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Abstract  
The production of metal-organic frameworks (MOFs) on an industrial scale and in a cost-effective manner can 

greatly benefit this industry. In this research, one of the very innovative methods for producing metal-organic 

frameworks, namely the extrusion method, has been studied, and a model for extrusion has been designed. This 

designed model has been utilized with OpenFOAM software based on computational fluid dynamics to study the 

melting and compression of metal-organic frameworks within the extrusion process. Additionally, a laboratory 

study has been conducted to validate the developed code. In this research, 81 samples have been simulated to 

investigate important parameters in the extrusion of metal-organic frameworks, including the extrusion outlet 

diameter, the density ratio of the metal-organic frameworks, the rotation speed, and the number of screw 

blades, to examine their effects on the torque and power required for screw rotation, as well as the output 

density of the metal-organic frameworks from the extrusion. The results showed that increasing the number of 

blades in small diameters, such as 0.5 mm, significantly increases the flow rate, while in medium diameters, 

such as 1.0 mm, it has a considerable effect on the flow rate. However, in larger diameters such as 1.5 

millimeters, there is a significant reduction in the output flow rate. Additionally, an increase in the compression 

ratio leads to a significant decrease in the output flow rate across all samples. Furthermore, increasing the 

diameter can enhance the flow rate up to 18 times with an acceptable density. On the other hand, the torque and 

power required to rotate the screw have a direct, direct, and inverse relationship with the number of blades, 

compression ratio, and output diameter of the extruder, respectively. 
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I. INTRODUCTION 

Metal-organic frameworks (MOFs) are microstructures that utilize an organic material as a connector 

between metal molecules [1]. Among the notable features of these microstructures is their very high surface-to-

mass ratio; for example, one gram of MOF-5 has a surface area of 7000 square meters, making it an ideal porous 

medium for various applications [2]. They also exhibit high stability, flexible design, and strong resistance to 

thermal changes [3]. These materials can be used for carbon capture, separation of hydrogen and carbon dioxide 

mixtures, catalysis, drug delivery, air filtration, energy storage, chemical sensors, and water purification 

membranes [4-8]. Various factors, including the method, time, temperature, and pressure of synthesis, influence 

the acquisition of MOFs with the desired characteristics. The presence of energy for bond breaking or formation 

is necessary, and this phenomenon also exists in the synthesis of MOFs, as the synthesis of these compounds is 

based on creating bonds between organic linkers and metal oxides [9]. Generally, the temperature range used for 

MOF synthesis is between 15 °C and 273 °C. The main goal in synthesizing MOFs is to create specific 

inorganic building units without degrading the organic linker [10]. Any tool that can generate a controllable 

amount of heat will be suitable for MOF synthesis. For example, the heat generated can be supplied from 

sources such as ovens, microwave radiation, ultrasound, electric potential, and electromagnetic wave radiation 

[11]. The nature of the formed MOFs depends on the source or type of energy used, and their properties are 

contingent upon the synthesis method [12]. The application of the created MOFs depends on their primary 

properties, such as particle size and size distribution, and morphology. Additionally, the porosity of the 

synthesized MOFs is a function of the thermal energy used during synthesis as well as the heat source employed 

[13]. Although the synthesis of MOFs through coordinating metal clusters and organic ligands may seem 

straightforward, creating an optimal structure is quite challenging. Factors such as the type of solvent, pH, 

substituents present in the linker, and the concentration of metal ions, as well as reaction parameters (time, 

temperature, and pressure), affect the type of synthesized MOFs [14].  

The aim of this research is to present a model that is feasible for construction and industrial application, 

which includes all geometric and dynamic parameters. Computational fluid dynamics (CFD) is then utilized to 



Design and simulation of a hot-wall extruder for the production of organic-metallic frameworks  

www.ijres.org                                                                                                                                             170 | Page 

study various parameters. These parameters include geometric factors such as the extrusion outlet diameter, the 

number of screw blades, and the compression ratio, as well as dynamic parameters like the rotational speed of 

the screw. The effects of these parameters on the temperature and flow rate of the MOF output from extrusion, 

the amount of torque, and the power required for screw rotation, along with several fluid-related parameters, 

have been examined. The goal is to identify the optimal conditions for producing MOF. It can be said that a 

significant portion of this research is novel, and to date, there has been no study, either domestically or 

internationally, that presents a complete model for the mechanical extrusion of MOF and the use of 

computational fluid dynamics in this context. In this research, the extrusion consists of two separate parts named 

the barrel and the screw.  

 

II. The geometry and simulation method 

The barrel is considered the outer body of the extrusion, responsible for heating the material and 

directing it. Figure 1 shows the designed barrel, which resembles a hollow cylindrical rod that tapers to a point 

at one end, with a small hole at the end for the exit of the MOF. Table 1 also presents the values for each of the 

geometric parameters. 

 

 

 
 

Figure 1: Barrel or extrusion body in two and three dimensions showing geometric parameters. 

 

he other utilized engineering component is the screw, which is designed to push and compress the MOF inside 

the barrel. Figure 2 shows a view of the screw, which is a metal piece with blades around it that are continuously 

twisted at a specific angle from the beginning to the end of the metal shaft. Additionally, the screw has two 

zones known as the feed-melt zone and the compression zone. The first zone of the screw, located at the 

beginning of the extrusion process, receives the combined solid materials through a hopper. In this zone, due to 

the very low rotational speed of the screw, there is sufficient time for the materials to melt. After the materials 

have melted, they enter the second zone, which is the compression zone, where the screw compresses them 

while guiding them toward the extrusion outlet to obtain the MOF. In Figure 2, all the geometric parameters 

required for constructing the screw are shown, and Table 2 presents the values of these parameters. 

 

Table 1: Required values of barrel geometric parameters. 
value Geometrical parameter 

290 𝐿𝑏1 

10 𝐿𝑏2 

20.2 𝐷𝑏, 𝑖  

0.5, 1.0, and 1.5 𝐷𝑏, 𝑜 
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Figure 2: The designed geometry for the screw along with the geometric parameters. 

 

Table 2: Values of geometric parameters for the screw. 
definition Value 

Thread width (B) 11 

Screw diameter (D) 20 

Screw core diameter (𝑫𝒄) 10 

Barrel inner diameter (𝑫𝒃) 20.2 

Total screw length (L) 294 

Feeding-Melting zone length (𝑳𝒎𝟏) 100 

Compression-zone length (𝑳𝒎𝟐) 194 

Helix angle Ф (◦) 17.65 

Groove depth in the feeding-zone (𝒉𝒓) 3 

Groove depth in the metering- zone (𝒉𝒎) 1.2 

Screw width € 12 

Screw groove width (W) 10.2 

Pitch (S) 1 

Screw to barrel clearance (𝝀) 0.1 

 

In this process, a mixture of specified materials for the production of MOF is initially introduced into 

the extrusion through a hub. The material mixture consists of organic and metallic substances that have been 

blended together prior to injection. After injection, the mixture receives heat through the warm barrel wall to 

melt the organic materials, and then it enters the densification area to increase density, where metal-organic 

bonds are formed under high pressure. Finally, the formed MOF exits through a small nozzle at the end of the 

extrusion. In many transport phenomena, assumptions are made for the use of these equations, and in addition to 

those, assumptions have also been made for the present issue, which can be summarized as follows: Non-steady, 

laminar flow, compressible under pressure, non-Newtonian viscosity, heat generation due to viscosity, 

neglecting the effects of gravity and external forces, considering kinetic and internal energy, accounting for 

volumetric stress, and assuming constant thermal conductivity and specific heat capacity. As a result, the 

equations of mass, momentum, and energy conservation can be presented as follows: 

𝑑𝜌

𝑑𝑡
+ 𝛻. (𝜌𝑉) = 0 

(1) 

𝐷(𝜌𝑉)

𝐷𝑡
= 𝛻. 𝜎 

(2) 

𝜎 = −𝑝𝐼 + 𝜏 = −𝑝𝐼 + 𝜇[(𝛻. 𝑉) + (𝛻. 𝑉)𝑇] −
2𝜇

3
(𝛻. 𝑉)𝐼 

(3) 

𝐷(𝜌𝑒)

𝐷𝑡
+ 𝛻. (𝜌𝑉𝑉 + 𝑝𝐼) = 𝛻. (𝑘𝛻𝑇) + 𝜇𝛷 

(4) 

𝑒 =
1

2
𝑉2 + 𝑢 

(5) 
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𝛷 = 𝜏: 𝛻𝑉 (6) 

In the above equations, V, p, e, and u represent the velocity vector, pressure, total energy, and internal 

energy, respectively. Additionally, the Greek symbols ρ, μ, and k denote density, viscosity, and thermal 

conductivity coefficient. In the momentum equation, the stress component (σ) consists of compressive and shear 

stresses (τ) and the volumetric strain of the element. Furthermore, in the energy equation, the effects of 

volumetric change and thermal loss (Φ) due to viscosity are taken into account. Moreover, the parameter e is the 

sum of the kinetic and internal energy of the fluid. It can also be stated that the internal energy at the melting 

temperature range is equal to the enthalpy of melting, and at temperatures higher and lower than the melting 

temperature, it is equal to the product of the specific heat capacity at constant volume and temperature. In this 

issue, the boundary conditions can be presented mathematically in Table 3. 

 

Table 3: Boundary conditions of velocity, pressure, and temperature mathematically. 

Outlet Barrel-wall Screw-wall inlet  

𝛁𝑽 = 𝟎 𝑉 = 0 𝑉 = Ω𝑟 ∇𝑉 = 0 velocity 

𝑷 = 𝟏 𝒃𝒂𝒓 ∇p = 0 ∇p = 0 𝑃 = 1 𝑏𝑎𝑟 pressure 

𝛁𝐓 = 𝟎 𝑇 = 160 ℃ ∇T = 0 𝑇 = 23 ℃ temperature 

 

In this study, one of the most widely used metal-organic frameworks, namely ZIF-8, has been selected 

for production. To produce this material, zinc carbonate [𝑍𝑛3𝑂6𝐻12][𝑍𝑛2𝐶2𝑂4] and methylimidazole (C4 H6 

N2) were used in a molar ratio of 2 to 3, and no solvents were employed. In addition to the extrusion of ZIF-8, a 

small amount of carbon monoxide gas and water vapor is also released due to the reactions occurring within the 

extruder. The ligands of this compound melt at a temperature of 145 degrees Celsius, and therefore, the external 

surface temperature of the barrel wall is considered to be 160 degrees Celsius. 

In this research, the rhoPimpleFoam solver from OpenFOAM has been developed and used to 

numerically solve the governing equations of the present phenomenon. Upwind and central schemes with 

second-order accuracy have been employed for the divergence and Laplacian terms to discretize the equations. 

On the other hand, the numerical solution is based on iteration, and the residuals of 10-5, 10-4, and 10-6 for 

velocity, temperature, and pressure have been used to stop each case. Table 4 is provided for examining and 

selecting the mesh based on the output flow rate, which shows that mesh 419452 can be a reasonable choice for 

simulating other cases. 

 

Table 4: Independence Output from the Number of Meshes for Conditions 
𝐶𝑅 = 9, 𝑁𝐹 = 22, Ω = 20 𝑅𝑃𝑀, 𝑎𝑛𝑑 𝐷𝑜 = 1.5 𝑚𝑚 

Error[1] Mass flow rate(gr/min) Mesh number 

+33.01 18.128 52,367 

+16.39 15.864 124,651 

+4.56 14.251 241,325 

- 13.629 419,452 

-2.93 13.523 112,4981 

 

Figure 3 on the left and the bottom row also shows the geometry imported into OpenFOAM. All the required 

values for the study's screw [1] were provided, as shown in Table 5. 
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Figure 3: The designed screw along with the parameters in study [1] and the geometry imported into 

OpenFOAM in this research. 

 

Table 5: Values of the parameters required for the design of the screw studied [1]. 

definition Value 

Thread width B (mm) 11 

Screw diameter D (mm) 12 

Barrel inner diameter Db (mm) 12.2 

Total screw length L (mm) 204 

Feeding-zone length L1 (mm) 106 

Compression-zone length L2 (mm) 53 

Metering-zone length L3 (mm) 45 

Helix angle Ф (◦) 17.65 

Groove depth in the feeding-zone hF (mm) 3 

Groove depth in the metering- zone hM (mm) 1.2 

Screw width e (mm) 12 

Screw groove width W (mm) 10.2 

Pitch S (mm) 1 

Screw to barrel clearance 𝝀 (mm) 0.1 

 

III. Results and discussion 

In the present research, several geometric and dynamic parameters that significantly affect the industrial-scale 

production process of MOFs have been selected, with definitions and reasons for the selection of each parameter 

provided below.  

**Screw Rotational Speed** This is a dynamic parameter that regulates the rotational speed of the screw inside 

the fixed barrel, measured in revolutions per minute (RPM). This parameter has a significant impact on the 

suction rate of the input materials or the amount of MOF produced, as the angle of the screw blades is designed 

to direct the materials toward the outlet, and changes in rotational speed affect the material flow. Additionally, 

variations in rotational speed also influence the quantity of the molten mixture. In this study, the values are set at 

10, 15, and 20 RPM. 

 **Barrel Outlet Diameter** This is a geometric parameter related to the barrel that, in addition to regulating the 

output flow rate from the extrusion process, also affects its density. The geometric shape of MOF materials can 

vary with compression. This parameter is set in the barrel during the meshing process in Gambit software, with 

values of 0.5, 1.0, and 1.5 millimeters used in this research.  

**Number of Screw Blades** This is a geometric parameter of the screw that not only directs the materials 

toward the outlet but also compresses them. As explained, in part of the screw, the diameter continuously 

decreases, and without the blades, the materials would not move toward the outlet. This parameter is set for 

values of 14, 18, and 22 blades. 

Density ratio: This is the last geometric parameter of the screw that is responsible for compressing or increasing 

the density of the MOF. In the distance L1 of the screw, the melted material only moves towards the outlet and 

melts, and there is no increase in density during this interval. However, in the distance L2, the central diameter 
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of the screw gradually increases to compress the melted material from section L1 and increase its density. This 

parameter is calculated as follows: 

 

(8) 𝐶𝑅 =
𝐷𝑏

2 − 𝐷𝑖
2

𝐷𝑏
2 − 𝐷𝑜

2 

Which indicates the ratio of the area of the space between the barrel and the screw at the beginning of the 

extrusion to the end of the screw. Additionally, values of 3, 6, and 9 have been chosen for this parameter. 

Table 1 represents the rerun column design specification. 

 

3.1 The effects of various parameters on the output flow rate of MOF. 

It can be confidently stated that the mass flow rate of MOF output from extrusion is the most important 

parameter in extrusion systems, especially when the system is designed for industrial-scale dimensions. Figure 4 

shows the mass flow rate in grams per minute for different numbers of blades, compression ratios, and outlet 

diameters at a rotational speed of 10 revolutions per minute. According to an outlet diameter of 0.5 mm, 

increasing the number of blades results in an increase in the mass flow rate at all three compression ratios 

because as the number of blades increases, the extruder's suction increases due to the proximity of the blades to 

each other. Increasing the number of blades from 14 to 22 at a compression ratio of 3 has resulted in a 31.2 

percent increase in the mass flow rate, which is significant. Additionally, by observing the graphs at a fixed 

number of blades, it can be inferred that increasing the compression ratio leads to a decrease in the mass flow 

rate. This is because when the compression ratio increases, the molten material in the compression zone requires 

sufficient time to compress and exit, and this time increases with the compression ratio. Specifically, increasing 

the compression ratio from 3 to 9 for 14 blades has resulted in a 7.1 percent decrease in the mass flow rate. 

Carefully examining the graph provided for an outlet diameter of 1.0 mm, it can be seen that for all compression 

ratios, increasing the number of blades from 14 to 18 leads to an increase in the mass flow rate, while further 

increasing it to 22 has no effect on the mass flow rate. This is because increasing the number of blades beyond 

18 has not been able to enhance the suction. On the other hand, at a fixed number of blades, increasing the 

compression ratio leads to a decrease in the mass flow rate, which can also be supported by the graph for an 

outlet diameter of 0.5 mm. In other words, increasing the compression ratio from 3 to 9 for 22 blades has 

resulted in a 21.4 percent decrease in the mass flow rate. Now, turning to the graph provided for an outlet 

diameter of 1.5 mm, according to this graph, increasing the number of blades at a fixed compression ratio leads 

to a decrease in the mass flow rate. This is because the outlet diameter has become sufficiently large, allowing 

the MOF to exit the extruder easily; however, adding more blades becomes a constraint for suction, and 

increasing the number of blades at this outlet diameter imposes negative suction on the system, which suggests 

that adding more blades at this outlet diameter should be avoided. 
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Figure4: The charts of the output mass rate of the MOF for different values of extruder outlet diameter, 

density ratio, and number of blades at a rotational speed of 10 revolutions per minute. 

 

Figure 5 shows the mass flow rate of the produced MOF at an extruder output with a 1 mm diameter 

and a density ratio of 6, illustrating the effects of the screw rotational speed. It can be observed that increasing 

the number of flights at the same rotational speed slightly increases the mass flow rate; however, increasing the 

rotational speed from 10 to 20 revolutions per minute nearly doubles the mass flow rate output from the 

extruder. In other words, there is approximately a linear relationship between the screw rotational speed and the 

mass flow rate output. 

 
Figure 5. Graphs of the mass flow rate of MOF at an outlet diameter of 1 millimeter and a density ratio of 

6 to compare the effects of screw rotational speed. 

 

3.2 The effects of various parameters on the maximum density of MOF. 

As previously demonstrated, compressing the mixture in the production of MOF materials using the 

extrusion method is very important. The initial average density of the material at the input was 4800, and 

extrusion leads to an increase in density. Figures 6 shows the maximum density curves of MOF during extrusion 
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for different output diameters of the extruder, density ratios, and the number of blades at a rotational speed of 10 

revolutions per minute. By comparing Figures4 and 6, it can be observed that the pattern of density changes is 

similar to the mass flow rate of the output, as the mass flow rate is the product of speed, density, and cross-

sectional area of the output. The cross-sectional area is constant, and therefore the variables are only speed and 

density. Consequently, according to Figure 6 and the output diameter of 0.5 mm, increasing the number of 

blades due to the reduction in the distance between the blades leads to an increase in density, and other 

arguments align with the mass flow rate of the output. It is important to note that increasing the diameter, due to 

reduced output resistance, results in a decrease in maximum density, such that the maximum densities for 

diameters of 0.5, 1.0, and 1.5 are 5330, 5220, and 5030, respectively, for 14 blades and a density ratio of 3. 
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Figure 6:The maximum density charts of MOF for different values of extruder outlet diameter, 

compression ratio, and number of blades at a rotational speed of 10 revolutions per minute. 

 

3.3 The effects of various parameters on the torque required for the rotation of the screw 

To achieve a precise and industrial design, it is necessary to study not only the flow parameters but also 

the dynamic and geometric parameters in order to provide a practical and reliable model. Therefore, this section 

examines the torque required to rotate the screw within the extruder. Consequently, Figure 7 is presented to 

observe the effects of various parameters on the torque required for the screw. According to the graphs, for all 

5230

5280

5330

5380

5430

5480

5530

5580

14 16 18 20 22

5100

5150

5200

5250

5300

14 16 18 20 22

4920

4940

4960

4980

5000

5020

5040

14 16 18 20 22

𝐶𝑅 = 3 𝐶𝑅 = 6 𝐶𝑅 = 9 



Design and simulation of a hot-wall extruder for the production of organic-metallic frameworks  

www.ijres.org                                                                                                                                             177 | Page 

three extrusion outlet diameters, increasing the number of blades at a constant compression ratio results in an 

increase in the screw torque. This is because an increase in the number of blades leads to a greater contact area 

between the materials and the screw, which in turn results in higher angular stress and increased torque. 

Additionally, increasing the compression ratio with a constant number of blades also raises the required torque, 

as the contact area between the screw and the materials increases. As we know, torque has a direct relationship 

with the product of the distance from the screw's center to the surface and the angular stress applied to the 

screw. It can be stated that increasing the number of blades from 14 to 22 approximately increases the required 

torque by 12 to 17 percent. Furthermore, increasing the compression ratio from 3 to 9 increases the torque by 

approximately 10 to 18 percent. Moreover, the effects of the extrusion outlet diameter can also be addressed, as 

increasing the outlet diameter leads to a reduction in torque because MOF materials can be easily extruded at 

larger outlet diameters, thereby reducing the output resistance or the compressive stresses applied to the screw. 
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Figure7: The torque diagrams required for the screw for different output diameters of the extruder, 

compression ratios, and the number of flights at a rotational speed of 10 revolutions per minute. 
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3.4The effects of various parameters on the power required for the rotation of the screw. 

Another important parameter in the post-processing of this research is the power required by a motor to 

rotate the screw, which is illustrated in Figure 8 to show the effects of various parameters on it. As can be seen 

from the graphs, the behavior of all the graphs is similar to the torque required for the screw, because according 

to relation 9, the required power is equal to the product of torque and the rotational speed of the screw. 

Additionally, the rotational speed for this curve is constant at 10 revolutions per minute. The highest torque 

required is observed for the maximum number of blades and the compression ratio, and of course, the smallest 

outlet diameter, which is equal to 86 watts. 
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Figure8: The power requirement charts for the rotation of the screw for various output diameters of the 

extruder, compression ratios, and number of blades at a rotational speed of 10 revolutions per minute. 
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3.4 The effects of various parameters on pressure distribution. 

Studying the pressure distribution and the maximum pressure points within the extrusion helps in 

selecting the appropriate material for the construction of the barrel and screw, as they must be able to withstand 

compressive and shear stresses effectively. Accordingly, Figures 9 and 10 illustrate the pressure distribution on 

the screw. According to both figures, the pressure in the melting zone is equal to atmospheric pressure; 

however, in the compression zone, pressure changes gradually until the end of the screw, indicating that the 

compression zone has effectively and continuously compressed the materials. Additionally, the maximum 

pressure for Figure 9 increases with the number of flights, but in Figure 10, the maximum pressure increases 

from 14 to 18 flights and does not change from 18 to 22 flights. Furthermore, by comparing these two figures, it 

can be concluded that the maximum pressure for the extruder with a compression ratio of 3 is greater than that 

of 6, as the effects of compression due to the number of flights dominate the compression ratio. 

 

𝑁𝐹 = 14 𝑁𝐹 = 18 𝑁𝐹 = 22 

 

 

 

 

 

 

 

Figure 9: Pressure distribution along with the bar load for different numbers of blades at CR=3, at a 

rotational speed of 10 revolutions per minute and an outlet diameter of 1.0 millimeters. 
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𝑁𝐹 = 14 𝑁𝐹 = 18 𝑁𝐹 = 22 

 

 

 

 

 

 

 

Figure10:The distribution of pressure along with the bar load for different numbers of blades at CR=6, at 

a rotational speed of 10 revolutions per minute and an outlet diameter of 1.0 millimeter. 

 

IV. CONCLUSION 

In this study, an extrusion system with a hot barrel and a screw was designed for the production of 

metal-organic frameworks (MOFs) and simulated using computational fluid dynamics and OpenFOAM 

software. The input variables included the diameter of the extruder outlet, the number of screw flights, and the 

compression ratio. Their effects on the mass flow rate of the produced MOF materials, maximum density, 

torque, and power required to rotate the screw, as well as the pressure distribution within the extruder, were 

analyzed and discussed in the results section. The results showed that increasing the number of flights 

significantly increases the mass flow rate at small diameters, such as 0.5 mm, while it has a considerable impact 

on the mass flow rate at medium diameters, such as 1.0 mm, but leads to a significant decrease in the mass flow 

rate at larger diameters, such as 1.5 mm. Additionally, increasing the compression ratio significantly reduces the 

mass flow rate in all samples. Furthermore, increasing the diameter can increase the mass flow rate by up to 18 

times with acceptable density. On the other hand, the torque and power required to rotate the screw have a direct 

relationship with the number of flights and the compression ratio, and an inverse relationship with the extruder 

outlet diameter. 
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