to the location
where the mean axial velocity is half of the centerline value [29]. In
jet flow; the velocity gradient generates turbulence. Turbulent eddies
cause the entrainment of the surrounding fluid into the jet flow.
Thus, the jet half-width could represent the gas induction. Accord-
ing to normalized jet half-width, it could be observed that the gas
induction increases with the decreasing NOD. Thus NOV is a criti-
cal factor for the gas induction.

Fig. 10 provides volume of fluid (VOF) contour of center sec-
tion for different NOD. As Fig. 10 shown, the conical nozzle is full
of liquid and the suction chamber is filled with air. The gas phase
is entrained by liquid into mixing tube together. Due to the in-
creasing of flow area in diffuser, the liquid phase disperses the gas
phase gradually until the mixture reaches a homogeneous status.
Combined with Fig. 8 and 9, it can be concluded that the mixing
behavior between liquid and gas phases will be benefit from larger
NOD and less gas induction.
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L | NOD 18mm

Fig. 10. VOF contour of center section for different NOD.
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Fig. 11 provides the relation among liquid inlet pressure, gas
induction and NOD. From this figure, the liquid inlet pressure and
gas induction decrease with the increasing NOD. The reason is
that the smaller NOD will lead to larger NOV at the constant inlet
flow rate which needs more input power. In industry; the inlet pres-
sure of venture ejector is always provided through the centrifugal
pump. It is difficult to satisfy the rising inlet pressure under the
unchanged flow rate. The flow rate will reduce with the increasing
of pressure for a specific centrifugal pump which is the operational
characteristics of centrifugal pump. Therefore, an optimal NOD
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Fig. 12. Relation between liquid pressure and flow rate.
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and NOV should exist based on the operation characteristics of cen-
trifugal pump.

Fig. 12 illustrates the relation between liquid pressure and flow
rate. Four NOD curves that the liquid inlet pressure increases with
the increasing of inlet flow rate were obtained through CFD simu-
lation. Another test data was acquired through measuring the out-
let pressure of the experimental centrifugal pump. The pressure
decreases with the increasing flow rate, which is corresponding to
the centrifugal pump characteristic curve. A series of intersection
points can be obtained by simulated NOD curves and test date
curve. Each intersection point correlates an inlet flow rate for the
venturi ejector when the centrifugal pump and the specific NOD
are used together. Combined with each intersection point and the
relation between gas induction and inlet flow rate, the gas induction
can be obtained for specific NOD which is shown in Fig. 13. From
Fig. 13, gas induction increases first and then remains stable with
the reducing NOD. For the purpose of maximal gas induction, the
optimal NOD is 16 mm. The recommended NOV can be calcu-
lated as about 21.8 m/s, according to the inlet flow rate and NOD.
2. Optimizing Nozzle Inlet Velocity

In this part, NIV changes according to nozzle inlet diameter
under the same liquid inlet flow rate. The NSA is 16°, NOD is 16
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Fig. 13. Relation between gas induction and inlet flow rate.
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mm, and the different values of NIV are shown in Table 1. Fig. 14
shows the center line velocity and VOF for different NIV. The cen-
ter line velocity and VOF is in accord with velocity contour of Fig,
8(a) and VOF contour of Fig. 10, respectively. From Fig. 14, it is
clear that NIV has no influence on the internal flow field since
nozzle out velocity has no change with NIV.

Fig. 15 provides the relation among gas induction, liquid inlet
pressure and NIV. The variation range of gas induction is only
0.0003 m’/s while NIV changes from 1.0 m/s to 4.0 m/s. Therefore,
NIV has a negligible influence on gas induction. The liquid inlet
pressure decreases with the increasing NIV. In fact, NIV is on behalf
of kinetic energy input the venturi ejector. The requisite static pres-
sure, liquid inlet pressure, will reduce when the kinetic energy in-
creases with the rising NIV. Though the high NIV would reduce
the inlet pressure, the high velocity in pipeline will augment the
energy consumption. For overall consideration, the recommended
NIV should be equal to the outlet velocity of centrifugal pump.

3. Optimizing Nozzle Shrinking Angle

To optimize NSA, NIV of 2.0 m/s, nozzle inlet diameter of 50
mm and NOD of 16 mm remain unchanged. The different values
of NSA are given in Table 1. Fig. 16 shows the center line velocity
of venturi ejector for different NSA. The nozzle length shortens
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with the rising NSA, which causes a sharp change of velocity. This
may be the reason that the maximal velocity increases with the
reducing of NSA, which can be found from Fig. 16.

Fig. 17 describes the relation among gas induction, inlet pres-
sure and NSA. When NSA changes from 8° to 20°, the increasing
amplitude of gas induction and inlet pressure is only 8.3% and 6.4%,
respectively, which shows that the NSA has little impact on the
performance of venturi ejector. However, gas induction increases
to maximum first and then decreases gradually with the increas-
ing NSA. The increasing NSA leads to more fluid energy loss and
rising inlet pressure, which directly influences the gas induction.
Based on the simulated results, the recommended NSA is about
20° for the maximal gas induction.

CONCLUSION

The conical nozzle structure is critical to the gas induction of
venturi ejector which directly affects the ELR performance. The
nozzle structure was designed as the values of NIV, NOV and NSA
are confirmed. To obtain the universal design scheme for a conical
nozzle, the nozzle structure was optimized considering the opera-
tional characteristics of a centrifugal pump by means of CFD model-
ing and validating experiments. The simulated inlet pressure shows
the same trend with the experimental inlet pressure, indicating that
CFD simulation is reasonable.

Based on the simulation results, the inlet pressure and gas induc-
tion decrease with the increasing NOD. Considering the centrifu-
gal pump efficiency, the recommended NOV is about 21.8 m/s.
NIV shows a negligible influence on gas induction. Inlet pressure
decreases with the increasing NIV. Considering the pipeline energy
consumption, the recommended NIV is equal to the outlet velocity
of centrifugal pump. Gas induction increases to maximum first,
and then decreases gradually with the increase of NSA. The rec-
ommended NSA is about 20°. This research confirmed the opti-
mal NIV, NOV and NSA for the maximal gas induction which
provides theoretic guidance to design high-efficient conical nozzle.
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