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(ABSTRACT) 

This thesis presents the results of a three-dimensional flow calculation with a 
model of turbulent viscosity for a tandem-bladed inducer in air. The purpose is to un
derstand the 3D flow development through the two blade rows and to compare the re
sults of the calculation 'with experimental data. 

A literature review tells the story of the inducer from the flat-plate design to the 
tandem-bladed configuration and explains its role in cavitation management. The results 
of a previous 3D-calculation on the first blade row alone are summarized and the MEFP 
code is briefly described. 

The generation of a grid for the second blade row is presented in detail. Then, it 
is shown how this new grid is linked to the previous grid for the first blade row to get 
an overall calculation grid for the whole inducer. Two 2D blade-to-blade calculations 
are shown. They give an insight into the flow behavior through the inducer and allow 
a test of the grid. 

The results of the 3D-calculation are discussed and presented extensively with the 
velocity vectors, the static pressure contours and the rotary stagnation pressure contours 
on blade-to-blade, meridional and iso-8 vie"rs. The three passages of the second blade 
row appear to behave differently with respect to their position relative to the wake of the 
first blade row. The experimental data are used for comparison at three measurement 
planes in terms of pressure and velocity. They show a fairly good agreement. The 
three-dimensional calculation predicts also very well the work done and the efficiency 
of the overall inducer. 
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N onlenclature 

Cp = static pressure rise coefficient 

D = rate of defonnation matrix 

= flow incidence angle relative to the blade (deg) 

Fe = body force (N) 
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NPSH= Net Positive Suction Head = Pt,inlet - Pv 
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Dist. Vel 
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V = absolute velocity (m/s) 
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w = work done per unit mass flow rate (J/(Kg/s» 
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1.0 INTRODUCTION. 

Launching vehicles into space requires high specific power engines and high en

ergy fuels to reduce as much as possible the weight of the launcher and therefore increase 

the payload. As a consequence, hydrogen and oxygen are used as propellants in most 

applications; they provide one of the most powerful combustion reactions, their supply 

is limitless and the products of their reaction are not pollutants. Using turbopumps to 

increase the pressure in the combustion chamber is another improvement to the engine. 

Because of the physical characteristics of the liquid hydrogen and oxygen, inducers must 

be added in front of classical pumps. They allow cavitation bubbles to collapse before 

the exit of the first blade row, and so avoid further cavitation in the following elements 

of the pump. 

Inducers are essentially axial flow pumps with high solidity blades, usually 3 or 

4, and high stagger angles. They have been studied for more than 30 years, beginning 

with very simple geometries like a flat plate and progressing to modern shapes with 3-D 

design. Through this quest for the best geometry, a lot of different possibilities have 

been tested including original concepts like a hubless design or slotted blades. Whereas 

the hubless geometry did not fulfill the expectations, the concept of slotted blades was 

the root of a new generation of inducers. They are composed of two blade rows rotating 

at the same speed without a stator row in-between. NASA made an important step by 

developing such a tandem-bladed inducer for the low pressure oxidizer turbopump for 

the 55MB. 

Working in the same way, the French "Societe Europeenne de Propulsion" is 

currently developing a tandem-bladed inducer for the LH2 turbopump of the VULCAIN 

engine for the new European launcher ARIANE V. Since the inducer is the first stage 
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of the pump, it influences the performance of the whole pumping device and improving 

its efficiency is a constant goal of research. 

So far, few calculations have been made to determine the behavior of the flow 

through inducers. Most of the research has been limited to experimental measurements 

and incomplete 2D or 3D calculations. This report presents the results of probably the 

first full 3D-calculation over a tandem-bladed inducer (see Figure 1). The code solves 

the steady Navier-Stokes equations with a elliptic process and includes a turbulent 

viscosity model. 

In this thesis, a literature review introduces the role of the inducer and explains 

how it is improved by the tandem-bladed design. The results of a previous 

3D-calculation over the first blade row only are summarized as well as the principal 

characteristics of the MEFP code. 

Chapter 3 deals with the grid generation. The first blade row has been already 

meshed for the previous 3D-calculation, whereas the grid of the second blade row has 

to be constructed from the geometry definition given by SEP. A major difficulty is to join 

these two grids together and to mesh properly the inter-blade gap. Two 2D-calculations 

have been completed on blade-to-blade sections of the inducer, one near the tip, one 

near the hub. They allowed a check of the grid and provided insight into the fluid be

havior through the tandem-bladed row. 

Finally, the results of the calculation over the tandem-bladed row are presented 

and discussed extensively. The complexity of the 3D effects, especially through the sec

ond blade row are shown pictorially. Each passage of the second blade row behaves 

differently with respect to its position relative to the wake of the first blade row. The 

results are also compared to experimental measurements in terms of pressure and ve

locities~ they show a good agreement. The overall efficiency of the inducer is also pre

dicted with a very good accuracy. 
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Figure 1. LH2 pump inducer: 3D-view and cross-section. 
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2.0 LITERATURE REVIEW. 

2.1 /lltJ"oductioll to inducers. 

The main purpose of an inducer at the entrance to a pump is to generate a 

pressure rise such that the next stages of the pump will not be concerned by cavitation. 

This physical phenomenon is a source of inefficiency, of erosion and even of destruction 

in the worst cases. It can be described as an appearance of vapor-filled bubbles in the 

fluid. At a given temperature, a local reduction of the static pressure due to the effect 

of a leading edge can make the liquid vaporize. Cavitation inception is a very complex 

phenomenon since it is not only related to vapor pressure but also to other parameters 

such as undissolved gas particles in the liquid, boundary layers and turbulence. It is also 

found that cavitation inception occurs at a critical pressure perU different from the vapor 

pressure PliO 

The inducer cavitation performance is characterized by the Net Positive Suction 

Head defined by : 

NPSH = Pr,iniet - Pv 
pg [2.1.1 ] 

This parameter simply indicates what can be the minimal pressure at the inlet to allow 

good behavior of the inducer. Figure 2 shows how the head produced by an inducer can 

be influenced by the NPSH. To get the best from the inducer, cavitation does not have 

to be avoided but must occur in alternating or inception modes. Ifwhat is usually called 

"super-cavitation" appears, the efficiency drops dramatically. 
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To fulfill the requirements of cavitation resistance, the inducers have an unusual 

shape compared to conventional axial pump stages. They are generally composed of 3 

to 5 high-solidity blades which wrap around almost 360 degrees. The long and narrow 

passages provide time and space for the cavitation bubbles to collapse. The leading 

edges, as well as the trailing edges, are very sharp and the incidence angles are small to 

minimize the local pressure drops in the fluid. Since the rotation speed is the same for 

the inducer as for the main pump, the blades must have a large stagger angle (between 

70 and 85 degrees). They are also characterized by little or no camber. 

Inducers are currently used in several applications: high-speed ships, auxiliary 

power units for aircrafts and rocket fuel feed devices. In each case and especially in the 

rocket pumps, it is desirable to improve the operating range and to reduce as much as 

possible the length and the weight. Since a high payload is the first concern of a rocket, 

the inducer should also provide a part of the pressure rise required from the turbopump 

and consequently save an extra stage. The purpose of the inducer is therefore of two 

types: to contain cavitation and to increase the pressure (or head). Two kinds of exper

imental testing can be conducted: under cavitating or non-cavitating conditions. The 

fornler type usually uses water which is much less expensive than the liquid hydrogen 

(LH2) or liquid oxygen (LOX) actually pumped by the inducer. The latter type can be 

done with water or air. 

Since the 50's, inducers have been studied by Acosta (ref. 2.), Mullan (ref. 3.), 

Soltis, Anderson and Sandercock at NASA Lewis research center (refs. 4., 5. and 6.), 

Lakshminarayana at Penn State University (refs. 17. and 18.) and others. The main 

conclusions of these studies are : 

1. The long and narrow passages of the inducer are a source of highly viscous flows 

and turbulent boundary layers. In fact, shear forces are almost as important as the 

turning effect for head production whereas they are comparatively negligible in or

dinary compressors and turbines. 

2. The flow is highly three-dimensional with radial velocities of the same order of 

magnitude as axial velocities. Figure 3 shows how the flo\v goes radially outwards 

along the surfaces of the blades and then comes back inwards in a helical movement. 
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(0) Low·head inducer with 
cy I indrical tip 'Jnd hub. 

Low· head inducer with 
tapered tip and hub. 

( e) High' head inducer with 
cylindrical tip. tapered 
hub. 

(g) Hubless inducer. 

(b) Low·head inducer with 
cylindrical tiP t tapered 
hub. 

ld) Low· head Inducer. 
shrouded. 

(f) High· head inducer with 
tapered tip and hub. 

(h) Tandem-bladed inducer. 

Figure 4. Different types of inducers: from flat·plate to tandem·bladed design (from reference 18.) 
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3. High loss fluid tends to be centrifuged outwards such that the inner part of the rotor 

(hub to mid-radius) could be designed from inviscid considerations. The outer part 

(mid-radius to tip) design should take into account the real behavior of the flow. 

4. The head rise is very high near the tip compared to inviscid design values and nearly 

uniform from hub to mid-radius. 

In 1971, J aco bsen (ref. 14.) published a very comprehensive review of the rocket 

pump inducer knowledge. The design of each part of the inducer including the blades, 

the hub, the inlet and the casing is discussed through a methodical approach. The as

sembly, the material selection and the vibration considerations are also treated. 

Figure 4 shows the different types of inducers that have been tested throughout the 

search for the best design. The simplest geometry (a) was gradually improved with ta

pered tip and hub and higher head rise. An original design of hubless inducer (g) ap

peared to be less efficient than expected despites several advantages: elimination of the 

tip vortices, elimination of the cavitation erosion and high suction speed. The tandem

bladed design was tested with more success. This configuration is currently used in the 

low-pressure oxidizer turbopump of the Space Shuttle Main Engine (see Figure 5). 

Since this design is the topic of this study, more detail about its origin and its develop

ment will be given in the next section. 
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Figure S. SSME tandem"bladed inducer: used in the low pressure oxidizer turbopump 
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2.2 The tandenz-hladed ilzducel". 

A tandem-bladed inducer is a rotor composed of two blade rows rotating at the 

same speed with no stator in-between. The first blade row looks like an ordinary inducer 

with few long blades. The second blade row is closer to a normal axial pump stage, with 

shorter blades and more turning. To preserve the periodicity, the number of blades in the 

second blade row is a multiple of the number of blades in the first blade row (once, twice 

or three times). It can be noticed already that a very relevant parameter of a tandem

bladed inducer is the relative angular position of the two blade rows. 

At the origin of this design is the slotted-blade studied by Sheets in 1956 (ref. 

1.). Figure 6 shows how a long axial pump blade can be replaced by two smaller blades. 

The idea is to control the boundary layer development by delaying the transition from 

laminar to turbulent to reduce the skin friction, and to prevent the boundary layer sep

aration. The second blade develops its own and new boundary layer and can therefore 

apply more turning on the fluid. In 1965, Railly (ref. 8.) tested another geometry with 

the same concept of tandem airfoil (see Figure 7). 

At the same time, Sandercock and Crouse tested a new type of pump at the 

NASA Lewis Research Center (ref. 7.). So far, the pumps were composed of an inducer 

and a stator as a first stage; the third and following stages were high pressure production 

stages. In between, the second stage was used as a transition stage. In the new pump, 

the first and second stages are combined into a single stage composed of a tandem ar

rangement of two rotating blade rows (3 and 19 blades) followed by a single stator row 

(see Figure 8). The front blade is lightly loaded to realize a good suction performance 

with a modest head rise. The rear blade is highly loaded in order to maximize the overall 

head rise of the inducer. 

In 1969, Soltis, Urasek and Miller (ref. 11.) tested another configuration with 

3 + 3 blades (see Figure 9). The head rise was twice as high as vvhat could have been 

expected from a flat-plate inducer. They concluded from their experimental work that 

the performance could be improved by reducing the thickness of both front and rear 

blades. Indeed, the new generation of inducers uses very thin blades and chamfered 

trailing and leading edges. 

In reference 18., Lakshminarayana provides a comparison of a tandem-bladed 

inducer and a 80.6 degree helical inducer (see Figure 10). The advantage is obviously in 
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Figure 8. Tandem-bladed inducer tested by Sandercock: 3 + 19 blades 
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favor of the tandem-bladed configuration. The head rise is multiplied by roughly a factor 

3 and the efficiency near the tip is improved up to about 80 percent instead of 50 per

cent. The loss distribution is also more uniform from hub to tip. 

Actually, very few papers have been published about experimental or analytical 

analysis of the flow through inducers and especially tandem-bladed inducers. When re

sults have been presented, they are very general and not very helpful. The next section 

will summarize the only data available, i.e the work done by J. Moore and T. Le Fur 

(refs. 25. and 26.) in 1989 and 1990. 
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2.3 First calculations fol" the Vilicaill ind,lceJl'. 

The results presented here are those of a calculation done with the geometry of 

the first blade row of the Vulcain tandem-bladed inducer, the same that is used in this 

research. The main purposes of this calculation were: 

• to check the Moore Elliptic Flow program, presented in the next section, on an 

inducer geometry very different from compressor or turbine blade geometry because of 

the high blade angle. 

• to provide insight into the three-dimensional flow. 

The results gave a clear picture of the 3-D turbulent flow and performance of the 

first blade row. Figure 11 shows 3 meridional views of the velocity vectors, at mid

passage, near the suction side and near the pressure side that indicate the general di

rections of the flow. Near both sides of the blade, relatively strong radially outward 

flows develop along the blade with radial velocities of the same order of magnitude as 

axial velocities. In contrast, at mid-passage, the flow goes slightly inwards. This is in 

agreement with the phenomenon described by Figure 3 on page 7. Another way to 

visualize this flow is shown on Figure 12. The secondary velocity vectors are drawn on 

iso-O planes. It can be seen clearly that the flow is convected outwards along both blade 

surfaces and then comes back inwards in the middle of the passage. This rotating sec

ondary flow adding to the primary flow results in two helical flows of opposite sense in 

each passage. Again, Figure 13 shows that the secondary velocity radial component is 

positive near the blade surfaces and negative in-between. 

The tip leakage is shown on Figure 12. A fraction of the flow recirculates from 

the pressure side to the suction side of the blade through the tiny gap of 0.5 mm between 

the blade tip and the shroud. Near the backswept leading edge, this flow becomes very 

strong and creates a vortex as shown in Figure 11 (b and c). This vortex is amplified 

by each leading edge but spreads through the whole passages, forming a torus-shaped 

eddy. This causes the main flow to enter the inducer at smaller radii before going back 

towards the tip. 

Figure 14 shows the loss distributions on the iso-O planes. Losses are concen

trated at the tip. Actually, they are generated essentially by the hub and blade surfaces 
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Figure 14. Loss coefficient distribution in iso-8 planes: e = 0, 30, 60. 
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but are centrifuged all the way to the tip by the secondary flow. It must be noticed that 

the wake does not mix rapidly in terms of loss concentration or in terms of secondary 

velocity radial component (see Figure 12). 

The conclusion of the study of the first blade row is that the 3D effects are very 

important and should be taken into account for the design of the inducer. The main 

features of the flow are: 

• Centrifuging of the viscous boundary layers by centrifugal and Coriolis forces. This 

phenomenon results in an accumulation of loss near the tip and in the development of 

two contra-rotating vortices of secondary velocities in each passage . 

• Development of a tip vortex at the inlet due to the tip leakage and to the flow over 

the backsv,rept leading edge. 

• Backflow near the tip due to the tip leakage. 

The 3D-calculation over the tandem-bladed inducer will show how the shrouded 

second blade row will be able to handle this highly twisted flow. 
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2.4 The Moore elliptic jlOJV progral11 (MEFP). 

2.4.1 General equations of the fluid. 

Of, 

In the general case, the continuity equation is : 

Dp 
-+pv.v=o 
Dt 

op 
-+V.(pV)=O at 

The momentum equation is : 

DV OV 
PTt= PTt+ p(V -V)V= pFB+ V-1' 

[2.4.1J 

[2.4.2J 

[2.4.3J 

It means that the total rate of change of momentum is equal to the sum of the forces 

acting on the fluid. The body forces F B are usually of three types: 

1. gravitation force, 

FB=g [2.4.4J 

2. Coriolis forces, 

FB = - 2(nxV) [2.4.5J 

3. centrifugal force, 

F B = - nx(nxr) [2.4.6J 

The surface forces are related to the stress tensor which is itself expressed in terms of 

pressure, viscosity coefficients and velocity by the constitutive relation. 
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2 1 
7: = - (p - (1 + "3 1l)V • V)I + 21l(D - "3 (V • V)I) [2.4.7J 

11 and 1 are the first and second viscosity coefficients respectively. D is the rate of de

formation matrix which is defined as the symmetric component of the velocity gradient 

matrix. 

I aUi au] 1 
Dij = -2 (-~- + -::l-) or D = -2 «VV) +t(VV» 

Ux] UXi 
[2.4.8] 

2.4.2 Incompressible fluid. 

Under the assumption of an inc')mp'.'ssible fluid (p = constant), the continuity 

equation [2.4.2] becomes: 

[2.4.9] 

Combining equations [2.4.7] and [2.4.8], the stress tensor can therefore be simplified: 

l' = - pI + ,u((VV) +t(VV» [2.4.10J 

I t can be noticed that the second viscosity coefficient A has disappeared from the 

equation. Only the first coefficient Jl is relevant. Substituting this expression of l' into 

equation [2.4.3] gives a simplified momentum equation: 

av) (t P at + p(V • V V = p F B - V P + V • 11 (VV) + (VV» [2.4.11 ] 

In the case of turbo machinery, assuming steady and incompressible flow, and 

neglecting gravity, the momentum equation [2.4.11] can be written with the Coriolis and 

centrifugal forces (equations [2.4.5] and [2.4.6]) : 

p(V • V)V = - Vp + V • Jl(VV) + V • "l(VV) - 2p(QxV) - pQx(Qxr) [2.4.12] 
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2.4.3 The MEFP algorithm. 

The Moore elliptic flow program is written to handle steady turbulent 

compressible or incompressible flow in turbomachinery. The flow is described by the 

following Steady Flow Conservation Equations (written in the rotating reference frame 

i.e in terms of the relative velocity W): 

Mass: 

V. (pW) = 0 [2.4.13J 

Momentum: 

pW. VW - V. /l(VW) = V. /It(VW) - Vp - 2p(QxW) - pQx(Qxr) [2.4.14J 

Equation of state: 

p=pRT [2.4.15J 

Rothalpy (energy): 

pW.VH-(V.Ji.V)H=O [2.4.16J 

1 1 H = cpT + 2" (W. W) - 2" (Qxr). (Qxr) [2.4.17J 

Second law of thermodynamics: 

T P 
S - So = C In( - ) - R In( - ) 

P To Po 
[2.4.18J 

The momentum equation is used to solve for the three components of the relative 

velocity vector W, the energy equation is used for the rothalpy H, the definition of the 

rothalpy for the temperature T, and the second law equation for the entropy s. The 

Moore 3-D viscous flow program is a pressure-correction calculation procedure, and 

thus, the continuity equation is used to solve for the pressure p while the equation of 
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state gives the density p. In time-marching methods, the unsteady continuity equation 

gives the density and the equation of state the pressure. 

In our incompressible flow case, only the mass and momentum equations are 

used, the state equation being replaced by: p constant. 

For the turbulent flow calculation performed, the flow equations are coupled 

with a Prandtl mixing length model of the turbulent viscosity, with a Van Driest cor

rection, as described below. 

\vhere L is the smaller of: 

J.L = Jllaminar + Jlturbulent 

2 du 
Jlturbulent = pL dy 

0.08 times width of shear or boundary layer, 

0.41 times distance to nearest wall. 

Van Driest Correction: 

(-y~) 
L = O.41y(1 - exp "6 ) 

.. Jllaminar 

Near-Wall Correction: 

Jl = J Jllamlnar .J Jllaminar + Jlturbu[ent 

[2.4.19] 

[2.4.20] 

[2.4.21J 

[2.4.22J 

The discretization of the equations and the details of the application of the 

pressure-correction method for an elliptic calculation (see Figure 15) are given in refer

ence 21. An outline of the procedure is also reproduced in the following flow diagram. 

1- Initial 3-D estimate of flow W, p, p, T, H 

(only Wand p for incompressible flow). 

2- Calculate viscosity. 

3- Finite difference coefficients for momentum and energy equations. 

4- Calculate density p = pi R T 

(omit for incompressible flow). 
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5- Evaluate W from momentum scalar equations. 

6- Continuity equations: 

Finite difference momentum correction equations 

+ Finite difference continuity equation 

Finite difference pressure correction equations. 

7- Solve for pc. 

8- Update W from momentum correction equations. 

9- Update p. 

10- Solve finite difference energy equation for H 

(omit for incompressible flow). 

11- Calculate T, s etc 

(omit for incompressible flow). 

Repeat from Step 2. 
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3.0 GEOMETRY AND COMPUTATIONAL 

GRIDS. 

In order to complete the calculation of the air flow in the two blade rows of the 

inducer, it is essential to define properly the geometry of both blades. 

A grid has already been defined for the first blade ro\v for the previous 

3D-calculation. A grid for the second blade row must now be generated using the data 

provided by S.E.P. Then, these two grids will be put together to form a single grid for 

the whole calculation domain. 

The aim of this chapter is to summarize the generation process of the whole grid 

and to set up the wall boundary conditions for the 3D calculation. 

3.1 Defillition of the second blade. 

3.1.1 Data provided. 

Considering the nature of the helical inducer, the geometry definition is made in 

cylindrical coordinates. This coordinate system is classically defined with the following 

notation: radial component r, circumferential component (j and axial component z. The 

z-axis is the rotation axis oriented downstream. The geometries of the two blade rows 

are specified independently in terms of (j. The tangential orientation chosen defines a 

right-hand coordinate system. 
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In the coordinate system defined above, the origin is at: 

• r = 0 on the rotation axis. 

• 8 = 0 at the trailing edge of the blade, on the pressure side. 

• z = 0 at the intersection of the leading edge of the first blade with the hub. 

When the two blades are defined properly, they must be indexed together by ro

tating the second blade row 5 degrees clockwise (8; = 5 degrees, see Figure 16) to cor

respond with the experimental conditions at Ecole Centrale de Lyon (see reference 24.). 

I t should be noticed that the sense of rotation of the V:lhole inducer has been re

versed to be consistent with the former calculations. 

The format of the geometry file provided by S.E.P. is given in "Definition file." 

in Appendix B.1. For each value of 8, 4 points are defined: 

• TF : intersection of the suction side and the tip. 

• IF : intersection of the pressure side and the tip. 

• T M : intersection of the suction side and the hub. 

• 1M : intersection of the pressure side and the hub. 

Between these points, straight lines are used to generate pressure and suction 

sides (see Figure 17). 
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Figure 16. Reference indexing: (J i = 0 when the trailing edge of the pressure side of both blades are 
in the same iso·(J plane. 
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Figure 17. Definition of the blade by S.E.P.: 4 points are given for each () value. 
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3.1.2 Generation of a grid on the blade surfaces. 

In the r versus z view, both sides are the same. So, for each (r,z), 8-pressure side 

and 8-suction side can be determined. 

The first step is generating a grid in the r versus Z view of the second blade. 

Therefore, 30 equal spaces are defined in the axial direction at the hub and the tip. So 

the hub and the tip are linked by 30 straight lines. The first of these lines is the leading 

edge (it is a straight line as opposed to the leading edge of the first blade) and the last 

line is the trailing edge. 

To keep a compatibility with the grid of the first blade, each line is divided in 13 

spaces according to the following distribution (as a percentage of distance from the hub): 

o 17.87 34.47 47.20 59.42 69.00 78.30 85.58 92.48 97.00 98.00 99.00 100.00 

In fact, the first 10 axial lines have the same relative spacing for both blades. 

Since the second blade is shrouded, the line which defines the shroud of the first blade 

is extended to the tip of the second blade. Then, the 11 tli and 12 th lines of the first blade 

which are the tip and the tip gap, are extended to the second blade at 98 and 99 percent 

of the blade height, respectively. 

Given the 2-D grid defined above (see Figure 18) and the initial data file, a 

double linear interpolation enables the calculation of 8-pressure side and 8-suction side 

for each (r,z). 

A program which makes this calculation is given in "Completion of the grid on 

the blade surfaces." in Appendix B.2. It generates a file named PSSIDE DATA. 
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3.1.3 Completion of the basic grid. 

Since the first blade row is composed of 4 blades and the second blade row of 12 

blades, each first blade must be associated with 3 second blades. 

The basic grid, which is the sirnplest grid including all the geometric components 

of the second row must include 3 blades (i.e 6 surfaces) and so 4 inter-blade surfaces, 2 

of them between the blades and 2 on the repeating boundary. 

Moreover, one exit surface must be added downstream to match outlet condi-

tions. 

This last surface is created at z = 0.143 with the following condition on the 

slope in the (e-z) view: 

( dz) = ( dz ) 
de exit de mean - trailing - edge 

constant 

The program CREG RID (see "Completion of the basic grid for the second blade 

row." in Appendix B.3) creates such a grid with a GEOMI format (see Appendix A). 

It reads the file PSSIDE DATA and writes G2 GEO. The grid has 31xIOx13 points 

whereas the BASIC grid used to calculate the flow in the first blade row has 21x5x13 

points. 

Now, the last step is putting both grids together. The compatibility conditions 

are: 

• same number of points in the radial direction 

• same number of points in the circumferential direction 

• no too acute or flat angles in each element of the grid 

The first condition is fulfilled by construction. The second and the third ones 

need to be completed. A by-hand construction was used. The result is a 52x31x13 grid 

i.e 20,956 points. (see Figure 19, Figure 20 and Figure 21). 

Figure 22 blows up the inter-blade area at the tip and at the hub to show how 

the two grids were meshed together while fulfilling the angle requirement. Note, in par

ticular, the middle blade of the second row is offset in grid space from the blade in the 

first row. 
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Figure 19. Grid for both blade rows-meridional view: r versus z description. 
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Figure 20. 8Iade-to-blade tip view: shrunk scale in Fe-direction. 
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Figure 21. Blade-to-blade hub view: shrunk scale in Fe-direction. 
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3.2 I,l1prOVe,nellts to tile basic g,,·id. 

3.2.1 Grid in interblade gap. 

After the completion of the two single-blade grids and their connection together, 

a few more lines were added to the grid to fulfill the following requirements: 

1. Approximately equal distances around grid corners at the leading and trailing edges. 

2. Fairly uniform spacing for the other intergap points. 

3. The same number of intergap planes at the hub and the tip to facilitate the con

struction of the 3-D grid. 

The first requirement must be satisfied all along the leading and trailing edges 

from the hub to the tip. Therefore, two extra grid lines are added at the hub and the tip. 

If the trailing edge of the first blade and the leading edge of the second blade have the 

respective coordinates A = 1.0 and 2.0 in the axial direction, the coordinates of these 

extra lines are given by : 

- hub: 1.100 1.900 

- tip: 1.035 1.965 

Four more intergap planes were added to satisfy requirements two and three (see 

Figure 23) : 

- hub: 1.200 1.350 1.650 1.800 

- tip: 1.130 1.350 1.650 1.870 

The coordinates for each intermediate K-section between the hub and the tip are de

termined by interpolation. This intergap spacing was tested in the 2-D flow calculations 

described in "Preliminary 2D-calculations" on page 48. 

3.2.2 Tip radius change between the blades. 

The tip radius decreases between the first and the second blade row because of 

the rotating shroud on the second blade row. The stationary wall for the first blade row 
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Figure 23. Junction of th S~ale mUltiplfe~w~ blad~s with added "d' TIp view on the lin ~~ ~noZ-direction. gn lines: y versus Z descri . . 0909)' hub . pilon. 
t vIew on th . e rtght (r = 0.0636). 
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has a radius of 91.4 rnrn whereas the second blade row has a tip radius of 90.9 rnrn. 

Figure 24 shows the real geometry of the inducer. The shroud of the second blade row 

is longer in the axial direction than the tip of the second blade row; so, the shroud 

overhangs on both sides. These two overhangs are assumed equal to each other and 2.7 

rnrn long. In order to maintain as much accuracy as possible in the geometry and to 

keep the possibility of adding a recirculation flow around the shroud, the shroud wall 

between the two blade rows is modified as shown on Figure 25. 

At the exit from the second blade row, the geometry is processed the same way 

to define the overhang and the beginning of the downstream stationary wall. Since no 

exact value is available for the tip radius at the inlet to the stator row, the value of 90.9 

mm is assumed. 

After these changes, the basic grid has 43x31x13 = 17329 points (see Figure 26). 
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Figure 24. Sketch of the real geometry of the inducer: first and second blades 
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Figure 26. Basic grid: meridional view. 
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3.2.3 Wall boundary conditions. 

Each point of the grid must be assigned one out of the five following character

istics (parameter L T(I,] ,K) in GEOM I format) : 

1. Free stream. 

2. Free stream (not used in this application). 

3. Rotating solid wall. 

4. Stationary solid wall. 

5. Inner solid wall. 

Most of the points are obvious. The hub and tip profile are the most difficult points. 

The chosen solution is shown on Figure 26. 

3.2.4 Calculation grid. 

The basic grid is the smallest grid to describe the whole geometry of the 

tandem-bladed inducer. For the calculation, the grid is too coarse and needs to be im

proved. 

21 planes are added in the I-direction mostly near the leading and trailing edges 

of the blades. The duct downstream of the two blade rows is shortened by a factor 2 and 

meshed by few uniformly spaced lines. The l-direction appears to have enough planes 

and the K -direction is improved by 6 extra planes near the hub and near the tip. All 

these modifications were done by interpolation with GEOMI (cf. Appendix A-2). 

Finally, the calculation grid has 63x31x19= 37696 points. Figure 27 shows a meridional 

view of the calculation grid with several K-values that will be used later on to get 

blade-to-blade views of the inducer. Three I-values are also indicated. They correspond 

to the planes that will be used for comparison with the experimental results. To make 

the analysis of the inducer easier, the three blades of the second blade row are given a 

number as shown on Figure 28. 
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Figure 28. blade designation: each blade and passage is designated by its number as indicated 
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3.3 P,-elil11illalY 2D-calculations 

Two 2D blade-to-blade calculations were completed. They were performed with 

three main objectives: 

1. To provide physical insight into flow pattern through the tandem-bladed row. 

2. To locate regions where the basic grid might need to be improved. 

3. To optimize the calculation grid size in order to obtain a satisfactory compromise 

between computation time and level of resolution in the 3D-calculation. 

The improved 3D grid has been described in the former section "Improvements 

to the basic grid." on page 41. This section first provides information about the calcu

lation process then gives an analysis of the physical phenomena at different levels. In 

"Overall inducer performance - Mixing analysis.", the flow is characterized by overall 

parameters, whereas "Flow distortion." on page 57 discusses the three variables: static 

pressure, loss coefficient and velocity systematically. 

3.3.1 Calculation conditions. 

The 2D calculations modelled hub and tip sections of the blades in linear cas

cades. For the hub section (K = 5), the y-z cascade geometry used y = rO with r taken 

as a constant at the inter-blade value, r = 0.0636. The tip section (K = 13) used r = 0.0909 

(see Figure 27). 

The boundary conditions were : 

1. Uniform static pressure at inlet and exit, one axial chord downstream; 

2. Uniform total pressure at inlet; 

3. Inlet flow angles, PI, of 7.1 degrees for the hub and 5.0 degrees for the tip. This 

corresponds to 3 degrees of incidence at the tip. 
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The calculations were performed on the IBM mainframe. The tip-calculation 

took 34 iterations and the hub-calculation 30 iterations. 

The results are presented in 4 figures from Figure 29 on page 50 to Figure 32 

on page 53. The geometry grids, static pressure coefficient and rotary stagnation pres

sure loss coefficient are plotted for both calculations with a full scale in the z-direction 

and a scale shrunk by 5 in the y-direction. The blade-to-blade velocity vectors are dis

played on Figure 32 in the second blade row area for the hub and the tip in full size to 

avoid the distortion induced by a non uniform shrunk scale. 
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Figure 29. Geometries for the 2D calculations: tip above; hub below. 
Scale shrunk by 5 in the y-direction. 
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Figure 30. Static pressure coefficient from the 2D calculations: tip above; hub below. 
Scale shrunk by 5 in the y-direction. 
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Figure 31. Rotary stagnation pressure coefficient from the 20 calculations: tip above; hub below. 
Scale shrunk by 5 in the y-direction. 
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a) tip 

Figure 32. Velocity vectors from the 2D calculations: tip and hub. 
full size 
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3.3.2 Overall inducer performance - Mixing analysis .. 

The flow properties obtained from the 2D-calculations are not all uniform at the 

last downstream station. Only the static pressure is uniform, because it is one of the 

boundary conditions. Overall parameters like loss coefficient and turning angle, need to 

be determined by a mixing analysis. The results are shown in Table 1 and the calcu

lation method is explained below. 

3.3.2.1 Conservation equations. 

The flow is mixed to uniform flow in a constant area mixing process. The flow 

entering the mixing analysis control volume is the flow at the exit of the 2D-calculation. 

The outgoing flow has uniform properties: static pressure, Psmix , and velocity compo

nents VYmiX and Vzmix (see Figure 33). 

The flow obeys the three following laws: 

1. the continuity equation: 

2. the y-momentum equation: 

(Jp Vz VydY)exit = (fp Vz VydY)mlx = P Vz Vy Ay mix mIX 

3. the z-momentum equation: 

(J P s'iY)exit + (f p V;dY)exlt = (f P s'iY)mtx + (f p V;dY)mLx 

= PsmixAy + P V;mix~Y 

[3.3.1J 

[3.3.2J 

[3.3.3J 

Given the flow properties at the exit of the inducer, Psmix , VJmiX and Vzmix are determined 

from these equations. The mixed out total pressure is then calculated from: 

[3.3.4] 
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Figure 33. l'Vlixing analysis: geometry and notations. 

3.3.2.2 Loss coefficient and turning angle. 

The total pressure loss coefficient is defined as the ratio of the total pressure loss 

to the dynamic pressure of the fluid at the inlet: 

[3.3.5J 

F or the 2D-ca1culations, the loss coefficients are 20.0 percent and 20.2 percent respec

tively at the hub and at the tip. 

The exit flow angle Pmix and the inlet flow angle Pin/,t are defined by : 

V 
Pmlx = tan -\ V

Zmix 
) and PinIer 

Ymix 

[3.3.6J 
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Table 1. Results of the two 2-D calculations 

Hub Tip 

Inlet Exit Mixing Inlet Exit Mixing 

Pt-Pref (Pa) 0 I -523 0 I -1068 

Ps-Pref (Pa) -2612 -923 -918 -5284 -1746 -1740 

Vz (m/s) 8.09 I 8.09 8.09 I 8.09 

Vy (m/s) 64.8 I 24.1 92.5 I 32.1 

Flow angle (deg) 7.1 I 18.6 5.0 / 14.1 

The exit flow angle is found to be 18.6 degrees at the hub and 14.1 degrees at the tip, 

with an inlet flow angle of 7.1 degrees at the hub and 5 degrees at the tip. The turning 

angle, 4> = Pm/x. - Pinl,t, is then 11.5 degrees at the hub and 9.1 degrees at the tip. 

These two 2D flows may be used as test cases for other computational codes. 

The results can be compared with the results of other calculation methods for the same 

geometry and flow conditions. 

GEOMETRY AND COMPUTATIONAL GRIDS. S6 



3.3.2.3 Comparison with experimental loss coefficients. 

To compare the calculated losses \vith the measured values, an alternative defi

nition of the loss coefficient is used based on the tip blade speed: 

0)'= 
1 2 2 pUtiP 

[3.3.7J 

With UtiP = 95.2 mis, the new loss coefficients from the 2-D calculations are 9.4 

percent at the hub and 19.2 percent at the tip. Figure 34 shows as a solid line the ex

perimentalloss coefficient at the exit of the inducer, and as a dashed line the estimation 

from the 2-D calculations by linear interpolation between the values at the hub and at 

the tip. 

This rough estimation agrees well with the measurements in terms of the amount 

of loss produced. Yet, the distribution is very different. This is expected because the 2-D 

calculation does not take into account the 3-D effects and in particular the convection 

of losses to\vard the tip due to centrifuging of the blade boundary layers. 

3.3.3 Flow distortion. 

This section discusses in detail the features of the flow through the tandem

bladed inducer. Each parameter - static pressure, loss coefficient and velocity vectors -

is considered separately. It will be shown that the main feature of the flow is a non

uniformity through the second blade row. 

3.3.3.1 Static pressure. 

Figure 30 shows the isobaric contours of static pressure. A coefficient is defined 
1 based on the inlet dynamic pressure: ""2 p 11nl.t (2612 Pa. at the hub and 5281 Pa. at the 

tip). 

Ps - Ps,inlet 
Cp = (1 2 ) = 

2 P Vinlet 

p -p 
( s 0 +1) 

1 2 ""2 P Vinlet 

[3.3.8J 
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Figure 34. Total pressure loss coefficient: measured values and estimation from the 2D calculations 

GEOMETRY AND COMPUTATIONAL GRIDS. 58 



The pressure rise is similar for both calculations. Between the two blade rows, the 

pressure rise coefficient is about 0.55 whereas it is about 0.65 at the exit of the inducer 

(actually 0.647 at the hub and 0.669 at the tip). 

Even though the static pressure is fairly uniform at the exit of the second blade 

row, it is highly non-uniform between the blade rows. In the second blade row, there is 

a pressure rise in passages 2-3 and 3-1, but little pressure change in passage 1-2. The net 

result is a higher static pressure at the entrance to passage 1-2 than at the entrance to 

the other passages. 

3.3.3.2 Rotary stagnation pressure loss coefficient. 

Figure 31 shows the rotary stagnation pressure loss coefficient: 

* Po-P 
<Ploss = 1 2 

2" P Vinlet 

[3.3.9J 

The loss-free stream corresponds to <Plw = O. The isolines show the loss coefficient from 

0.1 to 0.4 with a contour interval of 0.05. 

Along the first blade, a viscous boundary layer grows on each side of the blade 

but more on the suction side because of the longer region of adverse pressure gradient. 

The thickness of the boundary layer can be defined as the proportion of the passage 

where the loss coefficient is higher than 0.1 : 

passage height where ¢loss > 0.1 
t = ~---------.;.;;.;;.;;.....--
0.1 whole passage height 

[3.3.10J 

With this definition, at the trailing edge of the first blade, the boundary layer 

thickness is 40% on the suction side and 11 % on the pressure side in both cases, tip and 

hub. Entering the second blade row, these losses are distributed non uniformly to the 

three passages; the boundary layer thickness in passage 1-2 is 100%, while it is 22% in 

passage 2-3 and 98% at the tip (55% at the hub) in passage 3-1. Only blade 3 operates 

in a loss-free flow and develops its own boundary layer. At the exit of the second blade 

row, the boundary layer thickness is 100% for passages 1-2 and 3-1 (hub and tip) and 

it is 67% at the tip and 580/0 at the hub in passage 2-3. 
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In passage I ~2, the averaged loss coefficient is higher than 0.4, far more than the 

average value in the other two passages. The flow in this passage therefore has a very 

low energy compared to the others, and there is a correspondingly smaller static pressure 

rise, as seen in Figure 30 on page 51. 

3.3.3.3 Velocity vectors. 

The velocity vectors from the two 2D-calculations are shown on Figure 32. 

They allow us to calculate the distribution of the flow to the three passages of the second 

blade row. 

At the tip, the distribution of the mass flow rate to passages 1-2, 2-3, and 3-1 is: 

8.6% , 56.3% and 35.1 % , respectively. 

At the hub, it is : 

10.7% , 51.4% and 37.90/0. 

Passage 1-2 has nearly stagnant, low energy flow. At the leading edge, the flow 

appears to pass around this blockage causing the incidence on blade 1 to be higher than 

the expected value of about 5 degrees. There is also a negative incidence on blade 2 at 

the tip. 

At the hub, the leading edge of blade 2 is very close to the trailing edge of the 

upstream blade. Most of the boundary layer fluid from the pressure side of the upstream 

blade passes through this gap into passage 1-2. 

The mixing of the flow downstream of the second blade row can be seen in the 

total pressure loss contours on Figure 31 on page 52, as well as in the velocity vectors. 

The wake from the blockage in passage 1-2 is seen to mix out relatively slowly, and there 

is still a significant non-uniformity of the flow one (second blade) axial chord down

stream. 
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4.0 RESULTS AND ANALYSIS OF THE 

3D-CALCULATION. 

4.1 3D calcillation conditions. 

A full 3D calculation was conlpleted over the whole grid of the tandem-bladed 

inducer (64x31x19= 37696 points). The calculation was initialized with the results of the 

previous 3D calculation over the first blade row alone (see ref 25.) to accelerate the 

convergence. The computation was conducted on a model 720 HP/Apollo workstation 

with a 50 MHz PA-RISC processor. 

I t took about 11 hours of CPU time to compute the first 50 iterations. At that 

point, the solution was almost converged except for the tip vortex at the inlet of the first 

blade row. 50 more iterations were completed to stabilize the solution with a very good 

accuracy. 

The inlet conditions are the same as those used for the previous 3D-calculation. 

A 2D-calculation on the meridional profile of the inducer with no blades gave the ve

locity and the pressure profile at the entrance to the inducer starting with fully-developed 

pipe flow upstream. A plane with a good uniformity in static pressure was chosen to 

be the inlet plane in the 3D-calculation. At the exit, the requirement is the continuity 

of the overall mass flow rate. 
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4.2 Thernzodynalnic analysis of the flo}v. 

In this Section, it is intended to define two important parameters that are used 

in the following discussion. The first one is the rotary stagnation pressure, p', and the 

second one is the hydraulic efficiency, t]. 

4.2.1 Euler work. 

The Euler turbine equation relates the fluid flow to the work done, or energy 

transfer, in a turbomachine and can be derived as follows (from reference 27.). Consider 

the control volume as shown in Figure 35 on page 66, enclosing an axial-flow 

compressor for example. The torque of the rotor acting on the fluid can be found from 

the moment of momentum equation: 

T = fJ (r x V)(pV.dA) [4.2.1J 

but pV.dA = dm and with the assumption of uniform flow at the inlet and exit stations, 

we can write: 

[4.2.2] 

Since the control volume is symmetrical, the pressure forces do not create any torque 

and, for the ideal flow case, there are no shear forces. Thus, the torque exerted is that 

on the flow by the shaft of the rotor. If the shaft and rotor have a rotational speed ro, 

the energy transfer from the rotor to the fluid is given by: 

P = mw= roT [4.2.3J 

The Euler work per unit mass flow is given by: 

[4.2.4] 

But the blade speed at radius r is: 

U=rro [4.2.5J 
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Therefore, 

[4.2.6J 

V8 is taken positive in the direction of the blade velocity U. Work is positive when there 

is a transfer from the rotor to the fluid. 

4.2.2 Losses. 

For an incompressible ideal flow -that is: the work is done reversibly and 

adiabatically-, the total pressure change is related to the work done by the laws of 

thermodynamics : 

t1Pt ,ideal 
W= 

P 

Combining with the expression of the Euler work, we find: 

Consider now the velocity triangle sketched in Figure 36 on page 66: 

Thus: 

And: 

w2 V~ + (U - VO)2 

= V~ + U2 + V~ - 2UVo 
= U2 + V2 

- 2UV8 

But in the incompressible case, we have also: 

3D-CALCULATION 

[4.2.7J 

[4.2.8J 

[4.2.9J 

[4.2.IOJ 

[4.2.11J 

[4.2.12J 
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Combining these two relations, we find in the ideal case: 

1 2 2 
'2 PW '1 [4.2.13J 

So, the rotary stagnation pressure p. is a conservative variable in the ideal case 

i.e it has the same local value everywhere as that at a given point and in particular at the 

inlet where p. = PrI' 

In actual cases, however, one must account for total pressure losses in the 

compressor. These can be caused by viscosity, compressibility (small), 3D, secondary 

flow, non-uniformity or other off-design effects that will be discussed later (more gener

ally, the entropy variation in this case is caused by friction and mixing of streams with 

different properties). We can express them as follows: 

[4.2.14J 

[4.2.15J 

* P < Pit [4.2.16J 

And finally, the total pressure loss in the compressor stage can be represented by the 

difference : 

* (Pit - P ) = total pressure loss [4.2.17J 
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4.2.3 Efficiency. 

The definition of the efficiency for a turbomachine between locations 1 and 2 can 

be thought of as: 

11 = 1 
losses [4.2.18J 

work done 

(P~ - Pi) . . 
The losses are represented by p ,and the usual hydrauhc efficIency would be 

defined in this case by: 

[4.2.19J 

This formulation involves the knowledge of the exit radius 1'2 corresponding to the inlet 

radius r, along a thin streamsheet. In the particular case where station 1 is the inlet of 

the inducer and where the flow has no prewhirl then: 

* Ptt - P2 
'lhydraullc = 1 - -p.....;.w~r2-v:....;62;;... [4.2.20J 

NOTE: in our study, Ptl corresponds actually to Po = 101,325 Pa. 
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Control Volume 

Figure 35. Control volume: calculation of Euler work 

Figure 36. Velocity triangle: relative and absolute velocities 
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4.3 Anal)'sis of the results of tile 3D calculation. 

4.3.1 Velocity vectors. 

4.3.1.1 Blade-to-blade view allalysis. 

Figure 37 shows two full-size blade-to-blade views of the first blade trailing edge 

and of the second blade row. Figure 37a is a view near the tip at K = 11 (see Figure 27 

on page 47) while Figure 37b is a view near the hub (k = 5). The blades of the second 

blade row and the three passages between these blades will be numbered as explained 

previously (see Figure 28 on page 47). 

From the results of the two 20 calculations at the tip and at the hub, it appeared 

that the distribution of mass flow rate to the three passages was quite non-uniform. 

Passage 2-3 had the highest mass flow rate with nlore than 50 percent. Passage 3-1 had 

about 36 percent while passage 1-2 had only 10 percent (see Table 2). The results of the 

3D calculation are very different. The distribution is fairly uniform ranging from 30.0 

to 36.5 percent. Passage 2-3 \\rhich has the highest mass flow rate in the two 

2D-calculations has actually the lowest mass flow rate in the 3D-calculation. The reason 

for these differences is the change in loss distribution. Because of the centrifuging of the 

boundary layers, the wake of the first blade row in terms of rotary stagnation pressure 

does not significantly affect the loss distribution between the passages of the second 

blade row. This is shown in Figure 47 on page 82 and will be explained in more detail 

in "Rotary stagnation pressure analysis." on page 81. 

Blade 2 of the second blade row appears to have the highest incidence angle of 

the three blades both at the hub and at the tip. Blades 1 and 3 have a small incidence 

angle in the hub half and probably a slightly negative incidence angle in the near-tip 

section. This is in good qualitative agreement with the incidence angles expected from 

the results of the 3D-calculation over the first blade row alone (see Figure 15 from ref

erence 28.). 

A fraction of the fluid flows through the gap between the trailing edge of the first 

blade and the leading edge of blade 2. This flow is deviated from the primary flow and 

is likely to generate strong secondary velocities in the inter-blade gap and in passage 1-2. 
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Table 2. l\lass flow rate distribution to the second blade row passages: 20 and 3D calculations. 

passage number 

1-2 2-3 3-1 

33.5% 30.0% 36.5% 3D-calculation 

8.6% 56.3% 35.1% 2D-calculation-tip 

10.7% 51.4% 37.9% 2D-calcula tion -hub 

4.3.1.2 Meridional view analysis. 

Figure 38 to Figure 40 show the velocity vectors on 9 different meridional views 

in the second blade row: for each passage, a mid-passage section is displayed with two 

other views, one near the suction side and one near the pressure side limiting the pas

sage. Through the first blade row, the velocity vectors are very similar to those from a 

previous calculation on the first blade row alone. Those results are displayed on 

Figure 11 on page 19. 

The characteristics of the flow through the first blade row are: 

• Near the suction and pressure sides of the blade, radial flows develop continuously 
'" 

along the blade passage, with increasing amplitude towards outer radii. 

• In the middle of the passage, the secondary flow convects toward the hub to evacuate 

the fluid that tends to accumulate at the tip and so to satisfy the continuity equation. 

This phenomenon is also sketched on Figure 3 on page 7. 

• A tip leakage allows the fluid to circulate from the pressure side to the suction side. 

• A tip vortex develops at the backswept leading edge of the blade, generated by the 

high flow stagger angle and by the low flow coefficient (¢ = 0.07). This vortex is a 

source of backflow near the tip. 
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b) near the hub (K = 5) 
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Figure 38. Velocity vectors and static pressure contours on meridional views (a): passage 1-2 
full scale. 
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Figure 39. Velocity vectors and static pressure contours on meridional views (b): passage 2-3 
full scale. 
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Figure 40. Velocity vectors and static pressure contours on meridional views (c): passage 3-1 
full scale. 
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To understand the flow in the second blade row, each passage must be studied 

separately. The wake of the first blade row and the indexing of 5 degrees between the 

two blade ro\vs (see Figure 42 on page 76) are such that the inlet flows in each passage 

are different from one another. Passage 3-1 (see Figure 40) receives a flow with almost 

no secondary velocity. This is also the passage with the highest mass flow rate. Passage 

1-2 (see Figure 38), on the contrary, gets a flow with a very high positive radial com

ponent of secondary velocity. This is due to the wake of the first blade row. Lastly, 

passage 2-3 (see Figure 39) stands in-between. The flow near the pressure side of blade 

2 is influenced by the wake of the first blade row, i.e it enters with a positive radial sec

ondary velocity; while at mid-passage, the radial component of secondary velocity is 

highly negative. 

Since the flow entering passage 3-1 (see Figure 40) is nearly two-dimensional, 

we can expect the flow to be processed as if the second blade row was alone. Indeed, the 

flow development in this passage is very similar to ·what happens in the first blade row. 

On the pressure side of blade 3 and on the suction side on blade I, a positive radial flow 

develops continuously along the blade surface. Because of the shortness of the blade, 

this development is stopped quickly. In the middle of the passage, the radial component 

of secondary velocity is negative, as expected, to fulfill the continuity equation require

ment. The effect of the kink at the tip must be noticed: The boundary layer is about 

to separate. The flow reattaches downstream of the small kink. 

In passage 2-3 (see Figure 39), the phenomenon is slightly different. Near the 

suction side of blade 3, the flow develops normally since the inlet flow is close to the 

primary flow. Near the pressure side of blade 2, the flow seems to develop normally in 

the hub-half only. In the tip half, the incoming mass flow rate is very high and there is 

almost no boundary layer at the tip. In these conditions, it is no longer possible to 

centrifuge any flow. In the middle of the passage, the flow comes in with a very negative 

component of secondary velocity in the tip half. The boundary layer therefore becomes 

very thick at the tip at mid-span. 

The flow in passage 1-2 (see Figure 38) is very different from the two others. 

Because of the very high radial component of the flow entering this passage, the three

dimensional convection of the fluid seems to occur from the middle of the passage to the 

shroud and then down to the blade surfaces, especially the pressure side of blade 1. This 

aspect of the flo\\' will be shown another way later on in "Secondary velocity 

analysis. Jt. Near the suction side of blade 2, the mass flow rate entering at the tip is once 
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again very high. This fact also acts to delay the development of an outward component 

of secondary velocity along the surface. 

4.3.2 Static pressure analysis. 

4.3.2.1 Blade-to-blade and iso-{} views. 

The static pressure coefficient contours are shown on three blade-to-blade 

sections on Figure 37: near the tip (K = 11), at mid-passage (k = 7) and near the hub 

(K = 5). Another ~ray to visualize the static pressure is the iso-8 section. Appendix D-l 

explains how to build the iso-8 grid from the classical calculation grid. Since the 

periodicity of the inducer is 90 degrees, 6 sections have been chosen from the reference 

8 = 0 at the trailing edge of the first blade row and every 15 degrees. Figure 42 shows 

which blades of the second blade row are encountered for each section at the hub and 

at the tip. The iso-8 sections with the static pressure coefficient contours are shown on 

Figure 43 and Figure 44. The static pressure is normalized by t PutiP to give the static 

pressure coefficient 1/1 s. 

The static pressure coefficient rise through the first blade row is of the order of 

0.1 both at the tip and at the hub. The tangential velocity is low and the radial equi

librium equation does not have much influence on the radial pressure distribution. 

Through the second blade row, the pressure rises from 0.1 to 0.35 at the hub and from 

0.1 to .425 at the tip. The iso-8 views show clearly the effect of the radial equilibrium 

at the exit of the inducer with a static pressure coefficient ranging from less than 0.35 

to more than 0.425. 

The pressure rise through the second blade row is fairly uniform for each passage. 

We can notice the very high pressure gradient between the first blade and blade 2 on the 

i50-8 view at 8 = O. 

4.3.2.2 Blade loading. 

Figure 45 shows the static pressure distribution on each surface of the first blade 

and the pressure difference or in other words the blade loading. Figure 46 shows the 

same parameters for the three blades of the second blade row. 
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P -Po 
1/1= s 0+1 

s 1 2 
"2 pUtip 

a) near the tip (K = 11) 

0.4 

b) at mid-passage (K = 7) 

0.35 

c) near the hub (K = 5) 

L 
Figure 41. Static pressure coefficient contours on blade-to-blade views: 1/Ir from -0.1 to 0.6 by 0.1 

scale shrunk by 5 in the 8-direction 
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figure 41,. Blades encountered by tbe iso-9 sections: hub and lip 
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e = 15,105,195 

e = 30,120,210 

Figure 43. Static pressure coefficient contours on iso-6 planes (a): 1/Is from -0.1 to 0.6 by 0.05 
full size 
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e = 45,135,225 
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e = 60,150,240 
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8 = 75,165,255 

Figure 44. Static pressure coefficient contours on iso-9 planes (b): 1/Is from -0.1 to 0.6 by 0.05 
full size 
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Pressure side Suction side 

P -Po 
.1. = s + 1 
Y's 1 2 

2" pUtip 

Pressure difference 

Figure 45. Static pressure and loading contours on the first blade: 1/1: from ·0.1 to 0.6 by 0.05 
full size in (r .z) plane 
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Blade 2 

0.05 
0.15 
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Pressure side Suction side Pressure difference 

Figure 46. Static pressure and loading contours on the second blade row: "", from -0.1 to 0.6 by 0.05 
full size in (r tZ) plane 
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The results at the surface of the first blade are close to those given by the 3D 

calculation on the first blade row alone. At the tip of the leading edge on the suction 

side, the static pressure coefficient drops below .ps = -0.05 and can allow cavitation in

ception. The maximum loading (.ps':::::::. 0.15) occurs at the leading edge near the tip. This 

is in favor of a strong leakage flow at that location. It must be noticed also that a good 

portion of the blade near the trailing edge is negatively loaded with a minimum of 

~r/I$= -0.13. This fact suggests that the blade could be shortened. 

In the second blade row, the three blades show a similar pressure distribution on 

their surfaces and therefore a similar loading. On the pressure side, the maximum pres

sure coefficient is about 0.45 near the tip for each blade. It can be noticed that blade 1 

and blade 3 apply the same pressure coefficient r/I, = 0.1 to the fluid all along their 

leading edge, whereas the pressure coefficient of the fluid along the leading edge of blade 

2 ranges from r/lr = 0.15 to .ps = 0.30. Figure 41 shows that apparently the end part 

of the first blade and blade 2 behave as if they were only one blade. This is visible near 

the tip (Figure 41a) where two isobars connect the trailing edge of the first blade to 

blade 3, showing a contribution to the pressure rise through passage 2-3. On the suction 

side, the static pressure coefficient ranges from r/lr = 0.05 to about .ps = 0.45. The 

minimum is reached just downstream of the leading edge between mid-height and tip 

depending on each blade. With these values of pressure, no cavitation should occur due 

to the second blade row leading edge. In terms of blade loading, blade 1 is the most 

loaded, followed by blade 2 and blade 3. The maximum load occurs always at the tip 

but that should not create any major structural problem since the blade row is shrouded. 

Let us notice, lastly, that the three blades of the second blade row are also negatively 

loaded near their trailing edge with a loading coefficient !!r/ls ':::::::. .. 0.15. 

4.3.3 Rotary stagnation pressure analysis. 

Figure 47 shows the rotary stagnation pressure coefficient contours on three 

different blade-to-blade views. Figure 48 and Figure 49 display the same parameter on 

six iso-O views. 

The comparison of these results with those of the 2D-calculation on the same 

geometry reveals the amplitude of the 3D effects on the fluid behavior. On the blade

to-blade views (see Figure 47), the hub and mid-passage sections show very thin 
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* Po-P 
1/1 loss = 1 2 

2 pU/ip 
a) near the tip (K = 11) 

b) at mid-passage (K = 7) 

c) near the hub (K = 5) 

Figure 47. Rotary stagnation pressure contours on blade-to-blade views: W'osr from 0.1 to 1.0 by 0.1 
scale shrunk by 5 in the 8-direcuon 
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(1 = 0,90,180 

(1 = 15.105,195 

Figure 48. Rotary stagnation pressure contours on iso-6 planes (a): tit/Ost from 0.05 to 1.0 by 0.1 
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e = 75,165,255 

Figure 49. Rotary stagnation pressure contours on iso-O planes (b): 1/Iloss from 0.05 to 1.0 by 0.1 
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boundary layers. The wake of the first blade vanishes into passage 1-2. Near the tip, 

the loss coefficient l/J loss is higher than 0.1 everywhere in the second blade row and the 

viscous boundary layer grows quickly on the suction side of the first blade. In the 

2D-calculations, the boundary layer thickness is about the same for the hub and the tip. 

The boundary layer developed by the first blade fills up totally passage 1-2 with high loss 

flow and fills partially passage 3-1. The phenomenon responsible for this difference be

tween 2D and 3D loss distribution is the centrifuging of the boundary layers which will 

be explained in more detail in "Secondary velocity analysis.". 

Figure 48 and Figure 49 show another way how the boundary layer thicknesses 

change with radius. They are thin along the hub wall and the blade surfaces, and thick 

where the viscous flow accumulates near the tip. They are also influenced by the tip 

leakage flow in the first blade row, which circulates through the tip gap from pressure 

side to suction side. In the second blade row, passage 1-2 is almost entirely filled with 

high loss flow, followed by passage 2-3 and passage 3-1. 

Among other phenomena, 'we can notice the development of a large tip vortex 

at the entrance to the first blade row. This vortex appears to be bigger than the vortex 

found by the first 3D-calculation on the first blade row alone and spreads quite far up

stream of the leading edge of the first blade row. It is generated by the leakage flow 

around the backswept leading edge of the blade tip. This vortex also spreads from blade 

to blade and is therefore torus-shaped as shown on the iso-8 views. 

Figure 48 and Figure 49 show also how the wakes spread through the inducer. 

The wake of the first blade can be followed in the hub half on the views 8 = 15, 30,45 

and 60 degrees. In the first three figures, the wake is right upstream of blade 2. In the 

figure corresponding to 8 = 60 degrees, it is right upstream of the wake of blade 2. 
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4.3.4 Secondary velocity analysis. 

4.3.4.1 The first blade row. 

Figure 50 and Figure 51 show the secondary velocities on six iso-8 sections. The 

secondary velocity is obtained by subtracting from the fluid velocity the primary com

ponent that is the velocity the fluid would have if it were perfectly inviscid. Most of the 

time, the grid lines in the I-direction correspond roughly to the primary flow. Appendix 

D-2 explains in detail how the secondary velocity can be calculated from the grid coor

dinates. It must be noticed nevertheless that the grid in the inter-blade gap does not 

correspond at all to the primary flow. For this particular area, an estimated primary 

flow was used instead of the grid line. 

The secondary velocities show how the flow is influenced by the centrifugal and 

Coriolis forces. This is mainly obvious through the first blade row where the secondary 

velocities have time to develop. Along the blade surfaces, the flow has a positive radial 

component of secondary velocity. This outgoing incompressible flow cannot accumulate 

at the tip. I t results in an inward flow in the middle of the passage (see Figure 3 on page 

7). This complex phenomenon can be explained the following way: 

• On the one hand, the centrifugal force Fc/tntr = - Qx(Qxr) is independent on the ve

locity of the fluid but depends only on the radius and the rotational speed. So, for any 

two fluid elements at the same radius, the centrifugal force is the same. 

• On the other hand~ the Coriolis force Fear = - 2(Qx fV) depends on the relative velocity 

in the rotating frame. Assume the relative velocity has two principal components: 

tangential and axial (the radial component in the inviscid case is negligible). The axial 

component does not generate any Coriolis force since it is parallel to the rotational speed 

vector. But the tangential component does generate an inward Coriolis force . 

• Let us consider two nearby fluid elements, one on a blade surface and one in the free 

stream but at the same radius. The same outward centrifugal force applies to both ele

ments (since it depends only on radius). As regards the Coriolis force, the element on 

the surface is not concerned (relative velocity null from the no-slip condition) whereas 

the free-stream element is submitted to an inward force . 

• Overall, for a given radius, the nearwall fluid element is more centrifuged than the 

free-stream element. 
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4.3.4.2 The secolld blade row. 

In the second blade row, the secondary velocities are more complex since each 

passage is different and is influenced by the behavior of the flow coming out of the first 

blade row. Figure 50 and Figure 51 must therefore be analyzed in parallel with 

Figure 38 to Figure 40 (meridional velocities along the blades). 

I t has been already noticed that passage 3-1 receives a 'clean' flow from the first 

blade row and that the secondary velocities develop in a classical way. On the section 

8 = 75 degrees, we can check that the secondary flow in passage 3-1 is similar to the 

secondary flow in the first blade row. In passage 2-3, the phenomenon is more complex 

(8 = 15 on Figure 50). Two contra-rotating vortices develop in the tip-half while the 

hub-half behaves classically. At last, passage 1-2 (8=45 on Figure 51) is influenced by 

the wake from the first blade row so that the secondary velocity along the pressure side 

of blade 1 is oriented inwards. 

In the inter-blade gap, the geometry changes for each iso-8 section. The flow is 

therefore very complex since it adjusts itself to each particular case in a different way. 

Nevertheless, we can notice on each iso-8 section the presence of a clockwise vortex in 

the tip-half. It is mainly obvious for 8 = 0 degrees or 8 = 75 degrees. At the exit of the 

inducer, the wake of each blade spreads quite far downstream and does not seem to mix 

rapidly. 
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4.4 COlnparison l.,itiz experilnelltal data. 

4.4.1 Data available. 

The liquid hydrogen pump inducer for the Ariane V is shown in cross section in 

Figure 52. The rotor is tandem-bladed. The first blade row, rotor I, has four blades and 

is unshrouded. The second blade row, rotor 2, has twelve blades and has a rotating 

shroud. The stator is a falling line design with a decreasing radius. 

This chapter presents an analysis of experimental and calculated flow distrib

utions at three different measurement locations PIO, Plljl2 and P13/14 of the LI-l2 

pump inducer. The data were obtained from air tests at Lyon, see reference 24. At the 

planes PIO and P13/14, 3-hole probes and 5-hole probes were used. At the plane Pllj12, 

only straight 3-hole probes can be used because of the small emplacement available be

tween the two blade rows. Even with a 3-hole probe, only the tip-half of the passage 

height can be reached. 

The data available are the static and total pressures, the relative velocity, the 

absolute axial and circumferential velocities, the different angles characteristic of the 

flow and the temperature. For each measurement point, only an average value is avail

able. No indication is given about a possible variation versus time. From the available 

data, the rotary stagnation pressure was computed for each measurement point. The 

work done and the efficiency were also computed as explained later on in "Work done 

and efficiencies.". 
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Figure 52. Schematic of the cross section of the Ariane V inducer: probe positions 
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4.4.2 Averaging of computational results. 

The 3D-calculation supplies a result file with the three components of relative 

velocity and the static pressure at each point of the calculation grid. These variables 

allow the computation of the three components of absolute velocity and of the total and 

rotary stagnation pressures at each point. 

Three grid planes were chosen for comparison \vith the experimental data ac

cording to their similitude with the measurement planes. They are shown on Figure 27 

on page 47 and correspond to the I-values 1=6, 1=40 and 1=60. Then the calculation 

results were area-averaged for each radius in order to get a radial distribution of average 

pressures and velocities. 

ii = 10 f v.dO [4.4.IJ 

All data are summarized from Figure 54 to Figure 58. They show the radial 

distributions of circumferentially averaged values of PtJ Ps, p', Ve, Vm , and W. Each fig

ure displays 8 curves the following way: 

• The thick dashed-lines represent the results 

of the tandem blade calculation . 

• The light dashed-lines with the markers represent the experimental data with the 

measurement points . 

• The solid lines represent the results of the first 3D-calculation. 

Comparison of the curves on each figure shows the overall changes in flow 

properties across the tandem blade row as well as the changes in each rotor row. 
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Figure 53. Inlet and exit stations of the second blade - total pressure: P, 
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Figure 54. Inlet and exit stations of the second blade - static pressure: P, 
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4.4.3 Pressures. 

Figure 53 and Figure 54 show that the second blade row gives at least twice as 

much pressure rise as the first blade row. The experimental values of total pressure are 

higher than the calculated values at the exit of the first blade row near the tip. The ad· 

dition of the second blade row in the calculation increases the total pressure a little, in 

this region, but not enough to match the experimental values. At the exit of the second 

blade row, the calculated total pressure is in excellent agreement, higher than the ex· 

perimental data through the whole passage by only about 300 Pascals out of a total 

pressure rise of 3000·5000 Pascals. Considering the static pressure, a significant differ· 

ence appears at the exit of both blade rows near the tip. This point will be considered 

later on in more detail. 

The loss distribution is shown on Figure 55 on page 95. At the inducer inlet, the 

losses in the bulk of the flow are small. The boundary layer thickness on the hub wall 

is about 10 percent of the passage height. Near the tip wall, the two 3D-calculations 

show different loss distributions. This is because the tip vortex at the leading edge of the 

first blade row was larger at the end of the second calculation (see Figure 48 and 

Figure 49). The difference on Figure 55 is due to larger backflow near the tip. Between 

the two blade rows, the three curves are in close agreement with little loss in the hub half 

and a linear distribution in the tip half. This is due to a higher loss production in the 

tip half of the passage than in the hub half combined with convection of high loss fluid 

in the inducer blade boundary layers from the hub to the tip. The losses appear to in· 

crease through the second blade row in a similar way. We have shown that the three 

passages of the second blade row do not behave the same way and that the convection 

of the high loss fluid is not always possible (essentially in passage 1-2). This explains the 

presence of more loss near the hub and the smoother radial distribution. Let us notice 

also that the calculation apparently predicts too much loss near the tip; this difference 

is almost entirely explained by the difference in static pressure seen in Figure 54. 
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4.4.4 Velocities. 

As detailed in the previous section "Euler work." on page 62, the variation of 

(UVo) is an indicator of the work done. At the inlet to the inducer, UVo is small. So, 

UVe at the exit of the first blade row (and correspondingly at the exit of the second blade 

row) is about proportional to the work done through the first blade row (or through the 

whole inducer). We can already notice in Figure 56 that the amount of work done in

creases with the radius; further considerations of this will be given in a next section 

"Work done and efficiencies.", especially as far as the second blade row is concerned. 

The bump at the inlet near the tip is due to the tip vortex and corresponds to a zone of 

backflow as explained below. 

The meridional velocity profile shown on Figure 57 presents some interesting 

features. At the inlet to the inducer, the results of the 3D-calculation show a large region 

of back flow corresponding to the last 10 percent of the passage height near the tip. The 

maximum counter-stream wise velocity is about 18 m!s, much higher than any stream 

wise velocity at that plane. It results that about the last 20 percent of the passage height 

are occupied by the tip vortex and are not used by the flow to carry any overall mass 

flow rate. The flow entering near the tip has therefore to move toward smaller radii to 

pass over the tip vortex. This explains the bump in the calculated velocity profile be

tween 60 percent and 80 percent of the passage height compared to the experimental 

data. In the hub-half, the agreement is very good. At the exit of the first blade row, the 

calculated and experimental profiles agree very well. The small bump in the calculated 

results near the tip might be either a consequence of the tip vortex at the inlet or an ef

fect of the presence of the second blade row. At the exit of the inducer, the calculated 

results present a fairly uniform profile compared to the experimental data. It must be 

noticed however that the integration of the measured profile gives a mass flow rate of 

mexp =O.l96Kg/s. This value is lower than the expected value m;n',t=O.211Kg/s. This 

discrepancy of 7 percent might indicate difficulties in making measurements in this flow. 

Figure 58 shows that the relative velocity through the first blade row increases 

in the hub half and decreases in the tip half. The ratio of the relative velocw at the exit 

of the inducer to the relative velocity at the inlet to the second blade row W:~:: is of the 

order of 0.7. This is a typical value for a compressor stage. The calculated values fit well 

with the experimentation except near the tip at the inlet because of the large tip vortex. 
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4.4.5 Radial equilibrium. 

Figure 54 on page 94 shows the radial distribution of static pressure at the three 

measurement planes. It can be noticed that the variations in static pressure at the inlet 

and exit of the second blade row are roughly linear in each half of the blade height but 

the slopes are very different. 

A theoretical reason why the static pressure rises with increasing radius is that 

the pressure gradient balances the centrifugal acceleration of the swirling flow in the 

annulus. So, let us evaluate what the pressure gradient should be according to this the

ory. 

Considering only the centrifugal acceleration, the radial equilibrium is given by: 

v2 
f} 

bP = P-r- br [4.4.2J 

Figure 59 shows the experimental radial distribution of static pressure and the 

theoretical distribution obtained from the integration of the radial equilibrium equation 

based on experimental circumferential velocities at the exit of both blade rows. It ap

pears that the experimental static pressure is higher than expected in the last 30 percent 

of the passage height at the exit of both blade rows. The maximum difference is reached 

at the tip. It is 200 Pascals at the exit of the first blade row and 500 Pascals at the exit 

of the second blade row. 

The results of the 3D-calculation are also displayed on Figure 59. They match 

very well the theoretical static pressure distribution. At the exit of the second blade row, 

a small difference near the tip (about 100 Pascals) is probably due to the small discrep

ancy between experimental and calculated circumferential velocities (see Figure 56 on 

page 96). 

It appears from this analysis that the experimental static pressure and 

circumferential velocity are not consistent in the last 30 percent of the passage height 

near the tip at the exit of both blade rows. More details are given in Appendix E. They 

tend to prove that the experimental data should be used with a lot of care in these re

gions. 

3D-CALCULATION 101 



.. 
~ 

• 4ft .. 

6000~----------------------------------------------, 

5000' 

4000-

lOOO' 

1000' 

-- ~. 

results of the Itt 3D-calculation 

results of the 2nd 3D-calculation 

expenrrnentaldata 

integration of the radial equilibrium equation 

O·L-______________________________________ .. ~_~_~_~_~_~_~_~_~_~_~_~-~-~-~~ 

-IOOO+-----------TI--~----~_TI------~---T_.------~--,r_--------_; 
0.0 0.2 0.4 0.6 0.8 1.0 

Figure S9. Radial equilibrium integration: static pressure evaluation 

3D-CALCULATION 102 



4.4.6 Work done and efficiencies. 

The data discussed in the previous section are local data, that is they are meas

ured or calculated at a given point of the flow. This current section deals with global 

variables like work and efficiency which relate inlet and exit characteristics together. 

Therefore, it is necessary to establish a relationship between the incoming and the out

going flow, or in other words to define the streamlines of the flow. 

4.4.6.1 Definition of overall streanllilles. 

The now in the rotating inducer is a three dimensional flow where convection is 

very important. The actual streamlines are very complex. To make the problem man

ageable, let us assume that the flow is a pure axisymmetric flow. The streamlines can 

then be plotted in a (r,z) view of the inducer. The process is the following: 

1. Calculate the overall mass flow rate in each measurement plane by integration of the 

meridional velocity (see Figure 57 on page 97). 

2. Divide the blade passage into n intervals such that each interval corresponds to a 
m 

mass flow rate of /1' 

3. Connect the three mass flow rate distributions together by the overall streamlines. 

A example is given by Figure 60 with five intervals. The numbers given are the 

percentage of the passage area used so that one fifth of the mass flow rate goes through 

it (from the experimental data and from the first 3D-calculation). 

This representation of the flow leads to the same remarks as for the meridional 

velocity distributions (see Figure 57 on page 97). The flow rate slows down near the tip 

at the inlet, since 20 percent of the mass flow rate needs 29.5 percent of the section area. 

At the mid-section, the flow is fairly uniform. At the exit of the inducer, the flow again 

slows down near the tip with 29.4 percent of the surface for one fifth of the mass flow 

rate. 
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Figure 60. Overall streamlines in the inducer: the numbers are the percentage of passage area used 
for one fifth of the mass flow rate. 

4.4.6.2 Work done. 

As shown in section "Euler work." on page 62, the work done benveen locations 

1 and 2 is given by : 

[4.4.3J 

Figure 61 on page 107 shows the work done by the first blade ro\v, the second blade row 

and the overall inducer. It is assumed that the flow has no pre-whirl. 

The results of the two 3D-calculations are very similar in terms of the work done 

through the first blade row. The experimental values are not displayed because no data 

are available in the hub half of the inter blade measurement plane, but they are likely to 

be similar to the calculated values. It appears that the first blade row supplies the same 

amount of work per unit mass to about half the passage near the hub. Then, the closer 

the flow is to the tip, the more work it receives. Through the second blade row, the work 

done increases roughly linearly from the hub to the tip with a calculated work slightly 

higher than the experimental one. Overall, the work done by the inducer is very non-
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uniform since about twice as much work is done at the tip as at the hub. The extra work 

calculated through the second blade ro\v, naturally appears as an extra work for the 

whole inducer. The overall processing of the flow is far from the ideal case in which the 

\"ork is uniformly distributed. 

4.4.6.3 Efficiencies. 

The efficiencies of the first blade row, the second blade row and the overall 

inducer are shown on Figure 62 versus the height of the blade passage at the exit of the 

blade concerned. 

As defined in the former section, the efficiency of the first blade row is : 

* Po- P2 
'112 = 1 - -p"';"w-r-r-";;'" 

2 02 

[4.4.4J 

The agreement is fairly good between the two calculations except near the middle 

of the passage due to the smaller amount of loss predicted by the tandem blade 

3D-calculation. The efficiency is higher than 80 percent in the hub half and decreases 

almost linearly in the tip half to less than 50 percent. This is due to the centrifuging of 

the losses despite the fact that more work is done near the tip. 

The efficiency of the second blade row is : 

1123 = 1 [4.4.5] 

The efficiency of the second blade row is much better than that of the first blade 

row and also more uniform since the loss production through the second blade row is 

distributed from hub to tip. From the measurements, it appears that the rotary stag

nation pressure at the tip is higher at the exit than at the entrance of the second blade 

row. This results in a measured efficiency higher than 100 percent near the tip. The 

3D-calculation predicts more loss in the tip area so that the efficiency drops to about 

85 percent. 

The overall efficiency is in good agreement with the experimental results. In the 

hub half, the largest difference is less than 4 percent whereas it is less than 10 percent 
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near the tip. The addition of the second blade row is very helpful in terms of efficiency 

since it improves the overall efficiency from 40 percent at the tip to about 70 percent i.e 

a 30 percent rise. 

The curves of efficiency shown on Figure 62 are very close to the results given 

by Lakshminarayana (see Figure 10). They show in a similar way the very good effi

ciency of the first blade ro\v in the hub-half and its low performance in the tip-half. In 

both cases, the second blade row improves the overall efIiciency near the tip by about 

30 percent with no drop in the performance near the hub. 
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5.0 CONCLUSION. 

The computation reported in this thesis is probably one of the first investigations 

of the three-dimensional flow development through a tandem-bladed rocket pump 

inducer. This calculation solves the Navier-stokes equations with a model of turbulent 

viscosity. It includes the tip leakage in the first blade row and the rotating shroud of the 

second blade row. The geometry has been meshed with 37696 points, which is reason

able given the complexity of the geometry. 

The flow through the first blade row is mainly characterized by: 

• A tip vortex develops at the inlet to the first blade row, generated by the flow passing 

over the backswept leading edge and the blade tip. 

• The boundary layers are centrifuged along the blade surfaces; this fact results in an 

accumulation of high loss fluid near the tip. The radial component of velocity is of the 

order of the axial component. 

• The centrifuging of the boundary layers is balanced by an inward motion of the fluid 

in the core of the passage. 

The second blade row receives this highly twisted flow as its inlet condition. The 

flow development is therefore different in each passage with respect to its position rela

tive to the wake of the first blade row. Passage 3-1 (see Figure 28) receives a fairly 

two-dimensional flo\v which develops in a way similar to the flow passing through the 

first blade row. Passages 1-2 and 2-3 are strongly influenced by the wake of the first 

blade row. The 3D flow development is therefore very complex. 
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Despite these differences, the three passages of the second blade row show some 

similitudes: 

• The mass flow rate is uniformly distributed to each passage. 

• The blade loading is very similar for each blade of the second blade row . 

• The pressure rise is of the same order through each passage. 

The second blade row seems to handle very well the highly three-dimensional 

incoming flow. 

The comparison with the experimental data shows a good agreement in both 

pressures and velocities. The overall efficiency of the inducer is also predicted with an 

accuracy better than 4 percent in the first 80 percent of the passage height. It was no

ticed that the experimental data do not satisfy the radial equilibrium equation in the tip 

region. This inconsistency is a source of disagreement between the calculated and ex

perimental values. 

The radial distribution of the flow properties at the exit of the inducer appears 

to be non-uniform. The flow characteristics are very far from the ideal case of a free 

vortex design since the work done near the tip is about twice the work done near the 

hub. The design of a stator able to handle this flow might present some difficulties. The 

results of the 3D-calculation could be very useful to help this design. 
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Appendix A. GEOMI Specifications. 

Coordinate systems.: GEOMI is a software able to handle computational grids in the 

format compatible with the MEFP code. To manipulate grids, GEOMI uses a triple 

coordinate system (see Figure 63): 

1. A cylindrical coordinate system (r,8,z) or a cartesian coordinate system (x,y,z) to 

define the coordinates of each point of the grid. When a rotating frame is desired 

(flow on rotor), the (r,B,z) coordinate system must be used and the rotation must 

be about the z-axis. When a repeating boundary is used, the repeat must occur in 

the y or B direction. 

2. The (I,] ,K) coordinate system numbers the successive lines of the grid in the three 

directions with consecutive integers, from 1 to the grid dimension in each direction 

(idim,jdim,kdim). The I, J and K grid directions do not need to be orthogonal or 

even smooth. However, they must form a right-handed grid system with Ixl having 

a positive component in the K-direction. 

3. The (A,B,C) coordinate system supplies an arbitrary (however ascending with re

spect to the I, ] and K coordinates) real value to each line of the grid in each di

rection. This coordinate system is essentially used to modify the grid by 

interpolation, as explained below. \Vhen possible, A, Band C are chosen propor

tional (at least locally) to the distance. 

In the example of Figure 63, a cartesian coordinate system has been chosen. The 

horizontal plane on display can be referenced as either K = 3 or C = 2.5. In case a new 
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Figure 63. GEOMI triple coordinate system: (I.J.K), (A,B,C) and (x,y.z) 
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plane must be inserted at the coordinate A = 3.5, i.e between the planes 1=2 (A = 3.0) 

and 1=3 (A = 4.0), GEOMI can create it by interpolation with respect to the A coordi

nates. The A values are unchanged in the new grid but the I values are incremented by 

1 for the planes following the new plane which now is defined by 1= 3. The dimension 

of the grid in the I direction is also incremented by 1. 

The point definition.: As stated above, the point coordinates can be defined either in a 

cartesian coordinate system: x,y,z (type = 1) or a cylindrical coordinate system: r,(J,z 

(type = 2). Each point must also be assigned an integer, called LT value, according to the 

following specifications: 

1 = free stream 

2 = free stream 

3 = rotating solid wall 

4 = stationary solid wall 

5= inner solid wall 

Geometry file format. The standard format for a grid file is the following: 

COMMENT 
101M JOIM KOIM TYPE 
(B(J),] = 1,JOIM) 
(C(K),K = 1,KOIM) 
«A(I),(LT(I)(J)(K),Cl(I)(J)(K),C2(I)(J)(K),C3(I)(J)(K»,J = 1,JOIM,K = 1,KOIM),1 = 1,IOIM) 

where: 

COMMENT is a line of comments 

IOIM,JOIM,KOIM are the dimensions of the grid 

TYPE gives the type of coordinate system (1 = cartesian, 2 = cylindrical) 

AO,BO,CO are arrays of the A,B and C values 

L TOOO is a array of L T values 

CIOOO,C2000,C3000 are arrays of the three coordinates 
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Result file format.: After completion of a calculation on the GEOMI grid, the MEFP 

code returns a file of results with a format similar to that of the grid format. If several 

variable are to be returned (classically three components of velocity and the static pres

sure), each variable is treated the same \vay consecutively for the whole grid, with the 

following format: 

VARNAME 4 3 SCALE 
101M JOIM KOIM 
(A(l),I = 1,IOIM) 
(B(J),J = 1,JOIM) 
(C(K),K = 1,KOIM) 
(VAR(I)(J)(K),J = 1,JOIM,K = 1,KOIM,I = 1,IOIM) 

where: 

V ARNAME is the name of the variable (4 characters maximum). Quotes are needed for 

some versions of FORTRAN. 

SCALE is the reduction factor 

IDIM,JOIM,KOIM are the dimensions of the grid 

AO,BO,CO are arrays of A,B and C values 

VAROOO is an array of the variable to be stored 
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Appendix B. Geometry processing. 

B.l Definition file. 

The definition file ("blade data") is the geometric definition of one blade of the 

second blade row in cylindrical coordinates r,8,z. The format of this file is the following: 

Theta RPT ZPT RPH ZPH ZST RSH ZSH 

For each 8 value, 4 points are defined (see Figure 17 on page 33): hub and tip 

of the pressure and suction sides. Each point must be characterized by a radius and a 

z-coordinate. So, RPT stands for Radius on the Pressure side at the Tip, and so on. It 

must be noticed that the tip radius is obviously the same on the pressure side and the 

suction side. Therefore RST is not given in the file but is equal the RPT. 

B.2 Completion of tlte grid on tlte blade sUJfaces. 

C THIS PROGRAM USE THE DEFINITION FILE TO GENERATE THE FILE 
C 'PSSIDE DATA' WHICH HAS A I,K,R,Z,THP,THS FORMAT AND WHICH 
C DEFINES A GRID ON THE TWO SURFACES OF THE SECOND BLADE. 
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IMPLICIT NONE 
C VARIABLES 

REAL RH(30),ZH(30),RT(30),ZT(30) 
REAL INTERH,INTERT,INTERR,INTERZ,R,Z,THP,THS 
INTEGER I,J,K 
REAL P(l3) 

C PROGRAM 
P(l)= 0.00 
P(2)= 17.87 
P(3)= 34.47 
P(4)= 47.20 
P(5) = 59.42 
P(6) = 69.00 
P(7)= 78.30 
P(8)= 85.58 
P(9) = 92.48 
P(lO) = 97.00 
P(lI) = 98.00 
P(12)= 99.00 
P(13) = 100.00 
RH( 1) = 0.0636583 
RH( 30) = 0.070902 
ZH(I)= 0.0578302 
ZH(30) = 0.085 
RT( 1) = 0.0909 
RT(30)= 0.0909 
ZT( 1) = 0.060742 
ZT(30) = 0.0830744 
INTERH = (ZH(30)-ZH(I»j29. 
INTER T = (ZT(30)-ZT( 1 »/29. 
DO 1= 2,29 

ZH(I)= ZH(I-l)+ INTERH 
ZT(I)=ZT(l-I)+ INTERT 
CALL INTERPOL (ZH(I),RH(I» 
RT(I) = 0.0909 

END DO 

DO 1=1,30 
DO J= 1,13 

INTERR = (RT(I)-RH(I» 
INTERZ = (ZT(I)-ZH(I» 
R RH(I) + P(J)*INTERR/IOO 
Z= ZH(I) + P(J)*INTERZ/IOO 
CALL INTERPOP(R,Z,THP) 
CALL INTERPOS(R,Z,THS) 
WRITE(2,10) I,J,R,Z,THP,THS 

END DO 
END DO 

10 FORMA. T(2I3,4Fl1.7) 
END 
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C ******************************************************************* 
C SUBROUTINE OF LINEAR INTERPOLATION 
C FOR A GIVEN Z, IT CALCULATES R USING BLADE DATA(FILE I) 

SUBROUTINE I~TERPOL (Z,R) 
REALZ,R 

C DEFINITION OF VARIABLES ... 
REAL TETAPT,RPT,ZPT,RPH(99),ZPH(99) 
INTEGER I 

C PROGRAM ... 
RE\VIND(I) 
1=1 
ZPH(1)= 1. 
DO WHILE (ZPH(I).GT.Z) 

I 1+1 
READ( I, *) TETAPT,RPT,ZPT,RPH(l),ZPH(I) 

END DO 
R = RPH(I) + (Z-ZPH(I»!(ZPH(I-l )-ZPH(I»*(RPH(I-l)-RPH(I» 
END 

C ******************************************************************* 
C SUBROUTINE OF DOUBLE LINEAR INTERPOLATION 
C FOR A GIVEN RPH,ZPH, IT CALCULATES THETAPH USING BLADE DATA(FILE"1) 

SUBROUTINE INTERPOP (R,Z,TH) 
REALZ,R,TH 

C DEFINITION OF VARIABLES ... 
REAL THET A(99),RPT(99),ZPT(99),RPH(99),ZPH(99) 
REAL ZI,Z2 
INTEGER I 

C PROGRAM ... 
TH 1. 
REWIND(1) 
DO 1= 1,46 

READ( 1, *) THET A(I),RPT(I),ZPT(I),RPH(I),ZPH(I) 
END DO 
1=1 
DO WHILE (TH .GT. THETA(I» 

1=1+1 
ZI = ZPH(I-I)+ (R-RPH(I-I»j(RPT(I-I)-RPH(I-I»*(ZPT(I-l)-ZPH(I-l» 
Z2 = ZPH(I) + (R-RPH(I»!(RPT(I)-RPH(I»*(ZPT(I)-ZPH(I» 
TH = THETA(I-I)+ (Z-Zl)j(Z2-Z1)*(THETA(I)-THETA(I-l» 

END DO 
END 
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C ******************************************************************* 
C SUBROUTINE OF DOUBLE LINEAR INTERPOLATION 
C FOR A GIVEN RSH,ZSH, IT CALCULATES THETASH USING BLADE DATA(FILE 1) 

SUBROUTINE INTERPOS (R,Z,TH) 
REALZ,R,TH 

C DEFINITION OF VARIABLES ... 
REAL THET A(99),RST(99),ZPT,RPH,ZPH,ZST(99),RSH(99),ZSH(99) 
REAL ZI,Z2 
INTEGER I 

C PROGRAM ... 
TH= 1. 
REWIND(l) 
DO 1=1,46 

READ( 1, *) THET A(I),RST(I),ZPT ,RPH,ZPH,ZST(I),RSH(I),ZSH(I) 
END DO 
1=1 
DO WHILE (TH .GT. THETA(I» 

1=1+1 
ZI = ZSH(I-I)+ (R-RSH(I-l»j(RST(I-l)-RSH(I-l »*(ZST(I-l)-ZSH(I-I» 
Z2 = ZSH(I) + (R-RSH(I»/(RST(I)-RSH(I»*(ZST(I)-ZSH(I» 
TH = THETA(I-l)+ (Z-Zl)j(Z2-Z1)*(THETA(I)-THETA(1-1» 

END DO 
END 

B.3 COlllpletion of tile basic gf'id for the secolld blade ro)v. 

C THIS PROGRAM READS 'PSSIDE DATA' TO CREATE 'G2 GEO', A FILE WHICH 
C DEFINES THE BASIC GRID IN A GEOMI FORMAT. 

IMPLICIT NONE 
INTEGER I,J,K,N,M,LT 
REAL R,Z,THP,THS,RA,TH,SLOPE,LL,ZZ,ZEND 
REAL TH29,TH30,Z29,Z30 

RA = 0.017453293 
WRITE(2,*) 'GRID OF THE SECOND BLADE ROW' 
WRITE(2, *) '31 10 13 2' 
WRITE(2,*) '-2.75 -2.0 -1.0 -0.5 0.0 1.0 1.5 2.0 3.0 3.25' 
WRITE(2,*) '0.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 0.95 0.97 1.0' 

DO 1= 1,30 
IF (I.EQ.30) THEN 

WRITE(2, *) 3. 
ELSE 

WRITE(2,2) (1-1)*0.034+ 2 
ENDIF 
DO K= 1,13 
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IF «K.EQ.l).OR.(K.EQ.13» THEN 
LT 3 

ELSE 
LT= 1 

ENDIF 
READ(I,*) N,M,R,Z,THP,THS 
\VRITE(2,10) L T,R,·(3*THP + THS-430*RA)/4.,Z 
WRITE(2, 10) 3,R,-(THS-85*RA),Z 
WRITE(2,10) 3,R,-(THP-85*RA),Z 
WRITE(2,lO) LT,R,-(THP+ THS-140*RA)/2.,Z 
WRITE(2,10) 3,R,-(THS·55*RA),Z 
WRITE(2, 10) 3,R,-(THP-55* RA),Z 
WRITE(2,10) LT,R,-(THP+ THS-80*RA)/2.,Z 
WRITE(2,10) 3,R,-(THS-25*RA),Z 
WRITE(2,10) 3,R,-(THP-25*RA),Z 
WRITE(2,10) LT,R,-(3*THP + THS-70*RA)/4.,Z 
IF (I.EQ.30) THEN 
WRITE(3,10) LT,R,-(3*THP+ THS-430*RA)/4.,Z 
WRITE(3,10) 3,R,-(THS-85*RA),Z 
\VRITE(3,10) 3,R,-(THP·85*RA),Z 
WRITE( 3, 10) L T,R,-(THP + THS-140*RA)/2.,Z 
WRITE(3,lO) 3,R,-(THS-55*RA),Z 
WRITE(3,10) 3,R,-(THP-55*RA),Z 
WRITE(3,10) LT,R,-(THP+ THS·80*RA)/2.,Z 
WRITE(3,10) 3,R,-(THS-25*RA),Z 
WRITE(3,10) 3,R,-(THP-25*RA),Z 
WRITE(3,10) LT,R,-(3*THP+ THS-70*RA)/4.,Z 
ENDIF 
IF «I.EQ.29).AND.{K.EQ.6» THEN 

Z29=Z 
TH29 = -(THP + THS-140*RA)/2 

ENDIF 
IF «I.EQ.30).AND.(K.EQ.6» THEN 

Z30=Z 
TH30= -(THP + THS-140*RA)/2 

ENDIF 
END DO 

END DO 
ZEND=0.143 
SLOPE = (TH30-TH29)*(ZEND-Z30)j(Z30-Z29) 

WRITE(2,*) 5.0 
REWIND 3 
DO K= 1,13 

IF «K.EQ.l).OR.{K.EQ.13» THEN 
LT=3 

ELSE 
LT= 1 

ENDIF 
DO J= 1,10 

READ(3, *)LL,R,TH,ZZ 
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\VRITE(2,10) LT,R,TH + SLOPE,ZEND 
END DO 

END DO 
2 FORMA T(F12.7) 
10 FORMAT(I3,3F12.7) 

END 
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Appendix C. General conditions of study. 

The medium is air, considered as incompressible. 

p = 1.225 kg/m3 

Po= 1 atm= 101,325 Pa 

To= 288.15 K 

The dynamic viscosity fJ.o is evaluated by the expression (function in the MEFP pro

gram): 

fJ.o = 4x 10-7(7)°.68 

At T= 288.15 K, we find: 

/lo = 1.882 10-5 kgJri1S 

The mass flow rate is: 

Qair= 0.2109 kg/s 

The rotation speed is: 

N= 10,000 RPM 

The flow coefficient is: 

4> = 0.07 

The Reynolds number based on the tip speed is: 

Re = pUtipD = 1.1xI06 
fJ. 
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Appendix D. The iso-O sections. 

D.l Defillition of the grid for the iso-O sectiollS. 

The general representation of the inducer blade row studied is shown in 

Figure 1 on page 3. By axisymmetry in a cylindrical coordinate system, an angular 

variation of 2n/4 = nl2 gives a description of the complete inducer flow field, the other 

angular positions being deduced from the first quarter by rotation and repeating 

boundary arguments. 

In a blade-to-blade representation, the angular domain between 8 = 0 and 

8 = ~ radians corresponds to a rectangle (see Figure 64). The calculation grid must 

be repeated several times to fill completely the domain of study. This is simply realized 

by addition or subtraction of ; radians as many times as needed to cover the full do

main. 

The n/2 angular domain studied is shown in the blade-to-blade view, 0 and nl2 

being repeating boundaries. A new (i', j') grid is created over this domain for better dis

play of the calculation results. The radial k-indexation is not changed. The new i'

indexation goes in the axial direction, from blade to blade. For each iso-8 plane (j' 

index), we consider each j-index of the Master Geometry Grid (from 1 to 31). Then, we 

scan through the i-indices, starting with i = 1 t and look for the two values 8 Ai,j,k) and 

8 ii + l,i,k) which surround the current iso-8 value. A linear interpolation between the 

grid points A and B is then used to obtain the flow properties and grid point type (sta

tionary wall, rotating wall, or flow point) at the new point C(i', j', k). This process is 

performed four times, giving finally 4x 17 = 68 points in the j' -direction. 
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D.2 Defillition of tile secondary velocities. 

In cylindrical coordinates, the relative velocity vector can be written as: 

[D.2.1] 

At each grid point of the Master Geometry Grid, the unit vector i in the strcamwise 

primary direction (i-line) is calculated by: 

RIVORlYfE = J((rU + 1) - r(i))2 + (rU).(8U + 1) - 8U)))2 + (z(i + 1) - z(i))2) [D.2.2] 

. (r(i + 1) - r(i)) r(i).( 8U + 1) - 8(i)) (z(i + 1) - z(i)) 
1= RNORME .U, + R1VORlvfE ,ue + RNORA1E .uZ [D.2.3] 

We will use the simplified notation: 

[D.2.4] 

In order to separate the primary streamwise component of Wand its secondary residual, 

we can write in the cross-sectional planes: 

[D.2.5] 

We have also: 

[D.2.6] 

A comparison between equations [D.2. I] and [D.2.5] gives then: 

WJ.ie = We [D.2.?] 

or, 

We 
W1=-·-

Ie 
[D.2.8] 
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A t each grid point, We is a flow calculation output value and ie is calculated from: 

r(i).( 8(i + 1) - B(i)) 
io = RNORME [D.2.9] 

Thus Wi is known, and we can evaluate: 

Wr sec = Wr - Wt.ir [D.2.10] 

[D.2.11] 
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Appendix E. Radial equilibrium equation. 

E.l TI,eOIY of the radial eqllilibriull1. 

As demonstrated previously (see eq. [2.4.11]), the momentum equation of an 

incompressible fluid is: 

p ~~ + p(V • V)V = pF B - Vp + V • ,u((VV) +t(VV)) [E.1.1 J 

In cylindrical coordinates, the radial component of equation [E.!.l] becomes: 

BV, BV, Vi} BV, vi BV, 
p{at+ Vra,+-r-ae--r-+ VzTz) = 

For inviscid flow, neglecting gravity, equation [E. 1.2] can be simplified: 

2 Bp BV, av, Vo av, av, Vo 
-= p( --- V ----- V -+-) ar at r ar r ao z az r 

[E.1.3J 

This equation, in most cases, is further simplified by assuming steadiness and by 

neglecting the components of order 1 compared to the term p n/r (order 0), which is 

usually important in turbomachinery flows. The resulting equation is commonly called 

the "radial equilibrium equation": 
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2 8p Ve 
-=p-
or r [E.I.4J 

This equation shows that the radial pressure distribution in a s\virling flow in

creases from the hub to the tip to counter-balance the centrifugal force. 

E.2 Applicatioll to tile eXpe,.i,11elltal values. 

Figure 59 on page 102 shows, at the exit of both blade rows, the radial static 

pressure distribution from the 3D-calculations, from the experiments, and from the in

tegration of the radial equilibrium equation. 

The most important remarks that result from these curves are: 

• The experimental data do not satisfy the radial equilibrium equation [E.l.4] near the 

tip at the exit of both blade rows. At the exit of the second blade row, the slope of the 

experimental curve changes in the last 30 percent of the passage height where it is at 

least three times as high as the slope expected from radial equilibrium. 

• The 3D-calculation does satisfy the radial equilibrium equation. 

If the measured static pressure distribution near the tip (at the inducer exit) is 

correct, then the question is what neglected terms or physics become so large near the 

tip that the radial pressure gradient is at least multiplied by three. 

E.2.1 Influence of the circumferential distribution of tangential velocity. 

The simplified radial equilibrium equation [E. 1.4] is a local equation whereas ex

perimental data supply only average values. This section estimates the effects of the 

Vo-variation in the circumferential direction. 

We know from the experimental values the gradient of the average pressure: 

8p a J -=- p(t)dt ar ar [E.3.IJ 

By assuming that pressure p(t) is a good mathematical function, we get: 
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[E.3.2J 

The simplified radial equilibrium equation can now apply: 

op VJ 1 -2 
Tr = (p -y- ) = P r Vo [E.3.3J 

since the average values are calculated at constant radii. 

From statistics, we have: 

[£.3.4J 

where an is called the standard deviation of the function Ve(t). 

[E.3.5J 

Hence, 

~- TT2v: 2 up 0 an 
-=p(-+-) oy r r [£.3.6J 

The experiment supplies only Ve and actually the integration shown on 

Figure 59 was assuming VB uniform (i.e all = 0). The following example shows how a 

non-uniformity can influence the pressure gradient. 
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Figure 65. Example of tangential velocity distribution: Vs versus time 

Let us assume the distribution shown on Figure 65. The standard deviation is: 

[£.3.7J 

In a very extreme case, when h = Ve, the pressure gradient is doubled, which is 

still too small. From the results of the 3D calculation at the exit of the inducer, (In is 

about 10 percent of Va i.e the average pressure gradient increases only by 1 percent. 

I t appears that the pressure gradient is not very sensitive to the non-uniformity 

of the tangential velocity with respect to e. The reason for the very high pressure gra

dient near the tip must therefore be due to some other reasons. 

E.3 Illfluence of the terms of order 1. 

The experimental values do not satisfy the simplified radial equilibrium equation. 

This section analyses the influence of the terms of order 1 in the radial component of the 

momentum equation. 

From equation [E.!'3], the gradient of average pressure is: 
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op --or I OVr 
- p --dt ot unsteadiness 

I OVr Vo OVr OVr . 
- p (Vr Tr + -r-To + Vz Tz )dt convectIOn effects 

I 
V2 

+ P +dt centrifuging effect 

[E.4.1J 

I t must be noticed, first, that the unsteady term is not responsible for the extra 

static pressure rise since it is cancelled out by integration. 

The convection terms have been taken into consideration by the 3D-calculation 

and were to be too small to produce any significant change in the pressure gradient. A 

more detailed analysis shows that the term of highest amplitude is the partial derivative 

with respect to 8, but it almost cancels out by integration. The two other terms have a 

very small amplitude. 

Three effects which have not been included in the 3D flow calculation could 

modify the net convection ternl of the radial momentum equation. These are: 

• Tip blockage of the meridional flow by downstream stator blades . 

• Flow recirculation over the shroud of the second blade row. They could cause a radial 

outflow at the exit of the second blade row and a radial inflow at the exit of the first 

blade row. 

• The presence of the cavities in the shroud wall together with circumferential variations 

of static pressure could lead to enhanced circumferential variations of radial velocities. 

The possible influence of the first two effects are shown to be small in Appendix 

F. The third effect is also likely to be small based on an order of magnitude analysis. 

I t is therefore concluded that the radial equilibrium equation is a very good approxi

mation of the radial component of the momentum equation, even with a highly three

dimensional flow. 
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Appendix F. Influence of several parameters. 

F.1 Influence of a dOlvnstJ"eal11 blockage. 

The experimental results were obtained from an air test with the whole 

turbopump, i.e with the stator row right downstream of the tandem-bladed rotor fol

lowed by two centrifugal pumps. This section deals with the possible influence of the 

stator row on the flow at the exit of the inducer and tries to estimate the effects of a 

blockage near the tip. 

F .1.1 Incidence angle on the stator. 

F.1.1.1 Exit flow characteristics. 

The inducer exit flow angle is shown on Figure 66 on page 135. The exper

imental deviation angle is about 6 degrees in the hub half and increases linearly in the 

tip half up to 11 degrees. The calculated flow angle presents two bumps compared to 

the experimental results. They are mostly due to the difference in meridional velocity. 

Now, in order to study its influence on the next stator, it is interesting to determine the 

corresponding flow angle in the absolute system of coordinates instead of in the relative 

coordinates. 

The absolute flow angle is given by : 
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[F.1.1 ] 

Figure 67 shows this angle versus the passage height. Now, while the exper

imental relative flow angle at the exit from the second blade row is in the range from 10° 

to 22°, the absolute flow angle at the inlet to the stator is in the range from 7° to 34°. 

This 27 degree variation could be a problem in the design of a stator. To get a better 

understanding of the difficulties, the next section tries to design an possible stator. 

F.1.1.2 Possible ideal flow. 

If we make an attempt to design an ideal stator blade row, we can assume the 

flow is uniform at the exit of the inducer. Then: 

v= m = 16.9 m/s 

Let us also assume a free vortex design : 

rVo = rVo = 

I (r Ve)V m(21rr.dr) 

I Vm(21rr.dr) 

So the relative flow angle at the exit from the inducer would be : 

1 rVm 
P2,Jdeal = tan- ( 2 -) 

wr - rVo 

and the absolute flow angle at the entrance to the stator row would be: 

(X, 3 ,Ideal 

[F. 1.2] 

[F.1.3] 

[F.1.4J 

[F.1.SJ 

The ideal and measured flow angles do not agree at all (see Figure 67 on page 

138). The difference ranges from -12 to 19 degrees. Such a poor incidence angle of more 

than 10 degrees at the tip could cause flow separation on the suction side and generate 
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a blockage. In the hub half of the passage, the incidence is negative. That could also 

cause a separation on the pressure side of the stator row near the hub. It appears that 

while the relative flow angle from the second rotor blade is insensitive to flow non

uniformity (see Figure 68), the inlet flow angle to the stator is very sensitive. In these 

conditions, the design of the stator must be difficult and needs a lot of care. 

This analysis suggests the formation of a tip blockage near the tip due to the very 

high incidence angle on the stator row. This tip blockage might be the source of the 

extra static pressure measured at the exit of the inducer by somehow stagnating the flow. 

The 2D calculation presented next was completed to check this possibility. The tip 

blockage was purposely oversized to emphasize its effects. 
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F .1.2 Simulation of a downstream blockage. 

F.l.2.1 Geometry and inlet conditions. 

This section presents a 2D viscous calculation completed with the MEFP code 

in order to estimate the influence of a blockage near the tip at the exit of an inducer. 

This blockage may be due to a poor incidence angle at the tip of the stator blade leading 

edge. 

The geometry used is shown in full size on Figure 70. It is basically a straight 

annular 6 centimeter long duct. The hub and tip radii are those at the exit of the 

inducer. All the walls are stationary. The tip blockage is simulated by a shrinkage of 

the tip radius. The dimension of the bump is purposely oversized since our goal is to 

study the possibility of a static pressure rise upstream of the blockage. 

F or the boundary conditions, the tangential and axial velocity profiles are im

posed at the inlet and correspond to the results of the 3D calculation at the third meas

urement plane. The inlet static pressure is in agreement with the radial equilibrium 

equation. At the exit, the only requirement is the continuity of the overall mass flow 

rate. 

grid for 2D calculation -----... ' , . , . ?a 
~~3\~1 ~0<' ~' 

blockage si::lu!ation 

: , ' I ;11; 

\ ' ~I 

. : Iii I I I 

pla...,:: 1= 60 for initial conditions 

Figure 70. Blockage geometry: relative position to the inducer 
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a) Geometry grid 

~-----== 
b) Static pressure contour (dark line every 100 Pa) 

c) velocity vectors 

Figure 69. Blockage calculation: grid, static pressure and velocity 
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F.1.2.2 Results. 

Figure 69 shows the grid, the static pressure contours and the velocity profiles 

given by the calculation. The interval between two dark lines of static pressure contour 

is 100 Pa. Ifwe consider a vertical section right upstream of the bump, it appears that 

the static pressure is almost unchanged compare to the inlet in the tip half and is much 

lower in the hub half. The static pressure drop in the hub half is explained by the 

transfer of energy from total to the kinetic component. In the tip half, the partial stag

nation of the fluid (in both axial and tangential directions) is not sufficient to increase 

significantly the static pressure. 

It appears that a tip blockage at the entrance to the stator row is unable to 

generate the pressure rise we are looking for (about 500 Pa near the tip). The distance 

from the inlet to the bump is too short to allow any stagnation of the tangential com

ponent of velocity. The axial velocity (about 15 m/s) is too small to generate alone the 

required pressure rise and can just balance the losses created by the viscosity on the 

bump. 
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F.2 Simulation of the J·ecirculating flo)v. 

As shown on Figure 24 on page 44, the second blade row of the inducer is 

shrouded and the fluid can flow between the stationary casing wall and the rotating 

shroud, from the higher pressure (exit of the inducer) to the lower one (between the two 

blade rows). That means that a percentage of the main flow recirculates counter stream 

wise through the gap to act as a dynamic fluid seal. The mass flow rate through the 

second blade row is equal to the main mass flow rate plus the recirculating mass flow 

rate. In order to evaluate the influence of the recirculating flow on the fluid parameters, 

several simple 2D calculations were completed on a simplified geometry. 

The grid used is shown on Figure 71. It is a straight annular duct with the tip 

and the hub radii corresponding to the values in the inter-blade gap. In the flow direc

tion, the grid spacing is kept the same as it is in the 3D grid at the tip between the two 

blade rows. Then the grid is extended do'\vnstream and upstream smoothly. 

At first, a series of calculations was completed with only stationary walls. The 

entering axial velocity is a fully-developed velocity profile with an average value of 13 

m/s. The tangential and radial components are zero. At the exit, the requirement is the 

continuity of the mass flow rate which must be equal to inlet mass flow rate increased 

by the injected mass flow rate. Three values of injected mass flow rate were used: 1, 3 

and 10 percent of the main flow. 

The result of the 3 percent case is displayed on Figure 72 a) and b). The region 

where the extra mass flow rate is injected is blown up in a) with the corresponding ve

locity vectors. The main flow is slightly deviated. On b), the static pressure contours are 

drawn every 5 Pa (between two thick lines). If we consider a vertical section upstream 

of the injection location, it appears that the static pressure profiles are increased. Nev

ertheless, the pressure rise near the tip does not exceed 35 Pa, which is much smaller 

than what we are looking for (about 200 Pa). 

Two other calculations were performed for the same inlet conditions but with 

different injected mass flow rates. The calculation with 1 percent of the main flow as a 

recirculating flow gave a maximum pressure rise of only 11 Pa. The third calculation 
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Figure 71. Simplified geometry to simulate a reinjected flow: full size 

used 10 percent injected flow. This value is obviously higher than the actual value, but 

even it did not give enough pressure rise. 

It must be noticed that the reinjected mass flow rate is simulated by changing the 

right hand side of the continuity equation for the element into which the extra flow is 

injected. In the momentum equation, the extra flow is automatically assumed to have 

the same velocity as the regular flow of that volume. Because of the proximity of the 

element to the stationary wall, the extra flow had no initial significant velocity. 

To get closer to the actual case, the geometry and the inlet conditions were 

changed for a fourth calculation. The hub becomes rotating as well as the right hand 

side part of the tip which corresponds to the rotating shroud. The flow is now injected 

between a stationary and a rotating wall. Its initial tangential velocity is therefore equal 

to ~r t which is more realistic. The inlet conditions are those corresponding to the 
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a) velocity vectors around 

the reinjection location 

b) Static pressure contours 

for the stationary case 

c) Static pressure contours 

for the rotating case 
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measurement plane between the two blade rows. The static pressure is initialized to be 

consistent with the radial equilibrium equation. The percentage of mass flow rate rein

jected is 3 percent. 

Figure 72c shows the static pressure contours given by the 2D-calculation. The 

contour interval between two dark lines is 10 Pascal. Just upstream of the reinjected 

flow, the pressure is increased by about 15 Pascal near the tip while it drops slightly in 

the hub half. We can notice the change in the radial static pressure distribution due to 

the modification of the tip wall condition from stationary to rotating. 

It appears from this analysis that the injection of a recirculating flow between the 

two blade rows creates a modification of the static pressure distribution in the expected 

direction but the change is much smaller than the difference observed between the ex

periment and the calculation. The recirculation flow is a possible contributor to the 

pressure rise but is unlikely to be the main cause. 
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