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ABSTRACT 

Partial admission occurs in steam turbines operated under part 

load when one or more segments of the channel annulus are 

deliberately blocked and thus are not available for the working 

medium to flow through. This occurrence, common in control 

stages, is related to strongly unsteady flow conditions, which 

in turn have heavy repercussions on the machine’s 

performance and stable range of operation. Therefore, a 

deeper understanding of the loss generation mechanisms 

related to partial flow admission is necessary for a flexible and 

reliable machine design, stable part load operation and 

advanced steam turbine blades. 

In this study, combined numerical and experimental 

investigations of the flow in a low-speed axial turbine have 

been conducted to highlight some of the relevant features of 

partial flow admission. Using experimental 2D flow field 

traverse data, a detailed characterization of the flow field in 

full admission has been carried out in order to validate the 

experimental technique and the numerical approach. In 

preparation for further targeted measurements, numerical 

simulations of the flow in partial admission have been 

performed and results have been analyzed. The studies 

showed that the flow phenomena occurring at partial 

admission are characterized by increased local gradients 

regarding the pressure and the velocity field, causing 

challenges in terms of calibration, positioning and alignment 

of the probes during the scheduled measurements of partial 

admission scenarios.  

INTRODUCTION 

Usage of control stages in industrial steam turbines is an 

effective method to control the power output for a more 

flexible machine operation. The control stage is applied 

upstream of the turbine and is usually designed as a single 

stage with a low degree of reaction. The stator row is separated 

in groups of nozzles, each of them including a control valve, 

which can be closed partially or completely, reducing the mass 

flow. Partial admission occurs when at the inlet of a control 

stage one or more groups of nozzles are closed, resulting both 

in an asymmetric flow distribution in circumferential direction 

as well as in increased drops in static pressure and static 

enthalpy over the control stage [1]. Simultaneously, the 

pressure drops and thus the extracted work over the turbine 

downstream of the control stage are reduced. Furthermore, 

additional characteristic partial admission losses appear in the 

control stage, affecting the efficiency significantly. Finally, 

the mixing processes between the blocked and the open 

annulus areas induce a severe pulsation of the aerodynamic 

forces on the rotor blades. A review of the loss models in 

partial admission configurations is provided in [2]. 

A reliable prediction of blade load, blade stresses and 

stage losses caused by the part loading are essential both for 

the determination of operating limits and for the design of 

advanced control stage geometries. For this, numerical 

calculations are performed to obtain a deeper understanding of 

the complex and very specific flow features and their 

interaction in the control stage. However, experimental data is 

necessary to validate the numerical models and to ascertain 

their reliability. As of today, extensive experimental 

measurement data in partial admission configurations is rare. 

Experimental investigations were carried out by Fridh et al., 

and Bohn et al.,  [3, 4, 5] in idealized configurations which did 

not account for the relevant features of industrial control 

stages (low degree of reaction ρh, high Dhub/Dshroud). The 

investigations carried out by Fridh et al. [3] included 

measurements of the aerodynamic blade forces under partial 

admission conditions as well as flow field traverses whereas 

Bohn et al. [4, 5] presented results from flow field traverses in 

the stages downstream of the control stage at partial admission 

conditions. Numerical investigations were carried out e.g. by 

Hushmandi et al., Kalkkuhl et al. and Gao et al. [6, 7, 8, 9, 10]. 

The observations made in these studies demonstrate the 

complex flow field at partial admission conditions. Local 

gradients of the pressure and velocity characterize the flow 
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field pattern and locally increased velocity components in 

circumferential and radial direction cause additional losses. In 

addition, pumping effects downstream of the blocked area 

occur and cause a highly transient flow field with numerous 

vortical structures.  

In this paper, the results of both experimental and 

numerical investigations of a newly designed control stage 

within a large-scale low-pressure turbine setup are presented. 

First measurements were conducted in an annular axial air 

turbine test rig at Ruhr-Universität Bochum’s Chair of 

Thermal Turbomachines and Aeroengines. The experimental 

results have been acquired for full admission conditions at 

different operating points and were used for the validation of 

the measurement techniques and the numerical setup. Using 

the validated numerical setup, additional partial admission 

scenarios were simulated to obtain an insight into the complex 

flow features and to identify characteristic flow regimes that 

will be examined on in the subsequent measurement campaign 

for the partial admission scenarios.     

METHODOLOGY 

Experimental investigations at full admission conditions have 

been carried out first. The measurement results have been used 

for the validation of the numerical approach used in the second 

part of the investigations. Based on this, transient CFD 

simulations of the partial admission configuration are then 

performed prior to further experimental campaigns. 

The experimental studies comprise measurements at three 

different operating points. The used test facility supports 2D 

traverses of measurement probes in four planes of the stage. 

In the present work the plane in the axial gap between the 

stator and rotor is investigated for the validation studies. The 

field traverses are carried out with a five-hole probe applied 

on a pivoted casing. A high resolution grid of 850 

measurement points covers a channel arc of 17 degrees. 

Additionally, radial traverses are performed in the stage inlet. 

Gained data is used as inlet boundary condition for the 

numerical setup. Monitored data like static pressure at the 

stage outlet, ambient pressure, ambient temperature and 

humidity are recorded and also used to define the numerical 

setup as illustrated in the following sections.  

The CFD predicted unsteady flow structures are used to 

guide the choice of measurement locations in the planned 

campaign with partial admission and offer a new insight in the 

relevant characteristics of the flow field as shown in the 

following sections.  

The blockage geometry was created with ANSYS-ICEM 

assumed as an infinitely thin wall. Transient simulations were 

carried out for the design point and averaged over the 

simulated time steps. Local gradients of the total pressure as 

well as of velocity components are examined to identify 

regions of dominating loss mechanisms. Effects observed in 

this study are compared to results available in the literature, 

which were obtained in similar configurations [3, 4, 5, 6, 7, 8, 

9, 10].  In particular, results of the simulations are used to 

develop an alignment strategy for the probes in the local flow 

direction to reduce the calibration range and the measurement 

time. 

EXPERIMENTAL TEST FACILITY 

An existing large-scale axial flow turbine test rig installed at 

the Chair of Thermal Turbomachines and Aeroengines of 

Ruhr-Universität Bochum was retrofitted to represent a 

control stage geometry and to allow highly resolved 

measurements of full- and partial admission scenarios. A 

150 kW variable speed engine coupled to a radial blower 

induces the flow, providing mass flow rates of up to ṁ =
7 kg/s for this configuration. As the blower is placed 

downstream of the test section, the facility is operated in 

suction mode with ambient air as the working medium in an 

open circuit. Two pivot-mounted casing elements provide 

multiple access for measurement probes and allow stepwise 

rotation. In combination with radial translation of the flow 

probes, 2D flow field traverses are acquired. The large 

dimensions of the flow channel allow detailed flow 

measurements with negligible perturbation and blockage by 

the installed probes. 

The stage under investigation is designed as a control 

stage, defined by a low degree of reaction. The stage (blade 

count and profile geometry) was developed for matching the 

characteristics (blade loading distribution cp at mid-span) of 

an actual industrial steam turbine.  

The underlying principle of the stage design procedure 

are already described by Hodzic et al. [11]. The design point 

is defined by a turbine speed of nT = 8. 33̅̅̅̅  1/s and a mass 

Figure 1 a: Sectional view of test section, including stator (S), rotor (R) and measurement planes, 

 b: 3D model of the turbine stage, including the blockage for the investigations of partial admission 

a) b) 
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flow rate of ṁ = 7 kg/s. The test section containing the 

control stage is shown in Figure 1. The main properties of the 

test facility are summarized in Table 1. 

 
Table 1. Properties of the test facility 

Hub Diameter Dhub[mm] 1500 

Shroud Diameter Dshroud[mm] 1660 

Blade height: stator Hstator[mm] 80 

Blade height: rotor Hrotor[mm] 78 

Blade number: stator zstator[−] 44 

Blade number: rotor zrotor[−] 75 

Tip gap: rotor hrotor,tip[mm] 2 

Rotational speed (at design point) nT[1/s] 8.33 

Mass flow (at design point) ṁ[kg/s] 7 

Power of blower P[kW] 150 

Reynolds number in M00 Re00 [−] ≈ 75,000 

Axial velocity in M00 cax [m/s] 15.5 

Mach number in M00 Ma00 [−] ≈ 0.1 

MEASUREMENT TECHNIQUES 

The experimental results presented in this article were 

acquired with time-averaged measurement techniques, 

utilizing miniature five-hole probes (5HP) for 2D flow field 

traverses, Prandtl probes and wall pressure taps in different 

planes along the flow path for estimating the operating point. 

All measured pressures (relative to the ambient pressure) are 

transformed by a Scanivalve multi-channel pressure scanner 

system, consisting of a 64-channel pressure scanner module 

ZOC33/64Px, the control unit RADBASE4000 and one or 

more A/D converters RAD A/D3200 that transform the 

recorded analogue signals to digital ones. The 64 individual 

high-sensitivity low-range (70mbar, accuracy ±0.10 % of full-

scale range) pressure sensors enable simultaneous data 

acquisition of all incorporated pneumatic pressure probes. 

The casing elements at the inlet and the outlet provide 

multiple accesses for pressure probes and temperature 

measurement devices. The conditions at the stage inlet (plane 

M0) are monitored by three Prandtl probes, positioned at 

different channel heights (at midspan and at a distance of 10 

mm from the hub and the shroud respectively).  

The boundary conditions for the numerical investigations 

were acquired further upstream (plane M00), as three probe 

accesses enable radial flow field traverses. Miniature 5HP 

(head diameter of DH = 2 mm, bore diameter of DB = 0.3 mm) 

were utilized to provide radial inflow distributions of the total 

pressure pt and the velocity components (cax, ccirc, crad). 

Additional hot-wire traverses were conducted for acquiring 

the radial distribution of the turbulence intensity (TI) in the 

inflow. Furthermore, the outlet casing (plane M5) features 10 

evenly distributed wall pressure taps in circumferential 

direction, providing an averaged boundary condition of the 

static pressure ps at the domain outlet. In combination with the 

total pressure (Prandtl probes) at the turbine inlet, the 

operating point was monitored and controlled during the 

measurements.  

For this study, time-averaged 2D (in radial and 

circumferential direction) flow field traverses were carried out 

within the axial gap between rotor and stator (plane M1), also 

employing the miniature 5HP. A high spatial traverse 

resolution was achieved by 2D measurement grids of 25 radial 

and 35 circumferential positions, whereas the circumferential 

positions were evenly distributed over a range of 17 degrees 

(two stator passages) and the radial increments were refined 

close to the end walls. The 5HP is calibrated in a range of ±25° 

regarding the α angle (angle in circumferential direction) and 

a range of ±20° regarding the δ (angle in the radial direction) 

angle. Within the planes M1 and M2 the 5HP is aligned to the 

mainstream flow direction at midspan.  

NUMERICAL SETUP 

This chapter gives an overview of the numerical setup, the 

boundary conditions and the solution method used for the 

presented CFD investigations.  

Numerical Model and Boundary Conditions  

For the conducted steady and unsteady numerical 

investigations, two different numerical models were employed 

to represent both the full and the partial admission scenarios. 

In case of the full admission setup the domain was reduced to 

a three stator passages – five rotor passages model (Fig. 2, 

left), as the Time-Transformation (TT) method was applied in 

order to overcome the unequal pitch ratios. In the partial 

admission case this method is not applicable due to the 

blockage geometry (40.9 degrees), so that the full annulus had 

to be modelled (Fig. 2, right).  

 

The modelled control stage flow is extremely sensitive to 

the inflow conditions. Hence, spatially highly resolved 

measured radial distributions including the end wall regions 

(Fig. 3) of pt, cax, ccirc and cr and TI were imposed at the domain 

inlet. At the outlet, the static pressure, acquired from the 

downstream wall pressure taps was prescribed. Furthermore, 

the total temperature was set to match the ambient temperature 

Figure 2: Numerical domains used for the full admission scenario (left) 

and the partial admission scenario (right) 

Figure 3: Measured radial distributions of pt, ps and c imposed at M00 

at the design point  
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recorded during the measurements. The working medium is 

ambient air (ideal gas conditions). The simulations were 

considered converged when the maximal RMS residuals were 

below 5 ∙ 10−3. For both the full and the partial admission 

scenarios, the same boundary conditions were defined, 

resulting in an equivalent pressure drop. Thus, the flow field 

in the undisturbed area of the partial admission configuration 

is equal to the one of the full admission configuration. The 

advantage of this approach is that the undisturbed flow field 

can be considered as reference. Deviations from the reference 

situation can be clearly attributed to partial admission 

phenomena. 

Numerical Mesh and Time Step 

The meshes of the rotor domain were created using ANSYS 

TurboGrid, whereas the meshes of the stator domain were 

generated with ANSYS ICEM, in order to account the 

blockage geometry. To provide a mesh independent 

comparison between the full and partial admission case, the 

stator meshes of both cases are identical up to the beginning 

of the blockage (Fig. 4).  

 
Figure 4: Numerical mesh grid of the stator and rotor profile 

The objective of the mesh generating process was to achieve 

a similar spatial discretization in circumferential and radial 

direction near the blade-row interface, in order to provide a 

profound basis for the interpolation procedure at the interface. 

Table 2 summarizes the number of cells for full and partial 

admission configurations.  

 
Table 2: Cell count for full and partial admission configurations 

 full admission model partial admission model 

Stator 467,190 6,852,120 

Rotor 865,195 12,977,925 

Overall 1,332,385 19,830,045 

Solution method 

The calculations presented in this paper are performed using 

ANSYS CFX release 18.1. In ANSYS CFX the RANS 

equations are solved using a pressure-based, coupled, 

unstructured finite-volume algorithm [12]. The solver is 

implicit in time using a second-order backward Euler 

discretization. For convergence acceleration a coupled 

algebraic multi-grid method is used to solve the discrete 

system of flow equations. All steady and unsteady simulations 

were performed using the shear stress transport (SST) two 

equation turbulence model, developed by Menter [13]. In 

steady state simulations the interfaces between adjacent blade 

rows are treated using the mixing plane approach. In the 

unsteady simulations a transient rotor-stator interface is 

applied [14]. The simulations of the full admission 

configuration were performed using the Time Transformation 

(TT) method in order to overcome unequal pitch ratios. In the 

case of the partial admission configuration a full 360-degree 

calculation was utilized.  

The TT method is based on the time-inclination approach of 

Giles [15] which is an advancement of the Profile 

Transformation (PT) method. In the used solver it is 

implemented in a fully implicit way and is also applicable to 

multistage problems. The method overcomes unequal pitch 

ratios by inclining the time axis in order to guarantee 

periodicity in the circumferential direction. With the 

transformation of the full Navier-Stokes equations and the 

turbulence model transport equations there is no frequency 

error across the interface of adjacent blade rows as it occurs in 

the PT method. The numerical constraints of this method are 

its limitation to compressible flows within a certain range of 

pitch ratios of neighboring blade rows. For a numerically 

stable simulation the pitch ratio PS/PR has to be in a range 

dependent on the Mach number associated to the rotor 

rotational speed Maω and the Mach number associated to the 

circumferential velocity Maθ: 

 

1 −
Maω

1 − Maθ

≤
PS

Pr

≤ 1 +
Maω

Maθ

. 
(1) 

 

As in the underlying test case the Mach-numbers are very 

low and the range of acceptable pitch ratios is very small. For 

that reason it was necessary to model three stator passages and 

5 rotor passages to bring the resulting ensemble pitch ratio 

closer to unity.  

RESULTS AND DISCUSSION 

Validation 

In this section validation studies are presented for the 

simulations of the reference full admission configuration. The 

validation process is divided in two steps. First, the global 

values of the turbine facility results from the CFD simulations 

are compared with the corresponding values of the 

experiment. In the second step, the flow field in the plane M1 

is considered and a comparison of numerical and experimental 

data is carried out.  

The validation of the numerical setup presented is based 

on the comparison of the numerical results and the 

experimental data of field traverses at 3 different operating 

points. In addition to the design point (ṁ = 7 kg/s, nT =

8. 33̅̅̅̅  1/s, OP1) an operating point at a mass flow of ṁ =
6 kg/s and a rotational speed of nT = 7.5 1/s, OP2 and an 
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operating point at ṁ = 5 kg/s and rotational speed of nT =

5,83̅ 1/s, OP3) were investigated. 

Validation based of the stage characteristics 

In this section the validation of the numerical model based on 

the turbine global parameters is considered. For that, the 

averaged velocity in plane M1 and pressure drop is compared.  

Table 3 shows the numerical and experimental results of the 

area-averaged velocities and the pressure drops ∆pM00,M1 and 

∆pM1,M2. The comparison is based on the normalized pressure 

defined as followed:  

pnorm =
p

pambient
pstandard (2) 

pstandard is the pressure under standard conditions (101325 

Pa), p the pressure (static/total) measured with the five-hole 

probe and pambient the ambient pressure recorded during the 

measurement campaign. 

The results demonstrate a good agreement of the 

experimental and numerical investigations. In terms of the 

presented investigations the discrepancies between the 

numerical and experimental data are acceptable. Further 

experimental investigations at additional operating points will 

be compared with corresponding numerical results in the 

future.  
 

Table 3: Validation of the global values in plane M1  

(at full admission (FA) conditions: OP1, OP2 and OP3;  

 at partial admission (PA) conditions: OP1) 

 Experiment CFD at FA CFD at PA 

 OP1 

cM1[m s⁄ ] 60.45 63.92 52.69 

∆pM00,M1 [Pa] 2563 2447 2663 

∆pM1,M2 [Pa] 193 276 267 

 OP2 

cM1[m s⁄ ] 51.88 54.53 - 

∆pM00,M1 [Pa] 1652 1789 - 

∆pM1,M2 [Pa] 335 235 - 

 OP3 

cM1[m s⁄ ] 43.87 45.86 - 

∆pM00,M1 [Pa] 1118 1272 - 

∆pM1,M2 [Pa] 223 137 - 

Validation based on the flow field 

Beside the comparison of the turbine characteristics, the 

validation process of the numerical models also includes the 

evaluation of the flow field in the measurement plane. The 

comparison is based on the normalized total pressure defined 

by equation (2). 

Fig. 5 a-f shows the experimental and numerical results 

for three operating points.  

In Fig. 5 a-b the results for the design point at plane M1 

are given. Differences between experimental and numerical 

data can be observed. However, similar trends can be noticed 

for example in the area influenced by the stator row. The 

characteristic secondary flow areas can be observed in the 

experimental as well as in the numerical results, however 

occurring with different intensity. Influences by the end walls 

which affect the boundary layers can be recognized especially 

at the hub. The thickness of the boundary layers increases with 

reduced mass flow. Higher mass flow is associated with higher 

velocities and an increased turbulence intensity. This results 

in an increased radial component of the velocity with a thin 

boundary layer. 

Regions of low energy are caused by the stator wakes and 

are separated (fig.5a: 1). In the low energy area near the hub 

(fig.5a: 2) a good agreement of the CFD and experimental data 

can be observed.  

 

The discrepancies are more pronounced in the wake area 

near the shroud casing (fig.5a: 3). Overall a sufficient 

agreement can be seen for all investigated operating points. It 

should be mentioned that the CFD simulations are performed 

without a transition model, so further numerical investigations 

including an appropriate transition model will be carried out 

in future.  

A comparison of the results for the measurement plane 

M2 are not presented due to the incapability to capture the 

time-resolved disturbance caused by the rotor blades with 

5HP. The long tube connected with the pressure scanner cause 

a damping of the pressure fluctuations when the rotor blades 

pass the probe. Therefore, in the future campaigns hot-wire 

probes will be used to acquire time-resolved measurement 

data. Although, traverses in this plane are carried out to gain 

information of the area-averaged pressure and velocity field.  

NUMERICAL INVESTIGATION OF PARTIAL 
ADMISSION EFFECTS 

This section contains results of numerical investigations at 

partial admission conditions. As mentioned before partially 

admitted stages are characterized by highly complex flow 

phenomena. Under these conditions, locally increased 

gradients of the pressure and velocity fields occur and 

represent a challenge for the measurement technique in many 

respects.  

Based on the results of the numerical predictions obtained 

in the reference configuration, the blind simulations under 

partial admission conditions can be employed with sufficient 

Figure 5: Contour of the total pressure in the plane M1: a-b: OP1; c-d: 

OP2; e-f: OP3  
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confidence in order to gain important indications for the 

optimal planning of the measurements in the same conditions. 

The numerical setup used in the validation studies were 

adapted by applying an infinitely thin wall geometry element 

to achieve a blockage at the inlet of the domain. For the partial 

admission calculations, the same boundary conditions as for 

the total pressure and static pressure were applied. In doing so, 

the velocity field in the admitted area remains equal to the field 

obtained at full admission conditions. The CFD calculations 

were performed as transient simulations at the design point 

and inspected regarding the predicted pressure and velocity 

fields. Trends also observed in the literature [7, 8, 9, 10] show 

that the conclusions drawn on the basis of these results can be 

extrapolated to further operating points. 

Fig. 6 shows the distribution of the total pressure in a 

range of 80 degrees in plane M1.  

The flow field is characterized by local minima of the 

total pressure which indicate losses caused by different 

mechanisms. In the arc of admission, the flow pattern is 

comparable to the field at full admission conditions. Within 

this area losses are generated by the stator wakes and 

secondary flow structures (fig.6: 1). Due to the comparable 

velocity fields at full and partial admission conditions the flow 

directions remain unchanged. In addition, local extrema of the 

total pressure occur at the borders of the blockage caused by 

different expansion of the working medium within the rotor 

passages.  

 Hence, for the measurement in the admitted area the 

experimental setup used in the investigations at full admission 

conditions can be adopted. Especially, adjustments of the 

probes regarding the orientation or calibration are not 

necessary in this area.  

The sector directly downstream of the blockage is 

characterized by the perturbation of the expansion process of 

the working medium within the axial gap between stator and 

rotor row. This leads the mentioned local minima and maxima 

of the total pressure and a perturbation of the inflow angles α 

and δ resulting in pulsation of the rotor blade loading. 

Especially when the rotor passage passes the last blocked 

stator passage a maximum of the total pressure can be noticed 

(fig.6: 2). 

Furthermore, enhanced gradients of pressure and velocity 

cause additional losses due to the filling and emptying process 

as well as mixing mechanisms at the borders and pumping 

effects directly downstream of the blockage. The correct 

estimation of the inflow conditions is therefore essential when 

the rotor blade loading as well as losses shall be determined. 

The locally changed velocity components crad and ccirc cause 

additional losses and influence the rotor behavior (Fig. 7 and 

8).  

When the rotor passage enters the blocked area a pressure drop 

occurs due to the emptying process in the rotor passage. In 

circumferential direction a pressure drop is induced which is 

connected to a deceleration of the flow in circumferential 

direction ccirc (fig.7: 1). 

Within the blocked sector the working medium expands 

resulting in a decreased velocity component in meridional 

direction. Because of this, the working medium stagnates 

within the rotor passage. When the rotor passage leaves the 

blocked section the nozzle jet in the admitted area is impeded 

by the stagnant fluid and an increased maximum of the total 

pressure is observed. An acceleration of the flow in meridional 

and circumferential direction (fig.7: 2) caused by these 

pressure gradients can be observed. Furthermore, due to the 

Figure 7: Contour of the velocity component 𝒄𝒄𝒊𝒓𝒄 in the plane M1 for OP1 

Figure 8: Contour of the velocity component 𝒄𝒓𝒂𝒅 in the plane M1 for OP1 

Figure 6: Contour of the total pressure 𝒑𝒕 in the plane M1 for OP1 

Figure 9: Contour of the static entropy at midspan of the stage for OP1 
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raised pressure on the suction side the rotor blade counteracts 

the rotor wheel. 

Far from the blockage border pumping effects occur 

caused by a depletion of the working medium. This results in 

an increased velocity component crad (fig.8: 1) and thus leads 

to a large vortical structure in this area. The vorticity causes a 

flow motion from hub to shroud and vice versa. Losses 

produced by the pumping mechanism are proportional to the 

cube of blade speed [1] and will be investigated in future 

studies in more detail. An approach for estimating of the losses 

is presented by [2]. 

Figure 9 shows the contour of the static entropy at 

midspan of the stage. The flow field is characterized by a wide 

range of different losses caused by the stator/rotor wakes and 

by the blockage upstream of the stage. The stator and rotor 

wakes influence the efficiency of the turbine in the admitted 

area (fig.9: 1). In addition, secondary flows and their 

interaction affect the entropy production significantly. 

Furthermore, wakes caused by the stator row are noticeable 

downstream of the rotor but are oriented towards the 

mainstream direction of the absolute flow (fig.9: 2). However, 

flow losses which occur in the area influenced by the blockage 

are significantly more pronounced.  The mixing effects caused 

by the interaction of the low momentum flow in the non-

admitted area and the high momentum flow in the admitted 

area form the borders of this section (fig.9: 3). Within this 

sector pumping, emptying and filling processes occur and 

generate additional entropy (fig.9: 4) which does not follow 

the main flow direction perfectly (fig.9: 5). Beside the high 

entropy production in the dead space increased losses can be 

observed at the leading edge of the rotor blades and on the 

suction side of the rotor blades which can be associated to the 

filling and emptying process in the rotor passages (fig.9: 6). 

The described effects induce not only specific losses but 

also an aerodynamic pulsation on the rotor blades. For this 

reason, time-resolved measurements of the static pressure 

with Kulites mounted on the rotor blades will be carried out in 

the future.   

Comparable numerical results have been obtained by several 

researchers [7, 8, 9, 10]. Based on the good agreement of the 

observed trends with corresponding results available in the 

literature it can be argued that blind simulations capture the 

relevant effects needed for the alignment and calibration of the 

measurement technique. Due to a wide range of different flow 

angles α and δ the calibration range has to be adapted to the 

new conditions. Additionally, due to local maxima of the 

velocity the calibration range should be increased. In addition, 

the calibration of the five-hole probe for investigations in the 

regions with pumping effects is very challenging. At full 

admission conditions the five-hole probe is aligned to the 

blade’s design outlet angle (plane M1) or the absolute flow 

angle (plane M2) depending on the investigated plane. The 

flow angles were measured to this reference. Large flow 

angles α and δ make the calibration process difficult because 

of large deviation to the reference angle. Thus, in addition to 

a wide calibration range for the δ angle an alignment of the 

probe around its stem axis during the measurement will be 

carried out. To reduce the time for the alignment of the probe 

an initialization based on the numerical data is provided by the 

measurement and control tool.   

Moreover, at the borders of the blockage increasing velocity 

gradients cause additional losses by mixing of the high 

momentum and low momentum. The gradient of the velocity 

field appears in the dissipation term of the energy equation 

[16]: 

dwD

dt
=

1

ρ
τij

∂ci

∂xj

 
(3) 

Thus, for the determination of the losses a locally refinement 

of the measurement grid is required. Unnecessary global 

refinements of the grid and long measurement times can be 

thus avoided. 

CONCLUSION 

In the presented paper experimental and numerical 

investigations of a low-pressure turbine control stage are 

shown. Presented experimental studies include measurements 

at full admission conditions for different operating points. The 

experimental data were used for validation of the numerical 

models. Results of the validation studies show a good 

agreement of the numerical and experimental investigations 

for both local parameters and local distributions. Thus, the 

used parameters of the numerical model are chosen for further 

numerical investigations at partial admission conditions.  

The investigations of the partial admission effects show a 

complex flow field with different effects caused by the 

disturbed flow at the stage inlet. Specific trends typical for 

partial admission conditions can be reproduced. Additional 

experimental investigations are necessary to generate 

experimental data at partial admission conditions, which are 

indispensable to validate the numerical models with partial 

admission configuration. Furthermore, a more detailed insight 

in the flow field can be achieved with time-resolved 

measurement technique. Therefore, hot-wire probes will be 

used for traverses in further studies at full admission as well 

as partial admission conditions. Furthermore, fluctuations of 

the pressure on the rotor blades will be acquired with flush 

mounted Kulites. Finally, the PIV-method (particle image 

velocimetry) will be applied to gain information of the 

velocity field at different spanwise positions of the stage. 

Together with the transient data of the numerical studies a 

comprehensive understanding of the partial admission effects 

should be achieved. 

NOMENCLATURE  

c [m/s] velocity 

cp [−] pressure coefficient 

D [m] diameter 

H [m] blade height 

h [m] tip gap 

n [1/s] rotational speed 

p [Pa] pressure 

P [deg] pitch 

P [kW] power 

u [m/s] rotational speed 

wd [J/kg] dissipation work 
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z [−] blade number 

Ma [−] Mach number 

Maω [−] Mach number associated to uR 

MaΘ [−] Mach number associated to ccirc 

ṁ [kg/s] mass flow 

Re [−] Reynold number 

α [deg] flow angle in circumferential direction 

δ [deg] flow angle in radial direction 

ρ [kg m3⁄ ] density  

ρh [−] degree of reaction 

τij [Pa m2⁄ ]  shear stress tensor 

Subscripts 

ambient  ambient conditions 

ax  axial direction 

circ  circumferential direction 

M1-6  plane M1-6 

norm  normalized 

rad  radial direction 

R  rotor 

s  static 

S  stator 

standard  standard conditions 

t  total  

Abbreviations 

5HP  Five-hole probe 

CFD  Computational Fluid Dynamics 

OP  Operating Point 

PT  Profile Transformation 

TI  Turbulence intensity 

TT  Time Transformation 
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