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Abstract

Computational Fluid Dynamics (CFD) simulations were conducted on a computational model of a Metal-
Organic Framework (MOF) Direct Air Capture (DAC) filter system. Using a RANS scheme with the k-ω SST
turbulence model and the SIMPLE solver, the computational model was simulated using CFD software Open-
FOAM to estimate the pressure drop across the inlet and outlet of the system. Based on pipe diameter D,
the pressure drop PL was found to vary with Reynolds number, ReD through the relationship PL ∝ Re1.88

D . Initial
results indicate the cylindrical gyroid geometry of the filter to be primarily responsible for the pressure drop,
due to the formation of maximum pressure zones at regions of relative concavity.
Estimated pressure drop results were compared with experimental data for validation. A high level of agree-
ment was observed, with the percentage error dropping below ∆PL

PL
= 1% at a Reynolds number of ReD = 44970.

Sources of error were analysed, with the local acceleration around the hotwire velocity probe causing an over-
estimation of the Reynolds number entering the cartridge. CFD was used to quantify this effect and produce a
correction factor to adjust experimental results.

Keywords: Direct Air Capture, Computational Fluid Dynamics, porous absorbent, Sustainable Aviation Fuel,
e-fuel

1. Introduction
Mean global temperatures have risen by an average of 0.08◦C per decade since 1900, with the
ten warmest years recorded since the year 1880 having all occurred since 2010 [1]. It is accepted
that this increase is a result of carbon dioxide emissions originating from human activities [2]. The
International Energy Agency (IEA) estimates that global energy-related emissions have been steadily
increasing since the beginning of 2019, with 33 gigatonnes of carbon dioxide (C02) being released
globally in 2021 [3].
Aviation is a sector which is particularly challenging to de-carbonise and to reach net-zero [4]. Small-
scale electric aircraft are beginning to be produced, such as the Eviation Alice [5]. However, there are
still significant challenges with weight and performance for these aircraft. This makes electrified air
travel less cost effective, and hence unlikely to be viable for large scale commercial use. The use of
hydrogen technologies also offers a route to net zero aviation, but these technologies are still in the
initial stages of development. Further, the production of secondary CO2 emissions in conventional
aircraft also contributes to operations that cannot be inherently carbon neutral. Two approaches that
are seen as options for aviation to reach net-zero, as a part of a series of measures, are to transition
to Sustainable Aviation Fuel (SAF) [6] and to apply carbon capture and removal technologies [7].
It is likely a combination of these two technologies is required. Removal of carbon dioxide from
the atmosphere through Direct Air Capture (DAC) technologies would bring aviation closer to carbon
neutrality by effectively offsetting unavoidable emissions. In the former case, carbon removal can also
be used to provide carbon dioxide feedstock for the fuel in electro-fuel (e-fuel) production processes
[8][9].
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A DAC device is in development at The University of Sydney’s Net Zero Institute (NZI), in partner-
ship with Southern Green Gas and AspiraDAC, to remove carbon dioxide from the atmosphere [10].
The device is scalable, solar powered, and easily manufacturable. With this device, unavoidable
emissions can be removed from the atmosphere and sequestered underground, or repurposed as a
feedstock for e-fuel production. As presented in Figure 1, a number of cartridges are contained within
the DAC device. Each cartridge comprises of a canister housing a 3D cylindrical gyroid filter made
from a Metal-Organic Framework (MOF). MOF’s are a class of compounds consisting of metal ions
coordinated to organics to form three-dimensional structures [11]. MOF’s filters are highly porous,
capable of soaking up large amounts of a specific gas molecule. The filter of this cartridge system
has been designed to have a porosity such that it captures carbon dioxide from the air. The filter
is hence cycled between capturing carbon dioxide, and being expanded through heat such that it
releases the carbon dioxide from its pores.

Figure 1 – DAC Device [10]

The objectives of the present paper are to assess the validity of the Computational Fluid Dynamics
(CFD) simulations of a computational model of the DAC filter system through comparison with ex-
perimental pressure drop data. The performance of the DAC filter system will hence be assessed
by analysing the source of the pressure drop across the canister and its dependence on Reynolds
number (ReD). Numerical methods will account for and explain differences between computational
predictions and experimental results.

2. Literature Review
2.1 CFD Techniques for Modelling Filter Systems
CFD is used to model the flow through number of types of filter systems, including water treatment
systems [12], and computer CPU cooling [13]. Reynolds Averaged Navier Stokes (RANS) simula-
tion schemes are often used in these studies [14][15], giving a time-averaged solution in a context
where instantaneous fluctuations in the fluid flow state are irrelevant [16]. In [17], a RANS scheme
is used with the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) numerical solver [18]
to investigate the flow properties through a carbon cloth used for Volatile Organic Compounds (VOC)
treatment, where CFD analysis is conducted on a cylindrical canister with a porous filter placed in-
side at its midpoint. The SIMPLE algorithm is commonly used in this context [19], and is found to be
effective in providing more efficient and robust single phase flows [20].
Computational models for filter systems are validated by comparing the results to experimental data
[17][19][21][14]. CFD results are replicated by experiment, and agreement is assessed by comparing
predicted values of a certain defined quantity. Satisfactory agreement between the computational
results and experiment was reached in [17] with a maximum difference of 28% between predicted
and measured pressure drop, with similarities observed in other cited papers. Similar metrics will be
used in the present paper.
ANSYS Fluent is predominantly used in the application of CFD to simulate the flow through a filter
system [19][21][14]. Other CFD software, such as OpenFOAM, were rarely used in place of ANSYS
for these applications. However, OpenFOAM is open source with extensive user documentation and
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tutorials produced by the provider. This makes OpenFOAM well equipped to evolve the computational
model of the filter in future studies, when variables such as heat transfer are included.

2.2 Turbulence Modelling
When using the RANS equations, turbulence models are used to ensure the six additional flow stress
terms that appear in the momentum equation are closed in what is called the closure method [16].
Turbulence and boundary layer effects will have a significant contribution to pressure drop values
across a filter in reality, so turbulence models are very often used in this context.
The standard k-ε turbulence model has been used extensively in the context of numerically simulating
the flow through a filter system [19][17][15]. In the closure method used with the RANS approximated
Navier-Stokes equations, the turbulent kinetic energy k is calculated using Equation 1. The dissipation
rate of the turbulent kinetic energy ε, dominated by work performed by the fluctuations of viscous
stresses [22], can be estimated using Equation 2 [23]. Within the k-ε turbulence model, the coefficient
for the turbulent viscosity is taken as Cµ = 0.09 [24]. It has been found that poor performance is
typically exhibited in simulating flow over curved boundary layers [25], a flow feature that will be
important in estimating the effect of the complex filter geometry.

k =
3
2
(I · vavg)

2 (1)

ε =
C0.75

µ k1.5

LT
=

0.090.75k1.5

LT
(2)

The standard k-ω turbulence model estimates the turbulent kinetic energy, and the specific dissipation
rate ω using Equation 3, with the coefficient for the turbulent viscosity taken as Cµ = 0.09. The k-ω
turbulence model is most useful in simulating near-wall boundary layer flows, although is not as
effective in simulating free shear flows like the k-ε model [26]. The k-ω SST turbulence model is
used more commonly in the CFD simulation of filter systems [21]. The model combines the near-wall
boundary layer efficiencies of the standard k-ω model, and the free shear simulating abilities of the
k-ε model. The application of the k-ω SST turbulence model in filter simulation is not well reported,
and further research is required [27].

ω =
k0.5

C0.25
µ ·LT

=
k0.5

0.090.25 ·LT
(3)

3. CFD
OpenFOAM v10 was chosen as the CFD software to simulate the flow properties of the cartridge
system. For the scope of this project, OpenFOAM’s simpleFoam solver was considered to be an ap-
propriate choice of numerical solver, taking velocity and pressure boundary conditions, as well as the
wall function boundary conditions corresponding to the chosen turbulence model. The simpleFoam
solver uses the SIMPLE algorithm [18] to solve the continuity condition and momentum equation
given in Equation 4 and Equation 5 respectively.

∇ ·u = 0 (4)

∇ · (u⊗u)−∇ ·R =−∇p+Su (5)

This section outlines the steps involved in simulating and predicting the pressure drop across the
computation model of the DAC filter using CFD. The construction of the computational model and
convergence study results are described, and the choice of turbulence model is discussed. Obtained
pressure drop predictions are then presented and discussed.
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3.1 Description of Geometry and Configuration
The simulated system consists of a cylindrical gyroid filter, housed within a canister. The canister
is made up of a cylindrical capture chamber, with inlet and outlet sections of a smaller radius. The
dimensions of the canister and the housed filter, as they are defined in the CFD case setup, have
been summarised in Table 1.

Dimension Value (mm)
Inlet Section Diameter 35
Inlet Section Length 20
Capture Chamber Diameter 60
Capture Chamber Length 85.7
Outlet Section Diameter 35
Outlet Section Length 600
Filter Diameter 60
Filter Length 74.8

Table 1 – Dimensions of Computational Model

The static pressure measurement points are defined in the inlet and outlet sections 10mm either
side of the capture chamber. Static pressure measurements were taken using OpenFOAM’s inte-
gration tool. The kinematic pressure was integrated over the inlet/outlet pipe cross-section at the
measurement points to obtain an average value, which were then converted to a static pressure. A
cross-section of the CFD domain of the canister is shown in Figure 2. The outlet section had been
made longer than the inlet section by a length of approximately 10Dcapture to produce a developed
flow at the outlet of the canister, ensuring accurate results at the outlet static pressure measurement
point.

Figure 2 – Cross-Section of CFD Model of Canister

The filter is placed within the capture chamber of the canister, equidistant from the inlet and outlet
sections. An image of the filter inserted within the canister is given in Figure 3a. A cross-section of
the complete cartridge system is shown in Figure 3b.

3.2 Convergence Study
Convergence testing was conducted for four test cases. The test cases, and their corresponding
mesh distribution, are summarised in Table 2.
Convergence testing was conducted by predicting the static pressure drop corresponding to a Reynolds
number of ReD = 18740. The Reynolds number corresponding to flow through the canister is deter-
mined using the weighted average diameter between the static pressure measurement points Davg,
and the average velocity derived from the mass flow rate vavg. The Reynolds number of flow through
the canister is hence formulated using Equation 6.
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(a) (b)

Figure 3 – Filter in Capture Chamber of Canister (a). Cross Section of System (b)

Number of Cells Before Filter Insertion
Mesh Parameter Case 1 Case 2 Case 3 Case 4
Inlet Section 39858 139776 219558 318864
Outlet Section 39858 139776 219558 318864
Capture Chamber 526680 1820160 2867130 4213440
Total 606396 2099712 3306246 4851168

Number of Cells After Filter Insertion
Mesh Parameter Case 1 Case 2 Case 3 Case 4
Total 1309216 1667616 2626697 3854524

Table 2 – Tested Cell Counts for Convergence Test Cases

ReD =
ρvavgDavg

µ
= vinlet

(
Dinlet

Davg

)2
ρDavg

µ
(6)

The convergence results for the pressure drop across the canister are shown in Figure 4.

Figure 4 – Static Pressure Drop vs. Cell Count (ReD = 18740)
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Results show that the cell density’s used in test case 3 and 4 provide predictions approaching mesh
independence. The Grid Convergence Index (CGI) of the tested mesh’s are calculated using Equa-
tion 7. Equation 7 assumes a safety factor of Fs = 1.25, a value often used for comparisons over
multiple mesh densities [28]. A numerical scheme of second order is used, hence defining the order
of convergence as p = 2.

CGI =
Fs|Ω|
rp −1

=
1.25

r2 −1

∣∣∣∣ PL1 −PL2

PL1

∣∣∣∣ (7)

The CGI values of test case 3 and 4 are summarised in Table 3. Test case 3 has a lower CGI value
and requires less computation time to provide converged predictions, and hence was used throughout
the present study.

Test Case i r = ni
ni−1

|Ω| CGI
Test Case 3 1.575 0.0058 0.4856%
Test Case 4 1.467 0.0055 0.5944%

Table 3 – Convergence Study CGI Results

3.3 Numerical Models
The RANS time-averaged equations are used in the simulations as the time-averaged pressure drop
is of interest rather than its instantaneous fluctuations.
For a Reynolds number of ReD = 3748, the maximum non-dimensional wall unit value throughout the
canister is y+ = 1.087 in the inlet section. In the capture chamber, this reduces to y+ = 0.2561. At the
highest simulated Reynolds number of ReD = 51340, the y+ values are greater, reaching y+ = 10.07
in the inlet section and y+ = 2.417 in the capture chamber. These measured y+ values indicate the
necessity of turbulence model wall functions to describe the flow features inside the capture chamber
accurately. The literature review identified two types of turbulence models that are commonly used in
the simulation of filter systems under an RANS numerical scheme; the k-ε turbulence model, and the
k-ω SST turbulence model. These two turbulence models were used to simulate the flow through the
canister for a Reynolds number of ReD = 18740.

Turbulence Model Static Pressure Drop (Pa)
k-ε 69.10
k-ω SST 70.72

Table 4 – Pressure Drop for Predicted by Turbulence Models (ReD = 18740)

Without a significant difference between the results predicted by the two selected turbulence models,
the RANS k-ω SST model was used throughout this study with the appropriate wall functions. The
k-ω SST model provides the best description of near-wall boundary layer effects while maintaining
the free shear simulating advantages of the k-ε model. Further, the k-ε model typically exhibits
poor performance in simulating flow over curved boundary layers, something which will be especially
prominent in the filter region of the capture chamber.

3.4 Results
The pressure drop across the complete cartridge system was estimated for the range of Reynolds
numbers from ReD = 3748 to ReD = 51340 using CFD. The static pressure drop results across the
complete cartridge system are shown in Figure 5.
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Figure 5 – Predicted Pressure Drop

The static pressure drop across the system increases from PL = 3.3Pa at a Reynolds number of
ReD = 3748 to PL = 464.5Pa at a Reynolds number of ReD = 51348. The pressure drop across the
system increases with the relationship PL ∝ Re1.88

D . Observing the velocity profile of the simulation, it
becomes apparent that this pressure loss is resultant of the interaction between the flow of different
regions in the filter. When the flow is passing through the gyroid geometry, it will encounter either a
region of relative convexity, or a region of relative concavity. A region of relative convexity is, from the
perspective of the oncoming flow, a region of peak suction, whereas a region of relative concavity is
a region of peak pressure. The pressure losses experienced with the inclusion of the filter occur due
to the introduction of high pressure zones in the regions of relative concavity. Figure 6 shows the
pressure profile of the canister and filter system at a Reynolds number of ReD = 26230.

Figure 6 – Pressure Profile of System (ReD = 26230)

Figure 6 shows that the regions of relative concavity have a greater average pressure than those of
relative convexity. The CFD simulations have shown that when the flow approaches a region of rela-
tive concavity, it effectively gets trapped with nowhere else to go. This creates a high pressure region,
as the local fluid density has been increased by the accumulation of air. As new flow approaches the
high pressure regions that have formed, the fluid is subject to an adverse pressure gradient. Incoming
flow is hence convected towards the regions of peak suction when approaching regions of relative
concavity. This results in separation of the flow, and the generation of vortices.
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Figure 7 – Velocity Profile of System (ReD = 26230)

The fact that turbulent flow is facilitated by the gyroid geometry in regions of high suction is illustrated
by the velocity profile shown in Figure 7. In the regions of relative concavity there is no uniform
direction to the velocity of the flow, hence giving a high level of turbulent kinetic energy. Figure 8
plots the turbulent kinetic energy along lines of relative concavity and convexity across the gyroid at
a Reynolds number of ReD = 26230.

Figure 8 – Turbulent Kinetic Energy Across Gyroid (ReD = 26230)

It is clearly shown in Figure 8 that the turbulent kinetic energy in concave regions of the filter is
significantly greater than in convex regions. In flow with a high level of turbulent kinetic energy,
there is a greater rate of energy dissipation. The energy losses associated with the formation of
high pressure regions throughout the filter are hence directly responsible for the large static pressure
drops predicted. A greater Reynolds number will produce stronger regions of suction due to a greater
adverse pressure gradient faced by oncoming flow, and hence turbulence in these areas will be
increased. It is sensible that this would cause a greater pressure drop across the filter, as observed
in Figure 5.

4. Experiment
The computational model was validated by comparing the predicted static pressure drop with exper-
imentally obtained data. The relationship between Reynolds number and the static pressure drop
across the cartridge can be found experimentally without too much difficulty. The CFD model is
considered valid if the computational predictions and experimental results are in agreement. If the
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computational model is found to be valid, other flow properties that are difficult to experimentally
obtain can be taken from the simulation with greater confidence that they are accurate.
This section outlines each step that was taken in order to ensure an experiment was conducted
with reproducible outcomes. The atmospheric conditions on the day of testing are presented. The
apparatus required, the construction of the experiment, and the experimental methodologies used
are explained in detail. The results are then analysed, with particular focus on any difference found
between the computationally obtained results. Reasons as to why these differences may exist, and
steps taken to account for these differences, will be a focus.

4.1 Experimental Setup and Apparatus
The setup of this experiment consisted of a fan to drive airflow, leading to a length of PVC piping
ending in a valve that regulated the mass flow rate. Downstream of the valve was another length
of piping with a hotwire velocity probe inserted. The canister system containing the gyroid filter was
then attached with static pressure measuring equipment in the inlet and outlet sections.

Figure 9 – Experimental Setup

The airflow in this experiment was driven by a Blower San Ace B97 provided by Sanyo Denki [29].
The fan was operated using a 12V DC supply rated at 6.2A. The outlet duct has dimensions of
60mm in height, and 33mm in width. The fan was measured to provide a base mass flow rate of
ṁ = 0.01607kg/s.
The airflow driven by the fan was directed into the rest of the experimental setup through the use of
a custom 3D printed adapter. The outlet of the adapter had a diameter of 38mm. 150mm of 38mm
diameter PVC piping was hence used to connect the fan to a valve. A CIM 75-09 1 1

2 in Globe Valve by
Cimberio Valve Technological Solutions was used in this experiment [30]. This valve design is typical
for applications in which fine flow regulation is required.
850mm of 38mm diameter PVC piping was used to connect the globe valve to the filter system.
Velocity measurements were taken 600mm upstream of the canister using a VelociCalc Air Velocity
Meter Model 9565 Series hotwire probe. The hotwire probe was inserted into the PVC piping and
was secured in place using electrical tape. The hotwire probe used in this experiment measures
the heat transfer by maintaining constant wire temperature through a feedback system, making the
voltage across the wire proportional to velocity [31]. The probe was operated using mains power with
the provided AC adapter.
Two pressure ports were used to take measurements; one 10mm from the inlet of the capture cham-
ber, one 10mm from the outlet of the capture chamber. The pressure taps were connected to a
Scanivalve MPS 4264 to record pressure measurements. Data was recorded by the Scanivalve over
a 30s period at a sampling frequency of 200Hz. Experimental static pressure data used in calcula-
tions and presentation of this report will use the mean of the pressure measurements taken over the
sampling period.

4.2 Methodology
After constructing the experiment, the Scanivalve was connected to the data acquisition software,
which was run through MatLab. Atmospheric conditions were then recorded.
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The valve was initially opened completely in order to measure the maximum flow velocity recorded
by the probe. It was found that the maximum flow velocity produced by the fan was 13.7m/s. The flow
conditions to be tested in the experiment were hence defined.
With the valve still completely open and the hotwire probe reading stable velocity values, the Scani-
valve data acquisition software began recording over the specified period of 30s. The data from the
Scanivalve and hotwire probe was saved locally. The valve was then adjusted to repeat the static
pressure measurements for each Reynolds number.

4.3 Instrument Error
The accuracy of the instruments used in this experiment are summarised to understand the uncer-
tainties in the obtained results.

4.3.1 Hotwire Probe
The hotwire probe was used to measure the ambient temperature and velocity of the flow. The
accuracy of the instrument in the measuring of these quantities is:

• Velocity - ±3% of reading, with a resolution of 0.01m/s, and a response time of 200ms

• Temperature - ±0.3◦C, with a resolution of 0.1◦C, and a response time of 2min (to 66% of final
value)

4.3.2 Scanivalve
The Scanivalve was used to measure the static pressure at the inlet and outlet of the cartridge. The
Scanivalve has an accuracy of ±0.06% of the reading at around atmospheric pressure.

4.4 Experimental Error
What must be considered before the computational model is validated is whether the hotwire probe
is accurate in it’s measurement of the local flow velocity in the pipe. As the flow encounters the
hotwire probe, due to the probe dimensions, and through flow continuity and conservation of mass,
the oncoming flow will be accelerated around the probe region, before returning to normal freestream
conditions, downstream of the probe. The hotwire probe hence measures a locally accelerated flow,
not the flow conditions entering the cartridge.
CFD simulations were conducted to quantify the effect of the local acceleration on the flow velocity
measured by the hotwire probe. It was found that the local acceleration effects were substantial,
causing a 136% overestimation of the flow velocity at a Reynolds number of ReD = 2577, and a 115%
overestimation of the flow velocity at a Reynolds number of ReD = 35300. A correction factor polyno-
mial was derived using the results from the hotwire CFD simulations. This correction factor, when
applied to the experimentally measured Reynolds number, corrected for the local acceleration effects.
This work will be the subject of a further paper.

4.5 Results
The results from the experiment are plotted together with the computational predictions in Figure 10.
Figure 10 shows that there is a high level of agreement between the computational predictions and
experimental results. The computationally predicted values for the static pressure drop across the
cartridge consistently align with the experimental values within their given errors. Figure 11 shows
the error in the CFD predictions as a percentage of the experimental pressure drop data.
The percentage error decreases from ∆PL

PL
≈ 33% at a Reynolds number of ReD = 3195, to ∆PL

PL
≈ 0.54%

at a Reynolds number of ReD = 51720. It is shown that there is an overall high level of agreement
between the experimental results and CFD predictions. Despite a high percentage error at the lower
Reynolds numbers tested, the CFD predictions are well within one standard deviation of the exper-
imental results. Higher Reynolds numbers have a significantly lower percentage error. Overall, all
results lie within the standard 95% confidence interval, confirming the validity of the CFD to model
the DAC cartridge system.
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Figure 10 – Experimental Results and Computational Predictions

Figure 11 – CFD Error Percentage of Experimental Value

5. Conclusion
This paper has presented a CFD model to predict the static pressure drop across the cartridge of a
DAC device. A canister housing a cylindrical gyroid filter was modelled computationally in OpenFOAM
and the CFD solutions compared the experimental pressure drop results from a printed filter and DAC
filter holder.
The flow through the scaled down computational model of the cartridge system was simulated for a
number of Reynolds numbers. The obtained results gave the estimated pressure drop PL across the
system, in the form PL ∝ Re1.88

D , where ReD is Reynolds number based on pipe diameter. Analysis
found that pressure losses were associated with an increase in turbulent kinetic energy produced in
the filter regions of peak pressure.
The experiment measured the static pressure drop at the inlet and outlet of the cartridge. There
was a high level of agreement between the computational predictions and experimental results. The
percentage error of the CFD predictions were greater in the low Reynolds number regimes, but still
within one standard deviation of experiment. The CFD predictions were more accurate in the high
Reynolds number regimes, with the percentage error dropping below ∆PL

PL
= 1% at ReD = 44970.

The primary source of error between the computational predictions and experimental results was
identified to be the local acceleration around the hotwire probe. The physical pressure of the probe
accelerated the local flow in the pipe, overestimating the Reynolds number at the inlet of the cartridge.
CFD simulations were conducted to quantify the local acceleration around the hotwire of the velocity
probe. Results indicated that the local acceleration was not constant with the flow regime, and needed
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to be treated as being dependent on the measured velocity. The results obtained from the hotwire
probe CFD simulations enabled the formulation of a variable correction factor, applied to experimental
results to reflect the accurate flow conditions leading into the filter system. This is the subject of a
further paper.
Overall, the findings of this paper have shown that the CFD model of the DAC cartridge system is
valid in predicting the static pressure drop, to within experimental error. Further work will now focus
on more experimental work to map the detailed flow inside the filter.
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