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Abstract

Turbulent flows in rectangular cooling ducts of rocket engine thrust chambers are characterized by secondary
motions of Prandtl’s first and second kinds. These secondary currents play a prominent part in heat transfer between
the thrust chamber and the cooling gas conveyed in the duct. Previous numerical and experimental works reveal that
attaching ridges on the walls of the duct causes the formation of new secondary flows of Prandtl’s second kind. These
new structures are likely to increase the heat transfer. The present study has investigated numerically, through large
eddy simulations, the effect of different forms of ridges on heat transfer in straight square duct flows.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In rocket engine thrust chambers, temperature and
heat transfer could respectively exceed 3500 K and
100 MW m 2. This excessive heat must obviously be
evacuated in order to keep the temperature of the walls
in the thrust chamber under the fusion point of the
material.

Previous numerical investigations on heated straight
ducts characterized by a square cross-section have been
reported in Salinas Vazquez and Métais [1], considering
that the temperature 7}, imposed on a wall was higher
than the temperature 7, imposed on the three other
walls. These studies reveal that, in the vicinity of the cor-
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ners, relative to the hot wall plane, the reinforcement of
secondary flows of Prandtl’s second kind creates an
impingement of the heated wall by the cold fluid coming
from the core duct. Whereas, near the middle hot wall
plane, the creation of a quasi-stationary big ejection de-
creases the mean wall heat flux. This phenomenon can
be observed in Fig. 1 which represents the distribution
of the mean normal to the wall heat flux along the hot
wall, defined by:

G = [{(<)0(T) /0n],, (1)

where (i) is the mean thermal conductivity, (7) the
mean temperature and n designates the normal direction
to the wall. ¢, is normalized by the mean bulk wall heat
flux on the hot wall (¢%). Moreover, the latest big ejec-
tion, which can be visualized from the instantaneous
fields of temperature (contours) and transverse veloc-
ity (vectors) in Fig. 1, concentrates the turbulence

0017-9310/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jjheatmasstransfer.2004.10.036



M.S. Vazquez et al. | International Journal of Heat and Mass Transfer 48 (2005) 2050-2063 2051

Nomenclature

b minor ridge base, m
B mayor ridge base, m
Cr skin friction

Cy Kolmogorov constant

C, specific heat constant volume, J kg™' K~!
Cur Constant structure function model

Dy hydraulic diameter, m

e total energy, J

f body force, kgm™2s
F flux, compressible conservative equation

-2

Fs structure function, m? s~
Gr Grashof number

H ridge high, m

1 ridge spacing, m

k thermal conductivity, Wm ™' K !
M Mach number

n normal direction

P pressure, Pa

Pr Prandtl number,

Gw heat flux, W m 2

R particular constant ideal gas, J kg™! K™!

Re Reynolds number

S source term

Sy deviatoric part of the strain rate, s7!

t time, s

T temperature, K

Ty wall temperature, K

Ty high wall temperature, K

Trms fluctuating temperature mean root square, K

u longitudinal velocity, x-direction, m s !

i velocity vector, m s7!

U longitudinal mean velocity, x-direction, m s !

U conservation equations vector,

U, longitudinal bulk velocity, x-direction,
ms !

u' fluctuating longitudinal velocity, x-direc-
tion, m s~

Upms fluctuating longitudinal velocity mean root
square, x-direction, m s7!
U, friction velocities, ('cpfl)l/z, ms!

(u'T’)  turbulent heat flux in x-direction, K ms~'

(@T)  turbulent heat flux vector, Kms™'
(u'v'") Reynolds stress, m? s>
transversal velocity, y-direction, m s~

v
(v'T'"y  turbulent heat flux in y-direction, K ms™
1

1
1

w transversal velocity, z-direction, m s~
(w'T")  turbulent heat flux in z-direction, K m s~
w transversal mean velocity, z-direction, m s
X longitudinal direction, m

X spatial vector, m

X; spatial directions, m

y transversal direction, m

al wall units, (up~'u7!)

z transversal direction, m

Greek symbols
2

u viscosity, Nsm™

Y specific heats ratio

0 Dirac function,

v, turbulent viscosity, m?s™!
A mean local grid size, m

0 density, kgm™>

Ob bulk density, kg m™>

shear stress, N m™>

mean shear stress on the heat wall, N m~>
Subindices

i three spatial directions, Vi € {1,2,3}

w at the wall

Superindex
o bulk value

around the middle wall plane, z/Dy, = 0.5. Concentrated
ejections around the middle wall plane also create a low
temperature gradient in this zone, decreasing the wall
heat flux (qy), see Fig. 1. From results in square ducts
[1], it can also be verified that the reinforcement in size
and intensity of mean secondary flows is related to
changes in thermal variables. Fig. 2 shows this transfor-
mation of the mean secondary flows and its influence
over the T, contours for two different temperatures
Tw/Ty =1.75 and Ty/T,, = 3.25. For highest T}, values,
the ejection zone (dashed line zone) and maximum 7
values zone are more concentrated around the middle
wall plane. The zone corresponds to the fluid engulfment

(solid line zone) increases in size and the T, contours
are deformed close to the heated wall.

The importance of these results is that we can change
the thermal turbulence behavior in cooling ducts by
changing the form of the mean secondary flows. Two
different sorts of modifications are possible: introducing
a curvature in the duct (and consider thus Prandtl’s first
kind secondary flows) or changing the cross-section of
the initial straight square duct.

The study presented in this paper focuses on the sec-
ond option. These modified secondary motions would
supposedly increase energy transport and global heat
transfer within the duct. As new geometries, a square
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Fig. 1. Instantaneous fields, secondary flows vectors and temperature contours (7/7,,) in a heated square duct (left) and spatial
evolution of mean wall heat flux along the hot wall of the square duct (right) [1].
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Fig. 2. Mean secondary flows and Ty in the square duct. 7y,/7T, = 1.75 (left) and T1/T, = 3.25 (right).

heated duct with different forms of longitudinal ridges
on the heated wall are considered and compared by
means of large eddy simulations.

In the first part of this paper, results concerning iso-
thermal straight ridged ducts (four walls at the same
temperature) are presented. The effect of ridges on the
flow is studied. In the second part, the performance of
ridges in heated configurations is presented, and finally
the influence of the position and dimensions of ridges
is discussed.

2. Governing equations and numerical method
2.1. Flow equations

The continuity, compressible Navier—Stokes and en-
ergy equations are normalized using the following refer-

ence dimensions: bulk velocity U, bulk density py,
hydraulic diameter Dy, of each duct and a reference tem-

perature T, applied on duct walls. In the so-called fast-
conservation, these equations are:

U oF,
ot 6x,- -

U is a five component vector defined by:

S (2)

(3)
where u; represents the velocity component in the i direc-

tion and e the total energy per unit mass (e =
pCT +3p(u; +uf +u)).

U:T(p7 puy, puz, pus, pe)

F; are fluxes in the three spatial directions
Vie {1,2,3} defined by:
—pu;
—puuy — ﬁpén + #:Si
F, = —puiiy + V#P(Siz +£Sh (4)

—puuz + Vﬁpéﬂ + 5Sa

M2 R
—(pe + p)u; + 5 uSiju; + 715 5 &
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Re, M and Pr are respectively the Reynolds, Mach and
Prandtl numbers, based on the previous reference
dimensions. The gas is considered as an ideal gas:
P = pRT, where R is the particular gas constant.

S;; denotes the deviatoric part of the strain rate tensor
defined by:

(0w Ou; 2 o
Sif - (axj + axi 3(v u)511> (5)

S corresponds to a forcing term, used to offset friction
head loss. Its expression is:

S = (07f70707VM2Ubf) (6)

where f'is a body force introduced to impose a constant
pressure gradient.

2.2. Large eddy simulation

The large eddy simulation (LES) technique is used to
compute turbulent effects within the flow. It consists in
deterministically simulating the large scales of the flow
since they are the most energetic. The small scales are
then filtered out but, as kinetic energy transfers occur
between small and large scales, they influence the large
scale motions [2]. Consequently, small scales effect must
be considered through a model.

LES equations are found by applying a high-pass
spatial filter Ga.(x) of size Ax to the conservation equa-
tions. This filtering operation eliminates scales smaller
than the filter size Ax, called the sub-grid scales. A
new tensor then appears in the Navier-Stokes equations,
called the subgrid scale tensor. Physically, it represents
the influence of small scales on large scales and must
be modeled.

The subgrid scale tensor is modeled through the clas-
sical eddy-viscosity assumption, computed from a sub-
grid-scale model, wherein the selective structure
function model is applied [3,4]:

V(% Ax, 1) = Cy A/ F5 (X, 4, 1) (7)

where Cy is linked to the Kolmogorov’s con-
stant Cy : Cy = 0.105C;3/2‘ Cy takes the value 0.104
for Gy =14.

Fy(¥ Ax,t) is the second-order velocity structure
function, constructed with the instantaneous filtered
velocity field. Practically, F,(¥,4,¢) is determined by
considering an average relative to six neighboring
points. Turbulent thermal conductivity is obtained from
a constant turbulent Prandtl number, equal to 0.6.

2.3. Resolution method

Filtered equations are solved in generalized coordi-
nates by means of an extension of the fully explicit
Mac-Cormack scheme, fourth order in space and second

in time [5]. A detailed explanation of LES formalism and
numerical schemes used in the present work, and an ex-
tended validation of the computational code have been
presented in Salinas Vazquez and Métais [1].

3. Computational domains and flow configuration

Dimensions of the four computational domains are
equal to those used in a previous work [l]:
12.8Dy, X Dy, X Dy, respectively in the x (streamwise), y
(spanwise) and z (transverse) directions. The streamwise
length has also shown that it can ensure the correct rep-
resentation of the longest turbulent structures present
within the flow [1]. Cross-sections of the four computa-
tional domains consist of a geometrical square. Three of
them are implemented with two ridges on one of the
walls (see Fig. 3). Three different forms of ridges are
studied, with their geometrical characteristics provided
in Table 1. Changes in wet perimeter and area due to
the presence of the ridges are negligible. This ridge forms
were chosen primarily for their simplicity.

The computational grid consists of 120 x 60 x 60
nodes along x, y and z directions respectively. A non-
uniform (orthogonal) grid is used in the y and z direc-
tions to correctly simulate the near-wall regions [1].
For ridged duct grids, the same distribution is effected
in both transverse and spanwise directions. Due to the
ridges small size, no special attention is paid around
them.

The Reynolds and Mach numbers are respectively
equal to 6000 and 0.5. These numbers are based on ref-
erence dimensions presented in Section 2.1. As the Gras-
hoff number is much smaller than one, gravity effects are
negligible and therefore not considered.

3.1. Boundary conditions

No-slip boundary conditions are used along all solid
walls. Periodic boundary conditions along the stream-
wise direction x are imposed. Pressure at the wall is ob-
tained by solving the equations of conservation. In the
isothermal LES, temperature of each wall is taken equal
to the reference temperature (see Section 2.1). In the sec-
ond part of the study when heat is applied, a tempera-
ture 7, is imposed at the ridged wall and the
temperature 7T,, is maintained on the other walls. In
the present work, only the ratio Ty/T, =2.5 was
considered.

3.2. Statistics quantities

Mean statistics are obtained by averaging in the
homogeneous direction, x, and in time. In ridged sec-
tions, statistics are optimized by considering the symme-
try plane present in these sections. The bulk quantities
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Fig. 3. Cross-section of the ridged duct.
Table 1
Isothermal ridged duct (ridges geometrical characteristics)
Form H/Dh B/Dh b/Dh I/Dh
Trapezoidal 0.03 0.3 0.1 0.5
Triangular 0.03 0.3 - 0.5
Circular 0.03 0.3 - 0.5
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Fig. 4. Repartition of mean secondary flows in a ridged duct. 1/4 transversal section.

refer to the mean quantity averaged along the y- and z-
directions. Similar statistics quantities are defined in
Salinas Vazquez and Métais [1].

4. Isothermal ridged ducts

4.1. Secondary flow transformations and consequences
Many numerical [6,7,1] and experimental [8-10]

investigations concerning turbulent flows in non-circular

ducts adduce to the presence of secondary flows of Pra-
ndtl’s second kind in each corner. These mean motions,

due to important gradients of Reynolds stresses, consist
of two mean longitudinal vortices, located in a plane
perpendicular to the direction of principal flow, see
Fig. 5. Since they carry fluid from the center of the duct
towards the corner, these motions play an important
role in convection of momentum, energy and vorticity.

Some studies about single ribblet [11] and ridged
open channels [12,13] have shown that turbulent activity
is increased above the ribblet since other secondary flows
are created on each side of the ridge.

In the particular case where ridges are implemented
on one wall of a square duct, the secondary flows created
by them, G and G1, interact with those created by the
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Fig. 5. Mean transversal and vertical velocity field vector in square duct [1] (left) and in trapezoidal ridged duct (right).

corners of the duct, C and C1 [1,6,7]. C1 and G1 merge
to form a bigger secondary flow (BSF) (see Fig. 4). The
repartition of secondary motions (see Figs. 4 and 5) con-
sists thus of a small secondary flow (SSF) due to the
ridge and located around the middle plane of the ridged
wall [14,15,12], the previous secondary flow (BSF), and a
deformed typical corner secondary flow, lateral second-
ary flow (LSF). No modification is observed in the sec-
ondary flows located in the opposite wall of the duct
(PWSF).

Fig. 5 shows the mean transverse and vertical velocity
fields for the square duct and the trapezoidal ridged
duct. The transformation of C1 in the ridged duct, and
the presence of the two weak secondary flows around
the middle wall plane (SSF) are presented. Similar trans-
formations are observed for the other ridged geometries.

By modifying instantaneous fields and mean second-
ary motions, the ridges have two important advantages
in the thermal performance enhancement: a global esca-
lation of the turbulence (mixing activity) and an increase
in the heat transfer normal to the wall around the middle
wall plane (critical zone, see Fig. 1) due to the SSFs ef-
fect. However, an increase of the streamwise velocity
gradient is also observed, similar to the effect noticed
in ribblet works [11], when the spacing between ribblets
is bigger than the critical drag reduction length. An in-
crease of the wall shear stresses, considered as an unde-
sirable effect, is then found.

4.2. Intensity and position of BSF and SSF

Fig. 6 shows statistical results for four different z-
planes (z/Dy, = 0.15, 0.25, 0.35 and 0.5). Firstly, evolu-
tions of mean spanwise velocity (top) in planes
z/Dp, = 0.15 and z/Dy =0.25 provide the presence of
BSF in ridged ducts and C1 in the square duct. A quan-
titative evaluation of the intensity of these vortices could

be done by considering the maximum of mean spanwise
velocity, located on a vertical profile connecting to the
center of each BSF. Table 2, which assesses the intensity
of each vortex under the previous assumption, shows
that triangular and trapezoidal ridged ducts induce the
most intense BSF.

Evolutions of mean spanwise velocity in plane
z/Dy = 0.35 reveal the presence of SSF in ridged
ducts, and negative spanwise velocity close the wall
(¥/Dy, = 0.0). As previously mentioned, Table 2 assesses
their intensity. This shows that trapezoidal ridges induce
the most intense SSF. An evolution of mean spanwise
velocity performed in the center of each SSF shows that
they are not dependant on the ridges form. The transver-
sal position obtained for the three ridged duct is coher-
ent with that obtained by Nezu and Nakagawa [12].
These authors expose that this position is equal to /4.

4.3. Influence of ridges on turbulent activity

Fig. 6 also presents the evolution of the Reynolds
stresses (u'v’) normalized by the mean friction velocity
in planes z/Dy, = 0.15, 0.25, 0.35 and 0.5 (middle). Peaks
present on these graphs are the signature of turbulent
phenomena as ejections and sweeps, principally [1].
The trapezoidal ridge induces approximately a 44% in-
crease in (¥'v') /u? in its middle (z/Dy, = 0.25), in compar-
ison to a square duct in this zone. Ribblets studies have
already observed the enhancement of turbulence above
isolated elements [11]. In this zone, where BSF is
located, the ejections-sweeps activity is very strong, sim-
ilar than the activity observed around the middle plane
of square duct [1]. In the extremity of the ridge close
the middle wall plane (z/Dy, =0.5), Reynolds stresses
are decreased when compared to those in a square duct.
For the same trapezoidal ridged duct, the decrease is
evaluated as ~—40%. It could be assumed that in this
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Fig. 6. Isothermal ducts. Comparison between the four ducts for four z-planes z/Dy, = 0.15, 0.25, 0.35 and 0.5. Values are normalized
by the bulk velocity (U,) for mean spanwise velocity (W), and by friction velocity (u,) for Reynolds stress (u/'v') and rms of streamwise
velocity. Square duct (A); trapezoidal ridged (—); circular ridged (— -); and triangular ridged (- - -).

Table 2
Isothermal ridged duct (maximal transversal velocity for BSF
and SSF)

Maximal W in BSF Maximal W in SSF
1.9% U, (C1) -

Type of duct

Square duct

Trapezoidal ridge 3.2% U, 1.8% U,
Circular ridge 3.0% Uy 1.3% U,
Triangular ridge  3.2% U, 1.0% U,

zone of the ridged duct, sweeps (which engulf fluid to the
wall) are favored as ejections, which are more energetic.
The decrease is more important for the trapezoidal

ridged section and this observation is coherent with
the fact that a trapezoidal ridge induces a more intense
SSF. Indeed, these changes in (u'v’), Fig. 6, show that
Uyms 18 as intense in ridged ducts as in square duct, for
the four z-planes considered. This observation reveals
that turbulent activity expressed by Reynolds stresses
(u'v") is principally linked to vertical fluctuations.

4.4. Evolution of wall shear stresses
Fig. 7 represents the evolution of wall shear stresses,

normalized by its mean bulk value along the wall duct,
7%, defined by:
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where p designs the local dynamic viscosity, (U) the
mean streamwise velocity and n the normal direction
to the wall. It was verified that the contribution of other
components of the strain rate tensor was weaker.
Peaks in ridged ducts profiles are due principally to
the duct geometry and not to an eventual lack of statis-
tics convergence. Peaks of shear stresses relative to
ridged duct observed around z/D;, ~ 0.2 and at z/Dy, =
0.5 are direct consequences of BSF’s and SSF’s actions

l||||||f|l||||l||||||

Oklllllllllllllllll[llllll
0 01 02 03 04 05

z/Dh

Fig. 7. Spatial evolution of wall shear stresses (normalized by
its mean value). Square duct (A); trapezoidal ridged (—);
circular ridged (— -); and triangular ridged (- - -).

Heated

Isothermal

Table 3

Isothermal ridged duct (increase of the skin friction (Cy))
Form cf increase (%)
Trapezoidal ridged +14
Triangular ridged +1.3

Circular ridged +1.2

respectively, since these vortices induce important mean
streamwise velocity gradients in these zones. Trapezoi-
dal ridged duct induces at z/D;, = 0.5 the most important
mean bulk skin friction, Cf = m, due principally to
the high intensity of SSF in this duct (see Table 2).
Table 3 provides the mean bulk skin friction coeffi-
cient over the ridged wall in comparison with its value
obtained in a square duct [1]. A triangular ridged duct
induces the most important skin friction coefficient.

5. Heated ridged ducts

The geometrical characteristics of the ridged heated
ducts are similar to those of the isothermal ducts. The
difference is the imposition of a higher temperature, T},
at the ridged wall. The other three walls have the refer-
ence temperature, 7. Only one case of heated ducts is
studied here for three types of ridge form, for a ratio
of Ty,/T,, = 2.5. Statistics are obtained as those in the iso-
thermal ridged duct.

In heated ridged ducts, as in a heated square duct,
turbulent activity is characterized by the enhancement
of ejections from the heated wall. In the square heated
duct, the increase in the size of the ejections above the
heated wall and the confinement of secondary flows pro-

o
kil
K
\

Isothermal Heated

Fig. 8. Secondary flows in isothermal (left) and heated (right) square duct.
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Table 4
Heated ridged ducts (maximal transversal velocity for BSF and
SSF)

Type of duct BSF SSF
Square duct 2.9% Uy -
Trapezoidal ridged 3.5% Uy 0.5% Uy,
Triangular ridged 3.4% Uy 0.25% U,
Circular ridged 3.3% Uy ~0

duced by the lateral wall are such that the ejections can
only take place in the vicinity of the ducts middle plane
[1]. In the ridged duct, turbulent structures are also con-
fined by ridges, leaving a larger zone where ejections can
take place. Fig. 8 compares the mean secondary flow
vectors, in one half of the duct section, for the isother-
mal and heated cases. In the square duct, the size and
intensity of the mean secondary flows increase when
heating is also increased. For the heated ridged duct
the mean secondary flows BSFs size is not significantly

@ =0.0003

YA

increased. The enhancement of the mean secondary
flows intensity, in comparison with isothermal cases, is
presented in Table 4. This increase is just ~10% for
ridged ducts, and for the square duct it is more than
50%. The SSF intensity is decreased, and in the case of
the circular ridged duct SSF are not generated. The tri-
angular and circular ridges exhibit a low limitation effect
on the size of mean secondary flows.

As found in the square duct, stronger ejections in
ridged ducts tend to generate more turbulent activity
in the outer part of the boundary layer. However, in
ridged ducts maximal turbulent activity is not concen-
trated in the middle wall plane as it is in heated square
ducts. This zone extends from the middle wall plane
(z/Dy = 0.5) to the middle ridged plane (z/Dy, = 0.25).
Fig. 9 shows the contours of the Reynolds stress (u'v")
for the cases studied. The trapezoidal ridge presents a
more extended (u'v’) maximal zone. The maximal (u'v’)
zone for the other two ridges is more concentrated in the
middle wall plane. As in isothermal ridged ducts, evolu-

N )

-0.000

-0.000

@IN( ¥

>
z

-
4

Fig. 9. Contours of Reynolds stresses (u'v'). Values normalized by Uy”. Step —0.0003(u'v')/U?. 1/4 transversal section.
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tion in function of the ridge form of u,, is not present.
Ridges have no fundamental influence on the streamwise
velocity fluctuations.

Finally Table 5 provides the mean bulk values of skin
friction (C¥) and wall heat transfer (¢%) above the ridged
wall. Tt assesses the increment of these parameters, vis-a-
vis the heated square duct. The trapezoidal ridge induces
the most important increase for both variables. The
stronger mean secondary flows in this ridged wall
enhance thermal performance, albeit they also induce
additional viscous looses.

5.1. Wall turbulent structures

When one of the four walls of a square duct is heated,
the increase of viscosity with temperature is followed by
an enhancement of the viscous length ¢ [1], over the
whole heated wall. It was established in [1] that the

Table 5
Heated ridged duct (skin friction, C¢ and normal to wall heat
transfert, ¢, increase)

Type of duct Ct (%) g% (%)
Trapezoidal ridged +7.9 +11.3
Triangular ridged +5.1 +5.3
Circular ridged +7.7 +7.9

width of low- and high-speed streaks scales with the vis-
cous thickness, and this is verified as seen in Fig. 10.
However, when the width of these streaks is normalized
by the viscous thickness 8!, values obtained in the iso-
thermal case are very close to those obtained in the
heated cases [1] e.g 4" ~ 100.

The limitation in size and intensity produced by
ridges in the mean secondary flows is also reflected in
the low- and high-speed streaks. The width increase of
these structures in a heated duct, similarly to the mean
secondary flows, is not well defined. Fig. 11 shows
instantaneous contours of streamwise velocity fluctua-
tions for both the isothermal and heated trapezoidal
ridged duct. The enhancement in length and diameter
of streaky structures and the concentration of a low-
speed streak structure, related to the strong ejections,
around the middle wall plane are not observed. These
weak changes in comparison with the isothermal duct,
avoid the concentration of turbulence in a small zone.
Because a mixing effect is located in a larger zone, a
higher thermal performance than in the square ducts is
found in the case of ridged ducts.

5.2. Turbulent heat transfer

Turbulent heat transfer is linked to turbulent phe-
nomena as ejections, which transport hot fluid from a

Fig. 10. Isolines of fluctuant streamwise velocity in heated square duct (top) (plan (x,z) at y* = 13) and in isothermal square duct
(bottom) (plan (x,z) at y* = 16). Dark isolines represent low speed streaks (—0.5 <’ < 0.0) and grey isolines represent high speed
streaks (0.0 < ' < 0.5). Step —0.0003(s/'v')/U3. 1/4 transversal section, grey isolines represent high speed streaks (0.0 < u <0.5).

0 x/Dh

6.4

Fig. 11. Isolines of fluctuant streamwise velocity in heated trapezoidal ridged duct (top) (plan (x,z) at y* = 14) and in isothermal
trapezoidal ridged duct (bottom) (plan (x,z) at y© = 19). Dark isolines represent low speed streaks (—0.5 < u < —0.0) and grey isolines

represent high speed streaks (0.0 < u <0.5).
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heated wall towards the duct core, as well as to sweeps
that bring back cold fluid to the heated wall [16]. The tur-
bulent heat transfer is effected by the correlation {#'T"),
whose three components are: (u'T"), (v'T’) and (w'T").
The hierarchy between different forms of ridges con-
cerning the increase of turbulent heat flux is totally
coherent with the hierarchy concerning the increase of
turbulent activity provided in Fig. 9. The trapezoidal
ridge duct induces a 200% increase in (u'7”) and more
than 100% in (v'7") over the ridges, when compared to
a square duct. For all ridged ducts, the streamwise com-
ponent (u'T") of the turbulent heat transfer reaches a
maximum between the middle of each ridge, z/Dy, =
0.25 and the middle wall plane, z/Dy, = 0.5, see Fig. 12.
However, (v'T’) maximum values, for circular and trian-
gular ridges, are concentrated around the middle plane
duct, see Fig. 13. This effect is not observed in the trap-
ezoidal ridged ducts where the (v'7”") maximum value is
as high as those in the other ducts, but it is extended to a
larger area, thus increasing the thermal performance of

-0.00

such ridged duct, see Fig. 13. This result indicates that
small turbulent structures have a higher thermal effi-
ciency than the big structures created in the heated
square duct. Thermal performances is then related to
the capacity of a ridge to limit the turbulent structure
size, while conserving its magnitude.

6. Influence of ridges position and height

As previously discussed, thermal performance
improvement ascribed to the ridge-flow interaction is
mainly related to the increase of turbulent activity. Con-
sidering the results presented herewith, it would be
expected that the ridges induce the following character-
istics: limitation in size of turbulent structures, maxi-
mum turbulent activity in an extended zone, maximum
fluctuating temperature in an extended zone, and an
increase of the mean wall heat transfer with minimum
viscous loss.

Y

-0.00

-0.002

z

Fig. 12. Contours of (u'T"). Values normalized by Ty, Uyp. Step —0.002(u'T")/ Ty, Uy. 1/4 transversal section.



M.S. Vazquez et al. | International Journal of Heat and Mass Transfer 48 (2005) 2050-2063 2061

0.0

- SN
3]

z

z

Fig. 13. Contours of (v'T"). Values normalized by T\, Uy. Step —0.0005(v'T")/ T, Uy. 1/4 transversal section.

As shown in this investigation, the trapezoidal ridge
is the best geometry to enhance thermal performance.
In this section, we briefly study the effect of the ridge po-
sition and ridge height on turbulent flow behavior. Table
6 presents the characteristics of three different trapezoi-
dal ridges. In all cases, the temperature applied to the
ridged wall still correspond to the ratio 7/T, =2.5.
Case0 is the one described in the previous sections.

The transverse velocity field vector shows the size and
the form of the mean secondary flows. For casel, where
ridges are closer to the lateral walls, the mean secondary
flows jump at the ridge. An inclined larger secondary
flow is then induced, with strong turbulent activity that
is manifest in a less extended zone. Thermal and turbu-
lent advantages observed in the previous section are then
lost. The maximum amplitude for the fluctuating tem-
perature is decreased by ~20% with respect to case0.

A similar behavior is observed for case2. The (u'v’")
maximum value contours are concentrated over the
ridge than in casel. The maximum 7, values are also

Table 6

Heated ridged duct (trapezoidal ridges geometrical
characteristics)

Form H/Dh B/Dh b/Dh I/Dh
Case0 0.03 0.3 0.1 0.5
Casel 0.03 0.3 0.1 0.6
Case2 0.03 0.3 0.1 0.4
Case3 0.05 0.3 0.1 0.5

concentrated over the ridge. For both cases a weak de-
crease (from 5% to 10% with respect to case0) of the wall
heat transfer is observed.

Case3 shows a BSF similar in form but stronger in
intensity than case0. The maximum transverse velocity
is ~4%U,. An increase of the maximum (u'v’) values
~15% with respect to case0 is observed. This zone is also
concentrated over the ridges. The turbulent thermal
activity is enhanced in comparison with the previous
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cases, the maximum 7, value is almost 35% greater 7. Conclusion

than in case0 and more than 50% when compared to

the other cases. Indeed, thermal performance enhance- The present paper investigates the importance of duct
ment for this case3, is also coincident with an increase transverse geometry on turbulent flow behavior, and its
in viscous losses by 10% with respect to case0 (Fig. 14). close relationship to the creation of secondary flows.
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Fig. 14. (Left) Mean secondary flows vectors. (Middle) Contours of (u'v"). Values normalized by U?. Step —0.0003(u'v')/U3. (Right)
Contours of Ty Values normalized by Ty,. Step 0.17 ¢/ Ty. 1/4 transversal section.
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The introduction of small ridges induces important
changes in turbulent flow behavior. Fluctuations of the
normal to the wall velocity component (the most af-
fected velocity component by the ridges) are enhanced,
in some cases by more than 100% of the value found
in an unridged square duct. Ridges induce an enhance-
ment of the Reynolds stresses (u'v') due to the increase
of ejections over them. In future works, a dynamic pro-
cedure for the local Prandtl number must be added to
the numerical simulation, due to the strongly anisotropic
flow behavior. Several thermal benefit effects of ridges
are emphasized: increase of thermal turbulent activity
and turbulent heat transfer, increase of the global nor-
mal to the wall heat transfer by the creation of new sec-
ondary flows (SSF) and the decrease of the wall
turbulent structures size by the confining ridges. This
last point is very important, because it means that large
turbulent structures created by the dilatation of the vis-
cous width in heated plane walls have a weak thermal
performance. The placement of ridges limits the width
of turbulent structures, and increases the global thermal
performance of the duct. These advantages notwith-
standing, viscous losses are also enhanced. Similar ef-
fects were observed in ribblets works, which constitute
a significant negative point for practical purposes. The
last results allows a choice for the best geometry, consid-
ering the balance between the viscous losses and the in-
crease in thermal performance.

We consider that the best ridge geometry, from
among the three studied herein, is the trapezoidal one.
However, when ridges are moved toward the lateral wall
or toward the middle wall plan, ridges partially loose the
thermal performance enhancement. This implies that the
thermal performance of ridges is not only function of the
increase of the secondary flow intensity but are also a
function of their size control.
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