Chapter 3

Experimental analysis

Experimental validation represents the main issue of thapter. Another impor-
tant objective is to deeper analyze the anisotropic effelsterved in flows in porous
media. In RTM and SRIM processes, a resin is injected into er fieinforcement
previously placed in a mold. As it will be seen in Chapter 5s fiber set usually
exhibits symmetry properties which can confer anisotrgp@perties to the matrix.
Whereas this topic is frequently considered from a thecaietiiewpoint in the litera-
ture (8; 26; 33), the experimental viewpoint is seldom adsied. Moreover, there is
a serious lack of data in order to validate the developed tsod&erefore the aim of
the experimental work is threefold. On the one hand, (i) estruction of a porous
medium of controlled symmetry is a first challenge, as wellijzghe conception of
the entire experimental device. On the other hand, (ii)ud@thy medium parame-
ters such as permeability or dispersion tensor componentsthe measurements and
hence validating the models represents another difficat go

In this work we have set up a device and a procedure to perfopergnents in order to
validate Darcy’s law. Moreover, this has led us to determieeneability components
for specific symmetric media and to confirm some values detiéroen theoretical
considerations (cf. Chapter 2). However, supplementapgements should be per-
formed in order to investigate the nonlinear regime in otddrighlight for example
Forchheimer’s effects. Moreover the procedure should grdred in order to com-
pletely determine the dispersion tensor. Finally a completary approach should be
developed to study the thermal problem.

The principles and conception of the constructed appaeatudirstly explained and
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justified. The measurements are then exposed and resullssavssed. Finally, con-
clusions and experimental perspectives are drawn.

This chapter has been mainly inspired from the graduatiatk wbV. Thibaut (3).

3.1 Conception and principles

In this section we describe the conception of the porous mmedind of the experi-
mental apparatus. The basic principles governing the @rpatal procedure are also
exposed.

Let us recall that the focus is here on anisotropic porousianeédore precisely, so-
called transversely isotropic media are especially studiée anisotropy is therefore
"controlled”. The transverse isotropy property is corddrto a medium when it ex-
hibits a specific symmetry axis for all rotations around thigs. It is then interesting
to compare different relative orientations of the flow wittspect to this axis. The
experimental apparatus must therefore be constructeccmaway that the medium
orientation can be changed relatively to the mean flow doact

3.1.1 Medium

The conception of the medium has been led by different cenatobns, viz. (i) that
the medium anisotropy must be controlled, (ii) that thetiededimensions of the pores
and of the entire medium must be well-chosen and (iii) thatgfoduction of several
similar media must be easy.

We choose to build the medium by an assembly of small elemesiting in a porous
cubic block. Since we are interested by a transverselyapamedium, the shape of
these constitutive elements must be the same after anjorotabund their symmetry
axis. Obviously the statistical averaging process mustkertinto account to reach
the desired symmetry and the orientation of the individdainents can vary in a
random way. "Needles" and "discs" answer this objective.pFactical reasons, only
the medium consisting of needles has been selected for star te

In order to build a representative macroscopic medium, ¢hgth of the "needles”
must be at least one order of magnitude smaller than theeebitick. Fibers of 1 mm
diameter and 15 mm length and an entire 10xcfrf® cmx 10 cm medium seem to be
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a pertinent compromise. With these dimensions and shapdylook indeed contains
about 50000 to 60000 needle elements and the porous blo@syste design and
construct.

Finally, in order to facilitate the medium assembly pro¢cesdymeric needles were
selected. Indeed, with this matter, the formation of a cehiemedium is automatically
carried out by heating and reticulation. Of course care rbegiiven to almost iden-
tically orienting the needles in the mold before starting taticulation in the drying
oven.

3.1.2 Apparatus

To produce a flow through a porous medium, the underlyingcipla consists in im-
posing a pressure gradient. In our experiment, this gradseimduced by a liquid
height difference between the entry and the exit. In the eptian of our apparatus,
the medium is then inserted in a given orientation into amwiwontaining the fluid,
while taking care of watertightness near the borders. Mare@s we are interested
in flows in saturated porous media, the exit level is roughlieged at the same height
as the middle of the medium and a siphon is introduced (FID. 3.

In order to determine the permeability and dispersion cdiefits, specific features are
set up and the the measuring device is adapted to each case.

A runoff system is built in order to maintain a constant poeson the top side of the
porous medium. The pressure on the other side is controji¢iddbheight of a barrier
in the collector. The latter is designed in such a way thafithé velocity be low. The
flow rate measurement can then be sufficiently accurate.

In order to quantify the mixing effect of the porous mediutme evice has been
further adapted. First of all, in order to enable the flow ob telistinct by coloured
fluids, watertight separations were introduced on the tdg ef the block (Fig. 3.2).
Mixed fluids are then collected at the bottom of the block ielive separated zones.
A siphon system is still used in order to avoid void formation

The complete experimental set-up can be found in (3) togettbk the measurement
details.
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Figure 3.1: Experimental scheme - Flow rate resulting frenmaposed pressure dif-
ference.

3.2 Measurements and results

In this section, we expose the principles we have followedriter to measure the
permeability and dispersion components from the measursmExperimental mea-
surements are detailed and the deduced medium propesidssaussed.

3.2.1 Permeability

Since experiments described in Fig. 3.1 deal with a 1D mean i@ can rewrite the
1D Darcy equation in macroscopic terms as :

K AP
Vel (3.2.1)
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(b)

Figure 3.2: (a) Siphon system in order to avoid void formatimd to maintain a
constant exit pressure. (b) Separated zones at the entrhanekit of the porous
medium.
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whereV is the macroscopic fluid velocity, the fluid viscosityAP the pressure differ-
ence along the medium depth) @ndK the permeability in the flow direction. Since
our experiments measure flow rates, we rewritte Eq. (3.2.1) a

Q=--"75 (3.2.2)

whereQ denotes the flow rate across the medium se@idinowing the dimensions
of the block, the fluid viscosity, the pressure drop, and tleasared flow rates, the
permeability component in the mean flow direction can betemias :

Qnh

=" APS" (3.2.3)
In Chapter 5, it will be proved that the permeability tensmrd transversely isotropic
medium is determined by two parameters only, one for the pehitity along the
symmetry axis and the second for the permeability along a@nggndicular direction.
These components are denoteddgyandK respectively. Considering our previous
comments, these two components can be determined by aigmmeedle direction
parallel or perpendicular to the mean flow direction.

The experiments were repeated several times on two magiosdly similar porous
blocks in order to assess the validity of the measurememddhe entire procedure was
repeated twice (noted Expl and Exp2) to verify its pertirerin order to determine
the flow rate, the time for a fixed fluid volume to run across tbeops block was
measured. Table 3.1 summarizes the detailed measurereiattiandlings (Table
C.1).

Table 3.1: Mean tim¢s] taken by one water liter to flow across the porous medium

Medium 1 Medium 2
|case Lcase| | case L case

Exp 1 29.2284 33.543¢ 28.0563 32.2741

Exp 2 29.7313 33.777q 27.5484 32.3534
Mean Time| 29.4799 33.6606 27.8024 32.3138

Let us first observe that both classes of measurements asestaont. This seems to
validate the measurement procedure. Moreover, the rurimregis clearly higher in
the perpendicular case than in the parallel case. As it app®aitively, this indicates
that the perpendicular permeability componéft) is larger than the parallel compo-
nent K ||). This assertion is confirmed by results of Table 3.2 wher@bserve that
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Table 3.2: Permeability components from the measurements

Medium 1 Medium 2
|| case 1 case || case 1 case
Viscosityn [Pa.$ 11210% 11410° [ 11410°% 114103
Flow rateQ [m3s] 3410° 29710° |3610° 3.0910°
Pressure differena®P [Pd | 1.27531G 1275316 | 1.275316 1.2753 16
Deduced permeabilitg [m?] | 29610 1% 2651010 [ 3211010 2761010

the parallel component is from 13% to 14% higher than thegradjmular one. Even
if this difference is low, it is the same in both cases.

In order to validate the Darcy law, this experiment shoulsiehbeen repeated for
different pressure drops. Nevertheless, it must be notddtir experimental flows lie
well in the linear regime. Indeed, thmre sized Reynolds numbeis much smaller

than unity :

Rep

- pV’;/K ~0.05< 1. (3.2.4)

3.2.2 Dispersion

In order to analyse the mixing effect induced by dispersian,equivalent but distin-
guishable fluids are injected at the medium entry. The ditn is obtained by the
adjunction of potassium permanganate in one of the entdrimdsy (Fig. 3.2) and the
observations are based on measuring the concentratiois@ubstance at the exit of
the porous block. Two cases are again studied, with the mearptrpendicular or
parallel to the needle direction, respectively (Fig. 3)3a@d (b)). It should however
be noted that another case could be considered in the 'paiquaar’ case, viz. when
the porous medium is oriented in such a way that the needdgsesipendicular to the
flow, but parallel to the impermeable wall separating the different coloured fluids.

In a first step, we focus on the perpendicular case (a) andiaraime equation gov-
erning the concentration evolution. Choosing tkexis as aligned with the symmetry
axis of the medium, the macroscopic equation for conceatr&iq. (1.7.103) roughly
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Figure 3.3: Experiment scheme and boundary conditiondfodetermination of dis-
persion. (a) Flow perpendicular to the needle direction);Rlow aligned with the
needle direction.

simplifies in the stationary case and without any source t&&s'm

oc J°c J°c
a—y = Dx’yﬁ + Dy’ya—yz7

whereDyy andDy,y denote the total diffusion components (molecular diffostadis-
persion effect) an¥ is the macroscopic velocity as aligned with thaxis. Moreover
the total diffusion tensor can here be assumed being didgona

v (3.2.5)

The boundary conditions are :

— = dL_ =
{c_co, 0O<x<l/2 y=0, _ { ax =0 x=0 (3.2.6)

— — oC
C=0, Il/2<x<l y=0, % =0, x=1I.

Considering the boundary conditions and mean flow patawill in addition as-
sume that in what follows diffusion in the flow direction is negligible in front of
convection and of diffusion in the perpendicular direction This is a quite strong
hypothesis. In this first attempt, Eq. (3.2.5) can be reami#is :

oC a8%c

% =Dugg 3.2.7)

\Y
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The solution of this equation is easily obtained by variaglparation and is equal to :

c 12 (1} (2k+ 1)1\ ?y Dy, (2k+ 1)
G 2" 2 @k+DE p(_< I ) v y>cos< ! X) '
(3.2.8)

Finally, Dy is deduced by fitting this solution with the measurements.

In order to measure the concentrations, the spectrometmtdogy was used. At the
entry, a given side of the column was filled with pure waterlevktie other side was
filled with water colored by means of permanganate with distaconcentration of

99.5 ppm. Samples of colored liquid were then collected passted zones at the
porous block exit when steady-state flow regime was reacfibd.concentration of

each sample was then measured while noting its positiondrexit zone. Hence,
graphs of concentration distribution were finally drawn.isTprocedure was again
repeated several times for both blocks in order to validagerheasurements (Fig.
3.4). Since the results are very close together for bothiksl@igs. 3.4 and 3.5), this
tends to validate the experimental procedure.
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Figure 3.4: Concentration distribution at the exit of thequs block in twelve sep-
arated zones (3). The flow is perpendicular to the medium stmynaxis (Fig. 3.3
(a)). The experiments were performed with the first and withsecond block (left
and right figures).

Fitting the solution (3.2.8) with the experiments finallwes the coefficienDyy for
both blocks :

Dyxy=1.98410°m?’s! and Dyy=207610°m?s L. (3.2.9)

A similar approach has been applied in order to deterrBipein the parallel case.
In that case agairthe diffusion in the flow direction was assumed to be negligie
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Figure 3.5: Flow perpendicular to the medium symmetry akig.(3.3 (a)). Similar
results are obtained for the concentration distributiondth media (3).
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in front of convection and perpendicular diffusion. The related measurements are
again consistant for both blocks (Fig. 3.6) and the fittinghef experimental results
with the simplified equation solution gives :

Dyx=6.09510°m?s! and Dyx=6.86410°m?s .. (3.2.10)

Analyzing the experimental results (Figs. 3.4 and 3.6) shthat the perpendicular
case induces more mixing than the parallel case. The diffusomponents deter-
mined in Egs. (3.2.9) and (3.2.10) confirm these observatibiowever, it should be
recalled that these results are based on the assumptiomgleictig diffusion in the
flow direction.

A more accurate approach should consist in working withbigt assumption and in
determining the total diffusion components by comparingdjtahal results with mea-
surements. However, the calculation becomes more congdiead further develop-
ments are needed.
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Figure 3.6: Concentration distribution at the exit of theques block in twelve sepa-
rated zones (3). The flow is parallel to the medium symmetry @ig. 3.3 (b)). The

experiments were performed with the first and with the seddadk (left and right

figures).

3.3 Conclusions

The experiments described in this chapter have enabled ligiltban experimental
set-up and to draw a procedure in order to capture some gfpetific to flows in
porous media. There is a serious lack of references in thigitg and this work can
be seen as a first step in the difficult experimental analysissalidation of the theory
of mechanical dispersion.

In further work, the permeability experiment should be &pd for different pressure
drops in order to validate Darcy’s law. The tensorial fornpefmeability should also

be verified by performing experiments with the "needle" clin oriented at different

angles with respect to the mean flow direction. Nonlineaslésuch as Forchheimer’s
law) should finally be investigated at high flow rates, and-thated coefficient should

be measured.

It should here be noted that, in all the experiments, we haygicitly assumed that
the capillary forces are negligible. Certainly this is tlase for our experiment since
the needles are assumed to be completely wetted.

Concerning mechanical dispersion, the experimental piweeshould be refined in
order to determine all the dispersion components. The gssomof negligible diffu-

sion in the flow direction should also be verified or a more sa@imeasurement
technique should be used. In Chapter 5, it will be seen thbt siR parameters
are sufficient to determine the dispersion tensor for a #ensely isotropic medium.
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Supplementary experiments should then be carried out iardoddetermine all of
these dispersion components. Typically, if the other ’paricular’ case could have
been considered, the componént, could have then been determined. Finally, non-
stationary experiments should be performed and variouadsmy conditions should
be implemented.

At the present stage, assuming that molecular diffusioeggigible in front of hydro-
dynamic dispersion, we have been able to determine sommptaes of the dispersion
tensor. Indeed in this case, the fittingldfy andDyy to the dispersion model (5.2.35)
for a transversely isotropic medium gives :

LjL =6510°m and L, =21510"3m. (3.3.11)

The unique values we have found in the literature are giveMbyet al. in (26),
who use coefficients two orders of magnitude lower than thakees. Obviously, the
considered medium was different in their experiments.

In Chapter 2, numerical experiments were performed witlptirameters fitted on the
present needle-made medium. In these numerical expesmemindary conditions
were imposed in such a way that the parallel permeabilitymmment was playing the
major role. A value of 3 10-1°m?2 was found. This value is very similar to the exper-
imental result of this chapter (Table 3.2). However, thénfitrequired to determine
the parameters of the micro-macro model is not obvious apdoisably not unique.
Hence, concluding that our model and experiments perfegihee is too hasty but
instead leads to more investigations. Similar calculatifom the perpendicular com-
ponent further givéK, = 6.710-11 m2, which is by far smaller than the experimental
value.

The thermal problem has not been tackled in this chaptereqiires more experi-
mental tools and a more expensive apparatus. This was natatay at the present
research stage and we did not investigate this issue.

Finally, let us recall that the main goals of this chapterev@y to demonstrate the
possibility of implementing experiments on media with cofied anisotropy, (ii) to
validate the governing laws for permeability and dispersiosuch media, and finally
(iii) to deduce the medium material parameters from the nreasents. Whereas the
analysis is not complete at this stage, it indicates thatoethod is appropriate for
these goals.



