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This paper presents and discusses numerical simulations of forced convection heat transfer in a
rotating square duct at high rotation rates. The mean pressure gradient has been kept constant in the
simulations that were conducted with a second order finite volume code with a dynamical localized

subgrid scale model. The rotation number based on the bulk vel(Ray ZQD/Ub) was varied

from 0.12 to 6.6 and consequently the Reynolds nuntBer=U,D/v) ranged from 3900 to 1810
according to the fact that rotation tends to increase the pressure drop in the duct. A model for
estimating the velocities and the corresponding friction coefficient has been developed by
analytically solving simplified versions of the momentum budgets within the Ekman layers
occurring near the opposite two walls of the duct perpendicular to the rotation axis. The model
reproduces accurately the velocity profiles of the numerical simulation at high rotation rates and
predicts that the boundary layer quantities scalEk& (Ek=»/QD?). At Ro>1 the Ekman layers

are responsible for most of the pressure drop of the flow while the maximum heat transfer rates are
found on the wall where the stratification of tkenomentum is unstable with respect to the Coriolis
force. Rotation enhances the differences between the contributions of the local friction coefficients
and local Nusselt numbers of the four walls of the duct and considerably increases, in comparison
with the non-rotating case, the pressure drop of the flow and the Nusselt number. The overall friction
coefficient of the measurements and the simulations existing in the literature, as well as the present
numerical predictions, are well correlated with the equation (COEKY?)1?°=Ro in the range

Ro=1 for Re<10*. © 2005 American Institute of Physid9OI: 10.1063/1.1941365

I. INTRODUCTION region of the duct displaces the maximum of the streamwise
velocity component toward the unstable wall and conse-

on CLZ? ﬁgﬁ;cﬁlgceagget:?niﬁﬁ; (r)r:a:ihn? e;f eiaseﬁfi;?tiggr_]quently reduces the extension of the cross section of the duct
. : . S Inty by P in which the unstable stratification occurs. At sufficient large
tions in engineering fields concerned with flow and heat and . . . . L

rotation rates the flow in the stable side can be relaminarized.

mass transfer processes in rotating devices that can be en-s ite of the corresponding augmentation of the mean shear
countered in technologies such as turbine blade cooling, con- P P g aug

ventional centrifugal separation and centrifugal membran ate in the unstable side, as the rotation rate is increased,

separation. Numerical and experimental studies dealing witf‘he;e IS 31 ovs,-rall reducfuon of the tu]rcbulen; kmett';l: enzrgy
turbulent channel flows, subjected to rotation around an axigroduced by the convective transport from the stable side to

parallel to the spanwise direction, have shown that the turtN€ unstable side of the secondary flows.

bulent mixing of fluid particles is enhanced in the regions of 1€ head loss and the overall heat transfer rate are con-
the flow where the streamwise momentum is unstably stratiSiderably increased by the effect of rotation in comparison
fied with respect to the Coriolis fordenstable side or pres- With the non-rotating case, as reported in numerical
sure sidgwhile a reduction of mixing is observed where the simulations and experiment3At the Reynolds number con-
streamwise momentum is stably stratifistable side or suc- Sidered in these workdRe~ 10%) the increase of the overall
tion side.l‘s friction coefficients and Nusselt number is produced by the

In finite aspect ratio ducts, the Coriolis force generatedugmentation of the mean shear rate in the unstable side and
persistent secondary flows that contribute to the mixing proby development of the Ekman layers along the walls of the
cesses between the stable and unstable side of the duct. Elict perpendicular to the rotation axis.
sentially, the time averaged secondary flows consist in two  This study analyzes the effect of rotation on the friction
large counter-rotating cells that convect low momentum fluidcoefficient and Nusselt numbers at low Reynolds numbers
from the stable side to the unstable side across the centréRe<3900. The physical and mathematical models are de-
region of the duct and from the unstable to the stable sidscribed in Sec. Il and the numerical results are presented and
along the sidewall$® The convective transport in the central discussed in Sec. III.
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and the peripheral wall temperature along the streamwise
direction can be written as dTu/dx=d(T,)/dx

=4q;/pCpY,D. Pressure is scaled with the average wall
shear stressg,=puZ.

The different terms on the right-hand side of E2). are,
from left to right, the imposed non-dimensional pressure gra-
dient along the streamwise direction, the gradient of the fluc-
tuating pressure, the subgrid scale contribution, the viscous
diffusion term and the Coriolis term. Figure 1 shows the
direction of the components of the Coriolis acceleration ac-
cording to the system of coordinates adopted. The centrifugal
acceleration, which is considered constant, is included in the
Il. MODEL non-dimensional mean pressure gradient. In ). € is the
Figure 1 shows the physical model and the coordinatel'ev'_cwltas alternating tensor and Reu,D/v and Rg

system adopted. The duct is rotating with a constant rotatioﬁZQD/uT are the Reynolds and the rotational numbers, re-

) ) ) ] spectively. The first term on the right-hand side of the ther-
rate with respect to an axis parallel to tkedirection, () mal energy balancdEq. (3)] corresponds to the non-

=(0 ’ho ), as '|r;]d|cate'(;l in Fig. 1. The four V\{a:ls o{ltEe duﬂct dimensional mean temperature gradient along the streamwise
are heated with a uniform and constant axial wall heat Wirection. In this termy,, is the non-dimensional bulk veloc-

(g;,) and constant peripheral wall temperature. This boundar}{[y (Ub=Ub/u) The second and third terms on the right-

condition denoted as H1, following the nomenclature pro- ) . .

posed by Shah and Londdridealize practical situations in hand side of Eq(3) are respor}3|ble for th.e subgrid scale
which the axial heat rate per duct length is constant and thgansport and the heat conduction, respectively. L

wall conductance, defined as the ratio between the kgl The Reynolds number based on the hydraulic diameter
and the fluid(k) thermal conductivities multiplied by the of the duct and the averaged friction velocity has been kept

ratio between the hydraulic diameter of the d() and the constant in thg simullati.ons, E§e300(i.e., constant im!oosed
wall thickness(d) (i.e., C=k,D/k d), attains large values. pressure gradienas indicated in Table | that summarizes the
The flow, which is driven by an externally imposed pressure‘fomplete set of simL_JIations analyzed in this study. The rota-
gradient, is assumed to be hydrodynamically and thermalljion numbers were increased from R@ to Rg=40 and,
fully developed. The physical properties of the fluid, with a consequently, the Reynolds number decreased from 3420 to
Prandtl number of 0.7, are assumed to be constant and tH&10. The numerical simulations were carried out with the
gravitational and centrifugal buoyancy effects are neglected>ALC-LES code, a finite volume second order accuracy code,
The large-eddy simulatiofLES) technique has been Using the localized one—quatlon dynamic subgnd'—scale
used to keep the computational requirements at a moderat€GS model proposed by Kim and MendnThe details
level for the turbulent flow simulations. The resolved scalesaboug the code and the SGS model can be found in Sohankar
and the corresponding governing transport equations are dét al- and Kim and MeUOﬁ, respectively. This model has
fined by the filtering operation. The non-dimensional filteredb€en used successfully in the simulations of turbulent rotat-

continuity, momentum and thermal energy equations are ing channel and duct flowsThe localized dynamic SGS
model used predicts a negligibly small SGS viscosity ratio

=0, (1) (vsed v) In the regions where the flow has been relaminar-
IXi ized by the effect of rotation or at the lowest Reynolds num-
ber consideredRe=1810. At this low Reynolds number the
maximum value of the ratieggd v is 1074 and there are no
significant differences between the averaged flow fields, lo-
) cal Nusselt numbers and local friction coefficients predicted
by LES and direct numerical simulatigidbNS). Following
and Pallares and Davidsolf, a constant SGS Prandtl number
_ _ _ 2 (Prsgs=vsed asgs=0.4 was used to compute the SGS heat
%6 + a—:fo = 451;5]' - Z—:l + ﬁaj;; (3)  fluxes according to the small effect of this approximation
! b ) & 7%0% considering the grid resolution used. These authors did not
respectively. observe any significant difference between the averaged ve-
The scales used to obtain the non-dimensional variablelocities and temperature distributions, as well as the turbu-
are the hydraulic diameter of the du@), the average fric- lence intensities and turbulent heat fluxes in simulations of
tion velocity (u,) and the friction temperature(T, rotating forced convection at low Reynolds numbers and
=q,/pCpuy,). The non-dimensional temperature is defined aRo,.=1.5 wusing two different values of 845
0=(Tw-T)/T,, where(T,, is the peripheral wall tempera- (Prsg=0.4 and 0.8 As an example, at Re1.5, the maxi-
ture that is independent gfandz and varies linearly along mum differences in the averaged temperature profiles near
the x direction according to the fully developed assumption.the unstable wall are within 1.5% and the difference of the
Under this condition the variation of the bulk temperatureNusselt number of both simulations is only 1%. The increase

FIG. 1. Physical model and coordinate system.
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TABLE I. Non-dimensional numbers of the simulations obtained with a computational domain of dimebgsi6is, L,=L,=D and 66x 66 66 grid nodes.
(") Data corresponding to the extended domfig=12D, L,=L,=D and 130x 66X 66 grid nodesand( ™) to simulations using a finer gri.,=12D, L,
=L,=D and 171x 86 86 grid nodes

Re, Ro, Re=U, Re, Ro=Rq/U, cf Nu EkY2
(u,D/v) (20D/u,) (Up,D/v) (20D/Uy) (27 pU?) (hD/K) (v/QD?)
300 1.5 3900 0.12 0.01185 16.61 0.067
(3880° (0.1 (0.01196° (16.74"
(3860 (012" (0.01212" (16.80"
3 3420 0.26 0.01535 18.86 0.047
5 3080 0.49 0.01885 20.58 0.037
7 2870 0.73 0.02187 21.82 0.031
10 2650 1.13 0.02564 2261 0.026
20 2250 2.66 0.03548 20.40 0.018
30 2000 4.49 0.04487 16.39 0.015
40 1810 6.62 0.05474 13.29 0.013
(1810° (6.62" (0.05474° (13.29°
(1820 (6.59™ (0.05434™ (13.33"

of the value of Pggsfrom 0.4 to 0.8 produces a slight reduc- uniformly distributed along the homogeneous streamwise di-
tion of the SGS thermal diffusivity according to the proce-rection (Ax"=29). The minimum and maximum grid spac-
dure used to compute the SGS thermal diffusivitysgs  ing in wall coordinates along the directions perpendicular to
=vged Plsg9. This reduction of the SGS terms in the ther-the walls are (Ay")yin=(AZ)min=0.4 and (AY")max
mal energy equation is mainly balanced by the increase of (Az").~9. The simulations of non-rotating duct flow at
the resolved turbulent heat fluxes. It is expected that, as thRe=4500 using this grid resolution and the dynamic local-
rotation number is increased, the assumption of a constaited SGS model were initially carried out and results were
value of Pggg becomes even less important because of theompared successfully in Pallares and Daviduith exist-
overall reduction of the turbulence level of the flow and,ing experimental and DNS data.
consequently, of the contribution of the SGS terms. Under  To determine the effect of the streamwise length of the
the conditions of the simulations the adoption of a constantomputational domain and the effect of the grid resolution on
Prsgs is justified considering that the use of a dynamicalthe relevant parameters of the rotating duct flow simulations
procedure to compute the SGS thermal diffusivity doublegresented in this study, two sets of large-eddy simulations at
the computational cost of the SGS model. the minimum and maximum rotational numbers considered
It should be noted that the centrifugal buoyancy effectgRo,=1.5 and Rg=40) have been carried out. In the first set
are not considered in the simulations. The set of nonthe computational domain has been extended Lip
dimensional paramete(®Re,=300,1.5<Ro,<40,Pr=0.71  =12D,L,=L,=D using the same grid resolutiofre., 130
that has been chosen may correspond to physical situations66x 66 grid nodes In the second set the simulations were
in which air, at ambient temperature and pressure, flowperformed in the extended domaib,=12D,L,=L,=D) in-
(Up,=6 m/s) in small ducts(D~5 mm) in the range of ro- creasing the number of grid nodes in each direction 30%.
tation speeds from 1500 rpm to 35 000 rpm, usually encounThe corresponding grid has 1X1B6X 86 grid nodes and
tered in gas turbines and industrial centrifuges. Under thesgrid spacing of Ax*=22, (Ay")min=(AZ")n=0.3 and
conditions and at Re< 20, a wall heat flux density of about (Ay")a=(AZ)max=7. Table | shows that the differences
200 W/n? produces values of the centrifugal buoyancybetween the averaged quantities obtained with the different
parametei‘,0 (Gr/ReZT), which contributes to the streamwise grid resolutions are within 2% at Re1.5 and only 0.5% at
momentum equation, that are less than 2% of the imposeRo,=40.
non-dimensional pressure gradient along the streamwise di-
rection. At higher rotation rate@80<Ro,<40) this contri-  |||. RESULTS AND DISCUSSION
bution of the centrifugal buoyancy term is increased up to .
35% and the heat transfer results in this range of rotationa'?" Mean flow and thermal fields
numbers presented in this study have to be considered with During the simulations, the averaging procedure was
this limitation. started when the flow was statistically fully developed. The
The non-slip boundary condition and a constant nonflow quantities were averaged along the homogeneous
dimensional temperaturéf=0) were applied at the four x-direction as well as in time, typically during 50-70 non-
walls. Periodic boundary conditions for the non-dimensionaldimensional time units. Time anddirection averaged flow
velocities, pressure and temperature were used at the inléelds progressively tended to be symmetric with respect to
and outlet of the duct. The computational domdin, z=0.5 as the sampling size was increased. Consequently,
=6D,L,=L,=D) was divided into 66 66X 66 grid nodes symmetry of the mean flow field with respect2e0.5 was
that were stretched near the wall using a tanh function anénforced in order to increase the sampling size.
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Ro,=20 ()
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FIG. 2. Averaged flow and tempera-
ture contours at@ Ro.=3, (b) Ro,
=5, (¢) Ro,=7, (d) Ro,=20, (e) Ro,
=30, and(f) Ro,=40. The streamwise
velocity/temperature contours are de-
picted with continuous/dashed lines.
The vector near the bottom left corner
has a unit length.
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Figures 2Za)-2(f) show the average flow fields at Ro central part of the duct where cross-stream convection of
=3, 5, 7, 20, 30, and 40. In these figures, the cross-stream@momentum from the stable side to the unstable side pro-
vector fields are represented on the left while the streamwisduces the stabilization of the flow to a Taylor-Proudman
velocity and temperature contours are depicted on the rightegime (i.e., the streamwise velocity component does not
In the left part of Figs. @)—2(f) only every second vector is vary along the direction of the axis of rotatjon
shown. The topologies of the average flow field at Rov7,

The effects of low rotation rate®<Ro,<1.5) in tur-  shown in Figs. Pa)-2(c), are similar to that reported in Pal-
bulent duct flow at Re=300 were investigated by Pallares lares and Davidsonat Ro.=1.5. The averaged cross-stream
and Davidsor. These authors found that at Rdl.5 (Re  vector field consists of two large stretched secondary flows
=3900, the turbulence intensities of the flow are concen-near the sidewall$éz=0 andz=1) and two small secondary
trated near the unstable wdly=0) and near the sidewalls cells near the unstable wal§y=0). The increase of the rota-
(z=0 andz=1). The flow can be considered laminar in the tion number from Re=1.5 (Re=3900 to Ro,=3 (Re
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Re= 4540 4490 4430428041153900 3420 3080 2870 2650 2250 2000 1810 range 1% ROTSS (4115> Re> 3420 C0rl’eSp0ndS tO the

o decrease of the streamwise Reynolds stress component,
- 0= - 100 (K)V'/Ui' ‘ (u’?), which receives energy from the production terms that
Ro=0.15 g3 : e 100 (0'3/ 2 UD) include the main straingu/ gy andau/ 7z). For example, the
- - -3 _ 06 e 1007/ 2 UD) reduction of (K)y, _at Ro= 1.5 (Re=3900 is 48% and at

8 - 9 e 100 (w3 2 U Ro,=3 (Re=3420 is 73%, with respect to the volume aver-

v " aged turbulent kinetic energy of the non-rotating céRe
=4500. Figure 3 shows that, in the rangesRo,<40, the
fluctuation intensity of the vertical component of the veloc-
ity, (v'?), is the main contributor to the unsteadiness of the
\ 1 flow. In this range of rotational numbers the flow in most of
W3 5710 the cross section of the duct is laminar and steady and the

V- B ETR 0 velocity intensities are confined to the regions near the un-
- Sy 40 stable wall and near the sidewalls. It can be seen in Fig. 3
‘—%‘-%:gi o = that the increase of the volume averaged valu@ &% in the
- - e i s 4 ey | range 3<Ro,=10 agrees with the maintenance of large sec-

10° 10" 10" 10' ondary cells near the unstable wllee Figs. @)—2(c)],
Ro while the decrease observed in the range<s®b.<40 is
FIG. 3. Volume averaged kinetic energy of the fluctuations and fluctuationrelated with their disappearance.
intensities at different rotation rates. The corresponding Reynolds numbers

(Re=Re Uy) are included at the top of the figure. Data of Pallares andB. Averaged momentum and thermal energy budgets
Davidson(Ref. 5 in the range Rp<1.5 are also included in this figure.
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The non-dimensional averaged andy-momentum and
thermal energy balances can be written as

cells and a displacement of maxima of the streamwise veloc- V— + W—
ity component toward the sidewal[see Fig. 2a)]. These ay gz) Re\day o7
changes in the mean flow field near the unstable wall can be Hu'v'y  Ku'w')
attributed to the reduction of the turbulence intensities in this —< Py + 7z
region. It can be seen in Figs(e2-2(c) that at Rg<7 the
distribution of the averaged temperature contours in the cross
section of the duct is similar to that of the streamwise veloc-

ity component. There is a stratification of the contours of
temperature and-velocity component in the central part of

the duct and the corresponding maxima occur near the bot- _<
tom corners. At Rg=20 the temperature contours have a

marked different distribution in comparison with the con-

tours of the streamwise velocity component as shown in aU 90 90 1 (20 &6
Figs. 2d)-2(f). It can be seen that the temperature distribu- - (— —+V— —) ( + —)

=3420 produces the enlargement of the small secondary
_( U au) i(@ﬁzU)

>+SGS‘U+ RoV=-4, (4)

av) i(#_\/+a2v)
a2 o7

oV
V—+W— | +
ay dz/ Re,
12 Iing!
Kv'*) . Ko'w')

) +SGS,-RoU = P s
4% Jz 4%

+ +
2

tions are not stratified but have a maximum near the unstable Us N 7 Prie\ dy 7z

wall in the symmetry plane=0.5. These differences be- Kv'0')y HKw'e') _

tween thex-velocity component and temperature distribu- B ay + Jz +SG%=0. 6)

tions can be attributed to the fact that at high rotation rates
the relaminarization of the flow and the important contribu-The different terms of Eqg4)—(6) are responsible, from left
tion of the Coriolis term in th-momentum equation com-  to right, for the convective, diffusion, and turbulent transport.
pletely invalidate the analogy between thenomentum and  The fourth terms in Eqs(4)—6) correspond to the SGS
the thermal energy balances. transport and the fifth terms in Eqgl) and(5) are thex and
Figure 3 shows the evolution of the non-dimensionaly components of the Coriolis acceleration. The terms on the
volume averaged kinetic energy of the velocity fluctuations,right side of Eqs(4) and(5) represent the average pressure
scaled with the bulk velocity, (K)y=((U'?+('?  gradient along the- andy-directions, respectively.
+(w'2))/2U§, as a function of the rotational number. The  Figures 4—6 show the different terms of the momentum
data at Rp<1.5 reported by Pallares and David3ame also  and thermal energy budgets, as they appear in &ys(6),
included in this figure. Note that the increase of the rotationahlong the wall bisectorg=0.5 [Figs. 4a) and Ga)] andy
number produces a reduction of the Reynolds nuniRer =0.5 [Figs. 4b), 5, and @b)] at the highest rotation rate
=ReU,) based on the bulk velocitysee Table ), if the  analyzed in this studyRo,=40). The averaged profiles of
averaged pressure gradient alongxkdirection, or the value velocity and temperature are also included in these figures.
of Re,, is kept constant. The scaling chosen {&), makes At Ro,=40 the SGS terms make no significant contribution
the results at different Reynolds numbers more comparabléo the momentum and thermal energy budgets and have been
As shown in Fig. 3 the important reduction &), in the  omitted in Figs. 4—6.
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0 LI —
-15 - FIG. 5. Time averageg-momentum budget at Re40 along the liney
(a) U budget, U =0.5.

15

these boundary layers. It can be seen in Figp) 4hat near
the sidewallz=0 the imposed pressure gradient along the
x-direction is balanced mainly by the viscous diffusion along
the z direction and the Coriolis term. The different contribu-
tions of the terms of the x-momentum budget shown in Fig.

10

D
;5; y 4(b) allow rewriting Eq.(4) near the sidewalls as
o 00X~
B 7 1 (&,U
2 —|—|+RoV=-4 (7)
_5_1”' L0~ R e e i ntis e ks ek s nos s i iy mits mhnte snite nini ReT (722
: .
] and in the central part of the duct as
10 ROV, ~ - 4. (8)
% At high rotation rates the vertical velocity component is ap-

proximately constant in the central part of the disete Figs.
0.5 2(f) and g and its value is denoted in E48) as V.V,
~-4/Ra.

Similarly, the simplifiedy-momentum budget shown in
Fig. 5 near the sidewalls and in the central part of the duct
are

-15

(b) ' z

o
(=4
—
o
(¥}
[
W
<
'S

FIG. 4. Time averaged-momentum budget at Re40 along the linega)
z=0.5 and(b) y=0.5.

Figure 4a) shows that thec-momentum near the stable 1 (&ZV> JP
o7

wall (y=1) is generated by the mean pressure gradient. This @ ~RoU~ 5 (9)
term is balanced, close to the wall, by the viscous diffusion
and, in the central part of the duct, by the Coriolis termand
(Ro,V), which is responsible for the reduction of the stream- P
wise velocity component as the rotation rate is increased. ~RoUc~ —,
Near the unstable wally=0) the important contributions of %
the fluctuation transport terms to tkemomentum and ther- respectively. Figure 5 shows that pressure does not depend
mal energy shown in Figs.(d and Ga) indicate that the onz (JP/dy is constant along the direction indicating that
flow in this region is unsteady even at this low Reynoldsthe W velocity component is negligibly small compared with
number(Re=1810. V [see, for example, Fig.(B]. Inspection of the momentum

As shown in Fig. 2, at high rotation ratéRo,=20) the = budgets at high rotation rates and at differgnpositions
secondary flow, which consists in two large stretched cellsshows that Eqs(7)—(10) are valid approximations of the
generates thin boundary layers near the sidewalls. Thesmmplete momentum budgets in most of the cross section of
boundary layers are the major contributors to the overalthe duct, as can be inferred from the flow topology in
head loss of the flow as can be inferred from the concentrarig. 2(f).
tion of the contour levels near the sidewalls in Fig. 2. Figures  Rearranging Egs. (9) and (10),
4(b) and 5 show thex- and y-momentum budgets across y-momentum budget can be written as

(10)

the simplified
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FIG. 6. Time averaged thermal energy budget at=Ri® along the line$a)
z=0.5 and(b) y=0.5.

i<@> -Ro(U-Uy) =0. (11
Re;

i

The boundary conditions for Eq¢7) and (11) are atz
=0,U=0,vV=0 and at(z/ VEK) —%,U=U,,V=V,. The solu-

Phys. Fluids 17, 075102 (2005)
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FIG. 7. Profiles of the streamwise and thevelocity component at Ro
=40 along the lingy=0.5. Lines: model given by Eq$12) and(13). Sym-
bols: numerical simulation.

wise velocity component in the center of the dudt, since
V.=-4/Ra. according to Eq(8). The values of the deriva-
tives of the profiles of Eqs(12) and (13) at the symmetry
midplanez=0.5 are proportional te"2Ek and consequently
negligibly small at high rotation rateg.e., small values of
Ek). It can be seen in Fig. 7 that the numerically predicted
velocity profiles at Rg=40 along the liney=0.5 agree with
the analytical solutions using the valueldf obtained in the
simulations. A similar agreement between the analytical so-
lutions and the numerical results is found in the range 0.15
<y<0.85 at Rg=40. An estimation otJ, can be obtained
by imposing that the averaged vertical velocity profile given
in Eq. (13) in the range Gz=<0.5 is zerq(i.e., the descend-
ing flow rate pumped by the Coriolis force in the central part
of the duct is equal to ascending the flow rate within the
vertical boundary layer

U, ~ V(1 - 1NEK). (14

The use of Egs(12) and(13) to predict the velocity profiles

is subjected to the validity of the simplified momentum bud-
gets of Egs(7), (8), and(11). These equations express the
balance between the pressure gradient terms, the Coriolis
acceleration and the viscous term within the Ekman layer. In
the central part of the duct where the flow has been relami-
narized by the effect of rotation the balance is produced by

tions to Eqs.(7) and (11) and the corresponding boundary the pressure gradient terms and the Coriolis terms. At mod-

conditions can be expressed as

U= Uc(l - co<i—)e‘2"ﬁ‘> - Vc<sin<i—)e‘”‘§<> ,
VEk VEk

(12)
V= Vc(l - cos(é)e—z/\ﬁ> + Uc(sin(i—>e"”\§<) ,
VEK VEK
(13)

where Ek is the Ekman numb&Ek=v/QD?=2/RoR¢&. The
only unknown parameter in Eg€l2) and(13) is the stream-

erate rotation ratesl.5<Ro.<10) the vertical convection
of x-momentum-VJU/ dy) contributes, in the central part of
the duct, together with the Coriolis tertRRo,V) to balance
the imposed pressure gradient along xhdirection. For ex-
ample, the ratid—VoU/dy)/(Ro,V) in the central part of the
duct is about 12 at R&1.5, 0.9 at Rp=10, 0.2 at Rg=20
and 0.03 at Rg=40. Consequently, the velocity profiles of
Egs. (12) and (13) can be used to estimate boundary layer
quantities for Ro=20. For example, the boundary layer
thicknesses defined as the distance from the wall to the po-
sition of the maximum velocity are fou, §,~3wEkY?/4
and forV, 8,~ wEk'?/4.
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007 Ro~40 Ro=30 Ro~20 10-20% larger because of the difference between the values
| b, of Uy, obtained using Eq(15) and those of the simulations.
el ~ 2" 3y =mEK” Figures Zf) and Ga) show that, along the line=0.5, the
. - f;;{f“““la‘“’“) thermal energy from the stable w#jl=1) is advected along
J QU = i thex andy directions by the streamwise velocity component
0059 o QuuU, (simulation) and by the Coriolis generated vertical velocity component.
1 According to this the thermal energy equatideqg. (6)] in
Q: 0.04 this region can be written as
o 4
k=S 7
& 0.03 - ) E—V@zo. (17)
- P e Uy dy
4 S Py
002 7 O gugim The temperature gradient, which is moderately constant in
1 ,.)...«»"“*"'"' the stable region of the flow along the vertical symmetry
0.01 /,..—»"‘" plane of the duct as shown in Fig(ah, can be estimated
. e using EqQ.(17) and considering that./U,~1 and V=V,
(I T T T T T ] T T T T T T T T T T =~ _4/R07. ,
0 0.005 0.01 0.015 0.02 0.025
172
BK O _ W _po. (18)

FIG. 8. Evolution of 8-, and the ratio between the secondary and the %y UpVe

streamwise flow rate€Qy/Uy) as a function of EK®. Figure 8b) shows that near the vertical walls, where the
Ekman layers develop, the main contributors to the thermal
_ energy budget are the andy-advection terms and the heat
The non-dimensional bulk velocitfy,=U,/u,) can be  conduction term along the direction. According to this the

computed integrating Eq12) as simplified energy equation is
1/2 I=TRYIRNI=T
(1 -VEK)2+ VEK [y 2
ubzzf Udz=U;—— = +O(e25Y). —(—E+v@>+ L (@>:o. (19)
0 1-Ek U, dy/ PrRe\ 7

(19 The important contribution of they-advection term

The last term in Eq(15) represents a set of terms that are (V#©/dy) at high rotation rates shown in Fig($ is respon-
proportional toe”Y2Ek and consequently can be neglected atsible for the dependence of temperatureyoandz [see, for
high rotation rates. Equatiofi5) assumes that the velocity example, Figs. @)-2(f)] and prevents the closed solution of
profiles along the direction, given in Eqs(12) and(13), are  Ed. (19) using the velocity profiles of Eq¢12) and(13).

valid for most of the cross section of the diice., U, andV,

in Eq. (15) are considered constant along theirectior. C. Friction coefficients and Nusselt numbers

trﬁte per g.mt Ier!gti((lg\g) 'ﬁf mpled'tby t?he C(tmO“S f(?rcefland overall friction coefficient(Cf=27,/ pUﬁ) and Nusselt num-
e non-dimensional bulk velocitjor the streamwise flow ber (Nu=hD/k) as a function of EK2 The data for the iso-

ratq) is thermal rotating duct flow reported by Pallares and
Q _2 dv=0 vd (16) Davidsor in the range Rpslll.S are also plotted in Fig.(9).
Uy UpJo z The averaged friction coefficients and Nusselt numbers at the

unstable(y=0, Cf, and Ny,), stable(y=1, Cf, and Nu) and
where 8,=0 is the non-dimensional distance from the side-at the two lateral wall§z=0 andz=1, Cf and Ny) are also
wall to the position wheré/=0 (see Figs. 5 and)7 This  plotted in Figs. @) and 9b). Note that by definition,
distance can be computed using the vertical velocity profileCf=Cf,+Cf,+Cf; and Nu=Ny+Nus+Nuy,. The overall fric-

of Eqg. (13). Figure 8 shows tha#,=0 decreases monotoni- tion coefficient and Nusselt numbers for non-rotating square
cally, as the Ekman/rotation number is decreased/increaseatlict flow (Cf,, and Ny,) at the corresponding Reynolds
and that the simulations at Rz 20 reproduce accurately the number predicted by the closed solution of the flow and en-
theoretical results. As shown in Fig. 8 an approximate exergy equations in the laminar regifiend by the conven-
pression ford,-, (8-0=7EkY?) can be used for EK0.01 tional correlations in the turbulent regiljﬁewhave also been
with a 6% of error. The ratio expressed in Ed6) is also included in Fig. 9 for comparison. The local friction coeffi-
plotted in Fig. 8 using the exact dependencedaf, on the  cient and (Cf,/4=Cf,=Cf;=Cf,/2 and Nuy,/4=Nu,=Nug
Ekman number included in this figure. Equati¢hb) has =Nu/2) are also indicated in this figure.

been used to calculatg, in Eq. (16). It can be seen that the Figure 9a) shows that the local friction coefficients on
square root of the Ekman layer characterizes the ratio behe unstable wall and on the lateral walls are larger in com-
tween the secondary and the streamwise flow rate for Ekarison with the non-rotating case. It can be seen that the
<0.02. The values of this ratio computed with the results oflocal friction coefficient corresponding to the sidewalls is the
the numerical simulation are shown in Fig. 8 and are aboumain contributor to the total head loss at high rotation rates.
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FIG. 9. (a) Overall and wall averaged
friction coefficients and(b) Nusselt
numbers. Filled symbols: overall
guantities. Open symbols: wall aver-
aged quantity alongO) the sidewalls
z=0 andz=1, (V) the unstable wall,
y=0, and(A) the stable wall,y=1.
The Reynolds and rotation numbers
based on the bulk velocity correspond-
ing to the different Ekman numbers
are indicated at the top of the figure.
The friction coefficients predicted by
Pallares and DavidsofRef. 5 in the
range Ro<1.5 (Re=3900 are also
included in this figure.

At Ro,=40, the average wall shear stress associated with the The values of the friction coefficient on the lateral walls

boundary layers near the two lateral walls is responsible foat high rotation rates can be predicted using the solution of
80% of the total head loss. The local friction coefficient onthe simplified momentum budgets analyzed above. The ratio

the unstable wall is the second most important contributor tdJ,/U. of Eqg. (15) and the dependence &f, on V. of Eq.

the overall head loss of the flow. At Ro1.5 its contribution
is about 33% and only 12% at Ro40. Note that the contri-
bution of each individual wall is 25% for the non-rotating
case. The contribution of the friction coefficient on the stable
wall, about 10% at Rg=1.5 and 7% at Rg=40, is less sen-
sitive to the rotation rate in the range Re1.5 which corre-
sponds to the complete suppression of the turbulence near
this wall.

U 1 =
bZl—(ﬁ+\Ek>.
VEK

(14) can be used to express the ratlg/ V. as

(20)

Considering thav.~-4/Ro,, Eq. (20) can be rewritten as
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105 ES ) e 1.09Cf/\EK)}?°= Ro. (22)
E - | Murata and Mochizuki * . .. .
] A Pallares and Davidson® The differences between the overall friction coefficient pre-
. o Martensson et al.’ g dicted by Eq.(22) and the data plotted in Fig. 10 at BRd
] 5 fﬁe("ctfs/;uﬁ 5 _Ro are within 5% of even the large difference of Reynolds num-

bers between the measurements of Martenssbnal.®
O(Re)=10% and the present numerical simulatio3Re)

—_
(=]
G

5: i =10°. Figure 10 shows that at Rol the agreement between
% . = Eq.(22) and the numerical and experimental data depends on
=Y ] the Reynolds number. In fact E(R2) reproduces accurately

the predictions at low Reynolds numbers of the present study
while underpredicts by 50-10 % at Rdl the experimental
data measured at larger Reynolds numi&s~ 10%. This

A indicates that the validity of Eq(22) can be extended to
Ro<1 at low Reynolds numbers.

107 10" 10° 10! IV. CONCLUSIONS
Ro

This study analyzes numerical simulations of fully de-
veloped forced convection of a{Pr=0.7 in a square duct
rotating at high rotation rates. Special attention is given to
the effects of rotation on the local and overall heat transfer
rates and wall shear stresses. The non-dimensional numbers
— , (21) that characterize these quantities, the Nusselt number and the
2 1-\Ek+Ek friction coefficient depend strongly on the Reynolds and ro-
tation number. As the rotation rate is increased there is a
progressive reduction of the fluctuation intensities of the ve-
locity components. The suppression of the fluctuation inten-
sities is initiated near the wall where the stratification of the
%Ereamwise momentum component is stable with respect to

e Coriolis force. On this wall there is a considerable reduc-
; b) sh h h i ber is i tion of the wall shear stress and the heat transfer coefficients
Figure db) shows that, as the rotation number is in- in comparison with the non-rotating case. The secondary

creased in the range Rs 10, the local Nusselt numpers N fows produced by the Coriolis acceleration convect low mo-
the unstable and on the lateral walls are monotonically in-

; d. in comparison with the non-rotatin whil thmentum fluid from the stable wall to the unstable wall and
ﬁeatste ' f co tpa S0 q de oth 06}[ biq Casﬁ’A E;] rogressively reduces the extension of the flow where the
neat transier rates are reduced on the stable wall. AS SNV}, 4sisication of thex-momentum is unstable with respect the
in Fig. 3 there is an important reduction of the fluctuation

: i Coriolis force, as the rotation rate is increased. At low Rey-
intensities and, thus, of the turbulent transport terms at Ro

15 C v th o the rotai nolds numbergRe~ 2000 the unstable stratification main-
- -onsequently e progressive increase, as the rotaliQhy o e nsteadiness of the flow in this region and the local
rate is increased, of the heat transfer rates, in comparis

X : . Ol(]usselt numbers and friction coefficient on the unstable wall
with the non-rotating case, can be attributed to the enhanc%—re larger in comparison with the non-rotation case. On the

ment of the advective transport established by the Corioli%ther two walls of the duct that are perpendicular to the

generated secondary flows. The local Nusselt number on thr%tation axis the secondary flows generates Ekman layers

unstable wall is the main contribution to the overall Nusseltthat are responsible for most of the pressure drop of the flow

ggmggatzgrfger;r?ni%e ?:O:;)tgt;(;/na;tnumlbgrtsocgﬂ)jld;rzj W'tr}l\t high rotation rates the boundary layer quantities can be
ging b at Ral. 0 o predicted accurately with the closed solution of the corre-

Figure 10 shows the overall friction coefficient for rotat.— rotation induces in 'ghe flow such as the persistent secondary
: o . flows and the subsistence of an unsteady flow near the un-
ing square duct ﬂOW' This figure |nclude§ th? data from thestable wall produce overall friction coefficients and Nusselt
LES reported in Murata and Mochizdki(7530<Re numbers larger than the non-rotation case
<10660,0.013<R0=<0.930 and Pallares and Davidsbn 9 '
(4120<Re=<4500,0.016< R0o=<0.087, the experiments by
Martenssoret al® (10*<Re<2x 10*,0.15<Ro<7.5) and
the results of the present workl810<Re<3420,0.12 Part of this work was carried out during the first author’s
<R0<6.62. It can be seen that the data plotted in Fig. 10 invisit at Chalmers. This study was financially supported by
the range Re= 1 are well correlated with Eq22) that relates the Department of Thermo and Fluid Dynami@halmers
the friction coefficient, the rotation and the Ekman numberdUniversity of Technology and by the Spanish Ministry of
similarly to Eq.(21): Science of Technology under projects DPI2000-1578-C02-

FIG. 10. Overall friction coefficient in a rotating square duct.

ROV’E( 1

Cf| =

where Cf is the friction coefficient at the two sidewalls.
Figure 9a) shows that Eq(21) reproduces accurately the,Cf
in the range Rp=20 according to the fact that in this range
of rotational numbers a balance between the Coriolis forc
and the imposed pressure gradient is established in most
the area of the cross section of the duct.
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