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Abstract

Ram extrusion of a solid granular soap was studied using three geometrically

identical but differently-scaled extruders. The experimental design revealed

deviation from the Benbow and Bridgwater (1993) extrusion model due to non-

ideal, scale-dependent effects. Typically these effects, linked to the shear rate

in the extruder, are absorbed into the model’s material pseudo-properties. The

data were able to be represented using the Basterfield et al. (2005) model for

extrusion flow which does include a shear rate as a variable.

Flow visualisation in conjunction with fluid dynamics-based simulations showed,

however, that the assumptions underlying the Basterfield et al. model are not

appropriate for soap extrusion, despite the good agreement of the model with

the experimental extrusion data. This highlights a need for care in interpreta-

tion of extrusion data, in that the limited information gathered about any given

experiment, typically just the extrusion pressure, can lead to the generation of

spurious parameters if the wrong model is applied.
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1. Introduction

Extrusion is a net shape forming operation for the manufacture of objects

with a constant cross section. The material to be formed is forced under pressure

through an orifice or die with the desired shape, after which the rheological

∗Corresponding author, diw11@cam.ac.uk, +44(0)1223 334791

Preprint submitted to Elsevier July 10, 2017



properties of the material cause it to retain its new geometry. Ram extrusion is5

a type of extrusion in which a moving piston or ram directly drives the material

through the die while the material is constrained in a reservoir (the barrel).

The classes of extrudable materials are varied, ranging from liquid polymer

melts, which rely on post-processing solidification and their high viscosity to

retain the die shape; to metals such as aluminium which deform elasto-plastically10

when changing shape. This work is concerned with the ram extrusion of soft

solids and visco-plastic fluids, such as gels, dense solid–liquid suspensions and

pastes, which have applications in ceramic manufacturing, pharmaceuticals and

foodstuffs, among other areas (Wilson and Rough, 2006).

Analysis of extrusion flow is complex, owing to a combination of the non-15

trivial contraction flow field, materials with strongly non-Newtonian rheology

(particularly in extension) and the phenomenon of wall slip, which is especially

prevalent in dense solid–liquid suspensions (Barnes, 1995). As a result, there

is a gap in knowledge between theoretical models of extrusion and the issues

encountered in real-world manufacture.20

A popular model for ram extrusion of such materials is that of Benbow

and Bridgwater (1993), equation 1a. The model, proposed by Ovenston and

Benbow (1968), and later advanced by Benbow (1971) and Benbow et al. (1987),

describes the extrusion pressure Pex, which is the force applied to the material

divided by the contact area of the ram, as a function of the extrusion geometry25

and rate, these being defined in figure 1 for a cylindrical extruder. The type

of extruder shown is known as a square-entry device as the angle between the

barrel wall and the surface of the die is 90◦; an alternative style of extruder is a

conical-entry device (not shown) where the die is tapered and the angle at this

corner is greater than 90◦.30

The contributions to Pex for the square-entry case according to the model are

the pressure required to affect the change in cross-sectional area from the barrel

to the die (P1) and the pressure to overcome friction between the die walls and

the material (P2). Material both upstream and downstream of the die is assumed

to be in plug flow, with the ram velocity (Vram) being related to the extrudate35
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Figure 1: Schematic diagram of a vertical, concentric cylinder ram extruder with a square-
entry geometry.

velocity in the die (Vex) by conservation of volume, i.e. D0
2Vram = D2Vex.

Pex = 2σY ln
D0

D︸ ︷︷ ︸
P1

+ 4τW
L

D︸ ︷︷ ︸
P2

(1a)

= 2 (σ0 + αV m
ex ) ln

D0

D
+ 4 (τ0 + βV n

ex)
L

D
(1b)

While the P1 contribution is derived from an assumption of ideal work on

a perfectly plastic material (with yield stress σY), real extrusion materials are

more complex. Experimental observations caused Benbow and Bridgwater to

account for non-ideal work using the modified yield stress expression σ0 +αV m
ex ,40

as in equation 1b. Here σ0 is an ‘ideal’ static yield stress, α is a velocity

multiplier for additional yield strength and m is a velocity exponent.

The P2 contribution is the result of a force balance on the paste which

experiences a shear stress from the die wall (τW). This was again extended

based on experimental observations (equation 1b) to include a rate-dependent45

wall shear stress (τ0 + βV n
ex), with a ‘slip yield stress’ τ0 and an additional

multiplier and exponent β and n. This form of wall shear stress is similar to

the slip law attributed to Navier (1823), with an extension to non-linearity and

allowance for cessation of wall slip below a certain stress.
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An alternative P1 expression was provided by Basterfield et al. (2005), equa-

tions 2a and 2b, which is based on an analysis of a material exhibiting Herschel–

Bulkley rheology. The analysis assumes a conically converging flow of material

into the die, forming a conical flow zone with half-angle θ measured from the

centreline (also defined in figure 1 for the square-entry case). This type of model

is referred to in the literature as a ‘radial flow’ model, examples being Snelling

and Lontz (1960) and Ariawan et al. (2002), among others, as the flow converges

radially to a point just inside the die entrance.

P1 = 2σY,HB ln
D0

D
+AkHB

(
2Vex
D

)h
[

1 −
(
D

D0

)3h
]

(2a)

A =
2

3h
[sin θ (1 + cos θ)]

h
(2b)

A conical flow field is assumed to develop either due to the use of a conical-entry50

extruder as described earlier, or in the square-entry case due to material at the

barrel–die corners being stagnant and unyielded, forming static regions which

emulate a conical wall. A further assumption of the model is that this wall is

frictionless, which is required to permit the derivation of this one dimensional

result.55

In contrast to the Benbow–Bridgwater model, which uses phenomenological

material parameters, the Basterfield et al. model contains the Herschel–Bulkley

yield stress σY,HB, the viscosity coefficient kHB and the viscosity exponent h.

This allows material data derived from alternative sources (such as rheometric

tests) to be applied to ram extrusion modelling, and vice versa.60

Other authors have also proposed theoretical models for the P1 term, typ-

ically reliant on a similar assumption of directly converging flow. Examples

include Ariawan et al. (2002) for a poly-tetrafluoroethylene resin and Althaus

and Windhab (2011) for a highly unsaturated wet powder, who used a granular

solids-modelling approach. The need to develop bespoke extrusion models for65

specific materials highlights the complexities and range of behaviours found in

soft-solid flow, and should demonstrate the need for caution when applying any

‘simple’ model.
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Many attempts have also been made to analyse extrusion through numerical

methods (Abdali et al., 1992; Jay et al., 2002; Hatzikiriakos and Mitsoulis,70

2009; Kountouriotis et al., 2014). These, however, share the same limitations

as theoretical treatments, as they must at some point select a material and wall

interaction model to represent the complex real system.

The most common approach is to treat the extruding material as a regu-

larised visco-plastic fluid (Papanastasiou, 1987), such as a Bingham plastic or75

Herschel–Bulkley material but with a divergent viscosity near the yield point,

rather than true yielding. This modification is a mathematical convenience to

allow simulation using standard fluid dynamics solvers, though techniques do

exist to allow the true form of the material models to be used (Saramito and

Roquet, 2001; Moyers-Gonzalez and Frigaard, 2004; Dimakopoulos et al., 2013)80

at the price of increased computational time and implementation complexity.

Less common, but perhaps more suitable for particularly dry or stiff materi-

als, is a treatment involving solid mechanics. Horrobin and Nedderman (1998)

and Horrobin (1999) simulated an elastic-plastic solid using both no-slip, partial

slip and frictionless walls. Their data provide a correlation for P1 for the no-slip

case given by:

P1 = 1.92σY ln
D0

D
+ 1.08σY (3)

where the similarity to both the Benbow–Bridgwater and Basterfield et al. mod-

els can be seen. However, the use of an elastic–plastic model without rate depen-

dence implies no scaling with Vex, despite experimental observations to support

this. Beyond this there has to the best of our knowledge been limited work done85

modelling soft-solid extrusion using solid mechanics solvers, although a notable

example is that of Patel et al. (2007, 2017).

An additional factor that feeds uncertainty over selection of an extrusion

model is that most extrusion experiments only record the extrusion pressure Pex

as a function of extrusion velocity and extruder geometry. Most models contain90

sufficient parametric degrees of freedom to enable these data to be represented,

regardless of whether the choice of model is appropriate.

5



Flow visualisation offers a possible source of supplemental validation, as it

provides detailed information about flow velocities which can be compared to

numerical solutions or assumed velocity profiles. Examples of flow visualisation95

as applied to extrusion include Götz et al. (1993) and Barnes et al. (2006)

who used MRI to track paste movement, and Wildman et al. (1999) who used

positron emission particle tracking. Several authors have also carried out a

simpler visualisation process by marking areas of paste before extrusion, and

subsequently examining any deformation of these regions to identify static or100

fast-flowing areas in the barrel. This can serve as a check on the assumed flow

field. Examples of this include work by Ariawan et al. (2002), Perrot et al.

(2007, 2012) and Bryan et al. (2015).

The current work presents laboratory-scale ram extrusion studies of a model

solid granular soap with the aim of identifying an appropriate extrusion model.105

Also presented are data from a bespoke flow visualisation tool for ram extrusion,

again using soap as the test material, in order to determine whether the radial

flow hypothesis used in the Basterfield et al. (2005) model is applicable to soap.

The results are then compared with fluid dynamics-based simulations of the

same flow for the purposes of validation and as a further check on the choice of110

models.

2. Materials and methods

A dry, granular, solid soap used for commercial and domestic cleaning was

selected as the experimental material. Soap extrusion has previously been stud-

ied by Amarasinghe and Wilson (1998), Domanti and Bridgwater (2000), Barnes115

et al. (2006) and Castro et al. (2010), and was found to behave reproducibly.

The granules (Dri-Pak Ltd, UK) are translucent, cream-coloured and are typ-

ically square or diamond shaped with side length 5 mm and thickness 1 mm.

They are individually brittle but compact to a solid block under sufficient ap-

plied stress. The material was found to extrude reliably into smooth-sided,120

strong extrudates. The soap composition was not investigated in detail, though

the manufacturer indicates that it is produced from a blend of sunflower and
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Table 1: Summary of barrel and die geometries

D0 (mm) 25 11 5.5

D (mm) 4.5 2.0 1.0
D0/D (-) 5.56 5.50 5.50
L/D (-) 1.78, 4, 8, 12 2, 4, 8, 12 2, 4, 8, 12

coconut oils. It is also possible to deduce that the soap is primarily sodium

stearate (rather than a potassium or magnesium stearate) due to the brittleness

of the granules (Barel et al., 2005, p. 488).125

Most extrusions were carried out using three stainless steel, concentric-

cylinder, square-ended barrel and die sets, all axisymmetric, summarised in

table 1. The sets had the same ratio of D0/D for each extruder (within prac-

tical limits) as well as equivalent L/D ranges, such that all geometric terms

within the Benbow–Bridgwater model were kept constant. Each extrusion sys-130

tem was machined to a similar surface finish, and each set has experienced a

similar degree of use such that any wear on the surfaces would be comparable.

Each barrel and die set was paired with a polyetherether ketone tipped stain-

less steel ram, machined to give a close fit to its particular barrel. Each set was

mounted in a Zwick-Roell Z050 universal testing machine (Zwick GmbH, Ger-135

many) capable of exerting up to 50 kN on the billet of material. The positioning

resolution of the Zwick device was 1 µm and the force sensor resolution was 0.1

N.

Each barrel was filled by hand such that the aspect ratio of the loaded

billet (height/diameter) was approximately 6.5. After loading, each billet was140

compacted mechanically to the same applied pressure of 10 MPa in order to

minimise the presence of air pockets in the billet before extrusion. Extrudate

velocities of 10, 50, 100, 180 and 250 mm/s were used.

A windowed, hemicylindrical, stainless steel extruder was also designed and

constructed to enable flow visualisation studies, shown in an expanded diagram145

in figure 2. The hemicylindrical barrel is of diameter 25 mm and the die of
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Figure 2: Expanded diagram of the hemicylindrical flow visualisation tool. In operation the
blanking plate, glass window and clamp are rotated to lie flush with the barrel, and bolted in
place.

diameter 3 mm with length L = 25 mm. The upper 80 mm of the half-barrel is

covered with a solid steel blanking plate, while a quartz glass window of thickness

19 mm and length 110 mm covers the remainder of the barrel, the die and a

short distance beyond the die exit. A conical-shaped stainless steel insert was150

also fabricated, which converts the square-entry extruder into a conical-entry

device with a half angle, θ, of 30◦ as defined in figure 1.

The flow was visualised by seeding the soap granules with hard, black basalt

spheres of typical diameter 250 µm (Whitehouse Scientific Ltd, UK) and record-

ing the motion of these particles through the window using a Nikon D3300 SLR155

camera coupled to a 40 mm focal length macro lens. These videos were then pro-

cessed using a custom software routine written in MATLABTM(The MathWorks

Inc., USA). The routine detects each basalt sphere in each frame of the video,

and through a combination of nearest-neighbour matching and extrapolation

of prior trajectory constructs particle tracks through the field of the image. A160

Kalman filtering stage is then used to reduce noise in the data, simultaneously
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computing the particle velocities for analysis.

Separately, additional information about the flow pattern was ascertained

by extruding a billet of soap through the cylindrical extruder in which part of

the material had been stained black using graphite powder at a concentration of165

1% by weight. The technique is referred to as contrasting paste extrusion and

is described in more detail in Bryan et al. (2015) using a damp microcrystalline

cellulose paste as the extrusion material.

Simulations of the extrusion flow were performed using ANSYS Polyflow 14.5

(ANSYS Inc., USA), a finite element-based fluid dynamics software package de-170

signed for non-Newtonian fluids. The Papanastasiou (1987) regularised viscosity

model was used to simulate the visco-plastic behaviour (of the Herschel–Bulkley

type), while a non-linear Navier-type slip law (equation 4) was used to describe

the wall interaction behaviour, relating wall shear stress τW to the slip velocity,

here equivalent to Vex, through a slip coefficient and exponent β and n.175

τW = βV n
ex (4)

The parameters for the wall interaction behaviour were determined through

separate experiments conducted by the author (Bryan et al., 2017), with values

of β = 4.8 × 105 Pa/(m/s)0.34 and n = 0.34 chosen as representative of the

results seen experimentally. This model does not include a slip yield stress, viz.

τ0, as in the Benbow–Bridgwater model (equation 1b); this is a limitation of180

the finite element solver used.

In other aspects the details of the simulations were similar to those reported

in Bryan et al. (2015).

3. Results and discussion

3.1. Extrusion data185

Under the Benbow–Bridgwater interpretation of extrusion data (equation

1b), for a given D0/D ratio and extrudate velocity Vex, the extrusion pressure

should vary only as a linear function of the die aspect ratio (L/D). The extrusion
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equipment was specifically chosen to give a near constant D0/D for the three

sizes of barrel (D0 = 25, 11, 5.5 mm). Bagley-type plots recorded at an extrudate190

velocity of 100 mm/s are shown in figure 3.
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Figure 3: Bagley-type plots of soap extrusion in three geometrically identical, different-sized
extruders at Vex = 100 mm/s. Straight lines are least squares best fits to the data, and error
bars represent the 10th and 90th percentiles of extrusion pressure as sampled.

The data show a clear deviation from the Benbow–Bridgwater framework.

The ordinate axis-intercept and slope of each line increase as D0 and D decrease.

These are used to calculate the material yield stress (σY) and the die wall

shear stress (τW), respectively. This trend was found to be consistent across195

the whole range of extrusion velocities studied and is summarised in figure 4.

In addition, values of the Benbow–Bridgwater parameters for different soaps

from the literature are presented in table 2. The same trend was also recorded

using an alternative material, a micro-crystalline cellulose and water paste (data

provided as supplementary material).200

The apparent variation of yield stress with scale is likely due to differences

in the apparent shear rates in each extruder. This is expected to scale with the
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Figure 4: Benbow–Bridgwater parameters for soap, (a) yield stress and (b) wall shear stress,
in three sizes of extruder. Lines are least-squares best fits to the data with parameters given
in table 2. Error bars represent 90% confidence interval for the Bagley-type plot intercepts
and slopes. Points are offset along the velocity axis for clarity. In figure 4(b) the additional
thick line is equation 4 evaluated with the parameters used in later numerical simulations.
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Table 2: Parameters of the Benbow–Bridgwater model (equation 1b) obtained for soap in the
three extruders tested and for different soaps from the literature.

D0 D σ0 α m τ0 β n
(mm) (mm) (MPa) (MPa/ (-) (MPa) (MPa/ (-)

(mm/s)−m) (mm/s)−n)

Current 25 4.5 0.77 0.0033 1 0 0.040 0.33
Current 11 2 0.95 0.0038 1 0 0.039 0.41
Current 5.5 1 1.44 0.0046 1 0 0.033 0.49
Amarasinghe and
Wilson (1998)

25 3 0.558 0.0039 0.87 0.018 0.011 0.56

Benbow and Bridg-
water (1993)

25.4 2,5.1,9.3 0.540 0.0254 0.440 0.025 0.008 0.76

Barnes et al. (2006) 25 8 0.122 0 1 0.036 0.0018 0.7
Castro et al. (2010) 12 0.5,1,2 0.2 0 1 - - -

quantity Vex/D, cf. the shear rate in the flow of a Newtonian fluid in a pipe

(8Vex/D). While the Benbow–Bridgwater model scales with Vex, the missing

1/D dependence would normally absorb into the fitted parameters σ0 and α205

neatly, as long as the ‘size’ of the extruder remained constant for all experiments.

This reflects the fact that the parameters are pseudo-properties linked to both

the experimental conditions and the material, rather than a true measurement

of the material behaviour. The apparent shear rate was used to perform scale-

up modelling of PTFE paste extrusion by Ardakani et al. (2013), though the210

data were not considered in the context of the Benbow–Bridgwater model.

The variation in τW is more difficult to reconcile as the factors likely to

affect the wall slip, the slipping material and the wall itself, were constant

throughout all of the experiments. A possibility is that the wall slip behaviour

of soap is pressure-dependent, in that the increased extrusion pressure in the215

smaller extruders would act to increase τW due to enhanced material–wall con-

tact. Pressure-dependent slip is somewhat supported by experiments reported

separately (Bryan et al., 2017), though the magnitude of the effect here is larger.

This type of slip is not often suggested for fluid-like materials but it is possible

that soap behaves more like a solid in this context, which typically show normal220

stress-dependent friction. Also possible is that some difference in the surface–
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material interaction affects the τW values in the three extruders. It was not

possible to study this further in the context of the present work, though Bryan

et al. (2017) does present data from extruders constructed of different materials

and with different surface finishes, finding that this can affect τW measurements225

by a similar magnitude.

While table 2 shows that there is substantial variation in Benbow–Bridgwater

parameters reported in the literature for materials which are all classed as soap,

the current findings indicate that even greater care must be taken when com-

paring values originating from different geometries. It is also worth repeating230

that the flexibility afforded by the fitting process allows incorrect interpretation

of the data; in this instance a very specifically crafted set of experiments was

required to reveal the discrepancy with extruder scale. The current findings are

of direct consequence to scale-up operations in industry, where large produc-

tion extruders may perform differently to laboratory scale devices despite the235

material being the same.

The data for σY were able to be represented by applying the Basterfield

et al. (2005) model, equation 2a, as shown in figure 5. Some improvement in

the agreement between the three sets of data is expected, as the Basterfield

et al. model uses the characteristic shear rate Vex/D as its scaling quantity for240

P1, rather than Vex alone.

The fit to the data is satisfactory, and the Herschel–Bulkley parameters cal-

culated were σY,HB = 0.57 MPa, kHB = 0.28 MPa s0.44 and h = 0.44. The

effective fourth fitting parameter, θ, was found not to influence substantially

the rheological parameters between values of 40 and 90◦ in agreement with ob-245

servations in Basterfield et al. (2005). Without evidence to support a particular

value of θ, 45◦ was chosen as a neutral value to be validated later through flow

visualisation.

The yield stress of 0.57 MPa is large for a material being treated as a fluid.

The magnitude, however, is unsurprising as the soap is effectively a solid block250

within the extruder. The large value does cast doubt on the applicability of the

model when most Herschel–Bulkley materials have yield stresses on the order
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Figure 5: P1 as a function of characteristic shear rate Vex/D. Solid locus shows the Basterfield
et al. model fit to the data assuming a θ = 45◦ converging region. Error bars represent the
90% confidence interval for the Bagley-type plot intercepts.

of a few pascals.

It is also notable that the fitted value of σY,HB is smaller than the Benbow–

Bridgwater parameter σ0 for all three extruders tested. This is further confir-255

mation that the deformation behaviour is more complex than the pseudo-plastic

model used by Benbow and Bridgwater, as the Basterfield et al. model places

more weight on rate-dependent viscous effects in generating the resistance to

flow, rather than contributions from the yield stress.

A further test enabled by the Herschel–Bulkley parameters is calculation of260

the expected wall shear stresses in each die assuming no slip at the wall; these

can be compared to the experimental values in figure 4(b). These calculations,

using an expression for the pressure gradient in a flowing Herschel–Bulkley fluid

found in Stainsby (1998), provide τW values an order of magnitude greater than

those seen experimentally, in the range 0.7–8 MPa as opposed to 0.08–0.4 MPa.265

This confirms that the soap slips at the walls of the extruder, if it is assumed
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that the parameters used are representative of the material.

3.2. Numerical simulations

When applied to numerical simulations of the same flows the Basterfield et al.

model-derived parameters were found not to reproduce the extrusion behaviour270

seen experimentally. The wall interaction was specified by equation 4 (shown in

figure 4(b)), which does match the observed experimental behaviour. While the

magnitude of the extrusion pressures were comparable, there was found to be

minimal effect of extruder scale in the simulated results. This suggests that the

Basterfield et al. model was indeed not an appropriate choice for representing275

soap extrusion, despite its ability to reconcile the experimental data for each

barrel. This is at least in part due to differences between the assumed velocity

field and that which develops naturally numerically. The two velocity fields,

both 2D axisymmetric representations of the flow, are shown in figure 6, where

in particular the curvature of the simulated streamlines signifies increased shear280

in the entry zone.

Static
region

Slow fl
ow

90°-θ

Model Simulation

Figure 6: Comparison of the Basterfield et al. velocity field (left) with the simulated velocity
field (right) for a typical cylindrical extrusion. Grey areas are the regions of static material
either assumed or calculated in each case, using a value of θ = 45◦ on the left.

15



Adjusting the Herschel–Bulkley parameters to lower the yield stress relative

to the viscosity coefficient, kHB, was found to increase the variation in Pex with

extruder scale, shown in figure 7. This arises from a reduction in the shear-

thinning character of the fluid, amplifying the effect of the increased shear rate285

in smaller extruders (Vex/D for constant Vex), which generates larger extrusion

pressures. While this does improve agreement with the experimental data, it

does so by effectively treating the soap as a power law fluid with minimal yielding

character, despite its solidity when not under stress.
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Figure 7: Effect of adjusting the Herschel–Bulkley yield stress for constant kHB = 0.28 MPa
s0.44 and h = 0.44, for extrusion using three barrel diameters at L/D = 12 and Vex = 250
mm/s. The data points are experimental values for these conditions, where D0 = •−5.5 mm,
◦ − 11 mm, �− 25 mm.

Similarly, modifying the simulated flow boundary condition towards one of290

no-slip also caused an increase in the effect of extruder scale, shown in figure

8. This arises because a no-slip condition causes shear of material in both the

barrel and die (rather than plug flow), acting to increase energy dissipation and

so the extrusion pressure. As the shear rate is larger in smaller extruders (the

soap velocity being equal), this increases the extrusion pressure in the smaller295

geometries, matching the experimental trend. This is, however, a false result as
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a no-slip condition is not representative of paste flows. Moreover, the analytical

wall shear stress assuming no slip was already calculated and found to be much

larger than that determined experimentally, implying a slip condition in the real

system. Notable also is the sensitivity of the extrusion pressure to the degree300

of wall slip over a very small range of slip velocities, indicating that accurate

material properties alone are not sufficient to simulate extrusion, but only in

combination with a good model of the boundary behaviour.
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Figure 8: Effect of the slip velocity on the simulated extrusion pressure for constant material
properties, for extrusion using three barrel diameters at L/D = 12 and Vex = 250 mm/s. The
slip velocity was adjusted by changing the slip parameter β through four orders of magnitude.
The data points are experimental values for these conditions, where D0 = •− 5.5 mm, ◦− 11
mm, �− 25 mm.

Extensive adjustment of the five available parameters (three material and

two wall interaction properties) was able to bring simulation and experimental305

data into closer alignment, including the variation of Pex with scale. However,

the insight to be gleaned from this parameter fitting exercise was limited at best,

as it is likely there are multiple sets of parameters which satisfy the data. In

reality this is proof that the choice of wall and material models was inappropriate

for soap extrusion from the outset.310
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3.3. Flow visualisation

To gain further information on the flow behaviour, and in doing so guide the

choice of models used to represent it, several types of flow visualisation were

carried out. These results can also be compared to both the theoretical flow

pattern implied by the Basterfield et al. model and the simulated flow patterns315

generated previously.

Contrasting paste extrusions using the full cylindrical extruder were first

conducted owing to their simplicity. Black, graphite-stained soap was extruded

in sequence before normal, uncoloured soap and the patterns remaining in each

billet after cross-sectioning were imaged, shown in figure 9. These images were320

taken from separate, interrupted extrusions of identical bi-colour soap billets

after different ram displacements, and give an indication how the initially flat

interface between the black and white soap deforms as it nears the die.

The images show an almost complete lack of interface deformation until the

black-stained soap has extruded through the die, suggesting that the flow field325

remains uniform (in plug flow) except in a very narrow layer near the die itself.

This behaviour was also observed when extruding white soap followed by black-

stained soap, confirming that the effect is not a result of the testing method.

Such a result is unusual when compared to similar experiments in the literature,

where the interface is typically seen to deform towards the orifice well upstream330

of the die, on the order of one barrel diameter from the entrance (as in Bryan

et al. (2015)).

Also notable is the small extent of the static regions at the barrel–die corners

after sufficient unstained soap has extruded. Static regions at the corners of the

extruder have been observed in ram extrusion of numerous materials such as335

PTFE resins, cement and in soap itself (Castro et al., 2010), but there is very

little consistency over the extent of these regions between different materials.

Bryan et al. (2015) observed smaller static regions in micro-crystalline cellulose

extrusion than other sources in the literature (for different materials), but the

present static regions in soap extrusion are smaller still, on the order of 1 mm340

characteristic size in a 25 mm diameter barrel (cf. 3 mm in a 25 mm barrel for
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(a) 20 mm (b) 30 mm

(c) 35 mm (d) 40 mm

(e) 50 mm

25 mm

(f) 60 mm

Figure 9: Images of the cross-sections of extruded billets of soap consisting of 50% black-
stained material followed by uncoloured soap. Extrusion direction is from top to bottom.
Ram displacement is marked below each image. Barrel diameter 25 mm, die diameter 3 mm,
initial billet height 70 mm, and ram velocity 1 mm/s.
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micro-crystalline cellulose).

These observations were confirmed and expanded upon using the windowed

hemicylindrical extruder. The flow videos were processed to provide a visual

record of the particle tracks akin to streak photographs generated by a long345

film exposure of the flow. Examples of these are shown in figure 10 for both

square-entry and conical-entry extruder configurations. These images can be

compared to the simulated and model velocity fields shown in figure 6.

For the square-entry case, as in the contrasting paste extrusion images, it is

observed that the flow remains largely uniform across the barrel until approx-350

imately 5 mm upstream of the die, and that there is negligible static material

at the corners of the extruder (revealed by a lack of stationary tracer spheres

there). This implies that the flow is effectively horizontal along the die face,

and by extension the soap must slip against this wall.

A further implication of this is that the effective value of θ (the conical half-355

angle in the Basterfield et al. model) is 90◦, rather than 45◦ as used in fitting.

However, at θ = 90◦ the conical flow area has zero penetration into the barrel

(referring to figure 6), and a value of θ = 70◦ more closely replicates the pattern

of particle tracks (albeit without capturing the flow along the die face or in the

corners of the extruder).360

In contrast, the conical-entry extruder effectively imposes the same flow field

assumed by Basterfield et al. (with θ = 30◦). This is especially true as the soap

slips readily against the extruder walls, mimicking the frictionless conical walls

used in the derivation. The path photograph demonstrates the marked difference

between the flow in the two extruders and invalidates the assumption that the365

static regions would form such a conical flow pattern, at least in the case of soap

flow. The conical geometry also caused an increase in the extrusion pressure of

order 30% compared to the square-entry case. This increase can be attributed

to a larger zone of shear and extension affecting the same degree of change in

cross-sectional area of the material, causing more energy to be dissipated in the370

extrusion process.

It is noteworthy that in both images path-lines cross on the approach to the

20



25 mm

(a) Square-entry

(b) Conical-entry

Figure 10: Path photographs of extruding soap in the windowed hemicylindrical extruder in
both a square-entry and conical-entry configuration. Barrel diameter 25 mm, die diameter 3
mm, ram velocity 0.1 mm/s, conical half angle 30◦.
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die. This is evidence that the material is not homogeneous, a key assumption

of any fluid model, as homogeneity would ensure consistent particle trajecto-

ries throughout the extrusion. This variability in flow pattern is likely due to375

the granular nature of the soap, which is loaded into the barrel as plate-like

pellets. A similar variability in the flow pattern was noted in soap extrusion

by Barnes et al. (2006). Despite a thorough pre-compaction of the billet prior

to extrusion, some of the granular structure survives the loading process and

confers anisotropy to the material, causing the flow to fluctuate slightly as the380

extrusion proceeds. Similar behaviour was observed in separate experiments

during extrusion of micro-crystalline cellulose, which is also granular, but not

with a more typical viscoplastic fluid, a carbopol gel (MCC image shown as

supplementary material, Carbopol data not reported). A potential method to

overcome the heterogeneity in soap would be to use an alternative extruder load-385

ing technique, pouring molten soap into the barrel before allowing it to solidify

into a billet.

A hypothesis for the particular shape of the flow field in the square-entry case

also stems from the lamellar nature of the soap granules, which were typically

found to align horizontally in the barrel after loading. This configuration will390

ensure that deformation in the horizontal plane (plates sliding past each other) is

easier than in the vertical direction (requiring the granules themselves to deform

or break). On initiation of the extrusion, the deformation field requiring the

least energy input will start first (primarily horizontal translation near the die).

This material is replaced by soap moving downstream in plug flow, whereupon395

the cycle repeats. This mechanism is enabled by the low friction between the

walls of the extruder and the soap as it enables the flow along the die face,

perpendicular to the dominant axial direction of flow.

Quantitative analysis of the visualisation data provides the time-averaged

velocity at each point in the flow field. Defining a cylindrical coordinate system400

(r, φ, z) in the vertical barrel with origin at the die entrance and assuming

axisymmetry with no swirl (φ velocity zero), the velocity at any point can

be represented as two components Vr and Vz (radial and axial velocity) along
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diameters of the barrel (at height z above the die). The components from the

square-entry flow visualisation case are compared to both the simulated and405

model velocity fields in figure 11. For the calculation of the Basterfield et al.

model velocity field, a half-angle θ of 70◦ was used as discussed above.
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Figure 11: Axial and radial velocity profiles along horizontal cross-sections (a), (b) 20 and
(c), (d) 2 mm above the die (shown in inset diagrams), Vram = 0.1 mm/s. Solid lines are
flow visualisation results from the square-entry windowed hemicylindrical extruder, dashed
lines are simulation profiles and dotted lines are the Basterfield et al. velocity profile (with a
half-angle θ = 70◦).

The velocity profiles furthest upstream of the die, describing pure axial plug

flow, serve as a form of validation of the visualisation system as the veloc-

ity at this location is expected to be close or equal to that of the ram. The410
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velocity recorded here is on the order of 85 to 95% of the ram velocity, sug-

gesting that the glass window and the hemicylindrical geometry act somewhat

to slow the flow, but likely not enough to affect the flow pattern substantially.

Manual confirmation of the tracer sphere velocities was also carried out to test

the automated algorithm; these calculated velocities typically agreed with the415

time-averaged values to an acceptable level, with some error attributed to the

previously noted variation in the flow field itself.

The sequence of plots describes quantitatively the same conclusions which

were derived from the path photographs, revealing the upstream axial plug flow

changing over to fast inward radial flow near the die. In a series of experiments420

at different ram velocities, there was found to be no substantial change to the

flow field in soap with speed, though some variation was noted in both micro-

crystalline cellulose and a carbopol gel (data not reported). The performance

of the visualisation system for carbopol gel was poor, however, as there was

insufficient wall slip between the glass and gel to be confident that the flow field425

was not substantially altered from the fully cylindrical case.

Comparing the data to the simulated and model profiles, it is clear that

there is good agreement in the plug flow region far upstream of the die. Nearer

the die the agreement is poor, and in particular the experimental centreline

axial velocity is substantially lower than both the simulation and model. Close430

inspection of videos of the flow confirmed that this low velocity is real (and not

an artefact of the automated algorithm). A hypothesis for the apparent slow

flow in this area is that the soap is less able to slip against the glass near the

entrance to the die, due to radial flow towards the window acting to increase

the normal stress in this location. Still, the data do give some insight into the435

form of the velocity field even if the precise magnitudes are hard to verify.

There are evident differences between the simulated flow and the model

close to the die, despite both being based on the analysis of a Herschel–Bulkley

fluid, the latter being predominately axial flow while the simulation includes

substantial radial flow. This is due to the wall slip condition applied in the440

numerical case, allowing the material to approach the orifice along the die wall,
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while the model itself assumes that all material contacting the die is static.

Similar comparisons can be made for the conical-entry extruder, using the

same geometry as the experimental hemicylindrical extruder to specify the sim-

ulation and model profiles, shown in figure 12.445
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Figure 12: (a) Axial and (b) radial velocity profiles along a horizontal cross-section 10 mm
above the die entrance (shown in inset diagram) in the conical-entry extruder (Vram = 0.1
mm/s). Solid lines are flow visualisation results from the conical-entry windowed hemicylin-
drical extruder, dashed lines are simulated profiles and dotted lines are the Basterfield et al.
velocity profile (assuming an angle θ = 30◦).

These show greater agreement between the three profiles, which is due to

the converging velocity field being dictated by the geometry rather than being

allowed to develop naturally from the material and wall interaction properties.

There is hence better justification for using the Basterfield et al. model for

conical-entry geometries, and that this will be valid for a wider range of materials450

than in the square-entry case.

4. Conclusions

Solid granular soap has been shown to be an effective and reliable material

for soft solid extrusion research, in agreement with other instances of its use in

the literature.455

The work presented, combining traditional extrusion characterisation, flow

visualisation and simulations, highlights that while extrusion models may be
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able to fit any particular set of extrusion pressure data, this does not mean

they adequately capture all potential dependencies which determine the flow.

The Benbow–Bridgwater model was found to be lacking some dependence on460

absolute scale of the extruder, rather than a ratio of scales. This lack is normally

not an issue as most research uses only one extrusion device. The Basterfield

et al. model uses different assumptions about the flow, and was found to be able

to accommodate the observed discrepancies successfully, but the application of

the model was then found to be an incorrect choice in comparison to both flow465

visualisation and simulations. Similarly, the numerical simulations of the flow

were initially unable to match the experimental data, suggesting that the choice

of material and slip models was inappropriate. That said, with sufficient time

spent modifying parameters it was found that simulations could be brought

into close agreement with experimental extrusion pressures, but without good470

agreement with the velocity field in the extruder or any increase in confidence

as to the validity of the models used.

It is clear great care must be taken when using a particular model of ex-

trusion, to ensure that there is no reliance on falsely convincing agreement

between experiment and model. This is especially true when comparing infor-475

mation gathered from different materials and extruders, which could appear

similar in the context of a model while disguising vastly different flow behaviour

and material rheology. Increasing the amount of instrumented data collection

for extruders is one method to avoid false positives, for example by incorporat-

ing pressure transducers or mass flow-rate sensors into the equipment to allow480

better validation of model predictions.
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A Basterfield model conical parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [-]

D Die diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]

D0 Barrel diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]

h Herschel–Bulkley shear rate exponent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [-]490

kHB Herschel–Bulkley viscosity coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa sh]

L Die land length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]

m Benbow–Bridgwater exponent for velocity-dependent yield stress . . . [-]

n Navier slip exponent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [-]

Pex Extrusion pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa]495

P1 Extrusion pressure component, deformation . . . . . . . . . . . . . . . . . . . . . . [Pa]

P2 Extrusion pressure component, die wall friction . . . . . . . . . . . . . . . . . . . [Pa]

r Radial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]

Vex Extrudate velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m/s]

Vram Ram velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m/s]500

Vr Radial velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m/s]

Vz Axial velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m/s]

z Axial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]

Greek

α Benbow–Bridgwater velocity scale for yield stress . . . . . . . . [Pa/(m/s)m]505

β Navier slip coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa/(m/s)n]

φ Angular coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [◦]

θ Conical contraction half-angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [◦]
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σY Benbow–Bridgwater yield stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa]

σ0 Benbow–Bridgwater zero-velocity yield stress . . . . . . . . . . . . . . . . . . . . . [Pa]510

σY,HB Herschel–Bulkley yield stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa]

τW Wall shear stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa]

τ0 Wall slip yield stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa]

Supplementary material

Micro-crystalline cellulose (MCC) is an inert plant-derived biopolymer used515

in the pharmaceutical industry as an excipient. It has been extensively used as

an extrusion material in the literature owing to the manufacture of pharmaceu-

tical products through extrusion–spheronisation (Dukic-Ott et al., 2009).

A micro-crystalline cellulose paste was mixed from the dry powder (45 wt%)

and distilled water (55 wt%) using the protocol described by Zhang et al. (2011).520

This was extruded using the same barrel and die sets used for soap, at the same

extrusion velocities. Extrusion pressure results for one velocity are shown in

figure 13.

The same trend in extrusion pressure with scale can be seen for MCC as

with soap, though the magnitude of the variation is smaller. It is clear that525

MCC is a softer material than soap, in which the range of Pex values was 5–22

MPa. Extrusion data for the full range of velocities were processed as described

previously to determine the Benbow–Bridgwater parameters σY and τW, shown

in figure 14.

MCC behaves differently to soap by this measure, as the measured yield530

stress is not a function of extrusion velocity. This is in agreement with the

findings of Zhang et al. (2011) who reported a σY value of 0.28 MPa using a

25 mm diameter extrusion barrel (with 1, 2 and 3 mm diameter single-holed

dies). The current results do show, however, variation of σY with extruder scale

consistent with the data for soap, in that the yield stress appears to increase in535

smaller extruders.
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Figure 13: Bagley-type plots of MCC extrusion in three geometrically identical, different-sized
extruders at Vex = 100 mm/s. Straight lines are least squares best fits to the data, and error
bars represent the 10th and 90th percentiles of extrusion pressure as sampled.

A constant value of yield stress with extrusion rate can be attributed to a

material which acts pseudo-plastically, i.e. one which has a negligible viscous

contribution to its rheology. In contrast to soap, the MCC data do not conform

to the Basterfield et al. (2005) extrusion model as they do not scale with appar-540

ent shear rate (Vex/D). It is then intriguing why the Benbow–Bridgwater σY

term varies with scale in this case; in soap this was attributed to differences in

shear rate in each extruder not accounted for by the model.

Also in contrast to soap, the value of τW in MCC does not change with

extruder scale. While the trend in the soap data was attributed to pressure-545

dependent slip, in the much wetter MCC mixture such behaviour is not expected

as the liquid would lubricate the slip more effectively.

MCC was also tested using the hemicylindrical flow visualisation tool. For

completeness, figure 15 shows a path photograph of MCC extruding under the

same conditions as the soap in figure 10. Notable are the larger static (or slow550

flowing) regions at the barrel–die corners in MCC, and the generally larger zone

of deformation (curved particle tracks), extending approximately 0.5D0 from
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Figure 14: Benbow–Bridgwater parameters for MCC, (a) yield stress and (b) wall shear stress,
in three sizes of extruder. Lines in (a) are the arithmetic average through the data for each
barrel. Lines in (b) are power law fits assuming an intercept of τ0 = 0.04 MPa. Error bars
represent 90% confidence interval for the Bagley-type plot intercepts and slopes. Points are
offset along the velocity axis for clarity.
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the die as opposed to 0.2D0 in soap. Also visible are crossed particle tracks,

which were observed in soap, indicative of non-homogeneous behaviour of the

material.555

25 mm

Figure 15: Path photograph of extruding MCC in the windowed hemicylindrical extruder in
the square-entry configuration. Barrel diameter 25 mm, die diameter 3 mm, ram velocity 0.1
mm/s.
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