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Abstract 
Over the last two decades, most developed countries have reached a consensus that greener energy 
production is necessary for the world, due to the climate changes and limited fossil fuel resources. More 
efficient turbine is desirable and can be archived by higher turbine-inlet temperature (TIT). However, it is 
difficult for nozzle guide vane (NGV), which is the first stage after combustion chamber, to withstand a 
very high temperature. Thus, cooling methods such as film cooling have to be implemented. 

Film-cooled NGV of an annular sector cascade (ASC) is studied in this thesis, for getting comprehensive 
calculation of vorticity, and analyzing applicability of existing loss models, namely Hartsel model and 
Young & Wilcock model. The flow-field calculation methods from previously published studies are 
reviewed. Literatures focusing on Hartsel model and Young & Wilcock model are studied. Measurement 
data from previously published studies are analyzed and compared with the loss models. In order to get 
experience of how measurements take place, participation of a test run experiment is involved. 

Calculation of flow vector has been evaluated and modified. Actual flow angle is introduced when 
calculating velocity components. Thus, more exact results are obtained from the new method. Calculation 
of vorticity has been evaluated and made more comprehensive. Vorticity components as well as 
magnitude of total streamwise vorticity are calculated and visualized. Vorticity is higher and more 
extensive for fully cooled case than uncooled case. Highest vorticity is found at regions near the hub, tip 
and TE. Axial and circumferential vorticities show similar patterns, while the radial vorticity is relatively 
simpler. Compressibility is introduced as a new method when calculating circumferential and radial 
vorticities, resulting more extensive and higher vorticities than results from incompressible solutions. 

Hartsel model and Young & Wilcock model have been evaluated and compared to the ASC to see the 
applicability of the models. In general, Hartsel model cannot agree with the ASC to a satisfactory level and 
thus cannot be applied. Coolant velocity is found to be the dominant factor of Hartsel model. Young & 
Wilcock model may match SS1 and SS2 cases, or even PS and SH4 cases, but cannot match TE case. The 
applicability of Young & Wilcock model is much dependent on the location of cooling rows. 
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1 Introduction 
Over the last two decades, most developed countries have reached a consensus that greener energy 
production and consumption are necessary for the world, due to the climate changes and limited fossil 
fuel resources. As a result, more sustainable energy resources and more efficient energy technologies are 
desirable. Subjects associated with gas turbine efficiency are studied in this thesis. 

1.1 Gas Turbine Technology 
Modern gas turbine was invented in the 19th century, since then it has been widely used for energy 
production, aircraft and marine propulsion, and different mechanical drives. A gas turbine consists of 
different components as shown in Figure 1-1. Cold air is taken into compressor, passing through 
stationary and rotational compressor blade rows. Compressed air is mixed with gaseous fuel and 
combusted in combustion chamber, producing hot gas that further expands through stationary and 
rotational turbine blade rows. KE is extracted through rotation of the shaft connecting the compressor 
and turbine. After considering the energy consumed by the compressor and energy loss, the rest of the 
extracted energy can be converted into useful work. 

 
Figure 1-1: Modern industrial gas turbine (Siemens, 2009) 

A higher efficiency of turbine cycle is always desirable; it can be archived by lower losses or higher TIT as 
shown in Figure 1-2. Nowadays the TIT can reach up to 2500K (Keogh, 2001), it is good that higher cycle 
efficiency can be archived. On the other hand, it is a challenge for metal parts of the turbine to withstand 
such high temperature, especially the NGV that is the first stage after the combustion chamber. In order 
to archive higher TIT and turbine cycle efficiency without melting the metal parts, cooling methods have 
to be implemented. 
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Figure 1-2: Turbine thermal efficiency against pressure ratio and turbine inlet temperature (Birch, 2000) 

1.2 Film Cooling 
In order to withstand the high temperature from the combustion chamber, both internal and external 
cooling methods such as convective cooling, impingement cooling and film cooling are usually 
implemented to NGV. Film cooling, which is an external cooling method, is focused from the point of 
view of aerodynamics in this thesis. In the application of film cooling, compressed air from a compressor 
is fed into a NGV, and is injected into the turbine flow passage through small cooling holes as shown in 
Figure 1-3, forming a film of cool air that protects the NGV surface from hot gas. Film cooling is an 
effective cooling method. However, more secondary flow is induced when the coolant jet mixes with the 
mainstream gas flow, where secondary flow phenomenon is considered as a source of aerodynamic loss. 

 
 Figure 1-3: Film cooling method (Elsayed et al., 2013)  



 
 

 

-3- 

2 Theories 

2.1 Secondary Flow 
In order to understand the interaction between mainstream gas flow and coolant jet from film cooling, 
secondary flow phenomenon has to be studied. When a fluid flow is studied, main flow and secondary 
flow are differentiated because of the different flow phenomena. From the points of view of statistical 
mechanics, the main flow represents the general properties and the resultant trend of the flow. When 
particular regions such as solid boundaries are studied, different local flow characteristics can be observed. 
So the approximation for the main flow does not hold directly for the flow in these regions and secondary 
flow has to be differentiated. 

2.1.1 Boundary Layer 

Due to the presence of viscosity of a fluid, the fluid particles near solid boundaries react with the solid 
surfaces. As a result, a no-slip condition can be observed, i.e. the velocity of the flow at a surface is zero. 
A velocity gradient is established resulting in a boundary layer between the solid surface and the main flow 
as shown in Figure 2-1. 

 
Figure 2-1: Velocity profile in a boundary layer (Bartl, 2010) 

The region, where the flow velocity changes from the main flow velocity to zero at the solid surface, is 
called boundary layer. When a flow passes through the NGV, it is subjected to boundary layers of 
different endwalls such as the solid surfaces of the hub, shroud and vanes, as shown in Figure 2-2. 
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Figure 2-2: Inlet velocity profile of a flow passage (Dixon, 1998) 

2.1.2 Endwall Crossflow 

As shown in Figure 2-2, the flow is deviated through the flow passage between two NGV. A pressure 
gradient is established between the pressure side (PS) and suction side (SS), serving as the centripetal force 
of the turning flow. However, the KE within the hub and shroud boundary layers is lower than that of the 
mainstream, so the pressure gradient and the centripetal force are not balanced. As a result, the flow with 
lower KE is deviated more than the mainstream; an endwall crossflow is induced and propagates from the 
PS of a NGV to the SS of an adjacent NGV. 

2.1.3 Horseshoe Vortex 

When a boundary layer is subjected to an obstacle such as the leading edge (LE) of the NGV, the main 
flow with higher KE is deflected downward and toward the endwall within the boundary layer, inducing a 
horseshoe (HS) vortex as shown in Figure 2-3. 

 
Figure 2-3: Formation of HS-vortex (Bartl, 2010) 

When the HS-vortex passes the LE, it splits into two counter-rotating legs that propagate along the PS 
and the SS of the NGV as shown in Figure 2-4. As the SS-leg rotates against the endwall crossflow, it has 
a smaller size and propagates near the SS, while the PS-leg has a bigger size and propagates across the flow 
passage from the PS towards the SS due to the pitch-wise pressure gradient. 
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Figure 2-4: Formation of PS-leg and SS- leg (Bartl, 2010) 

2.1.4 Passage Vortex 

As the PS-leg propagates across the flow passage, it eventually merges with the endwall crossflow to form 
passage vortex (Langston, 2001) as shown in Figure 2-5. A number of models have been developed over 
last few decades. Generally they agree on the formation of the secondary flows such as endwall crossflow, 
HS-vortex and passage vortex. However, no conclusion about the interaction between the passage vortex 
and other secondary flows, such as SS-leg, is drawn due to its complexity. In addition, most models are 
linear, which do not account for the radial pressure gradient induced by the annular geometry of a real 
turbine flow passage. 

 
Figure 2-5: Secondary flow model (Sharma & Butler, 1987) 
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2.2 Aerodynamic Loss 
Due to the existence of secondary flow phenomenon induced by viscosity, aerodynamic loss in a transonic 
flow is inevitable. Viscous boundary effect is a main source of losses (Denton, 1993), due to friction 
between fluid particles and NGV. The effect is strongest at regions of endwalls (Aunapu et al., 2000), 
where severe secondary flow mixing occurs. Another main source of losses occurs in the trailing edge 
(TE) region (Denton, 1993), where wakes can be observed. The TE-loss is affected by the base pressure, 
which is induced from the TE-geometry and boundary layers of PS and SS. When the base pressure is 
increased, the separation of the boundary layers is delayed leading to reduce in losses (Denton, 1993). 

2.2.1 Film Cooling 

As the cooling air is injected into the main flow passage, it will interact with the main flow as shown in 
Error! Reference source not found.. Due to the shear layers of the injection hole and main flow, vortices 
are induced; also the boundary layer is affected which may cause transition. As a result, mixing between 
the cooling air and the main flow becomes greater, generating more complex secondary flow. Due to the 
mixing between the main gas and coolant, the aerodynamic loss is also affected. However, there is no 
general agreement on the most appropriate calculation of cooled turbine efficiency (Young & Horlock, 
2006). 

 
Figure 2-6: Injection of coolant (Pütz, 2010) 

2.2.2 Kinetic Energy Loss 

In this thesis, the method from Dzung (1971) is adopted to calculate the KE loss coefficient due to film 
cooling mixing. In an ideal process, the gas and coolant are assumed to expand isentropically without 
mixing through the NGV, i.e. the ideal KE of downstream exit flow is equal to the sum of the ideal KE of 
upstream inlet flow and coolant undergoing isentropic expansion without mixing. In reality, losses are 
inevitable due to viscosity. The KE loss coefficient ζkin is defined as follow according to Dzung (1971): 
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Y  is mass-flux ratio, p s,3 is downstream static pressure, p tot ,3 is downstream total pressure, p tot ,2 is 
upstream total pressure, p tot , coo l is total pressure of the coolant chamber, pdrop,coo l is total pressure drop 
between the coolant chamber and the cooling holes, κ is heat capacity ratio. 

2.2.3 Hartsel Model 

Hartsel (1972) suggests a model to predict the mixing loss of a film-cooled NGV. As shown in Figure 2-7, 
the upstream gas flow with mass flow m2 mixes with the coolant with mass flow mcool to form a 
downstream mixture flow with mass flow m3. Hartsel (1972) suggests the cooled blade row efficiency is 
related to the total pressure difference between the inlet position 2 and outlet position 3, as long as the 
coolant is supplied at a constant pressure. 

 
Figure 2-7: General cooled NGV (Hartsel, 1972) 

In the process of mixing, it is assumed that the cooling loss is the result from only the mixing of gas and 
coolant. Such mixing is occurred under the assumption of constant static pressure from upstream to 
downstream (Wei, 2000). One-dimensional mixing model at a cooling hole as shown in Figure 2-8 is also 
assumed, it is a simplification of the complex cooling geometry.  
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Figure 2-8: One-dimensional coolant-gas mixing model (Hartsel, 1972) 

According to Hartsel (1972), after employing the equations of continuity, momentum and energy, the 
mixing loss is expressed as follow and a general trend against mass-flux ratio is shown in Figure 2-9: 

𝑝!"!,!"# − 𝑝!"!,!"#
𝑝!"!,!"#

= −
𝜅
2
𝑀!"#! 𝑌 1 +

𝑇!"!,!""#
𝑇!"!,!"#

− 2
𝑣!""# cos𝜓

𝑣!"#
 

p tot ,gas and p tot ,mix are upstream total pressure of the gas and downstream total pressure of the coolant-gas 
mixture respectively; κ is heat capacity ratio; Mgas is upstream Mach number of the gas; Y  is mass-flux 
ratio, Ttot, coo l  and Ttot,gas are total temperature of the coolant and the gas respectively; v cool and v gas are 
velocity of the coolant and the gas at mixing location before mixing respectively; ψ is coolant injection 
angle. 

 
Figure 2-9: Mixing loss against mass-flux ratio (Hartsel, 1972) 

2.2.4 Young And Wilcock Model 

Young & Wilcock model is based on the Hartsel mixing mechanism as shown in Figure 2-7 and Figure 
2-8, also with assumptions of constant static pressure and one-dimensional mixing. Instead of calculating 
the total pressure losses, Young & Wilcock (2002) suggests it is more important to calculate the entropy 
creation rate representing the dissipation of KE, because during the mixing process, the change in total 
pressure cannot represent the irreversible loss. According to Young & Wilcock (2002), the entropy 
creation ΔSkin representing the dissipation of KE due to coolant-gas mixing is expressed as follow and a 
general trend against mass-flux ratio is shown in Figure 2-10: 
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mcool is coolant mass flow; Ts,gas is upstream static temperature of the gas; v cool and v gas are velocity of the 
coolant and the gas at mixing location before mixing respectively; ψ is coolant injection angle. The 
equation is modified by Lim, Pullan, & Northall (2012) to obtain the KE loss coefficient as follow: 

𝜁!"# =
∆𝑆!"#

𝑚!""#𝑣!"#!

2𝑇!,!"#
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Figure 2-10: KE loss coefficient again mass-flux ratio (Young & Wilcock, 2002) 
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3 Objectives 
A number of previously published studies about the ASC in this thesis are summarized as follows: 

• Glodic (2008): Cooled and uncooled cases of NGV with higher number of vane were compared; 
an increase in losses, especially in the tip region, was found for cooled cases. 

• Gafurov (2008): Numerical simulation of a new NGV configuration was performed; the 
circumferential periodicity was found to be low, different configurations was studied for 
improvement. A NGV configuration without tailboard was found to have the best result, 
although the radial pressure gradient was affected. 

• Schäfer (2009): Another numerical simulation of ASC with a heat shield was performed; 
disturbance of the flow was found in the regions close to the hub and shroud, leading to higher 
losses and lower outlet Mach number. 

• Speer (2009): A new set of NGV was designed and tested; leakage test was performed, the 
periodicity of the downstream flow was found to be acceptable. Upstream velocity profile was 
found to be abnormal due to the turbulence grid. 

• Bartl (2010): The new uncooled NGV was tested; reduction of number of vanes was found to 
have no significant impact to mass-averaged losses. Oil flow visualization was performed, an 
inclination of the stagnation line was found due to the turbulence grid. 

• Pütz (2010): Investigation of the turbulence grid was performed; perforated plate grid was 
replaced by parallel bar grid for the problem of abnormal upstream velocity profile. Cooled NGV 
was tested, film cooling was found to strongly affect local vortices, especially at endwalls. 

• Sudharsan (2012): Comparisons of KE loss coefficient distribution and mass-averaged KE loss 
coefficient for cooled and uncooled NGV were performed. The sensitivity of the uncertainty of 
the mass-averaged loss coefficient was studied. 

• Saha et al. (2012): LE fillet was studied; no significant change in losses and flow turning was 
found, aerodynamic efficiency was found not affected by LE contouring of NGV. 

• El-Gabry et al. (2012): Interaction between hub cooling and main flow was studied; secondary 
flow was found to be affected by cooled NGV strongly. A local hotspot at the TE on the PS was 
found, where coolant air was not reached. 

• Saha et al. (2013): Comparison of losses due to PS- and SS-filming cooling was studied; the SS 
was found to affect the loss more than the PS. Secondary losses were found to be reduced by 
cooled NGV. 

• Glover (2013): Uncertainties and calculation were reviewed; improvement of area cell calculation 
was made to improve the overall accuracy of results. Uncertainty in KE loss coefficient was 
found highest at the TE and endwalls. 

• Saha et al. (2014): LE and TE cooling were studied; new coolant aerodynamic loss equation was 
suggested; LE cooling was found to feed extra momentum to low momentum secondary flow, 
while TE cooling was found to have weaker effect on secondary losses than LE cooling. 

• Saha (2014): LE contouring was studied; LE fillet was found to have no significant influence on 
the flow and secondary losses. 

This thesis focuses on the secondary flow-field and aerodynamic losses of NGV due to film cooling, main 
objectives are stated as follows: 

• To get comprehensive calculation of streamwise total vorticity and incorporate it into the existing 
MATLAB calculation routine. 

• To analyze the applicability of existing mixing loss models on the ASC in this thesis, namely 
Hartsel model and Young & Wilcock model. 
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4 Methodology 
The flow-field investigation starts from reviewing calculation methods from previously published studies; 
necessary modifications of calculation focusing on vorticity are made to the existing MATLAB routine. 

The investigation of applicability of existing loss models starts from literature studies focusing on Hartsel 
model and Young & Wilcock model; measurement data from previously published studies are analyzed 
and compared with the loss models, for evaluating if the loss models can match the ASC in this thesis. 

In order to get experience of working of the ASC and how the measurements take place, participation of a 
test run is involved in this thesis. 
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5 Experimental Setup 

5.1 Air Supply Systems 

5.1.1 Main Air Supply 

The main air supply system is shown in Figure 5-1. The air is compressed to 4bar by a screw compressor 
KL101, which is driven by a 1MW electric motor. The compressed air is cooled down to 30°C and 
supplied to the ASC with a mass flow of 4.7kg/s (Roux, 2004). The inlet valves SV3 and SV4, and bypass 
valves SV1 and SV2 are used to control the inlet mass flow. The outlet valve SV9 and the exhaust fan PF2 
can be used to adjust the outlet pressure. 

 
Figure 5-1: Main air supply system (Pütz, 2010) 

5.1.2 Cooling Air Supply 

The cooling air supply system is shown in Figure 5-2. The cooling air is compressed to 40bar from a 5m3 
vessel; the air pressure is reduced to approximately 9bar before flowing into the mass flow controllers. 
NGV-1 and NGV0 are respectively connected to a mass flow controller Bronkhorst F-206AI, while 
NGV+1 is connected to two parallel mass flow controllers Bronkhorst F-203AC. However, for this 
thesis, only NGV0 is connected while the neighboring vanes are uncooled. The accuracy of the mass flow 
controller is ±0.8% of reading plus ±0.2% of full scale (Pütz, 2010). The air is settled in settling chambers 
with a total pressure pitot tube and total temperature sensors before flowing into the NGV. 
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Figure 5-2: Cooling air supply system (Pütz, 2010) 

5.2 Annular Sector Cascade 
The air is supplied from the compressor to the settling chamber through the wind tunnel, in which a 
honeycomb screen and five mesh screens are used to reduce irregularities in the flow. The flow passes 
through the first contraction changing the shape of the wind tunnel from circular into annular. The flow 
further passes through a turbulence grid generating turbulence level of 1.5-2% (Pütz, 2010) and enters the 
second radial contraction. Then the flow passes through the NGV in the test sector and exits to exhaust 
wind tunnel as outflow. 

 
Figure 5-3: Sketch of the wind tunnel located upstream of the test section (Pütz, 2010) 
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5.2.1 Nozzle Guide Vane 

The test section of the ASC is a 36° annular cascade with three NGV and two sidewalls as shown in 
Figure 5-4. 

 
Figure 5-4: Radial section view of the test sector and the outlet volume (Pütz, 2010) 

Due to the presence of the heat shield before the NGV inlet as shown in Figure 5-5, the inlet boundary 
layer is deflected and the secondary flow is affected (Schäfer, 2009). 

 
Figure 5-5: Axial section view of the test sector (Saha et al., 2013) 



 
 

 

-15- 

There are a number of rows of film cooling hole on each NGV as shown in Figure 5-6. SS1 and SS2 are 
the configuration of SS-cooling. SH1 to SH6 are the configuration of LE-cooling or showerhead (SH) 
cooling. PS is the configuration of PS-cooling. TE is the configuration of TE-cooling.  

 
Figure 5-6: Distorted view of film cooling holes (Saha et al., 2013) 

The geometric information of the NGV and cooling rows are shown in Table 5-1 and Table 5-2. 

Table 5-1: Geometry parameter of NGV (Saha et al., 2013) 

Design Parameter Value Unit 
True chord at midspan 129.2 mm 
Axial chord at midspan 66.51 mm 
Axial chord at hub radius 62.5 mm 
Pitch-to-chord ratio at midspan (TE) 0.826 - 
Hub radius at exit 615.3 mm 
Tip-to-hub ratio at exit 1.097 - 
Aspect ratio based on TE vane height 0.463 - 
Reference midspan exit angle 16.05 ° 
Stagger angle 33.3 ° 
LE radius 13.8 mm 
TE radius 1.4 mm 
Uncovered turning angle 19 ° 
Inlet metal angle 90 ° 

 

Table 5-2: Geometry parameter of cooling rows (Saha et al., 2013) 

Row x/Cax [%] Coolant Injection Angle [°] Number of Cooling Holes 
PS1 77 142.8 23 
SH1 3.3 123.3 26 
SH2 0.89 105.4 25 
SH3 0 80.4 26 
SH4 0.77 66.9 26 
SH5 3.4 53 25 
SH6 9.1 46.33 11 
SS1 (2 rows) 19 & 23 50.9 & 59.3 24 & 23 
SS2 (2 rows) 50 & 52 42.3 & 38.9 23 & 22 
OPF (3 rows) - - 6, 4 & 9 
IPF (3 rows) - - 3, 11 & 3 
TE 100 0 (assumption) 22 (approximation) 
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5.3 Instruments 

5.3.1 Barometer 

A Solartron DPM 7885-1A Pressure Module with an accuracy of ±11.5Pa (Roux, 2004), is used to 
measure the atmospheric pressure. 

5.3.2 Temperature Sensor 

A resistive thermal device Pt100 temperature sensor, which has an accuracy of ±0.15°C at 0°C (Picotech, 
2009), is used to measure the total temperature of the flow in the stagnation chamber. The change in 
electrical resistance of the platinum wire is used to measure the temperature; the measured data is 
transferred to data acquisition and logging unit Keithley 2701 that is connected to the main computer 
HPTLC04. 

5.3.3 Pressure Scanner 

Two pressure scanner modules PSI 9116 are used for the ASC. Each module has 16 silicon piezoresistive 
pressure sensors, ranging from 6.9kPa to 310.5kPa. After re-zero, the channels have a static accuracy of 
±0.05% of full scale for PSI 9116, the atmospheric pressure is used as reference. 

5.3.4 Mass Flow Meter 

An orifice plate is used to make a static pressure drop. The mass flow is calculated with the information of 
temperature, relative humidity and the geometry of the device. 

5.3.5 Pitot Tube 

A L-shaped pitot tube is used to measure the upstream total pressure. 

5.3.6 Static Pressure Tap 

There are 139 pressure taps at the hub of the ASC; all of them are static pressure taps, except PT2131 is a 
total pressure tap. As shown in Figure 5-7, three rows of 35 pressure taps are located downstream of the 
NGV, at 136.5%, 154.9% and 173.3% of Cax-hub respectively, and one row of 34 pressure taps upstream of 
the NGV at -30.5% of Cax-hub. The nine pressure taps outlined are used to set the operating point.  

 
Figure 5-7: Hub pressure taps (Bartl, 2010) 
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5.3.7 Five-Hole Probe 

A five-hole probe with an accuracy of ±0.6° is located at 107.1% of Cax-hub, for measuring the three-
dimensional outlet flow-field. The geometry is shown in Figure 5-8; the outer stem diameter is 2.5mm, the 
pressure hole is located 40mm upstream of the stem axis. It is able to measure the yaw angle, pitch angle, 
static and total pressures of the flow. 

 
Figure 5-8: Five-hole probe (Bartl, 2010) 

5.3.8 Traverse Mechanism 

As shown in Figure 5-9, two automatic traverse units are used to control radial, circumferential and yaw 
motions of the five-hole probe. The linear traverse unit motion is transformed into circular motion of the 
probe cart, by the pin and the rails. A radial traverse unit is attached to the cart in order to adjust the radial 
and yaw position. A digital protractor is used to read the angular position. The linear traverse unit has a 
repeatability of ±0.02mm (Glover, 2013). 

 
Figure 5-9: Traverse system (Glodic, 2008) 



 
 

 

-18- 

5.4 Operating Point 
The downstream hub isentropic Mach number is used to maintain repeatability of experiments and to 
compare different experimental configurations. The downstream isentropic Mach number Miso,3 is defined 
as follow: 

𝑀!"#,! =
2

𝜅 − 1
𝑝!"!,!
𝑝!,!"#,!

!!!
!
− 1  

p s,avg ,3 is average value of the nine downstream static pressures measured by the hub pressure taps 
described in Section 5.3.6; p tot ,2 is upstream total pressure and is calculated from the total pressure in the 
settling chamber p tot ,0; κ is heat capacity ratio and assumed to be 1.4 and does not change throughout the 
ASC. 
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6 Data Processing 

6.1 MATLAB Routine 
A MATLAB routine is used to process the data collected from experiment. It consists of a main function 
and some sub-functions as shown in Figure 6-1. Detailed descriptions of different functions in the routine 
can be found in Bartl (2010) and Glover (2013). In this thesis, modifications are made to the main 
evaluation function. Calculation methods of flow vector and vorticity are reviewed and modified; details 
of the modifications are described in Section 7. 

 
Figure 6-1: Structure of the MATLAB routine (Glover, 2013) 

6.2 Mapping of Measurement Locations 
As described in Section 5.3.8, a traverse system is used to control the probe, generating a measurement 
grid shown in Figure 6-2. The measurement points spread over a circumferential pitch at every radial step. 
There are 1443 measurement points, with 37 radial steps and 39 circumferential points in each radial step. 

 
Figure 6-2: Measurement grid of the traverse system (Pütz, 2010) 
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In order to visualize the measurement data, location of the measurement grid has to be put into the 
geometrical context of the ASC. However, the measurement location data processing has never been 
clearly described. In Figure 6-3, when the linear traverse unit moves horizontally for arbitrary distance d , 
its linear motion is transformed into circular motion of the traverse cart as described in Section 5.3.8. The 
traverse cart moves along the arc of the circular sector with a fixed radius r traverse; the distance D  traveled 
by the traverse cart corresponds to the distance d  traveled by the linear traverse unit. As the probe is 
attached to the traverse cart, it also moves along a circular path passing through the circumferential points 
shown in Figure 6-2. 

The radial traverse unit is attached to the traverse cart as described in Section 5.3.8; it is responsible to 
adjust the radial distance δr  traveled by the probe as shown in Figure 6-4. The probe passes through the 
radial steps shown in Figure 6-2. As a result of the adjustment by two traverse units, the probe is brought 
to arbitrary location H corresponding to the measurement points of the measurement grid. The probe 
location H is associated with an angular position ϕprobe shown in Figure 6-3, and a radial position r probe. 

NGV0 and the hub are jointed at location O associated with the angular position ϕO. Location O is set to 
be the zero reference point for the probe angular position θprobe that is the angle difference between 
locations O and H. Once NGV0 location is determined by finding the local minimum of downstream 
total pressure, angular position ϕO of location O and hence the probe angular position θprobe can be known. 

 
Figure 6-3: Relative positions between traverse system, measurement grid and ASC 
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Figure 6-4: Geometric relation of the probe position 

As shown in Figure 6-4, due to the L-shape of the probe, there is an angle shift δθ between the angular 
position of probe θprobe at location H and that of probe head θhead at location h. Thus, the radial position 
of probe r probe is also different from that of probe head r head. There is an angle Φ between the probe axis 
and the radial plane. As a result, the probe axis L  produces its projection l  on the axial plane. The probe 
head radial position r head and the angle shift δθ are calculated from the projection l  and probe radial 
position r probe: 

𝑟!"#$% = 𝑟!!" + 𝑟!"# + 𝛿𝑟 

𝑙 = 𝐿 cosΦ 

𝑟!!"# = 𝑟!"#$%! + 𝑙! = (𝑟!!" + 𝑟!"# + 𝛿𝑟)! + (𝐿 cosΦ)! 

𝛿𝜃 = tan!!
𝑙

𝑟!"#$%
= tan!!

𝐿 cosΦ
𝑟!!" + 𝑟!"# + 𝛿𝑟

 

r hub is radius of the hub, while r gap is minimum distance between the probe and the hub as shown in 
Figure 6-4. The probe head angular position θhead is then calculated from the angle shift δθ and the probe 
angular position θprobe: 

𝜙!"#$% = sin!!
𝑑

𝑟!"#$%"&%
 

𝜃!"#$% = 𝜙!"#$% − 𝜙! = sin!!
𝑑

𝑟!"#$%"&%
− 𝜙! 

𝜃!!"# = 𝜃!"#$% − 𝛿𝜃 = sin!!
𝑑

𝑟!"#$%"&%
− 𝜙! − tan!!

𝐿 cosΦ
𝑟!!" + 𝑟!"# + 𝛿𝑟
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The traverse units start from position with d  equal to 114mm and δr  equal to 1mm, to position with d  equal 
to 294mm at the same radial step. Then the linear unit goes back to position with d  equal to 114mm, and 
the radial unit goes one radial step higher. The change in δr  between each radial step is equal to 1mm for 
1st to 10th radial step from hub, and for 28th to 37th radial step from hub; such change in δr  is equal to 
2mm for 10th to 28th radial step from hub. The process is repeated until they are at the final position with 
d  equal to 294mm and δr  equal to 55mm. 

The polar coordinates of location h are transformed into Cartesian coordinates, the x -coordinate is then 
normalized by the Cartesian x -coordinate of location P corresponding to one pitch angle s  equal to 9.47° 
from location O; the y-coordinate is subtracted by r hub and is then normalized by the difference between 
r tip and r hub: 

Cartesian coordinates of P = 𝑟!!" sin 𝑠 , 𝑟!!" cos 𝑠  

Cartesian coordinates of h = 𝑟!!"# sin 𝜃!!"# , 𝑟!!"# cos 𝜃!!"#  

Normalized coordinates of h = !!!"# !"#!!!"#
!!!" !"# !

, !!!"# !"#!!!"#!!!!"
!!"#!!!!"
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7 Results and Discussions 

7.1 Measurement Campaigns 
All measurement results involved for analysis are adopted from previously published studies, the 
measurement campaigns are shown in Table 7-1; all runs were performed at an isentropic Mach number 
Miso,3 equal to 0.89, referred to the design point; cooling was done at NGV0 only; various cooling 
configuration and values of mass-flux ratio Y  were used in different runs; the mass-flux ratio is defined as: 

𝑌 =
𝑚!""#

𝑚!"#
 

SH, PS, SS2, SS2 and TE are open for run 01, while no cooling hole is open for run 02; the cases are 
published in Saha et al. (2013). SS1, SS2 and PS are open for run 03 to run 05, run 06 to run 07, and run 
08 to run 11 respectively; the cases are published in Saha et al. (2013). SH and TE are open for run 12 to 
run 16, and run 17 to run 21 respectively; the cases are published in Saha et al. (2014). SH4 is open for run 
22 to run 27; the cases are published in Saha et al. (2014). For experiencing how the measurements take 
place, participation of run 23 is involved in this thesis.  

Table 7-1: Measurement campaigns from previous published studies 

Run Cooling Configuration Y  [%] 
01 Fully cooled 4.98% 
02 Uncooled 0 
03 SS1 open 1.79% 
04 SS1 open 1.00% 
05 SS1 open 0.57% 
06 SS2 open 2.44% 
07 SS2 open 0.78% 
08 PS open 0.88% 
09 PS open 0.52% 
10 PS open 0.34% 
11 PS open 0.28% 
12 SH open 2.28% 
13 SH open 2.05% 
14 SH open 1.82% 
15 SH open 1.60% 
16 SH open 1.36% 
17 TE open 1.46% 
18 TE open 1.30% 
19 TE open 1.15% 
20 TE open 0.98% 
21 TE open 0.81% 
22 SH4 open 0.65% 
23 SH4 open 0.57% 
24 SH4 open 0.49% 
25 SH4 open 0.40% 
26 SH4 open 0.32% 
27 SH4 open 0.23% 
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7.2 Flow-Field 

7.2.1 Yaw and Pitch Angles 

In order to calculate the direction of the flow, a five-hole probe is taken as the reference shown in Figure 
7-1. When the flow comes across the axis of the probe, the yaw angle α and pitch angle β are made. 

 
Figure 7-1: Yaw and pitch angles defined by five-hole probe 

Due to the L-shape of the probe, the pitch angle βacq measured is the angle between the flow and the axis 
of probe head. However, the actual pitch angle β should be the angle between the flow and the tangential 
line of circle with radius r head intersecting the location of probe head. The correction of pitch angle is 
shown geometrically in Figure 7-2, the setup and parameters involved are the same as described in Section 
6.2. According to Glodic (2008), the actual pitch angle is expressed as: 

𝛽 = 𝛽!"# − 𝛿𝜃 = 𝛽!"# − tan!!
𝐿 cosΦ

𝑟!!" + 𝑟!"# + 𝛿𝑟
 

 
Figure 7-2: Correction of pitch angle 
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7.2.2 Flow Vectors 

In order to investigate the flow field, the components of flow velocity v  have to be calculated. The probe 
coordinate system is shown in Figure 7-3; x -, y- and z-components represent the axial, circumferential and 
radial directions respectively. With consideration of the correction of pitch angle, the flow angle γ is 
related to the yaw angle α and the actual pitch angle β. 

 
Figure 7-3: Geometric relations between the flow and probe 

The flow velocity v  can be calculated from the Mach number M  and the speed of sound a  as follow: 

𝑣 = 𝑀𝑎 

In previously published studies, axial, circumferential and radial velocities vx, v y and vz are calculated from 
only yaw angle α and the actual pitch angle β as follows: 

𝑣! = 𝑣 cos𝛼
𝑣! = 𝑣 sin 𝛼
𝑣! = 𝑣 sin𝛽
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The problem of this calculation is that the yaw and pitch angles are not sufficient to relate the velocity 
components vx, v y and vz to the actual flow velocity v . Instead, only projections of the actual flow velocity 
on x -y  and x -z  planes, vxy and vxz respectively, are related. Thus, the actual flow angle γ is introduced and 
the calculation is modified as follows: 

𝑣! = 𝑣 cos 𝛾 cos𝛼
𝑣! = 𝑣 cos 𝛾 sin 𝛼
𝑣! = 𝑣 sin 𝛾

 

By solving the equations of vz, the flow angle γ can be solved: 

𝑣! =
𝑣 sin 𝛾

𝑣! tan𝛽 = 𝑣 cos 𝛾 cos𝛼 tan𝛽 

𝛾 = tan!! cos𝛼 tan𝛽  

 
Figure 7-4: Flow vector from modified calculation 

 
Figure 7-5: Flow vector from previous studies 
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The flow vector from the modified calculation and previous studies are shown in Figure 7-4 and Figure 
7-5 respectively. The figures look the same because the numerical difference of both calculation results is 
very small. It is shown that the calculation used in previous studies is accurate enough, while the 
modification in this thesis is more exact. The modified calculation is used for all following sections. 

7.3 Vorticity 
In fluid mechanics, vorticity is an imaginary vector that represents the spinning of a fluid around a local 
point, as a result of the relative motions between the fluid particles when they move along the flow. 
Vorticity 𝜔 is defined as the curl of the velocity vector 𝑣 shown in Figure 7-3: 

𝜔 = ∇  ×  𝑣 =
𝜕𝑣!
𝜕𝑦

−
𝜕𝑣!
𝜕𝑧

𝚤 +
𝜕𝑣!
𝜕𝑧

−
𝜕𝑣!
𝜕𝑥

𝚥 +
𝜕𝑣!
𝜕𝑥

−
𝜕𝑣!
𝜕𝑦

𝑘 

As the x -, y- and z-components represent the axial, circumferential and radial directions respectively; the 
corresponding components of the vorticity are expressed as followings: 

𝜔! =
𝜕𝑣!
𝜕𝑦

−
𝜕𝑣!
𝜕𝑧

𝜔! =
𝜕𝑣!
𝜕𝑧 −

𝜕𝑣!
𝜕𝑥

𝜔! =
𝜕𝑣!
𝜕𝑥 −

𝜕𝑣!
𝜕𝑦

 

As shown in Figure 7-6, ωx, ωy and ωz represent the vorticities occurred on y-z , x -z  and x -y  planes 
respectively; positive and negative values represent the anti-clockwise and clockwise vorticities on 
corresponding Cartesian planes respectively. 

 
Figure 7-6: Clockwise and anti-clockwise vorticities on three Cartesian planes 
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7.3.1 Axial Vorticity 

The continuous differential for calculating the axial vorticity is approximated by the gradient function in 
the MATLAB routine; such approximation can reach a very high accuracy with a dense measurement grid. 
As shown in Figure 6-2, the measurement points are not so dense in regions far away from the tip, hub 
and TE. Nevertheless, these regions are subjected to less secondary flow effect; the approximation by the 
gradient function can still reach an acceptable degree of accuracy. 

Positive axial vorticity means the rate of change of radial velocity along y-direction is greater than that of 
circumferential velocity along z-direction. Referring to the y-z  plane in Figure 7-6 that is the measurement 
plane, positive and negative values represent anti-clockwise and clockwise rotating vortices respectively. 
The axial vorticities of run 01 (fully cooled) and run 02 (uncooled) are shown in Figure 7-7 and Figure 7-8 
respectively; the upper and lower plots on the right correspond to close look on the tip and hub region 
respectively. As the probe is traversed at 107.1% of Cax,hub, there is a positive phase shift between the 
wake and the TE marked with the line in the middle. 

 
Figure 7-7: Axial vorticity of run 01 (fully cooled) 

 
Figure 7-8: Axial vorticity of run 02 (uncooled) 
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Both vorticity distributions show some similar characteristics; higher vorticity also occurs in the regions 
near the tip, hub and TE. When the anti-clockwise rotating PS-leg of HS-vortex from NGV+1 propagates 
to the SS of NGV0, it is mixed with the endwall crossflow to form the passage vortex A. The clockwise 
rotating SS-leg of HS-vortex of NGV0 D is pushed upwards by the passage vortex, where they may 
interact with each other. The TE shed vortex E occurs along the TE, it is due to the shear layer formed in 
the wake. The counter-rotating vortices B and C are possibly induced by the passage vortex, the SS-leg of 
HS-vortex and the TE shed vortex. 

When comparing both vorticity distributions, it is noted that the TE shed vortex is wider and more 
discrete for the fully cooled case, implying more complex secondary flow phenomenon occurs within the 
wake of the TE. Near the hub region, the vortices are slightly more extensive for the fully cooled case. 
Near the tip region, there is an obvious increase in vortices for the fully cooled case, especially the anti-
clockwise rotating vortex left to the TE. However, for regions far away from the tip, hub and TE, the 
vortices become less discrete for the fully cooled case, more stable flow is possibly present. 

7.3.2 Circumferential and Radial Vorticities 

In this thesis, there is only one y-z  measurement plane in Figure 6-2. As a result, the circumferential and 
radial vorticities cannot be calculated directly from the measurement data described in Section 7.3. x -y  and 
x -z  measurement planes are needed for solving the problem. Nevertheless, suggestion from Gregory-
Smith et al. (1988) is adopted in previously published studies; the circumferential and radial vorticities are 
estimated by the incompressible Helmholtz equation: 

  𝑣  ×  𝜔 =   
1
𝜌!
∇𝑝!"! 

𝑣!𝜔! − 𝑣!𝜔! 𝚥 =
1
𝜌!
𝜕𝑝!"!
𝜕𝑦

𝚥

𝑣!𝜔! − 𝑣!𝜔! 𝑘 =
1
𝜌!
𝜕𝑝!"!
𝜕𝑧

𝑘
 

𝜔! =
1
𝑣!

𝑣!𝜔! +
1
𝜌!
𝜕𝑝!"!
𝜕𝑧

𝜔! =
1
𝑣!

𝑣!𝜔! −
1
𝜌!
𝜕𝑝!"!
𝜕𝑦

 

The differentials are also approximated by the gradient function in the MATLAB routine as described in 
Section 7.3.1. Positive circumferential vorticity means the rate of change of axial velocity along z-direction 
is greater than that of radial velocity along x -direction. Referring to the x -z  plane in Figure 7-6, positive 
and negative values represent anti-clockwise and clockwise rotating vorticities respectively. 

The circumferential vorticities of run 01 (fully cooled) and run 02 (uncooled) are shown in Figure 7-9 and 
Figure 7-10 respectively. The vorticity distribution shows some similar characteristics to the axial one; 
higher vorticity also occurs in the regions near the tip, hub and TE. Near the hub region, the vortex 
pattern is very similar to those shown in Figure 7-7 and Figure 7-8. Thus, it is possible that the vortices are 
the passage vortex, SS-leg of HS-vortex, counter-rotating vortices and TE shed vortex described in 
Section 7.3.1. However, the circumferential TE shed vortex is much more discrete with presence of 
counter-rotating vortices along the TE, implying more complex secondary flow phenomenon. 

When comparing the fully cooled and uncooled cases, it is noted that near the hub region, the vorticity is 
slightly more extensive for the fully cooled case. Near the tip and TE regions, there is an obvious increase 
in vortices for the fully cooled case. 
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Figure 7-9: Incompressible circumferential vorticity of run 01 (fully cooled) 

 
Figure 7-10: Incompressible circumferential vorticity of run 02 (uncooled) 

For radial vorticity, positive one means the rate of change of circumferential velocity along x -direction is 
greater than that of axial velocity along y-direction. Referring to the x -y  plane in Figure 7-6, positive and 
negative values represent anti-clockwise and clockwise rotating vorticities respectively. The radial 
vorticities of run 01 (fully cooled) and run 02 (uncooled) are shown in Figure 7-11 and Figure 7-12 
respectively. High vorticity is only found along the TE for both fully cooled and uncooled cases, it is 
highly possibly the TE shed vortex. The TE shed vortex is very continuous and uniform, implying a 
relatively steady secondary flow phenomenon. The TE shed vortex is found to be slightly more extensive 
for the fully cooled case. 
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Figure 7-11: Incompressible radial vorticity of run 01 (fully cooled) 

 
Figure 7-12: Incompressible radial vorticity of run 02 (uncooled) 

The calculation of the circumferential and radial vorticities as shown above is based on the assumption of 
incompressible flow. However, a flow is considered compressible when it approaches a Mach number of 
0.3 (Anderson, 2003). As the flow studied in this thesis is transonic, compressibility has to be considered. 
As a result, the calculation from previous studies is modified; the compressible Euler equation found in 
Meiron et al. (2000) is adopted as follows: 

𝜔  ×  𝑣 = −∇
1
2
𝑣! −   

1
𝜌!
∇𝑝!"! 
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2
𝜕𝑣!

𝜕𝑦
−
1
𝜌!
𝜕𝑝!"!
𝜕𝑦

𝚥

𝜔!𝑣! − 𝜔!𝑣! 𝑘 = −
1
2
𝜕𝑣!

𝜕𝑧 −
1
𝜌!
𝜕𝑝!"!
𝜕𝑧 𝑘
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𝜔! =
1
𝑣!

𝜔!𝑣! −
1
2
𝜕𝑣!

𝜕𝑦
−
1
𝜌!
𝜕𝑝!"!
𝜕𝑦

𝜔! =
1
𝑣!

𝜔!𝑣! +
1
2
𝜕𝑣!

𝜕𝑧 +
1
𝜌!
𝜕𝑝!"!
𝜕𝑧

 

The circumferential and radial vorticities of run 01 (fully cooled) solved from the compressible Euler 
equation are shown in Figure 7-13 and Figure 7-14 respectively. When comparing the circumferential 
vorticities shown in Figure 7-9 and Figure 7-13, higher vorticity also occurs in the regions near the tip, 
hub and TE. Near the TE region, the TE shed vortex is wider for the compressible solution. Near the hub 
and tip regions, the vorticity is more extensive and higher, spreading along the endwall for the 
compressible solution, especially for the tip endwall. 

 
Figure 7-13: Compressible circumferential vorticity of run 01 (fully cooled) 

When comparing the radial vorticities shown in Figure 7-11 and Figure 7-14, higher vorticity also occurs 
only along the TE. The TE shed vortex is higher and wider for the compressible solution, especially for 
the region left to the TE. For regions far away from the hub, tip and TE, higher vorticity is also found for 
the compressible solution. 

 
Figure 7-14: Compressible radial vorticity of run 01 (fully cooled) 
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7.3.3 Total Streamwise Vorticity 

According to Treiber et al. (2002), the magnitude of the streamwise total vorticity is expressed as follow: 

𝜔 = 𝜔! cos𝛼 + 𝜔! sin 𝛼
! + 𝜔! cos𝛽 + 𝜔! sin𝛽 ! 

For the ASC in this thesis, the magnitude is normalized by chord length C  of the NGV and downstream 
velocity v3 calculated from the downstream Mach number Miso,3 and speed of sound a  as follow: 

𝜔! = 𝜔
𝐶
𝑣!
= 𝜔

𝐶
𝑀!"#,!𝑎

 

The normalized magnitudes of run 01 (fully cooled) and run 02 (uncooled) are shown in Figure 7-15 and 
Figure 7-16 respectively; both fully and uncooled cases show higher vorticity at the hub, tip and TE 
regions. Near TE region, the magnitude distribution is more extensive and discrete for the fully cooled 
case, implying more unstable secondary flow phenomenon. Near the hub and tip regions, the distribution 
is more extensive for the fully cooled case, especially the tip region left to the TE. For regions away from 
the hub, tip and TE, the distribution is less discrete for the cooled case; more stable flow may be present. 

 
Figure 7-15: Normalized magnitude of total streamwise vorticity of run 01 (fully cooled) 

 
Figure 7-16: Normalized magnitude of total streamwise vorticity of run 02 (uncooled) 
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7.4 Kinetic Energy Loss Co-Relations 

7.4.1 Kinetic Energy Loss 

As described in Section 0, the KE loss coefficient ζkin is defined as follows: 

𝜁!"# = 1 −
1 + 𝑌 1 −

𝑝!,!
𝑝!"!,!

!!!
!

1 −
𝑝!,!
𝑝!"!,!

!!!
!
+ 𝑌 1 −

𝑝!,!
𝑝!"!,!""# − 𝑝!"#$,!""#

!!!
!

 

For the uncooled case which Y  is zero, the KE loss coefficient is reduced to the primary KE loss 
coefficient ζkin,pr as follow: 

𝜁!"#,!" =

𝑝!,!
𝑝!"!,!

!!!
!
−

𝑝!,!
𝑝!"!,!

!!!
!

1 −
𝑝!,!
𝑝!"!,!

!!!
!

 

The KE loss coefficient of the ASC in this thesis is normalized by the primary KE loss coefficient of a 
reference case. Distributions of the normalized coefficient of run 01 (fully cooled) and run 02 (uncooled) 
are shown in Figure 7-17 and Figure 7-18. The coefficient is relatively low in general except at the 
endwalls near the TE and the wake region of TE. 

 

Figure 7-17: Normalized KE loss coefficient distribution of run 01 (fully cooled) 
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Figure 7-18: Normalized KE loss coefficient distribution of run 02 (uncooled) 

7.4.2 Applicability of Loss Models 

As film cooling is applied with injecting the coolant flow into the mainstream gas flow, two flows with 
different sizes in velocity, momentum and KE join at the cooling holes. The exact mechanism of the 
mixing is unknown; parameters affecting the kinematics are used to investigate the KE loss co-relations. 
The mixing process of the coolant and gas is illustrated in Figure 7-19; mcool, mgas and mmix are the mass 
flow rate of the coolant, gas, and coolant-gas mixture of coolant and gas respectively; the coolant, gas and 
coolant-gas mixture process velocities v cool, v gas and vmix; ψ is the coolant injection angle. All parameters 
are associated with the corresponding mixing locations. 

 
Figure 7-19: Mixing of the coolant and gas at cooling holes 
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Different mixing locations correspond to different cases; there are different runs for each case as shown in 
Table 7-1. For fully cooled and uncooled cases, the velocities of gas are taken as an average of those of 
cases SH, SS1, SS2, PS and TE, while the velocities of the gas for case SH are taken as an average of those 
of at SH1 to SH6. For case TE, the injection angle is assumed to be zero because the coolant flow is 
assumed parallel to the gas flow when being injected at the cooling holes. For case SS1, the location of 
two cooling rows and the injection angles are close to each other, the average angle value is taken. For 
case SS2, the average angle value is taken due to the same reason because SS2 also consists of two cooling 
rows close to each other. Due to a large geometric variation for different locations, there is no appropriate 
way to determine the coolant injection angles of fully cooled, uncooled and SH cases. Calculations of key 
parameters such as coolant and gas velocities used in following sections are described as follows: 

Load measurements of the baseline case are performed along the SS and PS of the NGV in previously 
published studies; static temperature Ts,gas and static pressure p s,gas of the gas along the chord length of the 
NGV are shown in Figure 7-20 and Figure 7-21 respectively. As the main gas is supplied to the NGV in 
the same way for different test runs and cooling configurations, the gas properties from the load 
measurements can be adopted for all cases. 

 
Figure 7-20: Static Temperature distribution of gas at different locations of NGV 

 
Figure 7-21: Static pressure distribution of gas at different locations of NGV 
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The speed of sound at the gas condition a gas, Mach number Mgas, velocity v gas and static density ρs ,gas of 
the gas are calculated from the load measurement results: 

𝑎!"# = 𝜅𝑅𝑇!,!"# 

𝑀!"# =
2

𝜅 − 1
𝑝!"!,!
𝑝!,!"#

!!!
!
− 1  

𝑣!"# = 𝑀!"#𝑎!"# =
2𝜅𝑅𝑇!,!"#
𝜅− 1

𝑝𝑡𝑜𝑡,2
𝑝𝑠,𝑔𝑎𝑠

𝜅−1
𝜅
− 1  

𝜌!,!"# =
𝑝!,!"#
𝑅𝑇!,!"#

 

The upstream total pressure p tot ,2 is determined from the load measurement; the specific heat capacity 
ratio κ and gas constant R  are assumed to be constant equal to 1.4 and 287J/kg/K respectively. 

The coolant mass flow mcool is measured directly, it can be related to the velocity v cool and static density 
ρs , coo l of coolant, and the total area A  of cooling holes measured from the NGV geometry: 

𝑚!""# = 𝐴𝑣!""#𝜌!,!""# 

𝑎!""# = 𝜅𝑅𝑇!,!""# 

𝑣!""# = 𝑀!""#𝑎!""# = 𝑀!""# 𝜅𝑅𝑇!,!""# 

𝜌!,!""# =
𝑝!,!""#
𝑅𝑇!,!""#

 

The gas constant R  and the heat capacity ratio κ are assumed to be constant equal to 287J/kg/K and 1.4 
respectively. By substituting v cool and ρs , coo l into m cool: 

𝑚!""# = 𝐴𝑀!""# 𝜅𝑅𝑇!,!""#
𝑝!,!""#
𝑅𝑇!,!""#

 

𝑝!,!""# = 𝑝!"!,!""#
𝑇!,!""#
𝑇!"!,!""#

!
!!!

 

The total pressure p tot ,gas of coolant is measured directly; the total temperature Ttot, coo l of coolant is 
assumed to be same as that of gas measured directly. By substituting p s,coo l into m cool: 

𝑚!""# = 𝐴𝑀!""# 𝜅𝑅𝑇!,!""#
𝑝!"!,!""#
𝑅𝑇!,!""#

𝑇!,!""#
𝑇!"!,!""#

!
!!!

 

By collecting terms: 

𝑚!""# = 𝐴𝑀!""#𝑝!"!,!""#
𝜅

𝑅𝑇!,!""#
𝑇!,!""#
𝑇!"!,!""#

!
!!!
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= 𝐴𝑀!""#𝑝!"!,!""#
𝜅

𝑅𝑇!,!""#
𝑇!"!,!""#
𝑇!"!,!""#

𝑇!,!""#
𝑇!"!,!""#

!
!!!

 

= 𝐴𝑀!""#𝑝!"!,!""#
𝜅

𝑅𝑇!"!,!""#
𝑇!,!""#
𝑇!"!,!""#

!!!
! !!!

 

𝑇!,!""#
𝑇!"!,!""#

=
1

1 + 𝜅 − 12 𝑀!""#
!

 

By substituting 
!!,!""#
!!"!,!""#

 into m cool: 

𝑚!""# =
𝜅

𝑅𝑇!"!,!""#
𝐴𝑀!""#𝑝!"!,!"!"

1 + 𝜅 − 12 𝑀!""#
!

!!!
! !!!

 

𝑚!""#

𝐴𝑝!"!,!""#
𝑅𝑇!"!,!""#

𝜅
1 +

𝜅 − 1
2

𝑀!""#
!

!!!
! !!!

−𝑀!""# = 0 

By solving the equation, Mach number Mcool of coolant is calculated; the static temperature Ts,coo l, static 
pressure p s,coo l, static density ρs , coo l of coolant, speed of sound at coolant condition a cool, and velocity of 
coolant v cool can then be calculated. It is noted that for run 17 (PS with Y=0.88%) and run 24 (SS2 with 
Y=2.44%), no real solution of the coolant Mach number Mcool can be solved, implying the equation 
cannot fully describe the flow channel profile, approximation values are taken for these two runs: 

𝑇!,!""# =
𝑇!"!,!""#

1 + 𝜅 − 12 𝑀!""#
!

 

𝑝!,!""# =
𝑝!"!,!""#

1 + 𝜅 − 12 𝑀!""#
!

!
!!!

 

𝜌!,!""# =
𝑝!,!""#
𝑅𝑇!,!""#

=
𝑝!"!,!""#

𝑅𝑇!"!,!""# 1 + 𝜅 − 12 𝑀!""#
!

!
!!!

 

𝑎!""# = 𝜅𝑅𝑇!,!""# =
𝜅𝑅𝑇!"!,!""#

1 + 𝜅 − 12 𝑀!""#
!

 

𝑣!""# = 𝑀!""#𝑎!""# = 𝑀!""#
𝜅𝑅𝑇!"!,!""#

1 + 𝜅 − 12 𝑀!""#
!

 

7.4.3 Hartsel Model 

Due to the wide use of the Hartsel model by many turbine designers, it is compared with the ASC in this 
thesis. As described in Section 2.2.3, the mixing loss from Hartsel model is expressed as follow: 

𝑝!"!,!"# − 𝑝!"!,!"#
𝑝!"!,!"#

= −
𝜅
2
𝑀!"#! 𝑌 1 +

𝑇!"!,!""#
𝑇!"!,!"#

− 2
𝑣!""# cos𝜓

𝑣!"#
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As the total temperature of the coolant and that of the gas are assumed to be the same, the loss in the 
total pressure is reduced to follow: 

𝑝!"!,!"# − 𝑝!"!,!"#
𝑝!"!,!"#

= −𝜅𝑀!"#! 𝑌 1 −
𝑣!""# cos𝜓

𝑣!"#
 

The parameters are obtained from the calculations described in Section 7.4. For comparing the Hartsel 
model with the ASC of this thesis, the parameters associated with the ASC are plugged into the equation; 
the total pressure loss coefficient according to Hartsel prediction is obtained. The result is compared with 
the actual total pressure loss coefficient directly calculated from the measurement data of the ASC. The 
results obtained from both methods are normalized by the actual total pressure loss coefficient of the ASC 
of run 02 (uncooled) that is taken as a reference case. Absolute value is taken for all results. The total 
pressure loss coefficients from Hartsel model and ASC measurement are plotted together against the 
mass-flux ratio Y  in Figure 7-22. Solid line represents the result from the ASC, while dashed line 
represents that from Hartsel model. A separate plot is made for Hartsel model for clearer observe of the 
trend, as shown in Figure 7-23. 

The results from the ASC and Hartsel model show very different trend; the trend of ASC shows a 
fluctuating trend, while the trend from Hartsel model is very insensitive to the change of the mass-flux 
ratio. In the Hartsel equation, for test runs with the same cooling holes open, the Mach number Mgas, 
velocity v gas of the gas and coolant injection angle ψ are constant, while the variables are the mass-flux 
ratio Y  and the coolant velocity v cool. So when the result from the equation is plotted against mass-flux 
ratio, coolant velocity is the dominant factor affecting the trend.  

Thus, the change in coolant velocity, according to the change in mass-flux ratio for different runs, is 
analyzed. For SS1 case, the coolant velocity increases by 136% only when the mass-flux ratio increases by 
213%. For SS2 case, the coolant velocity increases by 70% only when the mass-flux ratio increases by 
213%. For PS case, the coolant velocity increases by 143% only when the mass-flux ratio increases by 
214%. For TE case, the coolant velocity increases by 28% only when the mass-flux ratio increases by 80%. 
For SH4 case, the coolant velocity increases by 191% when the mass-flux ratio increases by 183%. 

Except SH4 case, all other cases show that the coolant velocity is very insensitive to the change in mass-
flux ratio, resulting in insensitive trend shown in Figure 7-22. For SH4 case, the coolant velocity is 
sensitive enough to the change in mass-flux ratio. However, the Mach number of gas is much lower than 
all other cases because the low velocity at LE region. As in the Hartsel equation, the coolant velocity has 
to be multiplied by such very small value of Mach number of gas indirectly; the effect of increase in 
coolant velocity is greatly reduced, resulting in insensitive trend shown in Figure 7-22. 

It is shown that Hartsel prediction for TE case is closest to the ASC among all cases. However, it does not 
show the fluctuating trend of the ASC. Instead, linearly increasing trend is shown. In general, Hartsel 
model cannot agree with the ASC to a satisfactory level and thus cannot be applied. A possible reason is 
that Hartsel model deals with a linear cascade, the radial pressure gradient occurred in the ASC is not 
considered. Also, the coolant and gas flows are assumed to mix with each other completely under 
constant static pressure, the assumption could be reasonable for subsonic flow studied in Hartsel model. 
But for the transonic flow in the ASC, the velocity of the gas is very high and the mixing can be so 
discrete and complex. In addition to the one-dimensional mixing model used in Hartsel model, the 
complex geometry of the ASC is greatly simplified. In reality, the exact location of the mixing process is 
unknown. Thus, the mixing mechanism described by Hartsel model can be so different from the ASC. 
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Figure 7-22: Total pressure loss coefficients from Hartsel model and ASC against mass-flux ratio 

 
Figure 7-23: Total pressure loss coefficient from Hartsel model against mass-flux ratio 
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7.4.4 Young And Wilcock Model 

As described in Section 2.2.4, Young & Wilcock model is based on Hartsel model. Instead of calculating 
the total pressure losses, Young & Wilcock (2002) suggests it is more important to calculate the entropy 
creation rates representing the dissipation of KE. The entropy creation ΔSkin representing the dissipation 
of KE according to Young & Wilcock (2002) is: 

∆𝑆!"# = 𝑚!""#
𝑣!"# − 𝑣!""# cos𝜓

!

2𝑇!,!"#
+

𝑣!""# sin𝜓 !

2𝑇!,!"#
 

Lim et al. (2012) further modifies the equation to obtain the KE loss coefficient ζkin of Young & Wilcock 
model as follow: 

𝜁!"# = 1 −
𝑣!""# cos𝜓

𝑣!"#

!

+
𝑣!""# sin𝜓

𝑣!"#

!

 

For comparing the Young & Wilcock model with the ASC, the parameters associated with the ASC are 
plugged into the equation, for getting the KE loss coefficient from Young & Wilcock prediction. The 
result is compared with the actual KE loss coefficient calculated from the measurement data of the ASC. 
The results obtained from both methods are normalized by the actual KE loss coefficient of the ASC of 
run 02 (uncooled) taken as a reference case. The KE loss coefficients from Young & Wilcock model and 
ASC measurement are plotted together against the mass-flux ratio Y  in Figure 7-24. Solid line represents 
the result from the ASC, while dashed line represents that from Young & Wilcock model. 

The results from the ASC and Young & Wilcock show similar trend in general; for SS1, SS2, PS and SH4 
cases, both results show linearly increasing trend with increase in mass-flux ratio. For SS1 and SS2 cases, 
the Young & Wilcock prediction agrees with the trend of the ASC. For PS case, although the Young & 
Wilcock prediction also has the increasing trend of the ASC, it shows different sensitivity to the change of 
mass-flux ratio. For SH4 case, the Young & Wilcock loss is unreasonably higher than that of the ASC. For 
TE case, an opposite trend is present for the Young & Wilcock model, the loss coefficient decreases when 
the mass-flux ratio increases. 
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Figure 7-24: KE loss coefficients from Young & Wilcock model and ASC against mass-flux ratio 
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In the Young & Wilcock KE loss coefficient equation suggested by Lim et al. (2012), the KE loss 
coefficient is mainly affected by velocity ratio that is basically blowing ratio B  as shown as follow: 

𝐵 =
𝜌!,!""#𝑣!""#
𝜌!,!"#𝑣!"#

≈
𝑣!""#
𝑣!"#

 

ρs , coo l  and ρs ,gas  are static density of the coolant and the gas respectively, while v cool and v gas are velocity of  
the coolant and the gas respectively. As the static densities of the coolant and gas are close to each other, 
the blowing ratio is mainly related to the velocity ratio only. The coolant velocity does not differ much for 
all cooling rows, while the gas velocity at LE is very low compared with other regions. As a result, the 
blowing ratio at LE, and thus for SH4 case, is relatively very high. This can explain the much higher loss 
from Young & Wilcock prediction for SH4 case. For analyzing the opposite trend of TE case, the Young 
& Wilcock equation modified by Lim et al. (2012) is rearranged as follow: 

𝜁!"# = 1 −
𝑣!""# cos𝜓

𝑣!"#

!

+
𝑣!""! sin𝜓

𝑣!"#

!

 

Replacing the velocity ratio 
!!""#
!!"#

 by the blowing ratio B : 

𝜁!"# = 1 − 𝐵 cos𝜓 ! + 𝐵 sin𝜓 ! = 1 − 2𝐵 cos𝜓 + 𝐵! cos! 𝜓 + 𝐵! sin! 𝜓 

By collecting terms: 

𝜁!"# = 𝐵! − 2𝐵 cos𝜓 + 1 

As the coolant injection ψ is taken as zero for TE case: 

𝜁!"#,!" = 𝐵! − 2𝐵 + 1 

As a result, for TE case, the Young & Wilcock KE loss coefficient equation is reduced to a simple 
quadratic equation dominated by the blowing ratio; the quadratic equation is plotted against the blowing 
ratio in Figure 7-25. The blowing ratios of different runs of TE case vary from 0.4 to 0.6 which fall on the 
decreasing solutions of the quadratic equation. This may explain the decreasing trend of the KE loss 
coefficient for TE case. 

 
Figure 7-25: KE Loss Coefficient of TE case from Young & Wilcock model against blowing ratio 
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Young & Wilcock model may match SS1 and SS2 cases, or even PS and SH4 cases. The varying sensitivity 
implies that the applicability of Young & Wilcock model is much dependent on the location of cooling 
rows. Also, the model is dependent on if the blowing ratio fall on the increasing or decreasing solutions of 
the quadratic equation as described from above. For TE case, the opposite trend implies that Young & 
Wilcock model cannot be applied to the case. The Young & Wilcock model is based on the assumptions 
of the Hartsel model; linear cascade and one-dimensional mixing model are employed. So the radial 
pressure gradient occurred in the ASC is not considered. Also, the complex geometry of the ASC is greatly 
simplified. In reality, the exact location of the mixing process is unknown. This may explain the large 
diversity of sensitivity between different cooling configurations. 
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8 Conclusions 
In this thesis, the calculation of flow vector has been evaluated and hence the vorticity components as well 
as the magnitude of total streamwise vorticity are calculated. Also, Hartsel model and Young & Wilcock 
model have been evaluated and compared with the ASC to see the applicability of the models. The results 
and conclusions are summarized as follows: 

• The calculation of flow vector has been evaluated and modified. When calculating the axial, 
circumferential and radial velocities from the total flow velocity, the actual flow angle is 
introduced and related to yaw and pitch angles in the new method. Thus, velocity components 
can be calculated from the actual flow angle. The old method is shown to be still accurate, while 
the new method is more exact. 

• The calculation of vorticity has been evaluated and made more comprehensive. The axial, 
circumferential and radial vorticities are calculated and visualized, as well as the magnitude of 
total streamwise vorticity. The vorticity is higher and more extensive for fully cooled case than 
uncooled case. Highest vorticity is found at regions near the hub, tip and TE, corresponding to 
most secondary flow phenomena. Typical significant vortices can be identified, i.e. the passage 
vortex, SS-leg of HS-vortex, counter-rotating vortices and TE shed vortex. Axial and 
circumferential vorticities show similar patterns, typical significant vortices can also be identified. 
The radial vorticity is relatively simpler, high vorticity is only observed along the TE and does 
not vary much. Compressibility is introduced as a new method when calculating the 
circumferential and radial vorticities. By introducing the compressibility, the circumferential and 
radial vorticities become more extensive and higher than results from incompressible solutions. 

• Hartsel model and Young & Wilcock model have been evaluated and compared with the ASC to 
see the applicability of the models. In general, Hartsel model cannot agree with the ASC to a 
satisfactory level and thus cannot be applied. Coolant velocity is found to be the dominant factor 
of Hartsel model and its sensitivity to the change of mass-flux ratio is evaluated. For SS2, SS2, PS 
and TE cases, the coolant velocity shows very low sensitivity to the change of mass-flux ratio, 
leading to the very insensitive trend of the Hartsel prediction. For SH4 case, although the coolant 
velocity is sensitive to the change of mass-flux ratio, the Mach number of gas is very low due to 
the low gas velocity at LE, the effect of such sensitivity is cancelled out. As a result, SH4 case 
also shows very insensitive trend of the Hartsel prediction. For Young & Wilcock model, it may 
match SS1 and SS2 cases, or even PS and SH4 cases, but does not match TE. The applicability of 
Young & Wilcock model is found to be much dependent on the location of cooling rows and the 
blowing ratio. For SH4 case, gas velocity at LE is very low compared with that at other regions. 
As a result, the blowing ratio for SH4 case is relatively very high, explaining much higher loss of 
Young & Wilcock model than the ASC. For TE case, the KE loss coefficient equation of Young 
& Wilcock model can be reduced to a simple quadratic equation. The blowing ratio of TE case 
falls on the decreasing solutions of the quadratic equation, explaining the oppostie trend of the 
KE loss coefficient from Young & Wilcock model. 
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Appendix 

A.1 Flow-Field 

 
Figure A-1: Axial vorticity of run 23 (SH4 with Y=0.57%) 

 
Figure A-2: Circumferential vorticity of run 23 (SH4 with Y=0.57%) 

 
Figure A-3: Radial vorticity of run 23 (SH4 with Y=0.57%) 
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Figure A-4: Normalized magnitude of total vorticity of run 23 (SH4 with Y=0.57%) 

 
Figure A-5: Normalized KE loss coefficient distribution of run 23 (SH4 with Y=0.57%) 
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A.2 Kinetic Energy Loss Co-Relations 

 
Figure A-6: KE loss coefficient of the ASC against mass-flux ratio 

The result of Figure A-6 shows that the KE loss coefficient increases with the mass-flux ratio linearly 
regardless of the positions of the cooling rows opened. TE case has the strongest influence on the loss, 
followed by SS1, SS2, SH4, PS and SH cases. SS case has a higher influence than PS case on the loss due 
to a higher mainstream velocity at the SS region than the PS region. It agrees with the fact that the coolant 
loss is directly proportional to the square of the mainstream velocity (Saha, 2014). The result agrees with 
Sieverding & Wilputte (1981), Yamamoto et al. (1991) and Friedrichs et al. (1997) suggesting that massive 
interaction will be induced when the coolant is injected into the secondary flow. 

The film cooling efficiency is also affected by blowing ratio B  and momentum-flux ratio I  (Goldstein & 
Jin, 2001). The KE loss coefficients are plotted against the blowing ratio and momentum-flux ratio in 
Figure A-7 and Figure A-8 respectively. The result of Figure A-7 shows the KE loss coefficient increases 
with the blowing ratio linearly regardless of the positions of the cooling rows opened. However, the 
linearity varies much from case to case, implying the effect of blowing ratio on the cooling loss is much 
dependent on the location of cooling rows. TE case has the strongest influence on the loss, followed by 
SS2, SS1, PS and SH and SH4 cases. SS case has a higher influence than PS case on the loss due to a 
higher mainstream velocity at the SS region than the PS region. 
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Figure A-7: KE loss coefficient of the ASC against blowing ratio 

According to Young & Wilcock (2002), the momentum-flux ratio is defined as follow: 
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p s,coo l  and p s,gas are static pressure of the coolant and the gas respectively, while Mcool  and Mgas are Mach 
number of the coolant and the gas respectively. As constant static pressure mixing process at the mixing 
location is assumed, the momentum-flux ratio is mainly related to the Mach number ratio only. 

The result in Figure A-8 shows the KE loss coefficient increases with the momentum-flux ratio linearly 
regardless of the positions of the cooling rows opened. However, similar to Figure A-7, the linearity varies 
much from case to case, implying the effect of momentum-flux ratio on the cooling loss is much 
dependent on the location of cooling rows. TE case has the strongest influence on the loss, followed by 
SS2, SS1, PS and SH and SH4 cases. SS case has a higher influence than PS case on the loss due to a 
higher mainstream velocity at the SS region than the PS region. 
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Figure A-8: KE loss coefficient of the ASC against momentum-flux ratio 

Similar results can be observed in Figure A-7 and Figure A-8. The KE loss coefficient increases with the 
blowing and momentum-flux ratio linearly. The linearity varies from case to case in a same trend, implying 
that the influence of the ratios is much dependent on the location of cooling rows. Both ratios are related 
to the velocity, when the coolant-to-gas velocity ratio increases, the turbulent mixing in the boundary layer 
is enhanced, the coolant jet with higher velocity results in increased endwall shear stress (Walters & 
Leylek, 1997). Also a higher velocity ratio leads to a higher penetrating power of the coolant jet into the 
mainstream gas flow, which can induce laminar-turbulent transition. The velocities of the mainstream gas 
at regions around the PS and LE are relatively low when compared with those around the SS and TE. For 
PS, SH and SH4 cases, the compressible effects such as viscosity and shred force are lower. As a result, 
the influence of the velocity ratio on the loss is lower for these cases. On the other hand, due to the higher 
mainstream velocity for SS1, SS2 and TE cases, compressible effects become significant where the 
interaction between two flows becomes more severe. As a result, the influence of the velocity ratio on the 
loss is lower for these cases. 


