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Abstract:
The present work is concerned with the study of the rheology of polymer solutions spanning different concen-
tration regimes and originates from a former round-robin research programme on this subject, the S1 project,
involving a number of research groups and institutions. The base fluid for this programme was the so-called S1
fluid, which is a 2.5% w/w solution of Polyisobutylene (PIB) in a solvent consisting of a mixture of polybutene oil
and dekalin. In this paper a set of solutions having different concentrations of PIB are studied in steady shear,
oscillatory shear and in axi-symmetrical contraction flows. The focus of the study is on the possibility of finding
concentration scaling laws for polymer solutions spanning each or several of the concentration regimes. The
results in shear flows show that it is possible to find scaling laws both for temperature and concentration in all
regimes. Extensional results show that the curves superimpose within each concentration regime, but not over
the whole range of concentrations. Accordingly, concentration scaling laws were then found for both shear and
extension, the latter depending on the concentration regime: dilute, semi-dilute or concentrated.

Zusammenfassung:
Die vorliegende Arbeit befasst sich mit der Untersuchung der Rheologie von Polymerlösungen, die verschiedene
Konzentrationsbereiche abdecken. Sie entstammt einem früheren Ringversuch im Rahmen eines Forschungs-
programms auf diesem Gebiet, dem sogenannten S1 Projekt. Die Grundflüssigkeit für dieses Programm war das
sogenannte S1-Fluid, welches eine 2.5% w/w Lösung von Polyisobutylene (PIB) in einem Lösungsmittel ist, welch-
es aus Polybuteneoel und Dekalin besteht. In diesem Artikel wird ein Satz von Lösungen unterschiedlicher PIB
Konzentrationen in stationärer Scherströmung, oszillatorischer Scherströmung, und in axialsymmetrischen Veren-
gungsströmungen untersucht. Der Schwerpunkt der Untersuchung liegt in der Möglichkeit, Skalengesetze fuer die
Konzentration zu finden, die für Polymerlösungen gelten, welche die einzelnen oder mehrere Konzentra-
tionsregimes überspannen. Die Ergebnisse in Scherströmungen zeigen, dass es möglich ist, Skalengesetze für die
Temperatur und die Konzentration in allen Bereichen zu finden. Die Ergebnisse in Dehnströmungen zeigen, dass
die Kurven innerhalb eines jeden Konzentrationsbereiches superponierbar sind, aber nicht über den gesamten
Konzentrationsbereich. Folglich wurden dann Skalengesetze für Scherung und Dehnung gefunden, wobei letztere
vom entsprechenden Konzentrationsregime abhängig sind: verdünnt, halb-verdünnt bzw. konzentriert. 

Résumé:
Le présent travail traite de l'étude rhéologique de solutions de polymères dans différents régimes de concen-
trations, et qui a été stimulé par un précédent programme de recherche, le projet S1, qui a impliqué un certain
nombre de groupes de recherche et d'institutions. Le fluide de base pour ce programme fut le dénommé S1 flu-
ide, qui est une solution de polyisobutylène (PIB) de 2.5% en poids, dans un solvant qui consiste en une mixture
d'huile de polybutène et de décaline. Dans cet article, un ensemble de solutions possédant différentes concen-
trations de PIB est étudié en cisaillement en régime établi, en régime oscillatoire et en écoulement de contrac-
tion axi-symétrique. Le but de cette étude est de voir si il est possible de trouver des lois d'échelle en concen-
tration pour des solutions qui appartiennent au même régime de concentration ou à des régimes différents. Les
résultats en cisaillement montrent qu'il est possible de trouver des lois d'échelle pour toutes les températures
et les concentrations quel que soit le régime. Les résultats en extension montrent que les courbes se superposent
lorsqu'elles appartiennent au même régime de concentration, mais pas pour des régimes de concentrations dif-
férents. Ainsi, des lois d'échelle ont été trouvées pour le cisaillement et l'extension. Dans ce dernier cas, les lois
d'échelle dépendent du régime de concentrations: dilué, semi-dilué ou concentré.
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1 INTRODUCTION
The knowledge and interpretation of the charac-
teristic viscoelastic behaviour of polymeric mate-
rials under flow has had large developments in
the last two decades of the twentieth century,
partly due to several international research pro-
grams regarding different standard fluids. For
example, when attempting to measure exten-
sional viscosity, it quickly became clear that it
was necessary to use standard fluids in order to
allow meaningful comparisons between the dif-
ferent techniques and with the theory to be
drawn. This culminated in a Conference held in
Chamonix [1], in 1988, where it was realised that,
due to the fact that different test fluids were uti-
lized, it was very difficult to compare and to per-
ceive the reliability of the results obtained with
different techniques.

Hence, efforts where next centred on
developing standard test fluids to be used in test-
ing new extensional characterization equip-
ments and techniques and allow further studies
on the flow properties. The first test fluid was
named M1, and consisted of a solution of Poly-
isobutylene in a solvent made of kerosene and
low molecular weight polybutene. This project
roused significant interest and generated a con-
siderable amount of data not only of extension-
al nature but also in simple and oscillatory shear
[2]. A second test fluid designated A1 consisted of
a solution of Polyisobutylene dissolved in
Dekalin, and experiments led to results that
helped confirm the findings and conclusions of
the earlier exercise [3]. Finally, in the 1990´s,
another test fluid was developed, this time
denoted by S1. The test fluid S1 is a solution of
2.5% w/w of high molecular weight polyisobuty-
lene in a mixed solvent of polybutene oil and
dekalin and the objectives of the programme for
which it was created were somewhat different
than those of the previous ones. While with M1
and A1 the objective was to characterize the test
fluid, with S1 it was to investigate how rheomet-
rical properties vary upon modification of the
polymer concentration regime [4].

This paper shows the results of experi-
mental tests conducted on the S1 fluid and on a
set of solutions of lower polymer content derived
from it. All the solutions were rheometrically
characterized in steady shear and in oscillatory
shear in a range of temperatures varying from 0
to 40˚C and in contraction flows at a fixed tem-

perature of 20˚C. Our aim is then to find concen-
tration scaling laws that may allow polymer con-
centration to be treated as another variable, such
as temperature or rate of strain and eventually
aid rheologists in, for example, establishing
methodologies for the development of tailor-
made solutions for specific applications.

2 SAMPLES AND EXPERIMENTAL
CONDITIONS

2.1 PREPARATION OF THE SAMPLES
The materials used were high molecular weight
Polyisobutylene – PIB (Mw ~ 1.2 * 106), supplied by
Exxon Chemicals, Hyvis 10 Polybutene Oil – PB,
supplied by BP Chemicals and Technical grade
Dekalin (decahydronaphthalene). Preparation of
the samples took place in various stages. First, the
solvent ingredients were mixed in a proportion of
19 parts of Dekalin to 20 parts of Polybutene Oil.
This operation was performed on a mechanical
stirrer and took four days. Next, the Polyisobuty-
lene block was broken up into small pieces in order
to facilitate solubility. At the end, the proper
amounts of PIB were carefully weighed and added
to the adequate quantity of solvent. 

Solutions were prepared by adding dif-
ferent percentages by weight (w/w) of PIB to the
solvent followed by slow stirring, in a closed envi-
ronment, for a further five weeks at a constant
temperature of 30˚C (in order to facilitate the dis-
persion of the polymer in the solvent). In the end,
eight different concentration solutions were pre-
pared: 0%, 0.05%, 0.1%, 0.25%, 0.5%, 1%, 1.5% and
2.5%. Correspondingly, they were designated as:
S-0% (solvent), S-0.05%, S-0.1%, S-0.25%, S-0.5%,
S-1%, S-1.5%, S1-2.5% (the original S1 fluid). All the
solutions were found to have a density of 890 ± 5
kg/m3. As shown elsewhere [5], these solutions
span three concentration regimes, from the dilute
(for concentrations below 0.1-0.2% PIB), to the
semi-dilute (for concentrations below approxi-
mately 1.0% of PIB) and the concentrated.

2.2 INSTRUMENTS
Shear flow experiments were performed at tem-
peratures varying between 0˚C and 40˚C on a
Reologica StressTech HR controlled-stress rota-
tional rheometer, using a 25 mm diameter paral-
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lel-plate apparatus. Each test was performed a
minimum of three times in order to ensure the
desired accuracy regarding the obtained results.
The tests were always carried out on fresh sam-
ples. In the case of oscillatory shear, the linear vis-
coelastic regime was determined at each tem-
perature by performing stress sweep tests at
three constant frequencies of 0.1, 1 and 10 Hz.

The contraction flow geometry has been
described in detail elsewhere [6] and consists of
a tube of perspex of inner and outer diameters of
51 mm 63 mm, respectively. The fluids are
pumped at a constant flow rate from the barrel
of either the Rosand advanced capillary rheome-
ter geometry, thus allowing for great precision in
the control of the flow rates. The end of the tube
is detachable so that the several thin aluminium
foils on which the orifices were drilled may be
replaced. The orifice sizes were 2.09 mm, 1.07
mm, 0.76 mm, 0.51 mm and 0.41 mm (thus yield-
ing contraction ratios of 24.4:1, 47.9:1, 67.1:1, 100:1
and 124.3:1, respectively) and the aluminium foils
had a thickness of 0.14 mm.

3 RESULTS AND DISCUSSION

3.1 STEADY SHEAR
Figure 1 depicts the shear flow curves of all the
solutions obtained by time-temperature super-
position (which holds for these polymeric sys-
tems [5]) for a reference temperature of 20ºC.
These curves show that the S-0%, S-0.05%, S-
0.1% and S-0.25% solutions have a Newtonian
behaviour and virtually overlap each other, as
they have almost the same shear stress values
within the range of tested shear rates, thus con-
firming that they are essentially in the diluted
regime. Solutions with concentrations equal or
above 0.5%, on the other hand, exhibit a non-
Newtonian behaviour showing a Newtonian
plateau followed by a shear-thinning region.

Figure 2 depicts the viscosity and shear
stress master curves, after a concentration
dependent shift that has been performed using
the 2.5% solution (S1) as the reference. It can
clearly be seen that this time-concentration
superposition principle is valid for these materi-
als in the whole range of concentration regimes
(within the accessible range of shear rates).

In order to superimpose shear stress and
shear viscosity concentration curves (Fig. 2), it
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was necessary to use both vertical and horizon-
tal factors (which represents the concentration
shift factor), their behaviour being presented in
Figure 3. In what regards the vertical shift factor,
which is given by the ratios of the zero-shear vis-
cosities of the solution, it decreases exponen-
tially, indicating a reciprocal exponential
increase in zero-shear viscosity with polymer
concentration. As to the concentration shift fac-
tor, it remains independent of polymer concen-
tration for most of the dilute regime, increasing
linearly as the semi-dilute regime is approached
and throughout it. In the concentrated regime
the dependency of the shift factor on polymer
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Figure 1 (right above):
Time-temperature reduced
shear viscosity of PIB
solutions for a reference
temperature of 20˚C.

Figure 2 (right middle):
Concentration and
temperature reduced shear
stress and shear viscosity of
PIB solutions for a reference
concentration of 2.5%.

Figure 3 (right below):
Vertical and horizontal shift
factors used to superimpose
steady shear results in all
concentrations.
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concentration increases dramatically, showing a
power-law dependency of exponent 3.5, which is
consistent with the increasing degree of entan-
glement. In fact, adding increasing amounts of
polymer increases this, much in the same way as
increasing molecular weight does, which might
go some way in explaining the coincidence
between these values for the exponent and those
of the dependency of the zero-shear viscosity on
molecular weight.

3.2 OSCILLATORY SHEAR
In this section the linear viscoelastic properties
of all the solutions studied are shown, comple-

menting the steady shear results. Figures 4a and
4b show, respectively, the master curves of the
dissipative module, G’’, and of the elastic mod-
ule, G’, as functions of frequency at a reference
temperature of 20˚C for each solution. In both
figures it can be seen that the curves regarding
the S-0%, S-0.05%, S-0.1% and S-0.25% polymer
solutions are superimposed (this effect is not so
apparent in Fig. 4b due to the limited observa-
tional window in G’) while the remainder show
increasing values of G” or G’ as polymer concen-
tration increases.

Figure 5 shows master curves for both G’’
and G’ after the application of a concentration-
dependent shift, performed on the 2.5% solution
(S1). From this figure it is possible to infer that the
time-concentration superposition principle also
holds for G” and G’, in all the concentration
regimes. Again, in order to superimpose the G”
and G’ curves for all the concentrations over
those belonging to S1, it was necessary to use ver-
tical and concentration (horizontal) shift factors.
Furthermore, whereas the horizontal/concen-
tration shifts were equal for G’ and G’’, the verti-
cal shifts were not. In this case, the vertical shift
in G’’ was 0.35 for all solutions other than S1-2.5%
and in G’ it depended exponentially on the con-
centration, as shown in Figure 6. These results are
broadly in line with previous ones obtained by
Fischer and Rehage [7] for viscoelastic surfactant
solutions.

Figure 6 depicts the values of the con-
centration shift factors (horizontal shift factors)
and vertical shift factors for G’ only. In general
the results are in line with those from steady
shear with the following aspects being worth
noting: 
a) The concentration shift factors in the semi-
dilute and concentrated regimes are qualitative-
ly similar to those of steady shear, but their value
of the exponents is up by about 40%.
b) Inversely, the vertical shift in G’, while also fol-
lowing the same trend as in steady shear, now
shows values of the exponential dependency
lower by about 40%.

3.3 EXTENSIONAL
Figure 7 shows the entry pressure drop, DPe,
resulting from the contraction flow experiments,
for all solutions and clearly indicates that, in gen-
eral, the curves are formed by three regions of
different entry pressure drop behaviour. Initial-
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Figure 4a (left below): Curves
of reduced time-temperature

dissipative modulus, G”, of PIB
solutions, for a reference tem-

perature of 20˚C.

Figure 4b (left middle):
Curves of reduced temperature

elastic modulus, G’, of PIB
solutions for a reference

temperature of 20˚C.

Figure 5 (left below):
Concentration and tempera-

ture reduced elastic, G’, and
dissipative, G”, modules of PIB

solutions for a concentration
reference of S1-2.5%.



ly, there is a region of weak dependence on shear
rate, followed by a second region of very strong
dependence and, finally a third region of, again,
a weaker dependency. This behaviour is well doc-
umented in the literature (see, for example, Car-
talos and Piau [8]) and correspond to: First region
– Purely viscous flow at low shear rates; Second
region – Predominantly elastic flow at interme-
diate shear rates due to the unravelling of the
polymer chains; Third region – Purely viscous
flow at high shear rates due to the polymeric
chains having attained their full stretch.

Unlike the case of shear flows, it was not
possible to superimpose all the entry pressure
drop curves into one single mastercurve, mainly
due to the different dependencies of DPe on
shear rate in the second region. Thus, it was only
possible to construct mastercurves for each con-
centration regime. The first mastercurve was
constructed from S-0%, S-0.05% and S-0.1%, i.e.,
the solutions in the dilute regime, the second
from the S-0.25%, S-0.5%, S-1% and S-1.5% (in this
case S-1% was used as the reference concentra-
tion) and the last comprised only the S1-2.5%
solution.

Figure 8 represents the superimposed
entry pressure drop curves together with the
slopes that quantify the dependence of the entry
pressure drop on the shear rates for each regime.
Analysing the figure, for the solutions in the
dilute regime, labelled as A, there is an approxi-
mately linear dependency of DPe on shear rate,
at low shear rates, in accordance with the pre-
dictions of Cartalos and Piau [8]. At intermediate
shear rates the slope of the DPe curve is 2.5, which
is slightly higher than the theoretically predicted
value of 2 [8]. This may have to do with the fact
that the Reynolds numbers are in the low hun-
dreds and, therefore, inertial effects may be com-
ing into play. Finally, the dependency is again lin-
ear, as predicted [8].

The second group, labelled B, comprises
the solutions belonging to the semi-diluted
regime, plus S-1.5% solution that, according to
the shear results, already belongs or is in the
transition to the concentrated regime. Their
behaviour at low shear rates, closely resembles
that of the dilute solutions, i.e. there is an approx-
imately linear dependency of DPe on shear rate.
At intermediate shear rates, however, the slope
is 4.0 (instead of a value rounding 2), exactly as
predicted by Cartalos and Piau [8] for semi-dilute

and concentrated solutions. At high shear rates
the dependency of DPe on shear rate is very weak
(the slope is approximately 0.6) and certainly
lower than the theoretical value of 1 [8]. This may
due to a number of reasons, a very strong possi-
bility being the onset of flow instabilities that are
known to be present in these flows and for these
solutions at high shear rates [5, 6]. In this case the
instabilities may be acting as extra stress-relief
mechanisms and thus making the entry pressure
drop decrease.

Finally, the third group, labelled C and
denoting the concentrated regime, is made up of
the 2.5% solution (S1) and shows behaviour that
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Figure 6 (right above): Shift
factors in oscillatory shear.

Figure 7 (right middle):
Entry pressure drops for all
solutions.

Figure 8 (right below):
Reduced entry pressure
drops: Group A – Dilute
regime (c Œ [0, 0.1] %);
Group B – Semi-dilute
regime (c Œ [0.25, 1.5] %);
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is similar, albeit with slightly weaker dependen-
cies of DPe on shear rate, to that of the second
group. At low shear rates this points to a possi-
ble initial extension-thinning behaviour by S1 [6]
before becoming extension-thickening, at the
onset of the second region. At this point, and cor-
responding to a shear rate of 98 s-1, the flow is
known to become unstable [6] with an oscillat-
ing instability developing in the vicinity of the ori-
fice and propagating towards the bulk with
increasing shear rate. This eventually leads to the
complete destruction of the flow structure in the
third region (shear rates above approximately
1000 s-1), with very large instabilities being pre-
sent. Thus, the power 3 dependence of DPe on
shear rate observed at intermediate shear rates
and power 0.4 observed at high shear rates,
instead of the powers 4 and 1, respectively, pre-
dicted theoretically supports the hypothesis of
the instabilities acting as extra stress-relief
mechanisms.

The concentration shift factors versus
polymer concentration of the solutions, for the
semi-dilute regime are represented in Fig. 9. The
values can be related by a power law equation
exhibiting a dependence of approximately c1.2 on
the polymer concentration, which is very similar
to the values found in shear (c1.0 for steady shear
and c1.4 for oscillatory shear).

4 CONCLUSIONS
The aim of the present work was to study the pos-
sibility of finding concentration scaling laws for
polymer solutions spanning several of the con-
centration regimes, which would be very useful,
for example, in aiding the development of solu-

tions with specific properties, since it would
allow polymer concentration to be treated as
another variable, such as temperature or rate of
strain.

The results obtained showed that, in
shear flows, both time-temperature and time-
concentration superposition holds for the stud-
ied solutions, much in the same way as for some
surfactant solutions [7], enabling master curves
to be found for these materials in all concentra-
tion. In fact, the data showed that by means of a
time-concentration superposition method, the
various flow curves could be superimposed into
a single mastercurve. Hence it becomes possible
to find concentration scaling laws for both the
viscous and linear viscoelastic response in rheo-
metrical shear flows for polymer solutions span-
ning all the concentration regimes – dilute, semi-
dilute and concentrated.  For extension
dominated flows, the curves of the entry pres-
sure drops only superimpose in each of the con-
centration regimes, mainly due to the behaviour
at intermediate shear rates, where the polymer
chains are unravelling and elasticity plays a lead-
ing role in the flow behaviour.
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