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ARTICLE INFO This study presents a combined experimental and numerical investigation of the jet-crossflow interaction
relevant to gas turbine blade film cooling applications. Four staggered rows of cylindrical cooling jets inclined
at 30° are examined on a flat plate subjected to an incompressible crossflow with a mainstream velocity of
2 m-s™. Experiments were conducted at a fixed blowing ratio of M = 2 using Particle Image Velocimetry (PIV)
to obtain time-averaged velocity fields and turbulence quantities across six measurement planes. Corresponding
Reynolds-Averaged Navier-Stokes (RANS) simulations were performed using the standard k—e and Shear Stress
Transport (SST) turbulence models under identical boundary conditions. Quantitative comparisons of normal-
ized axial and vertical velocity profiles (U/Ue and V/Ue) reveal that both turbulence models overpredict near-
wall axial velocities in the jet exit region; however, the SST model shows consistently closer agreement with PIV
measurements across streamwise locations ranging from X/D = =2 to X/D = 30. In the near-field region, the
SST model captures jet penetration and mixing trends more accurately, whereas the k—¢ model underestimates
downstream jet diffusion and lateral spreading. Turbulent kinetic energy distributions further demonstrate that
the SST model provides improved prediction of shear-layer turbulence intensity, although both models underes-
timate the spatial extent of turbulence compared to experimental data. The results indicate that, under the
investigated conditions (M = 2, a = 30°), the SST model offers superior predictive capability for jet—crossflow
interaction compared to the standard k—¢ model, particularly in regions dominated by strong shear and recircu-
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lation. These findings guide RANS turbulence model selection.
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1. Introduction

The study centers on the analysis of film cooling per-
formed on a test bench designed to mimic gas turbine
blade-cooling scenarios. In the setup, the cooling air and
hot air streams are kept at around 22°C and 40°C, respec-
tively. The main aim is to investigate the formation and
behavior of the cooling film generated by cold-air injection,
which is essential for protecting turbine blades from high-
temperature gases. The study is split across two primary
parts: a numerical calculation and an experimental investi-
gation.

Extensive literature research shows that significant ef-
fort has been put into understanding how film cooling
works and how it interacts with the main flow. Among the
many characteristics found to be significant are wall curva-
ture, the three-dimensional structure of the outside flow,
free-stream turbulence, blowing ratio, compressibility, flow
unsteadiness, hole shape and location, and injection angle.
Both numerical and experimental investigations have been
used to assess these outcomes.

Obtaining a thorough understanding of flow patterns
and heat transfer properties within turbine cascades is ena-
bled by Computational Fluid Dynamics (CFD), a powerful
tool that provides critical information for the design and
optimization of gas turbines. Still, CFD models need to be
validated with great care. This covers the selection of suita-
ble turbulence models, the specification of precise inlet
conditions, and grid independence tests. Local heat transfer
has been shown to be especially sensitive to several varia-

bles related to secondary flows and, therefore, to the preci-
sion of physical and numerical modeling.

Under controlled conditions, experimental measure-
ments are published for flat-plate designs, including specif-
ic Mach and Reynolds numbers and specified turbulence
levels at the leading edge. Two-equation eddy viscosity
models, such as k-¢ and k—®, remain widely used from
a simulation perspective because they strike a balance be-
tween computational efficiency and accuracy. Particularly
good at grasping near-wall behavior and transition to turbu-
lence, both of which are essential for gas turbine uses, these
models. Most film-cooling simulations reported in the liter-
ature are based on Reynolds-averaged Navier-Stokes
(RANS) equations, which are time-averaged.

Experimental investigations by Andreopoulos and Rodi
[3], Johnston et al. [17], and Cao et al. [9] have highlighted
the complexity of the jet's near field, marked by large-scale
coherent structures. These include jet shear layer vortices
dominating the initial part of the jet, horseshoe vortices
wrapping around the jet base, and counter-rotating vortex
pairs induced by the momentum impact of the crossflow.
The turbulence properties of the jet are much affected by
these structures, which cause great jet distortion and the
creation of wake vortices. Figure 1 offers a summary of the
intricate flow field produced by the interplay between the
crossflow and the jet.

For a baseline film cooling configuration, the predictive
power of different RANS models is assessed against perti-
nent experimental data. Although RANS methods are still
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commonly used, many recent investigations have employed
Large Eddy Simulation (LES) to better understand the
complex flow patterns associated with film cooling.
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Fig. 1. Flow diagram of a row of jets based on experimental results

Yuan and Street's LES study [31] shows that a round jet
discharge into a laminar crossflow is captured by large-
eddy simulation. Their analysis effectively captures the
coherent vortical structures observed in experimental stud-
ies, including the counter-rotating vortex pair (CVP), which
emerges from the time-averaged action of sporadic vortical
structures. Near the jet, wake vortices are also seen to form.
The study also examines how commonly used simple
boundary conditions affect simulation results and shows
that the simulated mean flow fields match quite well with
what is observed in real life. More recently, Leedom [20]
examines how well film cooling performs using LES with
different shapes for the coolant holes. The study examines
discrete holes tilted at 35 degrees with a feeding plenum.
The density ratio is 2, and the blowing ratios range from 0.5
to 2.0. Simulations are done for cylindrical holes with
length-to-diameter ratios of 1.75 and 3.5, as well as for
shaped holes (laterally diffused and console) with a ratio of
3.5, all of which come out into a laminar crossflow at
a Reynolds number of about 16,000. Comparison with
experimental data shows that the flow field and surface
adiabatic effectiveness of the cylindrical holes are indeed
correct. Important vortex structures, such as horseshoe,
DSSN, and hairpin vortices, are resolved in the simulations.
The findings show that jetting has a major impact on cool-
ing performance; shaped holes, especially console holes,
provide the best surface cooling. Still, in terms of aerody-
namic loss, cylindrical and console holes beat out horizon-
tally distributed ones.

In another study, Balaji et al. [5] examined how pin fins
with different diameters and heights affect cooling efficien-
cy at the corners of an aircraft turbine blade tip. Further-
more, Wang et al. [27] conducted a numerical investigation
of the influence of four distinct hole layouts on film-cooling
effectiveness and particle build-up on a curved surface.
They investigated particle deposition using the RNG k-¢
turbulence model, along with a discrete-phase model im-
plemented using user-defined functions, to assess capture
and impact efficiencies. The research showed that, at
a blowing ratio of 1.2, combined fan-shaped and round-to-
slot holes enhanced average film-cooling performance by
69.8% and 60.3%, respectively, compared with convention-
al cylindrical holes. Except for the round-to-slot hole, the

inclination angle between 30° and 45° strongly affected
cooling performance. Particle size also influenced capture
and impact efficiencies, which at blowing ratios between
0.3 and 0.9 rose, then fell. The fan-shaped and round-to-slot
holes had the lowest efficiencies at a 30° tilt angle, whereas
for 1 um particles, the round-to-slot hole had the best.

To assess film-cooling efficiency, Xiaojian He et al.
[16] compared the pressure-sensitive paint (PSP) and ther-
mochromic liquid crystal (TLC) approaches. The same
wind tunnel was used to test both methods across sixteen
scenarios with different mainstream Reynolds numbers
(35,000, 45,000, and 57,000), blowing ratios (0.5, 1.0, 1.5,
and 2.0), and density ratios (0.91 and 1.44). According to
the research, their cooling efficiency measurements showed
certain differences, even if both PSP and TLC found an
ideal blowing ratio at low to medium Reynolds numbers.
Heat transmission in the solid region was thought to be
responsible for these differences. Increased heat transfer
was observed at high mainstream Reynolds numbers and
blowing ratios, but at high Reynolds numbers and low
blowing ratios, the impact declined. PSP and TLC results
virtually matched under low blowing ratio (0.5) and nitro-
gen-cooling conditions, suggesting that at low blowing and
density ratios, heat conduction effects are small.

Targeting a concave surface resembling the leading
edge of a gas turbine blade, Forster and Weigand [14] con-
ducted an experimental and numerical investigation of jet-
impingement cooling. The study included nine circular jets,
each encircled by three film-cooling holes arranged in
a staggered pattern. Experiments at a Reynolds number of
30,000 varied the jet-to-surface separation distance and
considered the impacts of crossflow. The study assessed
heat transfer distributions utilizing TLC methods, whereas
OpenFOAM was used to conduct complementary RANS
calculations with the k-o SST turbulence model. Crossflow
was shown to lower total heat transfer and stagnation point
but to produce a more consistent distribution of heat. Short-
er jet separation distances also magnified crossflow effects
and raised general heat transfer rates. The numerical calcu-
lations successfully caught regional flow events and fit well
with empirical data. Yao et al. [30], who examined the
effects of hole form, also verified this tendency. Their re-
search revealed that non-cylindrical hole shapes provide
better cooling effectiveness, particularly at lower blowing
ratios (M = 0.5).

Using LES, Yao et al. [30] examined whether large tur-
bulent structures formed when the injection ratio, M, was
1.7. The coolant and mainstream flows had the same vol-
ume of fluid. Their simulation results showed strong
agreement with experimental data, validating the model's
reliability.

By using triangular thin plates and a flop arrangement to
alter the orientation of cylindrical film-cooling holes, Choi
et al. [11] conducted experimental studies to improve film-
cooling efficiency. The study examined several rows of 35°
angled cylindrical holes in a low-speed wind tunnel at
a Reynolds number of 196,167 and blow ratios ranging
from 0.3 to 2.0. The authors examined several arrangements
using thermographic and flow visualization methods. At
a blowing ratio of 1.0, the baseline cylindrical holes had
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a cooling effectiveness of about 0.1. However, even in the
downstream area, the inclusion of the triangular-shaped thin
plate-flop greatly increased film coverage and stopped flow
separation. With only an 8% increase in discharge coeffi-
cient, this design showed up to a 242.7% improvement in
cooling effectiveness over conventional cylindrical holes,
making it the best option for gas turbine uses.

Toghraie et al. [25] looked at the dynamic viscosity of
a magnetite-based nanofluid (Fes:O./water) between 20 and
55°C in another study. The data revealed that while viscosi-
ty decreases with increasing temperature, it increases sig-
nificantly with increasing nanoparticle volume fraction,
reaching a maximum improvement of 129.7%. To accurate-
ly forecast the viscosity of this nanofluid, a new correlation
was proposed.

Esfe and Toghraie [13] also investigated how thermoe-
lectric cooling (TEC) affected the performance of solar
stills. According to their research, freshwater output is
directly related to the strength of solar radiation. Using
TEC on the glass surface of the still boosted freshwater

production by 15% to 62%, therefore showing the promise
of this enhancement approach for solar desalination devic-
es. The research by Pouya Barnoon et al. [6] examines how
flow behavior and heat transfer in a porous chamber are
affected by heating and cooling generators and cryogenic
conductors. Using the Finite Volume Method (FVM), the
simulations were run with single-phase and two-phase
models to forecast heat transfer behavior. The Newtonian,
incompressible, and constant working fluid — a water—
copper oxide nanofluid is thought of. Several cases with the
volume fraction kept constant were studied to evaluate the
rate of heat transmission and simplify the distribution. To
explain fluid flow and thermal behavior inside the porous
medium, the Darcy-Forchheimer model was used. Data
revealed that cryogenic conductors improve heat transfer,
and heating and cooling generators improve thermal per-
formance. But in particular circumstances, traditional po-
rous containers performed more effectively. Using current
thermal control methods, the study's main goal was to max-
imize heat transmission efficiency.

Table 1. Summary of key studies on flow, heat transfer, and cooling

Authors Research focus

Methods and tools

Key contributions and findings

Heat-transfer enhancement
in jet impingement with
surface protrusions.

Guo et al. [15]

CFD-based solver and experi-
mental measurements; compari-
son of smooth, spherical, ellip-
soidal, and teardrop protrusions;
parametric analysis of Reynolds
number, protrusion height, and

Ellipsoidal protrusions offer the highest cooling performance;
they raise the average Nusselt number by 15% compared to
smooth surfaces. Increasing protrusion height by 22% further
improved heat transfer without raising pressure losses; lower-
ing protrusion spacing improved cooling with pressure-loss
variations under 5%. Suggested a passive augmentation plan
for turbine blade cooling with low penalties.

in-crossflow (JICF) flow and

energy transfer. vortex identification.

spacing.
Wang et al. Effect of rectangular jet Wind tunnel experiments, LES
[28] aspect ratio (AR) on the jet- | and turbulence analysis, tempera-

ture-field analysis, coherent

By delaying the onset of the hanging vortex breakdown, it was
shown that increasing AR greatly improves jet penetration
(46.4% gain at X/d = 1). Recognized the counter-rotating
vortex pair (CVP) as a pseudo-sequential vortex structure.
Greater AR helps stabilize downstream vortices, reduce tem-
perature swings, accelerate turbulent kinetic energy decay, and
thereby boost energy dissipation by 28.8%. The study offers
guidance on maximizing jet-orifice design to improve indus-
trial cooling and mixing efficiency.

Chatzistefanou | Performance analysis of a

One-dimensional thermodynamic

Demonstrated the importance of bypass duct modeling for

etal. [10] precooled air-breathing modeling. improving engine efficiency and fuel economy.

propulsion system.
Jones and Simulation of a plane jet in LES with artificial inflow and Mesh adapted to the mean velocity field improves resolution;
Wille [18] cross-flow using LES. wall boundary conditions; Sma- reasonable agreement with experimental results; minor differ-

gorinsky-Lilly, one-equation, and
dynamic subgrid models.

ences observed between residual-scale models.

Berkache and Film cooling analysis in gas

3D simulations in Fluent applied

RSM improves predictions over other RANS models; RANS

[19] transfer in the turbine blade
leading-edge chamber.

at Re = 30,000.

Rabah [8] turbine blades. k—e, RSM, and Shear Stress limitations, due to isotropic eddy diffusivity, lead to overpre-
Transport (SST) turbulence dictions of the centerline cooling velocity.
models; experimental validation
with Particle Image Velocimetry
(PIV).
Kong et al. Swirling jet flow and heat Numerical simulation with vary- A jet hole offset enhances heat transfer by 15%; OTDs in a

ing jet hole offsets (e/d), jet
spacing (H/d), and different
dimple geometries (SDs, OTDs)

staggered arrangement yield a 24% improvement in thermal-
hydraulic performance; dimples increase the area but reduce
the average Nusselt number.

Vicano et al. Examined the flow charac-
[26] teristics of a jet in crossflow
issuing from a 777-shaped
cooling hole under different
velocity ratios.

analysis.

PI1V, Refractive Index Matching
(RIM), Nal-water working fluid,
turbulence statistics, vorticity

Given a thorough experimental characterization of velocity
fields, Reynolds stresses, turbulence intensity, and vortex
development for velocity ratios ranging from 0.4 to 1.2. De-
termined the main vertical structures produced by the 777-
shaped aperture and measured turbulence growth downstream
from the hole exit. The findings provide better knowledge of
complex cooling-hole designs for improved jet mixing.

Yang et al. Temperature uniformity in
[29] array jet impingement
cooling.

tion.

Detailed flow and thermal field
analysis under maximum cross-
flow; vortex structure investiga-

Identified entrainment and counter-rotating vortex-induced
nonuniformities; increasing Reynolds number or reducing
spacing improves uniformity; implications for turbine cooling
design.

COMBUSTION ENGINES, 0000;XXX(X)



A combined experimental and CFD analysis of jet-crossflow interaction in turbine cooling passages

In a linked study, Barnoon et al. [7] examined the cool-
ing behavior, stress distribution, and displacement proper-
ties of proton exchange membrane fuel cells (PEMFCs)
under natural and forced convection. The goal of the re-
search was to lower operating temperature, thermal stress,
and deformation by maximizing the quantity and thickness
of bipolar plates. Results showed that forced convection
decreased the working temperature by over 30 K, therefore
considerably lowering the number and thickness of the
plates. Natural cooling could pose thermal risks to the sys-
tem while speeding up plate heating.

In another study, Baghoolizadeh et al. [4] examined
how to best use energy in homes, particularly in air condi-
tioning systems. Building models were simulated employ-
ing the EnergyPlus program under several climatic scenari-
o0s. Five main design factors were selected, and for each
city, 300 Design of Experiments (DOE) points were evalu-
ated. Constructing predictive models from the simulation
data involved using Response Surface Methodology
(RSM). The outcomes showed a 2% to 16% decrease in
related expenses and total energy load. Significant gains
were also noted in the Human Heating Comfort and Static
Payback Period measures, therefore highlighting the effi-
ciency of the optimization approach.

The objective of this research is to experimentally and
numerically investigate the interaction between multiple
staggered cooling jets and a turbulent crossflow representa-
tive of gas turbine blade film cooling conditions. PIV
measurements are employed to quantify the mean velocity
fields and turbulence characteristics of four rows of jets
inclined at 30° and operating at a blowing ratio of M =2. In
parallel, RANS simulations using the standard k—e and SST
turbulence models are performed under identical operating
conditions. The study aims to evaluate the ability of these
turbulence models to accurately predict jet penetration,
lateral spreading, near-wall flow behavior, and the distribu-
tion of turbulent kinetic energy by direct comparison with
experimental data. Ultimately, the research seeks to identify
the most suitable turbulence model for reliable CFD predic-
tion of jet-crossflow interactions in turbine blade film cool-
ing applications.

2. Problem statement

While experimental tests on the interaction between
a main airflow and a secondary cooling flow over a flat
wall with several holes have been conducted, the main goal
of these geometric setups is to spread the cooling jet more
uniformly across the surface, thereby improving overall
cooling effectiveness and uniformity. The experimental
tests took place in the ISAE-ENSMA wind tunnel facility,
which is part of the P’ Institute in Poitiers, France. This was
accomplished by fitting a flat plate with a number of offset
rows of holes. The test plate in Figures 2 and 3 has 81 cy-
lindrical cooling holes set in staggered rows. They show
how the ISAE-ENSMA tunnel is configured and how the
plate is set up. Every hole has a 6 mm diameter and is an-
gled 30° from the wall surface. The holes also have ellipti-
cal edge exits that measure 12 mm across. This is supposed
to help the jet attach better and make the film cooler.

N> > >
e e
RT3
Heat exchanger — Test section
Up Stream Venturi Down Stream I
Flow rate control valve ||
Down Stream contol [j]
valve
l Q_)
Actuator Fan Depressor Fan

Fig. 2. General description of the tunnel facility
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T
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Fig. 3. General description of the test vein and the flat plate

PIV measurements were performed using a flat-plate
configuration intersected by four rows of open coolant jets.
As shown in Fig. 4, the jets were angled at 30° toward the
axial direction and had a consistent blowing ratio of M = 2
during the experiments carried out at the ENSMA test facil-
ity. In the (X, y) plane, both the injection flow and the main
flow are present. For data acquisition, the flat plate is split
into six measurement planes. The camera system can move
along the z-axis within the (x, z) plane. There is a 35 mm
displacement between each measurement plane. This helps
the camera capture the three-dimensional flow structure
well.
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Fig. 4. Calculation domain and experimental setup

Figure 5 illustrates the six measurement planes delineat-
ed within the experimental test facility. Data acquired from
these planes are used to assess the accuracy of numerical
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predictions from RANS simulations conducted under
equivalent operating conditions. Two turbulence modeling
approaches are investigated: the standard k—¢ model and the
SST model, aiming to identify the model that exhibits supe-
rior agreement with the experimental measurements. In this
configuration, the primary flow propagates along the x-axis
at a uniform velocity of 2 m/s, while the coolant jets are
introduced at an inclination of 30° relative to the x-axis
within the (x, ) plane.

Plan1 Plan2 Plan3
\

S S

Plan4 Plan5  Plan6
A

x/D

y/D~202468/0121661820222426283032
B 8
/ Rayon laser
A

A
Vv

¢

Fig. 5. Measurement plans available with PIV

3. Methodology

3.1. Experimental apparatus and protocol
To investigate the effect of secondary jet flows on the

main airflow in gas turbine blade cooling, a sophisticated

experimental setup was painstakingly built at the Laborato-
ry for Thermal Studies (LET) of ENSMA in Poitiers. The
experimental configuration mostly consists of a flat plate
with a main airstream flowing across it. Secondary jets are
pushed through several rows of staggered holes in the plate,

and they interact with the main airstream. As seen in Fig. 6,

the system has a PIV for high-resolution velocity field

measurements. The device has these basic parts:

a) The main airflow is generated by a MEIDINGER high-
performance fan, model HP 98 / 10-13, with a static
pressure of 20,000 Pa

b) A test section with 81 cylindrical holes spaced 30° apart
from the surface and measuring 6 mm in diameter hous-
es a multi-perforated plate

C) A test section with 81 cylindrical holes spaced 30° apart
from the surface and measuring 6 mm in diameter hous-
es a multi-perforated plate

d) A test section with 81 cylindrical holes spaced 30° apart
from the surface and measuring 6 mm in diameter hous-
es a multi-perforated plate

e) A flow regulation valve for fine-tuning the injection
parameters of the secondary air jets.

3.2. Integrated flow rate and velocity monitoring system

Located upstream of the test section, the main flow con-
trol system includes a regulatory valve (Fig. 7) that moni-
tors the mass flow rate of the principal airflow, denoted Q..
Located downstream of the test section, a secondary flow
control system is used to measure the suction flow rate, Qq,
which matches the injection flow rate, Q;, as shown in the

diagram. Dedicated flow control systems help to control
and track the mass flow rate of every stream. Each system
has a control valve to regulate flow to the intended setpoint,
as well as a Venturi meter for accurate flow rate measure-
ment. To precisely measure airflow velocity, the Venturi
devices are connected to both absolute and differential
pressure sensors. While the injection flow rate varied,
reaching a maximum of 25 g/s, the primary flow mass rate
was kept steady at 45 g/s throughout all tests.

Fig. 6. Experimental apparatus

3.3. Aerodynamic conditions

Defined and determined using the following equation,
the main aerodynamic parameter controlling this experi-
mental study is the blowing ratio MM:

piUj
M= m (1)
In this formulation, pe, Ue, U;, and p; denote the density
and velocity of the main flow, and the velocity and density
of the injection flow, respectively. Accordingly, the blow-
ing ratio MM can also be expressed in the following alter-
native form:

iUj (nS; S
_ Pi i (nS;) % e (2)
peUeSe nS;

where S; is the injection area which is calculated by:

D2
Si=—- ®)
Se: represents the tunnel test section (Se = 0.0185m?), n: is
the number of open injections.
The main mass flow rate and the injection flow rate are

calculated by the relations below:
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These calculations reveal a link between the injection
rate M and the primary flow rate Q. as well as the injected
air flow rate Q;:

M = K with K = 3¢ (6)
nS;

1
where Q; is the mass flow rate of the injection flow (kg-
s, Q. is the mass flow rate of the main flow (kg-s™).
For all analyzed cases, the main mass flow rate is set to
45 g-s7!, corresponding to an average mainstream velocity
of 2 m-s™'. Therefore, the mass flow rate of the coolant
injection stream controls the blowing ratio (M).

3.4. Mathematical formulation

The numerical model was validated by a thorough CFD
analysis. Among other important factors, this process in-
volved selecting a suitable turbulence model, defining pre-
cise inlet boundary conditions, and evaluating grid inde-
pendence. Among the several engineering-relevant outputs,
the local heat transfer distribution is particularly sensitive to
the complex dynamics of secondary flow structures. There-
fore, its precise prediction relies much on the accuracy of
the computational approach used and the underlying physi-
cal modeling, as well as its robustness. The Navier-Stokes
equations, given here, are the governing equations for fluid
flow [1, 2, 12, 22-24, 29]:

o

OX]' = 0 (7)
_dpy;  dp . D on; 0 S—
Wox T Tax Tax|™\ax Tax) T PWY

where: —p uju] are the Reynolds turbulent stresses.

3.5. Standard k—< model
In the standard k- model, the Reynolds stresses are
modelled as:
- 2 _
—pui'y’ = —2pkdy + 2uS; 8
The eddy viscosity u t is related to the turbulent kinetic
energy k and to its dissipation rate € as

kZ
He = pCy— (9)

All standard linear two-equation turbulence models are
based on Eq. (8), which shows a linear relationship between
the Reynolds (turbulent) stress tensor and the mean strain
rate tensor. Solving their respective modelled transport
equations yields the spatial distributions of the turbulent
kinetic energy (k) and its dissipation rate (¢) inside the flow
field. These equations include the following source terms:

82

S« =P —¢ ; S = CslkP Cez - (10)
where P is the production of turbulence
77 Ot

P = — puy a_:,- 11)

Thus, the velocity field's near-wall boundary conditions
are defined using the usual wall-function technique.
A Dirichlet condition requiring a zero value at the wall is
used for the (k). By contrast, a local equilibrium assumption
underpins the (¢) at the neighboring near-wall node, hence

guaranteeing coherence with the wall-function approach,
as:

3/4 K32

E =
b 048y

(12)
3.6. Shear Stress Transport (SST) model

Menter [21] created the SSTs turbulence model by care-
fully combining the best features of the k—¢ and k-® mod-
els to maximize their efficacy throughout various flow
zones. To be more precise, the SST model uses the k-
formulation in the near-wall region, where it is known to
work well, and then switches to the transformed k—¢ equa-
tions in the free-stream region, where the latter model usu-
ally provides better accuracy. A mixing function, F1, con-
trols this change by gently interpolating between the two
formulations. As Tulapurkara observes, the SST model
improves its ability to capture the impacts of unfavorable
pressure gradients and separation by combining Bradshaw's
idea that the Reynolds shear stress is correlated with the
turbulent Kinetic energy [30, 31]. The resulting transport
equations of the SST model are as follows:

a
a(pk) + 0j— ox; (pk) = Tl]a_ - B'pwk +
(,,—X]_[(u v okut)(,—xj] (13)
% (o) + (o) = oy
Jat pe Ui 0x; po) = utTij 0%
_ 2 + i ( + )a_w
Bpw a% W+ gt 7%,
+2(1 = Fy)poy, o2 (14)

max ax

The constants in the SSTs turbulence model are deter-
mined using a blending function. If ¢ represents a generic
constant in the SST model, and ¢; and ¢, are the corre-
sponding constants in the original k—» model and the trans-
formed k-¢ model, respectively, then ¢ is computed as
follows:

) ¢ = Fiop + (1 — Fo, (15)
The constants in the k- are:
o = 0.850, 6,,; = 0.5, B; = 0.0750, a; = 0.311,
B =0.090, K =0.410
_ B1  0piK?
Vi = 4 N (16)
The constants in the transformed k-¢ model are:
o = 1.0, 6., = 0.856, B, = 0.0828, B~ = 0.09, K = 0.41,
_ B2 _ Ow2K?
Y1 = B* \/E (17)
Tjj is given by Equation:
— 2 K + aul au]
pY; u] - p ij Ht aX] aX
F, = tanh (arg,”) : (18)
_ . VK 500V\ 4pogzk
arg; = min [max (0.09u)y' yzu)) ! CDkwyZ] (19)
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1 0k dw
CDge = max Zmeza , 10710 ) v, =

a 1k
max(a; w,QF) (20)
F, = tanh (arg,?)
_ vk 500v
arg, = Max (2 —O_Ome,yz—m) (21)

3.7. Computational domain and boundary conditions

The three-dimensional numerical flow field is shown in
Fig. 7 using a symmetry plane that mimics the arrangement
of the ISAE-ENSMA test facility. The computational do-
main consists of a flat plate with four rows of spaced cylin-
drical cooling holes. Each hole has a diameter of 6 mm. In
the transverse (s/D = 4) and axial (p/D = 4) directions, the
hole spacing ratio is fixed at 4. Using a three-dimensional
steady-state formulation, the commercial CFD program
FLUENT solves the governing transport equations. Figure
7 illustrates the mesh, geometry, and boundary conditions
(BC) applied for both the experimental and computational
investigations.

To guarantee accuracy in resolving convective terms,
a 2" order upwind discretization diagram is used. Ambient
air comprises both the injected coolant jet and the main-
stream flow in the current film-cooling configuration. The
working fluid is treated as a perfect gas inside a macroscop-
ic continuum framework because the thermodynamic con-
ditions are somewhat low, that is, the temperature and pres-
sure are both moderate.

The elliptic nature of the governing partial differential
equations makes it essential to define boundary conditions
along the entire boundary of the computational domain.
Three different forms of boundary conditions, velocity
inlet, outflow, and symmetry constraints, are applied as
seen in Fig. 7. The coolant jet is introduced at an inclination
angle (a) of 30°, with an injection slot width (D) of
0.006 m. The accurate representation of turbulent flow
within CFD models depends on the correct specification of
inlet parameters for important variables: the axial (u) and
transverse (v) velocity components, turbulent kinetic energy
(k), and either the turbulence dissipation rate (g) or specific
dissipation rate (®), which jointly define the inflow condi-
tions. These criteria are derived from pertinent experi-
mental data sets [3]. The axial and vertical components of
velocity are exactly specified at the jet exit interface; the
spanwise velocity is considered to be insignificant. The
axial velocity distribution is defined alongside the turbu-
lence intensity variables at the inlet region upstream of the
flat plate. At the upstream and downstream borders of the
domain, a zero-gradient (Neumann) condition is applied for
all remaining flow quantities.

Three different mesh resolutions are contrasted in Fig.
8: coarse, intermediate, and fine. Derived from the k—¢
turbulence model at the station X/D = 0, the findings center
on the normalized axial mean velocity profiles U/U.. Two
particular mesh setups are emphasized: a coarse mesh with
557,381 cells and a fine mesh with 2,575,501 cells. The
goal of this mesh sensitivity analysis was to find the best
mesh that would yield accurate results while requiring the

least computer time. It also aimed to see how mesh density
affected simulation accuracy.

Out flow
Velocity inlet Ue \
" ® ® ®
I - . Symmetry
® @ @
® @ @

Velocity Inlet
U; at 30°

Fig. 7. Experimental and numerical studies: 3-D domain and boundary
conditions

The comparison shows that the coarse and fine meshes
have practically identical normalized velocity profiles,
indicating mesh independence in the near-field. Therefore,
the coarse mesh was chosen for the following simulations
to cut computer time without compromising accuracy. Us-
ing the three-dimensional CFD commercial solver, ANSYS
FLUENT and the SIMPLEC pressure-velocity coupling
method, the governing transport equations were found and
solved. To better control numerical stability and accuracy,
the convective terms were discretized using a second-order
upwind scheme.
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Fig. 8. Profiles of the average reduced axial speeds U/Ue obtained by the
model turbulence k—¢ for two coarse and fine meshes
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Except at the downstream point (x/D = 20), where mod-
est differences were observed, the profiles of the normal-
ized axial velocity U/Ue remained constant across the as-
sessed stations for the two mesh resolutions. These differ-
ences are due to numerical accuracy rather than mesh quali-
ty. Therefore, all the following computations were carried
out using a coarse mesh with about 24,000 cells.

3.8. Mesh and computational domain

The two-dimensional (2D) variant of the CFD commer-
cial solver, ANSYS FLUENT, was used to model and solve
the transport equations. The flat plate domain had a struc-
tured, non-uniform mesh applied. Two different mesh ar-
rangements were tested to determine a suitable mesh reso-
lution. The first had roughly 24,000 cells; the second,
around 38,000. Finer resolution near the wall showed grid
spacing up to ten times smaller in that area.

The comparative study revealed few differences in the
findings from the two mesh setups, suggesting that the
smaller near-wall mesh had little effect on accuracy. As
a result, the coarser mesh with less refinement near the wall
was chosen for all subsequent simulations to reduce compu-
tational cost and time. Figure 9 shows the last mesh layout.

Fig. 9. Mesh of the plane plate
4. Results and discussion

4.1. Results analysis

To evaluate the predictive correctness of the numerical
method, representative results of the time-averaged flow
field derived from both PIV measurements and RANS
simulations are compared in the present study. To deter-
mine the most appropriate turbulence model, FLUENT,
a commercial CFD program, is used to simulate turbulent
flow across a flat plate. Two often-used k—¢ turbulence
model equations are assessed. The results section provides
an understanding of the reliability and performance of the
computational models by contrasting experimental data
with numerical predictions. The jet exit region, the disper-
sion behavior of the coolant jets, and the flow mixing
mechanisms merit close scrutiny. The flow vector was
zoned across six mixed streamwise and spanwise measure-
ment planes to get statistically significant mean time num-
bers. Each combined plane corresponds to a different meas-
urement, so there are six sets of measurements. This ar-
rangement guarantees crossflow fluid travel throughout the
full measurement domain, including all six planes.

4.2. Flow calculation results

4.2.1. Comparison between experimental
and the numerical results of reduced speeds
Simulations of the mean and turbulent velocity profiles
along the centerline (x-z baseline) were conducted over the

flat plate and compared with experimental data, as seen in
Fig. 10 and Fig. 11, to help one visualize the interaction
dynamics between the coolant jets and the crossflow. With
an eye on determining which model best reflects the com-
plex jet—crossflow interactions from the jet exit to the far
downstream region, these comparisons seek to evaluate the
predictive accuracy of the two models of Standard turbulence
k-¢ and SSTs with respect to the experimental PIV data. The
comparisons were made at a blowing ratio of M = 2.

At several streamwise locations X/D =2, 0, 2, 8, 22, and
30 the graphs show the decreased axial (U/U,) and vertical
mean velocity components (V/U,) across the spanwise sym-
metry plane (Z/D = 0). The examination shows that the jet's
momentum significantly disturbs and deflects the crossflow
as it approaches the jet exit. Significant differences between
the experimental data and numerical calculations are ob-
served in these near-wall regions, particularly in the predic-
tion of axial velocity profiles. Although the SST model
closely fits experimental trends across most sites, both turbu-
lence models tend to overpredict the decrease in axial veloci-
ty near the wall. There are clear differences between the two
models right after the jets, especially in how well they cap-
ture the regions where the flow separates and reattaches. The
better performance of the SST model is ascribed to its greater
ability to handle energy generation and transport processes
associated with coherent structures, yet it has a tendency to
somewhat overestimate their impact.

Conversely, the standard k—e model omits important
flow characteristics, especially in the downstream area,
where it forecasts insufficient jet dispersion and little lateral
dispersion. Particularly in regions affected by jet—crossflow
interaction dynamics, this deficit might account for the
clear departure from experimental data.
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Fig. 10. Comparison of experimental and numerical results of reduced
mean velocity profiles (U/U.) along the central plane Z/D =0
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Fig. 11. Comparison of experimental and numerical results of reduced
mean velocity profiles (V/Ue) along the central plane Z/D =0

4.2.2. Comparison of turbulence energy along the axis of
the jet

For a jet shot into a boundary layer at an injection rate
of M = 2.0, Fig. 12 shows the contours of turbulent kinetic
energy (TKE) predicted by the two models, Standard turbu-
lence k—¢ (Fig. 12a) and SSTs (Fig. 12b), compared to the
experimental PIV measurements (Fig. 12c). The visualiza-
tions show how a fully turbulent jet interacts with the flow
in the boundary layer. Though both computational models
reflect the basic characteristics of the jet development and
turbulence generation, neither matches the experimental
results well. Near-wall areas and the degree of turbulent
diffusion are where inconsistencies are especially obvious.
Compared to the k-¢ model, which often underestimates the
spatial extent and intensity of turbulent structures, the SST
model captures the shear-layer turbulence of the jet more
accurately. Still, neither model can correctly reproduce the
precise TKE distribution seen in the PIV data, therefore
limiting their ability to capture the complex jet—crossflow
interaction at this blowing ratio.

4.2.3. The contour lines of velocity magnitude derived
from simulation outputs

Figure 13 shows the reduced mean velocity profiles
from the three-dimensional (3D) simulations of the jet—
crossflow interaction in the spanwise direction (Z/D) to
investigate the lateral spreading behavior of the coolant jet.
To evaluate the degree of jet diffusion and symmetry of the
flow field, velocity profiles are derived at two streamwise
locations, X/D = 12 and X/D = 16, then plotted along the
spanwise direction. These graphs show how well the jet

spreads and how well the fluid mixes as it moves away
from the injection point.

5.32e-01 4.76e-01 4.20e-01 3.64e-01 3.08e-01 2.25e-01 1.69e-01 8.47e-02 8.61e-04

(a) Contours of the kinetic energy of turbulence obtained by the turbu-
lence model k—¢

9.58e-02 8.63e-02 7.68e-01 5.79e-02 4.84e-02 3.42e-02 2.00e-02 1.05e-02 1.00e-03

(b) Contours of the kinetic energy of turbulence obtained by the turbu-

lence model SST
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(c) Contours of the kinetic energy of turbulence obtained by the PIV

20 25

Fig. 12. Contours of the kinetic energy obtained by numerical calculation
and by experiment

Fig. 13. Center planes x/D = 12 and x/D = 16

Transverse-plane measurements using the PIV tech-
nique could not be performed due to limitations in camera
placement and movement. Therefore, only quantitative data
from Fig. 14 for both turbulence models may be examined.
The image shows isocontours of constant reduced velocity,
which help show how the coolant film moves laterally. In
terms of both the shape and intensity of the velocity con-
tours, the standard k—e and SST models provide rather
similar estimates. For instance, the SST model yields
a range of 1.79 to 4.87 for the reduced axial velocity U/Ue
at X/D = 16; the k—¢ model yields a range of 1.78 to 4.86.
The RSM forecasts a range of 2.35 to 4.70 for comparison,
showing a somewhat improved ability to capture the peak
velocity zones. These findings imply that, while the k—¢ and
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SST models provide generally similar predictions, they
might underpredict certain flow structures compared to
more sophisticated models such as the RSM.
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Fig. 14. Contours of velocity magnitude for k—¢ and SST models in X/D =
12 and X/D = 16 center plane
Conclusions

This study experimentally and numerically examined
the interaction of multiple staggered cooling jets with

a turbulent crossflow representative of gas turbine blade
film cooling at a blowing ratio of M = 2. Comparisons
between PIV measurements and RANS simulations indicate
that the SST turbulence model predicts jet penetration,
velocity decay, and turbulence distribution more accurately
than the standard k—¢ model, particularly in the near-hole
region dominated by strong shear and recirculation. The
k—e model was found to overestimate near-wall velocities
and to underestimate jet spreading, potentially leading to
non-conservative cooling predictions. For engineering ap-
plications, the SST model is recommended for CFD-based
analysis and the preliminary design of multirow film-
cooling configurations operating at moderate blowing rati-
0s, whereas the standard k—¢ model should be used only for
qualitative assessments or supported by experimental vali-
dation. Future work should focus on the application of
advanced turbulence modeling approaches, such as Reyn-
olds stress models or hybrid RANS LES methods, to better
capture unsteady jet-crossflow interactions. In addition,
coupling aerodynamic analysis with thermal simulations is
recommended to directly evaluate film-cooling effective-
ness and heat transfer performance under realistic operating
conditions.
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