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Abstract

This article presents the numerical study performed with the CEDRE code, developed at ONERA, to
predict heat transfer on a dimpled surface placed on one wall of a rectangular channel. Various models
of turbulence are tested on three basic configurations. The comparison between numerical results and
experimental Nusselt profiles shows that khe s model implemented in CEDRE is the most appropriate

to predict heat transfer. A parametric study is performed with this turbulence model to determine the
effects of Reynolds number, dimple depth and dimple shape on heat transfer enhancement and pressure
drop. Finally, the technologies using dimples and ribs are compared in term of thermal performance.

1. Introduction

Various techniques are employed to enhance convective heat transfer rates in gas turbine engine passages used for
internal cooling of turbine airfoils. These include protruding ribs arranged in periodic patterns in the internal cooling
passages, and short pin-fins implemented instead of ribs in the trailing section of the blade. These devices promote
turbulent mixing in the bulk flow and enhance the heat transfer capability in the cooling channel. The main drawback

of these technologies is the significant pressure drag produced by the rib or pin fin protrusion into the flow. The
pressure loss induced contributes to raise the compressor load and to deteriorate the engine aerodynamics and the cycle
efficiency. In this context, the technology using concavities (dimples) recently attracted interest due to the substantial
heat transfer augmentations it induces, with pressure drop penalties smaller than with other types of heat augmentation
devices. Convective heat transfer and pressure drop for turbulent airflow in a rectangular channel with a dimpled wall
have already been investigated by many authors. The influence of Reynolds number [1], inlet stagnation temperature to
surface temperature ratio [1], longitudinal turbulence intensity [2], channel height [1] and dimple geometry (depth [3]
and shape [4, 5]) has been characterized. Visualizations with smoke generated from multiple wires have also been
performed to better understand the structure of the flow on and above the dimpled surface [6]. From a numerical
point of view, fewer studies are available. Lin et al. [7] provide computational results witk the turbulence

model for a high aspect ratio channel, in which the walls are lined with four rows of hemispherical cavities arranged

in a staggered fashion. Flow streamlines and temperature distributions are presented that provide insight into the
flow structural characteristics produced by the dimples. More recently, Park et al. [8, 9] and Won et al. [10] have
performed simulations with the FLUENT code to determine the flow structure and the influence of the dimple depth
and shape on heat transfer considering the experimental configuration of Burgess et al. [3]. As a result, heat transfer
augmentation patterns and values predicted numerically are not in good agreement with the experimental data issued
from the literature. The present paper also deals with the numerical prediction of heat transfer and pressure drop in a
rectangular dimpled channel. In a first part, the computational methodology including the presentation of the CEDRE
code, the basic configurations tested and the numerical schemes and models are presented. Then, a parametric study is
performed to characterize numerically thHEeets of Reynolds number, channel height, dimple depth and shape on heat
transfer. In a final part, the two technologies using dimples and ribs are compared in term of thermal performance.
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2. Computational methodology

2.1 The CFD code CEDRE

The CEDRE code is a 3D solver of the Reynolds Averaged Navier Stokes equations based on the finite volume for-
mulation. This code is multisolver to take into account multiphysic phenomena such as multispecies, turbulent and
reactive flow ; dispersed phase (Lagrangian and Eulerian formulation) ; conyditiasion and radiation (Monte

Carlo approach). It uses multidomain techniques on generally unstructured meshes. Various numerical schemes are
available for time integration (implicit and explicit methods) and spatial approximation (discretization of second or-
der with approximate Riemann solvers). This code is also fully parallel with MPI instructions to manage the parallel
processing. It is adapted to all architectures (parallel, superscalar).

2.2 Basic Configurations

Three basic configurations, for which experimental data exist, are considered to validate the numerical parameters
and physical models of the CEDRE code. These configurations consist in rectangular channels with twenty rows of
half hemispherical dimples arranged in a staggered fashion (figure 1). The common parameters between these three
geometries are the following onel3:= 5.08 cm,px = py = 8.22 cm (figure 2). The length of the computational area is

of 1 m and the distance between the channel inlet and the first dimple center measures 15 cm.

Figure 1: Geometry of the three basic configurations
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Figure 2: Geometric parameters characterizing the array of dimples
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These configurations filer from the value of the channel height and the dimple depth. The first case corresponds
to a reference one for which the channel height is quiet large to avoid the influence of the upper wall. For the second
case, deeper cavities are considered with a channel height unchanged. In the last configuration, the dimple depth is
equal to the reference one and the channel height is 5 times smaller than the one considered for the two previous cases.
These geometric parameters are summarized in table 1.

Table 1:H/D andés/D ratio of the three basic configurations
H/D o0/D
Casel 1 @
Case 2 1 (B
Case 3 @ 02

The meshes relative to the three basic configurations are composed of tetrahedral elements, except near the walls
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where prisms are considered to describe more accurately the boundary layers. CENTAUR is used for the development
of these computational grids, whose characteristics are summarized in table 2.

Table 2: Meshes characteristics
Number of Nodes Nuber of Faces Number of Cells

Case 1l 205365 953146 384723
Case 2 223405 1031875 415703
Case 3 261261 1607159 708817

2.3 Boudary conditions, models and numerical schemes

2.3.1 Boundary conditions

A uniform velocity profile is employed at the inlet of the smooth portion of the duct. An inlet turbulence intensity
level of about 10% is used, and the turbulent length scale at the inlet is taken equal to a tenth of the channel height.
A constant heat flux of 650/n? is applied on the dimpled surface, which leads to an inlet stagnation temperature to
surface temperature rafiQ;/T,, of 0.95. On the upper wall, temperature is constant and equal to the inlet one (300 K).
All results for the basic configurations are obtained for a Reynolds number based on channel height of 20 000. At the
exit of the computational domain, a pressure of 1 bar is imposed.

2.3.2 Models and numerical schemes

Ideal gas air is used as the working fluid. Turbulence properties are calculated considekirgstherbulence model
governed by transport equations. The Reynolds averaged Navier Stokes equations are solved numerically in conjunc-
tion with the turbulent transport equations. Near wall regions are fully resolvey fealues less than 1. In these
regions, low Reynolds corrections are taken into account and no wall functions are utilized.

2.4 Results and discussion

The goal of these three computations is to assess the ability of the CEDRE code and the turbulence model chosen to
predict heat transfer on the dimpled surface. The three configurations considered (described in table 2) correspond to
those with most detailed experimental results available.

2.4.1 Evaluation of baseline Nusselt number

The baseline Nusselt numbBi, is extrapolated from the Nusselt number on the first smooth part of the computed
channel. This choice was made to have the same approach as the experiments wheextracted from a smooth

channel experiment and not from a correlation. The smooth part of the channel is about 15 cm long, which is not
enough to have a fully developped flow, but Nusselt number tends to an asymptotic behavior. This asymptotic Nusselt
number is taken as the baseline Nusselt number. This evaluation is not the most accurate one, but it has the advantage
to give a baseline Nusselt number and according Nusselt field on the same computation. An example is provided on
figure 4
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Figure 3: Periodicity of the Nusselt number in computations for the baseline case 1
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242 Casel:H/D=1andé/D=0.2

This is the baseline configuration for which precise experimental results are available. As the computation deals with a
limited number of dimples, the periodic behaviour of the Nusselt number on the dimpled plate has been verified on this
case (fig. 3). For this geometry, experimental results are given by Ligrani and Mahmood [1, 11]. An important point
is that the surface used to calculate the heat flux on the dimpled plate is not the same on these two studies, as in [11]
the projected flat surface was used unlike in [1] where the total surface was used. This gives a 16.4% overestimations
for the results obtained with the flat surface, as stated in [1]. In our computations, the heat flux is numerically imposed
on every surface cell. Thus the most appropriate results for comparison are those which take the full surface [1]. Four
profiles are shown in figures 6 and 7 and the cutting planes are presented in figure 5.
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Figure 5: Locations of the cutting planes in X and Y

Figure 4: Evolution of the Nusselt number in the first directions

smooth part of the channel for the baseline case 1

The results obtained by our computations fits quite well for the mean Nusselt value for each of these profiles. It
also predicts reasonnably well the shape of those profiles. For example, ¥fDxtke0 profile, corresponding to the
symmetry plane of the geometry, computation and experiments give similar results. One can see the Nusselt drop when
entering the dimpleX/D = 7.591) due to the recirculation zone where the fluid loses some of its codlewieeness,
and the peak value of Nusselt at the exit of the dimpleY = 8.591). The computations seem to flatten the profiles, to
underestimate the peak value and to overpredict the lower value of the Nusselt number.
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Figure 6: Nusselt Number fot/D = -0.212 (left) andX/D = 0.638 (right)
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Figure 7: Nusselt Number fof/D = O (left) andY/D = 0.45 (right)

243 Case2:H/D=1andé/D=0.3

This case corresponds to deeper dimples. For this configurations, experimental results are obtained from [3] and
consists of one profile and one Nusselt number field. The reader has to be aware that for these experimental results, the
area used to evaluate heat fluxes is the projected plane surface. Thus, as stated before, a corrected value (lessened by
16.4%) is also proposed with the computational results on figure 8. Once again the mean value of the Nusselt number is
well predicted by the code. Even the drop level is reasonnably well predicted by the computation. But the second part

of the curve (second half of the dimple and after dimple behaviour) is underestimated and seems too smooth compared
to experimental values. However, we can observe that the experimental results do not appear to be periodic. In fact,
we should observe the same pattern for4 2/D < 8.2 and 8.& X/D < 9.8, which is obviously not the case on the
experimental data unlike on the computationnal results.
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Figure 8: Nusselt Number fof/D = 0

In order to complete the study of this case, three Nusselt number fields are presented on figure 9. The first one,
on the left, is the experimental field obtained by Burgess [3], the second one (center) is the FLUENT result from Park,
Desam and Ligrani [8], and the last one on the right is from the current CEDRE computation. As done by Park, Desam
and Ligrani, the color scale has been changed compared to experimental results in order to observe the aspect of the
Nusselt repartition on the dimpled surface. The first remark is that the maximum value of the Nusselt number from
CEDRE computations on this case seems a little higher than the FLUENT ones, but still far from the experimental
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levels. The second remark is about the aspect of the Nusselt repartition. On the experimental field, there is a unique
low Nusselt number zone at the entrance of the dimple, which extends next to the center of the dimple on the dimple
sides (white zone of the first image on figure 9). This behaviour is not retrieved at all by the FLUENT computation
unlike in the current results where the "crescent moon" aspect even if it is not as marked as in the experiments. At the
exit of the dimple, experimental field shows a peak value behind the dimple (on the symmetry axis) which is retrieved
on the CEDRE computation. On the FLUENT calculation, there are two peak value which are not on the symmetry
axis but in the direction of the dimples of the next row.
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Figure 9: Nusselt number repartition : Experiments (left), FLUENT computation (center), CEDRE computation (right)

2.4.4 Case3:H/D=0.2ands/D=0.2

For this case, four profiles are available and are presented on figure 10 and 11. On the symmetry plane of the geometry
computations and experimental data are in good agreement, even if the low Nusselt region seems smaller on the compu-
tational result. The same observation as case 1 and case 2 is made on the three other profiles, that is a phenomenology
recovered by the computations, but the magnitude of the profile is significantly larger on experimental data. Once
again, on theX/D constant profiles, experimental data are not exactly symmetri/for= -0.212. Another surprising
observation can be made on the figure 10, where the two profiles presented should be approximatively the same, as
they correspond to the same type of zone observed for two staggered dimplé§ Dthe0.638 profile should nearly

be a translation of/D = + 0.819 of theX/D = -0.212 profile due to the symmetry of the geometry studied. This is not

the case, not only for the Nusselt number levels, but also for the shape of the profile. Compared to the first profile on
figure 11, the value at/D = 0 and just after the dimpleX(D = 0.638) seems to comfort th&/D = 0.638 experimental

profile, which is moreover completely symmetric as awaited. XHe = -0.212 profile seems to be a little suspicious

for the moment. It must also be reminded that this case is really interesting to compute because of the strong interaction
between the upper wall and flow structure, which can lead to absurd results. This seems to be a good dimensionnal
computation case.

2.4.5 Conclusion on baselines cases

The CEDRE code is able to predict quite well, at least on these three cases, the shape of the Nusselt number repartition
on the dimpled plate. However the magnitude of these Nusselt number seems underestimated, even if the mean value
is in good agreement with the experimental data. After having computed these three baseline cases, it has been decided
to evaluate the influence of several geometrical and physical parameters on the Nusselt number repartition.
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Figure 11: Nusselt Number fof/D = 0 (left) andY/D = 0.45 (right)
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3. Parametric Study
3.1 Effect of Reynolds Number

As mentionned in the state of the art, the influence of Reynolds number is neglectable on the Nusselt number behaviour
on dimpled surfaces (at least in a reasonnable range of Reynolds). To test this behaviour numerically, three cases were
computed. The baseline case 1 (presented before) with a Reynolds number of 20 000 and two other Reynolds numbers
on the same geometry (10 000 and 50 000) which correspond to bulk velocity ranging from ihts. 3%s presented

in figure 12, there is nearly no influence of the Reynolds number. When looking more precisely, the computations show
a little effect which is a higher Nusselt number value obtained for the higer Reynolds number. Howevefeteack

is quite small as the friction can significantly grow. Thus a high Reynolds number is not a good compromise for this
type of cooling device.
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Figure 12: Nusselt Number forfiiérent Reynolds number. Left/D = 0 ; Right : Y/D = 0.45

3.2 Effect of dimple depth

An important geometric parameter is the depth of the dimple. In fact, a deeper dimple can better promote the turbulence
mixing and thus the cooling. However, a too deep dimple can cause a large recirculation at its entrance and then reduce
its cooling properties. For this influence, three cases have been computed/@n-al channel, fos/D = 0.1 ; 0.2

and 0.3 . These two last cases have been presented before (cases 1 and 2 of the baselines cases). On the figure 13 the
Nusselt number repartitions are presented for these three case®.Orad.1 case is quite similar to a flat plate where

the variations of the Nusselt number are really limited : this case is not a good turbulence promoter anffigerit e

for cooling the wall. On the opposite, tldgD = 0.3 case, compared to thigD = 0.2 case, presents a higher value for

the Nusselt number behind dimples, but at the same time a larger recirculation zone inside the dimple which gives a
globally lower Nusselt number inside the dimples. Moreover, a deeper dimple can provoke a higher pressure loss in the
channel. At last, for mechanical properties of the material, it is better to have a more uniform field of Nusselt. For all
these reasons, it does not seems to be useful to raise the adimensionned dimple depth above a value of approximatively
0.2.
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Figure 13: Nusselt Number forfiierent dimple depth. LeftY/D = 0 ; Right : Y/D = 0.45

3.3 Effect of dimple shape

Two other shapes of dimples have also been computed : a cylinder and an inclined half-cylinder with a non-dimensional
depth of§/D = 0.2 . These geometries and their parameters are represented on the figure 14 and compared to the
baseline case 1. The computationnal domain is represented on the figure 15 and results are given in term of Nusselt
number field. On the cylinder shaped dimple, a strong recirculation, inducing pressure loss and thermal penalties, is

Flow direction — Flow direction
H - =
D
N\ Y s AN SN \ \g N 4
\ ,,,,,,,,,,,

Figure 14: Cylinder and half-cylinder dimples.

Figure 15: Computationnal domain. Cylinder (left), half cylinder (right)

observed inside the dimple. Compared to the spherical shaped dimple of same depth, this cylindrical geometry induces
hot spots and strong recirculation zones. Thus it is adviced to prefer spherical shaped dimples to cylindrical ones. The
idea of the second shape tested during this work comes from this observation : to maximize the cooling properties of the
dimple, we have to limit the recirculation created at its entrance while keeping a strong turbulence promoter at the exit.
As shown on figure 16, there still exists a low Nusselt number zone inside the dimple, but also two high Nusselt number
zones at the exit of the dimple. This sort of shape is also interesting because of its geometry, the density of dimples
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on the surface could be increased. As stated above, there is still a recirculation in the dimple which induces penalties
on the cooling properties. A further improvement would probably consists in reducing this half cylinder dimple depth
andor transforming the circular base to an elliptic one in order to stretch the dimple along the flow direction to limit at

a minimum the entrancedfect in the dimples.

Nu/Nu0: 1 15 2 25 3

Figure 16: Nusselt Number forfiierent dimple shape : spherical (left), cylinder (center), half cylinder (right)

4. Thermal performance

A useful indicator to evaluate the coolinffectiveness of a device is the global thermal performance. This is the ratio
. - Nu/N . -
of the mean spatial Nusselt number to the cube root mean frictjoa ﬁ To evaluate the baseline friction,
0
the Drew correlatiorfy = 0.00140+0.125Re %32 has been used, and the frictibrran be directly linked to the pressure
HAP i thi
~07Ax The results for the several cases computed in this study are presented on the table 3.
P
The name of the dierent geometries corresponds to shape_channel height_dimple depth. For example, SPH_H1 d0.2
reads "spherical dimples with channel heighiiD=1 and dimple depth/D=0.2".

loss by the relatiorf =

Table 3: Thermal #iciency for the diferent geometries computed

Geometry Reynolds  Nu/Nuw f/fo n
CYL_H1 do.2 20000 B3 1145146
DEMCYL_H1 d0.2 20000 B52 26721187
SPH_HO0.2_d0.2 20000 200 48771293
SPH_H1 d0.1 20000 291 17181075
SPH_H1 d0.2 10000 113 30031184
SPH_H1 d0.2 20000 .861 3244 1254
SPH_H1 d0.2 50000 .889 39741190
SPH_H1 d0.3 20000 .851 3626 1201

These results are comforted by the values detailed in [12]. The riestiee cooling configuration seems to be
the one with the smaller height of channel, but it has been remarked above that this configuration istopuitietali
compute, and these results have to be taken with caution. This configuration is also the one with the higher friction
factor ratio. The second mosdfective configuration is the baseline case 1, with a channel height equals to the diameter
of the spherical shaped dimples and a depth for dimples equals to 0.2 times the diameter. This configuration has been
always at the center of the comparisons made through this study, and seems to be one of the best compromise so far.
Compared to LES results obtained by Bertier and Grenard with the CEDRE code [13] (based on experiments by Cakan,
Casarsa and Arts [14, 15]) on a ribbed channel), these values for a high blockage ratio ribbed channel reads 1.93 for
Nu/Nu , 21.5 forf / fo and 0.7 for;. Thus, the same level of Nusselt number can be obtained with a dimpled channel
with a radically lowered pressure loss, which is always interesting in term of global erfficierey.

10
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5. Conclusions

This work was the first on these cooling devices at ONERA. The choice was made to compute three baseline config-
uration to evaluate the CEDRE code and observe how it reacts to this geometry. Once the behaviour of the code was
known on these configuration, it was possible to evaluate the consequences of changing one parameter in a reasonnable
range. This was made with the Reynolds number, the dimple depth and the geometry of the dimples. This last point is
really interesting because the shape, the repartition, the density of dimples on a plate is endless. An infinite number of
geometries could be invented, from a simple one to a really sophisticated one. Another aspect is that these dimples are
used to cool strong strained surfaces : an interesting study would also be to evaluate the influence of dimple depth and
shape in terms of structural behaviour for the materials.
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