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Appendix B 

Heavy-Duty On-Road Vehicle Opacity and Engine 
Repair Durability 

 

 
The following is an excerpt from a National Renewable Energy laboratory (NREL) full 
report titled: Aerodynamic Drag Reduction technologies of Heavy-Duty Vocational 
Vehicles and a Dry Trailer.  The complete report is available at no cost from the 
National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

 

 

 

Date of Release:  April 3, 2018 

 

 

 

 
 
 

 
 



2 
 

Heavy-Duty On-Road Vehicle Opacity and Engine 
Repair Durability 
NREL performed a series of tests exploring the relationship between snap acceleration smoke 
opacity and gravimetric particulate matter (PM) collected during the engine Federal Test 
Procedure (FTP). The tests were performed downstream of a partially failed diesel particulate 
filter (DPF) and repeated with varying degrees of failure.  DPFs, which are now standard on all 
new heavy-duty diesel engines produced and certified starting in 2007, exhibit filtration 
efficiencies greater than 90% (Majewski, 2011). However, the smoke opacity limit has not been 
revised since the widespread adoption of these filters. The goal of this work was to establish an 
empirical relationship between snap acceleration smoke opacity and gravimetric PM over the 
certification cycle for two engines at the NREL Renewable Fuels and Lubricants (ReFUEL) 
laboratory, a 2012 Cummins ISL and a 2008 MaxxForce 10. In addition to this comparison, a 
number of other real-time particle instruments were included for evaluation. 

Background 
The CARB, under the Heavy-Duty Vehicle Inspection Program and Periodic Smoke Inspection 
Program, conducts routine checks of in-service vehicles for compliance. These checks are 
typically carried out at a weigh station or state border crossing. The smoke test procedure used is 
the SAE J1667 “Snap Acceleration Smoke Test Procedure for Heavy-Duty Powered Vehicles 
(SAE, 1996).” This procedure begins with one enforcement officer explaining the procedure to 
the vehicle driver while the other officer(s) prepare the equipment. When everyone is ready, the 
opacity meter is zeroed, then placed in the exhaust stream at the end of the tailpipe. The officer 
gives the command, and the driver snaps the accelerator pedal all the way to the floor and holds 
for approximate 4 seconds. The opacity meter records the peak opacity measurement per the 
filtering procedure outlined in J1667. This process is then repeated for a total of three practice 
snaps and three test snaps. The raw opacity measurements are corrected for ambient temperature, 
humidity, and barometric pressure. The average of the corrected values must fall below the 
applicable standard or the vehicle fails. The long-standing peak opacity limits for heavy-duty 
vehicles with engine model year 1990 and older has been 55% and 40% for 1991 and newer. It is 
anticipated that failure of the current gravimetric PM limit over the FTP certification cycle will 
occur far below these values for a modern DPF-equipped HD engine. 

Instrumentation 
A full list of SAE J1667-approved smoke opacity meters is available from CARB’s website: 
http://www.arb.ca.gov/enf/hdvip/smokemtr.htm.  For this report, the manufacturers’ names have 
been removed, and the test meters will be referred to as units A, B, C, and D. Units A, B, and D 
are certified meters listed on the website above. Unit C was a prototype supplied by the 
manufacturer. Unit D was an inline meter and was used during all engine FTP tests. 

In addition to opacity measurements, the snap acceleration tests included total solid particle 
number measurements from diesel-powered vehicles using a TSI nano particle emissions tester 
(NPET) model 3795. This is a portable unit intended to be used as a field regulatory inspection 
and maintenance instrument (TSI, 2018). Engine FTP tests included polytetrafluoroethylene 
membrane gravimetric PM filters sampled from a constant volume sampler (CVS) tunnel with 
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the filter face temperature maintained at approximate 50°C. The gravimetric filters were used as 
the standard since this is the process used for certification. However, filters only provide one 
data point per test, so additional real-time instruments were included for time series comparison 
with the inline opacity meter and to each other. The AVL 483 micro soot sensor (MSS) is a 
photoacoustic soot measurement sensitive to black carbon and is equipped with its own diluter. 
Other benchtop instruments were positioned downstream of a Dekati fine particle sampler, which 
is a commercial partial flow dilution system for fine particle measurements. Instruments 
positioned after the Dekati fine particle sampler included a TSI 3776 condensation particle 
counter (CPC), TSI 3090 engine exhaust particle sizer (EEPS), TSI 8533 DustTrak DRX, and 
finally the NPET. Figure 30 shows a schematic of the instrumentation test setup. 

 
Figure 1. Instrumentation test setup 

Test Plan 
The series of tests that were carried out were designed to simulate a minor DPF failure up 
through gross failure and even complete removal. The two main test platforms were the NREL 
ReFUEL laboratory’s heavy-duty engine dynamometer and a transit bus with the same engine 
and emissions family. Testing began with a 2013 transit bus, which was later replaced by a 2011 
transit bus for the official tests.  Figure 31 outlines the various testing platforms with the bulk of 
the testing being carried out on the middle two (highlighted in orange). The procedure included 
running three engine FTP tests on the engine dynamometer and then swapping the test filter into 
the transit bus and conducting the J1667 snap acceleration test in the field following the same 
procedure as a real-world test. The filter was then progressively failed by milling off channel end 
caps and the process was repeated until an acceptable level of failure was reached.  Finally, a 
series of FTP and snap acceleration tests were conducted on an engine test cell platform only to 
demonstrate the potential difference between a DPF + selective catalyst reduction strategy vs. a 
DPF only strategy. This is outlined graphically below.  
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Figure 2. Testing platforms 

Photos/images by Adam Ragatz, NREL 

Ceramic wall-flow filters work by allowing engine exhaust gas to pass through an open channel 
with alternating and opposite channels plugged on the other side. This forces the gas flow to pass 
through the porous wall so it can exit out an adjacent channel. This is depicted graphically in the 
upper-right corner of Figure 32.  By milling off channel end caps gas is allowed to freely flow 
down that channel without passing through the ceramic wall. Plugs were removed using an end 
mill. This process, along with a number of examples of failure levels for the Cummins DPF, is 
shown in Figure 32.  
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Figure 3. DPF progressive failure 

Photos by Adam Ragatz, NREL and Corning Inc. (Upper-Right) 

Results 
Results of the Cummins ISL tests are shown in Figure 33. The raw peak opacity and atmospheric 
condition corrected measurements for each level of failure are shown on the left.  Each bar 
represents the average of all measurements made at each level and the error bars are the standard 
deviation of those measurements. Shown on the right are the analogous engine test cell 
measurements over the FTP for the gravimetric filters and integrated AVL MSS. 

  
Figure 4. Cummins ISL results. Snap opacity (left) and engine FTP (right) 
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Notice that the repeatability on the engine FTP tests is much tighter than the opacity 
measurements, and the gravimetric filters and integrated AVL MSS exhibit excellent agreement 
over the full range of measurements.  Figure 34 shows this agreement along with a fit curve.  
Error bars are shown as the standard deviation of these measurements over three FTP hot-start 
tests. As indicated earlier, the gravimetric filter samples and integrated AVL MSS are in 
excellent agreement and can be used interchangeably for this analysis. 

 
Figure 5. Gravimetric filter vs. integrated AVL MSS 

In Figure 33 the bar labeled “Upstream” measured the engine-out level by moving the MSS 
upstream while leaving the DPF in place so as to not trigger any engine faults. The upstream 
measurement can be used to project the expected opacity reading by completely removing the 
DPF without actually performing this test. This was done as a projection because it was 
anticipated that complete removal may trigger an engine fault and change the operating mode of 
the engine.  Figure 35 shows this relationship between the AVL MSS and J1667 snap opacity, 
where each data point is an actual measurement with the exception of the dot highlighted in 
yellow which is an extrapolation for the upstream measurement. The confidence region 
highlighted in blue represents a second-order fit to the upper and lower confidence bounds. The 
graph on the left shows the average uncorrected raw opacity measurements at each failure 
condition while the graph on the right incudes opacity correction for ambient conditions. 
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Figure 6. FTP vs. opacity fit curves 

The red line denotes the current heavy-duty certification limit of 0.01 grams per brake 
horsepower-hour (g/bhp-hr), and the fit curve intersects the red line at around 2.8% opacity 
(corrected). It is important to note that this is only applicable for this engine and margins of error 
for engine-to-engine variability and instrument-to-instrument variability would have to be built 
into a revision of the standard. Therefore, for the next series of tests the heavy-duty engine was 
switched to a 2008 MaxxForce 10, which adheres to the same PM standard but uses a different 
oxides of nitrogen (NOx) reduction strategy resulting in significantly different engine-out PM 
levels. The 2008 MaxxForce 10 engine uses a DPF only in conjunction with exhaust gas 
recirculation for reducing NOx emissions. Results for the MaxxForce engine are shown with the 
Cummins ISL results in Figure 36. Highlighted in yellow is the engine out PM level projections 
for both engines. The DPF-only technology is about twice as high due to NOx-PM tradeoffs as 
expected. 

 
Figure 7. Results – MaxxForce 10 (blue), Cummins ISL (red) 

An instrumentation comparison was conducted between the various instruments used during 
engine dynamometer FTP testing to examine the correlations between different time-series  
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measurement technologies.  Figure 37 shows that in general the particle number instrumentation 
was in good agreement and the particle mass/volume instrumentation was in good agreement, but 
the relationship between the two was weaker. The inline opacity meter had a relatively good 
correlation with the AVL MSS, but not near as strong as the TSI DustTrak and engine exhaust 
particle sizer (EEPS) total volume. The DustTrak especially is of particular interest because it is 
a lower cost technology that has already been proven to be rugged in the field.  

 
Figure 8. FTP instrumentation correlogram 

An instrumentation comparison was conducted among four different opacity meters and the AVL 
MSS during snap acceleration testing to show the agreement between units.  Figure 38 shows 
that all units exhibit a similar trend with unit B reading slightly higher and unit C reading slightly 
lower at the higher concentrations, on average.  Error bars indicate the standard deviation 
between measurements at each level of failure. The spread is similar across units, with unit D 
demonstrating the best repeatability. It should be noted that units A, B, and D were all certified 
meters, but unit C was a prototype.  

 
Figure 9. Instrumentation comparison 



9 
 

Using the trend lines from the results presented here, projections of the level at various degrees 
of failure relative to the FTP PM Emission standard could be made and are presented in Figure 
39. 

 
Figure 10. Failure level projections 

Conclusion 
A series of tests exploring the relationship between J1667 snap opacity and engine dyno FTP 
levels were explored on two different engines at NREL’s ReFUEL laboratory.  Both engines 
reached two times the FTP standard below 5% opacity (corrected) and had engine-out levels well 
below the current 40% limit. This is a strong indication that there may be room to tighten this 
standard for modern DPF-equipped engines. However, only two engines were tested, and they 
are not necessarily representative of the entire California fleet.  Further work could be done to 
better understand the true variability from on-road vehicles in the state of California in support of 
this effort. 
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