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and hydrocarbons removal in a catalytic stripper

Mino Wooa,b� , George Giannopoulosb, Md Mostafizur Rahmanc, Jacob Swansond , Marc E. J. Stettlera

, and Adam M. Boiesb

aDepartment of Civil and Environmental Engineering, Imperial College London, London, United Kingdom; bDepartment of
Engineering, University of Cambridge, Cambridge, United Kingdom; cInstitute for Future Transportation and Cities, School of
Mechanical Aerospace and Automotive Engineering, Coventry University, Coventry, United Kingdom; dDepartment of Integrated
Engineering, Minnesota State University, Mankato, Minnesota, USA

ABSTRACT
The catalytic stripper has emerged as a technology for removal of semivolatile material
from aerosol streams for automotive and aerospace emissions measurements, including
portable solid particle emissions measurements governed by the Real Driving Emissions reg-
ulations. This study employs coupled energy and mass transfer models to predict solid par-
ticle penetration and hydrocarbon removal for various configurations of a catalytic stripper.
The continuum-scale macromodel applies mass, momentum and energy conservation for
the inlet heating region of a catalytic stripper whereby the catalyst monolith is represented
by a porous medium. The particle and species dynamics inside the catalytic monolith were
computed by coupled microsimulations of the monolith channel using boundary conditions
from the macromodel. The results from the numerical simulations were validated with corre-
sponding experimental data and employed using a parametric study of flow rate and cata-
lyst length with a view to optimizing the operating condition. Results of the simulation and
experiment show that solid particle penetration through the catalytic stripper can exceed
approximately 60% for particles at 10 nm mobility diameter and hydrocarbons removal of
>95% for an optimized catalytic stripper device.
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1. Introduction

Improved air quality and reduced emissions are
urgent worldwide public health, technological and pol-
itical priorities. Particle emissions composed of black
carbon, primary organic aerosols and secondary
organic compounds are harmful to human health
(K€unzi et al. 2015). Highly populated urban areas par-
ticularly suffer from high concentrations of these
exhaust emissions, which has motivated tightening
emissions regulations. In addition to diesel exhaust
that is generally perceived as the major contributor to
urban air pollution, modern vehicles employing gas-
oline direct injection (GDI) without a gasoline par-
ticulate filter (GPF) can also produce more
carbonaceous particulate matter than diesel vehicles
equipped with diesel particulate filter (DPF) (Platt
et al. 2017). To force adoption of technologies that

further reduce emissions, a nonvolatile particle num-
ber (PN) emission limit (UNECE Regulation 83
Suppl. 7) has been implemented. The limit is deter-
mined using the UN/ECE Particulate Measurement
Programme (PMP) protocol (Andersson et al. 2007).

The PMP protocol requires a Volatile Particle
Remover (VPR) as a subcomponent of a solid particle
emissions measurement system, whose primary pur-
pose is to remove hydrocarbons (HCs) in the form of
semivolatile particulate matter from the sampled gas
stream before measuring the solid particles. Initially
only particles larger than 23 nm were subject to the
protocol primarily because DPFs can efficiently
remove smaller particles, and to a lesser extent, to
reduce measurement variability (Andersson et al.
2007). Subsequent work has shown issues with the
standard VPR methodology. For example, incomplete
evaporation or evaporation followed by re-nucleation
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may occur, which results in the detection of semivola-
tile particles downstream of the VPR (Herner,
Robertson, and Ayala 2007; Johnson et al. 2009;
Giechaskiel et al. 2010; Zheng et al. 2012)

Many studies recommend the catalytic stripper
(CS), originally proposed by Abdul-Khalek and
Kittelson (1995) as a promising alternative to the
evaporation tube in the standard VPR system. A cata-
lytic stripper relies on evaporation and catalytic oxida-
tion to more efficiently remove semivolatile species
from the sample compared to thermal treatment
alone. As such it is less prone to measurement arti-
facts such as semivolatile particle nucleation, heteroge-
neous condensation of vapor or solid particle artifacts
due to charring or pyrolysis reactions within semivo-
latile particles (Swanson and Kittelson 2010). Further,
the CS can be configured in a system that satisfies all
performance requirements under PMP protocol and
exhibits competitive performance in removing semivo-
latile particles than a evaporation tube for laboratory-
generated particles (Khalek and Bougher 2011;
Swanson et al. 2013) and diesel exhaust (Kittelson
et al. 2005; Amanatidis et al. 2013; Ntziachristos et al.
2013). The CS can be configured in a package that is
compact and lightweight. For example, Swanson et al.
(2013) described the design of a miniature CS that
fully removes semivolatile particles as large as 220 nm
at a concentration of 10,000 part/cm3, which exceeds
the PMP performance requirements of a VPR.
Compact CS designs that lead to portable instruments
are important in the context of the EU Real Driving
Emissions (RDE) regulation in September 2017 (EU
2017) to measure vehicle emissions in real-world driv-
ing as part of the emissions type-approval process as
the RDE regulations set limits on the number of solid
particles emitted by light- and heavy-duty vehicles.

However, several studies recommend taking extra
care when operating a CS particularly for sub-23 nm
particles to mitigate conditions such as incomplete
evaporation (Amanatidis et al. 2013), fuel-rich condi-
tions (Mamakos et al. 2013), gasoline exhaust
(Ntziachristos et al. 2013) and without adequate sulfur
treatment (Amanatidis et al. 2018). Zheng et al.
(2011) observed considerably fewer particles in the
range of 3 to 10 nm downstream of CS than those
after the AVL advanced particle counter. For sub-
23 nm particles, the CS may increase the measurement
uncertainty due to highly size-dependent tradeoff
between particle losses and HC removal efficiency
(Swanson and Kittelson 2010; Amanatidis et al. 2013).
Depending on the mean particle size, the CS and
evaporation tube can differ by around 50–150% for

the sub-23 nm emissions, which motivates better regu-
lations such as introducing minimum permitted pene-
tration (Giechaskiel et al. 2017). Despite several
implications based on the experimental studies, par-
ticles and species behaviors in the CS are not fully
understood as no detailed 2D numerical study has
been conducted. Solid particle losses are size depend-
ent as a result of strong interplay among the advec-
tion, diffusion and thermophoresis affecting the
particle mobility inside the monolith channel and dur-
ing cooling. To substantiate the underlying rationale
behind the tradeoff between particle penetration and
HC removal efficiencies, modeling particle and species
transport as well as flow and thermal distributions
through the device is essential.

The CS consists of two sections, within which three
processes occur. The first section of the catalyst consists
of a metal tube with an external heater. In this heating
section, semivolatile particles and HCs absorbed to the
surfaces of soot particles are evaporated and trans-
formed into gas phase HCs. The second section of the
CS is the catalytic monolith channel. In this section,
the HCs diffuse to the walls, driven by a concentration
gradient described by Fick’s law. At the wall, HCs are
oxidized by platinum group metals (PGM), which con-
verts the HCs into CO2 and H2O. Alongside HCs, solid
particles (particularly smaller particles) are also lost to
the wall due to diffusion and thermophoresis.

This study develops a computational fluid dynamics
(CFD) model of the CS, compares model results with
experimental data, and optimizes the CS in terms of
particle penetration and HC removal efficiencies. We
employed a multiscale approach which accounts for
macroscopic flow and thermal distribution and micro-
scopic particle and species behavior inside the catalyst,
separately. Velocity and temperature fields are solved
independently from the macroscopic computational
domain and used as a decoupled field to solve the diffu-
sion and deposition of solid particles and HCs within
the system. All test conditions are within the low
Reynolds regime (Re< 900). The solid particle penetra-
tion and HCs removal efficiency from the CFD model
were validated with the experimental results. The veri-
fied model with the experiments was employed in a
parametric study to investigate the tradeoff between
particle penetration and HC removal efficiency in terms
of inlet flow rate and catalyst length.

2. Experimental methods

This section introduces the experimental setup for
measuring solid particle penetration and hydrocarbon
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removal of a commercially available catalytic stripper.
Catalytic Instruments GmbH & Co.KG provided a
catalytic stripper encased in a heated stainless-steel
tube with a conical inlet and exit region with variable
monolith length. The inner diameter of inlet and out-
let is 4.58mm, and the inner diameter of the
expanded region is 13mm where the catalyst is placed
at the right end. The total length of the CS is 165mm.
The reference length of catalyst lcat is 19.5mm, which
will be used as a variable in the parametric study in
Subsection 4.4.

2.1. Measurement of solid particle penetration

Silver nanoparticles produced in a tube furnace by an
evaporation and condensation method were used to
determine the solid particle penetration efficiency of
the catalytic striper. As shown in Figure 1a small
amount of silver on a ceramic crucible was placed in
a ceramic tube in the tube furnace. The temperature
of the furnace was maintained at T ¼ 1100–1200 �C.
Nitrogen (N2) dilution flow was varied to obtain the
desired particle size and concentration in the effluent
flow. Generated silver particles are size selected using
a Differential Mobility Analyzer (DMA) and passed
through the catalytic stripper. An ultrafine
Condensation Particle Counter (CPC), model 3776
supplied by TSI connected with a three-way valve was
used to measure particle concentration at the inlet
and outlet of the catalytic stripper. The length of the

cooling tube between the CS outlet and CPC is 15 cm.
Solid particle penetration efficiency was calculated by
dividing penetrated particle concentration by inlet
concentration. This experiment was conducted for hot
(350 �C) and cold (room temperature) conditions. The
hot temperature was defined by the measured wall
temperature at the location of the catalyst with an off-
set calibrated to allow a centerline temperature. The
thermophoretic loss existing in the hot operation of
CS was estimated by comparing particle penetrations
in hot and cold operations.

2.2. Measurement of gas phase HCs removal

There are variations in the literature in terms of the
total number of HC species measured from the engine
exhaust. Some studies focus solely on the dominant
species, whereas others included minor species which
were orders of magnitudes lower in concentration.
Overall, we have found around 105 HC species in the
engine exhaust volatile organic compounds (VOCs)
literature. The ten most prominent HC species in the
literature are presented in Table S1 (see the online
supplementary information [SI]) in descending order.
Considering their relative abundance in the exhaust
and saturation ratio, we selected two VOC species
(Toluene, Benzene) for gas phase HC removal effi-
ciency testing of the catalytic stripper.

As shown in Figure 1, selected HC solutions (tolu-
ene or benzene) were kept in a bubbler with

Figure 1. Schematic of measurement for solid particle penetration efficiency (upper half) and the gas phase hydrocarbon removal
efficiency (lower half) of the catalytic stripper.
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controlled N2 gas flow through the solution.
Evaporated HC and N2 gas mixtures were then diluted
with compressed air. Alicat mass flow controllers
(MFC) were used to precisely control N2 and air flow
rate, and therefore, the HC concentration in the
stream. The HC contained air stream was fed through
the catalytic stripper, and HC concentrations at the
inlet and outlet were measured using a Multigas 2030
FTIR supplied by MKS. An additional heating tube
was added to the inlet of the catalytic stripper for a
higher flow rate (above 3 L/min) in order to maintain
the gas temperature (350 �C). The HC removal effi-
ciency of the catalytic stripper was determined in
accordance with gHC ¼ ðcin � coutÞ=cin:

3. Numerical methodology

3.1. Solution strategy

The multiscale physical phenomena in the catalytic
stripper device have been simulated by a combination
of macroscopic and microscopic models. Figure 2 dis-
plays the schematics of computational domains and
boundary conditions. The macroscopic model approx-
imates the solid and void parts of the catalytic mono-
lith as a porous zone wherein the porosity is the
measure of the void fraction. The porous model
applies realistic momentum resistance despite simplifi-
cation of the complex geometry that requires large
number of mesh cells to resolve the transport phe-
nomena inside the microstructure. The momentum

resistance in the porous model is modeled by two
parameters which are obtained from the microscopic
simulations of flow through the porous structure
depicted as subdomain 1. The macroscopic model is
based on a two-dimensional axisymmetric computa-
tional domain. The boundary condition of the left
side of the domain is inlet where the fully developed
parabolic velocity profile and uniform temperature
profile are given.

The wall temperature boundary conditions were
chosen such that the axial gas temperature profile
matched the experimentally measured profile. The
experimental version has a coiled heater such that it is
not continuous, but the high thermal conductivity of
the outer casing (stainless steel) allows for a model
representation of the device as having a uniform
boundary. However, to obtain the experimentally
measured temperature profile ending the heater at the
inlet to the monolith provided the best match to
thermocouple measurements from the experimental
device. The wall between the inlet and the end of the
conical expansion is set to adiabatic, while the wall
after the conical expansion is set to cooled wall. The
right side of the domain is outlet. Thus, the macro-
scopic model solves the overall flow and temperature
distributions inside the catalytic stripper device in
terms of various flow rates. The resulting velocity and
temperature are fed to the microscopic models in sub-
domain 2 to obtain the solid particle penetration and
hydrocarbon removal through the catalyst. For both

Figure 2. The schematics for the multiscale modeling of a catalytic stripper. The main computational domain for macroscopic sim-
ulations is two-dimensional axisymmetric and covers the entire structure of catalytic stripper device. The subdomain 1 is designed
to estimate the porous model parameters for macroscopic model. The resulting velocity and temperature from macroscopic models
are utilized in microscopic models in subdomain 2 for particle/species calculations.
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macroscopic and microscopic simulations,
OpenFOAM v6 (OpenFOAM6) is chosen as a model-
ing platform.

The subdomain 1 for microscopic simulations cov-
ers the vicinity of the monolith channel. The length of
the computational domain in flow direction (axis 1) is
three times of the catalyst length lcat to include the
flow before and after the catalyst. The inlet and outlet
boundary conditions are specified at the end of each
side of domain in flow direction. The microstructure
of the monolith channel is set by a representative
element corresponding to a vicinity of a single mono-
lith channel. The four surrounding sides of the repre-
sentative channel are mirrored with the symmetric
boundary condition. For modeling washcoat inside
the channels, the open cross-sectional area of catalyst
is assumed to be a circular shape whose diameter
equals the inner channel width. The flow between the
microstructure is solved in the subdomain 1 to esti-
mate the porous properties for macroscopic models
and is verified by the macroscopic model that applies
the estimated parameters.

Species or particle transport is calculated by the
microscopic model in subdomain 2 that corresponds
to the inner part of the single representative channel.
The inside of the circular channel is simplified by
two-dimensional axisymmetric domain. The velocity
and temperature at the entrance of the monolith are
obtained from the macroscopic simulations. Those
and the constant particle/species concentration are
given as the inlet boundary condition of subdomain 2.
It is assumed that semivolatile particles completely
evaporate in the heating section of the CS. HC cata-
lytic oxidation is modeled by conversion coefficient
representing the fraction of HC that is oxidized which
is incident to the surface of the catalyst wall. For solid
particles, the boundary condition at the wall is zero
concentration, while the adsorption of species is mod-
eled by a conversion coefficient. The linearly decreas-
ing temperature profiles based on the temperatures at
each side of the catalyst predicted by macroscopic
simulations are given as wall boundary conditions for
temperature.

3.2. Macroscopic model

The macroscopic simulations are based on the porous
model assuming the porous medium as a representa-
tive elementary volume comprised of solid and fluid
parts with the porosity e. While the
porousSimpleFoam is a default solver in OpenFOAM,
we employed the modifiedPorousSimpleFoam (Woo,

Kim, and Kim 2012) that solves the physical velocity
u instead of the superficial velocity U. The physical
velocity formulation allows intuitive coupling equa-
tions for modeling multi-physics simulations inside
the porous media. The continuity and momentum
equations of the modifiedPorousSimpleFoam are

r � equð Þ ¼ 0, (1)

r � equuð Þ ¼ �erpþr � elruð Þ

� e lcD þ 1
2
q u � uj jcF

� �
u: (2)

The superficial velocity U defined in the
porousSimpleFoam is replaced by eu in the
modifiedPorousSimpleFoam. The third term in
the right-hand side of the momentum equation repre-
sents the momentum resistance due to the porous
structure. cD and cF which are model parameters in
the Darcy–Forchheimer equation account for the lin-
ear and nonlinear increases of resistance with increas-
ing velocity. Anisotropic cD and cF , which assumes
there is only unidirectional resistance in flow direc-
tion, are employed.

In the framework of the porous model, energy
equations for gas and solid phases are given by

r � equhGð Þ ¼ r � e
kG
cP

rhG

� �
þ hinta TS � TGð Þ,

(3)

r � 1� eð ÞkSrTSð Þ þ hinta TG � TSð Þ, (4)

where hG, TG and TS represent the gas enthalpy, gas
temperature and solid temperature, respectively. a is
the specific surface area. Gas phase transport proper-
ties such as l and kG are estimated by Sutherland’s
law. The solid thermal conductivity kS, corresponding
to the catalyst monolith, is approximated by a correl-
ation from Hayes, Kolaczkowski, and Thomas (1992)
as a function of temperature:

kS ¼ 0:9558� 2:09� 10�4TS: (5)

Heat transfer between the gas and solid phases in the
porous medium is modeled by an interfacial heat
transfer coefficient defined by

hint
NukG
dH

, (6)

where Nu is the Nusselt number and dH is the
hydraulic diameter of the channel.
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3.3. Microscopic models

The microscopic models are based on the
rhoSimpleFoam that is one of the default solvers in
OpenFOAM designed for compressible flow and heat
transport. Microscopic simulations for flow in subdo-
main 1 are conducted by the default rhoSimpleFoam
in isothermal condition while for the microscopic
simulations in subdomain 2 a species or particle trans-
port equation is further solved, simultaneously.

3.3.1. Estimation of porous properties
The parameters required for the porous model in
macroscopic simulations are estimated by microscopic
simulations of the flow passing through the catalyst
depicted as subdomain 1 in Figure 2. The cell density
and wall thickness of the catalyst are 600 cpsi and
4mil (0.1016mm), which yields the inner channel
width of 0.986mm. The porosity corresponding to the
washcoated microstructure as shown in Figure 2 is
e¼ 0.71. Assuming that the flow inside the porous
media is unidimensional in axis 1, the momentum
resistance through the porous media with L in length
is modeled by Darcy–Forchheimer equation as

�Dp
L

¼ lcDu1 þ 1
2
qcFu

2
1: (7)

Here, Dp is the pressure difference dictated by the
momentum resistance. The parameter cD and cF are
estimated by the Dp as a function of inlet velocity
obtained from microscopic simulations of flow in sub-
domain 1.

3.3.2. Species transport
The removal of gas phase unburned hydrocarbons is
modeled by the species transport equation given by

r � quyið Þ ¼ r � qDi, jryi
� �

, (8)

where yi is the mass fraction of the species i, and Di, j

is the diffusivity of species i diffusing into species j:
The diffusivity for gaseous species is estimated by the
Fuller correlation (Fuller, Schettler, and Giddings
1966), e.g., the diffusivity of propane in the air (Hayes
and Kolaczkowski 1998) is

DPropane, air ¼ 5:324� 10�5 T
1:75
G

p
: (9)

The boundary condition for the species adsorbed at
the wall is defined by

Di, j
@yi
@xn

����
wall

¼ Si

ffiffiffiffiffiffiffiffiffiffi
RTG

2pmi

r
yi: (10)

The species adsorption is modeled by a conversion
coefficient Si which is in the range between 0 and 1.

In this study, we simplified the surface reactions by
assuming a perfect conversion of the species imping-
ing the wall due to the sufficiently high catalyst tem-
perature and relatively low concentration of
hydrocarbon species against the catalyst loading.
Thus, the species removal efficiency limited by mass
transfer is modeled by the species impinging with the
conversion coefficient Si instead of accounting for
complex species transport in porous media (e.g.,
dusty-gas model) and detailed reaction kinetics
therein. The flux of oxidized species from the walls,
e.g., H2O and CO2, are not significant enough to
affect momentum transfer.

3.3.3. Particle transport
Similarly, the solid particle penetration is modeled by
the particle transport equation as

r � quNPð Þ ¼ r � qDPrNPð Þ þ Kthlr � Np

TG
rTG

� �
,

(11)

where Np is the particle number concentration and Dp

is the diffusivity of solid particle based on the
Stokes–Einstein equation as

Dp ¼ kBTGCc

3pldp
: (12)

Cc is the Cunningham slip correction factor (Jennings
1988) defined by

Cc ¼ 1þ Kn 1:252þ 0:399 exp � 1:10
Kn

� �� 	
, (13)

where Kn is the Knudsen number defined by 2k/dp:
The second term in the right-hand side of Equation
(11) accounts for the thermophoresis effect with the
thermophoresis coefficient Kth (Messerer, Niessner,
and P€oschl 2003) as

Kth ¼ 2CcCs
kg=kp þ CtKn

ð1þ 3CmKnÞð1þ 2kg=kp þ 2CtKnÞ (14)

Cs, Ct and Cm are the thermal slip, temperature
jump and momentum exchange coefficient, and the
values correspond to 1.147, 2.20 and 1.146, respect-
ively (Batchelor and Shen 1985). kg and kp are the
thermal conductivities of gas and particle. The par-
ticle size is kept constant during the microscopic
simulations. Since particle agglomeration, oxidation
and condensation/evaporation before the catalyst are
not considered in the present study, it is assumed
that there is no particle loss until the particles reach
the catalyst.
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4. Results and discussion

4.1. Flow and temperature distributions

The macroscopic simulations were performed with
the porous model parameters estimated by the
Darcy–Forchheimer equation (Equation (7)) and the
predicted pressure drop between the catalyst in the
subdomain 1. The estimation procedure of the param-
eters is described in SI S6 (Estimation of parameters
for porous model). Figure 3 shows the results of
macroscopic simulations with the estimated porous

parameter cD: Nu is set to 3.655 that corresponds to
the fully developed flow with a constant temperature
boundary condition. Figure 3a compares the predicted
and measured temperature profiles at the center axis
of the catalytic stripper. The temperature starts
decreasing at the beginning of catalyst region due to
the cooled wall boundary condition defined with the
external heat transfer coefficient of 1.5 and ambient
temperature of 300K. Both measured and predicted
temperature profiles are in good agreement with the
maximum difference of 6.8% and 4.7% for the regions
before and after the catalyst.

Figures 3b–d show the results of macroscopic sim-
ulations for flow and heat transfer through the whole
catalytic stripper device including the catalyst of lcat
(19.5mm). In Figure 3b, the temperature near the
upstream of catalyst is locally non-uniform despite no
heat loss at the wall. Given the streamline, the
upstream temperature distribution is dictated by the
circulation of the flow before the catalyst. The results
indicate that higher flow rates result in deeper heat
penetration through the catalyst but also simultan-
eously leads to larger upstream circulation which
diminishes the heat transfer into the catalyst. Figures
3c and d compare the results for two different inlet
flow rates in hot (623K) and cold (300K) operating
conditions. Note that the flow rate in the experiments
is regulated before heating so that the actual velocity
at the inlet depends on the operating temperature.
With increasing flow rate or operating temperature,
the velocity magnitude becomes higher accordingly,
but the trends of velocity distributions in the four
cases are similar.

Figure 4a exhibits the velocity at the entry of the
catalyst and the average temperature of the catalyst
with regards to the flow rate. The maximum and min-
imum temperatures in the error bars correspond to
the temperature at the beginning and at the end of
the catalyst, respectively. The entry velocity increases
almost linearly with increase of flow rate as well as
the operating temperature. However, as flow rate
increases the average temperature for the hot operat-
ing condition increases nonlinearly and the tempera-
ture variance in the catalyst decreases as represented
by the length of the error bars for hot CS. This indi-
cates that higher flow rate results in more heat trans-
fer to the catalyst, but the gradient in temperature
decreases, which might be attributed to the increase of
circulation of the velocity as shown in Figure 3b.
Figure 4b shows the gas mean residence time obtained
by the catalyst length divided by the catalyst entry vel-
ocity shown in Figure 4a, which results in the inverted

Figure 3. Results of macroscopic simulations. (a) Comparison
of predicted and measured temperature profiles at the central
axis. Comparisons of (b) temperature and streamline distribu-
tions for hot CS, (c) axial velocity (ux) distributions for cold CS,
and (d) ux distributions for the hot CS with the flow rates of
1 L/min and 2 L/min.
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trends against the velocity profile in terms of the flow
rates. The residence time for hot CS with lcat is similar
to that for the cold CS with 0.5 lcat, which is attrib-
uted to the counterbalance of the increase of tempera-
ture and the decrease of catalyst length for those
cases. The velocity and temperature in Figure 4 are
used as boundary conditions for microscopic simula-
tions of species and particles in subdomain 2.

4.2. Hydrocarbon removal

The HC removal efficiency through the catalyst is
computed by solving the species transport equations
(Equation (8)) together with momentum and energy
equations in the subdomain 2. Figure 5 shows the
measured and predicted toluene concentrations before
and after the catalytic stripper device with various
flow rates. The concentration profiles in Figure 5
show almost linear relationship, which represent a
hydrocarbon removal efficiency that varies from
approximately 80% (5 L/min) to >99% (1 L/min) and
is largely independent of inlet concentration. The
dependency of inlet concentration is usually modeled
by an inhibition term in the reaction rate equation to
account for the retardment of the species adsorption
depending on the site occupancy of the catalyst sur-
face. By assuming no inhibition, the predicted removal
efficiency in this study depends only on the flow rate.
To that end, a variable conversion coefficient depend-
ing on the flow rate applies, see SI S1 (Species adsorp-
tion model with a variable conversion coefficient) for
details. The maximum difference between the pre-
dicted and measured (mean) conversion efficiencies is
0.56% (see SI Figure S1). When the variable conver-
sion coefficient model is implemented, the model gen-
erally over-predicts post-CS hydrocarbons by 2.2%
(5 L/min) to 50.9% (2 L/min), thus, serving as a con-
servative prediction of HC removal efficiency.

The removal efficiencies for other HCs are esti-
mated by the same model used for toluene with the
selected flow rate of 1 L/min. Given that the diffusivity

Figure 5. Measured (Exp.) and predicted (Sim.) toluene con-
centrations before (Pre CS) and after (Post CS) the catalytic
stripper device with various flow rates. gHC is predicted HC
removal efficiencies for different inlet flow rate.

Figure 4. (a) Velocity at the entrance of catalyst for hot
(623 K) and cold (300 K) operating conditions and average tem-
perature of the catalyst for hot operating condition with
regards to the flow rate. Upper and lower error bars in the
temperature profile correspond to the temperature at the
upstream and downstream sides of the catalyst, respectively.
(b) Gas mean residence time with regards to the flow rate.
Comparison of hot and cold operation and catalyst length of
lcat and 0.5 lcat:
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of the normal alkanes decreases by a factor of seven
from methane to tetracontane (Johnson and Kittelson
1996), the diffusivities of alkanes HCs are estimated
with the methane diffusivity at 293K
(Engineering_ToolBox 2018). Here, the diffusivity of
HCs corresponds to the binary diffusion coefficient of
HCs diffusing through air. Figure 6 shows the pre-
dicted HCs removal efficiency with regards to the car-
bon number. Increasing carbon number causing the
decrease of diffusivity results in the decrease of
removal efficiency. The resulting efficiency loss by
increasing carbon number from 1 to 40 is 2.6%.

4.3. Solid particle penetration

The penetration of solid particles is computed by
microscopic simulations solving momentum, energy
and particle transport equation (Equation (11)) in the
subdomain 2. Again, the boundary condition of par-
ticle at the wall is zero concentration by assuming
perfect deposition of particles arrived at the wall, as
usual for many analytical and numerical studies. The
influence of inlet particle profiles on the diffusion loss
through the single channel is investigated, see SI S2
(Particle diffusion loss through the catalyst). Among
the different inlet particle profiles, a half parabolic
profile led to the best agreement with the measured
penetration by the average difference of 2.96%. Thus,
the half-parabolic particle profile is chosen for the cal-
culations in this section. The boundary conditions for
velocity and temperature are identical to the calcula-
tions for HC removal in Subsection 4.2.

Figure 7 exhibits the measured and predicted solid
particle penetration for the cold operating condition
(300K) with respect to the particle size and inlet flow
rate. The length of the catalyst for the results are a
half of the reference length (0.5 lcat¼9.75mm). The
range of particle size for the simulations is 5–60 nm
according to the measured range of particle size. In
the model, particle penetration is mainly governed by
the interplay between advection and diffusion in the
absence of thermophoresis. With increasing particle
size, the decreasing particle diffusivity results in the
increase of penetration. The penetration also increases
with increasing flow rate due to the increase of advec-
tive flux in the flow direction. The predicted solid
particle penetration efficiencies are generally in good
agreement with the measured counterparts by average
difference of 4.3% and 1.6% for the flow rate of 0.75
and 1 L/min. The penetration at the flow rate of
0.75 L/min is slightly overpredicted for the particles
with dp > 10 nm. Simulations with the reference cata-
lyst length (lcat¼19.5mm) are also conducted for the
cold operation – the penetration becomes slightly
lower due to the extended path for the diffusion loss.

Before the calculations of particle penetration for
hot operation, the implementation of thermophoresis
model is validated with the analytic solution of par-
ticle deposition in laminar channel flow (Walker,
Homsy, and Geyling 1979), see SI S3 (Validation of
thermophoresis model). The thermophoretic loss is
not significant inside the catalytic stripper as the tem-
perature difference shown in Figure 3 is less than

Figure 6. Predicted hydrocarbons removal efficiency with vari-
ous carbon numbers (square symbols: alkanes hydrocarbon, cir-
cle: toluene). Predictions with flow rate of 1 L/min.

Figure 7. Predicted (Sim.) and measured (Exp.) solid particle
penetration for cold operation (Tin ¼ 300 K) of catalytic strip-
per with a half of the reference catalyst length (0.5
lcat¼9.75mm). Predictions with a reference length of the cata-
lyst (lcat¼19.5mm) are compared.
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50K. However, this can be significant in the cooling
tube between the catalytic stripper and the measure-
ment device that requires room temperature.
Accounting for the additional particle loss is needed
to compare measured and predicted penetration. The
model showed that thermophoretic loss depends on
the initial particle profile as shown in Figure S4-1 and
S4-2 in the SI.

Figure 8 exhibits the predicted and measured solid
particle penetration in the hot operating condition
(623K). The trends of penetration in terms of par-
ticle size are similar to those of cold operation, but
the values are lower due to the higher catalyst entry
velocity according to the higher operating tempera-
ture. Simulation results “without loss” correspond to
the predicted penetration after the catalyst, whereas
“with loss” correspond to lower penetration due to
the thermophoretic particle loss in the cooling tube.
The cooling tube loss results in a reduction of pene-
tration by 26.4% which is obtained with a constant
particle profile at the beginning of cooling tube,
while there is almost no particle loss with the para-
bolic particle profile. Thus, the predicted curves with
and without loss indicate the range of particle pene-
tration depending on the particle profile. The meas-
ured penetration is in between the predicted
efficiency with and without loss, and the real particle
profile after the catalyst might be neither constant
nor fully developed. Further in-situ experimental

work is needed to determine particle concentration
profiles after the monolith section. Note that, the
penetrations with lcat and 2 L/min (green colored) are
almost equivalent to those with 0.5 lcat and 1 L/min
(red colored), which corresponds well to the similar
gas residence time for the two cases, 29.7ms and
27ms, respectively. This trend was observed in both
the measured and predicted results.

4.4. Parametric study

The computational models verified with the meas-
ured solid particle penetration and HC removal are
employed in the parametric study for wider range
of test conditions in terms of flow rate and catalyst
length. Three representative particle sizes of 4, 10
and 23 nm are chosen instead of the particle sizes
used in the experiment (5–60 nm). Particle diameters
of 23 nm correspond to the current regulation with
the PMP protocol. Particle diameters of 10 nm is
also an important factor as many studies (Zheng
et al. 2012; Giechaskiel, L€ahde, and Drossinos 2019;
Giechaskiel et al. 2019) report that it would be feas-
ible to reduce the legislative threshold particle size
limit to 10 nm. Giechaskiel et al. (2017) recommend
guaranteeing >50% penetration of 10 nm particles to
this end. Particle diameters of 4 nm corresponds to
one of the limits for measuring sub-10 nm particles
(CPC 3752) that shows a similar measuring pattern
as for the other CPC with >50% at 10 nm particles
(Giechaskiel 2019). For HC removal, methane (CH4)
and tetracontane (C40H82) are represented as the
lightest and heaviest species available in the present
study. The range of inlet flow rate in the parametric
study is 0.5 to 5 L/min. Based on the reference cata-
lyst length lcat of 19.5mm, the catalyst length varies
by a quarter size (0.25lcat¼4.875mm), a half size
(0.5lcat¼9.75mm) and a maximum size (29mm)
available in the current design of catalytic stripper.
While all experiments confirmed that >99% of
30 nm semivolatile (tetracontane) particles are effect-
ively removed as measured by CPCs as outlined by
PMP protocol, this work measures to total gas con-
centration of HCs rather than those that exist solely
in the particle phase. Measured semivolatile particle
removal efficiency is presented in SI S7.

Figure 9 shows the penetration for the solid par-
ticles of the three representative sizes and the removal
efficiencies for the two HC species with various inlet
flow rate and catalyst length. The figures clearly show
the tradeoff relation between solid particle penetration
and HC removal in terms of changing the two

Figure 8. Predicted (Sim.) and measured (Exp.) solid particle
penetration for hot operation (Tin ¼ 623 K) of catalytic stripper
with respect to particle diameter, flow rate and catalyst length
(0.5 lcat¼9.75mm and lcat¼19.5mm). Simulation data with par-
ticle loss through the cooling tube after the catalytic stripper
(w/loss) and without the loss (w/o loss) are compared.
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parameters. In Figure 9a, the penetration of 23 nm
particles is always higher than 50% for all test condi-
tions. The penetration of 10 nm particles is mostly
higher than 50% except for the inlet flow rate of
0.5 L/min. However, the >50% penetration of 4 nm
particles is only achieved when the inlet flow rate is
5 L/min, which sacrifices approximately 25% of tetra-
contane (C40H82) removal as compared to 1 L/min of
inlet flow rate. The low removal efficiency of tetracon-
tane as compared to methane (CH4) is due to its dif-
fusivity, which is 7 times lower than that of methane.
This causes <90% of removal efficiency when the inlet
flow rate is higher than 3 L/min.

In Figure 9b, the increase of catalyst length leads
to the decrease of penetration and the increase of

HC removal on the contrary to the trend of increas-
ing inlet flow rate. The parametric study in terms of
catalyst length indicates that a half size (0.5lcat ¼
9.75mm) of catalyst can effectively keep >90% of
HC removal and >50% penetration of 10 nm par-
ticles in the wide range of test conditions. With
0.5lcat, the penetration improves by 16%, 8% and 3%
for 4 nm, 10 nm and 23 nm particles with sacrificing
1.2% and 4.4% of methane and tetracontane removal
efficiency. Note that, the increase in penetration with
0:5lcat can be almost recovered by doubled flow rate
with lcat as already shown in Figure 8. The max-
imum difference between lcat with 2 L/min and 0:5lcat
with 1 L/min is 2.2% for penetration and 0.5% for
HC removal efficiency. A quarter size (0.25lcatÞ and
the maximum length of catalyst (29mm) are not
suitable as the quarter size (0.25lcatÞ is not sufficient
for HC removal, and the maximum length of catalyst
(29mm) is unable to achieve 50% penetration of
10 nm particles.

Figure 10 shows the performance maps in terms
of the two test parameters that result in >50% of
solid particle penetration and >90% of HC removal.
The red (black), orange (dark-gray) and yellow
(light-gray) regions correspond to the results of
4 nm, 10 nm and 23 nm particles, respectively. Each
node point represents each test case with the two
corresponding test parameters. The penetration of
23 nm particles is always higher than 50% in the
whole test conditions in this study. For 10 nm,
Figure 10a shows a wide range of test conditions for
>50% particle penetration and >90% of methane
removal. The five outliers at the bottom-right side
correspond to where the methane removal is less
than 90% due to the combination of short catalyst
length and high flow rate. The three outliers at the
top-left region correspond to <50% particle penetra-
tion due to the long catalyst. Figure 10b shows a
narrower region with more outliers at the right side
due to the lower diffusivity of tetracontane than
methane. For 4 nm particles, Figure 10a shows only
a few conditions that meet >50% of penetration and
>90% of methane removal, while it is not achieved
with tetracontane as shown in Figure 10b. Although
this map is only valid for the catalytic striper in the
present study, it clearly shows the tradeoff between
particle penetration and HC removal efficiencies with
various flow rate and catalyst length, which provides
guidance to choose operating conditions targeting a
certain amount of particle penetration and HC
removal in the practical tests.

Figure 9. Results of parametric study of particle penetration
and HC removal efficiency in terms of flow rate (a) and catalyst
length (b). Comparison of penetration of 4 nm, 10 nm, 23 nm
solid particles and removal efficiency of methane (CH4) and
tetracontane (C40H82).
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5. Conclusions

This study aimed to develop a computational model
for a catalytic stripper with a view to understanding
the relation between solid particle penetration and
HCs removal under various operating conditions. We
employed a multiscale modeling approach that con-
sists of macroscopic for overall behaviors of flow and
temperature through the catalytic stripper and

microscopic models for the particle penetration and
hydrocarbon removal performance.

The macroscopic simulations provide a clear
insight into the velocity and temperature distribution
through the device with the external heat loss fitted to
match the measured axial temperature profile. A cir-
culating flow pattern is observed before the catalyst
due to the momentum resistance of the catalyst.
Higher flow rate leads to deeper heat penetration
through the catalyst but also causes a larger circulat-
ing flow before the catalyst which obstructs heat pene-
tration, simultaneously. Consequently, the average
temperature of the catalyst nonlinearly increases with
increasing flow rate.

For modeling the HC removal efficiency, a variable
conversion coefficient in terms of velocity is intro-
duced without consideration of catalytic reactions.
With the best fit conversion coefficient, the predicted
post-CS hydrocarbons are slightly overestimated by
2.2% to 50.9% depending on the inlet flow rate. The
solid particle penetration in the cold operation
(300K) is mainly governed by the interplay between
the advection and diffusion inside the catalyst. It is
noted that the penetration strongly depends on the
particle profile – parabolic particle profile results in
higher penetration than constant profile. In the hot
operation (623K), thermophoresis is not significant
inside the catalyst but significant in the cooling tube
between the catalytic stripper and the measurement
device where the hot stream cools down to the room
temperature. The additional thermophoretic loss is up
to 26.4% that correspond to the constant particle pro-
file after the catalyst. Measured penetration is in the
range between the predicted penetration through the
catalyst and the penetration when corrected for ther-
mophoretic loss. A comprehensive model that com-
bines both microscopic and macroscopic models for
particle transport requires future development to
numerically analyze the local particle distribution dic-
tated by thermophoresis through the entire device.

With the established models, a parametric study of
inlet flow rate and catalyst length was conducted with a
view to providing a clear insight into the tradeoff rela-
tion in particle penetration and HC removal efficien-
cies. The performance of the reference length
(19.5mm) of the catalyst with 2 L/min of flow rate is
almost equivalent to that of a half-length (9.75mm) of
catalyst with 1 L/min. This was also observed from the
experiments. The results indicate that >50% penetra-
tion of 23 nm particles with >90% HC removal is
achievable in all of the test conditions in this study.
Such performance is feasible for 10 nm particles in a

Figure 10. Performance map for >50% penetration of 4 nm,
10 nm and 23 nm particles and >90% removal efficiency for
methane (a) and tetracontane (b) in terms of inlet flow rate
and catalyst length.
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wide range of test conditions, but for only very limited
conditions for 4 nm particles. Although the numerical
model is unable to account for the removal of semivola-
tile particles by assuming complete evaporation of those
particles before the catalyst, the experiments confirmed
that >99% removal of 30 nm semivolatile (tetracon-
tane) particles is achieved, which satisfies the regulatory
limit of PMP protocol. The findings in the present
study can provide fundamental guidance to the proper
operating conditions for both particle penetration and
HC removal in the practical usage of catalytic stripper.

Nomenclature

a specific surface area, m-1

CC Cunningham slip correction factor, �
c concentration, mol m-3

cD Darcy coefficient in Darcy–Forchheimer equation,
m-2

cF Forchheimer coefficient in Darcy–Forchheimer
equation, m-1

cp heat capacity, J kg-1 K-1

dH hydraulic diameter, m
Di,j diffusivity of species i diffusing into species j,

m2 s-1

DP particle diffusivity, m2 s-1

dP particle diameter, m
h enthalpy, N m
hint interface heat transfer coefficient, W m-2 K-1

Kth thermophoresis coefficient, �
k thermal conductivity, W m-1 K-1

kB Boltzmann constant, J K-1

L length of catalyst, m
m molecular weight, g mol-1

NP particle number concentration, m-3

p pressure, N m-2

R universal gas constant, J mol-1 K-1

Si conversion coefficient of species i, �
T temperature, K
u velocity field u ¼ (u1, u2, u3)T, m s-1

x Cartesian coordinate, m
yi mass fraction of species i, �

Greek symbols

e porosity, �
gHC hydrocarbon removal efficiency, �
l viscosity, kg m�1 s-1

q density, kg m�3

Subscripts

G gas phase
in inlet
i, j species indices
n normal
p particle
S solid phase
w wall
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