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Large-Eddy Simulations of heated flows in ribbed channels
with spanwise rotation

Amine Abdelmoulaa, Bassam A. Younisb, Sebastian Springa, and Bernhard Weiganda

aInstitut f€ur Thermodynamik der Luft- und Raumfahrt, Universit€at Stuttgart, Stuttgart, Germany; bDepartment
of Civil & Environmental Engineering, University of California, Davis, Davis, California, USA

ABSTRACT
We report on the outcome of a computational study of heat and momen-
tum transport in a heated ribbed straight channel rotated about a span-
wise axis. The flow is of both practical and fundamental interest, the latter
due to the simultaneous presence in this flow of a number of complicating
effects. These include system rotation, mean-flow unsteadiness, large-scale
flow separation, and subsequent reattachment; their interactions severely
distort the turbulence structure and thus pose this flow as a challenge to
engineering prediction methods. In this study, the predictions were
obtained using Large-Eddy Simulations with the objectives of assessing the
performance of this approach in this flow, and gaining better understand-
ing of the factors that influence the quality of the solutions. Thus, the
numerical accuracy of the simulations was determined using Grid
Convergence Index (GCI) method, and additionally by comparing results
obtained using discretization schemes of different orders of accuracy. The
dependence of the computed results on the models for the sub-grid scale
correlations in both the momentum and thermal energy equations was
checked by performing computations with alternative closure assumptions.
These included the Smagorinsky and the dynamic models for momentum,
and both linear and non-linear models for the thermal energy fluxes. The
computations, which were performed with OpenFOAM, were compared
with benchmark experimental data from both heated and isothermal flows.
The correspondence between predictions and measurements was generally
satisfactory but some important differences remain. It is argued that these
are in part due to ambiguities in the way in which temporal and spatial
averages are obtained in the computations and in the measurements.
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1. Introduction

In the current practice for the cooling of rotating turbine blades, a coolant is circulated through
internal cavities that resemble, in idealized form, a straight channel rotating around a spanwise
axis. The resulting flow is turbulent with a structure that is severely distorted by the effects of
rotation. On the pressure side (where the imposed system vorticity is in the same sense as the
mean-flow vorticity), these effects are destabilizing in that the turbulent motions are energized
leading to enhancement of the wall heat transfer rates relative to a stationary channel. On the
suction side, the opposite occurs: the effects of rotation are stabilizing leading to reduction of the
turbulence activity. At sufficiently high rotation rates, the destabilizing effects lead to the forma-
tion of Taylor-G€ortler vortices, while the stabilizing effects can lead to re-laminarization of the
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flow and hence to a substantial reduction in the heat transfer rates. It is for this reason that tur-
bulence-enhancing ribs are often installed on the suction side of the rotating passage to compen-
sate for the adverse effects of rotation. However, the presence of these ribs, being formed from
successive square or rectangular steps with axes perpendicular to the main flow direction, causes
both the surface friction and the overall pressure drop to increase relative to their values in a
smooth channel, the latter by as much as 15�20% [1]. There is then a clear incentive in being
able to accurately predict the relationship between the strength of rotation and the disposition of
the surface ribs on the stabilized side in order that these can be optimized to increase the heat
transfer rates while keeping the inevitable energy losses to a minimum.

Numerous experimental and computational studies on rotating ribbed channels have been
reported in the literature, mostly for isothermal flow conditions. Here, attention is confined to

Nomenclature

Aþ Coefficient in van Driest wall damp-
ing model

cp Pressure coefficient
Cs Smagorinsky coefficient
C1, C2, C3 Coefficients in heat-flux model
Dh Hydraulic diameter
e Rib height
H Channel height
L Channel width
N Number of computational nodes
Nu Nusselt number
P Periodic length
P Pressure
Pr Prandtl number
_Q Heat transfer rate
qtj Heat flux
Re Reynolds number
Ro Rotation number
Sij Strain tensor
T Temperature
t Time, fluctuating temperature
Ui, Ub Mean velocity, bulk velocity
ui Velocity fluctuations
xi Cartesian coordinates

Greek Symbols
b Streamwise pressure gradient
C, Csgs Thermal diffusivity, sub-grid scale thermal

diffusivity
c Streamwise temperature gradient
D Filter width / grid size
dij Kronecker delta
� Dissipation of turbulent kinetic energy
k Thermal conductivity
l, lsgs Dynamic viscosity, sub-grid scale viscosity
� Kinematic viscosity
X Rotation rate
q Density
H Non-dimensional temperature
sij Reynolds stress
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the cases where the ribs are square in cross-section and are installed on only one side of the
channel with the opposite side being smooth. The strength of rotation is characterized by the
non-dimensional rotation number, Ro, which represents the ratio of the Coriolis to the inertia
forces:

Ro ¼ XDh

Ub
; (1)

where Ub is the bulk velocity, Dh is the hydraulic diameter, and X is the angular velocity. In what
follows, a positive value of Ro indicates that the flow adjacent to the ribbed side of the channel is
destabilized by rotation while a negative value indicates a flow that is stabilized by rotation.

Detailed measurements of the isothermal flow in a ribbed rotating channel were reported by
Coletti et al. [2] who used Particle Image Velocimetry to map the flow field at Re¼ 15,000 (based
on bulk velocity and hydraulic diameter) and for Ro ¼ ±0.3. Borello et al. [3] used these meas-
urements to validate their Large-Eddy Simulations while Kubacki et al. [4] and Xun and Wang
[5] employed them to check models that combined features from conventional Reynolds-averag-
ing (RANS) closures with Large-Eddy Simulations. For the heated case, Mayo et al. [6, 7] used
Liquid Crystal Thermography to map the thermal field at values of Re up to 55,000, and for rota-
tion numbers in the range �1<Ro<1 . Abdel-Wahab and Tafti [1] performed Large-Eddy
Simulations with a dynamic subgrid-scale model at Re¼ 20,000 and for Ro ¼ 0:18; 0:36 and 0.68.
Ahn et al. [8] used the same approach but for Re¼ 30,000. They examined the impact of the
rotation on the heat transfer on the pressure and suction sides and confirmed the basic mechan-
ism responsible for the change in the local heat transfer due to rotation. Sewall et al. [9] reported
on a combined computational (LES with dynamic sub-grid scale model) and experimental (Laser
Doppler Velocimetery and infrared camera) of the flow and thermal fields in a number of related
geometries including one in which nine ribs were installed. Their findings confirmed the expect-
ation that, after a suitable development length, the flow becomes periodic and is hence amenable
to computation with a reduced solution domain with cyclic boundary conditions. They also
pointed out the important role in the enhancement of the heat-transfer rates of the unsteady vor-
tex structures that are formed by shear-layer separation from the ribs downstream corners.

In this study, our aim was to contribute to the still limited literature on the heated flows in
rotating channels with spanwise ribs and thus provide a point of comparison that is useful in
quantifying the uncertainty involved in previous predictions and measurements. To this end,
Large-Eddy Simulations were performed for rotating heated asymmetric ribbed channels with due
consideration given to aspects of this approach that influence the quality of the results. These
aspects include the sensitivity of the computations to the computational grid used to resolve the
solution domain, the choice of the discretization scheme used to represent the advection terms in
the momentum and thermal energy equations, the choice of the model for the sub-grid scale cor-
relations that appear in these equations, and the nature of the averaging process for flows with
significant temporal and spatial variations.

2. Governing equations

The theoretical framework of Large-Eddy Simulations is well known and need not be expounded
on in detail here. Briefly, by applying a filter of width D to the equations governing the conserva-
tion of mass, momentum, and thermal energy, there results (for the fixed coordinate system
adopted in this work, and with the centrifugal force term absorbed in the pressure term):

@Ui

@xi
¼ 0 (2)
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@ �Ui

@t
þ @

@xj
�Ui �Uj
� � ¼ @

@xj
�
@Ui

@xj

 !
þ @sij

@xj
� 1
q
@�p
@xi

�2X� �U (3)

@�T
@t

þ @ �Uj
�T

� �
@xj

¼ @

@xj
C
@�T
@xj

 !
þ @qtj

@xj
: (4)

In Eqs. (2–4), an overbar represents a variable whose value has been averaged over the filter
width. The correlations sij and qtj are the unknown sub-scale momentum and heat fluxes that
require modeling.

In order to determine the extent to which the results depend on the way in which sij is
approximated, computations were performed using two different approaches. The first is the
most widely-used model of Smagorinsky in which this quantity is taken to be proportional to the
local (filtered) rate of strain

sij ¼ 2�sgs�Sij; (5)

where Sij ¼ 1=2ð@Ui=@xj þ @Uj=@xiÞ and �sgs is the sub-grid scale viscosity:

�sgs ¼ CSDð Þ2j�Sj (6)

Equation (5) thus becomes:

sij ¼ 2 CSDð Þ2j�Sj�Sij: (7)

Values of the coefficient Cs in the range 0.065–0.24 have been used in the past. In this work,
we adopt the recommendation of [13] and set Cs ¼ 0:1.

A well-known defect in the standard Smagorinsky model is its overprediction of �sgs in regions
close to solid boundaries. This is often corrected for by incorporating a damping function, usually
the one proposed by van Driest [10] that yields:

�sgs ¼ CsDð Þ2j�Sijj 1� e�yþ=Aþð Þ; (8)

where yþ ¼ Usy
� is the non-dimensional wall distance and Aþ ¼ 26.

The second model considered was the dynamic SGS model of Germano [11] and Lilly [12] in
which the coefficient Cs varies in space and time.

Similarly for the sub-grid scale fluxes qtj , two alternative models were considered. The first is
the familiar variation on Fourier’s law wherein the fluxes are made proportional to the gradients
of the filtered scalar [13]:

qtj ¼ Csgs
@�T
@xj

: (9)

The thermal diffusivity Csgs is computed from the sub-grid scale viscosity �sgs and Prandtl
number Prsgs:

Csgs ¼
�sgs

Prsgs
: (10)

In contrast to the turbulent Prandtl number Prt which is approximately constant in wall flows,
there is little consensus on the appropriate value for Prsgs with values in 0:3 � Prsgs � 0:7
reported in previous studies. Here, we assign to this parameter the value Prsgs¼ 0.4 suggested
by [13].

The second model considered is one that differs from Fourier’s law in allowing for qtj to
depend on the gradients of both the filtered scalar and the filtered velocity. Such dependence is
suggested by the exact equations that govern the conservation of the turbulent scalar fluxes irre-
spective of the filter size [14]. The model is given by:
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qtj ¼C1
k2

�

@�T
@xj

þ C2
k
�
uiuj

@�T
@xi

þ C3
k2

�2
uiuk

@ �Uj

@xk
þ ujuk

@ �Ui

@xk

� �
@�T
@xi

:

(11)

The coefficients of this model are assigned the values suggested by M€uller et al. [15] from the
study of the heated flow in a smooth channel with spanwise rotation viz. C1 ¼ 0:03;C2 ¼
0:21;C3 ¼ �0:105.

3. Computational details

The governing equations were solved by means of the OpenFOAM finite-volume solver. The time
derivatives were discretized by a second-order accurate scheme [16] with the Courant number set
equal to 0.6 to ensure stability [17]. The diffusion terms were discretised using second-order
accurate central-differencing. The convective terms were discretized using three different schemes
to obtain a measure of the numerical accuracy of the computations. These were the upwind
scheme which is first-order accurate, the bounded central-differencing scheme which is second-
order accurate, and cubic scheme which is third-order accurate when used on structured grids.
Comparisons of results obtained with these schemes are presented in the following section.

Colleti et al. [2] and Sewall et al. [9] have shown that the flow over the spanwise ribs becomes
periodic after a suitable development length and hence the choice of solution domain shown in
Figure 1. The values assigned to the various geometric dimensions are the same as in Coletti
et al. [2] and Mayo et al. [7] i.e., a channel height H ¼ 83 mm , width L ¼ 75 mm , and length
P ¼ 80 mm. The ribs are square in cross section with height e ¼ 8 mm. In terms of the propor-
tions of the domain size to e, the total length P=e ¼ 10, the height H=e ¼ 10:375, and the span-
wise extent L=e ¼ 9:375 . The origin of the coordinates system is at the lower corner of the
upstream rib and a positive value of the rotation speed X represents rotation in the counter-
clockwise direction.

The computations were performed on a structured mesh formed of an O-type mesh surround-
ing the ribs and an H-type rib elsewhere (Figure 1). This combination was found to yield smooth
transition across the entire solution domain with sensible grid-expansion ratios throughout. In
constructing the meshes used in the next section, consideration was given to the recommenda-
tions of Georgiadis et al. [18] regarding the mesh spacings in near-wall regions. Thus, in terms of
wall units, Dþ

x turned out be equal to 24 which is within the recommended range of 50 � Dþ
x �

150;Dþ
y was equal to 0.4 which conforms to the recommended range of Dyþwall<1, and Dþ

z equal
to 25 which is within the recommended range of 15 � Dþ

z � 40.
The boundary conditions used were as follows. For the momentum equations, the no-slip con-

dition was applied at all walls. For the temperature equation, at the heated wall where the ribs
are located, a uniform heat flux boundary condition was specified. For the opposite, smooth wall,

Figure 1. The coordinates system, the computational domain, and a close-up view of the grid.
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the adiabatic wall condition was applied. The two side boundaries were modeled as symmetry
planes for all the variables solved.

At inlet and outlet, cyclic boundary conditions were implemented for both the momentum
and the thermal energy consistent with the periodic nature of the flow. For the momentum equa-
tions, the methodology used is that of Patankar [19]. Thus, for periodic boundaries located at dis-
tance P apart, the pressure gradient is expressed as:

p x; yð Þ�p xþ P; yð Þ
P

¼ b; (12)

and thus:

p x; yð Þ ¼ �bxþ ep x; yð Þ; (13)

where bx is related to the pressure drop and the global mass flow rate and ep expresses the peri-
odicity of the flow. Thus the pressure gradiient term in Eq. (3) becomes:

@�p
@xi

¼ @ep
@xi

�bdi1 (14)

Similarly, for the thermal field, a streamwise global temperature gradient c is defined as

T xþ P; yð Þ�T x; yð Þ
P

¼ c (15)

with c being

c ¼
_Q

_mcpP
; (16)

with _Q being the rate of added heat to the fluid over the period length P. Thus the temperature
can be decomposed in two parts:

T x; yð Þ ¼ cxþ eT x; yð Þ: (17)

with eTðx; yÞ being the periodicity of the temperature field and Tðx; yÞ representing the increase
of the global temperature. Substitution into the filtered temperature equation yields:

@eT
@t

þ
@ �Uj

eT� �
@xj

¼ @

@xj
C
@eT
@xj

 !
�c�Uidi1 þ

@stj
@xj

: (18)

Further details of the derivation and implementation of the periodic boundary conditions for
momentum and temperature in OpenFOAM may be found in [20].

4. Assessment of numerical accuracy

This section presents a summary of the extensive tests that were performed to quantify the uncer-
tainty in the computed results.

4.1. Grid density

In order to quantify the numerical accuracy, we adopted the Grid Convergence Index (GCI)
method [21]. This required performing computations on three different grids (coarse, medium, and
fine) that differ by a nearly-constant refinement factor. The parameter chosen to determine the sen-
sitivity of the results to grid effects was the domain-averaged Nusselt number Nu which was non-
dimensionalized by the value given by the Dittus-Boelter and Blasius correlation Nu0:
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Nu ¼ Dh _qw
k Tw � Tbð Þ (19)

Nu0 ¼ 0:023Re0:8b Pr0:4: (20)

The outcome of the GCI analysis is presented in Table 1 (where /¼Nu=Nu0) and is shown in
Figure 2. Significant differences are apparent between the coarse and medium mesh results mani-
fested by the steep gradient in Figure 2. These differences diminish between the results of the
medium and fine grids. In Table 1, the parameter /21

ext represents the Richardson extrapolation
value of Nu=Nu0, i.e., the value that would be obtained from an infinitely fine mesh. The param-
eter e21ext represents the extrapolation error. The parameter GCI21fine quantifies the numerical uncer-
tainty in the fine-mesh result for the globally-averaged Nusselt number. For the present grid, this
uncertainty is estimated to be 2.19% which is well within the limits of uncertainty in the meas-
urements. Figure 2 shows that the gradient between the present fine mesh and the theoretically
infinitely fine mesh is flat meaning that the further refinement of the grid will not lead to worth-
while improvements in accuracy and hence all subsequent results were obtained with the
fine mesh.

4.2. Choice of discretization scheme

Three alternative schemes were used to discretize the convective fluxes: the first-order accurate
Upwind scheme, the second-order accurate Gauss linear scheme, and the third-order accurate
cubic scheme. Details of these schemes can be found in [16]. The computations were performed
for several flow conditions with only some representative results (for Ro¼ 0.3) presented here.
Figure 3 compares the predicted cross-stream profiles of axial velocity at x=e ¼ 4. The second-
and third-order accurate schemes yield results that are indistinguishable from each other across
the entire cross section. The first-order schemes shows clear differences from the others, most
notably in the region 0<y=e<3 which is where the velocity gradients are steepest. Far greater dif-
ferences between the the first-order scheme and the higher-order ones are apparent in the ther-
mal field results such as in the distribution of Nu shown in Figure 4. This is again attributed to
the significant errors that are inherent in the use of first-order accurate schemes in flows where

Table 1. Parameters of the Grid Convergence Index tests.

N1 N2 N3

3:808� 106 2:6499� 106 1:9565� 106

/1 /2 /3
1.551 1.493 1.357
/21
ext ¼ 1:578

e21ext ¼ 1:72%
GCI21fine ¼ 2:19%

Figure 2. Grid Convergence Index results for the global Nu. � : Results from different computational meshes, � : Richardson
extrapolation.
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steep spatial gradients of velocity and temperature are present. In contrast, the results of the
second- and third-order accrate schemes are indistinguishable for this parameter as well.

4.3. Model for SGS stresses

The sensitivity of the computed results to the choice of a model for sij depends on the choice of
parameter used to quantify it. Thus, in Figure 5, the computed streamwise velocity profiles at
x=e ¼ 4 and for the case of Ro¼ 0.3 show virtually no differences between the results of the
standard Smagorinsky model with its assumption of constant Cs, and the more sophisticated
dynamic model in which this coefficient can vary through the field. However, the differences
between the two modeling approaches become more apparent when details of the turbulence
structure are considered, specifically in the distributions of the sub-grid stresses u2 ; v2 and uv .

Figure 3. Streamwise velocity profile at x=e ¼ 4 as obtained with different discretization schemes: (- - -) first order, (—) second
order, (… ) third order. Experimental data [2]: Ro¼ 0, Ro¼ 0.3.

Figure 4. Predicted average Nu as obtained with different discretization schemes: (- - -) first order, (—) second order, (… ) third
order. Experimental data [6]: Ro¼ 0, Ro¼ 0.3.

Figure 5. Dependence of computed streamwise velocity on choice of subgrid-scale models: Smagorinsky (—), dynamic model
(… ). Experimental data [2]: Ro ¼ �0:3; Ro¼ 0, Ro¼ 0.3.
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These are shown in Figure 6, also at x=e ¼ 4 and for Ro¼ 0.3. Compared to the dynamic model,
the standard Smagorinsky model predicts slightly higher levels of turbulence activity in the outer
regions of the flow. Closer to the wall, the two approaches yield closely matched results.

Since the velocity and thermal fields are coupled, it is to be expected that the differences
between the two approaches to modeling the SGS stresses will translate analogous to differences
in the prediction of the thermal field. Specifically, the generally higher levels of turbulent activity
predicted with the standard model should lead to the prediction of higher rates of heat transfer
to the wall. This is indeed the case as can be seen from Figure 7 where the predicted streamwise
distribution of Nusselt number are plotted. The comparison there is with the experimental data
of [7] for Ro ¼ �0:3; 0; 0:3 . Overall, there seems to be little benefit to justify the use of the
dynamic model over the simpler and more robust Smagorinsky closure.

4.4. Model for SGS heat fluxes

In Figure 8, the effects of the two different models for the SGS heat fluxes are examined. Plotted
there are their predictions of the Nusselt number distribution along the wall for the three values
of Ro reported in the experiments of [7]. Overall, the differences between the simpler Fourier’s
law and the more complete model are quite small despite their very different formulations.
Coupled with the results for the SGS stress models, the absence of clear dependence on the model

Figure 6. Dependence of computed turbulent stresses on choice of subgrid-scale models: Smagorinsky (—), dynamic model
(… ). Experimental data [2]: Ro ¼ �0:3; Ro¼ 0, Ro¼ 0.3.
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for the scalar fluxes suggests that the fine grid that was used in the present tests was sufficient to
resolve the flow to the extent that the precise details of the SGS models were no longer significant
in the predictions.

4.5. Temporal and spatial averaging

The unsteady nature of the flow is evident in Figure 9 where contours of the instantaneous vel-
ocity along the channel centerline are plotted for Ro ¼ 60:3. As expected, the shear layer that
develops downstream of the rib exhibits the presence of regular, large-scale unsteady separation
in the form of vortices of a fairly regular frequency. These vortices cause corresponding oscilla-
tions in both the free stream and in the cavity flow. The effects of stabilized and destabilized rota-
tion are quite evident: the enhanced mixing in the latter case leads to rapid re-attachment of the
separated flow and thus an increase in the flow velocity within the cavity.

The effects of the free shear-layer oscillations on the near-wall flow are also evident in Figure
10 where the wall static pressure coefficient cp at a representative point along the channel center-
line is plotted against the Flow Through Time (FTT ¼ P=Ub). This plot gives an indication of the
time it takes for the flow at a specific location in the flow field to evolve sufficiently to lose mem-
ory of the arbitrary initial conditions used to start the computations. This corresponds to the
minimum time that must elapse before meaningful temporal averaging can commence. Thus, for
example, when the effects of rotation are stabilizing (Ro ¼ �0:3), it takes about 20 FTTs before
averaging can commence. In contrast, in the destabilized case, it would appear that the corre-
sponding FTT is only about 10, noting that the more intense oscillations in this case are due to
the expected enhancement of turbulent fluctuations due to rotational effects rather than purely to
start-up effects. It should be borne in mind that the results in Figure 10 refer to a single param-
eter (pressure), at a single point - it cannot be taken with any confidence as being representative
of the behavior of other parameters, at other locations in the flow. Thus, while it is clear that the
averaging process cannot begin from the start of the computations, the extent of the time interval
that must elapse before averaging can begin in not known a priori.

In this study, the time interval over which the averaging was performed was found to depend
quite strongly on the sense of rotation, that is, whether stabilizing or destabilizing. Figure 11
shows the dependence of the profiles of mean velocity (along the centerline, at x=e ¼ 4) and of
the centerline distribution of Nusselt number on the length of the averaging process expressed in
terms of the number of Flow Through Time (FTT). The case of stabilized rotation required the
least number of FTTs to converge. The opposite was true for the destabilized case, as can be seen
from Figure 11.

Another aspect of the averaging process that is of interest is whether it is more appropriate,
when comparing with time-averaged experimental results along the channel centerline, to con-
sider only the LES results along the centerline and average these over an appropriate number of

Figure 7. Comparison of space averaged and time averaged Nusselt number: Smagorinsky (—), dynamic Smagorinsky (… ).
Experimental data [2]: Ro ¼ �0:3; Ro¼ 0, Ro¼ 0.3.
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FTTs, or to first obtain spanwise averages of the computed results and then time-average these.
In this particular flow, with the side boundaries being planes of symmetry, the differences
between the two approaches should be fairly small reflecting the presence of somewhat weak
three-dimensional effects along the span. This would not be the case at much higher values of Ro
where the G€ortler vortices due to rotation would make the order of the averaging process import-
ant in determining the final shape of the profiles. In Figure 12, the differences between time-aver-
aging the centerline results at x=e ¼ 4 and first performing spanwise averaging followed by time
averaging at the same location are shown for Ro ¼ �0:3, 0 and 0.3. The differences are small but
not insignificant which indicates that the three-dimensionality of the flow in the spanwise direc-
tion, if not properly accounted for in averaging the computations or the measurements, can lead
to ambiguities in the processed results.

The sensitivity of the predicted Nusselt number to the averaging process is shown in Figure 13
where the centerline distributions of Nu are compared with the data of Mayo et al. It can be seen
that the time averaged Nu values are generally higher than the time and spanwise averaged

Figure 8. Comparison of space averaged and time averaged Nusselt number: Fourier’s law (—), YSC (… ). Experimental data [2]:
Ro ¼ �0:3; Ro¼ 0, Ro¼ 0.3.

Figure 9. Instantaneous velocity field at the centerline for Ro ¼ �0:3 and Ro¼ 0.3.

Figure 10. Variation of wall static pressure coefficient with Flow Through Time.
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values. A quantitative assessment of the differences between predictions obtained with different
averaging approaches and the measurements is given in Table 2.

5. Results and discussion

In this section, we present and discuss the results that are obtained with the best practices identi-
fied in the previous section. Contours of the streamwise component of velocity, and of the span-
wise voricity are presented in Figure 14a and b. Shown there are the time- and spanwise-
averaged results for Ro ¼ �0:3, 0 and 0.3. Three recirculation regions are observed between the
ribs for each of the cases. The largest is formed from the separation of the flow from the top of
the upstream rib leading to the formation of a detached free shear layer and a recirculation zone
below it. For all three cases, the shear layer reattaches in the region between the two ribs. The
reattachment length (xR) is determined by the level of turbulence activity in the shear layer since
it is that serves to transport the high momentum flow from the central core of the channel
towards the ribs. Consequently, for the destabilized rotation case (Ro¼ 0.3), the reattachment

Figure 11. Plots of axial velocity (top) and Nu as a function of FTT and Ro. For Ro ¼ �0:3: 10 FTT (- - -), 25 FTT (—). For Ro¼ 0:
40 FTT (- - -), 60 FTT(—). For Ro¼ 0.3: 90 FTT (- - -), 125 FTT (—). Experimental data [2]: Ro ¼ �0:3; Ro¼ 0, Ro¼ 0.3.

Figure 12. Time averaged vs. time and spanwise averaged streamwise velocity profiles at x=e ¼ 4. Present results: Time averag-
ing (- - -), spanwise and time averaging (—). Experimental data [2]: Ro ¼ �0:3; Ro¼ 0, Ro¼ 0.3.
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length is expected to be significantly shorter than for the other two cases. This can be seen in
Table 3 where the present results are compared with the measurements of [2]. The agreement is
quite satisfactory considering that the flow in the cavity is unsteady and is thus difficult to

Figure 13. Results for time-averaging and time-and-space averaging: time averaged (- - -), time and space averaged (—).
Experimental data [2]: Ro ¼ �0:3; Ro¼ 0, Ro¼ 0.3.

Table 2. Predicted maximum Nu as a function of the averaging method.

Ro ¼ �0:3 Ro¼ 0 Ro¼ 0.3

Time averaged Nu=Nu0max 1.145 at x=e ¼ 4:893 1.965 at x=e ¼ 3:093 2.970 at x=e ¼ 3:356
Time and space averaged Nu=Nu0max 1.054 at x=e ¼ 4:706 1.886 at x=e ¼ 3:468 2.932 at x=e ¼ 3:206
Experimental Nu=Nu0max 1.073 at x=e ¼ 3:666 1.949 at x=e ¼ 3:333 2.808 at x=e ¼ 3:333
Relative Error (Time averaging) 6.71% 0.82% 5.77%
Relative Error (Time and space averaging) 1.77% 3.23% 4.41%

Figure 14. Time and spanwise averaged contours of axial velocity (left) and vorticity for Ro¼ 0, Ro¼ 0.3 and Ro ¼ �0:3.
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measure to a high degree of accuracy. Two other recirculation zones are generated in the gap
between the ribs, much smaller than the first, but are nevertheless important as will be seen later
when the heat transfer case is considered. The contours of mean vorticity in Figure 14b show the
effects of the imposition of the global vorticity due to system rotation on to the flow vorticity.
Thus, for the case of Ro ¼ �0:3, the sense of global rotation, being clockwise, is opposite to that
of flow vorticity and hence the reduction of the latter downstream of the rib.

Figure 15 shows the distribution of the skin friction coefficient (cf ¼ sw=0:5qU2
b ) along the

wall in between two ribs. The wall shear stress was evaluated by extrapolating the normal gradient
of streamwise velocity to the wall. There are no measurements of this parameter. The effects of
rotation on this parameter are immediately apparent: the stabilizing rotation leads to significant
drop in the magnitude of this parameter relative to the stationary case. A reduced rate of
momentum transfer to the wall, while advantageous in normal circumstances, suggests a propor-
tionate reduction in the rate of heat transfer which is distinctly undesirable in this case. In con-
trast, the destabilizing effects lead to an increase in this parameter everywhere along the wall,
especially in the region 1:0<x=e<3:0 which is directly below the large recirculating flow observed
in Figure 14.

The global static pressure drop Dp, caused by friction and flow reversal, represents an energy
loss and hence the need to minimize it in the interest of overall efficiency. Figure 16 shows the
variation of this parameter (non-dimensionalized with respect to the no rotation value) with Ro.
It is evident that destabilizing rotation effects initially lead to substantial increase in the global
pressure drop corresponding to 45% at Ro¼ 0.15 followed by a modest subsequent increase to
50% at Ro¼ 0.3. In contrast, for stabilized rotation, the reduction in pressure drop appears to be
monotonic over the range of Ro considered suggesting a trend towards reverse transition to a
laminar-like state.

We turn now to consideration of the secondary flows that are generated in the channel’s cross
section. These motions are formed by a combination of the pressure gradients that arise from
rotation (Prandtl’s first kind of secondary flow), and from anisotropy of the normal stresses
(Prandtl’s second kind). For the case of flow in a square-sectioned channel with Ro¼ 0, these
motions would be symmetric but this would not be the case in which ribs are located on one
wall. This is what is obtained here as can be seen from Figure 17. The superimposition of rota-
tion further complicates the pattern of secondary flows as is discussed in detail in [22]. For the
case of Ro ¼ �0:3 , the two large vortices generated at the upper half of the channel split into
four smaller ones. The opposite occurs for the case of Ro¼ 0.3 where the effects of rotation
appear to significantly strengthen the vortical flow there. These changes affect the Nusselt number
distribution on the ribbed surface, as will be discussed below.

The predicted and measured cross-stream profiles of time- and spanwise-averaged streamwise
velocity are compared in Figure 18. The results shown there are presented for the three rotation
numbers, and are plotted at four streamwise location. At x=e ¼ 0, which is at the corner of the
upstream rib, the profile shapes are shaped by the effects of adverse pressure gradients and, for
the case of Ro¼ 0.3, by enhanced rate of transfer of momentum from the core. The region of
separated flow is apparent in the two subsequent profiles, at x=e ¼ 2 and 4, and the subsequent
recovery at x=e ¼ 8. For the case of Ro¼ 0.3, the emergence of a region of momentum deficit at
the channel core is a clear indication of the high rate of momentum transfer towards the ribbed
surface due to destabilizing rotation.

Table 3. Predicted and measured reattachment lengths as a function of Ro.

xR=e
Ro ¼ �0:3 Ro¼ 0 Ro¼ 0.3

Measurements [2] 5.65 3.85 3.45
Present study 6.1 3.9 3.65
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Contours of the turbulence kinetic energy k are presented in Figure 19. This parameter is used
in a wide range of turbulence closures of the type used in practical engineering calculations (e.g.
the k-� and k-x models). Its governing equation is obtained by taking half the trace of the equa-
tions for the Reynolds stresses (uiuj ). In these equations, the effects of system rotation enter
through a rate of generation term [23]:

Gij ¼ �2Xk ujumeikm þ uiumejkmð Þ: (21)

For the present flow, where the components of the rotation vector Xk are ð0; 0;XÞ, it turns out
that G�u2 ¼ 4Xuv;G�v2 ¼ �4Xuv and G�w2 ¼ 0 with the result that the rate of production of k due
explicitly to rotation is zero and hence the equation for k would suggest that this parameter is
insensitive to the effects of rotation. In reality, the effects of rotation on k are very substantial
and enter into its equation indirectly via changes to the Reynolds stresses and hence to the rate

Figure 15. Time-averaged skin friction distribution along channel centerline: (… ) Ro ¼ �0:3, (—) Ro¼ 0, (- - -) Ro¼ 0.3.

Figure 16. Variation of pressure drop with rotation number Ro.

Figure 17. Time averaged secondary flow in the y – z plane at x ¼ L=2.
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of production of k due to their interaction with the mean shear. The contours of Figure 19 show
this most clearly. Note that the stabilizing effects of rotation on k drastically diminished this
quantity to the extent that, for clarity, the color scale for Ro ¼ �0:3 was adjusted relative to the
other two cases. The enhancement of k due to rotation is apparent in both the magnitude of this
parameter which is everywhere greater than for the stationary case, and in the extent of the rota-
tion-enhanced region.

Figure 18. Predicted and measured mean streamwise velocity profiles along the centerline: (… ) Ro ¼ �0:3, (—) Ro¼ 0, (- - -)
Ro¼ 0.3. Experimental data [2]: Ro ¼ �0:3; Ro¼ 0, Ro¼ 0.3.

Figure 19. Contours of k for Ro ¼ �0:3; 0; 0:3.
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Comparisons with the Reynolds-stress components reported in the experiment are presented
in Figure 20. The maximum value of each stress component occurs at a location that is approxi-
mately level with the rib height, i.e., in the regions where the mean shear is greatest. The substan-
tial differences between the levels of u2 and v2 indicate significant turbulence anisotropy due to
the action of the wall in damping the fluctuating velocity component normal to it. The shear
stress uv changes sign which is to be expected in flows with embedded recirculation. Overall, the
correspondence between predictions and measurements is fairly satisfactory especially when the
difficulty in obtaining high resolution in PIV measurements is taken into account [3].

Turning now to the thermal field, instantaneous contours of Nu for the three rotation num-
bers are presented in Figure 21. The patterns of heat-transfer rates to the wall correlate very
closely with the velocity contours presented in Figure 14. Thus, for example, the relatively low
values of Nu immediately downstream of the first rib which is also where the small, secondary,
vortex was located. This is to be expected due to the low velocities there and hence heat transfer
from the surface is largely by the less effective process of conduction. Further downstream, the
values of Nu increase though it should again be noted that the contour scales for Ro ¼ �0:3 have
been adjusted to more clearly show the results. Overall, the unsteady nature of the flow is clearly
evident from these plots. By time-averaging the instantaneous results, much of the variations in
the spanwise direction disappear (as can be seen in Figure 22) giving rise to a pattern of heat
transfer rates that is approximately two dimensional across the larger part of the span, with small

Figure 20. Predicted and measured turbulent stresses: (… ) Ro ¼ �0:3, (—) Ro¼ 0, (- - -) Ro¼ 0.3. Experimental data [2]:
Ro ¼ �0:3; Ro¼ 0, Ro¼ 0.3.
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Figure 21. Instantaneous (top) and time-averaged (bottom) Nu distribution between the ribs for Ro ¼ �0:3; 0:; 0:3:

Figure 22. Time- and space-averaged vs. instantaneous Nu distribution for Ro ¼ �0:3; 0:; 0:3:

Figure 23. Nu distribution between the ribs for Re¼ 15000: (… ) Ro ¼ �0:3 , (—) Ro¼ 0, (- - -) Ro¼ 0.3. Experimental data
(Mayo, private communication): Ro ¼ �0:3; Ro¼ 0, Ro¼ 0.3.
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Figure 24. Surface averaged Nu number as function of Ro: � present LES, experiments [7].

Figure 25. Cross-stream variation of non-dimensional temperature: (… ) Ro ¼ �0:3, (—) Ro¼ 0, (- - -) Ro¼ 0.3.

Figure 26. Space-averaged non-dimensional temperature distribution between the ribs:(… ) Ro ¼ �0:3, (—) Ro¼ 0, (- - -) Ro¼ 0.3.
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departures evident due to the effects of the side walls and the strong secondary flows set-up
by rotation.

On the face of it, the results shown in Figure 21 might suggest that steady-state, two-dimen-
sional computations might be sufficient to obtain Nu distributions that are acceptable for engin-
eering design. This is not the case, as can be seen from Figure 22 which compares the time- and
space- averaged Nu distributions with instantaneous values that were averaged in space only. Of
particular interest are the results for Ro¼ 0.3 where it is evident that the intermittent behavior of
the destabilized flow leads to instantaneous variations that can be vastly different from the time-
averaged values.

Figure 23 illustrates the distribution of space and time averaged Nusselt number Nu between
the ribs for the stationary and the rotating cases. The comparisons are with the experimental data
of Mayo (private communication). The LES results at Ro¼ 0.3 are in satisfactory correspondence
with the measurements considering that the maximum relative uncertainty in the experiments
(represented by the error bars) is about 69:8%. A slight augmentation of the heat transfer rate is
apparent in the rib wake region (0<x=e<0:8) for the Ro¼ 0 and 0.3 cases due to flow reattach-
ment. In both cases, the heat transfer rate increases very rapidly in the main recirculation region
where the maximum value reached for the Ro¼ 0.3 case is approximately Numax=Nu0 ¼ 2:94 at
x=e ¼ 3:35.

Mayo et al. [7] reported experimental results showing the variation of the globally averaged
Nusselt number Nu with rotation number. The global Nusselt number is evaluated by integrating
of the time-averaged Nusselt number over the surface between the ribs. The present predictions
are compared with the experiment in Figure 24. The agreement is generally good with a max-
imum discrepancy of 8% at Ro ¼ �0:38. It is noted that the rotation dependency of the global
Nusselt number is approximately linear for moderate rotation, i.e., in the range �0:15<Ro<0:15
thereafter, Nu increases at a much reduced rate and appears to reach a state of saturation wherein
further increases in Ro produce very little additional benefits.

The cross-stream variation of the time- and spanwise-averaged temperature are presented in
Figure 25. Plotted there is the non-dimensional temperature (h) which is calculated from:

h ¼
�T�T0

� @T
@y jw Dh

; (22)

where T0 is the averaged inlet temperature and @T
@y jw is the constant normal temperature gradient

along the heated wall. The non-dimensional temperature profiles are presented at the same loca-
tions as the velocity profiles (Figure 18), and for the same values of Ro. The profiles clearly show
the substantial changes in both the magnitude and profile shapes wrought by rotation.
Specifically, the temperature is lowest in the destabilizing case (Ro¼ 0.3) and highest in the stabi-
lizing case (Ro ¼ �0:3) where the normal gradients of temperature are flat consistent with much
lower heat-transfer rates. Figure 26 demonstrates clearly the effects of rotation on the spatially-
averaged wall temperature between the ribs. Compared to the case of a stationary channel, the
temperature is much reduced by destablizing rotation, and increased by stabilizing rotation. The
profiles show the presence of two maxima whose position correlates very closely with the location
of the secondary recirculation zones that are formed at the rib corners (Figure. 14a and b). The
highest peak appears below the upstream rib where the velocity gradients are quite small.

6. Conclusions

Our purpose in performing the research reported herein was to contribute to the limited pub-
lished literature on the computation of heat transfer in an asymmetrically ribbed channel subject
to spanwise rotation. Considering the complexity of this flow due to the presence of large-scale
flow separation and subsequent re-attachment, system rotation and mean-flow unsteadiness, the
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computations were performed using large-eddy simulations with considerable effort expended to
reduce the uncertainties inherent in the computation of modeled, unsteady, three-dimensional
non-linear equations. Thus a systematic grid-independence study was performed utilizing three
different meshes, the results of which provided input to the Grid Convergence Index method for
quantifying the numerical errors in the computations. The outcome of this method indicated that
the finest mesh used, which consisted of 3.8 Million active cells, was sufficient to reduce the error
in the target parameter to around 2% of the theoretically extrapolated value. By adopting this fine
grid in subsequent tests, it was found that the results obtained with second- and third-order
accurate discretization schemes were virtually indistinguishable. This is a significant finding since,
in the LES framework, refining the mesh simultaneously reduces the discretization errors but also
reduces the contributions of the model for the sub-grid scale correlations. The fine-mesh compu-
tations eliminated another source of uncertainty in LES; specifically, the dependence of the com-
putations on the manner in which the sub-grid scale fluxes of momentum and thermal energy
are modeled. For the momentum equations, the differences between simulations with the stand-
ard Smagorinsky model and the more complex dynamic model were insignificant suggesting that
the contribution of the sub-grid scale fluxes to the overall balance of terms in the filtered equa-
tions was quite limited. The same proved to be the case for the thermal fluxes were the linear
and non-linear models yielded closely-matched predictions. The uncertainty associated with
obtaining temporal and spatial averaged was also explored with respect to both the mean-flow
and the thermal fields. It was found that the period over which averages are obtained depends
very strongly on whether the sense of rotation is stabilizing or destabilizing, with the latter requir-
ing considerably longer averaging intervals. The best practices to emerge from the above were
then used to obtain results that serve to quantify the effects of rotation in this flow. In agreement
with the limited experiments available, the effects of rotation were found to be quite significant
most notably on the Nu distribution along the ribbed wall. Evidence of the enhancement of tur-
bulent activity by destabilizing rotation was also clear in the overall patterns of flow such as the
significant shortening of the length of the reversed flow region. Examination of the secondary
flow patterns at a cross section normal to the main flow indicates significant changes can occur
due to rotation most notably in the enhancement, in the destabilized case, of the magnitude of
these motions relative to the main flow velocity. Finally, the evaluation of the pressure drop and
the global Nusselt number for a certain interval of the Rotation number �0:38<Ro<0:38 shows
that, for the case of destabilized rotation that is of primary interest here, both parameters increase
quite significantly over the range 0<Ro<0:15 , thereafter at a much lower rate suggesting the
attainment of a saturation-like state where further increases in the rotation rate produce only
marginal improvements in the efficiency of the surface ribs.

Acknowledgments

A. A. gratefully acknowledges the financial support provided by Baden-W€urttemberg-Stipendium that facilitated
his stay at UC Davis. The authors wish to thank Dr I. Mayo for making available his previously unpublished
experimental data.

References

[1] S. Abdel-Wahab, and D. K. Tafti, “Large eddy simulation of flow and heat transfer in a 90
�
ribbed duct

with rotation: effect of Coriolis forces,” ASME Turbo Expo 2004: Power for Land, Sea, and Air. American
Society of Mechanical Engineers, Vienna, Austria, June 14-17, 2004.

[2] F. Coletti, T. Maurer, T. Arts, and A. D. Sante, “Flow field investigation in rotating rib-roughened channel
by means of particle image velocimetry,” Exp. Fluids., vol. 53, pp. 1043–1061, 2001.

[3] D. Borello, A. Salvagni, and K. Hanjalic, “Effects of rotation on flow in an asymmetric rib-roughened duct:
LES study.” Int. J. Heat Fluid Flow., vol. 55, pp. 104–119, 2015.

NUMERICAL HEAT TRANSFER, PART A 915



[4] S. Kubacki, J. Rokicki, and E. Dick, “Simulation of the flow in a ribbed rotating duct with a hybrid k-x
RANS/LES model,” Flow, Turbulence Combust., vol. 97, pp. 45–78, 2016.

[5] Q.-Q. Xun, and B.-C. Wang, “Hybrid RANS/LES of turbulent flow in a rotating rib-roughened channel,”
Phys. Fluids. vol. 28, pp. 075101, 2016.

[6] I. Mayo, A. Lahalle, G. L. Gori, and T. Arts, “Aerothermal characterization of a rotating ribbed channel at
engine representative conditions - part II: Detailed LCT measurements,” J. Turbomachinery. vol. 138, no.
10, pp. 101009–101010, 2014.

[7] I. Mayo, T. Arts, A. El-Habib, and B. Parres, “Two-dimensional heat transfer distribution of a rotating
ribbed channel at different Reynolds numbers,” J. Turbomachinery. vol. 137, pp. 1043–1061, 2014.

[8] J. Ahn, H. Choi, and J. S. Lee, “Large eddy simulation of flow and heat transfer in a rotating ribbed
channel,” Int. J. Heat Mass Transfer. vol. 50, pp. 4937–4947, 2007.

[9] E. A. Sewall, D. K. Tafti, A. B. Graham, and K. A. Thole, “Experimental validation of large eddy simula-
tions of flow and heat transfer in a stationary ribbed duct,” Int. J. Heat Fluid Flow. vol. 27, pp. 243–258,
2006.

[10] E. R. van Driest, “On turbulent flow near a wall,” J. Aeronaut. Sci. vol. 23, pp. 1007–1011, 1956.
[11] M. Germano, U. Piomelli, P. Moin, and W. H. Cabot, “A dynamic subgridscale eddy viscosity model,”

Phys. Fluids A: Fluid Dynamics. vol. 3, pp. 1760–1765, 1991.
[12] D. K. Lilly, “A proposed modification of the germano subgrid-scale closure method,” Phys. Fluids A: Fluid

Dynamics. vol. 4, pp. 633–635, 1992.
[13] J. Froehlich, Large eddy simulation turbulenter Strmungen, vol. 1, Berlin: Springer, 2006.
[14] B. A. Younis, C. G. Speziale, and T. T. Clark, “A rational model for the turbulent scalar fluxes,” Proc Royal

Soc A: Math Phys Eng Sci. vol. 461, pp. 575–594, 2005.
[15] H. M€uller, B. A. Younis, and B. Weigand, “Development of a compact explicit algebraic model for the tur-

bulent heat fluxes and its application in heated rotating flows,” Int. J. Heat Mass Transfer. vol. 86, pp.
880–889, 2015.

[16] OpenCFD, OpenFOAM - The Open Source CFD Toolbox - Users Guide, OpenCFD Ltd., United Kingdom,
4th Edition 2016.

[17] R. K. Madabhushi, and S. Vanka, “Large-Eddy Simulation of turbulence-driven secondary flow in a square
duct,” Phys. Fluids A: Fluid Dynamics. vol. 3, pp. 2734–2745, 1991.

[18] N. J. Georgiadis, D. P. Rizzetta, and C. Fureby, “Large-eddy simulation: Current capabilities, recommended
practices, and future research,” AIAA J. vol. 48, pp. 1772–1784, 2010.

[19] S. Patankar, C. Liu, and E. Sparrow, “Fully developed flow and heat transfer in ducts having streamwise-
periodic variations of cross-sectional area,” J. Heat Transfer. vol. 99, pp. 180–186, 1977.

[20] P. Weihing, B. A. Younis, and B. Weigand, “Heat transfer enhancement in a ribbed channel: Development
of turbulence closures,” Int. J. Heat Mass Transfer. vol. 76, pp. 509–522, 2014.

[21] I. B. Celik, U. Ghia, and P. J. Roache, “Procedure for estimation and reporting of uncertainty due to dis-
cretization in CFD applications,” J. Fluids Engg. vol. 130, pp. 078001–078004, 2008.

[22] B. A. Younis, “Prediction of turbulent flows in rotating rectangular ducts,” J. Fluids Engg. vol. 115, pp.
646–652, 1993.

[23] B. E. Launder, D. P. Tselepidakis, and B. A. Younis, “A 2nd-moment closure study of rotating channel
flow,” J. Fluid Mech. vol. 183, pp. 63–75, 1987.

916 A. ABDELMOULA ET AL.


	Abstract
	Introduction
	Governing equations
	Computational details
	Assessment of numerical accuracy
	Grid density
	Choice of discretization scheme
	Model for SGS stresses
	Model for SGS heat fluxes
	Temporal and spatial averaging

	Results and discussion
	Conclusions
	Acknowledgments
	References




