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ABSTRACT

In this paper we establish a benchmark data set of a gengficgnessure turbine vane generated by direct numerical
simulation (DNS) to resolve fully the flow. The test conditofor this case are a Reynolds number &7/0million and an
exit Mach number of ®, which is representative of a modern transonic high-pirestirbine vane. In this study we first
compare the simulation results with previously publishedegimental data. We then investigate how turbulence effée
surface flow physics and heat transfer. An analysis of theldpment of loss through the vane passage is also performed.
The results indicate that free-stream turbulence tendsduocie streaks within the near wall flow, which augment théaser
heat transfer. Turbulent breakdown is observed over teeslattion surface, and this occurs via the growth of two-dsianal
Kelvin-Helmholtz spanwise roll-ups, which then developitambda vortices creating large local peaks in the surfese

transfer. Turbulent dissipation is found to significantigriease losses within the trailing-edge region of the vane.

NOMENCLATURE

C chord

e internal energy
h enthalpy
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k conductivity

I passage height

M Mach number

p pressure

q surface heat flux

R gas constant

Re Reynolds number

S entropy

T Temperature

Tu inlet turbulence intensity

u axial velocity

% tangential velocity

\% total velocity

w spanwise velocity

X surface distance or axial distance
y wall normal distance or tangential distance
z spanwise distance

Greek letters

o absolute flow angle

£ turbulent kinetic energy dissipation
y ratio of specific heats

u dynamic viscosity

o} density

Subscripts

ax axial

ex exit

in inlet

0 stagnation condition
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ref reference condition

w wall

Superscripts

+ distance in wall units

INTRODUCTION

One of the greatest challenges to modern computationaldyindmics is to fully simulate the turbulent flow within an aemgine
high-pressure turbine. This is because the flows in the prgisure turbine operate at both transonic Mach numbersighdReynolds
numbers. There is also a strong interaction of stationagiyratating blades which creates a highly unsteady and ndoranflow field
that cannot be simulated correctly with current turbulemoslels. This is important because unsteadiness and tadaubdfects both
the aerodynamic efficiency and the heat transfer from theéogdme metal components; the life of the turbine blades isrd@hed by the
heat-load which is very sensitive to turbulent convectidp.to now, fully resolving the turbulence and unsteady flovdfterough Direct
Numerical Simulation (DNS) has been prohibitively expeesiue to the requirement to resolve the very large rangengbdeal and
spatial scales in the flow within the high-pressure turbirgs paradigm is now beginning to change due to the develapafenassively
parallelizable codes in combination with large-scale cotimg hardware, which is enabling the use of high-orderadisemulation of
turbulence at engine-scale conditions. Experimental nreasents of turbulence properties within the high-pressurbine are also
very difficult to achieve due to the complexities of perfongifast-response measurements within engine-scale engraal rigs. The
lack of reliable modelling methods and experimental datanjsortant because the development of more efficient aegaies will
only be possible if future high-pressure turbines can bédes with increased aerodynamic performance and dutybsi well as to
withstand even hotter gas flows with reduced cooling. Theedior continued increases in turbine inlet temperatureans¢hat the
effects on heat transfer and performance of unsteady flodi$uatbulence will play an ever increasing role in the deveiept of more
efficient aircraft.

Early experimental work on transonic turbine cascades asdi-3] showed that blade heat transfer is greatly affeloyefiee-
stream turbulence and Mach number. These data also shoatetEtipite the high Reynolds numbers in these flows, lammandary-
layers can occur because of the strong favourable presgagleegts within the blade or vane passage [4]. This meandrdestream
turbulence plays a vital role on the surface heat transféttamloss, because of its effect in promoting laminar/tlehitransition; both
the boundary-layer loss and surface heat transfer ardisamiy increased by turbulence. Low speed rig and cascatdealiso showed
that the effects of wake-induced unsteadiness augmentéitsiheat transfer on rotor blade surface [5-7]. Subsedugh-speed
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rotating rig experiments such as [8-12], revealed the dible complexity of the flowfield within transonic high-psese turbines,
where the heat transfer and loss are affected by turbulemtermsteadiness generated by wakes and strong potentiinfiefactions
(such as trailing-edge shock interactions). Dunn [13]ewgi much of this early work, including attempts to predietsth flows using
RANS modelling; these attempts often suffer from an ingbfior turbulence models to simulate accurately the effédtae-stream
turbulence on the boundary-layer development and turbtdansition.

High pressure turbine vanes are likely to experience vagh freestream turbulence levels due to the large-scaleadisiess leav-
ing the combustor. Experimental work at very high turbukelewvels Tu > 10%), generally coupled with large turbulence length scale
show significant increases in surface heat flux and skiridri@s compared to low intensity cas@si& 2%) [14—16]. Interestingly, this
work also shows that on the pressure-side the time-aveiagedary-layer profiles are typically laminar-like even fthturbulence in-
tensities. The turbulence length-scale also affects haasfer, and it has been shown that smaller length-scaldgdencrease surface
heat flux [17].

There are now a few examples of Large Eddy Simulations (LES)P turbine flows [18—-20]. These show how the correct
simulation of free-stream turbulence, and its decay, isiatuo determining the heat transfer on the blade surfage [£9]). This is
particularly relevant to this paper, since they used theesaperimental testcase for validation as used in this gaperthe von Karman
vane cascade [1]). They show near-wall streaks on the preessie, which they attribute to the formation ob@er vortices, however
the very low pressure-side curvature would suggest otiser(imdeed in the present paper we show that streaks arenpogsboth the
pressure-side and early suction-side, which have oppasingtures, as discussed later). In any case, these n#astwaks greatly
augment the surface heat transfer but tend not to lead tolambbreakdown. Direct numerical simulations (DNS) hapeainow been
limitied to low Mach number and Reynolds number turbine sagkich are not directly applicable to transonic turbines{25].

In this paper we perform the first DNS of a high-pressure vareasonic conditions to determine the true physical meismas
which affect the vane heat transfer and loss. The test dondiand geometry are based on a previously published asst{d]. The
simulation conditions were performed at a Reynolds numbérs¥ million and an exit Mach number of® which is representative
of a modern transonic high-pressure turbine nozzle. Ingtidy we first compare the simulation results with the pnesip published
experimental data. We then investigate how turbulencesftbe surface flow physics and heat transfer. An analysrseadevelopment

of loss through the vane passage is also performed, whichpisriant from the perspective of HP turbine design.

COMPUTATIONAL DETAILS
The DNS were performed with a new in-house multi-block dtrtexd compressible Navier-Stokes solver purposely deeelo
for exploiting high-performance computing systems [26]heThumerical method comprises a five-step, fourth-ordeurate low-
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storage Runge-Kutta method [27], with a Fourier method fecrétization of the spanwise direction. Additionally,kew-symmetric
splitting [28] is used to stabilize the convective termsdéte, DNS of compressible pipe flows [29], supersonic wak@kdnd turbulent
jets in coflow [31] for analysis of jet noise have been perfednwith the code. The code has also been applied to low-presstine

flows [22] and transonic tip flows [32].

The code has also been udedstudy the effects of unsteadiness and turbulence on logspre turbine blade flows and has been
validated against 106A low pressure (LP) turbine linear cascade measurement@$22Fhese LP turbine simulations were conducted
by varying Reynolds number, flow coefficient and reduceduesgy to investigate the steady and unsteady loss generagohanism

(such as profile and wake dilation losses) in a realisticgtespace.

Most quantities presented in this paper are non-dimenkzeak Lengths and distances are divided by the axial choggd;(and all

other quantities are normalized by reference conditions, .

One of the objectives of this study is to compare the DNS ¢aficuns with previous experimental data. The testcase tf étral. [1]

was used because this provided a detailed data set on altlgjgibgpressure turbine vane geometry. The simulations wertormed

at conditions which matched conditions in this report, ieevane exit Reynolds number B& = (pVC/u)e = 0.57 x 10°, an exit
Mach number of ® and turbulence intensities at the inlet to the domain.5£37%. The published manufacturing coordinates showr
in [1] were found to have unacceptable high frequency @dlhs in the suface curvature distribution, and so the lprotiordinates
were re-interpolated using high order polynomial integpioin in order to ensure a smooth curvature distributior Egure 1). RANS
calculations were performed for the original and modifiedfifg to ensure there was no change in the loading distributith this
modification. The predicted loading distribution for the original and rfied profiles are also shown in Figure 1, which demonstrate:

that the loading was not affected by the modification to sigrfaurvature.

The solid boundaries on the vane were treated as a no-stheisnal wall and the wall temperature was set toljpe= 0.75Tqi,
to match the experimental data. It should be noted that foradiabatic CFD calculations it is common to use an isotémvall
condition, as performed in this study, although the truel veahperature will depend on the heat transfer to the solidigls as the
fluid, which requires a conjugate analysis. The Nusselt raritowever, is normally considered to be independent dftemilperature
(provided the wall temperature does not greatly vary). @bi@ristic boundary-conditions were applied at the exawoid reflections
from this boundary. A zonal characteristic boundary-ctiodi[33] was applied over the final 95 streamwise grid linveisich has been

previously shown to be highly effective in attenuating ataureflections from vortical structures passing throdghdutlet boundary.

Inlet turbulence was prescribed by the method of [24]; Rbetions are introduced in the three velocity componenthatnlet
using a sum of discrete waves. This is a computationallygeagive method, but does lead to some coherence over tiaé fruittion
of the inlet domain (see Figure 2). The inlet turbulence lleves set at  and 7%. The calculated turbulence spectrum upstream ¢
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the vane withTu = 3.5% is shown in Figure 3. This shows that a broad range of sealess the vane passage, however it should b
noted that it was not possible to match the precise detath@tdrbulence spectra observed in the experimental test-gdthin the
experimental wind tunnel integral length scales were nreasto be about 30% of axial chord [34], while in the presemiusation in
order to maintain periodicity the maximum length-scalewaible within the spanwise extent of the domain wa£g%and the integral
length scale was estimated to be about 3% axial chord. Sumblilence length-scales lead to higher turbulent dissipafnd thus the
difference in length-scale between these simulations la@@xperimental conditions means that the turbulence wdbg much more
rapidly in the simulations and the effect of this is discassanore detail later. Also shown in Figure 3 is the turbukeapectrum within

the wake, showing that the simulations capture a broad spedaif turbulence energy over about 6 orders of magnitude.

Statistical quantities were determined using time-setaa over 4 flow-through times. During the simulations, Eaidensity-

weighted) time-averaging was used to determine the timaarflew field and turbulence quantities.

Computational mesh and mesh sensitivity

Meshes were created using a combination of different soéwhnitially a coarse grid was created using the Turbogoitigare
from ANSYS. This provided the block structure and block baanes. A series of codes written in Matlab were then usedtstruct
a much finer grid, ensuring optimum load balancing and nedimaesh control. The majority of the results described iis {rper were
obtained using a grid (Mesh A) which had a total & #nillion points in the blade-to-blade plane and 257 pointthie spanwise plane
(with 128 spanwise modes). Two other grids were tested: Aseosarid (Mesh B) which had roughlyZ million in-plane points and
193 spanwise points (96 modes); and a finer grid (Mesh C) wam8llion in-plane points and 257 spanwise points. Thus M&sh
had a total of 0.64 billion points, while Mesh B and C had 0.8d8 8.92 billion points respectively. Figure 4 shows the alldslock
structure and details of the mesh in the leading-edge aflisgr@&dge regions for Mesh A. In all cases, the spanwiserexvas limited
to 10% of the axial chord in order to limit computational sstigure 5 shows the spanwise mode amplitudes for Mesh A finomitor
points in the transition region of the vane and in the wakefitjure shows a decay in mode amplitudes of over 2 orders ofitoaig

in velocity (i.e. 4 orders of magnitude in power) over the h2&8les simulated, demonstrating good spanwise resolutitre dlow.

The sensitivity of the predicted wall shear stress to mesisilecan be observed in Figure 6, which shows predictiortinu-
average wall shear stress for Mesh A, B and C. The resulth®three meshes are in very close agreement over most of tige va
surface. Differences between Mesh A (0.6 billion points) &esh C (0.92 billion points) are very slight. The coarse&t (Mesh B,
0.23 hillion points) shows some difference as compared teHds A and C close to the trailing-edge region on the sustinface, and

this is a result of a small difference in the prediction of plwént of transition.

The near wall cell sizes are shown in Figure 7 for Mesh A. Theraye near wall grid spacings were = 0.8,z" = 5,x" = 15.

6 TURBO-15-1231 Wheeler



Time-average boundary-layer profiles at various pointshen/eine surface are shown in Figure 8; typically there arerard 25 points
within the boundary-layer. The Kolmogorov length scale wagermined from the time-average turbulent dissipatiobgaround
1.6 x 104 of axial chord in the region of turbulent flow close to the varading-edge, and this gave a near wall cell height of rdugh
0.5 Kolmogorov length-scales. Figure 9 shows the ratio of tleall cell size to the Kolmogorov length-scale computed ftbenlocal
dissipation; within the wake, the cell sizes are typicadlyd than 10 Kolmogorov length-scal®sevious DNS work (such as [35]) shows
that the smallest scales in the flow are typically of order Dihtbgorov scales and grid independence is achieved wheriret are
around 5-10 Kolmogorov lengths. Thus Mesh A is expected teufciently well resolved to capture the smallest scaleth@nflow.

Mesh A is used for all the following results described in thégper.

COMPARISON WITH EXPERIMENTAL DATA

In this section the computational results are compared thighdata from Arts et al. [1]. Good agreement is observed whe
comparing the computational and experimental loadingidigions (see Figure 10). Figure 11 shows experimental datloss and
exit angle, determined at 40% axial chord downstream of ridiéng-edge, compared with the computational resultsorder to be

consistent with the experimental data, the loss coeffi¢@)twas defined in the same way as Arts et al. [1]

0\

_ (2

1 (Poz>y1 (1)
(&)

wherepy: and pg, are area-average inlet and exit total pressures parnslthe area-average exit static pressure. Area-averadgitig o

=1-

total pressures was performed in order to be consistenttivtliexperimental measurements, which were also areagmebeiEhe com-
putational results sit within the scatter of the experiraédata forRe = 0.5M; the quoted uncertainties in loss and angle measuremei
were0.2 points and (bdeg respectively [1]. It should also be noted that the cdatfmnal results were obtained at a turbulence level of
3.5%, but the published experimental results on loss werdraatat 1% turbulence level, although despite this the agest between
the predicted loss and the experimental data is very close.

A comparison of the experimentally measured heat flux with ghedictions is shown in Figure 12. The experimental data i
obtained over a range of turbulence levelsi & 1,4,6%). The simulations were run withu = 3.5 and 7% at the inlet. It should
be noted that (for reasons discussed above) the inflow embigngth-scale was around a factor of ten smaller in theilsiions as
compared to the experimental conditions, and thus the detaybulence in the simulations is expected to be much greaan in
the experiments. Figure 12 shows that in both the experiamheata and simulations, increasing turbulence intensitgs to augment
the heat transfer near the leading-edge on the pressdees@and suction-surface. However the extent to which $tezam turbulence
augments the heat transfer in these regions is larger inxfherienental data, as compared to the simulations; this & lil@ly a result
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of the difference in turbulence decay rates between the DidiSeaperiments and this would also explain the lower heasfea level
observed in the DNS in this region.

Further aft on the suction-surface, the influence of turcaelevel observed in the experimental data is isolated @arelgion
of transitional flow § > 0.9C), where increasing turbulence level brings about an eaniset to turbulence. The computational
simulations show a later onset of transition the suction surfaces compared to the experimental data at the same turbuleviele |
Again, this may be a result of differences in the turbulemmeztra. Another uncertainty is the surface-curvatureas wmentioned earlier
that the published coordinates showed undesirable fluohsin surface curvature that were corrected in this stedg Eigure 1), and
these are particularly evident in the aft suction surfatés hot clear whether the manufactured profiles used in tperaxent could

also have curvature discontinuties, but this would indeed o earlier onset transition to turbulence if this wesedhse.

TIME RESOLVED FLOW PHYSICS

Figure 13 shows two typical snapshots of the simulated fldsvipaced 12% of a flow-through time apart, with a grey scabevsiy
density gradient magnitude and colour scale showing neérteraperature. The figure shows the development of pressaxes
(labelled ‘a’) which are generated by the intense vortexddirey which occurs at the trailing-edge. The pressure wan@g upstream,
affecting the aft suction surface. Following the passinthese waves, oscillations in the near wall gas temperaidisétive of surface
heat flux) appear close to the trailing-edge, due to the dpweént of two-dimensional Kelvin-Helmholtz structureabilled ‘b’); the
boundary-layer profile in this region is inflexional (see Ufig8) and unstable. The structures eventually breakdovurboilence as
observed by the large increase in near wall gas temperaganetine trailing-edge. Figure 13 also shows that pressuvessfaom the
adjacent trailing-edge, which tend to propagate alongttaat, impinge on the mid suction surface, causing locakiases in near-wall
gas temperature, and thus heat flux (labelled ‘c’).

Data from near-surface monitor points at a single spanwisation within the transition region on the suction surfaege used to
construct space-time diagrams of the evolution of the ity waves that develop in this region. These are showniguie 14. The
results show that instability waves propagate from withiagion of low shear stress at around 40% of the boundary-gdge velocity.
They develop and breakdown into turbulence, generatirgge lluctions in shear stress, heat flux and pressure. It carbalsbserved
thatthe position at which these instabilities develop from fliates over time, and instability waves are not always ptebei exist
only over intermittent periods of time. Thus the locatiortwwbulent transition moves considerably over the vaneaserfvith time.

Further detail of the structure of these instabilities carobserved in Figure 15, which shows iso-surfaces of Qrmitewvithin
this transition region at a typical instant in time. The @ofaces identify spanwise vortices which give rise to teattlux signatures
observed in Figures 13 and 14. Also shown in Figure 15 areffhetef shocks which create small scale structures withenglanes
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normal to the flow direction. Where these shocks impinge orstlotion surface, additional spanwise vortex structuresohserved.
These pressure waves move upstream over the suction satfabeut 30% of the freestream velocity, and since the looal flach
number in this region is arounddb, the Mach number relative to the pressure waves is ab@uttie compression waves moving
upstream from the trailing-edge therefore experience arsopic flow relative to their own motion and so they rapidiglesce to form

shock waves.

Figure 16 is also a snapshot of the flow structure within tiggoreof transition, showing a typical lambda-type vorteaxisture just

prior to turbulent breakdown. These structures are sonestishserved in the late stages of transition (see for instag).

Power spectra of the velocities in the near wall region $hagstream of fully turbulent region are shown in Figure Ao shown
in this figure is the spectrum for a monitor point in the wakest jdownstream of the trailing-edge. The spectra upstrdauorloulent
breakdown show quite a broad peak, indicating that the tiweedsional instabilities have a relatively broad frequeoontent; the

frequency of the instabilities is determined by the inwdstiechanism of instabilities which will grow within an infiexal profile.

On the pressure surface, Figure 18 shows long streamwesakstin surface heat flux which extend all the way from theitead
edge to the trailing-edge (also shown in Figure 13 labeligd These streaks affect both the leading-edge regione$tittion-surface
and the pressure-surface, and thus are not a result of ec@ccavature effects andd@tler vortices as suggested by [19]. Figure 18
shows that the intensity of these streaks increases asrthdednce level is raised from.8to 7%, and thus the augmentation of the
surface heat flux near the leading-edge as turbulence keimtrieased (as observed in Figure 12) is likely to be duegdantttuence of

free-stream turbulence on these near wall streaks.

Near-wall streaks are a known consequence of the pertarbafi freestream turbulence on laminar boundary-layers [3&,
38]). Figure 19 shows how the freestream turbulence is éstand stretched around the leading-edge, generatiggstoeaks in the
freestream. These are likely to induce the long streaksreéden the near-wall heat flux, since the free-stream stvd@aenvorticity

will induce opposing vorticity near the wall.

DEVELOPMENT OF LOSS

Denton [39] demonstrates that turbomachinery losses cdimdxely computed from the rise in entropy due to irreveesfirocesses.
The rate of change of entropy within a control volume (C.¥) be determined based on the entropy and heat fluxes thrioeigbmntrol
volume surfaces (C.S.) and the integral of internal entfmoguction within the volume as follows:

0 q

vl pst:/ oav— [ psveda— [ Ueda ?)
ot Jev Jev Jes Jcs T
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where® is equal to the sum of the viscous dissipation and the eftédtsernal irreversible heat transfer:

_ (1e0)V  (qeq)
6= T + T2 (3)
If equation 2 is integrated over sufficiently long times sttt the flow is statistically stationary, the temporal dative is eliminated

and we can re-write equation 2 using time-average quastigaoted by an overline as follows:

édvz/ pW.dA+/ (F)edn %)
cv Jcs Jes\T

The loss sources are therefore contained wighifihe irreversible entropy generation rate per unit voluBjecontains contributions
from both irreversible heat transfer within the fluid andcass dissipation. The viscous dissipation can be congideséeing made
up of a contribution from the mean velocity and strain fielag also the effects of unsteadiness, the latter being equhétturbulent

kinetic energy dissipation, thus:

|
Il

: (5)

=l &
—|~N

—| m

whered is the dissipation computed from the time-mean strain field the turbulent kinetic energy dissipation ahib the contribution
due to irreversible heat transfef £ q e q/KT). The time average @ was determined by computing the instantaneous total @Gissip
terms($ + £) and heat flux term%) at each time-step, and then summing these over time. Ttiglmaion to entropy generation from
the time-mean strain was then computed from the Favre-gedtaw, and this was then subtracted from the total dissipatrm to
obtain the contribution due to turbulent dissipation.

The rise in irreversible entropy production through thee/mplotted in Figure 20. This is computed by integratingrakie volume
between the inlet axial plane and a downstream axial pléee;dntributions to irreversible entropy production.

Over the vane surfaces, the majority of the loss occurs dtleetdéime-average strain field, since turbulent flow is onlgabed
over the aft suction-surface and there is little turbulaéssigation before the trailing-edge. A large amount of titaltloss is incurred
within the trailing-edge region, where the majority of thegipation results from the development of turbulent flovithiw this region.
The intense mixing that occurs within the trailing-edgei@adeads to a large rise in dissipation. The turbulent getson downstream
of the trailing-edge is far greater than the laminar digsipa and thus the growth in loss due to turbulent dissipaisomuch larger
than that observed from the time-average-strain dissipatbwnstream of the trailing-edge, where the flow is hightptlent. Atx =2
the contributions to the total from the time-mean straie, tirbulent dissipation and irreversible heat transfed@fé, 40%, and 20%
respectively.
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CONCLUSION

In this paper we discussed the first DNS of a high-pressure satransonic conditions. The results show that the pressuface
has no clear transition to turbulence, but instead freastrteirbulence induces near-wall streaks which augmentitffi@éce heat transfer.
On the suction surface, transition to turbulence occurs tieavane trailing-edge and is predominantly caused by ritermittent
development of Kelvin-Helmholtz roll-ups that become dlig¢d into lambda vortices, before finally breaking downudulence. The
position of transition was also found to vary significantlyeo extended periods of time. The flow within the trailinggedegion was
dominated by highly turbulent vortex shedding, with a braathulence spectrum. Pressure waves, generated at therading-edge,

were observed to propagate upstream and trigger the ongetsgf Kelvin-Helmholtz structures

The total contributions to entropy production from the timean strain, turbulent dissipation and irreversible lieatsfer were
determined; these were found to contribute roughly 40%, ,488d 20% to the total irreversible entropy generation retspy. The
majority of turbulent dissipation was found to be generatéHin the trailing-edge region. The results of this losalgais highlight the

importance of the trailing edge flow in high-pressure tuelsin
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