',\' frontiers

In Mechanical Engineering

ORIGINAL RESEARCH
published: 21 August 2019
doi: 10.3389/fmech.2019.00052

OPEN ACCESS

Edited by:

Ming Jia,

Dalian University of Technology (DUT),
China

Reviewed by:

Matt Hall,

University of Texas at Austin,

United States

Yaopeng Li,

Dalian University of Technology (DUT),
China

*Correspondence:
Gregory M. Shaver
gshaver@purdue.edu

Specialty section:

This article was submitted to

Engine and Automotive Engineering,
a section of the journal

Frontiers in Mechanical Engineering

Received: 19 May 2019
Accepted: 05 August 2019
Published: 21 August 2019

Citation:

Vos KR, Shaver GM, Ramesh AK and
MecCarthy J Jr (2019) Impact of
Cylinder Deactivation and Cylinder
Cutout via Flexible Valve Actuation on
Fuel Efficient Aftertreatment Thermal
Management at Curb Idle.

Front. Mech. Eng. 5:52.

doi: 10.3389/fmech.2019.00052

Check for
updates

Impact of Cylinder Deactivation and
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Cylinder deactivation (CDA) and cylinder cutout are different operating strategies for
diesel engines. CDA includes the deactivation of both the valve motions and the
fuel injection of select cylinders, while cylinder cutout incorporates only fuel injection
deactivation in select cylinders. This study compares diesel engine aftertreatment thermal
management improvements possible via CDA and cylinder cutout at curb idle operation
(800 RPM and 1.3 bar BMEP). Experiments and analysis demonstrated that both CDA
and cylinder cutout enable improved fuel efficient “stay warm” thermal management
compared to a stock thermal calibration on a Clean Idle Certified engine. At curb idle,
this stock calibration depends on elevated exhaust manifold pressure to increase the
required fueling (for thermal management) and to drive EGR. The study described here
demonstrates that CDA does not require an elevated exhaust manifold pressure for
thermal management or EGR delivery control, whereas cylinder cutout does. In addition
to achieving engine-out NOx levels no higher than the stock thermal calibration, both
cylinder cutout and CDA enable up to 55 and 80% reductions in particulate matter (PM),
respectively. Cylinder cutout demonstrates 17% fuel savings, while CDA demonstrates
40% fuel savings, over the stock six-cylinder thermal calibration. These fuel efficiency
improvements primarily result from reductions in pumping work via reduced air flow
through the engine. Cylinder cutout reduces the air flow rate via elevated amounts of
recirculated gases which are also required to regulate engine-out NOx, resulting in a larger
delta pressure across the engine and consequently more pumping work than CDA. CDA
reduces the air flow rate by deactivating cylinders, which reduces the charge flow rate
and enables a small delta pressure between the intake and exhaust manifolds, resulting
in less pumping work by the cylinders. As a result, CDA is more efficient than cylinder
cutout. Furthermore, the thermal merits of cylinder cutout require high exhaust manifold
pressures, and are subject to the configuration of the exhaust manifold and the exhaust
gas recirculation (EGR) path.

Keywords: variable valve actuation, cylinder deactivation, cylinder cutout, gas exchange, fuel efficiency,
aftertreatment thermal management
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1. INTRODUCTION

Diesel engine emissions are strictly regulated in the U.S. to 0.2
g/hp-hr oxides of nitrogen (NOx), 0.01 g/hp-hr particulate
matter (PM), and 0.14 g/hp-hr unburnt hydrocarbons
(UHC) (United States Environmental Protection Agency,
2010). On-engine emissions control strategies include
varying the injection timing, amount, and pressure; exhaust
gas re-circulation (EGR); intake air valve throttling; and
exhaust manifold pressure control via a valve or variable
geometry turbine (VGT) (Johnson, 2012; Stanton, 2013;
Joshi et al., 2017). Aftertreatment systems are also required
(Stanton, 2013).

Modern diesel engine aftertreatment systems include a diesel
oxidation catalyst (DOC), diesel particulate filter (DPF), and
selective catalytic reduction (SCR) system. The DOC oxidizes
engine-out UHC and carbon monoxide (CO). The DPF functions
as a filter to capture PM that is produced during combustion
and the SCR reduces NO,. Effective exhaust aftertreatment
operation requires elevated temperatures, generally exceeding
250°C (Charlton et al., 2010; Hou et al., 2010; Gehrke et al., 2013;
Song et al., 2013; Stadlbauer et al., 2013; Chen and Wang, 2014,
2016).

Cylinder deactivation (CDA) involves deactivating the fuel
injection and valve motion for a sub-set of cylinders (Archer
and McCarthy, 2018). CDA is a well studied and implemented
strategy in the gasoline market, for which fuel benefits are
realized by enabling stoichiometric combustion with reduced
intake air throttling (Leone and Pozar, 2001; Radulescu et al.,
2013). Production diesel engines do not currently implement
CDA. Previous work by several of the co-authors, and others,
has shown that diesel engine CDA exhibits a beneficial thermal
impact on the aftertreatment system (Leone and Pozar, 2001;
Zammit et al., 2014; Ding et al.,, 2015; Garg et al., 2016; Joshi
et al., 2017). Joshi et al. demonstrated 3% fuel savings when
CDA is implemented at idle during the heavy-duty federal test
procedure (HDFTP) (Joshi et al., 2017). CDA combined with
flexible valve motion at steady-state lightly loaded and loaded idle
conditions further improves the tradeoft between fuel economy
and thermal management in comparison to conventional thermal
management strategies (Ding et al., 2015; Lu et al., 2015). Ramesh
et al. demonstrated 5-25% fuel savings while simultaneously
improving the rate of warm-up of the aftertreatment system
at elevated engine speeds and low engine loads via CDA
(Ramesh et al., 2017).

Cylinder Cutout only deactivates the fuel injection for a
sub-set of cylinders. Previous work has shown up to 26%
fuel savings via Cylinder Cutout operation in a medium speed
diesel-gas dual fuel engine with exhaust throttling capability
at low-load conditions without demanding any major changes
to the engine setup (Konrad et al., 2018). Yang demonstrated
an improvement of 1-13% in fuel efficiency using Cylinder
Cutout operation on an excavators diesel engine (Yang et al.,
2012). At low loads, Mo demonstrated in Mo et al. (2013)
that Cylinder Cutout has significantly higher pumping losses
than CDA.

Motivation

Figure 1A illustrates the speed and load for the engine used in
this study as operated over the HDFTP. This drivecyle is meant
to represent medium- and heavy-duty diesel engine usage in real-
world applications. During the HDFTP, approximately ~ 43% of
the time is spent at curb idle (800 RPM and 1.3 bar BMEP), which
corresponds to nearly 6% of the total fuel expended.

Figure 1B illustrates the engine-out temperatures required for
effective aftertreatment operation. As shown, fuel-efficient (FE)
low load operation, which includes curb idle, generally does
not produce engine-out temperatures that are high enough to
support effective SCR NO, reduction. It will be experimentally
demonstrated at curb idle that both CDA and Cylinder Cutout are
capable of achieving desirable engine-out temperatures in a more
fuel efficient manner than a state-of-the-art thermal calibration.

Previous work has demonstrated fuel efficiency benefits
for CDA and Cylinder Cutout, where only CDA has been
shown to improve fuel-efficient stay-warm aftertreatment
thermal management performance. As a result, a comparison
of fuel-efficient stay-warm performance between CDA and
Cylinder Cutout has not been experimentally demonstrated in
prior research.

The effort described here will compare Cylinder Cutout and
CDA on a multi-cylinder diesel engine by establishing their fuel-
efficient thermal management characteristics at curb idle and
evaluating their performance against a state-of-the-art thermal
calibration. Additionally, the extent to which the utilization of
exhaust manifold pressure control via a VGT, the configuration of
the exhaust manifold, and the placement of the EGR loop impact
the thermal management performance of Cylinder Cutout and
CDA is discussed in detail.

2. EXPERIMENTAL SETUP

A six-cylinder Clean Idle Certified Cummins diesel engine
equipped with a camless variable valve actuation (VVA) system
was utilized to perform the experiments described in this effort.
An alternating current PowerTest dynamometer is attached to
the engine to enable engine speed/torque control. Figure 2A
illustrates a schematic of the air handling system, which is
composed of a VGT turbocharger and cooled high pressure
exhaust gas recirculation (EGR). The fuel system incorporates a
high pressure common rail fuel injection arrangement and the
cooling system utilizes an air-to-water charge air cooler (CAC).
A conditioned combustion air system provides fresh air flow
to the engine, while a laminar flow element is incorporated for
measurement. The fuel flow rate is gravimetrically measured via a
Cybermetrix Cyrius Fuel Subsystem unit. Cambustion NDIR500
fast CO/CO; analyzers measure the CO; concentration in both
the intake manifold and the exhaust pipe. The NOx at the engine-
outlet condition, downstream of the turbocharger, is measured
using a Cambustion CLD500 analyzer in the exhaust-pipe. AVL
photo-acoustic transient analyzers record the concentration of
particulate matter in the exhaust pipe. The intake and exhaust
paths are lined with thermocouples and thermistors throughout
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Each of the six cylinders are equipped with either AVL
QC34C or Kistler 6067C pressure transducers, which enable
measurements of in-cylinder pressure through an AVL 621  via an external hydraulic pump. Linear variable differential
Indicom module. Crank angle reference is provided via an AVL  transformers (LVDT) provide position feedback and real-time
365C crankshaft position encoder. A dSpace data acquisition  control of individual valve pairs, two per cylinder. For this
system interfaces with the experimental testbed to monitor valve-  study, the system controller only employs the flexibility of the
profiles, as well as log/display any necessary data. Generic serial ~ VVA to implement CDA, as cylinder cutout does not require
interfaces (GSI) connect the engine control module (ECM)  modification to the valve profiles.
to the dSpace system, enabling cylinder-specific, cycle-to-cycle
monitoring and control of fuel timing/amount along with
additional engine operating parameters. 3. METHODOLOGY

The fully flexible VVA system allows for cylinder independent,
cycle-to-cycle control of the intake and exhaust valve opening
timing, closing timing, lift, and ramp rates. Specifically, this
enables complete deactivation of both intake and exhaust valves
in each cylinder (i.e., CDA). Figure 2B illustrates the systems 1. Fuel Efficient (FE) Baseline
operating principle, which is powered independent of the engine 2. Thermal Management (TM) Baseline

3.1. Individual Strategy Analysis
The following summarizes the strategies investigated in this
effort:
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3. Cylinder Deactivation (CDA)

(a) CDA: 1,2,3 Active
(b) CDA: 4,5,6 Active
(c) CDA: 3,4 Active

4. Cylinder Cutout

(a) Cylinder Cutout: 1,2,3 Active
(b) Cylinder Cutout: 4,5,6 Active
(c) Cylinder Cutout: 2,3,4,5 Active

Figure 3A is representative of the engine used in this study
operating in conventional six cylinder mode, including the
FE Baseline and TM Baseline modes. FE Baseline targets fuel
efficiency, for which fuel-efficient injections are implemented to
enable a heat release starting near top dead center. TM Baseline
targets aftertreatment thermal management at the expense of
increased fuel consumption. Specifically at curb idle, this strategy
utilizes exhaust manifold pressure control, via an over-closed
VGT, to increase the back-pressure and enable more fuel to be
consumed for improved thermal management performance.

CDA is implemented via deactivation of fueling and valve
motions for 3 or 4 (of 6) cylinders, as shown in Figures 3B-D.

Cylinder cutout is implemented by deactivating fuel injections
for 2 or 3 (of 6) cylinders, while maintaining nominal intake
and exhaust valve movement in all six cylinders. As a result,
the cylinders without fuel are still allowed to breathe normally,
which is the key difference from CDA operation. Figures 3E-G
illustrate the different Cylinder Cutout operations utilized in this
study. Specifically, Cylinder Cutout: 1,2,3 Active and Cylinder
Cutout: 4,5,6 Active correspond to operation when half of the
engine is firing and the other half is pumping charge gas; the
difference being whether it is the front half of the engine or
the back half of the engine firing, per Figures 3E,F, respectively.
Cylinder Cutout: 2,3,4,5 Active corresponds to operation when
four of the six cylinders are firing (per Figure 3G), while the other
two cylinders pump charge gas.

Figure 4 illustrates the valve profiles utilized for each of
the different strategies. The conventional profiles shown in
Figure 4A are representative of the valve movement in FE
Baseline, TM Baseline, Cylinder Cutout, and only the active
cylinders in CDA. The deactivated cylinders in CDA have the
valve profiles depicted in Figure 4B.

The injection timings and corresponding heat release rates for
each of the aforementioned strategies are illustrated in Figure 5.
FE Baseline, CDA, and Cylinder Cutout utilize a pilot and main
injection (i.e., 2 injections), whereas TM Baseline implements a
pilot, main, and two post injections (i.e., 4 injections). As noted
previously, the FE Baseline has relatively early fuel injections to
enable fuel efficient operation. Whereas, TM Baseline, CDA, and
Cylinder Cutout implement late injections to increase the thermal
energy at engine-out.

3.2. Brake Thermal Efficiency Analysis

Cycle efficiency analysis is one method used in this effort to
compare the performance of each individual strategy. Each
strategy has an impact on the gas exchange, energy conversion,
and parasitic losses of the engine. These impacts manifest

themselves in the following three cycle efficiencies: open, closed,
and mechanical. Open cycle efficiency (OCE) quantifies the
effectiveness of cylinder gas exchange. Closed cycle efficiency
(CCE) captures the efficiency of fuel-energy conversion to piston-
work during the closed cycle, and is degraded by delayed heat
release and in-cylinder heat transfer. Mechanical efficiency (ME)
captures the effect of friction and the parasitic losses from engine
loads. Equation (1) relates these efficiencies to the brake thermal
efficiency (BTE) (Stanton, 2013):

BTE = OCE x CCE x ME. (1)

Essentially, the overall BTE of the engine can be subdivided into
these three efficiencies to isolate where the relative changes are
coming from. These efficiencies are derived in Stanton (2013)
and obtained using measured engine pressure, volume, and load.
In addition, Equation (2) shows the relationship between brake
thermal efficiency (BTE) and brake specific fuel consumption
(BSFC), where (LH V) is the lower heating value of the fuel.
Together Equations (1) and (2) provide a direct path from the
cycle efficiencies to the overall BSFC.

1
BSFC= ————— 2
LHVj, BTE

4. EXPERIMENTAL STEADY-STATE FUEL
EFFICIENT THERMAL MANAGEMENT
RESULTS

Steady-state tests were conducted at curb idle (800 RPM and 1.3
bar BMEP) for FE Baseline, TM Baseline, and the aforementioned
variations of CDA and Cylinder Cutout. Each CDA and Cylinder
Cutout strategy targeted fuel-efficient thermal management
performance to improve either aftertreatment warm-up or
stay-warm performance. Ideal warm-up performance exhibits
elevated engine-out mass flows and temperatures in order to
increase the exhaust gas-to-catalyst heat transfer rate (i.e., heat up
rate). Ideal stay-warm performance exhibits low engine-out mass
flows and elevated temperatures to minimize/avoid catalyst-to-
exhaust gas heat transfer.

The tested strategies demonstrate improvements to both the
stay-warm and warm-up abilities compared to FE Baseline. In
comparison to the TM Baseline, Table 1 highlights improvements
in fuel-efficiency, emissions, and stay warm performance for all
CDA cases, as well as Cylinder Cutout: 1,2,3 Active. However,
all tested strategies exhibit an inferior warm-up performance
relative to the TM Baseline (per Table 1).

Compared to the TM Baseline, Cylinder Cutout improves
aftertreatment stay-warm performance while realizing a 17%
reduction in fuel consumption. CDA achieves the same stay-
warm improvements while realizing a 40% reduction in fuel
consumption in comparison to the TM Baseline. The split
exhaust manifold architecture and the location of the EGR
loop (per Figure 3), significantly impacts the performance of
Cylinder Cutout operation, while only marginally influencing
the performance of CDA. Additionally, the ability to directly
control the exhaust manifold pressure was required for the

Frontiers in Mechanical Engineering | www.frontiersin.org

August 2019 | Volume 5 | Article 52


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

\os et al. CDA and Cylinder Cutout Comparison at Idle
A TM & FE Baseline
”{:.
4y INTAKE MANIFOLD
e
b = l Charge gas
O t <
= =
= 5]
o =
§3 l Combusted exhaust gas
o~
Fresh air
B CDA: 1,2,3 Active (o] CDA: 4,5,6 Active
£ 72}
&) INTAKE MANIFOLD 5 INTAKE MANIFOLD
= . & - =
211 v < 21 3
= 514 * % = =
- 8 3 g
2 1)
3 &
2 ~
; '
Exhaust Fresh air Exhaust Fresh air
D CDA: 3,4 Active E Cylinder Cutout: 1,2,3 Active
wn) w)
8 INTAKE MANIFOLD 5 INTAKE MANIFOLD
- f
—8 ' .a E tt . s
= = [ =
— w i 72}
= o 2 2
g - =
2 EXHAUST ||MANIFOLD 3 EXHAUST (| MANIFOLD
oﬁ 1 & L
Turbo Turbo ’
charger , 4 charger
Exhaust Fresh air Exhaust Fresh air
F Cylinder Cutout: 4,5,6 Active G Cylinder Cutout: 2,3,4,5 Active
£ 7))
O INTAKE MANIFOLD 5 INTAKE MANIFOLD
e, -5 o 5
21t = 5 t"‘ =]
k= = £ =
= N - o = 3
k= ‘ ' = B s
8 EXHAUST ||MANIFOLD 3 EXHAUST |[MANIFOLD
[ & 1

charger ,

Exhaust Fresh air

FIGURE 3 | (A) Normal operation with the engine firing in all six cylinders. (B) Three cylinder CDA operation with the engine firing in the first three cylinders. (C) Three
cylinder CDA operation with the engine firing in the last three cylinders. (D) Four cylinder CDA operation with the engine firing in the middle two cylinders. (E) Three
Cylinder Cutout operation with the engine firing in the first three cylinders. (F) Three Cylinder Cutout operation with the engine firing in the last three cylinders. (G) Two
Cylinder Cutout operation with the engine firing in the middle four cylinders.

Turbo
v
charger ,

Exhaust 1‘ ‘ t

Fresh air

Frontiers in Mechanical Engineering | www.frontiersin.org

August 2019 | Volume 5 | Article 52


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

CDA and Cylinder Cutout Comparison at Idle

Vos et al.
A 12
Piston
Exhaust

e Intake

g 8 Injection

& Timing FE Baseline

»;‘ Heat Release

%‘ 4 it 8" R
S

0 TM Baseline
BDC TDC BDC
B L ARG /M
12
Piston

’g‘ CDA:1.2,3 Active
g 8
&

|

g

S

g

4 Exhaust Intake CDA:4.5,6 Active
BDC TDC BDC
FIGURE 4 | (A) Valve profiles for normal operation and Cylinder Cutout | |  —=——=-mnnv LS
operation. (B) Valve profiles for the deactivated cylinders for CDA operation.

Cylinder Cutout strategies to create the back-pressure necessary
to drive enough EGR to constrain engine-out NOx and reduce
airflow. Each of the Cylinder Cutout and CDA strategies exhibit
emissions that were as good, or better, than the TM Baseline
condition (per Figure 6). CDA allowed for a significant 65-80%
reduction in PM during stay warm operation, while Cylinder
Cutout allowed ~ 55% reduction in PM, compared to the
TM Baseline. These reductions in PM primarily resulted from
the corresponding air flow reductions for CDA and Cylinder
Cutout, while maintaining relatively high air-to-fuel ratios due to
reductions in fuel consumption. Reductions in engine-out NOx
and HC were also observed for some of the CDA and Cylinder
Cutout strategies during stay-warm operation in comparison to
TM Baseline.

4.1. Impact on Gas Exchange Dynamics

Figure 7 shows the impact each strategy has on the charge
flow, air flow, recirculated gas (RG) flow, air-to-fuel-ratio (AFR),
recirculated gas mass fraction, EGR fraction, and VGT position.
All flows are normalized to the charge flow of TM Baseline.
As shown, FE Baseline, TM Baseline, and Cylinder Cutout have
comparable charge flows because the conventional opening and
closing of the intake and exhaust valves result in similar amounts
of charge gas entering/exiting the six cylinders. Alternatively,
CDA reduces the number of operating cylinders that induct/expel
this charge gas, enabling a reduction in charge flow. Equation (3)

CDA: 34 Active

Cylinder Cutout: 1,23 Active

Cylinder Cutout: 45,6 Active

Cylinder Cutout: 23 4,5 Active

TDC TDC+50
(Crank Angle Degrees)

FIGURE 5 | Heat release rates and injection timings for each strategy on a
crank angle degree basis. The heat release rates are an average of the active
(firing) cylinders in each strategy.
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TABLE 1 | Summarized table of results at 800 RPM and 1.3 bar BMEP, comparing each strategy to the TM Baseline for stay-warm performance (at catalyst temperatures
above 250°C), warm-up performance (at catalyst temperatures below 250°C), BSFC, BSNOx, BSPM, and the requirement of exhaust manifold pressure control.

Conventional (6-Cylinder)

Cylinder deactivation (CDA)

Cylinder cutout

TM baseline 1,2,3 Active 4,5,6 Active 3,4 Active 1,2,3 Active 4,5,6 Active 2,3,4,5 Active
Better stay-warm performance Baseline v v v v X X
Better warm-up performance Baseline X X X X X X
Lower fuel consumption Baseline v v v v v v
Lower engine-out NOx Baseline v v v v v v
Lower engine-out PM Baseline v v v v v v
No exhaust manifold pressure control required — x v v v X X X

The check mark signifies an improvement in performance, while the cross mark signifies a decline in performance, compared to the TM Baseline.

relates the flows within the engine:

mchg = thair + MRG> (3)
where 71, is the charge flow, m,;, is the air flow, and mgg is the
RG flow.

The recirculated gas mass fraction represents the quotient of
RG flow and charge flow (per Equation 4 from Jddskeldinen and
Khair, 2016), while the EGR fraction is determined via the intake,
exhaust, and ambient CO, concentrations per Equation (5) from
Domenico et al. (2017).

RG Mass Fraction = @ (4)
Mpg
. Intake CO, — Ambient CO,
EGR Fraction = (5)

Exhaust CO, — Ambient CO,

RG flow for conventional diesel is equivalent to EGR flow for
typical operation with combustion occurring in all cylinders.
These flows are also identical for CDA operation, as only
the combusting cylinders contribute to the composition of the
recirculated gasses. Unlike CDA and conventional six cylinder
operation, Cylinder Cutout has non-firing cylinders that dilute
the CO, concentration of the recirculated gas, resulting in a
difference between the RG and EGR flows. Specifically, RG
flow accounts for all gas that is recirculated back to the intake
manifold, which differs from the conventional EGR flow when
the cutout cylinders are pumping non-combusted charge gas
directly into the EGR loop, per Figure 3F.

Modern diesel engines reduce NOx using in-cylinder O,
dilution via EGR and delayed injections. In-cylinder O, dilution
achieves NOx reduction by lowering the flame front temperatures
during mixing-controlled combustion in the cylinder. O,
dilution in the cylinder can be achieved by inducting a portion
of already combusted exhaust gases, as the O, mass fraction in
the exhaust is lower than air, resulting from partial consumption
of airborne O, during combustion. Cylinder gases expelled into
the exhaust manifold from cylinders not undergoing combustion
will therefore have higher mass fractions of O,, compared
to gases from the combusting cylinders. As a result, the RG
from non-fired cylinders will not be as effective at diluting in-
cylinder O, levels.

Figure 7 illustrates the requirement to flow significantly
higher RG (i.e., increase the recirculated gas mass fraction) for

€ TM Baseline
O FE Baseline
® CDA: 1,2,3 Active
© CDA: 4,5,6 Active
© CDA: 3.4 Active
A Cylinder Cutout: 1,2,3 Active
A Cylinder Cutout: 4,5,6 Active
A A Cylinder Cutout: 2,3,4,5, Active
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C
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FIGURE 6 | (A) Normalized BSNOX relative to TM Baseline. (B) Normalized
BSPM relative to TM Baseline. (C) Normalized BSUHC relative to TM Baseline.

some, but not all, of the Cylinder Cutout cases to achieve desirable
in-cylinder O, mass fractions for NOx control. The amount of
RG required for these cases directly depends on the location of
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FIGURE 7 | normalized to the charge flow of TM Baseline. (D) Air-to-Fuel ratio
for each of the experimental cases. (E) Recirculated gas mass fraction,
corresponding to Equation (4). (F) EGR fraction, corresponding to Equation (5).
(G) VGT position, in which 100% is an over-closed VGT.

the EGR loop, as well as which cylinders are firing. Per Figure 3,
the EGR loop is located directly in line with the bank of cylinders
4, 5, and 6. This contributes to the difference in results between
Cylinder Cutout: 1,2,3 Active and Cylinder Cutout: 4,5,6 Active.
Specifically, implementing Cylinder Cutout: 1,2,3 Active requires
a 56% increase to the RG flow in order to recirculate enough
exhaust gas from cylinders 1, 2, and 3, as shown in Figure 7.
For this case the EGR loop is diluted with charge gas from the
bank of cutout cylinders 4, 5, and 6, thereby requiring a larger RG
flow to mitigate emissions. This phenomena is also illustrated in
Figures 7E,F, in which the 27% increase in the recirculated gas
mass fraction for Cylinder Cutout: 1,2,3 Active enabled an EGR
fraction capable of constraining NOx. The elevated RG flow was
achieved using an elevated exhaust manifold pressure to drive
high amounts of RG via the EGR system, resulting in a 52%
reduction in air flow relative to the TM Baseline.

Cylinder Cutout: 4,5,6 Active required less RG flow because the
bank of firing cylinders 4, 5, and 6 is directly feeding concentrated
exhaust gas into the EGR loop. This resulted in RG flow, and
therefore air flow, similar to TM Baseline. Among the three cases,
Cylinder Cutout 2,3,4,5 is a more symmetric strategy in that the
split exhaust manifold no longer contains one bank of cylinders
emitting significantly more concentrated exhaust gas than the
other. As a result, this strategy lies in-between the other two
strategies by requiring less RG flow than Cylinder Cutout: 1,2,3
Active but more than Cylinder Cutout: 4,5,6 Active.

The location of the EGR loop does not induce the same
discrepancy in results between CDA strategies. This is because
the deactivated cylinders are not pumping charge gas from the
intake to exhaust manifolds via the cylinder, thereby preventing
any dilution of the recirculated exhaust gas from occurring. The
CDA strategies result in less charge flow, and as a result lower
air flow, than six cylinder operation because fewer cylinders are
transmitting charge gas from the intake to exhaust manifold.
Specifically, CDA: 1,2,3 Active, CDA: 4,5,6 Active, and CDA: 3,4
Active enable approximately ~ 46% reduction in air flow relative
to the TM Baseline. Figure 7 illustrates similar bulk air, RG, and
charge gas exchange for all arrangements of CDA. CDA operates
without requiring exhaust manifold pressure control (unlike the
TM Baseline and the Cylinder Cutout strategies), as a result of
needing less EGR to constrain NOx.

4.2. Impact on Efficiency

Figure 8A illustrates the delta pressure between the exhaust
and intake manifold for each strategy. In general, an increase
in manifold delta pressure forces the engine to work harder
at pumping gas through the cylinders. As a result, the fuel
consumption monotonically increases with delta pressure, where
the TM Baseline is expending the most fuel by forcing the engine
to work the hardest against a significant pressure gradient.
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This phenomenon is also captured in the log-p log-v diagram
(per Figures 8B,C). As shown, the TM Baseline has a significantly
larger pumping loop than the efficient FE Baseline strategy
(per Figure 8B). This difference is due to a large manifold
delta pressure created from an over-closed VGT for the TM
Baseline strategy, implemented to make the engine work harder,
increasing the amount of required fueling, with higher exhaust
temperatures resulting.

Figure 8C illustrates that the Cylinder Cutout strategies
possess larger pumping loops than the more fuel efficient CDA.
This results from a combination of an over-closed VGT and
higher charge flows in the Cylinder Cutout strategies, which
lead to higher pressures in the exhaust manifold. Specifically,
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O CDA: 34 Active
A Cylinder Cutout: 1,2,3 Active
A Cylinder Cutout: 4,5,6 Active
A Cylinder Cutout: 2,3,4,5, Active
1.6 o wo
1.4

1.2 A

16
1.4
1.2
A®
0.8

O CCE (Normalized) m OCE (Normalized) >

1.6
1.4
12

0.8

19 e

1.6 %

1.3
Ap

BTE (Normalized) O ME (Normalized)

0.4 0.6 0.8 1

BSFC (Normalized)

FIGURE 9 | (A) Represents the impact each strategy had on OCE. (B)
Represents the impact each strategy had on CCE. (C) Represents the impact
each strategy had on ME. (D) Represents the impact each strategy had on the
overall BTE.

Cylinder Cutout reduces the air flow rate via elevated amounts
of recirculated gases by non-fired cylinders, which maintains
elevated charge flow rates that contribute to larger delta pressures
across the engine and consequently more pumping work than
CDA. This leads to a less efficient Cylinder Cutout strategy
in comparison to the CDA strategy. Conversely, CDA reduces
the air flow rate by deactivating cylinders, which reduces the
charge flow rate and enables a small delta pressure across
the engine, resulting in less pumping work by the activated
cylinders. The pressure-volume plots are in agreement with the
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pressure difference between the intake and exhaust manifolds
in Figure 8A, as a larger delta pressure results in a larger
pumping loop.

Open, closed, and mechanical cycle efficiencies are used
to understand the BTE and fuel economy impact for each
strategy (per Figure 9). As shown, the tested strategies exhibited
comparable CCE and ME, indicating similar fuel-energy
to piston-work conversion and parasitic losses, respectively.
Therefore, the main contributor to the differences in fuel
efficiency and BTE is OCE. Specifically, due to the reduction
in air flow and the low delta pressures across the manifolds,
CDA strategies realize the highest OCE, with a ~ 50% relative
improvement over the TM Baseline. Among the Cylinder Cutout

strategies, Cylinder Cutout: 1,2,3 Active shows the largest absolute
improvement of nearly 17% over the TM Baseline. These OCE
improvements are less significant for Cylinder Cutout due to
elevated charge flows and higher exhaust manifold pressures
(i.e., more pumping work) in comparison to CDA. Overall, these
efficiency impacts correspond to 40-45% improvement in fuel
efficiency for the CDA strategies and 3-17% improvement in fuel
efficiency for the Cylinder Cutout strategies relative to the TM
Baseline (per Figure 9D). In comparison to the FE Baseline, this
corresponds to ~ 3 —12% increase in fuel efficiency for CDA, and
~ 33 — 57% decrease in fuel efficiency for Cylinder Cutout.

4.3. Impact on Aftertreatment Thermal

Management
Figure 10 illustrates the steady-state exhaust flow, turbine outlet
temperature (TOT), and BSFC for the tested strategies. As
shown, all CDA cases and Cylinder Cutout: 1,2,3 Active have
approximately ~ 50% less exhaust flow in comparison to the
TM Baseline. These low exhaust flows are directly related to
the aforementioned air flow reductions. Furthermore, CDA: 3,4
Active and Cylinder Cutout: 1,2,3 Active have TOT values within
3°C of the TM Baseline. The remaining Cylinder Cutout and CDA
strategies realize nearly ~ 37°C reduction in TOT compared
to the TM Baseline, while Cylinder Cutout: 4,5,6 Active is the
only strategy with a comparable exhaust flow (~ 5% reduction).
Figure 10 also shows CDA’s ability to achieve elevated TOTs
while consuming less fuel than the Cylinder Cutout strategies.
The thermal performance of each strategy is compared from
a warm-up and stay-warm standpoint. Specifically, warm-up
requires exhaust gas-to-catalyst heat transfer, which is enabled by
elevated exhaust flow rates and engine-outlet temperatures larger
than the current catalyst temperature. Stay-warm operation
requires elevated engine-outlet temperatures to either eliminate,
or minimize, catalyst-to-exhaust gas heat transfer. Figure 11
represents an approximation of the relative heat transfer
rate from the engine-out gas to the aftertreatment system
components. This heat transfer rate is derived from the Dittus-
Boelter empirical equation and approximated by the following:

4
g~ CP mesxh (TOT — Tcatalyst)> (6)

where g is the heat rate, C, is the heat capacity, i1y, is the exhaust
flow, Tcaralyst is the catalyst temperature, and TOT is the turbine
outlet temperature.

This simplified model characterizes an approximate heat
transfer rate to the aftertreatment system from the engine exhaust
gas, in which experimental 7.y, and TOT are obtained for each
of the curb idle strategies. This equation shows that there is a
positive heat transfer rate to the aftertreatment system so long
as (TOT — Teapayst) > 0, thus resulting in warm-up. Likewise, if
(TOT — Teatalyst) < 0, the aftertreatment system cools down due
to a negative heat transfer rate. The crossing point of the zero heat
transfer lines in Figure 11 correspond to the TOT for the given
strategy. The exhaust flow in Equation (6) correlates to the slope
of the normalize heat transfer lines in Figure 6. Higher exhaust
flows result in steeper slopes in the heat transfer line, while lower
exhaust flows result in gradual slopes. Effectively, high exhaust
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325 400

flow rates can lead to an improved warm-up rate if TOT is
larger than Taapyst- Conversely, if TOT is smaller than Teaapysts
that same high exhaust flow rate will lead to faster cooling
of the aftertreatment system. When considering low exhaust
flow rates, the impact of TOTs lower than desirable/current
catalyst temperatures can be partly mitigated. Low exhaust flow
rates reduce the magnitude of heat transfer during operating
modes when engine-outlet temperatures drop below desirable
catalysts temperatures.

Figures 11A,B show that for aftertreatment catalyst
temperatures below 250°C, the TM Baseline is the fastest
warm-up strategy of those methods considered in this paper.
Cylinder Cutout: 4,5,6 Active is the next best warm-up performer.
Despite having a comparable exhaust flow to TM Baseline (i.e.,
similar slopes), this Cylinder Cutout strategy underperforms due
to its lower TOT.

Figure 11B  shows that for aftertreatment catalyst
temperatures above 250°C, CDA: 3,4 Active and Cylinder
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Cutout: 1,2,3 Active outperform TM Baseline. This is due to
lower fuel consumption, together with TOTs comparable to TM
Baseline, and exhaust flow rates lower than TM Baseline. More
specifically, these CDA and Cylinder Cutout strategies reduce
fuel consumption by 40 and 17%, respectively, in comparison to
TM Baseline.

Figure 11B illustrates approximately ~53 and 45%
improvements to the heat transfer rate for CDA: 3,4 Active
and Cylinder Cutout: 1,2,3 Active respectively, for catalyst
temperatures above 250°C. CDA: 1,2,3 Active and CDA: 4,5,6
Active perform similarly to each other, in which both exhibit
approximately a 10% reduction in the heat transfer rate relative
to CDA: 3,4 Active for all catalyst temperatures. This is due to a
reduction in TOT while maintaining a similar exhaust flow (i.e.,
similar slopes).

In summary, the TM Baseline is the fastest curb idle warm-
up strategy considered in this paper due to an elevated exhaust
flow and TOT. CDA: 3,4 Active and Cylinder Cutout:1,2,3 Active
outperform the other curb idle strategies from a stay-warm
perspective. CDA: 3,4 Active is also more efficient in its stay-
warm thermal management performance as it realizes a 40%
reduction in fuel compared to the TM baseline; whereas Cylinder
Cutout:1,2,3 Active realizes a 17% reduction in fuel.

5. EXPERIMENTAL STEADY-STATE
RESULTS WITHOUT EXHAUST MANIFOLD
PRESSURE CONTROL

As demonstrated in the previous section, CDA did not utilize
exhaust manifold pressure control to improve the stay-warm
performance compared to TM Baseline. However, the previous
Cylinder Cutout strategies utilized exhaust manifold pressure
control to create the necessary back-pressure for aftertreatment
thermal management, air flow reduction, and RG flow control, in
which only Cylinder Cutout: 1,2,3 Active improved the stay-warm
performance relative to TM Baseline. As a result, this section will
demonstrate the extent to which the tested strategies depend on
exhaust manifold pressure control for fuel efficient stay-warm
performance and NOx control. Specifically, per Figure 12, an
Open VGT setting is employed to eliminate the ability to control
the exhaust manifold pressure (i.e., reduce the back-pressure on
the engine) for all CDA and Cylinder Cutout strategies.

Figure 12 illustrates the gas exchange for each strategy when
implementing the Open VGT setting. The Open VGT TM
Baseline illustrates the effect of opening the VGT position nearly
33% from its stock position in the TM Baseline strategy (per
Figure 7G). As a result, a 37% improvement in fuel efficiency
was realized due to the significant reduction in back-pressure,
and therefore pumping work. The reduction in fuel significantly
increased the AFR, which prompted a ~ 75°C reduction in TOT
(per Figures 13A,B), and a ~ 30 — 50% reduction in exhaust
gas-to-catalyst heat transfer (per Figure 13C).

Both open VGT Cylinder Cutout strategies illustrate nearly
a ~ 37% reduction in fuel consumption compared to the TM
Baseline. As mentioned previously, the Cylinder Cutout strategies
are directly impacted by the location of the EGR loop. Firing

4 TM Baseline
A Open VGT Cyl. Cut.: 4,5,6 Active
A Open VGT Cyl. Cut.: 1,2,3 Active
O Open VGT TM Baseline
® Open VGT CDA: 1,2,3 Active
O Open VGT CDA: 4,5,6 Active
A O CDA: 3,4 Active
. L10
g Q ¢
é 0.90 A
% 070
jo%
[
%‘1 0.50 ao
“ 030
Q 60
- 50
bt 40
2 .
60
20
(o]
0.6
g o4
2 N .
k02 6
:;é o
0.0
D
- A 0.6
g 0.4
8 .
= (<] 0.2
= (o)
Q
M A 0.0
E
~ 100 *
=
L
ﬁ 2 9
@)
2 80
55 10
(=]
= © A
£ 60
0.40 0.60 0.80 1.00
BSFC (Normalized)
FIGURE 12 | (A) Charge flow through the engine normalized to the TM
Baseline. (B) Air-to-Fuel ratio for each of the experimental cases. (C)
Recirculated gas mass fraction, corresponding to Equation (4). (D) EGR
fraction, corresponding to Equation (5). (E) VGT position, in which 100% is an
over-closed VGT.

cylinders 4, 5, and 6 with an open VGT resulted in nearly a
170°C reduction in TOT, leading to a significant decrease in
thermal management performance relative to the TM Baseline
(per Figure 13C). This reduction in temperature is a result of
pumping cold gasses to the exhaust via the cutout cylinders, as
well as elevated AFR values. Conversely, Open VGT Cylinder
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Cutout: 1,2,3 Active failed to constrain BSNOx (per Figure 14),
due to a relatively low EGR fraction (per Figure 12). Without
exhaust manifold pressure control, this strategy was unable to
create the necessary back-pressure to drive enough recirculated

exhaust gas from cylinders 1, 2, and 3. As a result, the RG was
primarily composed of gasses from cylinders not undergoing
combustion (i.e., high O, concentrations), leading to a low EGR
fraction and a high BSNOx level.
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The CDA strategies realized a 40% reduction in fuel
consumption when deactivating four cylinders and ~ 43%
reduction in fuel when deactivating three cylinders (per
Figure 12). CDA: 3,4 Active is identical to the strategy in
the previous section due to the fact that it already utilized
the Open VGT setting. As a result, it maintains the fuel
efficient thermal management performance via an elevated
TOT and low exhaust flow rate (per Figures 13A,C). Similarly,
deactivating three cylinders and enforcing an open VGT
position did not significantly impact the fuel efficient thermal
management performance.

In summary, the Cylinder Cutout strategies were not capable
of achieving the necessary back-pressure on the engine without
directly manipulating the exhaust manifold pressure, resulting in
poor thermal management performance and inconsistent NOx
control (per Figures 13C, 14), respectively. Conversely, CDA
operation did not require exhaust manifold pressure control to
drive EGR for NOx control. Therefore, CDA maintained the
improved fuel efficient stay warm performance without requiring
an elevated back-pressure on the engine.

6. SUMMARY

Aftertreatment systems require thermal energy to operate
efficiently and effectively. The efforts in this paper demonstrate
at a curb idle condition (800 RPM and 1.3 bar BMEP)
that both CDA and Cylinder Cutout are effective strategies
at preserving heat to maintain efficient aftertreatment
performance. Implementing Cylinder Cutout on a diesel
engine requires deactivating only fuel injections for a sub-set of
cylinders, whereas CDA requires deactivating fuel injections and
valve motions.

In comparison to a state-of-the-art six cylinder thermal
management baseline (TM Baseline) calibration with four late
injections and an elevated exhaust manifold pressure, Cylinder
Cutout realizes 17% fuel savings while more effectively keeping
an already warm aftertreatment system warm enough to operate
efficiently. Specifically at curb idle, Cylinder Cutout: 1,2,3 Active

realizes a high TOT and a low exhaust flow rate via elevated
amounts of recirculated gases by non-fired cylinders, which
enables a slower cool down rate of the aftertreatment system
in comparison to conventional TM Baseline. These elevated
amounts of recirculated exhaust gas required high exhaust
manifold pressures to drive the flow. Overall, this strategy
corresponded to nearly a 45% improvement in exhaust gas-to-
catalyst heat transfer for catalyst temperatures above ~ 250°C.

It was also demonstrated that Cylinder Cutout thermal
management performance was significantly dependent on the
geometry of the split exhaust manifold and the ability to control
the exhaust manifold pressure. Specifically, the location of the
EGR loop on the tested split manifold resulted in instances with
either diluted or concentrated recirculated gas due to the Cylinder
Cutout cases effectively pumping non-combusted charge gas
through the cutout cylinders. As a result, this architecture of
the engine led both Cylinder Cutout: 4,5,6 Active and Cylinder
Cutout: 2,3,4,5 Active to under-perform the TM Baseline at
warming up the aftertreatment system, as well as keeping it warm
during curb idle operation.

In comparison to conventional TM Baseline, CDA: 3,4 Active
was experimentally demonstrated to achieve a 40% reduction in
fuel savings, while enabling a high TOT and low exhaust flow rate
via reduced charge flow to improve the ability to preserve efficient
aftertreatment operation. This corresponded to nearly a 53%
improvement to the exhaust gas-to-catalyst heat transfer rate for
catalyst temperatures above ~ 250°C. Unlike the Cylinder Cutout
cases, the geometry of the exhaust manifold did not significantly
impact the performance of CDA, as both CDA: 1,2,3 Active
and CDA: 4,5,6 Active proved to be viable candidates at fuel-
efficiently maintaining the thermal energy in the aftertreatment
system. It should also be noted that these strategies do not require
exhaust manifold pressure control to increase the back-pressure
for thermal management or EGR delivery control.

Cylinder Cutout and CDA strategies were shown to improve
upon the conventional TM Baseline stay-warm operation by
achieving comparable exhaust heat rates to the aftertreatment
system, thereby resulting in similar thermal management
performance. Both strategies demonstrated open cycle efficiency
improvements via reductions in air flow through the engine. For
the same thermal management improvement at curb idle, CDA
allows an additional 23% fuel savings over Cylinder Cutout.
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NOMENCLATURE

AFR
BDC
BMEP
BTE
BSFC
BSNOx
BSPM
CAC
CAD
CCE
CDA
DOC
DPF
ECM
EGR
EPA
GSI
HDFTP
IVC
LFE
LvDT
ME
OCE
PMEP
RG
RPM
SCR
SOl
BSUHC
VGT

Air-to-Fuel Ratio

Bottom Dead Center

Brake Mean Effective Pressure
Brake Thermal Efficiency

Brake Specific Fuel Consumption
Brake Specific Oxides of Nitrogen
Brake Specific Particulate Matter
Charge Air Cooler

Crank Angle Degree(s)

Closed Cycle Efficiency

Cylinder Deactivation

Diesel Oxidation Catalyst

Diesel Particulate Filter

Engine Control Module

Exhaust Gas Re-circulation
Environmental Protection Agency
Generic Serial Interface

Heavy Duty Federal Test Procedure

Intake Valve Closing

Laminar Flow Element

Linear Variable Differential Transformer

Mechanical Efficiency

Open Cycle Efficiency

Pumping Mean Effective Pressure
Recirculated Gas

Revolutions Per Minute

Selective Catalytic Reduction
Start of Injection

Brake Specific Unburnt Hydrocarbons

Variable Geometry Turbine
Variable Valve Actuation
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