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The influence of the tip clearance on the internal flow and hydraulic performances of a 3-bladed inducer, designed at ALTA, Pisa,
Italy, are investigated both experimentally and numerically. Two inducer configurations with different blade tip clearances, one
about equal to the nominal value and the other 2.5 times larger, are considered to analyze tip leakage effects. The 3D numerical
model developed in ANSYS CFX to simulate the flow through the inducer with 2 different clearances under different operating
conditions is illustrated. The internal flow fields and hydraulic performance predicted by the CFD model under different operating
conditions are compared with the corresponding experimental data obtained from the inducer tests. As expected, both experimental
and numerical results indicate that higher pressure rise and hydraulic efficiency are obtained from the inducer configuration with

the nominal tip clearance.

1. Introduction

The axial inducers, employed upstream of the centrifugal
stage of propellant rocket turbopumps, are typically working
under the severe conditions that lead to the development
of flow instabilities which in turn can seriously degrade the
performances of the inducers [1, 2]. As reported from a
lot of open literatures, the blade tip clearance between the
impeller and the casing affects the internal flow and usually
induces flow instabilities occurring in turbomachinery. Since
the vortices are associated with the tip clearance flows,
further complexities in the development of cavitation and
cavitation induced instabilities will occur, such as backflow
vortex cavitation and tip vortex cavitation, which are signif-
icantly affected by the inducer casing [3-6]. Furthermore,
the hydraulic performance of inducers is sensitive to the tip
clearance for clearance/mean blade height ratios higher than
2% and drops rapidly for larger values of this parameter.

The present study specifically aims at analyzing by com-
parison with the experimental results the influence of tip
clearances on the inducer’s predicted internal flows and
hydraulic performances. Computations have been carried out

by means of the commercial ANSYS CFX 14.5 software pack-
age installed at Jiangsu University, Zhenjiang City, China,
in the blade high-performance computing clusters system,
whose main operational parameters are listed in Table 1.
Reference validation experiments have been carried out in
the CPRTF (Cavitating Pump Rotordynamic Test Facility) [7]
at ALTA, Pisa, Italy, on the three-bladed inducer with two
values of the blade tip clearances, designed as described in
Pace et al. [8] and manufactured in 7075-T6 aluminum alloy

(8].

2. Numerical Methods

2.1. Geometrical Data. For predicting the internal flow and
hydraulic performances of an inducer by CFD techniques,
the computational model of the inducer was combined with
inlet and outlet pipes, as shown in Figure 1. The inlet duct
was modified with an extended portion about 20 times of the
inducer inlet radius, r;, and the outlet duct was also extended
in the same way. The main geometrical and operational
characteristics of the DAPROT3 inducer were demonstrated
in detail by Pace et al. [8, 9], respectively.
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TaBLE 1: The parameters of blade high-performance computing
clusters system.

2 x Intel Xeon X5650 CPU with 6 physical cores

CPU for each, 2.40 GHz, 12 M three-level buffer
Memor 24 G DDR3 RDIMM, 18 slots, the maximum

Y memory: 384 G
Hard disk 2 % 146 G10 K SAS 6 G 2.5, hot-swap hard disk
Blade server Dawning Blade Full View Manager System
Operating SUSE Linux Enterprise Server 11 (64-bit)
system

F1GURE 1: Three-dimensional model of the inducer.

2.2. Mesh Generation and Grid Independence Check. Due
to their wide adaptability to the complex geometries and
reduced time required for the mesh’s generation, unstruc-
tured tetrahedral cells were applied for the inducer which
includes 3 twisted blades and complex inner flow passages
by using ANSYS ICEM CFD 14.5. In particular, due to
the complexity of the inducer, it was split into a number
of component parts which included the BLE, BTE, BS,
BP, BTP, nose, and hub for generating mesh as shown in
Figure 2. Care was also taken when generating the grids for
the inlet and outlet ducts. The final mesh number of the
whole computational domains is systematically increased and
ranges from 1.74 million to 11.38 million in the present study,
as shown in Table 2.

In particular, based on four computational grids (coarser,
medium, and finer) summarized in Table 2, the influence
of different mesh numbers on the prediction of hydraulic
performance of the inducer with the tip clearance of 0.8 mm
operating at a flow coefficient of ® = 0.05903 was especially
investigated during the calculating process. As shown in
Figure 3, the prediction of the head coeflicient increases
slowly with the number of grid elements and remains almost
constant with the corresponding experimental data when
using the finer grid. The values of Yplus in each computational
domain are in the range of 165.32 for the inlet pipe, 168.80 for
the inducer, and 198.52 for the outlet pipe, respectively.

2.3. Governing Equations and Boundary Conditions. ANSYS
CFX is applied based on the Reynolds-averaged Navier-
Stocks equations which solve the momentum, continuity, and
turbulence equations for incompressible, turbulent flow of
Newtonian fluids in the inducer. The standard k-& model in
ANSYS CFX falls within this class of models and has become
the workhorse of practical engineering flow calculations in
the time since it was proposed by Launder and Spalding [10-
12]. From a turbulence modeling standpoint, the high quality
grids are able to provide the calibrated performance. The
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TABLE 2: Details of mesh elements.

Mesh elements (million)
ase 1 Case 2 Case 3 Case 4
All domains 1.74 2.26 2.68 11.38

Computational domains

FIGURE 2: Unstructured mesh for the inducer.
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FIGURE 3: The grid independent check for the head of the inducer
under 90% of the design point (¢ = 0.05903).

turbulence model uses the scalable wall function approach
to improve robustness and accuracy when the near-wall
mesh is very fine. The scalable wall functions allow solution
on arbitrarily fine near-wall grids, which is a significant
improvement over standard wall functions. As for boundary
conditions in the present study, total pressure and a constant
mass flow rate condition were applied for the inlet and outlet,
respectively.

3. Experimental Apparatus

The Cavitating Pump Rotordynamic Test Facility (CPRTE
ALTA S.p.A., Pisa, Italy; Figure 4) is a flexible apparatus
that can readily be adapted to conduct experimental inves-
tigations on virtually any kind of fluid dynamic phenomena
relevant to high-performance turbopumps in a wide variety
of alternative configurations (impeller with axial, radial, or
mixed flow, with or without an inducer) [7]. It can also
be operating in water at temperatures up to 90°C. A silent
throttle valve in the test rig is used for the variation of
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FIGURE 4: The Cavitating Pump Rotordynamic Test Facility.

the pump load, whereas the constancy of the flow rate
through the pump, especially useful in cavitating conditions,
is obtained by means of an auxiliary pump (Grundfos TPE
100-390/2 with a maximum pumping power of 22kW at a
rotating speed of 2920 rpm) mounted on the discharge line
which is put in a feedback loop with the discharge flow meter.
Two electromagnetic flow meters (mod. 8732E by Fisher-
Rosemount, range 0-1001/s, accuracy 0.5% FS), mounted on
the suction and discharge lines of the water loop, provide the
measurement of the inlet and outlet flow rates.

Figure 4 shows the configuration used for the experi-
mental characterization of the DAPROT3 inducer with tip
clearances of 0.8 mm and 2 mm. In the configuration with the
smaller tip blade clearance, the measurements of the pressure
rise across the inducer have been taken as follows:

(a) The downstream pressure tap was located about two
diameters downstream of the trailing edges of the
inducer blades.

(b) The inlet pressure has been measured six diameters
further upstream of the blade leading edge to consider
possible prerotation effects of the inlet flow.

On the other hand, in the configuration with 2mm tip
blade clearance, the inlet pressure has been measured about
two inducer diameters upstream of the blade leading edges,
while the outlet pressure tap has been mounted on the
discharge line at about 2.5 duct diameters downstream of the
connection with the test chamber.

A pair of redundant differential pressure transducers
measure the pump pressure rise between the inlet section
and outlet section (Kulite, model BMD 1P 1500 100, 0 + 6.8
bar-d operating range, 0.1% precision class; Druck, model
PMP 4170, 0 + 1 bar-d operating range, 0.08% precision
class). Hence, in this case, head measurements include both
diffusion losses into the test section and entrance losses into
the discharge line.

3.1. Test Item. The tested inducer, called DAPROTS3, is
a three-bladed high-head inducer with tapered hub and
variable pitch and has been designed by means of a widely

FIGURE 5: The DAPROT3 inducer made of 7075-T6 aluminum alloy
with Sanford surface treatment.
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FIGURE 6: Hydraulic performances for the DAPROT3 inducer with
different clearance values. For a clearance of 2 mm, also the results
of the model used for scaling the performance are shown.

validated reduced-order model developed by ALTA S.p.A.
[13], as shown in Figure 5. The geometry generated by
the model is consistent with the typical geometries and
operational characteristics of modern space rocket inducers.

A series of tests conducted in water at room temperature
(20°C) have been carried out to assess the characterization of
the pumping performances of this three-bladed axial inducer
at different flow coefficients. All experiments have been
carried out at Reynolds numbers (Re = 2(21’% /) higher than
10° for the results to be virtually independent of turbulent
effects, as confirmed by Brennen [14] in a series of tests
at different rotating speeds. The pumping performance has
been evaluated in terms of static head coefficients (¥ =
Ap/pQ*r2), with the pressure rise measured at the locations
as described above, as a function of the flow coefficient (® =
Q/nQr%).

The results of the experimental tests carried out on the
two inducer configurations are shown in Figure 6, where they
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FIGURE 7: Comparison of H-Q and #-Q curves based on different blade tip clearances.

are indicated by red crosses and blue dots for the 0.8 mm
clearance and 2mm clearance, respectively. Figure 6 also
shows a third curve (pink squares) obtained by using a model
developed and validated at ALTA for scaling the performance
of inducers at different tip clearance values [3]. The model
is based on the effects of tip clearance on both the flow
coeflicient and pump head. Starting from results obtained for
0.8 mm tip clearance, the model has been used for predicting
the performance of the inducer operating with 2 mm blade
tip clearance. They have been reported for later comparison
with the numerical simulations, which have been carried out
for two different tip clearances in the inducer configuration.

3.2. Test Results. 'The different intensity of tip clearance effects
and also the position of the outlet pressure tap are thought to
contribute to the observed discrepancy in the experimental
hydraulic performance of the test inducer in the 0.8 mm
and 2 mm tip clearance configurations. In the high clearance
experiments the outlet pressure tap is located on the discharge
line downstream of the test chamber, where the pressure
reading is affected by flow diffusion losses into the test section
and entrance losses into the discharge line. On the other hand,
in low clearance experiments, the losses have been absent
because the outlet pressure tap is located on the wall of the
inducer casing about two diameters downstream of the blade
trailing edges. However, at this location, the azimuthal flow
velocity is not negligible and generates centrifugal effects
capable of affecting the reading of the outlet static pressure of
the inducer. Evaluating the azimuthal component by Carter’s
rule (as explained in detail in [15]), this influence decreases
with the increase of the flow rate and so the two curves
in Figure 6 tend to approach. Moreover, the readings of
pressure rise in the two experimental configurations are also
affected by flow acceleration/deceleration effects generated by
the different cross sections of the flow at the measurement
points. Also this aspect influences the static pressure at
the downstream section in the direction of reducing the
difference between the two curves as the flow rate increases.
The above considerations are also fully consistent with the
observation that the experimental results for 2 mm clearance
(blue circles in Figure 6) are closer to the predictions of the
inducer performance model (pink squares) at low flow rates,
where tip clearance effects dominate, and tend to deviate

more appreciably at high flow rates, where the influence of
the different positions of the static pressure readings (not
accounted in the model) is more significant.

4. Results and Discussion

4.1. Effects of Blade Tip Clearances on Hydraulic Performances.
As the hydraulic performances of the inducer with the blade
tip clearances of 0.8 mm and 2mm were experimentally
analyzed above, the influences of the tip blade clearances
were also numerically investigated. Meanwhile, the pumping
performances of the inducer with the blade tip clearances of
0.8 mm and 2 mm were further predicted and compared with
the corresponding experimental results.

As expected, as shown in Figure 7(a), the pressure dif-
ference between the inducer inlet and the outlet is larger
when the blade clearance is smaller. Meanwhile, a higher
blade clearance implies a decrease in the pump performances
obtained from both experimental and numerical data. It is
probably the reason that large loss was found in the inducer
with higher blade tip clearance.

With respect to the hydraulic efficiency of the inducer,
as shown in Figure 7(b), the Efficiency-Mass Flow curve of
the inducer with the larger blade clearance is obviously lower
than that of the inducer with smaller blade clearance espe-
cially in low flow rates. However, with the flow rate increasing,
the effect of the blade clearance on the hydraulic efficiencies
turns small, and the three Efficiency-Mass Flow curves form a
similar shape and finally become almost coincident with each
other especially near the design operating conditions.

In addition, it can be also found that the hydraulic
efficiencies of the inducer with the higher blade clearance of
2mm predicted by CFD have a good agreement with those
obtained from experiment.

4.2. Analysis of Internal Flow in the Inducer. Based on the
above analysis of the pump performances of the inducer
under a wide range of flow rates, it can be obtained that
the blade clearance has a significant influence on the static
pressure rise and hydraulic efficiency especially when the
inducer runs near the low flow rates. As the clearance
between the blade tip and the inducer casing becomes larger,
the hydraulic diffusion loss increases and also the induced
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FIGURE 8: Distributions of the total pressure (a) and total pressure level 2 and level 10 (b) in the theta direction at 1.0Q,.
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FIGURE 9: Distributions of the total pressure (a) and total pressure level 2 and level 11 (b) in the theta direction at 0.4Q,.

backflow in the inducer inlet at low flow rates becomes
stronger and has a negative effect in the main flow in the inlet
pipe.

Meanwhile, the flow patterns at low flow rates are very
complex and are always associated with backflow in the inlet
pipe which may cause flow instabilities or even cavitation
instabilities in the inducer. Therefore, the internal flow in
the inducer with the smaller clearance under design and off-
design operating conditions was especially investigated in
present simulations. The high, design, and low flow rates are
110%, 100%, and 40% of the design flow rate, respectively.

4.3. Total Pressure Distribution in the Inlet Duct. The total
pressure near and far away from the center of the inlet
pipe was specially analyzed such as isobar line 2 and line 11

with respect to the total pressure contour lines. The cross
section plane was made based on position 1 (one diameter
upstream of the blade leading edge for the inlet station
and one diameter downstream of the blade trailing edge for
the outlet station, corresponding to the locations where the
inlet and outlet pressure transducers have been installed in
the experimental tests on the inducer with 0.8 mm blade
tip clearance.). The total pressure in the radial and theta
direction under 1.0Q,, the design flow rate, and 0.4Q, were
investigated. The rotational direction of the inducer was
counterclockwise.

As shown in Figure 8, at the design flow rate, the total
pressure in this plane shows a uniform distribution, even
though the total pressure is a little higher in the central part
of the inlet pipe than that near the pipe wall. In particular,
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FIGURE 10: Static pressure distributions and pressure load on the blades of the inducer at 1.1Q,.

in the theta direction along with the rotational direction of
the inducer, the total pressure shows a concentric circle with
the corresponding constant radius as for contour line 2 and
contour line 10, respectively, as shown in this figure.

At the flow rate of 0.4Q,, as shown in Figure 9, a
significantly low total pressure core occurs in contour line
2, and the total pressure increases from the pipe center
to the pipe wall. There is a big pressure gradient between
contour lines 2 and 11. Moreover, along the counterclockwise
direction, the total pressure distribution shows an irregular

circle with variable radius as for contour line 11 where there
are three high total pressure regions.

Therefore, the flow characteristics between the design
flow rate and low flow rates are totally different. It is probably
reversed flows that occur and influence the main flow in the
inlet pipe at the low flow rate.

4.4. Static Pressure Distribution and Pressure Load on Each
Blade of the Inducer. In order to further investigate the
internal flow in the inducer, the static pressure distribution on
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FIGURE 11: Static pressure distributions and pressure load on the blades of the inducer at 1.0Q,,.

each blade suction side and pressure side was obtained. The
pressure load on the blades in the theta and radial directions
was also analysed.

As shown in Figures 10, 11, and 12, the static pressure
distribution on the three blades was uniform and the pressure
load formed almost the same pattern like the blade shape in
the theta direction for the high flow rate of 1.1Q,, the design
flow rate of 1.0Q,, and the low flow rate of 0.4Q,. The values
of static pressure are almost constant from blade to blade for
the same flow rate. However, static pressure values in each

blade pressure side are higher than that in the blade suction
side, and the pressure differences between the blade suction
side and the pressure side decrease from each blade inlet to
the outlet.

In addition, the pressure load on the blades was also
investigated for high flow rate (1.1Q,), design flow rate
(1.0Q,), and low flow rate (0.4Q,). As shown in Figure 13(a),
the pressure rise coefficients are almost constant for the same
blade inlet at the three different flow rates. However, at the
flow coefficient of 0.4Q,, the pressure rise coefficient in the
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FIGURE 12: Static pressure distributions and pressure load on the blades of the inducer at 0.4Q,.

blade outlet becomes much larger than those in design and
high flow rates.

Figure 13(b) also shows the static pressure distributions
in blade radial direction under the high, design, and low
flow rates. In consistency with the results of Figure 13(a), the
static pressure distributions in the blade radial direction show
almost the same patterns like each blade shape with pressure
load increasing as the radius increases. The pressure rise is

much larger at low flow rate of 0.4Q, than those in design
and high flow rates.

5. Conclusions

The numerical hydraulic performances of the inducer with
the blade tip clearances of 0.8 mm and 2mm have been
mainly analyzed in comparison with the experimental results.
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rates of 1.1Q,; and 1.0Q, and 0.4Q,,.

Moreover, the internal flow patterns of the inducer at design
and off-design flow rates were further investigated in present
simulations. From the analysis of the results, the following
conclusions have been drawn:

(1) The more refined mesh was more capable of modeling
the internal flow and pump performances in the
inducer satisfactorily. The inducer with the smaller
blade tip clearance of 0.8 mm has the characteristics
of higher pressure rise than that with the lager blade
tip clearance of 2 mm.

(2) The blade clearance has a significant influence on the
static pressure rise and hydraulic efficiency especially
when the inducer runs near the low flow rates.

(3) The larger clearance between the blade tip and the
inducer casing causes larger hydraulic diffusion loss
and also induces stronger backflow in the inducer
inlet at low flow rates.

In summary, the good agreement in the hydraulic per-
formances of the inducer obtained between the experimental
and numerical results of the present research activity indi-
cates that the proposed numerical methods can adequately
capture the internal flow and the related hydrodynamic
effects in the test inducer. The model and CFD methods
can therefore be used as an effective tool to understand,
analyze, predict, and control the mechanisms of the complex
phenomena taking place in the inner flows in inducers
operating especially at low flow rates.

Nomenclature

c¢: Tip blade clearance, m
D: Diffusion factor

Axial length, m
: Number of blades
: Inducer rotational speed, rad/s
Static pressure, Pa
Volumetric flow rate, m3/h
: Flow coeflicient
Static head coefficient
Tip clearance
Blade angle from axial direction
Liquid density
Azimuthal blade spacing
Blade solidity = ¢/s.

AUV OLEHOT D2

Subscripts

BLE: Blade leading edge
BTE: Blade trailing edge
BTP: Blade tip

BS: Blade suction

BP: Blade pressure.
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