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Abstract

The ability of a highly compressible porous layeiCPL), imbibed with a Newtonian liquid, to dissipat
energy is underlined in recent papers related tgpag-hydrodynamic (XPHD) lubrication. The total
absorption of energy of a squeeze/impact is dutheohydrodynamic forces generated within the HCPL.
Mostly all XPHD processes take place in dynamic dittons, therefore it is essential to know if the
permeability determined at constant thickness isqadte for such processes. For this reason, squeze
constant velocity and impact tests were performedGPLs completely saturated with Newtonian liquids
thus the variation of dynamic permeability was deiaed.
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1. Introduction

Recent papers related to ex-poro-hydrodynamic (XpPHiDrication [1-6] describe the theoretical aspect the
ability to dissipate energy of a highly compressilplorous layer (HCPL) imbibed with a Newtonian iquThe
dislocation of a liquid from a saturated porous aedormable layer resulting in pressure buildingwas called
EX-PORO-HYDRODYNAMIC [2].

The most common case-study is that of a HCPL dairaith Newtonian liquid placed on a rigid supparnd a
carried load provided by a rigid body moving eitbara tangential direction or on the normal dii@tti

Analytical models developed in XPHD lubrication #otangential motion include slider bearings, salstep slider
[1,2 and 3], fixed inclined slider [3] and the nwotiof red cells in narrow capillaries [4]. The n@motion implies the
squeeze of the liquid from the HCPL, hence the ydital models study two types of configurations r(s@nt
velocity/under impact), such as the squeeze of BlHi=tween two discs [5], the impact of a rectaagplate [6] and
the impact of a rigid sphere [7]. The term compaistiwas introduced as the instantaneous solidira®f HCPL and
it is the complement of porosity [5]. For the cagufiations involving a squeeze motion, the hydrodyinaforces
generated in the internal structure of the HCPbwgllwithin certain limits, the total absorption thfe energy of an
impact.

The validation of the theoretical models with expemtal results is possible only if the materiabgerties of the
HCPL (such as the fibre diameter, the porosity/cactipity and the permeability) are known. The ekpental work
performed in the field of XPHD lubrication includés use of a thrust bearing with three shroudeg-pads [1,2], the
permeability measurement in longitudinal directadtHCPLs when the flow takes place at constanktigss [8], and
the impact of a rigid sphere on a HCPL imbibed wititer [7]. The Darcy permeability is consideredfasction of
porosity/compacticity [9], given by Kozeny-Carmaguation [9 and 10], widely accepted in the modgllaf the flow
through porous media. The local thickness of thPH@& modified throughout a dynamic process, remdrky the
change in the compacticity of the solid fractiom. ialso in permeability. Unfortunately, these ekpents do not
provide accurate results in the case of a dynamticgss such as squeeze at constant velocity/umgerct of a HCPL
saturated with Newtonian liquid.

Ongoing research in the field includes the studyrasfdom soft porous media that generate lift formeself
sustained carried loads, under a sliding motior1@], such as an airborne jet train [13 and 15thé&ligh the same
principles are applied, the soft porous materialged in conjunction with air, at extremely highrgsities. In these
cases there is a significant component of the ielésitce developed by the solid fraction, which t@es negligible
when the porous layer is saturated with liquid [&&fl only qualitative comparison can be performét e present
study.

Porous materials that can be included in the HCRegory are: woven and unwoven textile materialshsas felt
or wash-cloth [1,7 and 8], the endothelial surfgly&ocalyx that uniformly coats the mammals’ miogssels [4, 11, 12
and 14], the fresh powder snow [11 and 12] or thesg down [15 and 16]. HCPLs can be used in a tudti of
possible applications working either at atmosphprissure as open systems (porous coating, vigqusihp, safety



flooring) or under pressure as closed systems kshbsorber, squeeze film damper, airborne jet raipplications
using the properties of HCPLs would be less expenshan the existing applications, such as colloida
electro-rheological dampers.

Due to the fact that mostly all XPHD processes tplkee in dynamic conditions, it is essential tawnif the
permeability determined in stationary conditiongif8adequate for such processes. For this reasmeeze at constant
velocity and impact tests were performed on HCRusmletely saturated with water or oil. Acquisitiongata provide
force vs. thickness for the squeeze test and thgkns. time for the impact test. Processing the titias obtained, the
variation of permeability in dynamic conditions wdstermined. The present paper proposes the fiystoach to
determine the dynamic permeability of HCPLs congiesaturated with Newtonian liquid.

2. Experimental studies performed in dynamic conditionson HCPL s saturated with Newtonian liquid

When a HCPL saturated with liquid is squeezed ithed flow is usually developed in longitudinalrdction. The
experimental study can be performed on axisymmeuidigurations if the HCPL is isotropic on longiinal direction.
For a proper experimental analysis of a HCPL, foaterial properties have to be determined:

» fibre diameterd [z,

e initial compacticity o, (o,=1-¢, [5], where ¢, is the initial porosity),
* initial thickness h, [mm] ,

* permeability g[m?] .

When performing experimental studies, the pair HChduid to be used is chosen considering thaidessthe pores
that are filled with liquid due to capillary effectthe fibres of the HCPL can absorb liquid toastimaking it more
difficult to determine the permeability of the HCHRepending on the fibre’s ability to absorb liguide initial thickness
and initial compacticity of the HCPL are directhfluenced by the liquid’s viscosity. Some HCPLs lgmphobic, in this
case the liquid cannot properly saturate the panesthe HCPL has a poor response when squeezed.

In order to determine the permeability of the HCRiLg8ynamic conditions, two types of experimentseygerformed:
squeeze at constant velocity between parallel disdsqueeze under impact with free falling ballseese configurations
were chosen according to the XPHD theoretical nodeleloped for the two cases [3 and 16]. The gardtion of the
parallel discs ensures an uniform thickness (cohskéckness at a certain moment) and also provaskeaxisymmetric
flow of liquid through the HCPL during the squeelzethe case of impact the configuration of theesmtal contact was
chosen because the geometry is not influencedebtatigential positioning of the rigid bodies.

The HCPLs used in the experiments were unwoveildaxaterials made from fibres, the internal stuoetof these
materials, named M1 and M2, is presented in Fig5]. [

Fig.1l Internal structureof HCPLs

The two materials were chosen after trying sevel@PLs in combination with both water and oil, Mlirgethe
material having the greatest fibre’s ability to atisliquid when water was used, M2 being the maté¥ving zero fibre
absorption both for water and for oil. For the deoof the liquids to be used, in the case of MIvai$ excluded because
its fibres did not absorb it, in the case of M2rbeater and oil properly saturated the materiathsdests were performed
using both combinations, but the behaviour of M2 Watter observed when using oil, therefore orth@ttudies was
performed on M1 saturated with water and the odimeron M2 saturated with oil.

2.1. Squeeze at constant velocity of a HCPL saturated with Newtonian liquid

The experiment of squeeze at constant velocity peaformed on the HCPL named M2, which has an egtidha
average fibre diameter af2 ym [8]. M2 has almost the same thickness when s&iraith water as when saturated with
oil because it has only synthetic fibres (whichndd absorb the liquid) in its composition.

The liquid used is SAE20W50 oil, which has the o8ty 5, =0301Pas. The squeeze at constant velocity

experiment was performed on CETR UMT-2 (Center Tabology Inc., Universal Nano+Micro+Macro Matesal
Tester). The squeeze configuration of disc+HCPIluitigs presented in Fig.2. The rigid disc is paallith the rigid
support of the HCPL, thus ensuring an uniform thegs.

Fig.2 Experimental setup for the squeeze at constant velocity, configuration disc+HCPL +liquid

The HCPL was squeezed at four constant velocitiss, 510 mm/s. An initial start position was set for the careag
such as to allow the reach of a constant veloafpie the contact of the disc with the HCPL. Theapzeters recorded
during the test were: the force on the verticabclion, the position of the carriage and the timbe test was
interrupted when the force reached 200N, avoidimgweerloading of the DFH-20 sensor. The positionhef carriage
was recorded with respect to the fixed rigid suppzhiosen as reference, allowing the measuremehieahickness of



HCPL during the squeeze. Two probes of the samelH@&e kept sunken in oil 24 hours before testilbe
experiment was performed starting from smaller reater velocities. The probes were immersed iaftdr each test
for approximately 30 minutes in order to allow tieeabsorption of the liquid into the pores. Twadesere performed
at each of the mentioned velocities, using eack tinseparate probe, and a good repeatability detievas observed.
The initial contact of the disc with the HCPL rdsuh the recording of a force that is no longelt,rthus allowing an
accurate measurement of the initial thickness usimg position of the carriage, i.en, =4 mm, giving an initial

compacticity o, = 01. Experimental results for squeeze at constantitglperformed on M2 saturated with SAE20W50

oil are presented in Fig.3.

Fig.3 Experimental resultsfor squeeze at constant velocity, configuration disc+HCPL +liquid

From right to left, the chart presents the increzfsthe force with the decrease of the thicknedsa given value of
the force it can be noticed that the thickness h&f HCPL is greater for higher velocities. This igedto the
hydrodynamic pressure generated by the liquid stpebthrough the pores. As the velocity of the uggate is greater,
the channels created by the dislocated liquid aveemuickly constricted, thus increasing the pressf the liquid.
When a critical value that allows the liquid to ca@me the entrapment regions is reached, all thediis squeezed
from the HCPL. Finally, as the volume of the pobegomes smaller and the compacticity reaches valoser to 1,
the hydrodynamic forces have no longer an importaiet

2.2. Squeeze under impact of a HCPL saturated with Newtonian liquid

The experiment of squeeze under impact was perfbonethe HCPL named M1, which has an estimatedageer
fibre diameter ofigm [8]. M1 was saturated with water, with the vistpsdf 5,, =0001Pais. This material has

cellulose and cotton in its composition and alldhe absorption of water both inside the pores atalthe fibres, thus
making the permeability measurement more difficlit.Fig.4 is presented the response of M1 whenratd with
water. It is easily noticed that the increase iickihess of M1 when saturated with water is of dmet than the
thickness in a dry state.

Fig.4 Thicknessresponse of HCPL M 1 when saturated with water

The experiment performed is that of a sphere fafi|m§ on M1 saturated with water, placed on adixigid support.
During an impact, although the thickness is nofarm, the geometry is not influenced by the tangémtositioning of
the rigid bodies. The experimental setup is preseirt Fig.5 [7].

Fig.5 Experimental setup for theimpact, freefalling test

The impact was recorded with a high speed camef0@d frames per second and the position of thievizsd
determined from the image post-processing, allovidrghe minimum thickness, to be determined with respect to

the rigid support. The impact test was performethwan elastomeric ball that has a much higherielasbdulus than
the HCPL saturated with water, therefore consideigid with respect to M1. The ball with the mass=13535g and

the radius p=1525mm was free launched from two different heighis=122mmand H =282mm. For M1 saturated
with water the initial thickness measured wgs=35mm at an initial compacticity ofs, =0038. The parameters

recorded during the test were the position of théf and the time. The thickness of M1 during thepatt was
determined using the position of the ball with extpto the position of the rigid support. Seveest$ were performed
for each height and a good repeatability was oleserVhe experimental results show the positiomefitall free falling

from H=122mmand H =282mm, also the thickness variation during the impadhwil1l saturated with water, Fig.6.

For H=122mm the impact of the sphere free falling directly the rigid support (without HCPL) was included, but

solely to better show the effect of using the HGRturated with water.

Fig.6 Experimental results showing the position of the ball and an enlarged view of the thickness variation during the
impact, configuration sphere+M 1+water

In both cases, all of the kinetic energy of thd ahbsorbed by the HCPL saturated with watecah be noticed
that an increase in the initial kinetic energy daiees a smaller final thickness, . Therefore, over a certain launching

height the HCPL is no longer able to absorb allghergy and the ball rebounds with a rest of tit@irenergy.
The experimental configuration, the HCPL and thjeitl used are summarized in Table.1.

3. Dynamic per meability

One of the hypotheses used in the theoretical mouelXPHD lubrication states that the impact in esge
conditions can be described using the componerniepties measured in static conditions [6]. The cibje of the
current paper is to verify the validity of this lothesis by dynamic experiments, introducing theadyic permeability
of a HCPL.



Permeability for a steady flow is related to thexstant thickness of a HCPL, therefore permeabildgiation in
static conditions can be approximated by functismsh as Kozeny-Carman [9 and 10] or Pseudo-Kozemyén [8],
with respect to a certain compacticity/thicknessd artonstant complex parameter:

D@A-o)® )
0.2

Pseudo-Kozeny-Carman (P-K-G,)=_D(l;‘7)2 )

where the compacticity at a certain thickness isvdd from the assumption that the solid fractidntte HCPL is
invariable during the squeeze process:o,h,/h [2].

Squeeze at constant velocity and under impactb€BL involve a continuous change of the hydrodymafmices
that determine a variation in the average velooftyhe liquid, altogether with the thickness vadatof the HCPL,
therefore the complex parameter determined forrestemt thickness in a steady flow, becomes no longkd for an
unsteady flow. Considering both the variation of thickness and the variation of the complex patame, one
obtains the dynamic permeability for a HCPL. In.Figs represented the type of the permeabilityuimcfion of the
varying parameters. In a steady flow the statierability is only influenced by a possible variatiof thickness. In an
unsteady flow the thickness is changed at each si@ge. The permeability is considered cvasi-stifittbe complex
parameter D is constant. If the complex parameter is variable then the permeability is consideredadyic.

Fig.7 Diagram showing the types of flow and the types of per meability in function of the varying parameters

When all the experimental data is used, respegtivelocity and thickness for impact and force anidkness for
constant velocity, a variation of the complex pagten is obtained. Studying the behaviour of the mlesmn parameter
during the squeeze process, a parabolic variatithh nespect to thickness was observed, therefare_ast Squares
Parabola Method was used to determine the coeffief an averaged function that approximates Kpermental
data.

The unknown coefficients of a parabolic functiom)y@+bx+cxX that best fit the set of experimental datay(x
where i=1+n and n is the number of experimentahisoiare obtained from the following system of epues:

Zy, —aZ:1+beI +ch|

izl =1

in Yi =az><i +b_Z,Xi2+chi3
ZY» X —aZx. +bzlx. +czx.

=1

Kozeny-Carman (K-C)gp=

3.1. Dynamic per meability in case of squeeze at constant velocity of a HCPL saturated with Newtonian liquid

The permeability for a squeeze at constant veladithe configuration disc+HCPL+liquid [5] is:
m]RV(l o) ( )
8Fh

Using the previous equations one obtains the commieameters of the HCPL squeezed at constantityel@adth
respect to force as function of thickness:

_mn R“V ain (4)
e 8F h(h o h)

_ m7RV ( )
Fee gF h(h ah)

The first step was to obtain values for the compbexameters at a certain thickness and an expetathen
determined force. Therefore, from the squeezeaiest=5mm/s and the configuration disc+M2+0il, at the thicksies
h=2mm and the force F=255N the constant complex parameters are obtained; =48300* m* and
D,oc =193010™ m?.

Therefore, considering only K-C (4), an averagecfiom was approximated to best fit the experimepdtaits:

D

approx —
DK-C -

where d is the average fibre diameter of M2 amd 018...02is the determined material constant.
Fig.8 shows a comparison between the averageddpmated function and the experimental complex patamas



function of thickness, obtained with (4), at constaqueeze velocities of=05;1 510mm/s, for the configuration

disc+M2+0il. One can notice an increase of thelpalia behaviour with squeeze velocity and a minimafrthe complex
parameter in all the variations.

Fig.8 Approximated function of the variable complex parameter for sgqueeze at constant velocity vs. experimentally
deter mined complex parametersfor v=05;1 5 10 mm/s

The second step was to compare the force variagdonction of thickness determined from the expernit and the
one obtained using a parabolic variation of the mlem parameter, for the discussed configuratiog,%iOne can
notice the response of the HCPL by following a giwalue of the force that is reached at a grehiekiiess as the
velocity is increased, such that a velocity tererhigher will double the thickness of the HCPLn§&ldering that only
one approximated function is used for all the \tavies, a very good agreement with the experimeaetallts is observed,
especially at higher velocities.

Fig.9 Force variations determined experimentally vs. the theoretical ones obtained with a variable complex parameter, for
squeeze at constant velocity

Furthermore, a comparison at=10mm/s of the force variations, the ones determined ftbenexperiment and the

theoretical ones, obtained with constant ( = 483010™ m*) and variable (4) complex parameters, is preseintéih.10.

The difference between the constant and the variadrhplex parameters is better underlined at ssoatpacticities, the
force computed with a constant parameter beingtifaBs higher than the one experimentally obtaiedery good
correspondence is observed between the force cemhmuith a variable complex parameter and the empnial data.
Fig.10 Force variation determined experimentally vs. the theoretical ones obtained with constant and variable complex
parameter, for squeezeat v=10mm/s
The variation of the dynamic permeability for sqeee®s. the experimentally obtained one and theatian of the
permeability with a constant complex parameteryvatomm/s, are plotted in Fig.11. A very good correspondence

between the dynamic permeability variation (vagabbmplex parameter) and the experimental dathdsreed. One
can notice a great difference between the cvascgtermeability (constant complex parameter) amel dynamic
permeability, such that at a compacticity of 0.h2 tvasi-static permeability is about four timesaben than the
dynamic and experimental ones.

Fig.11 Permeability variation determined experimentally vs. the theoretical ones obtained with constant and variable
complex parameter, for squeeze at constant velocity

3.2. Dynamic per meability in case of squeeze under impact of a HCPL saturated with Newtonian liquid

The theoretical model of the impact of a rigid sghen a HCPL imbibed with a Newtonian liquid prassdthe
maximal value of the complex parameter [7]:
pr =P M % (55 0557 -15-Ina,) (7)

4 udh V29 @-0)

The complex parameter of the HCPL can be compuididrespect to the velocity of the sphere and tli@imum

thickness of the HCPL:
_mn_h np’
kec —Ervovf(ﬂoﬁm) (8)

In the case of the impact of a rigid sphere on Mturated with water the Least Squares Parabola ddettas
applied to approximate an average function of thraplex parameter only for K-C (8). The experimeutata provides
the velocity of the sphere up to the point whdreitomes zero due to energy dissipation and ake dteginning of the
“rebound” of the sphere, therefore allowing thedgtof the two stages of the impact: compressiondemmpression
of the HCPL. The approximated functions of the claxparameter for the two stages are:

compr

2
D2rox = J_dﬁ (0.145-0.343H +0.282H?)
o (13)
Dj;‘;i,’;;, = 16k (0.077-0.315H +0.355H ?)

where d is the average fibre diameter of M1 amd 5is the determined material constant.

The comparison of the complex parameter variatiobhtained from the experiment and from the parabolic
approximation (13) is shown in Fig.12. A very goagreement with the experimental results is obsefu@uh the
beginning of the impact until the thickness decesaound 0.4 mm.

Fig.12 Approximated functions of the variable complex parameters for compression and decompression stages of the
impact vs. experimentally determined ones

Prior to the analysis of the permeability variatiarstudy of the velocity during the impact wasf@ened, allowing




the comparison of the adimensional velocities deiteed from the experiment with the theoretical ooesputed with
the constant complex parameter obtained from theirman dimensionless impulse (7p&7.67400™ m*) [7], the
average constant complex parameter obtained frenstiady flow experimentd(= 24210* m?) [8] and the variable
complex parameter from (13), Fig.13. One can olesarvery good agreement between the velocity vaniaomputed
with the variable complex parameter (13) and thpeernental velocity, also the velocity given by theximum
allowable impulse is giving acceptable results. Vagation of velocity computed with the constaoimplex parameter
determined from a steady flow experiment does movide a good behaviour over a dynamic process thising
some questions about the validity of the hypothékit the static permeability determined from aadie flow
experiment can be used for a dynamic process.

Fig.13 Comparison of the dimensionless velocity in the compression stage of theimpact obtained with complex parameter
deter mined from: steady flow, maximum impulse and dynamic method

The variation of the permeability obtained from ehgperiment is plotted vs. the computed dynamioneability for
impact in Fig.14. One can observe a very good spmedence between the computed dynamic permeadildythe
experimental one for both of the stages studiethpression and decompression.

Fig.14 Per meability variation deter mined experimentally vs. the theoretical one obtained with dynamic method, for thetwo
stages of theimpact

Nevertheless, a complete view over the variatiorthef permeability is given by the comparison betwéee
dynamic permeability and the static one computeth whe constant complex parameter given by the mmaxi
allowable impulse. An enlarged view of this compan, that also contains the permeability determiftech the
experiment, is presented in Fig.15. The previousemgent between experimental results and dynaniogability is
confirmed in this enlarged view. The differencevimstn the static permeability offered by the maximuampulse and
the dynamic one reaches acceptable values neanthef the impact when the compacticity is gretitan 0.6.

Fig.15 Permeability variation determined experimentally vs. the one obtained with the constant variable complex
parameter given by maximum impulse and the variable one given by the dynamic per meability method

4. Discussion

One of the hypotheses of the theoretical modela fdCPL squeezed under impact that is saturatddNetvtonian
liquid and placed on a rigid support, recentlyadiiced, states that the squeeze under impact odesbebed using the
component properties measured in static condifihg he objective of the current paper is to wettie validity of this
hypothesis by dynamic experiments, introducing ghoetto determine the dynamic permeability variaiod a HCPL.

If the permeability variation in a steady flow ismputed by a function such as K-C or similar, edieg it for a
dynamic regime should allow the variation of dynamparameters by keeping the same form, thus thiysisaf a
dynamic regime should begin with the evaluatiothef complex parameteb . An increase of the parabolic behaviour
with squeeze velocity is noticed. This has a dingitience on the force sustained by the HCPL, @espely, a velocity
ten times higher will double the thickness of tHeRL. Furthermore, the difference between the constad the variable
complex parameters is better underlined at smatipaxticities, the force computed with a constamapeter is 4-5
times higher than the one experimentally obtaifedm the comparison of the permeability variaticonf the squeeze at
constant velocity of the HCPL saturated with Newdonliquid, a very good correspondence betweendgreamic
permeability and the permeability obtained fromelperiment, throughout the process, is noticed.

The same method was applied for the impact casly,stdding the decompression stage. Although tihepagison
between the velocity determined from the experimemd the one obtained from the theoretical modatsws
promising results, the validation of these modéisutd be performed with respect to permeabilityiataon. Also, a
great difference between the experimentally deteechivelocity and the one resulting from the usawefrage constant
complex parameter determined from a steady flommdticed. A very good agreement between the expetihe
permeability and the dynamically obtained one imagked. A comparison of the dynamic permeability the
permeability determined from the experiment and pkemeability obtained with a maximal value of tt@mplex
parameter is presented. The compression stages ofnhact takes place in the compacticity rangeoogs- 077 and
the permeability variation obtained with a constmmplex parameter has acceptable errors neanthefedhe impact,
when the compacticity reaches values owar. Although the XPHD lubrication is restricted taeative interval of
compacticity, roughly betweem.2- 08, the present method allows the extension of thests.

A qualitative comparison of the results from thegamt paper can be done with the results obtaynédtGhidiac et al.
[16]. Although the same principles are appliedadthbcases, the soft porous material saturatedaaitat extremely high
porosities allows a significant component of thesgt force to be developed, but when liquid idusesaturate a porous
layer subjected to a dynamic loading the hydrodyindorces are predominant. Nevertheless, the esbitained from
the cvasi-static compaction of the soft porous nitehow the same behaviour of the force as thelt®obtained from
the dynamic experiment performed for the squeererstant velocity of a HCPL saturated with oilséJ a comparison



can be made in the case of the impact of a poratsrial. The same kind of variation is observedase of the thickness
variation of the soft porous material when impadbgda rigid disc and the minimal thickness variatishen a highly
porous layer saturated with water is squeezed ung®ct by a sphere.

5. Conclusions

One of the hypotheses used in the theoretical rsouhelXPHD lubrication states that the impact in esge
conditions can be described using the componerniepties measured in static conditions [6]. The ciibje of the
current paper is to verify the validity of this lothesis by two dynamic experiments that were peréat on highly
compressible porous layers saturated with Newtoligaids: squeeze at constant velocity and undeaih.

In order to compute the permeability variation, theo parameter has to be determined, such as {oestant
velocity) or velocity (impact). Although the compson between these parameters determined fromxgrezienent and
the ones obtained from the theoretical models shpmsising results, the validation of these modgisuld be
performed also with respect to permeability vaoiati

For a clear view of the types of permeability usethis paper, a classification is introduced, time of the type of
flow, thickness and other parameters. The diffezdmetween the static permeability (determined fsteady flow), the
cvasi-static permeability (determined for a criticgximal value) and the dynamic permeability (det@ed for an
unsteady flow) is underlined.

It is shown that the static permeability of a HCRtermined from an experiment at constant thicknisshardly
acceptable as valid for an unsteady flow (variahiekness), therefore when analyzing a dynamic ggscsuch as
squeeze under impact, the permeability of a HCRIukhbe considered throughout the entire procéss, & dynamic

permeability method was stated for highly comptgesporous layers under squeeze at constant welaoil under
impact.
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7. Nomenclature

— fibre diameter of HCPL

— complex parameter of HCPILD = d? /16k

— force

— HCPL thickness in the contact area

— dimensionless layer thicknessih,

— launch height in free falling ball test

— correction constant

— mass of impact

— dimensionless impulse

— pressure

Po —dimensionless property of HCPIPo=h?/D

q — flow rate

— radial coordinate

R — maximal radius of the apparent area of contattéen sphere and HCPL
— time

i — mean velocity trough HCPL

— constant velocity in squeeze experiment

T T I, T TTNOS

=

c o~

<



\Y — velocity

v — dimensionless impact velocity, /v,
Greek letters

n — liquid viscosity

0 — sphere radius

o — HCPL compacticity

@ — HCPL permeability

Subscripts/ Superscripts/ Abbreviations/ Acronyms
0 — initial

approx — approximated

calc — calculated

compr — compression

c — constant

decompr — compression

exg — experimental

m — minimal

max — maximum/maximal

var — variable

HCPL  — highly compressible porous layer
K-C — Kozeny-Carman

P-K -C— Pseudo-Kozeny-Carman
XPHD — ex-poro-hydrodynamic lubrication

8. APPENDIX

Liquid flow rate through a porous media, considgiimw permeability, can be modeled by Darcy’s |8 [
9, =~ 2100 (AD)

where the flow rate isy, =u,h and y, is the average velocity through porous media.
General assumptions considered in XPHD lubricq@rare:
» the elastic forces of a HCPL are negligible comgaeethe liquid flow resistance;
« the liquid is Newtonian and the flow is considemedbngitudinal direction, isothermal and isovisspu
« HCPL is homogeneous and isotropic, with constaesgure across thickness;
* local deformation is considered only in normal difen and the solid fraction is conservegh=o,h,.

The equation of flow rate conservation for a HCRaturated with Newtonian liquid, squeezed at noneéicity in
polar coordinates [5], is:

o @R _ e
27t o ar mri-o)V (A2)

The permeability variation is computed using tHéofeing relations:
Kozeny-Carman(K-C) [9 and 10] ¢:=D(10;2”)3(A3)

Pseudo-Kozeny-Carman(P-K-C) bB%D(%J)Z (A4)

First theoretical model studied is the squeezeHERL saturated with Newtonian liquid at constaglbeity, which is
presented in Fig.16a [5].

Fig.16 Boundary conditionsfor (a) squeeze at constant velocity and (b) squeeze under impact

After obtaining the force by applying the boundaoyditions and pressure integration [5], the pebiligais:

_mRN(@L-0)

9=——— (AS)

Furthermore, using (A3) and (A4), the complex pastars of the HCPL, with respect to force as fumctid
thickness, are:
o= T O (A6)

(h-a,h)
_ RV ag,h, (A7)

pkc = B——— (A7
8F  h(h-o,h)

D




The second model analyzed is the impact of a gidere on a HCPL placed on a rigid support, sadratith
Newtonian liquid, presented in Fig.16b [3 and 7].

The maximum allowable impulse can be determinecfsphere that has an initial velocity =y2gH  [7]:

Mo :Mp_z‘/g @ (A8)
Momentum conservation under impact, proposed byd@gmand Tabor [17], gives the adimensional veldaity

Y :1+§ﬁf(aD,Hm) (A9)

__d [2H,-oa-ay [ 1-0,
where f@.H,)= -n[Hm_

(l-ﬂu)’l " ajarelnHmar
+<1_H‘")[@+00+6-2H"}}

and the maximal value of the complex parameter [7]:

pre =P TN %55 0507 -15-1na,) (AL0)

4 MJHTE 1-0,)°

The complex parameter of the HCPL can also be ctedpwith respect to thickness and velocity duringrapact:

7N np°
Dy = VAR f(o,,H,) (A1l)
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