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Abstract

To improve annular jet pump (AJP) performance, new ways named constant rate of velocity/pressure change method
(CRVC/CRPC) were adopted to design its diffuser. The design formulas were derived according to the assumption of
linear velocity/pressure variation in the diffuser. Based on the two-dimensional numerical simulations, the effect of the
diffuser profile and the included angle on the pump performance and the internal flow details has been analyzed. The
predicted results of the RNG k-epsilon turbulence model show a better agreement with the experiment data than that of
the standard and the realizable k-epsilon turbulence models. The AJP with the CRPC diffuser produces a linear pressure
increase in the CRPC diffuser as expected. The AJP with CRPC/CRVC diffuser has better performance when the
diffuser included angle is greater or the diffuser length is shorter. Therefore, the AJP with CRPC/CRVC diffuser is
suitable for applications requiring space limitation and weight restriction.
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1. Introduction

A jet pump is a device utilizing kinetic energy of the primary flow to drive the secondary or induced flow by turbulent mixing.
In general, there are two types of jet pumps: center jet pump (CJP) and annular jet pump (AJP). The former one has a primary jet
nozzle placed along the centerline of the pump and the secondary stream flows around it annularly. While the AJP has the suction
chamber placed in the center and the outside annular driving jet flows around the suction stream. The geometry of the AJP makes
it well suitable for applications in the hydraulic transport of large solids. The typical usage of such pump is the transporting of
live fish, large cylindrical capsules, food products, etc. [1].

Several investigations have been carried out to study the effect of pump geometry on its performance and flow details e.g. the
area ratio of annular nozzle to throat, the reducing angle of the suction chamber, the throat length [1-4]. However, investigation of
the influence of diffuser profile on the pump performance is lacking.

Traditionally, the diffuser profile is conical. However, the trumpet-shaped diffusers designed by constant rate of velocity/pressure
change (CRVC/CRPC) method provided markedly higher efficiencies than the conical diffusers of the same length and outlet-to-
inlet area ratio [5]. Therefore, a trumpet-shaped diffuser may be worth considering for performance improvement of the annular jet
pump [6]. Because the trumpet-shaped diffuser is relatively difficult to be manufactured, experiment investigations on the annular jet
pump with trumpet-shaped diffusers are less reported.

For many years, the computational fluid dynamics (CFD) technique has proved to be an efficient tool for flow field analysis and
performance predictions of the AJP [3, 4, 7, 8]. This paper therefore adopts the CFD technique to predict the performance of the AJP
with the CRVC/CRPC diffusers. The diffuser included angle is also changed to coordinate with the new diffuser profiles.

2. Models and validation of flow simulation

2.1 CFD Model

Shimizu et al. [2] has investigated experimentally the relation between configuration and performance of the annular type jet
pump. In Shimizu et al.’s experiment [2], driving water supplied by a centrifugal pump flowed into a rectifying chamber via the flow
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measuring orifice. It then discharged from the annular nozzle (Fig. 1) outside of the central suction nozzle. The suction line
consisted of the suction pipe, electro-magnetic flow meter, and suction nozzle. Driving water and entrained water mixed together
in the suction chamber and flowed out from the delivery line after recovering pressure in a diffuser. Twenty-five pumps of
different structure combinations were tested in the experiments. These pumps reached a maximum efficiency of thirty-six percent.
The pump with the maximum efficiency was chosen as the model pump to be improved in this work. The configuration and
dimensions of the chosen AJP is shown in Fig. 1 and Table 1. The AJP performance is usually described in terms of volumetric
flow ratio M, total pressure ratio N, and efficiency # as defined in the nomenclature.
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Fig. 1 Configuration of the annular jet pump from Shimizu et al. [2]

Table 1 Pump dimensions

Symbol Do /mm Dy /mm D /mm Li/mm ¢ /° g/°
Dimension 55 43 38 102.3 30 5.8

The flow inside the AJP was assumed as axisymmetric flow and the CFD model was therefore simplified as two-dimension one.
The axisymmetric solver was applied to take the three-dimension (3-D) effect into account in this work. The models and structured
meshes are shown in Fig. 2. The length of the inlet section was 1 Dy, and the length of the outlet pipe was chosen as 3 D,. The length
of the outlet pipe is slightly longer than the real one, because extending properly the length of the outlet pipe is helpful to the
calculation stability. Other parameters were exactly the same as those used in the experiment [1].

The flow inside the pump was assumed to be steady and incompressible flow, controlled by the Reynolds averaging Navier
Stokes equations and the continuity equation. In this study, the three frequently-used k-epsilon turbulence models (the standard,
realizable and RNG model) were selected to govern the turbulence characteristics with the standard wall function adopted to resolve
the near-wall region. In the simulation, velocity boundary conditions were applied on the inlets boundaries and pressure boundary
condition on the outlet boundary. The governing equations were discreted by the finite volume method and the secondary upwind
scheme was adopted for spatial discretization of the convection terms. The SIMPLE algorithm was employed to solve the coupling
the pressure and velocity.

The grid number was initially made at about 35 thousand and later increased to about 60 thousand to confirm that the results
were grid independent. The maximum wall y+ value was around 120 and for most of the wall regions, y+ was around 40.
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Fig. 2 Calculation domain and grid details of the pump CFD model

2.2 Validation of CFD Simulation

The experiment data of the pump with maximum efficiency in Shimizu et al.’s work [1] was used to validate the CFD results.
The experimentally tested pump achieved its peak efficiency at M=0.58 and then the efficiency droped rapidly beyond this point
due to the cavitation. The pumps usually worked at non-cavitation conditions, hence, the simulated working condition reached to
M=0.58 only. Due to the large inlet velocity, the pressure of the primary flow decreased quickly, so the location of the primary
flow pressure was important and it was obtained exactly the same as that in the experiment (Fig. 2). While the locations of the
secondary flow pressure and the outlet pressure were less important because the velocity of these flows were lower.

Comparisons among the numerical results and the experimental data were shown in Fig. 3. Trends of the numerical results
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match well with the experiment for the efficiency # varied with flow ratio M. It can be seen from Fig. 3 that the calculated
efficiency by the three models agree well with the experiment data at smaller flow ratio M but the agreement of the standard and
realizable models deteriorates as M increases. The results of the RNG model are in good agreement with the experiment at the
peak efficiency, while those of the other two models have obvious discrepancies. The comparison shows that the RNG k-epsilon
model gives the best prediction for both trend and peak efficiency. This conclusion can also be found in Kwon et al.’s work [3].
Therefore, the RNG model is adopted in the following work.

40 r
DODD 8o
351 DSD
i %D
30 e
25 F o 8
R0 |}
S a
15 .8 0 EXP.
| 0 SKE
10 b o
A RKE
> fo > RNG
O L L L L L J
0 01 02 03 04 05 06

M
Fig. 3 Comparison of AJP performance between experiment data and CFD results

3. CRVC/CRPC Method

3.1 Description of CRVC Method
The CRVC method produces a diffuser profile that generates uniform velocity gradient allowing the velocity to rise linearly
from the inlet to the outlet of the diffuser. The method is based on the following assumption,

dv
— =Kk, 1
dx 1)

where K is a constant and v is mean velocity at diffuser inlet.

1 Ly 2

Fig. 4 Geometry of a CRPC diffuser

Referring to Fig.4, the boundary conditions for eg. (1) are v,=v; at L,=0 and v,=v;, at L, = L4. Therefore, eq. (1) can be expressed
as

v, -V, =21 . @)
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Because A=nr?, so eq. (3) can be converted as
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3.2 Description of CRPC method

The CRPC method produces a diffuser profile that generates uniform pressure gradient and allows the static pressure to rise
linearly from the inlet to the outlet of the diffuser. The method is based on the following assumption,
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where k is a constant. Referring to Fig.4, the boundary conditions for eq. (5) are p,=p; at L,=0 and p,=p, at L, = Lq. Therefore, eq.
(5) can be expressed as

P,— P
px_plzgl-x' (6)
Ly
Assuming that the total pressure P remains constant in the diffuser, then
1
p=P—§pW. @)
Therefore,
2
d d(v
@__ ( ) =k. 8)
dx dx

Equation (8) implies that the CRPC method could make the square of the mean velocity (or the velocity head) fall linearly
downstream the diffuser. Then the eq. (6) can be expressed as

2 2
2 > V, =V
v,o-v =—2—21L . )
L

Because v=Q/A, and the flow rate Q is the same at all sections of the diffuser. Therefore Eq. (9) can be expressed as
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Because A=nr?, so eq. (10) can be converted as

L
ot = (), (11)

d
Once ry, rpand Ly are known, the trumpet-shaped diffuser profile could be obtained according to eq. (4) and eq. (11). Fig.5 shows
the CRVC/CRPC diffuser profile compared with the conical diffuser of the original jet pump. The CRVC/CRPC diffuser has the
same length and outlet-to-inlet area ratio with the conical angle. The CRVC/CRPC diffuser provides a lower rate of area change in
the diffuser inlet section but a greater included angle at outlet section and its diameter is smaller than the conical diffuser at the same
axial position.
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Fig. 5 Diffuser profiles

4. Results and discussion

4.1 Effect of the geometry on the AJP performance

The curves of efficiency versus flow ratio are depicted in Fig.6. CO, CV and CP in the following figures stand for the three
diffuser profiles: conical, CRVC and CRPC; the value 8 and 5.8 means the included angle of the conical diffuser. Because the
CRVC and CRPC diffuser is designed based on the conical diffuser, the included angle S of the corresponding conical diffuser is
also defined as the nominal included angle of the CRVC and CRPC diffuser. The efficiency of the pump with CRVC/CRVC
diffusers is higher than the original pump at large flow ratio (M>0.4) as # =5.8°; The performance of the AJP with CRPC diffuser
is better than that with the CRVC diffuser at large flow ratio (M>0.5) but worse at small flow ratio. The larger flow ratio means
bigger radial velocity gradient and needs longer throat to have the two flows well-mixed, so the unwell-mixed flow due to the
short throat provides non-uniform velocity distribution at the diffuser inlet, thus causes greater hydraulic losses in the diffuser.
The CRVC/CRPC diffusers which provide a low rate of area variation in the diffuser inlet section, permit mixing to be completed
more efficiently.

As described in reference [4], the AJP with the trumpet-shaped diffusers presents higher performance with greater $ or shorter
diffuser length. Therefore the efficiency of the AJPs of # =8°were also compared as shown in Fig. 6. In general, the AJPs with
CRVC/CRPC diffuser have better performance than the pumps with conical diffuser as 5 =8°.

The diameter of the CRVC/CRPC diffuser is smaller than that of the conical diffuser at the same axis location. This will
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results in greater friction loss. When the flow ratio is small, the velocity distribution at the diffuser inlet is relatively uniform and
the advantage of low rate of area change is useless and counteracted by the greater friction loss. Hence, the conical diffuser has
the highest efficiency at the smallest flow ratio.

The interaction between the included angle and profile makes the AJP with CRVC/CRPC diffusers of § of 8°own more stable
and better performance than that of the AJPs with both trumpet-shaped or conical diffuser of g of 5.8°. Thus, the trumpet-shaped
diffuser is better when its included angle is greater or the length is shorter. Therefore, the CRVC/CRPC diffuser is suitable for
applications requiring space limitation and weight restriction.
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Fig. 6 Comparison of AJP efficiency change

4.2 Effect of the geometry on the flow details

The wall static pressure coefficient C, along the pump wall is depicted in Fig.7. All the illustrations in this section are
obtained at M=0.58. Due to the large velocity of the primary flow, p, decreases considerably before entering the suction chamber.
Thus, the length and diameter of the inlet straight pipe should be carefully considered to avoid larger friction loss. The pressure
drops steeply in the suction chamber but varies smoothly in the throat. Then, the mixed flow enters the diffuser and obtains its
major pressure recovery as shown in Fig.7.

The CRPC diffuser produces a linear pressure increase as expected. Both the CRPC and CRVC diffuser creature a smoother
and more uniform pressure gradient than the conical diffuser.
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Fig. 7 Wall pressure coefficient distributions

Figure 8 shows the variation of velocity at centerline along the AJP axis. The axial velocity increases steeply in the suction
chamber and then decreases slowly in the throat. In the CRVC diffusers, the axis velocity variation appears nonlinear and
inconsistent with the assumption in eq. (1), because the flows are not well-mixed and the velocity distributions at diffuser inlet are
not uniform (Fig.9). The CRPC/CRVC diffuser produces a more uniform velocity gradient than the conical diffuser as =8°.

The velocity profiles and the modified coefficient of momentum A at the diffuser inlet and outlet are depicted in Fig.9. 4
defined in eq. (12) is used to weight the uniformity of the velocity distribution at the diffuser inlet (throat outlet) and the diffuser
outlet.

A:% Ausz (12)
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Fig. 8 Axis velocity along AJP axis
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The velocity profiles and 4 at the diffuser inlet plotted in Fig.9a and Fig.9c are mainly affected by the throat length and have
no connection with the diffuser geometry. The longer the throat is, the more uniformly the velocity distributes at the diffuser inlet,
but over-long throat causes great friction loss [3].

The velocity profile and A at diffuser outlet illustrated in Fig.9b and Fig.9c are affected by diffuser inlet velocity profile,
included angle and profile. Once the throat length is given, the diffuser of smaller included angle or greater length has more
uniform velocity profile at diffuser outlet. With the throat and diffuser length being set, the trumpet-shaped diffuser has nearly the
same velocity profile as the conical diffuser at the diffuser outlet. All the velocity distributions get uniform at the pump outlet
because of the straight pipe with length of 3D4 following the diffuser.

5. Conclusions

Trumpet-shaped diffuser was adopted to improve the annular jet pump performance. Based on the simulation results, the effect of
the diffuser profile and included angle on pump performance and internal flow details was analyzed and some conclusions are
obtained as follows:

(1)The simulation results of the RNG k-epsilon turbulence model show a better agreement with experiment data than that of the
standard and the realizable k-epsilon models.

(2)The AJP with the CRVC/CRPC diffuser has better performance than the pump with conical diffuser as g =8°.

(3)The AJP with the CRPC diffuser has better performance than it with the CRVC diffuser at large flow ratio but worse at
small flow ratio.

(4)The CRPC diffuser produces a linear pressure increase indeed. Both the CRPC and CRVC diffuser creature a smoother and
more uniform pressure gradient than the conical diffuser.

(5) The CRVC/CRPC diffuser has nearly the same velocity profile as the conical diffuser at the diffuser outlet.
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Nomenclature

A cross-sectional area [m?] r radius [mm]

Co static pressure coefficient u axis velocity [m/s]
(Cp:(p-pp)/(0.5pvt2)) v mean velocity [m/s]

D diameter [m] n efficiency, (=MN)

L length [m] Subscript

p static pressure [MPa] d discharge of the diffuser

P total pressure [MPa] p driving nozzle

Q volumetric flow rate [m%s] S suction inlet

M flow ratio, (M=Q4/Qp) t throat

N total pressure ratio, (N=(Pg-Ps)/(Pp-Pq)) X quantities at Ly, €.g., Vy, Ax and ry
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