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1 Introduction fore, the procedure based on the Reynolds averaging of the spa-
gally averaged continuity and momentum equations is question-

traﬁfstetrnr;n:nsg?(;gz fi?vﬂgugfnigzli; \?vaeprgrgei/nel\cl)\/h:(:jhb;usrgslsrT le, since the eddies larger than the scale of the porous structure
P q p P not likely to survive long enough to be detected. Moreover,

generalized Volume Averaging Theofy/AT) for highly porous n - - "
i . B one of these models has been verified experimentally.
media, Travkin et al[1] wrote (page 2, “Antohe and Lage[2] Nakayama and Kuwahaf&] go on to describe their own work:

presented a Fwo-eqpatlon e t“fb“"?r!ce mode for INCOMPresS=rp macroscopic turbulence kinetic energy and its dissipation

ible flow W|th|.n a fluid saturated and rlgld porous medium that iSate are derived by spatially averaging the Reynolds-averaged
the result of incorrect procedures.” It is regrettable that Travki ansport equations along with the- & turbulence model. For the

et al. did not find room in their paper to explain why they considy e problem, the unknown terms describing the production
ered th?‘se procedurez to behlncorrect, agd thde rea\c/zl;_lr_ IS Ien% dissipation rates inherent in porous matrix are modified col-
guess that amk/' procel ures t atdacrje ngt .aseh on ; mus}l Etively. In order to establish the unknown model constants, we
|rr1]corkrect. Trav 'Im etall] .proce(e;. el to derlve th eirown orn;o conduct an exhaustive numerical experiment for turbulent flows
the kappa-epsilon equations, displayed as their E8S) and 5,41 4 periodic array, directly solving the microscopic govern-

(37). These.co.mplllcat.ed equations contain vanousllntegrals, ¢ equations, namely, the Reynolds-averaged set of continuity,
there is no indication in the paper of hf’W closure is to be coMyiayier-Stokes, turbuience kinetic energy and dissipation rate
pleted, despite the clainipage 6 that “closure examples are equations. The microscopic results obtained from the numerical

given.” In a signed review of an earlier version of this paper, Dgyperiment are integrated spatially over a unit porous structure to
Travkin argues that his complicated equations are correct, afgermine the unknown model constants.

therefore that the approximate equations of other people must bérne macroscopic turbulence model, thus established, is tested
wrong. It appears that he does not appreciate that in order to makeihe case of macroscopically unidirectional turbulent flow. The

practical progress it is necessary to make approximations. In Rigeamwise variations of the turbulence kinetic energy and its dis-
review, Dr Travkin admits that he has been unable to solve Copation rate predicted by the present macroscopic model are com-

pletely the closure problem for the VAT equations. pared against those obtained from a large scale direct computation
A more informative treatment of the matter is that by Nagyer an entire field of saturated porous medium, to substantiate
kayama and Kuwahars@]. On page 427 they wrote: the validity of the present macroscopic model.”

“Recently, two distinct two equation turbulence models have |t is the view of the present author that Nakayama and Kuwa-
been established for turbulent flows in porous media. Antohe afgra[3] have presented clearly and forcefully their case that their
Lage [2] chose to carry out the Reynolds averaging over th@odel is superior to that of Antohe and Laf@, and in many
volume-averaged macroscopic equations to derive two-equatiiypects their paper is admirable. However, there are some ques-
turbulence model equations, whereas Masuoka and Takdisu tionable aspects of their arguments and these are discussed in the
derived a macroscopic turbulence transport equation by spatigflowing section. Further, there are two general questions that
averaging the turbulence transport equation of the two-equatigRould be raised. First, is the turbulence discussed by Nakayama
turbulence model. Antohe and Lag&] examined their model and Kuwahara true macroscopic turbulence? Second, how reliable
equations for the turbulence kinetic energy and its dissipation rafge conclusions based on volume averaging? In the remainder of
assuming a unidirectional fully-developed flow through an isotrahe present paper, the author presents his answers to these ques-
pic porous medium. Their model demonstrates that the only pafons and discusses related matters, such as the way in which
sible steady state solution for the case is “zero” macroscopic tuertial effects should be modeled, and the nature of momentum
bulence kinetic energy. This solution should be re-examined, singgnsfer and spin-up in a porous medium.
the macroscopic turbulence kinetic energy in a forced flow For a review of earlier papers on macroscopic turbulence in
through a porous medium must stay at a certain level, as long@smeable media the reader is referred to LEge
the presence of porous matrix keeps generatingl'tie situation
is analogous to that of turbulent fully-developed flow in a con-
duit.) Also, it should be noted that the small eddies must be mod- Some Specific Comments on the
eled first, as in the case of LESarge Eddy Simulation Thus we Nakayama-Kuwahara Model
must start with the Reynolds averaged set of the governing equas,_ . . :
tions and integrate theym over a rer?resentative co%trol voISng,‘,toHaV'ng integrated the Reynolds averaged equations over a

i - - ontrol volume,” Nakayama and Kuwahaf8] obtain their mo-
obtain the set of macroscopic turbulence model equations. The &ntum equation, Eq11). This is unexceptional. However, they

Commibuted by the Fluids Endineering Division f biication in oA then proceed to replace the last two terms of 8d) by Darcy
ontributed by the Fluids Engineering Division for publication in NAL Iy ; ; ; _
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionand Dupuit Forchheimer terms to obtain Eq“') This rePIace

September 30, 1999; revised manuscript received October 11, 2000. Associate gagnt is a standard procedure for Iaminar. fIO\(VS, but it appears tFJ
tor: J. Katz. the present author that the replacement is highly questionable in
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the context of turbulence modeling. In the paragraph containidtohe-Lage approach, because clearly it has regard for pore tur-
Eqg. (14) those authors wrote, “In the numerical study of turbulenbulence and it does say somethiibgit not very muchabout large

flow through a periodic array, Kuwahara et ] concluded that scale turbulence.

the Forchheimer-extended Darcy’s law holds even in the turbulent

flow regime in porous qula." That tgp is an acceptable state Macroscopic Turbulence in a Porous Medium

ment, but it does not justify the transition from Ed.1) to Eq. . .
(14). For one thing, Eq(14) is substantially different from the _ The author has over a period of some years expressed the view
standard Forchheimer-extended Darcy equation. Furthermofdield [9], Nield and Bejari10]) that it is important to distinguish

there is a gap in the argument in proceeding from an equation fﬁ’tween turbulence in the pores of a porous medium and turbu-

the turbulence regime in a bulk form, in which the total pressur ence on a macroscopic scdlde global scale, that of the appa-

; . ) . ratus in an experimentFor example, Nield[9], page 271 wrote
drop IS relat_ed to the bulk f.lu'd. spee_d via an expression quac_ir tat “A furtherpconse)(;uence of OF:H‘ physg:gl]afgugmentlis that true
in the velocity, to an equation involving a differential expressior}

. . rbulence, in which there is a cascade of energy from large eddies
(The reader should note that this comment has nothing to do WD smaller eddies, does not occur on a macroscopic scale in a

\_/vhether or no_t differential opergtors are used in “macroscopic” ¢ense porous medium.The physical argument is presented
integral equation¥In summary, it seems to the prese_nt author th%ain below. The author believes that subsequent investigations
Nakayama and Kuwahafg] have made an assumption of a relahayve shown results that are consistent with the quoted statement.
tionship between microscopic turbulence and macroscopic dregr example, as Nakayama and Kuwahgghhighlighted in the
that cannot be justified except in the gross sense that for highssage quoted above, the model of Antohe and [2jgeads to
Reynolds number the Forchheimer term will be dominant. the conclusion that the only possible steady-state solution for the
Because of their assumption of periodicity when performingase considered by them is zero macroscopic turbulence kinetic
their numerical calculations, Nakayama and KuwaH&jawere energy.
unable to treat eddies on a scale larger than their period lengthThe model of Nakayama and Kuwahd®d is concerned with
They treated a geometry that was periodic in bothxhandy- the effect of turbulence within the pores, and not with true mac-
directions with period 2H. Within a period cell, they consideredoscopic turbulence. In particular, their numerical experiments in-
solid obstacles having cross-section a square of side-léhgithd Volve a model that is periodic on the pore scale, and this means
they selected the ratid/H so that the porosity lay between 0.2 that(as I have already notgglobal eddies are ruled out a priori.
and 0.9. That means thBtandH were of the same order. In otherOn the other hand, the model of Antohe and Légpdoes deal
words the period length for the numerical calculations was of téth macroscopic turbulence in a sensible fashion. Of course, as
same order of magnitude as the particle diameter, and so repiil eady noted ab_ov_e, the Antohe-Lage model says nothing about
sentative of the pore scale. Eddies with a diameter greater it turbulence within the pores.

. ; his means that we have two classes of models. One class of
2H cannot be accommodated on their model, simply because t.hr%dels(that includes the Nakayama-Kuwahara modkdscribes

are Iarge_r than_ the period length. In other words, _global eddi e effect of turbulence within the pores. The second class, exem-
(those with a diameter lager than the pore scalere filtered out lified by the Antohe-Lage model, describes turbulence on a glo-

because of the assumptions about periodicity. Thus global eddigg scaje. For the case of dense porous métfiaracterized by
were ruled out a priori. It is true that a medium does not have ., yalues of the Darcy number, and generally with porosities
be periodic to have the Nakayama-Kuwahara model applied t0|igs than 0.5the first class of models will generally be the more
but when the periodicity imposed is that of the pore scale then thigeful for dealing with what turbulence there is, but for the case of
IS a severe restriction. large Darcy numbefand in particular for hyperporous materials
Further, there is a fundamental difficulty with any model inNield and Lage[11]) such as metallic foamshe second class of
which time-averagingReynolds averagingis followed by vol- models will be the more appropriate.
ume averaging. That procedure precludes the incorporation of the
interaction between fluctuating quantities and the solid matrix 9}1]‘ Limitati f the Vol A ina A h
the porous medium, other than the minor effect of fluctuations i Imitations of the Volume-Averaging Approac
pressure and shear stresses along the interfacial solid-fluid areat first sight, the method of volume-averaging is a rigorous
This aspect was clearly stated by Antohe and Ligje procedure, as Travkin et dl1] claimed it is. It is indeed a rigor-
Also, it appears that Nakayama and Kuwahf8hmay have ous procedure, but only up to the stage at which the system of
misinterpreted the “zero” turbulence conclusigior fully devel- €quations is closed. In order to make practical progress, approxi-
oped turbulent flow of Antohe and Lagd2]. The Antohe-Lage Mations have to be made to evaluate certain integrals, and from
result says nothing about the existence or otherwise of micrfien on the procedure is not rigorous. It is inevitable that physical
scopic turbulence, and its failure to do so should not be used igformation is lost at the closure stageee, for example, the
negative criticism of the model. discussion of the “filter” in Sections 1.3.4 and 1.6.4 in Whitaker
Moreover, it would have been advantageous to Nakayama aujr@]') . . . . .
Kuwahara to recognize that the turbulence kinetic energy used. inn Performing the closure one is guided by physical experience.
their own paper defined as a volume-average of the microsco;%ﬁco'[her words, the CIOS[.”e process is a ;gml-emplrlcal matter, and
turbulence kinetic energyis different from that used by Antohe e usefulness of the final model is critically de_pendent on the
) ; . skill that one employs at the closure stage. This matter is dis-
and Lage(defined as the time-averaging of the square of th&;ssed further in the next section
volume-averaged fluid velocity fluctuations '
This difference has been highlighted by the work of Pedras and
de Lemog 7], and de Lemos and Pedri&. The analysis in these 5 Modeling Inertial Effects

papers leads to the conclusion that the two approaches, timey js relatively simple to perform averaging over terms that are
averaging the volume-averaged equations and volume-averagi@ar in the dependent variables, but nonlinear terms, such as the
the time-averaged equations, lead to similar equations becausegfvective(advectivé inertial term (- V)V in the Navier-Stokes

a commutative property of the two averaging operations. The asquation, cause difficultie§Here V denotes the fluid velocity.
thors explicitly demonstratéEq. (50) in [7]) that there is a differ- Even in the case of laminar flow there has been controversy over
ence between the expressions used to denote turbulent kinetictie-best way to model inertial effects in a porous medium. There
ergy used in the two classes of models. The Pedras and de Lernsosgreement that these effects lead to a quadratic drag term, usu-
approach may be regarded as more complete, in a sense, tharatlye called the Forchheimer drag term, though on historical

Journal of Fluids Engineering DECEMBER 2001, Vol. 123 / 929



grounds(Lage [5]) it is more accurate to call this the Dupuit-solid matrix, by moving just a rigid boundary. Rather, one would
Forchheimer term. However, there has been disagreement abaxyiect significant motion to be confined to a thin layer near the
the coefficient of this ternfAntohe and Lag¢13]) and whether or boundary. As Nield 16] showed, by consideration of a fixed cir-
not one should also include simultaneously a convective inertiallar cylinder of a porous medium surrounded by a rotating
term (v- V)v indicated by formal volume-averagingsherev de- sleeve, that is indeed the form of motion predicted when one
notes the Darcy velocilyin the resulting momentum equation,solves a momentum equation containing the Brinkman term but
when modeling a medium of low porositiield [9]). with the convective inertial term omitted. On the other hand, if
It was noted by Nield 14] that at least the irrotational part of one includes the convective inertial term then one has an equation
this term needs to be retained in order to account for the phenosimilar to the usual Navier-Stokes equation, and this leads to the
enon of choking in the high speed flow of a compressible fluighrediction that all the fluid within the porous medium will ulti-
but he suggested that the rotational part, proportional to the intrimately be set in motion. As far as the author is aware, no one has
sic vorticity, be deleted. His argument was based on the expecyet performed an experiment in order to test the prediction.
tion that a medium of low porosity will allow scalar entities like
fluid speed(the magnitude of the velocityto be freely advected,
but will inhibit the advection of vector quantities like vorticity. 7 The Onset of Turbulence
Nield and Bejar{ 10] went a step further, and suggested that even
when vorticity is being continuously producéelg., by buoyancy (i) The Relationship Between Quadratic Drag and Turbu-
one would expect that it would be destroyed by a momentulence. The topic of transition to turbulence in porous media is
dispersion process due to the solid obstructions. among the interesting topics reviewed by Masufgkg. He refers
An argument providing further support for this point of viewin particular to the experimental work discussed by Dybbs and
will now be presented. There are some subtleties about the effEciwards[18], and to his own work reported by Masuoka and
of the inertial terms on motion in a porous medium. The power dlakatsu[4] and by Takatsu and Masuoka9]. Nield [20] and
the total drag forceper unit volume is equal to the rate of vis- Antohe and Lag¢13] have pointed out that the work of Masuoka
cous dissipatior{per unit volumg; for a detailed discussion seeand his colleagues is based on a misconception about the identity
Nield [15]. The Forchheimer drag term, although it appears to ls the onset of turbulence and the Forchheimer drag term taking
independent of the viscosity, contributes to the viscous dissipsignificantly large values. Antohe and Lades] have also empha-
tion. The effect of inertia is mediated via a change in the presswsized the need to use a proper definition of Reynolds number in
distribution and the velocity distribution. The flip side of the coircharacterizing these phenomena.
is that when one closes the system of equations by introducing a
Forchheimer drag term one should not assume that the convectivéii) The Detection of the Onset of Turbulence. The deter-
inertia term that remains in the momentum equation is identicalination in an experiment of the critical Reynolds number at
with that obtained by formal volume-averaging. After integrationyhich turbulence appears is not a straightforward matter. In a
it should lead to the correct expression for the averaged kinefiersonal communication to the author, Dr. J. L. Lage has pointed
energy, which involves the magnitude but not the direction of theut that in a porous medium of conduit type, in which the pore
velocity, and this means that the irrotational part of the volumépace consists essentially of tubes of varying cross-section, there
averaged convective inertial term must be unchanged, but the i®the possibility of relaminarization, in some portions of the tubes
tational part is not determined by the averaging process, and théaéier divergence of turbulence that appears in other portions
is no inconsistency in setting it to zero as part of the closuf@fter convergendge Ideally, one would like to put probes in the
process. narrowest part of the tubes, and of course that is difficult in prac-
In the process of performing the closure after volumdice and almost certainly has not been achieved in experiments
averaging, it has been traditional to adjust for the contribution teported to date. Also, it should be noted that the appearance of a
the overall drag force, that includes a quadratic drag force that Heignal chaotic in time at a single position is probably an excellent
a specific directioriparallel to the Darcy velocity in the case of anindication, but not conclusive evidence, of the onset of turbulence.
anisotropic mediuny but to ignore the fact that one also needs t@ne needs to observe also what is happening at a neighboring
adjust for the fact that the overall moment of the force system hgsint in order to be sure that turbulence is occurring.
to be zero. It is now being suggested that an appropriate adjustThe Lage argument is based on the fact that, for constant vol-
ment is simply to set to zero the irrotational part of the volumeime flux through a tube, the mean velocity is inversely propor-
averaged convective inertial term. tional to tube cross-section, and hence inversely proportional to
It has sometimes been claimed that the retention of the convélze square of the tube diameter. The local Reynolds number,
tive inertial term is necessary in order to account for the formatioshich involves the product of the mean velocity and the tube
of hydrodynamic boundary layers in channel flow, and in order @ameter, is thus inversely proportional to the tube diameter. That
estimate the entrance length, but this is not correct. The formatigreans that in the wider portions of the tube, the local Re value
of such layers is primarily due to the action of viscous diffusiorinay drop below the critical value necessary to maintain the tur-
and the entrance length can be estimated using the time-derivatent state. In other words, relaminarization may occur. On the
inertial term. same argument, the onset of turbulence is likely to occur first in
those parts of the channel where the local Re is highest, namely in
the narrowest part of the tubes.
6 The Lateral Transfer of Momentum, and Spin-Up in A referee pointed out_that while_ the association between high
. ’ local Re and turbulence is appropriate for a tube of constant cross-
a Porous Medium section, it might not be applicable to ducts with varying cross-
A related matter is the extent to which it is possible to transméection. It is known that for high Re flows in aerodynamics, tur-
longitudinal momentum in a transverse direction in a dense pbulence is seldom encountered except close to solid \ahere
rous medium. Nield9] discussed the case of a special medium iit can be generatedin converging sections of ducts, fluid layers
which the pores consist of channels along xhey-, andz direc- close to the solid tend to run faster and flatten the time-averaged
tions. He pointed out that if one forces fluid to flow down a singleelocity profile. Consequently, less mechanical energy is con-
x- channel, that will cause flow along intersectipgandz- chan- verted to turbulence, because production of turbulent kinetic en-
nels but will not produce any significant flow on the average iargy is dependent on the mean velocity gradients. In this case, in
neighboring x-channels. A consequence is that, on physicalccelerated flows, relaminarization may occur. When the flow
grounds, one would expect that it should be difficult to producerosses an enlargement, layers close to the wall are subjected to a
significant motion in the bulk of a porous medium, with a fixegositive pressure gradient and tend to run slower than the core of

930 / Vol. 123, DECEMBER 2001 Transactions of the ASME



the flow, and separation may even occur. The referee noted thal@jscussion: “Alternative Models of

a consequence, turbulence production is enhanced and Ievelstl.of | .
turbulent kinetic energy are increased, as found experimentally )Urbu ence in a Porous

Spencer et al.21]. Medium, and Related Matters” (D. A.
However, it is not clear to the present author to what exte

t. .
results for high Re aerodynamics carry over to flow in porou.@“el(i 20011 ASME J. Fluids

media, and further investigation is desirable. Eng_’ 123, pp. 928.931)
V. S. Travkin
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