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In new generation aero-engines, lean-burn combustors are equipped with swirl injectors in order to re-
duce pollutant emissions. At the exit of these combustors, the flow is dominated by temperature non-
uniformity (hot-streak) and residual swirl. Available research has focused mainly on the isolated effects
of the residual swirl only or the hot-streak only on the aerodynamic performance or thermal performance
of the high-pressure turbine (HPT). Only few studies investigated the combined swirl and hot-streak on
the aerothermal performance of the HPT using either idealized uniform or rounded hot-streak topologies.
Realistic hot-streaks generated from lean burn combustors have more complex topologies that involves
distortions. The present study investigates the effects of residual swirl and distorted hot-streak simulta-
neously on a first stage of a HPT. Other hot-streak types, uniform and rounded, have been also investi-
gated with and without swirl to perform comparisons with the distorted hot-streak. Unsteady Reynolds-
averaged Navier-Stokes (URANS) computations have been conducted to assess the aerothermal perfor-
mance of a HPT under the influence of different hot-streaks. Results revealed that all hot-streaks without
swirl were almost preserved as transported through the vane and altered as transported through the ro-
tor due to the secondary flows. Under the residual swirl, all hot-streaks were remarkably altered at the
vane exit and deformed more at the rotor exit. The uniform hot-streak was homogenised through the
rotor and the rounded and distorted hot-streaks were dispersed. The distorted hot-streak showed the
most complex transport behaviour through the stage. Results also revealed that the leakage flow through
the rotor tip gap generated high heat transfer rates, in particular on the rotor blade suction side and tip
surface. The leakage flow formed the known leakage vortex at the tip gap exit, which induced high heat
transfer rates. The residual swirl was found to intensify the leakage vortex and consequently higher heat
transfer rates are generated compared to the uniform flow condition.
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1. Introduction The isolated effects of the residual swirl only, or the hot-streak

only on the aerothermal performance of high-pressure turbines

The new generation of aero-engines operate under a lean-burn
combustion regime in order to reduce emissions threatening the
environment (i.e. CO, and NOx). Lean-burn combustors generate
highly swirled flows to attenuate combustion peak temperatures
by enhancing the fuel-air mixing. The hot swirling flow attenu-
ates as it propagates through the combustor and interacts with the
coolant air from the combustor liner. However, a residual swirl per-
sists at the turbine inlet and it features non-uniform aerothermal
characteristics. These non-uniformities composed of the residual
swirl and hot-streak that impact the turbine aerothermal perfor-
mance [1-5].
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(HPT), are well studied in the literature, on either non-rotating
vanes or rotating turbine stages [6-17]. Key experimental and com-
putational fluid dynamics (CFD) findings from such isolated effects
studies are summarised below.

1.1. Effects of the residual swirl

In an early study, Shih and Lin [6] reported a computational in-
vestigation on a turbine vane that features a leading edge (LE) fil-
let with a modified shape under both inlet axial flow and residual
swirl conditions. They mentioned that the modified LE fillet un-
der inlet swirl can deliver both lower aerodynamic loss and heat
transfer rate. The total pressure at the vane exit plan was reduced
by more than 40%, with respect to the axial flow case. Heat trans-
fer coefficient was also decreased by more than 30% on the end-
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walls and by more than 10% on the vane surface, with respect
to the axial flow case. Over the past decade, the research tur-
bine so called MT1 has been extensively investigated under ag-
gressive swirl conditions in the Oxford Turbine Research Facility
(OTRF) [7-9]. Qureshi et al. [9] carried out a combined detailed
experimental and CFD investigations of the impact of aggressive
residual swirl on both the aerodynamic and thermal character-
istics of the stator vane of the MT1 turbine. A combustor swirl
simulator was designed for this purpose [7]. It was found that
the residual swirl remarkably altered the endwall flow structures
and vane aerodynamic load. The boundary layer exhibited stream-
line redistributions, where they were dissipated in certain regions
and converged in other regions. Under these redistributions, lo-
cal Nusselt number significantly changed. Moreover, Schmid and
Schiffer [10] simulated the impact of the residual swirl generated
from an upstream combustion chamber on the aerodynamic char-
acteristics (i.e., losses and secondary flows) and heat transfer of a
downstream linear cascade vane. The modelled combustion cham-
ber did not comprise of swirlers but the effect of the swirling flow
was generated by imposing a tangential velocity boundary con-
dition at the inlet. The authors investigated three main parame-
ters, which are: the intensity of the swirl, the clocking position of
the swirl centre and the rotation orientation (positive or negative).
They noted that the increase in swirl intensity led to an increase
of pressure loss downstream the vane and a decrease in the heat
transfer rate within the vane passage. The heat transfer coefficient
reached its maximum values on both the vane surface and end-
walls when the swirl was negative and its core is in front of the
vane LE.

1.2. Effects of the Hot-streak

Povey et al. [11] experimentally measured the heat transfer
variation at the midspan (50%) of a HPT uncooled vane as well as
on endwalls under hot-streak and uniform temperature. The clock-
ing position of the hot-streak was also investigated. They reported
that the vane facing a hot-streak has higher heat transfer rate on
its suction side (SS) compared to the vane facing a uniform in-
let temperature. A hot-streak positioned on front of the vane LE
generates more heat transfer rate than a hot-streak positioned on
front of the passage. Smith et al. [12] studied numerically the ef-
fects of hot-streak clocking position on a HPT stage. They reported
that the aligned hot-streak with the vane LE produces higher ther-
mal load on the vanes and lower thermal load on the rotor blades.
In this case, the impingement of the hot-streak onto the vane LE
spreads out due to the endwall vortices and radial pressure gra-
dient, which results in lowering the temperature variations at the
rotor inlet. For the case of the hot-streak aligned with the passage,
it was not disturbed when convected through the vane and gener-
ated relatively high enthalpy levels on the pressure side (PS) of the
rotor blades. Salvadori et al. [13] investigated the aerothermal per-
formance of the MT1 turbine under hot-streak and uniform tem-
perature using experimental measurements and numerical simu-
lations. They found that for the vane, the hot-streak increased the
heat transfer rate by 20% on the PS and 50% on the SS with respect
to the uniform case. For the rotor blades, it was shown that the
hot streak transport has affected the PS between 20% and 70% of
the span, where the Nusselt number exhibited an increase of 60%
with respect to the uniform case. Wang et al. [14] conducted an
unsteady computational investigation on the so called GE-E3 tur-
bine under the effect of hot-streak at different turbulence intensi-
ties. They reported that the increase of turbulence intensity from
5% to 20% led to a favourable temperature gradient on the rotor
surface. At the LE, the temperature decreased by 16K and at the
PS, it was decreased only by 7 K. However, endwall temperature in-
creased by more than 20K, which represents 2.8% of the averaged
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inlet temperature. Very recently Mansouri [15] performed an un-
steady computational investigation on a HPT stage to examine the
interaction between three different hot-streak maps and secondary
structures from the rotor blades. Two simplified hot-streaks (radial
and circular) from the literature and one distorted hot-streak at
aero-engine representative conditions were evaluated. It was re-
vealed that the rotor blade generated many complex secondary
flow structures and the boundary layer on its surface underwent
turbulent/laminar transitions. The hot-streak migration and its im-
pingement onto the vane and rotor blades differed from one hot-
streak map to another. The secondary flows had a non-negligible
effect on the stage exit temperature distribution. They generated
corrugated and wavy shapes on the temperature gradients, in par-
ticular near the hub and shroud. All hot-streaks were completely
dispersed and deformed across the turbine rotor. Hot temperatures
are found on the rotor surfaces for the radial and distorted hot-
streaks compared to the relatively mild temperature from the cir-
cular hot-streak.

During the last few years, the effects of the residual swirl and
hot-streak simultaneously on HPT vane aerothermodynamics has
gained a particular attention. Many studies are now available in
the literature [18-24]. However, works on combined residual swirl
and hot-streak effects on rotating HPTs are rare in the literature
[25-30]. The majority of these works are numerical and they adopt
an idealized circular or elliptical hot-streak shapes, which are not
representing realistic distorted shapes generated by aero-engine
combustors. Main findings from such combined effects studies are
summarized below.

1.3. Combined residual swirl and hot-streak effects on vanes

Griffini et al. [19] performed a CFD investigation on the impact
of combustor exit flow representative of aero-engine conditions on
a film cooled HPT vane. The combustor flow characteristics were
obtained from a previous European project called TATEF2 [20]. The
clocking positions of the residual swirl were also investigated. They
found that the case where the residual swirl is aligned with the
vane LE had the harshest characteristics. This case presented high
heat transfer rates accompanied with increased local and aver-
aged surface temperature on both the vane SS and PS compared to
the passage aligned swirl. More recent work was reported by An-
dreini et al. [21] and conducted within the European project called
FACTOR that was interested in the effects of combined swirl and
realistic hot-streak on HPTs aerothermal behaviour. The authors
designed a non-reacting annular combustor equipped with effu-
sion cooling liners and axial swirlers with and without connecting
tubes to generate aero-engine representative conditions. The com-
bustor was investigated both experimentally and numerically. Re-
sults of this work showed that the annular combustor generates
high swirling flow intensity and distorted hot-streak, which differ
from the widely used rounded hot-streaks in the literature. In ad-
dition, their generated distorted hot-streak maps with and without
connecting ducts were quasi similar. Wang et al. [22]| conducted
conjugate heat transfer simulations on a film-cooled vane to re-
veal the impact of the residual swirl and hot-streak on the film
cooling performance. They investigated two setups with hot-streak
only and four setups of combined swirl and hot-streak involving
two swirl orientations and two clocking positions. The results in-
dicated that the presence of residual swirl worsen the attachment
of the coolant film and increased the thermal load on vane sur-
faces. Among the four swirled setups, the one with negative swirl
orientation aligned to the vane LE was found to be the best choice
as it has reduced the temperature on the vane LE and PS compared
with the other setups. The more recent numerical study by Man-
souri [23] on the impact of three different distorted hot-streaks at
engine representative conditions on a HPT vane was carried out
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under axial and swirl flow conditions. The results showed signifi-
cant differences in the aerothermal field on the vane cascade under
each distorted hot-streak. The presence of swirl induced aerother-
mal mixing and resulted in an increase of the heat transfer rate on
all cascade surfaces (i.e., SS, PS, hub and, shroud).

1.4. Combined residual swirl and hot-streak effects on turbines

Khanal et al. [27] reported a CFD study on the MT1 turbine to
examine its aerothermal behaviour under combined swirl and hot-
streak. They found a distinctive radial transport of the hot-streak
across the vane and rotor passages with strong impact on the tur-
bine performance. They also highlighted that the rotor blade heat
transfer behaviour is strongly dependent on the clocking position
and swirl direction. Rahim and He [28] performed a computational
investigation on a HPT stage with leaned vanes exposed to a simul-
taneous residual swirl and hot-streak. They reported similar find-
ing to those in the literature [22,23,26] regarding the radial migra-
tion of the hot-streak through the vane under the effects of the
swirl. They also concluded that the rotor inlet total temperature
profile and rotor blade heat transfer rate were significantly altered
under the effects of the swirl. Wang et al. [30] conducted a so-
phisticated CFD analysis of the effects of combined residual swirl
and hot-streak on both film-cooled vanes and rotor blades of the
GE-E3 turbine. They revealed that under uniform inlet conditions
(no swirl and no hot-streak) the film cooling effectiveness fluc-
tuations at the rotor LE are the most important with an ampli-
tude of £100%. Under combined swirl and hot-streak conditions,
the coolant attachment and film cooling effectiveness were altered.
The time-averaged film cooling effectiveness on the rotor blade SS
and PS was reduced by 10% and 6%, respectively with respect to
the uniform case. Very recently Adams et al. [31] conducted the
first joined experimental and CFD investigation on the impact of
combined realistic hot-streak and swirl on a 1.5 stage film-cooled
turbine. They conducted the experimental measurements on the
new research turbine called LEMCOTEC in the OTRF, which has
been designed to represent new generation aero-engine operating
conditions and architectures. They considered two HPT inlet flows
with uniform and non-uniform characteristics (i.e., total tempera-
ture, flow angle and total pressure). Both measurements and com-
putations suggested that the hot-streak was relatively well pre-
served after crossing the turbine stage. Total temperature fluctu-
ation at the turbine exit was approximately double for the non-
uniform case by comparing with the uniform case. The combined
swirl and hot-streak induced changes in the rotor aerodynamics by
causing local attenuations in blade loading near the hub and a re-
duction in tip leakage flow losses were decreased.

With the very remarkable advances in the present subject
made through the investigations mentioned above and many oth-
ers available in the literature, all investigated hot-streak shapes in
rotating HPT stages were ideal, either circular [25-29] or elliptical
[30]. To date, there is only the very recent study by Adams et al.
[31] that investigated the impact of representative aero-engine
combustor exit conditions on a rotating HPT. Thus, the present in-
vestigation is mainly motivated by the need to further understand
and examine the effects of aero-engine combustor exit conditions
on the rotating blades of HPTs. These effects cannot superimpose
linearly when studied individually and their understanding is cru-
cial for turbine aerothermal and cooling designs. This investigation
presents the first computational study that compares and high-
lights the difference between the effects of lean burn combustor
hot-streak and ideal hot-streaks from the literature under swirl
conditions on the aerothermodynamics of a rotating HPT. To this
purpose, numerical simulations using unsteady Reynolds-averaged
Navier-Stokes (URANS) have been carried out on three hot-streak
topologies (radial, rounded and distorted) under axial and swirl in-
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Fig. 1. Single passage domain of the HPT (a), the modelled uncooled rotor blade (b)
and the real cooled rotor blade (c).

let flow conditions. Results of the different cases are compared and
discussed. The position of each investigated hot-streak is fixed in
front of the vane LE, and the clocking effect is not treated in the
present work. In our recent work on the present turbine configu-
ration [15], it was shown that that the hot-streak aligned with the
vane LE produces higher thermal load on the vane and lower ther-
mal load on the rotor blades. When the hot-streak is aligned with
the vane passage it generates higher thermal load on the rotors.

2. Turbine stage configuration

The configuration investigated in the present study is a first
stage turbine uncooled model representative of a turbofan HPT
composed of 36 vanes and 70 rotor blades. Since the rotors-to-
vanes count ratio is almost equal to 2, a single passage geometry
composed of one vane and two rotor blades can easily be adopted
with periodicity boundary conditions as shown in Fig. 1(a). Thus,
changes in blades count (e.g., using domain scaling method [29])
to enable single passage domain periodicity is not required for
the present configuration. Adopting a single passage is an effective
way to reduce the computational cost associated with full annu-
lus modelling, but this is not without issues. When a turboma-
chine experiences a rotating instability that propagates between
the neighbouring blades, standard periodic boundaries cannot re-
solve this phenomenon. The vane/rotor interface of the present
passage is located at the mid distance between the vane TE and
the rotor LE. The turbine vane is an uncooled annular cascade de-
veloped and investigated by NASA [32]. It was designed for a fully
axial flow incidence angle. It has a chord length of 0.055 m, a
height of 0.038 m and an exit flow angle of 67°. The modelled ro-
tor blade is shown in Fig. 1(b) and it is derived from a real tur-
bofan HPT rotor shown in Fig. 1(c). It features the following char-
acteristics on its mid-span: an axial chord length of 0.029 mm, a
solidity of 0.75, and a turning angle of about 120°. The rotor tip-
gap height is a fraction of 1% from the passage height. The blade
model has not been experimentally investigated before. It features
a variable spanwise thickness, it is twisted, uncooled, highly cam-
bered and without squealer tip. Fig. 2

3. Numerical setup

The numerical grid used for the present investigated turbine
stage is a multi-block type, fully structured and was created using
ANSYS-TurboGrid. The vane passage has 1.12 million points and a
single rotor blade 1.77 million points, which leads to a total 4.68
million point for the simulated HPT stage passage. The thickness of
the cell adjacent to the turbine stage walls (hub, shroud, vane, and
rotor blade) is fixed at values that guarantee the y* around 1. This
y* value is required by the employed turbulence model k-w SST
y-Rey [37] to properly predict the flow transition and/or boundary
layer separation. The tip gap is discretised with 44 cells to pre-
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Fig. 2. Heat transfer coefficient profiles for the three investigated meshes on the
vane surface at different span locations (a) near the hub, (b) at the midspan, and
(c) near the shroud.

dict correctly the velocity and temperature profiles of the leakage
flow. This value is selected based on the work of Rahman et al.
[39]. The number of grid points of the vane and rotor blade do-
mains was carefully selected after a grid sensitivity analysis, which
can be found in our previous works [15,18,23,33,34]. An example of
the heat transfer coefficient (HTC) distribution at different span lo-
cations on the vane surface using three different meshes is given in
Fig. 3. The meshes are coarse, medium and fine, and they contain
0.6, 1.2 and 2.7 million cells, respectively. It can be seen that the
medium and fine meshes have the same HTC profiles at the differ-
ent span locations, whereas the coarse mesh has some discrepancy
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at the suction side region of the vane, which is large near to the
hub location (e.g., Cax = 13.3 %). Thus, the medium mesh density
is used within the vane domain of the turbine stage.

Detailed validation with experimental measurements [32,35]
has been also conducted for both the vane and rotor blade. For
the vane, a fully axial flow with uniform total pressure is imposed
at the inlet and a static pressure is specified at the domain exit.
The exit-static to inlet-total pressure ratio is 0.6705. The inlet and
outlet are located at one axial chord length from the vane leading
edge and trailing edge, respectively. Two periodic boundaries are
imposed at the side surfaces of the vane domain and all the walls
are considered adiabatic with non-slip condition. Figs. 3(a-c) show
comparisons of the experimental [32] and computed surface-static
to inlet-total pressure ratio distributions at different span locations
on the vane surface. It can be seen that the predicted pressure
ratio profiles are in good agreement with the experimental mea-
surements at the midspan and endwall regions. The results near
the endwall (e.g., Cax = 13.3% and 86.6%) confirm that the em-
ployed grid and turbulence model are able to capture the effects
of secondary flows on the blade load. Fig. 3.d shows comparison
of the experimental [32] and computed circumferentially averaged
loss coefficient downstream the vane. The numerical loss profile
is in good agreement with the experimental profile and confirms
that the employed modelling can properly predict the penetration
of the secondary flows in the main flow.

For the present rotor model used, there are no experimental
measurements available in the literature. Thus, an experimental ro-
tor blade called R1S1 [35] that features the same turning angle and
thickness-to-chord ratio at the midspan has been adopted for the
validation. Note that the experimental results of the R1S1 blade are
only reported at the midspan and no measurements near the end-
wall or tip regions are conducted. The validation condition used
corresponds to an isentropic Mach number of 0.75, where a uni-
form total pressure is imposed at the rotor domain inlet with a
constant turbulence intensity of 4% and a length scale equal to the
blade span. At the outlet, a static pressure is specified. All the walls
are adiabatic with non-slip condition. Fig. 4 shows distributions of
the numerical HTC compared to experimental measurements. The
computational results from both the original SST model [36] and
the transition SST y-Rey model [37] are compared. It can be seen
that the blade SS faces boundary layer transition between the up-
stream and the mid chord (e.g., Cox = 0.5) regions. The original
SST model fails to capture this transition. The transition SST y-Rey
model underestimates slightly the length of the transition, but it
provides good agreement with the experimental measurements at
the rest of the locations. The slight discrepancy of the transition
length is due to the use of the default coefficients of the SST y-
Rey model, which are initially defined for simplified configurations
and low Mach number flows. Enhancement of the validation can
be achieved by the calibration of this model for each specific flow
problem [40,41] (e.g., a transonic flow), but this is out of the scope
of the present work.

Unsteady time accurate computations of the HPT stage were
conducted using the CFX CFD solver. It is a three-dimensional im-
plicit coupled Navier-Stokes solver, which uses the finite volume
method for the spatial discretization. The high resolution option
was selected for the spatial discretization, which is a second or-
der central difference scheme. The second order backward Euler
scheme was used for the time discretization. The solved equa-
tions are the mass conservation, Navier-Stokes flow momentum
(u, v, w), turbulent kinetic energy (k), specific dissipation rate and
energy (w). The turbulence was handled using the Shear Stress
Transport (SST) k-w model [36] with transition formulation based
on the Gamma-Theta (Y- Rey) approach [37], as previously per-
formed in the validation with experimental measurements. This
model solves the momentum and turbulence transport equations
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mentioned above as well as three additional transport equations
for the shear stress (7), the intermittency (y), and the transition
Reynolds number (Rey) near the wall (withing the boundary layer).
Thus, the boundary layer flow is resolved, and no wall function is
used. A transient rotor-stator method was used at the interface be-
tween the stationary vane and rotor domains. Only one full rotor
rotation is modelled with time periods equal to the rotor blade
pitch (5.14°), each period is simulated with 25 time steps, which
leads to a time step At = 4.89 x 10~% second, and each time step

is achieved with a minimum 25 sub-iterations. This time step is
selected based on the work of Rahman et al. [34] where they con-
ducted a sensitivity analysis on the time discretisation using 20,
40, and 60 time steps for a time period equivalent to 12° stator
vane pitch for a high pressure turbine rotating under 9500 rpm.
They found that a vane passing period discretised with 40 time
steps leading to a At = 5.26 x 1076 second is sufficient to reach
a temporal convergence. Thus, the present used time step is quite
below the optimal value found by Rahman et al. [39].

The adopted boundary conditions were imposed as follows.
Two-dimensional static temperature contours representing the hot-
streaks were specified at the stage inlet with a uniform total pres-
sure distribution based on the constant pressure combustion as-
sumption in gas turbines. Note that Adams et al. [31] used a re-
alistic quasi-uniform total pressure distribution that has almost a
negligible variation of around +0.47%. In addition, a constant tur-
bulence intensity I = 10% is imposed at the inlet, which may not
be representative to real aero-engine conditions, but this assump-
tion is adopted in many available studies [28-31]. The inlet length
scale is auto-computed by the solver based on the specified turbu-
lence intensity, as follows [38]:

3
| k2 (3/2)I2U? 1)
" e pCu(k2/10004)

where [; is the length sacale, k is the turbulent kinetic nergy, € is
the turbulence dissipation, U is the average flow velocity, p is the
fluid density, C, is a model constant equal to 0.09, and w is the
fluid dynamic viscosity.
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An atmospheric static pressure was specified at the stage outlet.
The exit isentropic Mach number is transonic around 1. The HPT
stage operates with the air as an ideal gas. The rotor blades do-
main rotates at a speed of 7000 rpm. All walls are assumed adia-
batic with a non-slip boundary condition. To investigate the effects
of hot-streak transport through the turbine, three different static
temperature topologies are applied at the turbine inlet, as shown
in Fig. 5. Radial and rounded idealized topologies from the litera-
ture are adopted and shown in Figs. 5(a) and 5(b), respectively. The
radial hot-streak includes the effect of film cooling from a com-
bustor liner near the endwalls and a constant high temperature of
about 80% of the map. The rounded hot-streak features a high tem-
perature level focused circularly on the centre of the map repre-
senting an ideal thermal gradient from a swirled combustor. Such
ideal temperature gradient has been a subject of many investiga-
tions in the literature [11-14,26-30]. A distorted hot-streak topol-
ogy is also considered and shown in Figs. 5(c). It was generated
by a lean-burn combustor simulator designed and scaled to fit the
present HP turbine stage [23]. The combustor can operate using
swirl injectors of different sizes, angles and arrangements that can
generate different distorted temperature topologies representative
of modern aero-engine combustor outflows [23]. The distorted hot-
streak features a large deformed hot temperature core aligned with
the vane LE and connected to a bottom hot strip. It is interesting
to note that the applied hot-streaks have different pitchwise and
spanwise extensions (e.g., the distorted hot-streak is much larger
than the rounded one), so that the thermal results are expected to
be influenced not only by the hot-streak shapes but also by their
sizes. Note that all the investigated topologies have a minimum-
to- maximum temperature ratio Tp;,/Tmax Of 0.78. Circumferen-
tially averaged radial profiles of the temperature ratio of each hot-
streak are plotted in Fig. 5(e). The residual swirl distribution used
along with the hot-streaks is shown in Fig. 5(d). It is aligned with
the vane leading edge and rotates in the clockwise direction. The
swirl intensity used is S; = 0.4 and its defined based on the swirl
injector geometry in the combustion chamber and flow velocity
[42,43].

IR UWridr

=t 2
fﬁ;’ R,U2rdr @)

i

with r is the radius of the swirler R; and R, are the inner and outer
radii of the swirler, respectively. W is the average swirling velocity
and U is the average axial velocity. Moreover, the swirl intensity
equation could be reduced to include only the axial and swirling
velocities, such as S; = W/U = 0.4 [43].

Unsteady simulations were initialized from converged steady
solutions based on the frozen rotor approach to model the
vane/rotors interface. The root-mean-square (RMS) residuals of all
solved equations were below 10~>. During simulations, difference
physical quantities at different locations were monitored to ensure
the periodic behaviour of the unsteady flow. These quantities are
the static pressure, the static temperature, the mass flow rate and
the total pressure. The monitoring locations are the blades surface
(vane and rotor), the interface and the stage exit. A typical un-
steady convergence of the area-averaged total pressure difference
at the interface and normalized exit mass flow rate for the dis-
torted case are given in Fig. 6. A transition from the steady to the
unsteady solution occurs quickly after few timesteps, and the peri-
odic oscillation of the solution remains constant till the last time-
step. It is interesting to note that the area-averaged total pres-
sure difference between the stationary vane exit and the rotating
blade inlet non-conformal faces does not exceed 30 Pa (Fig. 6(a)),
which represents a fraction of 0.029% of the atmospheric pressure,
for example. This result confirms that the adopted transient rotor-
stator method is very robust and produces a negligible error. A
Fast Fourier Transform (FFT) analysis for the total pressure differ-
ence recorded signal at the interface was performed and shown
in Fig. 6(c). Two harmonics are predicted showing the blade pass-
ing frequency (BPF = 8171 Hz) where the second harmonic repre-
sents 23% of the energy contained in the BPF. Note that the num-
ber of harmonics is sensitive to the probe location [45] (e.g., near
the midspan or the endwalls), the probed quantity [46] (e.g., static
pressure, axial velocity, turbulent kinetic energy, etc.). However,
the adopted URANS model (SST y-Rey) showed that it is capable
to predict the same number of harmonics compared to Large Eddy
Simulation (LES) as reported in [47].

4. Results and discussions

It is important to note that the results presented in this sec-
tion are related to the rotor domain, which is the main focus of
the present study. Results of the effects of combined distorted hot-
streak and residual swirl on the vane are already published in [23].

4.1. Hot-streak transport

Fig. 7(a) shows the radial profiles of static temperature ratio at
the rotor inlet (vane outlet), with uniform (no swirl) and swirl in-
let conditions for each hot-streak case. With uniform flow condi-
tions, all profiles keep their initial radial distributions (from the
turbine inlet) with maximum values at around 30% span, 50% span
and 30-70% span for the “Distorted”, “Rounded” and “Radial” cases,
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respectively. However, a slight reduction in temperature between
turbine inlet and rotor inlet is found as expected and this is due
to the compressibility effects as the flow crosses the vane pas-
sage as the Mach number increases and the static temperature de-
creases. With inlet swirl condition, temperature profiles of all the
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hot-streak cases exhibit almost the same flattened distribution. The
averaged value of each of the flattened profiles varies significantly,
which are 0.83, 0.79, and 0.9 for the distorted, rounded, and ra-
dial hot-streaks respectively. These values reflect the sizes of the
imposed hot-streaks as previously mentioned. The introduction of
swirl enhances the aerothermal mixing and reduces the levels of
temperature peaks. Fig. 7(b) presents the same profiles at the ro-
tor outlet. The profiles of the uniform flow condition are redis-
tributed again after traveling through the rotor passages. This re-
distribution is mainly caused by the interaction with secondary
flows (i.e. tip leakage and passage vortices). With inlet swirl con-
dition, temperature profiles of all hot-streak cases kept almost flat-
tened distributions, since the effects of swirl mixing persist within
the rotor passage and may be also intensified by the secondary
flows.

The transport of hot-streaks through the rotor passage is visu-
alised using instantaneous static temperature ratio contours at four
plans located at the normalized spanwise direction (Z) as indicated
in Fig. 8. The first location Z=1.0 is at the vane/rotor interface, the
second location Z=1.1 is across the rotor blades LE, the third lo-
cation Z=1.35 is across the rotor blades TE, and the last location
Z=2.0 is at the stage outlet.

For the “Radial” hot-streak case (Fig. 8(a)) and under uniform
inlet flow, it can be seen that the hot-streak shape at the rotor
inlet (Z=1.0) and LE (Z=1.1) is almost preserved. The wake from
the vane has a very slight effect on it and the cold regions repre-
senting the film cooling from the combustor are still located the
endwalls. After crossing the rotor blades and on the rotor blade
TE (Z=1.35), the upper and lower cooling films exhibit a roll-up
and are driven inside the passage due to the interaction with the
secondary flows. The rolling-up near the shroud seems more in-
tense compared to the rolling-up near the hub and this indicates
that the leakage vortex (LV) formed near the tip is stronger than
the passage vortex (PV) formed near the hub. At the exit (Z=2.0),
the gradient from the cold to the hot regions is no longer smooth
and it presents a corrugated wavy shape as highlighted by the red
dashed line. In addition, the maximum temperature ratio is de-
creased from 0.961 at the rotor inlet to 0.856 at the exit due to
the compressibility effect and the increase of the flow velocity. For
the same hot-streak (radial), as the swirl motion is introduced, the
temperature maps at all spanwise locations exhibit a deformation.
The swirl applies a strong mixing on the flow field and conse-
quently the near endwall cold regions are transported radially to-
wards the mid-passage to be mixed with the hot region (i.e. see
the black dashed line at Z=1.0). For example, the mid-passage re-
gion between the rotors (R1 and R2) at the TE (Z=1.35) features a
relatively cold temperature compared to the same location under
no swirl. Moreover, the LVs are filled with high temperature for
both uniform and swirl conditions at Z=1.35 and this suggests that
the leakage flow, originated from the blade PS, drives the hot fluid
from this region through the tip gap to the LV core. At the exit, the
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Fig. 7. Radial profiles of the circumferentially averaged static temperature for the different investigated hot-streaks under uniform and swirl conditions: (a) profiles at rotor

inlet and (b) profiles at rotor exit.
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radial hot-streak is homogenised mainly under the swirl effect and
the cooling film is spread to form some cold spots.

For the “Rounded” hot-streak (Fig. 8(b)) under no swirl, it is
transported axially as expected and the highest temperature lev-
els are preserved within the mid-span region. The vane wake has
a remarkable impact of the hot-streak at the rotor inlet (Z=1.0)
where the round shape becomes elliptical. The hot-streak travels
to impinge onto the rotor R2 LE and is split into two parts (Z=1.1).
Then, a portion from each part of the split hot-streak travels from
the PS to the SS through the rotor tip to form the hot LVs (Z=1.35).
At the exit (Z=2.0), each part of the split hot-streak merge to form
a single hot-streak that is completely deformed with a hot region
always around the mid-span region. As the swirl is combined with
the “Rounded” hot-streak, this later exhibits a deformed shape
at the vane exit (Z=1.0). The rounded shape becomes elongated
from the hub to the shroud with a wavy low temperature gradi-
ent separating each hot-streak. The new deformed hot-streak trav-
els mainly between the rotors and only a small part of it impinges
onto the rotor R1 LE near the hub (Z=1.1). The LVs formed around
the blade TEs are always hot (Z=1.35) with temperature ratios of
0.801 and 0.775 for the LVs for the R1 and R2, respectively. At the
exit (Z=2.0), the hot-streak becomes dispersed around all the plane
with many hot spots at different locations.

The “Distorted” hot-streak (Fig. 8(c)) under uniform flow ex-
hibits an axial convection through the rotor passage similar to the
“Rounded” case. The vane wake has a slight effect on changing the
hot-streak shape at Z=1.0. When traveling through the passage, the
hot-streak impinges onto the rotors both (Z=1.1), the large hot core
hits the second rotor R2 and the hot strip hits the first rotor R1.
Both hot-streak parts contribute to the formation of hot LVs simi-
lar to the “Rounded” case (Z=1.35). At the stage outlet (Z=2.0), the
split hot-streak merges again and it is highly affected by the roll-
up effect from the secondary flows near the endwalls. The max-

imum temperature ratio at this location reaches 0.842, which is
12.38% lower than maximum temperature ratio at the turbine in-
let. When the residual swirl is combined with the “Distorted” hot-
streak, the temperature distribution through the rotor passage be-
comes more complex at each plan compared with the other ide-
alised hot-streaks. The “Distorted” hot-streak becomes highly de-
formed and the original hot strip disappears (Z=1.0). It also be-
comes elongated from the hub to the shroud but with a com-
plex behaviour compared to the elongated “Rounded” hot-streak
at the same location. When interacting with the rotors it impinges
onto the rotor R1 near the hub and onto the rotor R2 near the
shroud (Z=1.1). It generates hotter LVs compared to the LVs of the
“Rounded” case with the temperature ratios of 0.83 and 0.804 for
R1 and R2, respectively. These values represent an increase of tem-
perature of 3.49% and 3.6% with respect to the R1 and R2 LVs
of the “Rounded” case. Finally, at the stage exit (Z=2.0), the hot-
streak exhibits a highly dispersed behaviour with different large
hot spots.

4.2. Rotor surface temperature

Fig. 9 shows instantaneous static temperature ratio distributions
on the first rotor blade R1 surface at the tip and SS region. With
uniform conditions (Fig. 9(a)), the temperature map from each hot-
streak is transported axially as expected, where the highest tem-
perature levels are located around the midspan region. The effects
of the secondary flow vortices are clearly visible on the SS as the
dashed line shows for the “Radial” case. The vortices cool down the
near hub and tip regions on the SS since they radially transport the
cool air from the endwall regions. The “Radial” case has the largest
hot surface temperature zone, followed by the “Distorted” case and
next the “Rounded” case. On the tip, the LE region has the lowest
temperature compared to the mid chord region and this suggests
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Fig. 10. Temperature profiles on the chord line of the rotor blade tip for all the investigated cases.

that the leakage flow transports the cold flow from the shroud to-
wards the LE and the hot flow from the passage towards the mid
chord region. As the inlet swirl is introduced (Fig. 9(b)), a complex
change in the rotor thermal loading takes place. The effects of the
secondary flows are attenuated and the temperature distribution
on the blade surfaces does not reflect any more the initial temper-
ature non-uniformity imposed on the turbine inlet. The “Radial”
case under swirl has almost a uniform surface temperature dis-
tribution of low levels compared to the uniform case due to flow
mixing, except a cold spot near the hub of the SS. In the “Rounded”
and “Distorted” cases, the hot-streak is no longer printed on the
midspan region but it is spread almost all over the span near the
trailing edge region. On the tip surface, the mid chord region suf-
fers from higher temperature levels compared to the uniform case
due to the radial transport of the hot-streak. Generally, it can be
said that the swirl has a significant impact on modifying the hot-
streak distribution and simplified hot-streaks should not be used
to represent engine operating conditions. The “Radial” case gener-
ates excess of high temperatures and the “Rounded” case a simpler
predicted temperature distribution.

Fig. 10 shows static temperature ratio (T;) profiles plotted
through the chord line at the rotor blade R1 tip for all cases.
One can note that the “Radial” case has the highest temperature
under both uniform and swirling flow conditions. Under uniform
condition, the temperature profile undergoes a jump at around
Cax=0.4 from relatively low temperature (T,=0.814) to high tem-
perature (T;=0.918) with an absolute maximum-to-minimum dif-
ference of 11.34% and an average value (T;ave) from the LE to the
TE of Trave=0.862. It was revealed above (Fig. 9(a)) that the jump
to higher temperature is due to the transport of the hot flow by
the leakage from the passage towards the mid chord region of the
tip. Under swirl condition, the temperature profile presents high
levels of temperature from the LE to the TE. This is due to the mix-
ing effects from the swirl where the cooling film near the shroud
is mixed with the large hot flow from the mid passage. Thus, the
absolute maximum-to-minimum difference is decreased to 6.75%
and the average value is increased to T;ae=0.907 with respect to
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Fig. 11. Area-averaged static temperature of the rotor blade and tip surfaces for all
the investigated cases.

the previous uniform case. For the “Rounded” and “Distorted” hot-
streaks combined with the residual swirl, the temperature profiles
undergoes an increase compared with the relatively low tempera-
ture profiles of the uniform condition. It became obvious that this
increase was due to the mixing and it can be quantified by the fol-
lowing average values. For the “Rounded” case, the average temper-
ature ratios are Trave=0.756 and T;ae=0.807 for the uniform and
swirl cases, respectively with an increase of 6.32%. For the “Dis-
torted” case, the average temperature ratios are higher than those
of the “Rounded” case and they take the value of T;ae=0.79 and
Trave=0.833 for the uniform and swirl cases, respectively with an
increase of 5.16%.

The area-averaged temperatures on the blade and tip surfaces
are of interest and are provided in Fig. 11 under both uniform and
swirl conditions. The blade surface includes the SS and PS with-
out the tip surface. It can be seen that the area-average temper-
ature of the blade surface is almost unaltered under the residual
swirl for the different hot-streaks. A very slight difference is ob-
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served for the “Distorted” case and it takes the value of 0.7%. At
the tip surface, the effect of the swirl is clearly remarkable. As
the inlet swirl is introduced, a significant increase in the aver-
age temperature takes place, for all hot-streaks. The increases are
5.9%, 6.68% and 4.79% for the “Radial”, “Rounded” and “Distorted”
cases, respectively with respect to the uniform case. It can be seen
that the mixing induced by the residual swirl has its highest im-
pact on the “Rounded” case and lowest impact on the “Distorted”
case.

4.3. Endwall surface temperature

Fig. 12 depicts instantaneous static temperature ratio contours
on the shroud surface under both axial flow and residual swirl in-
let conditions. Generally, at both inflow conditions, the shroud in-
let features the highest temperature due to the hot-streak and the
shroud mid-region above the blade tip exhibits the harshest ther-
mal load due to the hot leakage flow effects. This mid-region al-
ready suffers from the compressibility effects and shock formation
due to the high speed of the tip and the tight gap, as previously re-
ported [15]. The shock may increase the flow temperature and this
is combined with both the shroud inlet hot-flow and hot leakage
flow, which leads to temperature ratios above 1. The downstream
region features the lowest temperature due to the LV effects. It was
shown above that the LV is hot and that it drives the hot flow
away from the shroud to allow colder flow to be in contact with
the shroud. Particularly, with swirl conditions (Fig. 11(a)), the tem-
perature map changes significantly and the transported hot-streak
from the vane is clearly visible on the shroud. It was previously
shown in (Fig. 8) that the swirl induces a deformation and radial
distribution of the hot-streak from the hub to the shroud. The de-
formed hot-streak migrates towards the first blade rotor R1 and it
impinges mainly onto the PS region. This behaviour is clearly visi-
ble for the “Radial” case in Fig. 12(a) due to the strong temperature
gradient compared with the other cases. It can also be seen that

10

the wake from the second rotor R2 generates a hot flow whereas
the R1 wake has a cold flow.

Fig. 13 shows static temperature ratio maps on the hub sur-
face under both axial flow and residual swirl inlet conditions. Be-
fore discussing the effect of the residual swirl on the different
hot-streaks at the hub surface, it is important to mention some
flow features on the rotor hub. It was found previously [15] that
the hub region features two three secondary flows, which are the
passage vorteX, the horse-shoe vortex (HSV) and the corner vor-
tex (CV). The PV is formed on the SS near the maximum cam-
ber region and it propagates downstream of the blade. The HSV
is formed near the blade LE due to the mainstream and blade LE
interaction. The CV is formed in the blade-hub junction near the
mid-chord region at the PS and transported to just upstream of the
stage exit. With uniform conditions (Fig. 13(a)), the HSV features a
low temperature because the hot-streak is mainly located around
the midspan region. From the mid-chord region to the downstream
region, the LV and CV play an important role in enhancing mixing
between the hot-streak and cold flow near the hub. The mixing
effect by these secondary flows is significant for the “Radial” and
“Distorted” case and it is very weak for the “Rounded” case. This
is because the “Rounded” hot-streak has the lowest hot fluid area
compared to the other hot-streaks. Thus, the secondary flows in-
teract very weakly with this hot-streak and mixing does not occur.
With swirl conditions (Fig. 13(b)), the hub temperature distribution
changes remarkably since the swirl induces more mixing in this re-
gion. Both “Radial” and “Distorted” cases exhibit a drastic increase
of the temperature due to the radial transport of the hot-streak.
The “Radial” case is subject to the harshest thermal load among
the others because the initial endwall cooling film is transported
towards the midspan region and it is replaced by very hot flow
from the hot-streak centre. It is clearly seen that the HSV of the
first rotor features low temperature compared to the HSV of the
second rotor. This is also due to the deformation of the hot-streak.
The “Rounded” case, it exhibits the lowest thermal load among
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the other hot-streaks and only a small hot temperature region ap-
pears owing to the effect of the CV. The “Distorted” case features
a medium thermal load with almost homogeneous temperature on
its entire surface.

To provide an appropriate quantitative analysis of the thermal
load on the endwall surfaces, the area-averaged static tempera-
ture for each hot-streak under both uniform and swirl conditions
is plotted in Fig. 14. For the shroud surface, the residual swirl has
an important impact on the “Radial” case and lower impact on the
other case. It increased the surface temperature by 23.48%, 5.32%
and 3.16% for the “Radial”, “Rounded” and “Distorted” cases, re-
spectively with regards to the uniform condition. At the hub sur-
face, it can be seen that the residual swirl has a stronger impact
than its previous impact on the shroud. The “Radial” and “Dis-
torted” cases are most affected by the swirl mixing. The temper-
ature of the “Radial” and “Distorted” case is increased by 11.06%
and 10.47%, respectively with regards to the uniform case. The im-
pact on the average temperature of the “Rounded” case is lower
and it is of 3.73%. It can be concluded that the hub is the surface

1

that suffers most from the harshest thermal load compared to the
other surfaces (i.e., the blade, the tip and the shroud).

4.4. Rotor heat transfer

Fig. 15 shows heat transfer coefficient distributions on the first
rotor blade R1 surface at the tip and SS regions. It is important
to note that the HTC evaluation requires two separate calculations.
The first one is with an adiabatic wall condition, which allows
the prediction of the surface temperature during the iterative so-
lution. Consequently, the solver cannot predict the HTC since the
wall heat flux is zero. The second calculation is based on a ther-
mal law-of-the-wall, and it is defined as follows:
PCpU*

- 3)
where p is the density of the air, ¢, is the heat capacity of the
air, v* is the velocity scale in the logarithmic part of the bound-
ary layer and T* is a normalized temperature near the wall. The
detailed definitions of the velocity scale and normalized tempera-
ture depend on the type of the turbulence model used and can be
found in [38]. But in general, the velocity scale is calculated based
on the turbulent model constant (C,) and turbulence kinetic en-
ergy (k). The normalized temperature is calculated based on the
Prandtl number (P;) and dimensionless near wall grid distance (y*).
Thus, the upper term can be considered as a viscous term and the
lower term as a thermal term.

It can be seen that the highest HTC regions are on the tip sur-
face and rotor blade SS near the tip for all the investigated hot-
streaks. This is obvious due to the leakage flow when it crosses the
tip gap region and then forms the LV. During this process, the leak-
age generates high shear tress () due to the tight space and high
flow speed. This t is proportional to the turbulence kinetic energy
and it is known that higher 7 leads to higher k. Consequently, the
significant local rise of k impacts directly the viscous term (Eq. 3)
to be much more significant than the thermal term and then the
HTC increases. Regarding the effect of residual swirl, it can be seen
that it contributes to the increase of the HTC on the rotor SS (red

HTC =
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Fig. 16. Surface heat transfer coefficient of the rotor blade PS and SS for all the investigated hot-streaks: (a) with uniform inlet flow and (b) with inlet swirl condition.

dashed line in Fig. 14(b)) as expected. The flow rotation induces
higher shear stress and this intensifies the LVs to have more kinetic
energy and as a result higher HTC. Furthermore, the HTC near the
hub is about 2.5 orders of magnitude lower than the HTC near the
tip. This indicates that the hub secondary flow (i.e. passage vortex)
has less turbulent kinetic energy that produces lower HTC.

To provide an insightful quantitative analysis of the thermal
characteristic near the rotor tip region, the profiles of HTC at 90%
blade span are plotted in Fig. 16. Negative values of the normalized
axial chord distance (Cix) indicate the blade PS and positive val-
ues of the normalized axial chord distance indicate the blade SS. In
general, the HTC distribution at this location has almost the same
trend for all the cases. It is important to note that the investigated
rotor blade is a subject of boundary layer transition at both the
SS and PS as reported in [10]. Boundary layer transition on the PS
occurs at about the first chordwise half of the blade downstream
of the LE (0> Cix> -0.5). The transition happens when the stag-
nating flow on the LE reaccelerates again and the highly cambered
shape of the PS causes an over-acceleration that forms a laminar
recirculation bubble across the whole span. Similar separation bub-
ble was identified experimentally by Hodson and Dominy [44]. At
this location, HTC reaches its lowest values of around 59 W/m? K.
Downstream the mid-chord region (Cax< -0.5), the boundary layer
is fully turbulent and the HTC increases progressively till its max-
imum value of around 669 W/m?2 K at Cax=-0.88 for all the cases.
At the SS, the blade exhibits another boundary layer transition and
this time is due to the presence of a shock that induces a separa-
tion and re-attachment of the boundary layer after forming a lam-
inar bubble. This strong interaction reduces significantly the HTC,
for example, for the “Radial” case at uniform flow the HTC de-
creased from 491 W/m? K at Cax=0.4 to 403 W/m? K at Cax=0.53.
Downstream of the shock region (Cax ~ 0.5), the boundary layer
is subjected to relaxation and reacceleration to be fully turbulent
and it interacts with the LV to generate higher heat transfer rates
that reach a peak of 1330 W/m? K at C.x=0.74 for the “Radial”
case at uniform flow as an example. Moreover, the introduction of
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the residual swirl intensifies the heat transfer on the SS region for
all the hot-streaks. For example, the HTC peak around the location
Cax=0.75 is increased by 22.43% and 19.3% for the “Rounded” and
“Distorted” cases, respectively with regard to the non-swirl condi-
tion. The HTC peak of the “Radial” case does not exhibit a change
under the residual swirl and this just a local behaviour at 90%
span. At higher span values (>90%), closer to the tip the swirl ob-
viously intensifies the HTC of all the cases including the “Radial”
one as previously shown in Fig. 15(b).

5. Conclusion

A model turbofan high-pressure turbine stage has been investi-
gated under combined residual swirl and hot-streak effects. Three
hot-streak topologies were examined, which are an ideal “Radial”
hot-streak that comprises a hot temperature gradient with film
cooling effects near the endwalls. An ideal “Rounded” hot-streak
that has a centred circular hot core surrounded by relatively cold
temperature. A “Distorted” hot-streak features a large deformed
hot core connected to a hot strip and it was generated from a lean
burn combustor simulator of modern aero-engines. Investigations
were conducted using unsteady Reynolds-averaged Navier-Stokes
(URANS) computations. To the authors’ knowledge, this study is
the first computational investigation that compares results of the
effects of representative lean burn combustor hot-streak and ideal
hot-streaks from the literature (radial and rounded) combined with
residual swirl on the aerothermal performance of a rotating tur-
bine stage.

As the hot-streak is transported axially under uniform flow con-
dition it was almost preserved downstream of the vane and re-
markably altered through the rotor under the secondary flows ef-
fects. At the stage exit, the high temperature region within the
hot-streak remained at the mid-passage zone for each hot-streak
type but it underwent a roll-up deformation. These results sup-
port the conclusions of previous research regarding the higher ef-
fects of the rotor in modifying the hot-streak topology compared
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to the vane effects. When the residual swirl is introduced, all hot-
streaks were altered through the vane and deformed more through
the rotor passage. The swirl motion has introduced a mixing of
the flow from the stage inlet to its exit. The stage exit flow was
characterized by a homogenised temperature distribution for the
“Radial” case and dispersed hot-spots for the “Rounded” and “Dis-
torted” cases. However, the temperature distribution of the “Dis-
torted” case through the rotor was found to be the most complex
among the other ideal hot-streaks.

The rotor blade surface temperature was highly affected by
the hot-streak type and flow inlet conditions. Under “Radial” hot-
streak, the whole rotor surfaces suffered from high levels of tem-
perature because of the simplified topology of the hot-streak that
contains 80% by surface of hot fluid. Under “Rounded” and “Dis-
torted” hot-streaks with uniform flow, the rotor faced high lev-
els of temperature around the midspan regions. It was expected
that the hot-streak will be printed on this region under such
axial transport effect. In addition, the near endwall regions in-
cluding the tip surface were found with relatively low temper-
ature. When the inlet swirl is combined with the “Rounded”
and “Distorted” hot-streak, the midspan regions no longer suffer
from very hot temperatures but the hot-streaks are spread al-
most all over the span near the rotor trailing edge. On the tip
surface, the mid chord region exhibits high temperatures levels
compared to the uniform case due to the radial transport of the
hot-streak.

For the thermal load on the endwalls, results showed that the
secondary flows play an important role on affecting the surface
temperature gradient on both the shroud and hub. The shroud in-
let features high temperatures from the hot steaks and the down-
stream region features low temperatures due to the leakage vor-
tex effects. This later drives the hot fluid from the shroud towards
the midspan region. Under the residual swirl condition, the ra-
dial transport of hot-streak increases the thermal gradient on the
shroud. The temperature ratio exceeds unity near the tip region
due to the shock presence. The hub was found the surface which
most suffers from the harshest thermal load compared to the other
surfaces. The highest surface temperature increase was found for
the "Radial" case.

Results of surface heat transfer coefficient on the rotor blades
revealed that the tip surface and SS near tip region suffer from
the highest heat transfer rates. It was found that the leakage flow
induces high shear stress that contributes to intensifying the high-
est heat transfer rate around the tip region. The residual swirl was
found to intensify the leakage flow and, in particular the leakage
vortex and hence, the heat transfer rate increases around the tip
region.

As a general conclusion, the results of the present study re-
vealed that over-simplified hot-streak topologies similar to the
“Radial” case generate non-realistic thermal behaviour with an ex-
cess of high temperature levels. A “Rounded” topology could be
an alternative to the previous case to overcome the excess of high
temperature levels. However, its simplified circular shape may not
provide the full picture of the thermal behaviour of a turbine stage
with all of its complexity. The “Distorted” hot-streak was found to
generate a complex thermal behaviour through the turbine stage.
Its transport and effect on the rotor surface were a changeling as-
pect to analyse.
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