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ABSTRACT 

Numerical analysis of partial admission in axial turbines is performed in this work. 
Geometrical details of an existing two stage turbine facility with low reaction blades is 
used for this purpose. For validation of the numerical results, experimental 
measurements of one partial admission configuration at design point was used. The 
partial admission turbine with single blockage had unsymmetrical shape; therefore the 
full annulus of the turbine had to be modeled numerically.  

The numerical grid included the full annulus geometry together with the disc gaps and 
rotor shrouds. Importance of various parameters in accurate modeling of the unsteady 
flow field of partial admission turbines was assessed. Two simpler models were selected 
to study the effect of accurate modeling of radial distribution of flow parameters. In the 
first numerical model, the computational grid was two dimensional and the radial 
distribution of flow parameters was neglected. The second case was three-dimensional 
and full blades’ span height was modeled but the leakage flows at disc cavity and rotor 
shroud were neglected. Detailed validation of the results from various computational 
models with the experimental data showed that modeling of the leakage flow at disc 
cavities and rotor shroud of partial admission turbines has substantial importance in 
accuracy of numerical computations. Comparison of the results from two computational 
models with varying inlet extension showed that modeling of the inlet cone has 
considerable importance in accuracy of results but with increased computational cost.  

Partial admission turbine with admission degree of  in one blocked arc and two 
opposing blocked arcs were tested. Results showed that blocking the inlet annulus in 
one single arc produce better overall efficiency compared to the two blocked arc model. 
Effect of varying axial gap distance between the first stage stator and rotor rows was 
also tested numerically for the partial admission turbine with admission degree of 

. Results showed higher efficiency for the reduced axial gap model. 

0.524

0.726

Computations showed that the main flow leave the blade path down to the disc cavity 
and re-enter into the flow channel downstream the blockage, this flow would pass the 
rotor with very low efficiency. First stage rotor blades are subject to large unsteady 
forces due to the non-uniform inlet flow. Plotting the unsteady forces of first stage rotor 
blades for partial admission turbine with single blockage showed that the blades 
experience large changes in magnitude and direction while traveling along the 
circumference. Unsteady forces of first stage rotor blades were plotted in frequency 
domain using Fourier transform. The largest amplitudes caused by partial admission 
were at first and second multiples of rotational frequency due to the existence of single 
blockage and change in the force direction.  

Results obtained from the numerical computations showed that the discs have non-
uniform pressure distribution especially in the first stage of partial admission turbines. 
The axial force of the first rotor wheel was considerably higher when the axial gap 
distance was reduced between the first stage stator and rotor rows. The commercial 
codes used in this work are ANSYS ICEM-CFD 11.0 as mesh generator and FLUENT 
6.3 as flow solver. 
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NOMENCLATURE 

Latin  
 Speed of sound, coefficient in linearized equations 
 Area 
 Peripheral length of admission arc 
 Absolute velocity, cell 
 Complex Fourier coefficient 

 Axial blade chord 
 Specific heat capacity at constant pressure 
 Theoretical isentropic velocity 
 Diameter 
 
 

Fluid domain 
Total energy 

 Total energy per unit volume 
 
 

Force 
Tangential force per unit span 

 Body force per unit mass 
 Face, an arbitrary continuous function, / ce intensity on rotor blades , for

 
  the ith direction 

 

Force function  
Gravity vector in
enthalpy 
Blade height  

 Turbulent intensity 

,
 Face mass flux 
,  sian Coordinates 

tivity, turbulence kinetic energy per unit mass 
 

channel ([Yahya] 

 

 nclosing the cell 
tate at partial admission 

 
 

volume (by external agencies) 

Unit vectors in Carte
 Thermal conduc

Turbulent length scale  
 Axial length of rotor blade chord, Longitudinal length of rotor 

1968 and Ohlsson [1962]) 
 Mach number, Momentum 

Molecular weight 
 Mass flow 

Number of faces e
 Unsteady s

Pressure, Shaft power 
Prandtl number 

 Heat produced per unit 
 Displacement vector 

 

 
 

,  alized coordinate system 

 Universal gas constant, Cell volume 

 
Reynolds number 
Effective temperature, Source term 

r total  Time, Tangential o
 Temperature, Time (He; 1997) 
0 Reference temperature 

 
Blade passing period  

dspan Mean blade speed at mi
Velocity components in a gener,



 9 2010 Doctoral Thesis Report / Narmin B. Hushmandi 

 

 

,  
 rcs 

Greek

Velocity vector 
 Magnitude of velocity 

Volume of computational cell 
 Power 
 Characteristic velocity 

 Axial 
l curvilinear coordinates , Genera

Number of admission a
  

 
  

sion 

Γ

 let arc length / Total inlet arc length) 

 low coefficient 
 

Δ

, Isentropic velocity ratio 
Π  or 

 

 Inverse effective Prandtl number
 inletAbsolute flow angle at rotor

oefficient of thermal expan 
 

C

 
Relative flow angle at rotor inlet 
Diffusion coefficient 

 
 Kronecker delta 

Turbulence dissipation rate 
Admission degree = (Admitted in

 Efficiency 
Scalar quantity, F

 Specific heat ratio /
Difference  

 Dynamic viscosity coefficient 
Reference viscosity 0

 
  

Kinematic viscosity
Stress tens

 Density 
Shear stress 

 
 y 

Ω ristic swirl number 
ζ nt 
Subscripts and 

Viscous stress tensor 
Angular velocit

 Characte
 Loss coefficie

Superscripts 

 
 Axial 

Average 
 Buoyancy  
 Constant 

 Dynamic  
 Effective 

 
 

face 

i
value 

rmalized 
 
 

 e 
 
,  sentropic processes 

Hydraulic 
n Inlet 

  Maximum
n  mispa

 Normal, no
bor 

out
neigh
outlet 

t pressurConstan
static 

the end of iStates at 



 10 Doctoral Thesis Report / Narmin B. Hushmandi 2010 

 Settling chamber 

ntial component  
 

 
0
1 and rotor (Ohlsson; 1962) 
0, 1 ng the face f 
1,  
1 ,3,4,5,6,7,8 urement sections 1 to 8 
 

State Points

 Turbulent, total 
 Tange

Total to static 
Axial component 

 total 
 Position between stator 

Two cells shari
2
2

States 1 and 2 
, Meas
 
 

Fluctuation in turbulent flow 
Fluctuation in turbulent flow 

 
1 
3
A

Entry to stage 
 
 

Exit from stage 
Entry to turbine 
Exit from turbine B 

er barsOv   
 Averaged quantity or time-averaged quantity 

ariable  Mass-averaged v
 Tensor form 

 Vector form 
Abbreviations 
2
3 sional 
4 tage turbine 

ine 
 

g En

 
 Two-Dimensional 
 
 

Three-Dimen
First single s
Second single stage turb4

4  
 

Two stage turbine
Enterin d ckage where rotor blades enter the blocked channel (As 

) 
 

 Dynamics 

One side of the blo
illustrated in Figure below
Experimental 

 
 

Calculations 
Computational Fluid

 
een the first stage stator and rotor rows 

iska Högskolan (Royal Institute of Technology) 
Leaving End  ckage where rotor blades exit the blocked channel (As 

  p distance between the first stage stator and rotor rows 
 

rows 

. . 

Function  
Increased gap distance betw 

 Kungliga Tekn
One side of the blo
illustrated in Figure below) 
Design ga
Numerical value 

 Reduced gap distance between the first stage stator and rotor 
 Renormalization group 

Truncation error 



 11 2010 Doctoral Thesis Report / Narmin B. Hushmandi 

1. INTRODUCTION 

Dimensions of turbine blades are function of the volumetric flow rate passing through the 
machine. Entropy generation is usually higher for small turbines compared to the larger 
turbines due to the increased viscous interactions. It could be beneficial to keep the 
turbines dimensions large and applying partial admission. The inlet annulus in the 
control stage of a partial admission turbine is divided into a number of individually 
controlled segmental arcs, i.e.  mass flow can vary from zero 
to full value depending on the turbine load.  mission turbine can be 
blocked at one or more segmental arcs of the turbine's inlet annulus. This results in 

 
 

Fig  1-1 Schematic mechanism arranged for sequential opening of the inlet valves 
(Singh [2006]) 

 

 admission arcs where the
Flow in a partial ad

reduced inlet mass flow to regulate the power and could generate higher part-load 
efficiencies due to maintained high pressure at the turbine inlet. Figure (1-1) shows the 
first stage stationary periphery of a steam turbine which is divided into a number of arcs 
of admission each having separate control valve. Control valves are opened in 
sequence. At partial admission, some arcs are fully active, some can be throttling and 
some are inactive. To apply partial admission in a turbine that does not have a control 
stage, flow can be blocked at the leading edge of several guide vane passages by 
placing a physical blockage. 
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Performance of rotating machinery is limited by various loss mechanisms within their 
unsteady flow field. The losses are usually categorized into several main groups based 
on their sources of production. There are additional forms of losses in the partial 
admission turbines due to the non-uniform inlet flow. The important loss mechanisms in 
the full and partial admission turbines are listed and described briefly below.  

1.1 Losses in Full Admission Turbines 

− Endwall Loss 
Endwall losses occur on all surfaces of the turbomachinery. Most importantly, the 
endwall losses occur when the boundary layer formed on the endwall of hub and casing 
hit the blades and get separated. The separated boundary layer then forms the so called 
horseshoe vortex in the blades passages. Inside the passages, the horseshoe vortex 
moves from the pressure-side of the blade towards the suction-side of the neighbor 
blade and forms the endwall passage vortex. Figure (1-2) shows the schematic view of 
endwall vortex in a stationary blade row. Denton [1993] stated that the endwall losses 
normally account for 1/3 of the overall losses in the full admission turbines. 

 

 
Fig  1-2 Schematic representation of end-wall boundary layer rollup into a horseshoe vortex 

(Gaugler; Russel; [1982]) 
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− Profile Loss 
Profile losses occur due to the viscous interaction between the boundary layer around 
the blade profile and the main flow. Factors affecting the profile loss are the main flow 
velocity and the blade surface roughness. Profile loss also depends on the inlet and 
outlet flow angles and pitch to chord ratio. The profile loss is considered to be two-
dimensional; therefore the loss can be predicted by cascade tests or by two-dimensional 
computations, Denton [1993]. 

− Leakage Flow Loss 
Another form of loss is generated by viscous interaction between the flow over blade tips 
in the unshrouded rotor blades or the flow from the blade shrouds and the main flow. 
This loss is also generated by viscous interaction of the leakage flow of stator gaps and 
the main flow.  

− Mixing Loss 
Mixing loss occur due to the shear strain between the fluid streams within the 
turbomachinery. Even inside the main flow of the stationary parts of a turbine, the fluid 
shear stress exists and mixing losses occur. Mixing losses are relatively higher at the 
separated flow zones, at the wakes of blades’ trailing edge and at the places where 
fluids with different velocities mix together (Sectors ends of partial admission turbines). 

The above mentioned losses are comparable in size and each could be responsible to 
one third of the total loss in the full admiss on turbines, Denton [1993]. There are also 
oth

− Disc friction loss 
isc friction loss occurs due to the friction generated by centrifuging of the gas between 

 the fluid-filled stationary casing.  

 Partial Admission Turbines 

e with smaller blades having the same mass flow rate. 

-
3b shows the flow through a control stage of a turbine with two arcs, one throttled and 

i
er forms of losses which are smaller in size and are mentioned here 

D
the rotating disk and

− Losses due to shock waves 
Losses generated by shock waves are important especially in transonic turbines. A 
shock wave contains large normal stresses which contribute to irreversibility in the flow.  

1.2 Additional Losses in

Axial turbines are suitable to be used over a large range of operating points. If the 
required power output is so small that the full admission turbine would give blades of 
very small aspect ratio for the design mass flow rate, partial admission can be used. 
Efficiency may be better in a partial admission turbine with larger blades than the full 
admission turbin

In another case if the turbine is already designed, at the lower power outputs, the mass 
flow can be regulated by partial admission instead of reducing the pressure ratio across 
the full admission turbine. As shown below, this approach could give better efficiency. 

Two ways of power regulation is shown schematically in an h-s diagram in Fig (1-3). 
Figure (1-3a) shows the flow through a stage with a pressure reduction valve and Fig 1
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one open. In Fig 1-3a, pressure of the fluid is reduced to , then expanded to pressure 
 through the stage. State 2 in Fig 1-3a is the condition before the second stage in the 

turbine using a pressure reduction valve. In Fig 1-3b, some of the fluid is throttled to the 
 and the rest of the fluid go through the 

ing a control stage. 

id

are produced 
in the flow field. The principle partial admission losses of axial turbines are as follows 
ccording to Horlock [1966], 

− Expansion Losses 
Sector end losses occur at the sides of the blocked channel. When the blades enter into 
the blocked channel from the active sector, the fluid expands rapidly due to the low 
pressure formed downstream the blocked channel and losses its momentum. This type 
of loss depends on factors like spacing of stator vanes, mean blade diameter, admission 
degree, mass flow, total enthalpy drop over the turbine and ratio of inlet and outlet 
relative velocities of rotor. 

 

lower pressure  then expanded to pressure 
open arc. Fluid condition at the exit of control stage (condition 2c in Fig 1-3b) has lower 
entropy compared to the fluid condition at the exit of pressure reduction valve (condition 
2 in Fig 1-3a); therefore entropy generation is lower us

 

 

 
a) 0-1-2  Flow across the stage using a         

          pressure reduction valve 
        2  Condition to the second stage

 
b) 0-1-2b Flow across the throttled arc 

        0-2a    Flow across the open arc 
        2c       Condition to the second stage

 
 

Fig  1-3  h-s diagram of throttling by (a) pressure reduction valve (b) and throttling 
 by a control stage; (Fr h et al. [2004]) 

 
 
When partial admission is applied to a turbine, additional forms of losses 

a
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− End of Sector Losses 
Mixing of the high pressure fluid from the active channel and the stagnant fluid of the 
blocked channel reduces the tangential momentum of the flow and creates additional 
losses. When the blades are entering the admitted channel at the other side of the 
blockage, the stationary fluid inside the blade passages is mixed by the high momentum 
fluid coming from the open channel; this mechanism reduces the momentum of the 
through-flow. Its value depends on factors like isentropic velocity ratio, mean blade 
diameter, mass flow rate, admission degree and as Doyle [1962] suggests to the 
efficiency of the nozzles. 

− Windage Losses 
Centrifuging of the fluid in the non-admitted part of the wheel increases the overall 
losses. This type of loss is called windage losses and its value is related to the mean 
blade speed, the blade length, mean diameter of the blades, ambient density and 

1.3 Dynamic Forces of Rotor Blades in Partial Admission Turbines 

Another aspect of applying machinery is the dynamic 
rces of rotor blades. The circumferential non-uniform inlet flow, imposes cyclic loading 
nd un-loading, especially into the control stage rotor blades. The dynamic forces on the 

mission operation.  

to the geometrical dimensions and flow characteristics. The 
applicability of these methods is limited to a specific range of operation since the real 
ow is not resolved. A further shortcoming of loss prediction methods is that, it is not 

ic forces of partial admission turbines correctly which may 

viscosity of fluid. 

 partial admission into the rotating 
fo
a
rotor blades may result in unexpected failures and breakdowns during operation; 
therefore accurate prediction of the forces is of high importance in design process of a 
turbine intended for partial ad

1.4 Summary 

From the brief introduction, it is apparent that several complicated loss mechanisms are 
present in the flow field of rotating machinery specially those operating under partial 
admission. Historically there have been several efficiency prediction methods which 
have related the losses in

fl
possible to predict the dynam

co siderably large compabe n red to the full admission turbines. Validated computational 
methods are therefore becoming a powerful tool to predict the details of unsteady flow 
field in such conditions. A main part of the current work consists of evaluating the 
various parameters and simplification methods which can be applied without changing 
the nature of the flow. After satisfactory agreement is achieved, the computational model 
is used to show the flow mechanism and explain the sources of losses by the flow 
analysis in various partial admission configurations. 

 



 16 Doctoral Thesis Report / Narmin B. Hushmandi 2010 

2. STATE OF THE ART 

Several experimental investigations have been performed to enhance physical 
understanding of the non-uniform flow field and the losses involved in partial admission 
turbines. However the numerical work in this area are limited to simple models due to 

ch 
conditions and the large computational power required for modeling the unsteady flow in 

ith constant rotor channel area, no 
leakage between stator and rotor and no friction in the flow. Figure 2-1 shows the total to 
static efficiency of an impulse partial admission turbine vs. the isentropic velocity ratio, 

heoretical method as was presented in Ohlsson [1962]. In Figure, B is 
the peripheral length of admission arc and L is the rotor channel longitudinal length. U is 

limitations of available numerical techniques to predict the highly turbulent flow in su

multi-passage, multi-stage partial admission turbines.  

Ohlsson [1962] addressed the partial admission of an axial flow impulse turbine by a 
theoretical approach. A number of simplifications were made in the theoretical 
derivation. Flow was assumed incompressible, frictionless, small stator and rotor pitches 
(  and ), impulse turbine w

obtained from the t

the peripheral speed and the quantity c  is the theoretical isentropic velocity. It is seen 
that the maximum efficiency occurs at the velocity ratio of 0.47 for the full admission 
turbine and maximum efficiency of partial admission turbines occurs at lower velocity 
ratios. 

 
Fig  2-1 Efficiency of Small Impulse Turbines, (Ohlsson [1962]) 
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Ohlsson [1962] showed that the losses at the exit side of the blocked channel were 
m ler than s at the entering side. Also, it was shown that blocking the 
flow in one arc had smaller losses compared to multiple blocked arcs because of 
avoiding the repeated entering losses in single blockage models. Losses from the 
leakage flows were not considered in the calculations of efficiency, while due to the 
strong peripheral and radial pressure gradients in partial admission turbines, the leakage 
flow losses could be important. Doyle [1962] suggested that the losses at the sector 
ends of the blockage should also depend on the efficiency of the nozzles, which was 
neglected in the works of Ohlsson [1962] and Suter and Traupel [1959].  

Experim

uch smal  the losse

ental investigation of a single stage turbine was done by Klassen [1968] to 
determine the effect of different degrees of admission on the performance of a partial 
turbine. The tests were done with cold air and covered admission degrees of 1, 

0.51, 0.31 and 0.12. The losses were divided into rotor pumping losses and 
all other losses. Investigations showed that the performance decreased as the 
admission degree was reduced. Klassen made the assumption that the rotor pumping 
and Windage losses were proportional to the percentage of inactive arc and suggested 
that all the other losses were constant. 

Yahya et al. [1969] did theoretical investigation of a flat plate rotor developed to model 
partial admission. The theory was adapted to a real turbine rotor operating in partial 
admission. Experimental measurements and theoretical results were compared for 
rotors with three different blade pitches.  

Fig  2-2 Loss coefficient comparison of partial admission turbines  using various formulae and test 
points, (Yahya et al. [1968]) 
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The predicted loss coefficient by this method showed larger values than the theoretical 
results obtained by Suter and Traupel [1959] and Stenning [1953] as depicted in Fig (2-
2). In the Figure, B is the length of admission channel and L is the rotor channel length. 

er tween heels A1, A2 and A3 was only on the rotor blade pitch 
where A1 had the smallest and A3 had the biggest rotor blade pitch dimensions. 

Macchi et al. [1985] reviewed the important loss correlations presented previously by 
various authors for the partial admission turbines. Using an efficiency optimization 
method, they obtained efficiency of vari

The diff ence be  the w

ous partial and full admission turbines operating 

asurements to obtain the unsteady forces and 
moments due to cyclic loading and un-loading in partial admission turbines. A partial 
admission turbine with one blocked arc was used in the study. The turbine was a radial 
flow machine fitted with rotating nozzles and stationary impulse blades. Two nozzle arcs 
were filled up in order to recreate partial admission condition. Hydraulic analogy in a 
rotating water table facility was used between the two dimensional unsteady flow of gas 
and the two dimensional free-surface flow of water over horizontal surface. 

Experimental values of tangential force obtained from the water table were compared to 
one dimensional unsteady computations, using the characteristic method. The predicted 
peak forces of partial admission using one-dimensional method was in good agreement 
with experimental measurements but the general trend showed some discrepancies. It 
was shown by experimental measurements that the peak force of partial admission 
decreased with increased nozzle exit Mach number. Boulbin showed that the largest 
force peak at partial admission operation could reach up to two times of the force at full 
admission.  

Lewis [1993] did experimental measurements of partial admission on a four stage 
turbine facility. Four partial admission configurations ( 0.75, 0.5 in one blocked 
arc and two arcs and 0.25) were tested. Results showed that in all of the partial 
admission cases, the unsteady flow field was almost equalized after the second stage. 
The author also concluded that the use of multiple flow segments was preferable to one 
segment because the latter result in significant performance losses.  

gree of 
0.5 and compared with the corresponding experimental data presented by Boulbin, 

under similar conditions. They concluded that the results of turbines with moderate size 
parameters were fairly similar while differences occurred when the compressibility 
effects or very small sizes were present.  

Boulbin et al. [1992] did experimental me

By development of computational techniques for highly turbulent flows and increased 
capacity of computers, interest in detailed numerical investigation of the unsteady flows 
in partial admission turbines increased. He [1997] presented quasi three-dimensional 
unsteady computations of an axial turbine with admission degree of 0.5 in one 
blocked arc and two arcs and full admission configurations for single and two stages. 
He, also presented the unsteady forces of one rotor blade with admission de

et al [1992] on a water table (Fig 2-3). He, concluded that the trend of forces are in 
satisfactory agreement. Numerical investigations showed that the efficiency of a single 
stage turbine of impulse blading at a given admission degree was higher with a blocking 
arrangement of one segment rather than two. He, explained this effect as the extra 



 19 2010 Doctoral Thesis Report / Narmin B. Hushmandi 

mixing loss for multi segmental blocks. However when a reaction stage was added into 
the aforementioned impulse stage, the overall performance of the partial admission 

unstea

homogeneous 
flow structure and temperature attenuation in the stages of the turbine specially the 
control stage was analyzed.  The results showed that the flow inhomogeneity at the inlet 
of the multistage part was significant, but the flow was equalized after the third stage. 
While, most of the flow equalization took place within the first turbine stage while the 

turbines with one blocked arc and two arcs was almost equal. This showed that the 
decay rate of circumferential non-uniformities could be more important for performance 
of a turbine which resulted in efficiency gain in the multi blockage turbine. 

 
 
 

Fig  2-3 Aerodynamic force on one rotor blade in 10 blade passing period in a turbine with 
admission degree of . , (He [1997]) 

 

Wakeley and Potts [1997] did numerical computations of quasi-3D unsteady flow field for 
a two-stage partial admission turbine using a multi-row, multi-passage Navier-Stokes 
solver (same numerical code as He [1997]) and compared the results with experimental 
measurements of Lewis [1993] and Boulbin et al. [1992]. They suggested that the quasi-
three dimensional method was not accurate enough to predict the strong three-
dimensionality of the flow in partial admission turbines and full three dimensional, 

dy viscous analyses were required to capture the accurate flow. 
 
Experimental and numerical analysis were presented by Skopek et al. [1999] for a partial 
admission axial steam turbine stage. It was shown that the axial distance between the 
nozzle and rotor blades had substantial influence on the loss level of the stage with 
partial admission. When the admission degree decreased, the optimal value of the 
velocity ratio also decreased and the distribution of pressure in the circumferential and 
the radial directions changed.  

Bohn et al. [2003] did experimental measurements of a partial admission turbine with 
admission degree of 0.8 in a scaled down multistage turbine. The in
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guide vanes were the main driver for this process. However, the temperature 
inhomogeneity did not attenuate significantly even at the outlet of the multistage turbine.  

Aerodynamic and efficiency measurements on a two stage axial turbine with low 
reaction blades at different degrees of partial admission were presented by Fridh et al. 
[2004]. Objectives were to find out the steady and unsteady aerodynamic losses 
generated by partial admission. They showed that the total to static turbine efficiency 
dropped with lowering the admission degree (Fig 2-4). In the Figure,  is the admission 
degree, z is the number of admission arcs and 4a, 4b and 4ab represent the efficiency of 
first single stage, second single stage and the two stage configurations, respectively. 
Results from the steady traverse measurements of static pressure downstream of the 
blockage showed strong disturbances. Measurements also showed that the static 
pressure wake resulting from blockage moves almost axially through the turbine while 
the temperature wake moves in the direction of particle trace. 

 

the full admission turbines do not give accurate results for partial admission turbines. In 

 
Fig  2-4 Normalized efficiency vs. velocity ratio, bold lines are the single stage measurements and 

non-bold lines are two-stage measurements (Fridh et al. [2004]) 
 

Dorney et al. [2004] performed numerical simulations of a full and partial admission 
turbine using a full 3D Navier-Stokes solver. Results of analysis showed that the 
simplified models which take advantage of periodic boundaries to simulate the flow of 

order to assess the performance of turbines in such conditions, the full-annulus of a 
partial admission turbine need to be modeled numerically. 
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Herzog et al. [2005] did experimental and numerical investigations on a four-stage axial 
partial admission turbine at low Mach numbers with varying rotational speeds and mass 
flows. The aim was to investigate the windage effect at some extreme part load 
conditions. When the steam mass flow was low, it could not cool down the rotating 
blades of the turbine thus the kinetic energy of the blades was transferred into thermal 
energy. Numerical computations were conducted using a 3D Navier-Stokes solver. Total 
temperature on the blade surfaces of a partial admission turbine with rotational speed of 
7500 rpm and mass flow of 0.7 kg/s is shown in Fig (2-5) using numerical calculation 
data. As it is seen, the highest temperatures were developed in the last third of the 

rbine. Temperature increase and the peak temperature could be estimated well with 
the CFD calculations especially in the first three stages.  

 

 
Fig  2-5 Total temperature near blade surfaces for rotational speed of 7500 rpm with a mass flow 

rate of 0.7 kg/s (Herzog et al. [2005]) 

2.1 Summary  

From the brief summary, it is seen that the knowledge about the actual flow field of 
partial admission turbines is rather limited in the open literature. Even though, extensive 
e  
models to pred ined to simple 
ases. From the validation tests, several researchers have concluded that the simplified 

 partial admission turbines is 

tu

 
xperimental measurements data are available but the development of numerical

ict the flow field of partial admission turbines was conf
c
numerical techniques and the periodic boundaries are unable to capture the actual 
unsteady flow of these types of turbines. The choice of admission configuration (single 
or multi blocked arcs); admission degree and the optimum gap distance between the 
control stage stator and rotor blades are the main issues in the design of a partial 
admission turbine. While two dimensional and quasi three dimensional numerical studies 
of partial admission turbines are performed but full three dimensional numerical studies 
are considerably limited in the field. Since the flow field in
extremely unsteady in nature and usually un-symmetrical, a full three dimensional study 
considering the leakage flow at rotor tip and stator gap would give more reliable 
information to improve the design. 
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3. OBJECTIVES 

Flow in a partial admission turbine is blocked in one or more segmental arcs of the inlet 
annulus, therefore the flow going into the downstream blade rows has induced periodic 
unsteadiness in addition to the unsteady flow of full admission turbines. Numerical 
modeling of the partial admission turbines requires inclusion of the circumferential non-
niformity of the flow as well as the three-dimensional effects in the span direction. 

Further improvement of the numerical analysis in partial admission turbines would be to 
include the modeling of leakage flows in the disc cavities and rotor shroud due to the 
strong interaction between the main flow and the leakage flows.  

 

The main objectives of the current work were as follows:  

• To predict the effect of various admission configurations on the performance and 
aerodynamics of the turbine by means of validated numerical methods. The 
various partial admission configurations included the following test cases, partial 

, 
partial admission turb 0.524 in one blocked arc 
and two opposing blocked arcs, partial admission turbine with single blockage 

0.762  with varying axial gap distances between 
 stator and rotor rows and the full admission turbine. 

 

 

u

admission turbine with a single blockage and admission degree of 0.762
ine with admission degree of 

and admission degree of 
the first stage

• To determine the magnitude and frequency of unsteady forces of first stage rotor 
blades in partial admission turbines and to compare with the corresponding force 
components of full admission turbines.  

 
• To determine the importance of interaction between the disc leakage flow and the 

main flow in the partial admission turbines which also could suggest some 
practical ways to improve the performance by reducing the leakage flow re-entry 
into the main flow. Reduction of the leakage flow re-entry would however delay 
the compensation of the pressure wake in the downstream blade rows and would 
reduce the second stage efficiency.  

 
• Detailed analysis of the loss mechanisms for the two stage partial admission 

turbine in various admission configurations and to determine the sources of 
efficiency losses. 
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4. METHODOLOGY 

d the rotor shroud and 

ccounting for the leakage flow and the main flow interactions. Validation tests showed 
ults and experimental 

 domain but the cross section 

 of the flow in 
artial admission turbines was tested by comparison to simpler numerical models. The 

first model was two dimensional and was created at geometrical midspan of the turbine. 

for the low Reynolds number flow was 
studied using this model. As was pointed out by Denton [1993] the profile loss of turbine 

 first stage rotor blades in one complete 
cycle was investigated for the aforementioned two-dimensional computational cases. 

nd disc cavities were excluded. Computational results showed better agreement with 
the experimental data than the two-dimensional model but still large discrepancies could 
e observed. Outcome of this model confirmed that the modeling of leakage flows in 

partial admission turbines has substantial importance in improving the accuracy of 
results. 

RNG, k  Turbulence model was used together with the non-equilibrium near wall 
function for computations of the unsteady forces of fist stage rotor blade in full and 

Numerical computations were started by modeling of the two stage partial admission 
turbine with an admission degree of 0.762 in a single blocked arc. For this 
configuration, measurements of static pressure at various cross sections along the 
domain were available at design point from a previous experimental work and were used 
as the validation data.  

Due to existence of single blockage, the full annulus of the turbine had to be modeled 
numerically. The three-dimensional computational model include
disc cavity leakage flows and the initial numerical results showed the importance of 
a
very good agreement between the computational res
measurement data at most of the cross sections along the
downstream the first stage rotor row. As was pointed out by He [1995], flow in the first 
stage rotor row of a two stage partial admission turbine is inherently unsteady and 
separation of flow takes place in this region. In order to improve the quality of results at 
this region, the mesh density was increased in the whole circumference of first stage. 
Furthermore, the inlet boundary was extended from 100% L  to 250% L  upstream of 
nozzles leading edge to study the effect of inlet extension on the flow characteristics of 
the downstream stages. 

Importance of accounting for the three-dimensional effects in modeling
p

Results showed discrepancies in the absolute values between the experimental 
measurement data and numerical computations, but acceptable agreement was 
obtained in tendencies. Effect of accounting 

blades can be considered two-dimensional and it can be quantified using cascade tests 
or two-dimensional computations. The two-dimensional assumption for the profile loss is 
not totally true for partial admission turbines; however comparison of the results 
obtained with a two-dimensional model which can resolve the low Reynolds flow around 
the blade profiles and a model which omits the low Reynolds flow can be beneficial. For 
this purpose the unsteady tangential forces of

In another simplified computational model, the domain was extended in the span-wise 
direction from hub to the casing of the blades but the leakage flows at the rotor shroud 
a

b
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partial admission turbin mputational cases; e. g. the 
extended inlet partial admission turbine,  
Turbulence model, therefore turbulence modeling was changed to more advanced Large 

ss mechanisms for various partial admission configurations. 

 distance between Number of Rotational Total to static 

es. However in some of the co
convergence could not be achieved by this

Eddy Simulation (LES) model. The inlet contraction in the extended inlet model has 
large aspect ratio, therefore the time step size was reduced to half (100 time steps in 
one stator passage passing period) to model the development of turbulent eddies of the 
flow in time correctly. LES Turbulence model was also used for obtaining the efficiency 
of the turbine and the lo

Various partial admission configurations were selected as listed in Table (4-1) to study 
the various aspects of partial admission turbines. In all of the computational test cases 
mentioned below, the inlet boundary is placed at 100% upstream of nozzle’s leading 
edge. Performance change of the partial turbine by varying the axial gap distance 
between the first stage stator and rotor wheels is studied by the computational cases, 1, 
2 and 3 and effect of blocking the inlet annulus in one and two arcs is investigated using 
the test cases 4 and 5. Full admission configuration is modeled for comparison 
purposes. 

 

 Table  4-1 Various computational cases selected for investigations of the current work  
 

  Gap
first stage stator and 

rotor wheels 
admission arcs

(z) 
Speed 

(ω) 
pressure ratio 

/  
1 Partial admission 

0.76 
Design Value 1 4450 rpm 1.508 

2 Partial admission 
0.76 

120% Design Value 1 4450 rpm 1.508 

3 Partial admission 
0.76 

80% Design Value 1 4450 rpm 1.508 

4 Partial admission 
0.524 

Design Value 1 4601 rpm 1.516 

5 Partial admission 
0.524 

Design Value 2 4601 rpm 1.516 

6 Full admission 
1 

Design Value - 4450 rpm 1.509 
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5. EXPERIMENTAL TEST FACILITY 

An existing turbine facility was used for investigations of this work. The equipment was 
manufactured in a cooperation between STAL-LAVAL Co. (Today: SIEMENS Industrial 
Turbomachinery AB) at Finspång, Sweden and Department of Thermal Engineering 
(Today: Division of Heat and Power Technology) at Royal Institute of Technology (KTH), 
Stockholm, Sweden. STAL was responsible for manufacturing and installation of the 
turbine including the power brake, thermocouples and the pressure measurement 

 
Fig  5-1 Test turbine and wind tunnel room at KTH, (Fridh et al., [2004]) 

upplied by two parallel screw compressor units. The air to the inlet of the 
ompressor has the atmospheric temperature and humidity. The high temperature of the 

lected temperature in water cooled heat 
xchangers. Part of the humidity is condensed but some part (about 4%  

  

system. KTH was responsible for design and installation of the air supply system 
including the compressor, air cooler, pipes, cooling water system, equipment for the flow 
measurements and control of the air supply system. The whole installation was in 
operation in spring 1985, Södergård et al. [1989]. Figure (5-1) shows the position of test 
turbine and the other components of the system where the experimental measurements 
presented in this report were performed. 

 

 
 

Air is s
c
air after the compressor is cooled to se
e  ) 
remains in the air, then the air passes a flow straightener. Water used in compressor 



 26 Doctoral Thesis Report / Narmin B. Hushmandi 2010 

and heat exchanger ilding. Flow is then 
straightened in a long pipe wi  ISO mass flow 
measuring flange is mounted. Air passes the settling chamber of the turbine trough a 90 

 is cooled in a cooling tower outside the bu
th the inner diameter of 300 mm where an

(deg) bend and thereafter passes the turbulence grid and a honey combs before being 
led into the turbine, Pfefferle [2004].  After the air is passed through the turbine, it is 
led to a 500 mm diameter tube to the outdoor chimney. A suction fan in the outlet 
compensates the friction losses. The fan is also used to control the outlet static pressure 
of the turbine and therefore to keep the pressure ratio across the turbine constant. The 
main data for the air supply system is listed in Table (5-1) and for the turbine system in 
Table (5-2) from Södergård et al. [1989]. 

 

Table  5-1 Main data for air supply system, (Södergård et al.; [1989]) 
Compressor type Atlas Copco ZA6+6 
Maximum working pressure 400 k Pa 
Air volume flow at atmospheric pressure 3.95  /  
Air, mass flow 4.7 /  
Number of compressor stages 2 
Power input to compressor shaft 968  
Power input at no load 366   
Air outlet temperature, full power 180 °  
Cooling water consumption 2.3 /  
Sound pressure level at 1m distance 85  
Air cooler, cooling capacity 180 °   -  30 °  

 
 
 

Table  5-2: Main data for turbine, (Södergård et al.; [1989]) 
Number of turbine stages 1 - 3 
Maximum outer diameter of a bladed turbine disc 500  
Inner diameter of a disc 280  
Maximum speed of rotation 9000  
Type of water brake : Froude FO 209  
Braking power at 9000  750  
Maximum braking torque at 7000 rpm 1017  
Maximum water flow to the brake 3 /  
Type of sump draining pump : Flygt BS 2051  
Torque measurement device : Torquemeters Ltd. ET 250 LS 

5.1 Turbine Facility

urbine unit, water brake system, torque measuring 

 

The turbine facility contain a t
equipment, a common frame for the three mentioned parts, oil supply system and 
control devices. Figure (5-2) shows a drawing of the two-stage turbine unit, 
measurement sections (2 to 7) are indicated in the Figure as was presented in Fridh et 
al.; [2004]. 
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ent cross sections indicated, (Fridh et al.; [2004]) 

 

in a converging channel to the guide vanes. The ring-shaped 

also possible to make traverse measurements by revolving guide ring.  

Fig  5-2 Two stage turbine with measurem
 

The airflow is accelerated 
walls of the housing are exchangeable which means that different test objects can be 
mounted. The diameter of the blade tip can be up to 500 mm and the diameter of the 
blade root can be down to 280 mm. The midspan characteristics of the existing test 
object are as given in Table (5-3). The guide vanes are fastened to the periphery of the 
nozzle diaphragm and can be revolved about 15 degrees and adjusted about 110 mm 
axially. It is 
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Table  5-3 Test object characteristics at midspan design point, (Fridh et al. [2004]) 
 Stage 1 Stage 2 
 Stator Rotor Stator Rotor 
Number of Blades 42 58 42 58 
Hub Diameter (m) 0.355 0.355 0.355 0.355 
Tip to Hub Diameter Ratio 1.13 1.17 1.15 1.19 
Pitch to Chord Ratio 0.82 0.81 0.83 0.82 
Aspect Ratio 0.67 1.18 0.77 1.32 
Static Pressure Ratio 1.22 1.23 
Mean Velocity Ratio 0.47 0.47 
Flow Coefficient 0.35 0.36 
Reynolds Number×1E-05 4.3 2.0 3.9 1.8 
Mean Reaction 0.16 0.17 
Shaft Speed (rpm) - 4450 - 4450 
Flow Turning (deg) 76 133 95 134 
Relative Mach Number at TE  0.48 0.30 0.49 0.32 

 

After passing the turbine blades, the air flow is guided through the annular space 
between two cylinder walls. At the end of the annular channel there is a plate with many 
bores. This restriction blocks the flow disturbances from downstream to the turbine flow. 
The turbine is designed such that it is possible to change the leakage flow around the 
guide vane from negative to positive values therefore to measure the effect of leakage 
flow on the measured performance. 

 

Exhaust casing of the turbine 
  

 

Test turbine seen in the direction of flow 
 

Existing Stator and rotor discs 

Fig  5-3 Turbine facility seen in the direction of flow, (Fridh et al. [2004]) 
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5.2 r

Turbine is equipped with a number of pressure probes. Static ist of 
holes  of measurement cross sections where the flow velocity is zero. 
The total pressure probes are placed at midspan, Fig (5-4).  
 

P essure Measurements 

pressure probes cons
 at hub and casing

 

 
 

Fig  5-4 Total pressure probe upstream the rotor blades, (Pfefferle [2004]) 
 

At cross section 2 (position of cross sections are shown in Fig 5-2), eight static pressure 
probes and six total pressure probes are distributed as shown schematically in Fig (5-5). 

 

Fig  5-5 Stationary static and to ction 2, (Södergård et al. [1989]) 
 
 
The central hous t. Two traversing pressure probes were 
installed on the upper part of the central housing. Each instrument had two electric 
stepping motors for traversing and for turning the pressure probes, Södergård et al. 
[1989].  

he probe was fixed in the guidance pipe of the traverse unit, which could be radially 
traversed an l steps of 1 

 
tal pressure probes at cross s

ing covers the test objec

e

T
d turned around its own axis. The traverse unit worked with radia
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μm, and angular steps of 0.01(deg) and it could be controlled remotely from a control 
room, Pfefferle [2004]. The traversing unit for measurement of pressure at various cross 

Fig  5-6 Traverse unit of test turbine at KTH, (Pfefferle [2004]) 

Fridh et al. [2004] stated, “In order to perform traversing measurements, traversing 
probes were installed at cross sections 3 to 7. The static hub and casing pressures were 
obtained by turning the first stator disc during operation. The position of the downstream 
taps (that were not fixed in the stator disc) was thereby changed relative to the blockage. 
Due to test rig limitations it was only possible to turn the disc approximately 3 stator 
passages, and only four static pressure taps were available at the casing and four at the 
hub, therefore the test was repeated with the blockage shifted in tangential position until 
data was obtained around the circumference with a circumferential resolution of one 
degree.”  

The inlet flow of the turbine is passed th o 
s 

ree-dimensional distribution of flow properties. It is desirable to obtain a circumferential 

able due to the disturbance it could cause to the main flow.  

section of the turbine facility is shown in Fig (5-6). 
 

 

 

rough a 90 (deg) bending before entering int
e settling chamber and then passes a turbulence grid. Therefore, the resulting flow hath

th
and radial total pressure distribution from the measurements at the inlet of the turbine 
inorder to be able to perform accurate numerical simulation. However, the structural 
limitations in the test facility does not allow circumferential traverse measurements at 
cross section 2 and placing several total pressure probes around the circumference was 
not desir

It is however possible to do a radial and yaw angle traverse by moving the probe in the 
radial direction and lining it with the flow at only one fixed position. Since the distribution 
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of pressure at cross section 2 may vary along the circumference, static wall pressure 
and midspan total pressure from 6 other circumferential positions distributed evenly 
along the circumference was obtained to adapt the data along the whole circumference; 

fefferle, [2004]. Schematic drawing of the cross section 2 with mounted static and total 
pressure probes is shown in Fig. (5-7).   

 

P

traverse
position

total
pressure

tap

30 °

90 °

pipes connecting the probe with
the PSI pressure unit

0 °

270 °

330 °
static pressure tap

static pressure tap

probe 101

150 °210 °
 

Fig  5-7  Schematic drawing of turbine section 2 with total and static pressure probes and the 
traverse total pressure probe, Pfefferele [2004]

 
Pfefferle, [2004] did the total pressure measurements over a range of operating points 
for a single stage full admission turbine as presented in Table (5-4). The total pressure 
values were normalized for various operating points according to Eq. (5-1). At each 
radial position, the respective dynamic pressure was divided with the dynamic pressure 
at midspan. 
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Table  5-4 Turbine operating points for radial traverse measurement of total pressure at inlet
 

Operating Point Pressure ratio over first stage Velocity ratio 
1 Not used Not used 
2 1.23 0.47 
3 1.23 0.35 
4 1.29 0.43 
5 1.23 0.55 
6 Not used Not used 
7 1.23 0.65 
8 1.23 0.40 
9 1.35  

 
Results showed that the normalized curves from all the operating points were reduced to 
a single curve as shown in Fig (5-8). 
 

unted. He also measured the flow angles for various operating points and 
howed that the flow angles are close to zero. Linear function was used to connect the 
dial pressure profiles around the circumference and to approximate a total pressure 

istribution at cross section 2 for all the operating points. 

 
Fig  5-8 Normalized dynamic pressure profiles for all operating points; Pfefferle [2004] 

 

Pfefferle [2004], used the normalized curve as obtained above to get radial profiles for 
the other circumferential positions where only two static pressure and one total pressure 
taps were mo
s
ra
d
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5.3

Tota as me ples dist at two 
radial posit s, upstream of cross s (at cross section 1) a tream of 
cross section 7 (at cross section 8). Position of the thermocouples is shown 
schematically in Fig (5-9). 

 
Fig  5-9 Position of thermocouples at section 1 and section 8, Södergård et al.; [1989] 

5.4 Torque Measurements 

A torque measuring unit is connected to the turbine facility via coupling. Figure (5-10) 
shows a photo of the torque measurement device. The torquemeter works with a torsion 
shaft. The device is temperature compensated for the higher flexibilities due to 
increased temperature. 

 hand side, (Pfefferle [2004]) 

 Temperature Measurement 

l temperature w asured using eight thermocou ributed evenly 
ion ection 2 nd downs

 
 

Fig  5-10 Torque measuring device, the turbine is at the left
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5.5 Measurement of Mass Flow 

Mass flow is measured with a standard orifice plate in the long pipe between condensate 
water separator and turbine and calculated according to ISO Standards. Figure (5-11) 
shows inside the pipe where the differential pressure is measured.  

 

Södergård et al. [1989] report the following uncertainties in Table (5-4) based on the 
results from calibration tests: 

 

Table  5-5 Measurement uncertainties as reported 
by Södergård et al; [1989] 

 
Pressure 0.5 % 

Fig  5-11 Mass flow measuring orifice (Pfefferle [2004]) 

5.6 Measurement Uncertainties 

Temperature 0.1 °C 
Air mass flow 0.2 % 
Torquemeter  0.2 % 
Speed 0.1 % 

 

Accuracy of the pressure measurement system used in the experimental work presented 
in Fridh et al. [2004] was better than the values of Table (5-5); accuracy of the rest of the 
flow parameters are the same as above. Uncertainty of mass flow measurements is 

 0.35% and uncertainty of efficiency measurements is  0.9% around the design point 
efficiency. 
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5.7 Time Averaging in Experimental Measurements 

y due to the fact that 
the inlet temperature is subject to oscillations of about +/-0.3°C. One of the reasons for 
these oscillations could be due to the control circuit of the water-cooled heat exchanger. 
The oscillations cause small changes in other turbine parameters, but with the time 
averaging over 25 seconds the measured values can be seen as steady, since the 
periodic time of the mentioned oscillations is smaller than 25 seconds. 

5.8 Performance of the Turbine 

In most of the turbines, flow can be considered adiabatic since the heat losses are 
negligible compared to the work output. If the flow is assumed to be adiabatic then for a 
given pressure drop, the second law of thermodynamics can be used to show that the 
maximum work output is achieved if the turbine is isentropic. Figure (5-10) shows the 
enthalpy-entropy diagram for a typical stage (1-3) for a multi-stage turbine (A-B). For a 
multi-stage turbine in which the fluid is exhausted to a given static pressure, it is 
convenient to define the efficiency as total to static efficiency, Horlock [1966]. 

According to Pfefferle, [2004], the measurement data is continuously logged every 
second. All measured values are time averaged samples, recorded over approximately 
25 seconds, using the last 25 data logs. The reason for this is mainl

 
 

(5-2)
 

Fig  5-12 Enthalpy-entropy diagram for a multistage turbine, (Horlock [1966]) 
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And the total to static efficiency of one stage (stage 1-3 in the Figure) is given as 

 
 

(5-3)
 
The overall performance of the turbine is evaluated mechanically by measuring mass 
flow, turbine shaft output, temperature before the turbine and pressure before and after 
the turbine. The total enthalpy drop Δ 0 can be obtained as: 

Δ  
 

(5-4)
where 

across the turbine Δ  = Total enthalpy drop 
 = Shaft power 

 = mass flow  
 = Shaft momentum output 
 = Angular velocity 

 
The ideal gas law determines the density. Knowing the equation of state for an ideal gas 

/
 

 
(5-5)

 

∆  is obtained as follows, 
akshminarayana [1996] 

 

∆ 1

The isentropic, enthalpy drop 
L

 
 

(5-6)

where 

 = Isentropic enthalpy drop from across the turbine 
 = Specific heat at constant pressure 
 = Total temperature at turbine inlet 
 = Static temperature at turbine outlet 
 = Static pressure at turbine outlet 
 = Total pressure at turbine inlet 

 = Specific heat ratio 
 

The isentropic velocity ratio is defined as below while U is the mean blade speed at 
midspan. 

 

2∆
  

(5-7) 
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6. NUMERICAL MODELS AND VALIDATIONS 

In this chapter, the numerical models used for analysis of the partial admission turbine 
nd the boundary conditions are introduced. The computational results are then 

6.1 Computational Grid 

Computational grid o red and consists only of hex 
type of m sh. The c domain was divided into smaller sub-domains and 
meshed separately, then attached together to form the final grid (Fig 6-1). In the 
expe ental measur ion, a physical blockage filled one partial 
volume of the inlet annulus from the turbulence grid up to the leading edge of the first 
tage guide vanes. In the numerical computations, partial admission was simulated by 

stage guide vanes. Since the effect of thermal exchange between blockage and the flow 
is negligible, it is acceptable to remove the blocked volume of the grid in tea
simulating a solid blockage. 

 
 

 the axial direction, two different inlet extensions were tested. The first inlet boundary 
was placed at 100% L  upstream of nozzles leading edge (also called short inlet grid), 
the inlet boundary at the second computational grid was placed at 250% L  upstream of 

a
validated against the available experimental measurement data. A parametric study is 
followed to show the influence of various factors in accurate modeling of partial 
admission turbines. 

 f r the two stage turbine is fully structu
e omputational 

rim ements of partial admiss

s
removing a volumetric part of the grid from the inlet up to the leading edge of the first 

s d of 

 

Fig  6-1 Computational Grid for the Partial Admission Turbine Simulations (Extended Inlet) 
 
 
In
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nozzles leading edge (Extended inlet grid). Where L  is the axial length of rotor blade 
chord. Outlet boundary was placed at 243% L  downstream of section 7. Table (A-1) in 
Appendix A gives positioning of the various numerical boundaries based on the rotor 
blade chord and important geometrical dimensions of the turbine. The main results of 
this work by comparison 
of the results obtained with varying inlet extension in section (6-6). Complete geometry 
of the numerical grid (with extended inlet) for simulation of the two stage partial 

At the outlet, the uniform static pressure condition was used. The 
non-slip boundary condition was used at the walls and the stator-rotor rows were 
coupled together using the sliding interfaces. Air was assumed to obey the perfect gas 

ed to relate the coefficients of viscosity and thermal 
conductivity to the thermodynamic variables and flow was governed by the Navier-

yrinth seals with direct coupling of disc cavity and shroud 
akage flows were included in the computational model. Figure (6-2B) shows part of the 

volume cells from the gap distance between the first stage stator and rotor discs. 
Computational grid was blocked by wall boundary right after the labyrinth seals and 
there was no leakage flow to outside.  

The stator disc wall was stationary but the volume cells and the rotor disc wall were 
rotating with the same angular velocity of the rotors. Figure (6-2C) shows an axial cut of 
the computational mesh from the first stage rotor shroud. While the upper casing wall 
was kept stationary, the volume cells and the lower shroud wall were rotating with the 
same angular speed of the rotors. The shroud was attached to the rest of the grid by 
interfaces. Figure (6-2D) shows the complete computational grid (with short inlet 
extension) clipped with 45 degrees angle. 

 are obtained using the short inlet grid; this selection is justified 

admission turbine is shown in Fig (6-1). Ten out of forty two stator passages are blocked 
in the Figure.  

Since the inlet flow was subsonic, the total pressure was sufficient at the inlet as the 
boundary condition. 

law. Sutherland’s law was us

Stokes equations.  

Only H type of mesh was used for the first stage stator vanes due to the existence of 
blockage but O type of mesh was used for the downstream blade rows. Non-slip wall 
condition was enforced on the walls. Figure (6-2) shows closer view of the various parts 
of the computational grid. One part of the mesh on the walls of first stage stator and 
rotor blades is shown in Fig (6-2A). Mesh resolution in the first stage was finer than the 
second stage due to stronger vortices resulting from admission configuration at the 
turbine inlet.  

The full geometry of the lab
le
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(A)  (B) 

  

 

 
(D) 

 
Fig  6-2 Computational grid, (A) Around the blades, (B) Disc cavity between S1&R1, (C) First stage 

shroud, (D) Complete grid clipped with 45 degrees arc (short inlet)  

(C) 
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6.2 Boundary Conditions 

Measurements were done over a range of operating points for the single and two stage 
turbine operating at full and partial admission during the course of an experimental work 
done by Fridh, et al. [2004]. Data from the measurements are used as the input values 
for the boundary conditions and validation of computational results of this work. For the 
partial admission turbine, only the pressure probes at the admission arc were taken into 
account. The following values were used and the flow properties were assumed uniform 
in the boundary conditions.  

− Total pressure (Spatially averaged from section 2) 
− Total temperature (Spatially averaged upstream of section 2) 
− Flow direction (Normal to boundary) 
− Turbulent parameters (4% turbulence intensity was estimated from the 

experiments at inlet) 
 

At the numerical outlet, constant static pressure was used. The following parameters 
were specified at outlet 

− Static pressure (Spatially averaged from section 7) 
− Backflow conditions (total temperature, ...) 

 
Since the cross sectional area in the outlet flow channel was constant, the outlet 
boundary condition was taken as the average static pressure from measurements of 
cross section 7. Table (6-1) gives the main input data into the computational grid. 

Table  6-1 Input data 
, /  1.52

Admission 
degree 

.  

 320.4
 292.8

N (rpm) 4450

6.3 Traverse Pressure 

The circumferential static and total pressure values are presented and validated against 
the experimental measurement data at five cross sections along the domain for the 
partial admission turbine. All the pressure values are normalized with the measured 
average total pressure at cross section 2 (Numerical inlet total pressure value). Position 
of the cross sections is shown in Fig (5-2). Figure (6-3) shows the circumferential static 
pressure at section 3. The time averaged numerical and experimental data are plotted at 
hub and casing. The static pressure measurement at hub was done at few coarse 
points.  Deep static pressure drop is seen at the entrance to the blocked channel where 
emptying of the rotor passages occurs. The pressure drop is compensated fast and the 
static pressure values are higher at the other side of the blockage. Numerical and 
experimental static pressure curves at cross section 3 show very good agreement both 
in tendency

 

 and absolute values.  
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Fig  6-3  Static pressure at cross section 3, Compu lts at hub and casing compared with 

exper  data 
 

 
 

Computed total pressure values ar asing of cross section 
3 in Fig (6-4). The three-dimensional effect in the flow is clearly visible. The total 
pressure values at casing indicate higher velocities in this area. Disturbances in the total 

f sources of losses in the flow.  

tational resu
imental measurement

e plotted at hub, midspan and c

pressure field are indication o

Total pressure measurement values was not available at cross section 3 but it was 
available at the trailing edge of a few guide vanes from the first stage stator row. 
Measurements were done close to the blockage sidewalls at midspan. The measured 
data are compared in Fig (6-5) with the computed total pressure values at the stator’s 
trailing edge midspan. Stator wakes are clearly visible in the computed total pressure 
curve. The measured total pressure values show lower values than the computed total 
pressure close to the stator’s trailing edge; this could be an indication of higher 
computed velocities than the real flow at this region. 
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Fig  6-4  Computed total pressure at hub, midspan and casing of section 3 

Fig  6-5 Numerical and experimental total pressure at midspan of first stage stator leading edge 
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Numerical and experimental values of circumferential static pressure at hub and casing 
of cross section 4 (downstream of first stage rotor row) is plotted in Fig (6-6). The deep 
pressure drop in the static pressure field seen at cross section 3 has disappeared to a 
large extent at this section. While the tendency of numerical and experimental curves 
has good agreement, differences bsolute values. Computed static 
pressure at the admitted channel of cross section 4 shows higher values compared to 
the experimental measurement data. It should be mentioned that the results presented 
in this section were taken from the computations with short inlet grid. It is shown in 
section (6-6) that by extending the inlet grid, agreement between the computational 
results and experimental data improves but with the need for a more advanced 
Turbulence model and much finer time step size. 

 

 
Fig  6-6 Numerical and experimental values of static pressure at hub and casing of cross section 4  

 
Computed total pressure values are plotted at hub, midspan and casing of cross section 
4 in Fig (6-7) using the computational results. The experimental measurements of total 
pressure existed only at midspan of part of the circumference. It is seen from the 
computed total pressure that the flow is considerably unsteady and three dimensional 
downstream the blockage at position of cross section 4. Agreement between the 
computed and measured total pressure at this section is acceptable. 
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Fig  6-7  Total pressure at cross section 4, numerical results at hub, midspan and casing are 

compared with the experimental midspan values 
 

 
When partial admission is applied at the inlet of a turbine, pressure and velocity fields at 
the disc cavities are also affected by the non-uniform flow field. As a consequence of the 
cavity formed downstream the blockage, the fluid inside the disc cavities are sucked into 
the main flow, therefore the distribution of the static and dynamic pressure fields inside 
the disc cavities become non-uniform which in turn imposes large unsteady loads on the 
discs. Static pressure contours on the cross sections perpendicular to the main flow 
direction and passing the disc cavities are presented in this section.  

Axial position of the presented sections is exactly at the middle of the cavity and the 
zed with the inlet total pressure. The absolute velocity 

 low static pressure 
gion seen in the blade passage corresponds to the maximum pressure drop in  

Fig (6-3).  

pressures are non-dimensionali
vectors are plotted on four radial positions of the discs. Scales of vectors are 
proportional to the magnitude of absolute v locities but a large numbers of vectors are e
skipped to increase the clarity of the Figures. The presented contours and vectors are 
instantaneous. Position of the blockage is shown by the blockage side walls and the 
smaller arc between the two walls is blocked. The direction of view is from upstream 
towards downstream.  

Figure (6-8) shows the normalized static pressure contours on a cross section passing 
from the disc cavity between the first stage stator and rotor rows. The
re
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The fluid inside the disc cavities are sucked into the main flow channel downstream the 
blockage, flow is then re-entering into the disc in the admitted channel. This process 
would reduce the turbine’s performance since the momentum of the main flow is 
reduced by interactions with the low momentum leakage flow.  

 

 (6-9).  

 
 

Fig  6-8 Static pressure contours and velocity vectors at a cross section passing the cavity 
between S1 & R1 (View: Upstream to Downstream) 

 
 

Figure (6-9) shows the static pressure contours on a cross section perpendicular to the 
main flow and passing the disc cavity between the first stage rotor and second stage 
stator rows. The fluid inside the disc cavity is seen to be sucked into the main flow more 
visibly in this section. At some region, there is a split in the rotational flow direction and 
the velocity vectors are directed opposite to the rotational direction. The reason for fast 
compensation of the static pressure at cross section 4 can be explained better by the 
phenomena seen in Fig
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Fig  6-9 Static pressure contours and velocity vectors at a cross section passing the Cavity 
between R1 & S2 (View: Upstream to Downstream) 

 
 

Circumferential static pressure at hub and c sing of cross section 5 is plotted in Fig (6-
10) re 
field ld. 
The stator wakes are clearly vi

 the computed total pressure values at hub, midspan and casing of 

 
 
 

a
. The effect of the blockage has disappeared to a large extent in the static pressu
 of this section and it is only seen as a slight disturbance in the static pressure fie

sible in the numerical curves. 

Figure (6-11) shows
cross section 5. It is clear from the Figure that the disturbance in the dynamic pressure 
field is still considerably large downstream the second stage stator row.  
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Fig  6-11 Numerical total pressure at hub, midspan and casing of cross section 5 
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Fig  6-10  Numerical and experimental static pressure at hub and casing of cross section 5 
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At the disc cavity between the second stage stator and rotor rows, the static pressure 
contours and velocity vectors on four radial positions are shown in Fig (6-12). The slight 
disturbance seen in the circumferential static pressure of Fig (6-10) is also visible in the 
main flow channel of Fig (6-12). It is seen that the velocity vectors inside the disc cavity 
are moving inline with the rotational direction and the cavity flow does not have 
considerable interaction with the main flow in this region.  

 

 

 
 

Fig  6-12 Static pressure contours and velocity vectors at a cross section passing the cavity 
between S2 & R2 (View: Upstream to Downstream) 

 
 

Figure (6-13) shows the contours of static pressure in the disc cavity between the 
second stage rotor and exhaust casing together with the velocity vectors at four radial 
positions. The static pressure distribution in the disc cavity has become more evenly 
distributed and the velocity vectors are movi . ng in line with the rotational direction
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Fig  6-13  Static pressure contours and velocity vectors at a cross section passing the Cavity 
between second rotor disc & Exhaust casing (View: Upstream to Downstream) 

 
 

The circumferential static pressure values at cross section 6 downstream the second 
stage rotor row is plotted in Fig (6-14). It is seen that the disturbance in the static 
pressure field is almost completely equalized downstream the second stage.  

Sim  is 
plotted in Fig (6-15). T s also equalized to a 

rg  extent downstream the second stage of the partial admission turbine. Since the 
averse measurements existed for one operational point of partial admission (design 

ilarly, the computed total pressure at hub, midspan and casing of cross section 6
he disturbance in the dynamic pressure field i

la
tr

e

point), the validation was confined to that case only.   
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Fig  6-14 Static pressure at Cross section 6 

 
 

 
Fig  6-15 Total pressure at Cross section 6 
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6.4 Excluding the Leakage Flows 

Effect of improvement in the computational results with the disc cavity and shroud 
leakage flow modeling in a partial admission turbine is demonstrated in this section. The 
computational grid with leakage flow modeling is named “Full-3D” and without leakage 
flow “Simple-3D”. The differences between the Simple-3D and the Full-3D computational 
models are outlined here. In the Simple-3D model, the disc cavity and shroud leakage 
flows are excluded and the outlet is placed at position of cross section 7 which is shorter 
than the Full-3D model. The inlet boundary is placed at the same position of short inlet 
(100% L  upstream of nozzles leading edge). The total to static pressure ratio along the 
domains is similar and the admission degree is the same as the Full-3D model (10 out of 
42 stator passages blocked in one arc at leading edge). Turbulence model used is RNG, 
k-ε with non-equilibrium near wall modeling. Figure (6-16) shows the complete geometry 
of the computational grid of Simple-3D model.   

 

 
 

Fig  6-16 Computational grid of the two stage partial admission turbine without leakage flow 
modeling 

 

Figures (6-17) and (6-18) show the circumferential static pressure plots at cross section 
3 and 4 respectively. The computational results using the Simple-3D model are 
compared with the experimental measurement data at hub and casing. Results from 
validation of computed static pressure at cross section 3 and 4 show that the leakage 
flow modeling has cons  accuracy of numerical 
results.  

iderable importance in improving the
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Fig  6-17  Static pressure at cross section 3  (Simple-3D model and experimental data) 
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Fig  6-18 Static pressure at cross section 4 (Simple-3D model and experimental data) 
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It is also seen that the static pressure values at hub and casing are very close to each 
other while this was not the case when the interaction between the disc cavity and 
shroud leakage flows with main flow was modeled.  

A comparison is made here between the measured total torque of the rotor shaft at the 
design speed for t dmission turbine and the time averaged, 
computed torque on urbine in Fig (6-19).  

To obtain the velocity ratio, the blade speed at midspan was divided with the total to 
static enthalpy drop of the two stage partial admission turbine. Results are presented 
using computational grids with short and extended inlets. Extended inlet grid is 
introduced in section (6-6). The computed results are also presented for the grid 
excluding the leakage flow modeling (Simple-3D).  

Each measurement point is time averaged from 20 sequential torque measurements at a 
single operating point. All the presented operating points are close to the design point. 
The admission degree and the pressure ratio along the turbine are similar for all the 
presented numerical and experimental cases. 

 

Fig  6-19  Computed and measured torque on the rotor shaft of the two-stage partial admission 
turbine 

 

The computational results with extended grid show slight improvement compared to the 
short inlet, however the difference is small. It is seen that the leakage flow modeling has 
improved the accuracy of the computed momentum considerably. 
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6.5 Two-Dimensional Model 

In an axial turbine, if the radial distribution of the flow parameters could be assumed 

 computational model, 

 and partial admission was simulated 

del of the two-stage turbine with single 
blockage. Geometry of the full annulus model is seen at the left side and a part of the 
computational grid in the right side.  

 

 

 

 

uniform and the flow at the midspan could be representative of the flow in the whole 
span, the two-dimensional model (2D) could be used. In the presence of strong swirling 
flows and three-dimensionality in the flow-field, the 2D model is not a reasonable choice 
and the numerical domain should be 3D. However, by using a 2D
the tendency of variation of flow parameters and characteristics of the flow could be 
captured qualitatively with greater save on the computational resources.  

Boundaries of the 2D grid were confined at midspan to one cell row with one millimeter 
height in the span direction. Boundary condition at the span direction was set to 
symmetry. Full annulus of the turbine was modeled
by cutting one part of the mesh from inlet up to the leading edge of the first stage guide 
vanes. Extension of numerical grid in the axial direction was from 100% L  upstream of 
nozzles’ leading edge to cross section 7.  

Figure (6-20) shows the two-dimensional mo

Fig  6-20  Geometry of the two-dimensional grid, upstream to downstream view (left) 
one part of the grid (right) 

 

Traverse static pressure at cross section 3 is plotted in Fig (6-21) using the 2D 
numerical data and experimental measurement values. The static pressure values are 
normalized with the inlet total pressure (Note that the normalization factor in the 2D 
results of the appended paper, Hushmandi et al.; [2007] is different). 
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Fig  6-21 Normalized static pressure at cross section 3, 2D numerical & experimental data 

 

It is seen that the two-dimensional numerical model has captured the tendency of 
experimental curve at most of the circumference. However, the effect of stator vanes is 
evened out downstream the blockage in the numerical results; this indicates that the 
fluid is emptied there while the experimental data shows the wakes clearly.  Static 
pressure values at the admitted channel show higher values than the experimental 
measurement data and at the blocked channel show lower values. It is not possible for 
the fluid inside the admitted channel to interact with the blocked channel fluid as well as 
in the 3D model.  

Figure (6-22), shows the normalized circumferential static pressure at cross section 4. 
Experimental hub and casing values is compared to the two dimensional numerical data. 
Effect of the blockage is decreased in the static pressure field of this section and the 
deep pressure drop has disappeared. The 2D numerical results have captured the 
tendency of experimental curve in this cross section to a good extent however there is 
still lar

resented validation data from the two dimensional model show that the 2D model can 

ge difference in the absolute values.  

P
capture the tendency of the experimental measurements with good accuracy however 
the absolute values are not in satisfactory agreement. It was suggested by other 
authors, (e. g. Wakeley and Potts; [1997]) that the effect of three-dimensionality was 
important in modeling the partial admission turbines because of the admission 
configuration and strong unsteadiness in the flow.  
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Fig  6-22 Normalized static pressure at cross section 4, two-dimensional numerical results 
compared to experimental data 

out y+ = 1 and SST, k-ω Turbulence model is used.  

 

 

6.6 Effect of mesh resolution near blade profiles 

Effect of mesh resolution on the results is evaluated with the two-dimensional model in 
Fig (6-23). In the coarse grid, the near wall mesh is coarse and the RNG, k-ε Turbulence 
model is used. In the finer grid, the near wall mesh resolution is higher and the near wall 
mesh density is ab

Tangential force for one of the rotor blades, travelling along the circumference is plotted 
using the two 2D grids. It is seen that the tangential force for both of the cases is similar 
in almost all of the circumference. The finer grid however show smaller force when the 
blade enters the blocked channel. This could be due to the ability of the finer grid to 
better modelling the separated flow in the sector end of the blockage. 

 

 



 57 2010 Doctoral Thesis Report / Narmin B. Hushmandi 

 
Circumferential Angle (deg)

0 60 120 180 240 300 360-0.15

-0.1

-0.05

0

0.05

0.1

(A
3D

 / 
A

2D
) *

 (F
T - 

F T,
ad

m
) /

 P
0,

in
L2

Coarse Grid

Fine Grid

Fig  6-23 Tangential force of one rotor blade travelling along the circumference, using 2D models 
and difference mesh resolution near the blade profiles 

 

aries in the two 
computational grids were placed at 100% L  and 250% L  upstream of nozzles’ leading 

ndary condition in 
. Consequently, the total to static pressure ratio for both cases was the same 

hile the extension of grid in one of the grids was 150% L  longer at the inlet. 

he mesh used for both of the computational cases were similar, however relatively finer 
esh was used at the inlet part of the extended grid due to the large aspect ratio of the 

-ε Turbulence model with non-equilibrium near-wall modeling was 
used to start the simulations in both cases. While the short inlet grid showed acceptable 
convergence behavior, the extended inlet grid showed physically un-realistic results 

6.7 Extension of Numerical Inlet 

In order to find out the extension of numerical inlet that can capture the distribution of 
flow parameters correctly, two different grids were tested. Inlet bound

edge and the grids were called, “short inlet” and “extended inlet” grids respectively. 
Outlet boundaries for both of the cases were similar and were placed at 243% L  
downstream of section 7. Since there was not measurements of total pressure available 
upstream of cross section 2, the average total pressure measurements from 6 total 
pressure probes in cross section 2 was used as the constant inlet bou
both cases
w

T
m
inlet cone. The RNG k
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(reversed flow at inlet). By switching to LES turbulence model, the reversed flow 
problem at the inlet was solved completely; however the solution was not stable. In a 
further attempt to improve the solution of the extended grid, the time step size was 
reduced to half (100 time steps in one stator pitch passing period). Acceptable 
convergence in the results was obtained thereafter. 

Figure (6-24) shows the circumferential static pressure values at midspan with the two 
different inlet extensions and the experimental measurement data. It should be 
mentioned that the measurements were taken from 8 static pressure probes placed 
inside the admitted channel only and the obtained data were distributed evenly along the 
circumference; therefore the measured values seen inside the disc cavity does not 
represent the real static pressure at the blocked channel. The frequency of stator vanes 
is seen to be dominant in the static pressure field of short inlet model at cross section 2. 
However from the extended inlet data, it is seen that the dominant frequency in the static 
pressure seems to be a combination of stator and rotor blade numbers. 
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Fig  6-24 Static pressure at cross section 2 

 
The circumferential values of total pressure at cross section 2 are plotted in Fig (6-25) 
for the short and extended inlet models. Total pressure was also measured in cross 
section 2 with 6 total pressure probes distributed evenly along the circumference at 
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midspan. Position of the blockage was changed in relation to the fixed total pressure 
probes during the measurements but the data presented here are taken from the 
measurements of probes placed completely inside the admitted channel. The purpose is 
to show the variations of total pressure amplitude at the admitted channel. 
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Fig  6-25 Total pressure at Cross section 2 

 
 
It is clearly seen from the computational results compared with the experimental data at 
cross section 2 that the extended inlet model can capture the disturbances in the static 
and total pressure fields more accurately while the short inlet grid is unable to capture 
these variations. Since the agreement between the computational results of short inlet 
grid and the experimental data was the worst in the static pressure values of cross 
section 4, the comparison is repeated here using the data obtained with the extended 
inlet grid.  

Figures (6-26) and (6-27) show the static pressure plots at hub and casing of cross 
section 4. It is seen tha he extended grid show 
considerable improvement compared to the results obtained with the short inlet grid. It 
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P 0 / 
P 0,

 in

Extended Inlet Grid
Short Inlet Grid

Experimental Data

t the static pressures obtained with t

should however be mentioned that the computational time required to travel one stator 
pitch with extended grid (LES Turbulence model and finer time step) was twice the time 
required for short inlet grid (coarser time step, RNG k-ε Turbulence model). 
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Fig  6-26 Static pressure at casing of cross section 4 
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Fig  6-27 Static pressure at hub of cross section 4 
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The radial dynamic pressure normalized with the dynamic pressure at midspan are 
plotted at several angular positions inside the admitted channel in Fig (6-28). The 
selected angular arc equals to two stator pitches and the angles have equal separation 
arcs. The results can be compared qualitatively with the results obtained for single stage 
configuration by Pfefferle [2004], Fig (5-8). Pfefferle [2004], measured the total pressure 
profile at one angular position and corrected the curve by measurements from the static 
wall and midspan total pressure from the other fixed pressure probes along the 
circumference. By comparing the two Figures, it is seen that the tendency of radial 
pressure profile is different than that obtained by Pfefferle [2004].  
 

 
Fig  6-28 Normalized radial dynamic pressure profile at cross section 2 
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7. SELECTED RESULTS 

It was shown in chapter 6 that the effect of leakage flows of the disc cavities and rotor 
shroud is essential in accurate modeling of partial admission turbines. Therefore in this 
chapter, the three-dimensional computational grid including the leakage flows is 
employed for further investigations. The effect of blocking the inlet flow in a single arc 
and two opposing blocked arcs is examined for admission degree of ε=0.524. In another 
partial admission configuration with admission degree of ε=0.726, the gap distance 
etween the first stage stator and rotor rows is varied by 20% compared to its design 

value and the effect on the turbine performance is investigated. In addition, the 
magnitude and frequency of the unsteady forces of first stage rotor blades are obtained 
for the partial admission turbine with a single blockage. 

7.1 Turbine Performance in Various Partial Admission Configurations 

Experimental total to static efficiency of the test turbine facility at various admission 
configurations are reported here from Fridh et al. [2004]. Experimental efficiencies are 
plotted over a range of flow coefficients while the numerical data are plotted at design 
operating point. Flow coefficient is defined as below. 

 

b

 (7-1)

 

The total enthalpy drop is calculated using the torque exerted on the rotor shaft, Eq. (7-
2). The density is determined by the ideal gas law and the isentropic total to static 
enthalpy drop is defined by Eq. (7-3). 

Δ

 

  (7-2)

∆ , 1
,

 

 
 

(7-3)

igure (7-1) shows the total to static efficiency of the two stage turbine in various partial 
encies are normalized with the maximum 

xperimental efficiency of the two stage full admission turbine. Computational results 
igurations with admission degree of ε=0.524 in a 

ingle blocked arc and two blocked arcs have almost identical two-stage efficiencies. 
he flow coefficient is slightly lower for the single blocked arc model while the operating 

 

F
admission configurations. The effici
e
show that the partial admission conf
s
T
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point for both of the ental results show that the 
partial admission turb ε=0.524 has 
better efficiencies over a large range of flow coefficients compared to the double 

he partial admission turbine with admission degree of ε=0.726 
nd various gap distances between the first stage stator and rotor blades show that the 

reduced and design gap models have similar efficiencies at the design operating 
However the model with increased gap distance shows considerably lower efficiency. 

irst stage efficiency from the two stage turbine is calculated using the mass averaged 
flow parameters downstream the first stage and computed first stage rotor torque. Total 
to static efficiencies of the first stage for various computational cases are normalized 
with the experimental maximum full admission efficiency of the two stage turbine ( ) 

computational grids is similar. Experim
ine with single blockage and admission degree of 

blockage model.  

 

 
Fig  7-1 Efficiency of the two stage turbine at various partial admission configurations 

 
 

Computational results for t
a

point. 

F

and are plotted in Fig 5.  

It is seen that the performance of the first stage is higher in the partial admission turbine 
with two blocked arcs than single blocked arc model having the same admission degree. 
Efficiency of the first stage for the partial admission turbine with admission degree of 
ε=0.726 and varying gap distances shows that the reduced gap model have higher 
efficiencies than the alternative gap distances. In the sections (7-3) to (7-5), it is 
attempted to explain the reason for the variation of efficiency in various configurations of 
partial admission turbine by detailed analysis of the flow field. 
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Fig  7-2 Efficiency of first stage from the two stage turbine at various partial admission 

configurations 
 

7.2 Unsteady Forces of First Stage Rotor Blades 

Rotor ue to 
e periodic disturbance of the inlet flow. This process imposes unsteady forces with 
rge amplitudes especially to the first stage rotor blades. It is rather difficult to build up 

 fu
force values are reduced with the average force inorder to 

 blades in a partial admission turbine are under cyclic loading and unloading d
th
la
responsive experimental devices to measure the unsteady forces of rotor blades 
therefore the computational tools are of primal importance to obtain the detailed forces 
in such conditions. The computed unsteady axial and tangential forces are presented in 
this section for the two stage turbine operating in full and partial admission with 
admission degree of ε=0.726.  

Figure (7-3) shows the normalized unsteady tangential forces of the first stage rotor 
blades for the full-admission turbine. Several blades of the first stage rotor are followed 
for a quarter of circumference and the resulting forces are plotted together around the 
circumference to obtain the unsteady forces in the whole circumference of the ll 
admission turbine. The 
identify the real amplitudes. The local peaks seen in the tangential forces are resulted 
from the stator wakes. It is difficult to identify the frequency content of disturbances from 
the time domain; therefore Fourier Transform is used. 
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Fig  7-3 Computed tangential forces of first stage rotor blades in full admission 

 
 

 

The unsteady forces of rotor blades have a period of 2
e force function, for all x in ∞ ∞, 2 . It is useful to represent 

such a function by complex Fourier series as below inorder to identify the magnitude and 
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(7-4)

 

The complex Fourier coefficients can be computed by the integration below: 

 

1
2

 
 

(7-5)
 

The Fourier series are truncated and harmonics are used up to a finite number. Using 
the Fast Fourier Transform (FFT) algorithms in Matlab 7.8.0, approximate Fourier 
coefficients are computed. Amplitude vs. Frequency of the unsteady tangential forces on 
the first stage rotor blades of full-admission turbine is computed and plotted in Fig (7-4). 
As was expected, the largest amplitude is seen at 42 multiple of rotational frequency 
(the stator vane number).  
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he axial component of the unsteady force vector for the first stage rotor blades of full 
admission turbine are plotted in time domain in Fig (7-5) and in frequency domain in Fig 

-4 Tangential forces of first stage rotor blades at full admission in frequency dom
 

 
T

(7-6). Similarly, wakes resulted from the stator vanes produce the largest amplitude of 
unsteady axial forces. 
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Fig  7-5 Computed axial forces of first stage rotor blades at full admission 
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Fig  7-7 Computed tangential forces of first stage rotor blades at  partial admission 
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Fig  7-6  Axial forces of first stage rotor blades at full admission in frequency domain 
 

First stage rotor blades in a partial admission turbine change both magnitude and 
direction while travelling along the circumference. Normalized tangential forces of two 
adjacent first stage rotor blades travelling along the whole circumference in the two 
stage partial admission turbine is plotted in Fig (7-7).  
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Downstream the blockage, emptying of the rotor channel occurs. When the blades are 
about to enter into the blocked channel, the tangential force increase in direction of 
rotation due to the sudden pressure drop in the suction side of the blade surface. Inside 
the blocked channel, magnitude of the tangential force is small but disturbances occur 
with considerable amplitude due to the interaction of the main flow and leakage flow. At 
the exit of blocked channel, the rotor passages are refilled with the high pressure fluid 
and the tangential force return to the through flow magnitude. The effect of the blockage 
disturbance can be seen at about half of the circumference. It is seen that the adjacent 
blades have slightly different amplitudes downstream the blockage. This can also be 
observed from the axial force plots in Fig (7-9). 

The unsteady tangential forces of partial admission in frequency domain for the two 
adjacent blades are plotted in Fig (7-8). The largest amplitudes are seen at the first and 
second multiples of the rotational frequency. The first multiple is due to the wake of the 
single blockage and the second is due to the change in the direction of the tangential 
force component at the sides of the blockage. The other significant frequencies that are 
added into the system due to partial admission are at 3, 5, 6, 9 and 10 multiples of 
rotational frequency. Although the magnitude of stator wakes is in the same order of full 
dmission turbine, but it is hard to identify it due to the other larger amplitudes present in 

the fre

 
Fig  7-8 Tangential forces of first stage rotor blades in partial admission turbine in frequency 

domain 
 

a
quency domain.  
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Normalized axial forces of two adjacent first stage rotor blades travelling along the 
circumference in the two stage partial admission turbine are plotted in Fig (7-9). A deep 
drop is seen in the axial force magnitude at the entrance to the blocked channel. Due to 
mixing process, the magnitude of axial force increase quickly downstream the blockage. 
The local peaks of axial force at the exit of the blocked channel indicate a strong mixing 
process at this region. This idea can be confirmed by looking at the change in the 
direction of tangential force at the same region in Fig (7-7). 

The frequency content of the unsteady axial force of the two adjacent first stage rotor 
blades at partial admission turbine are plotted in Fig (7-10). The 2nd, 3rd and 1st multiples 
of the rotational frequency are present in the axial force. Currently, there are not 

 
Fig  7-9  Computed axial forces of first stage rotor blades at  partial admission 

 
 
 

measurements of unsteady force available for the investigated turbine facility to compare 
with the computed forces; however the measured total torque on the rotor shaft around 
the design speed was presented for the two stage partial admission turbine and 
compared with the time averaged, computed torque on all the rotating walls of the 
turbine in Fig (6-19).  
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Fig  7-10 Axial forces of first stage rotor blades in partial admission in frequency domain 

 

7.3 Relative Flow Angles 

Relative flow vectors are plotted in Fig (7-11) at midspan of a rotor blade placed at the 
admitted channel of partial admission turbine with reduced gap distance and admission 
degree of ε=0.726. The velocity vectors are scaled with the velocity magnitude. The 
relative velocities are considerably lower at the trailing edge of the blade suction side 
and the vectors are revered compared to through flow at some points.   

 

Fig  7-11 Relative flow vectors around a rotor blade at midspan of partial admission turbine 
with reduced axial gap (Admitted channel) 
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The circumferential relative flow angles are plotted in Figures (7-12), (7-13) and (7-14) 
for the partial admission turbine with admission degree of ε=0.726 and variying axial gap 
distances between the first stage stator and rotor rows. Figure (7-12) shows the relative 
flow angles for the design axial gap model. At the admitted channel the flow turning is 
around 133 degrees. Downstream the blocked channel, considerable disturbances are 
seen in the flow angles. The disturbance is caused by redirection of the velocity vectors 
at the low pressure region downstream the blocked channel.  

 

Fig  7-12 Relative flow angles upstream and downstream of first stage rotor’s midpsan, design gap
 

 

Figure (7-13) shows the flow angles of the reduced axial gap distance model of partial 
admission turbine. The disturbances seen in the inlet flow angles are considerably lower 
downstream the blocked channel compared to the design axial gap model. However it is 
seen that the relative flow angles at the outlet of blade row are more disturbed compared 
to the design gap model in the admitted channel. This is observed in the trailing edge of 
the rotor blade shown in Fig (7-11) and can be due to the change of axial gap from the 
design value which would change the inlet flow angle to the rotor. 
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Fig  7-13 Relative flow angles at upstream and downstream of first stage rotor’s midpsan, Reduced 
gap model 

 

The partial admission turbine with increased axial gap distance between the first stage 
stator and rotor rows, shows considerable disturbance of the inlet relative flow angles 
downstream the blocked channel. Disturbances are also seen in the outlet flow angles of 
admitted channel.  

The higher efficiency of first stage in the partial admission turbine with reduced axial gap 
ca e 
disturbances of the admitted channel flow at the rotor outlet would cause the efficiency 

 decrease in the downstream stage. The increased gap model had the lowest 
fficiency of the first stage; the largest disturbance of the flow at the rotor inlet was seen 

n be related to the smaller disturbances of the flow at the rotor inlet. However th

to
e
in Fig (7-14) of the partial admission turbine with increased axial gap distance. It is seen 
from Figures (7-12), (7-13) and (7-14) that the flow in a low reaction turbine migrate in 
the direction the nozzles send it. 
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 in Fig (7-15) for the various partial admission configurations. The 
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Fig  7-14 Relative flow angles upstream and downstream of first stage rotor’s midpsan, Increased 
gap model 

7.4 Axial Force of Rotor Wheels 

Modelling the leakage flow at the disc cavities gives the possibility to obtain the axial 
force on the rotor discs. Normalized axial force of the first and the second stage rotor 
discs are presented
presented axial force is the sum of the total forces on the walls of all the components of 
the rotor wheel including the blades. 

In the partial admission turbine model with admission degree of ε=0.726 and various gap 
distances between the first stage stator and rotor rows, it is seen that the model with 
reduced axial gap distance has higher axial force of the first disc than the other models. 
This could be due to the higher pressure in the axial gap between the first stage stator 
and rotor disc cavities giving rise to the net axial force of the rotor wheel.   
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Fig  7-15 Axial force of the first and the second stage rotor wheels 

 

In order to find out the reason for considerable change of the axial force when the axial 
g  
section pas
rows. Figures (7-16) and (7-17) are from the design and reduced axial gap models, 
respectively with single blocked arc and admission degree of ε=0.726. The static 

 inlet total pressure. The velocity vectors are 
plotted in four radial positions of the disc. The selected radial positions between the first 

 The vectors lengths are scaled with the magnitude of the velocity and both of the 
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   z=1
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ε=0.762
Inc gap

Disc2

Disc1

ε=0.762
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ap distance is varied, static pressure contours and the velocity vectors at an axial
sing the main flow and the disc cavity between the first stage stator and rotor 

pressure values are normalized with the

stage stator and rotor rows are placed at 0.51, 0.66, 0.82 and 0.97 of hub radius from 
the disc centre. Similarly, the selected radial positions between the first stage rotor and 
the second stage stator are placed at 0.49, 0.65, 0.82 and 0.99 of hub radius from the 
disc centre. 

Figures (7-16) and (7-17) have the same scale factor for velocity. The blockage 
positions are shown with blockage side walls, the smaller arc between the blockage 
sidewalls is blocked and the direction of rotation is shown with an arrow in the Figures. 
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Fig  7-16 Static pressure contours and velocity vectors at a cross section passing the disc cavity 
and main flow between S1 & R1 (Design gap, .  ) , View upstream to downstream 

 

The static pressure values are considerably higher at the disc cavity in the partial 
admission turbine with reduced axial gap distance and the velocities are much lower. 
The leakage flow inside the disc cavities does not interact much with the high 
momentum flow of the blade passages in the partial admission turbine with reduced gap 
distance. 
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ig  7-17 Static pressure contours and velocity vectors at cross section passing the disc cavity and
main flow between S1&R1 (reduced gap,  , view upstream to downstream 

F  
.  )

 static pressure contours together with the velocity vectors are plotted for the 
ow around the first stage rotor wheel for both configurations in Figures (7-18) and (7-
9). 

 

 

When the axial force of the partial admission turbines with admission degree of ε=0.524 
in a single blocked arc and double opposing blocked arcs are obsevred in at Fig (7-15), 
it is clear that the axial force of the first stage rotor wheel is considerably lager when a 
single blockage is used (Both cases have the design axial gap distance). The 
normalized
fl
1
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Fig  7-18 Static pressure contours and velocity vectors at cross section passing the disc Cavity 
and main flow between S1&R1 (Single Blocka . ) , view upstream to downstream 

irection of velocity vectors in Fig (7-19) shows that the main flow is entering the disc 
cavity at the admitted channel and re-enters into the main flow downstream the 

ge , 
 

D

blockage. This process (mixing of the low momentum leakage flow with high momentum 
through flow) would considerably reduce the efficiency. However it would help to 
compensate the static pressure disturbance of the main flow. 
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F rs at cro  
main flow between R1 & S2 (Single Blockage .  ), View upstream to downstream 

 

 
ig  7-19 Static pressure contours and velocity vecto ss section passing the cavity and

Similarly, the static pressure contours and velocity vectors are plotted for the flow 
around the first stage rotor wheel for the partial admission turbine with double opposing 
blockages and admission degree of 0.524 in Figures (7-20) and (7-21). 
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ig  7-20 Static pressure contours and velocity ve t cross section passing the disc cavity and 

 

omparison of Figures (7-20) and (7-21) shows that the pressure is higher in the disc 

inside th w. 

 

 
F ctors a

main flow between S1 & R1 (Double Blockage .  ) , View upstream to downstream 

C
cavity of partial admission turbine with single blockage giving rise to the net axial force of 
first rotor wheel as was seen in Fig (7-15). The higher pressure might be due to the less 
interaction between the leakage flow e disc cavities and the main flo
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Fig  7-21 Static pressure contours and velocity vectors at cross section passing the cavity and 

adiabatic 
achine is departure from isentropic process. There are different definitions of loss 

oefficients, a loss coefficient is defined here according to Denton [1993], 

main flow between R1 & S2 (Double Blockage . ), View upstream to downstream 
 

7.5 Coefficient of Loss 

In turbomachinery flow, the isentropic work is defined as the ratio of actual work to the 
isentropic work, therefore the only factor which can change the efficiency in an 
m
c

 

outsouto

outs

hh
sT

,,

,

−

Δ
=ζ  

 
(7-6)

 

The loss coefficient is plotted downstream the first stage and second stage rotor rows for 
the partial admission turbines with admission degree of  ε 0.524 in one blocked arc 
and two opposing blocked arcs in Figures (7-22) to (7-25).  
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Fig  7-22 Loss coefficient ( .  in two arcs), at a cross section downstream of first rotor, 

vity and main flow, view upstream to downstream 

sses than the 
cale of the Figures.  

Comparing Figures (7-22) and (7-23), it is clear that the loss downstream the first stage 
rotor row for the partial admission turbine with two blocked arcs is lower than the single 
blocked arc model. It is seen that the mixing losses are large where the rotor blades exit 

e blocked channel. The partial admission turbine with single blockage has 

passing the disc ca
 
 

The cross sections downstream the rotor rows; include the disc cavity between the blade 
rows. The scale of the loss contours are selected to increase the clarity of the Figure. 
The colourless points of the contour plots fall above the scale with larger lo
s

th
considerably larger losses in the disc cavity downstream of the first stage. The leakage 
flow enters into the blocked channel downstream the blockage and re-enters into the 
disc cavity flow at the admitted channel, this phenomena produces larger losses in the 
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first stage of the single blockage turbine which in turn affects the efficiency of the first 
stage. 

 

 7-23 Loss coefficient ( .  in one arc), at a cross section downstream of R1, passing the 
disc cavity and main flow, View upstream to downstream 

henomena seen in Fig (7-23). The flow of the partial admission 

 
Fig 

 

Figure (7-15) showed higher overall efficiency for partial admission turbine with smaller 
blocked arc (ε=0.726) compared to the turbine with larger blockage (ε=0.524). This can 
be explained by the p
turbine with smaller blockage would have lower losses due to less interaction of the 
main flow and the leakage flow inside the disc cavities. 

However, the losses are larger in the partial admission turbine with two blocked arcs 
downstream the second stage rotor row compared to the single blockage model (Figures 
(7-24) and (7-25)). The losses decrease the efficiency of second stage in double 
blockage turbine. The results of loss coefficient are in agreement with the efficiency plots 
of Figures (7-15) and (7-16). 
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.

 

Fig  7-24 Loss coefficient (  in two arcs), at a cross section downstream of R2, passing the 
disc Cavity and main flow, View upstream to downstream 
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Fig  7-25 Loss coefficient ( .  in one arc), at a cross section downstream of R2, passing the 

disc Cavity and main flow, View upstream to downstream 
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8. CONCLUSIONS AND DISCUSSION  

8.1 Summary and Discussion 

Numerical analyses are performed in this work to assess the performance of partial 
admission turbines in various configurations. Furthermore, the unsteady forces of first 
stage rotor blades and the non-uniform pressure distribution of the rotor discs of partial 
admission turbines are analyzed extensively. For this purpose, geometrical dimensions 
of an existing two stage axial turbine with low reaction blades are used. For the 
numerical computations of this work, ANSYS Academic CFD package was used. The 
geometry and the computational mesh were produced in ICEM-CFD 11.0 and the solver 
was FLUENT 6.3.16 and FLUENT 12.1. Circumferential distribution of static pressure at 
various cross sections of the two stage turbine existed for one partial admission 
configuration from a previous experimental measurement work. In addition, performance 
measurements existed over a range of operating points for various partial admission 
configurations. The mentioned measurement data were used as the initial condition and 
validation data for the computational results of this work. Validation tests were 
performed to obtain the suitable computational grid that could capture the physics of the 
unsteady flow of partial admission turbines. The geometry of the validated computational 
grid was then modified to simulate various configurations of partial admission in axial 
turbines and to analyze the flow field in such conditions.  

The partial admission configuration chosen for validation of computational grid had an 
admission degree of ε=0.726 in a single blocked arc. Since the geometry of the turbine 
with single blockage was unsymmetrical, the full annulus of the turbine had to be 
modeled numerically. The computational mesh was three-dimensional; furthermore, it 
included the leakage flows of rotor shroud and disc cavity clearance. The complete 
t l contain  
perform one comp ) on four parallel 
omputational nodes, while each node had 8 GB of main memory and eight processors. 
omparison of the computed circumferential static pressure with the corresponding 
xperimental data at various cross sections along the domain showed very good 
greement, however some discrepancies were seen downstream the first stage rotor 

screpancies, effect of various parameters were 
sted on the accuracy of the obtained computational results. 

ffect of mesh resolution near the wall boundaries was tested using a simple two-
dimensional model. The two-dimensional model contained one cell row in the span-wise 
irection with one millimeter thickness at the geometrical midspan of the turbine. Coarse 

mesh near the blade profiles together with the near-wall models was used in the first 
computational test case. In the second two-dimensional case, finer mesh near the blade 
profiles was used together with low Reynolds number Turbulence model. Unsteady 
tangential force component of a first stage rotor blade travelling along the circumference 
was plotted using the results of the coarse and the finer computational grids. 
Comparison of the tangential forces did not show considerable differences; therefore the 
low Reynolds number effects were neglected for further computations of this work. 

hree-dimensional mode ed around 10 million cells and the computational time to
lete revolution was around two months (continuous

c
C
e
a
row. In order to find out the sources of di
te

E

d
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Comparison sections along the 
domain showed that the simple ould capture the 
tendency of experimental measurements but the absolute values showed large 

model contained around 500 kilo to 1 million 
computational cells depending on the mesh resolution near the wall boundaries. The 

bserved that the computational 

of the circumferential static pressure at various cross 
 two-dimensional numerical model c

discrepancies. The two-dimensional 

computational time to results of one complete revolution was in the range of two days on 
a single node with 8 GB of main memory and double processors.  

Effect of modeling leakage flows was assessed by comparison to a simple three-
dimensional model excluding the flow at the disc cavities and the rotor shroud. 
Comparison of the obtained computational results of the simple three-dimensional model 
with the experimental data showed discrepancies in the absolute values. Furthermore, 
when the forces of first stage rotor blades were plotted using the computational models 
with varying complexity, effect of main flow and leakage flow interactions on the force 
components downstream the blockage was observed while the simpler computational 
models were unable to capture the effect. The simple three-dimensional model 
excluding the leakage flows contained around 6 million computational cells and the 
computational time to perform one complete revolution was around two months on three 
parallel computational nodes, while each node had 8 GB of main memory and double 
processors. 

Effect of grid extension at the numerical inlet was assessed for the three-dimensional 
computational model including the leakage flows. It was o
grid with extended inlet could improve the computational results at the cross section 
downstream the first stage. However, the time step size had to be reduced to half and 
the Turbulence model had to be changed to a more advanced model to accurately 
capture the turbulent eddies of the inlet contraction.  

Finally, the validated computational grid was used as the base for computation of 
various configurations of partial admission turbines. The effect of blocking the inlet flow 
in a single arc and two opposing blocked arcs was tested for an admission degree of 
ε=0.524. Effect of gap distance between the first stage stator and rotor blade rows was 
tested by varying the gap distance by 20% compared to its design gap value. In 
additions, performance of the turbine in various partial admission configurations together 
with the physical analysis of the performance variation in different configurations was 
followed.  

8.2 Conclusions and Future Work 

The main conclusions and suggested future work are presented here: 

• First stage rotor blades are under cyclic change of unsteady forces due to the 
admission configuration at the turbine inlet. Plotting the unsteady forces of the 
first stage rotor blade of a partial admission turbine with single blockage in the 
frequency domain showed that the largest amplitudes are at the first and second 
multiples of rotational frequency; this is due to the blockage disturbance and the 
change in direction of the force vector. The other dominant amplitudes of 
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tangential force were seen at 3rd, 5th and 6th multiple of rotational frequency. For 
axial forces, the 2nd, 3rd, 1st, 4th, 6th, 7th, 8th 9th and 13th multiples of rotational 
frequencies were dominant. 
 

• Effect of interaction between the main flow of the blade passages and the 
leakage flow of the disc cavities and rotor shrouds cannot be omitted in numerical 
analysis of partial admission turbines. In partial admission turbines, the rotor discs 

locking and axial gap distance between the first stage stator and rotor 

ign value, the interaction between the leakage flow inside the disc cavity and 
the main flow decreases which in turn result in better efficiencies of the first stage. 

creased, the efficiency of the first stage 
sociated with mixing of main flow and disc 

have non-uniform static and dynamic pressure distributions, especially in the first 
stage. A significant part of the fluid close to the hub in the admitted arc is sucked 
into the intra-stage disc cavity. The flow interacts with the cavity flow under the 
influence of rotor rotation before discharging into the low pressure region 
downstream of the blockage. If this flow could be reduced, the output from the 
first rotor could increase, but the second stage would have a more non-uniform 
flow and lower efficiency. This phenomenon also explains the reason for fast 
compensation of the static pressure drop downstream of the blockage.  

 
• Gap flow modelling in the partial admission turbines also enables estimation of 

the thrust loads on the discs. Computational results of axial force on rotor wheels 
for various partial admission configurations showed that the blockage length, 
multi-b
blades has direct impact on the disc force. As the axial gap distance is reduced 
than the design value, the axial force of rotor disc increases. Furthermore, the 
partial admission turbine with single blocked arc has larger disc force, than the 
double blocked inlet arc. 

 
• Effect of multi-blocking and axial gap distance was analysed on performance of 

the two stage partial admission axial turbine. Performance results showed that 
blocking the inlet annulus in two arcs produce better efficiency at the first stage 
compared to the single blocked arc, however due to extra mixing losses; the 
efficiency of double blockage model deteriorates in the downstream stage.  

 
• Computational results showed that changing the axial gap distance between the 

first stage stator vanes and rotor blades have considerable effect on performance 
of partial admission turbine. When the axial gap distance is reduced than the 
des

When the axial gap distance is in
decreases due to the extra losses as
cavity leakage flow. However, the overall efficiency of the reduced gap model 
decreases in the second stage.  

 
• The future work of this thesis could be to perform the stress analysis of the rotor 

blades. Furthermore analysis of the disc forcing function with respect to disc 
mode shapes to find out if certain blockage configurations are dangerous for disc 
mode excitations. 
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APPENDIX A ENSIONS BASED 
ON ROTOR BLADE CHORD 

  IMPORTANT GEOMETRICAL DIM

 
Table A. 1  Geometrical Dimensions for 2D, Simple 3D and Full 3D models 

 
Cross Section 2 46% L  Upstream of S1 
Cross Section 3 16% L  Downstream of S1 
Cross Section 4 40% L  Downstream of R1 
Cross Section 5 6% L Downstream of S2 
Cross Section 6 40% L  Downstream of R2 
Cross Section 7 172% L   Downstream of R2 
Clearance First stage stator and rotor disks 16% L  
Clearance First stage rotor and second stage stator disks 20% L  
Clearance Second stage stator and rotor disks 16% L  
Clearance Second stage rotor disk and Exhaust Casing 20% L  
Short Numerical Inlet (2D, Simple 3D, Full 3D with short inlet) 100% L  Upstream of sec2 
Extended Numerical Inlet 250% L  Upstream of S1, LE 
Numerical Exit (2D & Simple 3D model) At sec 7 
Numerical Exit (Full 3D model) 243% L  Downstream of Sec 7 
Clearance first stage stator and rotor blade profiles 40% L  
Clearance first stage rotor and second stage stator blade profiles 76,7% L  
Clearance second stage stator and rotor blade profiles 40% L  
 

 

Table A. 2  Rotor Blade Profile Data 

ent of Chord

 
Station as 

Percent of Chord 
Upper Wall as 

Perc
Station as Lower Wall as 

percent of Chord Percent of Chord 
0.08 49.53 0.54 42.51 
0.44 42.92 1.74 39.96 

14.99 82.92 21.97 46.45 
48.16 94.65 57.97 46.51 
75.26 70.51 86.10 23.91 
89.74 36.38 99.20 0.07 
99.98 0.68 100.00 0.56 

Leading Edge Tangent Circle Radius / Chord = 0.16 
Trailing Edge Tangent Circle Radius / Chord = 0.04 

Maximum Thickness /Chord = 0.46 
Chord Angle = 25° 
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Fig A. 1  Schematic picture of firs   
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APPENDIX B   GOVERNING EQUATIONS 

How well a numerical method can predict the behavior of a physical system depends on 
the physical and mathematical constrains imposed. The behavior of the fluid flow is 
governed with the fundamental equations of fluid dynamics. It is not possible to solve 
these equations in their exact form for the continuous domain, thus the physical domain 
is discretized to finite elements or volumes and the derivatives are approximated by 
differences.  

Several considerations are required to ensure that the discretized equations predict the 
exact solution of the governing equations closely. In this chapter, the fundamental 
equations of fluid dynamics as used in the code are introduced first. Then the numerical 
methods to obtain the approximate solution of these equations are listed and the 
accuracy of numerical methods is assessed. 

B. 1 Governing Equations in Their Exact Form 

he equations governing the fluid dynamics and the heat transfer are the following 
uid flow, Tannehill et al. [1997]: 

• Conservation of mass (Continuity equation) 
• Conservation of momentum (Newton’s second law) 
• Conservation of energy (First law of thermodynamics) 

In order to close the system of equations, it is needed to add an additional state 
quation which relates the pressure, density and temperature.  

he conservation of mass applied to an infinitesimal control volume which is fixed in 

T
conservation equations applied to fl

e

T
space and does not have any sources yields the following formula:  

. 0 
 

(B-1)

he conservation of momentum applied to the fluid passing an infinitesimal control 
olume that is fixed in space, yield the following general form of momentum equation: 

 

T
v

. . Π  (B-2)

. ρV

 

The term V represents the rate of momentum lost by convection per unit volume 
om the control surfaces. This term can be expanded as below: 

.

fr

. .  (B-3)
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By substitut  the continuity 
equation to simplify the terms, the followi  

ing the above expansion into equation (B-2) and using
ng general form for momentum equation is

obtained: 

. Π  
 

(B-4)
 

In the above equation,  is the force per unit mass. Π  represents the components of 

Π

stress tensor and consist of normal and shear stresses. For a Newtonian fluid in which 
stress at a point is linearly dependent on the rate of strain of the fluid, Π  can be written 
as below. It is assumed that the bulk viscosity is negligible here since this study does not 
deal with the structure of shock waves. 

2
3

, , 1,2,3 (B-5)

To obtain the energy equation, the First Law of Thermodynamics is applied to the fluid 
pace.  

 

where  is the Kronecker delta function ( 1 if  and 0 if ).  

passing an infinitesimal control volume fixed in the s

. . . . Π .  (B-6)
 

where  is the total energy per unit volume: 

2
 

 
(B-7)

 

nd keff is the effective conductivity (kt +k where kt is the turbulent thermal conductivity, 

B. 2 Equation of State 

In order to close the system of governing equations and to make a relationship between 

 fluid is known if two 
thermodynamic properties are known.  

ir is assumed to obey the perfect gas law in this study. The equation of state for perfect 
gas is as below: 

 (B-8)

a
defined according to the turbulence model being used), ANSYS FLUENT Theory Guide 
[2009]. 

the thermodynamic properties and the transport properties, the equations of state are 
required. From thermodynamics, we know that the state of a

A
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where R is the gas constant and for air at standard conditions, 287 / . 

Sutherland
the thermodynamic variables.  

’s law is used to relate the coefficients of viscosity and thermal conductivity to 

/
 

 
(B-9)

 

  
 

Once the viscosity is known, thermal conductivity of the fluid can be obtained.
ity constant. For air, the constant thermal 

onductivity is assumed to be 0.0242 / . . 

r if the gas law is used, the thermal conductivity can be defined using the kinetic 

4

The constants for air were considered as below: 

• = Reference viscosity = 1.716 10  / .  
• = Reference temperature = 273.11  
• = Effective temperature = 110.56

 It is 
possible to assume the thermal conductiv
c

Howeve
theory, ANSYS FLUENT Theory guide [2009] 

15 4
15

1
3

 
 

(B-10)
  

here  is the molecular weight and the specific heat capacity for the fluid air is 
 which is a good approximation for air at 

B. 3 Vector Form of Governing Equations 

body forces, mass diffusion, chemical reactions or external heat sources can be 
written as below, Tannehill; et al. [1997]. 

w
assumed to be constant 1006.43 / .
moderate pressures and temperatures. 

The system of governing equations is combined into vector form before applying a 
numerical algorithm. The compressible governing equations in Cartesian coordinates 
without 

 

0 
 

(B-11)

 

where , ,  and  are vectors given by 
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 (B-12)

 

 
 

 

 

 

 

 

 

 

 

 

e first row is the conti uity equation while the next three rows are the momentum 
equations in x, y and z direction and the last row is the energy equation. 

ethod for Governing Equations 

When the Reynolds number of the flow is increased or there are external tabulators, the 
ions called “eddies” are of 

he available computer 

he filter) and to model the smaller eddies. This 
ethod is called the Large Eddy Simulation (LES) and the associated computational 

resources required are much less than the DNS model for the same problem. 

Another common way (especially in industrial applications) is to time-average or 
verage the governing equations. The equations obtained in this manner are called the 
eynolds averaged Navier-Stokes (RANS) equations. However by averaging the 

ociated with the turbulence are raised in the 
 These ter the mean flow variables by turbulence 

modeling and additional assumptions should be made in order to close the problem. 

Th n

B. 4 Reynolds Averaging M

random motions in the flow increases. These random mot
varying length and time scales. Currently it is not possible with t
resources to model the whole range of the turbulent eddies by Direct Numerical 
Simulation (DNS) else than for simple flows.  

One way to reduce the computational cost is to filter the governing equations to contain 
the large eddies (greater than the size of t
m

mass-
a
R
equations of motion additional terms ass
equations. ms must be related to 
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The instantaneous variables in the governing equations are decomposed into mean and 
fluctuating terms in the RANS method. In the case of compressible flows the mass-
weighted averaging is more convenient than the simple time-averaging. The 
averaged variables are defined according to 

mass-
/ , Tannehill; et al. [1997]. The 

ass-ave aged velocity components are defined in the form below 

"          

m r

" " (B-13)
 

However the fluid properties such as density and pressure are time-averaged according 
  to   , thus the time-averaged variables become 

́ ́  (B-14)
 

The above variables are substituted into the instantaneous Navier-Stokes equations and 
are time averaged. The mass-weighted average of the continuity equations is obtained 
s below a

0 
(B-15)

 

nd the complete Reynolds momentum equation in mass-weighted variables becomes A

" ") (B-16)

 

If the viscosity fluctuations are neglected,  becomes 

2
3

" "
" " 2

3

"
 (B-17)

 

The stress gradients can be decomposed into laminar-like and turbulent  
terms as below 

2
3

 
 

(B-18)

 

" "
" " 2

3

"

 
 

(B-19)

 

In practical applications, the viscous terms with the double prime fluctuations are small 
and are neglected. In FLUENT, the second term in Eq. (5-18) involving the molecular 
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viscosity is expected to be much smaller than " " and is neglected, ANSYS FLUENT 
Theory guide [2009]. 

By Reynolds-averaging method, new unknowns are added into the governing equations. 
The Reynolds equations cannot be solved in the form given and additional equations are 
needed involving the new unknowns to close the problem or some relations should be 
developed between the new wn turbulent fluctuations and the mean flow motion. 

his is known as turbulence modeling. 

Larg

In the Large Eddy Simulation model, the large eddies are resolved directly since they 
re more geometry dependent and the small eddies are modeled. The small eddies 

ral time-dependent Navier-Stokes equations can be filtered in either Fourier 
(wave-number) space or configuration (physical) space to obtain a set of equations  
However the volume-averaged filter is more frequently used with finite volume method. 
Flow variables can be decomposed into large (resolved) and small (subgrid) scales, as 

llows 

 unkno
T

B. 5 e-Eddy Simulation (LES) 

a
have less dependency on the geometry and they are more isotropic thus it is easier to 
find a universal model to describe them.  

The gene
.

fo

́  (B-20)
 

 is the resolvable part and ́  is the subgrid part. The filtered variable is defined with the 
llowing integral 

where 
fo

́ , ́ ́  (B-21)

 

here  is the fluid domain, G is the filter function that determines the scale of the 
resolved eddies and x, x’ are the position vectors. In FLUENT, the finite-volume 

n, AN Theory

1

W

discretization itself implicitly provides the filtering operatio SYS FLUENT  
guide [2009]. 

́ ́ , ́  
(B-22)

v is the volume of the computational cell and G is defined as follows 
 

,

 
Where 

́
1

́

0
 

 
(B-23)

 
In order to keep the equations concise, the filtered equations are developed for the 
incompressible Navier-Stokes equations of motion 
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0 (B-24)
 

1
 

 
(B-25)

 

It is not possible to solve the above equations for both  and  so the convective flux is 
represented in terms of decomposed variables  

(B-26) 
 

resulting 

1
 

 
(B-27)

 

 is the subgrid scale stress tensor and can be developed as follows 

́ ́ ́ ́ ́ ́  (B-28)
 

he first term in the right hand side inside the parenthesis is called Leonard stress, the 

aging was used instead of filtering the first two terms would be zero and 
only the Reynolds stress term was modeled. Neglecting the Leonard stresses can be shown 
to be of the same order as the truncation error for second-order schemes, Shaanan et al., 
[1975].  

he time veraged fluctu tions can be computed from the difference between the data 

B. 6 Turbulence Modeling 

rently to find 
niver al turbulent model that can work well for all types of flows. Therefore the task is 

to find a turbulent model that has acceptable accuracy and reasonable amount of 
computational time for a certain type of flow.  

T
second term, the cross-term stress and the third term, the Reynolds stress, Tannehill; et 
al. [1997]. If aver

T -a a
obtained from LES and RAN calculations. That is "  where the double prime 
is a time dependent fluctuation and the angle bracket show a time averaged variable. It 
should be noted that only the large eddies (larger than the filter size) are simulated with 
the LES method.  

Numerical simulation requires that the turbulent stress terms in the Reynolds equations 
are closed. This process is called turbulence modeling. It is not possible cur

sa u
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Boussinesq Hypothesis 

According to Boussinesq’s hypothesis, the turbulent shear stresses are related to the 
mean flow strain rate. By neglecting the bars over the mean flow variable, the 
Boussinesq hypothesis for the Reynolds stress is  

2
3

 
 

(B-29)
 

here µ  is the turbulent viscosity and k is the kinetic energy of turbulence k u uw /2. 

(B-30)
 

here υ  and l are characteristic velocity and length scales of the turbulence 
ly. The ,  turbulence model and subgrid turbulence modeling in LES, 

NG,  Model 

In s are solved and the 
turbulence velocity and length scales are det

 model are the kinetic energy of turbulence  and the dissipation rate 
rbulent viscosity can be evaluated from the solution as /  and the length 

scale / / / . The transport equations for the ,  model is as follows, 

By kinetic theory analogy for gases, the turbulent viscosity can be modeled as 

 

w
respective
both use the Boussinesq’s hypothesis.  

R

 two equations turbulence models, two transport equation
ermined. The two transport quantities in the 

. The 
tu

ANSYS FLUENT Theory guide [2009]. 

 (B-31)
 
 

 
(B-32)

 

The model constants are derived analytically by the RNG theory 1.42, 1.68. 
 represents the production of turbulence kinetic energy,  

2  
(B-33)

 

 is the rate of mean strain tensor given by  
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1
2

 
 

(B-34)
 

ynolds-number regions, turbulent viscosity is determined by scale 
elimination procedure through a differential equation  
For the near-wall and low-Re

√
1.72

1
 

 
(B-35)

 

where  /  and 100. By integrating Eq. (B-34), the rate of change of the 
ffective turbulent transport versus the effective Reynolds number is obtained. In the 

high Reynolds number limit, Eq. (B-34) becomes 
e

 
 

(B-36)
 

here 0.0845 using the RNG theory. The turbulent viscosity is modified in the RNG w
method if the main flow is swirl dominant. The modification takes the form  

, Ω,  (B-37)
 

where  is the value of turbulent viscosity calculated by either Eq. (B-34) or (B-35). Ω is 
ract irl number evaluated within FLUENT and α  is the swirl constant 

ries g on if the flow is mildly swirling or is swirl dominated. 

α

 

the cha eristic sw
that va dependin

The inverse effective Prandtl numbers, is calculated using the formula below which is 
derived analytically from the RNG theory 

α 1.3929
1.3929

. α 2.3929
α 2.3929

. µ
µ  

Where α k µc⁄  and in the high Reynolds number limit µ µ 1 ,   ⁄ α α
1.393. The R  term used in the transport equation for  is given as below 

 
(B-38)

 

R
Cµρη 1 η η⁄

1 βη k  
 

 

here / , 4.38, 0.012.  

tem ration of turbulence due to 
buoyancy is calculated by 

(B-39)

w

The buoyancy effect in the production of  and  terms are accounted if the gravity and 
perature gradients are present in the flow. The gene
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(B-40)

wh  1⁄  where  is calculated using Eq. (B-
37) and  is the gravity vector in the direction of . The coefficient of thermal expansion 
is calculated as below 

1

 

ere  is the turbulent Prandtl number,

 
(B-41)

Whereas for the ideal gases, Eq. (B-40) reduces to 

 

 
(B-42)

 

 determines how the transport quantity  is affected by the buoyancy effects.  is 
calculated in FLUENT as below 

 (B-43)

 

here  is the velocity vector parallel to the gravity vector and  is the component of the 
flow velocity in the direction perpendicular to the gravity vector.  

 a dilatation 
dissipation term,  

2

w

The compressibility effects are accounted in the turbulence through

 (B-44)
 

where  is the turbulent Mach number, defined as ⁄  and   is the 
speed of sound. 

The convective heat transfer is modeled in FLUENT using the Reynolds analogy to 
momentum transfer, ANSYS FLUENT Theory guide [2009]. The modeled energy 
equation can be written as 

 

 is the total 
viscous stress tensor defined as 

(B-45)
 

where energy,  is the effective thermal conductivity and  is the 

2
3

 
 

(B-46)
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Subgrid Scale Models for LES 

he subgrid scale stres s in the Large Eddy Simulation should be modeled. Since the 
ubgrid scale stresses are small, a relatively simple model could be used. The first 

as prop sed by Smagorinsk 1963]. It takes the form of a mixing length model. 
The SGS stress tensor is represented by 

where  is the rate of stress tensor and  

Δ

T
s

se

model w o y [

2  (B-47)
 

2   
(B-48)

S is the dynamic Smagorinsky model. In the basic form, the 
dynamic Smagorinsky model takes the same form as the simple Smagorinsky model but 
allows the C  constant to be calculated from two filter sizes. When this model is applie
to the flows involving heat transfer, the turbulent Prandtl number is calculated as part of 

e solution.  

B. 7 Near-Wall Flow Modelling 

low close to the walls is affected with the presence of walls. The non-slip condition is 
ssumed on the walls; therefore the flow velocity is zero. The velocity gradients close to 

the
 

affected near-wall region. The high-Reynolds number 
models can only predict the flow far from the walls. When using this type of models, 

modeling should be used in order to link the viscosity 
ffected near-wall flow with the outer turbulent flow. The other type of turbulence 

lls.  

t three layers. The layer closest to the wall is called the viscous 
sublayer, viscous effects are significant in this layer and the flow can be considered 

minar. Th upper layer is called the buffer layer, the viscosity and turbulence effects 
re both present on this layer. The upper layer is called the fully turbulent layer in which 

s.  

s the regions of a turbulent boundary layer for a flat plate with 
incompressible flow. Non-dimensional velocity  is plotted against the non-dimensional 

 

Various values of the Smagorinsky constant C  is reported between 0.1 to 0.24. A more 
complex model for LE

d 

th

F
a

 

 walls is large and the variation of velocity from zero to the value in fully turbulent 
region need to be modeled. There are two types of turbulence models based on their 
ability to resolve the viscosity 

appropriate type of near-wall 
a
models, called the low-Reynolds number models has functions that resolve the flow all 
the way down to the walls. In order to be able to resolve the viscosity affected near wall 
regions sufficient mesh density needs to be used close to the wa

Experiments have shown that the area between the walls and the outer turbulent flow 
can be divided in o 

la
a

e 

the turbulent effects are dominating the viscous effect

Figure B-1, show
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distance from the wall . The diagram has logarithmic scale and the shear velocity is 
defined as below: 

| |⁄ ⁄  (B-49)
 

 
bulent boundary layer for a typical incompressible flow over a smooth flat 

plate, Greitzer; et al. [2004] after Cebeci and Bradshaw [1977] 

length, skin friction and static pressure coefficient in a backward-facing 
step flow. 

Fig B. 1 Zones in the tur

 

Near-wall models are based on empirical results. They are used to connect the flow 
variables between the wall and its adjacent cells. In this work, the non-equilibrium wall 
function is used together with the ,  turbulence model. Kim and Choudhury; 
1995 showed that the above combination gives the best result for prediction of 
reattachment 

Non-Equilibrium Wall Function in RNG,  Model 

The non-equilibrium wall function is used together with the RNG turbulence model for 
most of the computations of this work. Non-equilibrium near-wall function is a two layer 
model based on a proposal from Kim and Choudhury [1995] in which the standard near-
wall model, Launder and Spalding [1974], is further optimized to include the pressure 
gradient effects. In this model the log law for mean velocity is as follows according to 
ANSYS FLUENT Theory guide [2009] 
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/ /

/
1

ln
/ /

 (B-50)

where  

1
2 √

ln
√

 
 

(B-51)

 
 is the physical viscous sublayer thickness 
 

/ /  
 

(B-52)

 
/ /

 
 

where  
 = 11.225 in Eq. (B-52) 

 = von Karman Constanta (= 0.4187) 
 = empirical constant (= 9.793) 
 = mean velocity of the fluid at point P 
 = turbulence kinetic energy at point P 
 = distance from point P to the wall 

 = dynamic viscosity of the fluid 
 

The non-equilibrium wall function assumes that the flow close to the walls consist of  two 
layers, the viscous sublayer and the fully turbulent layer. The profile assumptions for 
turbulent quantities are as follows: 

0,     
,      

(B-53)

 

,

,

2
,   

/
,

 

 
 

(B-54)

 

where / . Using the profiles defined above, the cell averaged production of , 
 and the cell-averaged dissipation rate  can be estimated with the volume averages 

f the cells. For hexahedral cells the volume averages are approximated by depth o
averages as below: 

1 1
/ / ln  

 
(B-55)

and 
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1
 

1 2 /

ln  
 

(B-56)

 

where  is the height of the cell ( 2 ).  

Near Wall Modeling in LES 

If the near wall mesh is fine enough to resolve the laminar sublayer, the near wall shear 
stress is obtained from laminar stress-strain relation as 

 (B-57)
 

If the centroid of the cell adjacent to the wall, falls within the logarithmic region of the 
oundary layer, the law of the wall is employed b

1
ln  

where  is the von Karman constant and 9.793. If the centroid of the cell adjacent to 
the wall falls in the buffer layer, the laminar and turbulent laws of the wall are blen
follows 

(B-58)
 

ded as 

 (B-59)

and the blending function is give as 

Γ
0.01
1 5

 

 
(B-60)

B. 8 Boundary Conditions 

Pr ssu

T e bo f numerical domain is taken as the known pressure 
co itio  are to be determined from the calculations. 
Th  pr xperimental measurements as described in 
ch pter

 the pressure inlet the following information is specified, ANSYS FLUENT Theory 
guide [2009]: 

e re Inlet 

h undary condition at the inlet o
nd n. The flow rate and the velocities
e essure values are obtained from e
a  4.  

At
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• Total pressure 
• Total temperature 
• Flow direction 
• Static pressure 
• Turbulent parameters 

 

When the inlet flow is subsonic, the static pressure value is ignored. The isentropic 
lations for ideal gas are defined as below for the inlet conditions re

1
1

2
/   

(B-61)
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1
1

2
 

 

(B-64)

pecification of Turbulent Quantities at Inlet and Outlet 

b ned in te s of intensity and viscosity ratio at the inlet 
and outlet of numerical domain. "The turbulence intensity, I, is defined as the ratio of the 
root-mean-square of the velocity fluctuations, u’, to the mean flow velocity, uavg. The 

e of a fully-developed duct flow can be estimated from the 

S

The tur ulent quantities were defi rm

turbulence intensity at the cor
following formula derived from an empirical correlation for pipe flows", ANSYS FLUENT 
Theory guide [2009] 

́
0.16 /  

 

let the turbulent intensity is assumed to 
have uniform value of 2% and the viscosity ratio is 5. 

ressure Outlet 

he pressure will be extrapolated from the interior and the specified value will not 
be used. The following information is entered at an outlet boundary condition, ANSYS 
FLUENT Theory guide [2009] 

(B-65)
 

And the turbulent viscosity ratio, µt/ µ, is directly proportional to the turbulent Reynolds 
number (Ret ≡ k2/(єv)).The turbulent intensity was estimated from the experiments to 
have a uniform value of 4% at the inlet. At out

P

Static pressure is specified at the pressure outlet boundary condition. The static 
pressure value is used only when the flow is subsonic if the flow becomes supersonic 
locally, t
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• Static pressure 
perature, backflow direction, ...) 

Only the specified static pressure is used at the outlet and all the other conditions are 
extrapolated from the interior of the domain. 

is enforced at the wall bounded viscous flows. This 
djacent fluid sticks to the wall and moves with the same speed of wall if 

-shear slip walls in viscous flows. A zero flux of all quantities across a 

r the time-dependent solution of rotor-stator interaction. The 
relative to one another along the grid interface in each time step. 
r configuration in which the rotating and stationary parts are 

a planar section perpendicular to the axis of rotation as 
hown in Fig (B-4). 

with rotating blades 

• Backflow conditions (total tem
 

Wall and Symmetry Boundaries 

The non-slip boundary condition 
means that the a
the wall is moving.  

Symmetry boundary conditions are used when the physical geometry of interest, and the 
expected pattern of the flow solution, has mirror symmetry. They can also be used to 
model zero
symmetry boundary is assumed, ANSYS FLUENT Theory guide [2009]. 

Sliding Interfaces 

Sliding mesh is employed fo
cell zones slide (rotate) 
For the axial rotor-stato
aligned axially, the interface is 
s

 
Fig B. 2 Rotor-stator interaction, stationary guide vanes 

(FLUENT User’s Guide, 2006) 
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APPENDIX C   TRUNCATION ERRORS 

In order to change the derivatives in the PDE’s to finite differences, the Taylor’s series 
expansion can be used, Tannehill et al.; [1997].  If  is a continuous function in the 
Cartesian coordinate, the Taylor’s series expansion for ∆ , ,  about the point 

, ,  gives 

∆ , , , , ∆
∆
2!

…  

∆
1 !

∆
!

 

 
 
 
 

(C-1)
 

nce can be obtained by re-arranging Eq. (C-1) as follows The forward differe

, ,

∆ , , , ,
∆

∆
2!

…  
 

(C-2)

 

If the notation is changed to , ,  

, ,

, , , ,

∆
. . (C-3)

 

where , , , ,

∆
  is the finite difference representation for    and the truncation 

error T. E.  is the difference between the partial
, ,

 derivative and its finite-difference 
representation. Here the truncation error is of the order of ∆ . This is written in the 

ans | . . | |∆ | when ∆ 0 and  is a positive, 
real constant and we can write 
mathematical form ∆  which me

, ,

, , , ,

∆
∆  (C-4)

 

An approximation to the second order derivative is obtained as follows 

, ,

, , 2 , , , ,

∆
∆  

 
(C-5)

So we may expect that the . . Of the second representation is smaller than the first for 

 

sufficiently small ∆ . 
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APPENDIX D   CONTOURS OF NORMALIZED STATIC PRESSURE 
WITH DIFFERENT INLET EXTENSIONS 

Fig D. 1 Contours of Static Pressure normalized with Inlet Total Pressure at the Entering End 
Blockage, extended grid (lower) and shorter grid (upper) 

of the 
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Fig D. 2 Contours of Static Pressure Normalized with Inlet Total Pressure, at the Leaving End of 
the Blockage, for Extended Grid (Lower) and Shorter Grid (Upper) 
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Ch ) 

 
Fig D. 3 Contours of Static Pressure Normalized with Inlet Total Pressure, at the Admission 

annel, for Extended Grid (Lower) and Shorter Grid (Upper
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