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Abstract

Design, testing, and implementation of new aftertreatment devices un-
der various engine operating conditions is necessary to meet increas-
ingly stringent regulatory mandates. One common aftertreatment de-
vice, the catalytic converter, is typically developed at a reduced scale
and tested using predefined fluid compositions sourced from bottle
gases and can undergo both species and temperature cycling in ad-
dition to steady-state testing. However, these bench-top conditions
may differ from real-world operation in terms of flow-rates, species
composition, and temperatures experienced. Transitioning from small-
scale bench-top testing to full-scale engine applications requires larger
monoliths that therefore have a significant amount of catalyst slurry
to be washcoated, which increases cost and fabrication time. Being
able to experience realistic emission streams under scaled flowrates
would allow for a physically smaller catalyst testing at matched space
velocities resulting in faster, more cost-effective determination of af-
tertreatment device effectiveness. This work documents the design and
performance of an intermediary-scale (5-50 SLPM) setup to aid in the
catalyst testing process. This is accomplished using a secondary ex-
haust branch to flow a variable percentage of exhaust from the main
branch. The system siphons exhaust via a slip-stream approach driven
by a venturi ejector, which is commonly used in automotive applica-
tions to dilute samples for emissions analysis. Instead, the pre-diluted
flow from the ejector is routed through the catalyst, where post cata-
lyst emissions testing occurs. The system is evaluated under a range of
engine operating conditions with varied equivalence ratio and intake
pressures to affect exhaust out temperatures / catalyst inlet temperature
which is critical for testing catalyst activation. Emissions are recorded
in both the main and secondary branch with no aftertreatment device
installed to verify compositional parity. Initial results show that the
two branches produce self-similar engine-out emissions, but with the
ability to scale flow and modulate temperature through the secondary
catalyst testing branch.

Introduction

Reducing greenhouse gas emissions is a focus of many nations across
the globe with time-sensitive target goals [1, 2]. While many pathways
exist to achieve these goals, aftertreatment devices are one approach
to meet increasingly strict emissions regulations [3, 4]. In particular,
one form of aftertreatment, the use of catalysts, plays an important role
in automotive exhaust aftertreatment in both spark ignition and com-
pression ignition engines [5–9]. Development of catalytic converters
for automotive applications consists of synthesizing the catalyst mate-
rial, generating a support structure (typically a honeycomb monolith),
washcoating of the catalyst material onto the substrate, drying, and
calcining at elevated temperatures [10, 11]. Pre-pilot benchtop testing

often begins using a small-scale washcoated monolith (mini-core) to
evaluate the conversion efficiency of the resulting catalyst and perform
physiochemical and structural characterization. Once an optimal con-
figuration is determined, the catalyst is scaled up for full scale testing
under real flow conditions to determine deterioration and real perfor-
mance characteristics. These flow conditions are traditionally gener-
ated either using simulated drive-cycles with gas bottles [12] or with
physical engine exhaust [13, 14]. Scaling up of the catalyst has prac-
tical challenges: more catalyst precursor material is required, as well
as additional fabrication and curing time. Full-scale engine tests thus
become time and cost-prohibitive [15] and alternatives to simulate this
process have been performed, such as using hot air and the desired
pollutant to simulate real exhaust gas [16]. Furthermore, additional
considerations have to be made regarding changes in gas and parti-
cle kinetics, operating temperatures, and chemical composition [17].
Full-scale testing thus incorporates an inherent risk in terms of time
and material investment. A solution to this in intermediate scaling,
where the catalyst is sized up to a fraction of the full-scale size with
matched composition, temperature, and flow requirements. Intermedi-
ate scaling can be difficult, as without additional instrumentation, flow
conditions through the catalyst are determined solely by the species
generating appliance’s operating conditions. Desired species may be
generated at one operating point, but produce incompatible flowrates
with the intermediately-sized catalyst. Two main approaches have been
explored in the literature: the usage of a catalyst bypass to redirect any
undesired exhaust flow away from the catalyst [18], or a vacuum-pump
powered slip-stream to siphon a portion of exhaust flow [19]. These
approaches can be further improved to create a more generalized ap-
proach to decouple the generating appliance’s outlet flow from the flow
entering the catalyst, and instead allow for a variable scaled-down re-
alistic flow stream to be utilized.

This study focuses on the development and validation of an exhaust
sampling system that draws a portion of the main exhaust flow directly
into the catalyst, allowing for realistic engine conditions to be tested at
an intermediate scale. Specific parameters relevant to catalyst testing
are defined and discussed. Methods of siphoning the secondary flow
stream to the catalyst are introduced and evaluated. The design of the
system is discussed in detail, with the system’s capabilities in terms of
operating temperatures and emissions species compared to that of the
main exhaust branch.

Representative Sampling and Scaling Considera-
tions

The secondary exhaust branch will be taking a sample of exhaust gases
from the main exhaust stream to flow through the catalyst. The main
challenge with this approach is determining if the smaller sample of
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exhaust flow is representative of the composition of the main exhaust.
The way the sample is taken can introduce unknown biases for certain
species and possible particulate matter sampling and thus the condition
of the flows and their speeds need to be considered. If the flow through
the main exhaust runner is well mixed and there is no compositional
stratification, the sample taken will not be biased to certain gaseous
species and is representative of the main flow. In order for the flow to
be well mixed inside the exhaust runner, the flow inside the runner must
be turbulent [20]. To determine whether or not the flow is turbulent, the
Reynolds number can be used according to Eq. (1):

Re =
ρV D

µ
(1)

where the characteristic length, D, is defined to be the inner diame-
ter of the main exhaust runner (31.75 mm); the average velocity, V ,
is determined from an estimated volume flow rate from conservation
of mass between intake and exhaust using the cross sectional area of
the main exhaust runner (14.4 m/s); the density, ρ, in the exhaust was
found by combining the densities of the assumed exhaust species on a
mole fraction basis; the dynamic viscosity, µ, was found by combining
viscosities of exhaust species on a mole fraction basis [21]. The chemi-
cal composition of the exhaust species is assumed to be the products of
the complete combustion of our primary test fuel, methane, as depicted
in Eq. (2).

CH4 + 2(O2 + 3.76N2) → CO2 + 2H2O + 7.52N2 (2)

With the mole fractions, yi, determined via Eq. (2), an effective density
and effective viscosity of the exhaust was calculated using Eq. (3) and
Eq. (4), respectively.

ρexh =

n∑
i=1

yiρi (3)

µexh =

n∑
i=1

yiµi[21] (4)

The Reynolds number for the gas mixture flowing through the exhaust
runner was found to be 4767.7 when evaluated using fluid properties
at 600 ◦C, which is the upper limit of the temperatures investigated in
this study. This temperature exceeds the activation range for several
catalyst washcoat compositions commonly used in three-way catalyst
applications [22], and a decrease in temperature will only result in an
increase in the Reynolds number and sufficient turbulence due to tem-
perature’s effect on the density and viscosity of gases. Traditionally,
the critical Reynolds number for the transition from laminar to turbu-
lent flow in a circular pipe is 2300, though the presence of perturbations
and pulsating flow can reduce this requirement significantly [23] such
that the stated value exceeds this threshold. Due to the pulsating nature
of the flow as a result of the opening and closing of the exhaust valve
creating such perturbations, and the turbulent mixing within the com-
bustion chamber, it can be assumed that the flow within the exhaust
runner is turbulent and well-mixed. Turbulence is often used as an in-
dicator of complete mixing [20], and thus can provide confidence that
the gaseous sampling is unbiased.

Gases are representatively sampled regardless of sample velocity [24],
but this behavior is not true for particulate matter, which is present in
many combustion exhaust streams. It is of note that the current species
generating application, spark-ignition combustion, produces little par-
ticulates [25] compared to diesel exhaust or biomass combustion, but
the analysis is included to extend the use of the system to more gen-
eral operation where particulate production is more prominent. The
representative sampling of particulates can be broken down into three

0 5 10 15 20 25 30 35 40 45 50
Branch Volume Flowrate [SLPM]

0

5

10

15

20

25

30

35

40

45

50

55

B
ra

nc
h 

V
el

oc
it

y 
[m

/s
]

 4.53 mm (0.1785 in.)/ 6.53 mm (0.25 in.)
 7.71 mm (0.3035in.)/ 9.53 mm (0.375 in.)
 10.88 mm (0.4285 in.)/ 12.7 mm (0.5 in.)

Probe Diameter: ID/OD

Super-Isokinetic
Isokinetic

Sub-Isokinetic

Figure 1: Branch velocity as a function of branch volume flowrate for com-
mon tubing diameters, with sub-isokinetic (blue), super-isokinetic (yellow), and
isokinetic (dashed line) regions identified based on main exhaust velocity.

categories: super-isokinetic, isokinetic and sub-isokinetic, with the de-
termining variable being the velocity of the secondary flow compared
to the primary flow [24]. Super-isokinetic sampling is when the ve-
locity of the sample flow is greater than the velocity of the main flow.
This increased velocity in the probe means that larger particulates can
be under sampled due to their inertial forces. Sub-isokinetic sampling
is when the velocity in the probe is less than the velocity in the main
flow and the inertia of the larger particles causes them to be over sam-
pled. In both of these sampling conditions, there is a bias that will be
associated with the size distribution of particulates. For the isokinetic
category, the velocity in the probe and in the main flow are equal [24].
This allows for the main flow to remain undisturbed from the probe and
an accurate representative sample can be taken free of bias [26]. Fig-
ure 1 shows how the volumetric flowrate and the diameter of the tubing
used for the secondary branch can affect what category of sampling oc-
curring at a constant exhaust flow. Depending on the application of this
secondary branch, different diameters and volumetric flowrates can be
selected to accurately sample the main exhaust. If the branch flowrate
is fixed and a particular sampling condition must be met, such as isoki-
netic sampling, a probe of different diameter can be used to meet this
condition. Similarly, if the probe diameter must be fixed, the flowrate
can be adjusted to meet the required sampling condition. For the appli-
cation used in this study, as no particulates are expected in the exhaust
gases, a constant 6.35 mm (1/4") tubing was used. While the major-
ity of operating conditions will produce super-isokinetic sampling for
this size tubing, the lack of particulates for the application in question
negates any bias that would otherwise occur. As the majority of the op-
erating conditions for the 6.35 mm (1/4") tubing are super-isokinetic,
this set up would not be appropriate for a diesel fuel combustion in
a compression ignition engine, as this combustion mode is known to
produce more particulate matter. In general, the sampling probe diam-
eter at the secondary branch inlet can be adjusted to acquire the desired
flow condition and maintain isokinetic sampling where necessary.

Catalyst Scaling Considerations

Scaling-up powdered catalysts to washcoated monoliths requires a
scaling factor, e.g., space velocity, volumetric flow rate of reactants
per catalyst amount (mass or volume) [27]. The catalyst weight is used
for calculating the weight hourly space velocity (WHSV ) that is pri-
marily used for powdered catalysts, while the catalyst volume is used
for calculating the gas hourly space velocity (GHSV ) for monolith
performance evaluations:

GHSV =
V̇

Vmonolith
(5)
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Table 1: Scale up of washcoated monolith with exhaust flow of 50 standard
liters per minute (SLPM defined at standard temperature and pressure (STP at
0 ◦C and 1 bar)) and a washcoat loading of 61 g L-1 (1 g in-3) (95 wt.% catalyst
and 5 wt.% binder)

GHSV CH4 Monolith Washcoat Catalyst
[h-1] conversion volume loading weight

[%] [L] [g] [g]

30,000 100 0.100 6.10 5.80
60,000 100 0.050 3.05 2.90
120,000 50 0.025 1.53 1.45

where V̇ is the volumetric flow rate and Vmonolith is the monolith
volume. The GHSV is preferred for comparing the performance of
different catalysts since it is taking into consideration catalyst den-
sity differences. The wide range of GHSVs (8,000-110,000 h-1) for
methane (CH4) abatement reported in literature, led the USDRIVE
advanced combustion and emissions control team to standardize the
GHSV used in the low temperature oxidation catalyst test protocol
to 30,000 h-1 [27–29]. An optional higher GHSV of 60,000 h-1 is
also proposed by USDRIVE for heavy-duty engines when scaling from
powdered catalysts to washcoated monoliths.

Scaling up powdered catalysts to washcoated monoliths results to a
lower pressure drop as the feed gas is not forced to flow through the
powdered catalyst but it rather flows through the monolith channels
and reacts with the washcoated walls [30, 31]. The benefit of the low
pressure drop observed over washcoated monoliths comes at the cost
of limited mass transfer in the form of external (bulk gas to catalyst
surface) and internal (catalyst surface to pores) diffusion limitations at
high flow rates (i.e., high GHSV s). High GHSV s typically result in
mass transfer limitations leading to increased temperatures required to
achieve similar conversions as lower GHSV s over a fixed monolith
volume. For example, increasing the GHSV from 30,000 to 575,000
h-1 over a Platinum on alumina (Pt/Al2O3)-coated monolith resulted in
an increase in the temperature required to achieve 50% carbon monox-
ide (CO) conversion from 150 to 240 ◦C [32]. In addition, CO con-
version plateaus at 70% for GHSV s > 30,000 h-1, indicating that the
reaction has become mass transfer limited. Thus, the GHSV should
be optimized to determine when the reaction becomes mass transfer
limited to properly size a monolith for scale up. Table 1 shows an ex-
ample where a catalyst reaches 100% CH4 conversion at GHSV s of
30,000, 60,000 h-1 and 50% CH4 conversion at GHSV of 120,000 h-1

due to mass transfer limitations. GHSV s of 30,000 and 60,000 h-1

with no mass transfer limitations were considered for sizing a mono-
lith for scale up. The calculated monolith volume and required cata-
lyst weight decrease from 0.1 L/5.8 g to 0.05 L/2.9 g with increasing
GHSV from 30,000 to 60,000 h-1.

To further minimize the monolith volume and catalyst weight, the cat-
alyst must be able to achieve 100% CH4 conversion at GHSV s >
60,000 h-1 based on the example provided previously. Developing such
a monolithic catalyst requires decreasing the effect of mass transfer
limitation in the form of internal and external diffusion limitations by
altering the washcoated monolith properties such as washcoat load-
ing and the monolith cell density [33]. Increasing washcoat loading
can improve performance; however, higher loading may lead to higher
pressure drop due to restriction of the flow by the increasing thickness
of washcoat within the cells and limiting internal diffusion. The im-
pact of the internal diffusion limitation can be quantified by comparing
the ratio of the reaction rate at the catalyst surface and the reaction rate
inside the catalyst (internal effectiveness factor). Internal effectiveness
factor of 1 signifies no internal diffusion limitations and < 1 indicates
that internal diffusion limitations have some control over the reaction
rate. For instance, Vergunst et al. showed that increasing the monolith
washcoat thickness from 20 to 140 µm for the selective hydrogenation
of phenylacetylene led to a decrease of the catalyst internal effective-
ness factor from 0.95 to 0.30 indicating that the increase in the wash-
coat thickness limited the internal diffusion of the reactants within the

catalyst [34]. Optimization is also required for the monolith cell den-
sity to maximize external diffusion, since high monolith cell density
leads to a high surface area to volume ratio. The external effectiveness
factor can quantify external mass diffusion limitations by using the ra-
tio of the bulk reaction rate and the reaction rate at the catalyst surface.
Thus, increasing the cells per square inch from 200 to 11000 led to an
increase in the external effectiveness factor from 0.91 to 0.96 indicat-
ing that a higher cell density allows more of the reactants to reach the
catalyst surface leading to decreased external diffusion limitations. By
addressing the causes of mass transfer limitations in washcoated mono-
liths through minimization of washcoat thickness and optimization of
cell density, higher GHSV s (e.g. 120,000 h-1) can be used, leading to
smaller monolith volumes and decreased catalyst usage in the process
of scaling up a powdered catalyst to a monolith.

Engine Facility Specifications
The secondary branch and sampling system were integrated into an ex-
isting experimental setup described in detail in previous works, where
additional information is available regarding previous emissions stud-
ies and uncertainty quantification [35–37]. The setup has been used to
test different fuels relevant to catalyst development [38], which helps
to understand the range of exhaust temperatures and species the sys-
tem is capable of producing. The research group has also been in-
vestigating the usage of hydrogen to enhance combustion performance
and increase burning speeds, which may shorten combustion duration
and be phased to increase exhaust temperatures [39]. Furthermore,
alternative ignition methods beyond spark ignition have been investi-
gated, such as a retrofitted spark plug replacement pre-chamber, with
the change in combustion performance being an additional control pa-
rameter to generate different exhaust gas conditions in terms of both
temperature and constituents [40]. In essence, a single-cylinder spark-
ignited Cooperative Fuel Research (CFR) engine was utilized to gen-
erate the realistic engine flows and compositions to be sampled over
a variety of operating conditions. K-type thermocouples were used to
measure system temperatures, and a HORIBA MEXA 7100D was used
to measure exhaust emissions species. A detailed schematic of the in-
strumented setup is included in Figure 2. Critical measurements such
as air and fuel flowrates, intake and cylinder pressures, system tem-
peratures, crankshaft position, and emissions species were recorded
utilizing a National Instruments cDAQ and a custom built LabVIEW
program. Data is then post-processed and visualized in MATLAB to
exhibit the range of the system’s capabilities.

Figure 2: Schematic of experimental facility.
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Secondary Branch Development

The secondary branch must be able to meet the aforementioned sam-
pling and scaling requirements, as well as meet the activation tempera-
ture range for the catalyst. Different catalysts have different activation
temperatures, and thus the system must be able to provide a range of
catalyst inlet temperatures to suit specific installation needs. Several
factors impact the temperature at the inlet of the catalyst and flow con-
ditions, described in detail in the following subsections.

Secondary Branch Geometric Characteristics

The length of the sampling branch and the surface-area-to-volume ratio
are critical factors that affect the total amount of heat lost, and thus the
temperature, prior to the sample stream entering the catalyst. A longer
pre-catalyst length results in a lower average temperature entering the
catalyst, and a larger diameter tube results in less effective heat transfer
to the surroundings (a higher catalyst inlet temperature). Thus, portions
of the line can be replaced according to these two factors if a different
temperature range is required. The heat lost in the sampling line can be
determined empirically through the use of thermocouples embedded in
the flow stream at two locations along the sampling path. The rate of
heat loss per unit length, q̇loss, is then determined via Eq. (6),

˙qloss =
ρV̇ cp(Tin − Tout)

L
(6)

where ρ is the density, V̇ is the volume flow rate through the catalyst,
cp is the specific heat at constant pressure, L is the sampling section
length, and Tin/Tout are the temperatures at the inlet and outlet of the
sampling section, respectively. Note that while the heat lost is sensitive
to sample composition and flow rate, all that is needed is the extremes
of the operating range (lean to rich combustion exhaust products) to
determine an estimate for heat loss in this way. This amount of heat
loss can then be used for additional components, such as heat tape,
that may be required as an additional experimental parameter to vary
the catalyst inlet temperature. In practice, the resulting temperature
gradient along the length of the tube can be used at different flow con-
ditions. Preliminary testing with 6.35 mm (1/4") stainless steel tubing
results in an initial temperature gradient of approximately 4.92 ◦C/cm
(150 ◦C/ft) of tubing at the branch system inlet, which makes the use
of additional length and location of the catalyst a significant tuning pa-
rameter.

Siphoning the Secondary Flow

There are several approaches to siphoning a secondary flow stream
from the main exhaust branch. One common approach is through the
use of a vacuum pump; however, there are several challenges associ-
ated with the use of such systems in undiluted exhaust gas sampling. If
flow scaling is required, a single stage vacuum pump will only be able
to pull a fixed flow without additional components. Variable speed
drive vacuum pumps are an alternative option, but are typically more
costly. Furthermore, the presence of particulates in the exhaust stream
and potential unburned fuel can possibly damage the pump’s internals,
which requires the use of additional filters to protect the equipment.
Lastly, the devices are prone to overheating during continuous opera-
tion (common for steady-state engine testing), which requires the in-
stallation of a cooling system to prevent system failure.

Instead, this work utilizes a venturi ejector driven by compressed air to
siphon the flow. Venturi ejectors are already commonly used in auto-
motive applications to dilute exhaust gas [41–44], making them suit-
able when particulates or unburned fuel is present in the flow stream.
Additionally, these devices are typically much smaller and lightweight
compared to a vacuum pump, making them potentially easier to inte-
grate into existing experimental setups. There is added flexibility in
that the suction flow rate is a function of the motive pressure utilized,

Figure 3: Horiba sampling probe configuration.

which expands the range of possible flow rates that can be evaluated
with a single device. The motive pressure acts as a coarse control for
the suction flow rate, and the addition of a needle valve inline allows
for more fine control of the flow rate.

Integration of either device with an existing sampling system requires
additional care. As both devices generate a low pressure zone, if the
the suction is strong enough, it may potentially pull flow out of the
emissions analyzer. To combat this, we have designed our probe with
a 90◦ bend such that the inlet of the emissions analyzer is 180◦ from
the outlet flow to the ejector as in Figure 3. Furthermore, the HORIBA
emissions analyzer’s own sample flowrate must be taken into account,
as this flow stream passes only through the analyzer and not through
the flowmeter. The total flow through the system, V̇ , is thus the sum
of both flow streams as in Eq. (7). Note that the HORIBA analyzer
attempts to pull a steady flowrate of up to approximately 5 LPM of
exhaust gas, and this parameter will change based on the specific emis-
sions analyzer utilized.

V̇ = V̇flowmeter + V̇HORIBA (7)

Measuring the Secondary Flow

To meet the designated flow considerations, flow through the sec-
ondary branch must be able to be measured. Measurement of the sec-
ondary flow was performed using an Alicat flowmeter between the out-
let of the catalyst and the inlet of the suction line on the ejector. The
device is temperature sensitive with a maximum operating temperature
of 60 ◦C, far below the typical exhaust temperatures of 600 ◦C as well
as below the catalyst operating temperature. Thus, the sampling line
requires cooling prior to entering the flowmeter to avoid damaging the
device. However, cooling alone creates an additional complication: at
below 60 ◦C, the water vapor in the exhaust gas can condense. Since
the flowmeter is not designed to handle any condensation, a water trap
is necessary to remove any moisture prior to entering the device. To do
so, 1.82 m (6 ft) of 6.35 mm (1/4") stainless steel tubing was coiled to
act as a heat-exchanger section and fed at an angle into the water trap.
The water trap is essentially a large volume with threaded connection
points for water to collect within with a flow sight at the top to deter-
mine the water level. This large volume is placed inside an ice bath to
ensure all the water condenses prior to reaching the flowmeter.

4



Figure 4: Flow diagram for main and secondary exhaust branches.

Figure 5: Installed catalyst branch.
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Figure 6: Suction flow solely due to the ejector as a function of compressed air
motive gas pressure for -030 (top) and -060 (bottom) ejector models.

Full System Design

The result of the aforementioned design considerations is depicted
in Figure 4, with the physical system itself included in Figure 5.
Immediately at the main exhaust port, a sample is taken using the
HORIBA emissions analyzer and another line is directed towards that
catalyst. Temperature measurements are taken at the main exhaust
branch, the secondary branch pre-catalyst, and the secondary branch
pre-flowmeter. After the sample passes through the catalyst, another
HORIBA sampling line pulls the post-catalyst sample for analysis, and
the remainder of the flow passes through a coil heat exchanger and
water trap. After the trap, it passes through the flow meter and ejec-
tor, with the needle valve inline for precise flow control. After passing
through the ejector, the mixture is diluted and vented outdoors.

Validation and Testing Data

Flow rate

The total flow rate through the main and secondary branches is first
determined via the total available exhaust flow at the given intake pres-
sure and engine speed. The low range limit on the engine speed is dic-
tated by the dynamometer, which should not have extended operation
below 500RPM. Additionally, the low range limit of the intake pres-
sure is dictated by whether stable combustion can be achieved at the

Table 2: Main Exhaust Flow Characterization

Engine Speed Intake Pressure Main Exhaust
[RPM] [kPa] Flow Rate[SLPM]

1200 75 186.8
1200 51.5 122
1200 37 81.9
900 51 89.3
900 38 56.3
600 50.5 117
600 43.1 44.1
600 37.9 36.5
600 35 32.1
500 34.5 24.3

given engine speed and intake pressure. By lowering both intake pres-
sure and engine speed from normal operating conditions (1200 RPM,
75 kPa) to the lowest values possible (500RPM, 34.5 kPa), the exhaust
flow rate was varied between 186.8 SLPM to 24.3 SLPM as shown in
Table 2. Thus, the engine operating conditions themselves can be used
to make a coarse adjustment in the total outlet flow. This sets an upper
limit for how much flow the secondary branch can siphon off from the
main branch depending on operating condition. However, the benefit
of the secondary branch system is that the system is partially decou-
pled: there is no lower limit at any engine operating condition. This
prevents the engine from needing to be operated under non-realistic
conditions to achieve the desired catalyst flow rate.

Once the upper limit on flow through the secondary branch is deter-
mined, the motive pressure on the ejector can be set to get within the
desired flow range, and the needle valve adjusted for more fine con-
trol. Ideally, the flow through the branch is set knowing the catalyst’s
required space velocities and its geometric information. Two ejector
models were characterized with the needle valve wide open against
a sweep of ejector motive pressures as depicted in Figure 6. Ejector
models are denoted by their orifice size in thousands of an inch, with
the larger orifice size allowing for flows of up to 50 SLPM at the mo-
tive pressures tested. However, the larger ejector model utilizes more
compressed air, and thus the smaller model was utilized for low flow
conditions to minimize compressor cycling.

Branch Temperatures

The engine setup also allows for controlling of the main exhaust tem-
perature by varying operating conditions. Table 3 shows the main ex-
haust temperature can take on a wide range of values by adjusting the
main exhaust flow rate (this can be varied by changing the engine speed
and intake pressure) and the spark timing. However, the temperature
at the inlet of the catalyst is not only a function of main exhaust tem-
perature, but also the secondary branch tube length, tube diameter, and

Table 3: Main Exhaust Temperature Characterization

Main Exhaust Spark Timing Main Exhaust
Flow Rate [SLPM] [deg ATDC] Temperature [K]

186.8 -4 860.7
56.3 -18 714.1
36.5 1 672.2
36.5 -4 658.6
36.5 -9 648.1
36.5 -14 624.4
36.5 -19 598.6
36.5 -24 581.6
32.1 -5 637.9
32.1 -10 605.4
32.1 -15 590.7
32.1 -20 577.4
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Figure 7: Temperature at key branch locations under various engine operating
conditions.

flow rate. As mentioned previously, more heat is lost from the gas
stream as the tube length increases and the diameter decreases, which
allows these parameters to be used as coarse adjustments for the cata-
lyst branch flow rate. These heat losses are made evident in Figure 7
which shows the temperatures in the main exhaust, catalyst branch just
before reaching the catalyst location, and catalyst branch at the inlet of
the flowmeter. The temperature pre-catalyst can theoretically take on
any value between the main exhaust and the flowmeter by altering the
tube geometry. The system is thus modular; additional length of tub-
ing can be coiled and standardized to fit the same footprint, allowing
for these coils to be swapped out if a significant temperature difference
is required without altering engine operating conditions. While only
relatively high pre-catalyst temperatures are discussed herein, the au-
thors note that additional length of tubing was sufficient to bring the
pre-catalyst temperature to the 200 — 300 ◦C range with ease.

If engine operating conditions are able to be altered, the equivalence
ratio presents another parameter to significantly alter the main exhaust
temperature (and thus the catalyst inlet temperature). This is best de-
picted in Figure 8, where pure CH4 is burned from the lean limit to
the knock limit. A near 200 ◦C drop in temperature is achieved by al-
tering only the air-fuel ratio. This, in combination with the aforemen-
tioned modular length system, can bring the pre-catalyst temperature

Figure 8: Variation in main exhaust branch temperature as a function of fuel-air
equivalence ratio for pure methane combustion.

Table 4: Exhaust Methane Emissions Characterization

Main Exhaust Spark Timing Exhaust Methane
Flow Rate [SLPM] [deg ATDC] Emissions [ppm]

186.8 -4 1691
56.3 -18 1211
36.5 1 908
36.5 -4 937
36.5 -9 1381
36.5 -14 1953
36.5 -19 3217
36.5 -24 3604
32.1 -5 1162
32.1 -10 2122
32.1 -15 2538
32.1 -20 2995

to within the desired range. The spark timing can then be adjusted to
make minor incremental adjustments to match the temperature. This
is all achievable without any exterior heat source. If desired, heat tape
can be applied to the tubing to provide another dimension of control to
the system.

Branch Emissions

Emissions species generated are solely a function of engine operating
condition; no additional species should form due to the presence of the
secondary branch. This has potential to occur via intermediate reac-
tions due to increased residence time or quenching. In terms of what
species may be generated, our testing facility was capable of producing
the key emissions species depicted in Figure 9 with the combustion of
pure methane. Altering the equivalence ratio at optimal spark timing
resulted in CH4 emissions up to 1653 ppm, NOx emissions up to 3219
ppm, and CO emissions up to 3.7%. Additional variation in the emis-
sions species produced can occur by altering the combustion phasing
(spark timing) to produce more or less incomplete combustion byprod-
ucts for conversion. This behavior is shown in Table 4, where the spark
timing is varied at different exhaust flow rates, leading to significant
changes in the CH4 concentration in the exhaust stream. For a constant
exhaust flow rate (36.5 SLPM), varying the spark timing caused the
CH4 emissions to change from 908 ppm to 3604 ppm. This is because
the combustion efficiency is heavily affected by the spark timing. A
lower combustion efficiency will lead to higher CH4 emissions as more
of the fuel will go from intake to exhaust without participating in the
combustion process.

Figure 9: Variation in key emissions species as a function of fuel-air equivalence
ratio for pure methane combustion.
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Figure 10: Full emissions profile at main exhaust branch and secondary branch.

To determine the effectiveness of the secondary branch in producing
similar emissions to the main branch, a test was performed at slightly
lean conditions (ϕ < 1) relevant to automotive applications as in Figure
10. Two distinct sampling lines are used for the main and secondary
branch, each leading to its own heated filter. After the heated filter, the
two sampling lines feed their respective sample gas into the main an-
alyzer flow path where an internal diverting valve is used to manually
switch between the sample lines. As only one branch sample stream
is measured at a given instant under steady-state flow conditions, the
same flow path is used for both sample lines post diverting valve. The
sampled gas is then split into multiple internal flow paths, where each
emissions species is separately measured. When validating the sys-
tem, oxygen (O2) readings may be used as one indicator of a leak, as
air is sucked into the system and the dilution results in an increase in
measured O2. Emissions species O2, carbon dioxide (CO2) and nitro-
gen oxides (NOx) were consistent between the secondary branch and
the main exhaust, indicating that there is no leak entering the analyzer
on either sampling line. In terms of incomplete combustion products,
namely CH4, total hydrocarbons (THC), and CO, differences on the
order of the analyzer’s uncertainty were observed. The uncertainty in
emissions species is ± 1 % of full scale, which results in an uncertainty
of 100 ppm, 30 ppm, and 50 ppm for THC, CH4, and CO, respectively.
Changes in time-of-flight on each sampling path due to sample loca-
tion and length deviations may also result in small yet measurable dif-
ferences in species concentration, and thus these differences should be
minimized if at all possible. Thus, the secondary branch produced a
representative emissions profile when compared to the main branch,
indicating the ability to provide the aftertreatment device with a realis-
tic flow stream characteristic of the operating conditions used.

Range of System Capabilities
The slip-stream sampling system as a whole presents a wide range
of possible flowrates, temperatures, and emission species that may be
used to further aftertreatment device characterization and development.
The system is modular, allowing for different aftertreatment devices to
be installed with minimal alteration to the system. Achieving the re-
quired catalyst conditions is possible through altering the equivalence
ratio, intake pressure, fuel type, spark timing, engine speed, tubing
length, and ejector motive pressure. The engine can be throttled to al-
ter the intake pressure and the engine speed adjusted to produce main
exhaust flowrates anywhere between 32.1 – 186.8 SLPM, which sets
the global upper limit of what is achievable in the secondary branch
during operation. In practice, the achievable upper limit is dictated by
the suction flow the ejector is capable of producing as the motive pres-
sure is adjusted, with the current model able to produce suction flows
up to 50 SLPM. The minimal flow through the secondary branch is dic-
tated by the HORIBA emissions analyzer, which pulls approximately
up to 5 SLPM and results in an effective range of 5 – 50 SLPM in the

secondary branch. This flexibility is critical, as the variable flowrate
allows for variably-sized mini-core catalysts to be utilized while main-
taining the required GHSV for testing. This reduces the amount of
material and time required to produce the catalyst before it can be
tested in a realistic engine environment. In terms of temperatures, the
equivalence ratio, intake pressure, and spark timing can be adjusted to
change the main exhaust branch temperature, which is able to achieve
temperatures between 306 – 612 ◦C. The secondary branch temper-
ature is a function of the main exhaust branch temperature, tube ge-
ometry, and flowrate utilized, and is currently able to achieve between
55 – 400 ◦C . Further additions, such as larger diameter tubing and
heat tape, may allow for the upper temperature limit to be extended
to that of the main branch. Emissions delivered to both the main and
secondary branches are function of the combustion efficiency, which is
a function of the spark timing and equivalence ratio. The system has
been shown to be able to produce unburned CH4 emissions between
617 – 3604 ppm, NOx emissions between 284 – 3219 ppm, and CO
emissions between 0.06 – 3.7%. Higher emissions are able to be pro-
duced, but go beyond the extent of our system’s emissions analyzer.
While simulated exhaust gas through the use of heating and bottle gas
could be utilized to produce this range, it does not reap the benefits of
real species emissions generation in the system, which better reflects
real-world operation. Thus, the systems’ overall flexibility and wide
range of operating points allows it to be utilized for testing a variety of
different aftertreatment device configurations.

Conclusions
In summary, a single-cylinder CFR engine was used to produce emis-
sions species to develop and test a secondary slip-stream sampling
system. A range of engine operating conditions were investigated to
understand the extent of the system’s capabilities. The key findings
demonstrated in this work can be briefly described by the following
remarks:

• An exhaust Reynolds number of 4767.7 indicates turbulence,
which has been found in prior literature to be sufficient to as-
sume the exhaust gases are well-mixed for unbiased sampling.

• Aftertreatment devices have specific requirements in terms of
GHSV , and scaling down the flowrate allows for a similarly
scaled down catalyst.

• Consideration to other instrumentation in the sampling section is
necessary, and the addition of a water trap may be required de-
pending on individual system requirements if the operating tem-
perature range is below the dew-point of the exhaust gas stream.

• Exhaust temperatures achieved were up to 612 ◦C in the main ex-
haust and 400 ◦C in the secondary branch through varying engine
operating conditions, such as equivalence ratio, intake pressure,
spark timing, and tubing characteristics.

• The geometric characteristics (diameter/length) of initial section
of the secondary branch as it leaves the main branch impact the
upper temperature limit the secondary branch can achieve. A
temperature gradient of 4.92 ◦C/cm (150 ◦C/ft) with 6.35 mm
(1/4") stainless steel tubing was noted, with potential to decrease
heat losses through the use of larger diameter tubing or heat tape.

• The sampling system is partially decoupled from the engine oper-
ating conditions, which result in 32.1 – 186.8 SLPM of total flow,
allowing for a prescribed flowrate between 5 – 50 SLPM through
the aftertreatment device accomplished via a venturi ejector.

• It was demonstrated that the sampling method applied in this
work enables the sampling of gases into the catalyst branch with a
chemical composition substantially similar to that of the gases in
the main exhaust flow, which range between 617 and 3604 ppm
for unburned methane.

• The developed system demonstrated the ability to achieve a wide
range of flows, temperatures, and gas compositions through the
catalyst by separately adjusting engine operating conditions as
well as the physical characteristics of the secondary branch.
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• The system is modular and upgradeable, allowing for the instal-
lation of different geometric tubing characteristics and tempera-
tures to meet different catalyst requirements.

In essence, the system’s flexibility allows for scaled-down testing of af-
tertreatment devices under realistic engine operating conditions, which
reduces the amount of production time and material required to test the
aftertreatment device.
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Definitions, Acronyms, Abbreviations
Re Reynolds Number
ρ Density
V Average Velocity
D Exhaust Diameter
µ Dynamic Viscosity
yi Mole Fraction of Species i
SLPM Standard Liter per Minute
ID Inner Tube Diameter
OD Outer Tube Diameter
V̇ Volume Flow Rate
Vmonolith Volume of Catalyst Monolith
WHSV Weight Hourly Space Velocity
GHSV Gas Hourly Space Velocity
cp Specific Heat at Constant Pressure
L Length of Sampling Section
Tin Temperature at Sampling Section Inlet
Tout Temperature at Sampling Section Outlet
q̇loss Heat Loss per Unit Length of Sampling Section
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