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This paper presents some results of URANS study of flow and heat transfer in a matrix of wall-bounded
8 x 8 round pins, mimicking internal cooling passage of gas-turbine blades. The focus is on flow unstead-
iness, its role in heat transfer and the capabilities of RANS models to reproduce these features in a set-up
of industrial relevance. The results for two Reynolds numbers, 10 000 and 30 000, are compared with the
available experiments and LES. It is shown that the elliptic-relaxation eddy-viscosity model, {-f captures

i vortex shedding and the consequent gross effects on the flow development. However, a closer look at
5%”’]\]0;‘13' flow details reveals discrepancies, especially around the first three pin rows, where the unsteadiness
LES reproduced by URANS shows much weaker amplitudes as compared with LES. Only further downstream
the succession of forcing from a series of pins produced unsteadiness akin to those captured by LES. The
comparison suggests that smaller structures undetected by URANS need to be resolved to capture prop-
erly the separation and wake characteristics of each row. At Re = 10 000, the average endwall Nusselt
number agrees well with the LES, both being about 20% lower than in the experiment. For Re = 30 000
the URANS Nusselt is within 10% of the experimental value.
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1. Introduction

Design and optimization of internal cooling of gas-turbine
blades rely heavily on Computational Fluid Dynamics (CFD) and
conventional RANS models. However, the real configurations are
usually geometrically and physically complex, involving three-
dimensionality, unsteadiness, system rotation, laminar-to-turbu-
lent and reverse transition, which all still pose challenge to com-
mon RANS models that are found in commercial CFD packages.
Contradictory findings have been reported in the literature on
the successes (e.g. Borello et al., 2007; Durbin, 1995) and failures
(e.g. Rodi et al., 1997) of various RANS models in reproducing the
main flow features of industrially relevant quantities, especially
in more complex flows. The judgment depends, however, on the
criteria of what quality of results can be considered as satisfactory
(which parameters are considered, what is the required degree of
accuracy, how reliable are the reference data for benchmarking),
but also on the complexity of the problem considered, the level
and sophistication of the adopted RANS model, numerical schemes
and computational grid.

It is generally recognised that a URANS model that performs
well in steady flows, can return credible predictions of unsteady
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phenomena only if the unsteadiness is imposed externally and at
time scales which are much larger than the characteristic turbu-
lence scale. The scale separation criterion is seldom satisfied in
flows with internal unsteadiness originating from inherent flow
instabilities due to flow separation, unstable stratification or exter-
nal body force. Nevertheless, good agreement of URANS results
with the experimental and LES data have been reported e.g. in
flows dominated by self-generated semi-deterministic forcing in
thermal convection in stagnant fluids heated from below, where
the stochastic turbulence was found to behave much as a passive
scalar (e.g. Hanjalic and Kenjere$, 2001, 2006). Capturing the
dynamics of vortex shedding behind bluff bodies with URANS
and the consequences on flow and heat transfer is, however, less
certain. In principle, a URANS model can capture unsteady vortex
shedding behind bluff bodies away from other walls (acceptably
accurate frequency, wake size and shape), such as in flow around
a long free cylinder in a cross stream (e.g. Rodi, 1993). However,
their breakup and subsequent interaction with the stochastic tur-
bulence generated in the accompanied shear layers, especially if
the incoming flow is non-turbulent - thus involving separation-in-
duced transition, is a challenge for common URANS. The eddy-vis-
cosity obtained from a RANS model would need to be substantially
reduced to make the model more sensitive to instabilities of differ-
ent characteristic wavelengths, and this is the direction pursued by
various hybrid RANS-LES approaches (Hanjali¢, 2005; Frolich and
von Terzi, 2008).
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The challenge to URANS becomes still larger in flows through
arrays or matrices of closely spaced multiple bluff bodies bounded
by surrounding walls, as for example found in tube-in-shell heat
exchanges, or in the here considered configuration of staggered
cylindrical pins bounded by endwalls. In such configuration the
pins and tubes, and in particular the bounding walls - if spaced
close to each other - suppress instabilities and in some cases the
common URANS models can fail to capture any unsteadiness con-
trary to experimental or LES evidence. In view of the fact that
(U)RANS continue to serve as the mainstay of industrial CFD de-
spite its known shortcomings, the question of a broader interest
is how important it is to reproduce the internal flow unsteadiness
in predicting the common engineering parameters such as pres-
sure drop, drag and heat transfer. And, if so, what are the basic defi-
ciencies and can they be located and eliminated by using more
advanced models or by some plausible model modifications. These
issues constitute the main focus of the present work.

In an ongoing project we have studied the performance of sev-
eral RANS models in parallel with LES and hybrid RANS/LES in a
generic three-dimensional turbulent flow with inherent unstead-
iness generated by vortex shedding from multiple short cylindri-
cal pins bounded by plane heated walls. Similar configurations
have been extensively studied by experimentalists, see e.g. the
studies of Metzger et al. (1986). In contrast, only few computa-
tional studies appeared in the literature in the recent years and
most of them are related to simplified configurations (periodic
segments) involving bundles of relatively long tubes as found in
heat exchangers, e.g. Watterson et al. (1999), Benhamadouche
and Laurence (2003). The flow configuration considered here is
the one studied experimentally by Ames et al. (2005), Ames
and Dvorak (2006), Ames et al. (2007), which provided measure-
ments of mean flow and some turbulence parameters at Reynolds
number or 3000, 10 000 and 30 000, which can be used for vali-
dating the computational results. The relatively compact pin
arrangement and especially the endwalls distanced only two
pin diameters are expected to suppress instabilities as compared
with pin matrices with larger spacing and endwall distances. The
aim is to test in more complex flows relatively simple, industry-
appealing, robust (U)RANS models that have already shown good
performance in predicting steady wall-bounded flows and heat
transfer in canonical configurations as well as in flows of indus-
trial relevance. Specifically, the target is to identify the receptivity
and the dynamic response of the model to forcing induced by a
sequence of vortex shedding at different Re numbers, and the
model capability to capture major flow features in a reference
flow with a view to possible application to real blade cooling
configurations.

This study is not a straightforward validation of the adopted
RANS model, or its comparison with other models, but rather an at-
tempt to identify its potential or the lack of it to reproduce those
flow and turbulence features that are most influential in predicting
the endwall heat transfer. Among several issues, we consider the
following:

- The receptivity of the RANS model to natural forcing due to
vortex shedding from arrays of multiple bluff bodies
bounded by solid walls.

- The importance of flow unsteadiness in reproducing the
long-term average flow and heat transfer parameters.

The latter issue can be reformulated as whether it is sufficient to
capture the well-organised (semi) deterministic vortex shedding
which are usually reproduced by more advanced closures in the
URANS mode, or does one need to resolve a significant portion of
the (large-scale) turbulence spectrum by using LES, or at least a hy-
brid RANS/LES?

To this purpose we have considered the {-f elliptic-relaxation
model, which was shown to perform well in a number of generic
flows (Hanjali¢ et al., 2004, 2005) as well as in industrial flows
(Tatschl et al.,2006; Krajnovic et al., 2008; Basara, 2009). In paral-
lel, we considered LES of the same flow (using a moderately dense
and a fine grid) to serve as a reference for the lower Reynolds num-
ber (Delibra et al., 2008). The future target is a hybridisation of the
{-f model with LES as well as some options of T-RANS (“seamless”)
approach which use only a simple conventional integration-to-
wall (ItW) RANS model (such as (-f), but sensitized to recover a
portion of the turbulence spectrum (Borello et al., 2009).

Not all RANS models are equally sensitive to inherent flow
instabilities: second-moment closures should be more receptive
because of their capabilities to model the stress anisotropy, which
seems essential for three-dimensionalizing the usually two-dimen-
sional initial instabilities, as well as for initiating the laminar-to-
turbulent transition in wall flows. However, at present we confine
our attention to the {-f model because it is simple and robust and
yet superior to the standard two equations eddy-viscosity models,
especially in reproducing the wall effects. It mimics at least some
stress anisotropy by solving a separate equation for ¢ = %[k, where
# comes close to wall-normal turbulent stress component in wall
vicinity and k is the turbulent kinetic energy This is especially
important if wall friction and heat transfer are the primary focus,
as is the case in the present work and in most industrial
computations.

Admittedly, despite substantial physical enhancement by the
introduction of elliptic-relaxation, the {-f model here considered,
just as its predecessor, the Durbin’s (1991) v2-f model, is a linear
eddy-viscosity model, which cannot be expect to reproduce accu-
rately the three-dimensional effects. Further research by using
more advanced models, preferably at the second-moment closure
level, could shed more light on the receptivity of URANS to inher-
ent unsteadiness. However, we believe that the present study,
although limited to a particular linear RANS model, offers already
some interesting and reasonably general conclusions of relevance
to industrial CFD. Using the reference experimental and LES data,
and structure morphology educed from LES, an attempt is made
to identify the major modelling prerequisites for reproducing the
salient features of flow, turbulence and the dominant vortical
structures, which are relevant for heat transfer.

2. Flow configuration and computational details

The flow configuration considered in the experiments of Ames
and co-workers (2005, 2006, 2007) mimics internal cooling of a
gas-turbine blade. It is essentially a flow in a plane channel in
which a matrix of 8 x 8 round pins, connecting the channel “end-
walls”, is placed in a staggered arrangement. The pin spacing was
2.5D in the lateral and 5D in the streamwise direction (where
D =2.54 cm denotes the pin diameter), thus making the spacing
between pin rows in both directions 2.5D, Fig. 1. The channel
height (pin length) is 2D. The centre of the first pin row is located
7.5D downstream from the nozzle, thus allowing for some develop-
ment of boundary layers on endwalls. The inflow turbulence in the
experiment was claimed to be about 1.4%. The channel exit (fol-
lowed by a 90° bend) is located 7.5D downstream from the centre
of the last, eighth pin row. The air flowing through the channel
should remove excessive heat from the “blade” walls through the
pins. Thus, the main interest is in heat transfer on the endwalls.
We considered two higher Reynolds number of 10000 and
30 000, based on D and the averaged velocity in the minimum pas-
sage area between the pins Viax.

One of the uncertainties in mimicking the experiment is the
proper specification of inflow conditions. The fluid enters the
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Sx=2.5D

Fig. 1. Flow configuration and a typical flow pattern with contours of mean velocity
at midplane (Re = 10 000).

channel through a nozzle. In order to diminish as much as possi-
ble the effect of the inflow and outflow conditions, we considered
in all computations the complete channel length, but only a seg-
ment in the spanwise direction using periodic conditions on the
domain side boundaries. For Re = 10 000, this segment contained
only one pin row (Fig. 1). For Re =30 000 the spanwise width of
the solution domain was doubled in order to eliminate possible
side cutting of the flow structures. The computational mesh con-
sisted of 1.3 and 2.5 million cells, for the lower and higher Re
number respectively. The meshes were clustered around pins
and endwalls, with y* values of the wall-nearest cell centres less
than 2 in most of the domain for Re = 10 000 and less than 4 for
Re =30 000, except is small local areas around flow separation
and reattachment.

The computations were performed using the in house T-FlowS
unstructured parallel finite-volume code (Niceno and Hanjali¢,
2005). The incompressible Navier Stokes equation system is
solved using the Conjugate Gradient solver with the SIMPLE algo-
rithm for velocity-pressure coupling. As convective schemes,
SMART and CDS are used for URANS and LES respectively for all
the variables, with Crank Nicholson time integration scheme for
the lower Re and fully implicit time integration scheme for the
higher Re. The non-dimensional time steps (At" = AtUy.fD) have
been set to 0.004 for Re =10000 and 0.007 for Re =30 000. This
allowed to have a CFL < 1 everywhere. The time steps used to ob-
tain fully convergent results are reported in Table 1. In all the
simulations the convergence threshold parameters was set equal
to 1078 for the field variables in the iterative cycle for resolving
each time step. The tolerance value for the SIMPLE algorithm
was set to 1075,

3. The RANS model

The ¢-f model (Hanjalic et al., 2004, 2005) is an eddy-viscosity
model based on Durbin’s (1991) elliptic-relaxation concept, which
solves a transport equation for ¢ = v%/k instead of the equation for
v?, in conjunction with the ItW version of the k and ¢ equations,
and an elliptic-relaxation function (here based on a quasi-linear
pressure-strain model),

Table 1
Number of time steps.
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where 7 and L are the time and length scale respectively taking the
conventional values 7 = k/¢ and L = k*/?/¢ away from a solid wall, but
with Kolmogorov scales bounding their minimum values, i.e.
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Egs. (5) and (6) contain also Durbin’s realisability constraints that
control the excessive growth of t and L.

The eddy-viscosity is defined as v, = c,{kt, where ¢, = 0.22 cor-
responds to the conventional C;, = 0.09 in an equilibrium wall shear
layer where { ~ 0.4. Because of a more convenient formulation of
the equation for ¢ and especially of the wall boundary condition
for the elliptic-function f,, = —2v¢/y?, this model is more robust
and less sensitive to non-uniformities and clustering of the compu-
tational grid than the original v?-f model. Alternatively, one can
solve Eq. (2) for a “homogeneous” function f with zero wall bound-
ary conditions f,, = 0, and then obtain f = f — 22(9¢"/?/9x,)? (in
analogy with Jones-Launder equation for homogeneous dissipa-
tion). Other coefficients, originating from the standard k-¢, Re-
stress and v?-f models take the values: ¢; =C; —1=0.8, C;=0.6,
C=1.44, C,=192, 6,=13, (;=0.36, C;=6.0, C;=85.0. The
model was earlier tested in a series of generic cases, including of
flow and heat transfer in a plane channel, behind a backward fac-
ing step and in a round impinging jet, all showing satisfactory
agreement with the available experiments and direct numerical
simulations (Hanjali¢ et al., 2004, 2005). It was also applied to a
number of complex internal and external industrial flows (Basara,
2009; Tatschl et al., 2006; Krajnovic et al., 2008).

The energy equation is resolved in the form of temperature. The
turbulent fluxes are modeled by using the standard (isotropic)
eddy-diffusivity v¢/Prr model in which the turbulent Prandtl num-
ber Pry is evaluated from the Kays and Crawford (1993) formula.

4. Results and discussion

In order to get an overall impression of the flow configuration
and anticipated flow pattern and phenomena, Fig. 1 shows the
pin arrangement together with the long-term averaged velocity
field for Re=10000 in the midplane between the endwalls. Be-
cause the incoming flow is uniform with low free-stream turbu-
lence, the fully turbulent periodic regime develops only at
around fourth to seventh row, though no fully repeatable pattern
is ever established. The last row generates a very elongated wake
in the remaining unobstructed part of the channel, which exerts
some visible upstream effects. While this average flow patters does
not differ much from those inferred from LES and experiments (see

LES simulation Re = 10 000

{-f simulation Re = 10 000

{-f simulation Re = 30 000

50 000 - heating imposed after 30 000 time step

40 000 - heating imposed after 20 000 time step

22 000 - heating imposed after 14 000 time step
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Fig. 2. A segment of the solution domain, and a snapshot of URANS instantaneous
streamlines around the first four rows; A, B, C, D and E indicate lines along which
the computational results are compared with experiments.

discussion on heat transfer below), the latter undoubtedly indi-
cates that the flow is unsteady in the whole domain starting with
the first pin row. Vortices shed from the first two rows impose the
characteristic frequency of the basic unsteady mode. The URANS (-
f captures periodicity of vortex shedding already behind the first
row, though with much smaller amplitudes than detected in the
experiments and LES. The computed Strouhal numbers for the first
pin, St = 0.244 for Re = 10 000 and 0.238 for Re =30 000, are very
close to the measured values 0.234 and 0.209. A typical instanta-
neous streamline pattern captured by URANS around the first four
pins is illustrated by a snapshot in Fig. 2. The URANS mesh resolu-
tion in the direction normal to the endwall (for the lower Re) is also
shown. The characteristic horse-shoe vortex in front of the first pin
close to the endwall, is also qualitatively well reproduced.

As noted above the incoming flow is non-turbulent. As illus-
trated by the evolution of the turbulence Reynolds number
Re¢ = k?/(ve) in Fig. 3, the URANS predicts correctly that turbulence
develops first in the wakes of the first pin rows, which then en-
hances further turbulence production in the impingement zones
and around the pins in the subsequent rows. However, a visualiza-
tions of vortical structures captured by LES reveals a broad spec-
trum of structure sizes in the whole flow domain, as illustrated
by the pressure Laplasian (V2p) in Fig. 4. As expected, at both Rey-
nolds number, the URANS captures only the relatively smooth pat-
tern of the initially almost two-dimensional vortices generate
behind the pins. In view of the obvious strong smoothing, the suc-
cess of URANS in predicting flow parameters of industrial rele-
vance will depend on the importance of the unresolved
structures. We show first some mean flow parameters and analyze
subsequently in more details the unsteadiness reproduced by UR-
ANS and its role in the formation of the mean flow velocity and
temperature fields, compared with the LES results.

4.1. Mean flow properties

We begin by discussing the mean velocity profiles in some char-
acteristic planes, compared with LES and experiments. It is noted
that the velocity was measured only in the cross-sections between
the pins (at 90°) at the pin mid-heights (line B, Fig. 2), normal to
the bottom endwall in the middle between the pins (line A), and
these measurements are available only for the four rows, the first
three and the fifth one. For Re = 30 000 additional velocity profiles
are available (Dvorak, 2004) for the cutlines between the central
vertical axis between the pins and the pin surface at 90° for row
3, denoted in Fig. 2 as D and E lines.

A selection of the URANS computations for the two Re numbers
for the first, second, third and fifth row is presented in Figs. 5-7,
together with the measured data and LES results (the latter only

Fig. 3. A snapshot of instantaneous contours of the turbulence Reynolds number, Re, = k?/(ve), for Re = 10 000, computed by URANS {-f. In a near-wall plane at 5% of the pin

height (left) and in the midplane (right).

Fig. 4. Vortical structures identified by the instantaneous V2p = 7 for Re = 10 000. Left: LES; right: URANS (-f.
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Fig. 6. Comparison of mean velocity profiles obtained by URANS {-f, LES and experiments (Ames et al., 2005) in the vertical midplanes between the two pin rows, lines A.

Re =10 000.

for Re =10 000). We note first that the quality of results is very
similar for the two Re numbers. Despite uncertainties regarding
the inflow conditions, the URANS reproduced the mean flow veloc-
ity at 90° of the first pin row in excellent agreement with both the
experiments and LES, as shown in Fig. 5. Admittedly, as noted
above, the flow here is almost laminar - with a small uniform in-
flow turbulence level, possibly being slightly enhanced in the thin
boundary layers developing around the pins, as indicated in Fig. 3
by the contours and shades of turbulent Reynolds number. Already
at the second and the subsequent rows, the URANS predictions
show visible discrepancies from the experimental results, primar-
ily in the central region away from the pins, as best illustrated in
Fig. 6. Interestingly, LES came to close agreement with experiments
for all rows except for row 2 where URANS and LES agree with each
other but not with the experiments. Along line A (normal to the
endwall) both computational approaches predict a kind of mild
wall-jet-like profiles with a velocity maximum close to the wall,
whereas experiments show a monotonic standard wall bound-
ary-layer type profiles. The computed lower velocities in the outer
regions indicate that a part of fluid is escaping elsewhere, suggest-
ing a strong three-dimensionality effect. This is confirmed by a
comparison of the profiles along the cutlines D and E normal to

the endwall between the third row pins at different distance from
pin axis, Fig. 7. Contrary to possible inference from Fig. 6, it evident
that the total computed mass flow rates agrees well with the
experiment, but at some cutlines the computed velocity is higher
and at some lower than measured. Because (apart from the second
row) LES captures well the velocity profiles in all cross-sections, we
suspect that the origin of the URANS failure in this central flow re-
gion is in the limitation of the here used linear eddy-viscosity mod-
el to capture accurately the flow three-dimensionality.

Another cause could be traced in inadequate location of transi-
tion from the incoming non-turbulent flow washing the first pin to
fully turbulent regime further downstream. The flow separation
from the first pin is obviously laminar and the transition to turbu-
lence behind the first pin is induced by separation and recircula-
tion within the shed vortices. In contrast to the URANS
computations, which show very similar flow pattern and turbu-
lence level around the second pin row, the LES generated vortical
structures in Fig. 4 shows that the second pins are affected by vor-
tical structures shed from the first pins and related disturbances
propagated from their wakes. This enhances a faster developing
of the boundary layer on the second and subsequent pins, affecting
also the flow in the central passages. In brief, the disagreement of
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Fig. 7. Comparison of mean velocity profiles obtained by URANS ¢{-f and experiments (Dvorak, 2004) in the vertical midplane between the two pins along lines E, D and A

(Fig. 2), row 3, Re =30 000.

URANS velocity profiles as from the second row seems to be the
consequence of inadequate predictions of the wake length, the
strength of recirculation as well as the level of turbulence.

This is further confirmed by the pressure coefficient, shown in
Fig. 8, together with experimental data and LES results. It is
remarkable that on the front impingement side, the URANS returns
good pressure coefficient for almost all rows. This can be attributed
to the scale-realizability constraint, Egs. (5) and (6), which improve
predictions in stagnation region. The shortcomings of URANS ap-
pear in predicting the accurate position of the flow separation
and especially in capturing properly the near-wake length and
the intensity of recirculation. For most pin rows, LES performs
superior.

However, there are some odd results which we cannot explain
at present. For example, for the fifth row at Re = 10 000, the URANS
{-f agrees almost perfect with experiments, whereas coarse LES
shows a visible disagreement. This finding is not in conflict with
the excellent LES predictions of the mean velocity in the cross-sec-
tion between the pins for all rows, since this agreement does not
guarantee the accurate predictions in the pin wakes. It is expected
that the wake structure and intensity will depend on the turbu-
lence generated in and around the separation. As noted earlier, in
contrast to the bulk unsteadiness, the URANS did not reproduce

well the flow instability and the experimentally detected notable
oscillations - an intermittent character - of the separation location,
which probably reflects in inadequate prediction of the wakes.

We return briefly to the cross-section between the pins and
consider the velocity distribution close to the pin surface. Fig. 9
shows a comparison of URANS and LES computations with exper-
iments for the first pin row at the lower Re. The results are norma-
lised with the average maximum velocity V;,.x. The URANS {-f and
LES show very good agreement in between, and both are relatively
close to the measured values. It is recalled that velocity was mea-
sured with a hot wire, which is prone to various errors when used
very close to a solid wall.

A better judgement could be made when velocity is normalised
with wall scales, the friction velocity and viscosity. A value of the
friction factor at this point (at 90°) has been quoted in the experi-
ment (evaluated by fitting the velocity profile in the buffer region,
for 4 <y + <10 to Spalding equation for the universal velocity distri-
bution), but neither URANS nor LES could reproduced it for any of
the considered Re numbers. Ames and Dvorak (2006) reported the
separation on the first pin to occur at 82-83°. (obtained from the
pressure coefficient and Thwaite’s formula) for the two Re numbers
here considered, whereas the present URANS computations give
values of 85° and 87°. respectively. Thus, both the experimental
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Fig. 9. A blow-up of the velocity distribution close to the pin surface at 90° of pin 1,
Re =10 000.

and URANS velocity profiles should have a small negative value cor-
responding to a very thin recirculation. Arguably, because hot wire
is insensitive to the flow direction, and the Thwaithe’s method may
not be sufficiently precise, we suspect that the accurate location of
the experimental separation is not very certain. On the other hand,
computational prediction of the separation location is also sensitive
to the local mesh resolution. Thus, the evaluation of friction velocity
around separation is prone to large uncertainties and the use of any
velocity law that is strictly valid for attached equilibrium wall flows
as a basis for its evaluation, is not very reliable. Nevertheless, a com-
parison of the computed and experimental velocity profiles in wall
coordinates depicted in Fig. 10 shows excellent agreement for the
third and fifth row for Re = 30 000, both results showing surpris-
ingly even a small portion close to the semi-logarithmic behaviour.
Note that the recirculation bubble is so thin that it is not visible (the
first computational grid centre is at y* about 3-4). Admittedly, the
friction velocity u; has been tuned (decreased by about 50% from
the computed values) to get the best fit of the viscous layer (i.e.
y* < 8). Nevertheless, the excellent agreement indicates that the
predictions of the near-wall region - even very close to separation
point - is quite satisfactory. Admittedly, for Re = 10 000, the agree-
ment is less convincing (not shown), partially because the recircu-
lation bubble seems to be relatively thicker.

4.2. Flow pattern and its dynamics

As show in Fig. 4, the instantaneous pattern of the vortical
structures resolved by LES is much more versatile in sizes and
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shapes than in URANS. Moreover, apart from the first pin, LES
shows no distinct regular cylindrical (almost two-dimensional)
shed vortices noticeable in URANS. The key question is how impor-
tant is to resolve a broad spectrum of large-scale eddy structure for
reproducing the mean flow parameters of industrial interest. In or-
der to get a closer insight we compare first the instantaneous and
time-averaged streamline patterns, projected in a plane close to
the bottom endwall (z/h = 0.05), Fig. 11, and at the midplane half-
way between the endwalls (z/h = 0.5), Fig. 12. Of course, for end-
wall heat transfer, the flow structure close to the wall is more
relevant, but it will also depend on the flow feature in the central
region. As expected (and inferred from Fig. 4) the instantaneous
streamline patterns generated by LES and URANS in both planes
are very different, especially in the near-wall plane. Several notable
differences can be identified in Fig. 11:

- In contrast to a very stochastic LES pattern with a strong
unsteadiness noticeable in the whole matrix starting with
the very first pin, the URANS shows visible unsteadiness
and asymmetry of the wake region only after the third or
fourth row for both Re; obviously the vortex shedding from
the first two rows is insufficient to create bulk unsteadiness
and it takes cumulative forcing of several rows to generate
sufficiently strong flow instability to produce periodicity in
vortex shedding.

- The URANS predicted recirculation regions in the wakes of
all pins are much longer and broader than in LES, and this
feature extends throughout the whole matrix; moreover,
unlike in LES, all recirculation bubbles are similar in size.

- Unlike in LES, where the vortex shedding shows a strong
periodicity at all pins, with separation detected over a broad
range of angles, approximately 80-150°, the URANS separa-
tion at all pins occur around 85 + 15°.

The time-averaged patterns reflect the above instantaneous fea-
tures, as shown in Fig. 11. The similarity between URANS and LES is
noted only for the first pin where the flow is almost laminar
around the complete pin except for a small turbulence indicated
in a narrow wake region. Similar conclusions can be drawn for
the instantaneous streamline fields in the midplane halfway be-
tween endwalls, except that LES shows more vigorous activities
as compared with the near-wall plane. However, at the higher Re
unsteadiness starts earlier, at around third pin and the subsequent
pattern are more similar in between than in for Re = 10 000, Fig. 12.

A blow-up of local instantaneous streamlines around selected
pins at the lower Re number is illustrated in Fig. 13 showing clearly
that for the midplane the separation on all pins occurs at around
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Fig. 10. Velocity profiles at 90° from the impingement for third and fifth row in wall units, {-f computations, Re = 30 000.
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Fig. 11. Streamlines and velocity field (colour bar) in a plane near the bottom endwall (5% of the pin height). Left: instantaneous snapshots; right time-averaged field. Top:

LES at Re = 10 000, middle: URANS ¢-f Re = 10 000, bottom: URANS ¢-f Re = 30 000.

Fig. 12. Streamlines and velocity field (colour bar) in the midplane (50% of the pin height). Left: instantaneous snapshots; right: time-averaged field. Top: LES at Re = 10 000,

middle: URANS {-f Re = 10 000, bottom: URANS {-f Re = 30 000.

pin #4

pin #1

pin #6

pin #8

Fig. 13. A blow-up of instantaneous streamlines in midplane after selected pins, illustrating distinct periodic vortex shedding only after fourth row, URANS, Re = 10 000.

90°, indicating subcritical vortex shedding regime. Surprisingly,
however, here the time-averaged URANS field shows closer agree-
ment with LES: the recirculating wake regions in URANS are still
longer than LES, but the difference is somewhat smaller than in
the near-wall plane. This leads to the conclusion that the effect
of endwalls on suppression of unsteadiness is differently repro-
duced by URANS and LES.

While URANS shows little sensitivity to the separation instabil-
ities at first three rows, a sequence of periodic forcing from pins
seems to build up, generating eventually strong periodicity in the
aft section of the passage with a notable flow flapping after the last
pin array. This is illustrated in Fig. 14 by a sequence of selected

streamlines at several characteristic instants of a cycle. The flow
pattern around the first three pins show very little difference, with
the streamline patterns almost symmetric, though some differ-
ences can be detected in blown up figures. The main asymmetry
appears behind the fourth row and the subsequent pins show a
regular oscillatory vortex shedding pattern. This periodicity ex-
tends well downstream from the last row, manifested in visible
flow flapping in the exit region of the passage. At Re =30 000,
the exiting flow show a more steady pattern with almost no flap-
ping behind the pin matrix.

A better indication of the intensity of the periodic vortex
shedding behind the first four rows is illustrated by histograms



G. Delibra et al./International Journal of Heat and Fluid Flow 30 (2009) 549-560

Fig. 14. A sequence of snapshot of streamlines at the midplane within a
characteristic cycle (URANS, Re = 10 000).

of the velocity monitored at the point P located close to each pin
in one side of the wake, Fig. 15. While the signals after the third
and fourth row show clear periodicity with an amplitude of
about 50% of the mean velocity (i.e. +0.5-0.7 m/s) for
Re =10000, on the same scale the signals behind the first and
second pin show hardly any oscillations. Only a large blow-up
reveals that both signals are also periodic, though bimodal, but
with about two orders of magnitude smaller amplitudes, roughly
only 4 mm/s. At Re = 30 000, the amplitudes for all three pins are
of the same order of magnitude, as shown in Fig. 15 right,
though their relative values for the third pins are smaller than
for Re =10 000.

It is recalled that on the first pin row we see the classic laminar
separation on the top of the pins. Experimental velocity monitoring
(with a hot wire) at 90° at several points very close to the pin wall,
as shown above, confirm that separation is intermittent around
this point, as indicated by a significant amplitude of the velocity.
Intermittency has also been detected by LES, but URANS failed to
reproduce this feature. However, as discussed above, the monitor-

557

ing at point P behind the separation point and at other larger dis-
tance from the pin, the URANS detected regular bimodal periodic
pattern of vortex shedding indicate that the separation point is also
not fixed by oscillates, though with the amplitudes much smaller
than in the experiment.

4.3. Thermal field and heat transfer

We move now to consider the thermal field and heat transfer,
the latter being the primary goal of this and related experimental
studies used here for comparison. The thermal field was computed
by solving the non-dimensional URANS energy equation in term of
temperature in parallel with the momentum, continuity and turbu-
lence-model equations. Since no precise thermal boundary condi-
tions are cited in the available literature, we performed
computations using either constant wall heat flux or constant wall
temperature, both worked out from the average Nusselt number
Nu =54.1 and Nu=111.5 for the two Reynolds number, reported
by experiments (Ames et al., 2007). In both cases, as expected,
the same average Nusselt number was obtained, but, of course,
the temperature fields are different. We show here results obtained
with a constant wall temperature.

Fig. 16 shows a URANS snapshot of the temperature field in the
near-wall plane at z/h =0.05. Despite the fact that the imposed
wall temperature was constant, significant non-uniformity of the
temperature in Fig. 16 and its development along the flow due to
continuous heating shows clearly the effect of vortical structures
on the thermal field and heat transfer intensity. Strong heat trans-
fer is noticeable under the horse-shoe vortex in particular in front
of the first and the few subsequent pins. In contrast, the fluid
trapped in the recirculation zones behind the pins show very weak
capability of removing heat resulting in high local temperatures.
Further downstream the temperature field becomes gradually
more uniform due to increasing turbulence level and more efficient
mixing.

The evolution of the fluid thermal boundary layer at the bottom
endwall throughout the whole solution domain for Re =30 000 is
illustrated in Fig. 17, by showing the temperature field and stream-
line projections in the vertical midplane cut through the central
pin array, and flow-normal cutplanes between the pins in the same
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Fig. 15. Velocity monitoring at point P (see insert) behind first 4 pins (top-left) for Re = 10 000 and behind the first 3 pins (top-right) for Re = 30 000. Blow-up of signals

behind pin 1 and 2 (bottom).
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Fig. 16. A snapshot of instantaneous temperature in a plane near the bottom endwall (5% of the pin height), URANS {-f, Re = 10 000 (note: wall temperature is constant,

T, =316 K).
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Fig. 17. A snapshot of the development of the thermal boundary layer on the bottom endwall. The thermal plumes indicated in different cross-sections show a close

congruence with the streamline pattern projected on the cutplanes.

rows. The streamline patterns show the notable lateral and vertical
movement i.e. lateral and vertical components of the three-dimen-
sional velocity field, responsible for heat removal both from the
endwalls and pins towards the interim passages. The conspicuous
plume-like formation at the bottom heated wall between the pins,
in close congruence with the streamline pattern, illustrate the
main cause of non-uniformities especially in the upstream portion
of the pin passage, with two dips corresponding to more intensive
cooling by the tails of horse-shoe vortices. This figure also illus-
trates the mechanism of heat removal in these regions, which
can be credited with a substantial contribution of heat transfer
enhancement as compared with a flat wall without pins. Elevated
temperature appears behind each pin due to flow recirculation
and heat accumulation in the wakes. This non-uniformity gradu-
ally levels up downstream.

The above streamlines and temperature patterns are reflected
in the instantaneous and time-averaged Nusselt number distribu-
tions, shown in Figs. 18 and 19 for the two Re numbers, together
with the experimental results. For better comparison, the results
are shown separately for the first and second four pins, with differ-
ent colour/grey-scale bars for each set to enhance the contrast. The
colour bars are matched as closely as possible to that in the exper-

iments. Both the instantaneous and mean URANS distributions
show very similar pattern. Around the first two pin rows, the
patterns are almost identical, while further downstream the
instantaneous pattern shows a similar but asymmetric pattern,
corresponding to an instant within the flapping cycle. A character-
istic feature of URANS results is a larger non-uniformity of Nusselt
number in the region around the first four rows, with marked elon-
gated regions between the pins where Nusselt number shows very
low values. These elongated blue stripes correspond to regions be-
tween the tails of horse-shoe vortices where not much activity is
captured by URANS. Here a major difference appears between UR-
ANS and LES (not shown here), the latter showing more uniformity
in the Nusselt distribution despite very non-uniform instantaneous
field. In the aft portion the URANS Nusselt number is also more
uniform and not much different from the LES results. In general
there is a reasonable agreement in the Nu-contours obtained by
experiments, especially in the aft portion of the passage as from
the fourth row, except in the central region between the pins
where experiments show more uniformity.

It is interesting to note that the time-averaged Nusselt number
for the whole heated endwall obtained by URANS is 46, whereas
LES with both 2 and 5.5 mill grid cells gives 44. This close agree-
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Fig. 18. Nusselt number normalised with Nu,we(Nu/Nu,.) on the endwall: Top row: instantaneous snapshots; central row: time-averaged, bottom row: experiments

(Re = 10 000).
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Fig. 19. Nusselt number normalised with Nu,w(Nu/Nu,.) on the endwall: Top row: instantaneous snapshots; central row: time-averaged, bottom row: experiments

(Re = 30 000).

ment between URANS and LES is surprising in view of substantial
differences in the captured flow patterns and local Nusselt num-
ber distributions obtained by the two simulation approaches.
However, both results fall short by about 20% of the experimental
value is 54. While the departure of the URANS results could be
attributed to inadequacy of the model for capturing the unsteady
flow dynamics and the consequent heat transfer, the LES results,
especially on the finer grid and using the dynamic Smagorinsky
model are believed to be sufficiently accurate. Assuming that
the measurements are reliable and accurate, it seems more likely
that the discrepancy between simulations and experiments origi-
nates from a mismatch of the inflow conditions. Both in URANS
and LES we assumed almost laminar inflow, what may not mimic
properly the experimental conditions, with presumably higher

Table 2
Comparison of some computed parameters with experiments and LES

turbulence level in the boundary layer along the endwalls. An-
other cause of discrepancy could be attributed at the effects of
radiation, especially at the lower Re number. Radiation heat
transfer, not accounted for in the computations, could have been
significant in the experiment and although it was claimed to have
been accounted for in processing the measured data, it poses
some uncertainly. At higher Re number the effect of radiation
should be smaller. This is in part substantiated by the URANS re-
sults which gave Nusselt number of 122.3, compared to the
experimental value of 111.5. The agreement is better than for
Re = 10 000, but the computed Nu is now larger than the experi-
mental one. No LES for this Re number is yet available and we
suspect that the discrepancy may at least in part be attributed
to the RANS model and, perhaps, insufficient grid resolution near

Re = ﬂ‘;m Strouhal number (pin #1) Angle of separation in deg. (pin #1) Averaged endwall Nusselt number

Exp. LES URANS Exp. URANS Exp. LES URANS
10 000 0.234 0.24 0.240 83 85 54.1 443 46.2
30000 0.209 - 0.238 82 87 111.5 - 122.3
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the wall for this Re number. The above discrepancies, however, do
not affect the main conclusions about the performance of URANS
model in reproducing reasonably well the overall unsteady
dynamics, the mean velocity and thermal fields and the heat
transfer in the considered pin matrix.

5. Conclusions

The unsteady computations of a flow through a matrix of
round pins in staggered arrangement connecting heated walls of
a plane channel as found in internal cooling of gas-turbine blades,
have been performed for two Re numbers, 10 000 and 30 000,
using the ¢-f elliptic-relaxation model. The results showed that
despite the compact pin arrangement and closeness of the end-
wall, which suppress natural instabilities, the model can repro-
duce the bulk unsteady nature of the flow caused by vortex
shedding behind the pins arrays, with the frequencies (see Strou-
hal numbers, Table 2) close to those found by experiments and
LES. However, in contrast to LES, the URANS shows some defi-
ciencies in predicting the wakes behind pins, their structure, size
and recirculation strength. This is reflected in a mixed success in
predicting pressure recovery behind pins and of velocity profiles.
The main discrepancy in the flow pattern and the consequent
thermal field and heat transfer appears in the inadequacy of the
RANS model considered to respond sufficiently to instabilities
that appear already at the first pin row, as evidenced by experi-
ments and LES. Although the separation location is well repro-
duced, Table 2, the amplitudes of the velocity excursions
around the separation point (and thus the oscillations of its loca-
tion) are by an order of magnitude weaker. Only after a sequence
of forcing accumulated from vortex shedding in the first two or
three rows, the unsteadiness intensity, measured by the ampli-
tude of the periodic velocity signal at a monitoring point, be-
comes sufficient to excite the periodic shedding akin to that
detected by LES. However, this does not appear to be sufficient
to generate a range of eddy scales as in LES, resulting in a differ-
ent overall flow pattern with longer, broader and more alike
recirculating bubbles behind all pins. This different flow pattern
and intensity of unsteadiness is reflected in heat transfer, result-
ing in somewhat different distributions of fluid temperature in
the near-wall region, and the Nusselt number on the endwalls,
Table 2.

It is expected that a more advanced RANS model at the second-
moment closure level or a non-linear eddy-viscosity model would
capture better the stress anisotropy which would result in im-
proved time-averaged heat transfer distribution on the endwalls.
However it is not clear if an advanced RANS model will be more
receptive to instabilities and perform better in capturing unstead-
iness in the first portion of the pin passage, or the problem lies in
general inability of URANS to capture a broader spectrum of com-
plex vortical structures that has been revealed by LES. While smal-
ler structures cannot be expected to influence directly wall heat
transfer as compared to large shed vortices with their surface re-
newal effect on endwalls, it seems likely that capturing a broader
eddy spectrum is important for reproduction accurately the sepa-
ration incipience, turbulence transition and the consequent wake
length and recirculation strength especially at the first row washed
by predominantly non-turbulent incoming fluid. Surprisingly, de-
spite notable difference in the flow pattern and unsteadiness inten-
sity, the URANS model returned the averaged (in time and over the
surface) Nusselt number very close to that obtained from LES. Both
are, however, by 20% lower than the experimental value, indicating
at possible mismatching of the experimental conditions and the ef-
fect of radiation neglected in the computations. For the higher Rey-
nolds number (for which no LES are available), URANS results come

closer to the experiments. Better agreement could be attributed to
less effect from the intrinsic weaknesses in reproducing laminar-
to-turbulent transition, smaller effects of radiation and of possible
mismatch of the imposed inflow conditions.
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