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Abstract

This paper describes our efforts to compute convective heat transfer through gas-turbine blade-cooling passages. The influence on
the mean and turbulent flow due to surface rib-roughness is the main focus. A number of turbulence models, of effective viscosity
(EVM) and second-moment type, are applied to the computation of flow and heat transfer through ribbed-roughened passages.
Computations of flow through a rib-roughened U-bend show that second moment closures are necessary in order to correctly
reproduce the regions of flow separation. Heat transfer computations through two-and also three-dimensional ribbed passages
reveal that low-Re turbulence models are necessary and that a low-Re differential stress closure yields thermal predictions that are
superior to those of the low-Re EVM model. A differential version of the Yap length-scale correction term, independent of the wall
distance, is introduced to the dissipation rate equation and is found to improve the heat transfer predictions of the low-Re k—e

model. © 1999 Elsevier Science Inc. All rights reserved.

1. Introduction

The design of effective internal cooling passages within the
rotating blades of gas-turbines has been exercising the minds
of engine designers for a number of decades. Flow in these
passages is not only affected by the rotation of the blade, but
also by the presence of sharp U-bends and heat-transfer-en-
hancing ribs. The resulting flow field is consequently complex
and highly three-dimensional, containing regions of strong
acceleration, flow separation and secondary motion. Wall heat
transfer is highly non-uniform and even mean values cannot be
accounted for by existing correlations. The development of
numerical methods that can reliably predict wall heat transfer
in such passages thus can greatly facilitate the design process.

Flow solvers used for the computation of such flows, need
to be able to resolve the complex three-dimensional features of
the mean motion with numerical accuracy and also to employ
mathematical models of turbulence that reproduce the effects
of separation, streamline curvature and rotation on the tur-
bulence field. Moreover, since the main interest is in the
computation of wall heat transfer, an additional and more
challenging requirement is that the near-wall turbulence must
also be faithfully reproduced. Progress in the development of
suitable numerical techniques has been difficult, because of the
heavy computational demands involved and also because of,
until recently, the lack of detailed experimental data, against
which turbulence models could be validated. This paper re-
ports the authors’ recent efforts to address some of the issues
related to the computation of blade cooling flows, namely
those of rib-roughness and strong curvature.

* Corresponding author. E-mail: h.iacovides@unist.ac.uk.

As far as the curvature effects are concerned, in flows
through curved ducts, local imbalances between the curvature-
induced centrifugal force and the opposing centripetal pressure
gradient, lead to secondary motion, which transports fluid
from the outer to the inner side of the curved duct. The fluid is
then returned to the outer wall through the duct centre. As a
result, the faster fluid is convected to the outer side of the
curved passage. The secondary velocities are strongest at
the near-wall regions. Thus in order to accurately predict the
secondary motion, as shown by Choi et al. (1989) the near-wall
regions and the viscous sub-layer regions would need to be
adequately resolved. A subsequent study by Besserman and
Tanrikut (1991) also showed that the resolution of the wall
sub-layer, in place of the more widely used wall function ap-
proximation, improves heat-transfer predictions through
curved ducts. In addition to the above effects on the mean
motion, streamline curvature also has a direct effect on tur-
bulence. As identified by Bradshaw (1973), the EVM approx-
imation is unable to reproduce this effect. Consequently, as
shown by numerous researchers, such as lacovides and Li
(1993), the non-symmetric velocity profiles that develop across
curved channels (Ellis and Joubert, 1974), cannot be repro-
duced by EVM models. As far as three-dimensional flows
through U-bends are concerned, Choi et al. (1989) and more
recently Iacovides et al. (1996) have shown that flow predic-
tions are improved through the introduction of second-mo-
ment closures. More elaborate realisable closures have been
shown (Iacovides et al. (1996)) to be especially promising for
the computation of heat transfer. In U-bends of strong
curvature, which are common in blade-cooling passages, the
measurements of Cheah et al. (1996), have revealed that the
streamwise pressure gradients that develop at both ends of
the bend exert the strongest influence. Within and downstream
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of the bend, there is a sizeable separation region along the
inner wall and strong flow acceleration along the outer wall.
The computations of Iacovides et al. (1995) suggest that the
curvature-induced separation is more reliably reproduced by
extending the use of second-moment closures across the vis-
cous sub-layer.

Rib roughness, by causing flow separation, as can be seen in
the data of Iacovides et al. (1995), leads to a substantial en-
hancement of turbulence levels. As can be seen in numerous
experimental studies, Han (1984) and ITacovides et al. (1998b),
heat transfer is also considerably enhanced. Moreover, the
presence of ribs, as can be seen in the measurements of
Humphrey and Whitelaw (1979), also induces or reinforces
stress-gradient-difference secondary motion. The LDA study
of lacovides et al. (1998a), a follow-up study of the Cheah
et al. (1996) investigation of a smooth U-bend, also examined
the combined effects of rib-roughness and strong curvature, by
introducing ribs of square cross-section along the inner and
outer walls in the upstream and downstream sections, in a
staggered arrangement. The study showed that the size of the
curvature-induced separation bubble along the inner wall is
reduced, while along the outer wall, when the accelerated fluid
coming out of the bend encounters the first downstream rib, a
large separation bubble is formed that covers the entire first rib
interval. While some numerical studies of three-dimensional
flows through ribbed passages have appeared, Taylor et al.
(1991) and more recently Bonhoff et al. (1998), most have been
confined to two-dimensional flows, like Liou et al. (1993).
Finally the recent work of Rigby et al. (1996), also deserves a
mention. Their multi-block approach highlights the need for
adequate resolution of the corner regions, while the use of the
Wilcox (1994) k—w model returned reasonable Nusselt num-
ber distributions in smooth square-ended U-bend of strong
curvature.

The first attempt within the authors’ group to predict flow
and heat transfer in three-dimensional ribbed passages, (Ia-
covides, 1998), involved the use body-fitted grids, which were
shown to be numerically efficient. Zonal models of turbulence
were employed, in which, either within an effective-viscosity
approach, or a differential stress-closure, the dissipation rate of
turbulence in the near-wall regions was obtained from the wall
distance. This modelling approach was adopted because it al-
lows the resolution of the sub-layer regions but without the
need for very fine grid resolutions associated with low-Rey-
nolds-numbers models, where the dissipation rate equation is
integrated up to the wall. The mean flow and, when using a
second-moment closure, the turbulence fields in straight ribbed
passages were well predicted under both stationary and ro-
tating conditions. The heat-transfer coefficient, however, was
somewhat under-estimated. Here the zonal models are also
used for flow computations in a ribbed U-bend, while as far as
heat transfer computations are concerned, both zonal and low-
Re models are tested for two- and three-dimensional straight
ribbed passages. The U-bend flow computations have been
carried out in order to test whether the zonal models can re-
produce the combined effects of rib-roughness and strong
curvature as well as those of rib-roughness and rotation (la-
covides, 1998). The heat transfer computations have been
undertaken in order to explore whether the introduction of
low-Re models correct the predictive deficiencies of the zonal
models.

2. Flow equations

All the equations are presented in Cartesian tensor nota-
tion.

2.1. Mean flow equations

Continuity:
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2.2. Turbulence modelling equations

2.2.1. Effective-viscosity models
Stress—strain relationship:
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In the near-wall regions, the high-Re k—e is matched to
Wolfshtein, 1969-equation model.

The k-transport equation is the same as Eq. (4) for the
high-Re k—e. The dissipation rate, ¢, and the turbulent vis-
cosity, 1, are obtained from:

k3/2

L
The length scales /. and /, are obtained from the near-wall
distance Y, according to:
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and p, = peul Vk. (7)
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Launder—Sharma (Launder and Sharma, 1974) low-Re k—e:
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2.2.2. Second-moment closures

The two variants employed here are relatively simple low-
Re extensions of the basic differential stress closure. These
extensions were first used by lacovides and Toumpanakis,
1993.

Stress transport equations:
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The redistribution term @;; consists of the linear return-to-
isotropy terms and of the conventional wall reflection terms

that rely on the wall distance x, and the unit vector to the
wall n:
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The low-Re terms H;; and J;; are defined as follows:
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Zonal differential stress model (DSM):

The damping functions that appear in the above terms
depend on the dimensionless wall distance y*/ Yk'/?/v, have the
following expressions:

Je=exp(=y"/3),

Sfw =[1 —exp(—0.12y")][1 4 exp(—0.03y*)],
fr =0.06exp(—y"/3),

Su = (102 +7.5y") exp(—y*/20).

In the fully turbulent region, the e transport equation is the
same as that of the high-Re k—e model, Eq. (6).

In the near-wall regions, the dissipation rate, ¢, is also ob-
tained from a prescribed length scale /., obtained from

I, = 2.55Y[1 — exp(—0.236y")).

Low-Re differential stress model (DSM): The damping
functions now depend on the local Reynolds number of tur-
bulence, R; = k?/ve:

Je=exp(=Ri/8),

Ju = [1 = exp(=R/20)][1 — exp(—R:/100)],
1 = 0.06exp(~R./8),

Sfu = (10 + 2.6R,) exp(—R;/20).

The dissipation rate equation used is the same as Eq. (11)
for the low-Re Launder-Sharma k—e. The damping function,
fu» which still appears in the stress and e transport equations is
now obtained from:

fu = exp[—4/(1 + 0.01R)’].

2.2.3. Length scale correction terms

It is well known, that in separated flows, the Launder—
Sharma version of the e equation returns excessively high levels
of near-wall turbulence. To address this problem, Yap (1987)
proposed the addition of a correction term to the e equation,
YC, based on the wall distance, Y.
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In a recent proposal by Hanjalic (1996) the wall distance in
the above term is eliminated by using the gradient of the length
scale normal to the wall surface. Here, these ideas are further
developed, by (a) introducing the resultant of the length scale
gradient vector and (b) by also taking into account the effects
of wall damping across the sub-layer.

From Woolfshtein: I, =2.55 Y[ 1 — exp(—0.263 y*) ].

Differentiating /. and then replacing y* by R;, as proposed
by Yap (1987), produces the following expression for the
gradient of the equilibrium length scale, (d/./dY):

(dle/dY) = ¢/[1 — exp(—B.R,)] + BcciR, exp(—B.R,)
with ¢; =2.55 and B, =0.1069.

From the resultant gradient, D,, of turbulent length scale
I= Kk3?[e, a correction factor F is defines according to:
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A new version of the Yap term, NYC, is then developed:
NYC = max[0.83F(F + 1)*pe® /k,0.]. (24)

YC = max
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2.3. Modelling of turbulent heat fluxes

In all EVM and some second-moment computations the
turbulent heat fluxes have been modelled through the effective
diffusivity approximation

— u 0T
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In most of the second-moment computations the generalised
gradient diffusion hypothesis has been employed.
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2.4. Modelling constants

The empirical constants that appear in the turbulence
equations have the following values, according to the pro-
posals of Jones and Launder (1972) for the k and € equations
and Gibson and Launder (1978) for the stress equations
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2.5. Numerical issues

The calculations presented here were carried out with a
number of finite volume solvers. For two-dimensional com-
putations a fixed, orthogonal co-ordinate solver has been used.
Recent three-dimensional computation have been obtained
using the STREAM code, which employs general non-or-
thogonal co-ordinates, with a Cartesian velocity decomposi-
tion. In the fully-elliptic, three-dimensional computations, a
bounded version of the upstream quadratic interpolation
scheme, QUICK, was employed for the discretization of con-
vection in all transport equations, described elsewhere (Ia-
covides, 1997). Grid issues are discussed during the
presentation of results.

3. Results and discussion
3.1. Flow computations

As mentioned in Section 1, one of the issues addressed in
our earlier investigations (Iacovides, 1998; Iacovides, 1997)
was that of achieving adequate grid resolution for three-di-
mensional flows through passages of complex geometries. It
was shown that body-fitted grids allow the flow region around
ribs to be resolved with fewer grid nodes than Cartesian grids
with blocked regions and also prevent the formation of large-
aspect-ratio cells within the flow domain. Body-fitted grids of
relatively modest size were found to be able produce grid-in-
dependent solutions in ribbed passages.

Here we reproduce one of these earlier comparisons (la-
covides, 1997) for flow through a ribbed U-bend. The flow
domain is shown in Fig. 1. Two body-fitted grids were used to
resolve one of the symmetric halves of the flow domain shown
in Fig. 1, a grid of 15 x 32 x 147 shown in Fig. 2 and also a
21 x 44 x 297 grid, both resulting in the same solutions. The
measured (Iacovides et al., 1998a) flow development along the
symmetry plane, presented in the velocity profiles of Fig. 3, is
for the most part well predicted, especially when the zonal
EVM is replaced by the zonal DSM closure. As also found in
flows through smooth U-bends (Iacovides et al., 1995), the
separation bubbles along both the inner and the outer walls are
more faithfully reproduced by the zonal DSM, though, evi-
dently, agreement with the experimental data is not complete.
These findings are consistent with those of (Iacovides, 1998),
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Fig. 1. Ribbed, rotating U-bend with staggered ribs.
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Fig. 2. Grid employed for computations through a ribbed U-bend.

regarding flow through straight ribbed passages, under sta-
tionary and rotating conditions.

3.2. Heat transfer in two-dimensional ribbed passages

Several flows through two-dimensional ribbed pipes and
plane channels, such as those shown in Fig. 4, have been
computed. Here, local Nusselt number comparisons are pre-
sented for two such cases, the details of which are tabulated
below.

Passage Ple elD or e/H Re Pr
Pipe 10 0.0675 64 x 10° 0.71
Channel 10 0.1 40 x 103 5.45

All the cases examined, involved passages long enough for
repeating flow conditions to prevail over each rib interval.
Consequently, the numerical flow domain covers only one rib
interval and repeating flow and thermal boundary conditions
are applied. A Cartesian mesh is employed, with the grid nodes
falling within the ribs blocked off. In all cases two grids were
used, a 51 x 60 and a 91 x 110. For the first case constant wall
heat flux thermal boundary conditions were employed. For the
second case constant wall heat flux conditions were applied
over the rib interval. The heat conduction equation was then
solved within the ribs, assuming that the heat flux, per unit
area, into each rib was the same as that for the rest of the duct
wall. These thermal boundary conditions were consistent with
the heating arrangements in the experimental study (Iacovides
et al., 1998b).

The mean flow fields returned by the zonal EVM and DSM
models for the ribbed pipe interval are shown in Fig. 5.
Downstream of the rib, because of its sensitivity to streamline
curvature, the DSM model predicts a longer and wider sepa-
ration bubble. The corresponding low-Re models produced
similar flow fields.

Comparisons for the local Nusselt number for the ribbed
pipe, with the experimental data of Baughn and Roby, 1992
presented in Fig. 6, reveal that the two zonal models under-
predict, by as much as 30%, Nusselt numbers over the first half
of the rib interval, while over the second half of the interval,
both models are in close agreement with the data. This is not
unexpected, since in both zonal models, the scale of the near-
wall eddies is assumed to depend on the wall distance, an as-
sumption which is inappropriate for flow separation regions,
where transport effects on the turbulent length scale cannot be
ignored. In fact when the simplicity of the near-wall model is
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Fig. 3. Mean flow comparisons for flow along the symmetry plane of a ribbed U-bend.
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Fig. 4. Two-dimensional ribbed passages examined.

taken into account, the thermal predictions of the zonal ap-
proaches can be said to be surprisingly close to the data. The
zonal EVM predicts that downstream of the rib the Nusselt
number rises too quickly to its local maximum, while the zonal
DSM shows the opposite predictive deficiency. The low-Re
k—e with the old Yap term over- predicts levels of wall heat
transfer, by about 20%, while with the new Yap term proposal,
agreement with the measured Nusselt number data is very
close. The low-Re DSM with the new Yap term returns too
low Nusselt number values downstream of the interval, but
with the old Yap term the predicted Nusselt number variation
is in closer overall agreement with the data, over the rib in-
terval and also over the rib surface.

Comparisons for the ribbed channel, with water as the
working fluid, Pr=5.45, shown in Fig. 7, also lead to similar
conclusions. It should be noted, that the ribbed channel, was in
fact of a square cross-section, but, as shown in (Iacovides
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Fig. 5. Predicted mean flow field in a ribbed pipe.

et al., 1998b), the measured variation in the local Nusselt
number in the lateral direction was minimal. The measure-
ments also show that in the plane channel Nusselt number
levels rise more gradually downstream of the rib, possibly
because only one wall of the plane channel is ribbed and
consequently each rib causes a stronger deflection of the flow
away from the ribbed surface. The DSM models reproduce this
gradual rise more faithfully than the EVM and are therefore in
closer agreement with the thermal data.

The two-dimensional comparisons therefore, for axisym-
metric and plane geometries, indicate that the zonal models
under-predict wall heat transfer, but are in reasonable overall
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Fig. 7. Nusselt number comparisons for ribbed channel, at Re =40 x 103, and Pr=5.45.

accord with measured heat transfer data. The new Yap term
improves the thermal predictions of the low-Re EVM, result-
ing in good agreement with the data, while for the low-Re
DSM the effect of the new Yap term appears to be too strong
leading to unrealistically low levels of wall heat transfer. A re-
optimisation of this term appears to be necessary when used
with the low-Re DSM tested in this study. The recent work of
Craft, 1998 in which this differential form of the Yap term has
been included in another low-Re DSM model for the compu-
tation of impinging jet flows, also reached the same conclusion.

Mean flow comparisons, not shown here, show practically
no difference between predictions obtained by the two different
versions of the Yap term. The changes that the differential
form of the Yap term causes to the heat transfer predictions

arise from the effect that this term has on the turbulence across
the viscous and transition layers.

3.3. Flow and heat transfer in three-dimensional ribbed passages

Heat transfer computations have straight ribbed ducts of
square cross-section in which repeating flow conditions are
established. Two such geometries, shown in Fig. 8, have been
examined: a straight duct with in-line ribs on opposite walls,
and a duct with staggered ribs on opposite walls. In the case
of the duct with in-line ribs, the rib-height-to-diameter ratio,
elD is 0.0675, the rib spacing, Ple is 10 and data for com-
parison have been obtained from Baughn and Yan, 1992. For
the duct with staggered ribs, ¢/D=0.1 and P/e=10, and the
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case was experimentally examined at UMIST (Iacovides et al.,
1998a).

The rib intervals were resolved using a 74 x 62 x 30 body-
fitted mesh. While there are fewer grid-nodes in the cross-
stream direction than in the two-dimensional computations,
where Cartesian grids were used, the body-fitted meshes em-
ployed in the three-dimensional computations, as can be seen
in Fig. 2, allow a more efficient resolution of the near-wall
regions. The y* value of the near-wall nodes was kept, in all
computations, to levels less than 1.

Comparisons of the Nusselt number distribution along the
symmetry line of the ribbed wall, for the duct with in-line ribs,
Fig. 9, show that the zonal models, as in the two-dimensional
cases, under-predict the coefficient of wall heat transfer. The
zonal DSM does however reproduce the experimental behav-
iour more closely than the zonal EVM, returning a more
gradual rise in Nusselt number in the recirculation region
downstream of each rib and higher levels after re-attachment.
The low-Re EVM returns higher Nusselt numbers which, es-
pecially with the new Yap term, are very close to the measured
values. In common with the zonal EVM and also as noted in
two-dimensional channels, the low-Re EVM predicts that in
the recirculation region downstream of each rib, the Nusselt
number rises too quickly. As also noted in the two-dimensional
cases, with the original Yap term the low-Re k—e over-predicts
wall heat transfer. The low-Re DSM comparisons for this case,
also lead to conclusions similar to those reached in the two-
dimensional case. With the original Yap term, the low-Re

\LI_Ie LJ——]‘
Y
z
_z b
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S

P/e =10, ¢/D = 0.0675, Re=50,000

(a) Square duct with in-line ribs
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DSM produces a Nusselt number distribution that for the
most part is close to the measurements and also, in contrast to
the EVM, returns a more gradual rise downstream of each rib.

For the passage with staggered ribs, comparisons are pre-
sented, for the distribution of local Nusselt number along the
symmetry line of the ribbed wall and also for the distribution
of the side-averaged Nusselt number along the ribbed wall,
Fig. 10. The zonal model predictions, show that the Nusselt
number is now more severely under-predicted than for the duct
with in-line ribs. One possible cause may be the fact that the
rib size in this case is greater. As expected, the introduction of
low-Re models leads to the prediction of higher Nusselt
numbers. The low-Re EVM, with the original Yap term, while,
as in the previous cases, over-predicting the symmetry-line
Nusselt number, nevertheless returns the correct distribution
of the side-averaged Nusselt number. With the new version of
the Yap term, the low-Re k—e returns reasonable Nusselt
number values along the symmetry line, but under-predicts the
side-averaged Nusselt number. The low-Re DSM, with the
original Yap term returns the correct distribution of wall heat
transfer along the symmetry plane and also the correct distri-
bution of the side-averaged Nusselt number.

The three-dimensional heat-transfer computations there-
fore result in conclusions that are on the whole consistent with
those reached in the computations of two-dimensional flow
and heat transfer through ribbed passages. Zonal models, be-
cause they ignore the effects of transport on the near-wall
turbulence scale, under-predict wall heat transfer rates. The
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Fig. 8. Flow geometries and conditions for ribbed ducts.
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low-Re closures are found able to reproduce the correct Nu-
sselt numbers, provided that correction terms are added to the
dissipation rate equation. The alternative version to the Yap
term proposed, appears to offer some predictive advantages
when used with the low-Re EVM model, but in its current
form is found to be too strong when used with the low-Re
DSM closure. The second-moment closure, low-Re extension
of even the basic DSM model, is found to produce heat
transfer predictions that are superior to those of the EVM
model and in close accord with the available data.

4. Concluding remarks

The computation of flow and convective heat transfer in
passages affected by strong curvature and rib-roughness has
been considered. A series of test cases have been computed, in
order to identify the turbulence modelling practices necessary
to produce reliable predictions in flows subjected to these in-
fluences. For the computation of three-dimensional flows
through ribbed passages of complex geometries, as shown in
our earlier studies, the use of body-fitted grids has been found
to substantially reduce grid requirements. For the computation
of flows affected by strong curvature and rib-roughness it is
found necessary to extend the second-moment closure across
the viscous sub-layer. As far as the computation of heat
transfer through ribbed passages is concerned, the use of low-
Re closure appears to be essential. For the low-Re closures
tested the inclusion of length scale correction term appears to
be necessary. For the low-Re k—e an alternative to the Yap
term, independent of the wall distance, is found to be more
promising than the original version. The low-Re DSM model,
because of its sensitivity to the effects of streamline curvature

reproduces the turbulence field more faithfully than the EVM
model, which in turn leads to thermal predictions superior to
those of the low-Re k—e. While agreement with measurements
has not been complete in all the cases examined and further
work on more complex flows is still in progress, low-Re dif-
ferential stress models appear to offer the most promising route
for the reliable computation of convective heat transfer in
blade cooling passages.
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