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Numerical Evaluation of Flow and Performance of Turbo 
Pump Inducers 
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Steady state flow calculations are executed for turbo-pump inducers of modern design to 

validate the performance of Tascflow code. Hydrodynamic performance of inducers is evaluated 

and structure of the passage flow and leading edge recirculation are also investigated. Calculated 

results show good coincidence with experimental data of static pressure performance and 

velocity profiles over the leading edge. Upstream recirculation, tip leakage and vortex flow at 

the blade tip and near leading edge are main sources of pressure loss. Amount of pressure loss 

from the upstream to the leading edge corresponds to that of whole pressure loss through the 

blade passage. The viscous loss is considerably large due to the strong secondary flow. There 

appears more stronger leading edge recirculation for the backswept inducer, and this increases 

the pressure loss. However, blade loading near the leading edge is considerably reduced and 

cavitation inception delayed. 
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An inducer is an important element in many 

high speed pumps for commercial and aerospace 

applications. The turbo pump inducer for rocket 

propulsion engine affects hydrodynamic perform- 

ance and cavitation. Furthermore non-uniform 

incoming flow and cavitation induced vibration 

of the inducer blades, which is a critical aspect for 

safe operation of pumps. 

Since the through flow is very complex, in- 
ducers are usually designed based on empirical 
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or semi-empirical techniques. Well developed 

CFD techniques are successfully used for modern 

turbomachinery design. However, numerical pre- 

diction of inception and growth of cavitation is 

still hard job. Even without the cavitation, the 

flow through the inducer is highly three di- 

mensional one with strong viscous effects. Three 

dimensional viscous flow calculation is emerging 

as a tool facilitating improved designs (George, 

1994). However, there are still needs of code 

validation due to difficulty of grid generation for 

blades of small angle and its sensitivity to the 

simulated results. 

The structure of passage flow with strong sec- 

ondary motion and leading edge recirculation has 

not been understood in detail until now. Dynamic 

modeling of the leading edge recirculation and 

its effect on the inducer performance are impor- 

tant research topics. 

In this paper, numerical calculations are ex- 

ecuted for turbo-pump inducers of modern 

design. The performance and flows measured by 

Tsujimoto and Yoshida (1998) are compared 

with the calculations using TascFlow. The struc- 

ture of the passage flow and leading edge recir- 

culation are also investigated. 

2. Inducer Model  

Shape of the inducer of radial blades is shown 

in Fig. 1. The model was designed based on the 

liquid oxygen turbopump of the LE-7 main en- 

gine of H-II rocket. This inducer has four helical 

blades with sharp leading edge and trailing edge, 

and blade wrap angel is 290 deg. The inlet blade 

angle, /~11 is 7.5 deg. and outlet blade angle, /312 

is 9.0 deg. at the tip. The blade thickness at the 

tip is 2 mm and the leading edge radius 0.2 mm. 

The solidity is 2.97 at the tip, and variation of 

the blade angle, with the radius, r is designed 

following r tan/3=constant .  Table 1 shows a 

specification of the inducer in detail. A backswept 

model is also adopted in the study. The model 

is designed by cutting the radial leading edge 

(Tsujimoto et al., 2001). 

2.1 Computational grid 
The computational domain consists of 93,960 

nodes (120 streamwise, 27 radial and 29 cir- 

cumferential nodes), and Fig. 2 shows a mer- 

idional view of the calculation grid. The grids 

are generated using Turbo Grid code (AEA 

Technology, 1999). One blade to blade space is 

modeled assuming the flow is periodic. Multi-  

block system is adopted to avoid high skewness 

of the cells. Fine grids are allocated near the solid 

walls for the wall function boundary condition to 

be used. 

Table 1 Specifications of the inducer 

Tip diameter 149.8 mm 

Inlet tip blade angle 7.5 deg 

Outlet tip blade angle 9.0 deg 

Hub/tip ratio at inlet 0.25 

Hub/tip ratio at outlet 0.51 

Tip clearance 0.5 mm 

Blade thickness at tip 2 mm 

Blade thickness at inlet hub 6 mm 

Leading edge radius 0.2 mm 

Solidity at tip 2.97 

Fig. 1 Three dimensional view of the inducer 
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The calculation is performed with the relative 

frame of  reference fixed to the rotation blade and 

the stationary frame o f  reference at the upstream 

and downstream of  the inducer. The calculat ion 

domain  is extended about 200 m m  upstream from 

the leading edge to investigate recirculation that 

may appear at some f low-rates  less than the 

design f low rate. 

Five grid layers are allocated to obtain mea- 

ningful results of  the tip clearance flow. 

2.2 Boundary condit ions  

A s implif ied figure o f  the test section of  the 

inducer is shown in Fig. 3. Axial  coordinate is 

measured from the leading edge of  the blades. The 

inducer blade and the hub wall  are rotating with 

zero relative velocity. The casing, from the inlet to 

the exit, is a stationary wall  with zero absolute 0.4 

velocity. The inlet f low is modeled  as uniform 
0.35 

axial f low with stagnation pressure specified. At 

the exit boundary,  the f low rate is specified. The 0.a 

rotational speed is 4,000 rpm and working fluid is 025 

w a t e r .  
% o,2 

The standard K-~ turbulence model  is used. 

The wall  function opt ion is used for the tangential 

velocity near the solid walls. The inlet turbulence 0.1 

intensity is assumed to be 5% and turbulent eddy 0.05 

viscosity is ten times o f  fluid viscosity. 

3. Calculation Results  

3.1 Ca lcu la ted  and measured  performance  

Calculat ions  were performed for five different 

f low rates, the design f low coefficient o f  0.078 

and the off -design f low coefficients o f  0.04, 0.05, 

0.06, 0.07. Reynolds  number based on the tip 

diameter and inlet axial velocity is 370,000. The 

calculat ion is f inished when the residual of  mo- 

mentum becomes less than 1.3 • 10 -4. 

The pressure rise performance is the most  fun- 

damental  quantity to validate the code perform- 

ance. Fig. 4 shows performance curve o f  static 

pressure coefficient for non-cavi tat ing  condit ions  

measured by Tsuj imoto  and Yoshida  (1998).  The 

exit pressure was measured at z = 7 2  m m  as shown 

in Fig. 3. For the radial inducer, the difference 

between calculated and measured performance is 

less than 5%. The accuracy of  calculation is very 

high. 
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Fig. 4 Measured and calculated variations ofstatic 
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There usually appears a recirculation flow over 

the leading edge even at the design flow rate 

and the size grows as the flow reduces. Figure 5 

shows radial variations of axial and tangential 

velocity profiles at z = - - 1 5  mm (note that z =  

0 mm at leading edge) tbr the flow coefficient 

~b=0.07. The flow was measured by Tsujimoto 

and Yoshida (1998), using a LDV system. The 

velocity profiles are circumferentially averaged 

values and non-dimensionalized by the inducer 

tip speed. Axial and tangential velocity profiles 

show good coincidence in the entire radial span 

from the hub to shroud. 

The calculated and measured contours of axial 

velocity at z = - - 5  mm for the flow coefficient 

0.07 are shown in Fig. 6. The comparison be- 

tween calculated and measured distributions 

shows good coincidence. Consequently Fig. 5 

and Fig. 6 show that the leading edge recircula- 

tion is successfully simulated in the present cal- 

culation. 

3.2 Pressure and loss coeff ic ients  

Integrated parameters used in the design and 

one-dimensional analysis can be evaluated using 

results of through flow calculation. Total pressure 

Pt and rotary stagnation pressure, p* are defined 

as follows respectively (Moore et al., 1995a) 

Pt = P +  P" cz /2  (I) 

p* = p +  p .  w 2 / 2 - -  co2r2/2 (2) 

Static and total pressure coefficients and loss 

coefficient are defined as follows ; 

P--Po  (3) 
�9 ",~s = /,/2 

P "  t 

r = Pt - Po (4) 
p .  u ~, 

~,o~= /)o-p*o (5) 
P ' u 7  

Defects in rotary stagnation pressure coefficient 

r represents the viscous loss through the rotor 

(Moore et al., 1995a, 1995b). 

Rate of change in moment of momentum cor- 

responds to work done without pressure loss, 

and moment of momentum coefficient is defined 

dimensionless as the following equation. 

WE = UzC,z/ U z (6) 

where ct is tangential velocity component. The 

total pressure coefficient can be obtained sub- 

tracting the loss from the Eq. (6). 

~, = We -- ~,oss (7) 

Fig. 6 (a) Calculated and (b) Measured contours of 
axial velocity at z = - - 5  mm ; ~b=0.07 
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3.3 Meridional  variations of  pressure and 

loss 
Variations of pressure coefficients, pressure loss 

and moment of momentum coefficients defined 

in Eqs. (3)-- (6)  are shown in Fig. 7 for the 

design flow rate and in Fig. 8 for the off'design 
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flow rates. At the design flow rate, moment  of  

momentum coefficient gradual ly  increases from 

the upstream to the exit of  the inducer. Note 

that the value is non-ze ro  at the leading edge, 

which is due to the rotating recirculation flow 

induced by the inducer. Pressure loss coefficient 

increases to 0.035 from the upstream to the lead- 

ing edge of  the blade and then increases to 0.07 
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through the blade passage. The amount  of  pres- 

sure loss before the leading edge is corresponding 

to that through the blade passage. Pressure loss 

before the leading edge is an important  source 

of  the total inducer loss. Pressure loss in the blade 

passage has a relatively high value showing that 

viscous effect is important  in the blade passage 

flow. Variat ion of  static pressure coefficients is 

obtained subtracting the dynamic head from the 

total pressure from Eq. (7). Contr ibut ions  of  each 

component  to the final value of  static pressure 

can be observed from the values at the inducer 

exit. 

On the other hand, as the flow rate decreases, 

the pressure loss at the upstream is very high and 

loss through the passage relatively becomes small 

as shown in Fig. 8. This is due to the strong up- 

stream recirculat ion flow shown in Fig. 9, which 

also contributes to the moment  of  momentum 

coefficient. Pressure loss in front of  leading edge 

due to backflow is extending toward upstream 

and growing up into the blade passage as shown 

in Fig. 9. 

3.4 Pressure loss over the blade tip 
The distr ibution of  pressure loss can be ob- 

served in the meridional  views of  contours  of  

rotary stagnation pressure in Fig. 10(a) for the 

design and (b) for the off-design flow rates. The 
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dional surface for (a) Design flow rate, ~ =  
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figures are pressure loss coefficient contour  of  

~ktoss>O.06 on the mid-passage  plane. The pres- 

sure loss intensively distributes over  the leading 

edge recirculat ion region as shown in Fig. 9 and 

blade tip region. Pressure loss near the blade 

tip is due to leakage flow through the blade tip 

clearance as shown in Fig. 11. 

Figure  l l shows streamlines passing the blade 

tip. At the tip, there are three dominan t  types of  

flow ; recirculating flow, leakage flow and vortex 

flow. T ip-c lea rance  flow near the leading edge 

flows pitchwise and bounces at the adjacent 

blade so that it constructs back flow at the blade 

leading edge. However ,  over one third down-  

stream of  the blade passage, the leakage flow goes 

to the downstream and pass over  the next blade 

again. The streamlines at the further downst ream 

move radially inward the passage so that it con- 

structs vortex flow shown in Fig. 11. 

3.5 Secondary flow in the blade passage 

Figure  12 shows streamlines on the three mer- 

idional  planes, (a) over the mid passage, (b) near 

the pressure surface, (c) near the suction surface 

for the design flow rate. Backflow is observed 

before the blade tip on all the planes. At the 

mid-passage  Fig. 12(a) shows the development  

of  radially inward flows, while near the pressure 

and suction surfaces radially outward flows ap- 

pear, in the blade passage, as shown in Fig. 12(b) 

and (c). These figures show the secondary flow 

in the radial  direction in the blade passage. Pres- 

sure distr ibution in the Fig. 13 shows its local 

min imum value near the leading edge and in- 

creases to the downstream. 

The passage flow can be observed near an 

exit plane shown in Fig. 14(a). There is leakage 

flow from the pressure side to the suction side 

at the tip and it is mixed with the passage vortex 

as shown in Fig. 14(b).  The leakage flow mixing 

with the passage flow near the suction side of  

tip generates high pressure loss at the tip region. 

There appears a big passage vortex near the 

suc t ion-hub corner. 

(a) 

_ _ < /  

(b) 

(c) 
Fig. 12 Streamlines at (a) Near mid-passage, (b) 

Near pressure side, (c) Near suction side; 

~b=0.078 

Fig. 11 Three dimensional view of streamlines pass- 

ing the blade tip 
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Fig. 13 Static pressure coefficient distribution at the 

meridional plane ; qS=0. 078 
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3.6 Variation of velocity and pressure pro- 

file at exit 
Averaged velocity and flow angle distribu- 

tions at the inducer exit are important for flow 

matching in the design of main impeller. At the 

exit plane, z = 6 2  mm, the velocity and pressure 

coefficients are shown in Figs. 15 and 16. Fig. 15 

shows the radial variations of meridional and 

tangential velocities at three flow rates, ~b=0.078, 

0.07, 0.06. The meridional velocity is constant 

near the shroud for all flow rates, but near the 

hub it decreases as the flow rate decreases. It can 

be explained by increase of boundary layer due to 

relatively small velocity along the hub. As 

approaching to the shroud, the rotational speed 

increases and the blade angle decreases while 

meridional velocity has constant value, so that the 

tangential velocity increases. Figure 16 shows the 

variation of static and total pressure coefficients. 

Static pressure is slowly increasing but total 

pressure increases very rapidly to radial direc- 

tion. 

3.7 Backswept inducer 

Backswept inducer is usually adopted for 

low tip loading and hydrodynamic performance. 

Tsujimoto and Yoshida (1998) also measured 

flows and performance for a model of backward 

sweep angle of 35.4 degree at the tip (Tsujimoto 

et al., 2001). The details of  specification are not 

included here, but schematic contours are shown 

in Figs. 19 and 20. Two models do not show 

any meaningful difference in performance and 

local recirculation. Figure 17 shows the calculated 
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meridional variations of pressure and loss co- 

efficients for the backswept model for the flow 

coefficient of 0.078. Comparing with the results 

of radial inducer shown in Fig. 7, the moment 

of momentum coefficient of the backswept in- 

ducer has similar value with that of the radial 

inducer, however larger values near the leading 

edge. Near the leading edge the pressure loss 

coefficient of the backswept inducer has higher 

than that of the radial inducer by 0.04, and also 

has higher value in the blade passage. It is due to 

relatively larger recirculation region in front of 

the leading edge shown in Fig. 18, and for this 

reason total pressure increases with relatively 

lower initial value at the leading edge than that of 

the radial inducer through the blade passage. 

3 . 8  B l a d e  l o a d i n g  

The static pressure coefficient distributions on 

the pressure and suction surfaces, together with 

their difference, i.e. the blade loading are shown 

in Fig. 19 for the radial vane and in Fig. 20 for 

the backswept vane, for the design flow 

coefficient, q~=0.078 . Such distributions are very 

difficult to experimentally obtain. 

For the radial inducer vane, the pressure on 

the pressure surface gradually increases from 

values of 0.025 near the leading edge to about 

0.046 at the exit type as shown in Fig. 19(a), 

while the pressure on the suction side gradually 

increases after showing its minimum value of 

--0.037 near the tip in Fig. 19(b), where the local 

maximum value of the blade loading locates in 

the Fig. 19(c). 
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For the backswept model, pressure on the 

pressure surface gradually increases from vah, es 

of --0.036 near the leading edge to the down- 

stream as shown in Fig. 20(a), while the pressure 

on the suction side gradually increases after 

showing its minimum value of --0.022 near the 

mid span as shown in Fig. 20(b). Iso-pressure 

lines are parallel to the leading edge for this 

case. The blade loading has its maximum value 

0.173 at the tip of leading edge for the radial type. 

But for the backswept inducer, the pressure dif- 

terence is --0.027 near leading edge and becomes 

positive value at the downstream in Fig. 20(c), 

so that it has much lower blade loading than that 

of the radial type. 

From the minimum value of pressure on the 

suction surface, usually at the tip leading edge, 

the cavitation inception number can be obtained 

and shown in Fig. 21. The values decrease with 

the flow rate. As the flow rate decreases, the in- 

cidence angle increases and the cavitation number 

increases. Backswept leading edge reduces the 

values. It means that cavitation inception delays 

for the backswept vane. 

4. Conclusion 

Fig. 20 
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Performance and through flows of two inducer 

models of a turbopump are evaluated using a 

Navier-Stokes code, CFX-Tascf low for various 

flow rates. 

Calculated results show good coincidence with 

experimental data of static pressure performance 

and velocity profile over the leading edge for the 

radial inducer. 

Upstream recirculation, tip leakage flow and 

vortex flow, occurred at the blade tip and near 

leading edge, are main sources of pressure loss. 

Pressure loss from the upstream to the leading 

edge is ahnost equal amount to that of pressure 

loss through the blade passage. The total viscous 

loss is considerably large due to the strong secon- 

dary flow. 

There appears more stronger leading edge 

recirculation for the backswept inducer, and this 

increases the pressure loss. However, blade load- 

ing near the leading edge and cavitation inception 
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number are considerably reduced. 
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