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Large-eddy simulations are used to investigate the effect of Coriolis forces and dimple depth on heat
transfer and friction in a channel with dimples and protrusions on either side. Two geometries with
two different dimple–protrusion depths, d = 0.2 and 0.3 of channel height are investigated over a wide
range of rotation numbers, Rob = �0.77 to 1.10 based on mean velocity and channel height. It is found that
the dimple side of the channel is much more sensitive to destabilizing rotational Coriolis forces than the
protrusion side of the channel, although both dimples and protrusions react to the stabilizing effects of
Coriolis forces on the leading side. The dimpled surface on the trailing side experiences a large increase in
heat transfer coefficient from an augmentation ratio of 1.9 for stationary flow to 3.5 at Rob = 0.77 for
d = 0.2, and from 2.3 to a maximum of 3.8 for d = 0.3. Placing protrusion on the trailing side, however, only
increases the augmentation ratio to between 3.25 and 3.7 from the stationary values of 3.0 and 3.4 for
d = 0.2 and 0.3, respectively. The dimpled leading side experiences a large drop in heat transfer to
between augmentation ratios of 1.1 and 1.4 for the two dimple depths. The protrusion surface on the
leading side also experiences a large drop in augmentation from 3.0 for a stationary channel to 1.3 at
Rob = 0.77 for d = 0.2 and from 3.4 to 1.8 at Rob = 1.1 for d = 0.3. The results lead to the conclusion that
for low rotation numbers |Rob| < 0.2, placing protrusions on the trailing side is advantageous, whereas
for |Rob| > 0.2, dimples on the trailing side of the duct give better overall performance. Between the
two depths, the deeper dimple/protrusion (d = 0.3) gives higher heat transfer augmentation at the price
of more frictional losses ranging from 6 to 10 versus 3 to 5 for depth d = 0.2.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Modern gas turbine blades are exposed to increasingly higher
gas temperatures which exceed the melting point of the blade
material. Thus active cooling plays a critical role in maintaining
the structural integrity of the blade. Blades are cooled by extracting
bleed air from the compressor and passing it through internal pas-
sages inside the airfoil and then ejecting it through holes onto the
blade surface to form a protective layer between the hot main-
stream gases and the blade surface.

In order to enhance internal cooling, different techniques that
increase the heat transfer area and promote turbulence inside
the channels are applied. The most common surface enhancements
used for heat transfer augmentation of internal cooling are pin fins
and ribs, which produce acceptable levels of heat transfer augmen-
tation but the pressure drop penalty can be significant. Friction ra-
tios (Cf/Cfo) and Nusselt augmentation (Nu/Nuo) of 10–20 and 2–5,
respectively are common for rib turbulators and pin fins (Ligrani
et al., 2003).
ll rights reserved.
Flow structure inside rotating channels is quite complex under
the action of the turbulence promoters and rotational Coriolis
forces. The flow structure and heat transfer distribution inside
rotating channels have been thoroughly investigated in the past
three decades; where the rotation number, centrifugal buoyancy,
and passage geometry were found to be the dominant factors
affecting the heat transfer in the channel (Wagner et al.,
1991a,b). Under the action of rotation, heat transfer from trailing
surface increases due to flow destabilization with rotation number,
and it decreases at the leading surface due to flow stabilization
(Fann et al., 1994; Johnson et al., 1994; El-Husayni et al., 1994; Par-
son et al., 1995; Dutta and Han, 1996; Griffith et al., 2002; Al-
Hadhrami and Han, 2003; Hseih and Chin, 2003; Sewall and Tafti,
2008). El-Husayni et al. (1994) and Parson et al. (1995) studied the
heating condition effect on the performance of 60� and 90� ribbed
square ducts, respectively. Moreover, the model orientation was
reported to have an impact on the performance of the channel,
where the 45� (or 135�) orientation of the channel was found to
provide better performance of the channel (El-Husayni et al.,
1994; Parson et al., 1995; Dutta and Han, 1996; Griffith et al.,
2002; Al-Hadhrami and Han, 2003).

Murata and Mochizuki (1999) and Abdel-Wahab and Tafti
(2004) studied the effect of Coriolis forces in rotating ribbed duct
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Nomenclature

Cf fanning friction coefficient
D dimple imprint diameter
Dh hydraulic diameter
gij contravariant metric tensor
F external force term
G filter
H channel height
k thermal conductivity
Lx periodic length
n surface normal vector
Nu surface Nusselt number
P span-wise pitch
p fluctuating, modified, or homogenized pressure
Pr Prandtl number
q00 constant heat flux on channel walls
Qx mass flow rate in the stream-wise direction
Re reynolds number (=uH/m)
Ro rotation number (=xzH/u)
S stream-wise pitch
~u cartesian velocity vector
~x physical coordinates
~n computational coordinates

d dimple depth
X heat transfer surface area
b mean pressure gradient
c mean temperature gradient
h fluctuating, modified or homogenized temperature
q density
sweq equivalent wall shear
xz rotation speed of the channel around the z-axis

Subscripts
b bulk
f fluid
o smooth channel
t turbulent parameters
s values based on friction velocity

Superscripts
� dimensional quantity
+ wall units
� grid filtered quantity
^ test filtered quantity
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using LES, where they reported the heat transfer levels to decrease
and increase on the leading and trailing sides, respectively. By iso-
lating Coriolis forces from centrifugal buoyancy effects, Abdel-Wa-
hab and Tafti (2004) showed that Coriolis forces had a stronger
effect on heat transfer from the channel than centrifugal buoyancy.
They reported that centrifugal buoyancy yielded an increase of
about 10% in the overall augmentation over the Coriolis forces
alone, which agrees with the conclusion of Johnson et al. (1994)
that centrifugal buoyancy does not have a large impact in well
mixed flows.

In the present study, new surface geometries based on dimples
and protrusions are proposed and investigated for internal blade
cooling applications. Heat augmentation using spherical indenta-
tions (dimples) has received wide attention lately due to their good
heat transfer characteristics and low pressure drop penalty (Afana-
syev et al., 1993). Several researchers have investigated the effect
of different geometry parameters on heat transfer characteristics
of the channels, where they reported that the channel height (H/
D) and dimple depth (d/D) have the largest impact on the heat
characteristics of dimpled surfaces (Moon et al., 2000; Ligrani
et al., 2001a; Mahmood and Ligrani, 2002; Won et al., 2005).

The use of dimples/protrusions on opposite sides for heat aug-
mentation in a channel was investigated by Ligrani et al., (2001b)
and Mahmood et al. (2001), where they have reported higher fric-
tion and Nusselt number than the dimple/dimple case. Elyyan et al.
(2008) used LES to investigate the flow structure and heat transfer
distribution in a stationary channel with dimple–protrusion in the
laminar to fully turbulent regime; in addition they also investi-
gated the effect of dimple depth with respect to channel height
where they reported a large impact in the low Reynolds number
regime.

Despite their good heat transfer characteristics in stationary
channels, the work of Griffith et al. (2003) is the only experimental
study in the literature that has investigated the use of spherical
indentations for cooling of rotating turbine blades. They studied
the effect of rotation on heat transfer enhancement in a dimple–
dimple channel with aspect ratio (AR = 4) in the Reynolds number
range ReDh = 5000–40,000 and low rotation number range
(Rob = 0.01–0.3), where they have reported a behavior similar to
that of a ribbed channel. No detailed flow structure, heat transfer
distribution, or pressure drop data was reported.

Elyyan and Tafti (2008) used LES to perform a detailed investi-
gation of the Coriolis forces effect on flow structure and heat trans-
fer distribution in a rotating channel with dimples on the trailing
side and protrusions on the leading side. They showed the exis-
tence of secondary flow structures induced by the Coriolis forces
acting on the domain and flow destabilization/stabilization near
the trailing/leading surfaces, which led to about 90% increase of
heat transfer near the trailing (dimple) surface and about 50% drop
in heat transfer near the leading (protrusion) surface.

In this paper, we extend our analysis of the Coriolis forces effect
on a rotating channel with dimples and protrusion to investigate
the effect of rotation direction and dimple depth on flow structure,
turbulent statistics, and heat transfer distribution on the channel
surfaces. Two dimple (protrusion) depths (d/H = 0.2 and 0.3) are
considered in the current study. We cover a wide range of rotation
numbers from Rob = �0.77 to 1.1, at a nominal Reynolds number of
12,000. The paper describes in detail the mean and turbulent struc-
ture of the flow and the subsequent friction and heat transfer char-
acteristic over the full range of rotation numbers.
2. Channel geometry, computational domain, and governing
equations

Fig. 1 shows the channel geometry used in this study which
consists of aligned dimples and protrusions on opposite surfaces.
Since dimple depth was found to have a strong impact on the flow
structure and heat transfer in stationary channels, we consider two
dimple depths: Case 1 with d = 0.2 and Case 2 with d = 0.3. Both
geometry cases have a dimple and protrusion stream-wise and
span-wise pitch of S = P = 1.62, and dimple imprint diameter
D = 1.0. Note that all channel dimensions are non-dimensionalized
by the channel height (H*).

The computational domain simulates two parallel plates rough-
ened by dimples and protrusions on opposite sides and assumes
fully-developed hydrodynamic and thermal flow (Fig. 1). For sta-
tionary ribbed ducts it is known that a nominally fully-developed



Fig. 1. Dimpled channel geometry.

M.A. Elyyan, D.K. Tafti / International Journal of Heat and Fluid Flow 31 (2010) 1–18 3
flow is reached within 3–4 rib pitches from the duct entrance
(Sewall, 2005). However, the developing length is much longer in
a rotating duct and takes up to 8–9 rib pitches for the Coriolis dri-
ven effects to reach a spatially stationary state (Sewall, 2005).
Hence the assumption of fully-developed flow and heat transfer
may not exactly represent an actual cooling passage in a rotating
blade. However, the assumption does not distort the physics of
rotational effects and is valid in evaluating different geometries
at different rotation numbers without much loss of generality in
extending the conclusions to a developing flow. Using the fully-
developed assumption, the channel is assumed to be periodic in
the stream-wise and span-wise directions, and rotating at a uni-
form angular velocity (x�z) orthogonal to an axis aligned with the
z-axis. Channel surfaces exposed to the flow, i.e. dimple and pro-
trusion surfaces, are heated with a constant heat flux (q00*). The
channel height (H*),1 friction velocity (u�s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s�weq=q�

q
), and a tem-

perature scale given by (q00*H*/k*) are used to non-dimensionalize
the governing equations of the system as will be shown later.

A special treatment of the pressure and temperature variables is
required to accommodate the periodicity boundary condition of
the channel (Patankar et al., 1977). In this treatment, the pressure
and temperature variables are decomposed into mean and fluctu-
ating parts as shown in the following non-dimensional equation

P�ð~x�; t�Þ ¼ P�in � b�x� þ p�ð~x�; t�Þ ð1aÞ
T�ð~x�; t�Þ ¼ T�in � c�x� þ T 0�ð~x�; t�Þ ð1bÞ

where the mean pressure and temperature gradients, b* and c*, are
found by performing momentum and energy balances, respectively.
The non-dimensional pressure and temperature gradients are given
as

b ¼ 4
Dh

ð2Þ

c ¼ X
ResPrQ xLx

ð3Þ

The non-dimensional2 continuity, momentum and energy equa-
tions in transformed coordinates after incorporating the modified
variables take the form

Continuity:

@

@nj

ffiffiffi
g
p

Uj
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¼ 0 ð4Þ
1 The asterisk (�) is used to denote dimensional quantities.
2 Henceforth, all usage is in terms of non-dimensional quantities unless qualified

with an asterisk.
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where~ai are the contravariant vectors,3
ffiffiffi
g
p

is the Jacobian of trans-
formation, gij are the elements of the contravariant metric tensor,ffiffiffi

g
p

Ui ¼ ffiffiffi
g
p ð~ajÞiui is the contravariant flux vector, �ui is the Cartesian

velocity vector, Res is the Reynolds number based on the friction
velocity (us), and h is the modified temperature. The overbar denotes
grid filtered quantities; where G is the implicit top hat filter given by

Gðxi � x0iÞ ¼
1

Dxi
; jxi � x0ij 6 Mxi=2

0; otherwise

(
ð7Þ

where Mxi is the grid spacing. Ret is the inverse of the non-dimen-
sional turbulent eddy viscosity

1
Ret
¼ C2

s

ffiffiffi
g
pð Þ2=3jSj ð8Þ

where jSj is the magnitude of the strain rate tensor given
jSj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SikSik

p
by; and the strain rate tensor is given by

Sıj ¼
1
2

@uı

@xj
þ @uı

@xi

� �
ð9Þ

and the Smagorinsky constant C2
s is calculated using the Dynamic

subgrid stress model (Germano et al., 1991). To calculate this con-
stant, a second filter, test filter, denoted by bG is applied to the fil-
tered governing equations with the characteristic length of bG
being larger than that of the grid filtered, G. The test filtered quan-
tity is obtained from the grid filtered quantity by a second-order
trapezoidal filter which is given by c£ ¼ 1

4 ð£i�1 þ 2£i þ£iþ1Þ in
computational coordinates in one dimension. The resolved turbu-
lent stresses, representing the energy scales between the test and
the grid filters, Lij ¼ dui uj � bui

buj , are then related to the subtest,
Tij ¼duiuj � bui

buj , and subgrid-scale stresses sij ¼ uiuj � ui uj, through
the identity Lij ¼ Tij � bsij.
3 The notation ~aj
� �

k is used to denote the kth component of vector
~aj � ~aj

� �
k ¼ @nj=@xk .
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The anisotropic subgrid and the subtest-scale stresses are then
formulated in terms of the Smagorinsky eddy viscosity model as

ŝij ¼ �2C2
s

ffiffiffi
g
p
ð Þ2=3 djSjSij

Ta
ij ¼ �2C2

s /
ffiffiffi
g
pð Þ

2
3 cjSjcSij

Using the identity

La
ij ¼ Lij �

1
3

dijLkk ¼ �2C2
s /

ffiffiffi
g
p
ð Þ2=3 cjSjcSij � djSjSij

� �
¼ �2C2

s /
ffiffiffi
g
p
ð Þ

2
3Mij ð10Þ

Here a is the square of the ratio of the characteristic length scale
associated with the test filter to that of the grid filter and is taken

to be a ¼
b
Mi
Mi

	 
2

¼ 6 for a three-dimensional test filtering operation

(Najjar and Tafti, 1996). Using the least-square minimization proce-
dure presented by Lilly (1992), the dynamic Smagorinsky constant
can be calculated as:

C2
s ¼ �

1
2

1=ð ffiffiffigp Þ23� � La
ij �Mij

Mij �Mij

 !
ð11Þ

where the local value of C2
s is constrained to positive values. The

turbulent Prandtl number is assumed to have a constant value of
0.5 (Moin et al., 1991) in Eq. (6).

The Coriolis forces and mean pressure gradients effect (b) are
included in the momentum equation through an external force
term, Fi:

Fi ¼
ffiffiffi
g
p

bdi1 � 2
ffiffiffi
g
p ðRosÞum�i3m ð12Þ

where �i3m is the permutation tensor or Levi–Civita symbol. Note
that the mean centrifugal buoyancy term is implicitly absorbed into
the mean pressure term in the x-momentum equation. No slip and
constant heat flux boundary condition are imposed at the domain
walls

~u ¼ 0 ð13Þ
rh �~n ¼ 1� c~ex �~n ð14Þ

and periodic boundary conditions are applied at the stream-wise
and span-wise edges of the domain

£ðXi þ LiÞ ¼£ðXiÞ; £ ¼~u;p; and h; and i ¼ 1 and 3 ð15Þ
3. Numerical method

The non-dimensional generalized Navier–Stokes and energy
equations are solved on a non-staggered grid topology, where the
pressure, temperature and Cartesian velocities are solved and
stored at the cell centers and the fluxes are calculated at the cell
faces. Conservative finite-volume formulation with a second-order
accurate central difference scheme is used to discretize the govern-
ing equations. A predictor–corrector scheme is used for time
advancement of the solution, where an intermediate velocity is cal-
culated at the predictor step which is then corrected by satisfying
discrete continuity at the corrector step. Advancement in time for
the energy equation is performed using the predictor step.

Simulations are performed using the computer program GenID-
LEST (Generalized Incompressible Direct and Large-Eddy Simula-
tion of Turbulence). GenIDLEST has been used to study flow
structure and heat transfer in compact heat exchangers (Cui and
Tafti, 2002) and in stationary and rotating ribbed ducts (Sewall
et al., 2006; Viswanathan and Tafti, 2005) and has been validated
extensively with experimental results. Details about the computer
program and its capabilities can be found in Tafti (2001).
4. Calculation of Nusselt number and friction coefficient

Pressure drop and heat transfer of the channel are evaluated by
using the friction coefficient, Cf, and Nusselt number, Nu, of the do-
main. The friction coefficient and Nusselt number are calculated as
(the asterisk indicates dimensional quantities)

Cf ¼
s�weqv

1
2 ðq�U

�2
b Þ
¼ bDh

2U2
b

ð16Þ

Nu ¼ q00�H�

k�f ðT
� � T�ref Þ

¼ 1
ðh� href Þ

ð17Þ

where href is the mean-mixed temperature of the flow defined as

href ¼
R R R

juxjhdAxdxR R
juxjdAxdx

ð18Þ

The surface-averaged Nusselt number at the two channel walls
is calculated by integrating over the surface (S)

Nuavg ¼
R R

dsR R
ðh� href Þds

ð19Þ

and the overall average Nusselt number of the channel is calculated
by taking the mean of the leading and trailing surface Nusselt
numbers.

Nusselt number and friction coefficient of a smooth channel are
used to evaluate the augmentation ratios of Nusselt number and
friction coefficient. Those are obtained using the Petukhov and
Gielinski correlations for Cf and Nu (Incropera and Dewitt, 2002),
respectively:

Cfo ¼ ð1:580 lnðReHÞ � 2:185Þ�2; 1500 6 ReH 6 2:5� 106 ð20Þ

Nuo ¼
ðCfo=2ÞðReH � 500ÞPr

1þ 12:7ðCfo=2Þ 1
2 ðPr2=3 � 1Þ

; 1500 6 ReH 6 2:5� 106 ð21Þ

Note that the original Petukhov and Gnielinski correlations are
rewritten here in terms of ReH rather than ReDh, where ReDh = 2ReH

for smooth parallel plates.

5. Domain and grid independency studies

A domain independency study is conducted to obtain the small-
est spatial unit capable of capturing the relevant flow structures
which impact friction and heat transfer predictions. Elyyan et al.
(2008) conducted a domain independency study for a stationary
channel that is identical to Case 1 (d = 0.2) of the current study,
where we have considered three domain sizes: Domain 1 which
is the minimum available spatial unit with domain size (1 � P/
2 � S), Domain 2 (1 � P � S) which is twice Domain 1 in the
span-wise direction, and Domain 3 (1 � P/2 � 2S) which is twice
Domain 1 in the stream-wise direction (Fig. 2). The study showed
that the maximum difference in the friction ratio (Cf/Cfo) and Nus-
selt number augmentation (Nu/Nuo) from that of Case 1 was 3.5%
and 5.55%, respectively, which proved the sufficiency of Domain
1 (1 � P/2 � S) for capturing the relevant flow modes.

To further investigate the sufficiency of Domain 1 for capturing
the additional flow complexity induced by Coriolis forces (rotating
channel), we have conducted an additional domain independency
study for the same domains considered earlier, Domains 1–3, at a
nominal rotation number, Rob = 0.64, and a nominal Reynolds
number, ReH = 11,000. The domain independency test results sum-
marized in Table 1 further confirm the sufficiency of Domain 1
(1 � P/2 � S) in capturing the relevant flow structures in the do-
main, where the time mean Nusselt number and friction coefficient
of Domain 2 are 1.9% and 3.2% different from those of Domain 1,
and those of Domain 3 have differences of 2.7% and 1.4% from
those of Domain 1.



Table 1
Domain independency study for rotating channel case.

Domain case 1 2 3

Domain size 1 � P/2 � S 1 � P � S 1 � P/2 � 2S
# of cells 1,400,800 2,802,000 2,802,000
ReH 10,900 11,100 11,000
Rob 0.641 0.636 0.636
Nuleading 39.8 40.6 40.9
Nutrailing 96.3 95.6 94.8
% Max. diff. Ref. 1.9 2.7
Cf 0.03058 0.02961 0.03014
% Diff. Ref. 3.2 1.4

Table 2
Grid independency results for a dimpled channel at ReH = 11,000 rotating at
Rob = 0.64.

Mesh 1 2 3 4

# of cells 466,944 933,888 1,400,832 5,603,328
ReH 11,346 11,069 10,926 10,980
Rob 0.62 0.63 0.64 0.64
Nuleading 39.5 40.3 39.8 38.6
Nutrailing 102.5 98.1 96.3 93.7
% Max. diff. 9.4 4.7 3.0 Ref.
Cf 0.02836 0.02979 0.03058 0.03027
% Diff. 6.3 1.6 1.0 Ref.

Fig. 3. (a) Surface mesh on dimpled side of channel. (b) Cross-sectional mesh. Very fine meshes are placed in the vicinity of the surfaces and at the rims of the dimple and
protrusion.

Fig. 2. Domain independency study domain Cases 1–3.

M.A. Elyyan, D.K. Tafti / International Journal of Heat and Fluid Flow 31 (2010) 1–18 5
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Once a computational domain size was selected (Domain 1), we
have performed a grid independency study using four mesh reso-
lutions: Mesh 1 is the coarsest grid with 466,944 cells, Mesh 2 is
finer than Mesh 1 in the cross-stream direction with total number
of cells of 933,888, Mesh 3 is three times finer than Mesh 1 in the
cross-stream direction with 1,400,832 cells, and Mesh 4 is three
times Mesh 1 in the cross-stream direction and twice as fine in
the wall parallel directions with a total of 5,603,328 cells. All cases
Table 4
Rotating channel cases conducted for Case 2 (d = 0.3).

Case CW3 CW2 CW1 Stat

Rob �0.75 �0.47 �0.19 0.0
Ros �3.5 �2.0 �0.75 0.0
ReH 14,000 12,890 12,090 11,590
Res 3000 3000 3000 3000

Fig. 4. Velocity streamlines at a stream-wise plane (z = �0.81) located at the center of
stationary and rotating cases for dimple depth, d = 0.2.

Table 3
Rotating channel cases conducted for Case 1 (d = 0.2).

Case CW4 CW3 CW2 CW1

Rob �0.70 �0.58 �0.35 �0.14
Ros �4.5 �3.5 �2.0 �0.75
ReH 12,900 12,100 11,300 9700
Res 2000 2000 2000 2000
are constructed using 28 grid blocks with finer mesh resolution
placed in the vicinity of solid surfaces of the channel and the first
grid point in the cross-stream direction was placed at an average
distance of Dy = 4.0 � 10�4 from the walls for all the mesh resolu-
tions. Calculations are performed at a nominal Reynolds number,
ReH = 11,000, and rotation number, Rob = 0.64. Table 2 summarizes
the results of the grid independency test, where the finest mesh
case (Mesh 4) is taken as a reference for comparison. While the
CCW1 CCW2 CCW3 CCW4 CCW5

0.20 0.34 0.57 0.89 1.10
0.75 1.25 2.0 3.5 4.5
11,500 11,100 10,590 11,790 12,370
3000 3000 3000 3000 3000

the dimple/protrusion at different rotation numbers (x-velocity contours) for the

Stat CCW1 CCW2 CCW3 CCW4

0.0 0.15 0.39 0.64 0.77
0.0 0.75 2.0 3.5 4.5
9850 10,200 10,200 10,900 11,700
2000 2000 2000 2000 2000
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error on the coarsest mesh is 9% and 6% in time mean Nusselt num-
ber and friction coefficient, these reduce to 3% and 1% on Mesh 3.
Due to the relatively small gain in accuracy but at a much larger
cost between Mesh 3 and 4, Mesh 3 is selected for performing
the calculations in the current study with a domain size 1 � P/
2 � S.

Fig. 3 shows the surface and cross-sectional distribution of
Mesh 3 for Case 2 (d = 0.3). Fine grid resolution is placed in the
cross-stream direction in the vicinity of the solid walls of the chan-
nel with the first grid point placed at an average distance of
Dy = 4.0 � 10�4 from the walls. An a posteriori calculation of the lo-
cal friction velocity showed the average distance of the first grid
point at yþ1 ¼ 0:12� 0:13, and the surface averaged values of the
wall parallel distribution as Mþ== 7–8 at the highest rotation num-
bers simulated.
6. Results and discussion

Tables 3 and 4 summarize the calculations conducted for Case 1
(d = 0.2) and Case 2 (d = 0.3). The friction Reynolds number Res is
held constant (Res = 2000 for d = 0.2 and Res = 3000 for d = 0.3),
whereas the rotation number Ros is varied from �4.5 to +4.5. Based
on the balance between friction losses and the applied mean pres-
sure gradient b, a bulk mean flow velocity is obtained from the cal-
culation. The calculated mean velocity is then used to define ReH

and Rob for each calculation, which range between
10,000 6 ReH 6 14,000 and �0.80 6 Rob 6 1.10. During positive or
counter-clockwise (CCW) rotation, the dimpled surface of the
Fig. 5. Velocity friction lines near the dimple surface for Stat, CCW2, CCW4, CW2, and CW
it is the trailing side for Cases CCW2 and CCW4. Dimple depth, d = 0.2.
channel is on the trailing side, whereas during clockwise (CW)
rotation, the protrusion side is on the trailing side of the duct. To
maintain uniformity in the interpretation of data, all results are
non-dimensionalized by the calculated mean bulk velocity in the
channel (ub). Nusselt numbers and friction coefficients are normal-
ized by the baseline values given by Eqs. (11) and (12) at their
respective ReH. While the absolute values of friction coefficient
and Nusselt numbers are sensitive to the Reynolds number, the
augmentation ratios have negligible sensitivity to the Reynolds
number variations in the range between 10,000 6 ReH 6 14,000
(Elyyan et al., 2008; Moon et al., 2000).

Each calculation is initiated with an initial best guess of velocity
and temperature fields and allowed to develop under the influence
of the prescribed pressure gradient. When the flow shows a statis-
tically stationary state, temporal averaging is conducted for a typ-
ical sampling time between 5 and 10 non-dimensional time units.
6.1. Mean flow structure

The relationship between flow structure and surface heat trans-
fer in a stationary channel with dimples and protrusions has been
investigated in detail by Elyyan et al. (2008). It was established
that heat augmentation on the dimpled surface was chiefly
brought about by separation induced vortex impingement in the
reattachment region of the dimple cavity. The ejection and redirec-
tion of these vortices and additional vortex shedding at the rim of
the dimple was responsible for the high heat transfer augmenta-
tion on the flat landing downstream of the dimple. On the other
4 cases. Note that the dimple surface is the leading side for Cases CW2 and CW4, and
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hand, on the protrusion side, flow impingement on protrusions and
acceleration between protrusions played an important role in
augmenting heat transfer. Wake turbulence also plays a role in
augmenting heat transfer on the flat landing downstream of the
protrusion.

Coriolis forces modify momentum transfer by adding force
terms into the momentum equations. For orthogonal rotation
about the z-axis, additional terms 2Robv and �2Robu act as addi-
tional force terms in x- and y-momentum transfer, respectively.
For positive or CCW rotation, the first-order effect is an additional
net downward force in the y-momentum equation which tends to
push the fluid towards the trailing wall of the channel increasing
the flow rate in the bottom half. This first-order effect gives rise
to secondary flow cells within the channel cross-section. The sec-
ondary flow increases in magnitude with rotation number and at
high rotation numbers is found to counter the first-order effect
of Coriolis forces by transporting fluid from the trailing to the lead-
ing side of the duct. An additional effect is the impact of Coriolis
forces on turbulence production. Although Coriolis forces do not
make a direct contribution to the production of turbulent kinetic
energy, they do affect its magnitude indirectly through their action
on normal stress components and the primary shear stress u0v 0. In
turbulent channel flow, through phenomenological reasoning it
can be shown that on the trailing side of the channel, terms attrib-
uted to Coriolis forces reinforce third quadrant u0v 0 < 0 turbulence
generation mechanisms of bursts and sweeps while having an
opposite effect on the leading side. These are often referred to as
the ‘‘destabilizing” and ‘‘stabilizing” effects of Coriolis forces.
Fig. 6. Velocity friction lines near the protrusion surface for Stat, CCW2, CCW4, CW2, an
CW4, and it is the leading side for Cases CCW2 and CCW4. Dimple depth, d = 0.2.
Whereas the phenomenological effects of Coriolis forces do not
change from one geometry to another, its non-linear interactions
with the base stationary flow and resulting impact on heat transfer
augmentation through flow field modification is different from one
geometry to another.

The effect of rotation on the mean flow is characterized in
Figs. 4–6. Fig. 4 shows the velocity streamlines at a stream-wise
plane along the dimple/protrusion centerline at z = �0.81 (see
Fig. 3) for the stationary and rotating cases for Case 1 with dimple
depth, d = 0.2. Figs. 5 and 6 plot the friction lines (or streamlines
very close to the surface) on the dimple and protrusion sides of
the channel, respectively to give an additional perspective on the
mean flow. In a stationary duct, flow approaching the protrusion
impinges and accelerates around it producing high wall shear at
the sides and at the end wall between protrusions (Elyyan et al.,
2008). The shear layer on the protrusion separates as it encounters
an adverse pressure gradient to form a turbulent wake region be-
hind the protrusion, which reattaches on the flat landing down-
stream of the protrusion. A small mean recirculating eddy is also
present at the windward junction of the protrusion with the chan-
nel wall. Flow on the dimple side of the channel is characterized by
turbulent shear layer separation at the windward (leading) rim of
the dimple with reattachment in the dimple cavity. As the flow
from the dimple cavity is ejected out along the leeward (trailing)
rim of the dimple, it separates once again and reattaches on the flat
landing.

The action of Coriolis forces has the following mean effect on
the flow field:
d CW4 cases. Note that the protrusion surface is the trailing side for Cases CW2 and
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– As the channel is rotated in the counter-clockwise (CCW) direc-
tion, the dimpled side is oriented as the trailing edge with the
protrusions on the leading side of the channel. The action of
Coriolis forces leads to a more energetic flow on the trailing side
of the channel which results in the progressive shrinking of the
recirculation zone in the dimple cavity as the turbulent sepa-
rated shear layer reattaches faster. The structure of the recircu-
lation region in the dimple cavity changes from covering most of
the lateral radius of the dimple to an elongated structure mostly
concentrated in the center of the dimple cavity. Further, by early
and more energetic reattachment in the dimple cavity, the flow
ejection at the leeward rim of the dimple cavity is strengthened.
Conversely, on the protrusion side of the channel, Coriolis forces
make the flow less energetic resulting in a gradual growth of the
wake region as the rotation number increases. Close inspection
of Figs. 4 and 5 reveals that there is an increase in the extent
of the wake region up to CCW2 (Rob = 0.39) after which the wake
shrinks in size.

– For clockwise (CW) rotation, the flow shifts towards the protru-
sion side of the channel which acts as the trailing edge. The
action of Coriolis forces is not as strongly evident on the flow
structure as it is at the dimpled surface for counter-clockwise
rotation (CCW). There is some effect on the extent of the protru-
sion wake which shrinks in size initially (Rob = �0.35, CW2 in
Fig. 6), but which does not change significantly as rotation
increases to Rob = �0.70 (CW4 in Fig. 6). An additional visible
Fig. 7. Secondary flow structure at a span-wise plane located 0.2D do
modification to the flow field is the disappearance of the junc-
tion eddy in front of the protrusion. On the leading dimpled sur-
face, the effects of rotation are much more evident. The
attenuation of turbulence leads to a less energetic flow which
results in delayed reattachment of the separated shear layer in
the dimple cavity and the recirculation zone extends across
the whole dimple at Rob = �0.70 (CW4 in Fig. 4). There is also
a noticeable weakening of the flow ejection out of the dimple
cavity (CW2 and CW4 in Fig. 5) indicated by the absence of sep-
aration and reattachment around the leeward rim of the dimple.
Rotation also changes the structure of the recirculating region in
the dimple cavity. As the rotation number increases, two coun-
ter-rotating vortex structures become prominent inside the cav-
ity (CW2 and CW4 in Fig. 5) and the structure of the flow in the
dimple cavity approaches that observed in stationary flows at
lower Reynolds numbers (Ligrani et al., 2001a; Elyyan et al.,
2008).

In order to indentify the secondary flow structures induced by
the Coriolis forces, mean cross-sectional streamlines 0.2D down-
stream of the dimple/protrusion are examined in Fig. 7. For coun-
ter-clockwise (CCW) rotation, two counter-rotating flow structures
appear in the span-wise plane, one over the dimple and the other
above the flat landing downstream of the dimple. The smaller
structure at the rim of the dimple is a manifestation of the early
flow reattachment in the cavity and the more energetic flow ejec-
wnstream of dimple for stationary and rotating cases for d = 0.2.
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tion at the rim of the dimple which imparts a rotational component
to the shear layer. Whereas the larger structures which are present
above the dimple and the flat landing extend from the trailing wall
to midway through the channel can be attributed to Coriolis in-
duced secondary flow. These secondary flow structures gain defini-
tion and magnitude with increasing rotation number. To provide
better definition to the secondary flow structures, Fig. 8 shows se-
lected planes covering the dimple-to-dimple stream-wise pitch at
CCW4 (Rob = 0.77), which shows well-defined secondary flow cells
in the cross-section over the full stream-wise pitch. It is noted that
the flow cells are clearly biased towards the dimple side of the
channel. On the other hand, observing Fig. 7 for clockwise rotation
(CW) rotation shows no major change in the flow structure in the
channel cross-section. Examination of different stream-wise planes
at CW4 reveals differences with similar planes in the stationary
channel, but does not reveal any differentiating organized second-
ary flow cells which can be clearly attributed solely to rotational
effects.

Whereas streamlines give a structural view of the cross-stream
flow, to obtain some quantitative measure of the secondary flow
and its effect on the bulk flow, Fig. 9 shows the stream-wise (u)
and cross-stream (v) velocities normalized by the bulk velocity
for the CCW and CW cases at the centerline just downstream of
the dimple and protrusion. It is observed that at low rotation num-
bers |Rob| < 0.2, the first-order effect of Coriolis forces to push the
bulk flow towards the trailing wall is evident for both CCW (dimple
side) and CW (protrusion side). However, in both cases (CCW and
CW) as the rotation number increases above 0.2, the trend in the
u-velocity profiles is reversed as the bulk flow shifts towards the
leading side of the channel. This is attributed to the stronger Cori-
olis induced secondary flows set-up in the cross-section – as can be
deduced from the cross-stream velocities in Fig. 9b, which increase
with rotation number.
Fig. 8. Secondary flow structure at selected sp
6.2. Turbulent kinetic energy

Turbulent kinetic energy (TKE) levels are of special interest,
since they are closely connected to the rate of heat transfer from
surfaces. Fig. 10 shows the TKE distribution, normalized by the
bulk velocity squared, at a span-wise plane 0.2D downstream of
the dimple/protrusion at different rotation numbers. For the sta-
tionary channel, high TKE levels exist in the separated shear layer
inside the dimple cavity (labeled A), the turbulent wake region
downstream of the protrusion (labeled B), and region C, which is
the carry-over of wake turbulence from the upstream protrusion.
With rotation in the positive or counter-clockwise direction
(CCW), the TKE contours show: (i) concentrated high TKE levels
in the separated shear layer inside the dimple cavity (labeled A);
(ii) diminishing TKE levels in the wake of the protrusion (labeled
B) and in region C due to the slower flow movement near the lead-
ing (protrusion) surface; (iii) higher TKE levels in the flow ejection
zone at the lateral rim of the dimple cavity, which coincides with
the location of the secondary flow structure identified in Figs. 7
and 8 at the same location. Note that the high TKE levels in region
A that represent the separated shear layer inside the dimple cavity
move closer to the dimple surface as the rotation number increases
(CCW1–CCW4), which corroborates with the early reattachment
observed in Fig. 4. Moreover, the TKE levels for CCW3
(Rob = 0.64) and CCW4 (Rob = 0.77) are lower than those at the low-
er rotation numbers. This is due to the action of the Coriolis in-
duced secondary structures which drives the flow away from the
dimple surface and corroborates with the observation made for
the stream-wise velocity profile for the CCW cases, in Fig. 9.

With the protrusion on the trailing side (CW cases), the TKE
contours show: (i) lower TKE levels that diminish with increasing
rotation number in the separated shear layer inside the dimple
cavity (region A); (ii) a smaller concentrated TKE zone in the wake
an-wise planes for CCW4 case for d = 0.2.



Fig. 9. Stream-wise and cross-stream velocity profiles (normalized by mean bulk velocity) for different rotation numbers at 0.2D downstream of dimple (protrusion)
(x = �0.21) and at centerline between dimples (z = 0.0) for d = 0.2.
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of the protrusion (B) and a magnification of region (C); and (iii)
attenuation of TKE inside the dimple cavity. Note that, similar to
the CCW cases, the TKE levels become weaker as the rotation num-
ber increases to Rob = �0.58 (CW3) and �0.77 (CW4) especially in
the wake of the protrusion. This observation corroborates with the
mean velocity profiles in Fig. 9, which indicate that as rotation
number increases, flow is pushed away from the trailing towards
the leading side of the channel.

Fig. 11 shows the TKE profiles at the centerline of the dimple
(z = 0) at a plane 0.2D downstream of the dimple/protrusion
(x = �0.2) for the CCW and CW cases. Two main peaks appear in
the TKE profile. Near the dimple wall, the peak in TKE is represen-
tative of the turbulent characteristics of flow ejecting out of the
dimple cavity which after separation at the rim of the dimple, reat-
taches in this region, and the peak at the protrusion side represent-
ing the turbulent wake of the protrusion. As the channel rotates in
the CW direction (protrusion on trailing side), the maximum value
of TKE increases in the wake of the protrusion at Rob = �0.15
(CW1), but starts decreasing thereafter on further increase in the
rotation number. The leading side of the channel (dimples) experi-
ence a monotonic decrease in the peak value near the surface as
the flow stabilizes. For counter-clockwise (CCW) rotation the
opposite effects come into play. There is a steady decrease in TKE
in the turbulent wake of the protrusion, while on the dimple side,
the peak TKE increases initially for CCW1 but then decreases as the
rotation number increases further.

Fig. 12 shows the volume-averaged TKE values for the two dim-
ple/protrusion depths of 0.2 and 0.3. Since the heat transfer rate is



Fig. 10. Normalized T.K.E. distribution at a span-wise plane 0.2D downstream of dimple (protrusion) (x = �0.2) for all rotation numbers for d = 0.2.

Fig. 11. TKE profile at stream-wise plane x = �0.21 along the centerline of the dimple/protrusion (z = 0) for d = 0.2.
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strongly dependent on the TKE, volume-averaged TKE provides a
concise indicator of heat transfer behavior. As we would expect,
the deeper dimple depth geometry (d = 0.3) results in higher TKE
values than the shallower dimple depth (d = 0.2). What is quite
revealing though, are the predicted trends of TKE. For CCW rotation
when dimples are on the trailing wall, the TKE increases up to



Fig. 12. Volume averaged TKE values normalized by the bulk velocity squared for
all rotation cases.
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about Rob = 0.6 for d = 0.3 and Rob = 0.5 for d = 0.2, after which it de-
creases as rotation number increases further. On the other hand,
for CW rotation the volume-averaged TKE decreases with rotation
number. This trend implies that CCW rotation is much more suc-
cessful in augmenting turbulence on the dimpled surface (trailing
side) than it is on the protrusion side of the channel during CW
rotation. It will be shown later that the averaged heat transfer coef-
ficients closely mimic the trends in volume-averaged TKE.
Fig. 13. Mean Nusselt number augmentation distribution on the protrusion (le
6.3. Heat transfer distribution

Figs. 13 and 14 show contours of the time averaged Nusselt
number augmentation ratio on the protrusion surface for CCW
and CW rotation, respectively. In the stationary channel, regions
of high heat transfer exist on the windward side of the protrusion
due to flow impingement and acceleration and on the flat wall in
the passage between protrusions. Low-heat transfer regions exist
near the location of separation and in the wake region. The pres-
ence of the junction eddy at the windward edge of the protrusion
also decreases the heat transfer (Fig. 4). With CCW rotation there is
a gradual decrease in the heat transfer distribution as the flow
slows down and stabilizes near the leading-protrusion surface
(Fig. 13). The region of maximum heat transfer on the protrusions
moves from the side of the protrusion to the center and decreases
in magnitude as Rob increases. Similar decreases are observed on
the wall in the passages between protrusions and in the wake of
the protrusion.

With clockwise rotation when the protrusion surface is on the
trailing side more pronounced heat augmentation is observed on
the front of the protrusion (stronger flow impingement and accel-
eration), in the passage between protrusions and at flow reattach-
ment downstream of the protrusion (Fig. 14). Note that these zones
of high heat transfer shrink in size for the highest rotation, which is
in agreement with the TKE contours and profiles seen earlier in
Figs. 10 and 11. Moreover, the low-heat transfer region at flow sep-
aration at the back of the protrusion become smaller as the rota-
tion number increases, which is due to the smaller wake and
earlier flow reattachment discussed in Fig. 4.

Figs. 15 and 16 show contours of the time averaged Nusselt
number ratio on the dimple surface for the CCW (trailing) and
ading) surface for the CCW rotating channel cases (flow from left to right).



Fig. 14. Mean Nusselt number augmentation distribution on the protrusion (trailing) surface for the CW rotating channel cases (flow from left to right).

Fig. 15. Mean Nusselt number augmentation distribution on the dimple surface for the CCW rotating channel cases (flow from left to right).
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Fig. 16. Mean Nusselt number augmentation distribution on the dimple surface for the CW rotating channel cases (flow from left to right).

M.A. Elyyan, D.K. Tafti / International Journal of Heat and Fluid Flow 31 (2010) 1–18 15
CW (leading) rotation, respectively. In the stationary channel, high
heat transfer regions are mostly observed in the dimple cavity in
the region of shear layer reattachment and acceleration of the flow
as it ejects out of the dimple cavity at the leeward rim. This is fol-
lowed by a region of low-heat transfer immediately downstream of
the rim periphery which is caused by shear layer separation of the
ejected flow followed by a region of high heat transfer when the
shear layer reattaches back on the flat landing and is consistent
with observations made in Fig 5. The region of flow recirculation
in the upstream half of the dimple incurs the largest heat transfer
penalty. On CCW rotation, the most visible effect is the higher heat
transfer in the dimple cavity as the recirculation zone shrinks in
size as seen earlier in Fig. 4. A counter-effect is the increase in
the low-heat transfer region surrounding the leeward rim of the
dimple as the rotation number increases, which is consistent with
the observation of reducing TKE near the surface on the flat landing
in Figs. 10 and 11. When the dimples are placed on the leading side
in CW rotation (Fig. 16), there is a steady decrease in heat transfer
augmentation ratio as the rotation number increases. The attenua-
tion in heat transfer is evident over the whole leading surface espe-
cially in the dimple as the recirculation region grows to cover the
full extent of the dimple cavity (Figs. 4 and 5).

6.4. Average friction coefficient and Nusselt number

Fig. 17 shows the surface-averaged Nusselt number variation
with Rob for the two dimple–protrusion depths considered, i.e.
d = 0.2 and 0.3, on the leading and trailing surfaces. The general
trends for d = 0.3 follow that of d = 0.2 with some differences which
will be highlighted. When the dimple surface is on the trailing side
for CCW rotation, there is a sharp increase in the average Nusselt
number as the channel starts rotating at Rob < 0.2 when the aug-
mentation ratio increases from 1.8 to 2.96 for d = 0.2 and from
2.3 to 2.9 for d = 0.3. After this point, on a further increase in rota-
tion number to Rob = 0.39, the shallower dimples with d = 0.2 in-
crease to 3.4 and increase gradually thereafter to values in the
range of 3.5 at Rob = 0.64 and 0.77. On the other hand, the deeper
dimples exhibit a sharp increase in the augmentation ratio to 3.8
as the rotation number increases from Rob = 0.19 to 0.57, and de-
creases thereafter to values close to 3.65 as the rotation number
Rob increases further to 0.9 and 1.1. When the dimple surface is
on the leading side of the channel (CW rotation), there is a steady
drop in the average augmentation ratio for both dimple depths.
The augmentation ratio decreases from the stationary values of
1.8 and 2.3 to 1.1 and 1.4, for d = 0.2 and 0.3, respectively at the
highest rotation number tested.

When the protrusion surface is on the trailing side during CW
rotation, one of the main differences when compared to dimples
on the trailing side during CCW rotation is the fact that the heat
transfer augmentation does not react as strongly to rotation. At
low rotation numbers Rob < �0.2, the augmentation ratio increases
slightly from 3.0 to 3.25 and 3.4 to 3.67 for d = 0.2 and 0.3, respec-
tively. On further increase in rotation number, the heat transfer
augmentation increases slightly or remains nearly constant. This
is in contrast to when dimples are placed on the trailing surface
resulting in a large increase in the augmentation ratio with rota-
tion. However, protrusions on the leading side during CCW rota-
tion behave similar to dimples and experience a large decrease in
heat transfer. At low rotation numbers Rob < 0.2, there is a sharp
drop in augmentation ratio from the stationary value of 3.0 to



Fig. 17. Time averaged area weighted Nusselt number of the: (a) dimple side; (b)
protrusion side for both dimple depths.

Fig. 18. Friction coefficient ratio of the rotating channel with dimples/protrusions
for d = 0.2 and 0.3.

Fig. 19. Comparison of Nusselt augmentation levels of the present study with
experimental results for: (a) leading surface; (b) trailing surface.
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2.3 for d = 0.2, and from 3.43 to 2.43 for d = 0.3. The initial sharp
drop is followed by a more gradual monotonic decrease to 1.3 at
Rob = �0.77 and to 1.8 at Rob = 1.1 for d = 0.2 and 0.3, respectively.

In summary, in the stationary channel, the augmentation ratio
is higher on the protrusion side than the dimple side of the chan-
nel. During CCW rotation, the dimpled surface on the trailing side
experiences a large increase in heat transfer coefficient whereas
the protrusion surface on the leading side experiences a large drop
in augmentation. During CW rotation, while the dimpled leading
side experiences a large drop in heat transfer, the trailing protru-
sion side does not benefit much from rotation.

Fig. 18 shows the friction ratio for the two dimple–protrusion
depths over the full range of rotation numbers. Friction ratios
range from 8.5 to 10 when dimples are placed on the trailing side
versus 6.2–8.5 when protrusions are placed on the trailing side for
d = 0.3. The increase in friction is much lower for d = 0.2, with val-
ues ranging from 3.5 to 5.7 and from 4.2 to 5.7, when protrusions
or dimples are on the trailing side, respectively.

To put the current results in perspective, Fig. 19 shows a com-
parison of the heat augmentation levels of the dimple/protrusion



Table 5
Experimental heat transfer in rib and dimple roughened channels.

Experimental work Surface condition Ro Re Dq/q

El-Husayni et al. (1994) Square channel with 60� staggered ribs 0–1.78 5000–23,000
Parson et al. (1995) Square channel with 90� ribs 0–0.35 2500–25,000 0.07, 0.1
Griffith et al. (2002) Rectangular channel (AR = 4) with 45� ribs 0–0.3 5000–40,000 0.122
Griffith et al. (2003) Rectangular channel (AR = 4) with dimples 0–0.3 5000–40,000 0.122
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geometry with the experimental results of El-Husayni et al. (1994)
for 60� staggered ribs, Parson et al. (1995) for 90� ribs, Griffith et al.
(2002) for 45� ribs, and Griffith et al. (2003) for dimpled channel
plotted against the rotation numbers based on the hydraulic diam-
eter (Dh). These comparisons are not under similar conditions, Ta-
ble 5, but nevertheless give a reasonable assessment of the
dimple–protrusion geometry with respect to some of its peers in
the literature. Heat augmentation levels on the leading surface,
Fig. 19a, are lower than those of the skewed ribs (45� and 60�)
but are comparable to those of normal ribs and dimpled channel,
especially with the dimple on the leading side. On the other hand,
the heat augmentation levels on the trailing side, Fig. 19b, are com-
parable to those of ribbed channels, especially for the deeper dim-
ple depth (d = 0.3). While no friction data is provided in the
experimental studies, overall it can be concluded that surfaces
with dimple/protrusion roughness result in performance compara-
ble to ribbed channels at a lower pressure drop penalty.
7. Summary and conclusions

Large-eddy simulations are used to investigate the effect of
Coriolis forces and dimple depth on heat transfer and friction in
a channel with dimples and protrusions on either side. Two geom-
etries with two different dimple depths, d = 0.2 and 0.3 are investi-
gated for a wide range of rotation numbers, Rob = �0.77 to 1.10.
During negative or clockwise (CW) rotation, protrusions are on
the trailing side of the channel, whereas during positive or coun-
ter-clockwise (CCW) rotation, dimples are on the trailing side of
the duct.

Rotational Coriolis forces have the following effects on the
mean flow and turbulence:

– CCW rotation energizes the flow on the trailing dimple wall and
induces early reattachment in the dimple cavity increasing the
strength of the flow ejection out of the dimple cavity. On the
protrusion side, the less energetic flow results in a gradual
growth of the wake region as the rotation number increases.
In addition, a secondary flow consisting of two counter-rotating
flow structures appears in the cross-section, one over the dimple
and the other above the flat landing downstream of the dimple.
The secondary flow strengthens as the rotation number
increases and plays an important role in transporting cross-
stream momentum from the trailing to the leading side. CCW
rotation increases the volume-averaged TKE values in the
domain up to a rotation number of approximately 0.5–0.6, after
which it decreases.

– The effect of CW rotation on the trailing protrusion surface is not
very strong. There is some effect on the protrusion wake which
shrinks in size initially but which does not change significantly
as rotation increases further. On the leading dimpled surface,
the less energetic flow results in delayed reattachment of the
separated shear layer with the recirculation zone extending
across the whole dimple. No distinct secondary flow structures
could be identified in this case and unlike CCW rotation, the vol-
ume-averaged TKE decreases with rotation number.
The effects on heat transfer are summarized as follows:
During CCW rotation, the dimpled surface on the trailing side

experiences a large increase in heat transfer coefficient from an
augmentation ratio of 1.9 for stationary flow to 3.5 at Rob = 0.77
for d = 0.2, and from 2.3 to a maximum of 3.8 for d = 0.3. The pro-
trusion surface on the leading side also experiences a large drop
in augmentation from 3.0 for a stationary channel to 1.3 at
Rob = 0.77 for d = 0.2 and from 3.4 to 1.8 at Rob = 1.1 for d = 0.3. Dur-
ing CW rotation, the dimpled leading side experiences a large drop
in heat transfer to between augmentation ratios of 1.1 and 1.4 for
the two dimple depths, the trailing protrusion side does not benefit
much from rotation – only increasing the augmentation ratio to be-
tween 3.25 and 3.7 from the stationary values of 3.0 and 3.4 for
d = 0.2 and 0.3, respectively. These results lead to the conclusion
that for low rotation numbers |Rob| < 0.2, placing protrusions on
the trailing side is advantageous, whereas for Rob > 0.2, dimples
on the trailing side of the duct will give better overall performance.
Between the two dimple depths, the deeper dimple gives higher
heat transfer augmentation at the price of more frictional losses
ranging from 6 to 10 for d = 0.3 versus 3 to 5 for d = 0.2.
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