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A method has been designed whichuses the capillary viscometer for determining
the constitutive equation for ceramic pustes. The method allows the active forces
or pressure at a mean flow velocity or volumetric rate of flow of the paste
through the capillary to be measured reproducibly while maintaining the condi-
tions following from the theoretical principle of the method. The results obtained
by processing the experimental data are used to describe the flow curve and to
derive the constitutive equation for the respective porcelain paste.

INTRODUCTION

Knowledge of the respective form of the constitutive equation is required when
a flow model of the non-Newtonian liquid with variable apparent viscosity
is to be applied to the resolving of the forming of a ceramic paste. The parameters
of this mathematical function are generally obtained by approximating the
dependence of apparent viscosity on the shear rate evaluated from the experiment-
ally established functional dependence of shear stress on the shear rate. This
dependence can be determined by viscometric measurements, i.e. under the
conditions of simple shear flow using various types of viscometers (e.g. rotary
or capillary viscometers) [1]. In the case of ceramic pastes, use was made particularly
of the Volarovich capillary viscometer method [2], based on measuring the mean
flow velocity #; or the volumetric rate of flow ¥ of the paste through the capillary
while simultaneously measuring the acting force F or the pressure p. The processing
of the relationship obtained, F = f(%;), or p = f(¥.) is based on resolving the
flow of a non-Newtonian liquid through a pipe R in diameter and L in length while
assuming that the paste flow velocity at the pipe wall, v, is known (v; = 0, or
vs 7 0). Assuming that the ceramic paste can be regarded as an isotropic and
incompressible liquid and its flow through the capillary as steady-state and laminar,
the following equation for volumetric rate of flow is obtained for isothermal condi-
tions by resolving the generalized Navier—Stokes equation [3]:

ValTs = YaP|z + 4754 ,E'Trzz H(trz) dre, (1)
where for y, it holds that
Ya = 404/R, (2)
for the shear coefficient § it holds that
B = vslts, (3)
for shear stress at the pipe wall, 7, it holds that
s = R Ap/2L (4)
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and f(tyz) is the inversion function for the constitutive equation:

y(r) = /(Tra), (6)
where y(r) is the shear rate:
y(r) = dvg/dr. (6)

If the flow velocity at the pipe wall is zero, i.e. v = 0, equation (1) acquires the
form:

V/T:R3 = 1',—3 I. TE, f(Trz) dTrz, (7)
0

where V is the volumetric rate of flow through the pipe.

The flow behaviour of various liquids can only be compared under identical
conditions. This requirement is met at the capillary wall. On relating the quantities
being measured to the capillary wall, the experimental data can be expressed
in the following form:

ApR|2L = f(49z/R), or Ts = f(Ya)- (8)

The processing of experimental data for plotting the constitutive equation is
based on rearrangement of equation (7) following introduction of equation (2):

(3ya/4) + (D Ap[4L) d(ya/4)/d(D Ap[4L) = f(zs), 9)

where D is the capillary diameter. In agreement with equations (4), (5), (6) it also
holds that

¥s = [(Ts) = —(dvz/dr)s, (10)
where y, or (dvs/dr), is the shear rate at the capillary wall. On introducing
n = dInts/dInyg or s = K' y%, (11y
resolving equations (9), (10), (11) and substituting into (9) one obtains
ys = (3n' + 1) pq/dn'. (12)

Equation (12) allows the experimentally established y, in equation (8) to be con-
verted to ys, the relationship 7 = f(8) to be plotted and the constitutive equation
in the form t; = f(y;) to be evaluated, while the following holds for apparent
viscosity:

N = Ts[Vs, (13)
and for S:

8 = 92, (14)

Mathematical expression of the constitutive equation is obtained by approximating
the graphic plot with the use of a suitable function.
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PRECISIONING THE EXPERIMENT ON THEORETICAL BASIS

Equation (11) has been derived for lamiar steady flow under isothermal conditions
and on the assumption that v; = 0. These conditions have to be conformed to
over the entire range of the relationship (8) being measured.

Laminarity of the flow can be assessed according to the value of the generalized
Reynolds criterion in the form (1, 4]:

REgen = D”’ 0(2-”') Q/K'S"'"'l, (15)
where for flow through pipe it holds that

Regen = 2100. (16)

Equation (1) indicates that for v; = 0, y,4 is an explicit function of 7, i.e. if the
relationship s = f(,) is measured on capillaries of various diameters, the curves
obtained coincide [6]. In other words, a set of curves obtained gives evidence for
the presence of shear at the capillary wall. In the given situation, the volumetric
flow rate free of a shear layer is given by equation [1]

V= Vmeasured - ﬁ'l's mR2, (17)

where t; = D Ap[AL corresponds to Vmessurea and f is given by equation (1),
or (3). There are other procedures that can be employed to calculate v; or the cor-
rection factors for wall shear, or to calculate the shear layer [1, 6, 7]. According
to [5, 7, 8], in the case of very viscous liquids, the shear at the capillary wall can
be eliminated by roughening the inner surface, thus preventing the liquid from
sliding along the wall.

Attainment of a steady fully developed flow is also affected by the length of the
capillary in view of the entry and discharge effects. During entry of the liquid
into the capillary the velocity profile is developed gradually and the distance over
which it attains the final steady-state shape is called the entry length L. [1, 5].
The thickness of the boundary layer changes simultaneously [1, 5, 9]. The entry
effects are said to be due [1, 5, 10] (i) to conversion of potential energy to the kinetic
one in consequence of the change in flow velocity, (ii) to excessive friction of the
liquid brought about by the great velocity gradient close to the capillary wall.
Calculation of the entry length was dealt with by a number of authors [9, 10, 11,
12]. It generally holds that the value of Le depends on 9z, D and the value of the
Reynolds criterion, and the entry length of Newtonian liquids is described by the
equation (1, 5, 10]:

Le = 0,0575D Re. (18)

In addition to studies precisioning the numerical factor of equation (18) for
non-Newtonian liquids [11, 12], there are also results pointing out the small
difference of the correction factor with respect to Newtonian liquids [1, 5, 10].

The discharge effects manifest themselves by an increase in pressure drop Ap
compared to the Ap corresponding to steady—state flow. They are caused by the
relaxation of axial and radial normal stresses. From the standpoint of rheology,
the effect is a result of reversible elastic deformation caused by Jiquid flow through
the capillary (1, 5, 10]. Compared to the entry effects, its influence is much smaller
and can be neglected at adequately large L/D ratios [1, 7, 10, 14, 15).
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THE CAPILLARY VISCOMETER METHOD

An analysis of the findings surveyed above allows the requirements of theory
on experimental arrangement of the capillary viscometer method to be summarized
into the following points:

a) attainment of steady-state fully developed laminar flow of the paste
through the capillary under isothermal conditions,

b) possible correction for the end effects,

c) possible determination of shear velocity at the capillary wall.

These requirements, precisioned by theory, have led to the design of the capillary
viscometer shown in Fig. 1. The viscometer makes use of replaceable capillaries
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Fig. 1. Schematic diagram of the capillary viscometer; 1 — chamber, 2 — piston, 3 — sealing rings,
4 — chamber mouth, 5 — capillary, 6 — jaws of instrument for mechanical testing.

with an internal thread and the dimensions listed in Table I. The viscometer,
in combination with an instrument for measuring the mechanical properties and
provided with stepless control of the jaw displacement speed, is able to measure
force F required for attaining a preset average flow velocity o, of the paste through

Table 1
Dimensions of the capillaries
D103/m 2.4 3.3 4.2 6.9 l
L10m | 4 | 8 | 4 | 8 | 4| 5 | 8 | 10| 12 | 4|5 |s [
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the capillary. The constant character of velocity #; during the measurement,
jointly with anadequate amount of the paste in the chamber and with the select-
able capillary length allow a steady-state fully developed laminar flow of the
paste through the capillary to be attained. Measurement of the initial paste tempe-
rature and that after discharge from the capillary serves as a check of maintaining
the isothermal conditions.

Measurements with capillaries of various lengths and with a constant diameter
were utilized in order to introduce corrections for the end effects and for friction
in the chamber. The experimentally established relationship p = f(3;) for two
or more capillary lengths made it possible to determine Ap = pr; — pra2, where
Ap is the pressure drop without the end effects over the capillary length AL =
= L, — L,.

The effect of the internal thread in the capillary on the elimination of slip
velocity at the wall, vs, was verified for porcelain paste with a moisture content
of 26.19%, by measuring on capillaries of various diameters and a constant length.
The resulting relationship 7, = f(49z/R), plotted in Fig. 2, indicates that v; = 0,
as the relationships obtained for various capillary diameters are identical.
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Fig. 2. Relationship ts = f(49z/R) of porcelain paste for various capillary diameters and a constant
capillary length.

The reproducibility of the measurements of basic quantities was evaluated by
measurements repeated 5 times on one porcelain paste. The results are summarized
in Table II.

Following experimental verification of the requirements on the capillary visco-
meter, the basic parameters of the porcelain paste were determined in order to
formulate its constitutive equation. The graphic interpretation of the rheological
behaviour of porcelain paste, measured on capillaries D; = D, = 3.3 X 103 m
and L; = 8 X 102m, L, =4 X 1072 m, is shown in Figs. 3 and 4. The graphic
plot of the constitutive equation in Fig. 5 was approximated by the equation

Ts = To + K (dvg/dr)s, (19)
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Table 11

Reproducibility of measurement of the basic quantities

Piston movement velocity Force measured
% 104/m 81 FIN

0.07 7,260 + 16.32
0.16 7,800 + 12.64
0.66 11,000 + 12.40
173 13,700 + 12.70
2.78 14,400 £ 13.60
3.70 15,200 £ 9.20
6.11 16,600 + 13.90
7.41 16,000 + 13.20
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Fig. 3. Relationship p = f(46;/R) for porcelain paste.
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Fig. 4. Relationship vs = f(49z/R) for porcelain paste.
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Fig. 5. Relationship t4 = f(dvz/drs) for porcelain paste.

where the constants had the following values:
7o = 15.7kPa, K = 13.9 kPa s§", n = 0.24. (20)

From equations (15) and (18) it follows that the value of Reynolds criterion over
the interval Regen € {1.23 X 10-5; 4.77 X 10-2), and the stabilizing length
Lee (8.2 X 10711; 3.2 X 10-6). This means that the measurement proceeded
under the conditions of steady-state fully developed laminar flow of the paste
through the capillary.

CONCLUSION

The results of the experimental work allow the findings obtained to be summari-
zed into the following points:

(i) the suggested simple capillary viscometer method is suitable for repro-
ducible measurement of the initial parameters required for evaluating the constitu-
tive equation of the respective liquid while conforming to the conditions following
from the theoretical principle of the method,

(ii) the procedure employed in the processing of the experimental data
allowed the flow curve and the constitutivd equation of porcelain paste to be
expressed in the form of equation (19) where the constants had the values given
in (20).
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STANOVENI KONSTITUTIVNI ROVNICE KERAMICKE PASTY
Jiti Havrda, Jana Travnickova, Frantisek Oujifi

Katedra technologie silikdtu, Vysokd Skola chemicko-technologickd, 166 28 Praha 6, Suchbdtarova 5

Je vypracovana metoda kapilarniho viskozimetru pro stanoveni konstitutivni rovnice kera-
mické pasty. Princip metody spociva v méfeni pusobici sily, resp. tlaku pfi pfedem znamé stiedni
rychlosti toku, resp. objemového pritoku pasty kapilirou. Reprodukovatelné méfeni vychozich
dat je umozZnéno pfi soutasném dodrzeni podminek plynoucich z teoretického zédkladu metody.
Aplikovany postup zpracovani experimentalnich dat umoznil vyjadieni tokové kfivky, funkcni
zavislosti viskozity na gradientu rychlosti deformace a ndsledné vyhodnoceni konstitutivni
rovnice porcelinové pasty. Znalost konstitutivni rovnice dovoluje fe$it matematicky model toku
dané keramické pasty trubkou popisujici rychlostni poméry v tsti lisu pfi jejim tvarovani.

Obr. 1. Schéma kapildrniho viskozimetru; 1 — zdsobnik, 2 — pist, 3 — tésnici kroufky, 4 — usti zd-
sobniku, 5 — kapildra, 6 — &elisti zafizeni pro méreni mechanickych vlastnosti.

Obr. 2. Zdvislost ts = f(40z/R) porceldnové pasty pro riuzné pruméry kapildr s konstantni délkou.

Obr. 3. Zdvislost p = f(49/R) pro porceldnovou pastu.

Obr. 4. Zdvislost Ts = f(45/R) pro porceldnovou pastu.

Obr. 5. Zdvislost T3 = f(dvg/dr)s pro porceldnovou pastu.

ONMPEOEJIEHITE RHOHCTUTYTUBHOI'O YPABHEHIA
REPAMHMULECKOI1 ITACTEIL

Wpmu I'aBpaa, fina Tpasrnukosa, MpanTumer OyupxH

ragedpa mexrnoaozuu cusukamos, X umuro-mexnonoeuneckuii uncmumym
166 28 Il paza 6

b1 pazpaoTaH MeTOJ KAIIMIISIPHOTO BUCKO3HMeETPa, IIPeIHa3HAUeHHOTC /AJl OlIpeyeileH
KOHCTHTYTHBHOIO yPaBHeHUs KepaMuueckol macTsl. IlpuHIMD MeTo/la 3axJI0yaerTcs B uaMe-
peHHIT JeiicTBYIOIIe} cMJIbl MJIM JaBJIeHWA OPH 3apaHee H3BECTHOH cpefHell CKOPOCTH Teuc-
HASA MM 00BEMHOr0 IIPOTOKA MNAacThl yepe3d Kammifgp. B03MOMKHOCTH BOCIPOM3BOIUMOI0G
U3MepeHUs MCXOAHBIX JaHHBIX 3aK/IIOWReTCs1 B OJHOBPEeMEHHOM cOOJIIOeHHH YCJIOBHI,
BBITEKAIONIUX M3 TeOpeTHYeCKOH cyItHocTH MeTo/a. IlpuMeHAeMblil MeTox 00padOTKH IKcIIe-
PMMEHTAJIBHbBIX NAHHBIX HPE[0CTaBJAeT BO3MOKHOCTh YCTAHOBAThH KPHBYIO HPOTOKA, (yHK-
IIMOHAJIBHYIO 3aBHCHMOCTh BA3KOCTM OT TpafiieHTa CKOPOCTH jie)opMallMyM M IIOCJIC.IyBu-
TeJIHYI0 ONCHKY KOHCTHATYTHBHOIO ypaBHCHH: (apdopoBoil nmacThl. 3Hasg KOHCTUTYTHBHOE
ypaBHeHHe, MOKHO peIDaTh MAaTeMaTHYeCKyl) MOJC;Ib NPOTOKA ,\aHHOM KepaMHYecKoii
nacTsl vepe3 TPYOKY, OIHMCHIBAIONIYI0 COOTHOMIEHIST CKOPOCTed B MYHJIITYKE Iipecca MHpil
ee OpMHPOBKe.

Puc. 1. Cxema kanuaspnoeo guckosumempa;, 1 — 6ynkep, 2 — nopuwens, 3 — nporsadenrsie
roavya, 4 — yemee 6ynkepa, 5 — Kanuasp, 6 — uearocmu ycmaroeku a8 UIMEPEHUS
METAHUYECKUL CEOTCME.

Puc. 2. 3asucumocms s = f(40z/R) Pappopocoic nacmel. dan pazwoeo pazmepa Kanuasp
¢ nOCMOAKHOU 0auHol.

Puc. 3. 3asucumocmv p = f(4¢4/R) 013 dapPoposoii nacmuor.
Puc. 4. Basucumocmsv s = f(495/N) dan gapgopocoli nacmuL.
Puc. 5. Bagucumocmv s = f(dvz/dr)s das gapgoposoii nacmer.
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