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PRESSURE DROP- FLOWRATE CHARACTERISTIC FOR NON- ISO-
THERMAL FLOW HIGH-VISCOSITY LIQUIDS IN CIRCULAR CHANNEL

L .M. Uliev
Kharkov State Polytech. Univ., Dep. Chem. Eng., Frunze St. 21, 310002, Kharkov, Ukraine;
Tel. (380) 572-400-893, Fax. (380) 572-400-632, E-mail: ulm@lotus.kpi.kharkov.ua

Results of numerical investigations of pressure-flowrate characteristic for flow of high-
viscosity liquids with heat exchange with ambient and taking into account dissipation are rep-
resented here. Intensity heat exchange is defined by temperature of ambient and number Bi.
Pressure flow-rate characteristic is unmonotonous. The influence of dependence of AP(V,) on
stability of work of die arrangement of extrusion machines is discussing.

For production and processing of thermoplastic polymer materials their
melts are pressed through thin forming channels- the dies. They have cylindri-
cal form for the production of the strands, bars and the pellets. As melts of
polymers are high-viscosity liquids, so the flow in the dies occurs in condition
of the large gradients of temperatures and viscosity in consequence of consid-
erable dissipation of energy and of sharp dependence of viscosity from the
temperature. The distribution of viscosity in die is determined by pressure-
flowrate characteristic of the die, from which we may choose the optimum
technological and structural parameters of process of extrusion [1].

Pressure-stream characteristic with non-isothermal flow of viscosity liq-
uids was investigated earlier principally for the special case of flow on the re-
gion of established heat transfer [2,3] or for flow with negligible dissipation
[4-6].

The boundary conditions there had been chosen as a rule either with given
temperature of the wall [2,4-6] or of the second kind [4]. Works [7-10] had
dealt with the characteristics for the boundary condition of the third kind for
the thermally non-developed flow with constant temperature in cross section
that allowed authors take into account the axial convection heat transfer only
in mean but the across convection heat transfer was not taken into considera-
tion. Non-monotonous pressure-stream curve was obtained in [4,10] but in
[10] only for the flat case. Non-isothermal dependence AP(V,) for oil flow in a
circular capillary with the thermal boundary condition of the first kind and for
flow with the adiabatic wall was investigated in [11]. Here dissipation of en-
ergy and across convection transfer are taken into account. Received depend-
ence AP(V,y) is strictly monotonous, but the numbers Nahme-Griffith here are
on 3-4 order less than for flow of melt polymers with the same velocity.

This work investigates pressure-flowrate dependence for the flow of
thermoplastic polyurethane (TPU) in the circular cylindrical channels with dif-
ferent intensity heat exchange with ambient medium.

Melts of glue kinds TPU (Vitur T-12K and et al.) within alteration of pa-
rameters of processing are alike Newtonian liquids with temperature depend-
ence of viscosity [12]
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where po= 10° Pa-s, E~(10°...3-10%) J/mol, T, = 463°.

For expenditure presenting practical interest W=107.. 107 m’s™", physi-
cal of property po=10° Pa-s, p~1200 kg m?, a~10"m? s and ro~(1...3)-107m,
number Re<<1072, Pe ~ 10°, and then lengths of mechanical 1, and of thermal I,
relaxation form quantities [13]
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i.e. on the entry in channel we can account profile of velocity fully developed
and corresponding to distribution of temperature. If liquid enters the channel
with uniform distribution of temperature then the main change in distribution
of velocity takes place on the length of small viscosity forming the shear layer
[13]

, ~Pe-Gn 2, ~10"'m. 3)

The taken data, values l;, 15, 15, numbers Re, Pe, and axial symmetry of
problem allow to estimate values of derivatives in equation of the convection
heat transfer, to receive the correlation between radial and longitudinal com-

ponents of velocity V; =roL = o(V,) (here Lo = 15 for flow with uniform initial
0

profile of temperature, l,- for flow with preliminary formed small viscosity
layer [14,15]), that allow us to simplify the steady-state set of equations of
hydrodynamics and heat exchange [1] which employing dimensionless variables
and parameters
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Boundary conditions will be written
B_o Xy, | £=0, 0<y< (7)
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v=0, (o=0,§=—Bi(®—®a), g=1 0<y<l/ (8)
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but condition of constant of flow rate will be written
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For solving this problem the region of flow is separated into N concentric
cylindrical layers, and using the method elaborated early [14,15] ,we receive
the set of ordinary differential equations describing the mean temperatures in
the layers and pressure
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where i= 1,2,...,N and then ©,, =0,.
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First let us consider, the dependence of AP(V,) on the part of channel
with the adiabatic wall and with length L=0.12 m and 10=1.5-107 m for pa-

rameters  o=8-10"°m’s’!,  PB=
-APx10° -AP-10%, a0 1.44-10° (Figure 1c).
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Figure 2. Distribution a). dimentionless longitudinal
velocity. -b) dimentionless temperature across channel. Left
half for small velocity Vo~0.01 m/s, right half for
Vo~0.1...0.3 m/s. Solid lines - ®,= 0, dash-dotted lines
©,=-3, dashed lines for Bi=0. 1-forx =0, 2- ¢ =78, 3 -
x = 80.

erating heat has time to distribute uniformly on
cross-section of stream. Although temperature of
liquid in total increases slightly along the chan-
nel, the profile of velocity differs a little from
Poiseuille profile (Figure 2), that leads only to
small deviation dependence AP(z/r,) from linear
(Figure 3a). With increasing of flow rate this be-
haviour will be until the boundary layer with lit-
tle viscosity will appear. With rise of temperature
at the wall viscosity is decreasing there, profile
of velocity is becoming more and more filled, i.e.
increasing shear rate on the periphery carries out

to localisation of heat generate. At the same time module of gradient of pres-
sure is decreasing and curve AP(x) with appearance of small-viscosity layer ap-

preciably deviates from linear (Figure 3a).
For some more expenses of melt, considerable dissipation leads to fast

-APx10%, Pa arise of high-
200 Z»/ temperature small-
Nalm<v/s viscosity layer and to
(i / almost plug-flow
J100 Bfa (Figure 2), but it only

> 5/ intensifies the described

/\1 effects with further
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0 plug-flow with little
J gradient of pressure is
{0 forming in channel.
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/W/// /] // a2 tion of pressure along chan-
W 03 nel a) flow with adiabatic
7 7 wall, 1- Vo= 1.44-107 mJs, 2
Z 7 z g4 d - Vo= 144107 nvs, 3-2.82
o5 -10™ m/s; b) flow for
. - - = . 0'2

Vi s ®, =3, 1- Vo = 8481
76 32 48 64 5 ws, 2-Vo~ (14.4) -10"

/s, 3- 1.13 m/s; c) flow for

®, =-3, 1- Vo= 1.13 -10° m/s, 2- 4.24 -10° m/s, 3 - 1.41-10% mv/s, 4- 8.48 -102 m/s, 5 - 0.71
m/s m/s; d) pressure vs. Longitudinal co-ordinate and mean velocity for ©,=0.



As a result pressure drop in channel may be less than one for flow with
small expense melt, although decrease of pressure on entrance in first case is
big (Figure 3a). In result pressure-stream characteristic is non-monotonous
with non-isothermal flow.

In case of heat exchange with ambient medium non-isothermal flow is
not defining only by dissipation, but by heat transfer on the boundary too. For
©.=0 and Bi =3.75 more energy is spent on forming of the small viscosity layer
because of heat exchange with ambient (Figure 2) and so condition
}AP(@a :O)I>IAP(Bi:O)} is performing here.

It will be noted that for short channels L < 15r, pressure-stream function
monotonously increases (Figure 3d). For big V, namely here the forming of
small-viscosity shear layer occur and with increasing flow rate, |VP only in-
creases.

For small flow rate and ©, >0 with Bi =3.75 liquid is heated uniformly
(Figure 2) therefore pressure falls slower than in case described earlier (Figure
3b). For big V, liquid has no residence for uniform heat, but here small-visco-
sity layer appears at boundary, on generation of which it does not spend en-
ergy, and then correlation |AP(®a >0)’<1AP(®a =O)"v’V0 is fulfilling (Figure la).

For case ®, <0 and small velocity, viscosity of melt is decreasing on the
periphery, profile of velocity is striking, dissipation energy is becoming con-
siderable in central field, too. Therefore, liquid is cooled on section non-
uniform (Figure 2) but central part is even heated a little, but |Ap| along the

channel is increasing because of increasing p on the periphery (Figure 3c)
(convexity curve AP(y) is down). For the big V, temperature near wall is sig-
nificantly smaller than for other ®, (Figure 2), therefore the condition
|AP(®, <0) >|AP(®, = 0)|vV, fulfils here (Figure 1a).

It should be noted that increase of Vo, with ©, <0 power dissipation
very quickly becomes predominate over heart exchange with environment
therefore maximum curve |ap(v,) displaces to the left. Notice, too, that for lit-
tle velocity dependence AP(V,) mainly is alike function p=p(T) as dissipation
effects here are inconsiderable, but for high-temperature of the flow AP@©®,) is
becoming practically linear (Figure 1).

Intensity heat exchange with environment for constants @, is defining by
value Bi. Increase of Bi for ®, >0 carries out to that for small V, liquid is
heating more intensively and |AP| is decreasing. For big velocity the tempera-
ture is becoming bigger ®, in consequence of dissipation and flux heat
q=Bi(®, -0,) changes sign and his absolute value is more than for smaller Bi
that carries out to increasing |ap(v,) (Figure 1b). It is clear that at ®, <0 in-
creasing of Bi will carry out only to rising |ap| for any V, (Figure 1b).

The value B exerts influence on the dependence |apv,). For B -0,
Gn—0, i. e. intensity of dissipation does not influence on the dynamic flow.
Number Gn and influence of the temperature on U are rising with decrease of
therefore value of reached maximum pressure is decreasing and this pressure is
reached on smaller velocities (Figure 1c).



Described effects can bring to unexpected phenomena in processing of
polymers. For instance, if die plate is used without heat for under granulation
as a rule, several tens of holes become to be obstructed by thicken melt and it
is pressing through remain 1...3 holes with previous flow rate and without
change the pressure in the extruder.

This situation can arise in consequence of some, possibly of casual, de-
creasing of velocity of flow in some dies that carries out to increasing of resi-
dence of melt there. It is cooled more than in other dies so its velocity is de-
creasing and so on, until the flow stops. At the same time in other dies velocity
accordingly increases, rising dissipation of energy, too, but |[vP| decreases, efc.
After all the whole volume of melt will be pressed through several holes and it
will breach the regime. Therefore, the possibility of appearance of this phe-
nomena must be taken into account by design of machines of processing of

thermoplastic materials.
-AP+10%,

Figure 4. The comparison of the calcu-

feedback appears between characteris-
L tics of the flow and heat exchange with

20 % T 363 55K ambient, that leads to restoration of
%/. former regime.
Adequacy of preposition model of

02 04 06 08 o’ s’
° @IS flow of polymer was checked by com-
parison of earlier published data with results obtained for conditions pointed at
the articles. At the figure 4 it is shown data for flow of Newtonian mineral oil

e / lated results with the experimental data [11]
80 7 T=310/5K for the flow Newtonian oil in the channel with
L= 4.54-10°m and ro= 1.31-10™ m. The lines
6 / / are for calculation, the points for experiment.
a / T.=336,05 K To avoid this phenomena we can
40 / o employ heat of die channels, negative

[11] with p=10%pexp A/b -06|, where A=1372-10",b=381. Comparison
/T

shows good agreement.

NOMENCLATURE
c- specific heat [J kg™ K''], E- energy of activation of viscose flow [J mol™], K- heat
exchange coefficient [J m’ s'lK'l], P, Py- pressure, current and inlet [N m'z], W- flow rate [m3
s'], r, 1o- radial co-ordinate [m], T, T,- temperature of melt, current and inlet [K], V- velocity
[m 5], x- longitudinal co-ordinate [m], Bi- Biot number, Gn- Nahme-Griffith number, Pe- Pe-

clet number, Re- Reynolds number, PYoh | St;- Stanton number for i of layer, o~ thermal diffu-
Ho

sivity of melt [m® s™'], A- thermal conductivity of melt [J m” s'K™], p- dynamic viscosity of
melt [kg m™ s7'], p- density [kg m™].

Subscript: a- relating to ambient, i- number of layer, r, z- radial and longitudinal compo-
nents of vector.
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