
ANNUA
 

ABSTR
Rhe

wall sli
this pap
primary
configu
(e.g. d
simulta
is the f
viscom
Three 
rotation

Two
cylinde
compar
Morse-
suitable
effect. 
on two
slip - 
AWSWo
of prim
sensors

A sp
local fi
parame
reasona
materia
is illust
viscom
and se
suspens

 

 

 

AL TRANSAC

RACT 
eometric ev
ip (AWS) e
per. It is n
y viscometr
urations wit
different g

aneous using
feature whic

metry from 
various 

nal viscome
o conventi
ers (ZZ) and
red with a 
-cone (KK)
e for the 
The related
 material fu
is impleme

Work, which 
mary viscom
s.  
pecial statis
ltering - pro

eter-free fo
able error 
al functions
trated by th

metry of an 
everal con
sions.  

Rheom

CTIONS OF 

vidence of
ffect is the 

necessary, to
ric data fro
th different 
gap thickn
g of several
ch distingui

the AW
sensors fo

etry are cons
ional sens
d parallel pl
novel sens
, which see
viscometry

d viscometri
unctions – f
ented to th
supports th

metric data 

stical treatm
ovides the f
orm and p

estimates 
s. The sugg
he data on A
aqueous po

ncentrated 

metric Stud

Marek V

1
 VSB-Tec

2 ICP

THE NORDI

f the appa
main subjec
o treat toge
om viscome
hydraulic r

ness h). 
l configurat
shes a class

WS viscome
or the A
sidered here
ors – coa
lates (PP) –
sor, the coa
ems to be m
y under A
ic theory, ba
for fluidity 

he PC softw
he joint trea

from diffe

ment – so ca
final results 
provides s
of the rel

gested appro
AWS rotati
olymer solu

aqueous 

dy of App

Večeř
1
, Věra

chnical Uni
F ASCR, v

IC RHEOLO

arent 
ct of 
ether 
etric 
radii 
The 

tions 
sical 
etry. 

AWS 
e.  
axial 
– are 
axial 
most 

AWS 
ased 
and 

ware 
ating 
erent 

alled 
in a 
ome 
lated 
oach 
onal 

ution 
clay 

IN

sol
are
liq
beh
liq
clo
of 
app
Mo
ab
lay
tre
vel

Fi

wa
cla
in 
u, 

parent Wal
 

a Pěnkavová

iversity, Ost
.v.i., Prague

 
 
 

GY SOCIET

NTRODUCT
Colloidal 

lutions cont
e tradition
quids. In ad
haviour in 

quids displa
ose to solid

this beha
parent wa
ooney1, “
normally la
yer adjacen
eated mathe
locity”.  

 

igure 1. App
ad

This intui
all slip (AW
ass of viscom
fact consid
see Fig. 1, 

ll Slip in M

á
2
, and Ond

trava, Czech
e, Czech Re

Y, VOL. 19, 

TION 
suspension

taining nano
nally call

ddition to th
bulk flow,

ay anomalo
d walls. On
aviour can 
all slip th
“…may be
arge velocity
nt to the 

ematically a

arent slip of 
djacent to a so

itive concep
WS) has bee
metric flow

dered the ap
to be an add

Microdisp

dřej Wein
2
 

h Republic.
epublic 

2011 

ns, emulsio
o- or micro
led micro
heir non-Ne
, the micro
ous flow b
ne importan

be interp
hat, accor
e in rea
ty gradient 

wall, but 
as a discont

f microdisper
olid wall 

ept of the 
en formaliz

ws by Oldroy
pparent slip 
dditional vis

persions 

. 

ons, and 
oparticles 
odisperse 
ewtonian 
odisperse 
ehaviour 

nt feature 
reted as 
ding to 

ality an 
in a thin 
can be 

tinuity in 

rse liquid 

apparent 
zed for a 
yd2, who 
velocity 

cometric 



materia
viscom
theory 
present
relation

As 
review 
AWS e
idealize
Couette
Moone
for PP
analyze

The
rotation
idealize
geomet
as edg
Newton
from th
e.g. th
configu

The
be ev
pseudo
other w
comple
data. A
for do
viscom
extensi
effect12

gap thi
and an 
to dete
20%, ev
primary
geomet

The
undesir
aimed t

Ano
viscom
of both
wall sl
perform
differen
over a s

al function, 
metric flows

of genera
ted in stand
n to possible

it is obv
by Barnes5

effects was
ed prototyp
e7,8 flow)
y1 and Old

P configura
ed only rece
e real geom
nal viscom
ed prototy
trical non-id
e/end effec
nian fluids 
he primary 
he report11

uration.  
e errors in e
ven highe
plastic and 

words: negle
etely misin

An attempt t
ownstream 

metric data h
ve experim

2-15. Using K
ickness as a
advanced d

ermine, wi
ven weak A
y readings 
try) by less 
e AWS eff
rable side ef
to eliminate
other appro

metry, aims  
h the bulk f
lip. Such t
m measurem
nt hydrauli
suitable ran

u = u[], c
s. Anyway
al viscome
dard textbo
e AWS effe
ious from 

5, a rational
s long time
pes (e.g. P
, studied 
droyd2. The
ation has b
ently8-10. 
metrical co
metry diffe
ypes. Due 
deality, com
cts, the typ
in estimati
data achiev
1 on the 

estimating s
er (above 
d viscoplasti
ecting the A
nterpret th
to build up 

treatment
has been u

mental study
KK sensor 
an experim
data analysi
ith relative
AWS effects

(torque, r
than %AWS

fect is ofte
ffect. Some
e an AWS e
oach aims, s

at quantita
fluidity and
the approac
ments with
c radii (ga

nge of shear 

common fo
y, the anal
etric flows
ooks3,4 with
ects.  

the exten
analysis of
limited to

Poiseuille6

already 
e AWS eff
been serio

nfiguration
er from s

to negle
mmonly tack
pical errors
ing shear st
ve 10–20%,

standard 

shear rates m
100%) 

ic materials
AWS effect m
he viscome
a rational b
t of prim

undertook in
y of the A
with adjust
ental techni
is, it is poss
e errors be
s that affect
rotation sp
S  = 10%. 
en taken as
e approache
ffect.  
so called A
ative evalua
d the (appar
ch, require
h at least 
ap thicknes

stress .  

or all 
lytic 
s is 
h no  

nsive 
f the 

o the 
and 
by 

fects 
ously 

ns in 
such 

ected 
kled 

s for 
tress 
, see 

ZZ 

may 
for 

s. In 
may 
etric 
basis 
mary 
n an 

AWS 
table 

nique 
sible 
elow 
t the 

peed, 

s an 
s5,6,8 

AWS  
ating 
rent) 
s to 
two 
s h) 

ME
 
AW

con
ten
eff
bo
me
con
con
sim
be 
vis

ve

slid
neg
lay
eff
flo

ܸሺ
 

On
cha
bu
wa
rep
and
 
ሶߛ ሾߪ
ߪሾݑ

ETHODOL

WS concept
In analog

ncepts in 
nsion, inter
fect can be
undary co
echanics m
ncept of ap
ncept is i

mplest proto
applied in

scometric fl
 

Figure 2. Th
locity u for t

parallel pla

The over
ding veloci
glecting th
yers, adjace
fect can be v
ow and wall

 
ሺߪ, ݄ሻ ൌ ߪሺܩ

n a macro
aracterized 
lk viscosity

all slip vel
presented b
d slip coeffi

ሿߪ ൌ ߮ሾߪሿߪ
ሿߪ ൌ ߯ሾߪሿߪ

LOGY 

t 
y to other 
fluid mec

rfacial visc
e described 
onditions o

model, i.e. b
pparent slip
llustrated i
otype of she
n a consis
ow6-15. 

he concept of
the longitudin
ates (Simple 

rall kinema
ty V of the
e thickness
ent to the 
visualized a
slip contrib

,ߪ ݄ሻ݄ ൌ ሶሾߛ

scopic lev
by two m

y function 
locity u[]
by the corr
ficients 

  ,ߪ
  .ߪ

r phenomen
chanics (in
cosity), als

d by modif
of the co
by introdu
p velocity, 
in Fig. 1 
ear flows, b
stent way 

f apparent w
nal flow betw

e shear protot

atic effect 
e upper plat
s of an an

walls, the
as a sum of 
butions: 

ሾߪሿ݄  ሾݑ2

vel, the pr
material fu
ሶߛ ሾߪሿ and 

], which a
rresponding 

 
 

nological 
nterfacial 
so AWS 
fying the 
ontinuum 
cing the 
u. This 
for the 

but it can 
for any 

 
all slip 
ween two 
type) 

is the 
te. When 
nomalous 
e overall 
f the bulk 

 ሿ.    (1)ߪ

ocess is 
unctions, 
apparent 

are often 
fluidity 

       (2) 
       (3) 



Instrum
The

be dist
viscom
the geo
effectiv
primary
range o
The 
rotation
when u
Fig. 3 a

  

F

Para
with a 
shift, g
thickne
Unfortu
accomp
disqual
use of t

 

Figure

 

mentation 
e bulk flow
tinguished 

metric data i
ometric co
ve gap thic
y data for e
of character
standard 

nal viscom
using proper
and Fig. 4. 

Figure 3. Par

allel plate (
modern v

ives a possi
ess h wi
unately, s
panying t
lify this co
this geomet

e 4. Sensor of

w and wall s
only if a 
is obtained 
nfiguration

ckness h. In
ach h must 
ristic wall 

shear-stres
meters can 

r kinds of t

rallel plate (P

(PP) sensor 
viscometer, 
ibility of ch
ithout sam
strong edg
the measu
onfiguration
try. 

f coaxial Mo

slip effects 
set of prim
for a serie

s with var
n addition, 
cover the s
shear stres
ss contro

be emplo
the sensors,

PP) sensor 

in combina
allowing a

hanging the 
mple refill
ge effects
urements,
n for a rou

orse cones (K

can 
mary 
es of 
rious 
 the 

same 
ss . 
olled 
oyed 
, see 

 

ation 
axial 

gap 
ling. 
s9,10, 

are 
utine 

 
KK) 

con
com
cyl
par
Wh
rot
thi
nee
tem
cal
vis
Ne
the
acc
 
Da

ang
geo
thi
app
is 
wi
a 
par
com
of 
an 
con
u.
loc
rep
inf
mo
vis
filt
coa
pla
app
AW
con
par
vis
nec
app

A novel (K
nes, deve
mbines the
linders (co
rallel plate
hen using 
tational vis
ickness adj
ed to refill
mperature 
libration 
scometric se
ewtonian flu
e gap thic
curacy.  

ata treatmen
Primary d

gular speed
ometry, in
ickness h. 
proach14 of 
a smoothin
th respect t
differentiat
rtial differ
mbined wit
primary da

unaccept
nstitutive in
Alternative

cal filtrat
presentation
formation, 
odels for f
scosity fun
tration has 
axial cylin
ates15 and sy
plication to

WSWork h
nstants of 
rameters o
scometric d
cessary i
parent wall 
 

KK) sensor 
eloped in 
e advantage
ontrollable 
es (variabl

this sens
scometer, a
ustment is 
l sample, a
control. A
of the 
ensors, via 
uids, is nec
kness h w

nt 
data of AW
d , torque

particular
The com

f treating su
ng and inte
o wall shea
tion with r
rentiation 
th an interp
ata and the r
ably large
nformation 
e approach t
ion based

n of 
by intro

fitting the 
nction. The

been devel
nders14 sy
ystem of M
o the data

has been 
used visc

f used sen
data makes 
nformation 
slip effect. 

with coaxi
our lab

es of both
edge effec

le gap th
sor in a 
an automa

provided 
as well as 

Anyway, a 
viscomete

measureme
cessary8,10 t
with an ac

WS viscom
e M and th
r an effect
mmonly su
uch the prim
terpolating 
ar stress , 
respect to 
process m

polation ove
result often 
e scatter 
about slip 
to data trea
d on pa
the con

oducing e
slip veloc

e process 
loped for sy
ystem of 

Morse cones8

a treating 
made. Ca
cometer, g
nsors and 
up comple
 for ev

al Morse 
boratory, 

h coaxial 
cts) and 
ickness). 
modern 

ated gap 
with no 
a good 
careful 

rs and 
ents with 
to adjust 
cceptable 

metry are 
he sensor 
tive gap 
uggested 

mary data 
the data 
and then 
h. The 

must be 
er the set 

displays 
of the 
velocity 

atment is 
arametric 
nstitutive 
empirical 
city and 
of local 
ystem of 

parallel 
8,9 and its 
software 

alibration 
geometry 

primary 
te set of 
valuating 



EXPERIMENTAL 
Aqueous dispersions of welan gum and 

kaolin have been tested and AWS effect has 
been evaluated.  

All the available ZZ, PP and KK sensors 
were used for measurements of the welan 
gum sample. The kaolin suspensions, which 
display rather viscoplastic behaviour with 
severely changing fluidity, were tested only 
in a KK sensor. 

 
Sample preparation 

Aqueous welan gum solution of 2%wt 
concentration was prepared by solving of 
the polymer powder in demineralized water. 
Resulting solution was gently stirred by a 
glass stirrer. Weak vacuum was applied to 
remove small dispersed bubbles. Few drops 
of 5% solution of phenol in ethanol were 
added to prevent biodegradation of the 
prepared solution.  

The kaolin dispersions (samples K40, 
K40H, K35, K30 correspond to kaolin 
content of 40%wt, 35%wt and 30%wt) were 
prepared from kaolin Sedlec 1a (produced 
by Sedlecky kaolin a.s., Czech Republic) 
and demineralized water. The sample K40H 
containing was prepared with an addition of 
0.15%wt sodium hexametaphosphate as a 
dispergator. In all the cases, demineralized 
water or solution of dispergator was added 
to dry kaolin and then the sample stayed for 
2 days. Then they were treated in ultrasonic 
bath for 30min (40kHz, nominal acoustic 
power of 30 kW.m-3) and finally evacuated.  

 
RESULTS & DISCUSSION 

Presented results can be divided into the 
two cases. First case is a class of methodic 
results where the common treatment of 
primary data from various viscometric 
sensors (ZZ, PP, KK) is documented. 
Second case is class of results obtained for 
the kaolin dispersions where the evaluating 
of AWS is possible only with the novel KK 
sensors.  

 

Methodic results 
Principal feature of the AWS viscometry 

is a measurement with at least two different 
h. Another option is to combine viscometric 
data from completely different types, e.g. 
PP, KK, and, possibly, ZZ. Only one data 
set from each viscometric sensor could be 
sufficient for AWS evaluation. Anyway, 
there is a risk of measurements with 
inadequate gap thickness and then AWS 
characteristics are not be reliably 
determined. Therefore, the experiments with 
more than one gap thickness for each 
viscometric sensor are recommended and 
combination of all registered data from all 
sensors is afterword applies. 

 
Welan gum sample 
The welan gum sample was tested on 

three types of sensors with eleven different 
gap thicknesses h. Results of common 
treatment are plotted in Figs. 5-7. Individual 
sensors are distinguished by symbol shape 
(KK , ZZ , and PP ), different h by 
the gray intensity. It can be seen from Fig. 5 
that the fluidity data are in a good agreement 
even for sensor ZZ with a large gap 
thickness, h = 1.69 mm.  
 

 
Figure 5. Fluidity of welan sample. 

The data for KK sensor are noted as circles 
, for Z40 DIN as diamonds, and for 

PP60 as triangles . The numerical labels 
give the gap thickness h in mm.  

Data on slip coefficient are rather 
scattered, see Fig. 6. It corresponds to the 
low level of AWS effect, occurring for the 
welan gum sample. A contribution of AWS 
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to total kinematic effect is about %AWS = 
30%, which is enough for detection but too 
low for a smooth data fitting. 

 
Figure 6. Slip coefficient of welan sample  

Data of extrapolated slip length b 
(compare with Fig. 1) are affected by scatter 
of slip coefficient, because they are 
calculated as a ratio of slip coefficient vs. 
fluidity, see Fig. 7. When b is comparable 
with the gap thickness h, then AWS effect is 
necessary to take into account. 

 

 
Figure 7. Extrapolated slip length as a 

function of wall shear stress 

 
Kaolin samples 

The aqueous kaolin dispersions are 
typical shear thinning (pseudoplastic or even 
viscoplastic) materials, widely used in 
ceramics or as a pigment in paper coatings. 
The fluidities of kaolin dispersions are very 
low and an additive is often used to 
increasing it (see fluidity of sample K40H in 
the Fig.  8). All kaolin dispersions data were 
measured with only KK sensor applying 
three gap thicknesses, h = 1.089 mm, 0.812 
mm and 0.628 mm. 

 

 
Figure 8. Fluidity of the kaolin dispersions. 

 

 
Figure 9. Slip coefficient of the kaolin 

dispersions. 
 

 
Figure 10. Contribution of AWS to total 

kinematic effect for kaolin dispersions for 
the three levels of gap thickness h. 
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Scatter of the slip coefficient, see Fig. 9, 
is wider in the range of higher shear 
stresses. There, the AWS effect is much 
weaker (below %AWS = 20%), see Fig. 10, 
because of severely rising bulk fluidity, 
apparent in Fig. 8.  

The extent of AWS effect depends also 
on the gap thickness h. It can be seen in the 
Fig. 10, where a triple of points at the same 
shear stress  corresponds to three 
aforementioned different gap thicknesses h. 
The highest point corresponds to the 
smallest gap. It is clear that the AWS effect 
influences flow mainly in narrow channels. 

 
CONCLUSIONS 

AWS rotational viscometry is discussed 
for three types of viscometric sensors. 
Aqueous solution of welan gum displaying a 
adequate AWS effect was chosen for 
demonstration of common approach to 
primary data treatment. Kaolin dispersions 
of various concentrations were tested on KK 
sensors for presence of AWS effect. Smooth 
data of slip coefficient with a little scatter at 
low wall shear stress, see Fig. 9, together 
with extremely high AWS contribution to 
total kinematic effect, see Fig 10, are 
evidence for AWS viscometry concept 
employment for such materials. 
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