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8
9 Abstract Changes in the permeability tensor of fabric

10 preforms caused by various modes of fabric distortion

11 and fabric-layers shifting and compacting is one of the

12 key factors controlling resin ßow during the inÞltration

13 stage of the common polymer-matrix composite liquid-

14 molding processes. While direct measurements of the

15 fabric permeability tensor generally yield the most

16 reliable results, a large number of fabric architectures

17 used and numerous deformation and layers rear-

18 rangement modes necessitates the development and

19 the use of computational models for prediction of the

20 preform permeability tensor. The Lattice Boltzmann

21 method is used in the present work to study the effect

22 of the mold walls, the compaction pressure, the fabric-

23 tows shearing and the fabric-layers shifting on the

24 permeability tensor of preforms based on orthogonal

25 balanced plain-weave fabrics. The model predictions

26 are compared with their respective experimental

27 counterparts available in the literature and a reason-

28 ably good agreement is found between the corre-

29 sponding sets of results.

30

31 Nomenclature

33 f34 Particle distribution function

35 ff36 Fiber volume fraction

37h 38Fabric thickness (m)

39/ 40Relative dimensionless shift of the adjacent fabric

41layers

42K 43Permeability tensor of the fabric (m2)

44L 45In-plane quarter cell dimension (m)

46p 47Pressure (Pa)

48a 49Shear angle (deg.)

50rf 51Fiber radius (m)

52s 53Relative shift of the adjacent fabric layers (m)

54e 55Particle velocity component

56q 57Fluid point density (particles/lattice point)

58W 59Collision operator

60t 61Time (s)

62s 63Time relaxation parameter

64ti 65Velocity component weighting factor

66u 67Fluid nodal velocity (lattice parameters/time

68increment)

69m 70Fluid kinematic viscosity (m2/s)

71x 72Nodal position vector
73

74
75
76Subscripts

78bot 79Quantity associated with the bottom surface of

80the fabric

81top 82Quantity associated with the top surface of the

83fabric
84

85
86
87Superscripts

89B 90Quantity associated with the bottom channel

91eq 92Equilibrium quantity

93F 94Quantity associated with the fabric

95T 96Quantity associated with the top channel
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100 Introduction

101 Over the last two decades, major advances in the resin-

102 injection technologies have enabled the processing of

103 high-performance polymer-matrix composites expand

104 from their aerospace roots to diverse military and civil

105 applications. At the same time, the processing science

106 has become an integral part of the composite-manu-

107 facturing technology so that empiricism and

108 semi-empiricism have given way to a greater use of

109 computer modeling and simulations of the fabrication

110 processes. Among the modern polymer-matrix com-

111 posite manufacturing techniques, liquid-molding pro-

112 cesses such as Resin Transfer Molding (RTM),

113 Vacuum Assisted Resin Transfer Molding (VARTM)

114 and Structural Reaction Injection Molding (SRIM)

115 have a prominent place. A detailed review of the major

116 liquid molding processes can be found in the recent

117 work of Lee [1]. One common feature to all these

118 composite fabrication processes is the use of low-

119 pressure inÞltration of the porous fabric preforms with

120 a viscous ßuid (resin). Conformation of the fabric

121 preforms to the ridges and recesses in the mold and the

122 applied pressure can induce signiÞcant distortions and

123 deformations in the fabric as well as give rise to shifting

124 of the individual fabric layers and, in turn, cause sig-

125 niÞcant change in local permeability of the preform.

126 Since the inÞltrating ßuid follows the path of least

127 resistance, local changes in the fabric permeability can

128 have a great inßuence on the mold Þlling process

129 affecting the Þlling time, the Þlling completeness and

130 the formation of pores and dry spots. Hence, a better

131 understanding of the changes in fabric permeability

132 caused by various local distortions, shearing and

133 shifting of its tows is critical for proper design of the

134 liquid molding fabrication processes.

135 In simple terms, permeability can be deÞned as a

136 (tensorial) quantity which relates the local average

137 superÞcial velocity vector of the ßuid with the associ-

138 ated pressure gradient. In polymer-matrix composite

139 liquid-molding processes such as the RTM and the

140 VARTM, the porous medium consists of woven- or

141 weaved-fabric preforms placed in the mold and the

142 ßuid ßow of interest involves preform inÞltration with

143 resin. Complete inÞltration of the preform with resin is

144 critical for obtaining high-integrity and high-quality

145 composite structures. The knowledge of the preform

146 permeability and its changes due to fabric bending,

147 shearing, compression, shifting, etc. is crucial in the

148 design of a composite fabrication process (e.g., in the

149 design of the tool plate, or for placement of the resin

150 injection ports).

151While direct experimental measurements of the

152fabric permeability is generally considered as most

153accurate and most reliable, it suffers from a number of

154limitations such as: (a) experimental set-ups can be

155elaborate and the measurements very time consuming;

156(b) experimental measurements have to be done for

157each new architecture and/or deformation state of the

158Þber preform; and (c) experiments involve measure-

159ments of the (macro) preform length-scale ßow

160parameters (e.g., the ßow length or the shape and the

161size of a ßow front) are used to infer a (meso) fabric/

162Þber length-scale parameter (the permeability tensor).

163In more complex preform architectures, this procedure

164is a formidable task and can be accompanied with

165substantial experimental and data reduction errors.

166Consequently, development of the computational

167models for prediction of the preform permeability

168tensor to complement experimental measurements has

169become a standard practice.

170For the computational modeling approach to be

171successful in predicting permeability of the fabric

172preforms, it must include, in a correct way, both the

173actual architecture of the fabric and the basic physics of

174the ßow through it. A schematic of the relatively sim-

175ple orthogonal plain-weave one-layer fabric architec-

176ture is shown in Fig. 1. As seen in Fig. 1, the fabric

177consists of orthogonal (warp and weft) yarns, which are

178woven together to form an interconnected network.

179Each yarn, on the other hand, represents a long con-

Fig. 1 A schematic of (a) the top view and (b) the edge view of a
one-layer orthogonal plain-weave fabric preform
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180 tinuous length of interlocked Þbers, normally grouped

181 into bundles (threads) twisted together to form the

182 Þnal yarn. In addition, the fabric involves a network of

183 empty pores and channels. When a fabric like the one

184 shown in Fig. 1 is being inÞltrated, the resin ßows

185 mainly through the pores and the channels. However,

186 since the fabric tows are porous (pores and channel on

187 a Þner length scale exist between the Þbers in tows),

188 the resin also ßows within the yarn. Thus, when pre-

189 dicting the effective permeability of a fabric, the

190 computational model should account for both compo-

191 nents of the resin ßow.

192 Prediction of the permeability of porous medium

193 has been the subject of intense research for at least last

194 two decades. Due to space limitations in this paper, it is

195 not possible to discuss all the models proposed over

196 this period of time. Nevertheless, one can attempt to

197 classify the models. One such classiÞcation involves the

198 following main types of models for permeability pre-

199 diction in the porous media: (a) the phenomenological

200 models based on the use of well-established physical

201 concepts such as the capillary ßow (e.g., [2, 3]) or the

202 lubrication ßow (e.g., [4]). These models generally

203 perform well within isotropic porous media with a

204 simple architecture; (b) the numerical models which

205 are based on numerical solutions of the governing

206 differential equations. These models generally attempt

207 to realistically represent the architecture of the Þber

208 preform but, due to limitations in the computer speed

209 and the memory size, are ultimately forced to the

210 introduction of a number of major simpliÞcations (e.g.,

211 [5, 6]); and (c) the models which are based on a balance

212 between the fabric-architecture and the ßow physics

213 simpliÞcations, enabling physically based predictions of

214 the preform permeability within reasonably realistic

215 fabric architectures [7].

216 Over the last decade, the Lattice Boltzmann method

217 has become a respectable alternative to the classical

218 Navier—Stokes equations based computations of vari-

219 ous ßuid ßow phenomena. In particular, the lattice

220 Boltzmann method has been found to offer computa-

221 tional advantage in the analyses of ßuid ßow in media

222 with a complex geometry [8, 9], in multi-length-scale

223 porous media [10], moving boundary multi-phase ßow

224 [11]. Since, in general, fabric preforms act as a porous

225 media with complex multi-length-scale architectures,

226 and the dynamics of their Þlling during the resin

227 injection stage of the RTM and VARTM processes,

228 the Lattice Boltzmann method has been used in the

229 present work to compute the permeability components

230 of fabric preforms under different modes of deforma-

231 tion. The permeability components are next assembled

232 into a permeability tensor.

233The organization of the paper is as follows: A brief

234overview of the fabric architectures and the Lattice

235Boltzmann method is presented in ÔÔComputional

236procedureÕÕ section. The application of the Lattice

237Boltzmann method to revealing the role of various

238fabric distortion and layers-compaction and shifting

239phenomena is presented and discussed in ÔÔResults and

240discussionÕÕ section. The main conclusions resulted

241from the present work are summarized in ÔÔConclu-

242sionsÕÕ section.

243Computational procedure

244Fabric architecture

245Single-layer fabrics

246In this work, only (un-sheared and sheared) balanced

247orthogonal plain-weave fabric is considered. Due to

248the in-plane periodicity, the fabric architecture can be

249represented using a unit cell. The entire orthogonal

250plain-weave fabric can then be obtained by repeating

251the unit cell in the in-plane (x- and y-) directions. A

252schematic of one quarter of a plain-weave unit cell with

253the appropriate denotation for the system dimensions

254are shown in Fig. 2. In a typical plain-weave fabric, the

255fabric thickness (h) to the quarter cell in-plane

256dimension (L) ratio, h/L, is small (0.01—0.1), while the

257tow cross-section is nearly elliptical in shape with a

258large (width-to-height) aspect ratio (Þve or larger). The

259geometry of the tows within the cell can be described

260using various mathematical expressions (e.g., [12]) for

261the top, ztop(x,y), and the bottom, zbot(x,y), surfaces of

262the fabric, respectively. In the present work, the fol-

Fig. 2 Schematic of one quarter of the unit cell for a one-layer
balanced orthogonal plain-weave fabric
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263 lowing sinusoidal functions originally proposed by Ito

264 and Chou [13] are used:

ztop x; yð Þ …
h

2
sin

2p

L
x þ sin

2p

L
y

� �

ð1Þ

266266

zbot x; yð Þ … �
h

2
sin

2p

L
x þ sin

2p

L
y

� �

ð2Þ

268268269 Since the Þber tows have typically a near elliptical

270 cross-section, Eqs. (1) and (2) only approximate the

271 actual tow cross-section shape. Nevertheless, they are

272 used in the present work since they greatly simplify

273 permeability calculations in the distorted fabric and are

274 generally considered as a good approximation for the

275 actual tow cross-section shape.

276 A simple examination of Fig. 2 shows that within a

277 single-layer orthogonal plain-weave fabric unit cell,

278 one can identify three distinct domains:

The top channel, Region T : ztop\ z\
h

2

280280 The fabric, Region F : zbot\ z\ ztop

282282
The bottom channel, Region B : �

h

2
\ z\ zbot

284284285 Regions T and B contain only the resin, while region

286 F can generally contain both the Þber tows and the

287 resin. The resin ßow through a unit cell is analyzed in

288 the present work by considering only the ßow within

289 the top and the bottom channels. In our previous work

290 [7], it was shown that the resin ßow within the fabric

291 has a minor contribution to the overall permeability of

292 the perform.

293 Multi-layer fabrics

294 In typical RTM and VARTM processes, the preforms

295 may contain several fabric layers. In such multi-layer

296 preforms, nesting and compaction can generally have a

297 signiÞcant effect and must be included when predict-

298 ing preform permeability. Numerous experiments

299 (e.g., [14, 15]) conÞrmed that permeability varies with

300 the number of layers. A schematic of two types of two-

301 layer plain-weave fabric preforms analyzed in the

302 present work is given in Fig. 3(a) and (b). The two

303 types are generally referred to as ÔÔin-phaseÕÕ and ÔÔout-

304 of-phaseÕÕ fabric architectures or laminates. The

305 mathematical expressions for the top and the bottom

306 surfaces in each preform layer can be readily deÞned

307 using Eqs. (1) and (2).

308Sheared fabrics

309As pointed out earlier, when the fabric preform is

310forced to conform to the ridges and recesses of a mold,

311it may locally undergo shear deformation. Such

312deformation can signiÞcantly affect local permeability

313of the preform. As shown in Fig. 4, when a balanced

314square-cell plain-weave fabric is sheared, the unit cell

315size increases and to make the calculations of preform

316permeability manageable, the shear angle a = tan—1(m/n)

317is generally allowed to take only the values corre-

318sponding to relatively small integers m and n.

319Compacted fabrics

320When the fabric is subjected to compression during

321mold closing in the RTM process or during evacuation

Fig. 3 x — z section of a quarter of the unit cell for: (a) an
in-phase; and (b) an out-of-phase two-layer orthogonal plain-
weave fabric
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322 of the vacuum bag in the VARTM process, it under-

323 goes a number of changes such as: the cross-section of

324 the Þber tow ßattens, the pores and gaps between the

325 Þbers inside tows as well as between individual tows

326 are reduced, the tows undergo elastic deformation,

327 inter-layers shifting (nesting), etc. A typical compres-

328 sion-pressure versus preform thickness curve for a

329 woven fabric is depicted in Fig. 5 [16]. The curve

330 shown in Fig. 5 has three distinct parts: two linear and

331 one non-linear. In the low-pressure linear and the non-

332 linear portions of the pressure versus thickness curve,

333 preform compaction is dominated by a reduction of the

334 pore and the gap sizes between the Þbers in tows. In

335 the high-pressure linear region of the pressure versus

336 thickness curve, on the other hand, preform compac-

337 tion involves mainly tow bending and nesting as well as

338 Þber compression. Typical liquid molding processes

339 such as RTM or VARTM involve pressures which

340 correspond to the high-pressure linear pressures versus

341 thickness region. Hence, the effect of fabric compac-

342tion on permeability of the fabric preform associated

343with the high-pressure linear compaction regime is

344investigated in this section.

345To quantify the effect of preform compaction (in the

346high-pressure linear region) on permeability of the

347balanced orthogonal plain-weave fabric, the beam-

348bending based micro-mechanical model developed in a

349series of papers by Chen and Chou [17—19] is utilized in

350the present work. The model of Chen and Chou

351[17—19] is based on a number of well-justiÞed

352assumptions such as: (a) the fabric is considered to

353extend indeÞnitely in the x — y plane and, hence, can

354be represented using the unit cells such as the one

355shown in Fig. 2; (b) tows in the fabric are treated as a

356transversely isotropic solid material; (c) the fabric is

357subjected to the compaction pressure only in the

358through-the-thickness direction, and can freely adjust

359its shape in the x — y plane. This assumption is less

360justiÞable in the regions of the fabric which are in

361direct contact with the mold where friction can impose

362some lateral constraint to the fabric. No attempt was

363made in the present work to quantify this effect; (d)

364since the compaction analyzed corresponds to the high-

365pressure linear region, no voids or gaps are assumed to

366exist between the Þbers in tows or between the tows;

367(e) during fabric compaction, the cross-section area of

368the tows is assumed to remain unchanged but the shape

369of the cross-section undergoes a change; and (f) as

370compaction proceeds, the deformation of the tows

371leads to an increase in the effective volume fraction of

Fig. 4 Effect of fabric shearing on the size of the quarter unit
cell (denoted using heavy dashed lines) in balanced plain-weave
fabric architectures: (a) un-sheared fabric; (b) fabric sheared by
an angle a = tan—1(1/3) in the x-direction

Fig. 5 A typical compaction-pressure versus preform-thickness
curve for a plain-weave fabric architecture
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372 the Þbers in the fabric and, in the limit of complete

373 compaction of the tows, the volume fraction of the

374 Þbers in the fabric becomes equal to that in the indi-

375 vidual tows.

376 In order to derive a relationship between the

377 reduction in the fabric thickness, the effective volume

378 fraction of the Þbers and various distributions and

379 magnitudes of the applied compaction pressure, Chen

380 and Chou [17—19] applied a simple procedure from the

381 solid-mechanics beam theory. Toward that end, the

382 one-quarter unit cell shown in Fig. 2 is Þrst simpliÞed

383 by replacing the two warp and the two weft tows with

384 four beams. Next based on the symmetry of the sim-

385 pliÞed model, it is shown that the problem can be

386 further simpliÞed using a single beam and the appro-

387 priate distribution of the applied and contacting pres-

388 sures, Fig. 6. The model of Chen and Chou [17—19] is

389 utilized in the present work to compute the effect of

390 the compaction pressure on the channel heights

391 (hT(x,y) and hB(x,y)) and on the fabric thickness,

392 hF(x,y ) Þelds. These Þelds are used to quantify the

393 effect of fabric compaction on the effective perme-

394 ability of a one-layer orthogonal plain-weave fabric.

395 Nested fabrics

396 As mentioned earlier, shifting of fabric layers followed

397 by their more compact packing (the phenomenon

398 generally referred to as layers ÔÔnestingÕÕ) can have a

399 major effect on the effective Þber density in the pre-

400form and, hence, on permeability of the preform.

401Nesting of the fabric layers can particularly take place

402under high applied pressures which are sufÞcient to

403overcome inter-tow friction. The thickness reduction in

404balanced orthogonal plain-weave fabrics whose geom-

405etry is represented by Eqs. (1) and (2), due to layers

406nesting has been analyzed by Ito and Chou [13] who

407derived the following relation for the fabric thickness

408reduction caused by nesting:

Dhnesting …

h
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410410where /x … 2p
L

sx and /y … 2p
L

sy are dimensionless while

411sx and sy are the dimensional relative shifts of the

412adjacent layers in the x- and y-directions, respectively.

413Two non-nesting cases associated with zero nesting,

414reduction in the fabric thickness can be identiÞed: (a)

415/x = /y = 0 which corresponds to the iso-phase lami-

416nate case and (b) /x = /y = – p/2 corresponding to

417the out-of-phase laminate case.

418The relations given in Eq. (3) are used in the present

419work to examine the effect of layers nesting on fabric

420permeability. While, in general, fabric compaction

421during the high-pressure linear compaction stage can

422involve both elastic distortions (tow bending) and

423layers nesting, the two modes of fabric compaction are

424generally considered as decoupled and can be consid-

425ered separately.

426The Lattice Boltzmann method

427As stated earlier, the computation of the fabric-preform

428permeability tensor is carried out in the present work

429using the Lattice Boltzmann method. Within this

430method, the (continuum) physical space is replaced with

431a large number (typically 106—107) of discrete points

432(nodes). When such nodes do not reside within a solid

433(e.g., the points located outside the mold walls or rein-

434forcing Þbers), they are assumed to be populated with

435ÔÔßuidÕÕ particles. Particles residing on a node are

436allowed to have only one of a Þnite number of velocities

437(typically the pores with a direction toward the nearest

Fig. 6 A schematic of the pressure distribution on a curved
beam used in the calculation of permeability of un-sheared one-
layer orthogonal plain-weave fabrics
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438 and the next nearest neighbor nodes). For example, in

439 the D3Q19 lattice used in the present work, Fig. 7, any

440 particle residing at node denoted as 0 can have either a

441 zero velocity (be stationary) or have a velocity with a

442 direction toward the nearest neighbor nodes (nodes 1, 3,

443 5, 7, 9, 18) and toward the next nearest neighbor nodes

444 (nodes 2, 4, 6, 8, 10—17). The magnitude of the velocity is

445 the same for all particles and it is equal to a ratio of the

446 lattice constant and the time increment. Within the

447 Lattice Boltzmann method, then, one computes the

448 temporal and spatial evolutions of a distribution func-

449 tions for such particles. Macroscopic ßuid quantities

450 such as the point density q(x,t), and the velocity u(x,t)

451 (where x is the node position vector and t the time), can

452 then be computed as simple moment sums of these

453 particle distribution functions as:

q x; tð Þ …
X

n

i…1

fi x; tð Þ ð4Þ

455455 and

u x; tð Þ …

P

n

i…1

fi x; tð Þei

q x; tð Þ
ð5Þ

457457 where fi(x,t) is the particle distribution function, i is the

458 velocity component, n is the total number of velocity

459 components per node (1 + the number of nearest

460 neighbors (6) + the number of next nearest neighbors

461 (12) = 19, in the case of the D3Q19 lattice).

462 The evolution of the particle distribution function

463 fi(x,t) is governed by the Lattice Boltzmann equation as:

fi x þ ei; t þ 1ð Þ … fi x; tð Þ þ Xi x; tð Þ ð6Þ

465465where the time increment is set explicitly to 1.

466The collision operator, Wi(x,t) on the right hand side

467of Eq. (6), represents the rate of change of the particle

468distribution function due to particle collisions at the

469nodes. Following Bhatnager et al. [20], the collision

470operator is greatly simpliÞed (the so-called BGK sim-

471pliÞcation) through the use of a single time relaxation

472parameter s as:

Xi x; tð Þ … �
1

s
fi x; tð Þ � f

eq
i x; tð Þ

� �

ð7Þ

474474where fi
eq(x,t) is the equilibrium particle distribution

475function at the node with a position vector, x, at time, t,

476while s controls the rate at which the particle distri-

477bution function approaches its equilibrium value.

478The equilibrium particle distribution is represented

479by relations:

f
eq
0 x; tð Þ …

q xð Þ

3
1 �

3

2
ju x; tð Þj2

� �

ð8Þ

481481and

f
eq
i x; tð Þ … tiq xð Þ

� 1 þ 3ei � u x; tð Þ þ
3

2
3eiei : u x; tð Þu x; tð Þ � ju x; tð Þj2

� 	

� �

for i 6… 0; ð9Þ

483483and for the D3Q19 lattice, ti = 1/6 for the velocities

484along the Cartesian axes (the ones with the direction

485toward the nearest neighbor nodes) and ti = 1/36 for

486the remaining velocities. Chen et al. [21] showed that

487the formulation of the Lattice Boltzmann method

488presented above yields a velocity Þeld which is a

489solution to the Navier—Stokes equation with the kine-

490matic viscosity equal to:

m …
s � 0:5

3
ð10Þ

492492493It should be noted that the equilibrium particle-

494velocity distribution function deÞned by Eqs. (8) and

495(9) are derived under the condition that the imposed

496(average) density/velocity are consistent with the

497ones obtained using Eqs. (4) and (5).

498Computer program

499The computation of the fabric permeability tensor

500has been carried out using H. W. StockmanÕs Lattice

501Boltzmann JB_PH code [22], a program for modeling
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Fig. 7 The D3Q19 lattice consisting of 19 particle velocity
vectors including the zero-magnitude velocity vector for station-
ary particles denoted as ÔÔOÕÕ
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502 multi-component ßow and dispersion. Due to the use

503 of an optimization scheme and the BGK simpliÞca-

504 tion of the Lattice Boltzmann method, the code is

505 quite fast even on a single-CPU computer so that

506 complex solids geometries containing millions of

507 nodes can be modeled. Accuracy of the code has

508 been validated using four benchmark problems: (a)

509 permeability of a simple cubic array of spheres; (b)

510 Taylor-Aris dispersion between inÞnite plates; (c)

511 dispersion in a duct; and (d) dispersion in a simple

512 cubic array of spheres.

513 Results and discussion

514 Un-sheared single-layer plain-weave fabric

515 preforms

516 The Lattice Boltzmann method brießy overviewed in

517 ÔÔThe Lattice Boltzmann methodÕÕ section is used in

518 this section to analyze the velocity distributions

519 within the un-sheared single-layer balanced orthogo-

520 nal plain-weave quarter unit cell. It should be poin-

521 ted out that due to the symmetry of the unit cell with

522 respect to the z = 0 mid-plane, the velocity distribu-

523 tions within the top and the bottom resin channels

524 are expected to be identical and, hence, no transverse

525 ßow of the resin through the fabric preform is

526 expected. Also, it should be noted that due to the

527 symmetry of the fabric geometry with respect to the

528 quarter unit-cell boundaries normal to the y-direc-

529 tion, a zero ßuid-ßow velocity is expected across

530 these boundaries.

531 The variations of the top- and bottom-channel

532 heights and of the fabric thickness in the x — y plane

533 within a quarter unit cell, used as input in the present

534 analysis, are shown in Fig. 8(a) and (b), respectively.

535The variations of the x-component resin velocity within

536the resin channels of a quarter unit cell over the x — y

537planes corresponding to y = 0 and y = L/2 are for the

538Þxed imposed pressure gradient dP/dx = — Fxq =

5391.0 • 107 Pa/m in the x-direction (Fx is the x-compo-

540nent of the body force) are shown in Fig. 9(a) and (b).

541The results displayed in Fig. 9(a) and (b) show that the

542velocity distribution is symmetric about the z = 0 mid-

543plane. In addition, a comparison of the results shown in

544Fig. 9(a) and (b) with the ones shown in Fig. 8(a) and

545(b) reveals that the magnitude of the x-component of

546the resin velocity at a given x — y location correlates

547inversely with the local height of the resin channel in

548order to satisfy the continuity equation. It should be

549noted that in order to improve clarity, the dimension of

550the quarter unit cell in the z-direction is magniÞed ten

551times in Fig. 9(a) and (b).

552Effect of the number of layers in un-sheared

553plain-weave fabric preforms

554The Lattice Boltzmann method is used in the present

555section to predict permeability of the balanced

556un-sheared single- and multi-layer orthogonal plain-

557weave fabric architectures. In all the calculations car-

558ried out in this section, as well as in the calculations

559carried out in the previous section, the following unit

560cell parameter and one-layer fabric thickness values

561are used: L1 = L2 = L = 0.01 m and h = 0.001 m.

562To determine the permeability tensor, the procedure

563described in [22] is utilized. According to this proce-

564dure, Kij component of the permeability tensor is

565deÞned as:

Kij …
mUi

Fj

ð11Þ
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(a) (b)
Fig. 8 (a) Resin channels
height and (b) fabric
thickness Þelds in an
un-sheared one-layer
orthogonal plain-weave fabric
preform
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567567 where Ui is the i-component of the superÞcial average

568 velocity and Fj the j-component of the body force. In

569 other words, components of the permeability tensor

570 are computed using the imposed pressure gradient

571 across the computational cell in a given direction and

572 the corresponding resulting average resin velocity. The

573 knowledge of spatial variation of the ßuid pressure is

574 not required and is not calculated.

575 It should be noted that since the present analysis

576 considers solely the macro-scale ßuid ßow between the

577fabric layers and the mold walls and not the micro-

578scale ßuid ßow between the Þbers within the fabric, the

579effects of capillarity/surface tension are deemed sec-

580ondary.

581To determine the effect of the number of fabric

582layers on the effective permeability, the model devel-

583oped in the previous section is used for the cases of 1-,

5842-, 3-, 5-, 10- and 20-layer in-phase orthogonal balanced

585plain-weave fabric preforms in the absence of layer

586nesting. The results of this calculation are presented in

587Fig. 10. These results show that as the number of layers

588increases, the permeability rises but at an ever

589decreasing rate so that in fabric preforms with 10 or

590more layers, the effect of the number of layers on

591permeability becomes insigniÞcant. This Þnding can be

592easily rationalized by recognizing that as the number of

593layers in the fabric increases, the effect of the bottom

594and the top resin channels which are more restrictive to

595the ßuid ßow (and thus reduce effective preform per-

596meability) decreases. Also shown in Fig. 10 are the

597results of our recent calculations based on the use of a

598lubrication ßow model [7]. Since the two sets of the

599results are in a very good agreement, the resin ßow

600through the Þber preform (neglected in the present

601work and considered in [7]), appears to make a minor

602contribution to the fabric preform permeability.

603Effect of fabric shear on permeability

604The effect of shear deformation (measured by the

605magnitude of the shear angle h) on the effective per-

606meability of single-layer plain-weave fabric preforms is

607displayed in Fig. 11. An example of the variation of the
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Fig. 9 The distribution of the x-component of the resin velocity
in an un-sheared one-layer orthogonal plain-weave fabric
preform within (a) y = 0 and (b) y = L/2 planes
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Fig. 10 The effect of the number of fabric layers on the effective
permeability of an un-sheared balanced plain-weave fabric
preform

J Mater Sci

Journal : 10853 Dispatch : 11-9-2006 Pages : 12

Article No. : 864
h LE h TYPESET

MS Code : 864 h CP h DISK4 4

123




