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Abstract 
          Heat transfer study on gas turbine blades is very important due to the resultant increase in cycle 
thermal efficiency.  This study is focused on the heat transfer effects on a reference nozzle guide vane and 
test rig component preparation in heat and power technology division at KTH.  In order to prepare the 
current test rig for heat transfer experiments, some feature should be changed in the current layout to 
give a nearly instant temperature rise for heat transfer measurement. The heater mesh component is the 
main component to be added to the current test rig. Some preliminary design parameters were set and the 
necessary power for the heater mesh to achieve required step temperature rise was calculated. For the 
next step, it is needed to estimate the heat transfer coefficient and the other parameters for study on the 
reference blade using numerical methods. Boundary layer analysis is very important in heat transfer 
modeling so to model the reference blade heat transfer and boundary layer properties, a 2D boundary 
layer code TEXSTAN is used and the velocity distribution around the vane was set to an input dataset 
file. After elements refinement to ensure the numerical accuracy of TEXSTAN code, various turbulence 
modeling was check to predict the heat transfer coefficient and boundary layer assessments. It was 
concluded from TEXTAN calculations that both suction and pressure side have transition flow while for 
the suction side it was predicted that the flow regime at trailing edge is fully turbulent. Based on the Abu-
Ghannam –Shaw Transition model and by the aid of shape factor data, momentum Reynolds number and 
various boundary layer properties, it was concluded that the pressure side remains in transient region. 
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1 INTRODUCTION 
 

    This study deals with the heat transfer process and also mesh heater component for a test rig 
preparation on both a mesh heater component and a turbine blade. There is a feasibility study of the 
heater mesh component to be installed in the current test rig in the heat and power technology 
department on a turbine vane and the resultant phenomena such as transition region, boundary layer and 
turbulence. 

    This study is started with a literature survey and some preliminary design requirements for the heater 
mesh in order to perform the necessary temperature step-rise for the test rig in order to be able to 
measure with transient measurement techniques such as IR camera. On the continuation, a numerical 
study will be performed on a turbine guide vane and some parts such as transition from laminar to 
turbulent and boundary layer properties will be studied more in detail. 

2 Background 
 

    There are various test rig facilities all over the world focused on the measurement of heat transfer and 
aerodynamics on turbine blades. The present test rig described here is intended to go for a potential 
modification for unsteady/transient heat transfer measurements. The current annular sector cascade 
includes several parts such as air supply system, geometry and flow measurement locations and taps.  

 

2.1 THE ANNULAR SECTOR CASCADE TEST RIG 
 

   The Annular Cascade Sector (ASC) was built in  KTH with a close collaboration to  Siemens Industrial 
Turbomachinery in 1998. The facility consists of an annular sector cascade which has a changeable sets 
high-pressure turbine nozzle guide vanes. It is run by air from a compressor which supplies a continuous 
flow up to 4.7 kg/s at 4bar with a minimum of 303k temperature(was shown in figure 2-1). So far 
experiments have conducted with more focused on steady and unsteady aerodynamical study, of film 
cooled vanes. The Heat and Power Technology (HPT) Department is involved in a feasibility study of a 
modification of the current test rig and to be able to perform heat transfer measurements in order to 
evaluate the HTC and the film cooling effectiveness of a film cooled Nozzle Guide Vane (NGV) in semi-
real engine conditions [1].  
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Figure 2-1: Schematic overview of annular sector cascade facility at HTP, KTH [2] 

 

  The cascade has an inlet flow angle of 0° and an outlet flow angle of 74.9° degree. In order to study 
various free stream turbulence intensities for modeling the real engine, the facility can be run with or 
without a turbulence grid. The turbulence grid consists of a parallel square bars or with a perforated 
plate which is being put upstream of the test section. The current possible turbulence intensities are 
0.5%, 3.0% and 5.0% whereas in the real engine condition, the free stream turbulence intensities is 
higher. In order to make the radial pressure gradient more uniform, a radial plate at the cascade outlet 
can be inserted downstream of the flow path to make the flow streamlines fine-tuned for the radial 
pressure gradient. A traversing mechanism allows the movement of the hot wire probe to capture the 
flow field up- and downstream of the cascade over several blades pitches using aerodynamic 3 or 5-hole 
pressure probes for flow velocity measurements. The facility is also equipped with tracer gas dispenser 
(usually CO2) injection system to model the changes in gas density of the real engine and sampling 
devices to assess the cooling flow distribution downstream of the cascade for secondary flow modeling 
such as blade cooling. 
 

 
Figure 2-2:  Closed up view of test section [2] 
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2.1.1 The Sector section 

 

      At first, the incoming flow passes through the settling chamber in figure 2 3, where the flow is 
settled by a honeycomb and five mesh screens. In the settling chamber the total pressure, the static 
pressure and the total temperature of the settled flow are measured. After that, the flow is blown 
through the first contraction, in which the flow field is adapted to the annular flow channel geometry. 
The main test section includes the NGV so that the ASC can be described as follows. In the upstream 
of NGV from the LE it is placed a turbulence grid. It is a perforated plate/parallel bar which creates a 
turbulent flow that simulates the flow conditions out of a combustion chamber. However, it can reach a 
maximum turbulence level of about 5%, whereas in real machine it usually reaches values of 15-20%. 
The second contraction of the duct with section B-B to C-C leads the flow to the nozzle guide vanes in 
the test sector shown in figure 2-2. The flow is then deviated and proceeds out of sector through the 
duct with section A-A. The test sector provides the possibility to traverse the upstream flow field at as 
well as the downstream flow field at with a pneumatic probe. 

2.1.1.1 GUIDE VANES 

 

    The test section is a 36° annular sector depicts in figure 2-3 which currently has 3 NGVs and two side 
walls Shows the schematic views of the installed vanes manufactured of a nickel-based alloy and are in the 
scale 1:1. The geometry is a real replica vane in the reference vane. These vanes have the capability of 
using conjugate heat transfer with all cooling canals and film cooling holes. 

 

Figure 2-3: Views of the present nozzle vane in the ASC test rig [1].  

 

Some design modifications have been applied to this profile in order to minimize losses due to secondary 
flows [1]. The table 2-1 summarizes the specific dimensions and design parameters of the NGV in the 
Annular Sector Cascade. 
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Stage Design Parameter Parameter Value Unit 

Exit Mach number at midspan  M2 0.89 - 

Stagger angle at midspan ξ 33.3 ° 

Reynolds number at midspan (TE), true chord Re ~2.6*106 - 

Hub radius at exit RTE,hub 615.3 mm 

Tip-to-hub ratio at exit RTE,tip/ RTE,hub 1.097 - 

Aspect ratio based on trailing edge vane height  HTE/C 0.463 - 

Exit absolute flow angle at midspan α2 16.05 ° 

True chord at 50% span  C 129.2 mm 

Axial chord at hub radius Cax,hub 62.5 mm 

Pitch-to-chord ratio at midspan (TE)  S/C 0.826 - 

Table 2-1 Vane main parameters ([1]) 
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3 Heater mesh component 
 

3.1 Objective 
 

    This chapter is focused on the study and design of mesh heater component to give a suitable 
temperature rise to the flow passing the test rig. In order to complete  and verify  the steady state and 
transient numerical methods calculations on a film cooled blade, it is vital to measure the steady state and 
transient heat transfer coefficient and cooling effectiveness in an actual gas turbine nozzle guide vane in a 
simulated near actual engine condition. One of the most challenging tasks is how to perform transient 
heat transfer measurements on a test section. This part is focused on how to create the physical condition 
to measure the unsteady thermal response of the desired nozzle guide vane set . 

3.2 Literature review 
 

        In order to understand the effect of time marching on the heat transfer of gas turbine blades, many 
researchers have already used transient techniques employing various technologies such as thermo 
chromic liquid crystals (TLC) and infra-red thermography in order to evaluate heat transfer in film cooled 
region of gas turbine blade. Many strategies have been implemented to provide the temperature 
difference between the fluid and model surface which in this application is the blade surface. Early 
experimental arrangements utilized electrical heaters in the form of very thin foils placed on the surface 
which took time to stabilize and reach to the designed temperature difference [3]. As an example of this 
method, EPFL a test facility specifically adopted for heat transfer measurement with transient TLC 
methods for both internal and external heat transfer measurements. The transient TLC method has been 
used by Hoffs et al. [4] by the method of transient results obtained with TLC-thermography and 
comparing this result to the thin-film gauge. For both of internal and external heat transfer 
measurements, these methods have been applied to the EPFL test facility by Vogel [5].  
   To model the transient effect, Insertion of a pre-cooled model is very convenient for turbine blade 
geometries however it needs a complicated geometry. The heat transfer measurement method has less 
error and better response if the fluid temperature faces a sudden change of temperature in the beginning 
of the test. For this reason, also various methods were employed such as using plumbing of the heater 
which allowed the flow to by-pass the entire test section whilst the by-pass flow is being heated up. In 
order to simulate the sudden temperature rise, some very fast acting valves were then switched on and let 
the heated air to pass the test section and starting the transient heat transfer experiment. Other 
approaches were based on the concept of rapidly inserting a pre-cooled or pre-heated blade model by 
using a mechanical/pneumatic mechanism. An example of this method is a large scale annular cascade 
facility located in University of Oxford which uses a pair of fast acting valves in the form of  shutters to 
prevent the instrumented test section of the annulus from reaching the main wind tunnel flow, Martinez-
Botas et al. [6]. Figure 3-1, shows the cassette made of Perspex material which has a low conductivity for 
rapidly exposing of the blades. The shutters experience very large forces during opening sequence and the 
pressure difference across them is approximately 1.3 bars correlated at design engine condition. In order 
to create the necessary step change for measuring the transient heat transfer, the piston and shutter 
assembly came into action to be open less than 100 ms. during actual operation condition; a total 
traveling time of 120 ms was achieved by the cassette. 
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Figure 3-1: Heat transfer cassette university of Oxford [6] 

   Figure 3-2 shows the variation of the Perspex temperature measured by thermocouples located on 
named as embedded in the graph, 2 mm below the surface, on blade surface and the upstream gas flow 
temperature. As it can be seen, a pure sudden temperature rise was achieved by this method and the delay 
time calculated as 0.113 seconds. When the tunnel starts working, the cold air enters into the enclosed 
volume, causing a sudden drop in the initial temperature just before the opening of the shutter. The 
thermocouples are embedded in the blade material and under surface indicate a very small change in the 
Perspex temperature below the surface. According to the figure 3-2, the free stream temperature is shown 
to be changed between the ranges of 12.5 to 10°C during the run. The initial peak in gas temperature is 
due to the heating compression of air in the upstream section.  This system of making a temperature rise 
has the drawback of very complex mechanical system and is very expansive to implement since it needs a 
complicated sets of mechanical devices. 
 

 
Figure 3-2: Temperature histories from thermocouples [6] 
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   Another method  implemented in another test rig at the university of oxford shown in the figure 3-3 is 
to use the very fast acting valves which when switched on to start the heat transfer transient experiment 
by using the bypass flow. Flow from heater is circulated and suddenly by opening of the valve, will go 
through the bypass line with the exact pressure drop as the main flow line into the pedestal. 

 

 
Figure 3-3: Arrangement for using bypass method to produce the step temperature rise [6] 

 

3.3 Heater mesh  
 

   The most effective and easiest way to provide the necessary step temperature rise for transient heat 
transfer measurement is to use a fast-acting heater mesh component, which has been used for example 
for research on gas turbine blade cooling systems, [7] and [8] in order to investigate the extended heat 
transfer surfaces for engine components´ cooling system and also for film cooling experiments [9]. The 
largest mesh heater, from the energy consumption point of view which is described in [10], employed 100 
kW, electrical power to the heater mesh in order to raise the flow temperature by 25°C and it operated at 
100 VDC. Considering the inlet air velocity of (𝐌𝐢𝐧 =0.28) in that arrangement  and the short distance 
(1.5 m) between the heater mesh and the test nozzle guide vane, the rise time for the temperature step is a 
matter of milliseconds less or at most equal to the previous shutter method. 

 

 

Figure 3-4: University of oxford linear cascade facility [6] 
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Heater mesh can be used in different design conditions such as different pressure and mass flows. As it 
can be seen from figure 3-5, the heater mesh in the picture was used to provide a sudden temperature rise 
to compressed air in a pipe. 

 

 

                Figure 3-5: A heater mesh used to heat high pressure air. Which the Pipe inside diameter is 50 mm [10]   

 

   Another implementation of the mesh heater concept was described in [10]. That mesh heater, invented 
and designed at the University of Oxford ([11], [12]) was used to produce the required temperature step 
changes in the wind tunnel flow temperature. To simple terms, this was a fine 40 micron metallic mesh 
(figure 3-6) located upstream of the test section shown in the figure 3-4 which is supplied with electrical 
power from a lead–acid batteries connected in series. In order to prevent the loss of power, it was only 
necessary to provide enough power for the center portion of the heater mesh to heat the flow streamlines 
which influence the test models located in test section. At the maximum flow rates, the heater used 

approximately 2000 A and delivered 40 kW of electrical power to the air flow stream tunnel (~𝟏𝟎𝐦𝟑

𝐬𝐞𝐜
)) at 

the varied speeds from 5 to 10 𝐦
𝐬𝐞𝐜

. 
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Figure 3-6: Test equipment layout[10]. 

   Figure 3-7 shows the record of the transient operation of the wind tunnel shown in Fig. 3-6. Pressure 
and temperature data collection were done ahead of the model and these indicate that there is a 
considerable sensibly uniform for the core streamline flow is produced within which models may be 
tested. As it can be seen while mesh is on, Figure 3-7, there is a near ideal sudden jump in the temperature 
rise which is comparable to the figure 2 shutter method. 

 

Figure 3-7 : Typical operating condition for the transient heat transfer of the tunnel [10]. 

   As depicted in figure 3-8, the velocity profile from the heater mesh has been damped and reaches the 
average stream velocity in approximately 340 mm downstream of the heater mesh which shows that the 
effect of heater mesh in the work done by reference 6 has been negligible on the velocity free stream. 
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Figure 3-8: Velocity profile in distance of 340 mm downstream of the heater mesh with the edge of the heated and 
unheated portions [10]. 

    From figure 3-9 it can be seen that the temperature rise is near a step function and successfully were 
able to increase the main flow temperature in a very short distance.  

 
Figure 3-9: Variation of temperature from free stream average temperature in axial distance from the heater mesh [10]. 
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3.4  Mesh heater  

    The heater mesh which fits in the duct is able to change the flow temperature over a very short 
distance along the flow streamlines which is dependent to the geometrical parameters of the heater mesh 
and flow properties such as density and pressure. As it can be seen in the figure 3-10  the electricity passes 
through the mesh and as a consequence it produce heat which warms of the airflow normal to the mesh 
heater So that The construction of the test rig is considerably simplified mainly due to eliminating the 
requirement for the mechanical complexities of fast acting valves or a piston actuated model placement. 
The amount of energy that is being transferred to the fluid is tremendous but the fact that the mesh 
heater convective efficiency is high would let the mesh runs quit cold.  

 

Figure 3-10: energy transfer to the mesh heater 

The mesh convective efficiency parameter is defined as: 

                                               η = Tdownstream−Tupstream
Tmesh−Tupstream

                                                                     (3.1) 

    An experiment has been conducted for various heaters with different wire diameter and velocities and 
the results are shown in the figure 13. The graph from figure 3-11 depicts the convective efficiency range 
of 80 to 30% for the wire diameter range of 1mm to 40micron. 

 

Figure 3-11: Mesh convective efficiency vs. velocity for different mesh wire diameters [12] 
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    In order to maintain the surface temperature uniformity across the heater mesh it is imperative to 
perform a precise engineering of the heater mesh carrier. This ensures that the wire temperature remains 
constant and consequently a uniform streamline temperature is achieved in the downstream of the test 
section. Figure 3-12 shows an image processed from the IR camera of the mesh temperature [11]. The 
mesh temperature range is uniform to within the range of 1 ºC while the flow static temperature rise by 
the heater mesh in the experiment is 20ºC  but here for the sake of calibration the mesh runs to the 
maximum temperature of 60 degrees in Figure 3-12. As it can be seen from figure 3-13 the non-
uniformity on the heater mesh surface is limited to the edges of the duct.  

 

Figure 3-12: Infrared thermography image of the heater mesh used in the plenum of the test rig used to measure the 
heat transfer in impinging jets. The boundary of heater mesh has been set by white lines. The signals in blue are the 

reflections from the test rig intake [11]. 

 

 
Figure 3-13: Checking the temperature uniformity of a heated mesh by using the IR camera with the face velocity of  
1cm/s through mesh (left unpowered and right the power is on) the color bar indication is in degree centigrade[11]. 
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    Various mesh configurations with various wire diameter, material, aperture and opening area has been 
used in several applications. Figure 3-14 shows a schematic view of the mesh used by material Stainless 
Steel 304L and the wire diameter of 40 micron with the opening area of 36% [11]. Figure 3-13 shows the 
difference in temperature readings by IR camera. As it can be seen the temperature distribution across the 
heater mesh is even. 

 

 

Figure 3-14: Schematic view of the 40 micron wire mesh used in [11]. 

 

3.5 Electrical resistance calculation  
 

        The heater mesh produces heat by transformation of electrical current to heat by using joule heating.   
Electrical potential V is applied to one side and the opposite side of mesh used as a ground terminal. In 
order to determine the amount of heat which is being produced, the total electrical resistivity of the mesh 
should be calculated, however due to the complexity of the geometry it is not straight-forward to 
determine the overall resistivity.  Also due to the possible axisymmetric installation some bonds may be 
removed and the resultant lattice of resistors will be in the form of a random finite-size resistor network. 
Due to the probability reasons, the conductance (or resistance) is not continuous and there is a jump in 
the size of the total resistance [13].  Consider the heater mesh between two bas burs which one is 
maintained at the potential of V and the other is ground terminal (Figure 3-15). 
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Figure 3-15:Heater mesh representation of a network of resistors [13] 

    It is possible to take a square heater mesh as the  L × L number of resistors network that is 
interconnected to each other 

 
 
 

Figure 3-16:  Example of a grid of 12*12 of resistors with the resistance of R0 in a square arrangement [13] 

For a lattice of 12*12 resistors shown in the figure 3-16, it has proven that after a complicated calculation, 

the ratio of the total resistance to Rtotal is �2 − 4
π
� ∗ R0 [13]. 

 

3.6 Heat transfer theory, background and design 
 

     Flow with the upstream temperature T1 passes through the electrically heated mesh while heat is 
transferred to the flow by forced convection method and exits at the outlet stage T2.  The heat energy can 
be expressed as:  

Q = hAs(Ts − Tb)                                                                                                                              (3.2) 

Where  

Tb = (T1+T2)
2

                                                                                                                                      (3. 3) 
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Q = V2

R
= I2R                                                                                                                                     (3. 4) 

R = ρ L
Ac

                                                                                                                                             (3. 5) 

h = 853.2 ∙ u0.868                                                                                                                             (3. 6) 

 Where equation (3. 6) is a correlation based on [12].  Resistivity ρ can be expressed as a temperature 
dependent function. The resistance of a resistor wire depends on the geometry cross section and the 
resistivity of the wire material. For a wire with a constant cross section, its resistance, R, can be calculated 
as follows: 

   L = length of the wire 

   Ac = cross sectional area = πd2/4 for a circle 
   ρ = resistivity of the material 

 

The resistivity of a material varies with temperature. This variation can be simplified using linear equation 
as: 

 

ρ = ρ o[1 + α(Ts – To)]                                                                                                                     (3. 7) 

ρ o = resistivity at temperature of To 

ρ = resistivity at temperature of Ts 

α = temperature coefficient of resistivity 

 

Using the equations, the temperature dependence of resistance can be derived as follows: 

                           R0 = ρ0L/A   (resistance at temperature T0)                                                           (3. 8) 

              R = ρL/A    (resistance at temperature T)                                                              (3. 9) 

       R = ρ0[1 + α(Ts  – To)]L/A                                                          (3.10) 

                          R = R0[1 + α(Ts  – To)]                                                                       (3.11) 

For Nichrome and copper we have the resistivity verses working temperature was shown in the table 3-1: 

 

Substance Resistivity (ρ) at 20°C (Ωm) Temperature Coefficient of Resistivity (°C-1) 

Copper 1.72E-8 0.0039 

Nichrome 1.10E-6 0.0004 

Table 3-1 : material properties for the wires 

           

                           R = R0[1 + 0.0004 .(Ts  – To)]                                                                               (3.12) 

The enthalpy rate increase in the channel of the flow is given by: 

                               Q = WCp(T2 − T1)                                                                                           (3.13) 
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Unknowns are Q, Ts and T2 which will be solved iteratively. 

 

Figure 3-17: wire screen simplification a)an  idealized non welded geometry b) Simplified geometry (d is the wire 
diameter and w is the aperture)  [10] 

The schematic mesh shown in the figure b which was depicted in figure 3-16 with curves would be 
idealized by adding a length and become identical as part b. By this idealization, the mesh opening area 

would be  A0 = w2

(w+d)2
  . 

3.7 Conclusion and Feasibility study of the component  
 

    A heater mesh element is a necessary component that should be installed upstream of the annular test 
section in order to provide a nearly instant step increase in mainstream flow temperature.  In order to 
determine the required power, convective efficiency and the other design parameters the design air 
parameters for the test rig in [2] are specified in table 3-2:  

Property Value Unit 

Medium : Air   

Pressure : 1.7 [ bar ] 

Temperature : 20 [ Celsius ] 
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Density : 2.02506 [ kg / m3 ] 

Specific Enthalpy : 293.3955 [ kJ / kg ] 

Specific Entropy : 6.76699 [ kJ / kg K ] 

Specific isobar heat capacity :  
cp    

1.008095 [ kJ / kg K ] 

Isobar coefficient of thermal expansion : 3.43185 [ 10-3 (1 / K) ] 

Heat conductance 25.7197 [ 10-3 (W / m * K) ] 

Dynamic viscosity : 18.23935 [ 10-6 (Pa s) ] 

Kinematic viscosity : 9.0068195510256 [ 10-6 m2 / s] 

Thermal diffusivity : 184.77925 [ 10-7 m2 / s] 

Prandtl-Number : 0.715028   

Coefficient of compressibility Z : 0.9993915   
Table 3-2: Air property at operating point                

In order to preliminary design, one must firstly assume a cross section for the component to be placed. 
By assuming the area upstream of the test section as a 0.5 × 0.5 𝑀2and solving the three equations 3-
2,3,4,5 and 6 with the assumption of inlet velocity of test section equal to 15 𝑚

𝑠𝑒𝑐
 the total electrical heat 

delivery by the DC transformer is 60.36KW for the step temperature rise of 20 degree Celsius. This 
temperature has been chosen based on the temperature measurement precision of IR camera which is 
able to distinguish temperature changes as much as 0.02°C[14]. The mesh used is 400 grades with the wire 
diameter of 40micron. By this the mesh temperature Ts = 155.4  centigrade is calculated.  It is verified by 
the preliminary design that the heater mesh device is capable of providing enough energy to the flow for a 
step temperature rise of 20 degree Celsius. 
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4 Numerical method 

4.1 Objectives 
 

     The main objective of this section is to calculate and study of heat transfer on a turbine nozzle guide 
vane using numerical code TEXSTAN and understanding the nature of the transition onset on the vane 
geometry. The effects of various flow characteristic and boundary layer such as turbulence, pressure 
gradient, surface roughness and flow history is studied. 

The more specific objective of this research is to calculate and develop an understanding of the heat 
transfer of the uncooled nozzle guide vane present in the test rig. The effects of several stream 
parameters and free stream turbulence levels on surface local heat transfer will be examined. The baseline 
vane geometry is the vane used in table 2-1 with the axial cord of 62.5 millimeter. A complete analysis of 
boundary layer transition, re-laminerization and proceed to the fully turbulent is presented. 

  

4.2 Introduction 
 

     The boundary layer is a very tiny region close to a solid body which has a relative movement to the 
flow field where the viscous effects are taken into account (Fig 4-1). The Boundary layers over flat 
surfaces with sharp leading edges start laminar at first, and due to flow instabilities named as growth of 
Tollmien–Schlichting (TS) waves H. Schlichting 1999, [16] transition would occur and become fully 
turbulent boundary layers afterwards (Fig 4-2).  

 
Figure 4-1: Boundary layer development around a surface[16] 

 

The Reynolds number over a flat plate is defined as: 

     Rex = ρU∞X
µ

                                                                                                                                    (4-1) 
 

The flow regime on a flat plate is normally being defined by experiments and correlations. The specified 
Reynolds number for laminar region is generally being considered as Rex ≤ 2 × 105 .The flow is in 
transition region if the Reynolds number is  2 × 105 ≤ Rex ≤ 3 × 106  (Thwaites, B., 1949 [17], and for   
Rex ≥ 3 × 106 the flow is turbulent. The heat transfer and friction coefficient may be found by solving 
the governing equation such as continuity, momentum and stagnation enthalpy. 
       Due to the high complexity of the flow field over a turbine nozzle guide vane which is three-
dimensional in nature, nowadays the CFD software’s are being used, however the effects of three-



19 
 

i 

 

dimensional flow may be estimated as a secondary flow around the midspan region if the nozzle vane 
aspect ratio is big enough which means that the three-dimensional problem can be simplified to a two 
dimensional problem at midspan[19].  Due to the high aspect ratio of the test vane the flow field would 
be considered two dimensional in this case around the mid span. There are areas in which this estimation 
is no longer valid. One of these areas is endwall heat transfer which is strongly three-dimensional and not 
possible to apply a two-dimensional numerical simulation. 
In order to understand the effect of boundary layer development around the nozzle guide vane one 
should have a good understanding of the heat transfer mechanism. Some of the mechanisms which affect 
the boundary layer development are [28]: 

1. Flow unsteadiness due to acoustical effects  
2. Curvature effects for a highly loading vane 
3. Adverse and favorable pressure gradients on pressure and suction side  
4. High free stream turbulence in the main flow 
5. Variable property effects due to combustion flue gas 
6. Vane surface roughness 
7. Stagnation flow along with the free stream turbulence 
8. Flow regime change to Laminar, transitional, and turbulent  

 
 

 
                                            U∞ 
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 Laminar sublayer 

δ                                                                                                

 
Transitio
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Figure 4-2: Geometry and nomenclature describing Laminar and Turbulent boundary layer flow 
over a flat palate [16] 
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4.3 Convective heat transfer 
 

4.4 Thermal boundary layer 
 

  

  

   
 )(xtδ  

 

 y 

 

                   x 

 

The nature of flow in velocity and thermal in boundary layer has the same concept. Similar to the velocity 
boundary layer, a thermal boundary layer will develop when a fluid flows over a flat plate if there is a 
difference between the fluid and surface temperatures as shown in the figure 4-3. Fluid particles at higher 
temperature exchange energy with those in vicinity of the fluid layer, and thereby causing a temperature 
gradient field in the fluid. In order to have a better understanding, consider a flat plate with a surface 
temperature sT  in a flow which has a lower temperature, for that thermal boundary later, the heat transfer 
co-efficient can be demonstrated as [19]: 

When 0=y   

0=
∂
∂

−=′′ y
y
Tkq fs

  Fourier’s Law,                                                                                                 (4-2) 

From Newton’s cooling law, the heat flux is   )( TThq s −×=′′  . Combining Fourier’s Law and 
Newton’s Law yields: 

 

)(

0

∞−

=
∂
∂

−
=

TT

y
y
Tk

h
s

f

                                                                                                       (4.3) 

One of the major things which determine the rate of heat transfer across the boundary is the temperature 
gradient across the boundary layer. The analogy between thermal and velocity boundary layers is as follow 
[19]: 

Velocity boundary layer           ↔     derived by Velocity Gradient and sτ
(the local Surface shear stress) 

Temperature Boundary layer   ↔    Temperature Gradient and h (the Surface Heat Transfer Coefficient) 

 

     In order to find the local value of heat transfer coefficient, there has been developed some empirical 
formulas based on the flow Reynolds number. The dimensionless number associated with the ratio of 

  

 Surface 

 
Figure 4-3: Thermal boundary layer development over a flat plate [19] 
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momentum and thermal diffusion is called the “Prandlt Number”. The physical meaning of Pr number is 
the ratio of relative thickness of the velocity to the thermal boundary layer: 

   Pr = 
K

C

C
KfusivityThermaldif

fusivityViscousdif P

P

µ

ρ

ρ
µ

α
υ

===                                                                           (4.4) 

The same imperative parameter in heat transfer is the Nusselt number which is associated with the 
temperature gradient at the local surface point : 

 uN =
K
hL

L
TK
Th

erHeatTransfConductive
erHeatTransfConvective

=
∆×
∆×

=
)(

    

= f(Re,Pr)                                                                                                                                            (4.5) 

In some cases, formulae are given for the form of Stanton number St = cVh ρ/ (=Nu /Re Pr). The 

Stanton number is the ratio of heat transfer part of the skin friction coefficient ( 2/2/ VC wf ρτ=  where 

V is the characteristic velocity). 

 

One way to explain the nature of heat transfer is using correlations based on experimental results so that 
they can be used in a more general form; some example of these correlations has been mentioned in the 
table 4-1 based on different flow regimes. Since the application here is based on a gas turbine blade, the 
flat plate correlations would be interesting to study as the Nusselt number for a flat plate has been 
correlated in the form of  Nu =C×Rem×Prn  . All parameters here C,m and n are constants [19]. 

 

 

Flow regime  Laminar Condition of 
application 

Turbulent / Transient 

mixed  

Validity 
range 

 

Flow over a flat 
plate 

uN =0.664× Re1/ 2 
× Pr1/ 3 

0.6 ≤  Pr uN =Pr 1 / 3×(0.037× 
Re 4 / 5 -871) 

0.6 ≤  Pr 
≤  60 

Recri=5×1
05 

Cross flow over 
a cylinder  

uN =0.683× Re0.466 
× Pr1/ 3 

uN =0.193× 
Re0.618 × Pr1/ 3 

uN =0.0266× 
Re0.805 × Pr1/ 3 

 

Re critical=40 
– 4000 

Re 
critical=4000 
– 400000 

Re 
critical=40000 
- 4000000 
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Flow over a 
sphere 

uN =

)
sμ

μ
(0.4)Pr2/3

d,0.06Re1/2
d,(0.4Re2 ∞

∞∞+∞+

 

0.71<Pr<3
80 

3.5<Re<7.
6×104 

1.0<
)

s
(
μ
μ∞

<3.2 

                                  Table 4-1: Examples of flow heat transfer correlations based on different regimes [19]. 

 
   By solving the Blasius equation on flat plate, There has been introduced a very important parameter for 
boundary layer assessment which is the ratio of displacement to momentum thickness [21].  

 H = δ∗ θ⁄ = 1.721
0.664

= 2.59                                                                                                                 (4.6) 

   This is called the dimensionless-profile shape factor. A large shape factor implies that boundary layer is 
about to separate. Normally the shape factor for transition is H = 2.59 (Blasius boundary layer) is typical 
of laminar flows and the corresponding quantity for turbulent flow is H = 1.3 - 1.4. 

 

 

4.5 Transient and Turbulence modeling overview 
 

     Turbulence is defined generally as its most important characteristic e which is randomness.  This makes 
an analytical approach extremely difficult and, consequently in most cases, perturbation and statistical 
methods are needed.  The diffusivity of fluid particles in turbulence causes rapid velocity change, mixing. 
This would lead to an increase or a decrease in the rates of momentum and heat transfer. 

    There are two types of flow which both are associated with turbulence [18], one is external and the 
other is internal flow which may be two- or three-dimensional.  However, turbulence is essentially three 
dimensional, rotational and may occur in in viscid or viscid fluids.  Vortices play an important role in 
turbulence; so it is always assumed that the turbulence flow is rotational and the random flow particles 
fluctuations that characterize turbulent flows. 

    The nature of turbulent flows is very dissipative due to the viscous shear layer stresses which dissipate 
the kinetic energy of turbulence.  Thus, without the continuous energy supply of the main flow 
streamlines, turbulence in fluid cannot be sustained. 

    Finally, turbulence is not a property of the fluid and but is related to the nature of flow.  Thus turbulent 
flows are dependent on initial velocity, pressure and temperature as well as boundary conditions. 

 

4.6 Transition 
 

    Heat transfer calculation on turbine blades is affected by several factors mainly from aerodynamic and 
flow field. The accurate simulation of boundary layer transition is very important in the prediction of 
turbine blade temperature field. There are three major modes of transition. The most important and the 
first mode is the “natural transition” which starts from unsteadiness in the laminar boundary layer first 
was introduced by Tollmien and Schlichting [16] known as TS waves and proceeds through amplification 
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to the cord wise domain to the fully turbulent flow. The second mode named after its specific phenomena 
as "separated-flow transition”. Due to the nature of adverse pressure gradients in compressor and low 
pressure turbines, this mode is happen mainly  on these geometries.  The third mode known as "bypass 
transition” as described first by [22]. The "bypass transition” occurs in large free turbulence flow and 
completely bypasses the Tollmien and Schlichting waves is caused by large scale disturbances in the free 
stream flow (free stream turbulences) and completely dominant the transition mode based on TS waves. 
This mode is the common transition mode in gas turbine blades [22]. In order to anticipate the type of 
transition, there has been introduced a parameter named as acceleration parameter. This parameter 
represents the effect of flow acceleration in boundary layer. Figure 4-4 introduced different modes of 
transition based on momentum Reynolds number and acceleration parameter. 

 
Figure 4-4: Different modes of transition verses acceleration parameter [21] 

There are two types of transition on airfoil pressure and suction side based on the bypass transition shown 
in figure 4-5. The first one is reverse transition. This type of transition is the transition of turbulent to the 
laminar flow or flow relaminarization. The second type is the forward transition which is the transition 
from laminar to turbulent (figure 4-5) 

 
Figure 4-5: Transition on a high-pressure turbine airfoil [9] 

There are two modes of transition shown in the figure 4-6 based on the momentum Reynolds number on 
airfoil verses loss coefficient. As it can be seen for low-pressure turbine blades at low Reynolds number 
and high loss coefficient the laminar separation occurs. By increase in momentum Reynolds number the 
dominant modes of transition would be the bypass transition. 



24 
 

 

 
Figure 4-6: Transition on a low-pressure turbine airfoil at [9] 

 

4.7 Transition modeling (AGS transition model Abu-Ghannam 
and Shaw (AGS)) 

 

      There are varieties of transition mechanisms in turbomachinery. This is due to the nature of flow and 
will be divided up for low, medium and high Reynolds number modeling. The complicated phenomena 
make it difficult to propose a suitable method for numerical modeling. The best solution for the modeling 
of the transitional boundary layer is some numerical methods based on LES or Direct Eddy Simulation 
(DES). However, in LES,  is slightly easier to implement compare to DNS which is due to the fact that 
LES resolves only the dynamically important parts of scales and vortices (so to say Large Eddy) [26]. One 
of the problems that normally should be dealt when applying LES to the transition problem is about the 
capability of methods to capture the vortices and shear layer development [28]. 
     One of the transition models that have been widely used for decades is The Abu-Ghannam and Shaw 
(AGS) model. This method will be briefly explained here in order to being familiar how transition 
modeling actually works. This model was added to the laminar-turbulent model in order to simulate the 
transition of laminar to turbulent flow regime on flat plate and turbine cascade boundary layer. The model 
is an analytical transition model based on experimental correlations and some algebraic correlations which 
ware derived from the natural development of momentum thickness boundary layer transition [23]. 
Correlation by Abu Ghannam for laminar transition for the flow considered is expected in the Reynolds 
number range momentum thickness Reynolds number 

200 ≪       
ν
θ

θ
eu

=Re          ≪ 300                                                                                                  (4.7) 

  

4.8 Turbulence boundary layer modeling  
 

    The governing equation Turbulent flows are defined by the unsteady rotational viscid Navier-Stokes 
equations.  Due to the highly complexity of the flow particles movement of micro vortexes that exist in 
turbulent flows, full solutions of the unsteady Navier-Stokes equations are only possible to the low 
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Reynolds numbers which is not suitable for most of engineering applications such as aerodynamics and 
gas turbines.  As a result an approach based on perturbation and statistics in turbulence is employed here.  
This approach describes how turbulence affects flow streamline. 

    In the statistical and perturbation theory approach, the flow variable based on the Langrangian method 
is defined as the summation of a mean value and a fluctuating quantity.  The velocity field is functions of a 
three dimensional coordinate and is time dependent.  Thus, the general particle velocity is defined as [29]: 

  ),,,(),,,(),,,( tzyxutzyxutzyxu ′+=  and                                       

Where  
∫
+
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t

dttzyxu
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                                                             (4.8) 

And  0=′u                                                                                       (4.9) 

 

    It is important to bear in mind that the turbulence in flows is three dimensional and time dependent.  
Therefore, even if u  integration is a two-dimensional quantity ),(( yxuu = ), the mean velocity 
fluctuation in the x, y, and z directions defined as ),,( wvu ′′′  are non-zero.  Moreover, the average of 
each flow elements’ fluctuations is zero. The average mean product of every fluctuation is considered to 

be non-zero, i.e. 0,0 ≠′′≠′′ wuvu  respectively. 

    The Navier-Stokes equation for the boundary layer is simplified based on in viscid two dimensional 
equations for incompressible flow and can be written as 
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Multiplying Eq. (4.11) by the  uρ   yields: 
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Equation (4.12) is an altered form of Eq. (4.10) 

By setting the mean values   
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Substituting (4.13) into Eqs. (4. 11) and (4.12), and averaging: 
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2u′ρ  and vu ′′ρ  components are defined as the turbulent normal and shear stresses, respectively. The 
normal stresses are usually much less than shear stresses in boundary layers but in the main flow it is 

different.  The coordinate magnitudes of derivatives are related as
yx ∂

∂
≤

∂
∂

.  Thus, the normal turbulent 

stress is a small term compare to shear stress and will be neglected in two dimensional boundary layer 

theories. Manipulating the left hand side of Eq. (4.11) and substituting for the shear stress xyτ , Eq. (4.16) 

yields : 
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This is the two dimensional turbulent boundary layer equation which is hard to solve without making an 
assumption that the turbulent shear stress for laminar flow. Boussinesq proposed the velocity fluctuation 
terms as follow 

y
uvu t ∂

∂
µ=′′ρ−                                                                                                                              (4.18) 

Where tµ  is the turbulent shear viscosity or generally is named as the eddy viscosity.  There is a 

difference between µ and tµ  .As µ  is a fluid property, scalar and is a function of the temperature and 

pressure, while tµ  is the property of flow and its value depend on boundary and initial conditions. 

Numerous theories were developed to predict tµ . One of these theories is the mixing length theory 
developed by Prandtl.  This theory used a combination of dimensional analysis and correlations done by 
experiments on a flat plate to develop the quantity extraction for tµ  .  For laminar flows on a flat plate all 
velocity components and profiles such as parabolic and hyperbolic are reduced to a curve defined by u/ue 
= f(η) to make it non dimensional.  Prandtl discovered that this similarity solution is not valid over the 
entire flow region and consequently he had to consider two regions, one region near the solid wall or 
named as the inner region, and one region away from the wall, or entitled the outer region.  In the near 
wall region, the velocity u is dependent on the y location of the fluid particle. Also this velocity depends 
on the wall shear stress, fluid shear viscosity and density but does not depend on the free stream 
conditions such as pressure and temperature.  On the contrary to this, the velocity in the outer region is 
mainly dominated directly by the fluid viscosity.  By definition τw can be written as 
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2*uw ρ=τ                                                                                                                                        (4.19) 

The parameter u* is called the friction velocity and by implementing the methods of dimensional analysis, 
one can write it as 
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This is valid for the inner layer region, and 
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Here eu  is the edge velocity, δ is the nominal boundary layer thickness and is located in the outer layer 
region.  There is no expression for the dimensional analysis for the function f and g.  Equation (4.27) is 
referred to as the law of the wall and Eq. (4.28) is the velocity defect. 

    In Fig. 4-7 the velocity profiles near wall region has been measured by Prandtl. That consists of three 
separate regions:  the first region is the viscous sublayer, the second one is log layer and the third defect 
layer.  The viscous sublayer is located in the range 0 ≤ y+ ≤ 30 to 50, where y plus is defined as y+ = yu*/υ.  
In viscous sub layer region, the fluid inertia terms are negligible.  The turbulent fluctuations terms are 
negligible with the result that the turbulent shear stress is less than the laminar shear stress. Inside the 
viscous sub layer the near the wall region (y+<5), which is called the laminar sublayer, the both 
coordination u+=y+ would be equal. The width of this inner log layer is Reynolds number is in the range 
30-50<y+ < 350-500 and the ratio of the y to boundary layer thickness lies between 
01….02<y/δ <0.1…0.2 with a good estimation in this region. The general inertia terms are negligible but 
the turbulent shear stress plays an important role in the laminar shear stress formation. The defect layer is 
located in the range between the log layer and the boundary layer. 
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Figure 4-7: velocity profile for flat plate turbulent-boundary layer 
and the non dimensionalized  velocity verses boundary layer 

growth [28] 
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Hence In the log layer the ratio of velocities is: 

21 CyuC
u
u

+ν= )/*ln(
*

                                                                                                                 (4.22) 

Where here  1C  and 2C  are constants. By this the procedure it will be reduced to finding an analytical 

expression for tµ  that generates Eq. (4.23).  For the near wall region, it is possible to make an assumption 
that the inertia terms are negligible, hence, Eqs. (4.17) and (4.18) are being reduced to 
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Since in the outside the laminar sub layer region tµµ << , then 
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Prandtl used the molecular momentum transport analogy to find a close form for this solution 

mixingmixingt v ρµ =                                                                                                                           (4.25)   

With the definition of length and kinematic property 
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Where mixing  is called the mixing length constant and κ = 0.4 in this equation is the von Karman 

constant.  Substation of Eq. (4.25) into Eq. (4.26), 
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Since u term is increasing with the increase of y then  0>
dy
ud

 and Eq. (4.27) takes the following form  
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Upon integration over the range of zero to y  
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    As it depicted in Fig. 4.7 and Eq. (4.28), the mixing length equation mentioned in Eq.  (4.25) has not 
the ability to cover the entire boundary layer velocity field. Consequently, two different approaches are 
being employed in the future development of turbulent boundary layer theory:  one method is good for 
use with integral methods while the other one is being utilized for differential Lagrangian methods which 
is being focused on how to solve the turbulent boundary layer equations by the aid of numerical methods 
such as finite difference and subsidiary numerical schemes [29]. 

    For the first turbulent boundary layer approach Coles developed the composite law of the wall with law 
of the wake. This law describes how the velocity profile in the log-law region and outer region is being 
developed in the boundary layer.  This law can be written as according to Coles 
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Where the parameter II is Coles’ wake-strength parameter and the parameter δ is the boundary layer 
thickness.  The magnitude of II is dependent on the pressure gradient in the field and can be estimated 
using the polynomial relation as  
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It can be seen from Eq. (4.31), the approximate II −~  0.6 for a flat plat. 

By definite integrating from the Eq. (4.32) over the entire the boundary layer, one can obtain 
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Here fC  is the local skin friction coefficient, which is a function of II and the local Reynolds number 

νδ=δ /Re eu  by implementing the wall-wake law, i.e., Eq. (4.32), at the far edge of the boundary layer 
we have  

κ++λ
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/ 212 21 CC
u
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e                                                                    (4.35) 

    For flow property calculation as a function of x, the momentum integral equation for turbulent flows is 
being used in the same form as the laminar flow, i.e. 
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    However these two equations for laminar and turbulent flows are not the same, there is no such like a  
length scale parameter in turbulent boundary layers which leads to the change of velocity profiles into a 
single profile as it was derived  for the  laminar flows case.  Hence, the magnitudes of θ, δ* and fC  

depend on the velocity profile assumptions. As it can be seen from Eq. (4.36), their dependence on x is 
related to the assumed velocity profile as well.  Therefore, if Equation (4.30) is chosen as the velocity 
profile, δ* and θ can be shown in terms of δ and II from Eqs. (4.32), and (4.434) and equation (4.36) 
reproduce a relation for fC  skin friction coefficient in terms of δ.  Due to this, a numerical solution of 

Eq. (4.35) for skin friction extraction is being employed.  This solution yields δ = δ(x) and by this equality 
will provide the three parameters δ*(x), θ(x), and )(xC f . A simple example of the velocity profile over a 

flat plate can be expressed as: 
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Above mentioned relation is not valid in the near wall region and is outside the outer layer zone and thus 
cannot be implemented to estimate the skin friction coefficient.  However, it provides a relationship 
between δ and x which can be used for skin friction calculation )(xC f . For a flat plate, the Eq. (4.36) 

reduces to: 
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Combining the (4.37) and the definition of *δ  and θ one can extract the ratios  
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                                                                                                                                        (4.39) 

To determine fC  there are many correlations available in open literature. For example, one of the 

correlations which was used by Prandtl for a pipe flow is: 

4/1Re046.0 −= δfC                                                                                                                            (4.40) 

By substitution of the Eqs. (4.36), (4.37) into   Eq. (4.37) and integrating over the boundary layer 

5/1Re
375.0

xx
=

δ
                                                                                                                                        (4.41) 

    This equation indicates that for a flat plate, the turbulent boundary layer grows much faster than a 
laminar boundary layer where the boundary layer thickness ratio is 5.0Re/5/ =xδ . 

    As is can be seen from Fig. 4.7, it is vital to define an expression for tµ , for the inner and outer regions 

which is generally valid in the laminar sub-layer region. The near wall modification of tµ  is set by van 
Driest.  By this modification, it can be seen that the equation which was derived in the log layer by using a 
damping factor. By using this, the mixing length is  
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)];/exp(1[ ++−−= Ayymixing κ      
ν

*yuy =+                                                                               (4.42) 

+A  for flat plates is a constant parameter and is chosen in such a way that to estimate  the velocity profile 
in both the near wall and log-law regions.  Various values for this parameter had been studied but it has 

been concluded that for the laminar flow over a flat plate the value of 25=+A  is considered to be the 
best solution since in the near wall region generally the laminar shear stress parameter  τ  is significant, 
Eq. (4.41) gives  
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By using the definitions of non-dimensional parameters 
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Equation (4.37) can be written as the form 
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Equation (4.39) is a polynomial with a power of two for ++ dydu / .  Solving explicitly by using the 

general quadratic equation solver for ++ dydu /  gives 
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Where   

( )[ ]+++ −−= Ayy /exp1κα                                                                                                        (4.47) 

As it can be seen from Eq. (4.40) the parameter α = 0 when 0=+y  making the  Eq. (4.47) singular at 

0=+y .  In order to remove this singularity and by multiply the right hand side of Eq. (4.47) by the 
factor 
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And simplify it  
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Here, it is clear that 1=+

+

dy
du  at 0=+y .  Equation (4.48) is normally will be integrated numerically.  Van 

Driest found that 26=+A  by using the correlation and experiments. Cebeci and Smith [29] used this 

parameter and introduced the modified +A  which in the presence of pressure gradient can be shown as 
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for the eddy viscosity in the outer region an expression was  developed by Clauser [31]: 

( ) *02.0 δρµ eoutert u=                                                                                                                    (4.50) 

 Corrsin,Kistler and Klebanoff [32] found that by freestream within a turbulent boundary layer the flow is 
not always turbulent and it is oscillate between laminar and turbulent To . Eq. (4.49) is multiplied by the 
parameter known as Klebanoff 
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 When using numerical calculations of the turbulent boundary layer, one firstly starts using the near wall 
equation for tµ  and then switches to the outer region equation and equalized these two. Since we made 

an assumption 0=µt  at y = 0, wτ   and 

0=
µ=τ

y
w dy

ud
                                                                                                                            (4.52) 

This equation does not show a similarity between the wall shear stress for laminar and turbulent flows.  In 

the turbulent boundary layer the turbulent shear stress is higher due to the higher value of
0=ydy

ud .   

The above turbulence model, Where tµ  is given by algebraic expressions is applicable and as long as the 
flow is attached to a surface.  For flow separations, more complicated theories are needed. In 
turbomachinery there is a high degree of separation and extensive research has been done but since the 
code used is based on the flat plate analogy it considered being sufficient here and not to continue for 
flow separation region. 
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4.9 TEXSTAN BOUNDARY LAYER CODE 
           Description of TEXSTAN 
 
          The origin of TEXSTAN [34] is a numerical boundary layer code that was firstly developed at 
Stanford University without any heat transfer subroutines then the work continues to the University of 
Texas. TEXSTAN solves the steady boundary layer standard problem of convection-diffusion equations 
for a flat plate. These equations are partial differential equations and marching in space. The flows regime 
can be laminar, transitional, or turbulent. For solving the turbulent boundary layer, the code using several 
methods such as mixing length, one-equation, or two-equation turbulence models. Boundary layer and 
flow properties can be adjusted as constant or variable for subsonic and supersonic flow conditions. In 
case of modeling heat transfer, the energy equations can be computed with either variable wall 
temperatures or heat flux boundary conditions input. The data set structure is a mixture of flags and 
variables. The predefined flags indicate the number and type of equations to solve, the laminar or 
turbulent, transition region onset, the geometry, turbulence models, flow variables, type of boundary 
conditions, types of output file such as properties, wall friction coefficient, heat transfer coefficient, 
momentum thickness,y+ and many other parameters desired to be produced, start and ending of the 
solution domain, and information on control of integration step. There are choices of some input 
variables such as the thermo physical properties of air or other gases, geometrical dimensions, thermal 
boundary conditions, flow field velocity distribution obtained from experiments or other simulation tools 
and initial conditions. The TEXSTAN code after running creates solutions using a finite-difference 
approach with initial boundary layer profiles [33]. The finite-differencing process built in TEXSTAN was 
developed using Patankar’s [35] finite volume scheme. Accuracy in the results is achieved by refining the 
cross-stream grid size, thus reducing the forward integration step size, delta x [19]. 

     The purpose of this section is to make the reader acquainted with the different numerical methods of 
modeling turbulent flow in TEXSTAN. The most important and challenging part is The modeling of the 
transition region which requires a very good numerical code in order to have enough capability of 
modeling both laminar and turbulent boundary layer. The numerical prediction of laminar boundary layer 
characteristics without disturbances is well documented and is relatively easy to verify.  There are a variety 
of turbulence models to choose from. Van fossen (1995) [35] and Crawford[ 19] provide a very good 
overview of different turbulence models. There are various types of turbulent transport modeling available 
in TEXSTAN. Turbulence modeling for heat and momentum transfer which utilizes the mean field 
closure. There are three levels of mean field closure by using formation of an eddy viscosity model in 
TEXSTAN. These models are the one-equation model, Prandtl mixing length model by using the 
turbulence kinetic energy (k) variants. There is also a low-turbulence Reynolds number in the form of two-
equation model using k − ε  the turbulent heat flux is modeled in the code by using a turbulent Prandtl 
number method. As the effects of surface roughness are important in the transition region and to 
postpone the occurrence of turbulence, the code is able to model the surface roughness [18]. Since 
TEXSTAN is a boundary layer code, the two dimensional coordinates are transferred to the velocity and 
potential field so that it is imperative that the axial surface curvature is implemented in the code using 
some modifications to the original Prandtl mixing length method. The Laminar to turbulent transition is 
modeled using two method one is using the modifications to the Prandtl mixing length and the other is 
making  modifications to the Lam-Bremhorst two-equation transport model[34]. 

 

4.10 Boundary Conditions and Flow Properties 

        The benchmark turbine nozzle guide vane flow occurs over the suction side and pressure side of the 
airfoil in Fig 4-8 with constant wall temperature and variable free stream velocity that had been measured 
by using pressure taps on several blade suction and pressure side points and was plotted against non-



34 
 

dimensional axial cord length. Since the code is not able to perform separation analysis, it will be assumed 
that the general flow regime is a boundary layer flow that remains attached from the stagnation point 
region to the blade trailing edge from both suction and the pressure side. The heat transfer calculation 
goal is to permit comparison of the predicted heat transfer coefficient distribution made by TEXSTAN 
with free turbulence modeling variations and wall heat transfer with and to discuss the nature of boundary 
layer flow around the selected airfoil. The flow physics boundary conditions and the main data includes 
[1]: 

• Fluid:  
o Air 
o properties variable  
o Turbulent prandtl number Pr=0.9 (constant) 
o two-dimensional stationary conditions 
o incompressible 
o  inviscid 
o irrotational  

• U∞ = 8.35 m
s

 initial fluid property calculation 
•  Tstag = 303 K (the flow stagnation temperature; constant)  
• Pstag = 173.2 KPa  (the flow stagnation pressure; constant) 
• Tsurface = 250 K (the surface temperature, constant) (TEXTAN is able to get three different 

type of surface temperature initial conditions such Dirichlet or level, Neumann or flux, or 
symmetry line. Here the dirichlet condition was implied for surface temperature  initial 
conditions) 

• Tu  is varied from 2.23%  to 18% (Applied free stream u-component turbulence level) 
• VApp = 35m

s
 (the approach velocity) needed for initial value extracting of the free stream 

turbulence kinetic energy  K from τApp  variable for use with one- and two-equation turbulence 
models 

     As mentioned previously, TEXSTAN is a two-dimensional boundary layer flat plate solver. The nozzle 
guide vane surface is not a flat plate but a highly curved surface so that as surface boundary conditions, an 
inviscid velocity profiles boundary layer were imposed to capture the surface curvature on a flat plate by 
using the similarity solution to change the X-Y two dimensional coordinate to velocity potential and 
stream function. Both pressure and suction side were divided up to several points and boundary 
conditions applied to the Suction and pressure sides’ vane, respectively. TEXSTAN interpolated the 
boundary conditions to estimate the velocity at each integration step. When the code was executed, a 
possible spline-fit error was reported. The velocity distribution after interpolation was compared to the 
velocity distribution from the input variables. There was not a difference between the two distributions, 
which shows that the program’s interpolation of the velocity was correct. 
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Figure 4-8:  Pressure tap locations on Vane 

 

4.10.1 Procedure 
        

      For input files, free stream total pressure, total temperature, turbulence dissipation rate, turbulence 
intensity and the free-stream local velocities (figure 4-9) for both pressure side and suction side was given 
to the code as input. The cases were divided up as high and low free-stream turbulence which Lam-
Bremhorst two-equation turbulence model and the Schmidt-Patankar transition model was selected 
respectively [34]. The transition model is the most sensitive part as it requires the momentum thickness 
Reynolds number to be specified in order to include the turbulence kinetic energy part in boundary layer. 
For lower Reynolds number the TEXSTAN showed the tendency to follow up the experimental data 
indicated by abrupt transition model. The constant temperature boundary conditions were applied to the 
vane in all simulations. 

  
Figure 4-9 Main stream axial velocity 
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4.11 Boundary condition smoothness check 
 

    There are certain boundary condition arrays in TEXSTAN which need to be smoothened. the fact is 
that the code utilized these interpolated arrays to differentiate and therefore the first and second 
derivatives are being used in the transport momentum and energy equations. These arrays in conjunction 
with the velocity array are being used in order to form the external flow pressure gradient, the wall radius 
array for use in modeling of axisymmetric problems, and the auxiliary array for using with the mixing 
length model when curvature in axial direction is needed.  
    To ensure if the boundary conditions are mathematically smooth enough two methods were checked. 
For first method, there was a warning due to the spline-fit data error was reported. After interpolation, the 
velocity distribution was compared to input and there were not any differences in values ensuring that the 
program interpolated the velocity correctly. For second methods, a dataset was formed for the vane 
pressure side with the free stream turbulence of 3%.  Since TEXSTAN is unable to get more than 101 
points for velocity boundary condition, three cases with 40,80 and 97 points were used to demonstrate the 
points independency check concepts normally is being used in CFD methods. Figure 4-10 has shown the 
local heat transfer coefficient verses transformed suction side length of the vane for three cases of 40,80 
and 97 points. In order to see the differences more clearly, the absolute differences of the three points was 
plotted in figure 4-11 and as it can be seen the differences between the three cases are negligible to the 
local heat transfer order of magnitude. Once the relationships between the axial coordinate and both the 
mainstream velocity and surface coordinate were drawn and proved that 40 point is enough for 
simulation, a set of 40 points relating the surface coordinate to the velocity were estimated and used as 
input data.  

 
Figure 4-10:  Heat transfer coefficient comparison for different cases 
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Figure 4-11: Absolute difference heat transfer coefficient from 3 different cases from figure 4-10 
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5 Discussion and conclusion 

5.1 Results from different turbulancy checks with Blasius 
solution 

 

      In order to understand the effect of various turbulence modeling, four different turbulence models 
were tested on the reference blade to study the predicted values of TEXSTAN compare to the Blasius 
laminar equations extracted from [19] and (table 4-1). These models all based on two-equation turbulence 
kinetic energy-energy dissipation models set by the kmtu function in TEXSTAN. These models were: 

1. Launder-Sharma 
2. KY Chien 
3. Lam-Bremhorst 
4. Jones-Launder 

The main differences between these models are near wall treatments (Generally speaking two approaches 
are being used: 

• Low Reynolds number treatment (LRN)  
• High Reynolds number treatment (HRN)  

Another difference is the Boussinesq eddy viscosity assumption, which assumes that the Reynolds stress 
tensor is (linear, quasilinear or nonlinearly) proportional to the mean strain rate tensor. These four models 
use different constant parameters to solve the equation for k and epsilon energy equation [34]. The 
simulations were carried out based on these turbulence model by TEXSTAN and the results is being 
disused in comparison with laminar Blasius equations. 

     

5.1.1 TEXSTAN different Turbulence modeling effect of friction factor 
number verses Reynolds number 

 

         From figure 5-1 to 5-3 it shows the TEXSTAN comparison between different turbulence methods 
to the Blasius laminar equation (table 4-1) verses Reynolds number. It can be seen that from the 
turbulence level of 3% and 5%, all models have followed the general path for the laminar Blasius equation 
except the jones-Launder and AGS transition which have been deviated for high Reynolds numbers. This 
is because of the fact that the transition modeling for low turbulence is sensitive for higher Reynolds 
number due to the Reynolds shear stress transports terms [34]. For turbulence of 18%, all curves have 
followed the laminar Blasius model perfectly but for KY-Chien model for medium Reynolds number it is 
slightly over predicted. As it can be seen from Figure 5-1 and for turbulence 3%, all models started to 
diverge at the Reynolds number around 106 except the KY chien model in the higher Reynolds. It may 
worth to mention that the general laminar to turbulent transition on airfoil is being considered at critical 
Reynolds number of 5×105 [19]. The same trend is observed for the figure 5-2 for turbulence level of 5%, 
almost all models deviated in high Reynolds number and the Jones-Launder model with assisted transition 
model was totally diverged. This may be due to the added transition model on the suction side. As we will 
see in the next chapter the flow on suction side will be in fully turbulent. For figure 5-3 the distance 
between the Blasius solution for laminar flat plate is getting more when the Reynolds number is going to 
increase.  

     

http://www.cfd-online.com/Wiki/Boussinesq_eddy_viscosity_assumption
http://www.cfd-online.com/W/index.php?title=Reynolds_stress_tensor&action=edit&redlink=1
http://www.cfd-online.com/W/index.php?title=Reynolds_stress_tensor&action=edit&redlink=1
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Figure 5-1: TEXSTAN prediction of  suction side local friction factor calculated with 4 turbulence levels and one 

transition method with the free turbulence level of 3% 

 
Figure 5-2: TEXSTAN predictions on suction side local friction factor calculated with 4 turbulence levels and one 

transition method with the free turbulence level of 5% 
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Figure 5-3: TEXSTAN predictions on suction side local friction factor calculated with 4 turbulence levels and one 
transition method with the free turbulence level of 18%  

         For pressure side figures 5-4 to 5-6 the local friction factor has been followed by all models except 
for the 18% turbulence  which again for AGS transition modeling for high Reynolds number it seems 
reading off scale. Later the studied had shown that for pressure side the flow regime stays in transition 
region for all the pressure side and the high turbulence caused the early transition onset.  

It has been pointed out, that, the result of the interaction between the main flow turbulence and the 
boundary region turbulence is the skin friction coefficient. When the main flow is turbulent as a 
consequence the skin friction will increase. On the other hand there may be an increase or decrease of 
Stanton number with no apparent relationship of the changes to the main parameters of the flow field and 
boundary layer [24].  Also, It can be seen from figure 5-6 that for the high Reynolds number and the value 
of FST set on 18%, the Jones-Launder plus AGS transition model decrease dramatically decrease.  

 
Figure 5-4: TEXSTAN predictions on pressure side local friction factor calculated with 4 turbulence levels and one 

transition method with the free turbulence level of 3% 
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Figure 5-5: TEXSTAN predictions on pressure side local friction factor calculated with 4 turbulence levels and one 

transition method with the free turbulence level of5% 

 
Figure 5-6: TEXSTAN predictions on pressure side local friction factor calculated with 4 turbulence levels and one 

transition method with the free turbulence level of 18% 

 

5.1.2 TEXSTAN different Turbulence modeling effect of friction factor 
number verses Momentum Reynolds number 

 

        For pressure side figures 5-7 to 5-9 local friction factor verses momentum Reynolds number, shows 
the TEXSTAN comparison between different turbulence methods to the Blasius laminar equation verses 
Reynolds number. It can be seen that from the turbulence level of 3% and 18%, all models have followed 
the general path for the laminar Blasius equation except the jones-Launder and AGS transition which have 



42 
 

been deviated for high Reynolds numbers.  It can be seen from  the local friction factor has been followed 
by all models except for the 18% turbulence  which again for AGS transition modeling  and Ky CHien for 
high Reynolds number it seems reading off scale. The friction factor prediction by all turbulence models is 
far from the Blasius laminar line which justify the fact that the Blasius methods is not good for prediction 
of the friction factor for high FST . The worst condition for prediction is the Jones Launder and AGS 
which is very off scale for the 18% turbulence and seems to be not reliable. 

 

Figure 5-7: TEXSTAN predictions on pressure side local friction factor verses momentum Reynolds number with 4 
turbulence levels and one transition method with the free turbulence level of 3% 

 

Figure 5-8: TEXSTAN predictions on pressure side local friction factor verses momentum Reynolds number with 4 
turbulence levels and one transition method with the free turbulence level of 5% 
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Figure 5-9: TEXSTAN predictions on pressure side local friction factor verses momentum Reynolds number with 4 
turbulence levels and one transition method with the free turbulence level of 18% 

        The calculated local friction factor verses momentum Reynolds number of the suction side of the 
blade has been shown in figures 5-10 to 5-12. It can be seen from  the local friction factor has been 
followed by all models except for the 18% turbulence  which again for AGS transition modeling for high 
Reynolds number it seems reading off scale. From figure  5-12 ,the friction factor prediction by all 
turbulence models is far from the Blasius laminar line which justify the fact that the Blasius methods is not 
good for prediction of the friction factor for high FST . For figure 5-11 the only turbulence model which 
has predicted the friction off scale is the Jones-Launder plus AGS transition so that one can conclude that 
care should be taken to use transition modeling in combination with turbulency. 

 

Figure 5-10: TEXSTAN predictions on suction side local friction factor verses momentum Reynolds number with 4 
turbulence levels and one transition method with the free turbulence level of 3% 
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Figure 5-11: TEXSTAN predictions on suction side local friction factor verses momentum Reynolds number with 4 
turbulence levels and one transition method with the free turbulence level of 5% 

 

Figure 5-12: TEXSTAN predictions on suction side local friction factor verses momentum Reynolds number with 4 
turbulence levels and one transition method with the free turbulence level of 18% 

 

5.1.3 TEXSTAN different Turbulence modeling effect of Nusselt 
number verses Reynolds number 

 

           Figure 5-13 to 5-15 have shown the variation of Nusselt number verses Reynolds number for 
suction side. The methods for two equation k and epsilon turbulence modeling in TEXSTAN have been 
compared to the laminar Blasius laminar equation. Firstly, it can be seen that from the turbulence level of 
3%,5% and 18%, all models have followed the general path for the laminar Blasius equation. By an 
increase in free stream turbulence, the result will deviate from the Blasius line.  For the turbulence of 3%, 
The KY chien and Launder-Sharma have started going off scale at low Reynolds number. As FST 
increases, all models depicts an off scale behavior at higher Reynolds number, more specifically Jones-
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Launder and Ky Chien models. The reason is that by increase in Reynolds number the flow will be in the 
turbulent mode. The KY chien for the FST of 18% has started to deviate in the general laminar path for 
the low Reynolds number. 

 

 

Figure 5-13: TEXSTAN predictions on pressure side  Nu Number verses Reynolds number for various turbulence 
modeling with 4 turbulence levels and one transition method with the free turbulence level of 3% 

 

Figure 5-14: TEXSTAN predictions on pressure side Nu Number verses Reynolds number for various  modeling with 4 
turbulence levels and one transition method with the free  level of 5% 
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Figure 5-15: TEXSTAN predictions on pressure side Nu Number verses Reynolds number for various turbulence 
modeling with 4 turbulence levels and one transition method with the free turbulence level of 18% 

        Figure 5-16 to 5-18 have shown the variation of Nusselt number verses Reynolds number for suction 
side. The methods for two equation k and epsilon turbulence modeling in TEXSTAN have been 
compared to the laminar Blasius laminar equation. Firstly, it can be seen that from the turbulence level of 
3%,5% and 18%, all models have followed the general path for the laminar Blasius equation. By an 
increase in free stream turbulence, the result will deviate from the Blasius line. One can expect such 
behavior since the Blasius equation is explicitly applicable to laminar flow.  For the turbulence of 3%, The 
KY chien and Jones-Launder AGS transition have started going off scale at high Reynolds number. As 
FST increases, all models depicts an off scale behavior at higher Reynolds number. The reason is that by 
increase in Reynolds number the flow will be in the turbulent mode, especially in the suction side in which 
it will be predicted to be in fully turbulent in the vicinity of TE. The KY chien for the FST of 18% has 
started deviating the general laminar path for the low Reynolds number. 

 

Figure 5-16: TEXSTAN predictions on suction side Nu Number verses Reynolds number for various turbulence 
modeling with 4 turbulence levels and one transition method with the free turbulence level of 3% 
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Figure 5-17: TEXSTAN predictions on suction side Nu Number verses Reynolds number for various turbulence 
modeling with 4 turbulence levels and one transition method with the free turbulence level of 5% 

 

Figure 5-18: TEXSTAN predictions on suction side Nu Number verses Reynolds number for various turbulence 
modeling with 4 turbulence levels and one transition method with the free turbulence level of 18% 
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5.1.4 TEXSTAN different Turbulence modeling effect of StPR3/4    
product verses enthalpy Reynolds number 

 

       For pressure side figures 5-19 to 5-21 have shown the product of Stanton number and Prandtl 
number StPr3/4 verses momentum Reynolds number. They show the TEXSTAN comparison between 
different turbulence methods to the Blasius laminar equation verses Reynolds number. It can be seen that 
from the turbulence level of 3% and 18%, all models have followed the general path for the laminar 
Blasius equation except but the more turbulence level has been implemented, the more the graph deviated 
from the Blasius boundary layer equation.      

 
Figure 5-19: TEXSTAN predictions on pressure side StPr3/4 verses momentum Reynolds number for various turbulence 

modeling with 4 turbulence levels and one transition method with the free turbulence level of 3% StpR3/4 

 
Figure 5-20:  TEXSTAN predictions on pressure side StPr3/4 verses momentum Reynolds number for various 
turbulence modeling with 4 turbulence levels and one transition method with the free turbulence level of5% 
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Figure 5-21: TEXSTAN predictions on pressure side StPr3/4 verses momentum Reynolds number for various turbulence 

modeling with 4 turbulence levels and one transition method with the free turbulence level of18% 

     Variation of the StPr3/4  verses momentum Reynolds number for suction side has shown in figures 5-
19 to 5-21 .The methods for two equation k and epsilon turbulence modeling in  TEXSTAN have been 
compared to the laminar Blasius laminar equation. Firstly, it can be seen that from the turbulence level of 
3% and 18%, all models have followed the general path for the laminar Blasius equation. By an increase in 
free stream turbulence, the graph deviated from the Blasius laminar boundary layer equation.  For the 
turbulence of 3%, the conclusion is that all the turbulence methods give only approximate results and 
specifically in range for the higher enthalpy thickness Reynolds number Reh. The Ky Chien turbulence 
model has shown an off scale result for low enthalpy Reynolds number and low free stream turbulence 
magnitude. The same trend will be observed as the free stream turbulence is increased in figure 5-20. All 
methods has shown a vague results for lower Reynolds number except the combination of the Jones 
launder and AGS transition method. One can conclude that for modeling in the low up to 5& free stream 
turbulence, the jones Launder plus AGS transition method has had the best results while for the high FST 
of 18% all methods has shown an off scale behavior specially at high Reynolds number.  

 

Figure 5-22: TEXSTAN predictions on suction  side   StPR3/4  verses momentum Reynolds number for various 
turbulence modeling with 4 turbulence levels and one transition method with the free turbulence level of3% 
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Figure 5-23: TEXSTAN predictions on suction  side   StPR3/4 verses momentum Reynolds number for various 
turbulence modeling with 4 turbulence levels and one transition method with the free turbulence level of5% 

 
Figure 5-24: TEXSTAN predictions on pressure  side StPR3/4 verses momentum Reynolds number for various 
turbulence modeling with 4 turbulence levels and one transition method with the free turbulence level of 18% 
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5.2 Transient to turbulent suction side 
 

        In order to study the boundary layer in the reference blade various data extracted. The equation for 
ν/*uyy =+  was plotted for the law of the wall and Van driest equation (4.42). For various A+=27 the 

equation was solved numerically (appendix A and B) and the result was plotted against the TEXSTAN 
data extraction. As it can be seen the TEXSTAN graph has followed the viscous sub layer region plotted 
by the Van driest mixing length but it has started showing deviation in log layer  which has started  in 
approximately at the point y+=2.5. In the buffer layer, between 5 wall units and 30 wall units, this is 
started deviating outward.  

 
Figure 5-25 TEXSTAN predicted velocity profile by VAN-Driest model and law of the wall 

On the suction side of the guide vane the flow is highly accelerated So that the thermal boundary layer 
thicker compare with the velocity boundary layer. This continues where the pressure gradient became 
adverse and the flow face the boundary layer transition to the turbulent flow. When high free stream 
turbulence was used for example over 10%, the thermal boundary layer thickness is initially higher than 
the velocity boundary layer thickness, and then become equalized along the suction side. As it can be seen 
from figure (5-26) the different free stream turbulence has been tested 3%,5% and 18% respectively. The 
graph depicts the same logline and near wall +y  as the predicted van driest model but the deviation is in 

the boundary layer outer region which shows the higher the turbulence the lower the +u  calculation. 
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Numerical predictions using the k-x turbulence model

 

Figure 5-26:  velocity profile prediction by 3% FSTI along Suction Surface (by Lam-Bermhorst model)and plot of Van 
dries model log line 

      As expected, the variation of boundary layer integral parameters predicted by TEXSTAN is consistent 
with the momentum Reynolds number prediction results. As it can be seen in Fig., the computed Reθ                         
starting from the leading edge which is zero (stagnation point) when it reaches y+ around 950 for pressure 
side and 6000 (Fig. 5.34 )at the trailing edge in suction side, which is for pressure side  far below a value of 
2000 usually mentioned as the lower limit for the fully turbulent boundary layers on turbine 
blades(Mayle,1991). Hence, from the predicted heat transfer and Reynolds number, it may be concluded 
that the boundary layer condition remains transitional along the entire pressure side. On the Suction 
surface, the predicted Reθ  is around 6000 near the trailing edge which is way higher than the 2000 and 
also in combination with the shape factor analysis in figure it can be seen that the shape factor is lower 
than the Blasius solution for laminar flow over flat plate H = δ∗ θ⁄ = 1.721

0.664
= 2.59  and also in the same 

order as 1.4 mentioned as the fully turbulent flow [26].  
   The effect of free turbulence occurs in the outer boundary layer by increase in eddy diffusivity. It seems 
that by implementing the enough free turbulence, the whole boundary layer will be affected. The sublayer 
and the logarithmic area would not affect in low magnitude of free turbulence. 
    The evolution of suction surface flow boundary layer velocity profile in the stream wise direction (u+ 
verses y+ which was predicted by the Lam-Bermhorst k- e model for various turbulence (3, 5 and 18%)  is 
shown in. The prediction provides a clear vision of the suction side transition process in which the stream 
wise velocity profile in outer layer changes from the viscous sublayer in laminar region to that of a fully 
turbulent boundary layer (known as the log-law). Thus, with all analysis such as shape factor and 
momentum transfer all indicate that the suction side of the guide vane is in the fully turbulent region while 
in the pressure side it remains in transition region. The length of transition, depends on the starting 
location, i.e., where Ree(x) =Reθ  =150 (Tu = 5%) (Maryle 1991). 
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Figure 5-27 boundary layer momentum thickness for turbulence 18% 

   The boundary layer momentum Reynolds number calculated by TEXSTAN has been shown in the 

figure 5-28. The momentum thickness Reynolds number 
ν
θ

θ
eu

=Re  has been calculated and plotted for 

both pressure and suction side. As it can be seen from the graph, at the predicted point of transition 
around the non-dimensional surface coordinate of X/Xc=0.49 and X/Xc=0.62 the momentum thickness 
Reynolds number exhibited a sudden increase. This trend has continue to the TE for the suction side 
while it starts going down and has reached a steady level to the TE. This conclusion would justify the 
starting point of transition on the airfoil and continuation to the fully turbulent for the suction side. The 
shape factor, H,  on pressure side shown in Fig. 5-29, is also a good  indicator of the state of the boundary 
layer with respect to transition. It can be seen by the increase of FST, shape factor on pressure side is on 
decline. In the turbulent zone, starting after distance of 0.02 m, H drops from about 1.6 to 1 for the free 
stream turbulence. Also it can be seen from the fig. 5-29 that by increase in the free stream turbulence, the 
transition point is to somewhat vanished. 

 
Figure 5-28 boundary layer shape factor for pressure side with different FST 
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          The same shape factor graph, H, on suction side shown in Fig. 5-30, with the increase of FST the 
shape factor decreases. For the FST 3% and 5% the line is overlapped until the station around 0.055m in 
which then the graph separated from each other. For 3% the line experience a rise to the magnitude of 
over 3 which is over Blasius magnitude of H=2.59 which is considered to be laminar. For FST 5% the line 
is overlap at H=1.5 which is the border line for fully turbulent mode. For FST 18% it can be seen that the 
flow regime may be considered fully turbulent. 

 
 

Figure 5-29 boundary layer shape factor for suction side with different FST 

          Boundary layer momentum thickness for suction side has been presented in figure 5-31. As it can 
be seen for the FST level of 3% it is slightly increased and it is because on the suction side the flow regime 
remains in transition while for turbulence level 18% at the beginning there is a sudden jump which shows 
a rapid transition from the leading edge and as the turbulence increased the momentum thickness 
boundary layer is increased due to diffusion terms to the boundary layer. One may conclude that by the 
increase of FST, the transition onset location on suction side will shift towards the leading edge and this 
conclusion is verified by the shape factor, momentum Reynolds number and heat transfer coefficient 
graph. The boundary layer momentum thickness for pressure has been presented in figure 5-32. The 
graph depicted the momentum thickness has increased by the increased in FST. It decreases starting from 
0.04 meter from stagnation point on the pressure side and it is because of starting the transient point. This 
is an identical behavior for the transient to turbulence. As it can be seen in the transient region, the growth 
of momentum thickness has been stopped in such a way that the identical behavior of transition in the 
region near TE would be observed.  
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Figure 5-30 momentum thickness boundary layer for different FST of 3,5 and 18% 

 

          The TEXSTAN run for plotting the velocity component U in order to understand the approximate 
boundary layer thickness would lead to figure 5-33. The velocity has been calculated at a station on airfoil 
correspond to the momentum thickness Reynolds number =50 and x-Reynolds number =5700. It can be 
seen that the boundary layer thickness is around 0.8 millimeter for this side. Velocity Boundary layer 
thickness at momentum Reynolds number  2.000000E+03 has been plotted in figure 5-33. 

 
Figure 5-31 momentum thickness boundary layer for different FST of 3, 5 and 18% 
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Figure 5-32 velocity component U verses the y coordinate distance from surface for suction side 

          As the boundary layer became turbulent in figure 5-34 after the transition onset in suction side, the 
heat transfer decreased as the boundary layer thickened on the suction side. For pressure side since it is 
still not in fully turbulent at the trailing edge and remains transition the heat transfer trend is upward. 

 
Figure 5-33 transition onset range predicted by AGS for both pressure and suction side based on momentum Reynolds 

number   and the corresponding range on heat transfer coefficient  

Also it can be seen that the heat transfer magnitude is considerable at the stagnation point so that the 
accurate modeling of heat transfer in stagnation point is very important. Since the SS is longer compared 
to the PS, in this situation the LE falls at about X/Xc=0.56 of the surface coordinate. For the stagnation 
point, there is a sharp increase in heat transfer rate due to the very thin boundary layer. Based on the 
analysis shown in the figure 5-34 the estimated starting point of transition lies between X/Xc=0.49 and 
X/Xc=0.62 of the non-dimensional surface coordinate for suction side and pressure side respectively.  
Although AGS correlation shows a very good agreement with experimental data for cases with zero and 
adverse Pressure gradients, it does not show an effective transition prediction for the highly accelerated 
flows with strong pressure gradients. In such flows the transition to be delayed due to the highly 
accelerated flow [59].  
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5.3 Conclusions 
 

• A careful turbulence modeling for TEXSTAN is vital, while a turbulence modeling for pressure 
side would lead to proper results, the same turbulence modeling might not be suitable to the 
suction side. 

• The KY chien model has predicted a fast transition but the other models have predicted the 
delayed transition. 

• The heat transfer coefficient on the suction side of turbine is dominant by the transient onset. 
This process is mainly governed by surface roughness, turbulence, curvature and pressure 
gradients in which here were focused on turbulence. 

• On guide vane pressure side, transition triggers near leading edge due to the high free stream 
turbulence intensity. There is a balance between pressure gradients due to the flow stream lines 
and turbulence intensity which prevent the flow to become fully turbulent and again the flow in 
transition zone would be relaminarized. 

• Due to the highly sensitive nature of flow on suction side and the fact that the free stream 
turbulence level and pressure gradients on suction side are the same order of magnitude thus it 
is important to choose the right turbulence and transition model to predict the heat transfer 
coefficient correctly. 

• The current TEXSTAN code is capable of simulating the pressure side boundary layer and heat 
transfer coefficients more accurate compare with suction side. 

•  The TEXSTAN +y  calculations have shown that the boundary layer followed the Van driest 
method in a very good manner. 

• It is hard to draw a conclusion on the performance of TEXSTAN to model StPr3/4 and Nu 
number verses Reynolds number since it was compared to Laminar Blasius equation. Further 
studies needed in order to verify the accuracy of numerical TEXSTAN code. 

• Although AGS correlation shows a very good agreement with experimental data for cases with 
zero and adverse Pressure gradients, it does not show an effective transition prediction for the 
highly accelerated flows with strong pressure gradients. In such flows the transition to be 
delayed due to the highly accelerated flow so that it is vital to re-collerated for the free stream 
turbulence intensity. 

• TEXTAN calculations showed that both suction and pressure side have transition flow while 
for the suction side it was predicted that the flow regime at trailing edge is fully turbulent. Based 
on the Abu-Ghannam –Shaw Transition model and by the aid of shape factor data, momentum 
Reynolds number and various boundary layer properties, it was concluded that the pressure side 
remains in transient region. 
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6 Recommendation for future works 
It is possible to extend the current study to more in detail studies of various geometry and conditions such 
as: 

•    Heat transfer calculation with TEXSTAN for three different geometries has been shown in 
the figure (6-1). It should be interesting to study the different nozzle guide vanes geometries to 
see the effect of early transition and boundary layer studies. Calculations were made using two 
other different blades. The first one was extracted from VKI test rig data velocity distribution 
mentioned in [56] and was fed to TEXSTAN by forming an input file. The second benchmark 
was an adopted format from Virginia tech university test rig for a scaled blade [57]. 
 

 
Figure 6-1calculation of heat transfer coefficient for 3 Types of nozzle guide vanes 

 

• Extraction of manufacturing drawing for heater mesh component 
• Heat transfer simulation of electrical current with flow heat transfer using COMSOL 

multiphasic to check the validity of the basic design. 
• The primary objective of this work was to examine the effect of free stream and boundary layer 

studies turbulence on heat Transfer and flow regime. Due to this objective, the velocity 
distribution and exit Mach numbers were not separated from the exit Reynolds number so that 
it would be interesting to run the study with different exit velocity to study the effect of 
different Reynolds number on heat transfer. It can be predicted that, there is an overall increase 
in heat transfer due to the increase in Reynolds numbers especially on pressure side. 

• The effect of LES and RANS turbulence modeling would be interesting the heat transfer and 
transition onset on the blade. 

• Surface roughness, pressure gradients and surface curvature effects on heat transfer calculation 
of TEXSTAN software for more accurate transition modeling. Also it may worth to go further 
for studies on intermittency turbulence and acceleration parameters on heat transfer and 
Nusselt number. 
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• Checking the Nu number and turbulence correlations with the TEXSTAN especially for the 
stagnation point and compare the free stream turbulence correlation on stagnation point 
extracted from cylinder stagnation point heat transfer. 

• Accurate heat transfer modeling at the stagnation point is very important since the amount of 
heat to be transferred in that region is around twice as much as the rest of the blade. 
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Appendix A 
 

% Test number MUR44 
% temprature 420 total 
%Khashayar Khorsand Linear regration 
clear all, 
clear 
load velocity.mat 
xps = ps(:,2); 
xss = ss(:,2); 
xpsvel=psvel(:,2); 
xssvel=ssvel(:,2); 
[m,n] = size(ps); 
[p,q] = size(ss); 
% ssvelocity=zeros(80,1); 
% psvelocity=zeros(80,1); 
  
for i=1:m 
     psvelocity(i,1)=xpsvel(2*i,1); 
end 
for j=1:p 
    ssvelocity(j,1)=xssvel(2*j,1); 
end 
   
    % khashayar khorsand  
clc 
cp=0.1223/80; 
 x_new(1,1) = 0; 
for j=2:81 
    x_new(j,1)=x_new(j-1,1)+cp; 
end 
y_newps = interp1(xps,psvelocity,x_new,'spline'); 
figure 
plot(xps,psvelocity,'d') 
 legend off 
hold on 
figure  
  plot(x_new,y_newps) 
    
title('Velocity versus pressure tap','fontsize',18) 
 ylabel('Isentropic mach number','fontsize',14) 
 xlabel('Distance (mm)','fontsize',14) 
legend('Data Points','Cubic Spline Interpolation') 
  
  
save('TEXSTANboundary.txt','x_new','y_newps','-ascii') 
hold on 
cs=0.1557/80; 
 x_newss(1,1) = 0; 
for j=2:81 
    x_newss(j,1)=x_newss(j-1,1)+cs; 
end 
  
% x_newss = 0:0.00194625:0.1557; 
% ssvelocity1=ssvelocity.' 
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 y_newss = interp1(xss,ssvelocity,x_newss,'spline'); 
 figure 
 plot(xss,ssvelocity,'d') 
 legend off 
  
hold on 
figure 
  plot(x_newss,y_newss) 
   
  hold on 
  pstextanformatps=zeros(162,1); 
   
  for u=1:81 
      pstextanformatps(2*u,1)=y_newps(u,1); 
  end 
   pstextanformatss=zeros(162,1); 
   
  for u=1:81 
      pstextanformatss(2*u,1)=y_newss(u,1); 
  end 
     
clc 
cp97=0.1223/96; 
 x_new97(1,1) = 0; 
for j=2:97 
    x_new97(j,1)=x_new97(j-1,1)+cp97; 
end 
y_newps97 = interp1(xps,psvelocity,x_new97,'spline'); 
figure 
% plot(xps,psvelocity,'d') 
%  legend off 
% hold on 
% figure  
%   plot(x_new,y_newps) 
%     
% title('Velocity versus pressure tap','fontsize',18) 
%  ylabel('Isentropic mach number','fontsize',14) 
%  xlabel('Distance (mm)','fontsize',14) 
% legend('Data Points','Cubic Spline Interpolation') 
  
  
% save('TEXSTANboundary.txt','x_new','y_newps','-ascii') 
% hold on 
cs97=0.1557/96; 
 x_newss97(1,1) = 0; 
for j=2:97 
    x_newss97(j,1)=x_newss97(j-1,1)+cs97; 
end 
  
% x_newss = 0:0.00194625:0.1557; 
% ssvelocity1=ssvelocity.' 
 y_newss97 = interp1(xss,ssvelocity,x_newss97,'spline'); 
%  figure 
%  plot(xss,ssvelocity,'d') 
%  legend off 
%   
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% hold on 
% figure 
%   plot(x_newss,y_newss) 
%    
%   hold on 
  pstextanformatps97=zeros(194,1); 
   
  for u=1:97 
      pstextanformatps97(2*u,1)=y_newps97(u,1); 
  end 
   pstextanformatss97=zeros(194,1); 
   
  for u=1:97 
      pstextanformatss97(2*u,1)=y_newss97(u,1); 
  end 
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Appendix B 
 

% ------------------------------- 
% 
% Progrom to generate Van Driest mixing length plots of u+ versus y+ 
%   Khashayar Khorsand January 2014 
% 
% ------------------------------- 
  
clc; 
clear all; 
  
Yplus = zeros(1000); 
  
for i=1:10 
    Yplus(i) = 0.0001*i; 
end 
  
for i=11:18 
    Yplus(i) = Yplus(i-1)+0.0005; 
end 
  
Yplus(19)=0.01; 
Yplus(20)=0.05; 
  
for i=21:1000 
    Yplus(i) = 0.1*(i-20); 
end 
  
% K is the von Karman constant 
K = 0.41;    
% setting specified magnitude for A+ 
Aplus = [22; 25; 27]; 
  
a = zeros(1000,3); 
b = 1; 
c = -1; 
duPdyP = zeros(1000,3); 
  
for j=1:3 
    for i=1:1000 
        a(i,j) = (K*Yplus(i)*(1-exp(-1*Yplus(i)/Aplus(j))))^2; 
        duPdyP(i,j) = (-b + sqrt(b^2 - 4*a(i,j)*c))/(2*a(i,j)); 
    end 
end 
delta = zeros(1000,3); 
uplus = zeros(1000,3); 
  
for j=1:3 
    for i=2:1000 
        delta(i,j) = duPdyP(i,j)* (Yplus(i)-Yplus(i-1)); 
        uplus(i,j) = uplus(i-1,j) + delta(i,j); 
    end 
end 
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%   equation Solver u+ = (1/(0.41)) * ln(Y+) + 5 
  
uplusg = zeros(1000); 
for i=1:120 
    uplusg(i) = Yplus(i); 
end 
for i=121:1000 
    uplusg(i) = 1/0.41*log(Yplus(i)) + 5.0; 
end 
  
% ------------------------------- 
% Plot results for A+ = 22, 25, 27 and for u+ and for suction side TEXSTAN 
% output ftn77 
  
fname= 'SS/ftn77.txt'; 
fid=fopen(fname); 
  
null=[]; 
while 1  
    a = fgetl(fid); 
        if ischar(a), a=search_replace(a(1:end),',','.'); a=str2num(a); null=[null;a(1:end)]; 
    else break, end 
end 
fclose(fid); 
  
null1=null(:,1); 
null2=null(:,2); 
null3=null(:,3); 
null4=null(:,4); 
null5=null(:,5); 
null6=null(:,6);  
null7=null(:,7); 
  
figure(1) 
   semilogx(Yplus,uplusg,'k.:') ,hold on,grid on  
  
 semilogx(null(:,3),null(:,4),'m*-', Yplus,uplus(:,3),'ro-') 
  hold off 
  title('predicted veloctiy profile by VAN-Driest model,law of the wall and TEXSTAN','fontsize',18); 
xlabel('y+','fontsize',20), ylabel ('u+','fontsize',20); 
 legend('Magenta :TEXSTAN suction side',30, 'Red-VAN-Driest A+ = 27',30, 'Black: Law of the Wall',30) 
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