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ABSTRACT 

An existing Navier-Stokes solver to simulate the tur-
bulent transonic flow using block-structured grids has 
been used to optimize the guide vanes of radial inflow 
turbines. The code has been extended to calculate the 
flow in the rotating parts of turbomachines and is now 
used to simulate the turbulent flow through the rotor 
of a radial inflow turbine. 

The results of three calculations are presented (in-
viscid and viscous flow without tip clearance, viscous 
flow with tip clearance). The flowfleld is investigated 
at design conditions where a large incidence angle ex-
ists at the entrance of the rotor. Unsteady effects are 
neglected. 

The comparison of the results of the inviscid and vis-
cous simulations shows the strong influence of the vis-
cous forces. Strong secondary flow patterns are found 
in the vicinity of the blades and the walls. Special at-
tention has been paid to the analysis of the flow through 
the gap between the casing and the blades. The deter-
mination of the mass flow rate through the gap shows 
that mass is transported from the suction towards the 
pressure side of the blade at the beginning of the blade 
(6.1% of the blade length). Thereafter, the mass flow 
through the gap changes its direction. 
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height of gap 
leading edge 
mass flow rate 
non-dimensional shroud 
meridional distance 

speed of rotation 
static pressure 
absolute total pressure 
pressure side 
local position vector 
suction side 
static temperature 
absolute total temperature 
vector of relative velocity 
axial coordinate 
absolute flow angle 
relative flow angle 
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Figure 1: Geometry of the rotor; a): View normal to rotating axis, b): Meridional view; I.E.: Leading edge; T.E.: Trailing 
edge 

INTRODUCTION 

Radial inflow turbines have occupied an important 
role in the fields of turbines. Especially concerning 
small volume rates radial turboexpander have advan-
tages over axial turbines. They are widely used e.g. in 
industrial processing engineering, in turbochargers and 
as accessory drives in aeroplanes. 

Because of the increasing significance of radial inflow 
turbines the department of turbomachinery of the Uni-
versity of Duisburg decided to analyse the flow through 
the radial turbines systematically with the aid of nume-
rical simulations. The first step was the investigation of 
the flow through the guide vanes of the turbine. This 
investigation resulted in criteria for the optimum de-
sign of guide vanes which were published by Reichert 
and Simon (1994, 1995). 

The next step is the examination of the flow through 
the rotor of the expander with the final goal to improve 
its geometry. 

Because of the complexity of the channel geometry 
the simulations have to be done in three spatial dimen-
sions. Figure 1 shows a meridional plane and a plane 

_perpendicular to the rotating axis. The flow channel 
leads the flow from the radial into the axial direction. 
This is superimposed by the curvature of the blades in 
the circumferential direction resulting in a very complex 
three-dimensional flow situation. 

Three calculations were done which show the influ-
ence of viscous effects and of the gap between the blades  

and the non-rotating casing. The first calculation is an 
inviscid one without tip clearance. The second one uses 
a Low Reynolds k-c model (Lam, Bremhorst 1981) to 
capture turbulent effects while tip clearance effects are 
neglected. The last computation includes the viscous 
and tip clearance effects. During all simulations un-
steady effects were neglected which will occur normally 
due to the wake regions behind the guide vanes and the 
rotation of the rotor. 

The numerical scheme used has proven its capabil-
ity to simulate the turbulent transonic flow through 
the stationary and rotating parts of turbomachinary 
(Reichert and Simon (1994,1995), Lenke et. al. (1995), 
Amedick and Simon (1996)). The characteristics of the 
scheme will be shown in the next section. 

THE NUMERICAL SCHEME 

The Navier-Stokes code used for the simulations 
is a finite-volume time-stepping scheme using block-
structured grids. Details of the governing equations and 
the numerical scheme are described by Reichert and Si-
mon (1994, 1995) and Amedick and Simon (1996). The 
influence of turbulence is modeled by the use of the 
Low Reynolds k-c model of Lam and Bremhorst (1981) 
which was not modified to reflect the influence of rota-
tion on the turbulent flow. 

The steady state solutions are obtained with an 
implicit Newton-Raphson-like iterative method which 
yields high convergence rates. A disadvantage of this 
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time integration scheme is the high memory require-
ment. To circumvent this problem each block of the 
computational grid is split into a finite number of small 
subdomains which overlap at the inner boundaries by 
two grid faces. The evaluation of the numerical fluxes 
at the cell boundaries, the time integration and the de-
termination of the turbulent viscosity and conductivity 
are performed each subdomain after another using the 
updated values at the inner boundaries. Because only 
the reduced number of gridpoints of a subdomain is 
considered the memory requirement decreases dramati-
cally. Our experiences with this algorithm show no sig-
nificant decrease of the Courant number. Additionally 
the code is prepared for the use on parallel computers. 

BOUNDARY CONDITIONS, COMPUTATIONAL GRIDS 

The rotor investigated is part of a one-stage inflow 
turbine which is used in industrial processing engineer-
ing. From one-dimensional design calculations the ab-
solute total state, the mass flow rate and the absolute 
flow angle just in front of the rotor are known (see table 
1). Assuming an adiabatic inviscid flow from the inflow 
boundary to the rotor's entrance these conditions are 
used to determine the absolute total state and abso-
lute flow angle at the inflow boundary. These values 
are the same for all three simulations: At the outflow 
boundary a constant static pressure is prescribed as-
suming that at design conditions the swirl of the flow 
at the rotor discharge is nearly zero. Additionally, the 
outflow boundary is positioned far away from the ro-
tor exit to minimize the influence of the constant pres-
sure (it = 63.5%). The pressure is adjusted for each 
simulation to achieve the design massflow. For the vis-
cous calculations the walls and blades are assumed to 
be adiabatic and the components of the pressure gra-
dient perpendicular to the walls and blades are set to 
zero according to boundary layer theory. The relative 
velocity at the hub and the blades is set to zero while 
the relative velocity at the casing and in front of the 
rotor at the hub is set to - (co x r). 

The same H-type grid is used for the inviscid and 
the viscous flow calculations without the gap between 
the blades and the casing. 32x31x166 gridpoints are 
used for the meshing in the pitchwise, spanwise and 
streamwise direction, respectively. The tip clearance 
is resolved by an additional grid block. 18 gridpoints 
from the casing to the blade, 11 from suction to pressure 
side and 88 gridpoints from the leading to the trailing 
edge build the second block. The first block has to be 

Flow conditions in front of the rotor 
Ts 1 Pt 1 cri th n 

453 K 3.21 bar 20.4° 5.7 kgls 22079 min -1  

Geometric parameters 
el. 
DI 

12.  
DI 

1:1 31 -.D3 h  flat  
IP, 13 1 blade D, 

9.4 % 22.5 % 51.5 % 3.4 % 90° 

Table 1: Inflow conditions from one-dimensional design 

calculations and geometric parameters 

flow direction 
casing 

Figure 2. Schematic description of the block model used 
for the simulation with tip clearance: I, II: Block 1 and 

Block 2: ps, ss: pressure and suction side 

increased by 18 gridpoints in the spanwise direction, 
too, because the scheme requires identical gridpoints at 
the inner boundaries of the blocks. Figure 2 shows a 
schematic view of the block topology used. The result-
ing y+-values at the walls are smaller than one while 
at the blades the y+-values are slightly larger than five 
indicating that mesh resolution is appropriate for the 
turbulence model used (Patel et al. 1985). 

RESULTS , 

Inviscid and Viscous Flow without Tip Clearance 

To show the influence of the viscous forces a compari-
son is made between the results of the viscous and invis-
cid flow calculations. We use vector plots of the relative 
velocity and lines of constant relativ Mach number in 
various cuts through the computational domain for the 
visualization. Figure 3 displays three sections of con- 
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stant span (1 %, 50 % and 99 % span from tip) while 
figure 4 shows three meridional cuts (1 %, 50 % and 99 
% of pitch from pressure side). 

Looking at figure 4 one can see that both flow situa-
tions are very similiar in front of the rotor. There exist 
no gradients in the circumferential directions while the 
relative velocity decreases when the flow moves radially 
inward. In the viscous flow one can see the develop-
ing boundary layers near the walls. Looking from the 
rotating point of view the flow ahead of the rotor is 
accelerated by the walls against the circumferential di-
rection. This is also true for the flow near the casing 
inside the rotor while in the vicinity of the hub the flow 
is decelerated. These effects are shown in figure 3d and 
31 Near the walls the relative flow angles are smaller 
while the relative Mach numbers are larger than near 
midspan. 

The consistently averaged relative flow angles 1  just 
in front of the rotor are /3i1 = 61.3° and fluvis = 52.8° 
indicating that there exist a large incidence angle in 
both cases. The smaller value of the viscous flow is 
caused by the effects mentioned above. Outside the wall 
boundary layers the viscous flow angle and the inviscid 
one are nearly the same (see figure 3 b and 3 e). The 
large incidence angles lead to an extensive wake region 
near the pressure side of the blade in both calculations. 
While in the viscous flow this region exists over the 
whole blade height from tip to hub there is no wake 
region predicted by the inviscid flow calculation near 
the casing. The frictional forces support the tendency 
of the flow to separate. Therefore, the wake region is 
larger in the viscous case, especially near the hub. 

When the viscous fluid enters the rotor it is driven 
to the suction side near the walls (see figure 3 d and 
3f). The contra-rotating casing (looking from the ro-
tating point of view) essantially causes this behaviour 
near the casing. Near the hub there are three effects 
which influence mainly the flow direction. The first 
one is the inertia of the flow which is accelerated ahead 
of the rotor against the circumferential direction. The 
second one is the component of the pressure gradient in 
the circumferential direction in conjunction with the re-
duction of the coriolis forces due to the boundary layer 
at the hub. To balance the forces based on the pres-
sure gradient the streamlines near the hub must have 
a stronger curvature driving the fluid towards the suc-
tion side. This supports the transport of the fluid due 
to the first effect. The third effect is caused by the blade 
which takes care that the fluid is turned in the radial 

'Consistently averaged values are values that fullfill the con-
servation laws of mass, momentum and energy  

direction. 
Looking at figure 1 b one can see that the contour 

of the casing begins to turn the flow from the radial 
into the axial direction when the fluid enters the rotor. 
Additionally the fluid is turned against the circumfer-
ential direction by the blade, especially near the casing 
(see figure 3 a and 3 d). These effects and the reduction 
of the flow cross section lead to an acceleration of the 
flow, especially in the vicinity of the blades suction side 
near the casing. This is true for both flow situations. 
Looking at the suction side of the blade the inviscid 
flow is acceleratd only in the first part of the blade (fig-
ure 4 c). Thereafter, the Mach number does not change 
very much in the streamwise direction. In the mid-
section between the blades (figure 4 b) the inviscid flow 
is accelerated more uniformly and the Mach number 
does not reach the same level as near the suction side. 
Near the pressure side (figure 4 a) one can see the large 
wake region from mid-span to the hub of nearly half of 
the length of the blade indicated by the low Mach num-
ber. The flow accelerates just in the backward part of 
the blade. The viscous flow simulation shows a very 
similar Mach number distribution in the mid-section 
between the blades (figure 4e). Near the pressure side 
(figure 4 d) the fluid accelerates only slightly after reat-
taching. Additionally, looking at the second part of the 
blade at the upper region the fluid is driven towards 
the casing. This secondary flow is also present and 
more visible near the suction side of the blade (figure 
4f). Throughout the whole domain there mainly ex-
ists a balance between the inertia forces and the forces 
based on the pressure gradient. Considering the span-
wise direction the pressure gradient in the mid-passage 
results from the component of the forces due to the ab-
solute streamline curvatures in the circumferential and 
meridional direction. Inside the blade boundary layer 
the pressure forces are nearly the same while the abso-
lute velocity is accelerated to the local circumferential 
speed of the blade. To balance these forces inside the 
layer the streamline curvature in the meridional section 
must increase leading to the secondary flow shown in 
figure 4d and 4f. 

Because there is no gap between the blades and the 
casing the fluid inside the boundary layer at the casing 
is driven to the suction side where it hits the blade. 
When it hits the blade it moves from the tip of the 
blade towards the hub where it meets the fluid that 
comes from the hub as described above, 
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50 % span from tip 
Inviscid flow 

/ e / 

(a)  

(b)  

(c)  

(d)  

(e)  

(f)  

Figure 3: Lines of constant relative Mach number and vectors of relative velocity at three different positions (1%, 50% and 
99% of span from the tip) near the leading edge of the blade (reduced number of vectors) 
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I 	I 	I 

50 % from pressure side 

Inviscid flow 

OS 

1 % from pressure side 

Inviscid flow 

02 

Viscous flow 

50 % from pressure side 

(a)  

(b)  

(c)  

(d)  

(e)  

Figure 4: Lines of constant relative Mach number and vectors of relative velocity at three different meridional sections 

(1%, 50% and 99% of pitch from pressure side; reduced number of vectors) 
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Figure 5: Non—dimensional cumulative leakage mass flow 

along the non—dimensional meridional distance of the blade 

Viscous Flow with Tip Clearance  

In figure 5 the non—dimensional cumulative leakage 
mass flow rate is plotted along the non—dimensional 
meridional distance of the blade. The mass flow rate 
is calculated through the grid face in the middle of the 
gap that runs from the casing to the blade and from 
the leading to the trailing edge of the blade. Positive 
values of the slope of the curve mean that more fluid is 
driven from the pressure side to the suction side of the 
blade. 

The shape of the curve has a minimum at m* = 6.1%, 
i.e. in the range from 0% < m* < 6.1% more fluid is 
driven from the suction towards the pressure side while 
from m* = 6.1% until the end of the blade the leakage 
mass flow moves in the other direction. Two main rea-
sons are responsible for the clearance flow in the first 
part. At the beginning of the blade, where the dif-
ference of the pressure between the pressure side and 
the suction side is developing and is relatively small, 
the flow through the gap is dominated by the contra—
rotating casing (rotating point of view). As the pres-
sure difference increases in the streamwise direction the 
casing rotates with a lower speed because of the lower 
radius. Both effects lead to the change of the flow direc-
tion through the gap. The slope of the curve after pass-
ing the minimum is nearly constant until m* zs 90%. 
Thereafter, the curve reaches a maximum indicating 
that at the end of the blade the pressure difference 
between both sides of the blade is getting smaller. 

Figure 6 shows the results of the calculation at three 
points in the shape of the curve (m* = 0.8%, 6.1% and 
45%) which represent the characteristic ranges of the 
curve. The normal vectors of the cutting planes are 
defined by the local direction of the grid line in the  

middle of the gap that runs from the leading to the 
trailing edge of the blade. The relative flow vectors, 
the relative Mach numbers and the relative flow angles 
are plotted. 

Looking at figure 6 a (rn* = 0.8%) one can see that 
the upper part of the gap is dominated by the flow from 
the suction to the pressure side. The relative Mach 
number inside the gap reaches nearly one while the rel-
ative flow angle is in the range of 13 0°...60°. In 
the lower Part where the fluid comes from the pressure 
side the Mach numbers are much smaller. As the flow 
direction 13 is in the range of approximately 100 0  the 
massflow rate from the pressure side is comparatively 
small. But it already initiates a vortex on the suction 
side as it leaves the gap. The vortex exists along the 
whole blade near the tip. 

At m* = 6.1% the sum of the mass flow rate in both 
directions through the gap is nearly zero. This point 
lies in an area where the clearance flow changes its di-
rection indicating the strong decrease of the pressure 
at the tip of the blade near the suction side. This co-
incides with a strong acceleration of the fluid. While 
the flow situation in the upper part of the gap does not 
change very much compared with m* = 0.8% the Mach 
numbers and the flow direction of the fluid coming 
from the pressure side are now much higher (see figure 
6 b). This amplifies the vortex mentioned above and 
its influence on the main stream. The low Mach num-
ber level on the pressure side indicates the wake region 
due to the strong incidence angle of the flow ahead of 
the rotor. 

Further downstream at rn* = 45% the slope of the 
curve in figure 5 indicates that the influence of the pres-
sure difference dominates the mass flow rate through 
the gap. Looking at figure 6 c one can see the strong 
jet flow that moves through the gap from the pressure 
side. Just in the very vicinity of the casing mass is 
tranported to the pressure side. The jet flow pushes 
the center of the vortex further away from the suction 
side. Additionally, it produces a second small contra—
rotating vortex in the vicinity of the tip on the suction 
side. This vortex is also fed by the secondary flow that 
moves along the blade from the hub towards the tip 
due to the component of the pressure gradient in the 
spanwise direction (as described in the section before). 
This secondary flow pattern is also visible on the pres-
sure side of the blade and it builds a large part of the 
flow that is going through the gap towards the suction 
side. This is shown in figure 7 where two streamlines 
are plotted which run through the gap towards the suc-
tion side of the blade. This figure shows a perspective 
view of the blade looking in the radial inward direction. 

10, 	 so. 	so. 	101 

m* [%] 
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Figure 6: Relative flow vectors, Mach number and flow angle at three positions along the meridional distance of the blade 
(ins = 0.8%, 6.1% and 45%); the normal vectors of the cutting planes show in the streamwise direction of the gridline in 

the middle of the gap 
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direction of rotation 

Figure 7: Two streamlines in a perspective view of the rotor (looking radially inward) 

A particle following streamline 1 enters the rotor in the 
vicinity of the pressure side of the blade at approxi-
mately 75% span from the tip. The flow separates due 
to the large incidence angle. Inside the separation bub-
ble the particle is driven from the hub towards the tip 
of the blade where it flows into the gap to the suction 
side of the blade at in = 30%. The second streamline 
shown also enters the rotor on the pressure side but at 
approximately 30% span from the tip. This streamline 
passes the separation bubble on the pressure side. As 
it reattaches and enters the blade boundary layer it is 
driven to the tip of the blade by the component of the 
pressure gradient in the spanwise direction. The gap is 
entered by the streamline at rn* = 45%. 

SUMMARY and CONCLUSIONS 

The results of three calculations of the flow through 
the rotor of a radial inflow turbine are presented. These 
simulations shall help to understand the flow situation 
inside the rotor. The analysis of the results will serve 
the authors to improve and optimize the rotor geometry. 

The comparison of the results of the inviscid and vis-
cous simulations without tip clearance shows the influ-
ence of the viscous forces. In both cases a large wake 
region on the pressure side at the entrance of the rotor 
is predicted. This wake region is due to the strong inci-
dence angle of the flow ahead of the rotor. The viscous  

forces support the tendency of the flow to separate in 
the wake region. This leads to a separation bubble over 
the whole blade height while in the inviscid calculation 
its dimension is much smaller. The boundary layer near 
the hub and the contra—rotating casing (rotating point 
of view) are responsible for the transport of fluid from 
the pressure towards the suction side along the walls. 
When the fluid of low momentum moving along the hub 
meets the suction side of the blade it is driven towards 
the shroud. The fluid that is driven by the casing to-
wards the suction side hits the blade and moves from 
the shroud towards the hub where it meets the flow 
coming from the ha. Both effects have an influence of 
the flow situation inside the flow channel and disturb 
the main stream of the rotor passage. 

The calculation with tip clearance shows the influ-
ence of the gap between the casing and the blades. 
Special attention has been paid in the analysis of the 
flow through the gap. The contra—rotating shroud (ro-
tating point of view) transports fluid from the suction 
towards the preasure side while the pressure difference 
between pressure and suction side drives fluid in the op-
posite direction. The influence of the shroud dominates 
the mass flow through the gap on the first 6.1% of the 
blade length. In this part more fluid moves from the 
suction to the pressure side. Thereafter, the influence 
of the pressure difference begins to dominate the flow 
through the tip clearance. The flow moving through the 
gap from the pressure to the suction side is fed by the 
low momemtum fluid inside the pressure side boundary 
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inv scid viscous viscous 
0 0 3.4% 

7t-s,12 	99.5% 	91.8% 	92.6% 

Table 2: Total-to-static efficiency from rotor inlet to rotor 

exit for all calculations 

layer. The clearance flow coming from the pressure side 
leads to a vortex on the suction side of the blade. This 
vortex exists along the whole length of the suction side 
near the tip. 

Table 2 shows the total-to-static efficiencies of all 
three calculations. The deviation of the efficiency of 
the inviscid simulation from 100% shows the influence 
of the numerical dissipation of the code. Comparing the 
viscous flow calculations one can see that the efficiency 
of the rotor with tip clearance is higher. This suggests 
that there seems to exist an optimum gap height be-
tween the blades and the casing. In both calculations a 
strong vortex arises along the suction side of the blade 
near the shroud. The strength of the vortex resulting 
from the tip clearance flow can be influenced by the 
strength of the flow through the gap from the pressure 
side. This flow is influenced mainly by the pressure dif-
ference between both sides of the blade and the height 
of the gap. Maybe the optimum height will be achieved 
when the gap just allows the fluid driven by the casing 
to enter the gap from the suction side and there is no 
fluid which moves across the gap from the pressure side. 

Further calculations are needed to determine the op-
timum height of the gap and to show if it is just a 
theoretical value which is impractically small. 

Another point of interest is the investigation of the 
influence of the different clearance height in the radial 
and axial part of the rotor. 

The reduction of the acceleration of the flow near the 
suction side of the blade is another approach to mini-
mize tip clearance effects. The acceleration is mainly 
due to the strong curvature of the blades near the 
shroud at the entrance of the rotor leading to a pressure 
drop in this region. The smaller the pressure drop, the 
smaller is the pressure difference between both sides of 
the blade, and the smaller is the mass flow rate driven 
to the suction side. 
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