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Figure 6. 16 Comparison of experimental and DOC-CPF state estimator total pressure drop across CPF and 

its components for AR-B10-1 experiment using extended Kalman filter for temperature 

 

Figure 6. 17 Comparison of experimental and simulated total pressure drop across CPF and its components 

for AR-B10-1 experiment simulated by the high-fidelity SCR-F/CPF model 
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Figure 6. 18 Comparison of experimental and DOC-CPF state estimator total pressure drop across CPF and 

its components for AR-B10-1 experiment using linear Kalman filter for pressure drop 

Figure 6.18 shows the comparison of the experimental and estimated pressure drop value 

and its components for the AR-B10-1 experiment using the linear Kalman filter for 

pressure drop. From Figure 6.18, the estimated total pressure drop closely simulates with 

the measured pressure using the optimal Kalman gain and feedback ∆ܲ pressure sensor 

values as shown in Equation 6.20. Using the estimated total pressure drop values from 

the linear Kalman estimator and Equation 6.2, the cake pressure drop was estimated. 

Figure 6.19 shows the estimated cake pressure drop for various cake PM loading during 

the AR-B10-1 experiment. From Figure 6.19, three distinct regions of CPF operating can 

be determined. During loading, the cake pressure drop increases proportional to the 

loading of the filter shown as a linear line increasing as a function of filter PM loading. 

During PM oxidation by active regeneration, the cake pressure drop reduces as the PM 

cake oxidizes through thermal (O2) and NO2 assisted PM oxidation reactions. The 

pressure drop during PM cake oxidation at a given cake PM loading is lower than the 

pressure drop during loading due to the increased permeability of PM cake layer during 
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PM oxidation. The wall pressure drop also reduces significantly during PM oxidation and 

approaches the clean wall pressure drop because of oxidation of PM within the substrate 

wall as shown in Figure 6.18. During post loading, the pressure cake drop increases 

proportional to the PM cake loading, however the cake pressure drop values at a given 

PM cake mass are lower than the cake pressure drop values during loading. This is mainly 

because of presence of the damaged PM cake layer due to the earlier PM oxidation event. 

By comparing cake pressure drop estimates along with the wall and channel pressure 

drop estimates suitable control actions can be taken in the event of failure of sensors, 

components or excess PM loading of the CPF. For example, in the event of cracked 

substrate wall, the overall pressure drop measured by the  ∆ܲ pressure sensor will be 

lower causing negative estimated cake pressure estimates which is an indication of failure 

of a component and can be determined from the pressure drop estimator. Without a 

pressure drop estimator, it will be difficult to diagnose the problem, because the measured 

pressure drop will still be within the in-range (non-zero, within upper and lower bounds of 

the typical operation) checks of the ECU. 

 

Figure 6. 19 Comparison of PM cake loading and PM cake ∆ܲ estimated using linear Kalman estimator 

during AR-B10-1 experiment 
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From the above analysis, it is evident that the DOC-CPF state estimator presented in this 

research shows the capability to predict temperature and PM loading distribution and 

pressure drop of the CPF at various operating conditions. The DOC-CPF state estimator 

used the engine outlet temperature and NOx, HC and O2 concentrations from the ECU 

sensors or maps to estimate the temperature distribution and PM mass retained and 

distribution and pressure drop components of the CPF. With the extended Kalman filter 

for temperature estimation and linear Kalman filter for pressure drop estimation, the outlet 

gas temperature and ∆ܲ across the CPF were closely simulated with the measured sensor 

signals. The RMS error in temperature distribution estimated by the DOC-CPF state 

estimator is within 5oC and absolute PM mass retained was within 0.7 g of the 

experimental data at the end of stage 4 loading. The total pressure drop estimated by the 

reduced order model used in the extended Kalman filter estimator was within 0.5 kPa and 

was compensated with optimal Kalman gain to predict unknown states of the pressure 

drop components such as cake pressure drop. The overall summary of results and 

conclusions from this thesis are presented in the next chapter. 
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7 Summary and Conclusions1 

 

7.1 Summary 

 

A new multi-zone SCR-F/CPF model was developed to simulate the substrate 

temperature distribution, PM mass retained and distribution and pressure drop of the CPF. 

The newly developed SCR-F/CPF model accounted for the variation in inlet temperature 

of the exhaust gas using fully developed thermal boundary layer equations and PM 

filtration and oxidation within the substrate wall and PM cake using the classical filtration 

theory developed by Johnson and Konstandopoulos [15]. The PM oxidation included NO2 

assisted and thermal (O2) PM oxidation mechanisms. The back diffusion of NO2 into the 

PM cake layer is also included using the species concentration solver developed by 

Venkata Chundru. The SCR-F/CPF model also accounted for the oxidation of 

hydrocarbons within the filter and includes heat transfer within and external to the filter 

and the thermal resistances of the insulation and outer can. The pressure drop model 

used in the SCR-F/CPF model accounted for the PM filtration in the wall and cake, variable 

wall and cake permeability accounting for the changes in the mean free path length of the 

gas and permeability evolution of PM cake during PM oxidation and post loading using 

the newly developed cake permeability model [3]. The outputs of the high fidelity CPF 

model are temperature distribution within the filter substrate, inlet and outlet channels, 

total PM mass retained including masses in the cake and wall, PM loading distribution 

within the filter, species concentration at the filter outlet (NO, NO2, CO, CO2, O2, HC, and 

PM concentration) and pressure drop across the filter. 

 

 

 

______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission of 

Springer. 
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A new cake permeability model [3] was developed to account for the damage in the PM 

cake during PM oxidation. Based on the experimental data analysis, it was found that the 

permeability of the PM cake layer increases during PM oxidation (passive oxidation and 

active regeneration experiments). The increase in permeability during PM oxidation was 

attributed to the damage in the PM cake (holes, cracks etc.) and leads to near zero 

pressure drop during PM oxidation. This increased permeability of the PM cake layer 

during PM oxidation was simulated using the newly developed cake permeability as a 

function of PM oxidation rate during PM oxidation. During post loading, the holes and 

cracks formed in the PM cake are filled with incoming PM. This damage recovery process 

reduces the permeability of PM cake during post loading (passive oxidation and active 

regeneration) and was simulated using the new cake permeability model as a function of 

PM mass retained in the cake.   

The experimental data collected by Shiel [49] and Pidgeon [51] on a 2007 inline 6-cylinder 

ISL 8.9L diesel engine rated at 272 kW with DOC and CPF aftertreatment systems were 

used as basis for developing the models. The experiments were performed with three 

fuels – ULSD, B10 and B20 blends. The SCR-F/CPF model was calibrated at eighteen 

different operating conditions (six passive oxidation and twelve active regeneration 

experiments). The detailed calibration procedure for calibration of PM kinetics and 

pressure drop model parameters was developed. The experimental thermocouple data in 

the CPF channels recorded during eighteen experimental runs were used for the 

development of the thermal boundary layer model and calibration of heat transfer within 

and external to the filter. 

A reduced order multi-zone particulate filter model (MPF) was developed to reduce the 

computational time and the complexity of the high-fidelity SCR-F/CPF model for use in a 

ECU based application and specially for the CPF state estimator. A parametric study was 

carried out to determine the optimum number of zones for the reduced order MPF model 

and it was found that the 5x5 zone model was sufficient for the accuracy and the 

computational speed. Further model reduction assumptions were evaluated to improve 

the computational speed without affecting the accuracy of the model prediction 

significantly. The elimination of the species solver, effect of NO2 back diffusion equations, 

radiation heat transfer within the channels and assuming average channel gas 
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temperatures instead of separate inlet and outlet channel gas temperatures increased the 

computational speed by about 32 times without significantly affecting the accuracy. 

A CPF state estimator was developed to predict unknown states of the CPF such as 

temperature distribution, PM mass retained and distribution and pressure drop 

components of the CPF. An extended Kalman filter based state estimator was developed 

to predict unknown temperature states and a linear Kalman filter based estimator was 

developed to predict unknown components of the pressure drop such as the cake 

pressure drop. The DOC state estimator developed by Harsha Surenahalli [48] was 

integrated with the CPF state estimator to provide inlet conditions (DOC outlet 

temperature, NO2 and HC concentrations) to the CPF. The integrated DOC-CPF model 

was recalibrated and validated on a active regeneration test condition. The DOC-CPF 

state estimator was shown to have the capability to predict temperature distribution, PM 

mass retained and distribution and the pressure drop components of the CPF. 

 

7.2 High Fidelity SCR-F/CPF Model Conclusions 

Based on the simulation results using the high fidelity SCR-F/CPF model, the following 

specific conclusions can be made: 

1. The SCR-F/CPF model is able to simulate the axial and radial temperature 

distribution and PM mass retained and distribution and pressure drop of the 

CPF for the passive oxidation and active regeneration experiments. 

2. Temperature within the substrate varies axially and radially. The radial 

temperature distribution is significant and it is up to ≅ 32oC during PM oxidation 

by passive oxidation and ≅ 40oC duing PM oxidation by active regeneration. 

The axial temperature variation is ≅ 12oC for the active regeneration 

experiments and ≅ 2oC for the passive oxidation experiments.  

3. The radial temperature distribution initiates well before the inlet of the CPF and 

affects the temperature distribution for the entire length of the CPF. This radial 

temperature distribution can be characterized using thermal boundary layer 

equations. For the CPF studied, 50% of the overall temperature gradient is in 

the 20% of the filter section closest to the outer radius of the filter. 
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4. The accurate temperature distribution at the inlet of the CPF is essential for 

accurate simulation of the temperature distribution within the CPF. Hence, 

strategic placement (number of sensors and locations) of CPF inlet 

temperature sensors along with a model is necessary to capture accurate inlet 

temperature distribution profiles. 

5. The simulated PM distribution is uniform (2.0	േ	0.03 g/L) during loading and 

becomes non-uniform at the end of PM oxidation. The active regeneration of 

the filter leads to non-uniform PM distribution (minimum PM loading is 0.4 g/L 

and maximum PM loading is 1.8 g/L at the end of PM oxidation by active 

regeneration) compared to the passive oxidation test conditions (minimum PM 

loading is 1.1 g/L and maximum PM loading is 1.6 g/L at the end of PM 

oxidation by passive oxidation). The high-fidelity model is able to predict non-

uniformities in the PM loading distribution.  

6. Permeability of the PM cake layer changes during PM oxidation. It is almost 

constant at the beginning of the PM oxidation and increases rapidly during PM 

oxidation. The PM cake permeability increases about 5 to 7 times during PM 

oxidation for the passive oxidation and active regeneration experiments. The 

increase in permeability is attributed to the damage in the PM cake layer 

(cracks and holes) and was simulated using the newly developed cake 

permeability model. 

7. The increase in permeability of the PM cake during PM oxidation by passive 

oxidation experiments are steeper than the active regeneration experiments 

௞ேைଶߚ) ൌ 6.0 versus ߚ௞ைଶ ൌ 3.6) indicating higher damage in the PM cake due 

to lower oxidation rates with the NO2 assisted PM oxidation than thermal (O2) 

PM oxidation. 

8. The increased permeability of the PM cake layer during PM oxidation leads to 

lower pressure drop of the PM cake for the passive oxidation and active 

regeneration experiments. 

9. The wall pressure drop reduces during passive oxidation and active 

regeneration due to the oxidation on PM within the substrate wall. The 
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oxidation of PM within the wall substrate increases the permeability of the 

substrate wall and reduces the pressure drop. During PM oxidation by active 

regeneration, most of the PM in the wall is oxidized and the wall pressure drop 

approaches the clean wall pressure drop. 

10. The pressure drop model along with the newly developed cake permeability 

model has shown the capability to predict pressure drop across the filter during 

loading, PM oxidation by passive oxidation and active regeneration and post 

loading. The RMS error in the pressure drop estimate was less the 0.2 kPa for 

all eighteen experiments. 

 

7.3 Reduced order MPF Model Conclusions 

Based on the simulation results using the reduced order MPF model, the following specific 

conclusions can be made: 

1. The reduced order MPF model is able to simulate temperature distribution and 

PM mass retained and distribution and pressure drop of the CPF. 

2. From the discretization study, 5x5 zone SCR-F/CPF model was found to be 4 

times faster than the baseline 10x10 model with RMS temperature of 3.5oC, 

absolute PM loading difference of 1.6 g at the end of stage 4 loading and 

absolute pressure drop difference of 0.2 kPa at the end of stage 4 loading, 

compared to the experimental data. 

3. From the model reduction assumptions evaluation, by neglecting the reactions 

in the catalysts washcoat (without species solver), the SCR-F/CPF model runs 

32 times faster than the baseline model with species solver without affecting 

the prediction accuracy (RMS temperature difference is 2.8oC with species 

solver and 2.9oC without species solver compared to experimental data). 

4. The effect of NO2 back diffusion on PM oxidation is minimum (< 0.1 g of PM 

oxidized). Hence, the NO2 back diffusion effect is neglected in the reduced 

order model. 
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5. The absolute temperature difference between inlet channel gas and outlet 

channel gas is less than 2oC and RMS temperature difference during PM 

oxidation is within 1oC. Hence, for the purpose of the reduced order model 

development, the lumped model approach employed by applying average 

channel gas temperature for calculation of convection heat transfer between 

channels and the filter substrate is sufficient. 

6. Simulation error by neglecting the radiation heat transfer between channel gas 

and the filter wall is minimum. The RMS temperature difference increases from 

3.1 to 3.3oC and the PM post loading error reduces from 0.3 to 0.2 g and 

pressure drop error increases from -0.01 to -0.02 kPa and model run time is 

almost same for both cases. Hence, for the purpose of the reduced order model 

development, radiation heat transfer between channel gas and filter wall was 

neglected. 

 

7.4 DOC-CPF State Estimator Conclusions 

Based on the simulation results using the DOC-CPF state estimator, the following specific 

conclusions can be made: 

1. The DOC-CPF state estimator is able to simulate temperature distribution and 

PM mass retained and distribution and pressure drop of the CPF during PM 

loading, oxidation and post loading. The PM loading error is within 0.7 g at the 

end of stage 4 loading, the RMS temperature error during PM oxidation is 

2.7oC, pressure drop error is 0.5 kPa using the temperature estimator and the 

pressure drop estimates closely (< 0.1 kPa) simulate the experimental data 

with the linear pressure drop estimator. 

2. The DOC state estimator was integrated with the CPF estimator to provide 

DOC outlet temperature and concentrations (NO2 and THC) inputs to the CPF 

state estimator. The DOC outlet NO2 concentration is within 15 ppm and HC 

concentration is within 35 ppm of C3H6 compared to the experimental data. 
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7.5 Future Work 

Based on the simulation results of the high-fidelity SCR-F/CPF model, reduced order MPF 

model and DOC-CPF state estimator, the following are the recommendations for the future 

work: 

1. The newly developed cake permeability models can be validated on the real world 

duty cycles and transient operating conditions. During transient validation of the 

model, the PM oxidation rates varies continuously.Hence, the damage variable 

may have to be determined based on the real-time PM oxidation rates. The 

corresponding real-time mass offset values have to be calculated and applied to 

simulate PM cake permeability during continuously varying PM oxidation and PM 

loading of the damaged PM cake.  

2. This thesis work focused on the validation of SCR-F/CPF model for the CPF 

application. The temperature distribution, PM loading and pressure drop model 

developed in this thesis along with the newly developed cake permeability model 

can also be validated on the on-going SCR-F research work at MTU to validate the 

SCR-F/CPF model along with SCR reactions for the SCR-F type applications. 

3. The DOC-CPF estimator developed in this work could be implemented on an 

engine ECU to simulate temperature and PM mass distribution and pressure drop 

of the CPF. An ECU implementation of the DOC-CPF estimator needs to account 

for the part to part variation caused by the measurement devices such a 

temperature sensors, PM sensor and uncertainty associated with the map based 

inputs. For the accurate determination of PM loading and temperature distribution, 

the PM sensor input is very critical. However, the PM sensor is not available yet 

for the particulate filter applications. Use of the DOC-CPF estimator using the map 

based PM input rather than the actual PM sensor measurement, may lead to large 

estimation errors because of the uncertainty in the PM measurements because of 

the PM differences between engines parts (part to part variation), environmental 

conditions (temperature, altitude and humidity), engine health i.e. aging of the 

critical performance and emissions affecting parts such as injectors, power cylinder 

wear, cylinder head, valves etc.      
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4. DOC-CPF estimator could be further extended by adding species concentration 

solver to provide estimates of CPF outlet NO2 concentration for a DOC-CPF-SCR 

architecture. 

5. Cake pressure drop estimates from the CPF state estimator show potential to use 

as a pressure drop diagnostics tool for monitoring cake PM loading and other 

pressure drop components  in an ECU. This could be further explored by studying 

the model response for the various failure scenarios of the CPF.  

6. The model developed in this thesis accounted for the temperature distribution at 

the inlet of the CPF. However, the inlet pipe geometries affect the velocity and flow 

distribution at the inlet of the CPF. The flow distribution affects the PM distribution 

within the CPF. Hence, the PM distribution within the CPF could be further 

improved by adding inlet flow distribution models to include non-uniform 

distribution of flow caused by inlet pipe geometry. 
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Appendix A Thermal Boundary Layer Equations1 

A.1 Experimental Data Analysis 
 

As shown in Figure 3.6, the temperature factor for all eighteen runs are same. Hence, AR-

B10-1 experiment was used as the reference experiment for calculation of the thermal 

boundary layer coefficients. The temperatures measured by thermocouples C1-C4 were 

used for calculation of temperature factor. 

Table A 1 CPF inlet temperatures measured by C1-4 thermocouples and temperature factor 

 

 

Surface temperature (Ts) in the Table A 1 was extrapolated from C1-C4 thermocouple 

measurements as shown in Figures A 1 and A 2. 

 

 

 

 

 

 

    ______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2, 3] with permission 

of Springer. 

Radial 
distance in 

mm
Temperature ID

Temperature @ 
0.30 hrs in oC

Temperature @ 
5.8 hrs in  oC

Diameter 
ratio

Temperature 
Factor @ Stage 1 - 

loading  0.3 hrs 

Temperature 
Factor @ Active 

Regneration -  5.8 
hrs 

0 C1 (measured) 268.6 542.7 0.00 1.70 1.76

55 C2 (measured) 268.9 539.8 0.41 1.72 1.63

95 C3 (measured) 263.2 529.3 0.71 1.17 1.16

122 C4 (measured) 255.6 513.1 0.91 0.42 0.44

133 Ts (extrapolated) 251.3 503.2 1.00 0.00 0.00

Tm (calculated) 261.5 525.6

Tm/Ts 1.041 1.045

Avg Tm/Ts 1.043
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Figure A 1 CPF inlet temperature profile at 5.8 hrs 

 

 

Figure A 2 CPF inlet temperature profile at stage 1 loading 0.3 hrs 

The temperature factors [53] were calculated using equation A.1. The sample calculation 

at R1 = 0 mm is shown below 

Temperature factor = ೞ்ି ೝ்

ೞ்ି	 ೘்
                                                                                                      (A.1)           

y = ‐55.848x3 + 23.718x2 ‐ 7.361x + 542.700
R² = 1.000
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	݁ݎ݄݁ݓ ௠ܶ ൌ  ݁ݎܽݑݐݎ݁݌݉݁ݐ	ݏܽ݃	ݐݏݑ݄ܽݔ݁	݊ܽ݁ܯ

௦ܶ ൌ  ݁ݎݑݐܽݎ݁݌݉݁ݐ	݂݁ܿܽݎݑݏ	ݎ݁݊݊݅	݈݈ܹܽ

௥ܶ ൌ  ݊݋݅ݐܽܿ݋݈	݈ܽ݅݀ܽݎ	݊݁ݒ݅݃	ܽ	ݐܽ	݁ݎݑݐܽݎ݁݌݉݁ܶ

Temperature factor @ R1, 0 mm @ 5.8 hrs = 
ହ଴ଷ.ଶିହସଶ.଻

ହ଴ଷ.ଶିହଶହ.଺
 = 1.76 

Figure A 3 shows the plots of temperature factors for stage 1 loading @ 0.3 hrs (a sample 

point at low temperature region of the test) and active regeneration @ 5.8 hrs (a sample 

point at high temperature region) test conditions. From Figure  A 3, it is evident that the  

temperature varies significantly between 0.3 (262oC) and 5.8 hrs (523oC), the temperature 

factor profile looks similar for both conditions, confirming that the one factor can be applied 

for the entire duration of the test. The following equation represents temperature factors 

of both test conditions with R2 value of 1.00. 

Temperature Factor @ x = -2.493x3 + 1.0585x2 - 0.3285x + 1.7631                             (A.2) 

Where x is the CPF diameter ratio.  

 

Figure A 3 Temperature factor 

Using Equation A.1 and knowing the temperature at any radial location at the CPF inlet, 

the temperatures at the other radial locations can be determined as shown below 

ೞ்	ି்

ೞ்ି ೘்
ൌ 1ܨ ൌ  (A.3)                                                                                                    ݎ݋ݐܿܽܨ	݁ݎݑݐܽݎ݁݌݉݁ܶ
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೘்

ೞ்
ൌ 2ܨ ൌ  (A.4)                                                                          ݋݅ݐܽݎ	݁ݎݑݐܽݎ݁݌݉݁ݐ	݂݁ܿܽݎݑݏ	݋ݐ	݊ܽ݁݉

Combining Equations (D.3) and (D.4) yields 

ೞ்ି்

ೞ்ିிଶ. ೞ்
ൌ  (A.5)                                                                                                                                                   1ܨ

1ሺܨ ௦ܶ െ .2ܨ ௦ܶሻ ൅ ܶ െ ௦ܶ ൌ 0                                                                                                                  (A.6) 

Example calculation: To find temperature Ts, assume we have a temperature 

measurement T = 539.8oC at x = 0.41.From equation (C.2), F1 = 1.63 for x = 0.41. Then 

substituting F2 = 1.043 (from Table C 1), F1 = 1.63 and T = 539.8oC in equation (A.6), the 

Ts can be calculated as follows 

1.63	ሺ ௦ܶ െ 1.043 ∗ ௦ܶሻ ൅ 539.8 െ	 ௦ܶ ൌ 0 

and Ts = 504.4oC.Similarly, temperatures at other locations can be determined using 

equation (A.3). 

A.2 Thermally Fully Developed Flow Analysis 
 

The thermal boundary layer starts when the fluid enters the pipe whose surface 

temperature ( ௦ܶሻ is different than the fluid temperature ( ௥ܶሻ as shown in Fig. A 4.  

 

Figure A 4 Development of the thermal boundary layer 

The region of flow over which the thermal boundary layer develops and reaches the tube 

center is called the thermal entrance region [71], and the length of this region is called 

thermal entry length (ܮ௧ሻ. The flow is thermally fully developed in the region beyond the 
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thermal entry length. The thermally fully developed condition is different from the 

hydraulically developed flow condition as shown by equations A.7 and A.8. 

Hydrodynamically fully developed:       
డ௨ሺ௥,௫ሻ

డ௫
ൌ 0 → ݑ ൌ  ሻ                                 (A.7)ݎሺݑ

Thermally fully developed:              
డ

డ௫
ቂ ೞ்ሺ௫ሻି்ሺ௥,௫ሻ

ೞ்ሺ௫ሻି ೘்ሺ௫ሻ
ቃ ൌ 0                                                       (A.8) 

In case of thermally fully developed flow, the temperature profile can be different at 

different cross sections of the tube in the fully developed region of the flow. However, the 

dimensionless temperature profile is remained unchanged in the thermally fully developed 

region when the temperature or heat flux of the tube surface is remained constant. 

 ቂ ೞ்ሺ௫ሻି்ሺ௥,௫ሻ

ೞ்ሺ௫ሻି ೘்ሺ௫ሻ
ቃ ൌ  (A.9)                                                                                                       ܥ

The relative growth of the velocity and thermal boundary layer can be expressed using the 

Prandtl number Pr. For fluids with Pr ≪ 1, the thermal boundary layer out grows velocity 

boundary layer. Hence, the thermal boundary layer is shorter than the velocity boundary 

layer. 

For laminar flow, the hydrodynamic and thermal entry lengths are given approximately as 

[71] 

௛,௟௔௠௜௡௔௥ܮ ൎ  (A.10)                                                                                                                                                                                                                                                                                                                                                                                            ܦ	ܴ݁	0.05

௧,௟௔௠௜௡௔௥ܮ 	ൎ 0.05	ܴ݁ Prܦ                                                                                                                                                                                                                                                                                                                                                                                     (A.11) 

The entry length is shorter for the turbulent flows because of the random fluctuations in 

the flow overshadows the effect of molecular diffusion. Therefore, the velocity and thermal 

entrance lengths are similar and they are independent of the Prandtl number. For turbulent 

flows, the hydrodynamic and thermal entry lengths are approximately taken as [71] 

௛,௧௨௥௕௨௟௘௡௧ܮ  ൎ ௛,௧௨௥௕௨௟௘௡௧ܮ 	ൎ  (A.12)                                                                             ܦ10

The sensitivity analysis of thermal entrance lengths (ܮ௧ሻ for an exhaust flow of 7.9 
௞௚

௠௜௡
 

(AR-B10-1 experiment) at different diameters of exhaust pipe and CPF channel diameter 

at different PM cake layer thicknesses are shown in Table A 2. 
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Table A 2 Sensitivity analysis of thermal entrance lengths for different exhaust pipe diameters and CPF channel 
diameter at different PM cake layer thicknesses 

 

From the analysis in Table A.2, the flow is hydrodynamically and thermally fully developed 

at 21 mm from the inlet of the CPF. The thermocouple measurements used in this thesis 

for the inlet temperature distribution analysis is about 32 mm from the inlet of the CPF (C1 

to C4 in Fig. 3.3) indicating fully developed flow. The hydrodynamic and thermal entrance 

lengths are longer (1.5 to 2.7 mtrs) for the exhaust pipe in the upstream sections of DOC 

and downstream piping between DOC and CPF. The flow development is further affected 

by the discontinuities between DOC and CPF sections. Hence, the pipe geometry, flow 

paths, flow discontinuities, temperature sensor size and location have to be considered 

while developing inlet temperature distribution profile for the CPF.    

 

 

 

 

 

 

 

 

 

 

Location Temp.
Total 
Flow

Re Pr
L h   

laminar

L t  

laminar

L h   

turbulent

L t   

turbulent

in mtr μm mtr oC kg/sec (-) (-) mtr mtr mtr mtr

Exhaust Pipe 6.0 0.152 NA NA 530 0.13 3.0E+04 0.70 NA NA 1.5 1.5

Exhaust Pipe 8.0 0.203 NA NA 530 0.13 2.3E+04 0.70 NA NA 2.0 2.0

Exhaust Pipe 10.5 0.267 NA NA 530 0.13 1.7E+04 0.70 NA NA 2.7 2.7

CPF Channel 0.0591 0.0015 0 0.00E+00 530 0.13 277 0.70 0.021 0.015 NA NA

CPF Channel 0.0591 0.0015 15 1.50E-05 530 0.13 289 0.70 0.021 0.015 NA NA

CPF Channel 0.0591 0.0015 30 3.00E-05 530 0.13 301 0.70 0.022 0.015 NA NA

Diameter PM cake thickness
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Appendix B SCR-F/CPF Model Development Equations1 

 

The total volume of each zone (V), empty volume (Ve) and filter volume (Vf) are [13] 

௜ܸ,௝ ൌ ௜ଶݎሺߨ െ  ௝                                                                                                                    (B.1)ܮ∆௜ିଵଶሻݎ

௘ܸ೔.ೕ ൌ ௖ܰ೔݀
ଶ∆ܮ௝                                                                                                                               (B.2) 

௙ܸ೔,ೕ ൌ 	 ௜ܸ,௝ െ ௘ܸ೔,ೕ                                                                                                                             (B.3) 

The inlet PM is assumed to be deposited uniformly over the entire volume of filter, hence 

mass of PM deposited in each zone is calculated as 

௜,௝ݏ݉ ൌ 	
௠௦೟	௏೔,ೕ

௏೟
                                                                                                                                 (B.4) 

The average thickness of PM cake in each zone is calculated using total PM mass, PM 

density and channel geometry  as follows [21], 

௜,௝ݏݐ ൌ 	
ଵ

ଶ
	ቨ݀ െ	ඨ݀

ଶ െ
௠௦೔,ೕ

ಿ೎೟

మ
∆௅೔,ೕఘೞ

ቩ                                                                                                   (B.5) 

The empty volume while accounting for PM is calculated as follows (Ves), 

௘ܸ௦೔,ೕ ൌ 	
ே௖೔
ଶ
උሺ݀ െ ௜,௝ሻଶݏݐ2 ൅ ݀ଶඏ∆ܮ௝                                                                                                   (B.6) 

Finally, the PM cake volume is calculated as 

௜,௝ݏܸ ൌ ௜ܸ,௝ െ ܸ ௜݂,௝ െ ௘ܸ௦೔,ೕ                                                                                                                (B.7) 

The detailed calculations and assumptions in discretization are explained in reference 

[13]. 

 

______________________________ 

1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission of 

Springer. 
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Filter Temperature Equations 

The energy balance in the filter is affected by a) heat conduction along the length of the 

filter (axial conduction), b) heat conduction along radial direction of the filter (radial 

conduction), c) convection between filter and channel gas, d) energy released during 

oxidation of PM cake, and e) heat transfer due to radiation exchange between channel 

surfaces.  

The energy flow through wall is neglected as there will be no distinction between inlet and 

outlet channels [13]. Hence the energy balance equation for the filter is:  

௜,௝ݏ௦ܿ௦ܸߩ) ൅ ௙ߩ ௙ܿ ௙ܸ೔,ೕሻ
ௗ்௙೔,ೕ		
ௗ௧

 = ሶܳ ௖௢௡ௗ.௔௫௜௔௟ ൅ ሶܳ௖௢௡ௗ.௥௔ௗ௜௔௟ ൅ ሶܳ௖௢௡௩ ൅ ሶܳ௥௘௔௖,௉ெ ൅ ሶܳ௥௘௔௖,ு஼ ൅

ሶܳ௥௔ௗ                                                                                                                                                           (B.8) 

where, ௙ܶ is the filter substrate temperature. 

The axial and radial conduction along the length of the filter is calculated using resistance 

node methodology [13,55]: 

  ሶܳ ௖௢௡ௗ.௔௫௜௔௟  = ߣ௜,௝ܣ ௜݂,௝ ቈ
்௙೔,ೕశభି	்௙೔,ೕ	
భ
మ
ሺ∆௅ೕశభା∆௅ೕሻ

൅	
்௙೔,ೕషభି	்௙೔,ೕ	
భ
మ
ሺ∆௅ೕషభା∆௅ೕሻ

቉                                                         (B.9) 

  ሶܳ ௖௢௡ௗ.௥௔ௗ௜௔௟   = ߣ௜,௝ݎܣ௜,௝ ቂ
்௙೔శభ,ೕି	்௙೔,ೕ	

ூ௡ሺ௥௖೔శభ/௥௖೔ሻ
൅	

்௙೔,ೕషభି	்௙೔,ೕ	

ூ௡ሺ௥௖೔/௥௖೔షభሻ
ቃ                                                                  (B.10)                           

ܣ ௜݂,௝ ൌ
௏௙೔,ೕା௏௦೔,ೕ

∆௅ೕ
                                                                                                                          (B.11) 

௥೔,ೕܣ ൌ  ௝                                                                                                                               (B.12)ܮ∆ߨ2

௜,௝ߣ ൌ 	
ఒ೑௏௙೔,ೕାఒೞ	௏௦೔,ೕ	

௏௙೔,ೕା	௏௦೔,ೕ	
                                                                                                                     (B.13) 

The convection heat transfer between filter and channel gas is calculated using the 

equation 4.2 

The energy released during exothermic reactions is given by [13, 21] 

ሶܳ ௥௘௔௖,௧௛ = െ
௠௦೔,ೕ
ఘೞ

ሶܵܿሺ௧௛ሻ∆ܪ௥௘௔௖,௧௛                                                                                                  (B.14) 

ሶܳ ௥௘௔௖,ேைమ	=െ
௠௦೔,ೕ
ఘೞ

ሶܵܿሺேைమሻ∆ܪ௥௘௔௖	ேைమ                                                                                             (B.15) 
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ሶܳ ௥௘௔௖,௉ெ =    ሶܳ ௥௘௔௖,௧௛ + ሶܳ ௥௘௔௖,ேைమ                                                                                               (B.16) 

ሶܳ ௥௘௔௖,ு஼ ൌ 	െ∆ܪ௛௖ܴܴு஼݀ݓ௦∆௝                                                                                                               (B.17) 

where ሶܵܿሺ௧௛ሻ	is the PM mass lost due to thermal (O2) oxidation of PM,  ሶܵܿሺேைమሻ  is the PM 

mass oxidized due to NO2 assisted combustion and ܴܴு஼ is the reaction rate of 

hydrocarbon, ݓ௦ is the thickness of the substrate and ∆௝ is the axial discretization length. 

The gas energy balance equation for the channel gas entering and leaving the zone is 

calculated using the equations 4.3 and 4.4. 

The mass flow rate to the each zone is given by  

ሶ݉ ௜,௝ ൌ 	 ሶ݉ ௧௢௧௔௟	
௏௘௦೔,ೕ
∑ ௏௘௦೔,ೕ౟

                                                                                                                                  (B.18)   

Radiation between the channel surfaces: 

In the MPF model, each zone is treated as an enclosure as shown in Fig. A 1. The surface 

3 is the substrate wall with PM cake (black body radiation) and surface 1 and 2 are the 

inlet and outlet of this enclosure (the gas interface between the zones) which are assumed 

to be black for simplicity of the analysis and moreover radiation escaping the surface 1 

and 2 will be absorbed in to the adjacent black surface).  

 

Figure B 1 Schematic of a enclosure (zone) for the radiation heat transfer model 

 

Assuming channel gas is completely transparent to thermal radiation and the surfaces are 

black, the net radiation heat transfer between channel gas and filter wall can be 

determined as [71]: 

ሶܳ ௥௔ௗ ൌ 	െݏܣ௜,௝	ሺܨଷିଵሺܬଷ െ ଵሻܬ ൅ ଷܬଷିଶሺܨ െ                                                                                (B.19)	ଶሻܬ

ଵܬ ൌ ߪ ௜ܶ,௝ିଵ
ସ                                                                                                                                 (B.20)    
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ଶܬ ൌ ߪ ௜ܶ,௝
ସ                                                                                                                                    (B.21)   

ଷܬ ൌ ܶߪ ௜݂,௝
ସ                                                                                                                                  (B.22) 

The effect of internal radiation is very small at lower temperatures and could be more 

important over 600oC and could improve the model accuracy during uncontrolled 

regeneration events [55]. 

PM Oxidation 

The PM oxidation equations include PM oxidation by thermal (O2) and NO2 assisted 

reactions. The chemical reaction expression for thermal (O2) oxidation is [13] 

Cሺୱሻ ൅ ܽ௢మOଶ 	→ 2൫ܽ௢మ െ 0.5൯COଶ ൅ 2ሺ1 െ ܽ௢మሻCO                                                                  (B.23) 

Similarly, the reaction equation for NO2 assisted oxidation is given by [21]  

		∝ேைଶ	ሻ൅ݏሺܥ ܰ0ଶ →	∝ேைଶ 	NO + ሺ	2െ∝ேைଶ	ሻ CO +ሺ	∝ேைଶെ 	1ሻ CO2                         (B.24) 

The oxidation of PM mass on the surface due to thermal and NO2 assisted oxidation is 

equal to  

ሶܵ௖ሺ೟೓ሻ ൌ െሺܵ௣ߩ ௜ܻ,௝,௢మ݇௢మሻ
ௐ೎ሺೞሻ

௔೚మௐ೚మ
                                                                                                      (B.25) 

ሶܵ௖ሺಿೀమሻ ൌ െሺܵ௣ߩ ௜ܻ,௝,ேைమ݇ேைమሻ
ௐ೎ሺೞሻ

௔ಿೀమௐಿೀమ
                                                                                         (B.26) 

The Arrehenius reaction rate for thermal and NO2 assisted reaction is equal to: 

݇௢మ ൌ ௢మܶܣ	 ௜݂,௝݁ൣ݌ݔെܧ௢మ/൫ܴ௨ܶ ௜݂,௝൯൧                                                                                              (B.27) 

݇ேைమ ൌ ேைమܶܣ	 ௜݂,௝݁ൣ݌ݔെܧேைమ/൫ܴ௨ܶ ௜݂,௝൯൧                                                                                        (B.28) 

Velocity Equations 

From Depcik et al [13], the average inlet channel velocity can be determined as:  

ூ|௭ୀ଴ݑ ൌ
									௠೟೚೟ೌ೗ሶ

ఘ
ಿ೎೟
మ
ሺௗିଶ.௧௦ഥ ሻమ

                                                                                                                  (B.29) 

Using the Equation (B 29), the radial zone velocity (mass flow is axially same for each 

zone) is calculated as: 
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ூ೔|௭ୀ଴ݑ ൌ
									௠ഢ,ണሶ

ఘ೔,ೕ
ಿ೎೔
మ
ሺௗିଶ.௧௦ഢതതതതሻమ

                                                                                                              (B.30)   

where ݏݐపതതതത	is the average PM cake thickness in each radial zone and 
ே௖೔
ଶ
	is the number of 

inlet channels in each radial zone. 

From Depcik et al [13], average velocity through the PM cake (ݑ௦) and wall layers	ሺݑ௪ሻ 

is: 

௦ݑ ൌ
									௠೟೚೟ೌ೗ሶ

ସఘ
ಿ೎೟
మ
ሺௗିଶ.௧௦ഥ ሻ	௅೟

                                                                                                                    (B.31) 

௪ݑ ൌ
௨ೞሺௗିଶ.௧௦ഥ ሻ

ௗ
                                                                                                                          (B.32)     

Writing the (B.31) and (B.32) equations for each radial zone is, 

௦೔ݑ ൌ
				௠ഢ,ണሶ

ସఘ೔,ೕ
ಿ೎೔
మ
ሺௗିଶ.௧௦ഢതതതതሻ	௅೟

                                                                                                                 (B.33) 

௪೔ݑ
ൌ 	

௨ೞ೔ሺ೏షమ.೟ೞഢതതതതሻ

ௗ
                                                                                                                         (B.34)  

From Depcik et al [13], average velocity through the inlet channel (ݑூ) and outlet channel 

	ሺݑூூሻ is: 

ூ|௝ିଵݑ = ூ|௝ݑ െ
ସ௨ೞ
ୢିଶ.௧௦

 ௝ିଵ                                                                                                         (B.35)ܮ∆	

ூூ|௝ିଵݑ = ூூ|௝ݑ ൅
ସ௨ೢ
ௗ

   ௝ିଵ                                                                                                        (B.36)ܮ∆	

Writing the (B.35) and (B.36) equations for each radial zone, 

ூ|௜,௝ିଵݑ = ூ|௜,௝ݑ െ
ସ௨ೞ೔

ୢିଶ.௧௦೔
 ௝ିଵ                                                                                                    (B.37)ܮ∆	

ூூ|௜,௝ିଵݑ = ூூ|௜,௝ݑ ൅
ସ௨ೢ೔

ௗ
   ௝ିଵ                                                                                                    (B.38)ܮ∆	

The detailed formulation of Equations (B.30, 31, 32, 33 and 34) are found in reference 

[13].  
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Filter Temperature Boundary Conditions 

At the inlet of MPF model (for nodes i = 1 to imax and j = 1), the temperature profile is 

calculated using the thermal boundary layer Equation (12) and the CPF inlet temperature 

at a given location. At the center of the filter (for i =1, j = 1 to jmax) due to the symmetry, 

the boundary condition equals to [13] 

ௗ்௙

ௗ௥
ቚ
௥ୀ଴

ൌ 0                                                                                                                                 (B.39) 

At the exterior of the CPF (i = imax, j = 2 to jmax),  

௜,௝ݏ௦ܿ௦ܸߩ) ൅ ௙ߩ ௙ܿ ௙ܸ೔,ೕ ൅ ௜௡௦ܿ௣,௜௡௦ߩ ௜ܸ௡௦ ൅ ௖௔௡ܿ௣,௖௔௡ߩ ௖ܸ௔௡ሻ
ௗ்௙೔,ೕ		
ௗ௧

 = ሶܳ ௖௢௡ௗ.௔௫௜௔௟ ൅ ሶܳ௖௢௡ௗ.௥௔ௗ௜௔௟ ൅

ሶܳ௖௢௡௩ ൅ ሶܳ௥௘௔௖,௉ெ ൅ ሶܳ௥௘௔௖,ு஼ ൅ ሶܳ௪௔௟௟ି௙௟௢௪ ൅ ሶܳ௥௔ௗ                                                                   (B.40) 

 

 

 

 

 

 

 

Figure B 2 Thermal resistance due to insulation and metal can 

The radial conduction heat transfer is given as: 

 ሶܳ ௖௢௡ௗ.௥௔ௗ௜௔௟	= 

௜,௝ݎܣ௜,௝ߣ	
்௙೔షభ,ೕି	்௙೔,ೕ	

ூ௡൬
ೝ೎೔

ೝ೎೔షభ
൰

൅

݄௔௠௕݇௜௡௦݇௠௘௧௔௟ܣ௔௠௕
൫	்ೌ೘್ି்௙೔,ೕ൯

௞೔೙ೞ௞೎ೌ೙ା୪୬ቆ
ೝ೔೙ೞ
ೝ೑

ቇ
೔,ೕ
௥೎	೔,ೕ௞೎ೌ೙௛ೌ೘್ା୪୬൬

ೝ೎
ೝ೔೙ೞ

൰
೔,ೕ
௥೎	೔,ೕ௞೔೙ೞ௛ೌ೘್

൅

௔௠௕൫ܶܣߪ௥ߝ					 ௔݂௠௕
ସ െ ܶ ௜݂,௝

ସ ൯	                                                                                       (B.41) 

                                                                                                                      

Substrate 

Insulation 

Metal can 
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The surface area of the CPF is calculated as follows 

௔௠௕ܣ ൌ  ௝                                                                                                                             (B.42)ܮ∆ܦߨ

The equation B.41 accounts for the thermal resistance of the insulation and metal can as 

well along with the radiation heat transfer to the ambient air as shown in Figure B 1. 
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Appendix C Filtration and Pressure Drop Model Equations1 

C.1 Filtration Model Equations 
 

In filtration sub-model, the substrate wall is divided in to ݊௠௔௫ (݊௠௔௫ = 4) number of slabs. 

Each slab consists of several spherical wall collectors [15, 61]. The diameter of unit 

collector increases as the PM accumulates in to the collector. The initial diameter of the 

unit collector is given as 

݀ܿ଴,௪ ൌ
ଷ

ଶ
൬
ଵିఌబ,ೞ
ఌబ,ೞ

൰ ݀௣௢௥௘,௪௔௟௟                                                                                                                                                                                                                                                                                                                                                                                                  C.1 

The number of pores in each zone of the substrate wall is given as [14] 

௜,௝݌ܰ ൌ
௏௘௢೔,ೕ

రഏ
య
൬
೏೛೚ೝ೐,ೢೌ೗೗

మ
൰
య                                                                                                                                                                                                                                                                                                                                                                                                                                              C.2 

The empty volume of the substrate wall is given as  

௜,௝݋ܸ݁ ൌ 	 ଴,௦ߝ ௙ܸ௜,௝
                                                                                                                                                                                                                                                                                                                                                                                                                                                                C.3 

The number of pores in each slab at each zone is calculated as  

൧௡	௜,௝݌ܰൣ ൌ
ே௣೔,ೕ
ସ

                                                                                                                                                                                                                                                                                                                                                                                                                                                                             C.4 

where, n is 1, 2, 3 and 4. 

Wall collector efficiency at each slab is calculated as 

ߟ
௪௔௟௟೔,ೕ	ೞ೗ೌ್	೙ୀቂఎವ೔,ೕశఎೃ೔,ೕషఎವ೔,ೕఎೃ೔,ೕቃೢೌ೗೗,ೞ೗ೌ್	೙

                                                                                                                                                                                                                                                                                                            C.5 

The filtration efficiency of a unit collector in the PM cake layer is calculated as  

ߟ
௖௔௞௘೔,ೕ	ୀቂఎವ೔,ೕశఎೃ೔,ೕషఎವ೔,ೕఎೃ೔,ೕቃ೎ೌೖ೐

                                                                                                                                                                                                                                                                                                                                                                          C.6 

 

______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission of 

Springer. 
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Partition coefficient is used to determine transition from deep bed filtration regime to 

cake filtration regime and it is calculated as  

Φ ൌ	
ௗ௖ೢೌ೗೗,ೞ೗ೌ್భ

మ
೔,ೕ
ିௗ௖బ,ೢೌ೗೗	ೞ೗ೌ್	భ

మ

ሺஏ௕ሻమିௗ௖బ,ೢೌ೗೗	భ
మ                                                                                                                                                                                                                                                                                                                                                                                       C.7 

where, ݀ܿ௪௔௟௟	௦௟௔௕	ଵ is the unit collector diameter in the first slab of the substrate wall at a 

given axial and radial direction, Ψ is the percolation factor and b is the unit cell diameter 

and it is calculated as 

ௗ௖బ,ೞ
య

೔,

௕య
ൌ 1 െ  ଴,௦                                                                                                                                                                                                                                                                                                                                                                                                                                                                              C.8ߝ

The detailed formulation of equations (C.5) to (C.7) is explained in references [23]. 

 

C.2 Pressure Drop Model Equations 
 

In pressure drop sub model, the pressure drop at each radial section is calculated by 
starting out with exit pressure ଶܲ|௫ୀ௅	= ஻ܲ௔௥௢ and then traversing through all possible 
streamlines (dashed lines) shown in Figure C 1.  

 

Figure C 1 Schematic of the streamlines (shown a dashed lines) used for calculating the pressure drop across CPF for 
3x1 zone model (4 axial and 1 radial discretization). 
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The absolute pressure of radial section (݅ሻ is calculated by following the streamlines 
,1ݏ	)  3ሻ shown belowݏ	݀݊ܽ	2ݏ

ଵܲ|௜,௦ଵ ൌ ସܱ → 	∆ ௪ܲ௔௟௟௜,௝ → ∆ ௖ܲ௔௞௘௜,௝ → ଷܫ → ଶܫ →  ଵ                                                                                                                                                                                                                              C.9ܫ

ଵܲ|௜,௦ଶ ൌ ସܱ → 	ܱଷ → ∆ ௪ܲ௔௟௟௜,௝ → ∆ ௖ܲ௔௞௘௜,௝ → ଶܫ →  ଵ                                                                                                                                                                                                                         C.10ܫ

ଵܲ|௜,௦ଷ ൌ ସܱ → 	ܱଷ → ܱଶ → ∆ ௪ܲ௔௟௟௜,௝ → ∆ ௖ܲ௔௞௘௜,௝ →  ଵ                                                                                                                                                                                                                     C.11ܫ

 

The pressure drop in the outlet channel stream lines ( ସܱ,	ܱଷ,	ܱଶ and ଵܱ) are calculated 
using the following equation 

ଶܲ|௜,௝ ൌ 	 ଶܲ|௜,௝ାଵ ൅ ଶݒߩ
ଶห
௜,௝ାଵ

െ ଶݒߩ
ଶห
௜,௝
൅ ݔ∆ܨ

ఓ௩మ
௔మ
|௜,௝                                                                                                                                                                                         C.12 

The pressure drop in the inlet channel stream lines (ܫସ,	ܫଷ,	ܫଶ and ܫଵ) are calculated using 
the following equation 

ଵܲ|௜,௝ ൌ 	 ଵܲ|௜,௝ାଵ ൅ ଵݒߩ
ଶห
௜,௝ାଵ

െ ଵݒߩ
ଶห
௜,௝
൅ ݔ∆ܨ

ఓ௩భ
௔మ
ቀ௔∗
௔
ቁ
ଶ
|௜,௝                                                                                                                                                                              C.13 

The wall pressure drop at each zone is calculated using the following equation 

∆ ௪ܲ௔௟௟೔,ೕ ൌ ௪೔,ೕݒ௜,௝ߤ

௪ೞ

௞ೢೌ೗೗೔,ೕ
                                                                                                                                                                                                                                                                                                                                                                                                            C.14 

The cake pressure drop at each zone is calculated using the following equation 

∆ ௖ܲ௔௞௘೔,ೕ ൌ ௦೔,ೕݒ௜,௝ߤ
௪೛೔,ೕ

௞೎ೌೖ೐೔,ೕ
                                                                                                                                                                                                                                                                                                                                                                                                       C.15 

The pressure drop across each radial section is calculated as 

∆ ஼ܲ௉ி,௜,௦ଵ ൌ ሾ ଵܲ|௫ୀ଴ െ ଶܲ|௫ୀ௅ሿ௜,௦ଵ                                                                                                                                                                                                                                                                                                                                                            C.16 
∆ ஼ܲ௉ி,௜,௦ଶ ൌ ሾ ଵܲ|௫ୀ଴ െ ଶܲ|௫ୀ௅ሿ௜,௦ଶ                                                                                                                                                                                                                                                                                                                                                            C.17 
∆ ஼ܲ௉ி,௜,௦ଷ ൌ ሾ ଵܲ|௫ୀ଴ െ ଶܲ|௫ୀ௅ሿ௜,௦ଷ            
 
The overall pressure drop of the CPF is calculated using the following equation 

∆ ஼ܲ௉ி ൌ
∑ 	ቂ∑ ௏ி೔∆௉಴ುಷ,೔

೔స೔೘ೌೣ
೔సభ ቃೞ೘ೌೣ

ೞభ

ଷ
                                                                                                                                                                                                                                                                                                                                            C.18 
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Appendix D Post Loading Permeability1 

 

During post loading of PM in the CPF, the cracks and holes formed in the PM cake during 

PM oxidation is filled by the incoming PM. This damage recovery process of the PM cake 

reduces the permeability. Figure D 1 shows the relative change in permeability during post 

loading for the passive oxidation experiments.  For this analysis, all the passive oxidation 

experiment runs listed in Table 3.3 were used except PO-B10-14 because of very low PM 

oxidation rates causing gain in PM mass retained during PM oxidation. The post loading 

permeability ratios for the PO-B10-14 experiment were in the range of 1 to 1.10. 

 

Figure D. 1 Relative change in permeability ratio during the post loading for the passive oxidation 

experiments 

From the data presented in Figure D 1, the PM cake permeability during post loading is 

calculated as  

݇ௗ௜,௝ ൌ ݇௣௜,௝ቀܥଵ଴ 	∑ ݉ܿ௜,௝
௜ୀ௜௠௔௫,௝ୀ௝௠௔௫
௜ୀଵ,௝ୀଵ ൅  ଵଵቁ                                                                                  D.1ܥ

where, ݇ௗ௜,௝ is the PM cake layer permeability accounting for the damage in the PM cake 

during PM oxidation (passive oxidation and active regeneration),  

______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2, 3] with permission 

of Springer. 
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݇௣௜,௝	is the PM cake layer permeability accounting for the changes in mean free path length 

of the gas at each zone,	ܥଵ଴ is the slope of the post loading cake permeability equation, 

 ଵଵ is the constant for the post loading cake permeability equation and ݉ܿ௜,௝ is the massܥ

of cake PM in each zone. 

Figure D 2 shows the change in permeability during the post loading for the active 

regeneration experiments. In Fig. D 2, it can be seen that the permeability ratio changes 

are non-monotonic and non-linear indicating that the PM cake appears to exhibit a kind of 

“deep bed” filtration during the damage recovery with PM being primarily in the cracks at 

lower PM cake masses at the beginning of the post loading. For the SCR-F/CPF model, it 

was determined to use Eqn. D.1 for the passive oxidation and active regeneration 

experiments to calculate PM cake layer permeability during post loading. The post loading 

cake permeability calibration coefficients ܥଵ଴ and ܥଵଵ were determined independently for 

passive oxidation and active regeneration experiments to minimize the overall pressure 

drop simulation error of all eighteen experiments during post loading.  

 

Figure D. 2 Relative change in permeability ratio during the post loading for the active regeneration 

experiments 
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Appendix E High Fidelity MPF Model Summary1 
Table E. 1 Comparison of experimental and model average CPF outlet gas temperature 5 mins. before 

end of PO/AR phase 

 

Table E. 2 Comparison of experimental and model total filtration efficiency during stage 2 loading 

 

______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission 

of Springer. 

Expt. Model Diff

1 PO-B10-14 250 251 1

2 PO-B10-15 354 356 2

3 PO-B10-16 411 414 4

4 PO-B10-17 354 356 2

5 PO-B20-12 349 351 3

6 PO-B20-13 406 410 4

7 AR-ULSD-1 577 580 4

8 AR-ULSD-2 598 612 14

9 AR-ULSD-4 538 544 5

10 AR-ULSD-5 536 541 4

11 AR-ULSD-6 551 555 4

12 AR-B10-1 538 545 7

13 AR-B10-2 538 543 6

14 AR-B10-4 571 574 4

15 AR-B20-1 480 482 2

16 AR-B20-2 514 517 3

17 AR-B20-5 541 546 4

18 AR-B20-6 552 556 4

No
DNCPF [5 mins. before end of 

PO/AR)

RMS error 5

Average Filter Oulet Gas Temperature (oC)

Expt.name

Expt. Model Diff

1 PO-B10-14 97.0 97.1 0.1

2 PO-B10-15 96.6 97.1 0.5

3 PO-B10-16 96.6 97.1 0.5

4 PO-B10-17 96.6 97.1 0.5

5 PO-B20-12 96.6 97.1 0.5

6 PO-B20-13 97.0 97.1 0.1

7 AR-ULSD-1 97.2 97.2 0.0

8 AR-ULSD-2 97.9 97.1 -0.8

9 AR-ULSD-4 96.8 97.2 0.4

10 AR-ULSD-5 95.4 97.1 1.7

11 AR-ULSD-6 97.2 97.1 -0.1

12 AR-B10-1 97.5 97.1 -0.4

13 AR-B10-2 97.5 97.1 -0.4

14 AR-B10-4 96.5 97.2 0.7

15 AR-B20-1 97.3 97.1 -0.2

16 AR-B20-2 98.2 97.1 -1.1

17 AR-B20-5 97.1 97.1 0.0

18 AR-B20-6 93.5 97.1 3.6

No Expt.name Stage 2

RMS error 1.0

Filtration Efficiency
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Table E. 3 Comparison of experimental and model PM mass retained at the end of stage 1, stage 2, 

stage 3 and stage 4 loading 

 

Table E. 4 Fractional PM mass oxidized during passive oxidation and active regeneration phases of all 

experiments 

 

Expt. Model Diff Expt. Model Diff Expt. Model Diff Expt. Model Diff

1 PO-B10-14 4.3 2.7 -1.6 36.4 34.8 -1.6 42.8 41.4 -1.4 50.8 49.9 -0.9

2 PO-B10-15 4.6 3.0 -1.6 35.9 34.0 -1.9 27.0 26.7 -0.3 36.9 36.3 -0.6

3 PO-B10-16 4.3 2.7 -1.6 36.5 34.9 -1.6 26.0 28.5 2.5 35.1 37.5 2.4

4 PO-B10-17 4.6 3.0 -1.6 37.0 35.9 -1.1 29.8 28.7 -1.1 39.4 37.2 -2.2

5 PO-B20-12 3.6 2.3 -1.3 39.1 38.7 -0.4 28.9 30.1 1.2 37.1 37.6 0.5

6 PO-B20-13 4.0 2.5 -1.5 38.5 37.7 -0.8 27.2 27.7 0.5 36.1 36.0 -0.1

7 AR-ULSD-1 6.0 4.7 -1.3 44.3 41.4 -2.9 25.2 22.3 -2.9 38.4 35.8 -2.6

8 AR-ULSD-2 5.6 4.4 -1.2 44.0 41.9 -2.1 15.7 18.4 2.7 27.7 31.4 3.7

9 AR-ULSD-4 4.4 3.7 -0.7 43.5 42.8 -0.7 25.9 25.5 -0.4 35.9 34.6 -1.3

10 AR-ULSD-5 5.4 4.1 -1.3 41.1 40.3 -0.8 25.2 27.4 2.2 37.1 38.7 1.6

11 AR-ULSD-6 5.6 3.6 -2.0 41.9 39.5 -2.4 23.3 21.5 -1.8 35.8 33.2 -2.6

12 AR-B10-1 4.0 3.1 -0.9 43.2 42.9 -0.3 18.8 17.8 -1.0 27.9 28.1 0.2

13 AR-B10-2 3.7 2.9 -0.8 40.7 38.4 -2.3 18.2 18.8 0.6 27.4 29.4 2.0

14 AR-B10-4 4.0 3.4 -0.6 40.9 40.5 -0.4 18.8 17.6 -1.2 29.1 30.2 1.1

15 AR-B20-1 3.0 2.1 -0.9 37.5 35.5 -2.0 25.2 22.0 -3.2 33.0 31.2 -1.8

16 AR-B20-2 3.7 2.2 -1.5 37.9 36.7 -1.2 15.4 12.8 -2.6 23.0 21.7 -1.3

17 AR-B20-5 3.5 2.2 -1.3 36.9 35.8 -1.1 10.0 10.3 0.3 18.4 19.6 1.2

18 AR-B20-6 3.6 2.9 -0.7 39.9 40.4 0.5 14.1 13.1 -1.0 23.1 23.6 0.5

RMS error 1.3 1.5 1.8 1.8

PM retained [g]

Stage-1 Stage-2 Stage-3 Stage-4Expt.nameNo

Temprature NO2-assisted Thermal (O2)

(oC) (-) (-)

1 PO-B10-14 253 1.00 0.00

2 PO-B10-15 355 0.99 0.01

3 PO-B10-16 408 0.94 0.06

4 PO-B10-17 356 0.99 0.01

5 PO-B20-12 350 0.98 0.02

6 PO-B20-13 403 0.92 0.08

7 AR-ULSD-1 554 0.05 0.95

8 AR-ULSD-2 581 0.05 0.95

9 AR-ULSD-4 526 0.08 0.92

10 AR-ULSD-5 524 0.07 0.93

11 AR-ULSD-6 532 0.05 0.95

12 AR-B10-1 530 0.11 0.89

13 AR-B10-2 528 0.14 0.86

14 AR-B10-4 554 0.08 0.92

15 AR-B20-1 476 0.34 0.66

16 AR-B20-2 503 0.14 0.86

17 AR-B20-5 528 0.12 0.88

18 AR-B20-6 531 0.13 0.87

No Expt.name
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Table E. 5 Comparison of experimental and model pressure drop during end of stage 2 loading, PO/AR 

phase and stage 4 loading phase of the experiment 

 

 

 

 

 

 

 

 

 

 

Expt. Model Diff Expt. Model Diff Expt. Model Diff

1 PO-B10-14 5.8 5.7 -0.1 2.4 2.5 0.1 6.5 6.6 0.1

2 PO-B10-15 5.9 5.7 -0.2 2.3 2.5 0.2 4.5 4.6 0.0

3 PO-B10-16 5.8 5.6 -0.2 6.1 6.2 0.1 4.4 4.6 0.2

4 PO-B10-17 5.9 5.8 -0.1 2.6 2.6 0.0 4.0 3.9 0.0

5 PO-B20-12 5.9 5.9 0.0 2.5 2.5 0.0 4.5 4.6 0.1

6 PO-B20-13 5.9 5.8 -0.1 5.9 5.5 -0.4 4.3 4.5 0.1

7 AR-ULSD-1 6.0 5.9 0.0 4.2 3.8 -0.4 5.1 5.1 -0.1

8 AR-ULSD-2 6.0 5.8 -0.1 5.8 5.5 -0.3 4.5 4.5 0.0

9 AR-ULSD-4 6.0 5.9 -0.1 3.5 3.4 -0.1 3.8 3.8 0.1

10 AR-ULSD-5 5.9 5.9 -0.1 3.7 3.3 -0.3 4.9 5.0 0.1

11 AR-ULSD-6 6.1 6.0 -0.2 3.8 3.3 -0.5 4.7 4.5 -0.3

12 AR-B10-1 6.1 6.1 0.0 3.5 3.3 -0.2 4.4 4.3 0.0

13 AR-B10-2 5.9 5.8 -0.1 3.6 3.6 0.0 4.4 4.4 0.0

14 AR-B10-4 6.0 5.8 -0.2 4.2 4.1 -0.1 4.6 4.5 -0.1

15 AR-B20-1 5.3 5.8 0.5 3.3 2.9 -0.4 4.8 4.5 -0.2

16 AR-B20-2 6.0 5.8 -0.2 3.2 3.1 -0.1 4.3 3.9 -0.3

17 AR-B20-5 5.8 5.7 -0.1 3.2 3.3 0.1 4.1 3.8 -0.3

18 AR-B20-6 6.0 6.0 0.0 3.8 3.7 0.0 4.4 4.0 -0.3

RMS error 0.2 0.20.2

Pressure Drop (kPa)

End of Stage-2 Loading  (5 
mins, before end of stage 1)

End-of-PO/AR (5 mins 
before end of PO/AR)

End-of-post-loading (5 
mins before end of stage 

4)
Expt.nameNo
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Table E. 6 Comparison of experimental and model NO2 concentration values 

 

 

 

 

 

 

 

 

 

 

 

 

 

UPCPF UPCPF UPCPF

Expt. Expt. Model Diff Expt. Expt. Model Diff Expt. Expt. Model Diff

1 PO-B10-14 25 44.0 49.5 5.5 112.0 142.0 179.1 37.1 28.0 48.0 53.5 5.5

2 PO-B10-15 27 48.0 50.1 2.1 101.0 113.0 111.4 -1.6 22.0 45.0 46.5 1.5

3 PO-B10-16 23 42.0 47.5 5.5 61.0 84.0 65.3 -18.7 23.0 48.0 47.8 -0.2

4 PO-B10-17 22 46.0 45.7 -0.3 90.0 109.0 104.3 -4.7 9.0 25.0 39.6 14.6

5 PO-B20-12 25 43.0 49.7 6.7 90.0 112.0 108.2 -3.8 28.0 46.0 53.3 7.3

6 PO-B20-13 17 36.0 42.6 6.6 64.0 92.0 68.8 -23.2 24.0 49.0 48.8 -0.2

7 AR-ULSD-1 20 36.0 45.2 9.2 4.0 11.0 11.3 0.3 17.0 41.0 42.4 1.4

8 AR-ULSD-2 31 48.0 57.4 9.4 7.0 19.0 4.6 -14.4 26.0 50.0 56.8 6.8

9 AR-ULSD-4 27 48.0 54.8 6.8 8.0 23.0 21.2 -1.8 29.0 54.0 64.4 10.4

10 AR-ULSD-5 29 49.0 54.3 5.3 6.0 30.0 24.4 -5.6 31.0 56.0 52.2 -3.8

11 AR-ULSD-6 26 45.0 51.0 6.0 4.0 32.0 24.1 -7.9 25.0 50.0 50.8 0.8

12 AR-B10-1 25 46.0 49.7 3.7 4.0 29.0 25.9 -3.1 27.0 49.0 51.0 2.0

13 AR-B10-2 25 42.0 50.1 8.1 7.0 16.0 23.3 7.3 26.0 50.0 50.0 0.0

14 AR-B10-4 26 45.0 40.8 -4.2 3.0 10.0 10.7 0.7 26.0 52.0 35.1 -16.9

15 AR-B20-1 30 43.0 53.8 10.8 10.0 47.0 34.7 -12.3 33.0 59.0 57.3 -1.7

16 AR-B20-2 25 48.0 49.7 1.7 4.0 36.0 33.6 -2.4 30.0 55.0 52.1 -2.9

17 AR-B20-5 25 44.0 50.6 6.6 7.0 32.0 30.7 -1.3 27.0 54.0 51.0 -3.0

18 AR-B20-6 23 42.0 47.2 5.2 10.0 17.0 20.6 3.6 24.0 45.0 47.6 2.6

PO/AR Stage 4 Loading

RMS error 6.3 12.6 6.6

DNCPF DNCPFDNCPFNo Expt.name

Stage 2 Loading
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Appendix F Temperature Distribution and Pressure Drop 

Plots 

F.1 Temperature Distribution Plots 

 

Figure F. 1 High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B10-14 experiment 

at 5.47 hrs (3 minutes after start of oxidtion) 

 

Figure F. 2 Experimental temperature distribution for PO-B10-14 experiment at 5.47 hrs (3 minutes after 

start of oxidation) 
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Figure F. 3  High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B10-16 

experiment at 4.93 hrs (3 minutes after start of oxidation) 

 

Figure F. 4 Experimental temperature distribution for PO-B10-16 experiment at 4.93 hrs (3 minutes after 

start of oxidation) 
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Figure F. 5 High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B10-17 experiment 

at 5.01 hrs (3 minutes after start of oxidation) 

 

Figure F. 6  Experimental temperature distribution for PO-B10-17 experiment at 5.01 hrs (3 minutes after 

start of oxidation) 
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Figure F. 7  High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B20-12 

experiment at 6.52 hrs (3 minutes after start of oxidation) 

 

Figure F. 8  Experimental temperature distribution for PO-B20-12 experiment at 6.52 hrs (3 minutes after 

start of oxidation) 
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Figure F. 9  High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B20-13 

experiment at 5.51 hrs (3 minutes after start of oxidation) 

 

Figure F. 10  Experimental temperature distribution for PO-B20-13 experiment at 5.51 hrs (3 minutes 

after start of oxidation) 
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Figure F. 11 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B10-2 experiment 

at 5.28 hrs (3 minutes after start of oxidation) 

 

Figure F. 12 Experimental temperature distribution for AR-B10-2 experiment at 5.28 hrs (3 minutes after 

start of oxidation) 
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Figure F. 13 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B10-4 experiment 

at 5.03 hrs (3 minutes after start of oxidation) 

 

Figure F. 14 Experimental temperature distribution for AR-B10-4 experiment at 5.03 hrs (3 minutes after 

start of oxidation) 
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Figure F. 15 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B20-1 experiment 

at 6.25 hrs (3 minutes after start of oxidation) 

 

Figure F. 16 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B20-2 experiment 

at 6.13 hrs (3 minutes after start of oxidation) 
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Figure F. 17 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B20-5 experiment 

at 5.86 hrs (3 minutes after start of oxidation) 

 

Figure F. 18 Experimental temperature distribution for AR-B20-5 experiment at 5.86 hrs (3 minutes after 

start of oxidation) 
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Figure F. 19 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B20-6 experiment 

at 5.70 hrs (3 minutes after start of oxidation) 

 

Figure F. 20 Experimental temperature distribution for AR-B20-6 experiment at 5.70 hrs (3 minutes after 

start of oxidation) 
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Figure F. 21 High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B20-13 

experiment at 5.51 hrs (3 minutes after start of oxidation) 

 

Figure F. 22 Experimental temperature distribution for PO-B20-13 experiment at 5.51 hrs (3 minutes 

after start of oxidation) 
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Figure F. 23 High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B20-13 

experiment at 5.51 hrs (3 minutes after start of oxidation) 

 

Figure F. 24 Experimental temperature distribution for PO-B20-13 experiment at 5.51 hrs (3 minutes 

after start of oxidation) 
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Figure F. 25 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-ULSD-5 

experiment at 4.10 hrs (3 minutes after start of oxidation) 

 

Figure F. 26 Experimental temperature distribution for AR-ULSD-5 experiment at 4.10 hrs (3 minutes 

after start of oxidation) 
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Figure F. 27 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-ULSD-6 

experiment at 4.08 hrs (3 minutes after start of oxidation) 

 

Figure F. 28 Experimental temperature distribution for AR-ULSD-6 experiment at 4.08 hrs (3 minutes 

after start of oxidation) 
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F.2 Pressure Drop Plots 

 

Figure F. 29 Comparison of experimental and simulated total pressure drop across CPF and its 

components for PO-B10-14 experiment 

 

Figure F. 30 Comparison of experimental and simulated total pressure drop across CPF and its 

components for PO-B10-16 experiment 
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Figure F. 31 Comparison of experimental and simulated total pressure drop across CPF and its 

components for PO-B10-17 experiment 

 

Figure F. 32 Comparison of experimental and simulated total pressure drop across CPF and its 

components for PO-B20-12 experiment 
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Figure F. 33 Comparison of experimental and simulated total pressure drop across CPF and its 

components for PO-B20-13 experiment 

 

Figure F. 34 Comparison of experimental and simulated total pressure drop across CPF and its 

components for AR-B10-2 experiment 
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Figure F. 35 Comparison of experimental and simulated total pressure drop across CPF and its 

components for AR-B10-4 experiment 

 

Figure F. 36 Comparison of experimental and simulated total pressure drop across CPF and its 

components for AR-B20-1 experiment 
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Figure F. 37 Comparison of experimental and simulated total pressure drop across CPF and its 

components for AR-B20-2 experiment 

 

Figure F. 38 Comparison of experimental and simulated total pressure drop across CPF and its 

components for AR-B20-5 experiment 
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Figure F. 39 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-B20-6 experiment 

 

Figure F. 40 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-ULSD-1 experiment 
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Figure F. 41 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-ULSD-2 experiment 

 

Figure F. 42 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-ULSD-4 experiment 
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Figure F. 43 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-ULSD-5 experiment 

 

Figure F. 44 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-ULSD-6 experiment 
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Appendix G Model Improvements over Prior Works and Flow 

Distribution Effect 
 

G.1 Model Improvements over Prior Works 
 

The model improvements in temperature and PM mass distribution and pressure drop 

simulation in comparison with prior works are presented in this section for a sample 

experiment of AR-B10-1 experiment. 

 

Temperature Distribution 

Figure G 1 shows the simulated temperature distribution for AR-B10-1 experiment at 5.63 

hrs (15 minutes after start of fuel dosing) with constant inlet temperature distribution 

assumption used in references [13, 23]. Comparing Figure G 1 with experimental 

temperature distribution in Figure 4.32, the model over predicts temperature by ≅ 35 oC. 

 

Figure G 1 Simulated temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs (15 minutes after 

start of fuel dosing) with constant inlet temperature distribution assumption in references [13,  23] (without fully 

developed boundary layer equations for temperature distribution) 
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PM Distribution 

Figure G 2 shows the simulated PM mass loading distribution along axial and radial 

direction at the end of PM oxidation (at 5.82 hrs) by active regeneration for AR-B10-1 

experiment with constant inlet temperature assumption. Comparing the simulated PM 

loading distribution in Figure G 2 with the Figure 4.37, the model under predicts the PM 

distribution by ≅ 0.8 g/L with constant inlet temperature assumption. This is mainly 

because of the higher CPF temperatures at the outer radiuses of the filter with constant 

inlet temperature assumption compared to the experimental temperature distribution 

because of lack consideration of thermal boundary layer development in the flow. The new 

model developed in this thesis accounts for the boundary layer development in the flow 

and uses the full developed boundary layer equations explained in Appendix A to develop 

temperature profile inlet to the CPF. 

 

Figure G 2 Simulated PM mass loading distribution in g/L along the axial and radial directions at 5.82 hrs (end 

of PM oxidation by active regeneration) for AR-B10-1 experiment with constant inlet temperature assumption 

in references [13, 72, 23] (without fully developed boundary layer equations for temperature distribution) 
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Pressure Drop 

Figure G 3 shows the comparison of experimental and simulated total pressure drop 

across CPF and its components during AR-B10-1 experiment without slip flow correction 

for wall and cake permeability as in references [13, 14, 23]. 

 

Figure G 3 Comparison of experimental and simulated total pressure drop across CPF and its components for AR‐B10‐1 

experiment without slip flow correction for wall and cake permeability as in references [13, 14, 23] 

From Figure G 3, the model over predicts the pressure drop by ≅ 0.6 kPa during AR ramp 

(5.22 to 5.38 hrs). Similarly, the model over predicts the pressure drop by ≅ 1.7 kPa at the 

start of PM oxidation by active regeneration (5.4 hrs). This is mainly because of the 

absence of the slip flow effect in the model. During high temperature flow, the permeability 

of the substrate wall and PM cake increases causing reduced pressure drop. The new 

SCR-F/CPF model accounts for the permeability increase in the substrate wall and PM 

cake layer due to the slip flow. Comparing Figure G 3 with Figure 4.39, the model error 

reduced to < 0.3 kPa during AR ramp phase (5.3 hrs) and < 0.1 kPa at the start of PM 

oxidation (5.4 hrs) with slip flow correction for wall and cake permeability.  

The permeability increase for the PM cake layer is modeled using Versaevel correction 

[33] as shown in Eqn. 4.19. The substrate wall permeability is modeled using Pulkrabek 

correction [32] as shown in Eqn. 4.18. The Stokes-Cunningham correction [54] is widely 

used in the literatures for the slip flow correction in the substrate wall. For the experimental 
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data presented in this thesis, the Stokes-Cunningham correction is small compared to the 

permeability correction proposed by Pulkrabek as shown in Fig. G 4. By optimizing the 

constant C4 in Pulkrabek Eqn. 4.18, pressure drop estimates are closer to the 

experimental data. Hence, Pulkrabek correction factor is used in this thesis for the wall 

permeability correction. The magnitude of correction observed in the temperature range 

of 550 to 800K in this work is comparable (≅ 20%) with corrections reported by Pulkrabek 

as shown in Figure 2.7. 

 

Figure G 4 Comparison of normalized wall permeability correction between Pulkrabek formulation and Stokes‐

Cunningham formulation 

Figure G 4 shows the comparison of experimental and simulated total pressure drop 

across CPF and its components during AR-B10-1 experiment without new cake 

permeability model during PM oxidation (5.38 to 5.82 hrs) and post loading (>5.82 hrs) as 

in references [13, 14, 23]. Comparing Figure G 4 with Figure 4.39, the model over predicts 

pressure drop at the end of PM oxidation by ≅ 0.5 kPa. This is mainly because of the 

potential PM cake layer damage during PM oxidation causing increased flow through the 

cracks and holes which results in reduced pressure drop through the PM cake layer. The 

models in the references [13, 14, 23] neglected this effect or used flow correction factors 

to compensate this effect. The newly developed cake permeability model in this thesis 

accounts for the permeability increase due to the PM cake damage and able to closely 

simulate the experimental pressure drop (within 0.1 kPa) as shown in Figure 4.39. During 
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post loading (>5.82 hrs), the simulated total pressure drop is higher than the measured 

total pressure drop in Figure G 4 by ≅ 0.4 kPa at the end of post loading. This is mainly 

because of the damaged PM cake layer from the earlier PM oxidation event. With new PM 

cake permeability model, the increased permeability during post loading process is 

accounted using the post loading permeability Eqn. D.1 shown in Appendix D. The 

pressure drop error with the new cake permeability is model is <0.1 kPa at the end of post 

loading. 

 

Figure G 5 Comparison of experimental and simulated total pressure drop across CPF and its components for AR‐B10‐1 

experiment without new cake permeability model during PM oxidation and post loading as in references [13, 14, 23] 

 

G.2 Flow Distribution Effect 

 

The PM distribution is also affected by the flow distribution at the inlet of the CPF. Ranalli 

et al. [19] show that at lower flow rates, the flow distribution tends to become 

homogeneous as the PM loading increases. However, at higher flow rates, the PM 

distribution is non-homogeneous because of the inlet pipe geometry (shape, size, layout 
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etc.). The inlet pipe geometries affect the velocity and flow distribution within the pipe. The 

flow distribution could affect PM loading as well as pressure drop distribution within the 

CPF. Hence, the flow distribution effect on PM distribution has to be accounted as 

indicated in future work (Chapter 7.5) of this thesis. The model presented in this thesis 

assumes the uniform flow distribution at the inlet of the CPF. The simulated pressure drop 

distribution for radial sections 1 to 5 (diameter of 0 to 133 mm) during AR-B10-1 

experiments are shown in Figure G 6 and for radial sections 6 to 10 (diameter of 133 to 

267) are shown in Figure G 7. Figure G 8 shows the comparison of the radial sections 1 

(at the center of the filter) and 10 (at outer radius of the filter). From Figures G 6, G 7 and 

G8, the pressure drop curves during stage 1 and stage 2 loading (< 4.9 hrs) are 

comparable between the radial sections. The pressure drop at the outer radiuses of the 

CPF increases during PM oxidation. The pressure drop at the outer radius of the filter 

increases by 0.8 kPa compared to the center of the filter at the end post loading. This 

increase in pressure drop at the outer radius is because of the increased PM loading at 

the outer radiuses of the filter compared to the center of the filter caused by the lower 

substrate temperatures. 
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Figure G 6 Simulated total pressure drop distribution in kPa for AR‐B10‐1 experiment with constant inlet flow 
distribution assumption along radial sections 1 to 5 
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Figure G 7 Simulated total pressure drop distribution in kPa for AR‐B10‐1 experiment with constant inlet flow 
distribution assumption along radial sections 6 to 10 
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Figure G 8 Comparison of simulated total pressure drop distribution in kPa for AR‐B10‐1 experiment for radial sections 
1 and 10 with constant inlet flow distribution assumption 
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Appendix H Measurement Accuracy Summary 

 

Table H1 shows the measurement accuracy details of the experimental data used in this 

work. 

Table H 1 Measurement accuracy details of the experimental data [51, 49, 27, 8] 

Sl.

No 
Sensor Make Measurement Error  

1 

Temperature sensors 

used for temperature 

distribution data 

(DOC, CPF and 

Engine Exhaust) 

Watlow, K Type 

Thermocouple 

P/N: AX1078701, PT 

227664-001 (DOC), 

AX1078801 (CPF), 

ACGF00Q060U40000 

(Engine Exhaust) 

Accuracy: േ 2.2oC  

 

2 

Pressure sensors 

used for the pressure 

drop measurement 

across laminar flow 

element (LFE), CPF, 

DOC : ∆ܲ LFE, ∆ܲ 

CPF  

Sensotec 

Range: 

∆ܲ LFE : 0 to 0.5 psid 

∆ܲ DOC : 0 to 2 psid 

∆ܲ CPF(PO) : 0 to 10 

psid 

Accuracy: േ 0.25% FS 

Linearity: േ 0.15% FS 

Hysteresis:	േ 0.10% FS 

Repeatability:	േ 0.05% FS 

 

 

3 

Emissions 

concentration – THC 

(FID), CO (IRD), CO2 

(IRD), O2 

(Paramagnetic), NO 

and NOx (CLD)).  

Pierburg Emissions 

Bench (AMA 4000) 

Repeatability ൑ 0.5 % of 

measured value + 2x 

Detection limit 

Noise  ൑ 1 % of measured 

value + 2x Detection limit 

Detection Limits: THC 30 

ppb C3, CO 125 ppb, CO2 15 

ppm, O2 15 ppm, NO and 

NO2 35 ppb  
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4 
CPF PM mass 

retained 

Ohaus Ranger Model 

35LM 

Readability േ 0.1g 

Repeatability േ 0.3 g 

Certified Readability േ 1g 

5 
Air flow 

measurement 
Meriam Instruments 

Accuracy: 0.72 to 0.86% of 

reading 

Repeatability: 0.1% 

6 PM Concentration 

Sampling: Anderson 

Instruments Inc  

Filter: Pall Corporation 

(WA) Weighing: Mettler 

Toledo  UMT2 

microbalance 

Sampling: 47 mm glass fiber 

PM sampling filter 

Weighing Balance: 

Readability 0.1ߤg 

Repeatability 0.25ߤg 

Linearity േ 1ߤg 
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Appendix J Program and Data File Summary 

J.1 Chapter 1 

File Name File Description 

\Chapter1_Introduction\Excel_Tables Chapter 1 Figure 1.1 

 

J.3 Chapter 3 

File Name File Description 

\CPF_Temp_Analysis\thermal_bl_cpf_function_call.m Chapter 3 Figure 3.9 

 

J.4 Chapter 4 

File Name File Description 

SCR-F Model 

v1.5.2_PO_B10_15_Thesis_Results\ 

results_publish.m 

Chapter 4 Figures 4.16 to 4.28 

simulation results for AR-B0-1 

experiment 

SCR-F Model 

v1.5.2_AR_B10_1_Thesis_Results\ 

results_publish.m 

Chapter 4 Figures 4.29 to 4.39 

simulation results for AR-B0-1 

experiment 

 

J.5 Chapter 5 

File Name File Description 

SCR-F Model\CPF_Estimator_ROM\ 

CPF_estimator_plots_5secs_ROM.m 

Chapter 5 Figures 5.35, 5.36, 5.38 

to  5.41, 5.43 and 5.44 simulation 

results for reduced order MPF 

model for AR-B0-1 experiment 
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J.6 Chapter 6 

File Name File Description 

SCR-F Model\CPF_Estimator_AR-B10-1\ 

Plot_Results_doc_estimator_14_Oct_2016

Chapter 6 Figures 6.5 to 6.7 

simulation results for DOC 

estimator results for AR-B0-1 

experiment 

SCR-F Model\CPF_Estimator_AR-B10-1\ 

CPF_estimator_plots_1secs_Estr.m 

Chapter 6 Figures 6.8, 6.9, 6.11 

to 6.14, 6.16, 6.18 and 6.19 

simulation results for DOC-CPF 

estimator results for AR-B0-1 

experiment 

 

J.7 Appendix A 

File Name File Description 

\Publications\Thermal_boundary_Layer\ 

Sample_calc_volume_15Sep2014.xls 
Table A 1, Figures A 1 to A 3 

 

J.7 Appendix D 

File Name File Description 

\Publications\Pressure_drop_Analysis\ 

Cake_permeability_Model_Analysis\ 

Cake_permeability_estimates_6Jan2016_PO.xls 

Figure D.1 

\Publications\Pressure_drop_Analysis\ 

Cake_permeability_Model_Analysis\ 

Cake_permeability_estimates_23Jan2016-

AR_worampup.xls 

Figure D.2 
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J.7 Appendix E 

File Name File Description 

result_extract_no_o_summary.m 

Table E. 4 Fractional PM mass 

oxidized during passive oxidation and 

active regeneration phases of all 

experiments 

result_extract_summary_allruns.m 
Table E.1 to E.3, Table E.5 to Table 

E.6 

Summary_Tables_Oct8_2016.xls 
Excel summary for Tables in Appendix 

E 

no2_o2_frac_summary.xls 

Matlab output file from 

‘result_extract_no_o_summary.m’ 

script 

fl_summary_sim_exp.xls 

Matlab output file from 

‘result_extract_summary_allruns.m’ 

script 

 

J.7 Appendix F 

File Name File Description 

SCR-F Model\All_runs\runname\ 

results_publish.m 

Chapter F Figures F.1 to F.44 

simulation results for all experiments 

 

J.8 Appendix G 

File Name File Description 

SCR-F Model\Thesis_Appendix\ 

results_publish.m 

Chapter G Figures G.1 to G.3 and 

G.4 to G.8  
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Appendix K Letters of Permission 

 

K.1 Letter of Permission for Chapter 1 

Figure 1.1 EPA emissions standard summary from dieselnet, Permission not required as 

this is data in public domain and emissions standards are developed by EPA (employees 

of the federal government). 

K.2 Letter of Permission for Chapter 2 

Figures 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.8 and 2.9.  
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246 

Figure 2.7 
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Figure 2.10 
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Figure 2.11 

 

K.3 Letter of Permission for Chapter 3 

Permission for re-use of references 1 and 2. 
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Permission for re-use of reference 3 
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Figures 3.1,3.2, 3.3 and 3.4 
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K.4 Letter of Permission for Chapter 4 

Figures 4.4 

 

Figures 4.27 and 4.38 
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K.5 Letter of Permission for Chapter 5 

Refer to Chapter 3 Permissions 

K.6 Letter of Permission for Chapter 6 

Figure 6.3 

 

 

 

 

 

 

 

 

 

 

 

 


