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Abstract: The captured particulate matter (PM) in diesel particulate filters (DPF) must be periodically
burned to maintain the performance and durability of the engine. The amount of PM in the filter must
be monitored to determine a suitable regeneration period. In this study, the modeling parameters
of the DPF were optimized using experimental data to determine a suitable regeneration period
for the DPF for marine diesel engines. The differential pressure over the exhaust gas mass flow
rate and temperature were measured using a fresh DPF. The modeling parameters of Darcy’s law
were optimized using the experimental data. Finally, the model parameters were validated using
differential pressure data obtained from a DPF containing PM. The proposed model, which is a
function of the gas flow rate, temperature, and amount of collected PM, was developed to simulate the
differential pressure of DPFs and shows potential for application in the development of regeneration
logic for marine DPFs.

Keywords: marine diesel engine; diesel particulate filter; after treatment; particulate matter; regeneration

1. Introduction

As particulate matter (PM) regulations are strengthened worldwide, the necessity to
reduce PM emissions from ships is increasing. Because diesel particulate filters (DPFs) use
a physical filter to collect PM and reduce exhaust gas, the DPF backpressure increases with
time, which can cause a decrease in engine output and an increase in fuel consumption.
To eliminate PM from the DPF, the collected PM must be burned at regular intervals. In
this burn-out process, the engine performance degradation can be minimized and the
DPF lifetime can be maximized by selecting an appropriate regeneration time. Generally,
the DPF usage time or engine idling pressure are the criteria used for determining the
regeneration time because directly measuring the amount of PM in the DPF is difficult. To
determine the optimal DPF regeneration time, technology that can accurately predict the
amount of PM captured in the DPF is required [1,2].

Since Bissett proposed the nonlinear partial differential equation of the DPF model,
various attempts have been made to predict the DPF differential pressure [3]. Jung et al. [4]
developed a DPF filtration model based on experimental data of pressure variation and
model parameter sensitivity. They found that the filtration trend and soot particle size
were affected by the percolation constant and filtration quality, respectively. Mizutani
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et al. [5] proposed a soot-regeneration model. This model is applicable to fuel additives
and catalyst types. They investigated the engine performance and developed a safety soot
regeneration model. Lee et al. [6] predicted the transient thermal response of the DPF.
They considered the size and density of the DPF and the thermal response to soot loading.
They found that increasing the cell density can decrease the maximum temperature owing
to the increase in heat conduction and heat capacity. Muhammad et al. [7] investigated
the regeneration characteristics of DPF. They used a computational method to evaluate
the effect of exhaust flow on the DPF and analyzed the performance of the filter under
transient exhaust conditions. Kazutake et al. [8] developed a newly designed DPF filter.
They improved the ash capacity, and DPF lifetime by optimizing the inlet and outlet cell
volumes. Additionally, they found that the octagon inlet form influenced soot filtration.

In previous studies, parameters such as the flow field and PM layer height have
been utilized to predict the optimal regeneration time [9–13]. However, as technology
has developed, the structure of the DPF has become more complex, and the scope of
its application is expanding. To reflect this trend, an advanced DPF analysis model for
the existing model is needed [14–19]. In this study, the optimal DPF regeneration time
was suggested using Darcy’s law’s parameter, considering PM filtration and differential
pressure behavior, based on the experimental data.

2. Experiment
2.1. Experimental Apparatus
2.1.1. Specification of Marine Engine

Figure 1 shows a photograph of the engine employed for the DPF test in this study.
The engine is a 300 hp class diesel engine (D6DA) designed for a 300 ps class ship. The
engine is a 6.6 L DI engine that produces a maximum output of 306 hp at 2500 rpm and
satisfies Euro 3 regulations.
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Figure 1. 300 hp diesel engine.

2.1.2. Diesel Particulate Filter (DPF)

Figure 2 shows the target system which is composed of a diesel oxidation catalyst
(DOC) that increases the temperature for oxidation of unburned gas, and regeneration of
the DPF and is designed to be used in engines with a maximum output of 300 hp. The
DPF was supported by a cordierite-type catalyst with a cell density of 100 CPSI. Detailed
specifications are listed in Table 1.
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Figure 2. Target system: DOC and DPF.

Table 1. Specification of diesel particulate filter.

Variable Value Unit

DPF

Filter type Cordierite

Cell density 100 CPSI

Substrate wall thickness 17.7 mil

Monolith diameter 300 mm

Monolith length 300 mm

Plug length 20 mm

DOC

Filter type Cordierite

Cell density 100 CPSI

Monolith diameter 300 mm

Monolith length 150 mm

2.2. Differential Pressure Test
2.2.1. Experimental Conditions

The zero-PM condition (0 g/L) was achieved by regenerating the DPF with sufficient
time. To analyze the effect of the parameters and differential pressure considering temper-
ature and flow rate, five different engine exhaust gas flow rates (250, 350, 450, 500, and
550 kg/h) and three temperatures (200, 300, and 400 ◦C) at the DPF inlet were considered.
The engine operating conditions were adjusted to set the test conditions. The pressure was
measured when the flow rate and temperature converged to the steady state under each
condition.

2.2.2. Zero PM Condition

Figure 3 shows the results of the differential pressure of the zero-PM condition accord-
ing to the temperature and flow rate change. The values of the differential pressure are
distributed in the range of 7–33 mbar, as shown in the Figure 3 and Table 2. The differential
pressure has a positive correlation with both the exhaust gas flow rate and exhaust gas
temperature, and the increase in the flow rate when the temperature decreases has a great
effect on the differential pressure. Under the same flow rate condition, the pressure change
increases as the temperature increases because the DPF carrier cordierite expands as the
temperature increases and the filter porosity decreases. High-speed and low-load operation
of the engine is required to obtain a filter temperature of 200 ◦C and an exhaust gas flow
rate of 550 kg/h. However, differential pressure data cannot be obtained under these
conditions because the target engine has a minimum temperature of over 200 ◦C at an
exhaust flow rate of 550 kg/h.
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exhaust temperature.

Table 2. Differential pressure values at DPF with zero PM condition.

DPF Inlet Temperature Exhaust Mass Flow Rate PM Mass Differential Pressure
◦C kg/h g/L mbar

200

250

0

7

350 11

450 15

500 19

550 -

300

250 10

350 14

450 20

500 25

550 28

400

250 15

350 19

450 25

500 30

550 33

2.3. Effect of Captured PM
2.3.1. PM Capture

The effect of the captured PM on the differential pressure was investigated to validate
the model, and the DPF differential pressure experiment was performed under the same
conditions after the collection of the PM. For this purpose, PM was collected for 8 h at
1100 rpm and 260 Nm, which are the engine operating conditions for high PM emissions
and no burning. The mass of DPF was measured five times before and after the PM
collection, as shown in Table 3. The average mass before the collection was 85.880 kg and
after the collection was 85.975 kg. In total, 95 g of PM was collected for 8 h, and it was
calculated as the collection mass per DPF volume. Therefore, we collected approximately
4.27 g/L of PM.
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Table 3. Mass of DPF: PM unloaded vs. loaded.

No. Zero PM [kg] 4.27 g/L PM Loaded [kg]
1 85.893 85.979

2 85.876 85.961

3 85.872 85.967

4 85.878 85.985

5 85.883 85.985

Average 85.880 85.975

2.3.2. Differential Pressure Test with PM Capture

The differential pressure was measured under the same exhaust gas flow rates and
DPF inlet temperatures mentioned in Section 2.2.1, as shown in Figure 4. In the case of DPF,
in which PM of up to 4.27 g/L is collected, pressure varies between 15 and 45 mbar under
the flow rate conditions shown in Table 4. When measuring differential pressures before
and after the collection, the increase in the differential pressure was small at relatively high
temperatures. At 200 ◦C, the differential pressure increased by 91.4% on average, whereas
at 300 ◦C, the differential pressure increased by 59.4%. The parameters of the differential
pressure model are optimized using the pressure data based on temperature and flow rate
measured through this experiment.
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Table 4. Result of differential pressure for PM load of 4.27 g/L.

DPF Inlet
Temperature

Exhaust Mass Flow
Rate PM Load Differential Pressure

°C kg/h g/L mbar

200

250

4.27

15

350 21

450 28

500 33

550 -

300

250 16

350 24

450 32

500 38

550 43

3. Modeling of Differential Pressure Model

The differential pressure model has the advantage that it can estimate the pressure
variations at the DPF under various exhaust conditions when the parameters set on the
model are accurate, as shown in Tables 5 and 6. This model works based on Darcy’s law
by considering the PM layer and filter. The simulation was performed using the BOOST
program (AVL List GmbH, Graz, Austria), which is a 1D simulator. The parameters of the
differential pressure model for the DPF with the specifications in Table 1 were determined
based on experimental data tested by considering the flow rate, temperature, and DPF
loading condition of the exhaust gas [20].

Table 5. Parameters of differential pressure for clean DPF.

ζinl 4.78

ζout 2.64

kw

200 6.23 × 10−11

300 6.27 × 10−13

400 4.48 × 10−13

Table 6. Parameters of soot loading DPF differential pressure.

Soot Packing Density 100 kg/m3

ksc

200 2.3 × 10−14

300 3.6 × 10−14

400 5.9 × 10−14

3.1. Differential Pressure Model

The modeled system of the BOOST program is illustrated in Figure 5. The system
consists of a defining component as follows: the inlet and outlet boundary that defines the
exhaust gas flow rate and temperature for the test, the DPF component that simulates the
differential pressure according to the test condition, the diesel oxidation catalyst (DOC)
component to which the Forchheimer differential pressure model is applied, and pipe
components that connect the DOC and DPF parts.
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Figure 5. The modeled system of BOOST program.

For the DPF differential pressure modeling based on the exhaust gas temperature,
flow, and soot loading conditions, the differential pressure was measured under clean
conditions, i.e., soot loading of between 0 and 4.27 g/L. The exhaust gas temperature at
each soot loading condition and the flow rate were the same.

To create a DPF model that satisfies the differential pressure characteristics measured
under the above conditions, both modeling and measurement comprise two steps. In the
first step, a clean DPF differential pressure model is created for a soot loading of 0 g/L. In
the second step, soot loading of 4.27 g/L was added to the DPF model completed in the
first step, and the differential pressure characteristics caused by soot were modeled.

3.2. Clean DPF Modeling

The differential pressure of the DPF under clean conditions is shown in Figure 6. No. 1
and No. 7 in Figure 6 denote the exhaust gas flowing into the DPF inlet and exiting the
outlet, respectively, resulting in a loss of inertia due to contraction/expansion at the DPF
plug and inlet/outlet channels, as indicated by the numbers. It can be divided into pressure
loss owing to frictional resistance, and that occurs while passing through the filter, as in
No. 4.

∆pinl = ζinl
ρinlv2

inl
2

(1)

∆pout = ζout
ρoutv2

out
2

(2)

∆pplug,inl = ϕµ
32vinl

d2
1

lplug (3)

∆pplug,out = ϕµ
32vout

d2
2

(
lplug + lash

)
(4)

∆pchannel,inl =
1

le f f

∫ le f f

0

[
pg,1(z = 0)− pg,1(z)

]
dz (5)

∆pchannel,out =
1

le f f

∫ le f f

0

[
pg,2(z)− pg,2

(
z = le f f

)]
dz (6)

ϑpg

ϑz
= −ADvg (7)

AD = ϕ
vg

2
ρg

dhyd
ζ = ϕ

1
2

.
m

Acrossdhyd
ζ (8)

∆pw = vw,1µ
ρg,1

ρg,2

δw

kw
(9)
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The pressure loss caused by contraction/expansion at the DPF inlet and outlet is
expressed in Equations (1) and (2). Here, ζinl and ζout are the friction loss coefficients,
which are unknown variables for modeling the pressure loss of the DPF in this study. In
Equations (1) and (2), the density and flow rate of the exhaust gas are determined using
the temperature and flow rate, respectively, which are used as the test conditions in this
study. As the density and flow rate increase, the pressure loss value increases. Similarly,
the pressure loss value caused by contraction/expansion at the inlet and outlet of the DPF
varies proportionally to the value of the friction loss coefficient, which is an unknown
variable.

The pressure loss caused by the plug blocking the DPF inlet and outlet is expressed
in Equations (3) and (4) [3]. Because of the absence of soot accumulation in the plug,
Equations (3) and (4) can describe the pressure changes accurately. With respect to the
pressure loss, the longer the plug length and the greater the exhaust gas flow rate and
viscosity, the greater the pressure loss; whereas, the larger the channel diameter, the smaller
the pressure loss. In the equations, ϕ denotes a shape factor of the channel for which a
value of 1.05 is used as the shape of the DPF channel is square.

The pressure losses in the DPF inlet and outlet channels were calculated using
Equations (5) and (6). Here, the pressure loss along the channel length is calculated using
the steady-state Darcy model given in Equation (7); Equation (8) expresses the Darcy con-
stant model. In this formula, DPF length is expressed as z. As the channel length, exhaust
gas flow rate, and density increased, the pressure loss increased. However, as the channel
diameter increased, the pressure loss decreased. Similar to the plug, the shape factor value
of 1.05 was used for the channel as the shape of the DPF channel is square. As shown
in Figure 2, when ash is accumulated in the inlet channel of the DPF, the pressure loss
is calculated by subtracting the length of the ash from the length of the inlet and outlet
channels. For the plug of the DPF outlet channel, the pressure loss is calculated using
Equation (4), by adding the ash length [21].

The pressure loss caused by the exhaust gas passing through the DPF wall was
calculated using the modified model of Darcy’s law proposed by Konstandopoulos, as
shown in Equation (9). For accurately predicting the pressure loss caused by the DPF
wall, the model was developed using the measured data under the soot and ash loading
conditions of 0 g/L. In Equation (9), Kw denotes the wall penetration area. The larger the Kw
value, the larger the area through which the exhaust gas can pass; therefore, the calculated
pressure loss is small. The Kw value depends on the filter material and production process.
Because the DPF wall expands with the increase in temperature, independent Kw values
must be used for each temperature. In this study, the differential pressure of the DPF
was modeled using the Kw value, where various exhaust gas temperatures—200, 300, and
400 ◦C—were used as the parameter.

The analysis was performed under a soot loading of 0 g/L, as shown in Figure 3. Flow
rate and temperature were set to be 3 ◦C/min. When the exhaust gas temperature in front
of the DPF reaches 200 ◦C, the differential pressure is measured while increasing the flow
rate from 250 to 550 kg/h. The x-axis in Figure 7 represents the test number, where 14 test
conditions were used.

To create a DPF model that satisfies all 14 test conditions, shown in Figure 7, the inlet
and outlet friction loss coefficients and Kw values for each temperature condition were
determined as unknown variables, as listed in Table 2. To obtain the optimal unknown
variable value, an AVL optimization software (Design Explorer) was used. Table 5 lists the
unknown variables obtained using the optimization method.

The results in Table 5 show that the higher the exhaust gas temperature, the higher
the DPF temperature and the smaller the wall penetration area because the filter expands
owing to the characteristics of the DPF material. Therefore, under the same flow rate condi-
tions, the differential pressure increased as the temperature increased. As the exhaust gas
temperature increases, the differential pressure increases proportionally as the exhaust gas
flow rate increases. Table 5 lists the unknown variables that account for these characteristics.
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Among the unknown variables, the value of wall permeability at 200 ◦C is significantly
larger compared to that at other temperatures. When wall permeability values between 300
and 400 ◦C were used, the value of differential pressure was overestimated compared to
that obtained via measurement. The unknown variables were optimized within a range
of 1–10.
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The results presented in Figure 7 show that the simulation data are in good agreement
with the measured data (dP of the DPF). The maximum error value obtained between
the simulation and experimental data was less than 1 × 10−3 bar; therefore, the model is
effective and can make accurate predictions.

Soot Loading

The more the soot is filtered in the DPF, the greater the amount of soot loading; because
the soot acts as a filter, the filtration efficiency of the DPF improves but the differential
pressure increases. To model the differential pressure characteristics according to soot
loading, an engine dynamometer test was conducted in this study until the soot loading
was ≥4 g/L. During the soot loading, the same exhaust gas temperature and flow conditions
used for the clean DPF test were employed, and the differential pressure was measured.

The differential pressure owing to the soot cake was modeled using Equation (10).
The modification was carried out using the test conditions and measured data presented in
Figure 8. The unknown variables that were used for the modeling were the soot packing
density (SPC) and Ksc. The SPC indicates the mass per unit volume and is used to calculate
the volume according to the soot mass. The thickness of the soot layer was determined
from these values. It is important to determine the optimal value because the effective
diameter of the DPF channel depends on the thickness of the soot layer, and this affects the
pressure loss [21].

∆psc =
d1

2·Ksc
·ln
(

d1 − 2·δac

d1 − 2·δsc − 2·δac

)
(10)

In Equation (10), Ksc denotes the penetration area of the soot cake. As with Kw, the
larger the Ksc value, the larger the area through which the exhaust gas can pass through the
soot cake; thus, the calculated pressure loss is large. Further, the Ksc value varied depending
on the engine.
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In Equation (10), the DPF inlet channel diameter is the same as the ash cake thickness.
In this study, as the differential pressure was measured in the absence of ash, it was not used
in the differential pressure calculation. As the value of the soot cake thickness increases,
the natural logarithmic value increases, and thus, the differential pressure increases. In
addition, as the Ksc value also decreases, the calculated differential pressure is large.

Similar to Figure 7, the AVL optimization software Design Explorer was used to obtain
the soot packing density and Ksc values that satisfy the differential pressure characteristics
for conditions 1–14. Table 5 lists the unknown variables obtained using the optimization
method.

The Ksc value obtained using the optimization technique increased as the temperature
increased. Unlike filters, soot cake does not have expansion or contraction characteristics
that depend on the temperature; therefore, soot undergoes passive regeneration at the time
of the test, and it has a significant influence on the values of differential pressure. The Ksc
had the largest value at 400 ◦C where passive regeneration occurred relatively often.

The result is similar to that of the dP of DPF in Figure 7; the measurement and
analysis results were compared. The model showed an accuracy of within 1 mbar in all the
conditions except for the 10th condition. As the test is completed in the 11–14th conditions,
the decrease in soot is affected by the passive regeneration that occurred during the 11–14th
tests. Therefore, in the 10th condition, the calculated analysis result was higher than the
measurement result. In a future study, we plan to verify the results of this study by adding
the passive regeneration model to the DPF model.

3.3. Differential Pressure at High Soot Loading

The effect of increasing soot loading on the differential pressure was calculated using
the model with a soot loading of 8 g/L. The other conditions, such as the exhaust gas
temperature and flow rate, were identical to those used in the other differential pressure
tests. The obtained values are in the range of 15–18, as shown in Figure 8, which are
compared to that of the case with a soot loading of 4.27 g/L. The results demonstrate
that the effect of soot loading does not increase in proportion to soot loading because
even though there is approximately 1.87 times the increase in soot loading, the differential
pressure increases by approximately 1.6 times at 300 ◦C and 1.45 times at 400 ◦C. This is
because the Ksc value becomes larger as the temperature increases, so the pressure decreases
more at higher temperatures. When passive regeneration is considered, soot loading has a
relatively large effect on the differential pressure.
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4. Conclusions

In this study, the values of the major variables affecting the simulation of differential
pressure, such as the permeabilities of the DPF filter and PM layer, were obtained through
a correlation analysis between the experiment and the 1D model. Through this process, a
numerical analysis technique that can predict differential pressure under various conditions
was established using a high-quality 1D DPF model that was developed. The developed
model can predict the differential pressure based on the exhaust gas flow rate, temperature,
and DPF loading conditions. Consequently, the DPF specifications according to the PM
collection conditions and various engine outputs can be determined at the initial-concept
stage using a 1D model, which is advantageous in terms of cost and time.
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