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NUMERICAL INVESTIGATION OF WIND TUNNEL DESIGN FOR FILM 

COOLING APPLICATIONS IN GAS TURBINES 

SUMMARY 

The numerical analyis of Turkey Technology Center (TTC) Flowlab Setup is 

performed in this study using commercially available computational fluid dynamics 

(CFD) software ANSYS CFX 19.2. The aim of the study is to examine the accuracy 

of assumption that static pressure is equal to total pressure in experimental studies. 

Experimental results are presented, and these results are used for setting the 

boundary conditions in numerical analysis. In the experiment, there is a honeycomb 

section that is used to uniformize the flow inside the settling chamber. Two 

computational domains are generated. In order to study the influence of the 

honeycomb on flow features, honeycomb section is not modeled for the first domain 

but it is modeled for second domain. The numerical grid is generated by software 

ANSYS Meshing. For the domain without honeycomb, coarse grid is generated. For 

the domain with honeycomb, coarse and fine grids are generated. The boundary layer 

grid is not generated for the honeycomb section to not increase grid size. In order to 

capture the jet flow inside the settling chamber, grid is intensified in entering region 

of settling chamber for all cases. The details of grid for fine grid with honeycomb 

domain is presented. The analysis are made with an incompressible approach. As the 

convergence criteria, reaching 10-5 is chosen for rms value for mass and momentum 

equations, and obtaining constant behaviour between the range of ±0.1 is chosen for 

imbalance value of mass and momentum equations. Convergence criteria is not 

obtained for all cases. The influence of lack of convergence on the flow features and 

pressure results is observed. The flow features of TTC Flowlab Setup and the 

influence of honeycomb are presented. The post processing is done with software 

ANSYS CFD Post. Velocity contours, streamlines, pressure contours are given to 

compare cases. Swirling flow occurs downstream of the honeycomb location for the 

domain without honeycomb whereas reverse flows occur for the cases with 

honeycomb. It is seen that static and total pressure values are around 1 kPa higher 

than the static pressure value obtained from the experiment. Also static pressure is 

very close to total pressure, so accuracy of assumption is acceptable. The outcome of 

this study is that even though accuracy of assumption is acceptable for all cases, 

more detailed study is needed to capture flow characteristic downstream of the 

honeycomb location, as convergence criteria is not obtained for all cases.  
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GAZ TÜRBİNLERİNDE FİLM SOĞUTMA ÇALIŞMALARI İÇİN RÜZGAR 

TÜNEL TASARIMININ NUMERİK ANALİZİ 

ÖZET 

Yapılan çalışmada Türkiye Teknoloji Merkezi Akış Laboratuvarı’nın analizi 

hesaplamalı akışkanlar yöntemleri (CFD) ile hesaplanmıştır. Hesaplamalar için 

ANSYS CFX paket programı kullanılmıştır. Bu çalışmanın amacı, deneylerde 

yapılan statik basıncın total basınca eşit olduğu varsayımının doğruluğunu 

incelemektir. Deney sonuçları verildi ve bu deney sonuçları CFD analizlerinin sınır 

koşulları için kullanıldı. Deney düzeneğinde yerleşme odasındaki akışı 

düzenleştirmek için bal peteği kısmı bulunmaktadır. İki hesaplama alanı 

tasarlanmıştır. Birinde bal peteği kısmı eklenirken diğerinde bal peteği kısmı 

eklenmemiştir. Sayısal ağ ANSYS Meshing yazılımıyla oluşturulmuştur. Bal peteği 

bulunmayan alan için göreceli olarak kaba bir sayısal ağ oluşturulurken bal peteği 

bulunan alan için hem kaba hem yoğun sayısal ağ oluşturulmuştur. Grid sayısını çok  

arttıracağı için bal peteği kısmında sınır tabaka oluşturulmamıştır. Üç senaryo için de 

yerleşme odasında meydana gelen jet akışını daha iyi çözebilmek için bu bölgede 

grid sayısı yoğunlaştırılmıştır. Yoğun sayısal ağlı bal peteği bulunan model için 

sayısal ağ detayları verilmiştir. Analiz sıkıştıralamaz akım şartı kabul edilerek 

gerçekleştirilmiştir.  Analizlerin yakınsama şartı olarak; kütle ve momentum 

denklemlerinin ortalama karekök (rms) değeri 10-5’e gelmesi, ve kütle ve momentum 

denklemlerinin dengesizlik değerinin ±0.1 arasında sabit bir davranış göstermesi 

seçilmiştir. Hiçbir durum için yakınsama şartı elde edilememiştir. Yeterli 

yakınsamanın elde edilmemesinin akış özelliklerine ve basınç değerlerine olan etkisi 

gözlemlenmiştir. Bal peteğinin etkisi sunulmuştur. Analiz sonuçları ANSYS CFD 

Post yazılımı ile görselleştirilmiştir. Durumları kıyaslamak için hız ve basınç 

konturleri, ve akış çizgileri sunulmuştur. Bal peteği bulunan modellerin analizinde 

bal peteğinin bulunduğu konumun arkasında kalan bölgede ters akış etkisini 

gösterirken, bal peteği bulunmayan modelin aynı konuma denk gelen bölgesinde ise 

dönmeli akış etkisini göstermiştir. Statik ve toplam basınç değerleri deneyden elde 

edilen static basınç değerinden 1 kPa civarında fazla gelmiştir. Ayrıca, tüm 

analizlerde statik basıncın toplam basınca çok yakın olduğu, bu yüzden yapılan 

varsayımın geçerli olduğu söylenebilir. Bu çalışmanın çıktısı, her ne kadar 

deneylerde yapılan varsayımın geçerliliği görülmüş olsa da bal peteğinin bulunduğu 

konumun arkasında kalan alandaki akışı daha iyi çözebilmek için daha detaylı bir 

çalışmanın gerektiğidir. 
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1.  INTRODUCTION 

It is a clear fact that the efficiency of gas turbines plays a major role on the efficiency 

of gas turbine engines, and the efficiency of gas turbine increases as inlet 

temperature of turbine increases. Nowadays, high efficiency gas turbines are 

designed so that they operate at the inlet temperature about 1800-2200K which 

exceeds the allowable metal temperatures [1]. Figure 1.1 shows changing of the inlet 

turbine temperature throughout the years with the improvement of cooling 

techniques. 

 

Figure 1.1 : Improvement of firing temperature over years [2] 

Film cooling technology enables gas turbines to operate at these high inlet turbine 

temperatures. Figure 1.2 shows the schematic of blade cooling from hot mainstream 

gas. The cooling air is injected from compressor into the boundary layer on the blade 

surface to protect from hot mainstream [1]. 
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Figure 1.2 : Gas turbine blade cooling schematic [1] 

1.1  Film Cooling Technology  

Film cooling is the process of cooling hot components with compressed air that is 

injected through cooling holes. By that, solid surfaces are protected from hot 

mainstream gas with protecting blanket created by cooling jet. The main challenge of 

the film cooling technology is that to achieve best protection of solid surfaces from 

hot mainstream gas by using as few as coolant possible [3].  

Film cooling effectiveness is utilized to investigate the capability of coolant jet to 

decrease wall temperatures downstream of the injection. Therefore, results from 

adiabatic wall are included on most of the film cooling studies [3]. The following 

equation defines the adiabatic film cooling effectiveness.  

w

c

T T

T T
 



−
=

−
 

(1.1) 

where T∞, Tw, Tc temperatures of mainstream gas, wall, coolant jet, respectively. 

Many researchers have conducted studies on film cooling by using experimental or 

computational fluid dynamics (CFD) methods. Several turbulence approaches have 

been tested on predicting the film cooling effectiveness in literature. Reynolds-

averaged Navier-Stokes (RANS) models are the most common ones since the 
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analysis with higher order modelling, such as large eddy simulation (LES) and direct 

numerical simulations (DES), cost more compared to RANS models [4]. As an 

alternative, hybrid RANS-LES turbulence models have been used in film cooling 

applications in order to take advantages of RANS and LES [5]. 

The effects of inclination angle, shape of hole, blowing ratio, hole spacing and hole 

length on the film cooling effectiveness have been main investigation topics in 

experimental [6,7] studies. Computational studies have been focused on the effects of 

different turbulence models on film cooling effectiveness [4,8,9,10]. 

Discrete holes have been commonly used in film cooling applications because of 

their ease of manufacturing [11]. Despite the high cost and manufacturing difficulty 

of complex hole shapes, they have been used in order to increase effectiveness and to 

decrease injected air flow. Dittmar, Schulz, and Wittig [6] studied the effect of four 

different hole configurations with different Mach number on the adiabatic film-

cooling effectiveness for the downstream of the injection location on large-scale 

experiments. Hole configurations are shown in Figure 1.3. CONF1, CONF2, 

CONF3, CONF4 represent a double row of cylindrical holes, a double row of 

discrete slots, a single row of straight fan-shaped holes, and a single row of 

compound angle fan-shaped holes, respectively. 

 

Figure 1.3 : Four different hole configurations [6] 
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At low blowing ratios, similar film cooling effectiveness obtained from all 

configurations. For all blowing ratios, the effect of cooling air crossflow was 

observed for the configuration of compound angle fan-shaped holes. Fan-shaped 

holes gave good result for effectiveness, particularly in the near hole region at low 

and high blowing ratios. Effectiveness keenly decreased for the configuration of 

cylindrical holes at high blowing ratios due to jet separation. The case of double row 

of discrete slots gave good effectiveness even at high blowing ratios in the near hole 

region due to less jet separation, and this configuration behave best for the 

effectiveness further downstream at high blowing ratios among the other 

configurations. 

Waye and Bogard [7] also studied on adiabatic film cooling effectiveness to compare 

axial and compound angle holes on the suction side of a turbine vane. Various Mach 

number, density ratio and hole spacing were used. They compared the results with 

previous flat plate film cooling results to see the effect of curvature. They concluded 

that for cylindrical, 30 deg axial holes with a hole spacing of /p d =5.55 and 2.78, 

where p; coolant hole pitch distance and d; film cooling hole diameter, the 

effectiveness increased with an increasing blowing ratio until it reached the optimum 

ratio where 0.6M = . After it had passed this ratio, effectiveness decreased due to 

the influence of detachment of coolant jet. They found that effectiveness slightly 

increased with increasing density ratio, which two density ratio of 1.3DR =  and 

1.5DR =  were compared. Also, they compared two cases with different hole spacing 

of axial holes. Larger hole spacing was twice more than the smaller hole spacing. 

They found that effectiveness of larger hole spacing was almost half of the 

effectiveness of smaller hole spacing. For the configuration of compound angle hole, 

with injection angle of hole relative to surface  =45 deg , injection angle of hole 

relative to mainstream flow  =45 deg , and a hole spacing of / 5.55p d = , behavior 

of effectiveness regarding the blowing ratio were same with the behavior of axial 

holes. Optimum blowing ratio for compound angle hole configuration was lower 

than for axial hole configuration, where 0.4M = . They concluded that compound 

angle holes behave better in laterally averaged adiabatic effectiveness than axial 

holes, especially for the cases with high blowing ratios. 

Harrison and Bogard [8] studied the realizable k-ε, standard k-ω, and RSM 

turbulence models for prediction of film cooling performance. Flat plate film cooling 
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experiments that are commonly used in literature were used to compare their results. 

They found that k-ω model showed best result in lateral adiabatic effectiveness, but 

worst in centerline adiabatic effectiveness. To opposite, the realizable k-ε model 

performed best in centerline adiabatic effectiveness, and worst in lateral adiabatic 

effectiveness. All three RANS models performed poorly for the spreading of the 

coolant as compared to the experimental results.  

Even though time and power requirement of LES is relatively high with respect to 

RANS and DES, it has been used film cooling studies. Johnson and Kapat [9] studied 

cylindrical film cooling hole with LES. they used experiment [12,13] for the 

geometry and flow conditions, and tried to validate their results. Two structured grids 

were created for two different blowing ratios of M=1.0 and 1.9. For the M=1.9, the 

domain was larger. Around 9 million hexahedral cells were generated for M=1.0, 

whereas a little more than 10 million hexahedral cells were generated for M=1.9.  

They designed a boundary layer mesh to obtain y+ less than unity. They found that 

there were two main regions where LES solution failed the most. Initial mixing in 

just after the injection location and the spreading/coolant coverage near the wall were 

underpredicted. Except these regions, prediction of LES was close to experimental 

data. Around %30-50 error was occurred for mixing and spreading near the hole 

region and it continued near the wall and further downstream, but this error reduced 

to around %5-20 away from the wall. They concluded that trajectory and lateral 

spreading were two important characteristics that influence the film cooling 

effectiveness. For lateral spreading, high blowing ratio performed better because of 

velocity ratio were more than unity. For coverage, low blowing ratio performed 

better due to its lower trajectory. In low blowing ratio, the wake vortices were 

powerful, but strong lateral shear layer vortices did not occur, which occurred in the 

spanwise direction in high blowing ratio. 

Li, Zhan, Gong and Hu [4] studied the realizable k-ε, k-ω SST model, and the LES 

model on film cooling. For the model they used the experimental study of Liang Jun 

Yu [14] They compared the dimensionless temperature distributions and found that 

unsteady flow characteristics resulting from jet and main flow interaction, and small 

detachment of the mainstream from the turbine blade surface was captured only by 

LES model, these results were also observed in experiments by Yu [14]. LES model 
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performed better compared to RANS models in prediction of vortex flow near film 

cooling location. 

Lin, Liu and An [10] studied film cooling mixing process with detached eddy 

simulation (DES), scale-adaptive simulation (SAS) and RANS. They compared the 

results with their experiment. Vortex structures near the hole were captured by DES 

and SAS model. More irregular and denser vortices were captured by SAS. Time 

averaged velocity results were different in RANS compared to SAS and DES. RANS 

underpedicted seperations near the hole inlet and outlet. RANS and DES models 

over-predicted cooling effectiveness near the centerline, and prediction of SAS 

model was much higher, which indicates that all three models under-predicted lateral 

spreading tendency, and over-predicted spreading tendency in streamwise direction. 

1.2 Motivation and Outline 

In this study, k-ω SST turbulence model is used in order to analyse Turkey 

Technology Center (TTC) Flowlab Setup. TTC would like to understand wind tunnel 

inlet flow characteristics, and simulation of the experimental setup is the first step 

that is taken to achieve this goal. 

This study is organized as follows: 

Chapter 2 presents the TTC Flowlab setup, and experimental results that are used in 

CFD analysis. 

Chapter 3 presents the mathematical formulation. Starting from the Navier-Stokes 

equations for incompressible flows, RANS equations are obtained, then the 

derivation of the k-ω SST turbulence model is given. 

Chapter 4 presents two computational domains, details of grid generation, boundary 

conditions, and convergence of analysis. 

Chapter 5 presents the results of all the simulations. The flow features in TTC 

Flowlab are presented, the effect of honeycomb is studied by comparing the 

streamlines, velocity fields, and pressure fields for all the cases. 

Chapter 6 presents the conclusion and future works. 
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2.  TTC FLOWLAB SETUP 

In this section, TTC Flowlab Setup is described and then test results that are used for 

boundary conditions are given. 

TTC Flowlab has a capacity of making surface cooling experiments by using test 

setup that is comprised of compressor, venturi nozzle (1), settling chamber (2), and 

wind tunnel (3), as shown in Figure 2.1.  The compressor provides high pressure gas 

with about 20 bars to Flowlab and decreases to about 1.5 bars until it reaches the 

venturi. Grids inside the tube makes the flow fully developed before it goes into the 

venturi nozzle. Temperature, sonic nozzle inlet static pressure, sonic nozzle outlet 

static pressure are measured by ports (4), (5), (6), respectively. Temperature is 

assumed to be constant throughout the test setup. Also, since the pipe assumed not to 

leak, mass flow rate is constant and can be expressed as a function of temperature 

and sonic nozzle inlet static pressure. This function, Eq. 1.2, is provided from 

Calibration Report of “Sonic Nozzle Performance Curve for Air”, 

2 3 4

1 1 1 1 1

1

( )a b P c P d P e P P
m

T

+  +  +  +  
=  (2.2) 

 

where 1P  [psi] is the sonic nozzle inlet static pressure and 1T  [ deg R ] is the 

temperature, 0.6661901a = , 0016921b = , 5.72 05c E= − , 8.24 07d E= −  

4.27 09e E= − . 

The flow enters settling chamber after it passes the twisted pipe. In order to uniform 

the flow, honeycomb is located inside the settling chamber. After the flow passes 

honeycomb, average static pressure is obtained by measuring from port (7) and the 

opposite of port (7), and temperature is measured from port (8). Then, the flow enters 

wind tunnel. 
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TTC Flowlab Setup is shown with corresponding numbering in the Figure 2.1.  

 

Figure 2.1 : TTC Flowlab setup 

CFD of settling chamber is studied to understand the flow characteristics of the test 

set-up. The reason is that obtain the characteristics of incoming gas to the wind 

tunnel that cannot be evaluated in experiments also check on the equality of static 

pressure to total pressure in settling chamber which is assumed in experiments. 

2.1 Experiment Results 

Experiment results that was obtained for evaluation of film cooling for 7-7-7 shaped 

holes with mainstream mach number 0.3 is listed below. 

Table 2.1 : Experiment results 

Mass Flow Rate 0.46 kg/s 

Average Static Pressure at Settling Chamber 107.4 kPa 

Temperature at Settling Chamber 16.33 °C  

Baseline shaped hole design is seen in Figure 2.1. Since the expansion angle is 7° in 

each direction, it is named as '' 7-7-7 Shaped Hole'', and parameters of 7-7-7 shaped 

holes are given in Table 2.2. 
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Figure 2.2 : Baseline shaped hole design [15] 

Table 2.2 : Geometric parameters for 7-7-7 shaped hole [15] 

Parameters Values for 7-7-7 Type 

Diameter, D, mm 2.54 

Injection Angle, α (°) 30 

Lm/D 2.5 

(Lm+Lfwd)/D 6 

Llat=Lfwd,Llat/D 3.5 

βfwd, (°) 7 

βlat, (°) 7 

P/D 6 

t/P 0.35 

Area Ratio, Aexit/Ainlet 2.5 

Hole Exit Rounding, R/D 0.5 

Other Exit Roundings Sharp 
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3.  MATHEMATICAL FORMULATION 

3.1 Navier-Stokes Equations 

The motion of fluid is described by Navier-Stokes equations that represent the 

concept of conservation of mass and momentum. Navier-Stokes equations for 

incompressible flows are considered. Conservation of mass and momentum 

equations are given in tensor form by respectively, 

0i

i

u

x


=


 

(3.3) 

 

2

2

1j ii i

j i j

u uu up

t x x x




 
+ = − +

   
 (3.2) 

for i,j=1,2,3. Here,   is the density, t is time, and iu  is the velocity, p is the pressure 

and   is the kinematic viscosity. 

3.2 RANS Equations 

Reynolds Averaged Navier-Stokes Equations (RANS) are based on Reynolds 

decomposition where the dependent flow variables are decomposed into the mean 

and fluctuating parts as, 

' ,i i iu u u p p p= + = +  (3.3) 

For the derivation of RANS equations some averaging rules are given as, 

0, , 0,u u u uu = = =  (3.4) 

, ,
u u

u v u v uv uv u v
x x

  
 = + = + = + 

  
 (3.5) 
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After applying averaging rules on decomposed Navier-Stokes equations, RANS 

equations can be obtained as, 

0i
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 (3.6) 
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where   is the kinematic viscosity. Eq. .2 7  can be rearranged as, 

' ' 
1i i

j

j j

j

j
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x x x

u
x




  −  
= + − 

     

 (3.8) 

Expressing viscous terms as shear stresses, Eq.  .2 8  can be written as, 

' '1
 

1i
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j i
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 −    = + −
   

 
(3.9) 

where 
ij  is the viscous stress tensor. The term 

' '

i ju u  is defined as Reynolds-stress 

tensor and needs to be modelled. 

3.2.1 Shear Stress Transport Model 

Shear Stress Transport Model (SST) was introduced by Menter (1993) [16]. It uses 

Wilcox k-  model [17] in the near wall region. Standard k-ε model [18] is used 

outside of the boundary layer in order to benefit from its free stream independence 

feature. It is achieved by transforming k-ε model into k-  model. The difference 

between k-  model and new one is that there is a additional cross-diffusion term in 

the  -equation and uses different modeling constants. 

  

Original k-  model; 

1( )i i
ij k t

i j j j

u k uk k
k

t x x x x


     

    
+ = − + + 

      

å  (3.10) 
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Transformed k-ε model; 
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(3.13) 

After original k-  and transformed k-ò model equations are multiplied by a 

function of 1F  and 1(1 )F−  respectively, corresponding equations are added together 

and formed new model as, 

( )i i
ij k t

i j j j
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t x x x x
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(3.15) 

where k is the turbulent kinetic energy and   is the specific turbulence dissipation. 

Let 1  and 2  represent any constant in the original model ( 1,...k ), the transformed 

k −ò model ( 2 ,...k ), respectively. So   represents corresponding constant of the 

new model  ( ,...k ) with a relation, 

1 1 1 2(1 )F F  = + −  (3.16) 

where constants for set 1 corresponds to 1  , 

1

1

1 1

2

1 1

0.85, 0.65, 0.0750

0.09, 0.41, / /

k 



  

       

= = =

= = = −å å å
 (3.17) 

and set 2 corresponds to 1 , 
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The turbulent-viscosity definition supplement the model as,  

1

1 2( ; )
t

a k

max a F



=


 

(3.19) 

where 2F  is the second blending function. The turbulent stress tensor ' '

ij i ju u = −  is 

then given by, 
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4.  NUMERICAL DETAILS 

In this part of the study, the details of the computational domain are given. The 

process of grid generation and the boundary layer calculations are described. 

Information about convergence of the analysis is represented.  

4.1 Computational Domain 

The computational domain is generated by commercial software Siemens NX 12.0.2. 

Two different domains are generated in order to examine the influence of the 

honeycomb on uniforming the flow before it enters the wind tunnel. First domain is 

the real case domain with honeycomb located inside the settling chamber, and the 

other is generated without honeycomb. Computational Aided Design (CAD) 

geometry of settling chamber with wind tunnel is provided by the company. For CFD 

analysis, the flow domain is created by subtracting flow from the solid CAD part. 

Then, twisted pipe is added to model. Figures 4.1 and 4.2 present the computational 

domains with and without the honeycomb, respectively. 

4.2 Grid Details 

The numerical grid is generated by the commercial software ANSYS Meshing 

R19.2. Three case are examined in the study. First, relatively coarse grid is generated 

for the domain without honeycomb. Second, coarse grid is generated for the domain 

with honeycomb. Finally, second grid is improved, and fine grid is generated for the 

domain with honeycomb. All grids are generated with unstructured mesh since the 

generation of structured mesh would be difficult due to geometry's complexity. 
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(a) 

 

(b) 

Figure 4.1 : Flow domain (a) with honeycomb (b) without honeycomb 
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Before the numerical grid is generated, y+  values have been considered in order to 

get reliable results. y+  is a dimensionless distance from surface to first mesh node 

and is a significant factor to capture flow characteristic in the boundary layer 

region. y+  can be calculated as;  

yu
y 



+ =  (4.1) 

u 





=  (4.2) 

where u  is the friction velocity, y  is the absolute distance from the wall and  is 

the wall shear stress. With respect to desired y+ values,  y values is calculated by the 

software that has been developed by the company. For the pipe and wind tunnel 

region, y+ value is selected as 1y+  , and for other regions except honeycomb it is 

selected as 10y+  . The reason for that, pipe and duct are the critical regions for the 

flow whereas the flow is almost stationary in other regions. For surface of 

honeycomb, boundary layer mesh is not created, only volume meshes are, as the 

geometry is complex, and generation of boundary layer mesh would increase number 

of the mesh. 

Jet flow occurrs when the flow enters the settling chamber. To be able to capture the 

flow characteristics of the jet flow accurately, body of influence method is applied, 

and circle cross section of cone model is added to for all three cases. In the cone 

region, mesh is intensified. In Figure 4.2, the added sphere is shown. 
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Figure 4.2 : Circle cross section of cone model 

For the computation tetrahedral and prism mesh were generated for all three cases. 

Table 4.1 demonstrates that approximately 38 million elements are generated for the 

coarse mesh and about 51 million elements are generated for the fine mesh. 

Table 4.1 : Total nodes and elements for three cases 

 Nodes Elements 

Coarse mesh without honeycomb 13653204 36804236 

Coarse mesh with honeycomb 13815334 38352521 

Fine mesh with honeycomb 18625179 50613581 

Figure 4.3 demonstrates named sections in mesh generation for critical regions and 

Table 4.2 shows corresponding dimension information in generation of fine grid for 

the domain with honeycomb. Maximum surface size and growth rate were set to 

19.05 mm and 1.18, respectively. 
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Figure 4.3 : Named sections in grid generation  

 

Table 4.2 : Dimensions of critical regions in mesh generation for the fine grid with 

honeycomb case        

 First Layer Thickness [mm] Surface Size [mm] 

Pipe (1) 0.0017 0.7938 

Wind Tunnel (2) 0.0032 0.7938 

Acceleration (3) 0.0032 0.7938 

Acceleration Upper Wall (4) 0.0381 3.175 

Chamber Upper Wall (5) 0.0914 6.35 

Body of Influence (6) - 4.445 

Honeycomb (7) - 2.0015 
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Following figures show meshed areas and boundary layers for critical regions for the 

case of fine mesh with honeycomb. 

 

Figure 4.4 : The details of grid inside the pipe 

 

 

Figure 4.5 : The details of boundary layer grid for the pipe 
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Figure 4.6 : The details of grid for the cone region 

 

Figure 4.7 : The details of grid for the honeycomb section  

 

Figure 4.8 : The details of grid for the acceleration section  
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Figure 4.9 : The details of boundary layer grid for the acceleration section 

 

Figure 4.10 : The details of grid for the wind tunnel 
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Figure 4.11 : The details of boundary layer grid for the wind tunnel 

4.3 Boundary Conditions 

The pre processing is done by a commercial software CFX 19.2. Same conditions are 

applied to all three cases. Turbulence numerics and advection scheme are chosen as 

high order so that the blend factor values change between 0 and 1 based on the local 

solution field, and boundedness criterion is performed [19]. A value of 0 corresponds 

to first order accuracy whereas a value of 1 to second order. Blend factor is close to 1 

for regions with low variable gradients and close to 0 for regions with rapidly 

changing gradients [19].  

Air at 16 °C is used. k-ω SST turbulence model that is explained in Section 3.2.1. is 

used. 
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Boundary conditions are presented in Table 4.3. 

Table 4.3 : Boundary conditions for three cases 

Inlet Set inlet total pressure [kPa] 

Outlet Set outlet atmospheric pressure [kPa] 

Wall No slip wall 

For the pipe entrance, the total pressure value is calculated using measured flow rate,  

and set to 136.5 kPa and atmospheric pressure 101.3 kPa is set for wind tunnel outlet. 

Rest of the parts are named as wall and no slip condition is applied. 

4.4 Convergence of Analysis 

Post processing is done by a commercial software ANSYS CFD-Post 19.2. 

CFX-Solver graph is tracked to stop analysis when the sufficient convergence is 

obtained. Imbalance of mass and momentum, and root mean square (rms) of mass 

and momentum are taken into consideration while examining the convergence of 

analysis. As the convergence criteria, reaching 10-5 is chosen for rms value for mass 

and momentum equations, and obtaining constant behaviour between the range of 

±0.1 is chosen for imbalance value of mass and momentum equations. Figures 4.13 

and 4.14 show imbalance and rms values for mass and momentum for the case of 

fine grid with honeycomb. It is seen that convergence criteria is not reached. Fine 

mesh with honeycomb requires about 4800 core hours. 

In order to obtain correct mass flow rate from the inlet of pipe, inlet boundary 

condition is changed at iteration 4326 and 4742. Changing of the inlet boundary 

condition is the reason of peaks in the both figures. 

After 9750 iteration, it is decided that analysis is not going to converge more, as the 

both graphs are oscillating consistently, then analysis is stopped.  
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Figure 4.12 : Imbalance values of mass and momentum equations for the fine grid 

with honeycomb case      

 

Figure 4.13 : RMS values for the mass and momentum equations for the fine grid 

with honeycomb case                
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5.  RESULTS 

In this chapter, flow features in the TTC Flowlab Setup, and the influence of the 

honeycomb on flow features are presented.  

5.1 Flow Features in TTC Flowlab Setup 

Flow features for the fine mesh with honeycomb domain are presented.  

5.1.1 y+ distribution 

y+ distribution over the surfaces are contoured to examine whether the sufficient y+    

values for critical regions are obtained. From Figure 5.1 shows the y+ distribution 

over the pipe surface, honeycomb section, and duct surface. Figure 5.1a and 5c 

shows that the y+  distiribution over the pipe and duct surfaces is on the intended 

range,  y+ ≤1. Figure 5.1.b demonstrates that y+ distribution over the honeycomb 

section is not in the intended range, y+ ≤10, as boundary layer has not been created 

for this region. 

5.1.2 Velocity field distribution 

Velocity components on the half plane of the flow domain are depicted in Figure 5.2. 

Development of the pipe flow is captured. Due to sudden direction changes, changes 

in the velocity components are seen. Due to characteristics of jet flow, the flow 

expands after entering the settling chamber, and it is captured with the help of cone 

region that is explained in Section 4.2. Relatively fast flow coming from the pipe hits 

the opposite wall, and jet impigement occurs. From the Figure 5.2c, it is seen that 

there is non-uniform flow downstream of the jet impigement region. The reason for 

that is the honeycomb cannot decelerate the flow enough to uniform the flow. The 

streamlines colored with the velocity magnitude is shown in Figure 5.3 to emphasize 

the three-dimensional flow fields inside the settling chamber. Downstream of the 

honeycomb region, it is seen that the flow does not become uniform exactly, and 

after hitting the chamber’s upper wall reverse flow occurs. 
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(a) 

 

(b) 

 

(c) 

 

Figure 5.1 : y+

distribution over the (a) pipe, (b) honeycomb, (c) wind tunnel section  
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   (a) (b) (c) 

Figure 5.2 : The velocity components on the half plane section for the fine grid with honeycomb case 
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Figure 5.3 : Streamline for the fine grid with honeycomb case 

5.2 The Effect of Honeycomb on Flow Features 

5.2.1 Streamlines 

Streamlines for the all three cases are given in the Figure 5.4. For the model without 

honeycomb, flow does not become uniform after the honeycomb eventhough it slows 

down. Swirling flow occurs downstream of the jet impigement region. 

For models with honeycomb, flow hits the chamber upper and side wall after it 

passes the honeycomb, and causes reverse flow. It is seen that in the computational 

domains with honeycomb, there is not quite difference between coarse and fine grid 

cases, reverse flow occurs in both cases. The reason for that, boundary layer mesh 

are not generated for honeycomb section which causes not to capture flow perfect 

around honeycomb section, and convergence of both cases are not obtained as 

expected mentioned in section 4.4. The flow becomes more uniform for these two 

cases with respect to the setup without honeycomb. It is seen that the flow is slowest 

at downstream of the honeycomb in the case of coarse grid without honeycomb, as 

accelerating flow does not occur that stems from flow hitting the honeycomb in the 

other cases. 
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(a) (b) (c) 

Figure 5.4 : Streamlines downstream of the honeycomb for (a) fine grid with     

honeycomb, (b) coarse grid with honeycomb, (c) coarse grid without 

honeycomb         

5.2.2 Velocity field 

Velocity components in the half plane after the honeycomb section and the velocity 

distribution on the section plane taken from the location of sensors are given in the 

Figure 5.5 and 5.6, respectively. Reverse flow is more intense in the computational 

setups with honeycomb than the computational setup without honeycomb. The 

reason for that, negative values in z-component of velocity occurs more in the 

computational setups with honeycomb than computational setup without honeycomb. 

The flow velocity is higher downstream of the honeycomb location in the 

computational setups with honeycomb than the computational setup without 

honeycomb. Reason to that is the flow hitting the honeycomb accelerates, hits the 

chamber’s upper and side wall.  



 

32 

 

 

(a) (b) (c) 

   

 

(d) (e) (f) 

 

(g) (h) (i) 

Figure 5.5 : The x-component of velocity for (a) fine grid with honeycomb, (b) 

coarse grid with honeycomb, (c) coarse grid without honeycomb; the y-

component of velocity for (d) fine grid with honeycomb, (e) coarse grid 

with honeycomb, (f) coarse grid without honeycomb; the z-component 

of velocity for (g) fine grid with honeycomb, (h) coarse grid with 

honeycomb, (i) coarse grid without honeycomb, on the half plane 

downstream of honeycomb    
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Figure 5.6 : The x-component of velocity for (a) fine grid with honeycomb, (b) 

coarse grid with honeycomb, (c) coarse grid without honeycomb; the y-

component of velocity for (d) fine grid with honeycomb, (e) coarse grid 

with honeycomb, (f) coarse grid without honeycomb; the z-component 

of velocity for (g) fine grid with honeycomb, (h) coarse grid with 

honeycomb, (i) coarse grid without honeycomb, on the section plane 

taken from the location of sensors 
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5.2.3 Pressure field 

Figure 5.7 shows the static and total pressure distribution over the surface where 

pressure sensors are located for all the three cases. It is seen that pressure distribution 

is not uniform over the surface for all three cases, which indicates that the flow is not 

uniform, but on the pressure sensors locations, the equality of static pressure to total 

pressure is seen for all the three cases. 

The area-averaged static and total pressure values over the radial surface, shown in 

Fig. 5.7 are given in Table 5.1. Results are compared with the static pressure value 

obtained from the experiment.  It is expected that pressure values of the case of fine 

mesh with honeycomb would be closest to experimental result, but the results are not 

in line with expectation. The reason is that imbalance and rms values for mass and 

momentum equations are oscillating consistently that causes changing results in 

every iteration. Nevertheless, it is clearly seen that for all the three cases static 

pressure is almost equal to total pressure, and only there is only around 1 kPa 

difference between experiment and analysis. 

Table 5.1 : Static and total pressure comparison of three cases with static pressure of 

experiment  

 Static Pressure (kPa) Total Pressure (kPa) 

Coarse mesh without honeycomb 108.60 108.61 

Coarse mesh with honeycomb 108.26 108.28 

Fine mesh with honeycomb 108.49 108.50 

Experiment 107.4 - 
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Static  Pressure Total Pressure 

 

Figure 5.7 : Static and pressure distribution over the surface where pressure sensors 

are located for (1) coarse grid without honeycomb, (2) coarse grid with 

honeycomb, (3) fine grid with honeycomb  
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5.2.4 Duct Flow 

The Figure 5.8 shows the planes in the duct section of the domain, and the 

corresponding velocity contours for the fine grid with honeycomb case is shown in 

the Figure 5.9.  

 

Figure 5.8 : Planes located in wind tunnel 
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Figure 5.9 : Velocity contours on planes located in wind tunnel 

Figure 5.9 demonstrates the development of the flow inside the wind tunnel. It is 

seen that the flow is not uniform inside the wind tunnel. The non-uniform flow 

coming from the settling chamber shows its effect on the wind tunnel. Also the fact 

that all four sides of the flow inside the wind tunnel are surrounded by wall, and 

causes non-uniform flow. 
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6.  CONCLUSIONS AND FUTURE WORKS 

In this study, the analysis of TTC Flowlab are made for three cases by using k-ω SST 

turbulence model. Flow features are investigated and flow characteristics are 

compared inside the settling chamber for three cases. Accuracy of assumption that 

static pressure is equal to total pressure is examined for all cases, and pressure results 

are compared with static pressure obtained from the experiment. 

Development of the flow inside the pipe is clearly seen, and in entering region of the 

settling chamber jet flow is captured. Swirling flow is observed downstream of the 

honeycomb location in the computational setup without honeycomb. Even though the 

flow decelerates, the flow does not become uniform. Reverse flow occurs 

downstream of the honeycomb location in both coarse and fine grid cases of 

computatinal setup with honeycomb. Reverse flow is clearly seen in both streamlines 

and contours of velocity components. The flow hitting to the honeycomb accelerates, 

hits the side and upper wall of settling chamber, and causes reverse flows. Equality 

of static pressure to total pressure is observed for all cases. Non-uniform flow is 

observed in the wind tunnel, caused by incoming non-uniform flow from the settling 

chamber and the fact that the flow is surrounded by walls inside the wind tunnel.  

Convergence criteria has not been obtained for all cases. Differences between the 

fine and coarse grids of computational setup with honeycomb might arise from lack 

of convergence. If the size of elements and the growth rate are decreased in 

generation of grid, the solution would converge more, but number of elements would 

increase, which indicates that there would be an increase in the run time and 

requirement of computer power.  

Finally, in the future, the features of flow field downstream of the honeycomb 

section and wind tunnel will be analyzed in detail. The results to be used as boundary 

conditions for CFD assessments of component cooling tests. 
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