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CHAPTER 2. SPLIT-CYCLE ENGINE

2.3.2 Engine Dynamometer

The split-cycle engine is connected to an 15V AC dynamometer, often shortened to

dyno. The dyno is used for both energy dissipation and motoring of the engine. The

engines output shaft is connected to the AC dyno using a belt drive. Due to the

frictional losses caused by a belt, the presented values for indicated performance of

this work will be the Indicated Mean Effective Pressure (IMEP), obtained from the

in-cylinder pressure. An image of the set-up is given in Figure 2.5.

Figure 2.5: Engine Dynamometer Set-Up

2.4 Split-Cycle Engine Operating Characteristics

With the split-cycle engine there is a significant difference in what can be achieved in

theory versus what happens in reality. The limitations of the practical implementation

of a split-cycle engine can be seen in the operating pressure traces in Figure 2.6.
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CHAPTER 2. SPLIT-CYCLE ENGINE
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Figure 2.6: Pressure Traces for Split-Cycle Engine During Normal Operation

This figure shows many of the realities of the actual split-cycle engine cycle. It should

be noted that the XOVR pressure is decreasing slightly throughout the cycle. This

pressure drop is partially attributed to heat transfer losses, but is also due to mass loss

occurring in the XOVR. The second characteristic to note is the opening duration of

the compression and expansion cylinder, from roughly 350°(10°BTDC) to 30°ATDC.

Mass transfer from the compression cylinder and to the expansion cylinders take a

finite amount of time, limiting the operation of the engine. The last characteristic to

note is the effect of the late ignition timing. A unique characteristic of the split-cycle

engine is the pressure drop that occurs before the heat release begins in-cylinder (from

25-35°ATDC). Ignition timing is limited by the closing of the XOVR outlet valve, as

any earlier ignition would result in flame propagating into the XOVR passage.

2.5 Split-Cycle Advantages and Disadvantages

The split-cycle engine has been constructed in an attempt to address some of the

short comings of burning NG and of SI engines in general. The advantages and
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CHAPTER 2. SPLIT-CYCLE ENGINE

disadvantages of the split-cycle engine constructed at the University of Windsor are

given in this section.

2.5.1 Advantages of Split-Cycle Architecture

� Engine only takes one crankshaft revolution (360°) to complete an entire engine

cycle.

� A power stroke occurs on every cycle. This results in the split-cycle having

performance characteristics similar to a 2-stroke engine without the problems

associated with two strokes, such as short circuiting and burning of engine oil.

� Fuel is injected into the XOVR passage allowing for good mixing of air and fuel,

creating a well pre-mixed charge.

� No risk of knocking on the compression stroke as only air is compressed.

� Turbulence generation is decoupled from engine speed, not requiring higher

engine speeds for turbulence generation. Allows for quick burn to occur at all

conditions, including part load.

� Mixture transfer from the XOVR to the combustion cylinder occurs at TDC

of expansion cylinder. Causes intense small scale turbulence at the time of

ignition, leading to fast burn rates.

2.5.2 Disadvantages of Split-Cycle Architecture

� The split-cycle engine with its two valvetrains and the RPV is more complex

than a traditional 2-stroke or 4-stroke engine

� Ignition occurs after TDC, resulting in an expanding volume during the entire

flame development and main burn periods.

� Ignition timing is limited by the closing of the XOVR outlet valve, which retards

ignition timing.

� The XOVR is a significant source of heat loss from compressed charge at high

temperature remaining in the XOVR for an extended period of time. Further-

more, flows into and out of the XOVR are non-isentropic, resulting in further

heat losses.

15



CHAPTER 2. SPLIT-CYCLE ENGINE

2.6 Data Acquisition, Control and Post-Processing

2.6.1 Data Acquisition and Control

Data acquisition is done using three separate data acquisition cards. The acquisition

can be divided into three classifications:

1. Temperature Data Acquisition

2. Low Speed Data Acquisition for mass flow meters and lambda measurement

3. High Speed Data Acquisition for crank angle dependent variables and Low Level

Control

NI-9213 Thermocouple DAQ Device

Designed for use with thermocouple measurements. Records all of the thermocouple

channels with cold junction temperature compensation.

NI-6210 USB DAQ Device

The NI-6210 Data Acquisition (DAQ) device is a multi-use DAQ device capable of

250 kS/s aggregate sampling. In previous work on this engine it was used as the data

acquisition device for the emissions bench. Since the emissions bench is no longer in

use this device has been re-purposed for general data acquisition. Slower sampled,

non-time dependent variables have been acquired with this device. This arrangement

opens up acquisition channels on the high speed NI-6356 USB device and reduces the

size of the saved data files. A list of signals and the channel locations are given in

Table 2.2.

Table 2.2: Channel Allocation NI-6210
Channel Signal

AI1 Mass Fuel Flow
AI2 Mass Air Flow
AI3 λ Horiba MEXA-730
AI4 Room Relative Humidity

NI-6356 X-Series USB DAQ

The NI-6356 device is a multi-use DAQ device capable of multiple types of data

acquisition and low level control. It acquires analogue data at 1.25Ms/s/ch, which
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CHAPTER 2. SPLIT-CYCLE ENGINE

is sufficient speed for acquiring the data at the rates needed for 0.1 CA resolution.

The device is also used to acquire the digital input signal from the rotary crank angle

encoder.

The device is also capable of analogue output which is used for low level control. The

device is used to control the dyno speed, throttle position and fan control. A full list

of the inputs and outputs of the data acquisition card are given in Table 2.3.

Table 2.3: Channel Allocation NI-6356
Channel Signal

AI0 Intake Pressure
AI1 In-Cylinder Pressure 1
AI2 In-Cylinder Pressure 2
AI3 Crossover Pressure
AI4 Exhaust Pressure
AI5 Torque
AO0 Dyno Speed Control
AO1 Throttle Control

Port2:Line3 Fan Control
ctr3 Encoder Channel

Engine Control

As the split-cycle is a custom-built engine there is no existing control program to for

the ignition system and fuel injection. As such, a program had to be developed. In

order to control the engine a LabView CompactRIO (cRIO) device with a Field Pro-

grammable Gate Array (FPGA) was chosen. The FPGA allows for fast data refresh

rates (40MHz). The control program which is written in LabView is converted to a

Xilinx file. The program is written to the cRIO device, allowing it to operate with-

out directly relying on a computer. This is a desirable arrangement as it allows the

engine to run without fear of a computer program causing latency during operation

and potentially causing damage to the set-up.

A NI-9074 cRIO Chassis was selected for use. A NI-9401 module is used for crank

angle measurements and to control ignition timing. The NI-9751 is used to drive the

injection events and the NI-9215 is used for low level monitoring of exhaust and fuel

system pressure.
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CHAPTER 2. SPLIT-CYCLE ENGINE

2.6.2 Instrumentation

Pressure Transducers

The split-cycle engine has been instrumented with multiple pressure transducers in

order to monitor and characterize the performance of the engine. Pressure trans-

ducers are used to monitor operation of both cylinders and the XOVR passage, and

then used to analyze engine performance. All pressure transducers used in the exper-

imental set-up have been purchased from Kistler. In-cylinder pressure measurements

for the compression and expansion cylinders are made with piezoelectric sensors and

require zero-level correction. This correction is made with transducers located on the

intake and exhaust ports. A list of the sensors is given in Table 2.4.

Table 2.4: Engine Pressure Transducers

Location Transducer Type Cooling Range Amplifier
Intake Port Kistler 4043A5 Piezoresistive Uncooled 0-5 bar Kistler 4618A0
In-Cylinder Kistler 6052C Piezoelectric Uncooled 0-100 bar Kistler 5064
Crossover Passage1 Kistler 4260A Piezoresistive Uncooled 0-51 bar Internal
Exhaust Port2 Kistler 4049B Piezoresistive Water Cooled 0-5 bar Kistler 4665
1 Updated pressure transducer from previous work
2 Additional pressure transducer for this work

Crank Angle Position Measurement

Crank angle position was measured with a BEI H25 crank angle encoder mounted

directly to the crankshaft. Measurements are made at a resolution of 0.1° CA, a

commonly used measurement resolution for IC engines research. This resolution is

sufficient to capture all characteristics of normal combustion. The data can be down

sampled for analysis if required [27].

Alignment of the encoder to indicate engine TDC was performed. Accurately indicat-

ing TDC is crucial to accurate data analysis. Davis and Patterson have shown that

an offset of 1°CA can result in an error of 4 − 5% for the calculation of IMEP [28].

Three methods of alignment are typically used in combustion analysis.

� Mechanical Alignment: The encoder is manually aligned by finding engine

TDC and setting the z-pulse of the encoder to correspond with engine TDC.

This is the least accurate method.
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CHAPTER 2. SPLIT-CYCLE ENGINE

� Motoring Cylinder Pressure Trace:The engine is motored without firing

and engine TDC can be found by plotting pressure and volume logarithmically.

On this plot, TDC will be represented by a sharp peak. This is not practical

with the split-cycle engine as neither of the cylinders valves are closed at TDC,

and thus this peak pressure is not achieved.

� TDC Sensor: Use of a commercially available TDC indicating system with

accuracy of ±0.1° CA [29]. The high cost of these sensors often makes it im-

practical to implement.

The engine was indicated to TDC using the mechanical alignment method described

by Lancaster et al. [30] This method would achieve accuracies of TDC setting within

±3°CA. While this would result in large errors with respect IMEP and MFB, since all

tests are performed with this same error all results would carry the same bias. While

a TDC sensor is significantly more accurate, its high cost has made it cost prohibitive

to use for this work.

Air-to-Fuel Ratio Measurements

Air flow rate and mass fuel flow rate were monitored in this work. Mass Air Flow

(MAF) is measured using a Meriam Z50MC2-2F Laminar Flow Element (LFE) and

a Dwyer Instruments Series 616 Weatherproof Differential Pressure Transmitter. A

pressure drop will occur over the precisely manufactured LFE which will be measured

by the pressure meter. The pressure drop is used to calculate the MAF by convert-

ing the measured pressure drop to the MAF. The total uncertainty of the system is

±0.54%.

Mass Fuel Flow Rate (MFF) is measured using a Sierra Smart-Trak M100L mass flow

meter. The flow meter is capable of measuring MFF at the high pressures of the fuel

delivery system with a full scale accuracy of ±1% [31].

The most common way to measure the Air-to-Fuel Ratio (AFR) is to use the measured

mass flows and determine the AFR by dividing MAF/MFF. However, the previous

work on this engine showed a large amount of blow-by, making calculations using

this method inaccurate. The exact location of the blow-by has not been isolated,

thus making any measurements of AFR inaccurate. Therefore, a Horiba Mexa-700

meter was used with a Universal Exhaust Gas Oxygen (UEGO) sensor to measure

the Excess Air Ratio (λ) of the mixture. This was done to be consistent with the
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CHAPTER 2. SPLIT-CYCLE ENGINE

measurements made in previous works on this engine. The Horiba meter gives a read-

ing of λ, the value which is the inverse of the equivalence ratio (φ). The definition of

AFR is given in equation 2.2.

φ =
1

λ
=
AFRStoich

AFRActual

(2.2)

Where the air-to-fuel ratio is defined in Equation 2.3.

AFR =
MAF

MFF
(2.3)

Temperature Measurements

Thermocouples were also used to measure the temperature of various points on

the engine. All outfitted thermocouples are K-Type thermocouples purchased from

Omega®Engineering. K-Type thermocouples have been selected for use due to their

large operating range (up to 1260° C), low cost and ability to function in rugged

conditions caused by the engine. The standard accuracy of a K-type thermocouple is

±2.2°C or ±0.75%, whichever is greater [32]. Thermocouples of 1/16 inch diameter

are used and are sampled at 10Hz. The slower sampling rate is used due to the long

response time of thermocouples in air flow which can be up to 4s in a flow of 3m/s.

[33].

2.6.3 Data Acquisition Sensors Modifications

Throughout the work on the engine various components of the engine have been

upgraded or replaced. This has been due to certain components failure or in order

to improve operation. The modifications will be listed and the rational behind the

changes discussed.

Crossover Passage Transducer

A Kistler-4260A piezoresistive transducer was used to measure the XOVR pressure

in this work. The new pressure transducer is connected to the XOVR via a quick

connect fitting.
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CHAPTER 2. SPLIT-CYCLE ENGINE

Exhaust Pressure Transducer

A Kistler 4049B water-cooled pressure transducer has been added to the exhaust sys-

tem of the set-up. The transducer is located roughly 50mm upstream of the exhaust

valve between the engine and the exhaust thermocouple. It is capable of measuring

pressures ranging from 0-5bar with accuracy of ±0.3%FSO. The new transducer

location is shown in Figure 2.7

Figure 2.7: Exhaust Pressure Transducer Location

The exhaust pressure transducer is cooled using the existing cooling set-up that was

used with the old XOVR passage transducer. With this transducer the exhaust

pressure can be monitored and used to accurately pegging the expansion cylinder

transducer.

2.6.4 LabViewTM Code

A LabViewTM Virtual Instrument (VI) has been used as the method of low level

control and data acquisition for the split-cycle engine. The main structure of the

LabViewTM code remains unchanged from the previous work on this engine [11]. The

acquisition occurs within the main low level control and acquisition program. Data

is acquired on a crank angle basis for crank angle dependent variables. Non-crank

angle position variable are acquired at 10 Hz.
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CHAPTER 2. SPLIT-CYCLE ENGINE

Changes to the LabViewTM VI have been made in order to ease the burden on the

author for the processing of data. Data acquisition files are now saved in a procedu-

rally generated folder based on the date of the test. Network acquired variables are

now enabled with the VI, allowing for data to be passed between the FPGA control

program and the data acquisition VI. This allows for variables such as the set engine

speed, injector control pulse duration, and spark timing parameters to be monitored

and logged from the acquisition program. The last improvement on the code that has

been made is that a text file gets saved with every set of acquired data. This allows

for the parameters for each test to be saved for easier evaluation and organization by

the operator.

The LabView program records 300 consecutive engine cycles. Previous studies have

shown that 300 cycles will give 99% confidence in average values of recorded data [30]

and is picked to be consistent with previous work on this engine. Data is acquired

as raw signals from LabView and saved in the Technical Data Management Solution

(TDMS) format. All data is post-processed in the Matlab code described in Section

2.6.5.

2.6.5 MATLAB Post-Processing

Data analysis is done using a MATLAB program written by the author. Three

separate files that were generated by the LabViewTM code are imported into MATLAB

for analysis. The text file that was generated during the data acquisition is imported

for the purpose of bookkeeping. The text file contains information about the operating

parameters of the engine such as spark timing, engine speed and equivalence ratio.

The other two imported files are for the crank angle dependent and time dependent

signals.

Data Filtering

Imported pressure signals must be filtered in order to remove any unwanted noise

from the signal. Care must be taken during the design of the filter in order to remove

the noise from the signal without removing any combustion characteristics. Relevant

work has shown that the filtering will have little effect on the cycle averaged param-

eters such as IMEP, however metrics evaluated on a crank angle basis can be greatly

effected by filter choice [34].
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CHAPTER 2. SPLIT-CYCLE ENGINE

It is also necessary to select a filter that does forward and backward filtering. A filter

will inherently cause a phase shift of the data if unidirectional, which will cause errors

with calculation of combustion phasing and IMEP calculation [35]. Therefore a filter

with forward and backward filtering must be selected.

The selected filter for analysis was a butter-worth low-pass filter with forward and

backward filtering. The selected cut off frequency is 3500 Hz. This filter provides

adequate filtering for the data with no phase shift.
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Chapter 3

Engine and Combustion

Performance Metrics

In this section the engine and combustion performance metrics will be discussed.

Metrics are evaluated on a cycle-by-cycle basis and the values for individual cycles

are used to perform statistical analysis on engine operation. Data is acquired from

the LabViewTM VI, analyses using a MATLAB program written by the author and

statistics for each test exported automatically to a master EXCEL sheet

3.1 Indicated Performance

Mean effective pressure is the selected method of evaluation of the indicated engine

performance. Mean effective pressure is a normalized value which allows for compar-

isons to be made to engines of larger displacement, number of cylinders or running

at different engine speeds.

3.1.1 Indicated Mean Effective Pressure

The Indicated Mean Effective Pressure (IMEP) is the work transferred from the in-

cylinder gas to the piston, normalized by the displacement volume of the engine. The

equation for the IMEP is given in Equation 3.1.

IMEP =

∮
P (v)dV

Vd
(3.1)

In this equation Vd is the displacement volume and Pressure (P ) is acquired with

respect to volume. The integral is evaluated as a line integral for the entire cy-
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CHAPTER 3. ENGINE AND COMBUSTION PERFORMANCE METRICS

cle. Acquired data was numerically integrated in this work using the Simpson’s 1/3

method. Simpson’s method was selected to maintain consistency with previous work

and to minimize truncation errors [36].

The split-cycle engine requires that the IMEP be evaluated method unique to this

engine. Cylinder 1 performs intake and compression strokes while cylinder 2 performs

expansion and exhaust. This means that the first cylinder represents work input while

cylinder 2 represents work output. As a result the IMEP must be evaluated for each

cylinder and net IMEP calculated as in Equation 3.2.

IMEPNet = IMEPCyl.1 + IMEPCyl.2 (3.2)

The necessity of the calculation of IMEPNet can be better understood by observing

Figure 3.1. In this figure two real pressure traces are given from a random cycles

representative of average operation of the engine. The area enclosed by the compres-

sion cylinder trace represents the work input and the expansion cylinder the positive

work.
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Figure 3.1: Compression and Expansion Cylinder Pressure Traces

3.1.2 Brake mean Effective Pressure

The Brake Mean Effective Pressure (BMEP) is another MEP variable that can be

calculated for engine operation. Similar to the IMEP, the BMEP is calculated nor-

malizing for cylinder displacement. The difference between the two is that the BMEP
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CHAPTER 3. ENGINE AND COMBUSTION PERFORMANCE METRICS

will be calculated using the brake torque. The equation for BMEP is given in equation

3.3.

BMEP =
Wb

Vd
(3.3)

In the preceding equation Wb is the brake work per cycle cylinder and Vd is the dis-

placement volume. This is a useful parameter to study the work output of the engine

while accounting for frictional losses.

As the split-cycle is currently setup, the BMEP is not suitable for evaluation due the

engine being connected to the dynamometer via a belt drive. This results in high

friction losses from the belt, resulting in decreased torque and BMEP values. As a

result, the IMEP will be the reported value in this work.

3.2 Mass Fraction Burned (MFB)

Given that the main motivation behind the investigation of the split-cycle engine was

to achieve short burn durations the calculation of Mass Fraction Burned (MFB) is of

great interest. The MFB is used to compute the crank angle burn duration in terms

of °CA. The Normalized Pressure Ratio (PRn) method is the selected evaluation

method for this work, maintaining consistency with previous works on this engine.

The PRn was selected over methods such as the Rassweiler and Withrow method [37]

as the PRn method was found to give more accurate results in previous works on this

engine [11].

Normalized Pressure Rise Method

The PRn method is a way of evaluating the burn durations in an engine. The method-

ology of the PRn is by establishing the deviation of the pressure trace between a fired

engine cycle and a motored one. The equations and methodology of the PRn method

are described in the following equations [38].

PR(θ) =
Pf (θ)

Pm(θ)
− 1 (3.4)

Equation 3.4 is the equation for evaluating the Pressure Ratio (PR) of each cycle.

The pressure rise PR(θ) is calculated for each measured crank angle point for every

data set. Pf is the fired engine pressure trace and Pm is the motored engine pressure
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CHAPTER 3. ENGINE AND COMBUSTION PERFORMANCE METRICS

trace. As such, with the PRn method it is necessary to obtain motored engine pres-

sure traces for the engine speed that the analysis is being performed at.

After the PR has been calculated for each cycle they must be normalized. With this

method the cycle with the maximum PR is taken as the normalizing cycle. This

assumes that this cycle has complete combustion and all other cycles are incomplete

with respect to this one. The equation for the PRn is given in Equation 3.5

PRn(θ) =
PR(θ)

Max[PR(θ)]
(3.5)

The advantage of the use of the PRn method is that the motoring trace inherently

includes the effects of the flow occurring into the cylinders of the engine. Given that

ignition occurs before the valves are closed it is believed that this can cause issues

when using more traditional methods of MFB.

3.3 Combustion Phasing

Combustion phasing is of great importance to the operation of an engine. Combustion

phasing provides information to the burn durations and phasing of the durations. The

evaluated phasing parameters are described in the following sections.

CA10

The CA 10 is a measure from the ignition timing to the point where 10% of mass has

burned in cylinder as determined using the PRn method. The CA 10 is referred to

as the flame development period.

CA10-90

The CA10-90 is the measure of the duration of the 10-90% burn. This is referred

to as the main burn duration. The duration is measured to the 90% value as after

this the evaluation becomes unreliable for analysis. This is the accepted methodology

applied to all engines.

CA90

The CA90 is the sum of the CA10 and CA10-90, representing the total burn duration.

CA90 will be used to evaluate the total burn duration of the split-cycle engine.

27



CHAPTER 3. ENGINE AND COMBUSTION PERFORMANCE METRICS

Location of Peak Pressure

The Location of Peak Pressure (LPP) is the absolute crank angle position of the

maximum fired pressure. Indication of the combustion phasing and the combustion

stability. The LPP and the peak pressure are indicated in Figure 3.2.
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Figure 3.2: LPP Measurement Location

3.4 Combustion Stability

Combustion stability is important for the determination of the stability of the engine,

especially as the lean limit of operation is approached. The main parameter used to

evaluate the stability is the Coefficient of Variation (COV).

Coefficient of Variation

The coefficient of variation (COV) is a statistical measure of the dispersion of a

measured value. The COV is used to measure the cycle-cycle variations of various

parameters. The COV is the ratio of the standard deviation (σ) normalized with

respect to the mean value (x). The formula for the COV is given in Equation 3.6.

%COV =
σ

x
× 100 (3.6)
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CHAPTER 3. ENGINE AND COMBUSTION PERFORMANCE METRICS

The COV is an accepted indicator of combustion stability [1, 22]. In this work the %

COV of the IMEP, and LPP have been used for evaluation.

3.4.1 Lean Limit Definition

As the main focus of this work on this engine is the lean limit of operation, the def-

inition of the limit is essential. There is no formal definition of the lean operating

limit of an engine, therefore it is left up to the discretion of the operator. Stone has

noted that the typical acceptable limit of COVIMEP ranges from 5-10% [1]. After

this point engine fluctuations become prevalent and can lead to issues with the dura-

bility of engine components if run for an extended period of time at this condition.

Furthermore, an increase the number of misfires and durations of combustion can be

seen as the lean limit of operation is approached.

For this work the author has chosen to define the lean limit at the point when

COVIMEP begins to rapidly increase beyond 5%. This point corresponds with an

increase in misfires and COVLPP , as well as the AFR meter reading becomes unsta-

ble. The results pertaining to the stability of operation will be presented later in this

work.

3.5 Volumetric Efficiency

The volumetric efficiency is a measure of the amount of fresh air brought into an

engine cylinder normalized with respect to the swept volume of the cylinder. This

parameter indicates the efficiency of the gas exchange process during the intake stroke.

High volumetric efficiency is desired in engines as the more charge brought into the

engine, the greater the amount of fuel that can be used, and therefore the greater

output that can be achieved. Volumetric efficiency is calculated using Equation 3.7

ηv =
ṁa

ρ∞VdN
× 100% (3.7)

where:

ṁa = Mass Flow Rate of Air [kg/s]

ρ∞ = Density of Air at Standard Conditions [kg/m3]

Vd = Displacement Volume of Compression Cylinder [m3]

N = Engine Speed [rev/s]
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Chapter 4

Engine Operations Benchmark

In this chapter the engine has been tested as configured in previous work[11] and the

results will be presented as evaluated by this author. The engine has been tested

at engine speeds of 850, 1000 and 1200rpm and best achievable ignition timings for

each engine speed. An emphasis is given to the lean limit of operation, with analysis

performed by the author. Further discussed in this section is the head gasket failure

that occurred and its effects on engine operation.

The best achievable ignition timing(BAT) of this engine is the ignition timing that

will provide the greatest work output at stoichiometric conditions and a given engine

speed. This value is similar to the minimum advance for best torque value presented

in other works on combustion engines. However given the very retarded ignition

occurring well after engine TDC, the use of this parameter would not be fully accurate.

With the split-cycle the BAT occurs at the ignition timing closest to engine TDC

where any further advancement would allow the flame to propagate into the XOVR

passage and ignite pre-mixed fuel.

4.1 Operating Characteristics

4.1.1 Indicated Output

Indicated output for the engine is given in terms of the IMEP. Figure 4.1 shows the

output of the engine at the three tested engine speeds.
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