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The current numerical study recommends using a vortex generator (VG) to lessen the
impacts of a counter-rotating vortex pair (CRVP). For this study, the delta winglet pair
(DWP) arrangement with common-flow-down (CFD) is recommended. The blowing ratios
for the jet to cross flows are preserved at unity, while the Reynolds number is kept at 17000
based on free stream velocity and film cooling hole dimension. The numerical analysis is
carried out using the FLUENT commercial code and the k-omega SST turbulence model.
The effect of the length and height of the vortex generator on the features of film cooling
effectiveness are investigated. The consequences of using multiple VG and impact of their
different downstream locations on cooling effectiveness, has been discovered. The
influence of changing turbulence intensity (TI=5, 10, 15) and Reynolds number
(Re=15000, 17000, 20000) on cooling efficacy was studied. The Vortex generator, which
is placed downstream of the circular film cooling hole, appears to be more successful. With

the increment of TI and Reynolds number, film cooling efficiency decreases.

1. INTRODUCTION

The inlet temperature of a gas turbine must be elevated to
improve thermal efficiency and power production. When the
temperature rises above the temperature at which gas turbine
parts will melt, we need an effective cooling approach. Film
cooling can be defined as a cold fluid’s discharge into the hot
fluid’s boundary layer with one or more locations of a surface
subjected to hot surroundings. Not just at the point of ejection,
but also downstream, that surface is shielded from the hot
surroundings by film cooling. The interaction of secondary
and primary flow leads to the creation of CRVP. It brings hot
air towards the turbine blade wall and lifts off cold fluid
towards the hot environment. And as a result, this CRVP
reduces the effectiveness of the film cooling, which is stated
as, 7=(Taw-Tc)/(Tj-Ter). Where Taw stands for adiabatic wall
temperature and T, Tj, stands for cross flow and jet flow
temperatures respectively. CRVP forces hot air against the
turbine blade wall and lifts cold fluid away from the hot
surroundings. As a result, the film cooling efficiency is
reduced by this CRVP. Higher-velocity primary flow bends
secondary flow. Bending causes CRVP to occur. There are two
types of vortices. the transverse vortex (TV) and the
longitudinal vortex (LV). Domination among these vertices
occurs as a result of the angle of attack. The development of
LV is due to flow separation caused by a pressure difference
between the upstream and downstream sides of the vortex
generator. There are two types of vortex generators that we can
see. Delta and rectangle forms are the two types of forms.
Compared to wing-type LVGs, winglet-type LVGs are more
effective. Chen et al. [1] explored how the performance of the
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film cooling hole would be affected by keeping an upstream
ramp in front of it. They kept the ramp angles at 8.5, 15 and
24 degrees while keeping the blowing ratios at 0.3, 0.4, 0.6,
and 1.4. They employed an infrared imaging procedure and
discovered that a big ramp angle combined with a high
blowing ratio was responsible for the increased effectiveness.
Using an infrared imaging approach, Barigozzi et al. [2]
evaluated an upstream ramp's effects on film cooling holes
with a cylinder and a fan form. There was an improvement in
efficiency for the placement of the upstream ramp in regular
circular holes with a low blowing ratio, by creating a
backwards-facing upstream ramp, Na and Shih [3] proposed a
fresh design approach to improve the film cooling
performance of cylindrical holes. Because of this
configuration, they noticed an increase in adiabatic
effectiveness. Zhou and Hu [4] investigated the effect of
employing a Barchan dune-shaped ramp upstream and
downstream of the hole on cooling effectiveness. For flow
field measurement, particle image velocimetry (PIV) was
employed, and pressure-sensitive paint (PSP) was used to
calculate film cooling effectiveness. Rallabandi et al. [5] used
a steady-state pressure-sensitive paint technique to investigate
the effect of upstream steps on film cooling effectiveness for
simple angled, compound-angled, cylindrical and fan-shaped
cooling holes. Throughout the trial, three several-step heights
and four different blowing ratios were kept. The compound
angled cylindrical hole provided the greatest increase in film
cooling efficiency, whereas the simple angled fan-shaped hole
provided the least. Zhang et al. [6] conducted a numerical
study on the influence of upstream step placement on the film
cooling performance of a rectangular film cooling hole. They
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experimented with five different heights and three different
blowing ratios. It was discovered that as the height of the step
increases, the cooling efficiency diminishes. The execution of
upstream and downstream ramps on film cooling effectiveness
was examined mathematically and experimentally by Yousif
et al. [7]. Three different blowing ratios were tested (M=0.5,
1.0, and 1.5). The results showed that a double ramp (ramp at
upstream and downstream) configuration was more effective
than a single ramp (ramp at upstream) layout. Shinn and Vanka
[8] studied the use of a micro ramp vortex generator
downstream of the film cooling jet to improve cooling
efficiency. The blowing ratio was set to 1.5 for the research,
and the Reynolds number remained at 8000. Micro ramps were
found to reduce the counter-rotating vortex pairs. Several VGs
were tested in a low-speed wind tunnel and the surface
pressure distribution and following vortex signature behind
the VGs were evaluated in addition to the lift and drag [9]. The
findings of this study provide quantitative data on the expected
loads and pressure distributions associated with such large-
scale VG. The baseline along with Yao and Yao [10]'s
numerical inspection and Kapadia et al. [11]'s experimental
inquiry were investigated. A low-speed wind tunnel was used
to assess the aerodynamic performance of numerous vortex
generators (VGs) at the lower surface of race cars [12]. Angele
and Grewe [13] examined turbulent boundary layer separation
control using a vortex generator. The impact of four vortex
generators (VG) on the onset of flow instabilities, the
trajectories, and the properties of the induced coherent
counter-rotating vortices were investigated experimentally
and numerically [14]. Vortex generator enhances film cooling
effectiveness [15]. The present study is performed by
implementing the identical geometry of Halder et al. [16].
Vortex generator augments film cooling by the creation of
secondary vortices [17]. Flow and heat transfer characteristics
are enhanced by implementing vortex generators [18-22]. The
results of reference 18 revealed that the longitudinal vortices
have an important effect on the heat transfer. Longitudinal
vortices become stronger at larger angles of the vortex
generator. Here vortex generator enhances heat transfer.
Reference 19 indicate that a part of main vortex tube (around
23%) can be introduced as the effective cooling length.
Reference [20] indicates that the best performance was
obtained using Delta Winglet Vortex Generators in common
flow up common flow down orientation. This configuration
enabled a 90% increase of the thermal performance. Heat
transfer augmentation and pressure drop reduction of airflow
through Delta winglet pairs (DWPs) and concave delta winglet
pairs vortex generators, are achieved by numerically and
experimental investigation. It is expressed by reference [21].
This technique may be implemented in film cooling

configuration. Reference [22] indicates an analysis of the
contribution of improved design of vortex tube for effective
cooling. These concepts can be incorporated for the
enhancement of gas turbine blade film cooling effectiveness.
Vortex tube as well as vortex generator both may be
implemented for the application of gas turbine blade.

2. NOVELTY

From the foregoing research, it appears that very few studies
have been conducted using a vortex generator in the form of a
common flow-down (CFD) arrangement for the film cooling
of gas turbine blades. There have been a few research observed
the impact of VG length and height. There have been a few
research into the influence of the distance between the hole
and the vortex generator. There hasn't been much more study
on the use of numerous VG in a common flow-down setup in
the application of a gas turbine blade film cooling. The current
goal of the research is to improve effectiveness by using a
CFD-based vortex generator (DWP). A URANS (unsteady
Reynolds-averaged Navier—Stokes) simulation was performed.
On a flat plate, a CFD DWP-type vortex generator is mounted
upstream and downstream of the film cooling holes. The jet is
expelled at a 35-degree angle to the blade wall, where the hot
gas flow occurs. Turbulence intensity and Reynolds number
are used to discuss the effect of the vortex generator (VG) on
film cooling efficiency.

3. PROBLEM FORMULATION

Three-dimensional flow and heat transfer simulations were
performed using a Newtonian fluid with constant physical
parameters that were not affected by temperature. The energy
equations and Reynolds Averaged Navier-Stokes equations
are used. In this section, the details of computation, such as the
governing equations, boundary conditions, turbulence model,
and grid organization, are described.

3.1 Computational domain and grid distribution

All of the dimensions in Figure 1(a-f) are based on the film-
hole diameter D. The delta winglet pair (DWP) has been found
in a variety of locations upstream and downstream (see Table
1). The angle of attack is 15° in this case. The CFD (Common
Flow down) DWP arrangement was utilized for this study. The
grid distribution is shown in Figure 1(g). In the DWP and film-
hole regions, finer grids are employed.

Table 1. Details of configuration and position of DWP (VG) (See Figure 1(a-f))

1 DWP before and after

1 DWP before 1 DWP after hole the hole (up and 2 DWP after hole 3 DWP after hole
hole (upstream) (downstream) downs tregm) (downstream) (downstream)

Figure 1(a)

(Baseline) X X X X X
Figure 1(b) v X X X X
Figure 1(c) X v X X X
Figure 1(d) X X \ X X
Figure 1(e) X X X \ X
Figure 1(f) X X X X \
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Figure 1. (a)-(f) graphic representation of computational
domain and its bottom wall, (g) boundary condition, (h) grid
distribution

3.2 Choice of turbulence model

To find the optimum eddy viscosity-based model,
researchers looked at several turbulence models (k-¢ standard,
k-e¢ RNG, k-¢ realizable, k- standard and k-o SST). At
X/D=10, Figures 2 and 3 show the vector distribution and
cross-plane temperature distribution respectively. The k-o
SST model outperforms all other turbulence models in terms
of effectiveness distribution. Under a significant adverse
pressure gradient, this model successfully predicts the
spreading rate of a jet for a complex flow with rotation,
separation, and recirculation. As seen in Figures 2 and 3
among the various turbulence models, the K- SST model
performs best due to the lowest effect of jet lift-off & CRVP.




(e)

Figure 2. Vector distribution for different turbulence models
(a) K-epsilon standard, (b) K-epsilon realizable, (c) K-epsilon
RNG, (d) K-omega standard and (¢) K-omega SST at
X/D=10

01 02 03 04 05 06 07 08 09

Figure 3. Cross plane non-dimensional temperature
distribution for different turbulence model
(a) K-omega SST, (b) K-omega standard, (c) K-epsilon RNG,
(d) K-epsilon relizable and (e) K-epsilon standard at X/D=10

3.3 Governing equation

Three-dimensional flow and heat transmission simulations
were performed using a Newtonian fluid with constant

physical parameters that were not affected by temperature.
Unsteady Reynolds Averaged Navier-Stokes and unsteady
energy equations are utilised to take into consideration the
impact of turbulence on a large-scale motion. In addition to
transport equations such as turbulent kinetic energy and
dissipation, the incompressible continuity, momentum, and
energy equations must be solved.

In standard form (dimensional form) continuity, momentum
and energy equations defined as:
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In dimensionless form continuity, momentum and energy
equations defined as:
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Implementing Reynolds decomposition and after that taking
time average along with neglecting viscous energy dissipation
(when E is small) in energy equation, finally continuity,
momentum and energy equations are obtained as:
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Transport equations can be defined as:
0 0 0 ok
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The effective diffusivities can be defined as:
Hy
I, =u+tt
K /1+O_k (14)
H,
r,=u+—
ot (15)
Non-dimensionalized  length, velocity, time and

temperature scale is film hole diameter (D), jet velocity (i),
D/uj and 6 = (T — T,¢)/(T; — T,f) respectively. Here 7; and
T, specifies coolant jet and cross-flow temperature
respectively. Here 7;; = —Tu’] is turbulent stress (Reynolds
stress tensor) and q; = —u',6’ is turbulent heat flux.
Turbulent stresses and heat fluxes may be defined through
mean quantity with the assist of Boussinesq hypothesis.

le :_rujzvl(%_i_%j_’_%k&u (16)
~(@0)=a Ll (17)

where, suffix ¢ stands for turbulent. v, and o, is the turbulent
viscosity and thermal diffusivity. Again, a; may be defined by
the ratio of turbulent viscosity to Prandtl number. For the
current investigation Pr is taken as 0.85.

Vi

o ===
' Pr,

(18)

Gy indicates the production of turbulence kinetic energy. G,
delineates about the generation of w. Ix & I, specifies
effective diffusivity of k¥ & w respectively. Y and Y, depicts
dissipation of k & w respectively due to turbulence. D,, depicts
cross-diffusion term. ANSYS-FLUENT [23] provides extra
information on k-w SST model. Current investigation used
URANS and unsteady energy equation to provide the time-
averaged flow and thermal field. Re, Pr represent Reynolds
& Pradntl number.
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3.4 Boundary condition

In Figure 1(g) and Table 2, the boundary condition has been
given. For a blowing ratio (M=pjuj/p.ic) of 1, a numerical
research was conducted based on a steady Reynolds number
(uaD/v) 0of 17000 of free stream velocity (#,~104 m/s) and film
cooling hole diameter (D=2.54 mm). The temperature at the
primary flow inlet and film-hole output was fixed at 300 and
150 K respectively, for the current investigation. TI is
turbulent intensity. 1.75% TI for cross flow, 5.5% TI for jet
flow.

Outflow conditions have been applied to the outlet plane.
The top surface has a symmetry boundary condition, whereas
the bottom wall surface and film hole have no-slip adiabatic
wall conditions. The periodic boundary condition is applied in
a spanwise direction for the symmetric pair of primary flow
domains along with the secondary flow reservoir domain. The
wall boundary condition has been provided for the remaining
faces. Because the M includes both the density and velocity
ratios of the primary and the secondary flow, the ideal
averaged coolant ejected velocity for M=0.5 should be around
52 m/s for a fixed primary flow velocity (104 m/s), primary
flow domain inlet temperature (300 K), and secondary flow
temperature (150 K). The previously described governing
equations, as well as these boundary conditions, were solved
using the k-omega SST model by ANSYS FLUENT (version
14). ICEMCFD was used to create an unstructured mesh.

Table 2. Boundary conditions (shown in Figure 1(g))

Boundaries Boundary conditions
Velocity: Velocity inlet (104 m/s of
1-2-3-4, crossflow, 52 m/s of jet for M=0.5),
9-10-12-11 Temperature: 300 K for cross flow, 150 K
for jet flow.
5-6-7-8 Outflow
1-4-5-8, 2-3-6-7,
10-15-13-9, 12-16- Periodic
14-11
5-6-3-4 Symmetry
8-72-1 Velocity: wall (No slip), Temperature:
wall (adiabatic)
9-13-14-11, 10-12- Velocity: wall (No slip), Temperature:
16-15 wall (adiabatic)
Vortex generator, Velocity: wall (No slip), Temperature:
pipe wall (adiabatic)

3.5 Grid independence and convergence analysis
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Figure 4. Grid independence study

For unstructured mesh, an analysis of grid independence
(Figure 4) was carried out. The near wall mesh is fine enough
(¥*=1) that the laminar sub layer can be resolved. The fine grid
(5.3 million nodes), intermediate grid (4.2 million nodes)
along with the coarse grid (3.4 million nodes) were both
evaluated during this examination. There was a rather minor
difference in effectiveness distribution between the coarse,
medium and fine grid. It shows that all three grids are getting



closer to grid independence. However, the fine grid cases are
used in the rest of the analysis. Roache et al. [24] proposed a
grid convergence index (GCI) that enables consistent grid
convergence reporting based on a grid refinement error
estimator evaluated from the idea of generalized Richardson
Extrapolation. Three meshes were subjected to a grid
convergence analysis.

3.6 Simulation procedure

FLUENT, a commercial computational fluid dynamics code,
is used to solve the governing equations (version 14). With the
help of ICEMCFD, an unstructured mesh was created. A finer
grid has been considered for the close wall region, whereas a
coarse grid has been preserved for the far wall zone. For the
near-wall treatment, a low Reynolds number model (low RE
model) was adopted. The SIMPLE method is used to link
pressure and velocity. The second-order upwind approach is
used to discretize momentum, energy, turbulent dissipation
rate, and turbulent kinetic energy. Convergence criteria are
preserved at the order of 10 for continuity and momentum
equations, whereas it is set to 10® for the energy equation.
Apart from that, the turbulent kinetic energy dissipation
criteria are maintained at the order of 10-*. It's a great concept
to measure convergence by looking at residual levels and mass
balance and also by monitoring key integrated quantities
(static temperature). The convergence was validated by
observing the temperature and velocity variations as a function
of iteration number and mass balance.

3.7 Validation study

For the validation study, the baseline was examined along
with Yao et al. numerical inspection and Kapadia et al
experimental inquiry. As shown in Figure 5, the baseline
effectiveness distribution is compared to the experimental
inquiry of Kapadia et al. From this figure, we can see that the
span line effectiveness at X=15 D for baseline is matched with
both numerical and experimental studies.

10
[m] EXP study of Kapadia et al [16]
COMPT study of Yao et al [15]
08 F Present COMPT study
06 |
c
P
04 F
02 F
0.0 . L
0.0 1.0 2.0 3.0 4.0
Z/ID

Figure 5. Effectiveness of the span line at X=15D in the
baseline validation study

4. RESULT AND DISCUSSION

The primary objective of the present study is to investigate
the film cooling effectiveness of a gas turbine blade using a
vortex generator. The mechanism for the mitigation of CRVP
has been discussed. The findings of this study have been
discussed including bottom wall film cooling effectiveness,
mid-plane temperature, cross-plane temperature and cross-
plane vector distribution. The Courant-Friedrichs Levy (CFL)
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is defined here as (u4t#/4x). Where maximum velocity in m/s,
time step size in s, and minimum grid size in m. The maximum
CFL is 1 when 4t is taken to be 10~ seconds.

4.1 Effect of distance between film cooling hole and vortex
generator

4.1.1 Vector distribution

Figure 6 represents vector distribution at cross-plane for the
distance between film cooling hole and the vortex generator.
While distance decreases then we have lower strength of
CRVP. Also, we have lower vertical distance between vortex
core and bottom wall. As a result, we are getting higher
effectiveness as depicted by Figure 6(a).

0.9
0.6
o
>
0.3
0 MY jw *sw;
-1.5 0.0 1D
Z/D
(a)
0.9 0.9
0.6 i 0.6
Q Q
> >
0.3 0.3
I = I
0.0 0.0
-1.5 15 -
(b)

Figure 6. Vector distribution at cross plane (X/D=10) for
distance between film cooling and vortex generator. VG
located at X/D=(a) 7.89, (b) 9.81 and (c) baseline

4.2 Effect of increase in the vortex generator

Effects of an increase in vortex generator (VG) have been
discussed with cross-plane non-dimensional temperature. The
RMS (root mean square) value reduces with an increase in VG
indicating a reduction in amplitude of fluctuation for
increment in VG as compared to baseline.

4.2.1 Temperature distribution at cross-sectional plane

Non-dimensional temperature distribution (Figure 7) at the
cross-sectional plane (X/D=10) will enlighten that, lower jet
lift-off is related to increment in DWP. Reduction in DWP is
accountable for higher jet lift-off. Lower jet lift-off is
inspected for 3 DWP in Figure 7(a), resulting higher cooling
effect by retaining the cold fluid near the bottom wall. Higher
aerodynamic loss is observed with an increment of VG. So we
can’t increase the number of VG beyond a certain limit.

01 02 03 04 05 06 07 08 09




Figure 7. Non-dimensional temperature distribution for
increment in DWP. (a) DWP=3, (b) DWP=2, (c) DWP=1 and
(d) baseline at X/D=10

4.3 Effect of vortex generator’s length

Careful examination may express that an increment in
effectiveness has been inspected with increments in vortex
generator length.

4.3.1 Temperature distribution at mid plane

According to the mid-plane temperature distribution, longer
vortex generators result in reduced CRVP strength, which
increases bottom wall efficiency (Figure 8).

m n
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Figure 8. Non-dimensional temperature distribution at mid
plane for different VG length. (a) 6.76 D, (b) 4.94 D, (c) 4.47
D, (d) 4 D, (e) 3.07 D and (f) baseline

4.4 Effect of vortex generator’s height

With the enhancement of VG height greater effectiveness is
inspected. Usually, we take the height of vortex generator in
terms of boundary layer thickness. Here height is taken in
terms of film cooling hole diameter. But we cannot go beyond
a certain limit due to having pressure drop associated with
height.

4.4.1 Centerline & span-line effectiveness

Higher & Lower effectiveness has been observed with
higher & lower height of vortex generator respectively which
may be attributed to jet lift-off as depicted in Figure 9. Lower
jet lift-off is responsible for greater effectiveness and lower
effectiveness is related with higher jet lift-off.

1.0

VG Relgh=2.00D
SOnE23%| 0445

08 | sl ) T RN
06 0.30
:4 —
0. 0.15
0.2
0.0 0.00
0.0 14.5 29.0 00 05 10 15
b ] Z/D
(a) (b)

Figure 9. (a) centerline effectiveness, (b) span line
effectiveness at X/D=10 for VG height at 2D, 2.25D

4.5 Effect of Reynolds number

Effect of Reynolds number have been discussed with
Temperature distribution at cross-sectional plane.

4.5.1 Temperature distribution at cross-sectional plane

Figure 10 depicts temperature distribution at a cross-
sectional plane. At high Re, interaction between primary and
secondary flow is more which results in higher jet lift-off. So
at Re=20,000, we will obtain high velocity of cold jet flow
resulting higher non-dimensional temperature distribution.

m n
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Figure 10. Non-dimensional temperature distribution for Re
=(a) 15000, (b) 17000, (c) 20000 and (d) baseline at X/D=10

4.6 Effect of turbulent intensity

The effect of turbulent intensity (TI) has been explained
with Bottom wall effectiveness distribution (Figure 11).

4.6.1 Bottom wall effectiveness distribution

Figure 11 presents the bottom wall -effectiveness
distribution. Lower TI depicts lower jet lift-off which allows
cold jet flow to remain close to the blade or bottom wall means
for lower TI we observe higher bottom wall effectiveness. As
higher TI represents higher interaction between cold and hot
flow, at TI=5, we obtain the highest bottom wall effectiveness
compared to TI=10. At TI=15 we achieve the lowest bottom
wall effectiveness.

m n
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Figure 11. Bottom wall effectiveness distribution TI=(a) 15,
(b) 10, (c¢) 5 and (d) baseline

5. CONCLUSIONS

In this paper, flow characteristics and film cooling

performance were numerically investigated by analyzing
effects of blowing ratio and plasma placement of plasma
actuation. The primary conclusions are shown as follows.

* Primary vortices (CRVP) are dominant in baseline flow
due to the large interaction between the primary and secondary
flow. The film cooling effectiveness is reduced due to the
strong presence of CRVP, which allows ventilation of hot
cross-flow underneath the cold jet.

* Anti-counter-rotating pairs of vortices are generated due
to the presence of a delta winglet pair vortex generator. Vortex
generator mitigates the detrimental effect of CRVP. With the
introduction of DWP, the primary CRVP structures are
weakened. A lower level of turbulent mixing between the jet
with the cross-flow is observed for the delta winglet pair
configuration compared to the baseline case. Lower averaged
velocity and attached flow in the near wall region at a lower
blowing ratio in DWP configuration indicates lower mixing of
the cross-stream flow with the film cooling jet leading to
higher film cooling effectiveness.

* Higher film cooling effectiveness is observed for delta
winglet pair configuration compared to the baseline case.

* The effect of an increase in VG length and VG height is
discussed in this study. The best effectiveness distribution has
been attained with an increase in VG length and VG height.

* The consequence of varying the distance between the
vortex generator and the film hole is observed. The lowest
distance gives better effectiveness.

* Variations of the number of VG are also investigated to
explain the effect of DWP. More numbers of VG yield better
effectiveness but with pressure loss.

* Among all Re, the lowest Reynolds number will consist
best bottom wall effectiveness.

* With the enhancement in turbulent intensity (TI),
effectiveness will be decreases.
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NOMENCLATURE

CRVP Counter rotating vortex pair

M Blowing ratio

D Density of jet [kg.m™]

u Jet exit velocity [m.s™']

Def Density of cross flow [kg.m™]

Ues Cross flow inlet velocity [m.s!]

n Film cooling effectiveness

Adiabatic wall non-dimensional

Taw

temperature [K]
T Cross flow inlet non-dimensional
d temperature [K]

T; Non-dimensional temperature of jet [K]

VG Vortex generator

TV Transverse vortices

LV Longitudinal vortices

Distance of DWP from leading edge of

P hole in down as well as upstream direction.

0 The angle of attack [O]

DR Density ratio

TKE Turbulent kinetic energy

LVGs Longitudinal vortex generators

WP Winglet pair

DWP Delta Winglet pair

TI Turbulent intensity

DWs Delta wings

D Diameter of jet [mm]

v Dynamic viscosity [N.s.m?]

Re Reynolds number

/D Ratio of downstream distance from the

centre of the film hole to film diameter

7/D Ratio of transverse distance from the

centre of the film hole to film diameter

U Stream wise velocity [m.s™']

\Y% vertical velocity [m.s™]
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w Span wise velocity [m.s™'] Non-
CFU Common-flow-up dimensional (T-TH/(T;-Tep)
CFD Common-flow-down temperature
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