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Introduction

Coextrusion is the simultaneous extrusion of two or more layers of different materials through a common die. This process provides superior products by combining the unique properties of different resins and offers economic advantages. 

White et al. [1] applied the theory of nonlinear viscoelastic fluids to consider stress and velocity profiles and interface shape in stratified flow, and showed that the fluid with the greater absolute second normal stress difference tends to protrude into the other fluid. Southern and Ballman [2] investigated the relative importance of viscosity and elasticity effects on the interface shape. Karagiannis et al. [3] studied isothermal generalized Newtonian coextrusion process using a three-dimensional analysis and compared with the experimental results. Takase et al. [4] performed a three-dimensional numerical simulation with viscoelastic model and showed that the encapsulation phenomena were affected not only by viscous properties but also by elastic or non-linear properties. Sunwoo et al. [5] implemented the open boundary condition method to remove the ambiguity of outlet boundary conditions in three-dimensional numerical simulation of viscoelastic coextrusion process. 

In this work, to compare our numerical results with the experimental data reported in Karagiannis’ study [3], we used generalized Newtonian fluid, the Giesekus model, and two-mode Phan-Thien and Tanner model. After fitting the parameters of constitutive equations using the shear viscosity data only, we will compare the numerical results with the experimental coextrusion data. 

Governing equations and Numerical methods

In this study, the problem consists of the merging flow of two fluid streams and the interface shape development in the resulting bicomponent stratified flow inside the die. 

Assuming incompressible, steady state flow with no body forces, the three-dimensional forms of continuity and momentum equations for the flow of two fluids (I and II) are
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and the boundary conditions at the interface are expressed as followings.


kinematic conditions : 
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dynamic conditions :
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For the shear rate dependency of shear viscosity in generalized Newtonian fluids, Carreau model is used, which is written as,
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As viscoelastic constitutive equations, we used the Giesekus model [6], which is written as,
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(11) 
and two-mode Phan-Thien and Tanner (mPTT) model [7], which is written as,
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(13)
The flow domain is discretized into 27-node hexahedron elements as shown in Fig.1, and the Galerkin finite element procedure is applied. Zero shear viscosity ratio ((o,II /(o,I) and flow rate ratio (QII/QI) are 2.5 and 13.2, respectively.

Results and Discussion

The Carreau model for shear rate dependency of generalized Newtonian fluid was employed to fit the shear viscosity data of two polystyrenes (Fluid I and Fluid II) used by Karagiannis et al. [3]. The interface position around the symmetric plane obtained by numerical simulation nearly coincided with the one observed in experiment by Karagiannis et al. [3], but the degree of encapsulation (
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) was less than the one observed experimentally as shown in Fig. 2. 

For the Giesekus model, we fitted the shear viscosity data by nonlinear fitting algorithm (Marquardt-Levenberg algorithm) after fixing α to 0.15 or 0.30. Fitted viscosity curves using αvalue as 0.15 or 0.30 nearly coincide with the experimental shear viscosity curves. For two-mode Phan-Thien and Tanner (mPTT) model, we did the similar procedure as Giesekus model, but the fitted viscosity curves are not as smooth as that of Giesekus model.

As α ratio (αFluid I : αFluid II) between Fluid I and Fluid II increases from 1.0 (0.3:0.3) to 4.0 (0.4:0.1), and as (1 ratio ((1 Fluid I : (1 Fluid II) increases from 1.0 (0.3:0.3) to 3.0 (0.54:0.18), the degree of encapsulation along the downstream direction increased as represented in Figures 3 and 4. The α of the Giesekus model represents the second normal stress difference as (1 of mPTT model does, so we can guess that the second normal stress difference has a great influence on the gradual increase of the degree of encapsulation along the downstream direction. There was little difference between numerical results and the experimental data in the interface profile and the degree of encapsulation along the downstream direction when α ratio and (1 ratio were set to 3.0.

We have fitted parameters of viscoelastic constitutive equations using the shear viscosity data only. So, if we can get the accurate second normal stress difference data, we can evaluate the accuracy of our numerical results more precisely. 
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Fig. 1. Finite element mesh (Mesh1). 
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Fig. 2. Interface profile at z/L=8.0 with generalized Newtonian fluid.
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Fig. 3. Degree of encapsulation along the downstream direction with the Giesekus model.





Fig. 4. Degree of encapsulation along the downstream direction with mPTT model.
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		8		8		8		8		8		8		8

		8.96		8.96		8.96		8.96		8.96		8.96		8.96

		10.96		10.96		10.96		10.96		10.96		10.96		10.96
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#REF!

#REF!

#REF!

[ξ1=0.33:0.33]

[ξ1=0.45:0.25]

[ξ1=0.54:0.18]

z/L-4

DE(%)

1

1

1

0

0

0

0.4095

0.5

0.628

0.8075

0.9625

1.157

2.2315

2.5015

2.691

3.685

4.076

4.2465

5.4605

6.062

6.326

6.5275

7.3505

7.849

7.2435

8.401

9.3935

7.697

9.2475

10.827

7.9605

10.008

12.255

8.04

10.5725

13.4225

8.1625

11.2245

14.647

8.538

12.2405

16.2355

10.1215

15.232

20.359

12.366

18.935

25.1115

14.734

22.63

29.761

16.831

25.7945

33.7795

18.724

28.642

37.437

20.6275

31.4945

41.11

22.5525

34.343

44.7615

24.4915

37.1635

48.347

0

22.45

27.055

32.195

33.73

40.545

42.62

49.91



total

		mPTT_SU2

		z/L=12

		y/L		Experiment		Newtonian		[ξ1=0.33:0.33]		[ξ1=0.45:0.25]		[ξ1=0.54:0.18]

		0				1.781		1.80522		1.81853		1.82901

		0.12941				1.779		1.80358		1.81649		1.82653

		0.25882				1.776		1.79762		1.80923		1.81768

		0.37941				1.768		1.78728		1.79593		1.80094

		0.5				1.760		1.77063		1.77368		1.77253

		0.60355				1.746		1.74797		1.74148		1.73087

		0.70711				1.732		1.7162		1.69481		1.67022

		0.78657				1.712		1.68269		1.6433		1.60213

		0.86603				1.692		1.63458		1.56692		1.49989

		0.91598				1.672		1.58843		1.48992		1.39545

		0.96593				1.651		1.50402		1.35156		1.21048

		0.98296				1.643		1.45381		1.27708		1.11653

		1				1.634		1.39267		1.18864		1.00681

		0		1.742

		0.1		1.742

		0.2		1.738

		0.3		1.728

		0.4		1.725

		0.5		1.713

		0.6		1.679

		0.7		1.649

		0.8		1.581

		0.9		1.436

		0.95		1.182

		1		0.939

		z/L		Experiment		Experiment				Newtonian				[ξ=0.33/0.33]				[ξ1=0.45:0.25]				[ξ1=0.54:0.18]

		0						2.2123		2.2123		2.2123		2.2123		2.2123		2.2123		2.2123		2.2123

		4						2.2123		2.2123		2.2123		2.2123		2.2123		2.2123		2.2123		2.2123

		4.05384						2.20877		2.19888		2.21499		2.2068		2.21526		2.20526		2.21536		2.2028

		4.10767						2.20654		2.18871		2.21722		2.20107		2.21772		2.19847		2.21747		2.19433

		4.26552						2.20515		2.1691		2.22987		2.18524		2.23079		2.18076		2.2271		2.17328

		4.42336						2.20406		2.15311		2.24378		2.17008		2.24502		2.1635		2.23773		2.1528

		4.67445						2.19438		2.12487		2.24335		2.13414		2.24512		2.12388		2.23597		2.10945

		4.92554						2.17331		2.08853		2.21573		2.08518		2.21816		2.07115		2.2108		2.05382

		5.25277						2.13123		2.03075		2.16276		2.01789		2.16616		1.99814		2.16261		1.97474

		5.58						2.07841		1.96453		2.10324		1.9493		2.10751		1.92256		2.10698		1.89044

		5.96107						2.00689		1.8788		2.02046		1.86125		2.02551		1.82535		2.02749		1.78239

		6.34213						1.93193		1.79108		1.93219		1.77139		1.93783		1.72638		1.94182		1.67337

		6.75107						1.86244		1.71339		1.85694		1.69369		1.86304		1.63855		1.86807		1.57513

		7.16						1.81637		1.66458		1.81173		1.64097		1.81821		1.5734		1.82343		1.49872

		7.95						1.78225		1.62775		1.78113		1.5787		1.78867		1.48403		1.79495		1.38777

		8.74						1.78107		1.62612		1.78533		1.53801		1.79428		1.41558		1.80218		1.29995

		9.53						1.78626		1.6327		1.79623		1.50155		1.80667		1.35407		1.81583		1.22061

		10.32						1.78736		1.63369		1.80116		1.46454		1.81279		1.2969		1.8226		1.14701

		11.11						1.78581		1.63185		1.80245		1.42797		1.81491		1.24207		1.82498		1.07624

		11.9						1.78548		1.63151		1.80522		1.39267		1.81853		1.18864		1.82901		1.00681

		12.69						1.78592		1.63205		1.80902		1.35797		1.82337		1.13651		1.83426		0.93903

		13.48						1.78601		1.63215		1.8127		1.32287		1.82817		1.0849		1.83926		0.87232

		0

		0.00		2.2123		2.2123

		4.00		2.2123		2.2123

		7.96		1.7962		1.3472

		8.96		1.8082		1.2671

		9.90		1.7853		1.1414

		10.96		1.7513		1.0767

		12.00		1.7445		0.9336

		12.96		1.7450		0.8926

		14.96		1.7461		0.7479

		(z-4)/L		Experiment		Newtonian		[ξ1=0.33:0.33]		[ξ1=0.45:0.25]		[ξ1=0.54:0.18]

		0				0.00		0		0		0

		0.05384				0.49		0.4095		0.5		0.628

		0.10767				0.89		0.8075		0.9625		1.157

		0.26552				1.80		2.2315		2.5015		2.691

		0.42336				2.55		3.685		4.076		4.2465

		0.67445				3.48		5.4605		6.062		6.326

		0.92554				4.24		6.5275		7.3505		7.849

		1.25277				5.02		7.2435		8.401		9.3935

		1.58				5.69		7.697		9.2475		10.827

		1.96107				6.40		7.9605		10.008		12.255

		2.34213				7.04		8.04		10.5725		13.4225

		2.75107				7.45		8.1625		11.2245		14.647

		3.16				7.59		8.538		12.2405		16.2355

		3.95				7.72		10.1215		15.232		20.359

		4.74				7.75		12.366		18.935		25.1115

		5.53				7.68		14.734		22.63		29.761

		6.32				7.68		16.831		25.7945		33.7795

		7.11				7.70		18.724		28.642		37.437

		7.9				7.70		20.6275		31.4945		41.11

		8.69				7.69		22.5525		34.343		44.7615

		9.48				7.69		24.4915		37.1635		48.347

		0		0.00

		3.96		22.45

		4.96		27.06

		5.9		32.20

		6.96		33.73

		8		40.55

		8.96		42.62

		10.96		49.91
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Experiment

GNT

x/L

y/L
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Viscosity_Styron(Kara)

				VISCOSITY [Pa s]

		SHEAR RATE [1/s]		A(678E,Exp)		B(472,Exp)		A(678E,Fitted)		B(472,Fitted)

		2.845				1458.3		553.0770833291		1455.4067680248

		7.145		549.7		1402.5		551.3106639164		1424.8287470429

		14.485		546.1		1362		544.968479624		1331.0439999998

		28.825		520.1		1102.5		522.6333522023		1113.1816584753

		72.79		434.9		703.8		425.0939212167		710.9081035757

		144.85		297.3		476.4		306.7759014777		470.6810160623

		288.25		200.6		309.1		201.0037882708		305.792963464

		727.9		110.2		168.3		108.1220833727		169.8823980556

		1448.5		70.4		108.8		67.5848942056		109.6474310283

						eta0		553.4124043289		1461.4804139453

						lambda		0.0147815834		0.0403342789

						n		0.3139579308		0.3633201474
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Kara2_Interface

		Kara2(Mesh64B,n=1,gnt,fullybc)

						점도비=2.5

				z=7.16		z=7.16		z=7.16		z=8		z=8		z=8		z=12		z=12		z=12		z=15.8		z=15.8		z=15.8

		y		Karagiannis, Experiment		Karagiannis, Simulation		Mesh1		Experiment		Karagiannis, Numerical		GNT		Karagiannis, Experimental		Karagiannis, Numerical		Mesh1		Karagiannis, Experiment		Karagiannis, Simulation		Mesh1

		0						1.811						1.792						1.781						1.781

		0.12941						1.809						1.790						1.779						1.779

		0.25882						1.806						1.788						1.776						1.777

		0.37941						1.798						1.780						1.768						1.769

		0.5						1.790						1.772						1.760						1.761

		0.60355						1.776						1.758						1.746						1.747

		0.70711						1.762						1.743						1.732						1.733

		0.78657						1.743						1.723						1.712						1.713

		0.86603						1.723						1.703						1.692						1.693

		0.91598						1.703						1.683						1.672						1.672

		0.96593						1.682						1.662						1.651						1.652

		0.98296						1.674						1.654						1.643						1.644

		1						1.665						1.645						1.634						1.635

		0				1.808				1.789		1.780				1.742		1.780				1.746

		0.1				1.803				1.787		1.782				1.742		1.780				1.752

		0.2				1.803				1.785		1.782				1.738		1.777				1.762

		0.3				1.798				1.768		1.780				1.728		1.775				1.757

		0.4				1.794				1.754		1.773				1.725		1.770				1.759

		0.5				1.787				1.740		1.766				1.713		1.761				1.738

		0.6				1.780				1.705		1.759				1.679		1.754				1.699

		0.7				1.766				1.671		1.745				1.649		1.740				1.645

		0.8				1.743				1.594		1.728				1.581		1.717				1.568

		0.9				1.716				1.480		1.696				1.436		1.693				1.405

		0.95				1.688				1.414		1.665				1.182		1.663				1.262

		1				1.665				1.341		1.651				0.939		1.640				0.741
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Kara2_Interface
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Karagiannis, Numerical

GNT

x/L

y/L

Interface Profile at z/L=8



		



Karagiannis, Experimental

Karagiannis, Numerical

Mesh1

x/L

y/L

Interface Profile at z/L=12



		



Karagiannis, Experiment

Karagiannis, Simulation

Mesh1

x/L

y/L

Interface Profile at z/L=7.16



		



Karagiannis, Experiment

Karagiannis, Simulation

Mesh1

x/L

y/L

Interface Profile at z/L=15.8
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Karagiannis - Viscosity of Styrons 



SHEAR RATE [1/s]



10



0



10



1



10



2



10



3



10



4



VISCOSITY [Pa s]



10



1



10



2



10



3



10



4



A(678E,Exp)



B(472, Exp)



A(678E, Fitted)



B(472, Fitted)






Karagiannis - Viscosity of Styrons 


SHEAR RATE [1/s]


10


0


10


1


10


2


10


3


10


4


VISCOSITY [Pa s]


10


1


10


2


10


3


10


4


A(678E,Exp)


B(472, Exp)


A(678E, Fitted)


B(472, Fitted)




MBD00539352.unknown




_1033846261.unknown

_1033910768.unknown

_1033844943.unknown

_1018082404.unknown

_1018082410.unknown

_1018082413.unknown

_1018082407.unknown

_1018082387.unknown

