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The boundary conditions that must be imposed at a fluid/porous interface for the turbulence k� �model
is investigated in a two-step up-scaling framework, already introduced to study the laminar case [Chan-
desris, M., Jamet, D., 2006. Boundary conditions at a planar fluid–porous interface for a Poiseuille flow.
Int. J. Heat Mass Transfer 49, 2137–2150]. The form of the momentum, hki and h�i fluxes jump conditions
are derived using a surface-excess theory of interfacial transport processes. These jump conditions are
related to surface-excess quantities. These excess quantities are evaluated for a particular geometry of
the porous medium for which DNS results are available [Breugem, W.P., Boersma, B.J., 2005. Direct
numerical simulations of turbulent flow over a permeable wall using a direct and a continuum approach.
Phys. Fluids 17 (2), 025103]. A very good agreement is obtained between the k� � model and the DNS
results. The study of this particular configuration also allows to show for the first time the validity of
the macroscopic turbulent viscosity modeling for flows in porous media.

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

This article deals with the computation of turbulent flows in a
domain partially filled with a porous medium. The scientific do-
mains concerned with these types of flows range from technolog-
ical applications (packed-bed heat exchangers, nuclear waste
repository, drying processes, etc) to environmental sciences (flows
over plant canopies, flows in river, dispersion of pollutants over cit-
ies, etc).

There exists different approaches to compute such flows,
depending mainly on the accuracy required for a given study com-
pared to its computational cost. Breugem and Boersma (2005) and
Breugem et al. (2006) performed direct numerical simulations
(DNS) of turbulent channel flows over a 3D Cartesian grid of cubes
where the cubes mimic a porous media. These computations give
very comprehensive results and allow to gain more insight in the
influence of the underlying porous layer on the dynamics and
structure of the turbulence. However, they require an enormous
computation power (between 107 and 108 grid points are needed)
and therefore they cannot be used for practical analysis of engi-
neering flows. Large eddy simulations (LES) allow to introduce a
first level of modeling. These simulations are widely used to study
turbulent flows over forests (Finnigan, 2000; Watanabe, 2004)
mainly because they allow the capture of the unsteady character
of the large eddies. However, these simulations still require a large
ll rights reserved.
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computational power. For engineering studies where only the
knowledge of the mean quantities is needed, turbulence k� �
models are more adequate. This approach, followed by many
authors (Lee and Howell, 1987; De Lemos, 2005; De Lemos and Sil-
va, 2006; Zhu and Kuznetsov, 2005; Uittenbogaard, 2003), requires
the specification of k� � models in the free fluid region and in the
porous region, and then to connect these models at the fluid/por-
ous interface. Turbulence k� � models adapted to the porous re-
gion have been proposed in recent years (Nakayama and
Kuwahara, 1999; Pedras and De Lemos, 2001a; Pinson et al.,
2007; Chandesris et al., 2006). Indeed, the presence of the porous
structure greatly affects the turbulence and the standard k� �
model is not valid in the porous region. Additional source terms,
which account for the subfilter production and dissipation of k
and � due to the presence of the porous structure, are introduced.
Different closures have been proposed for these additional terms,
depending on the porous structure and also on the approach
(Nakayama and Kuwahara, 1999; Pedras and De Lemos, 2001b).
These macroscopic turbulence k� � transport equations have been
validated on different porous geometries. In particular, the addi-
tional source terms due to the subfilter production and dissipation
of k and � allow to correctly account for the evolution of the aver-
aged turbulent kinetic energy and dissipation.

However, the physical configurations considered do not allow
to validate the influence of k and � on the velocity field via the mac-
roscopic turbulent viscosity. Indeed, in these configurations, the
gradient of the macroscopic velocity is zero and thus the turbulent
viscosity has no effect on the velocity field. As a consequence, the
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macroscopic turbulent viscosity obtained with these models has
never been validated. Thus, the development and the validation
of this type of model still need to be pursued using more complex
configurations.

Thus, far from the fluid–porous interface, where the velocity
gradients are negligible, the use of a macroscopic turbulence
k� � model is relevant. However, close to the interface, two issues
arise. First, the velocity gradients are larger and the macroscopic
turbulence k� � model has to be validated (as stated above). Sec-
ond, the specification of boundary conditions between the porous
and free fluid k� � models at the fluid/porous interface is still an
open question. The physical configuration considered in this study
allows to tackle these two issues.

Even for laminar flows, the specification of boundary conditions
at a fluid/porous interface is not trivial and different boundary con-
ditions are proposed in the literature (Beavers and Joseph, 1967;
Neale and Nader, 1974; Ochoa-Tapia and Whitaker, 1995a). Neale
and Nader (1974) suggest to impose continuity of both stress and
velocity at the interface. However, Ochoa-Tapia and Whitaker
(1995a,b) have shown that a discontinuity in the momentum diffu-
sion flux can exist between the two media:

dhui
dy

����
y¼0þ
� 1

/p

dhui
dy

����
y¼0�
¼ � bffiffiffiffi

K
p huijy¼0 ð1Þ

In this equation /p and K represent, respectively the porosity and
the permeability of the porous medium, hui is the volume average
velocity and b is a jump coefficient.

Transposing these results to turbulent flows in hybrid fluid/por-
ous domains, these different boundary conditions for the momen-
tum equation have been tested (Lee and Howell, 1987; De Lemos
and Pedras, 2000; Silva and De Lemos, 2003). In these studies,
k; � and their respective fluxes are supposed, without justification,
to be continuous at the interface. More recently, De Lemos (2005)
and De Lemos and Silva (2006) have tested a jump condition for
the flux of the turbulent kinetic energy k, similar to the momentum
jump condition proposed in (Ochoa-Tapia and Whitaker, 1995a):

lþ lt

rk

� �
dhki
dy

����
y¼0þ
� leff þ

lt/

rk

� �
dhki
dy

����
y¼0�

¼ �ðlþ ltÞ
bffiffiffiffi
K
p hkijy¼0 ð2Þ

In this expression l;leff ;lt and lt/
represent, respectively the vis-

cosity of the fluid, the effective viscosity of the porous medium, the
turbulent viscosity and the macroscopic turbulent viscosity in the
porous medium; rk is the Prandtl number associated to k and hki
is the volume average of k. Regarding the b coefficient, De Lemos
and Silva (2006) acknowledge that a value different from the one
used for the stress jump relation (1) might be necessary. However,
the difficulty is to specify the value of this coefficient since its origin
is unclear. It can be noticed that the same question holds regarding
a possible jump for the flux of h�i at the interface.

The goal of this article is thus to derive in a coherent way the
boundary conditions at a fluid/porous interface for the momentum,
k and � equations. Our objective is to gain more basic understand-
ing about the form and the origin of these jump conditions. As a
consequence, we should get more information about the value of
the b coefficient of Eq. (2).

Following the work initiated by Ochoa-Tapia and Whitaker
(1995a), Chandesris and Jamet (2006, 2007) have used a two-step
up-scaling methodology to study the momentum transfer at a
fluid/porous interface for laminar flows. This approach allows to
get more insight about the origin of the stress jump condition
which is related to surface-excess quantities. This approach also al-
lows to make explicit the value of the jump coefficients depending
on the location of the discontinuous interface and the structure of
the porous medium. The idea is to pursue this approach and to
transpose this methodology to the study of turbulent flows.

This article is organized as follows. After recalling the main
ideas of the two-step up-scaling methodology, the first up-scaling
step is performed. Then, in a second up-scaling step, the general
forms of the fluxes jump conditions at the fluid/porous interface
are derived. These jump conditions are shown to be related to ex-
cess quantities. The next section deals with the determination of
these excess quantities for the particular geometry studied by
Breugem and Boersma (2005). Finally, the macroscopic k� �model
is compared to the results of the DNS of Breugem and Boersma
(2005).
2. Modeling approach

Ochoa-Tapia and Whitaker (1995a) introduced the idea of deriv-
ing the momentum boundary condition at a fluid/porous interface
starting from the knowledge of the flow at the microscopic scale
and using up-scaling methods. Formalizing this approach, Chan-
desris and Jamet (2006, 2007) have introduced three different lev-
els of description of a fluid/porous interface: microscopic,
mesoscopic and macroscopic (see Fig. 1).

At the microscopic scale, the flow in the entire fluid domain (free
fluid region and pores of the porous medium) is governed by the
well-known Navier–Stokes equations.

At the mesoscopic scale, the fluid and solid phases are replaced
by a single equivalent continuous medium. At this level, the prop-
erties of the medium (e.g. porosity, permeability) are strongly but
nevertheless continuously varying within a transition region that
separates the homogeneous regions. The interface is diffuse.

Finally, at the macroscopic scale, the system consists in two
homogeneous regions with constant properties, separated by a dis-
continuous, sharp interface. This scale of description is the most
commonly used for the study of practical applications. However,
it requires the specification of boundary conditions at the interface
between the two homogeneous media.

The mesoscopic level is obtained by applying the filter used in
the homogeneous porous region in the entire domain including
the fluid–porous transition region. This region is thus transformed
into a continuous transition zone across which all physical proper-
ties vary smoothly. This first up-scaling step goes from a micro-
scopic level where the characteristic length is the size of the
solid inclusions to another level, which we name the mesoscopic
scale, where the fluid and solid phases are replaced by an effective
medium. Its characteristic length is the scale of variation of the
averaged quantities. This first up-scaling is associated to the mod-
eling of the porous medium. However, since the same averaging vol-
ume is applied in the whole domain and in particular in the vicinity
of the interface, this up-scaling step introduces a new characteris-
tic length scale, the thickness d of the interfacial transition region.
This description is relevant to study transport phenomena on
length scales of the order of d.

The macroscopic level is relevant to study transport phenomena
at length scales much larger than d. Thus, at this scale it is useful to
model the interface as an equivalent discontinuous surface, which
allows to consider constant effective transport properties on both
sides of the interface. Thus, the second up-scaling consists in
replacing the diffuse interface of the mesoscopic level by an equiv-
alent discontinuous surface. This second up-scaling is associated to
the modeling of the interface. Thus, the mesoscopic and macroscopic
models are the same in the homogeneous regions, but they are dif-
ferent in the interfacial transition region. In this regard, this second
step is an up-scaling for the modeling of the fluid–porous interface.

The physical modeling of interfacial transfers occurs at the mes-
oscopic scale. Once this physical modeling has been performed, the
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Fig. 1. The three different levels of description of a fluid/porous interface.
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determination of the equivalent boundary conditions at the macro-
scopic discontinuous interface is rather a mathematical problem
(Chandesris and Jamet, in press).

In Ochoa-Tapia and Whitaker (1995a) and Chandesris and Ja-
met (2006), the first up-scaling step, which allows to go from the
microscopic to the mesoscopic description, is performed using
the volume averaging method (Whitaker, 1999). The volume aver-
age operator is applied to the equations governing the flow at the
microscopic scale in the entire domain. The obtained equations can
be easily closed in the two homogeneous regions (free fluid and
porous medium). However, the closure in the heterogeneous tran-
sition region is much more difficult, mostly because the length
scale constraints that are necessary to simplify the closure problem
are no longer valid in this region. The resolution of this complex
closure problem is still the subject of on-going research, even for
laminar flows. Since this problem is not solved yet, one way to
overcome it is the following: (i) to postulate the form of the closed
equation, (e.g. for laminar flows: the Darcy–Brinkman model with
variable porosity and permeability profiles), (ii) from this closed
form, to deduce the profiles of the parameters of the model in
the transition region by filtering microscopic simulations (See for
example the porosity and permeability profiles obtained in Breu-
gem et al. (2004) and Chandesris and Jamet (2007)), (iii) to verify
that these profiles are independent of the flow conditions. This ver-
ification ensures that the chosen model is indeed representative of
the physic in the transition region. In this study, we will only pos-
tulate the form of the closed equations and study the consequences
of this choice. We cannot validate the generality of the variable
coefficients of the chosen model because not enough reference
DNS results are available.

For the second up-scaling step, which allows to go from a diffuse
to a discontinuous description of the interface, different methods
can be used. It is worth noticing that this particular problem has
been thoroughly studied for liquid/liquid, liquid/vapor and li-
quid/solid interfaces. Many different approaches have been sug-
gested and the study of the fluid/porous interface could
tremendously benefit from these. In particular, two techniques
are worth being presented: the surface-excess theory of interfacial
transport processes, presented in details by Edwards et al. (1991)
and the method of matched asymptotic expansions (Zwillinger,
1989).

In the surface-excess theory of interfacial transport processes,
generic conservation equations for the interfacial transports are
derived by integrating the difference between the macroscopic
and the mesoscopic equations governing the problem (see Ed-
wards et al., 1991, Chapter 15). Indeed, by construction, the macro-
scopic equations are not suited to describe the flow in the
transition region: they are valid only in the homogeneous regions.
All the physical features that are accounted for in the mesoscopic
model and not, or not correctly, in the macroscopic model are thus
concentrated at the discontinuous interface by means of surface-
excess quantities. We recall that for any physical field w, its excess
quantity is defined by:

wEX¼̂
Z yM

�1
ðwðyÞ �W�Þdyþ

Z þ1

yM

ðwðyÞ �WþÞdy ð3Þ

where y is the coordinate normal to the interface, yM is the location
of the discontinuous interface, w is the mesoscopic representation of
the studied field, W� and Wþ are the macroscopic representations of
this field in the two homogeneous regions. When W� and Wþ are
constant, this relation can also be written:

wEX ¼ ðyi � yMÞðW�WþÞ þ
Z yi

�1
ðwðyÞ �W�Þdy

þ
Z þ1

yi

ðwðyÞ �WþÞdy ð4Þ

where yi is any arbitrary position inside the transition region. This
definition is illustrated in Fig. 2a, where the excess quantity is rep-
resented by the shaded area. It represents exactly the amount of the
w field that is not seen by the macroscopic model in the interfacial
transition region compared to the mesoscopic model. It should be
noticed that with this definition, the value of the excess quantity
depends on the choice of the position of the discontinuous interface
yM within the transition region. A particular position of the interface
is the position such that the sum of the two integral terms of Eq. (3)
is zero:Z yw

�1
ðwðyÞ �W�Þdyþ

Z þ1

yw

ðwðyÞ �WþÞdy ¼ 0 ð5Þ

This particular position is noted yw and is named the center of grav-
ity of the profile of w. An illustration of this definition is given in
Fig. 2b. Furthermore, using this definition, when W� and Wþ are
constant, the excess quantity can be simply expressed by:

wEX ¼ ðyw � yMÞðW�WþÞ ð6Þ



Fig. 2. Definition of an excess quantity.
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The main advantage of the method presented by Edwards et al.
(1991) is its generic character. The general form of the boundary
conditions are determined relatively easily, even for three-dimen-
sional problems. However, its major drawback is that the obtained
boundary conditions are expressed through excess quantities of
mesoscopic variables of the problem, which are unknown at the
macroscopic level. Thus, these boundary conditions are not closed
and an additional modeling or evaluation of these excess quantities
is required to determine the value of the jump coefficients.

The idea of the second method, the method of matched asymp-
totic expansions, is to solve analytically, using an asymptotic
expansion in e, the equations governing the problem at the mesoc-
opic scale. This asymptotic expansion is feasible because a small
parameter, e ¼ d=h, is usually present in the mesoscopic equations.
In our particular problem, d is the size of the heterogeneous tran-
sition region and h is the height of the free fluid region. As e tends
to zero, the transition region tends to a discontinuous surface.
Fig. 3. Modeling
Thus, this method allows to derive analytically, and at a given or-
der, boundary conditions at an interface. Much physical informa-
tion can be extracted from the results obtained with this
method: Chandesris and Jamet (2007) were able to determine
the value of the jump coefficients for laminar flows and to make
explicit their dependence on the location of the discontinuous
interface and on the structure of the porous medium. However,
this analytical method can become very complex for three-dimen-
sional or non-linear problems.

In this article, we will take advantage of the simplicity of the first
method to derive the general form of the boundary conditions that
must be applied for the k� � model. Therefore, a simple modeling
approach will be proposed to close the model. However, we
acknowledge that this work could be deepened by the use of the
second method, which is however much more technical. The two-
step up-scaling methodology that we will use in this article is sum-
marized in Fig. 3. We recall that the problem of the turbulence mod-
eling is supposed to be solved at the microscopic scale by the use of
the standard k� � model (Launder and Spalding, 1972).

3. First up-scaling step

In order to derive a macroscopic turbulence model for flows in
porous media, authors like Nakayama and Kuwahara (1999) apply
the volume average operator to the k� � model governing the
problem at the microscopic scale. Thus, they are able to derive
macroscopic transport equations for hki and h�i in the homoge-
neous porous medium. To perform the first up-scaling step, the
idea is to go further and to apply the volume average operator to
the mass, momentum, k and � transport equations in the entire do-
main, i.e. in the homogeneous porous region, in the transition re-
gion and in the homogeneous free fluid region. Following the
ideas of the volume averaging theory (Whitaker, 1999), the filtered
equations can be rearranged using the theorems of local volumet-
ric averages (Slattery, 1972; Whitaker, 1969) and introducing the
Gray’s decomposition (Gray, 1975):

w ¼ hwif þ ~w ð7Þ

where hwif denotes the intrinsic volume average of w and ~w the devi-
ation of the quantity w from its intrinsic volume average. At the end,
the system is similar to the one presented in (Chandesris et al., 2006):

r � ð/huif Þ ¼ 0 ð8Þ
@/huif
@t

þr � ð/huif huif Þ þ r � ð/stÞ

¼ �/
q
rhpIif þr � ð2ðmþ mt/

ÞhSiÞ þ /Ff ð9Þ

@/hkif
@t

þr � ð/hkif huif Þ þ r � ð/skÞ

¼ r � mþ
mt/

~rk

� �
rð/hkif Þ

� �
þ 2/mt/ hSif : hSif þ /Pk � /h�if ð10Þ
approach.
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@/h�if
@t

þr � ð/h�if huif Þ þ r � ð/s�Þ

¼ r � mþ
mt/

~r�

� �
rð/h�if Þ

� �
þ /ð2c1mt/ hSif : hSif

� c2h�if Þ
h�if
hkif
þ / P� ð11Þ

except that, at this point, subfilter dispersion terms are still present.
In the system (8)–(11), w denotes the statistic (or Reynolds) average
of the quantity w; ðc1; c2Þ are the two constants of the standard
microscopic k� � model whose values are respectively (1.44,
1.92) (Launder and Spalding, 1972), ð ~rk; ~r�Þ are macroscopic turbu-
lent Prandtl numbers, pI is the modified pressure
ðpI ¼ pþ 2qk=3Þ; hSi is the Reynolds- and volume-averaged defor-
mation tensor:

hSi¼̂1
2
ðrhui þ rhuiTÞ ð12Þ

The three subfilter dispersion terms are defined by:

st¼̂ 1
/
ðhuui � /huif huif Þ ð13Þ

sk¼̂ 1
/
ðhkui � /hkif huif Þ ð14Þ

s�¼̂ 1
/
ðh�ui � /h�if huif Þ ð15Þ

In Eqs. (9)–(11), the presence of the porous matrix and the applica-
tion of the volume average operator have brought out three addi-
tional source terms: the friction force Ff and the additional source
terms Pk and P�. Their expression are given by:

Ff ¼
1
/

1
V

Z
Ai

�
~pI

q
Iþ mr~u

 !
� ndS� m

/
r/ � rhuif ð16Þ

/Pk ¼ 2hmtS : Si � 2mt//hSif : hSif ð17Þ

/P� ¼ ð2c1mtS : S� c2�Þ
�
k

� �
� / 2c1mt/hSif : hSif � c2h�if

� 	

�
h�if
hkif
þ 1

V

Z
Ai

mr� � ndSþr � mþ
mt/

~r�

� �
1
V

Z
Ai

�ndS

 !
ð18Þ

where Ai is the fluid–solid interfacial area and n is the unity normal
vector oriented outward from the fluid into the solid phase. We re-
call that Pk and P� represent subfilter terms of production of hki and
h�i due to the application of the volume average operator, the pres-
ence of solids in the domain and the decomposition of the volume-
averaged production terms in mesoscopic production terms (i.e. due
to the mesoscopic velocity gradients) and subfilter production
terms (see Eqs. (17) and (18)).

At the microscopic scale, the k� � model is based on the turbu-
lent viscosity concept, introduced by Boussinesq in 1877. The Rey-
nolds stress tensor is expressed using the mean deformation tensor:

�u0u0 ¼ 2mtS�
2
3

kI ð19Þ

The macroscopic turbulent viscosity mt/ , which appears in the sys-
tem (8)–(11), is the one introduced by Pedras and De Lemos
(2001a) and defined by

hmtSi ¼̂ mt/
hSi ð20Þ

It allows to express the volume-averaged Reynolds stress tensor
with the volume-averaged mean deformation tensor:

�hu0u0i ¼ 2mt/
hSi � 2

3
/hkif I ð21Þ

Relation (21) can therefore be viewed as the expression of a macro-
scopic turbulent viscosity concept. To model the macroscopic tur-
bulent viscosity, mt/ , Nakayama and Kuwahara (1999) and Pedras
and De Lemos (2001a) follow the modeling of the microscopic tur-
bulent viscosity, mt , of the standard k� � model and suggest:

mt/
¼ Cl

hki2f
h�if

ð22Þ

where Cl is the constant of the standard microscopic k� � model
whose value is 0.09.

To close the system (8)–(11) at the mesoscopic scale, expres-
sions for the three source terms (Ff ; Pk and P�) and for the three dis-
persion terms (st ; sk and s�) have to be specified. Since the physics
is not the same in the entire domain, the domain is divided into
three regions:

� The homogeneous free fluid region in which the porosity equals
unity.

� The transition region which is characterized by a spatially vary-
ing porosity.

� The homogeneous porous region in which the porosity is con-
stant, equals to /p.

3.1. Homogeneous free fluid region

In the free fluid region, since there is no solid, the porosity
equals unity and the drag term Ff vanishes. Furthermore, the sub-
filter dispersion terms can be neglected if the filter length is suffi-
ciently small compared to the scale of variation of the statistic
averaged quantities, i.e. if hwi � w. If this hypothesis is verified
and since there is no solid, the two additional source terms Pk

and P� vanish also in this region (see Eqs. (17) and (18)). Conse-
quently, under this hypothesis, the system (8)–(11) reduces natu-
rally to the standard k� � model in the free fluid region, as
expected.

3.2. Homogeneous porous region

In the homogeneous porous region, the modeling of the source
terms Ff ; Pk and P� is directly related to the structure of the porous
medium. Some correlations are available in the literature to model
them for different geometries: square (Nakayama and Kuwahara,
1999), circular (Pedras and De Lemos, 2001a) or elliptic (Pedras
and De Lemos, 2001b) rods, channels and pipes (Chandesris
et al., 2006). Regarding, the subfilter dispersion terms st; sk and
s�, their influence is usually either supposed to be taken into ac-
count by the corresponding subfilter source terms Ff ; Pk and P�
(Pedras and De Lemos, 2001a), or simply neglected (Breugem and
Boersma, 2005; Breugem et al., 2006). In fact, the subfilter disper-
sion terms might not be negligible. However, they appear in diver-
gence operators and in the homogeneous porous region, far from
interfaces with other media, the variations of the averaged quanti-
ties are very small (Nakayama and Kuwahara, 1999). Therefore, it
seems reasonable to neglect the influence of these subfilter disper-
sion terms.

3.3. Transition region

In the transition region, the closure problem is more complex.
The correlations determined for homogeneous porous media are
a priori no longer valid and the resolution of the closure problem
is not solved yet. As recalled in Section 2, one way to overcome this
difficulty is to postulate the form of the closed equations and of the
correlations corresponding to these closed equations. Then, from
these choices, to deduce the different profiles of the parameters
of the correlations by filtering microscopic k� � simulations.



Table 1
Source terms for the macroscopic turbulence model of Nakayama and Kuwahara
(1999).

Pk �1

P� c2 �2
1=k1

�1 ¼ 39 /2ð1� /Þ5=2hui3f =dp

k1 ¼ 3:7ð1� /Þ/3=2hui2f
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Finally, one must check that the profiles of these parameters are
independent of the flow conditions. We will not perform such a
study, because the specification of these profiles is not required
at this point of the study. Furthermore, these profiles are directly
related to the porous medium structure and we prefer to conduct
a general study. Therefore, we only assume that the transition re-
gion is correctly described by considering that the different param-
eters of the correlations available in the literature to model Ff ; Pk

and P� vary continuously from their values in the homogeneous
porous region to their values in the homogeneous free fluid region.
We will then study the consequences of this choice.

Regarding the subfilter dispersion terms st ; sk and s�, their influ-
ence might not be negligible since the variations of the averaged
quantities are strong in this region. However, we do not know
how to model them. Since they are null or negligible in the two
homogeneous regions, we will assume that their influence in the
transition region is directly taken into account through the varia-
tions of the parameters of the correlations of the three source
terms Ff ; Pk and P�. As a consequence, the subfilter dispersion
terms will not appear directly in the remainder of the article.

Thus, at the mesoscopic scale of description, the flow is gov-
erned by a single system of Eqs. (8)–(11), valid in the entire do-
main. The parameters of the closure relations vary continuously
from their value in one homogeneous region to their value in the
other homogeneous region. Furthermore, in the two homogeneous
regions, the system (8)–(11) can be simplified and reduces to the
models classically used in these regions.
4. Jump conditions

The objective of this section is to derive the jump conditions
that must be applied at the macroscopic scale (see Fig. 3). This der-
ivation is based on the surface-excess theory of interfacial trans-
port processes. However, this derivation is restricted to the
particular geometry of a channel partially filled by a porous med-
ium (see Fig. 1). Once the statistic and volumetric averages have
been applied, the problem is one-dimensional in the direction nor-
mal to the interface (y-direction). From the continuity Eq. (9) and
since the velocity vanishes at the upper wall, it comes that the y-
component of the velocity is zero. Thus, at the mesoscopic scale,
the set of Eqs. (8)–(11) reduces to:
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where u represents the x-component of the velocity field. Since the
pressure gradient is zero in the y-direction (projection of the
momentum equation on the y-axis), it follows that the pressure gra-
dient dhpIif =dx is a constant.

At the macroscopic scale, the domain is described by two homo-
geneous regions separated by a discontinuous interface. In the free
fluid region, the flow is governed by the standard k� � model
(Ff ; Pk and P� vanish) and in the homogeneous porous region by
the macroscopic k� � model where the parameters of the correla-
tions for Ff ; Pk and P� do not depend on the y-coordinate. These cor-
relations depend only on macroscopic quantities and on the
structure of the porous medium (see Table 1 for an example). They
will be noted thereafter Fp

f ; P
p
k and Pp

� .

4.1. Momentum equation

In the study of interfacial processes, the jump conditions are ob-
tained by integrating in the entire domain, the difference between
the mesoscopic and the macroscopic equations governing the
problem. The difference between the mesoscopic and the macro-
scopic momentum equations in the free fluid region (i.e. for
y > yM) is:
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where U denotes the Reynolds- and volume-averaged velocity at
the macroscopic scale and ff ðyÞ is the friction force at the mesoscop-
ic scale.

In the porous region, (i.e. for y < yM), one gets:
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Integrating Eq. (26) between yM and H, where H is the height of the
free fluid region, integrating Eq. (27) between �1 and yM and then
adding the corresponding equations, it comes, after integration of
the viscous term:
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where
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is the surface-excess force associated to the friction force and
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¼ ð/ÞEX 1
q
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is the surface-excess force associated to the pressure force.
By construction, the mesoscopic and macroscopic models are

different in the interfacial transition region but they aim at being
equivalent in the homogeneous regions. Therefore, the mesoscopic
and macroscopic velocities should be equal in the homogeneous
regions and the first term in the right-hand side of Eq. (28) should
vanish. Thus, we obtain:
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ðmþ mt/Þ
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This equation is the stress jump condition. Its form shows that the
boundary condition associated to the momentum equation takes
into account the whole diffusive flux, i.e. ðmþ mt/ Þ@U=@y. This shows
in particular that the macroscopic turbulent viscosity must be intro-
duced as was intuited by Silva and De Lemos (2003). Furthermore,
the jump condition (32) is explicitly related to the pressure and fric-
tion surface-excess forces. Thus, the origin of the jump condition is
linked to the fact that the pressure and friction forces are not cor-
rectly described by the macroscopic model in the transition region
compared to the mesoscopic model. The jump condition is due to
the existence of pressure and friction forces in the transition region
that are not simple and are therefore not correctly described by the
macroscopic equations. In this framework, Eq. (32) can simply be
seen as a force balance integrated over the interfacial transition
region.

At this stage of the analysis, the form of the stress jump condi-
tion has been derived and not postulated. Furthermore, the physi-
cal origin of the jump is clear. However, Eq. (32) still requires to be
closed by making explicit or by evaluating ðff ÞEX in terms of macro-
scopic variables. For the other excess quantity, ðfpÞEX , its value is gi-
ven by Eq. (31).

4.2. k and � transport equations

For the k and � transport equations the method is similar and
we get:
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where K and E are respectively the volume average of the turbulent
kinetic energy and of the dissipation at the macroscopic scale.

As was suggested by De Lemos and Silva (2006), see Eq. (2), a
jump condition has to be taken into account for the diffusion flux
of k. However, Eq. (34) shows that a similar jump condition must
also be taken into account for the diffusion flux of �. Furthermore,
the jump conditions (33) and (34) are explicitly related to excess
quantities of production and dissipation. Therefore, their physical
origin is linked to the fact that in the transition region, production
and dissipation terms of hki and h�i are present but might not be
correctly described by the macroscopic k� � model compared to
the mesoscopic k� � model. Breugem and Boersma (2005) have
shown that the flow near the permeable wall is dominated by rela-
tively large-scale vortical structures, whose origin could come from
a Kelvin–Helmholtz type of instability of the inflexional velocity
profile. Therefore, the production and dissipation terms of hki and
h�i are important in the transition region. Furthermore, their nature
is different from the one in the two homogeneous regions. Finally,
to close relations (33) and (34), we still need to model or evaluate
the related excess quantities in terms of macroscopic variables.

Thus, the surface-excess theory of interfacial transport pro-
cesses allows to derive the form of the jump conditions that have
to be imposed at a fluid/porous interface in a general and coherent
way. However, these jump conditions are not closed at the macro-
scopic scale and the different excess quantities have to be modeled
or evaluated to close the model.

Before studying these excess quantities, comments can be made
regarding the boundary conditions that must be applied for the
tangential component of the velocity hui, hki and h�i. Indeed, the
specification of these boundary conditions is mandatory to close
the model at the macroscopic scale. In the laminar case, Chandesris
and Jamet (2006) showed the continuity of the tangential compo-
nent of the velocity using the method of matched asymptotic
expansions. However, the surface-excess theory of interfacial
transport processes does not give any information about these
boundary conditions. Therefore, we will assume, as in previous
studies (Lee and Howell, 1987; Silva and De Lemos, 2003; De Le-
mos, 2005), that these three quantities are continuous at the dis-
continuous interface.
5. Determination of the excess quantities

The objective of this section is to evaluate the different excess
quantities that appear in the expressions for the boundary condi-
tions (32)–(34). To perform this evaluation, we could use or per-
form microscopic k� � simulations on different porous medium
geometries. However, since Breugem and Boersma (2005) have
performed two very comprehensive DNS for the particular geome-
try of a porous medium made of small cubes, we have chosen to
use these DNS and this particular geometry to assess our model.

5.1. Geometry description

The geometry studied by Breugem and Boersma (2005) is re-
called in Fig. 4. The simulations they realized are called DNS, be-
cause no turbulence model is introduced. However, two different
levels of description of the interfacial transition region are studied.
For the DNS with cubes, the flow field is resolved in the channel as
well as in between the small cubes of the porous medium (see
Fig. 4a). For the DNS with continuum, the cubes are replaced by
an equivalent porous medium, whose properties (porosity, perme-
ability and Forchheimer term) vary continuously in the transition
region (see Fig. 4b).

The main characteristics of the geometry are the following. The
cube size is dp ¼ H=20, where H is the height of the free fluid re-
gion. The distance between two cubes is equal to the size of the
cube dp. Consequently, the porosity of the porous medium is
/p ¼ 0:875. The bulk Reynolds number Reb ¼ UbH=m, is fixed to
5500. Here, Ub is the bulk velocity in the channel region
ð0 < y < HÞ.

For the DNS with continuum, Breugem and Boersma (2005) use
the Darcy–Forchheimer expression to model the friction force:

ff ðy; huiÞ ¼ �m
1þ Fðy; huiÞ

KðyÞ /ðyÞhui ð35Þ

with the Irmay correlation (Irmay, 1965) for the permeability:

KðyÞ ¼ Kð/ðyÞÞ

¼ CK
ð1� ð1� /ðyÞÞ1=3Þ3ð1þ ð1� /ðyÞÞ1=3Þ

CKð1� /ðyÞÞ d2
p ð36Þ

and the MacDonald correlation (MacDonald et al., 1979) for the
Forchheimer term:

Fðy; huiÞ
KðyÞ ¼

Fð/ðyÞ; huiÞ
Kð/ðyÞÞ ¼ CF

1� /ðyÞ
/ðyÞ3

1
dp

huij j
m

� �
ð37Þ

with CK ¼ 11:4 and CF ¼ 0:4. Regarding the porosity profile across
the interfacial region, they use a fifth-order polynomial function
that approximates the porosity profile obtained using the volume
average operator. With the chosen volume average operator, the
porosity profile vary in the region �0:15 < y=H < 0. In the homoge-
neous porous region, the friction force is of course evaluated by tak-
ing /ðyÞ ¼ /p in Eqs. (35)–(37).
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Fig. 4. Flow geometry: (a) DNS with cubes; and (b) DNS with a continuum approach.
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5.2. Momentum equation

To close the momentum jump relation (32), we need to evaluate
the friction surface-excess force, ðff ÞEX . For laminar flows, Chandes-
ris and Jamet (2007) showed, using the method of matched asymp-
totic expansions, that this friction surface-excess force can be
expressed in the following way, (we recall that the Forchheimer
term is null for laminar flows):

ðff ÞEX ¼ m
/
K

u
� �EX

¼ mðyff
� yMÞ

/p

Kp

� �
huið0Þ

���
yM

ð38Þ

where yff
is the center of gravity of the friction force (see Section 2

for the definition of the center of gravity of a quantity) and huið0Þ is
the velocity solution of the problem at order zero in the matched
asymptotic expansions.

To get a similar result for turbulent flows, two modeling steps
are necessary. First, one needs to check, using the matched asymp-
totic expansions, if a linearization similar to (38) is still valid for
turbulent flows. We expect the result to be different because the
friction force is no longer linear in velocity when the flow is turbu-
lent (see Eqs. (35) and (37)). Second, the location of the center of
gravity of the friction force yff

has to be reevaluated for turbulent
flows. However, when the discontinuous interface, yM , is located
in yff

, the friction surface-excess force vanishes (see Eq. (38)).
Therefore, for this particular location of the interface, one does
not need to study the linearization of the friction surface-excess
force to solve the problem. Consequently, we will only concentrate
on the determination of the location of the center of gravity yff

when the flow is turbulent (Chandesris and Jamet, 2007; Breugem
and Boersma, 2005).

Assuming that the velocities at the mesoscopic and macroscopic
scales are almost identical in the transition region i.e. ðhui � UÞ, we
can substitute the unknown macroscopic velocity by the meso-
scopic velocity in the expression for ðff ÞEX . Starting from Eq. (29)
and using the modeling of the friction force given by Eq. (35), it
comes:

ðff ÞEX � m
Z yM

�1
/

1þ Fð/; huiÞ
K

hui � /p

1þ Fð/p; huiÞ
Kð/pÞ

hui
 !

dy

þ m
Z H
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1þ Fð/; huiÞ

K
hui � 0

� �
dy

ð39Þ
Using the mesoscopic velocity profile obtained by Breugem and
Boersma (2005) and the expressions given in Section 5.1 for the
porosity, permeability and Forchheimer profiles, we can deduce
the value of yM for which the right-hand side of Eq. (39) vanishes,
which is therefore the location of the center of gravity yff

. We ob-
tain yff

=H ¼ �0:0756 for the DNS with cubes and yff
=H ¼ �0:0763

for the DNS with continuum. These results are based on the
assumption that the mesoscopic and macroscopic velocities are
very close in the transition region. We will show in Section 6 that
this is indeed the case, which validates a posteriori this
assumption.

It is worth noticing that, for this geometry and for a laminar
flow, Chandesris and Jamet (2007) show that yff

=H ¼ �0:08. It
means that, for this geometry, the centers of gravity of the friction
force corresponding to laminar and turbulent flows are very close
to each other. Since the determination of the center of gravity is
much easier in the laminar case, one can directly use the results
obtained for a laminar flow.

Regarding the pressure surface-excess force ðfpÞEX , its center of
gravity is identical to the one of ð/ÞEX (see Eq. (31)) and is therefore
located in yfp=H ¼ �0:075. This position is very close to that of the
center of gravity of the turbulent friction force. Thus, we choose to
locate the discontinuous interface at yM=H ¼ �0:075. For this loca-
tion, the excess pressure force vanishes and the excess turbulent
friction force is negligible (yff

=H � �0:075). Thus, one gets for the
momentum jump relation (32):
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����
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� 0 ð40Þ
5.3. k and � transport equations

To evaluate the excess quantities present in the jump condi-
tions (33) and (34), the profiles of the different production and dis-
sipation terms at the mesoscopic scale are needed. However, these
profiles are not provided by the DNS performed by Breugem and
Boersma (2005). A microscopic k� � simulation on the geometry
of the Fig. 4a would be necessary to get them. In order to simplify
the study, we make the hypothesis that the sum of the right-hand
side of Eqs. (33) and (34) vanishes or is negligible when the inter-
face is located at the center of gravity of the friction surface-excess
force, in yM=H ¼ yff

=H ¼ �0:075. We acknowledge that this
hypothesis is strong and that it could be analyzed in more details,
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however, as shown in Section 6, the results obtained with this
hypothesis are very good.
Fig. 5. Streamwise velocity profile, normalized by the bulk velocity Ub . —, DNS with
cubes; - - -, DNS with continuum; � � �, DNS with solid walls; symbol j, present
macroscopic k� � model.
6. Results and discussion of the model

In the free fluid region, the standard k� � model is used. Since
the bulk Reynolds number is moderate (Reb ¼ 5500), the standard
k� � model might not be the most appropriate. However, at this
point, we do not wish to make the problem more complicated by
using a low Reynolds k� � model. Therefore, the standard wall
function is applied at the upper wall. To ensure its validity, the first
computational node is located in the logarithmic zone ðyþ > 30Þ.
However, since the Reynolds number is moderate, it implies that
the size of the first computational cell is large. Thus, the mesh is
refined far from the upper wall. The total number of cells used in
the y-direction is 65.

In the homogeneous porous region, the porosity is equal to 0.875
and the values of Kð/pÞ and Fð/pÞ are deduced from Eqs. (36) and
(37). For Pp

k and Pp
� , we use the correlations suggested by Nakayama

and Kuwahara (1999), which are adapted to a porous medium made
of small cubes. These correlations are recalled in Table 1. The pres-
sure gradient, dhpIif =dx, is chosen such that Reb ¼ 5500.

The discontinuous interface is located at yM=H ¼ yff
=

H ¼ �0:075. As discussed in the previous section, for this particular
position of the interface, the momentum, k and � diffusion fluxes
are supposed to be continuous. Therefore, no jump relation needs
to be implemented for this case. The characteristics of the different
simulations are listed in Table 2. The other Reynolds numbers
characteristic of the study are Ret

s ¼ ut
sH=m;Rep

s ¼ up
sH=m and

ReK ¼ up
s
ffiffiffiffi
K
p

=m, where ut
s is the friction velocity at the upper wall

and up
s ¼ ððmþ mtÞ@hui=@yÞ1=2 is the friction velocity at the ‘‘perme-

able wall” (the ‘‘permeable wall” is arbitrarily located in y=H ¼ 0
by Breugem and Boersma (2005)).

6.1. Velocity

Fig. 5 shows the profiles of the Reynolds- and volume-averaged
velocity of the present model along with the results of the DNS. The
velocity obtained by Moser et al. (1999) for a channel with solid
walls and for Res ¼ 360 is also presented for comparison. The result
of the k� � model with the proposed boundary conditions is very
good. Our model captures the main physical features of the flow.
First, the strong increase in the Reynolds-shear stress at the perme-
able wall as compared to the solid wall is captured by the k� �
model (see Table 2 for the friction Reynolds numbers). However,
we can see in this Table that, compared to the DNS with cubes,
the model slightly overestimates the friction velocity at the upper
wall (measured through Ret

s), whereas the friction velocity is
slightly underestimated at the permeable wall. As a consequence
of the dissymetry in the friction Reynolds number, the velocity pro-
files are strongly skewed, with the position of the maximum veloc-
ity well above the centerline of the channel. The position of the
maximum velocity dw is given by (Breugem and Boersma (2005)):

dw

H
¼ ðup

sÞ2

ðup
sÞ2 þ ðut

sÞ
2 ð41Þ
Table 2
Characteristics of the different simulations.

/ Da Reb

DNS with cubes 0.875 3:4� 10�4 5500
DNS with cont. 0.875 3:4� 10�4 5500
Present k� � model 0.875 3:4� 10�4 5500
DNS with solid walls 5640
Its value is presented in Table 2. The k� � model is able to recover
the value obtained with the DNS with cubes with an error of 5%
with only 65 points compared to the 9:6 107 points required for
the DNS.

The velocity profiles in the transition region is also remarkably
well captured by the k� �model. Thus, the Reynolds- and volume-
averaged velocity at the macroscopic scale (obtained with the
present k� � model) is almost identical to the Reynolds- and
volume-averaged velocity at the mesoscopic scale (obtained by
filtering the result of the DNS with cubes). This result supports
the hypothesis made in Section 5.2 for the a priori estimation of
the position of the center of gravity of ðff ÞEX .

6.2. Turbulent kinetic energy and dissipation

The profiles of the turbulent kinetic energy of the k� � model,
the DNS with cubes, the DNS with continuum and the DNS with so-
lid walls are depicted in Fig. 6a. For the two DNS, the volume-aver-
aged turbulent kinetic energy is obtained by taking the half sum of
the streamwise, spanwise and wall-normal volume-averaged root-
mean-square (rms) velocities. Fig. 6a shows that the k� � model is
able to recover the fact that the turbulent kinetic energy is higher
close to the permeable wall than close to the solid wall. This effect
is associated by Breugem and Boersma (2005) to the existence of
relatively large-scale vortical structures close to the permeable
wall, whereas the flow near the solid wall is characterized by elon-
gated streaky structures.

The size of the peak of the turbulent kinetic energy close to the
permeable wall is not exactly captured by the k� �model. The po-
sition of the peak is also slightly shifted. This induces a slightly
weaker value of the gradient of k along the channel height. How-
ever, the decrease of the turbulent kinetic energy in the porous
medium is very well captured.

Fig. 6b shows the dissipation profile of the k� �model. It shows
a very strong peak at the interface. For comparison, the dissipation
profile of the DNS with solid walls is also displayed, but the corre-
sponding profiles for the DNS with cubes and with continuum are
Rep
s Ret

s ReK dw=H Mesh points

669 394 12.4 0.742 9:6� 107

726 409 13.5 0.759 1:57� 107

642 417 11.8 0.703 65
360 360



a

b

Fig. 6. Profiles of turbulent quantities. —, DNS with cubes; - - -, DNS with
continuum; � � �, DNS with solid walls; symbol j, present macroscopic k� � model.
(a) Turbulent kinetic energy normalized by ðut

sÞ
2, (b) dissipation normalized by

ðut
sÞ

4
=m.
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b

Fig. 7. Shear stress profiles, normalized by ðut
sÞ

2. —, DNS with cubes; - - -, DNS with
continuum; � � �, DNS solid walls; j, present macroscopic k� � model. (a) Volume-
averaged viscous shear stress; (b) volume-averaged Reynolds-shear stress.

Fig. 8. Turbulent viscosity: hypothesis and profile. Symbol N, DNS with cubes;
symbol �, DNS with continuum; symbol j, present macroscopic k� � model.
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unfortunately not available. The dissipation profile has a strong
and narrow peak at the interface. However, it is worth noting that
the characteristic length of this peak is smaller than the thickness
of the filtered interfacial zone.

6.3. Shear stress

In the present macroscopic k� � model, the volume-averaged
Reynolds-shear stress hu0w0i is modeled using the turbulent viscos-
ity concept at the microscopic scale (Eq. (19)) and by introducing a
macroscopic turbulent viscosity (Eq. (21)) which is evaluated using
Eq. (22). Fig. 7 shows the viscous and volume-averaged Reynolds-
shear stress profiles normalized by ðut

sÞ
2 for the different simula-

tions. The profiles of the viscous shear stress for the k� � model
and for the DNS compare very well. Regarding the Reynolds-shear
stress, the k� �model is able to capture the large increase reported
in Breugem and Boersma (2005) close to the permeable wall. More
precisely, the peak of the turbulent shear stress was overestimated
by the DNS with continuum, whereas the present k� � model
slightly underestimates it. However, these differences are small
compared to the profile of the DNS with solid walls.

6.4. Macroscopic turbulent viscosity

Since the volume-averaged Reynolds-shear stress is correctly
evaluated by the present k� � model, the model can be analyzed
further by testing the macroscopic turbulent viscosity concept.
For that purpose, we evaluate the ratio:
� u0w0
� �

dhui=dy
ð42Þ

when the signs of the numerator and the denominator are identical
for the DNS. This ratio corresponds to the definition of the macro-
scopic turbulent viscosity mt/ (cf. Eq. (21)). In Fig. 8, this ratio is com-
pared to the macroscopic turbulent viscosity profile obtained with
the k� � model, i.e. when the macroscopic turbulent viscosity con-
cept is used in association with Eq. (22).

First, the macroscopic turbulent viscosity hypothesis is not ver-
ified in the porous region where y=H 6 �0:5 for the DNS with
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cubes and the DNS with continuum, since the signs of the numer-
ator and the denominator are not always identical. However, both
the volume-averaged Reynolds-shear stress and the velocity gradi-
ent are negligible in this region as can be seen in Fig. 7. Therefore,
the use of the macroscopic turbulent viscosity hypothesis has no
consequence in the momentum equation in this region.

In the region where �0:5 6 y=H 6 0, the order of magnitude of
the macroscopic turbulent viscosity is very well recovered by the
model. It lies in between the profiles of the two DNS. In particular,
the mean slope of the DNS with cubes seems to be captured by the
present k� � model.

In the free fluid region, where y=H P 0, the order of magnitude
of the macroscopic turbulent viscosity is also very well recovered
by the k� �model and lies almost everywhere in between the pro-
files of the two DNS. Around y=H ¼ 0:7, where the velocity gradient
vanishes, the macroscopic turbulent viscosity hypothesis is not
verified by the two DNS. Indeed, the volume-averaged Reynolds-
shear stress and the velocity gradient do not vanish exactly at
the same position and the ratio (42) tends to infinity. However, this
discrepancy lies in a very small region where both the volume-
averaged Reynolds-shear stress and the velocity gradient vanish.
Therefore its influence should be negligible in the momentum
equation.

6.5. Discussion

Our results show that, despite its simplicity, the k� � model
considered is able to capture the main physical features of the tur-
bulent flow over a porous medium. In this section, we analyze the
reasons that are at the origin of this very good behavior. We believe
that the good results obtained with this model are due to the rel-
ative simplicity of the turbulence characteristics within the homo-
geneous porous region as well as within the porous region/ free
fluid transition region.

Let us first discuss the turbulence characteristics of the flow
within the porous region. At the microscopic scale, the flow in the
pores is a priori very complex because of the source of turbulence
at the solid boundaries and the impact of turbulent structures at
these boundaries that tend to destroy the coherent structures of
the turbulence. In the framework of the macroscopic k� � model
considered in this study, these complex phenomena are accounted
for through two modeling hypotheses: (i) particular expressions for
the specific subfilter production terms Fp

f ; P
p
k and Pp

� (see Table 1)
and (ii) the use of a macroscopic turbulent viscosity hypothesis
for the modeling of the volume-averaged Reynolds stress.

Far from the interface (y=H 6 �0:5), all the physical variables
are almost constant. There is an equilibrium between the friction
and the pressure forces and also between the production and the
dissipation of turbulence. It is the study of the turbulence in this
region that allows to determine the correlations for the specific
subfilter production terms Fp

f ; P
p
k and Pp

� (see Nakayama and Kuwa-
hara (1999); Pedras and De Lemos (2001a); Chandesris et al.
(2006)). However, since the gradients are null or negligible in this
region, the validity of the macroscopic turbulent viscosity hypoth-
esis cannot be studied.

In the vicinity of the free boundary of the porous medium
ð�0:5 6 y=H 6 yM=HÞ, large gradients of all the physical variables
(u; k and �) are present (see Figs. 5 and 6) over a region larger than
the transition region (the transition region is characterized by a
spatially varying porosity and lies therefore between
�0:15 6 y=H 6 0). The macroscopic k� � model captures the main
physical features of the flow within this region, i.e. the strong de-
crease of the velocity, of the turbulent kinetic energy and of the
turbulent dissipation. This exponential-like decrease is mostly
due to the large velocity at the boundary that induces a large fric-
tion force and thus a strong decrease of the velocity and a large dis-
sipation and thus a strong decrease of the turbulent kinetic energy.
The most surprisingly good result is the linear decrease of the tur-
bulent viscosity in the vicinity of the interfacial region, whose
slope is very close to that given by the DNS results (see Fig. 8). This
latter result shows the a posteriori validity of the macroscopic tur-
bulent viscosity hypothesis (Eqs. (20) and (22)). These results mean
that the main physical features within the porous region, even in
the vicinity of the interfacial zone, are very well captured by the
‘‘standard” macroscopic k� � model dedicated to homogeneous
porous media.

Let us now discuss the physical features at the porous region/
free fluid transition region. Our results are based on the idea that
the location of the centers of gravity of the interfacial production
of hkif and h�if are the same as that of the friction force. With this
simple assumption, we showed that the results obtained are very
good compared to the reference DNS. It must be emphasized that
the main criterion to validate the model is the velocity profile in
the channel. Now, the turbulent and laminar velocity profiles are
different only because of the presence of a turbulent viscosity in
the turbulent case in the momentum equation. Therefore, once
one can capture the laminar velocity profile, the key parameter
to capture is the turbulent viscosity profile to get the correct turbu-
lent velocity profile. Because of the simple turbulent viscosity
hypothesis made, it is important to capture both the hkif and h�if
profiles, in particular within the porous medium/free fluid interfa-
cial region. The results presented in Fig. 6 show that the large value
of the turbulent kinetic energy in the vicinity of the porous med-
ium/free fluid interfacial zone is not primarily due to specific phys-
ical phenomena that develop within this interfacial region. Indeed,
if that were the case, these specific physical phenomena should
manifest themselves through specific terms in the equations that
should be large within the interfacial zone or in its vicinity. With-
out these terms, the model should not provide accurate results. In
the framework of our analysis of interfacial phenomena, these spe-
cific interfacial physical phenomena should appear through rather
large values of the jump parameters. On the contrary, our results
show that if these jump parameters are null, the main features of
the flow are very well recovered. This means that the peak of the
turbulent kinetic energy observed at the interface is only due to
physical phenomena that are already accounted for in the standard
free fluid and homogeneous porous standard k� � models. For
example, the production of turbulence in the porous region is
due to two terms: a production associated to the volume averaged
velocity gradient, prodMk, and the subfilter production term,
prodk ¼ /Pk, (see Eq. (25)). These two terms take naturally high
values in the porous region/free fluid transition region: the firt
one, because the velocity gradient are large in this region; the sec-
ond one, because the correlation determined for Pk varies like
ðhuif Þ

3 and the velocity takes large values in this region compared
to the asymptotic velocity in the porous region. Therefore, the
strong production of turbulence in the transition region is natu-
rally taken into account by the homogeneous porous standard
k� � model.

Regarding the hypothesis made in Section 5.3 of neglecting the
right-hand side of Eqs. (33) and (34) when the interface is located
at the center of gravity of the friction surface-excess force, this
hypothesis is not totally false given the good results obtained.
However, it seems that the introduction of a small non-zero jump
might improve the result by enhancing the value of the turbulent
kinetic energy peak. However, given the good precision of the pres-
ent results, this non-zero specific jump parameter would be a ‘‘first
order” improvement. This means that the ‘‘zeroth order” solution
corresponding to the main physical features of the flow, are very
well captured by standard models.

This analysis tends to show that the complex turbulence char-
acteristics of the flow at the interface between a porous domain
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and a free fluid region as reported and described by Breugem and
Boersma (2005) are actually already accounted for in the standard
free fluid and homogeneous k� � model. In particular, the present
k� �model is able to capture the effects of the large vortical struc-
tures that develop in the vicinity of the interface without resorting
to specific terms. It means that no specific turbulence physics
seems to develop at the free fluid/porous interface.

Based on a formal mathematical analogy of the momentum, hki
and h�i equations, De Lemos and Silva (2006) suggest to use not
only the same form of the jump conditions for these three variables
but also the same value of the jump coefficients. Our analysis
shows that the jump conditions for these three variables should in-
deed involve the diffusion flux of these variables (see Eqs. (32)–
(34)). Moreover, the physical origin of these jumps is now under-
stood through the excess quantities involved in the expressions
for these jumps. Furthermore, we have shown that these excess
quantities vanish, or are negligible, for one particular position of
the interface. This means that, for this particular position, all the
jump coefficients are equal to zero. However, this does not neces-
sarily mean that, for another interface position, the values of the
jump coefficients are all equal; this would require further investi-
gation. Indeed, since these excess quantities are related to different
physical phenomena (pressure and friction forces, production and
dissipation of hki and h�i), nothing indicates that they will behave
similarly. The method of the matched asymptotic expansions could
be used, as in Chandesris and Jamet (2007) to study this point. In-
deed, the method should allow to express the excess quantities as
functions of macroscopic variables and of excess quantities inde-
pendent of the macroscopic variables. This would allow to deter-
mine whether the same jump coefficients can or cannot be used
for these three jump conditions. The hypothesis that U;K and E
are continuous at the interface could also be checked.
7. Conclusions

The objective of this article was to study the boundary condi-
tions that must be imposed at a free-fluid/porous interface when
the flow is turbulent and when k� � turbulence models are used.
The main idea is to derive these boundary conditions, starting from
the knowledge of the flow at the microscopic scale and using a
two-step up-scaling methodology.

First, this methodology has been applied to the standard k� �
turbulence model to derive in a coherent way the form of the jump
conditions for the momentum, hki and h�i diffusion fluxes (Eqs.
(32)–(34)). The macroscopic turbulent viscosity appears naturally
in these expressions. Furthermore, these jump conditions are
explicitly related to excess quantities that need to be modeled or
evaluated to close the model.

In a second step, these excess quantities have been evaluated
for the particular geometry of a porous medium made of small
cubes. Using an a priori estimation, we were able to determine
the location of the interface for which the momentum jump van-
ishes. Assuming that the hki and h�i fluxes jumps vanish also for
this particular position of the interface, we were able to compare
our model to the results of the DNS performed by Breugem and
Boersma (2005). The results are very good and are obtained with
a far less number of grid points, which is very important for engi-
neering applications. This flow configuration is also interesting
since it allows to test the macroscopic turbulent viscosity hypoth-
esis and its modeling (Eq. (22)). Indeed, this hypothesis is often
used for the study of turbulent flows in porous media, but had
not been tested before. The comparison to the few available DNS
results show that its use seems to be relevant for this type of con-
figuration. This positive result is very encouraging in the effort to
develop and validate macroscopic turbulence k� � models.
Since the results have been obtained with the jump parameters
being null and without resorting to specific terms, this study also
shows that the characteristics of the flow at the interface are al-
ready accounted for in the standard free fluid and homogeneous
porous k� �model. No specific turbulence physics seems to devel-
op at the free fluid/porous interface.

In a short term perspective, this research could be deepened by
investigating in more details the different excess quantities
appearing in the right-hand size of Eqs. (32)–(34). The excess
quantities associated to the hki and h�i diffusion-jump conditions
should be studied to understand in more details their influence
and their link to the excess quantities of the momentum jump con-
dition (Chandesris and Jamet, 2007).

In a longer term perspective, this research could help to develop
a logarithmic law dedicated to flow over porous media. This ap-
proach, used to simulate flows over rough wall and very interesting
for engineering applications because the flow does not need to be
computed in the porous region, is however still not mature for
flows over porous media.
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