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Abstract: Diesel particulate filters (DPFs) are becoming a widespread method for reducing the
particulate matter (PM) emissions from both on-highway and off-highway automotive diesel
engines. Mass measurements of DPFs are commonly used to determine rapidly both the amount
of PM trapped by the filter and the amount regenerated (removed) by regeneration systems. To
avoid issues with adsorption of atmospheric water the filters are often weighed at elevated
temperatures. It is shown in this work that at elevated temperatures the filters weigh less than at
lower temperatures as a direct result of the buoyant hot air within the filter substrate. This study
shows that consideration of the buoyancy forces allows for correction of the mass measurement
for the errors relating to the non-ambient temperature of the filter, allowing mass measurements
at elevated temperatures while avoiding adsorption of atmospheric water on to the filter
substrate and, therefore, improving the accuracy of mass-measurement-based studies of
filtration and regeneration performance of DPFs. It is demonstrated that a filter with
approximately 85 per cent overall porosity weighed at 150 uC in ambient temperatures will have
an error of about 0.3 g/l (typically about 10 per cent of the trapped PM mass) in the mass
measurement when not correcting for the temperature. By way of an example, this is shown to
have potentially an important effect on the calculated trapped PM.

Keywords: diesel particulate filter, wall flow filter, particulate matter, mass measurement,
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1 INTRODUCTION

Increasing awareness of the health impacts of diesel

engine particulate matter (PM) emissions [1, 2] has

led to stringent legislation limiting the engine-out

quantities of PM emitted from automotive sources.

Increasing fuel injection pressure [3] and optimal

use of exhaust gas recirculation [4] (among other

combustion controls) can significantly reduce the

engine-out PM. However, it is anticipated that, even

with in-cylinder methods, exhaust gas after-treat-

ment will be needed to achieve future PM emission

legislative targets [5]. This has driven a large amount

of research into diesel particulate filtration technol-

ogies such as monolithic wall flow [6], metallic sub-

strate [7], and ceramic foam [8] diesel particulate fil-

ters (DPFs). As the quantity of PM in DPFs increa-

ses, the exhaust flow pressure drop across the filter

increases. Tomaintain acceptable engine performance

and efficiency the filters need periodic cleaning (re-

generation) to oxidize or remove the PM from the

filtration surface. Regenerating DPFs in an efficient,

reliable, effective, and low-cost way is the focus of a

large amount of research effort (see, for example, ref-

erences [9] to [13]).

Development of existing and new filtration sub-

strates often involves mass measurements of the

clean filter and PM-loaded filter to determine filtra-

tion efficiency of the filter [14]. Measurement resolu-

tion and accuracy of less than 0.1 g for a range greater

than 1000 g are typically required, which means that

tight control of potential errors is essential. Similarly,

regeneration system performance is often evalu-
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ated by weighing a PM-loaded DPF before and after

a regeneration event [15–17] with similar levels of

accuracy required.

Care is generally taken to measure the PM-loaded

filters in a dry state by heating the filter sample and

removing adsorbed water and volatile components

to allow comparative measurements [14]. To prevent

adsorption of water from the atmosphere on to the

dry PM the filter mass is often measured above

ambient temperatures. This has been observed by

the present authors to lead to an underestimate of

the mass of the filter and PM which can reflect both

positively and negatively on the quoted filtration and

regeneration performance of DPF systems. The phys-

ical cause of this error in mass measurement is

described in this paper. The understanding of the

origin of this error has been used to develop

methodology for correcting the mass measurement

of the sample measured at non-ambient tempera-

tures, allowing accurate mass measurements of PM-

loaded DPFs without risking adsorption of atmo-

spheric water affecting the results.

The development of this mass correction method

is motivated by the need to compare diesel particu-

late filtration and regeneration characteristics rap-

idly and easily when the only available method is

by pre- and post-weighing of the sample. Many

researchers are aware of the need to preheat the

sample if a ‘dry’ PM mass measurement is needed;

however, to the authors’ knowledge, a clear method

to correct for the buoyancy effect described in this

paper has not yet been published. This method

will, therefore, enable more accurate evaluation of

new DPF filtration and regeneration systems when

relying on pre- and post-weight measurements.

2 EXPERIMENTAL METHOD

Samples of clean and PM-loaded monolithic wall

flow filters (WFFs) and ceramic foam filters were

used to study the effect of non-ambient filter

temperature on mass measurements. The specific-

ations of the filter samples are shown in Table 1.

TheWFF samples considered had 100cells/in2 (about

15.5 cells/cm2) with an average pore diameter of app-

roximately 13mm. The gelcast ceramic foams had an

average pore diameter of approximately 450 mm.

Samples 2 and 4 were loaded with PM by installing

a DPF of 5.66 in (144mm) diameter in the exhaust

flow of a Perkins 1100 series, tier 2, 4.4 l, turbo-

charged, charge-cooled, heavy-duty diesel engine

at 1400 r/min and 100Nm. Once the desired filter

volume specific PM mass loading was achieved, the

samples were removed from the exhaust system and

smaller samples cut from them. Smaller samples

were used to enable higher-resolution mass mea-

surements to be made than are achievable with a

full-scale analytical balance greater than 1.5 kg. The

PM composition was not analysed and was assumed

to be the non-volatile PM components trapped by

the DPF. This is justified by noting that before mass

measurements begin, the filters were preheated

to higher than 180 uC, which removed the volatile

component of the PM. As the sample cools, atmos-

pheric water may adsorb or absorb to the PM, in-

creasing the apparent mass. This is not considered

in the correction method and will be seen later in

this paper to be typically a small effect relative to the

buoyancy effect.

The samples were heated using a hot-air blower

until a relatively even substrate temperature of

higher than 180 uC was achieved, as measured with

a K-type thermocouple in various locations within

the filter volume. The filter samples were then insu-

lated with a glass fibre matting insulation to

prevent the formation of any significant temperature

gradients through the substrate. The samples were

slowly allowed to cool over approximately 60 s

intervals before the mass was determined on a cali-

brated KERN ARJ 220-4NM analytical balance with

a resolution of 0.2mg over a 220 g range.

3 CORRECTION METHODOLOGY

The open pore structure of the DPF and PM mat-

erials allows gas to flow through the substrate.

Considering the case when a filter sample is being

weighed (outside the engine exhaust) and the tem-

perature of the substrate is different from that

of the surrounding gas, the gas within the filter is

heated and there is a buoyancy force on the hot gas

that causes it to move through the filter. As the gas

moves past the solid surfaces (both the filter and the

PM), a drag force is applied to the material in the

direction of the flow. This is shown schematically in

the cross-section in Fig. 1. In the case of a hot filter,

this would lead to a net drag force that reduces the

weight of the sample and affects the results of mass

comparisons at different temperatures.

The natural convective flow during the mass meas-

urement rapidly reaches equilibrium conditions.

This is observed by the constant sample weight for

a fixed temperature. If the trapped air within the

filter were accelerating, the observation would show

a reducing sample weight as the trapped air velocity
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increased. Once equilibrium conditions are reached,

the buoyancy force on the non-ambient temperature

gas is equally matched by the drag force on the filter

substrate, and the proposed correction methodology

is valid. As the resistance to flow changes (e.g.

higher PM loadings) the flow velocity will reduce but,

when the equilibrium condition is rapidly reached,

the forces will still balance. Therefore, the correc-

tion method is independent of PM loading provided

that any significant changes in overall porosity

are accounted for in the final equations.

The buoyancy force Fb can be calculated from the dis-

placed mass ma of air as

Fb~mag ð1Þ

where g is the acceleration due to gravity. The dis-

placed mass of air can be found by considering the

change in mass of a fixed volume of air at constant

pressure for a change in temperature according to

ma~
PV

Rair

1

Tr
{

1

Ta

� �
ð2Þ

where P is the gas pressure, V is the control volume

size, Rair is the gas constant of air, Tr is the reference

temperature (i.e. ambient air temperature), and Ta is

the air temperature within the filter substrate. The

volume of air is a function of the porosity e of the

filter and the filter volume Vf, such that

V~eVf ð3Þ

The buoyancy force is therefore

Fb~
ePVf

Rair

1

Tr
{

1

Ta

� �
g ð4Þ

The weight F of the sample is

F~mg{Fb ð5Þ

An analytical balance would display the mass cal-

culated as

mdisplay~
F

g
~m{

Fb

g
ð6Þ

The error Em in the mass measurement is therefore

Em~
ePVf

Rair

1

Tr
{

1

Ta

� �
ð7Þ

This relationship can be used to correct for the mass

measurement of non-ambient temperature DPFs as

well as of other openly porous structures. If large

temperature gradients are present in the sample,

then the sample can be conceptually discretized to

consider this. It is important to note that the porosity

used in this calculation is the overall porosity of the

filter. For example, in the case of a monolithic WFF,

the porous volume would include the channel

volume as this contributes to the buoyancy effects.

This should not be confused with the porosity of the

wall of the filter, which is commonly quoted. Typical

PM loadings change the overall open porosity by

less than 0.5 per cent owing to the high porosity of

the PM. This is negligible in comparison with other

uncertainties in the measurements.

This methodology was applied to the test samples

in Table 1, and the results of the correction follow.

Table 1 Test filter material specifications

Sample
Filtration
media Material

Overall
porosity (%)

Sample
volume (l)

1 WFF Cordierite <79 0.38
2* WFF Cordierite <79 0.09
3 Ceramic foam Mullite <82 0.10
4* Ceramic foam Cordierite <80 0.12

*PM loaded.

Fig. 1 Schematic diagram showing the flow through
the porous structure and the subsequent drag
forces on the solid substrate
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4 RESULTS

Figures 2 and 3 show the effect of substrate temp-

erature on the measured mass of clean wall flow

and ceramic foam filter samples respectively. Both

cases demonstrate the sensitivity of the measured

mass to temperature when accurately measuring

the mass of the sample. The corrected mass showed

that equation (7) was effective at compensating for

the reduced weight of the hot sample and can be

used to allow accurate comparisons of sample mass

when measuring at non-ambient temperatures.

Figures 4 and 5 show the effect of substrate

temperature on the measured mass of PM-loaded

wall flow and ceramic foam filter samples respec-

tively. The loaded samples were used to identify

whether the PM adsorbed any significant atmo-

spheric water during cooling. Although these sam-

ples had lower PM loading than in some filter and

regeneration systems, a large PM loading of about

10 g/l would reduce the overall porosity by about 0.5

per cent and, therefore, the correction method is still

valid for higher PM loadings.

The correction was observed to reduce errors in

the mass measurement significantly. The data

indicated that, at higher temperatures, the sample

mass was still greater at lower temperatures than

higher temperatures. This was likely to be a result of

adsorbed water on the PM as the sample cools.

Importantly, the effect of the substrate temperature

Fig. 2 Measured and corrected masses of a clean WFF
sample 1 (PM loading, 0 g/l) Fig. 3 Measured and corrected masses of a clean

ceramic foam DPF sample 3 (PM loading, 0 g/l)

Fig. 4 Measured and corrected masses of a PM-loaded WFF sample 2 (PM loading, 4.2 g/l)
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is demonstrated to be larger than the effect of

adsorption of water from the atmosphere.

Figure 6 shows the predicted relationship between

the temperature and the potential error in the mass

measurement for a range of porosity samples. For

typical filter volumes (greater than 2.5 l) the error

can be seen to approach more than 1 g. This is

shown by way of an example to have potentially a

significant effect on DPF and regeneration system

performance evaluations if the mass is not corrected

for temperature.

Considering an example of the measurement of

filtration efficiency of a new filter material by

trapping the post-filter PM in a high-efficiency filter

(see, for example, reference [14]), the ratio of mass

trapped on the two filter samples gives the filtration

efficiency of the novel filtration material. The details

of the example are shown in Table 2, which con-

sidered a typical 100 cells/in2 (about 15.5 cells/cm2)

monolithic wall flow DPF. The PM-loaded filter

sample mass is measured at 150 uC to allow measure-

ment of the dry weight. If the mass is not corrected

for the temperature, the calculated PM trapped on

the filter is about 10 per cent less than the actual

trapped PM, significantly affecting the calculated

filtration efficiency. If the correction for the filter

temperature is used, the calculated trapped PM mass

and hence filtration efficiency are accurate.

Similar mass-based measurements of regeneration

system performance without adequate consideration

of temperature effects will also lead to errors which

can be avoided by the use of the correction des-

cribed in this paper. In some situations this may be

acceptable; however, in cases where, for example, low

PM loadings are common (e.g. some burner systems)

the correction becomes more important.

Fig. 5 Measured and corrected masses of a PM-loaded ceramic foam DPF sample 4 (PM loading,
3.4 g/l)

Fig. 6 Predicted effect of temperature on the mass
measurement for a range of porosity samples

Table 2 Example of mass-based filtration efficiency
measurements

Filter volume 2.47 l
Porosity 79%
Clean filter mass 1113 g
Trapped PM 7.5 g
Measured (PM-loaded) mass 1119.8 g
Apparent PM loading (without correction) 6.8 g

Correcting mass measurement of diesel particulate filters 103

JAUTO834 F IMechE 2009 Proc. IMechE Vol. 223 Part D: J. Automobile Engineering



5 CONCLUSIONS

Consideration needs to be made to the temperature

of the filter sample during accurate mass measure-

ments. Higher than ambient temperatures have been

shown to result in underestimates of the DPF sample

mass. This work has shown the following.

1. The measured mass of a filter sample at 150 uC
will typically be underestimated by about 0.3 g/l,

which leads to errors in trapped PM mass of more

than 10 per cent for typical PM filter loadings of

up to 4 g/l.

2. This potential error can be significant in the

evaluation of filtration and regeneration system

performance.

3. The error in mass measurement is a result of the

buoyant hot air within the filter rising, applying

viscous drag forces to the filter sample.

4. The error in mass measurement can be corrected

using equation (7), derived in this research, if the

substrate temperature is known.

The use of the methodology developed in this

paper to correct the mass measurement increases

the accuracy of and supports effective experimental

data capture.
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APPENDIX

Notation

Em error in mass measurement

F weight of the diesel particulate filter

sample
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Fb buoyancy force

g acceleration due to gravity

m mass of the diesel particulate filter

sample

ma mass of the air within the diesel

particulate filter sample

mdisplay mass displayed on an analytical

balance

P ambient pressure

Rair gas constant for air

Ta air temperature within the filter

volume

Tr reference temperature (i.e. ambient

air temperature)

V open volume of the diesel particulate

filter

Vf volume of the diesel particulate filter

e open porosity of the diesel

particulate filter
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