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Abstract An Australian hard wheat flour–water dough
has been characterised using parallel plate and capil-
lary rheometers over an extensive range of apparent
shear rates (10−3–103 s−1) relevant to process condi-
tions. Torsional measurements showed that the shear
viscosity of the dough increased with strain to a max-
imum value and then decreased, suggesting a break-
down of the dough structure. Both torsional and capil-
lary experiments revealed the shear-thinning behaviour
of the dough. The wall slip phenomenon in capillary
rheometry was investigated and found to be diameter
dependent and occurred at a critical shear stress of
approximately 5–10 kPa. A two-regime power law be-
haviour was observed, with the power law index ap-
proximately 0.3 in the low shear rate range increasing
to 0.67 in the high shear rate range. Pressure fluctuation
was observed in the capillary data and increased with
shear rate, in particular, at shear rates approaching
104 s−1. The results demonstrate that capillary rheom-
etry is a viable means of rheologically testing dough at
high shear rates provided pressure fluctuation is care-
fully monitored and capillary rheometry corrections,
including wall slip, are accounted for.
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Introduction

The wheat flour–water dough system is a rheologically
complex material consisting of a polymeric network of
gluten proteins with around 60% by volume starch filler
particles (Tanner et al. 2008). The practical significance
of studying the rheology of wheat flour–water doughs
to the agricultural and food process industries would in-
clude (a) analysing the effect of growing conditions and
wheat variety on processing and final product quality
and (b) aiding the development of production tech-
niques. Therefore, the characterisation and the sub-
sequent modelling of wheat flour–water dough under
processing conditions are critical to controlling bread
quality and sustaining a cost-effective process.

Over the last 50 years, the breadmaking procedure
has parted from tradition and has been transformed
into a high throughput engineering process. In the
present day, however, breadmaking remains, to some
degree, an art or craft rather than a science or technol-
ogy. This is particularly true for the areas of process
control and quality optimisation that still rely heavily
on experience to make necessary adjustments to the
combination of raw materials, formula and process
(Cauvain 2003). The majority of large throughput bak-
eries are highly automated but are primitively con-
trolled. Experience gained from the polymer industry
has shown the value of rheological data for quality
control purposes (Bagley et al. 1998). However, the ap-
plication of computer-based technology has just started
to be applied to the breadmaking process and is yet
to be fully developed and utilised (Young 1998). This
is mainly due to complex raw materials and process
interactions leading to products of different quality,
making this class of material difficult to constitutively
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describe. The ingredients, wheat flour, water, yeast and
salt (Sluimer 2005), are mixed into a dough that is heav-
ily processed before the baking procedure to obtain the
necessary properties for producing a high-quality loaf
(Bloksma 1990).

A number of contributions have been made to un-
derstanding the rheological behaviour of wheat flour–
water doughs. The reader is pointed to the reviews
available (Bloksma 1972; Faridi and Faubion 1986,
1990; Dobraszczyk and Morgenstern 2003). The appli-
cation of rheology to bread dough can be divided under
two general strands: viscoelastic and flow characteri-
sations. The bulk of research has focused on quality
evaluation through the viscoelastic strand, with only
a handful of literature on the flow characterisation of
dough at shear rates relevant to high throughput
process conditions (Bagley et al. 1998; Breuillet et al.
2002; Cuq et al. 2002; Dhanasekharan et al. 1999;
Lindborg et al. 1997; Sharma 1990; Sharma and Hanna
1987; Sharma et al. 1993a, b; Sofou et al. 2008) despite
a growing need for understanding in this area. Fur-
thermore, throughout these investigations, important
interactions between material and measurement system
are often neglected. This includes fluctuations in data
readings and the possibility of wall slip.

Two flow types are apparent in this type of bread-
making process: extension and shear, with shear
behaviour predominant when in contact with solid
boundaries, for example, in extrusion and cutting. In
this work, we characterise the shear flow behaviour
of an Australian hard wheat flour–water dough over
an extensive range of shear rates, using both simple
shear and capillary rheometry. In addition, we identify
and discuss the experimental and conceptual problems
associated with the capillary rheometry of bread dough,
in particular, wall slip and pressure fluctuation.

The paper is structured as follows: “Materials and
methods” describes the preparation of the dough and
the experimental techniques used in the investigation.
“Results and discussion” is next. First, we present the
shear flow data obtained on a torsional rheometer
and discuss the strain dependency of the bread dough
response. Second, we explore the shear rate range up
to 103 s−1 using a capillary rheometer and investigate
possible wall slip phenomenon. Third, a flow curve
of the capillary data is presented, and both torsional
and capillary data are combined on a shear viscosity
curve. The shear thinning behaviour of the material is
highlighted, and a two-regime power law behaviour is
observed. Finally, high shear rate capillary rheometry
of the dough (up to 104 s−1) is explored and discussed
in relation to findings in research on pastes. The paper
finishes with “Conclusions”.

Materials and methods

Dough preparation

The material used for this study was the Janz variety
commercial Australian hard wheat flour: moisture con-
tent, 12% (wet basis) and protein content, 12.9%. The
dough was prepared by mixing 9.5 g of flour, 6.0 g of
distilled water and 200 mg of salt in a 10-g mixograph.
The mixograph consisted of a four-planetary pinhead
revolving around three statutory pins in a mixing con-
tainer. The dough was allowed to fully develop in the
mixograph, a process taking approximately 3 min. The
duration was determined by a mixing curve, with each
sample judged to be mixed to peak consistency at the
signal peak. After mixing, the dough was placed in a
sealed plastic container inside a sealed wetted plastic
bag to prevent moisture loss. Each sample was rested
for approximately 45 min before use, following the pro-
cedure used by Phan-Thien et al. (1997), to allow the
material to relax after the mixing process. The mixing
operation was conducted under ambient humidity in an
air-conditioned laboratory at 24◦C.

Rotational rheometry

The low shear rate range experiments were carried out
on a Paar Physica MCR 301 rheometer. The parallel
plate configuration was used with a top plate of 25-
mm diameter and a gap width of 2 mm. Slippage was
prevented during the test by gluing fine-grade sandpa-
per to each of the parallel plates, following the method
of Tanner et al. (2008). Before testing, the rheometer
was calibrated, and the temperature was set to 25◦C.
The sample was coated with Vaseline® petroleum jelly
to prevent moisture loss. The sample was allowed to
rest for 30 min before the experiment was commenced
(Tanner et al. 2008). The experiments were performed
in the shear rate range of 10−3–20 s−1. Each experiment
was repeated three times using dough from a freshly
mixed batch. Good reproducibility of results was ob-
served with an error of ±6% across experiments under
the same conditions. The average result is presented.
The same rheometer and sample preparation were used
for small amplitude oscillatory tests.

Capillary rheometry

The high shear rate range experiments were carried
out on a dual barrel Göttfert Rheotester 2000 capillary
rheometer. It comprises of a motor that drives two
pistons at constant velocity through two corresponding
barrels of 15-mm diameter and approximately 270-mm
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length. Round-hole dies of various length/diameter
(L/D) ratios (30:1, 10:1, 5:1, 20:2 and 10:2), where
the second value indicates the diameter in millimetres,
were fixed at the end of the barrel. The temperature of
the twin barrel system was set at 25◦C and controlled
by 3 heaters along the length of the barrel. Dough was
carefully loaded into the barrel to avoid entrapped air
and damage to the dough structure. Approximately 47 g
of dough was required to fill each barrel. The rheome-
ter was calibrated and the two pistons were brought
into contact with the dough. The dough was allowed
to rest in the unit for 10 min before starting the test.
This allows the dough to relax from the filling process
before significant drying of the sample can occur. The
experiments were performed by increasing apparent
shear rate in the range of 10–104 s−1. The pressure at
the entrance to each capillary was recorded by means of
pressure transducers located just above the dies. Each
experiment was repeated three times using fresh dough.
Good reproducibility of data was observed in the shear
rate range of 10–103 s−1, with an error of up to ±8%
for experiments under similar conditions. Results in this
range only are considered in this work, and the average
result is presented. A discussion will also be presented
for behaviour observed at shear rates exceeding this
range.

Results and discussion

Lower shear rate range experiments

The data for shear stress (τ ) versus strain for the shear
rate (γ̇ ) range 10−3–20 s−1, obtained by the physica
torsional rheometer, is plotted over six orders of mag-
nitude of strain in Fig. 1. At strain values approaching
100, the test was stopped due to terminal fracture of the
dough sample.

This dynamic behaviour has been previously
reported in the literature (Lindborg et al. 1997; Phan-
Thien et al. 1997; Tanner et al. 2008). The key charac-
teristic of these curves is that the shear stress increases
with strain to a maximum value and then decreases
without the sample ever attaining a steady state of flow.

For the shear rate range studied, the maximum shear
stress was observed at strain values of 10–24 in this
work, with similar values (5–16) reported in the lit-
erature for hard wheat flour doughs (Lindborg et al.
1997; Phan-Thien et al. 1997; Tanner et al. 2008). The
decrease in shear stress at higher strain values was
interpreted by Phan-Thien et al. (1997) as a strain-
dependent breakdown or rupture of the dough struc-
ture and a partial failure in the gluten network.

JANZ Bread Dough
T=25°C
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Fig. 1 Shear stress versus strain at various shear rates for the Janz
bread dough at 25◦C

Since no steady state was observed, the mater-
ial’s steady shear viscosity cannot be obtained. How-
ever, one can present a viscosity value (η, via η =
τ
γ̇

) for comparison with other rheological test meth-
ods by specifying the strain at which viscosity was
calculated (Lindborg 1995). Figure 9 presents the
strain-dependent viscosity data from the torsional mea-
surements in comparison to data obtained from a cap-
illary rheometer (details of the latter to be presented in
the next section).

Higher shear rate range experiments

There is a limiting shear rate below which data can
be confidently accepted as a reasonably accurate de-
scription of bread dough’s rheological properties in
certain setups of capillary rheometer measurement sys-
tems (Bagley et al. 1998). The flow behaviour of bread
dough at shear rates above this limit will be discussed
later in the Section “Pressure fluctuation”. In this in-
vestigation, we have limited the apparent shear rate
to 1,000 s−1. This is somewhat above shear rates cur-
rently experienced in the bread industry, where shear
rates of hundreds of reciprocal seconds are achieved
(Bloksma 1990). Nonetheless, the elevated conditions
(up to 1,000 s−1) reported in this paper may well be
present in dough processing in the future as companies
strive for higher production rates to maximise profits
and so remain worthwhile areas to investigate.

The Göttfert Rheotester 2000 capillary rheometer
measurement process involves extruding a material
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Fig. 2 Variations in pressure
during capillary extrusion at a
constant apparent shear rate
of 300 s−1
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through a die of finite aspect ratio at a specified vol-
umetric flow rate and measuring the resulting pressure
increase at the die entrance. All dies employ a 180◦ en-
trance angle. Figure 2 shows a typical transient pressure
profile of the Janz variety bread dough at an apparent
shear rate of 300 s−1, calculated from Eq. 2, which will
be explained below, for a 30:1 aspect ratio capillary die
at 25◦C.

The signal variance of steady-state extrusion pres-
sure, shown here at an apparent shear rate of 300 s−1,
is in agreement with observations by other authors
who investigated bread dough (Bagley et al. 1998).

These fluctuations observed in pressure will be exten-
sively discussed in “Pressure fluctuation”. The apparent
shear stress at the wall of a capillary die (τap) for a
finite aspect ratio is calculated from extrusion pres-
sure using the following equation (Dealy and Wissbrun
1999).

τap = �P

4
(
L

/
D

) , (1)

where �P (pascal) is the extrusion pressure and L
(metres) and D (metres) are the respective length and
diameter of the capillary die. The apparent shear rate

Fig. 3 Apparent flow curve
of the Janz bread dough using
capillary dies of 1-mm
diameter and various lengths
at 25◦C
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Fig. 4 Bagley plot of the Janz
bread dough at different
apparent shear rates for
1-mm capillary dies and
various lengths at 25◦C
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(γ̇ap) of the experiment can be expressed, assuming a
flat velocity profile, in the form

γ̇ap = 32Q
π D3

, (2)

where Q (cubic metre per second squared) is the
volumetric flow rate. This expression is true for a
Newtonian fluid. The correction for a non-Newtonian
fluid is applied later and depends on the rheological
nature of the fluid.

Figure 3 shows the apparent flow curves of bread
dough, obtained using the above procedure, at 25◦C for
D = 1 mm and L/D ratios 5, 10 and 30.

Three curves are represented, one for each capillary
length. These flow curves require the Bagley correction
(Bagley 1957) for entrance pressure in order to obtain
the correct value for shear stress at the wall of the
capillary. This correction accounts for pressure associ-
ated with the material entering the die land. Extrusion
pressure is corrected for by constructing a Bagley plot,
which is displayed in Fig. 4.

Extrusion pressure (�P) is plotted against L/D of
the three capillaries (5, 10 and 30) and extrapolated
to L/D = 0, revealing the pressure correction (�Pc)
for several apparent shear rates. Using this pressure

Fig. 5 Bagley corrected flow
curves of the Janz bread
dough for 1 mm (filled
symbols) and 2-mm dies at
25◦C
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correction, the value of shear stress at the wall (τw) can
be calculated by modifying Eq. 1 as follows:

τw = (�P − �Pc)

4
(
L

/
D

) . (3)

The values for �Pc are quite substantial, as expected
for wheat flour–water dough (Bagley et al. 1998;
Breuillet et al. 2002). This is likely due to the gluten
network within the dough structure being subject to
elongational flow at the entrance of the capillary. Sub-
sequently, branched polymers with a high density of
entanglement are known to generate high resistance
to flow at the capillary entrance and also incur high
�Pc values (Liang and Ness 1997; White 1973). The
data in Fig. 4 further suggests a linear relationship
between the pressure and aspect ratio, indicating that
disturbances in flow pattern are insignificant (Breuillet
et al. 2002) and that pressure has a negligible effect on
the properties of the dough. That is, the compression
of the small amount of air contained in the dough
during the mixing process under the conditions of the
rheometer does not significantly change the density
and viscosity of the material. It should be pointed
out that the majority of authors have reported linear
Bagley plots for dough (Cuq et al. 2002; Sharma and
Hanna 1987; Sharma et al. 1993a; Sofou et al. 2008).
Conversely, non-linear Bagley plots have also been
reported (Breuillet et al. 2002) in which disturbances
in flow pattern located at different positions in the
rheometer could be considered as responsible (Cook
et al. 1965). These tests were performed using a 45◦

(90◦ included) entrance angle, as opposed to the 180◦
entrance angle used in this study. A larger contraction
angle induces greater elongational flow on the sample,
offering a higher degree of structural orientation within
the gluten network of the dough at the entrance to the
die land. This limits subsequent deorientation during
shear flow along the capillary, resulting in a reduced
disturbance in flow pattern.

The Bagley corrected flow curves for bread dough
using capillary dies 5:1, 10:1, 30:1, 10:2 and 20:2 can now
be compared and are displayed in Fig. 5.

For a particular diameter, the data collapse in Fig. 5
onto a single flow curve is good; however, diameter
dependence is observed. In capillary rheometry, a di-
ameter dependence of the flow curve strongly suggests
the presence of wall slip (Sharma et al. 1993a). This will
now be discussed.

Wall slip phenomenon

Slip is a well-studied phenomenon in rheology. A de-
tailed review of slip in rheological devices is presented
by Barnes (1995).

The presence of slip when testing dough is well recog-
nised in simple shear (Tanner et al. 2008) but was re-
ported only once in capillary extrusion (Sofou et al.
2008). This is despite the fact that slip has been fre-
quently reported in the capillary extrusion of other food-
stuffs similar to dough: starch-based pastes (Corfield
et al. 1999), coarse food suspensions (Chakrabandhu

Fig. 6 Modified Mooney plot
for the Janz bread dough at
25◦C
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and Singh 2005), butter (Shukla and Rizvi 1995) and
cheese (Muliawan and Hatzikiriakos 2008).

Our studies show that slip in testing dough can most
likely be attributed to wall depletion effects at high
shear rates, similar to other foodstuffs. Wall depletion
is the displacement of the dispersed phase away from
solid boundaries, leaving a lower-viscosity, depleted
layer of liquid (Barnes 1995). This phenomenon occurs
in dough when under shear near the solid boundary
surface. The originally homogenous dough tends to
separate into a protein phase (gluten) and starch areas,
effectively lubricating the material at the wall, and so
the material slips (Breuillet et al. 2002; Stephen 2006).
This effect is generally confined quite close to the wall,
with a typical thickness of 0.1–10 μm (Barnes 1995),
which is much smaller than typical capillary die diameters.

Slip effects can be counteracted in shear rheometers
using roughened surfaces (Barnes 1995; Buscall et al.
1993; Khan et al. 1988). For example, sand paper has
been applied to the plates of a torsional rheometer to
prevent slip when testing bread dough (Tanner et al.
2008) and in this paper. However, slip cannot be pre-
vented in this way using a capillary rheometer as the
geometry is so confined. This is exacerbated by the fact
that rheometers with smooth walls that operate under
high shear gradients, such as the capillary type, are the
most vulnerable to slip effects (Barnes 1995).

In general, slip effects in rheometers can be ac-
counted for if they are confined to very fine layers and
no gross changes occur in the bulk of the fluid (Barnes
1995). This is indeed the case for our measurement
system below shear rates of approximately 1,000 s−1.
Above shear rates of 1,000 s−1, gross changes in the
material occur such that data is unreliable to quantify
wall slip. This matter is discussed further in “Pressure
fluctuation”. The overall flow can be split into slip flow
operating in the near vicinity of the solid wall and
bulk flow effectively running against the slip layer. The
flow can then be resolved into separate, mathematically
describable components with the introduction of the
key quantity of slip velocity. The correction for wall slip
in a capillary rheometer was first reported by Mooney
(1931). A slip velocity can be quantitatively determined
in capillary rheometry by comparing results of dies with
the same aspect ratio but different diameter. In this
case, it is possible to express apparent wall shear rate
(γ̇ap) as a function of wall shear stress (τw), slip velocity
(Vs) and die radius (R) through the following (Mooney
1931):

γ̇ap = 4Vs

R
+ 4

τ 3
w

τw∫

0

τ 2γ̇ (τ ) dτ . (4)

The main assumption made by Mooney is that the slip
velocity is only dependent on the shear stress at the
wall of the capillary. Therefore, for a given value of
wall shear stress, the plot of apparent wall shear rate
versus the inverse radius produces a straight line, with
a slope equal to four times the value of the slip velocity
and the y-intercept the apparent shear rate corrected
for slip (γ̇ap,s). This operation is repeated for a range
of wall shear stresses to obtain a relationship between
slip velocity and wall shear stress. This method has
been successfully applied to several different materi-
als: polyethylene (Blyler and Hart 1970; Lupton and
Regester 1965), molten polymers (Worth et al. 1977)
and elastomer (Knappe and Krumbock 1986).

Studies of wall slip in bread dough in capillary
rheometry are scarce, such that only one recent pub-
lication could be found. Sofou et al. (2008) applied a
modified Mooney method to their investigation. This
modified method was first established by Geiger (1989)
when experimenting with ethylene propylene diene
monomer compounds. Here, the traditional Mooney
method resulted in the apparent shear rate corrected
for slip attaining a negative value, which in turn led to
an unphysically high slip velocity. Geiger then intro-
duced the idea of using curved Mooney plots to eval-
uate wall slip, whereby slip velocity is an exponential
function of inverse die radius for different shear stresses
of the form

Vs (τw, R) = RA (τw)

[
exp

(
a (τw)

R

)
− 1

]
, (5)

where A(τw) and a(τw) are the respective y-intercept
and slope of the fitted linear functions of log γ̇ap and 1/R
for different wall shear stresses, as seen here in Fig. 6.
The value of A is then the apparent shear rate corrected
for slip (γ̇ap,s).

This method has been successfully applied to other
materials: styrene butadiene rubber (Mournaic et al.
1992), thermoplastic starch materials (Aichholzer and
Frtiz 1998) and in bread dough measurements (Sofou
et al. 2008), where all authors have reported linear
modified Mooney plots. The regression lines where slip
is present in Fig. 6 are practically close to parallel, as
represented by the values of a, which suggests that the
data are of reasonable value.

The resulting slip velocity for the Janz variety bread
dough at 25◦C as a function of wall shear stress for 1-
and 2-mm dies is displayed in Fig. 7, which also shows
how slip velocity is dependent on capillary diameter.

The slip velocity decreased slightly with increasing
diameter, as expected for a shear-thinning fluid (Barnes
1995). Several other authors have also observed the
dependence of slip velocity on capillary diameter for
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Fig. 7 Slip velocity vs shear
stress at the wall of the
capillary for Janz bread
dough at 25◦C for two
capillary dies with the same
aspect ratio and different
diameter
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polymeric materials (Mournaic et al. 1992) and bread
dough (Sofou et al. 2008). The critical shear stress at
which wall slip occurs for bread dough is around 5–
10 kPa, which is in the same range as reported by Sofou
et al. (2008) where critical slip occurred at 5, 10 and
15 kPa for diameters 0.4, 0.8 and 2 mm, respectively.
These values are relatively low when compared to
critical slip values of shear stress of similar materials:
around 50 kPa for a potato paste using 1- to 5-mm-
diameter dies (Corfield et al. 1999) and 70 kPa for a
mixture of polymer ethylene vinyl acetate and glass
micro-spheres using a 1-mm diameter die (Lam et al.
2007).

Final flow curve

The corrected shear rate at the wall (γ̇w) can now
be found by applying the Rabinowitsch–Weissenberg
correction (Eisenschitz et al. 1929), which assumes a
power law fluid velocity profile, to the apparent shear
rate corrected for slip (γ̇ap,s).

γ̇w = 3 + b
4

γ̇ap,s (6)

where b is the slope of the curve log (γ̇ap,s) versus log
(τw). For the Janz bread dough at 25◦C, b = 2.2. It is
noted that γ̇ap,s ≡ γ̇ap under a no-slip condition.

Fig. 8 Corrected flow curve
for Janz bread dough at 25◦C JANZ Bread Dough
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The corrected flow curves for dough using 5:1, 10:1,
30:1, 10:2 and 20:2 dies are displayed in Fig. 8.

The data collapses well on a master curve to reveal
the flow behaviour for the Janz variety bread dough
at 25◦C. This curve can be modelled empirically in the
form

τw = Kγ̇ n, (7)

where K is the consistency coefficient and n is the
power law index. For the Janz variety bread dough, K
and n are estimated at values of 859 Pa s0.67 and 0.67, re-
spectively. The exponent emphasises the shear thinning
behaviour of the material and highlights the hardness
of the wheat flour. Past capillary rheometry papers for
hard wheat flour dough similar to the Janz variety have
presented values of n ranging from 0.34–0.64 (Bagley
et al. 1998; Breuillet et al. 2002; Cuq et al. 2002; Sharma
et al. 1993a). These papers have not corrected for wall
slip, thus making the Rabinowitsch–Weissenberg cor-
rected shear rate appear as a higher value for a partic-
ular shear stress, acting to decrease the slope. Indeed,
if the data from this study remained uncorrected for
wall slip, an exponent of n = 0.42 is attained; however,
it is clear that these results are diameter dependent;
hence, wall slip is present, especially at high shear
rates. In the low shear rate range, several authors have
reported exponents for hard wheat flour doughs of n =
0.25–0.3 using torsional rheometry (Hicks et al. 2008;
Phan-Thien et al. 1997; Tanner et al. 2008). This sug-
gests two regimes of shear behaviour.

More can be learned by merging the torsional and
corrected capillary data from both 1- and 2-mm die

diameters as a combined shear viscosity curve, which
is displayed in Fig. 9.

The data ranges of the two separate rheological test
methods (torsional and capillary) are limited and con-
sequently overlap only in the range 10–20 s−1, including
two out of four strain values presented in the torsional
data. The data overlap is not quite matching, which
may be explained by the strain-dependent nature of the
material. Dough has been shown in this investigation;
and others (Lindborg et al. 1997; Phan-Thien et al.
1997; Tanner et al. 2008), to be strain dependent under
torsional measurements and so strain must be specified
to obtain a value for viscosity. In capillary measure-
ments, however, strain cannot be explicitly defined, so a
value for viscosity is generated based on the material’s
steady state in laminar tube flow using a pressure drop.

In Fig. 9, we observe a change in slope in the com-
bined shear viscosity curve around a shear rate of 1–
10 s−1. Indeed, the same observation is made testing an
identical sample under oscillation on the parallel plate
torsional rheometer, as discussed below.

Results for the complex viscosity |η∗|, obtained on
the Paar Physica MCR 301 rheometer, at a shear strain
amplitude of 0.3% as a function of the applied fre-
quency ω (radian per second) are shown in Fig. 10.
Observe the clear change in slope as the frequency is
increased.

The maximum strain that results in a linear viscoelas-
tic response is very small for doughs (Uthayakumaran
et al. 2002). A maximum shear strain of 0.003 (0.3%)
was experimentally determined to be the limit of the
linear viscoelastic region for the Janz variety dough at
25◦C (obtained by an amplitude sweep test using the

Fig. 9 The combined shear
viscosity curve for the Janz
bread dough at 25◦C
displaying both torsional
rheometry data (filled) and
capillary rheometry data
(open)
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Paar Physica MCR 301 parallel plate rheometer), and
this was the amplitude used in the investigation.

For comparison of shear and oscillatory rheome-
try, the Cox–Merz rule is often used, where η(γ̇ ) =
|η∗|(ω)|ω=γ̇ . Although ultimately useful for many poly-
mers, this relationship has been shown to not apply
to bread dough (Phan-Thien et al. 1997; Sofou et al.
2008). However, we observe that the viscosity and os-
cillatory curves have similar characteristics: both Figs. 9
and 10 suggest that the material becomes less shear
thinning, with a lower exponent observed at higher
deformation rates. In addition, in Fig. 9, there is an
obvious difference in slope of the low shear rate data
(n − 1) = 0.74, which is consistent with the literature
(Tanner et al. 2008; Uthayakumaran et al. 2002), and
the high shear rate data (n − 1) = 0.33. This is repli-
cated in Fig. 10 when we look at the oscillatory data as
a function of frequency, where similarity in the slopes of
the two curves can be observed. This confirms the two
regime power law behaviour of the Janz variety bread
dough.

In the past, results from both methods have been
empirically modelled on the basis that the data col-
lapses onto a straight line of a log–log plot, a simple
power law correlation. Therefore, any change in slope
in the data at the limit of the data range would have
been neglected on the basis of simplifying the model. In
this work, the low deformation rate regime portrays the
stability of the structural element of the dough, whereas
the higher rate regime represents the breakdown of this
element and a phase separation at the shearing bound-

ary, effectively influencing the rheological properties
of the dough. Increasing the shear rate further acts to
severely break down the dough to the point where data
cannot be confidently accepted as a representation of
material properties. More can be learned by analysing
the fluctuations in pressure when testing dough at high
shear rates, which will be discussed in the next section.

Pressure fluctuation

Establishing replicate data on the Göttfert capillary
rheometer presents a challenge in the high shear rate
range (in our case, above 1,000 s−1) since gross changes
are occurring in the bulk flow of the fluid. First, pres-
sure fluctuations are so intense that a relatively steady
state of flow cannot be identified, and second, wall slip,
which is prominent in such conditions, is more difficult
to account for.

The typical variance in steady state extrusion pres-
sure at acceptable conditions, shown earlier in Fig. 2,
was significant but accountable. Pressure fluctuation
in the testing of dough is an issue that often gets
overlooked or ignored. This is despite the fact that
understanding how a material interacts with a measur-
ing system is paramount in characterising that material
(Dobraszczyk and Morgenstern 2003).

A statistical analysis has not been carried out on
dough, but it would prove very useful in future research
to combine with qualitative observations. However, the
cause and statistical analysis of pressure fluctuation in
solid–liquid pastes, a material with some similarities

Fig. 10 |η*| versus frequency
measurements at a strain
amplitude of 0.3% for the
Janz bread dough at 25◦C.
n − 1 represents the slope
of the corresponding
torsional or capillary data
presented in Fig. 9
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to bread dough, is well recognised (Amarasinghe and
Wilson 1998; Benbow and Bridgwater 1993; Russell
et al. 2003; Wilson and Rough 2006). After mak-
ing observations during rheological experiments and
analysing the raw data, it is clear that similarities exist
between bread dough and solid–liquid pastes in the
cause of pressure fluctuation. Bread dough consists of
particles in a viscoelastic matrix, and similarly, solid–
liquid pastes are particles in a viscous matrix (usually
water). However, since capillary experiments involve a
steady flow, the elastic component of the dough does
not play an explicit role.

Four causes for pressure fluctuation are identified in
the case of solid–liquid pastes: rupture of large agglom-
erates, release of entrapped gas, inhomogeneity (poor
mixing) and surface fracture. The rupture of large ag-
glomerates causes spikes to a higher extrusion pressure,
a release of entrapped gas is accompanied by a sharp
decrease in extrusion pressure, poor mixing results in
a small alternating noisy signal, and the exact mecha-
nisms of surface fracture are not yet fully understood
(Russell et al. 2003).

Attempts to explain pressure fluctuation in the ex-
trusion of dough in previous literature were made by
Cuq et al. (2002), who described the variations in pres-
sure as a result of the dough structure sensitivity during
the filling of the barrel, and by Bagley et al. (1998)
who attributed part of the fluctuation in dough to
sample heterogeneity by directly observing significant
fluctuations in extrudate diameter. The phenomenon
observed by Bagley et al. was seen occurring in the
current investigation at high shear rates, along with
several additional observations. Upon extruding the
dough, irregular surface fracture patterns could be visu-
ally observed on the sample extrudate typically above
shear rates of 800 s−1 in a 1-mm-diameter die and
1,000 s−1 in a 2-mm-diameter die and became more
noticeable with an increased shear rate. This can partly
be explained by the sharp change in tensile stresses the
dough experiences upon exit from the die land into the
surrounding atmosphere. Alternatively, this fracture
may also be a result of the material breaking down or
rupturing under the high strains experienced close to
the wall of the capillary as showed by the low shear rate
range rheometry in Fig. 1 or the release of entrapped air
at higher shear rates.

A further observation was that what sounded like
exploding air pockets could be clearly heard during the
tests at shear rates above around 2,000 s−1 in 1-mm-
diameter dies and 4,000 s−1 in 2-mm-diameter dies. This
is not surprising since bread dough contains about 8%
vol/vol air after the mixing stage (Wang et al. 2006).
The air expands rapidly as the materials flows out

of the die land to atmospheric pressure and ruptures
the extrudates, promoting surface fracture. This is an
important consideration in designing a high throughput
breadmaking process since the presence of air in the
mixture is a key factor in fulfilling the requirements
of a quality, high-volume and structured loaf (Sluimer
2005). However, a reassuring trend is that the release
of gas is seemingly exacerbated by smaller diameter
dies, and so in large-scale operation of a high through-
put breadmaking process, where dimensions are much
larger, the dough may not be affected.

In solid–liquid pastes, the extrusion process acts to
break down agglomerates and cause significant pres-
sure fluctuation (Bohm and Blackburn 1994). Agglom-
erates are formed in the dough during the mixing
process when starch particles coalesce amongst proteins
with the addition of water and the application of me-
chanical energy. Torsional experiments in this inves-
tigation (Fig. 1) and previous literature (Phan-Thien
et al. 1997; Tanner et al. 2008) have shown that high
strain levels act to break down or rupture bread dough,
such as those reached in the capillary experiments in
this investigation.

Pressure fluctuation can be further investigated by
displaying extrusion pressure versus time for a range
of shear rates with 30:1 and 5:1 capillary dies. This is
shown in Fig. 11.

Figure 11 shows that pressure fluctuations increase
with shear rate and die length. In capillary rheometry,
the use of longer dies is recommended to reduce the
need for standard capillary corrections. In this case,
however, the strain on the material is much larger in
a longer die that acts to intensify pressure fluctuation.
Therefore, the data suggests that the rupture of large
agglomerates is a significant contributor to pressure
fluctuation. That is, it would be expected that the
pressure displays larger fluctuations as the rate of de-
agglomeration increases (Bohm and Blackburn 1994).
This agrees with the suggestion by Bagley et al. (1998)
that pressure fluctuation is associated with sample het-
erogeneity.

One proposed solution to minimise pressure
fluctuation would be to over-mix the dough. Over-
mixing has indeed been shown to significantly reduce
pressure fluctuation, invoking a higher level of con
fidence in the data (Bagley et al. 1998), and has been
adopted by Sofou et al. (2008) in their investigation
on bread dough. Furthermore, it is consistent with the
work of Amarasinghe and Wilson (1998) using solid–
liquid pastes that demonstrated that the reduction
in number and size of agglomerates was matched by
a reduction in pressure spikes to a higher extrusion
pressure. Experiments on over-developed dough we
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Fig. 11 Raw pressure
fluctuation as measured by
the capillary rheometer with
the Janz bread dough at shear
rates 25–1,600 s−1 for
capillary dies with aspect
ratios (L/D) 30:1 and 5:1
(millimetres) and 25◦C
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have undertaken using the capillary rheometer sug-
gest that over-mixing the dough significantly reduces
pressure fluctuations to approximately ±2%, com-
pared to ±8% observed using bread dough mixed to
peak consistency. However, characterising over-mixed
dough is of less use from an application viewpoint since
mixing the dough past its peak consistency results in a
poor quality loaf as the structural element (proteins)
cannot support itself due to terminal damage (Zheng
et al. 2000).

In summary, it is clear that dough mixed to peak
consistency will contain agglomerates that cause pres-
sure fluctuation. Bagley et al. (1998) suggested that
larger sample sizes and die diameters could be used to
identify a relatively steady state of flow and therefore
that pressure output be confidently extracted from the
test to derive parameters that are then used to model
the flow behaviour of the dough. A further option is to
limit the data range of the study, as in this report.

Conclusions

The breadmaking procedure is becoming further indus-
trialised concurrent with a growing demand for bread.
Quality and process control in this industry, as well as
advances in agricultural and processing methods, have
been limited by a deficit in understanding the complex
rheology of wheat flour–water doughs.

Current contributions from the scientific community
in this field fail to completely address the conceptual
problems associated with the determination of the rhe-

ological properties of wheat flour doughs at these con-
ditions, specifically, the interaction between material
and measuring system. For example, Sofou et al. (2008)
have incorporated wall slip into their empirical model
for bread dough at high shear rates; however, to over-
come expected pressure fluctuations, they employed an
over-mixed dough, which has limited practical applica-
tion to breadmaking.

In this paper, the flow behaviour of an Australian
hard wheat flour–water dough was characterised over
an extensive range of shear rates by employing both
torsional and capillary rheometry techniques. Torsional
measurements showed that no steady shear viscosity
could be attained and revealed the strain-dependent
breakdown of the dough structure. In capillary rheome-
try tests, the shear rate range was limited to 1,000 s−1 to
avoid terminal pressure fluctuations typically observed
in capillary rheometry of doughs at high shear rates.
The wall slip phenomenon in the capillary rheometry
of dough was discussed, and the wall slip velocity was
quantified to produce a flow curve, which highlighted
the shear thinning behaviour of the material.

Combining the torsional and capillary data on a
single curve over an extensive range of shear rates
revealed a two-regime power law behaviour, which
was confirmed by oscillatory measurements. This was
explained by the breakdown in the dough’s structure
under high shear gradients. Identifying the two-regime
power law behaviour exercised by bread dough is sig-
nificant to breadmaking since previous literature recog-
nises only a single-regime behaviour. A future direction
in this area would be to understand the mechanisms and
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develop a suitable rheological model for bread dough
over the two regimes.

This paper shows that capillary rheometry is a viable
method for testing bread dough provided that pressure
fluctuation is accounted for. This can be achieved by
limiting the shear rate range and selecting shorter dies
with a larger diameter. In addition, wall slip should
be accounted for in future investigations when testing
doughs in capillary rheometry.
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