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We report on a series of highly resolved large-eddy simulations of the LS89 high-pressure
turbine (HPT) vane, varying the exit Mach number between Ma = 0.7 and 1.1. In order to
accurately resolve the blade boundary layers and enforce pitchwise periodicity, we for the
ﬁrst time use an overset mesh method, which consists of an O-type grid around the blade
overlapping with a background H-type grid. The simulations were conducted either with
a synthetic inlet turbulence condition or including upstream bars. A quantitative comparison shows that the computationally more efﬁcient synthetic method is able to reproduce the
turbulence characteristics of the upstream bars. We further perform a detailed analysis of
the ﬂow ﬁelds, showing that the varying exit Mach number signiﬁcantly changes the turbine
efﬁciency by affecting the suction-side transition, blade boundary layer proﬁles, and wake
mixing. In particular, the Ma = 1.1 case includes a strong shock that interacts with the trailing edge, causing an increased complexity of the ﬂow ﬁeld. We use our recently developed
entropy loss analysis (Zhao and Sandberg, 2019, “Using a New Entropy Loss Analysis to
Assess the Accuracy of RANS Predictions of an HPT Vane,” ASME Turbo Expo 2019: Turbomachinery Technical Conference and Exposition, Paper No. GT2019-90126) to decompose the overall loss into different source terms and identify the regions that dominate the
loss generation. Comparing the different Ma cases, we conclude that the main mechanism
for the extra loss generation in the Ma = 1.1 case is the shock-related strong pressure gradient interacting with the turbulent boundary layer and the wake, resulting in signiﬁcant
turbulence production and extensive viscous dissipation. [DOI: 10.1115/1.4050453]
Keywords: computational ﬂuid dynamics (CFD), ﬂuid dynamics and heat transfer
phenomena in compressor and turbine components of gas turbine engines

Introduction
The high-pressure turbine (HPT) vane, immediately downstream
of the combustion chamber, typically experiences high levels of
unsteadiness and turbulence due to the combustor and the highest
temperatures, pressures, and velocities anywhere in the engine.
Considering the extreme operating conditions, a detailed understanding of the aerothermal behavior of the HPT can be extraordinarily challenging. To date, the majority of research on HPT
performance is carried out by physical tests [1,2] that are costly.
Moreover, physical testing can seldom dissect the range of physical
phenomena impacting the performance of a design. Alternatively,
the well-known Reynolds averaged Navier–Stokes (RANS) is a
key design tool due to its low-computational cost. However,
RANS (or unsteady RANS) usually suffers from accuracy issues
due to challenges in modeling turbulence, which limits its true
beneﬁt especially in the presence of complex mixing processes [3].
High-ﬁdelity simulations, including direct numerical simulation
(DNS) and large-eddy simulation (LES), have been shown to be
very accurate in simulating turbomachinery ﬂows [4]. By resolving
most of the energy-containing turbulent scales in the unsteady ﬂow
ﬁeld in an HPT, LES are able to provide insight into complex ﬂow
physics including the impact of curvature and pressure gradient on
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boundary layers and the two-way interaction between incoming turbulence and boundary layer transition [5,6]. While various previous
high-ﬁdelity simulations on HPT mainly focused on the effects of
inlet turbulence [5,7–10], other factors including the inﬂuence of
exit Mach number are also of great interest. In particular, the
HPT vane typically works at transonic Mach numbers which lead
to shock waves that interact with boundary layers, and changing
the pressure ratio between the outlet and inlet can signiﬁcantly
affect the aerothermal behavior by altering the location and strength
of the shocks.
In the present study, we perform highly resolved LES of an HPT
vane working at different exit Mach numbers, and the outline of the
present study is summarized as follows. In order to handle the
complex ﬂow physics caused by the strong shock in the relatively
high Mach number case, new features, such as an overset method
and a shock ﬁltering, have been introduced in the HPT setup. Thereafter, the highly resolved ﬂow ﬁelds have been obtained and validated, and the Mach number effects have been identiﬁed based
on the comparison between the cases. Furthermore, the recently
proposed entropy loss analysis method [11] has been applied to
the HPT data to understand the physical mechanisms responsible
for the different aerothermal behaviors.

Numerical Setup
We apply the in-house structured compressible Navier–Stokes
solver, HiPSTAR, to perform highly resolved LES of the VKI
LS89 HPT vane [1]. HiPSTAR was developed and optimized for
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turbomachinery studies on the latest massively parallel highperformance computing systems, and the details of the code can
be found in Ref. [12]. It is noted here that one key feature of
HiPSTAR is that the numerical methods used ensure high-order
accuracy of both spatial and temporal discretizations. In the
present simulations, a fourth-order wavenumber-optimized compact
ﬁnite difference scheme [13] is applied for spatial discretization,
and a ultra-low storage frequency optimized fourth-order explicit
Runge–Kutta method [14] is used for time integration. HiPSTAR
has been applied in DNS and LES of various components, including
turbines and compressors [12,15–18]. In particular, a series of LES
of the VKI HPT vane [1] was performed at Re = 5.7 × 105 and Ma =
0.9 [5], covering a wide range of inlet turbulent states including turbulence intensities of Tu = 6.5%–20%U i and integral length scales
of LS = 5%–20%Cax , where

While the previous simulations [5] mainly consider the effects of
inlet turbulence, the present study focuses on the effects of varying
exit Mach numbers on the aerothermodynamics of the HPT vane. In
particular, the high Mach number case introduced in the present
study is expected to include a strong shock and will show
obvious trailing edge shock interactions, which will cause additional complexity of the ﬂow ﬁeld and change the heat transfer
and kinetic loss of the turbine. In order to deal with the complex
physics, the shocking-ﬁltering method proposed by Bogey et al.
[19] is applied to resolve the strong shock in the high Mach
number case. In addition, an overset method has been introduced
to the HPT simulations for a simpliﬁed and more efﬁcient grid generation, and the case setup and the validity of synthetically generated inlet turbulence are extensively scrutinized and discussed in
the following sections.

Overset Mesh Method. In previous simulations on turbomachinery components with HiPSTAR, the structured meshes in the
computational domain were decomposed into different blocks as
shown in Fig. 1(a). This multi-block conﬁguration included an
O-type grid around the turbine blade and an H-type grid away
from the blade, and the characteristic interface conditions (CIC)
[20] were applied to permit non-orthogonality of the computational
grid at block interfaces, without loss of accuracy. It is noted that this
multi-block conﬁguration has been proven successful in previous
simulations, shedding light on detailed physics by generating
highly resolved ﬂow ﬁelds. However, for numerical simulations
of the present cases, especially with the existence of the strong
shock in the high Mach number case, the CIC can suffer from
severe instability issues when the shock interacts with the block
interfaces, shown as dashed lines in Fig. 1(a).
To overcome this difﬁculty, the overset method [21], which originates from Ref. [22], is applied in the present HPT simulations. As
shown in Fig. 1(b), the newly introduced overset conﬁguration
includes a background H-type grid, which allows for pitchwise periodic boundary conditions, and an O-type grid around the blade,
enabling adequate resolution around the blade boundary layer especially at leading and trailing edges. The H-type and O-type grids
overlap with each other, and at the overlapping boundaries, continuity conditions are imposed as variables are interpolated with a
fourth-order Lagrangian method and communicated between the
grids. The principal advantage of this overset conﬁguration is that
the mesh generation process for the complex geometry of an HPT
is straightforward, as the orthogonality of the computational grid
is easy to enforce. Furthermore, this overset conﬁguration avoids
the numerical inaccuracy and the instability issues caused by the
CIC at the multi-block interfaces as in Fig. 1(a), especially with
the strong shocks in the high Mach number case in the present
study.
091002-2 / Vol. 143, SEPTEMBER 2021

Fig. 1 Conﬁguration of the LS89 HPT vane case. The mesh is
shown every 15 points for clarity. (a) The nine-block setup with
the dashed lines indicating block interfaces and (b) the overset
setup.

Case Conﬁguration. With the newly introduced overset conﬁguration as shown in Fig. 1(b), HPT cases with three different Mach
numbers, varying from Ma = 0.7 to Ma = 1.1, are considered in the
present study. As shown in Table 1, ﬁve cases are divided into two
groups. The ﬁrst group, the cases A–C, introduces high-level inlet
turbulence (20% of the inlet mean velocity U i) with large integral
length scale (10% of the blade axial chord length Cax), which is
comparable to realistic ﬂuctuations at combustor exits. With the
same turbulent ﬂuctuations at the inlet, the cases A–C focus on
the effects of the exit Mach number on the aerothermodynamics
of the HPT vane.
In addition, in order to validate the current setup including the
mesh quality and the accuracy of the numerical methods, cases D
and E apply inlet turbulence at levels similar to the MUR224 case
from the VKI experiment [1]. Speciﬁcally, the case D employs a
widely used synthetic turbulence generation method [23], while
the incoming turbulence in case E is generated by introducing cylindrical bars upstream the HPT vane, as shown in Fig. 2. It is noted
that the setup of case E is to resemble the experiment, and the
simulation is much more challenging compared to the other
cases with synthetic turbulence, as a much larger computational
domain is required in both the streamwise and spanwise directions
to resolve the development of the cylindrical wakes. As shown
in Table 1, the number of the total grid points used in case E is
14.5 × 108, which is too expensive to allow for a parameter sweep
as in cases A–C.
Table 1 Parameters of different cases
Cases

Ma

Re2 ( × 105)

Inlet Turb.

Tu/U i

LS/Cax

Grid points

A
B
C
D
E

0.7
0.9
1.1
0.9
0.9

5.2
5.7
5.8
5.7
5.7

Syn.
Syn.
Syn.
Syn.
Bar

20%
20%
20%
6.5%
7%

10%
10%
10%
5%
8%

6.3 × 108
6.3 × 108
6.3 × 108
3.8 × 108
14.5 × 108
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u′2 + v′2 + w′2
Tu =
3

Fig. 2 Case E with bars to generate incoming turbulence. The
contour of velocity magnitude is shown on the streamwisepitchwise plane-cut, while the temperature is presented around
the blade.

For all of the ﬁve cases in Table 1, the fully compressible Navier–
Stokes equations are solved with HiPSTAR, and the sub-grid scale
(SGS) contribution is provided by the standard wall adaptive local
eddy-viscosity (WALE) model [24]. A no-slip isothermal wall
boundary condition is speciﬁed at the blade surface, with the wall
temperature set as 300 K which is same as in the VKI experiments,
and periodic boundary conditions are applied in the pitchwise and
spanwise directions. Furthermore, the non-reﬂective zonal characteristic boundary condition [25] is used at the outlet, and the
Riemann invariant boundary conditions have been used at the
inlet. The Mach number is varied between cases by changing the
ratio of the outlet static pressure P o and the inlet total pressure Pit .
To be speciﬁc, the inlet conditions remain constant and the exit
static pressure is changed in these cases. As a result, the Reynolds
number at the vane exit Re2 slightly deviates between the cases as
shown in Table 1, while the inlet Reynolds number stays constant.
However, as the Reynolds number differences are relatively small,
especially between the cases B and C which focus on the transonic
behavior around the blade, we remark that the Reynolds number
effects in the present study is not signiﬁcant and the Mach
number effect is the dominating factor.
Moreover, the cases share the same grid resolution in both the
background H-type and the O-type grids. In particular, the grid
resolution around the blade boundary layer for case B is shown in
Fig. 3. The grid spacings on the blade surface in the tangential, wallnormal, and spanwise directions are normalized with the local
viscous length scale δν = ν/uτ and denoted as Δs +, Δn +, and
+
, respectively. Here, ν is the molecular viscosity and uτ =
Δz
√
τw /ρ is the wall friction velocity with the wall shear stress τw
and density ρ. Although the grid sizes vary along the blade
surface, they remain at a relatively low level, and the grid spacings
averaged around the blade surface are given as 〈Δs +〉 ≈ 28.6,
〈Δn+w 〉 ≈ 1.97, and 〈Δz +〉 ≈ 10.9. The extraordinarily ﬁne resolution in the spanwise and streamwise directions are believed to be
critical to accurately predict the development of the blade boundary
layer under the large-scale incoming turbulence [4]. Moreover, as
the Reynolds number deviations in the cases are not signiﬁcant as
shown in Table 1, the grid resolutions in the present cases with different Mach numbers are at similar levels.

Validation of Inlet Turbulence
Generation of realistic inlet turbulence is critical for scaleresolving computations of spatially developing turbulent ﬂows,
Journal of Turbomachinery

Fig. 4 Wall heat transfer coefﬁcient around the blade boundary
layer. Pressure side: s < 0; suction side: s > 0.

and different methods have been proposed in the past few
decades [26]. One of the most popular methods, the synthetic
digital ﬁltering method [23], is compared in the present
study against the more “realistic” turbulence generated by upstream
bars. Based on the comparison between cases D and E, the objective
here is to rigorously study the effects of the chosen turbulence generation methods on the HPT performance.
First of all, the convective heat transfer coefﬁcient
H=−

μc p
∂T
Pr(Tti − Tw ) ∂n

from cases D and E is compared with experimental data of the
MUR224 case [1]. Here, Pr is the Prandtl number, cp is the speciﬁc
heat, and Tti and Tw are inlet total temperature and wall temperature,
respectively. As shown in Fig. 4, the numerical simulations are able
to accurately predict the wall heat transfer coefﬁcient for most of the
blade boundary layer. Only slight deviations are observed on the
suction-side blade, downstream of the boundary layer transition.
This is because the wall heat ﬂux level in the transitional boundary
layer is affected by the freestream turbulence intensity, and it is
quite challenging to reproduce the exact turbulence states in the
numerical simulations as the turbulence length scales or dissipation
rate were not provided in the experiments [7]. However, the close
agreement between the numerical results and the experimental
data in the transitional boundary layer suggests that the simulations
are able to reproduce the experimental setup.
SEPTEMBER 2021, Vol. 143 / 091002-3
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Fig. 3 Grid resolution around the blade boundary layer normalized in wall units in case B. Pressure side: x < 0; suction
side: x > 0.

Results
Qualitative Overview. An overview of the ﬂow ﬁelds from
cases A to C is ﬁrst given in Fig. 6, in which the contour of the
mean pressure P is shown on a spanwise plan-cut and the wallnormal ﬂuctuating velocity u′n is shown on a surface close to the
blade. It is obvious that the mean pressure distribution through
the HPT vane deviates signiﬁcantly in cases with different Mach
numbers. In particular, the difference of P distribution is mainly
downstream of the throat region, where a strong shock is present
in Fig. 6(c) in the Ma = 1.1 case.
Furthermore, the u′n contour on the surface parallel to the wall can
indicate the laminar-turbulent transition on the suction-side boundary layer. The incoming turbulence interacts with the blade leading
edge, leaving the boundary layer perturbed. Under the pressure

Fig. 6 Overview of the ﬂow ﬁelds from (a) case A, (b) case B, and
(c) case C. The mean pressure P is shown on the spanwise planecut and the wall-normal ﬂuctuating velocity u′n is shown on a
surface close to the blade.

gradient and the high-curvature effects of the blade surface, the ﬂuctuations inside the boundary layer then develop while convecting
downstream, and ﬁnally initiate transition to turbulence [6]. As
shown in Fig. 6, the transition onsets vary between cases with different Mach numbers. Considering that the inlet turbulence and the
numerical conﬁguration are the same for all the cases, the Ma inﬂuence on the transition onsets is likely to be due to the pressure distribution in the HPT suction-side boundary layer, which will be
quantitatively analyzed in the following sections.
Quantiﬁcation of Mach Number Effects. The effects of the
exit Mach number on the aerothermal behavior of the HPT have
been investigated by comparing between the cases A and C. The
isentropic Mach number Mais, which is related to the pressure distribution around the blade Pw as


 1/2
2 
(Pw /Pit )−((γ−1)/γ) −1
Mais =
γ−1

Fig. 5 Turbulence spectra generated by different methods: (a)
upstream HPT vane at x = −0.65 and (b) downstream HPT vane
in the wake at x = 1.03

091002-4 / Vol. 143, SEPTEMBER 2021

is shown in Fig. 7(a), with γ = 1.4 denoting the speciﬁc heat ratio.
We divide the suction-side boundary layer into different stages by
the vertical black dotted lines, and the different Mach number
cases show similar pressure distributions on the pressure side and
the ﬁrst stage of the suction-side boundary layers. This indicates
that the pressure distribution upstream of the throat region of the
HPT vane is hardly affected by the pressure ratio around the
working conditions, and the corresponding boundary layers are
dominated by a strong favorable pressure gradient (FPG).
Downstream of the throat, the suction-side boundary layers show
signiﬁcant differences for the different Mach number cases. To be
Transactions of the ASME
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The high-order statistics of the turbulence in cases D and E are
further investigated to study the effects of different turbulence generation methods. In Fig. 5, the turbulence spectra at different locations, both upstream the HPT leading edge and in the wake region
downstream of the trailing edge, are presented. Compared to the turbulence from the bar wakes, the synthetic turbulence generated in
case D follows the slope of the inertial range for an extraordinary
long range upstream of the HPT vane, as shown in Fig. 5(a). This
indicates that the turbulence by the digital ﬁlter method introduces
an artiﬁcial inertial scaling which is not possible in realistic turbulence. However, this effect only affects the small scales, which do
not signiﬁcantly inﬂuence the mean ﬂow behavior through the
HPT vane, as shown in Fig. 4. Furthermore, as the turbulence develops downstream the vane, the spectra from cases D and E become
much more similar and in the wake are in close agreement, including both the inertial scaling and the vortex shedding frequency indicated by the low-frequency peak shown in Fig. 5(b).
As a summary, the turbulence generated by the synthetic method
initially introduces an artiﬁcial scaling at small scales, but the turbulence energy cascade develops further downstream and the mean
ﬂow statistics seem not to be affected by the choice of turbulence
generation methods. Therefore, considering the signiﬁcantly
lower computational cost of case D as suggested in Table 1, the synthetic method has been applied to study the Mach number effects.

inlet total pressure Pit and plotted along the pitchwise cut at x =
1.4 in Fig. 8. It is noted that the total pressure loss is stronger at
the wake center when the exit Mach number increases, suggesting
a stronger mixing process caused by strong pressure gradient near
the blade trailing edge. Moreover, compared to other cases, the
Ma = 1.1 case shows an extensively wider wake region, and the
total pressure loss at the freestream is also non-negligible. This is
because the HPT nozzle is choked, and the strong shock induces
irreversible loss in the ﬂow past the vane.

Fig. 7 (a) Isentropic Mach number around the blade boundary
layer and (b) wall heat transfer coefﬁcient around the blade
boundary layer. Pressure side: s < 0; suction side: s > 0.

speciﬁc, the pressure gradient in the Ma = 0.7 case is negligible as
indicated by the plateau-like section of Mais. In case B with Ma =
0.9, however, the suction-side boundary layer is subject to a favorable and then an adverse pressure gradient, which are divided by the
second vertical dotted line in Fig. 7(a). Furthermore, a strong shock
appears in the Ma = 1.1 case, as indicated by the spike shown by the
Mais distribution. The differences of the pressure distribution in
these cases not only affect the development of the suction-side
boundary layer downstream the throat but also cause distinctive
wake mixing behaviors near the blade trailing edge.
The behaviors of the blade boundary layers can be demonstrated
by the wall heat transfer coefﬁcient as shown in Fig. 7(b). In agreement with the Mais distribution, the differences on the pressure
side and the ﬁrst stage of the suction-side boundary layers are negligible among the cases, whereas the heat transfer coefﬁcient distributions on the suction side show signiﬁcant deviations further
downstream. Particularly, the transition onsets in cases with different
Mach numbers are directly inﬂuenced by the pressure distribution as
suggested by Fig. 7(a). It is noted that the increase of heat ﬂux in the
Ma = 0.9 case is later than in the Ma = 0.7 case, which is because the
stabilizing effect of the FPG in the second stage of the suction-side
boundary layer effectively delays the transition onset [6]. Furthermore, the transition onset in the Ma = 1.1 case is immediately downstream of the strong shock. Moreover, the earlier transition onset in
case B compared to the experimental data at the same Mach
number (and cases D and E in Fig. 4) is due to the higher level of turbulence intensity at the freestream as presented in Fig. 7(b).
Associated with the different states of the blade boundary layers,
the wake development of the HPT is also signiﬁcantly altered
among the cases with different Mach numbers. The total pressure
downstream of the blade trailing edge Pot is normalized by the
Journal of Turbomachinery

Entropy Loss Analysis. The entropy generation process is
closely related to the loss of efﬁciency of turbomachinery components [27], and an entropy breakdown method has recently been
proposed to quantitatively investigate the physical mechanisms
responsible for loss [11]. As shown in Eq. (1), the entropy generation process in the HPT vane can be decomposed into several terms
representing different physical mechanisms, including the mean
ﬂow viscous dissipation VM, mean ﬂow irreversible heat ﬂux HM,
turbulence production PR, turbulent heat ﬂux HR, advection of the
turbulent kinetic energy Ak, SGS viscous dissipation VS, and SGS
heat ﬂux term HS
 2
1
∂
u
c
μ
1
∂
T
j
p
LES

u)
+
Gs = σ ij (
2

∂xi Pr 
T
T ∂xi
VM

HM

1 ∂
uj 1 ∂ R 1 ∂(ρ
ui k)
+ τRij
−
(qi ) −



∂x
∂x
∂x
i
i
T
T i
T
PR

+

HR

Ak

1 
∂
uj 1 ∂ 
−
(qSGS
)
τSGS
ij
i

∂x
i 
T
T ∂xi
VS

(1)

HS

Here, σij, τRij , qRi , k, τSGS
and qSGS
denote viscous stresses, Reynolds
ij
i
stresses, turbulent heat ﬂux, turbulent kinetic energy, SGS stresses,
and SGS heat ﬂux, respectively. Moreover, 
· represents a
Favre-average operation, and the detailed derivation of Eq. (1)
can be found in Ref. [11]. These terms can be divided into three
groups, including the mean ﬂow effects (VM and HM), the entropy
generation induced by turbulence ﬂuctuations (PR, HR, and Ak),
and the SGS contribution by LES modeling (VS and HS). Furthermore, the volume integral of the total entropy generation 
Gs in
the HPT vane can be linked to the total pressure loss [27] as

Gs dV
Fs = −ṁR ln (Pt,o /Pt,i ) ≈ 
V
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Fig. 8 Pitchwise total pressure distribution Pot at 40%Cax downstream of the blade trailing edge, normalized by the inlet total
pressure Pit .

Table 2 Quantiﬁcation of entropy generation terms in cases
with varying Mach numbers
Terms (JK−1 s−1)

Ma = 0.7

Ma = 0.9

Ma = 1.1

Shock

VM
HM
PR
HR
Ak
VS
HS
Gs
Fs

0.1698
0.0809
0.2727
−0.0084
0.0002
0.0138
0.0008
0.529
0.512

0.2181
0.0712
0.3710
−0.0101
−0.0073
0.0197
0.0001
0.663
0.665

0.2916
0.0656
0.6416
0.0205
−0.0419
0.0337
0.00009
1.011
1.065

0.0017
0.0005
0.0552
0.0249
−0.0141
0.0001
0.00002
0.0683
N.A.

Fig. 9 The mean viscous dissipation term VM. (a) Spatial distribution in Ma = 0.9 case, (b) distribution in Ma = 1.1 case,
(c) zoom-in view of the Ma = 1.1 case, and (d) streamwise integral
from different cases.

091002-6 / Vol. 143, SEPTEMBER 2021

Fig. 10 Proﬁles plotted against the wall-normal distance n on
the suction-side boundary layer near the trailing edge at x =
0.97: (a) wall-tangential mean velocity U and (b) mean temperature T

view of the distribution in the Ma = 1.1 case is shown in Fig. 9(c). It
is noted that the mean viscous dissipation is mainly in the blade
boundary layers, which are dominated by strong shear effects,
whereas for the rest of the ﬂow domains we have VM ≈ 0. Furthermore, a comparison between the cases B and C shows that the shock
in the Ma = 1.1 case also contributes to the viscous dissipation due
to the strong velocity gradient in the affected region.
To quantitatively compare between the cases, the entropy generation term VM can be integrated over the volume between the inlet
plane to a downstream axial plane at x. As shown in Fig. 9(d),
the increase of VM is distributed between the blade leading edge
at x = 0.0 and trailing edge at x = 1.0, and the increase rates
deviate between cases, especially downstream of the transition
onsets indicated in Fig. 7(b). The reason for the higher increase
rate in the Ma = 1.1 case is that the mean ﬂow shear in the boundary
layer is much stronger as shown in Fig. 10(a), which is related to the
ﬂow acceleration caused by the stronger pressure ratio. Moreover, it
is also shown that the shock contribution downstream of the blade
trailing edge is quite small compared to that in the blade boundary
layer.
Similarly, the entropy generation induced by the turbulence production PR is also studied, and the corresponding results are shown
in Fig. 11. For all of the cases, the PR term is concentrated in the
turbulent boundary layer on the suction side, which is downstream
of the transition onset, and in the wake region, which is related to
the strong vortex shedding downstream of the trailing edge. Meanwhile, the strong shock in the Ma = 1.1 case also has a nonnegligible contribution as shown in Fig. 11(c). Furthermore, the
volume integrals of the PR term in Fig. 11(d ) provide a quantitative
identiﬁcation, showing that despite of the slight difference of the PR
term in the turbulent boundary layer, most of the contribution is
Transactions of the ASME
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where ṁ is the mass ﬂowrate through the vane and R is the gas constant. Therefore, this entropy loss analysis method [11] can be
applied to understand the aerothermodynamics of the cases with different Mach numbers.
This entropy analysis method has been applied to the cases A–C
with varying exit Mach numbers. The LES data are averaged in
time and in the spanwise direction, and the entropy generation
terms in Eq. (1) are integrated over the HPT vane for all three
cases and the results are presented in Table 2. Similar to the previous
results obtained for case D [11], several major observations can be
drawn. First of all, the viscous effects are much stronger than the
heat ﬂux terms, as VM > HM and PR > HR. Furthermore, the most
important term is the turbulence production term PR, which contributes more than 50% of the entropy generation for all cases. Finally,
the SGS contribution is relatively small, (VS + HS )/Gs ≈ 3%, indicating that the present LES ﬂow is highly resolved.
To further understand the physical mechanisms, the spatial distributions of several of the major entropy generation terms in the HPT
vane are investigated. The spatial distributions of VM in cases B and
C are presented in Figs. 9(a) and 9(b), respectively, and a zoom-in

Fig. 11 The entropy generation term caused by turbulence production PR. (a) Spatial distribution in Ma = 0.9 case, (b) distribution in Ma = 1.1 case, (c) zoom-in view of the Ma = 1.1 case, and
(d) streamwise integral from different cases.

from the extensive wake mixing near the blade trailing edge which
shows a strong Mach number dependency. This indicates that the
turbulence generation caused by the vortex shedding is much stronger in the higher Mach number case.
Furthermore, the Mach number effects can be quantitatively analyzed by comparing between the entropy generation terms listed in
Table 2. It is noted that the total entropy generation Gs, along with
several major terms such as VM and PR, is proportional to the exit
Mach number. As discussed earlier, this is because the shear
effects in the boundary layer and the wake mixing are stronger in
cases at higher Mach numbers. However, the mean ﬂow irreversible
heat ﬂux HM decreases while the Ma increase. This can be explained
by the boundary layer proﬁles of temperature in Fig. 10(b), in which
the temperature gradient in the Ma = 1.1 case is smaller compared to
the other cases. The signiﬁcant differences between the behaviors of
the temperature and velocity boundary layer shown in Fig. 10 are
because the temperature drops as the ﬂow accelerates and the
Ma increases across the vane. However, the contribution of the HM
term is much smaller compared to the major terms such as PR and VM.
In order to quantify the contribution of the strong shock in the
Ma = 1.1 case, we apply the shock-capturing method from
Ref. [19] to extract the region near the shock. The deﬁnition of
the shock-capturing coefﬁcient σ SC
i is


Dpj = −P j+1 + 2Pj − P j−1 4
2 
2 
1 
Dpj − Dp j+1 + Dpj − Dp j−1
Dpmagn
=
j
2
Dpmagn
j
+ϵ
P2j



1
rth 
rth 
sc
1 − + 1 − 
σj =
2
rj
rj
rj =

(2)

Here, Pj is the mean pressure on the jth grid point, and ϵ = 10−16 and
rth = 10−6 are constants. It can therefore be deduced from Eq. (2)
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that the shock region with strong mean pressure gradient has σ sc
j =1
while the rest of the domain should have σ sc
=
0.
We
remark
here
j
although a dilatation-based shock sensor, which is used in the
present simulations, might be more suitable for distinguishing
between shocks and turbulent ﬂuctuations, the pressure-based
sensor is used to quantify the shock-related entropy loss here. The
reason is that applying the pressure-based method in Eq. (2) is
in this postmore straightforward, and the calculation of σ SC
i
processing process is based on the averaged pressure ﬁeld, in
which the effects of turbulent ﬂuctuations are negligible.
With this σ sc
j as a mask, we can extract the contribution of the
shock region as shown in Fig. 12, and the integral of the entropy
generation terms from the shock region is presented in Table 2. It
is noted that the loss generated by the shock contributes around
6.8% of the total loss in the Ma = 1.1 case. Therefore, the major
reason for the extra loss in the high Mach number case is the extensive turbulence production caused by the strong wake mixing near
the blade trailing edge, rather than the shock itself.

Conclusion
We have performed a series of highly resolved LES of the LS89
HPT vane with exit Mach numbers varying from Ma = 0.7 to Ma =
1.1. To handle the complex ﬂow physics caused by the strong shock
in the Ma = 1.1 case, an overset mesh conﬁguration was introduced,
and the grid resolution was validated to be sufﬁciently ﬁne to accurately resolve the boundary layer development. In addition, the synthetic turbulence inlet boundary condition was compared to
“realistic” turbulence generated by wakes of upstream cylindrical
bars, showing that the artiﬁcial inlet turbulence is adequate and suitable for the prediction of HPT performance.
Based on the high-ﬁdelity data from the present simulations, a
detailed analysis of the ﬂow ﬁelds shows that the varying exit
Mach number can signiﬁcantly change the ﬂow physics and thus
the turbine efﬁciency by affecting the suction-side transition,
blade boundary layer state, and wake mixing. To further understand
the physical mechanisms responsible for the Mach number effects
on the kinetic loss, the entropy breakdown method [11] has been
applied to the HPT data, and the different entropy generation
terms have been quantitatively analyzed. It is shown that the higherlevel loss in the high Ma case is mainly because of the strong wake
mixing near the blade trailing edge and viscous dissipation in the
blade boundary layer, whereas the additional loss caused by the
shock itself is relatively small.
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x = axial coordinate, normalized by axial chord
y = pitchwise coordinate, normalized by axial chord
R = gas constant
Cax = axial chord length
LS = turbulence integral length scale
Pw = blade surface pressure
Tu = turbulence intensity
Tw = blade surface wall temperature
P o = outlet pressure
U i = inlet mean velocity
Pit = inlet total pressure
Tti = inlet total temperature
Ma = Mach number
Pr = Prandtl number
Re = Reynolds number
Mais = isentropic Mach number
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