
Journal of Mechanical Engineering Research Vol. 2(4), pp. 85-91, September 2010    
Available online at http://www.academicjournals.org/jmer 
ISSN 2141 – 2383 © 2010 Academic Journals  
 
 
 
 
 
 
 
 
Full Length Research Paper 
 

Calibrating the multiple orifice mathematical model 
using physical scale model foam at low Reynolds 

number 
 

M. Emmanuel Adigio 
 

Department of Mechanical Engineering, Niger Delta University, Wilberforce Island, Amassoma, Bayelsa State, Nigeria. 
E-mail: emadigio@yahoo.com. 

 
Accepted 27 July 2010 

 
Recently, gelcast ceramic foams are being considered as potential diesel particulate filter substrates. 
Consequently, a mathematical model known as the Multiple Orifice Mathematical (MOM) model for the 
study of fluid flow and the determination of pressure gradients across the foam filters was developed 
and calibrated by some researchers. However, there was need to establish the model application on a 
wider range of pore sizes of the foam filters. Hence, this work is to establish the dynamic similarity of 
the physical scale model used for the calibration and the ceramic foams. Following the conceptual 
model employed in the development of the MOM model, generic physical scale foam models and a fluid 
flow rig was fabricated. The pressure drops across the generic physical model foam obtained from 
experiments over different ranges of low Reynolds number were graph-fitted against the MOM model to 
determine the kinetic correction factors. The values for the kinetic correction coefficient determined 
from the generic physical model at low Reynolds number is within the range obtained by other 
researchers in the calibration of the MOM model, which implies that the MOM model can be applied to a 
wide range of pore sizes found in gelcast ceramic foam filters. 
 
Key words: Diesel particulate trap, gelcast ceramic foam, kinetic correction coefficient, generic foams, foam 
filters, pressure gradients. 

 
 
INTRODUCTION 
 
Engine manufacturers have made progress in the reduc-
tion of diesel engine emissions through improved engine 
design (Swiss Agency for the Environment, Forest and 
Landscape, 2000a; Mayer, 1998], fuel formulation and 
improved maintenance practices. Modern diesel engine is 
reported to have reduced particulate matter (PM) 
emission by as much as 90% (Mayer, 1998; Nauss, 
1997) through the improved engine design and as much 
as 30% through fuel formulation. Mayer et al. (1998) 
reported that PM emissions from diesel engines fall in the 
size range of up to 100 nm and the new engines in 
particular emit more fine particulates at all operating 
conditions.  

The consequence of improved engine design and fuel 
formulation is a decrease in PM mass but an increase in 

fine particulate number which is potentially more hazardous 
(Mayer, 1998). The key factor for the determination of the 
effect of diesel particulates on health is their size. 
Particles that are < 100 nm are invisible to the eyes but 
can deposit in the bronchial and pulmonary tracts of the 
respiratory system (Hinds, 1980). It is reported by many 
researchers (Nikula et al., 1999; Health Effects Institute, 
2002; United State Environmental Protection Agency, 
2002; Dybdahl et al., 2003; World Health Organization, 
2003; Garshick et al., 2004; Warheit et al., 2004; Brown 
et al., 2004; Arey, 2004) that diesel exhaust emissions 
affect health and contribute to acid rain and visibility. 
Siegmann and Siegmann (1997) reported that fine 
particles from combustion contain thousands of different 
chemicals that cannot be characterized  due  to  their  un- 
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stable condition in the atmosphere. 

Consequently, there is expected to be a need for after 
treatment of the exhaust gases to meet future emission 
limits (Swiss Agency for the Environment, Forest and 
Landscape, 2000). The diesel particulate filter technology 
has   been  proven  as  a  viable  option  for  the  effective 
reduction of PM from diesel engines (Swiss Agency for 
the Environment, Forest and Landscape, 2000b) and 
mathematical modelling is increasingly becoming an 
engineering tool to understand, predict and control the 
diesel particulate filter (DPF) systems. DPFs consist of a 
filter designed to collect the PM in the exhaust stream of 
the diesel engine, while allowing the exhaust gases to 
pass through the system. The fundamental parameters to 
assess the quality of the DPF are the filtration efficiency 
and the pressure drop of the filter. Hence, it is desirable 
to develop mathematical models to predict these 
parameters that can be used within given boundary 
conditions to aid the design of DPFs. 

Ceramic foams until recently were mainly used as 
catalyst supports (Richardson et al., 2000) and molten 
metal filters (Gabathuler et al., 1991). However, they are 
now being considered for DPF applications since they 
exhibit some favorable attributes. Ceramic foams have 
good filtration in the nano-particle range (Pontikakis et al., 
2001). The high porous nature of ceramic foam filters is 
favorable to the propagation of the combustion zone 
during regeneration. 

The modelling of porous media such as the ceramic 
foam filters, however, has been of interest to significantly 
fewer researchers. A work, of interest, reported by 
Pontikakis et al. (2001) is the development of a mathe-
matical model for the prediction of pressure drop across 
reticulated foam filters. Pontikakis et al. (2001) assumed 
that the struts which form the solid frame work of foam 
filters can be modeled as fiber elements. Other resear-
chers (Adigio et al., 2008) reported the development of a 
mathematical model referred to as “Multiple Orifice 
Mathematical (MOM) model” for understanding fluid flow 
through the filters and an aid for filter design. This MOM 
model was developed by applying the fluid flow theory on 
a simplified conceptual model, where the ceramic foam 
was represented with rows of cells across the filter, 
connected by openings called the windows. The resultant 
mathematical model was calibrated by fixing the viscous 
correction coefficient to determine the kinetic correction 
coefficient, β  by “graph fitting” the mathematical model 
on a graph developed from experimental data of fluid flow 
on a generic physical scale model foam filter. 

This report presents the calibration of the MOM model 
using experimental data from generic physical scale 
model foam of external diameter 60 mm and lengths of 
100 and 125 mm at low flow rate, thus, Reynolds number 
ranging from 35 to 890. This was necessary because it 
was observed that the flow rates through the ceramic 
foam filters samples are low and the corresponding 
Reynolds number is within the above range.  The  aim  of  

 
 
 
 
this study is to establish the dynamic similarity of the 
physical scale model foam and the ceramic foam filter 
samples used for the model validation, thus, confirming 
the general application of the MOM model on gelcast 
ceramic foam filters. 
 
 
MATERIALS AND METHODS 
 
The generic physical scale model foam samples used for the model 
calibration are based on a combination of five pieces of foams of 
length 25 mm and diameter 60 mm, which are reproduction of the 
conceptual model used for the development of the MOM model, 
where the cells are arrayed across the length of the foam with 
connecting windows. The method used in the manufacture of the 
model foam is a rapid manufacturing process known as 
stereolithography (SL). The rapid manufacturing refers to a class of 
technologies that can automatically produce physical models from 
computer assisted design (CAD) data. The structure is illustrated by 
a Solid Edge (Version 15) as shown in Figure 1. 

The advantage of using the SL method to produce the generic 
physical scale model foam lies in the accuracy of the process and 
the ability to produce complex geometries without the need to resort 
to mould tooling, therefore, the relatively complex structure of the 
filter could be manufactured comparatively easily. This would have 
been difficult to achieve with other manufacturing approaches, or 
indeed on a real ceramic foam sample. 

An experimental rig was designed using the Solid Edge CAD 
Package and constructed to measure the pressure drop across the 
model foam filter samples, the flow rates through them, and the 
temperature of the fluid is shown in Figure 2. A flow conditioner was 
mounted on the rig to straighten the swirling air flow and reduce the 
pulsating effect from the centrifugal blower that generates the air 
flow. The distance from the conditioner to the orifice plate was more 
than ten times the pipe diameter to allow the full development of the 
fluid flow before the orifice plate. Flow rates were measured using a 
calibrated orifice flow meter designed and assembled in 
accordance to the ISO 5167 standard (BS EN ISO 5167, 2003). 
Using the Reader-Harris/Gallagher Equation (Reader-Harris and 
McNaught, 2005) the values of the orifice discharge coefficients 
(CD) corresponding to the 15 mm orifice diameter plate was 
calculated to be 0.6285. The absolute pressure and temperature 
were measured before the filter holder to determine the density of 
the air flowing through the rig. The experiments on the model foam 
samples were repeated three times to assure repeatability of the 
results obtained. 

The data was collected from filters of lengths 100 and 125 mm 
which are made up of 25 mm × 4 pieces and 25 mm × 5 pieces of 
generic physical model foam samples respectively. The samples 
have cell size of 7.0 mm and porosity of 80%. The data was 
collected at three ranges of Reynolds number by adjusting the flow 
rates across the filters accordingly; 148 to 890, 86 to 269 and 35 to 
99 respectively, and graphs corresponding to each range were 
produced.  
 
 
RESULTS 
 
Figures 3, 4 and 5 show the MOM model calibration 
graphs of pressure gradients vs. fluid mass flow rate 
developed from the experimental data presented in 
Tables 1, 2 and 3 respectively. The graphs demonstrate 
the graph-fitting of the model where the value of the 
kinetic correction coefficient β  in the MOM model 
(Equation 3) was adjusted until the model fits  the  graphs  
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Figure 1. A generic multiple orifice physical scale model designed using a CAD package. 

 
 
 

 

����
����

	
��
�����������

������

� ����������

�������������

����������

�������

������������

�������

��� �� ��������	
���

�����
�����

 
 
Figure 2. Schematic diagram of a flow rig model foam sample holder. 
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Figure 3. Graph of pressure gradient vs. fluid flow rate in a physical scale 
model foam sample, for the calibration of the MOM model. Reynolds 
number is from 148 to 890. 
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Figure 4. Graph of pressure gradient vs. fluid flow rate in a physical scale model foam 
sample, for the calibration of the MOM model. Reynolds number is from 86 to 269. 
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Figure 5. Graph of pressure gradient vs. fluid flow rate in a physical scale 
model foam sample, for the calibration of the MOM model. Reynolds number 
is from 35 to 99. 

 
 
developed      from      the     experimental       data.    The 
corresponding kinetic correction coefficients are indicated 
on the graphs. 
 
 
DISCUSSIONS 
 
In computing the experimental data to calculate the mass  
flow rate of the fluid, the densities were  determined  from  

the ideal gas law, RTp /=ρ , where R is the universal gas 
constant equal to 287 Jkg-1K-1, T is the absolute tempera-
ture in Kelvin, K,  and p is the gas pressure in Pascal, Pa. 
The mass flow rate is the product of the volumetric flow 
rate, Q (m3s-1) and the fluid density, that is, 
 
Mass flow rate = Qρ                                                        1 
 

Consequently, the fluid mass flow rate  is  determined  by  
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Table 1. Physical scale model foam of length 100 mm, cell diameter = 7.0 mm and porosity = 80%, Reynolds number is from 148 to 890. 
 

Porif  (Pa) Pfilt (Pa) T (°C) Pabs (Pa) Air mass flow rate (kgs-1) Pgrad. (kPam-1) Pgcal. (kPam-1) 
21 59 26.9 56 2.32E-03 0.59 0.44 
96 211 27.3 200 4.95E-03 2.11 1.94 

147 310 27.6 290 6.13E-03 3.10 2.95 
173 360 28 338 6.65E-03 3.60 3.46 
226 466 28.2 436 7.60E-03 4.66 4.51 
315 634 28.8 594 8.97E-03 6.34 6.26 
417 832 29 779 1.03E-02 8.32 8.27 
473 941 29.5 884 1.10E-02 9.41 9.37 
509 1010 29.6 948 1.14E-02 10.10 10.07 
552 1097 29.8 1029 1.19E-02 10.97 10.92 
589 1169 29.9 1097 1.23E-02 11.69 11.64 
619 1228 29.9 1152 1.26E-02 12.28 12.23 
640 1265 30 1190 1.28E-02 12.65 12.64 
657 1298 30 1220 1.30E-02 12.98 12.98 
681 1348 30 1266 1.32E-02 13.48 13.45 
708 1393 29.9 1310 1.35E-02 13.93 13.98 

 
 
 
Table 2. Physical scale model foam of length 100 mm, cell diameter = 7.0 mm and    porosity = 80%, Reynolds number is from 86 to 269. 
 

Porif (Pa) Pfilt (Pa) T (°C) Pabs (Pa) Air mass flow rate kg s-1 Pgrad. kPa m-1 Pgcal. kPa m-1 
50 13 20.7 15 1.20E-03 0.13 0.14 
79 21 20.7 23 1.51E-03 0.21 0.21 

118 31 20.7 33 1.84E-03 0.31 0.30 
151 31 20.7 43 2.09E-03 0.31 0.39 
181 47 20.7 51 2.29E-03 0.47 0.46 
231 59 20.8 65 2.58E-03 0.59 0.58 
292 74 20.9 81 2.90E-03 0.74 0.73 
337 86 21 94 3.12E-03 0.86 0.84 
384 97 21.1 107 3.33E-03 0.97 0.96 
444 112 21.2 123 3.58E-03 1.12 1.10 
504 128 21.3 139 3.81E-03 1.28 1.25 
597 151 21.4 165 4.15E-03 1.51 1.47 

 
 
 
developing a relationship between flow rate and pressure 
difference across the orifice plate, thus, applying the 
Bernoulli equation across the orifice plate then simplifying 
gives the following relationship,  
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where CD is the orifice plate discharge coefficient, Do is 
the orifice diameter, � is the fluid density, DI  is the pipe 
diameter and �p is the pressure difference measured 
across the orifice plate.  

The first four columns of Tables 1, 2   and 3 (pressure 
difference across orifice Porif, pressure  difference across  

filter Pfilt temperature T and absolute pressure Pabs) were 
measurements from the experimental rig while the 
remaining columns were calculated from appropriate 
relationships. The atmospheric pressure was also 
measured during the experiments to enable the cal-
culation of the air mass flow rate. The air mass flow rate 
was calculated from Equation 2. The pressure gradients 
across the filter from the experimental data were the ratio 
of the pressure difference across the filter and the filter 
length. 

The last column is the calculated pressure gradients. 
Across the   filters  using  the  MOM  model  (Equation 3) 
(Adigio et al., 2008), by primarily adjusting the Kinetic 
correction coefficient β  for a given foam window and cell 
size and filter length, until the model graph fits to the 
graphs developed from the experimental data. 
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Table 3. Physical scale model foam of length 125 mm, cell diameter = 7.0 mm and porosity = 80%, Reynolds number is from 35 to 99. 
 

Porif (Pa) Pfilt (Pa) T (°C) Pabs (Pa) Air mass flow rate (kgs-1) Pgrad. (kPm-1) Pgcal. (kPam-1) 
10 3 22.1 4 5.41E-04 0.022 0.028 
12 4 22.1 6 5.97E-04 0.029 0.033 
21 6 22.4 10 7.69E-04 0.050 0.052 
24 7 22.4 12 8.23E-04 0.058 0.059 
26 8 22.4 13 8.60E-04 0.065 0.064 
30 9 22.5 14 9.24E-04 0.072 0.073 
32 10 22.5 16 9.61E-04 0.079 0.078 
34 10 22.6 17 9.90E-04 0.082 0.083 
38 11 22.6 18 1.04E-03 0.088 0.091 
40 12 22.7 19 1.07E-03 0.095 0.096 
43 13 22.7 21 1.10E-03 0.102 0.101 
46 14 22.8 22 1.15E-03 0.109 0.108 
49 14 22.9 24 1.18E-03 0.116 0.115 
53 15 23 25 1.23E-03 0.122 0.124 
55 16 23.1 27 1.25E-03 0.129 0.129 
60 18 23.1 29 1.31E-03 0.143 0.139 
61 19 23.3 30 1.32E-03 0.150 0.142 
64 20 23.5 31 1.35E-03 0.156 0.148 
68 20 23.5 33 1.39E-03 0.163 0.156 
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� is the viscous pressure loss correction coefficient which 
was chosen and fixed at 5 as suggested by MacDonald 
et al. (1979), w  and d are the window and cell size 
respectively. The specific surface, SV was calculated from 
the expression below developed by Adigio et al. (2008); 
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The graphs (Figures 3, 4 and 5) shows that the kinetic 
correction coefficients obtained from the three ranges of 
Reynolds numbers varied from 2.0 to 2.15. These values 
of kinetic correction coefficients determined from the use 
of the multiple orifice physical scale model corroborates 
the results offered by Adigio et al. (2008). 

Conclusion 
 
A cost effective, accurate and rapid methodology was 
developed to evaluate the general use of the MOM model 
in the study of fluid flow through gelcast ceramic foam 
filters. The kinetic correction coefficient β  of the MOM 
model has been determined by graph fitting the 
mathematical model to experimental data obtained from 
generic physical scale model foams. The corresponding 
values of kinetic correction coefficient are 2.15, 2.0 and 
2.08 respectively, which lie within the range established 
by Adigio et al. (2008). This implies that the kinetic 
correction coefficient for the MOM model is independent 
of the Reynolds number. Hence, this research work has 
established the use of the MOM model as a potential tool 
in the study of fluid flow and diesel particulate filter design 
in a wide range of filter cell sizes found in gelcast ceramic 
foam filters. 

The application of the mathematical model can be 
extended to other types of foams, including reticulated 
foams.   The    model   can   also   be   extended   to   the 
development of filtration efficiency modelling in foam 
filters which are also a tool in filter design and the 
understanding of fluid flow in porous materials. 
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