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Flow Excursion and Mixing in the Kneading Block Section of Hot-

Melt Extrusion Induced by Carrier Density Variation

abstract

With the increasingly widespread use of poorly soluble active pharmaceutical
ingredients (API), hot melt extrusion (HME) technology develop rapidly in the
pharmaceutical industry as a highly efficient method for preparing solid dispersions of
insoluble drugs. Currently, the selection of carrier materials in pharmaceutical
production largely relies on experimental trial-and-error, and the influence of specific
material parameters—such as carrier density—on the mixing process remains unclear.
By employing Computational Fluid Dynamics (CFD) simulations of fluid flow under
simplified ideal conditions, this study analyzes the effects of variations in carrier
materials on the flow and mixing processes within the kneading block zone of a hot-
melt extruder. When the API and carrier fluids are subjected to compression, relative
movement occurs between them, resulting in flow excursion. The disparity in carrier
density and the shear force variation across the kneading block zone amplifies this

excursion, thereby influencing mixing efficiency.

Keywords: Hot melt extrusion, Kneading block, Carrier density, Fluid excursion,

Mixing.

1 Introduction

With the growing demand for pharmaceuticals, enhancing production efficiency

while ensuring quality has become a central objective in the pharmaceutical industry.



Compared with sectors such as food and industrial materials, pharmaceutical processes
and manufacturing require more stringent monitoring and control. Efficient and precise
continuous manufacturing represents a critical pathway for the advancement of
pharmaceutical technology[1]. Currently, more than 50% of the API used in the drug
market belong to Biopharmaceutics Classification System Class II, characterized by
poor aqueous solubility, which consequently leads to low bioavailability in
formulations[2,3]. Therefore, developing processes and formulations capable of
enhancing the solubility and bioavailability of these compounds is crucial. As an
efficient, continuous, and solvent-free processing method, HME technology has been
widely applied in fields such as polymer material modification, pharmaceutical solid
dispersion preparation, food processing, and advanced composite material synthesis
[4,5]. Its core advantages lie in its powerful mixing capability, precise process control
(temperature, shear, residence time), and suitability for heat-sensitive materials [6-9].
Achieving an ideal mixing state is essential for the successful application of twin-screw
extrusion. This process relies on the intensive dispersive and distributive mixing action
exerted by the complex flow fields (including shear and extensional flows) within the
extruder on the material.

Therefore, numerous researchers have investigated the fluid flow and mixing
behavior during HME to examine the influence of process parameters on mixing
performance within the extruder. In experimental studies, Monschke et al. [10] and Ren
et al. [11] investigated the influence of process parameters such as torque, kneading
element angle, screw speed, and feed rate on mixing outcomes. Hanada et al. [12]
demonstrated that increasing the specific mechanical energy, calculated from torque,
feed rate, and screw speed, enhances the miscibility between the polymer and the API.

Dhenge et al. [13], Srinivasan et al. [14] and Radhan et al. [15] employed methods such



as tracer experiments, differential scanning calorimetry (DSC), Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), in vitro release
testing, drug content analysis, and stability studies to investigate the effects of process
parameters like fluid motion and overflight clearance during mixing.

With the advancement of computational numerical simulation software, many
researchers have begun utilizing CFD to model the dynamics within twin-screw
extrusion processes. Eitzlmayr et al. [4] and Ufodike et al. [16] utilized CFD,
integrating experimental and numerical calculations, to propose flow dynamics models
applicable to different conditions. Song et al. [17] and Qin et al. [18] conducted multi-
physics simulations to analyze the influence mechanisms of viscosity characteristics
and structural parameters on transient flow field characteristics and mixing
performance during extrusion. Suwardie et al. [19] employed oscillatory and capillary
rheometers to determine the dynamic and steady-state viscosity of APAP/PEO mixtures.
The results proved that at high shear rates, the mixture exhibits shear-thinning behavior,
with reduced sensitivity of viscosity to drug loading. And thus the viscosity data under
high shear rates better represent the material's rheological behavior during extrusion.
Tianwen Dong et al. [20] simulated the flow and mixing behavior of high-viscosity
fluids in conveying elements of twin-screw extruders using a parallelized smoothed
particle hydrodynamics (SPH) method.

In the design of extrusion processes and the selection of materials [21], the
influence of density differences on the mixing process in TSE has not yet been
systematically and thoroughly investigated. In practical formulations, a single API can
be formulated with a variety of different carrier materials. Beyond differences in
physical properties like viscosity and permeability, and chemical properties such as

melting point, distinct polymeric carriers suitable for the same API also frequently



exhibit significant density variations. For example, during the production of an
indomethacin dispersion, the density of the molten API is 1.32 g/cm?, a range of carrier
materials with densities ranging from approximately 1 g/cm?® to 1.3 g/cm?® are available
for selection. In pharmaceutical HME, the rheological behavior of the API and carrier
fluid can be described by the Bird-Carreau model [22]. In Carreau non-Newtonian
fluids, differences in density cause variations in flow velocity during processing, which
in turn affect other fluid dynamic parameters and ultimately lead to density-induced
flow variations and mixing heterogeneity. The kneading block zone, being the stage of
the most intensive shear mixing during extrusion, exhibits even more complex fluid
flow behavior. Density variations among different carriers can lead to inadequate
mixing between the carrier and the API. Neglecting such density-induced insufficient
mixing may compromise the quality of the pharmaceutical product. Failure to
theoretically elucidate the relationship between carrier density differences and mixing
outcomes will inevitably lead to a trial-and-error approach in production process design,
thereby increasing equipment debugging costs. Therefore, it is imperative to study the
influence of carrier density on both fluid flow and mixing behavior to inform pre-
production process design and equipment parameter optimization. This study employs
FEM-based CFD simulations to model changes in flow parameters and the
motion/mixing behavior of fluids within the entire kneading block zone under

unidirectional extrusion forces, considering different carrier density conditions.

2 Theoretical foundation

To investigate the flow behavior of drug-carrier mixtures during HME, this project
will develop a simulation model of the mixture using the Finite Element Method (FEM).

The fundamental physical motions are governed by the continuity equation and the



Navier-Stokes momentum conservation equation[16,23,24]. The fluid is assumed to be
incompressible, and the mixing process does not induce any net change in total volume:
V-v=0 (1)

Where v is the local velocity vector of the mixture. This equation expresses the

incompressibility of the fluid.
o . o=
ol 5+V-Vv =-Vp+V-v+f (2)
Where p is the mixture density, p is the pressure, 7 is the deviatoric stress

tensor, andfis the body force (e.g., gravity). For generalized Newtonian fluids, the

deviatoric stress tensor 7 , which defines the non-Newtonian behavior of the fluid, is

given by:

7=21(j.c) D (3)
Where D is the strain rate tensor, 7 is the shear rate, 77( 7,0) is the viscosity

function dependent on the shear rate y and the local concentration ¢ [25]. Given that

the viscosities of both materials fall within the same order of magnitude, the shear-
thinning viscosity of the mixture is computed using a linear blending rule based on the

local mass fraction.

S A T
D:E(Vv+(Vv) ) 4)
y=~2D:D (5)
77(%6):C'UAPI(7)+(1_C)'77camer(7}) (6)

Where 7,,, and 7. are respectively the fluid viscosities of the API and the

carrier. Pharmaceutical melts generally exhibit shear-thinning behavior typical of non-

Newtonian fluids, while kneading block elements generate continuously varying high



shear rates. Therefore, the Bird-Carreau model is selected to characterize rheological

properties of API and carrier[22]:

n—1

n(7)=n.+(m,-n.)1+2%) 2 (7
Where 77(7?) is the viscosity at a given shear rate y, 7, is the zero-shear

viscosity of the fluid, 77, is the shear viscosity at infinite shear rate, 7 ( }?) is the shear

rate, A 1is the time constant (often referred to as the relaxation time) associated with
the fluid's characteristics, representing the response rate of the fluid's flow behavior,
and n is the power-law index. The fluid exhibits shear-thinning behavior when n < 1,
and shear-thickening when n > 1. The aforementioned parameters are temperature-
sensitive. Since this study assumes that the melt temperature can be maintained stable
at 170°C through real-time temperature control after melting, they are set as constants.
The variation in shear rate induced by screw rotation is used to calculate the real-time
shear viscosity in the affected region. This viscosity value is then utilized to compute
the fluid motion and the shear rate for the next time step.

Since the viscosity difference between the two fluids remains within a factor of
three, a unidirectional coupling approach is adopted to simplify the simulation of the
flow behavior. In the mass transport calculation, the transport of the API fluid is
primarily modeled by solving an additional convection-diffusion equation:

%+\7-Vc:v-(DVc) (8)

Where c¢ is the concentration of the API, ¢ is time, v is the known velocity
vector obtained from the flow field calculation, D is the molecular diffusion coefficient.

In polymer melts, D typically assumes a vanishingly small value.



3 Simulation model

The kneading block zone, being the region with the most intensive mixing in the
HME process, exhibits highly complex fluid flow behavior. This study employs
simulation methods to model the unidirectional compressive effect on fluids via a
planar interface, characterizing the extrusion action of kneading blocks, while
simultaneously computing the fluid flow and mixing behavior throughout the entire
kneading block section during the extrusion process. The material properties used in
the simulation are listed in Table 1.In this study, F-68 is selected as the carrier material.
While varying the density of F-68, all other material properties are maintained constant.

Indomethacin(INM) is selected as the API material. The parameters 7,, 4 and » in

Equation(7) remain constants for a given material under the assumed isothermal
condition. In actual production, the manufacturing line employs temperature
monitoring and control to maintain the internal temperature at a fixed set point. During
this process, the temperature undergoes continuous fluctuations. Since temperature
variations induce changes in properties such as viscosity, this study assumes a constant
temperature throughout the mixing process. To investigate the effect of carrier density,
this study compares five distinct density levels of the carrier material: 980, 1,090, 1,190,

1,300, and 1,500 kg/m?.

Table 1
Material Properties.
F-68 INM
no/Pa-s 1382.83 2042
Als 3 0.5
n 0.38 0.8

For the unidirectional fluid compression analysis, a cubic domain of 6 mm x 3 mm
x 6 mm is established. The simulation of fluid under multi-directional compression is

achieved by applying forces from the top and two lateral surfaces, allowing



investigation of the mechanical response and flow behavior under varied compression
conditions.

For the full kneading block section, the barrel geometry is formed by the
intersection of two cylinders with a center-to-center distance of 12 mm and a radius of
7 mm each, with a section lead of 15 mm. The internal co-rotating kneading blocks
have a center-to-center distance of 12 mm, with a root diameter of 4.5 mm and an outer
diameter of 6.5 mm. The kneading block assembly comprises five individual blocks.
The two end blocks have a thickness of 2.5 mm each, while the remaining blocks are 2
mm thick. An axial inter-block gap of 1 mm is maintained, with a stagger angle of 45°

between adjacent blocks, as shown in Fig. 1.
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Fig. 1. Schematic Diagram and Parameters of the Twin Kneading Block Model (mm).

3.1 Transient Fluid Compression Process Model

When both API and carrier fluids are present within the domain, they exhibit
relative motion during both natural flow and under compression. Due to the continuous

inflow from the rear and the brief duration and unidirectional nature of the compression,



significant mixing is unlikely to occur. However, pronounced changes are observed in
the flow velocities of both fluids and the morphology of their interfacial boundary.

To simulate the 6 mm X 6 mm x 3 mm subdomain subjected to kneading block
compression, the initial state of the flow domain and the inlet region are set to maintain
a constant velocity of 5 mm/s in the positive z-direction. The API fluid is initially
located in the x > 0 region, and the carrier fluid occupies the x < 0 region. In Fig. 2 (a),
the compressive surface moves downward from directly above at a velocity of 22 mm/s.
The velocity of 22 mm/s represents the mean linear velocity of the individual kneading
block tooth's compressive surface. The side walls and bottom surface are modeled as
stationary boundaries. In Fig. 2 (b) and (c), the compression surfaces apply inward
compression from the API side and carrier side respectively, while the top surface
remains a fixed boundary. In all three cases, the direction of compression remains
perpendicular to the fluid flow direction. In case (a), the compression surface acts
simultaneously on both the API and carrier fluids, whereas in cases (b) and (c), it

contacts only the API or the carrier fluid, respectively.
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Fig. 2. Schematic of a kneading block under radial compression from different directions.

Variations in carrier density lead to divergent flow velocity responses and
consequent changes in rheological properties such as viscosity. These differences in

turn cause alterations in the relative motion between the two fluids, ultimately affecting

Fixed surface



both the mixing process and its final outcome.The concentration field and interfacial
boundary evolution within the flow domain are statistically analyzed to quantify the

flow divergence phenomena between the two fluids following compression.

3.2 Fluid Flow and Mixing Model in the Kneading Block Zone

A flow domain model of the kneading block zone and the co-rotating twin-screw
kneading blocks are established, with the two kneading blocks hereinafter referred to
as Block 1 and Block 2. The temperature is maintained constant at 170°C. After setting
the fluid properties, the initial feeding conditions are configured with the screw speed
set to 1 1/s. The time step is defined and computed based on the duration required for a
6° rotation. The boundary and motion configurations of the flow domain are as shown
in Fig. 3. After configuring the properties of the API and carrier materials, the boundary
condition at Inlet 1 is set as the API inlet, while Inlet 2 is designated as the carrier inlet.
To correlate with the flow variations under short-duration compression described in the
first part, the API and carrier fluids are configured to enter the domain with equal

volumetric flow rates, separated by the interface at x = 0.
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Fig. 3. Schematic of the flow field around double kneading blocks.



The fluid's flow velocity and direction are calculated from its material properties
and equipment operating parameters, from which the shear rate is subsequently derived.
The shear rate is used to determine the updated viscosity following shear-thinning, and
this new viscosity data is subsequently fed back into the flow velocity calculation to
iteratively compute the fluid motion for the next time step. The fluid flow within the
kneading block section is analyzed by observing the variation in shear rate imposed by
the blocks, the changes in fluid flow velocity, and the corresponding viscosity evolution
during the extrusion mixing process. The step-by-step calculation procedure of the

physical quantities during fluid flow is illustrated in Fig. 4.
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parameters ggiilﬂgltz;i}:s _| Calculate the R Viscosit},-' changes du_e to
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Fig. 4. A computation model for the physical quantities of fluid in the extrusion process.

For the mixing of molten fluids, the residence time and its distribution within the
zone serve as key parameters characterizing both the flow behavior and mixing
effectiveness. This study employs tracer particles within the simulation to characterize
the transient motion of fluids in localized domains. Insufficient residence time results
in inadequate mixing within this region. Conversely, excessively long residence time
not only leads to overmixing, but also causes localized temperature buildup due to
prolonged material retention, ultimately inducing degradation of active ingredients. The

residence time distribution is calculated as follows:



Em=%@§2 9)

Where ¥ is the volumetric flow rate of the system. The mean residence time 7

and the variance about the mean O'T2 can be obtained using the following formulas:

T=ItE(t)dt (10)

o= (11)

The Dispersion Index[26] characterizes the deviation between the inter-particle
distances of tracer particles and the ideal optimal mixing state at a given time. The
deviation is quantified by comparing the actual inter-particle distances of the tracer
particles with the ideal optimal inter-particle distance under perfect mixing. A smaller
discrepancy indicates more effective dispersive mixing, with the deviation value being

inversely proportional to the mixing performance:

DI=Ji| £ (D)= £y |l (12)

Where f(/)is the inter-particle distance per unit axial length, and fOpl is the

optimal inter-particle distance per unit axial length under ideal mixing conditions.

4 Results

4.1 Transient Fluid Compression Process

Following the simultaneous compression of both fluids by the block, the fluids in
different regions exhibit distinct flow behaviors. Fluid in the region adjacent to the inlet
and areas distant from the compression surfaces predominantly maintains flow in the

z-direction. As shown in Fig. 5, the fluid near the bottom of the inlet region exhibits a



velocity component in the positive y-direction, indicating the presence of backflow.
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Fig. 5. Y-velocity contour and resultant velocity direction in zy-plane, on X=0 at 0.09 s.

When the kneading block simultaneously compresses both fluids in the flow
domain, the differential density and the higher viscosity of the API compared to the
carrier cause the API fluid to develop flow toward the carrier side. Owing to the
continuous inflow of fluid and the brief duration of compression, mixing remains less
pronounced in the bulk regions of both fluids, with only the concentration at the
interface being significantly affected. Under unidirectional vertical compression, where
shear effects are limited, both fluids exhibit minimal viscosity variation. However,
owing to the higher viscosity of the API-rich fluid, the interfacial region shows a
tendency for the API to migrate toward the carrier side in the central y-axis area, while
the carrier moves toward the API domain in the upper and lower sections, as illustrated

in Fig. 6.
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Fig. 6. Interfacial morphology and fluid distribution at the outlet during downward squeezing.

Using the 1190 kg/m? carrier density condition as the reference, the concentration
deviation along the vertical line at z=3 mm, x =0 mm is shown in Fig. 7. A higher
carrier density results in a lower API concentration along the reference line. This
implies that in the central region along the y-axis, a lower carrier density leads to

increased penetration of the API-rich fluid into the carrier region.
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Fig. 7. API concentration difference relative to carrier density (1190) at z=3 mm, x=0 mm,t=0.09s.

Fig. 8 shows the distribution of the 0.5 concentration contour under the five carrier
density conditions. Fig. 8(a) to (d) display comparative interface profiles between
adjacent density conditions. The 0.5 concentration contour for the lower-density cases
(980 and 1090 kg/m?), which have a greater density disparity from the API, exhibits
less forward expansion but greater rear expansion compared to the higher-density cases
with smaller density differences. Fluids with higher density experience more
pronounced kinematic changes under block compression than those with lower density.
Simultaneously, a higher carrier density results in a more pronounced settling effect due
to gravity, causing increased downward migration and enhanced penetration into the

API-rich region in the lower part of the rear section.
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Fig. 8. The 0.5 concentration isosurface during downward squeezing for varying densities.

When the planar surface compresses the flow domain from the API side, the fluid
interface exhibits a profile similar to that observed during downward compression, with
the more viscous API fluid forming a pronounced convex curvature toward the carrier
fluid in the central region. However, the extent of protrusion is markedly less
pronounced than during downward compression, and the profile displays two subtle

peaks with a slightly depressed central segment, as illustrated in Fig. 9.
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Fig. 9. Fluid distribution and interface at the outlet during squeezing from the API side.

When the kneading block applies compression from the API side, the pressure is

initially transmitted through the API before reaching the carrier. Consequently, no



significant differences are observed across carrier density conditions under this mode
of compression. The API concentration along the vertical line at z=2.9 mm, x =-1 mm
is shown in Fig. 10. The flow velocity variations exhibit minimal differences across

different carrier density conditions.
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Fig. 10. API concentration on the vertical line at z=2.9 mm, x=-1 mm during squeezing from the
API side.

When the kneading block compresses the flow domain from the API side, the
contact interface also develops a convex curvature toward the carrier side in the
central API region as it advances. The degree of interface protrusion is significantly
less pronounced compared to that observed during downward compression or

compression from the API side, as shown in Fig. 11 and Fig. 12.
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Fig. 11. Fluid distribution and interface at the outlet during squeezing from the carrier side.
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Fig. 12. The 0.5 API concentration contour at the outlet at 0.09 s during carrier-side squeezing.

The interfacial morphology between the carrier and API shows only slight
variations across different carrier densities, with no significant differences observed.
The concentration profile along the vertical line at z=2.9 mm, x = 1 mm is shown in
Fig. 13. When compression is applied from the carrier side, the differences in flow

velocity variations among carriers of different densities remain negligible.

0.8

0.75F 1

0.7F J

0.65F .

Carrier-Side Extrusion

0.6F .

Concentration,
(=]
h
wn

0 0001 0002 0005 0004 0005 0006
Y Position(mm)
Fig. 13. API concentration on the vertical line at z=2.9 mm, x=-1 mm during squeezing from the
carrier side.
When a planar surface compresses two adjacent fluids within the flow domain
perpendicular to the flow direction, the initially flat interface becomes distorted. The

API fluid protrudes toward the carrier side in the central zone of the interface, while the

carrier fluid undergo excursion toward the API domain in the upper and lower regions.



When the planar surface compresses both fluids simultaneously or acts exclusively on
the API fluid, the interfacial excursion becomes more pronounced. The effect of carrier
density difference on fluid excursion remains minimal when the compression surface
is in contact with only one fluid phase. When both fluids undergo compression
simultaneously, the API fluid demonstrates marked excursion toward the carrier fluid.
At the same time, differences in both compressive thrust and shear-thinning response
under varying carrier densities lead to a progressive increase in the extent of this

excursion as the carrier density decreases.

4.2 Fluid Flow Parameters in Different Regions of the Kneading

Block Section

During the mixing process, the fluid undergoes compression by the kneading
blocks, which primarily provide radial compression with minimal axial conveying force.
Under these conditions, mixing occurs primarily through shear-driven mechanisms.
The axial transport of fluid within this zone is largely derived from the conveying action
generated in the flighted screw sections upstream and downstream of the kneading
block. The shear stress exerted by the kneading blocks on the fluid is converted into
changes in flow velocity, which in turn alters the shear rate. As a result, fluids with
different carriers undergo variations in both hydrodynamic parameters and material
properties during the extrusion mixing process.

In co-rotating twin-screw extruders, the flow behavior is not kinematically
symmetric between the two sides. Thus, nine characteristic points (P1-P9) are sampled
within the same cross-section, as shown in Fig. 14. Axially, the kneading block is

divided into five segments, as shown in Fig. 1.
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Fig. 14. On a cross-section: selected characteristic points.

The coordinates of the feature points are listed in Table 2. Points 3 and 9, situated
in the outermost areas of the cross-section, experience compression almost exclusively
from a single kneading block, closely resembling the conditions observed in single-
block extrusion. Points 1, 2, 7, and 8 are influenced by the opposite kneading block,
though to a limited extent. Points 4, 5, and 6 lie within the intermeshing region and are

simultaneously subjected to compressive forces from both kneading blocks.

Table 2
Coordinates of the selected feature points.
X(mm) Y (mm)

Point1 6 6.7
Point2 6 -6.7
Point3 12.7 0
Point4 0 0
Point5 0 3
Point6 0 3
Point7 -6 6.7
Point8 -6 -6.7
Point9 -12.7 0

In the narrow zones outside the kneading region, the fluid is influenced by only a
single kneading block, and its motion closely resembles that in a single-screw extrusion
environment. The selection of these characteristic zones is illustrated in Fig. 15. The
three connected surfaces are unwrapped into a single plane to better visualize the shear
rate distribution along the periphery. The influence of the kneading blocks on the fluid,
as it varies along the kneading block zone, is shown in Fig. 16 and Fig. 17. The region

experiencing the highest shear from a single kneading block is located at the tip area,



with the peak value of 105.47 s™" occurring at the junction between the tip and flank.
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Fig. 15. Region selection from tooth tip to root.
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Fig. 16. Shear rate effect on fluid from different zones of a single kneading block in a narrow
peripheral region.
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Fig. 17. Variation of shear rate from tooth tip to root.

In the intermeshing region, the two co-rotating kneading blocks move in opposite
directions relative to the material: Block 1 shears the fluid upward through the region,
while Block 2 shears it downward. As shown in Fig. 18, before the kneading blocks
enter the intermeshing zone, the relatively open geometry in this region results in low
shear rates, while the highly confined spaces near the tip areas of both blocks produce
significantly higher shear rates. To highlight the distinct shear characteristics across
different regions, different scale ranges are applied at different time points during the
analysis. As shown in Fig. 18 (a)—(e), between 0.1 s and 0.117 s, Block 1 is about to
enter the intermeshing zone while Block 2 does not fully exit. The region of maximum
shear rate is located near the trailing tip of Block 2. As shown in Fig. 18 (h)—(1), from
0.134 s t0 0.2 s, Block 2 has just exited the intermeshing zone and no longer contributes
significant shear, but still causes flow obstruction. During this period, the maximum
shear shifts to the leading tip of Block 1. As Block 2 moves farther from the

intermeshing zone, the increased flow area results in reduced shear rates.



Fig. 18. Shear rate contours and peak parameters in the kneading block region from 0.05 s to
0.217s.

Points 3 and 9 experience minimal influence from the opposite kneading block
and are primarily affected by a single block. The shear rate and other relevant
parameters in the regions of Points 3 and 9 are shown in Fig. 19. In the compressed
zone, the shear rate rises sharply relative to other areas, accompanied by increased flow
velocity. Fluid viscosity decreases as the shear rate rises. The peak shear rate is located
at the periphery of the block, while the block tip exhibits a slight depression. Regions
that have just been exited by the block or are about to be engaged experience minimal
compression. At the minimum root diameter of the block, compression is almost
negligible, and this area represents the largest cross-section in the barrel. Shear-driven
mixing is therefore weak here, and the fluid motion is dominated more by the conveying
action from upstream, resulting in a higher velocity component in the z-direction.
Meanwhile, the kneading block passes through the tip region at both ends of the section
corresponding to Point 9, while its root section aligns with the central portion. This

results in a flow pattern that is nearly the converse of that observed in the corresponding



region of Point 3.
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Fig. 19. Shear rate, velocity, and viscosity along the segment between points 3 and 9.
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Points 1, 2, 7, and 8, although closer to the intermeshing region than Points 3 and
9, remain under the direct influence of only a single kneading block. The shear rate
and related parameters at Points 1 and 8 are shown in Fig. 20. At 2.5 s, Points 3 and 8,
as well as Points 1 and 9, exhibit identical kneading block geometric profiles. The

overall variation in parameters such as shear rate follows nearly identical trends.
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Fig. 20. Shear rate, velocity, and viscosity along the segment between points 1 and 8.

Points 4, 5, and 6 lie within the engagement zone and are simultaneously
subjected to the engagement of both kneading blocks. Their shear rate and related
parameters are shown in Fig. 21. At Point 4, Segment 3 is fully covered by the
kneading block, while Segment 2 is under compression and Segment 4 is in a

disengaged state. The shear rate decreases gradually from the block tip toward the



inter-flank gap, and the viscosity is inversely proportional to both the shear rate and
the flow velocity. At 0.25 s, Point 5 is located near z = 0 and z = 10.5 mm where both
kneading blocks are moving away from it, resulting in minimal compression and a
low shear rate. In the vicinity of z = 4.5 mm, the right screw has moved away from
this zone, while the left kneading block continues to apply compression to the fluid in

this region, causing the shear rate to sharply increase.
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Fig. 21. Shear rate, velocity, and viscosity along the segment between points 4 and 5.

4.3 Fluid Flow in the Kneading Block Section: Time-Dependent
Behavior

Points 3 and 9 in the outermost regions experience minimal influence from the
opposite kneading block and are predominantly affected by a single block. Their shear
rate variations are shown in Fig. 22. At 0.05 s, Point 3 in the 0—2.5 mm axial segment
lies in the trailing tip region of the block, where the shear rate remains high. Meanwhile,
the block begins to approach the vicinity of Point 3 in the 3.5-5.5 mm segment, causing
the shear rate to rise. Due to the 1 mm axial gap between adjacent blocks, this region is
influenced by both blocks but without direct compression, leading to the observed

decrease in shear rate at the 3 mm position.
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Fig. 22. Shear rate variation over time at points 3 and 9.

Points 4, 5, and 6 are located within the engagement zone and simultaneously
subjected to the engagement of both kneading blocks. Their shear rate variations are
shown in Fig. 23 and Fig. 24. At 0.05 s, Segments 1, 3, and 5 are fully engaged by
kneading blocks covering the central axis including portions of Point 4. During this
phase, Segment 2 is compressed by the right screw in a top-to-bottom direction, while
Segment 5 is compressed by the left screw in a bottom-to-top direction. At 0.1 s,
Segments 2 and 5 are engaged over the central axis while the left shaft Segments 1, 5
and right shaft Segment 3 had disengaged from the zone. Meanwhile, the left shaft
Segment 3 and right shaft Segments 1, 5 had not yet entered the region. The peak
shear rates are observed at Points 5 and 6, while the shear rate in the Point 4 region
remained relatively low. During single-block engagement with significant shear
effects. the shear action is predominantly concentrated in the peripheral regions of the

block, while the central zone experiences a moderate decrease in shear rate.



TS5 F 1 II /w\l T T AT T L

50 f | [ | ,—4/\ ]
__I/"‘_:’S'I II II L Il |I 1 L -
ﬂ'\a50-|/ 1 II I\ll“ lI I\-I~_ l-
275F ] ] f ] 3
250 F | - | 8
A~ i 1 1 Ml PR S R |
875-I’-JI/ ] I T G
20k 1 AL ]
d?s-l il li 1 II |= 1 |-
gs0f | I | ]
u}50 1 I \l_—!--l LT L 1
] L 4 W . 7
=50t | I I /_)/\ ]
§75-| II 1: L :I |i 1 L 1]
rﬁ?g-:/h IL.\lr\.il\-r.'
Sl L I L. | ]
Q{éig_w—’ﬁ/ I A" L. L
2 | | | |
= L -
L] S A NI

50-' :l \I+I_1 :I \;‘I L I-

=)
59}
s
[=)}

g 10 12 14 16
Z Position(mm)

(a) (b)

Fig. 23. Shear rate variation over time at points 4.
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Fig. 24. Shear rate variation over time at points 5.

As shown in Fig. 25, variations in carrier density alter the fluid motion induced by

kneading blocks. In narrow zones subjected to single-block compression, higher carrier



density produces more pronounced flow velocity variations. This effect accumulates
along the flow direction from the inlet to the outlet with prolonged exposure to shear

forces.
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Fig. 25. Velocity variation at point 3 for carriers with different densities.

In the engagement zone, subjection to shear from both kneading blocks results in
highly complex fluid flow patterns, as shown in Fig. 26. Fluids with higher density
exhibit greater flow velocity variation under kneading block compression,
demonstrating faster acceleration and higher peak velocity values after compression.
Meanwhile, as the kneading blocks disengage, the flow velocity declines more rapidly
for denser fluids. The difference in minimum velocity values across fluids is smaller
than the difference in their peak values and remains less distinct, with cases observed

where the fluid with the lowest value may vary among different carrier densities.
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4.4 Fluid Mixing in the Kneading Block Zone

Residence time refers to the duration required for a fluid element to travel from
the inlet to the outlet of a defined region, while the Residence Time Distribution (RTD)
characterizes the statistical variation in these residence times among different fluid
elements. A wide variation in residence time among fluid elements within the same flow
domain indicates that some portions of the fluid experience either insufficient residence
or prolonged retention. This results in non-uniform mixing.

The axial (z-direction) flow velocity in different regions of the domain is a critical
parameter influencing the residence time. The z-direction velocity profile within
Segment 3 of the kneading block is shown in Fig. 27. In addition to backflow caused
by the resistance from forward fluid compression, the mixing process within the
kneading block section exhibits distinct reverse flow near the block tips due to the
alternating compression and disengagement of the kneading blocks. When the block tip
compresses the regional fluid, the fluid at higher z-coordinates accelerates forward,
while the fluid at lower z-coordinates develops reverse flow. Conversely, as the block

disengages from the region, fluid at higher z-coordinates develops reverse flow, while



fluid at lower z-coordinates accelerates in the forward direction.
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Fig. 27. Z-velocity contours at six equally-spaced sections (z=0.65-0.85).

The RTD curves for carrier fluids of different densities are shown in Fig. 28. The
RTD curves exhibit a bimodal profile, with a secondary peak at approximately 2 s and
the primary peak occurring at around 2.5 s. A secondary portion of the fluid exits the
domain between 1.7 s and 2 s, while the main body leaves around 2.5 s. The relatively
small fraction exiting at other times indicates that these two periods represent the
dominant flow patterns. Pronounced backmixing is evidenced within the kneading
block section of the HME process. During the earlier secondary peak, fluids with
different carrier densities exit the flow domain quickly and experience minimal
repeated compression, thus exhibiting negligible variation. At the peak of the residence
time, however, the prolonged interaction with the kneading blocks leads to discernible
differences among fluids with varying carrier densities. As the carrier density increases,
the peak residence time decreases. This suggests that after sufficient kneading block

compression, higher carrier density leads to shorter fluid residence time in the zone.
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The Dispersion Index (DI) serves as an effective metric for quantifying the
performance of mixing processes. Consider a mixing process within a closed system
where, at the initial moment, a small number of tracer particles are concentrated in a
localized region, forming a high-concentration agglomerate. As the process evolves
under the action of the flow field, the particles representing the fluid gradually disperse,
and their spatial distribution changes over time. To evaluate the deviation between the
instantaneous distribution and the ideal homogeneous state, the spatial distance
distribution function of tracer particles can be applied. The degree of discrepancy
between the current distribution and the optimal uniform distribution is quantified: a
larger deviation indicates poorer system homogeneity, while a smaller value signifies a
closer approach to the uniform state and thus better mixing performance.

The temporal evolution of the inter-particle distance distribution for the tracer
particles under the carrier density condition of 1190 kg/m? is shown in Fig. 29. At the
initial stage, the particles are set to enter the flow domain simultaneously in an idealized
configuration with uniform inter-particle spacing, resulting in a highly concentrated
distance distribution. After a period of mixing, the particles follow highly divergent

trajectories due to the mixing action, leading to variations in inter-particle distances.



After a certain duration, although the system continues to evolve, the magnitude of

variation in inter-particle distances significantly diminishes.
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Fig. 29. Time evolution of the distance distribution of tracer particles during mixing.

The Dispersion Index under different carrier density conditions is shown in Fig.
30. The fluid is initialized as separated and uniformly distributed upon entering the
domain, leading to a sharp increase in the Dispersion Index during the initial mixing
phase. This initial rise is followed by a subsequent fluctuating decline. Fluids with
higher carrier density are subjected to more pronounced mechanical stress, resulting in
greater flow velocity variations and a more rapid increase in the Dispersion Index
during the initial phase compared to lower-density fluids. Fluids with lower density
consistently exhibit a lower Dispersion Index than those with higher density at the same
time points. Throughout the process, the decrease in the Dispersion Index varies with
carrier density. However, in the later stages, the index is influenced more significantly
by the density difference between the carrier and the API. Systems with a smaller
density difference attain a lower Dispersion Index compared to those with a larger

density difference.
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5 Discussion

HME technology has seen well-established research and application in fields such
as the plastics industry, and its adoption in the pharmaceutical sector has already laid a
preliminary foundation. Parameters such as screw speed, screw configuration, and feed
rate—along with their effects on mixing—have been studied extensively, with well-
documented conclusions. Tianwen Dong et al. [20] simulated the flow and mixing
behavior of high-viscosity fluids in conveying elements of twin-screw extruders using
a parallelized smoothed particle hydrodynamics (SPH) method, assuming constant
viscosity. In contrast, this study incorporates the shear rate and real-time viscosity of
fluids in pharmaceutical HME by solving the Navier-Stokes equations, treating
viscosity as a dynamic variable dependent on flow conditions to compute the fluid flow
and mixing process within the kneading block section. Song et al. [17] introduced the
concept of overlap concentration through comparative analysis of viscosity
characteristics to assess the physical stability of amorphous solid dispersions (ASDs),
whereas this work aims to investigate the influence of carrier density variations—a

distinct physical property—on the mixing process and its outcome.



When subjected to compression, the high viscosity ratio between the API and the
carrier results in relatively stable flow behavior with limited lateral penetration, which
aligns with the interfacial evolution between two abruptly contacted fluids described
by Redapangu et al. [27]. Under different contact conditions of the compression surface
with the fluids, distinct interfacial morphologies develop, manifesting as varying
degrees of excursion of the higher-viscosity API fluid toward the carrier side. The
carrier density also influences this excursion behavior. This phenomenon thereby leads
to variations in the mixing process along the kneading block section under different
carrier density conditions. Higher carrier density induces more pronounced flow
velocity variations and accelerates dispersion and mixing efficiency. However, under
otherwise constant parameters and after sufficient mixing, carriers with a smaller
density difference from the API fluid achieve a superior mixing outcome.

This study is based on the industrial practice of temperature control, assuming a
constant temperature throughout the process. However, it is recognized that extrusion
and shear inherently generate heat, leading to temperature-dependent variations in
material properties such as viscosity. Subsequent studies should further address the
influence of these temperature variations during extrusion. To model the mixing process,
the boundary setup initializes the two fluids in a simple side-by-side configuration
entering at uniform velocity, thereby neglecting pre-mixing and flow variations from
upstream flighted screw sections. A multi-domain coupled simulation approach is

required to refine the computational accuracy.

6 Conclusion

This study investigates the flow and mixing behavior of molten drug-carrier blends

within the kneading block section during pharmaceutical HME. The results demonstrate



that variations in carrier density during HME lead to changes in fluid flow, inducing
distinct excursion phenomena that consequently affect both the mixing process and its
outcome. The main conclusions are as follows:

(1) Under unidirectional compression, fluids moving in the same flow direction
develop distinct excursion patterns depending on which fluid phase is contacted by the
compression surface. When both fluids are subjected to compression, differences in
carrier density result in a more pronounced excursion of the API fluid toward the carrier
side under higher carrier density conditions.

(2) During the process where kneading block compression induces changes in
fluid parameters, the shear rate is directly proportional to the flow velocity variation
and inversely proportional to the viscosity. The primary location where the kneading
block induces variations in fluid shear rate is radially situated at the junction between
the tip edge and the flank surface. Axially, the shear effect in the central plane is
marginally lower than that at the peripheral edges.

(3) The alternating compression and disengagement by the kneading blocks induce
localized fluid acceleration or backflow, which increases the complexity of fluid
passage through the mixing zone. In terms of residence time, a higher carrier density
leads to a shorter residence time, thereby influencing the mixing outcome.

(4) During the extrusion process, the homogeneity of the two-fluid mixture first
decreases and then undergoes a fluctuating increase. Fluids with higher carrier density
exhibit steeper rates of both the initial decline and the subsequent fluctuation. However,
after sufficient mixing, the resulting homogeneity depends more strongly on the density
difference between the carrier and the drug. A smaller density difference leads to a more

uniform final mixture.
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