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Abstract: the pressure drop in combined sections tapered and circular for the flow of polypropylene were
studied both analytical and simulation under isothermal and no-slip condition in the die wall. The predicted
pressure drop values are compared with three-dimensional (3D) finite element simulation to identify effect of
contraction angles, die land and radius on pressure drop. The governing equation of pressure drop was first
derived to angle of tapered section, for circular section the pressure drop was studied using different die lands
and radii .The three parameters were varied in the ansys Polyflow at specified polymer flow rate and the results
are compared with analytical results .For the tapered section the best angle is 45 analytically and 45 ~50" for
the simulation. For circular section of the die the results for die lands variations are almost the same but when
varying the varying the radius the results differ at radii less than 2 cm and approach each other at 2 cm and
above.

Index Terms: Tapered die, circular section, pressure drop, Polyflow.

. Introduction

Tapered die is very important in polymer processing, such a profile extrusion, film blowing and tube.
The calculation of pressure drop for polymer melt flow through it, is important to the plastic engineering. The
theoretical Pressure drop for non —tapered die as function of shear stresses but in tapered the tensile stresses will
be set up in the fluid and their effects superimposed on the effects due to shear stresses this problem was
analyzed for the flow fluid along coni-cylindrical. The flow is influenced by three factors Shear, Extensional
and Entrance effects.

The derivation of equations of tapered and non-tapered dies assumed the polymer melt, is a Newtonian,
isothermal, uncompressible and no slip on the die wall. [1]

The pressure drop for Non-tapered cir?clular die

adry T

Apcireutar = f (1)
Where:
R, :Radius of the die channel,L, : length of the die land. Ap.icuiar
: Pressure drop over the circular channel
The pressure drop for Tapered circular die
i Pressure Drop Due to Shear, Ap,

_ 21y (Rl]! ,
fps = 3tan 9(1 B R_ ] @
Ty = Ui (3)
Where:
Ty Shear stress, ¥;  Shear rate , 43 Shear viscosity
ii. Pressure Drop Due to Extensional Flow &pz
20, R °
Ap= —?(l - (H_:J ) 4)
tan (8) { 40 tan(g) ,
oy, = A4 3 (TER,_!] =4 3 ¥y =& (3)

Where :
4 tensile viscosity about three time of shear viscosity at low shear rate, & tensile strain.
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iii. Pressure Drop at Die Entrance, 4P,

2[4
AP, =—( Qu
(i

= (o) G ©

When the fluid enters the die from a reservoir it will conform to a streamline shape such that the
pressure drop is a minimum. This will tend to be of a coni-cylindrical geometry and the pressure drop, 4F;, may
be estimated by considering an infinite number of very short frustums of a cone. [1]

The above mentioned study use the assumption of no-slip at the solid boundary, However, polymer
melts can slip at solid interface when the wall shear stress exceeds a critical value so that there approximate
analytical equations that are derived for the calculation of pressure drop of power-law fluids for viscous flow
through tapered dies for a wide range of wall-slip conditions and the predicted pressure drop values are
compared with two-dimensional (2D) finite element calculations to identify contraction angles for which the
analytical equations can be used.[2]

Entrance pressure drop is a large one when a molten polymer flows through a Tapered die of a given
angle[3] .This pressure is required in order to calculate the true shear stress in capillary flow and also frequently
the apparent extensional rheology of molten polymers, a method well practiced in industry. Therefore, it is
important to understand the origin of this excess pressure and consequently to be able to predict it.[4]

The Entrance pressure drop as a function of contraction angle at a given apparent shear rate under slip
or no-slip boundary conditions. This was studied for a branched polypropylene (PP) melt both experimentally
and theoretically. The entrance pressure was first determined experimentally as a function of the contraction
angle ranging from 10° to 150°. It was found that at a given apparent shear rate, the pressure loss decreases with
increasing contraction angle from 10° to about 45° and consequently slightly increases from 45° up to
contraction angles of 150°.[5]

The Entrance pressure drop in the capillary flow of several types of polyethylene were studied both
experimentally and numerically under slip and no-slip conditions. These losses were first measured as a function
of the contraction angle ranging from 15 ° to 90 °. It was found that the excess pressure loss attains a local
minimum at a contraction angle of about 30 ° for all types of polyethylene examined.[4]

It is the main objective of this work to study the pressure drop in polymer extrusion die combined of
two sections tapered and circular (see Fig.1) analytical and three-dimensional Numerical simulation with ansys
Polyflow software as a functions of entrance angle , die land and radius for polypropylene material .

Numerical simulation has the potential to uncover important interior details of the extrusion process,
such as velocity, shear stress, pressure, and temperature fields in the region of interest, which is not possible to
do experimentally.[6]

The carried research and obtained data will be the basis of modeling of extrusion process using Ansys
Polyflow program. It enables simulation flow viscous and viscoelastic behavior. This program use equations of
conservation of mass, momentum and energy, and also of various rheological models describing material
properties and behavior during processing. [7]

Il.  Materials And Methods
Materials: In previews work the best viscosity model (Carreau-Yasuda law) was estimated (viscosity versus
shear rate) at isothermal condition for experimental data obtained from melt flow index tester for Polypropylene
after fitted data in ansys Polyflow (polymat) and applied statistical analysis method of Percentage Root Mean
Square Error (%PRMSE).[8]

n—1

p=pot+ (g —p )1+ A9y (7
Where
.= infinite-shear-rate viscosity =0.01443808 poise
ug= zero-shear-rate viscosity =67380.02 poise
A = natural time (i.e., inverse of the shear rate at which the fluid changes from Newtonian to power-law
behavior) =0.03531332 sec
& = index that controls the transition from the Newtonian plateau to the power-law region = 0.4534786
n = power-law index = 0.5375814E-05

Analytically: The Die combined with non- Tapered circular section and Tapered circular section shown in Fig
(1).The total pressure drop in die combination of two section Eq (1 to 6) at the steady —state the Flow rate
constant the total pressure drop is:

Aprocar = ":"F"r[rruicru"' Ap. + Ape + Ap;

2LyTy 27y GL _] 20y (?_ !] 22 ‘1"?] 1/2
Aprotar = R, +31‘m1|5'(1_ :] + 3 1- :] + 3 *.I'ER:E {,“:-1:] ()
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Where:
R,=05cm,L; =1cm,p, = from Eq(7). 1, = wy.¥, = Wy~ 3 ,

B,=31lemA=3x n, ,E'L:%HH{H]JUL:JLE'L,QZET

Analytical Effect of angle on Pressure Drop: The optimum angle for design when pressure drop is minimum
. ¥ | Il.n(1+n:n: a})

dAproeer 2Ty fl+tan® B A W2 ) _(®

28 __'!(n:ﬂ:ﬂ)(l {ﬂ)]-" 2 (1 {:

for derivative Eq (8):
: : ))=0

27, 2 Rt 22 (3,0 + tan? &) o
-G @) ) (- ®))

2u,7, (1 + tan® 8 R\ 2u,7 (( + tan? 8)) R\’
-3 ( tan? 8 )(1_(R_:])+ 3 (1_(}?—:)):0

1+mﬂ:|5‘]_{1 2 )
tan® & =+ tan
tand =1 ~ 8 =45
Calculate the values of pressure drop by applying Eq (8) at different angles (10, 20, 30, 40, 45, 50, 60,70and
80°) when die radius 0.5cm and land 1cm shown in the Table (1) and Fig (3).
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Analytical Effect of Die land on Pressure Drop: The relationship between pressure drop and die land can be
derived from Eq (8):
dAproear 2T
o
1 1
Calculate the values of pressure drop by applying Eq (8) at different die land (0.5, 1, 2, and 5¢cm) shown in the

table (3) and Fig (5).
Analytical Effect of Die radius on Pressure Drop: The relationship between pressure drop and die radius can

be derived from Eq (8):

C 2y 2y R,\° 20, R,° ﬂ 40Q o
Bprom = 5+ 30 E(l_(R:] ]J’ 3 (1_(R:] ]J’ 3 (WR:!]{M:M @
_ 2Lgpy [ 4Q 2u,  4Q Ry : 2 4Q Ry :
AProta = R, (».TRL!)Jratan e(anﬂ)(l _(R:] ]J’ 9 (ﬂalﬂ](l _(R:] )
242 { 4Q .
3 (HR:!){H:}J
QL (1) 8w (1)( (Riy) BQ(1)( Ry
Aprota = — (314]+3mn8(319](1 _(R:] ]"’ on (RL!](I _(R:J ]
242 { 4Q i
3 (WR:E){H:M
A _EQLLHL(L] 8Qu, (1 )_ 8Quy (1 ] %( 1 ]_@(L]
Proal = \R%) T 3nmn6 \R,?) 3mand\R.%) T om \R.2) on \R.®
242 f 4Q .
%(WR !){H:)i.:]l."
. _M(L]+ 5Qu, (1 )+@(1 )- (1 ]_%(L]
Protal =0 \R,*) " 3mtan 8 \R,%/ ~ 9w \R,%/ 3mtan 8\R,3/ Om \R,’
22 40 i
3 (TER:!){H:M
1 1 1
Aprora = CL(R_:L;t)"' £ (Rlz)+ s (RLE)+ Cy (10}
where
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_EQLLH;L _ 80Qu, _E-)'-Q c
Y7 x 7?7 3mane’ ¥ op ¢

— 8Qu, L % L £ Q 12
__ETrtanEl(R:!]_ on (R:!)+ 3 (HR:!){H:JJ

Calculate the values of pressure drop by applying Eq (8) at different die radii (0.5, 0.6, 0.7, 0.8, 1, 1.5 and 2cm)
shown in the table (5) and Fig (7).

Simulation model:

Model: creating a sketch on the XY Plane to half of theoretical model was shown in Fig (2) and set dimensions
then revolve the sketch to complete 3D model (see Fig 3).

Meshing: automatically generate medium meshing and assign to three face as boundary input, output and wall.
Setup (Polydata): the task is FEM, steady- state, isothermal, enter materials data (type of viscosity model Eq
7) the boundary set as:

Boundary 1: Input =inflow (5 cm®/s)

Boundary 2: Output=outflow,

Boundary 3: Wall = zero normal velocity and zero surface velocity condition V=0 Vs=0

Solution and Result: Contours of output parameters (shear rate, pressure drop) are graphically represented at
every mesh of the structural geometry.

Generate results for multiple design points for study effect of die dimensions (angle, die land L1 and
radius R1) at the values of analytical considered to the parameters (pressure drop was taken between average
pressure at Die inlet and average pressure at Die outlet, average velocity, maximum and minimum shear rate)
using the parameter and Design Points view. The results shown in Tables (2, 4 and 6) and Figs (3, 5 and 7).

I1l.  Results And Discussion

The analytical derivation for the taper angle to obtain minimum pressure drop is 45 the same result was
obtained when calculating the different types of pressure drops for range of taper angle 10" to 80 .The taper
angle don’t affect the value of strain shear rate, on the other hand when using poly flow software the taper angle
that gives minimum pressure drop is between 43 ~30" (see Figs 3).The same result was obtain experimentally
by E. Mitsoulis etal[5] . This study shows that the shear strain rate for minimum pressure drop is not affected by
taper angle while the software ,the shear strain rate varies as the taper angle is increased (see Table (2) and Fig.
4).

The pressure gradient across die land Eq (9) is equal to 2.1769 = 10°dyne. cm™*. The software gives a
value of 2.4529 x 10°dyne.cm™! Both results were obtained when varying die land 0.5,1,and 5 cm. (see
Tables(3),(4) and Fig.5)

When studying the relation between the die radius and pressure drop using both calculation Eq (10) and
software .the pressure drop is inversely related to die radius .At a radius of 2cm and above the results tend to be
identical. (see Tables (5),(6) and Fig.6)

IV.  Conclusions
The best taper angle for PP die that consist of circular section and tapered section is 45 .the highest
shear rate was at the interface between the circular section and tapered section which gives the highest pressure
drop .To prevent this the discontinuity between the two sections should be disappear .

Table 1: Calculation pressure drop at different angle

Rl Ll A&g)le Q:! Y‘l F‘Z d Hy d iz dtl d A 'E.l do'l ﬂ?-;i:irruiﬂr dﬂps dﬁpf dﬂpz ﬂgl'otﬂt
cm A2 rdyne yne yne\| rdyne i) yne yne yne yne yne yne
(em) | (em) degree (TJ Sl ( cm? s)( em? ° ( cm? ) ( cm? .s) SR cm? cm? cm? )| ¢ cm? cm? )| ¢ cm? )

05| 10| 100 50 [ 509 ) 02 | 10685.7 | 53630.6 |544216.2) 32057.0 | 3.0 | 95960.0 [2176865.02048969.0) 63704.9 | 8353.8 |4207892.7
05| 10 ] 200 50 [509) 02 | 10685.7 | 53630.6 |544216.2) 32057.0 | 6.2 | 198078.5 [2176865.0(992632.0|131498.3| 8353.8 [3309349.1
05| 10 ] 300 50 [509) 02 | 10685.7 | 53630.6 |544216.2) 32057.0 | 9.8 |314203.4 2176865.00 625770.1|208590.0| 8353.8 [3019578.9|
051 10| 400 50 [509) 0.2 | 10685.7 | 53630.6 |544216.2) 32057.0 [14.2]456651.6[2176865.0(430566.9|303157.1| 8353.8 [2018042.7
05| 10 ) 450 50 [509) 02 | 10685.7 | 53630.6 |544216.2) 32057.0 |17.0]544216.22176865.00361288.5|361288.5| 8353.8 [2007795.8|
05|10 ) 500 30 [509) 02 | 10685.7 | 53630.6 |544216.2) 32057.0 |20.2|648571.72176865.01303157.11430566.9| 8353.8 [2018042.7
05| 10| 600 30 [ 509 ) 02 | 10685.7 | 53630.6 |544216.2) 32057.0 |29.4|942610.2 2176865.00 208590.0]625770.1| 8353.8 [3019578.9|
05110 ) 700 30 [509) 02 | 10685.7 | 53630.6 |544216.2) 32057.0 |46.6|1495221.82176865.0(131498.3|992632.0| 8353.8 [3309349.1
05110 ) 800 30 [509) 02 | 10685.7 | 53630.6 |544216.2) 32057.0 |96.3|3086403.72176865.00 63704.9 [2048969.0f 8353.8 [4297892.7

www.iosrjournals.org 25 | Page



Simulation of pressure drop for combined tapered and non-tapered die for polypropylene using ....

Table 2: Die design points at different die angle

v = x
B c D E F G H 1 3 K L
Pg - P11-
P3- P13- P12- P10 - flow = A= Hei= max min
1 Mame ~ = = = = = average presure = max = - - El Exported
angle R1 L1 rate eee e ey dr';eb:r dr':b:r
2 Units cm 51 dyne cm-2 omn s™-1 e g1
3 |curent |1 |10 0.5 1 5 7.352 6.123%+06 | 10.928 67.343 0.023303
4 |op1 2|2 0.5 1 5 7.373 4.4093E+06 | 10.831 73.952 0.056358
5 |oP2 E) 0.5 1 5 8.0871 3.8908E+06 | 10.846 80.197 0.095681
& |DP3 4| 40 0.5 1 5 7.6186 3774406 | 10.921 88.198 0.18004
7 |ora 5 | 45 0.5 1 5 7.852 37453406 | 11 88.53 0.26351
s |DPs 6 | 50 0.5 1 5 7.7413 3.7421E+06 | 11.037 91.254 0.33823
a |oPs 7 | 60 0.5 1 5 7.566 3.8587E+06 | 11.116 93.925 0.43874
w |oP7 8 | 0.5 1 5 7.727 234396406 | 11.321 112.97 0.47438
11 |ops a | 80 0.5 1 5 7.5736 6.96498E+06 | 11.822 180.58 0.43037
+ =]
< T 3
Table 3: Calculation pressure drop at different Die land
R, | L ﬁ(l:gg)le Qv |7 " Hy " I dTl - A £ dﬂ 1 lﬂl&:ircumr dﬂps dﬁpx dﬁpz ﬁé’nmi
cm 1 1 yne yne yne yne 1 yne yne yne yne yne yne
(em) | (em) degree (— |7 | (s )(rm2 SNonz S oz emZ (s7%) (cmz) (.,__m;; ) (cmz) (cmz) (cmz) (cmz)
05| 05 45 50.93 0.21410685.661)53630.599|5 44E+05[32056.98272/16.977)5. 44E+05({1.09E+06|3.61E+053.61E+058.35E+03 1.819E+04§

50.93 | 0.214 [10685.661]53630.5005 44E~+05[32056.98272[16.977]5 44E+05|2.18E+06[3 6 1E+093 61E~038 35E+032.008E+06)
50.93[0.214[10685 661]53630.509[5 44E+03[32056.98272[16.977)5 44E-+05[4.35E+06[3 .6 1E+073 6 1E+08 35E+035.085E+ 04|
50.93[0.214 [10685.661] 53630.5005 44E+05[32056.08272/16.977)5.44E+05| 1.09E+07[3 6 1E+053 .6 1E+038 35E-03 L.162E+07

0.5 1 45
0.5 2 45
0.5 3 45

Lnl.nl.nl.nl-n|

Table 4: Die design points at different die land

Table of Design Points w5 B

A B C D E F G H I | K L
= P11-
s teme | < EEL | Pl | PRC | PRCRN e - e - | mec v [ | M- ) sgotes
velosity drop velosity — rate
2 Units cm -1 dyne cm”-2 cm s™-1 s™-1 g1
3 Current 1 45 0.5 0.5 5 7.8359 2.4758E+06 11.035 93.123 0.22448
G OP 1 2 45 1 0.5 5 7. 7541 3.7479E+H06 i1 90.442 0.24457
5 DP 2 3|45 2 0.5 5 7.6669 6.1754E+06 11.015 91,402 0.21087
[ DP 3 4 | 45 5 0.5 5 7.5222 1.3533E+07 11.106 81716 0.26696
2 O

Table 5: Calculation pressure drop at different Die radius

R, L A(l;g)le Q s |l n Y2 d Iy d Iz dfn. d 4 £ d‘-”l Apdci'rwiﬂr d"—"]’s éﬂpx dﬁ?’z Ag!‘om!
em L 2 |rdyne yne yn yne "L | dyne | dyne_| dyne | dyne | dyne | dyne
(em) | (cm) degree (T) | )(tmz s ((‘1112 .s) (tm:) ((‘1112 .s) S )(cmz) (cmz) (cmz) (r_‘mz) l[cm?-) (r:mz)

05 | 10 450 50 | 509 | 02 | 10685.7 | 53630.6 |5344216.2) 32057.0 |17.05344216.202176865.0361288.5361288.5 8353.8 |2907795.8
06 | 10 45.0 50 [ 205 ] 02 ] 143215 | 53630.6 [422100.3] 420646 | 9.8 [422100.3]1407000.8279350.9270350 9 0671.2 [1975301.5)|
07 | 10 45.0 50 [ 186 | 02 | 178674 | 53630.6 [331624.9] 536022 | 6.2 [331624.9 947400 7218537 8218537 8/ 10802.3[1395377.6|
08 | 1.0 450 5.0 | 124 | 02 | 212253 | 53630.6 [2639154| 63676.0 | 4.1 |263015.4 650788.6|172010.8172010.811773.7(1017401.8|
1.0 | 1.0 450 5.0 6.4 | 02 | 272257 | 53630.6 |173324.0{ 81677.0 | 2.1 [173324.0) 346648.0|111670.7111670.713334.4| 583323.7
15 | 1.0 45.0 5.0 1.9 | 02 | 382490 | 53630.6 | 72148.4 | 114747.1 | 0.6 |72148.4| 961979 [42640.8| 42649.8[15805.1| 197302.6
2.0 | 1.0 45.0 5.0 0.8 | 0.2 | 452449 | 53630.6 | 36004.8 | 135734.7 | 0.3 |36004.8] 36004.8 |17557.4| 17557.4|17189.8| 88309.4

Table 6: Die design points at different die radius
-

A B C D E F G H I ] K L
BS - Hilil=

1 MName ~ | * ;;;; - P;Sl— = Pg B Plt:a—tihw - avgage = pr';;re b ::x h ;‘:; b ;:ar + || Exported
velosity drop velosity — —

2 Units am s*-1 dyne em”-2 om s™-1 51 51

3 Current 1|45 0.5 1 5 8.112 3.7406E+06 11.015 91.059 0.23734

4 DP 1 2|45 0.6 1 5 5.2643 2.5019E+06 7.7573 52.307 0.26331

5 DP 2 3|45 0.7 1 5 3.9865 1.7341E+06 5.7927 32.869 0.2824

[ DF 3 4 | 45 0.8 1 5 3.2832 1.2121E+06 4.5006 20.837 0.15371

7 DP 4 5|45 1 1 5 2.0309 6.9477E+05 2.939% 10.754 0.08341

8 DP 5 6 |45 15 1 5 0.80005 2.5369E+05 1.3371 3.5684 0.039372

9 DP 6 7|45 2 1 5 0.43382 1,2951E+05 0.73234 1.9355 0.035344

3 ]
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Fig 1: Die section
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Pressure drop (dyne/cm2)
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Fig 4: Counters of shear rate and pressure in DIE a) angle=10, b) angle=45, c) angle=80
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Fig 6: Counters of shear rate and pressure in DIE a) length=0.5,b) length=5
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Fig 5: Effect Die land on pressure drop
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