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Abstract

Large-eddy simulations investigate turbulent flomdaheat transfer in a ribbed channel, with pararsete
reproducing the experiments of Casarsa et al.Tp simulations are carried out. The first one ¢stssin a

full domain including five ribs representing thepeximental test section and aims to verify the flmaviodicity
found experimentally. In this case, inflow and twf boundary conditions are used in the streamwise
direction. The second simulation, restricted to quiteh length with periodic conditions applied ihet
streamwise direction, aims to check if this simpbafiguration is able to reproduce the experimexisan and
turbulent quantities together with the heat trangfdoth simulations are compared to experimeateita.

1. Introduction

In heat exchanger applications, ducts with rib tlators are used to increase the convective haasfar. Accurate
prediction of ribbed duct flow and heat transfeofismportance to the gas turbine industry. Flowseyated by ribs
are dominated by separating and reattaching shgard with vortex shedding and secondary flowshan ¢ross-
section. A wide database of experimental data fobed ducts in many geometric configurations araivfl
conditions is available in the literature (Han (8D88]; Liou et al. (1993) [10]; Cakan (2000) [fasarsa et al.
(2002) [4]; Chandra et al. (2003) [5]; Graham et(aD04) [6]; Tanda (2004) [16]; Won and LigranD(2) [19];
Arun and Prabhu (2007) [1]; Gupta et al. (2008) [Zbmputational studies have also been used extynsin
investigating flow and heat transfer effects irbed ducts. Prediction of these flows has been doaipl by the
presence of separating/reattaching shear layezsndary flows. The flow is affected by the sidewalhd a three-
dimensional representation is needed. The Reyraldsaged Navier-Stokes (RANS) turbulence modeliiogs not
have the accuracy required of a prediction toobsethe wide range of physical phenomena encouhteraternal
cooling flows. By resolving only energy containieddies, Large-Eddy Simulation (LES) reduces themgdational
complexity of direct numerical simulations (DNS) lsgveral orders of magnitude. Among the studiesciwh
consider 3D flow, one may list: Murata and Mochiz(®001) [13], Watanabe and Takahashi (2002) [T&fti
(2005) [15], Sewall et al. (2006) [14]; Viswanathand Tafti (2006) [17], Liu and Wang (2011) [11hd large-
eddy simulations carried out by Lohasz et al. (20a2] reproduce the experiments of Casarsa ef2a02) [4]
without taking into account the heat transfer. papgers mentioned above solve the Navier-Stokegtiegador an
incompressible flow and a temperature equation kvhats like a passive scalar.

2. Squareribbed channe

The present contribution concerns the simulatiothefflow in a square duct where successive ribsqofre cross
section are mounted on the lower wall perpenditutarthe stream direction. Casarsa et al. [4] hexgerimentally
found that for such a configuration the flow stadsrepeat itself in every pitch length after tloairth rib. Two
simulations are carried out: the first one, refeeghlater by LES-F, consists in a full domain inlihg five ribs, the
length of which in the streamwise (X) directioneatipts to represent the experimental test sectioihit case,
inflow and outflow boundary conditions are usedha streamwise (X) direction. The second simulafldBS-P) is
confined around a single rib and uses periodic itimmd in the streamwise (X) direction. The numatiesults will
be compared with those obtained experimentally éetwthe fourth and fifth ribs.

The channel is characterized by a square croseegdt, Z) 0.1x0.1 m2. The rib cross section (hih.03x0.03
m?, providing a blockage ratio of 30%. The pitch-&ight ratio (P/h) is equal to 10. The Reynolds nemf the
mean flow based on the hydraulic diametgrabd the bulk velocity is equal to 4.104. The dualls as well as the
three faces of the ribs exposed to the main floe leated by imposing a constant heat flyx=q650 W/n%
prescribed in the experiments. Fig. 1 displaysabmputational domain with five obstacles (top) &nel periodic
domain (bottom).
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Figure 1: Full and periodic computational domains.

3. Governing equations and computational model

The time-accurate resolution method of complex fipwhich present separating /reattaching sheardaged
secondary flows is based on the large-eddy sinmmlallES, by solving the energy containing eddiesluces the
complexity of Direct Numerical Simulation (DNS) Isgveral orders of magnitude. Two approaches arencony
used to perform LES: explicit subgrid stress mode¢sused to represent the effect of unresolveéscd motion on
the large scales and the second method consistsrig the Monotonic Integrated Large-Eddy Simulai¢MILES)
proposed by Boris et .dR]. This latter is based on the assumption thatititrinsic dissipation of an upwind scheme
is able to mimic the dissipative behaviour of tmeasolved turbulent scales, and that when using auscheme, the
subgrid viscosity has to be set to zero. The MIld&roach has been used in the present study. TNerriog
equations for LES are the grid-filtered mass, mamm@nand total energy equations for compressmiwﬂkm order

to simplify the resulting set of equations, a massghted change of variable (Favre) is defined ag:f —pf
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where the total energy is written as follow§/\E—i lf)gg The stress tensoffij is defined as:
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In case of inflow/outflow boundary conditions iretistreamwise direction the coefficiengs and 3 are equal to
zero, but in case of periodicity conditions in gimulation the termu is the mean pressure gradient to balance the
wall-shear stress on the walls, it is imposed égtreamwise direction to maintain a constant flate andd,, takes
the value of one when i=1. A mean enthalpy gradf@ig added in order to balance the global energytdube
heated walls 3 = q,,S, /mP where g is the heat flux at the walls,,8e total surface of the heated wals,the flow
rate and P is the pitch distance. To close theofeequations, the following filtered equation ofatet is
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used:p/p = rT with r =287 J kg K. The viscosity dependence on temperature is medletsing the Sutherland’s
law.

4. Simulation characteristics

Mesh density is relatively high in the vicinity tife rib and the duct surfaces to resolve the bayntdhaear layers,
which is crucial to the accurate prediction of tgmce and heat transfer. For the periodic donmteecomputational
grid consists in about 5.2 million grid points, whiare distributed as follows: 301 and 101 grichfgorespectively
in the streamwise and spanwise directions. In #réoal direction 201 (121 above the rib) grid geiare used. The
full domain consists in 5 periodic computationahwons, plus a zone at the entrance (301x201x10d pazrone at
the outflow (301x201x101). All in all in the fullosinain there are 38 million grid points. The timepsis set to 3.18
Dy/Upleading to a maximum local CFL number of 0.6.

The grid points are clustered in the vicinity oé tivalls and the size of the first cell is 0.00Q3@ar the walls. The
guality of the resolution is judged by determinthg cell size in wall units based a posterioritoe mmean wall shear
velocity. To evaluate the resolution at the neall-wegjion, the most important criterion is the distition of non-
dimensional y" and 3" which represent the size of the first cell on laétom and lateral walls from LES-P. Fig. 2
depicts the y and z"* distribution in the half lower (left) and later@ght) walls. The highest value of'yis found
on the rib top and near the lateral wall before ribe while z* is very low <1, except at the leading edge of the
lateral wall .The simulation resolves the wallssbNS-like representation(y z,'<1 ).
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Figure 2: Distribution of y (left) on the half lower wall and, z(right) on the lateral wall.

The governing equations for mass, momentum andggnare discretized with a conservative finite-voum
formulation. The spatial discretization method &sé&d on the cell-centred finite volume methodolody.upwind
biased, with a third-order MUSCL interpolation seteeof AUSM+(P) family without any shock capturirgpfure is
used for the convective scheme. An explicit tintednation is carried out by means of a third-or@npact Runge-
Kutta scheme. Details of the method can be founidaithevéque et al. [9]. In the first configuratiahthe inflow
boundary, thermo-dynamic state is imposed, whil¢hat outflow boundary the non-reflecting charastis are
applied. In the second configuration, periodic lany conditions are imposed in the streamwise (¥ation. No-
slip boundary conditions and wall temperature gugliad at the top, bottom and lateral walls of theannel and at
the top and lateral walls of the rib.

5. Reaults

All the results presented in this section are tameraged quantities. The flow is strongly threeatisional. The
combined effect of the rib and the side walls irekusecondary flows in the cross-section of the mdlars a matter
of fact the blockage forces the flow in front oéthib to swirl toward the lateral walls in an up@ianotion over the
rib which is noticeable in Fig. 3 (left) correspamgl to LES-P. In this latter, the streamlines st@rfrom a line

upstream from the rib, are spiralling in front bfforming a surface trapped in the upstream corfikis forces the
flow to swirl towards the walls above the rib andinally escape downstream in the channel corflee. presence of
the high spanwise velocity regions upstream ofrithés due to the blockage effect of the rib. Tlkeeadary cross-
sectional flows have a large impact on the heasfea augmentation on the side walls.

Considering the mean flow in the center plane Z/l&Q. 3 (right) reveals four distinct zones asataxd with the rib.

A wide recirculation bubble occurs downstream fritna rib due to the sudden expansion of the flowpaganied

by a small counter rotating vortex V1 at the lowerner behind the rib. After the flow reattachmiem¢ (Lg), a new

boundary layer develops and impinges on the nbxXbriming an upstream vortex V3. Another recirciolatzone V2

is formed on the rib top as the sharp front edgihefrib deflects the flow. The mesh is sufficigntéfined to reveal
other small counter-vortices in the corners, whide areAX/h =0.02, and another vortex on the rib top, jusshind
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V2. The Table 1 compares the size of the differentrculation zones for both LES presented herwvelsas the
Lohész et al. LES [12] with the experimental data [4].
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Figure 3: (Left) Global flow view, the streamlinae colored with mean streamwise velocity. (Ridgbe}ails of flow
structures around the rib at the center plane.

Table 1: Comparison of the different recirculatmmmes.

Casarsa et al. [4] LES (Lohdsz etal.) [12] LES-F ESEP
Reattachment length 4.26<X/h<4.34 | AX/h =3.85 AX/h =4.23 AX/h =3.71
V1 0.25 AX/h <0.28 AX/h =0.5 AX/h =0.37 AX/h =0.41
V2 0.6<AX/h<0.9 AX/h =0.91 AX/h =0.84 AX/h =0.91
V3 1.04<AX/h<1.5 AX/h =0.66 AX/h =0.7 AX/h =0.6

Fig. 4 shows contours of mean streamwise veloditha center plane Z/h=0, negative values are septed with
dashed lines. The iso-contours of the LES-F (tapjfiom a global periodicity of the flow. The LES{fop) and
LES-P results (right-bottom) are in good agreemeith those obtained experimentally by Casarsa efleft-

bottom). The rib reduces the cross section anderprently accelerates the flow and high velocitydgmats are
found in the upstream top corner rib. The suddgraegion downstream from it, leads to a reverse fiowndary,
which grows in thickness in the upstream directedong the length of the recirculation zone.
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Figure 4: U.qanat the center plane, LES-F (top), LES-P (rightdaof), Casarsa et al. [4] (left-bottom).
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Figure 5: Mean velocity and resolved turbulent ditis profiles at center plane for different sen8
for both LES compared with experimental data ofatse [4].
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Fig. 5 shows mean velocity and high-order stasspicofiles at the center plane Z/h=0 at the folloyvfive axial
locations: X/h=0, 0.65, 2, 3 and 9.2 obtained frioE5-F and LES-P and compared with experimental. dittase
axial locations have been chosen in order to dtwsslifferent recirculation zones around the rild an top of the
rib and in the the recirculation bubble. The difier profiles consist in the normalized mean strem@aw

Umean<U>/Uy and cross-stream M..<V>/ Uy velocity profiles, resolved Ws (U‘U‘) IUys Vims V'V U, and

resolved turbulent shear stress - <U'V'37UFrom the plots, it can be seen that the LES-Ferprédicts Weanin the
channel centerNear the wall, both simulations agree quite welthwithe experimental data except the location
upstream of the rib, where the measurements dispkyaller recirculation zone. The cross-streag\&V>/ Uy
velocity profiles look spread out, but they areseldo 0 and the scale change makes appear vasialiothe main
recirculation zone, the values are more scattered. measured LJs profiles show peaks, which arise from shear
layer turbulent generation at the rib top surfand decrease, as the flow moves downstream. TheR_E&ptures
the peaks better than the LES-F. However, for deation X/h=9.2 which is upstream of the rib, tkesalved U
profiles are spread out. In the near-wall regiampstream, above the rib and downstream of thethié] ES-P over
predicts the resolved,ys For the resolved turbulent shear stress - <U'M3/ the values are very weak and some
discrepancies between LES and experimental datadieeable in the channel center. Globally, theSHE results
seem in better agreement with experimental datatth@se obtained from LES-F. This could be dudéorhass flow
rate imposed in the periodicity case, which bettmresents the experiments. In the case of thedfuthain, the
boundary conditions imposed at the domain entrandéficult to evaluate because little informatigngiven by the
experiments. If we compare the mass flow rateb@asaime location obtained by both simulationsotiee from the
full simulation is weaker than the one imposechia periodic simulation.

Nu/Mu,. 05 075 1 125 15 175 2 225 25 2756 3 325 35 375 4

Figure 6: Distribution of Nusselt number on ribheall, lateral wall and rib for LES-P (top) and LEShottom).

The heat transfer results (LES-P) are presentddrins of an enhancement factor which correspondleaatio
between Nusselt number Nu of the flow at the W= q,D,/A(8, —6.) and Ny obtained from Dittus-
Boelter correlation: Ngr 0.023 R&2 P4 The results of LES-P (top) and LES-F (bottom) plcgted in Fig. 6 on

the different walls of the computational domaing anesent the same trends between the full anddgierilomains.
On the bottom wall, the heat transfer is maximunfront of the rib, which is a result of the highlynsteady
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secondary eddies. These vortices enhance mixingremelase heat transfer coefficient. At the siddl wee high
values of Nusselt number are located in the vigioftthe rib junction, which is a result of latefaipingement on
the wall as shown in Fig. 3. On the rib itself, tfeat transfer is high at the top leading edgerasuat of the strong
fluid acceleration, and in the reattachment regioimediately downstream from the rib, the heatgfanis low and
downstream in the main recirculation region the $éltsnumber increases, but does not reach the peakously
described. The secondary flows play a major rolth@heat transfer at the side walls, but thereigxperimental
data on them. Fig. 7 compares the Nusselt numbéhebottom wall (included ribs) for both simulat®with the
one obtained experimentally [4] arountl Ab. Between the two ribs, both LES underprediet Nusselt number,
whereas on the rib top, the levels are comparable.
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Figure 7: Distribution of Nusselt number on ribbeall in the center of channdhr the two LES compared with
experimental data of Casarsa et al. [4].

Conclusion

Two simulations, a full domain and a periodic domla@ave been performed in a ribbed square ductavith height
to hydraulic diameter ratio of .3 and a rib pitohrib height ratio of 10 for a bulk Reynolds humioé#0,000. The
present study validates the use of LES for pretictiow and heat transfer with experiments. Thelkgize of the
first cell on the bottom ) and lateral () walls leads to DNS-like representation of thesldrhe simulation
reproduces the major flow structures measured érpetally with a very good agreement, namely arocedation
zone formed on the top of the rib and behind thethe lateral impingement of the flow on the sid#ls. After the
flow reattachment, the boundary layer grows upiamgnges on the rib forming another vortex.

The three-dimensional nature of the flow is veridewt. The blockage induced by the rib forces tbe in front of
the rib to swirl in the sidewall tube transportihgver the rib in an upward motion. This motioncempensated in
the central part of the duct by a downward curréunt)ed by a streamwise elongated couple of conot@ting
structure in the upper part of the duct. It is obed that the rib induces a flow swirling towartie sidewalls before
passing away on top of the rib. As stated abowegctntour plots of mean velocities at the centanglillustrate the
good agreement of the LES results with experimEime. resolved turbulent profiles are very sensitivehe different
recirculation zones, which occur in this kind degetry. The LES performed in the periodic domaiense closer
to experimental data than the one, which compuitedull domain. These discrepancies could be relaighe inlet
boundary conditions in the full domain, which daest represent the experiments, while a flow ratselto
experiments, is maintained in the periodic configian. In front of the rib unsteady vortical stures draw fluid in

towards the side wall and induce high values gf.M/and W,s The sidewalls have a strong influence on the heat

transfer distribution. The streamlines connectinggdm wall of the rib and a region over the topneorof the rib are

well correlated to the high values of heat transféhile the heat transfer on the ribbed wall isarded due to the
streamwise flow, the secondary flow plays a majbe in the heat transfer on the side walls. Immtetifebehind the

rib, a secondary recirculation is trapped betwdenwall and the primary recirculation zone, whiglevents the

fluid from efficiently mixing with the fluid in theechannel core, but increases the heat transfemeddwnstream rib
side. In front of the rib on the ribbed wall, theal transfer is high as the result of highly urtgesecondary eddies
produced in this region.
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