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Simulation of Transport of Fluids in Kerogen Nanopores

• Objective: Learn how to calculate transport properties of fluids in kerogen nanopores by applying boundary-
driven non-equilibrium molecular dynamics (BD-NEMD) simulations with MedeA.

• Modules: MedeA Amorphous Materials Builder, MedeA LAMMPS

Preparation time Run time (16 cores) Level
60 minutes 22 hours Intermediate

Note: Required files:

• Structures: kerogen-II-C-layer.sci

• Flowchart: BD-NEMD-CPU.flow

These files are part of a separate zip file Tutorial-Simulation-fluid-transport-kerogen.zip which is available in the
Materials Design tutorial repository.
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· Re-Create Charts with Different Units

– Simulation of the Transport of a Fluid Mixture in a Kerogen Slit-Pore

* Create the Spec-File of a Fluid Mixture

· Prepare the Constituents of the Fluid Mixture: Methane

· Prepare the Constituents of the Fluid Mixture: Ethane

· Create the Spec-File

* Setup and Submission of the BD-NEMD Simulation
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– Conclusions

1 Introduction

In this tutorial you learn how to simulate the transport diffusivity of a fluid (liquid or gas) in in a porous material. Trans-
port diffusion, also called Fickian diffusion, occurs in systems not in equilibrium where gradients in concentration,
pressure, or temperature cause a net mass flux 𝐽 . In one dimension, Fick’s first law, 𝐽𝑧 = −𝐷𝑡𝑑𝜌/𝑑𝑧, describes
mass transport phenomenologically, with 𝑑𝜌/𝑑𝑧 denoting the fluid density change along the z-direction, and 𝐷𝑡 being
the transport diffusion coefficient. In general, transport diffusion is different from self-diffusion, except for an infinitely
diluted low-density gas, where transport diffusion coefficients and self-diffusion coefficients become similar. When
the fluid is a gas the net gas flux can be described with the equation 𝐽𝑧 = 𝐾𝑃 ∆𝑃/∆𝑧, where ∆𝑃 is the pressure
difference between two regions separated by a distance ∆𝑧. The pre-factor 𝐾𝑃 is the permeability of the porous
material through which the gas is diffusing.

This tutorial illustrates how to perform boundary-driven non-equilibrium molecular dynamics (BD-NEMD) simulations
to generate a pressure gradient between fluid regions (reservoirs) of a simulation cell resulting in a flux through the
porous material at the center of the simulation cell. With two application examples, you will simulate the transport
of pure methane gas and a fluid mixture of methane and ethane molecules through a kerogen slit-pore model. The
simulation not only yields flow rates, fluid density profiles, velocity profiles, and temperature profiles, but also lets you
determine the permeability and flow resistance of the slit-pore, and the transport diffusion coefficient, adsorption,
residence time, and accommodation coefficients of methane in the kerogen slit-pore. In case of a fluid mixture the
flowchart can create a table that summarizes the composition of the mixture in the two reservoirs of the simulations
cell. However, one requirement for creating the table is that one atom of each molecule of the fluid mixture belongs
to a MedeA subset. This requirement is met with a special preparation of the molecules that form the fluid mixture,
which is described in the Section Simulation of the Transport of a Fluid Mixture in a Kerogen Slit-Pore.

The computational approach is implemented in a MedeA flowchart using MedeA LAMMPS to perform the BD-
NEMD simulations. The MedeA flowchart generates the entire model for the BD-NEMD simulations, i.e. a simulation
cell containing the porous membrane and pore, and the atoms or molecules forming the fluid. The flowchart also
launches all BD-NEMD simulations and it takes care of analysing the results.

2 Computational Procedure

2.1 Overview of the BD-NEMD Approach

The BD-NEMD approach was introduced by Frentrup et al. [1] and a variant is applied by Collell et al. [2] to calculate
transport diffusivities of fluids in porous materials such as a polymer membrane and kerogen, respectively.
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The concept of BD-NEMD approach is illustrated in the below scheme showing the simulation cell with distinct
regions.

Note: The simulation cell has periodic boundary conditions in all three spatial directions.

The dimensions of the orthorhombic simulation cell are 𝐿𝑥, 𝐿𝑦, and 𝐿𝑧. In the cell center is the porous material,
here a kerogen slit pore, which is described by a block of kerogen with a gap along the y axis. You can replace the
kerogen pore by other porous systems such as a polymer membrane, a zeolite, or a clay structure. In all cases, the
porous system at the center must have a limited length along the z-axis (𝐿𝑝𝑜𝑟𝑒 and 𝐿𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒, respectively) to allow
for fluid regions on both sides.

The kerogen slit-pore model’s thickness is 𝐿𝑘𝑙, i.e. the layer has a limited extension along the y-axis. In the 3-
dimensional periodic model, the kerogen layer is continued periodically along the x-axis with the dimension 𝐿𝑥. The
gap along the y-axis opens up the slit-pore with a thickness of of 𝑑𝑝𝑜𝑟𝑒. The sum of the pore thickness and the layer
thickness is identical to the length of the simulation cell along the y-axis, i.e. 𝐿𝑦 = 𝐿𝑘𝑙 + 𝑑𝑝𝑜𝑟𝑒.

The distinct regions and parameters in the BD-NEMD simulation cell are:

• 𝐿𝑓𝑟: length of the force region

• 𝐿𝑢𝑠: length of the upstream region/reservoir

• 𝐿𝑑𝑠: length of the downstream region/reservoir

• 𝐿𝑡𝑟: length of each of the four transition regions

• 𝐿𝑒𝑟: length of each of the two entrance regions of the membrane/pore

• 𝐿𝑝𝑐, 𝐿𝑚𝑐: length of the core region of the pore/membrane

• 𝐿𝑝𝑜𝑟𝑒, 𝐿𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒: length of the entire pore/membrane

The total length of the simulation cell along the z-axis is the sum of the lengths of the pore/membrane, the two
reservoirs, the force region, the four transition regions: 𝐿𝑧 = 𝐿𝑝𝑜𝑟𝑒 + 𝐿𝑢𝑠 + 𝐿𝑑𝑠 + 4𝐿𝑡𝑟 + 𝐿𝑓𝑟.

The length of the pore/membrane in z-direction is the sum of the lengths of the two entrance regions and the
pore/membrane core: 𝐿𝑝𝑜𝑟𝑒 = 𝐿𝑝𝑐 + 2𝐿𝑒𝑟.

The two fluid reservoirs on the left and right side of the porous structure are labeled upstream reservoir and down-
stream reservoir. Their dimensions are 𝐿𝑥 × 𝐿𝑦 × 𝐿𝑢𝑠 and 𝐿𝑥 × 𝐿𝑦 × 𝐿𝑑𝑠, respectively. With these two reservoirs
in place you can generate gradients in concentration, pressure, or temperature by applying an external directed force
along the z-axis in the “force region” on all fluid atoms, leading to a fluid flux along the z-axis. For small external
forces, this approach is equivalent to imposing a pressure (or chemical potential) gradient. As a result you obtain
different fluid pressures and fluid densities in the upstream and downstream reservoirs.

Due the periodic boundary conditions and the acceleration in the direction of the z-axis, fluid atoms and molecules
reaching the transition region on the right side of the simulation cell exit the simulation cell and re-enter on the left
side in the force region. In the force region, the atoms are again accelerated by the external force to move towards
the pore/membrane model in the center of the cell. Hence, with this setup a continuous flow of fluid atoms can be
generated.
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During the BD-NEMD simulations, the fluid atoms move through the entire simulation cell whereas the mem-
brane/pore atoms are limited in movement around their equilibrium positions. This is achieved by tethering each
atom with a spring constant of 5 kcal/(molÅ2). In addition, two walls of atoms are positioned to the left side and right
side of the membrane/pore to prevent any drift in z-direction. These walls are fully permeable for the fluid atoms but
cannot be penetrated by the atoms of the membrane/pore model.

The external field accelerates the fluid atoms and thus increases their kinetic energy. To control the kinetic energy of
the fluid atoms and thus the temperature, the atoms of the membrane/pore are coupled to a thermostat. During the
simulation, the interaction of the fluid molecules with the membrane/pore removes energy from the system. This way
to control the temperature prevents any unphysical fluid perturbations, which could arise if the fluid itself is coupled
to a thermostat.

2.2 BD-NEMD Implementation in a MedeA Flowchart

As shown in the below figure the main flowchart consists of five stages:

• Variables stage: sets and defines running parameters (details are given further below)

• pale blue Subchart stage: prepares the simulation cell with membrane (slit-pore), with the two fluid-permeable
walls, and the two empty fluid reservoirs

• pale green Subchart stage: adds the fluid to the upstream reservoir of the simulation cell

• red Subchart stage: performs MD simulations with MedeA LAMMPS

• pale brown Subchart stage: analyses and post-processes the results of the BD-NEMD simulation

The model building steps implemented in the first two Subchart stages (pale blue and pale green) are illustrated in
the below figure:
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• (1) the starting structure is a kerogen layer

• (2) the length 𝐿𝑦 of the simulation cell of the kerogen layer is increased by the thickness of the slit-pore (𝑑𝑝𝑜𝑟𝑒)
to create the slit-pore

• (3) translates the atoms of the kerogen layer along the y-axis such that the center of the slit-pore is in center
of the simulation cell

• (4) increases the cell length 𝐿𝑧 to create space for the reservoirs, transition regions, and force region

• (5) translates the atoms of the kerogen layer along the z-axis such that the center of the slit-pore is in center
of the simulation cell

• (6) adds the atoms forming the walls on left and right side of the kerogen structure; the atoms are permeable
for the fluid molecules but prevent the kerogen layer from drifting along the z-direction

• (7) adds the fluid molecules to the upstream reservoir

To perform MD-NEMD simulations, you only need to modify the options and settings in the Variables stage and the
second Subchart stage (pale green) of the main flowchart.

In the Variables stage the following simulation parameters are defined:
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The below table explains the meaning of each variable that you can modify. Their values depend on the size of
slit-pore, the conditions (temperature and pressure), and which properties should be calculated.
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Variable Description Remarks
T temperature increase this value if you want so simulate

the transport at a higher temperature
tsimNEMD2 length of the simulation time in the 2nd BD-

NEMD step (production stage) to record
properties such as the distributions of the
density, temperature, velocities, and the
fluid flux in the simulation cell

must be increased to 4 or 5 ns to calculate
accurate accommodation coefficients of a
gas or if the fluid is a liquid

LupReservoir thickness of the upstream reservoir, i.e. 𝐿𝑢𝑠 adapt the size of the upstream reservoir
depending on how many molecules should
form the fluid and which density the fluid
should have for a given temperature and
pressure

LdownReservoir thickness of the downstream reservoir, i.e.
𝐿𝑑𝑠

it is recommended that 𝐿𝑑𝑠 = 𝐿𝑢𝑠

dSlitPore thickness of the slit-pore, i.e. 𝑑𝑝𝑜𝑟𝑒 can be modfied depending on the desired
dimension of the slit-pore

force the force that is applied to all atoms in
the force region to accelerate the fluid
molecules, i.e. to create a flow in the z-
direction

The force should be decreased or in-
creased to achieve a smaller or larger
pressure diffences, respectively, between
the upstream reservoir and downstream
reservoir. However, too large forces can
cause unphysical perturbations which imply
meaningless simulations. The default value
of 0.05 kcal/(mol Å) yields reasonable re-
sults.

The below table explains the meaning of the variables that you should not modify, unless you are sure about the
implication of each modification!

v. 3.5 Copyright © 2022 Materials Design, Inc., All rights reserved.
Materials Design® and MedeA® are registered trademarks of Materials Design, Inc.

12121 Scripps Summit Dr., Ste 160 San Diego, CA 92131

7 of 46



TU
TO

R
IA

L
TUTORIAL

Variable Description Remarks
tstep time step to evolve atoms in the MD sim-

ulations
can be increased to 2 fs if no hydrogen
atoms are present

tsimNVT1 length of the MD simulation time to ther-
mally equilibrate the kerogen and the
fluid, in accordance with the specified
temperature

Increase the simulation time in case you
want to simulate the transport diffusion
of a liquid

tsimNEMD1 length of the simulation time of the first
BD-NEMD step to bring the system in a
steady state in which the difference be-
tween the densities in the two reservoirs
is constant on average, in accordance to
the specified force and temperature

Increase the simulation time in case you
want to simulate the transport diffusion
of dense gases or a liquid

Lforce thickness of the force region, 𝐿𝑓𝑟 do not modify
Ltransition thickness of the four transition regions in

the simulation cell, i.e. 𝐿𝑡𝑟

do not modify

LmembraneEntry thickness of the region that represents
the entrance of the pore/membrane, i.e.
𝐿𝑝𝑒

should be increased if the kerogen layer
is rugged in the region close to the per-
meable wall

NTrajectoryFrames number of configurations that you want
to store in trajectories in the three MD
simulations, i.e. the equilibration phase,
the first BD-NEMD simulation, and the
second BD-NEMD simulation

increase the value if the recorded tra-
jectory should contain more snapshots
of the simulation; be aware that an in-
crease of the value can cause large files

updateTempNevery how often the kinetic energy of the parti-
cles is used to compute the temperature
of the fluid and the membrane/pore

do not modify

Nxbins slices along the x-direction of the sim-
ulation cell to calculate profiles of prop-
erties such as the temperature, density,
and particle velocities

can be increased if the profile should
have a higher spatial resolution

Nybins slices along the y-direction of the sim-
ulation cell to calculate profiles of prop-
erties such as the temperature, density,
and particle velocities

can be increased if the profile should
have a higher spatial resolution

Nzbins slices along the z-direction of the sim-
ulation cell to calculate profiles of prop-
erties such as the temperature, density,
and particle velocities

can be increased if the profile should
have a higher spatial resolution

The actual BD-NEMD approach is applied in the third Subchart stage using MedeA LAMMPS. It encompasses three
MD simulation phases:

In the first phase the system is equilibrated within the canonical (NVT) ensemble, i.e. the number or particles (N),
the cell volume (V), and the temperature (T) are preserved.

In the second phase and third phase BD-NEMD simulations are performed also with NVT conditions but an external
force is applied on atoms that are located in the force region of the simulation cell. The initial atomic positions and the
corresponding velocities of the second phase (i.e. the first BD-NEMD simulation) are those of the final configuration
(frame) of the preceding NVT simulation.

The intention of the first BD-NEMD simulation is to bring the system into a steady state with a constant average
pressure difference between the two reservoirs.

The initial atomic positions and the corresponding velocities of the second BD-NEMD simulation (third phase) are
those of the final frame of the preceding BD-NEMD simulation.

During the second BD-NEMD simulation properties are recorded which are then analysed and post-processed in the
fourth Subchart stage of the main flowchart.
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The properties recorded include averaged density and temperature profiles, and atomic velocities in the various cell
regions, and data to calculate the residence time and momentum accommodation coefficients (MAC) of the fluid
atoms and molecules in the core region of the pore/membrane.

Key outputs of the fourth Subchart stage are charts of the calculated profiles.

3 Simulation of Methane Transport in a Kerogen Slit-Pore

With the instructions in this section you can perform a BD-NEMD simulation to calculate transport properties of
methane gas in a kerogen slit-pore. The kerogen slit-pore is formed by a layer consisting of eight (8) kerogen units,
type II-C of the Duvernay series, which is representative for organic-rich marine shales [3] . The kerogen layer
is provided by the structure file kerogen-II-C-layer-2.5nmx3nmx4.8nm.sci which was created in the MedeA tutorial
Building a Kerogen Slit-Pore Model. The latter tutorial as well as other MedeA tutorials are available in the Materials
Design tutorial repository.

With the structure of the kerogen layer as one of the key inputs, the flowchart BD-NEMD-CPU.flow opens-up a slit-
pore with a thickness of 𝑑𝑝𝑜𝑟𝑒 = 3 nm. Another key input is the specification of the fluid phase, i.e. the methane gas for
which the transport properties are calculated in the BD-NEMD simulation. The methane gas phase consists of 300
methane molecules and enters the BD-NEMD flowchart through a .spec file generated by the MedeA Amorphous
Materials Builder. The .spec file is created in one of the next sub-sections.

After a careful check of the simulation parameters the BD-NEMD workflow is submitted to a compute node with
sufficient performance to complete the job within 24 hours wall time. The instructions encompass steps to inspect
the job while running and how to access the key results once the job is completed.

Note: The structure file and the flowchart are part of the separate zip file Tutorial-Simulation-fluid-transport-
kerogen.zip which is available in the Materials Design tutorial repository.

3.1 Kerogen Layer for a Slit-Pore

Open the input structure of the kerogen layer forming the slit-pore:

1. File >> Open structure from disk

2. Browse to the folder where you extracted the zip file of this tutorial and select the file kerogen-II-C-layer-
2.5nmx3nmx4.8nm.sci, and confirm with Open

3. Analyse the structural properties of the kerogen layer: Analysis >> Geometric Analysis
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Confirm the cell lengths to be around 𝑎 = 25 Å (2.5 nm), 𝑏 = 30 Å (3.0 nm), and 𝑐 = 49 Å (4.9 nm). The lengths 𝑏
and 𝑐 determine the length of the simulation cell 𝐿𝑦 and the length of the slit-pore (𝐿𝑝𝑜𝑟𝑒), respectively. All angles
must be 90.0 degrees as the BD-NEMD simulation only works with orthorhombic simulation cells.

3.2 Create the Spec-File of an Ensemble of Methane Molecules

To simulate the transport of methane gas now generate the file 300-CH4-2.5nmx6nmx5.9nm.spec which is used
in the flowchart BD-NEMD.sci.flow to add the fluid phase, i.e., the methane molecules to the simulation cell. The
amount of methane molecules in the simulation cell determines the densities and pressures of methane in the various
regions of the simulation cell.

1. Create a methane molecule: File >> New Molecule from SMILES

2. In the SMILES dialogue enter as Title and SMILES the strings CH4 and C, respectively, and confirm with
OK
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3. Builders >> Amorphous Materials. . .

(a) Add a component >> From MedeA >> CH4

(b) Set the value of the option Nmols to 300

(c) Set the value of the option System geometry: to layer

(d) Set the value of the option Specify cell: to density,a,b

(e) Set the value of the option Density (g/ml) to 0.09

(f) Set the value of the option Cell length a (Ang) to 25.1636

Note: This length must be identical to the length of 𝑎 of the cell of the kerogen layer!

(g) Set the value of the option Cell length b (Ang) to 60.0

Note: This length must be the sum of the length of 𝑏 of the cell of the kerogen layer (30.0 Å) and the
intended thickness of the slit-pore (𝑑𝑝𝑜𝑟𝑒 = 30 Å)!

(h) Click on Refresh to update the values for a:, b:, and c:

Note: Note the value of the length c: is important as it determines the lengths of the two fluid
reservoirs, i.e. 𝐿𝑢𝑠 and 𝐿𝑑𝑠.

(i) Set the value of the option Action: to Save system definition only
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(j) Save the specification of the amorphous structure in a spec file on disk:

i. Click OK

ii. Browse to the folder where you want to save the specification

iii. As File name: enter, e.g. 300-CH4-2.5nmx6nmx5.9nm.spec
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iv. Click Save to write the file to disk

3.3 Setup and Submission of the BD-NEMD Simulation

Having prepared the kerogen layer and the .spec file for the fluid phase, you can set up the BD-NEMD simulation:

1. In MedeA, with the kerogen layer structure window active: Jobs >> New Job. . .

2. Load the MedeA flowchart to perform the BD-NEMD simulations on CPUs: Open User. . .

3. Browse to the folder where you extracted the zip file of the tutorial, select the file BD-NEMD-CPU.flow, and
confirm with Open

Note: When selecting the file BD-NEMD-CPU.flow, a short flowchart description is provided in the lower
section of file dialogue
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4. Open the second Subchart stage to add the fluid to the upstream reservoir: right-click on the stage >>
Edit. . .

5. In the sub-flowchart open the Amorphous Builder stage to create the ensemble of molecules forming the
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fluid based on the file 300-CH4-2.5nmx6nmx5.9nm.spec : right-click on the stage >> Edit. . .

(a) Set the option System composition source: to composition file

Hint: A file explorer should appear to load the composition file for the Amorphous Materials Builder. If
that is not the case then click on the browse button . . . .
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(b) In the file explorer window browse to the file 300-CH4-2.5nmx6nmx5.9nm.spec, select it, and click
on OK

(c) In the dialogue of the Amorphous Builder stage click on OK to return the flowchart of the second
Subchart stage

(d) Again click on OK to return to the main flowchart

6. Open the Variables stage (right-click on the stage >> Edit. . . )
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7. Examine and may be adapt the following parameters:

Note: All simulation parameters are explained in the Section Computational Methodology

• simulation temperature: T 300 K

• simulation time of the 2nd BD-NEMD step: tsimNEMD2 3 ns

• length of the upstream reservoir (𝐿𝑢𝑠) to accommodate the high pressure phase of methane:
LupReservoir 5.9 nm - This value should be identical to the value of the length c that was
determined in the previous section!

• length of the downstream reservoir (𝐿𝑑𝑠) to accommodate the low pressure phase of methane:
LupReservoir 5.9 nm - This value should be identical to the value of 𝐿𝑢𝑠.

• thickness of the slit-pore: dSlitPore 3.0 nm

• external force that is applied on the atoms of methane in the force region: force 0.05 kcal/mol/
Ang - a slight increase of the force to 0.06 kcal/(mol Å) or decrease to 0.06 kcal/(mol Å) increases
or decreases, respectively, the difference of the pressure of methane in the upstream and downstream
reservoirs.

8. To save the modified settings click OK to return to the main flowchart.

9. In the main flowchart enter an informative job title, e.g. 300 CH4 in kerogen-C-II 3nm slit-pore
model+NVT+BD+NEMD1+2 0.2+0.5+3 ns force 0.5 and submit the job with Run

Hint: The job completes within 22 hours on 16 cores of an Intel Xeon CPU. The compute time mainly depends
on the simulation cell size and number of atoms.
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You can follow the progress of the simulation via the web page of the JobServer:

1. In the MedeA GUI click on Jobs >> View and Control Jobs

2. Open the Summary page of running jobs (see relevant link in the black horizontal bar)

3. Click on the Show button of the job 300 CH4 in kerogen-C-II 3nm slit-pore model+NVT+BD+NEMD1+2
0.2+0.5+3 ns force 0.5

4. In the expanded new table row click on the Task number to open the working directory of the running calculation

Hint: A frequent update/reload of the browser page with the working directory lets you see how the sizes of
the files change. A click on filenames lets you open and examine the content of files.

5. Return to the Summary page

6. Click on the number (ID) of the running job in the very left table column

7. Scroll down to the section Other Files (caution: may be binary!)
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The .sci files contain intermediate structures generated during the first four stages of the flowchart.

All structure files labled 2.*.sci are generated by the first Subchart when building the simulation cell with the
slit-pore model and the fluid-permeable wall. The final structure produced by the first Subchart is also stored
in the file empty-membrane-model.sci.

All structure files 3.*.sci are generated in the second Subchart, by adding the fluid. The final structure of the
second Subchart stage is also stored in the file membrane-model-with-fluid.sci.

Note: Please inspect some or all of these structures to confirm the building process was successful.

8. Visualize the structure of the file membrane-model-with-fluid.sci :

(a) Right-click on the link as plain text to save the plain sci to disk; alternatively you can open the plain file
in the web browser and save the opened file to disk

(b) Open the saved sci file in the MedeA GUI with File >> Open structure from disk

The opened structure should look similar to the one shown in the below figure:

9. Visually inspect the structure for unwanted and peculiar structural features such as stretched bonds.

10. Also visualize the pair-correlation function to search for too short interatomic distances:

(a) Analysis >> Geometric Analysis

(b) Open the Pair Correlation tab to calculate and visualize the pair correlation function

Note: The calculation of the pair correlation function can take 1-2 minutes depending on the performance of
your computer. During the calculations the MedeA GUI cannot be used otherwise.

The pair correlation function should look similar to the one below, and in particular it should have a gap region as
indicated by the orange shaded region.
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3.4 Analysis of Results

Once the entire job is completed you can visualize structures and charts, and animate the generated MD trajectories.

Visualize Structures

1. File >> Open structure from job

2. Click Collaps All to see all available jobs on the JobServer from which you can load structures

3. Search for the list record of the job 300 CH4 in kerogen-C-II 3nm slit-pore model+NVT+BD+NEMD1+2
0.2+0.5+3 ns force 0.5

4. Click Expand All to see all structure (sci) files available for this job

5. Click on the structures 4.2.4.sci 4.2.6.sci 4.2.7.sci, and 4.2.8.sci to mark them with

6. Click Open to load the four selected structures
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The above figure shows the structures

• 4.2.4.sci (top left)

• 4.2.6.sci (top right)

• 4.2.7.sci (bottom right

• 4.2.8.sci (bottom left)

The latter structure is identical to the one defined in the file final.sci.

In the equilibrated structure the methane molecules are homogeneously distributed around the kerogen layer. Ap-
plying an external force leads to an accumulation of fluid (methane) in the upstream reservoir, i.e. on the left side of
the kerogen layer, while the right-hand side is depleted of methane molecules.

Animate Trajectories of the MD Simulations

1. Analysis >> Trajectories

2. Click on the structure the record 4.2.8.Trajectory.data to the trajectory of the 2nd BD-NEMD simulation step to

mark it with a
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3. Confirm the selection with Open , to load the trajectory

Note: It can take 2-3 minutes until the trajectory is loaded and the animation starts.

4. Once the animation has started click on the icon to visualize the atoms in the CPK mode, i.e. to show
atoms as bigger spheres.

Note: Switching the mode can take 10-15 seconds to update all trajectory frames

5. To continue the animation click on the icon in the animation control panel.

You should see that all atoms (of the kerogen layer and of the methane molecules) are moving. The only fixed atoms
are those forming the walls next to the kerogen layer. The methane molecules can cross the walls whereas the
atoms of the kerogen layer stay between the walls.

Visualize Charts of Calculated Properties

After the MedeA LAMMPS calculation stops the fourth Subchart stage analyses the results of the second BD-NEMD
simulation step and creates charts with the

• time evolution of pressures, temperatures, and densities during the simulation

• spatial profiles of running averages of densities, velocities, and temperatures of the fluid and the kerogen layer

All charts are accessible on the JobServer via the Charts folder in the main job:
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Click on the Charts folder to access the charts as graphics file in PNG format:
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With most web browsers you can directly visualize each .png file by clicking on the file name or on the corresponding
link as png.
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Property Evolution Charts

reservoir-pressures.png densities-in-simulations-cell.png

The pressures of methane in the two reservoirs fluc-
tuated around the mean values of 10 MPa (upstream
reservoir) and 2.2 MPa (downstream reservoir).

The densities of methane in the two reservoirs fluctu-
ated around the mean values of 0.0022 g/mL (down-
stream reservoir) and 0.008 g/mL (upstream reservoir).
The methane density in the pore (memebrane) are
about twice as large as the density in the downstream
reservoir.

temperatures-in-simulation-cell.png

The spatially averaged temperature based on all atoms
in the entire simulation cell fluctuates around 322 K
(red line). The temperature of the kerogen layer (mem-
brane) is constantly at 300 K without mayor fluctua-
tions (black line). Hence, the kerogen layer is well
thermostatted. The spatially averaged temperature in
the entire simulation cell based on methane only fluc-
tuates around 390 K (orange line). The temperature of
methane in the upstream reservoir is the highest of all
and fluctuates around 420 K (blue line). Both the tem-
peratures of methane in downstream reservoir (yellow
line) and the kerogen slit-pore (purple line) show similar
fluctuations around the mean value of 350 K.
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Charts with Density Profiles

density-z-profile-fluid.png density-z-profile-fluid-in-membrane-core.png

This is the density profile of methane along the flow
direction, i.e. in directions of the z-axis. Clearly visible
is that methane adsorbes on the outer surfaces of the
kerogen layer. The density of methane in the upstream
reservoir is approximately three times larger than in the
downstream reservoir.

This is a magnification of the density profile of methane
along the flow direction in core of the kerogen slit-pore.

density-y-profile-of-fluid-in-membrane-core.png density-x-profile-fluid-in-membrane-core.png

This is the density profile of methane across the core
of the slit-pore along the y-direction. Clearly visible is
the adsorption of methane molecules on the surfaces of
the slit-pore. The density of the methane on the walls
of the slit-pore is by a factor 4 smaller than the density
of methane on the left outer wall of the kerogen layer.

The density profile of methane across the core of the
slit-pore along the x-direction shows only small varia-
tions.

density-z-profile-membrane.png

The density profile of kerogen in z-direction indicates
that the kerogen layer stays in the region that is en-
closed by the two walls.
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Charts with Temperature Profiles

temperature-z-profile-fluid.png temperature-y-profile-fluid-in-membrane-core.png

The highest tempature of methane is close to the right
edge of the force region. The temperture decreases
in the flow direction until the exit of the kerogen slit-
pore. Methane that leaves the slit-pore and enters the
downstream region has a higher temperature than in
the slit-pore. This can be explained by kinetic energy
that dissipates from the methane molecules to atoms
of the kerogen layer upon collision. The atoms of the
kerogen layer are thermostatted, i.e. kinetic energy is
withdrawn.

The temperture profile of methane across the mem-
brane in the y-direction indicates a lower temperature
at the walls of the kerogen layer than in the center of
the slit-pore. Also this profile can be explained by dissi-
pation of kinetic energy between methane and the ther-
mostatted kerogen layer.

temperature-x-profile-fluid-in-membrane-core.png temperature-z-profile-membrane.png

The temperature profile of methane across the core of
the slit-pore in x-direction shows only small variations
whereby the average temperature is around 353 K.

The temperature profile of the kerogen layer along the
flow direction shows a constant temperature of 300 K.
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Charts with Velocity Profiles

velocity-fluid-z-direction.png velocity-fluid-z-direction-in-membrane-core-y-
profile.png

As exptected the highest velocity of methane in flow
direction is in the force region where atoms are accel-
erated. The velocity in flow direction decreases signif-
icantly in the upstream reservoir and reaches a mini-
mum at the left entry region of the slit-pore. In the pore
the methane molecules gradually gain speed. At at the
right edge of the kerogen layer the velocity in flow direc-
tion shows another drop but significantly increase once
the molecules entered the downstream reservoir.

The y-profile of the velocities of methane in flow direc-
tion across the slit-pore core shows the shape that is
characterisitic for a Poiseuille flow, with a max. veloc-
ity in the center of the pore and almost zero velocity at
the slit-pore walls. The velocities at the slit-pore walls
are even a bit negative which might be due to a certain
roughness of the slit-pore walls (nano-turbulence?).

velocity-fluid-z-direction-in-membrane-core-x-
profile.png

The x-profile of the velocities of methane in flow di-
rection across the slit-pore core shows small variations
whereby the average velocity is around 160 nm/ns.

Charts with Fluid Flux Profiles

The flux of methane in flow directions, i.e. along the z-axis is calculated as the product of the z-profiles of the density
and the velocity, in agreement with 𝐽𝑧 = 𝑣𝑧𝜌.
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flux-z-direction-fluid.png flux-z-direction-fluid-in-membrane-core.png

The shape of the z-profile of 𝐽𝑧 is very similar to the
shape of the z-profile of the methane density rather
than the shape of the z-profile of the methane velocity
in flow direction. That why the significant flux maximum
is at the left entry region of the slit-pore. This is mainly
due the high density of methane at the slit-pore entry
rather than due to a high velocity in flow direction in
this region.

A magnification of the z-profile of he methane flux 𝐽𝑧 in
the core of the slit-pore indicates a gradually descrease
between the slit-pore entry on the left side and the slit-
pore exit on the right side.

Re-Create Charts with Different Units

You can re-create the charts with different units of your choice:

1. In the MedeA GUI, active: Jobs >> New Job. . .

2. Load the MedeA flowchart to re-create the charts: Open User. . .

3. Browse to the folder where you extracted the zip file of the tutorial, select the file BD-NEMD-analysis-only.flow,
and confirm with Open

Note: When selecting the file BD-NEMD-analysis-only.flow, a short flowchart description is provided in the
lower section of file dialogue
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4. Open the Variables stage to adapt the units to create the charts: right-click on the stage >> Edit. . .
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The below table summarizes the units of which property you can modify:

Variable Description Examples
jobid id (number) of the job of the BD-NEMD

simulation that you want to (re-)analyse
1234

mass define the mass unit g, kg, Mg, lb (pound), oz (ounce)
length define the length unit Ang (Å), pm, nm, um (micro meter), mm,

cm, inch, yard
time define time unit fs, ps, ns, us (micro second), ms, h
energy define energy unit kcal/mol, kJ/mole, kcal, kJ, K
velocity define velocity unit can be any (length unit) (time unit)-1, e.g.

nm/ns
force define force unit nN, mN, N, J/m
temperature define temperature unit K, °C, °F
pressure define pressure unit bar, atm, Pa, MPa, psia
density define density unit can be any (mass unit) (volume unit)-1,

e.g. g/mL
flux define flux unit can be any mass unit (length unit)-2 (time

unit)-1, e.g. g/(nmˆ2*ns)

5. Once you are done with your modifications confirm the settings and close the stage with OK

6. Back in the main flowchart enter an informative job title, e.g. re-analyse 300 CH4 in kerogen-C-II
3nm slit-pore model+NVT+BD+NEMD1+2 0.2+0.5+3 ns force 0.5 and submit the job with
Run

Hint: The job completes within 10 seconds if submitted to one CPU.

Once the job has completed all charts are accessible via the Charts folder in the main job folder:
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Click on the Charts folder to access the charts as graphics file in PNG format.

4 Simulation of the Transport of a Fluid Mixture in a Kerogen Slit-Pore

With the instructions in this section you can perform a BD-NEMD simulation to calculate transport properties of a
fluid mixture in a kerogen slit-pore. As an example, the fluid mixture consists of 150 methane molecules of methane
and 150 molecules of ethane. The preparation, setup, and analysis of the BD-NEMD simulation for a fluid mixture
is very similar to steps of a BD-NEMD simulation of a pure fluid. However, the key difference is the procedure to
create the specification for the MedeA Amorphous Materials Builder (the .spec file) to add the fluid mixture to the
simulation cell in the MedeA BD-NEMD flowchart (e.g. BD-NEMD-CPU.flow).

In the steps to prepare the .spec file you need to select one atom of each of the fluid molecule that belongs to a
unique MedeA subset. The subsets are used in the BD-NEMD flowchart to count during the MD simulation the
number of the different molecules in each of the two reservoirs. At the end of the simulation the statistically averaged
amount of each molecule in the two reservoirs is summarized in a table.
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4.1 Create the Spec-File of a Fluid Mixture

To simulate the transport of a fluid mixture that consists of methane molecules and ethane molecules now generate
the file 150-CH4-150-C2H6-2.5nmx6nmx5.9nm.spec which is used in the flowchart BD-NEMD.CPU.flow to add the
fluid phase to the simulation cell. The amount of the molecules in the simulation cell determines the densities and
pressures of the fluid mixture in the various regions of the simulation cell.

Prepare the Constituents of the Fluid Mixture: Methane

1. Create a methane molecule: File >> New Molecule from SMILES

2. In the SMILES dialogue enter as Title and SMILES the strings CH4 and C, respectively, and confirm with
OK

3. Select the C atom of the created methane molecule

4. Right-click on somewhere in the builder window >> Subsets >> Create subset from selection

5. Create the subset C CH4 and confirm with OK
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Prepare the Constituents of the Fluid Mixture: Ethane

1. Create a methane molecule: File >> New Molecule from SMILES

2. In the SMILES dialogue enter as Title and SMILES the strings C2H6 and CC, respectively, and confirm with
OK

3. Select one C atom of the created ethane molecule

4. Right-click on somewhere in the builder window >> Subsets >> Create subset from selection

5. Create the subset C C2H6 and confirm with OK
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Create the Spec-File

1. Builders >> Amorphous Materials. . .

(a) Add a component >> From MedeA >> CH4

(b) Add a component >> From MedeA >> C2H6

(c) For each component set the value of the option Nmols to 150

(d) Set the value of the option System geometry: to layer

(e) Set the value of the option Specify cell: to density,a,b

(f) Set the value of the option Density (g/ml) to 0.09

(g) Set the value of the option Cell length a (Ang) to 25.1636

Note: This length must be identical to the length of 𝑎 of the cell of the kerogen layer!

(h) Set the value of the option Cell length b (Ang) to 60.0

Note: This length must be the sum of the length of 𝑏 of the cell of the kerogen layer (30.0 Å) and the
intended thickness of the slit-pore (𝑑𝑝𝑜𝑟𝑒 = 30 Å)!

(i) Click on Refresh to update the values for a:, b:, and c:

Note: Note the value of the length c: is important as it determines the lengths of the two fluid
reservoirs, i.e. 𝐿𝑢𝑠 and 𝐿𝑑𝑠.

(j) Set the value of the option Action: to Save system definition only
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(k) Save the specification of the amorphous structure in a spec file on disk:

i. Click OK

ii. Browse to the folder where you want to save the specification

iii. As File name: enter, e.g. 150-CH4-150-C2H6-2.5nmx6nmx5.9nm.spec

4.2 Setup and Submission of the BD-NEMD Simulation

Having prepared the kerogen layer and the .spec file for the fluid mixture, you can set up the BD-NEMD simulation:

1. In MedeA, with the kerogen layer structure window active: Jobs >> New Job. . .

2. Load the MedeA flowchart to perform the BD-NEMD simulations on CPUs: Open User. . .

3. Browse to the folder where you extracted the zip file of the tutorial, select the file BD-NEMD-CPU.flow, and
confirm with Open

Note: When selecting the file BD-NEMD-CPU.flow, a short flowchart description is provided in the lower
section of file dialogue
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4. Open the second Subchart stage to add the fluid to the upstream reservoir: right-click on the stage >>
Edit. . .

5. In the sub-flowchart open the Amorphous Builder stage to create the ensemble of molecules forming the
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fluid based on the file 150-CH4-150-C2H6-2.5nmx6nmx5.9nm.spec : right-click on the stage >> Edit. . .

(a) Set the option System composition source: to composition file

Hint: A file explorer should appear to load the composition file for the Amorphous Materials Builder. If
that is not the case then click on the browse button . . . .

(b) In the file explorer window browse to the file 150-CH4-150-C2H6-2.5nmx6nmx5.9nm.spec, select
it, and click on OK

(c) In the dialogue of the Amorphous Builder stage click on OK to return the flowchart of the second
Subchart stage

(d) Again click on OK to return to the main flowchart

6. Open the Variables stage (right-click on the stage >> Edit. . . )
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7. Examine and may be adapt the following parameters:

Note: All simulation parameters are explained in the Section Computational Methodology

• simulation temperature: T 300 K

• simulation time of the 2nd BD-NEMD step: tsimNEMD2 3 ns

• length of the upstream reservoir (𝐿𝑢𝑠) to accommodate the high pressure phase of methane:
LupReservoir 5.9 nm - This value should be identical to the value of the length c that was
determined in the previous section!

• length of the downstream reservoir (𝐿𝑑𝑠) to accommodate the low pressure phase of methane:
LupReservoir 5.9 nm - This value should be identical to the value of 𝐿𝑢𝑠.

• thickness of the slit-pore: dSlitPore 3.0 nm

• external force that is applied on the atoms of methane in the force region: force 0.05 kcal/mol/
Ang - a slight increase of the force to 0.06 kcal/(mol Å) or decrease to 0.06 kcal/(mol Å) increases
or decreases, respectively, the difference of the pressure of methane in the upstream and downstream
reservoirs.

8. To save the modified settings click OK to return to the main flowchart.

9. In the main flowchart enter an informative job title, e.g. 150 CH4+150 C2H6 in kerogen-C-II 3nm
slit-pore model+NVT+BD+NEMD1+2 0.2+0.5+3 ns force 0.5 and submit the job with Run

Hint: The job completes within 22 hours on 16 cores of an Intel Xeon CPU. The compute time mainly depends
on the simulation cell size and number of atoms.
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4.3 Analysis of Results

Once the entire job is completed you can visualize structures and charts, and animate the generated MD trajectories.
The steps to analyse the results are very similar to the steps of the BD-NEMD simulation with a pure fluid, with one
exception: With the proper setup of the fluid mixture (see steps in the Section Create the Spec-File of a Fluid Mixture)
the BD-NEMD flowchart creates a table that summarizes the composition of the fluid mixture in the two reservoirs.

Visualize the Final Structure

1. File >> Open structure from job

2. Click Collaps All to see all available jobs on the JobServer from which you can load structures

3. Search for the list record of the job 150 CH4+150 C2H6 in kerogen-C-II 3nm slit-pore
model+NVT+BD+NEMD1+2 0.2+0.5+3 ns force 0.5

4. Click Expand All to see all structure (sci) files available for this job

5. Click on the structure final.sci to mark it with

6. Click Open to load the selected structure

7. Change the color of the two subsets to green (C CH4) and blue (C C2H6)

(a) In the structure window click on the icon to modify the 3D rendering options

(b) Open the Atoms tab

(c) In the Atoms tab click on Change subset color. . .

(d) Change the color of the subsets C CH4 and C C2H6 to green and blue, respectively
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(e) Confirm the modification with OK

(f) Right-click somewhere in the structure window >> Subsets >> Select atoms in subsets >> Multiple

(g) Mark the two subsets C CH4 and C C2H6 and confirm with OK

In the structure the methane molecules and ethane molecules are almost homogeneously distributed around the
kerogen layer. However, it is tedious to determine from the structure how many molecules of each type are located
in the two reservoirs.

Distribution of the Molecules in the Reservoirs

The table that summarizes the composition of the fluid mixture in the two reservoirs is available on the JobServer:

1. In the MedeA GUI click on Jobs >> View and Control Jobs

2. Open the page of that summarizes all jobs (see Jobs link in the black horizontal bar)

3. Click on the number of the job 150 CH4+150 C2H6 in kerogen-C-II 3nm slit-pore model+NVT+BD+NEMD1+2
0.2+0.5+3 ns force 0.5

4. Click on the file molecule-counting.out next to the file Job.out to visualize a table, e.g.

+-----------------+-------------------------+---------------------------+
| Molecule/Subset | # in Upstream Reservoir | # in Downstream Reservoir |
+-----------------+-------------------------+---------------------------+
| C_CH4 | 60 | 9 |
| C_C2H6 | 41 | 11 |
+-----------------+-------------------------+---------------------------+

The file molecule-counting.out contains the table with the statistically averaged number of each molecule/subset in
the two reservoirs at the end of of the BD-NEMD simulation. In this example, the downstream reservoir contains
almost the same number of molecules of methane and ethane. However, the upstream reservoir contains more
methane molecules than ethane molecules.

Re-Create Charts with Different Units

You can re-create the charts with different units of your choice:

1. Open the final structure of the BD-NEMD simulation:

(a) File >> Open structure from job

#. Click Collaps All to see all available jobs on the JobServer from which you can load structures

#. Search for the list record of the job 150 CH4+150 C2H6 in kerogen-C-II 3nm slit-pore
model+NVT+BD+NEMD1+2 0.2+0.5+3 ns force 0.5

(a) Click Expand All to see all structure (sci) files available for this job
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(b) Click on the structure final.sci to mark it with

(c) Click Open to load the selected structure

2. Open the flowchart to re-create the charts:

(a) In the MedeA GUI, active: Jobs >> New Job. . .

(b) Load the MedeA flowchart to re-create the charts: Open User. . .

(c) Browse to the folder where you extracted the zip file of the tutorial, select the file BD-NEMD-analysis-
only.flow, and confirm with Open

Note: When selecting the file BD-NEMD-analysis-only.flow, a short flowchart description is provided in
the lower section of file dialogue

(d) Open the Variables stage to adapt the units to create the charts: right-click on the stage >> Edit. . .
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The below table summarizes the units of which property you can modify:

Variable Description Examples
jobid id (number) of the job of the BD-

NEMD simulation that you want to (re-
)analyse

1234

mass define the mass unit g, kg, Mg, lb (pound), oz (ounce)
length define the length unit Ang (Å), pm, nm, um (micro meter), mm,

cm, inch, yard
time define time unit fs, ps, ns, us (micro second), ms, h
energy define energy unit kcal/mol, kJ/mole, kcal, kJ, K
velocity define velocity unit can be any (length unit) (time unit)-1,

e.g. nm/ns
force define force unit nN, mN, N, J/m
temperature define temperature unit K, °C, °F
pressure define pressure unit bar, atm, Pa, MPa, psia
density define density unit can be any (mass unit) (volume unit)-1,

e.g. g/mL
flux define flux unit can be any mass unit (length unit)-2

(time unit)-1, e.g. g/(nmˆ2*ns)

(e) Once you are done with your modifications confirm the settings and close the stage with OK

(f) Back in the main flowchart enter an informative job title, e.g. re-analyse 300 CH4 in
kerogen-C-II 3nm slit-pore model+NVT+BD+NEMD1+2 0.2+0.5+3 ns force 0.5
and submit the job with Run

Hint: The job completes within 10 seconds if submitted to one CPU.

Once the job has completed all charts are accessible via the Charts folder in the main job folder:
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Click on the Charts folder to access the charts as graphics file in PNG format.

5 Conclusions

In this tutorial, you have calculated transport properties of a pure fluid (methane) and a fluid mixture (methane
and ethane) in a model of a kerogen slit-pore. The applied approach is based on boundary-driven non-equilibrium
molecular dynamics (BD-NEMD) simulations and is implemented in a MedeA Flowchart. With a kerogen layer
as initial structure and structural specifications of the fluid as input, the flowchart creates a simulation cell using
the structure building capabilities of MedeA, performs the BD-NEMD simulations with MedeA LAMMPS, and post-
processes the output files.

The key results are the atomic structure, trajectory animations, and charts with the time-evolution of pressure, tem-
perature, and densities and charts with spatial profiles of densities, temperatures, fluid velocities, and the flux of
the fluid. In case of the BD-NEMD simulation with the fluid mixture also a table is created which summarizes the
composition of the fluid in the two reservoirs, i.e. upstream and downstream.

The approach we described in this tutorial, and the corresponding MedeA flowchart can be also used to calculate the
transport properties of other fluids and nanoporous materials such as polymers, organic and inorganic membranes,
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zeolites, etc.

Modules Required

• MedeA Amorphous Materials Builder

For further information please contact

Materials Design, Inc.

12121 Scripps Summit Drive, Suite 160

San Diego, CA 92131, USA

T+1 760 495-4924

info@materialsdesign.com www.materialsdesign.com
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