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Abstract. Advancements in material extrusion additive manufacturing are driven 
by the need of fast production of high-quality parts. A key innovation was the 
introduction of short fibers into the built filament, which substantially improve 
the strength of manufactured components. However, the presence of fibers also 
affects the viscosity and thermal conductivity of the filament, which are im-
portant parameters for the extrusion flow and thus the maximum printing speed. 
In this paper, we numerically study the effect of fibers on the polymer flow and 
pressure drop inside the nozzle, which determines the maximum extrusion rate. 
The thermoplastic polymer flow is simulated with a non-isothermal computa-
tional fluid dynamics model and the inclusion of fibers is treated with a contin-
uum approach. The simulations are performed for ABS polymer with short car-
bon fibers, however, other thermoplastic systems with short fibers (e.g. glass, 
wood, or nylon) can be integrated into the model.  The model provides a virtual 
window into the process and illustrates that while fibers increase the viscosity of 
the filament and the pressure drop, they also improve the thermal conductivity 
and lead to faster melting of the polymer, which has an opposite effect on the 
pressure drop. Finally, the model quantifies the relationship between the fiber 
volume fraction and the maximum extrusion rate. 

Keywords: Fused Deposition Modeling, Fiber Reinforcement, Computational 
Fluid Dynamics. 

1 Introduction 

Material extrusion Additive Manufacturing (AM), or Fused Deposition Modeling 
(FDM), is currently undergoing a transition from being a prototyping technique to pro-
ducing functional parts with industrial-grade mechanical strength. One of the key driv-
ers behind this progress is the inclusion of fiber reinforcement inside the filament ma-
terial, which improves the mechanical performance of the produced components [1]. 
Short carbon fibers are a popular type of reinforcement used in material extrusion AM 
[2, 3]. In addition to increasing the mechanical strength, the carbon fibers also improve 
the thermal conductivity and reduce the coefficient of thermal expansion of the com-
pound material, which leads to less thermal warpage and lower residual stresses [4, 5]. 
Functional parts made by carbon reinforced material extrusion AM can potentially be 
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applied in medical equipment [6], aerospace [7–9], automotive [10] and consumer 
products [11]. 

Experimental studies have been conducted to quantify the improvement in tensile 
strength and elastic modulus of 3D printed components, due to the presence of short 
carbon fibers [1, 3]. Computational Fluid Dynamics (CFD) simulations have been 
widely used to model the polymer flow during material extrusion AM [12–18], among 
which the works by Heller et al. [19, 20] focused on the prediction of the fiber orienta-
tion in the extrusion and deposition flow. Thermo-mechanical simulations were con-
ducted to predict the deformations and residual stresses in the finished carbon/polymer 
composites [21, 22]. However, there is a limited research on the influence of fiber re-
inforcement on the melting and flow of polymer composite inside the print head. The 
addition of fibers alters the rheology and the thermal properties of the fluid, which are 
both highly important for the flow behavior. 

Heat transfer effects and rheology are kesy aspects to increasing the build rates in 
material extrusion AM [23]. Mackay et al. [24] determined the failure velocity that was 
defined as the filament feeding rate at which the heater was not able to melt efficiently 
the polymer to perform successful extrusion. Nienhaus et al. [25] used a load cell to 
measure the dependence of the filament feeding force on the feeding rate. They found 
that the feeding force becomes unstable before reaching the failure velocity. This ob-
servation was confirmed by Serdeczny et al. [26], where a model to estimate the maxi-
mum feeding rate before the extrusion becomes unstable was presented. It was hypoth-
esized that the maximum feeding rate is limited by the heat transfer and the ability to 
melt the filament completely before it reaches the nozzle contraction. A more detailed 
explanation of the extrusion instability was given in a follow-up work [27] presenting 
numerical simulations of the flow inside the print head. The feeding force instability 
was hypothesized to be due to a fluctuation of the melt zone position inside the flow 
channel. 

In this work, we modify the CFD model presented in [27] to investigate the influence 
of fiber additives on the flow inside the printing head and the melting of filament. The 
inclusion of fibers is simulated with a continuum approach by modifying the viscosity 
and thermal conductivity of the fluid. A parametric study on the influence of the fiber 
content and feeding rate is performed. 

2 Methodology 

2.1 Physics of the numerical model 

The numerical model simulates the polymer flow inside the hot-end channel of a 3D 
printer. A sketch representing the hot-end is shown in Fig. 1a. The essential elements 
of the hot-end are: the nozzle that extrudes the material, the liquefier that melts the 
polymer, the heat break that isolates thermally the liquefier from the upper parts of the 
print head, and the heat sink, which releases the excess heat to the environment. In the 
numerical model, the internal channel of the hot-end was implemented, as shown in 
Fig. 1b. The filament entered the channel with a constant velocity 𝑉𝑉, termed the feeding 
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rate and the inlet temperature 𝑇𝑇𝐼𝐼𝐼𝐼, equal to the room temperature. The material re-
mained solid until its temperature reached the glass temperature of the polymer 𝑇𝑇𝑔𝑔. The 
channel was subdivided into five sections with dimensions as indicated in the Figure 
1b. It is noted that the filament had a slightly smaller diameter 𝐷𝐷𝐹𝐹  than the barrel section 
𝐷𝐷𝐵𝐵. It was assumed that the wall of the channel had a steady temperature, which varies 
along the channel, as shown in Fig. 1c. The geometry of the channel was based on the 
E3D v6 hot-end and its dimensions are given in Appendix A. 

 

Fig. 1. a) Sketch of the hot-end. b) Internal channel of the hot-end. c) Wall temperature of the 
channel. 

The flow and temperature of material is governed by the following equations [28] 

 ∇ ⋅ 𝒖𝒖 = 0 (1) 

 𝜌𝜌
𝐷𝐷𝒖𝒖
𝐷𝐷𝐷𝐷

= −∇𝑝𝑝 + ∇ ⋅ �𝜂𝜂𝜙𝜙 𝑺𝑺�� + 𝜌𝜌𝒈𝒈𝒂𝒂 (2) 

 𝜌𝜌𝐶𝐶𝑣𝑣
𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

= ∇ ⋅ (𝜆𝜆𝜙𝜙∇𝑇𝑇) (3) 

 𝑺𝑺� = ∇𝒖𝒖 + ∇𝒖𝒖T (4) 

where 𝒖𝒖 is the velocity vector, 𝜌𝜌 is the density, t is the time, 𝑝𝑝 is the pressure, 𝑺𝑺� is the 
strain rate tensor, 𝒈𝒈𝒂𝒂 is the gravity acceleration vector, 𝐶𝐶𝑣𝑣 is the specific heat capacity, 
T is the temperature, 𝜆𝜆𝜙𝜙 is the effective thermal conductivity, and 𝜂𝜂𝜙𝜙  is the apparent 
dynamic viscosity. Thus, it was assumed that the flow is incompressible and the fluid 
had a constant density. The fiber suspension in the polymer was approximated with a 
continuum approach and the flow of only one phase was simulated. However, the free 
surface of the fluid was resolved and the remaining part of the domain was filled with 
void that had a constant pressure and temperature. The presence of fibers was accounted 
in the formula of the apparent fluid viscosity and thermal conductivity, which are dis-
cussed in detail in Sections 2.3 and 2.4. The influence of fibers on the fluid density and 
specific heat was assumed negligible for the flow inside the print head, and their values 
are given in Table 1 together with the remaining simulation parameters. 
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Table 1. Simulation parameters. 

Parameter Symbol Unit Value 
Fluid density 𝜌𝜌 kg/m3 1060 
Specific heat capacity 𝐶𝐶𝑣𝑣 J/(kg ∙ K) 1750 
Inlet temperature 𝑇𝑇𝐼𝐼𝐼𝐼 °C 25 
Glass transition temperature 𝑇𝑇𝑔𝑔 °C 105 
Liquefier temperature 𝑇𝑇𝐿𝐿 °C 200 
Feeding rates 𝑉𝑉 mm/min 40,60,80, …, 280 

2.2 Implementation details 

The numerical simulations were performed using the commercial CFD software Flow-
3D [29]. The implicit coupled pressure-velocity solver was used to solve the governing 
equations for the material flow. The energy equation was solved with an implicit time-
discretization scheme that is second order accurate in space. The problem was assumed 
to be axisymmetric and a 2D mesh was constructed as represented in Fig. 2. The aver-
age cell size was 20 μm and the mesh was refined near the channel walls. At the top of 
the domain, the velocity inlet boundary condition was prescribed. The continuative 
boundary, which specifies all spatial derivatives of the fluid properties equal to zero, 
was used at the outlet located outside of the nozzle orifice. The wall of the channel had 
a prescribed temperature, as shown in Fig. 1c. The heat flux between the channel wall 
and the fluid was calculated as  

 𝑞̇𝑞𝑤𝑤 = ℎ(𝑇𝑇𝑤𝑤 − 𝑇𝑇) (5) 

where ℎ is the heat transfer coefficient at the channel wall while 𝑇𝑇𝑤𝑤 is the channel wall 
temperature. The value of ℎ is unknown and was found through comparison with ex-
perimental measurements of the filament feeding force during extrusion of neat ABS. 
The measurements and their results are discussed in detail in [26]. It was found that the 
simulation represents the measurements most closely, when ℎ ≈ 600 W/(m2K) in the 
fully developed flow region, and ℎ ≈ 8000 W/(m2K) close to the inlet of the channel 
where a recirculation of the flow occurs. The simulations were run until a steady state 
was reached, or for 60 s, when the flow was inherently unsteady. A more in-depth dis-
cussion about the implementation of the numerical model can be found in [27]. 
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Fig. 2. 2D axisymmetric cylindrical mesh used in the study. Left: outline of the entire mesh. 
Right: close-up on the contraction section. 

2.3 Rheological properties of the polymer with suspended fibers 

The polymer used in this study is ABS, which is one of the most commonly used ther-
moplastics in material extrusion AM. The apparent dynamic viscosity of a neat ABS 
can be described with a temperature dependent power law  

 𝜂𝜂(𝛾̇𝛾,𝑇𝑇) = 𝐾𝐾𝛾̇𝛾𝑛𝑛−1 ⋅
𝑇𝑇
𝑇𝑇𝑟𝑟
𝑎𝑎𝑇𝑇𝑛𝑛 

(6) 

where 𝐾𝐾 is the consistency index, 𝑛𝑛 is the power law index,  𝛾̇𝛾 is the shear rate magni-
tude, 𝑇𝑇 is the polymer temperature, 𝑇𝑇𝑟𝑟 is the reference temperature, and 𝑎𝑎𝑇𝑇 is the time 
temperature shift factor. The temperature dependency of 𝑎𝑎𝑇𝑇 is modeled with the Wil-
liams–Landel–Ferry (WLF) equation 

 
𝑎𝑎𝑇𝑇(𝑇𝑇) = exp �

−𝐶𝐶1(𝑇𝑇 − 𝑇𝑇𝑟𝑟)
𝐶𝐶2 + (𝑇𝑇 − 𝑇𝑇𝑟𝑟)� 

(7) 

where 𝐶𝐶1 and 𝐶𝐶2 are material constants. The inclusion of fibers changes the apparent 
viscosity of the fluid. One of the commonly used simple model to capture this depend-
ence is the equation by Maron and Pierce [30, 31] 

 
𝜂𝜂𝑟𝑟 = �1 −

𝜙𝜙
𝐴𝐴
�
−2

 
(8) 

where 𝜂𝜂𝑟𝑟 is the relative viscosity, which is defined as the ratio of filled system viscosity 
𝜂𝜂𝜙𝜙 to the neat polymer viscosity 𝜂𝜂 at the same shear stress (not the same shear rate); 𝜙𝜙 
is the fiber volume fraction; 𝐴𝐴 is the parameter related to the aspect ratio of the fibers 
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[30]. Taking into account the definition of 𝜂𝜂𝑟𝑟 and combining it with equation (6), the 
viscosity of the filled system can be written as 

 𝜂𝜂𝜙𝜙 = 𝐾𝐾𝛾̇𝛾𝜙𝜙𝑛𝑛−1  
𝑇𝑇
𝑇𝑇𝑟𝑟
𝑎𝑎𝑇𝑇𝑛𝑛 𝜂𝜂𝑟𝑟𝑛𝑛 

(9) 

The derivation of Equation (9) is given in Appendix B. The strain rate magnitude relates 
to the velocity vector in the numerical model as 

 𝛾̇𝛾𝜙𝜙 = �1
2
𝑺𝑺�:𝑺𝑺� (10) 

The rheological material parameters used in this study are given in Table 2. The oscil-
latory measurements of neat ABS were done for temperatures ranging from 125 °C to 
250 °C and a master curve was created at 𝑇𝑇𝑟𝑟 = 200 °𝐶𝐶. The measurement points and 
the power law fit are shown in Fig. 3. Moreover, we have estimated the dynamic vis-
cosity for ABS filled with fibers at different volume fractions (the weight fractions are 
also shown for reference). We have assumed that the fibers have an average aspect ratio 
𝛽𝛽 = 𝑙𝑙𝑓𝑓/𝑑𝑑𝑓𝑓 equal to 23, where 𝑙𝑙𝑓𝑓 is the fiber length and 𝑑𝑑𝑓𝑓 is the fiber diameter. For this 
aspect ratio, the parameter 𝐴𝐴 in equation (8) equals 0.25, as given in [30]. It is assumed 
that the material behaves as a Generalized Newtonian Fluid (GNF), meaning that the 
Trouton ratio (the ratio of elongational viscosity to shear viscosity) is equal to 3. A 
large fiber content may invalidate this assumption, necessitating the use of a viscoelas-
tic constitutive model [31]. In such case, the complexity and computational cost of the 
numerical simulations would be greatly increased. 

Table 2. Rheological material parameters. 

Parameter Symbol Unit Value Source 
Reference temperature 𝑇𝑇𝑟𝑟  °C   200 - 
Consistency index K Pa∙sn 30104 Measured 
Power law index n - 0.24 Measured 
WLF constant 1 𝐶𝐶1  - 8.97 Measured 
WLF constant 2 𝐶𝐶2  °C  155.2 Measured 
Average fiber aspect ratio 𝛽𝛽  - 23 [30, 32] 
Parameter in Eq. (8) A - 0.25 [30] 
Fiber density 𝜌𝜌𝑓𝑓  kg/m3 1800 [33] 
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Fig. 3. The master curve for neat ABS polymer at Tr = 200 °C and estimated dynamic apparent 
viscosity for fiber suspension with varying fiber volume fraction. 

2.4 Thermal conductivity of the reinforced filaments 

The reinforced filaments used in material extrusion AM are themselves produced by 
screw extrusion of a matrix (thermoplastic) and fibers compound mixed together. Due 
to the nature of extrusion compounding, most of the fibers align with the axis of the 
filament [34–36]. However, there will always exist some deviation of the fiber orienta-
tions from the extrusion direction, which can be quantified by a Fiber Orientation Dis-
tribution (FOD). Many models to predict the thermal conductivity of fiber reinforced 
composites were developed, among which we chose to use the approach by Fu and Mai 
[37], which accounts for the influence of FOD on the thermal conductivity.  

A sketch representing the method is shown in Fig. 4. The effective thermal conduc-
tivity of a composite consisting of misaligned fibers with known FOD can be calculated 
as [37] 

 
𝜆𝜆𝜙𝜙 = � 𝜆𝜆(𝜃𝜃) 𝑔𝑔(𝜃𝜃)𝑑𝑑𝑑𝑑

180°

0°

 (11) 

where 𝜆𝜆(𝜃𝜃) is the thermal conductivity of a unidirectional fiber composite with its prin-
ciple axis (‘1’ longitudinal and ‘2’ transverse, cf. Fig. 4b) oriented at an angle θ to the 
heat transfer direction x, and 𝑔𝑔(𝜃𝜃) is the FOD function, that is approximated with a 
normal probability density function, as suggested by experimental observations [35] 

 
𝑔𝑔(𝜃𝜃) =

1
𝜎𝜎𝜃𝜃√2𝜋𝜋

exp �
−(𝜃𝜃 − 𝜃𝜃mean )2

2𝜎𝜎𝜃𝜃2
�  

(12) 

where 𝜃𝜃mean is the mean fiber orientation angle (that is aligned with the filament axis, 
i.e. extrusion direction), and 𝜎𝜎𝜃𝜃 is the standard deviation of the orientation distribution.  

10 0 10 2 10 4

10 2

10 4

10 6 Measured
Neat ABS

 = 5 %, w
f
 = 9 wt%

 = 10 %, w
f
 = 17 wt%

 = 20 %, w
f
 = 32 wt%
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The thermal conductivity of a unidirectional fiber composite at an angle 𝜃𝜃 can be cal-
culated as a superposition of its longitudinal thermal conductivity 𝜆𝜆1 (parallel to the 
fibers) and transverse thermal conductivity 𝜆𝜆2 (perpendicular to the fibers) (cf. Fig. 4b) 

 𝜆𝜆(𝜃𝜃) = 𝜆𝜆1 cos2 𝜃𝜃 + 𝜆𝜆2 sin2 𝜃𝜃 (13) 

where the longitudinal and transverse thermal conductivities are calculated using Hal-
pin-Tsai [37] equation, respectively  

 𝜆𝜆1 =
1 + 2𝛽𝛽𝜇𝜇1𝜙𝜙

1 − 𝜇𝜇1𝜙𝜙
𝜆𝜆𝑚𝑚 

(14) 

 𝜆𝜆2 =
1 + 2𝜇𝜇2𝜙𝜙
1 − 𝜇𝜇2𝜙𝜙

𝜆𝜆𝑚𝑚 
(15) 

 𝜇𝜇1 =
𝜆𝜆𝑓𝑓1/𝜆𝜆𝑚𝑚 − 1
𝜆𝜆𝑓𝑓1/𝜆𝜆𝑚𝑚 + 2𝛽𝛽 

 
(16) 

 𝜇𝜇2 =
𝜆𝜆𝑓𝑓2/𝜆𝜆𝑚𝑚 − 1
𝜆𝜆𝑓𝑓2/𝜆𝜆𝑚𝑚 + 2 

 
(17) 

where 𝜆𝜆𝑚𝑚 is the thermal conductivity of the polymer matrix , 𝜆𝜆𝑓𝑓1 and 𝜆𝜆𝑓𝑓2 are thermal 
conductivities of a single fiber in parallel and perpendicular direction to the fiber axis.  

 

Fig. 4. Sketch representing the thermal conductivity model. a) Filament with misaligned fibers 
with predominant direction z. b) Decomposition into unidirectional fiber composites with fibers 

aligned at different directions. c) Definition of fiber angle 𝜽𝜽. 

During the flow through the hot-end, the polymer is heated due to radial conduction 
from the channel walls while the heat flux due to the axial conduction is usually negli-
gible, as compared to the axial convection. Moreover, as the problem is axisymmetric, 
𝜆𝜆𝜙𝜙 can be assumed to represent the thermal conductivity of the filament in all direc-
tions. The parameters used in the estimation of the effective thermal conductivity are 
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given in Table 3. The calculated dependence of the effective thermal conductivity on 
the fiber volume fraction is shown in Fig. 5. For reference, the thermal conductivity of 
the filament with perfectly aligned fibers (𝜎𝜎𝜃𝜃 = 0°) is also shown. It is observed that 
the FOD increases the thermal conductivity and its influence becomes larger with 
higher volume fractions. In the end, we note that compared to the approach of Fu and 
Mai [37], we have not accounted for the fiber length distribution, however its influence 
on the thermal conductivity was found to be negligible for the present case.  

Table 3. Parameters used in the estimation of the effective thermal conductivity  
of the fiber reinforced filament. 

Parameter Symbol Unit Value Source 
ABS thermal conductivity 𝜆𝜆𝑚𝑚 W/(m ∙ K) 0.33 [38] 
Fiber thermal conductivity (parallel) 𝜆𝜆𝑓𝑓1 W/(m ∙ K) 10 [39] 
Fiber thermal conductivity (transverse) 𝜆𝜆𝑓𝑓2 W/(m ∙ K) 10 [39] 
Mean fiber orientation angle 𝜃𝜃mean ° 90 Based on [35] 
Standard deviation of FOD (Eq. (12)) 𝜎𝜎𝜃𝜃 ° 15 Based on [35] 

 

Fig. 5. Influence of the fiber volume fraction and the standard deviation of the fiber orientation 
on the thermal conductivity in the radial direction of the filament. 

3 Results 

3.1 Comparison with experimental results 

First, the numerical simulation is validated with experimental measurements of the 
filament feeding force when a neat ABS filament (𝜙𝜙 = 0) is extruded. The filament 
feeding force is the force required to push the filament through the hot-end system and 
it was measured in [26, 40] using a load cell, where a detailed description can be found. 
The comparison of the simulated and measured feeding force as a function of the feed-
ing rate can be seen in Fig. 6. The error bars show the standard deviation of the feeding 
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force oscillations during the measurement/simulation of individual data points. It can 
be seen that for low feeding rates, no oscillations in the feeding force are observed and 
the extrusion is in the stable regime. The temperature profile within the hot-end for the 
stable regime can be seen in Fig. 7. At some critical feeding rate, called the maximum 
feeding rate, the force curve changes slope and oscillations appear, which indicates un-
stable extrusion. It is noted that these instabilities are distinct from the shark skin and 
melt fracture extrusion instability, as they occur at a lower frequency and are not related 
to change in the appearance of the extrudate surface [26]. A similar behavior of the 
feeding force was measured in [25]. It can be seen that the numerical results are in a 
good agreement with the measurements and the maximum feeding rate threshold be-
tween the stable and unstable regime is captured by the simulations. The unstable re-
gime is related to the insufficient heat transfer rate at large feeding rates. Looking at the 
evolution of the temperature profile for the unstable regime (cf. Fig. 7), it can be seen 
that as the heat transfer rate is too small, the solid filament penetrates the channel caus-
ing fluctuations in the position of the melt line. The magnitude of the feeding force 
fluctuations are larger in the simulations than in the experiments. Note that in the sim-
ulations, the solid filament below the glass temperature is modelled as a rigid solid, 
neglecting viscoelastic effects that may damp the pressure variations. Finally, we note 
that our definition of the maximum feeding rate is based on the extrusion instability 
coming from the insufficient heat transfer. There are other factors limiting the maxi-
mum feeding rate in material extrusion AM, such as the buckling of the filament and 
the maximum feeding force that can be applied on the filament by the extruder; however 
their analysis was outside of the scope of this work. 
 

 
Fig. 6. Comparison of the measured and simulated filament feeding force for the extrusion of 

neat ABS filament at TL = 200 °C.  
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V 40 mm/min 280 mm/min 
t 15 s 3 s 5 s 6 s 8 s 24 s 

Comment Stable Unstable 

 

      
Fig. 7. Evolution of the temperature profiles within the hot-end in stable and unstable extrusion 

regimes. 

3.2 Influence of the carbon fibers on the flow through the hot-end 

Fig. 8 compares the simulated feeding force as a function of the filament feeding rate 
for different carbon fiber volume fractions. It can be seen that the increase in the fiber 
content leads to a higher feeding force, which was expected as the fibers increase the 
material viscosity. However, at large feeding rates, the feeding force for 𝜙𝜙 = 5 % and 
𝜙𝜙 = 10 % is slightly lower than for a neat polymer (𝜙𝜙 = 0 %). This is explained by 
the improved thermal conductivity of the filament, which enhances melting of the pol-
ymer. The trend is better visible in Fig. 9, where the simulated feeding force was plotted 
as a function of the fiber volume fraction at different feeding rates. For low and mod-
erate feeding rates, the force increases monotonically with the fiber volume fraction. 
However, at higher feeding rate, a minimum in the feeding force is observed for 𝜙𝜙 from 
around 5 % to 10 %, which indicates that the increased thermal conductivity of the 
filament can be beneficial for reducing the pressure inside the hot-end. 

Except the change in the magnitude of the feeding force, we observe that for high 
fiber volume fractions, the extrusion remains stable at higher feeding rates. This can be 
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seen in Fig. 8 and 9 by the error bars that indicate the force fluctuations, and in Fig. 
10a, where the simulated feeding force is shown as a function of time for different fiber 
volume fractions. The oscillations of the feeding force and the melt zone position de-
termine the maximum feeding rate before the extrusion becomes unstable, as discussed 
in Section 3.1. The dependence of the maximum feeding rate on the fiber volume frac-
tion, as suggested by the simulations, is shown in Fig. 10b. It is observed that the max-
imum feeding rate increases linearly as a function of the carbon fiber volume fraction, 
due to improved effective thermal conductivity of the filament. 

 

Fig. 8. Feeding force as a function of the filament feeding rate for varying fiber volume frac-
tion. Simulated for DC = 0.4 mm and TL = 200 °C. The error bars indicate the force oscillations 

in time. 

 

 

Fig. 9. Feeding force as a function of the fiber volume fraction for varying feeding rates. Simu-
lated for DC = 0.4 mm and TL = 200 °C. The error bars indicate the force oscillations in time. 

 

0 100 200 300

Feeding Rate, V [mm/min]

0

20

40

60

Fe
ed

in
g 

Fo
rc

e,
 F

 [N
]

 = 0 %, w
f
 = 0 %

 = 5 %, w
f
 = 9 %

 = 10 %, w
f
 = 17 %

 = 15 %, w
f
 = 25 %

 = 20 %, w
f
 = 32 %

0 5 10

Flow Rate, Q [mm 3 /s]

0

20

40

60

0 100 200 300
0

5

10

15

20

Fe
ed

in
g 

Pr
es

su
re

, P
 [M

Pa
]

0 5 10 15 20

Fiber volume fraction,  [%]

0

10

20

30

40

50

Fe
ed

in
g 

Fo
rc

e,
 F

 [N
]

V = 40 mm/min

V = 120 mm/min

V = 160 mm/min

V = 200 mm/min

V = 220 mm/min

0 10 20 30

Fiber weight fraction, w f [%]

0

10

20

30

40

50

0 5 10 15 20
0

5

10

15

20

Fe
ed

in
g 

Pr
es

su
re

, P
 [M

Pa
]



13 

  

Fig. 10. a) Feeding force as a function of time for different fiber volume fractions, at a feeding 
rate 𝑽𝑽 = 𝟐𝟐𝟐𝟐𝟐𝟐 𝐦𝐦𝐦𝐦/𝐦𝐦𝐦𝐦𝐦𝐦; b) Simulated maximum feeding force (as defined in Section 3.1) as a 

function of fiber volume fraction. 

4 Conclusions 

This work is one of the first attempts to model the influence of fiber reinforcement 
on the flow inside the hot-end during material extrusion AM. A CFD model was used 
to simulate the non-isothermal flow of a power law fluid. The presence of fibers was 
accounted for by modifying the apparent dynamic viscosity and effective thermal con-
ductivity of the filament. In this work, one of the most commonly used systems was 
investigated, that is ABS matrix with carbon fibers. However, the model is suitable to 
simulate fibers made of different materials such as glass, carbon, wood, or nylon. The 
presented method can be used for short fibers where the aspect ratio (fiber length / fiber 
diameter) is moderately low (below 25). For long fibers, the elongational viscosity may 
become more important than shear viscosity. Hence, the Generalized Newtonian Fluid 
approach may no longer be valid, and more accurate representation of the fluid rheology 
is required. The results show that the presence of carbon fibers leads to a higher appar-
ent viscosity of the fluid, which, in general, requires a larger feeding force. However, 
at higher feeding rates, the presence of carbon fibers can be beneficial and decrease the 
feeding force, because of the increased thermal conductivity that promotes melting of 
the filament –which ultimately decreases the apparent viscosity. The presented ap-
proach could be used to optimize the design of filaments for high printing speed by 
utilizing fiber reinforcements or particle fillers with high thermal conductivity. The fu-
ture work shall include experimental measurements in order to confirm the numerical 
findings. Specifically, the feeding force could be measured for filaments containing 
varying fiber fractions. 
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Appendix A 

Table 4. Dimensions of the E3D v6 hot-end channel [41]. 

Dimension Symbol Unit Value 
Nozzle diameter 𝐷𝐷𝐶𝐶 mm 0.40 
Barrel diameter 𝐷𝐷𝐵𝐵 mm 2.00 
Filament diameter 𝐷𝐷𝐹𝐹 mm 1.75 
Capillary length 𝐿𝐿𝐶𝐶 mm 0.60 
Contraction angle 𝛼𝛼 ° 60 
Liquefier section length 𝐿𝐿𝐿𝐿 mm 15.5 
Heat break section length 𝐿𝐿𝐻𝐻𝐻𝐻 mm 2.00 
Heat sink section length 𝐿𝐿𝐻𝐻𝐻𝐻 mm 1.00 

Appendix B 

The relative viscosity 𝜂𝜂𝑟𝑟 is the ratio of 𝜂𝜂𝜙𝜙 and 𝜂𝜂, defined at the same shear stress 

𝜂𝜂𝑟𝑟 =
𝜂𝜂Φ(𝜏𝜏)
𝜂𝜂 (𝜏𝜏)

=
𝜏𝜏/𝛾̇𝛾𝜙𝜙
𝜏𝜏/𝛾̇𝛾

=
𝛾̇𝛾
𝛾̇𝛾𝜙𝜙

 

The dynamic viscosity of the filled system can be written as 

𝜂𝜂𝜙𝜙 = 𝜂𝜂 𝜂𝜂𝑟𝑟 = 𝐾𝐾𝛾̇𝛾𝑛𝑛−1
𝑇𝑇
𝑇𝑇𝑟𝑟
𝑎𝑎𝑇𝑇𝑛𝑛 𝜂𝜂𝑟𝑟 

where  𝛾̇𝛾 = 𝜂𝜂𝑟𝑟 𝛾̇𝛾𝜙𝜙. Thus, the composite dynamic viscosity is 

𝜂𝜂𝜙𝜙 = 𝐾𝐾�𝜂𝜂𝑟𝑟 𝛾̇𝛾𝜙𝜙�
𝑛𝑛−1 𝑇𝑇

𝑇𝑇𝑟𝑟
𝑎𝑎𝑇𝑇𝑛𝑛 𝜂𝜂𝑟𝑟 = 𝐾𝐾 𝛾̇𝛾𝜙𝜙𝑛𝑛−1  

𝑇𝑇
𝑇𝑇𝑟𝑟
𝑎𝑎𝑇𝑇𝑛𝑛 𝜂𝜂𝑟𝑟𝑛𝑛 
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