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Abstract

Exhaust gas aftertreatment systems and exhaust gas waste heat recovery systems are main solutions to decrease the environmental impact
and increase the efficiency of diesel engines. However, any system installed on the exhaust pipe of diesel engines is a source of exhaust
backpressure. Moreover, increasing the exhaust backpressure has negative effects on the performance and environmental impact of diesel
engines. The study aims to investigate the negative impacts of exhaust backpressure increment on performance indicators, fuel consumption
and exhaust emissions of a diesel engine. The experimental study was performed on a test bench comprising a single cylinder diesel engine,
a dynamometer and various measurement equipment. The backpressure was increased by adding various sized orifices on the exhaust
pipe of the test engine and the test engine was run under six different engine loads at an engine speed of 1600 rpm. Subsequently, the
impacts of backpressure increment on the brake specific fuel consumption (BSFC), brake thermal efficiency, volumetric efficiency, mean
effective pressures, mechanical efficiency, and exhaust emissions were determined. The study results showed that backpressure increment
causes retarding of combustion phases up to a crank angle of 4°, decrease in the indicated mean effective pressure, and decrease in the
peak cylinder pressure from 78.36 to 70.7 bar at the maximum available engine load. From fuel consumption perspective, backpressure
increment caused an increase in the BSFC approximately up to 3.29% at 24.66 kPa backpressure. On the other hand, the results showed
that increasing the backpressure caused a significant increment in the pumping mean effective pressure and a remarkable decrease in the
volumetric efficiency. The findings of this study have significant implications for evaluating the negative impacts of any system installed
on the exhaust pipe of a diesel engine.
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1. Introduction

Diesel engines are the most widespread option for
transportation of goods owing to their low operational
and maintenance costs, high energy efficiency, and
durability. However, the environmental impact of diesel
engines and legal requirements to protect the environment
from the negative impacts of engines have forced engine
manufacturers to develop more environmental-friendly
engines. Legal requirements to avoid air pollution requires
to reduce the brake specific exhaust emissions, i.e., the
quantity of pollutants emitted per unit of energy output.
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There are a few methods to decrease the brake specific
exhaust emissions caused by diesel engines. Some of the
methods such as using a type of exhaust gas after treatment
systems and exhaust heat regeneration systems require to
install an additional system on exhaust pipe of the engine.
However, any system installed on the exhaust pipe of an
internal combustion engines largely results an increase in
the exhaust backpressure due to increasing the resistance
against the flow of exhaust gas.

The negative impact of backpressure due to the
characteristics of any system installed on exhaust pipes for

Received: 07.05.2021
Accepted: 30.06.2021

To cite this article: Y. Giilmez and G. Ozmen, “Effects of Exhaust Backpressure Increment on the Performance and Exhaust Emissions of a Single Cylinder

Diesel Engine.” Journal of ETA Maritime Science, vol. 9(3), pp. 177-191, 2021.

©OCopyright 2021 by the Journal of ETA Maritime Science published by UCTEA Chamber of Marine Engineers

177


https://orcid.org/0000-0003-1955-6706
https://orcid.org/0000-0002-1459-3885

Effects of Exhaust Backpressure Increment on the Performance and Exhaust Emissions of a Single Cylinder Diesel Engine

any purpose has been extensively discussed. In response
to strict regulations to decrease the amount of harmful
emissions in flue gas, as solution, there are a number of
aftertreatment systems that can be installed on the exhaust
outlet of diesel engines. As an effective NO_ reducing
aftertreatment solution [1], selective catalytic reduction
(SCR) systems have negative impacts on the performance
of diesel engines due to increasing exhaust backpressure.
A few studies have investigated the negative impact of SCR
systems on backpressure. For instance, Zhang et al. [2]
designed a new mixer for an SCR system to decrease the
negative impact on engine performance. In the study, the
exhaust backpressure was investigated as a performance
indicator of the engine. The study has important results
for the interaction between backpressure and SCR mixer
design. However, the study did not investigate the effect
of backpressure on combustion performance and exhaust
emissions.

Diesel particulate filters (DPFs) are yet another
aftertreatment system installed on diesel engines. These
systems help filtrate the particles in the flue gas. However,
the exhaust backpressure increases as the particles are
captured within its matrix [3]. Backpressure increment
of diesel engines is the main factor affecting the sizing of
DPF systems in real world applications [4]. Several studies
have described the effects of the type, design, and material
selection of DPF systems on backpressure increment in
internal combustion engines. Li et al. [5] compared diesel
oxidation catalyst +DPF and electric diesel particulate trap
systems considering the effects of both systems on exhaust
backpressure and particulate trapping efficiency. In another
study [6], the interactions between DPF and particulate
oxidation catalyst were investigated in terms of the filtration
and backpressure. D’Aniello et al. [7] developed a 0D model
to investigate the aspect of the system with adding a
catalytic silicon carbide wall flow DPF on the exhaust pipe
of a diesel engine. In the study, the exhaust backpressure
was considered as one of the characteristics of the system.
These studies [5-7] have made contributions toward
understanding the effects of DPF system characteristics on
backpressure increments. However, these papers did not
report any result on the negative impacts of backpressure
on engine performance, fuel consumption, or brake specific
exhaust emissions.

ADPF canaccumulate alarge volume of particle matters (PM)
which causes high-pressure drop in the filter [8] and high
backpressure increment in exhaust pipe. Investigating the
impactofincreasing PM accumulation on the performance of
a diesel engine is a crucial point for researchers. Chiavola et
al. [9] studied the loading process of a DPF filter considering
to limit exhaust backpressure increment. In another study

[10], the effects of residual ash in a DPF on trapping
performance of the filter and backpressure increment in
exhaust line of the diesel engine have been investigated.
Although increased ash accumulation is known to cause
an increase in the backpressure [9,10], there has been no
study on the effect of increasing backpressure on diesel
engine performance. Zhang et al. [11] conducted a study to
estimate the impact of ash accumulation on DPF-related fuel
penalty. Similarly, Wang et al. [12] investigated the effects
of ash inside a platinum-based catalyst DPF on regulated
and unregulated exhaust emissions of a diesel engine. The
results of the studies [11,12] are important to analyze the
effect of backpressure increment on exhaust emissions.

Waste heat recovery (WHR) systems enable to produce
energy by utilizing the waste heat of the engine. However,
adding any type of WHR system on the exhaust outlet of an
engineisasource of exhaustbackpressure. Anylossin engine
brake power due to backpressure increment may even
decrease the total efficiency of the system. Extensive studies
have investigated the effect of increasing backpressure on
the system efficiency. Wu et al. [13] made a model design to
maximize the Organic Rankine Cycle (ORC) system energy
output by considering to limit the negative impact of the
system to vehicle performance. Similarly, Baldasso etal. [14]
proposed a model for the optimal design of an ORC system
mounted on exhaust line of a marine engine by considering
the effect of increased backpressure on the performance
of both engine and ORC. The results of the studies [13,14]
considered the brake specific fuel consumption (BSFC) of
complete system including the test engine and ORC system,
and thus, the power output included the power generated
by the ORC system. Zhao et al. [15] investigated the effect
of ORC system operating conditions on the performance
of the diesel engine. Similarly, in another study [16], the
negative impact of an exhaust ORC system on diesel engine
fuel economy for off-highway vehicles was investigated. The
study evaluated positive and negative impacts of increasing
backpressure, increasing heat exchanger weight and the
effects of all variables on fuel consumption of the engine
and power regeneration of the ORC system. Di Battista et al.
[17] developed a mathematical model by sizing the two heat
exchangers of a standard ORC system. In the study the effect
of the backpressure on BSFC of the engine was calculated
via a correlation. The study did not investigate the effect of
backpressure on exhaust emissions. The studies [13-17]
have investigated the negative impact of attaching a waste
heat system heat exchanger on the exhaust pipe of diesel
engines. Some of the studies have investigated effect of
such an appendage on fuel consumption as well. However,
these studies have considered the system as a whole
with both the engine and waste heat system. Thus, the
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negative impact solely on the engine side could be analyzed
incomprehensively.

Few have investigated the effect of backpressure increment
on the performance of a diesel engine in detail. Tourlonias
and Koltsakis [18] conducted a model-based study to
compare the performance of aftertreatment emission
reducing systems. In the study the performance indicator
was selected as fuel consumption. The results of the study
provide fuel penalties from heat-up strategy, filter
regeneration and filter loading, and increasing backpressure
situations. The study has important results on the effect of
different aftertreatment technologies on fuel consumption
increment of the engine. However, in the study, the effect of
different aftertreatment technologies and backpressure
increment on exhaust emissions and performance of the
diesel engine has not been investigated. Sapra et al. [19]
conducted an experimental investigation of the performance
of a marine diesel engine equipped with underwater
exhaust system against dynamic back pressure at varying
sea-states. A turbocharged marine diesel engine was tested
against different backpressures produced by a butterfly
valve at the exhaust gas outlet of the turbocharger. The
study found that the negative impacts of dynamic
backpressure were less influential than static backpressure
increment. The study has important implications on the
effects of operational dynamics of governor and
turbocharger on the fuel penalty due to backpressure
increment. However, the study did not investigate the
negative impact of backpressure on in-cylinder pressure
rise characteristics of the test engine. Sivaram et al. [20]
investigated the importance of the exhaust pipe length on
fuel economy and volumetric efficiency of a single cylinder
diesel engine. The study showed that increased exhaust
pipe length and the corresponding increase in the
backpressure can lead to increased fuel consumption and
decreased volumetric efficiency. In another study [21],
marine diesel engine performance against static
backpressure was investigated experimentally and via a
simulation. In the study, a turbocharged diesel engine was
tested under differentloads and various static backpressure.
Besides, in the study, a simulation model was generated and
used to analyze the performance of the engine against high
back pressures. Cong et al. [22] studied the effect of
backpressure increment on conventional and low-
temperature combustion characteristics of diesel engines. A
naturally aspirated single cylinder diesel engine was used
as the test engine. The study results showed that increased
backpressure does not affected the initial cool flame
combustionreactions. However, the backpressure increment
caused retarding of the main combustion phase and
increased the combustion process. Fernoaga et al. [23]

investigated the effect of exhaust backpressure on the
power generation characteristics of a diesel engine. In the
study, the maximum available shaft power of the engine
under different loads and engine speeds was mainly
considered as the performance parameter of the engine.
The experimental results were used to generate a machine
learning algorithm for predicting the maximum available
engine power generation under different exhaust
backpressures, engine speeds, and engine loads. In another
study, [24] a few muffler designs were compared due to
backpressure generation characteristics. In the study,
computational fluid dynamics software was used to estimate
the backpressure increments. Kim and Bae [25] examined
the feasibility of replacing the conventional high-pressure
loop/low-pressure loop exhaust gas recirculation with a
combination of internal and low-pressure loop exhaust gas
recirculation system. The aim of such a strategy was to have
the availability to retard intake valve closing without the
concern of backpressure increment due to the high-pressure
loop exhaust gas recirculation. The study has important
results for the effect of exhaust backpressure on
turbocharger efficiency of the engine. The study mainly
focused on the impacts of changing EGR strategy, retarding
intake valve closing timing, and negative valve overlap
configuration. Thus, the study did not investigate the effect
of backpressure on combustion performance, BSFC and
exhaust emissions. In another study [26], the characteristics
of exhaust gas pressure waves under different engine loads
have been investigated. The result showed that the pressure
wave in the exhaust line of the engine during the exhaust
valves were opened was affected by both the backpressure
in the line and in-cylinder pressure. The study results are
crucial to understanding the effect of backpressure on the
exhaust gas discharge characteristics of a diesel engine.
Kasprzyk et al. [27] investigated the effect exhaust
backpressure on the operation of exhaust gas oxygen
content sensor. The study determined the sensitivity of the
sensor to the exhaust pressure under different operational
conditions of the test engine. The measurement results of
excess air sensor were compared with exhaust gas analysis.
Based on the data analysis in the study, a new empirical
calculation methodology for the exhaust backpressure
compensation correlation for diesel engines was proposed.
Andwari etal. [28] investigated the effects of ORC and turbo-
compound system integration on a diesel engine. In the
study, two WHR strategies were modeled and simulated
through a 1D simulation by using GT-Power. The strategies
were evaluated in terms of their WHR and BSFC reduction
capabilities. A rise in the exhaust backpressure increased
the fuel consumption so much that the system was unable to
regenerate sufficient power to compensate for the power
loss in the engine at lower speeds. The study has important
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implications on proving the negative impact of backpressure
on engine performance. The study investigated only the
negative impacts of backpressure on the BSFC of the engine.
However, the backpressure may have many other negative
impacts such as increased exhaust emissions, poor
composition quality, and deteriorating engine combustion.
Michos et al. [29] investigated the effect of an ORC system
on the exhaust backpressure of a turbocharged heavy duty
marine engine. Ricardo WAVE software was used in the
study for the investigation of different turbocharging
strategies and the effect of different ORC configurations.
The study investigated the effect of backpressure (0-100
mbar) on the engine mass flow rate, BSFC, effective pressure,
turbine inlet and compressor pressure, air mass flow rate,
and exhaust gas mass flow rate. The study has remarkable
results on the effect of exhaust backpressure for engines
using different turbocharging strategies. The result showed
that the fuel consumption and effective pressure increases,
while the air mass flow rate decreases by increasing
backpressure for the engine with a fixed turbocharged
exhaust system. The results of the study are very critical to
understand the effect of backpressure on the performance
of an engine with different turbocharging strategies. The
study mainly focused on the interaction between engine
performance indication parameters, backpressure, and
turbocharging strategies [30]. However, the study did not
investigate the effects of backpressure on the combustion
performance and exhaust emissions. In another study, Lu et
al. [31] presented a hypothesis about NO, formation process
in a dual-fuel engine and investigated the effect of methanol
proportion in fuel, exhaust gas recirculation, and exhaust
backpressure on nitric oxide emissions. The exhaust
backpressure was increased by 3, 6, and 9 kPa, respectively.
In the study, ppm levels of nitric oxide emission were
compared for four different backpressure levels and the
study determined that NO_emissions were increased by
increasingbackpressure. However, the exhaustbackpressure
affects the volumetric efficiency of an engine which thus
wise would affect exhaust gas mass flow rate. Therefore, the
exhaust gas mass flow rate would not be constant for
different backpressure levels. Thus, the comparison of NO_
emissions according to ppm levels would not reflect the
effect of backpressure on NO_ emissions level. Making the
comparison in terms of the brake specific NO_emissions
levels for various backpressure levels would be more
appropriate.

The literature review has shown that any system installed
on the exhaust pipe of a diesel engine cause an increase in
exhaustbackpressure. Increasing backpressure has negative
impacts on the performance of an engine. Previous studies
on the effects of exhaust backpressure on the performance

and exhaust emissions of diesel engines investigated the
negative impact of backpressure increment on the BSFC.
However, much uncertainty still exists about the relationship
between the exhaust backpressure and diesel engine
performance indicators such as the volumetric efficiency,
mechanical efficiency, combustion characteristics, and
environmental impact of diesel engines.

In the current study, the effects of exhaust backpressure
increment on the BSFC, volumetric efficiency, mechanical
efficiency, brake specific exhaust emissions, and combustion
characteristics have been investigated. For this purpose, a
single cylinder diesel engine with a dynamometer was used
as a test stand, and the exhaust backpressure of the engine
was increased by adding different sizes of orifices on the
exhaust pipeline of the engine. This study aims to contribute
to adeeper understanding of the negative impacts of exhaust
backpressure on the efficiency, combustion characteristics,
and environmental impact of diesel engines. The results are
important to analyze the effect of backpressure increment
on the performance of diesel engines, help understand the
relationship between exhaust backpressure and in-cylinder
pressure, and can be used as a guide to predict the negative
impact of installing any type of WHR or aftertreatment
system on the exhaust pipe of an engine on the combustion
performance. Finally, the study provides suggestions on
minimizing the negative impact of backpressure increment.

2. Materials and Methods

2.1. Experimental Setup

In this study, a test bench was used to analyze the effects
of exhaust backpressure on the performance and exhaust
emissions of a diesel engine experimentally. Figure 1
illustrates the detailed schematic of the test bench.

As shown in Figure 1, the experimental setup comprises
a diesel engine, an electric dynamometer, a fixed orifice
housing, a fuel tank, and various measurement devices. The
test engine was a single cylinder, direct injection, naturally
aspirated, air cooled diesel engine. Table 1 provides the other
properties of the test engine. A 20 kW DC dynamometer was
used for loading the engine to any load for any engine speed.

In the experiments, the backpressure was increased by
adding orifices of various diameters one by one to the

Table 1. Properties of the test engine

Items Specifications

Displacement volume - Compression ratio 817 cm3-17:1

102 mmx100 mm
3000 rpm
13 kW @ 3000 rpm
48 Nm @ 1600 rpm

Bore x Stroke

Rated Speed

Maximum Power (kW) (ISO 1585)

Maximum Torque (Nm)
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housing on the exhaust pipe. The orifices were square edged
and concentric bored and made of 2 mm thick, grade AISI-
304 stainless steel material. The bore sizes of the orifices in
diameter were 28, 24, 20, 16, and 12 mm, respectively. The
diameter of the exhaust pipe without using any orifice was
32 mm.

A Coriolis type flowmeter was used to measure the mass
flow rate, temperature, and density of fuel instantaneously.
The maximum error rate of the device for mass flow rate
measurement was <+0.1% for liquids. Similarly, a vortex
type flowmeter was used to measure the mass flow rate,
temperature, and humidity of intake air. The equipment
was connected to the engine suction air inlet via a flexible
pipe to avoid equipment damage due to engine vibration
and balancing the flow in the measurement device. The
maximum error rate of the device for mass flow rate
measurement was less than +2% for air. The engine load
and torque were calculated using the force value measured
by a load cell installed on the dynamometer.

The exhaust gas temperature and the rates of co, O,
CO, NO,, and SO, were measured by an exhaust gas
analyzer. The measurement accuracy of the device was in
accordance with MARPOL Annex VI and NO, Technical Code

requirements. Exhaust gas backpressure was measured by
using a pressure sensor.

The in-cylinder pressure was measured using a piezoelectric
pressure sensor and an appropriate charge amplifier.
Additionally, an rpm counter was used simultaneously to
measure the engine speed and timing of the top dead center
(TDC). TDC timing enabled to determine instantaneous
crank angle of the test engine. The in-cylinder pressure
and derived crank angle values were used to create open
indicator diagrams, which were used to the assess in-
cylinder combustion performance.

2.2. Experimental Procedure

The experiments were conducted at an engine speed of
1600 rpm, under six different set points of engine torques,
and with five different sized orifices. First, the largest sized
orifice was attached on the orifice housing. Subsequently,
the test engine was run at an engine speed of 1600 rpm
under engine torque loads of 8, 16, 24, 32, and 40, and 48
Nm. The experimental procedure was repeated by adding
orifices of different diameters. The only difference on engine
loading procedure with different orifice sizes was the value
of maximum engine torque. The maximum producible
engine torque was 48 Nm at 1600 rpm engine speed.

Fuel mass flow

Fuel temp.

Fuel density

In-cylinder p

Int. air mass flow

Fuel

Int. air temp.

Tank

Intake air humidity Data

Ambient air temp.

Monitoring

Ambient air humsdity

FM) Hovmers | Fiowmces FM

% :—1—\‘ LK

_[Backpressure

Exh. backpressure
CO, content

O, content
 E— SOx content
[ —NOx content

i Exhaust gas temp.
]

|

]

]

System

Engine load
Engine RPM counter

[ Emuission
Exhaust

Measurement =  Outlet
Device

Electric
Dynamometer

{ Orifice #5: R12 |

Diesel Engine

Figure 1. Experimental setup
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However, decreasing the orifice size caused a decrease in the
maximum producible engine torque value linearly to 46.43
Nm with orifice #5. Thus, the experiments were conducted
for the maximum available engine torque in place of 48 Nm
with smaller orifices. All the measurement equipment in
the test setup were calibrated according to the instruction
books, before starting the experiments. It is ensured that
all parameters, except for the variables changed for tests,
were fixed during the experiments. During the tests, all
the measurements were taken 3 min after the exhaust gas
temperature would rise or drop to a constant level.

Fuel flowmeter, intake air flowmeter, ambient air
sensor, engine rpm counter, crank angle encoder, load
cell, and emission measurement device were “ready
to use” measurement devices. Thus, the results of the
measurements were converted to a suitable measurement
unit by the device itself. For these devices, the measurement
results were filtered for noise reduction by device, and the
results were read from the device monitor manually for
all measurements. Dissimilarly, the in-cylinder pressure
sensor and exhaust backpressure measurement sensor have
analog outputs and the results of the measurements were
collected and converted to a suitable measurement unit by
data monitoring system. Additionally, for the two sensors,
the noise reduction filtering of measurement results was
made by authors using specially designed filters. For this
purpose, the output of the in-cylinder pressure sensor
with more than 3000 measurement points for each cycle
was smoothed using a fifth order Savitsky-Golay filter with
a frame length of 73 samples. Data processing for the in-
cylinder pressure measurement was made by four steps.
Level correction, angle referencing, cycle averaging and
filtering. The signal processing was optimized by a step-by-
step offline application methodology in accordance with
the methods proposed by Payri et al. [32]. Finally, the noise
reduction of the exhaust backpressure sensor was made
using a second-order low-pass Butterworth filter with a cut
off frequency of 200 Hz.

During the experiments, the test engine was loaded to a
specified enginetorqueataspecified engine speed. Following
the appropriate conditions occur, the fuel temperature
and mass flow rate, air temperature and mass flow rate,
ambient air conditions, volumetric exhaust emission rates
and exhaust temperature at measurement point have been
read from the monitor of related sensors and recorded.
Subsequently, the outputs from exhaust backpressure,
crank angle, and in-cylinder pressure sensors were taken,
manipulated, and recorded by the data monitoring system.
Each measurement was repeated thrice at different times,
and the test result value was accepted as the average of the
three values. The difference between the average of the

three measurements and the end measurement values was
found to be <3% of the measured value.

2.3. Calculations

The test bench enables to measure engine speed, in-cylinder
pressure, crank angle, fuel and air properties, exhaust
backpressure, exhaust temperature, the force applied to the
dynamometer shaft and proportional contents of emissions
in the raw exhaust gas. These are measurable parameters.
However, the engine torque, brake power, indicated
power, any types of the average indicated mean effective
pressure (IMEP), BSFC, brake thermal efficiency, volumetric
efficiency, mechanical efficiency, and brake specific exhaust
emissions cannot be measured directly. These parameters
can be derived using one, two, or more of the measured
parameters. The engine torque and brake power were
derived from the force applied to dynamometer shaft and
engine speed. BSFC was calculated by the rate of hourly fuel
consumption to energy produced per hour. The net IMEP
(IMEP ), gross IMEP (IMEPg) and pumping mean effective
pressure (PMEP) were calculated by using indicated power
values which were gathered by integrating the in-cylinder
pressure-volume closed diagram.

Volumetric efficiency (n,) of the engine was calculated by
the following formula. In the formula, m . is the mass flow
rate of the intake air, p__is the density of the intake air, V_is
the stroke volume, n is the engine speed and i is the number
of cycles per one revolution of the engine shaft. Formula 1
is below;

Myir

n, (1)

- P, Vshi

The brake thermal efficiency (n,,) was calculated using the
ratio of the brake power (p,) to the fuel energy. The fuel
energy was calculated by multiplying the mass flow rate
[m}uel) and lower heating value (Q,) of the fuel. Formula 2
is below;

P (2)
Ny~
gy Q -

The mechanical efficiency (n, ) was calculated by the ratio
of the brake mean effective pressure (BMEP) to IMEP .
The BMEP was derived from the brake power and engine
displacement volume (V). Formula 3 is below;

P 3)

BMEP=
le'li

Finally, brake specific exhaust emissions were derived from
volumetric rates of exhaust components in raw exhaust gas
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according to techniques presented in NO_ Technical Code
[33]. For the calculation, the air humidity, density of the
exhaust gas (derived from the exhaust temperature and
volumetric rates of exhaust components), air flow rate, and
fuel flow rate were also used.

3. Findings and Discussion

In the study, the effects of backpressure on the performance
of a diesel engine were investigated. For this purpose,
different sized orifices were added to the exhaust pipe of the
engine to increase the backpressure on the exhaust outlet of
the engine. Table 2 illustrates the backpressure increment
values with different sized orifices under different engine
loads. The last column of the table shows the backpressure
value with the maximum available torque value. As shown,
increasing the engine load has a positive effect on the

backpressure values in general. It is probably related with
increasing exhaust gas temperature due to increasing
engine load. Decreasing orifice radius caused a significant
increase in exhaust backpressure.

In the current study, the effects of backpressure increment
on the in-cylinder pressure-volume diagrams have been
investigated in detail. Figure 2a, b, c and d illustrate the open
and closed in-cylinder pressure diagrams with maximum
available engine torque.

As shown in Figure 2c, increasing the backpressure caused
a decrease in the peak pressure from 78.36 bar to 70.7 bar.
The ignition delay period was increased, the angle of peak
pressure was retarded by some 4° crank angle, and dp/d6
in the rapid pressure rise phase decreased significantly.
Details about Figure 2 are provided in Table 3. Cong et al.

Table 2. Measured exhaust backpressure vs engine load and different sized orifice
(Orifices #1 to #5 correspond to diameters of 28, 24, 20, 16 and 12 mm, respectively)

Orifice no. Exhaust backpressure (kPa)
load (Nm) 8 16 24 32 40 Max. available torque
Orifice #1 1.2748 1.2748 1.2759 1.2842 1.2852 1.2921 at 48.02 Nm
Orifice #2 1.7640 1.7582 1.7866 1.7791 1.7800 1.799 at 47.97 Nm
Orifice #3 2.9425 2.9423 2.9706 3.0115 3.0290 3.0853 at 47.89 Nm
Orifice #4 6.9356 7.0395 7.2912 7.3523 7.3214 7.4822 at 47.62 Nm
Orifice #5 24.1057 24.3849 25.0422 25.3891 25.9458 26.2589 at 46.43 Nm
a)
80 T T T T T T T T T T T T T T T T 80
——— Orifice #1
nor — Orifice #2 nr
———— Orifice #3
60 Orifice #4 0r
Tsol ——— Onifice #5 o
g e
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80 o 16 T T T T dlj T T T
70 15 E
60 14F E
Eiﬂ E 13 —
= - 132
E 40 % 12} 0968 ]
Ew £ 11} " 0% 3
» 128 0.964
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Figure 2. In-cylinder pressure with different orifices under maximum available engine load a) Open indicator diagram, b) Closed indicator
diagram, c) Open indicator diagram (detailed view) and d) Intake and exhaust strokes in detail
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[22] investigated in-cylinder pressure for two backpressure
scenarios. The results of that study indicated that a higher
backpressure caused a retarding of the combustion phases,
decrease in combustion duration, and decrease in maximum
pressure at 2500 rpm engine speed, 16 mg/cycle fuel
consumption, and 30° crank angle injection advance. The
current study showed similar results. However, the previous
study investigated the effect of backpressure increment on
in-cylinder pressures at constant fuel consumption and
thus under different engine loads. The results of the current
study enable to understand the impact of backpressure
increment on in-cylinder pressures at constant engine load.

Clearly, from Table 3, the maximum available engine
torques decrease with increasing backpressure. The brake
power, net indicated power, and BMEP also decreased.
Notably, the PMEP and BSFC values increase with increasing
backpressure. In literature, many studies investigated the
BSFC increment caused by increasing backpressure. And the
results of the current study in accordance with the literature
[18-31]. However, no study has investigated the effects of
backpressure increment on the mean effective pressure
values. There is a small decrease in IMEP_ and IMEP, with
increasing backpressure. It may not be a distinct change
because these values may decrease when decreasing the
engine torque. However, the increment in PMEP values may
be good sign to observe the negative impact of backpressure
increase. As seen from the table, PMEP values increase with
decreasing orifice radius significantly. Conceivably, this is
directly related to the resistance against exhaust gas flow
due to higher pressure in the exhaust pipe. An increase in
PMEP decreased exhaust gas discharge efficiency in exhaust
stroke and relatedly decreased the volumetric efficiency. In
the literature, Hield [34] has investigated PMEP increase

effect of exhaust backpressure increment in diesel engines.
However, according the result of that study, backpressure
increment caused a slight increase in PMEP values once
compared with the results of the current study. This may
be due to the test engine in the study was a turbocharged
engine, and thus, the PMEP increase effect of backpressure
increment may has been absorbed by turbocharger.

In Figure 2 and Table 3, the maximum available torque
values decrease with decreasing orifice radius. This may
cause a comparison of the effect of backpressure on
performance parameters such as indicated mean effective
pressure values under non-equivalent conditions. To make
an assessment under equal circumstances, engine torque
values were equalized to some 40 Nm value. Figure 3 a, b,
c and d show open and closed indicator diagrams under 40
Nm engine torque, 1600 rpm engine speed and with five
different sized orifices.

In Figure 3, the effects of backpressure increment on the
in-cylinder pressure rise characteristics are similar to
those shown in Figure 2. However, the only difference is
that, Figure 3 enables to make a comparison on the effect of
backpressure increment on BSFC, IMEP, PMEP, and friction
mean effective pressure (FMEP) under equal engine torque
levels. Details about Figure 3 are provided in Table 4.

Table 4 shows the results obtained from the analysis of the
pressure-volume diagram shown in Figure 3. Data from
this table can be compared with the data listed in Table 3.
Decreasing the engine torque caused a decrease in the brake
power and mean effective pressure values. However, the
BSFC values slightly increase. Once the effect of increasing
backpressure on the performance parameters is compared
under same engine torque conditions, it can be clearly
seen that increased backpressure causes a slight decrease

Table 3. Performance parameters at maximum available engine torque

Orifice # 1 2 3 4 5
Engine speed (rpm) 1604 1602 1601 1591 1593
Torque (Nm) 48.02 47.97 47.89 47.62 46.43
Brake power (kW) 8.07 8.05 8.03 7.94 7.75
Net indicated power (kW) 9.09 9.06 9.05 891 8.68
IMEP_ 8.32 8.31 8.30 8.22 8.00
IMEP, 8.64 8.63 8.63 8.63 8.52
PMEP 0.32 0.32 0.33 0.40 0.52
FMEP 0.26 0.26 0.27 0.29 0.26
BMEP 7.39 7.38 7.37 7.33 7.14
BSFC (g/kW.h) 255.92 255.84 257.23 259.08 265.78
Crank angle at maximum pressure (deg) 366.6 366.6 367.4 367.7 370.6
Maximum pressure (bar) 78.36 77.75 75.92 75.82 70.70
IMEP : Net indicated mean effective pressure, IMEP : Gross indicated mean effective pressure, PMEP: Pumping mean effective pressure, FMEP: Friction mean
effective pressure, BMEP: Brake mean effective pressure, BSFC: Brake specific fuel consumption

184



Journal of ETA Maritime Science 2021;9(3):177-191

in IMEP under all orifice sizes. Because IMEP is equal to
the difference between IMEPg and PMEP, increase in PMEP
causes a decrease the IMEP values. Once the change in BSFC
values is investigated, it can be assumed that increasing
backpressure increases BSFC of the engine. Considering
the backpressure values in Table 2 and BSFC values in
Table 4, it can be deduced that a backpressure increase of
0.49 kPa caused an increase of 0.34% in BSFC, 6.04 kPa

backpressure increase caused an increase of 1.05% in BSFC,
and 24.66 kPa backpressure increase caused an increase
of 3.29% in BSFC. Interestingly, from Table 3, IMEP, values
vary with increasing backpressure. IMEP_ values decrease
with increasing backpressure value up to 3.029 kPA with
orifice#3. However, increasing the backpressure from
3.029 kPa to 7.3214 kPa caused an increase in IMEP, value.
Thereafter, the increasing trend continues with increasing

Table 4. Performance parameters at 40 Nm engine torque

Orifice # 1 % 3 4 5
Engine speed (rpm) 1602 1593 1600 1592 1605
Torque (Nm) 40.42 40.27 40.29 40.32 40.25
Brake power (kW) 6.78 6.72 6.75 6.72 6.76
Net indicated power (kW) 7.80 7.71 7.74 7.69 7.71
IMEP, 7.15 7.11 7.10 7.09 7.05
IMEP, 7.43 7.40 7.39 7.45 7.54
PMEP 0.28 0.29 0.29 0.36 0.48
FMEP 0.37 0.39 0.35 0.37 0.29
BMEP 6.22 6.19 6.20 6.20 6.19
BSFC (g/kW.h) 259.10 259.97 259.95 261.83 267.64
Crank angle at maximum pressure (deg) 365.5 365.7 367.2 367.5 370.1
Maximum pressure (bar) 74.72 75.00 73.39 72.62 69.02
IMEP : Net indicated mean effective pressure, IMEP : Gross indicated mean effective pressure, PMEP: Pumping mean effective pressure, FMEP: Friction mean
effective pressure, BMEP: Brake mean effective pressure, BSFC: Brake specific fuel consumption
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Figure 3. In-cylinder pressure with different orifices at an engine load of 40 Nm: a) Open indicator diagram, b) Closed indicator diagram, c)
Open indicator diagram (zoomed in view) and d) Intake and exhaust strokes in detail
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backpressure after that. As shown, IMEP data increase
steady, however IMEPg data fluctuate. The difference may
be caused due to the gas exchange process. Moreover, the
fluctuations in the mechanical efficiency originate from the
change in the volumetric efficiency.

IMEP , IMEPg, PMEP and FMEP values are affected by
increasing backpressure under 40 Nm engine torque as
illustrated in Table 4. Decreasing the engine torque to lower
values also has similar trends in mean effective pressure
values. Figure 4a, b, ¢ and d show the changes in mean
effective pressure values with increasing backpressure
under different engine loads.

Figure 4 shows the effect of different engine torques and
increasing backpressure on the mean effective pressure
values of test engine at an engine speed of 1600 rpm. As
shown in Figure 4a, b and d, the changing trends are similar
to the trends under an engine torque of 40 Nm. Decreasing
the engine load caused a decrease in IMEP and IMEP, due to
the decrease in power production. In PMEP values, there is
also a similar trend in the plot. As Figure 4d investigated, it
can be stated that at all engine loads, 25.1 kPa backpressure
increment with orifice #5 caused some 50% PMEP
increase while 7.3 kPa increment with orifice #4 and 3.2
kPa backpressure increment with orifice #3 caused 28.6%
and 3.2% PMEP increments respectively. In the literature,

Michos et al. [29] measured some 15% PMEP increase at 10
kPa backpressure using a fixed turbocharged diesel engine.
The variation may be caused by the difference between test
engines. In that study, a turbocharged diesel engine was
used as the test engine, and a fixed turbocharger may lead to
absorption of a part of the negative impact of backpressure
increment on the pumping work of the engine.

Mean effective pressure values are critical indicators of the
fuel economy and efficiency of the test engine. However,
there are other performance indicators such as mechanical
efficiency (n,), brake thermal efficiency (n,), volumetric
efficiency (n,) , and BSFC. Figure 5a, b, c and d illustrate the
effect of increasing backpressure and changing engine load
on engine performance parameters.

Figure 5 shows that increasing the backpressure causes
a significant increase in the BSFC. BSFC increased
averagely 3.2% at approximately 25.1 kPa backpressure,
%71.2 at approximately 7.2 kPa backpressure and %0.4 at
approximately 3 kPabackpressure. In the literature, many
studies [11,16,18,29,31] investigated BSFC penalty of
backpressure increment. The results of the current study
are similar to results of that studies. For instance, Zhang et
al. [11] has found that BSFC increased 4.57% at 25.1 kPa
backpressure, while an increment was observed as 0.73%
at 7.8 kPa and 0.44% at 4.5 kPa backpressure. In another
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Figure 4. Mean effective pressure values a) IMEP , b) IMEP, ' ¢) FMEP and d) PMEP
IMEP : Net indicated mean effective pressure, IMEPg: Gross indicated mean effective pressure, PMEP: Pumping mean effective pressure, FMEP:
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study, Karvountzis-Kontakiotis et al. [16] have stated that
BSFC increased 2% with 25 kPa and 0.5% with 10 kPa
backpressure increment. However, no published study
has attempted to investigate the mechanism between
backpressure increment and BSFC increase. As shown in
Figure 2 and Figure 3, the backpressure increment caused
retarding of the combustion phases. As the backpressure
increases, the angle of ignition start and the angle of
maximum pressure were retarded significantly. Besides,
dp/d6 on rapid pressure rise phase has decreased. In the
literature, many studies which investigated the effects
of fuel injection timing on combustion of diesel engines
[35-38] have found that advancing fuel injection timing
caused retarding of combustion phases and a decrease
in dp/d6 on rapid pressure rise phase as similar to
negative impacts of increasing backpressure. Thus, when
running the engine against high exhaust backpressure,
retarding the injection timing may result in an abatement
in the fuel penalty. This may be a new research topic for
researchers.

One of the most apparent impact of backpressure increment
on the performance parameters of a diesel engine is the
impact on the volumetric efficiency, as shown in Figure
5b. As shown in the figure, changing load also affected
the volumetric efficiency. For instance, with orifice#4,
volumetric efficiency was increased from 82.97% at 8

Nm torque to 84.68% at maximum engine load. However,
increasing backpressure clearly decreased the volumetric
efficiency of the engine. For example, at an engine load of
40 Nm, the volumetric efficiency decreased from 86.56%
with orifice#1 to 83.39% with orifice#5. This was probably
due to the increased pumping work required for the test
engine. In exhaust stroke, exhaust gas discharging efficiency
was decreased due to backpressure increment. Increasing
the quantity of the remained gas in the cylinder caused a
decrease in the intake air quantity aspirated in the intake
stroke. As illustrated in Figure 5c, the brake thermal
efficiency is directly related with BSFC, and decreasing the
BSFC causes an increase in the brake thermal efficiency and
vice versa.

In Figure 5d, the effect of backpressure increment on
mechanical efficiency of test engine was illustrated. As
seen, backpressure increment has a slight positive effect
on mechanical efficiency. For instance, at 40 Nm engine
load, the mechanical efficiency increased from 86.98% with
orifice#1 to 87.51% with orifice#5. This may be a secondary
result of decreased maximum in-cylinder pressure and
IMEP due to backpressure increment.

Figure 6a, b, c and d illustrate the effect of backpressure
increment on CO and NO_ emissions. Figure 6a and 6b
shows the emissions in volumetric ratio. Figure 6¢ and 6d
shows the emissions as brake specific exhaust emissions.
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As shown in Figure 6a and 6-c, which presents increasing
backpressure up to 3 kPa with orifice#3, there is no significant
change under any loading. Increasing backpressure from
approximately 1.28 to 1.78 kPa has caused a slight decrease
in brake specific CO emissions as shown in Figure 6c. For
example, at an engine torque of 40 Nm, brake specific CO
emissions decreased from 5.1565 to 5.1405 g/kW.h. From
another view, increasing the backpressure to approximately
3 kPa has also resulted a decrease from 5.1565 to 5.0692
g/kWh in brake specific CO emissions. Dissimilarly,
increasing the backpressure to 7.2 kPa and 25.1 kPa with
orifice #4 and orifice #5, respectively, caused a significant
increase in brake specific CO emissions. At 40 Nm engine
load, the brake specific CO emissions increased to 5.85 and
6.38 g/kW.h respectively. It is almost similar for volumetric
CO emissions. On the other hand, increasing backpressure
also caused a decrease in NO_ emissions as shown in
Figure 6d. At an engine torque of 40 Nm, brake specific NO_
emissions decreased from 10.17 g/kW.h to 9.99, 10.01, 9.6,
and 9.32 g/kWh values with decreasing orifice size. The
reason behind the decreasing trend is probably related
to the decreasing in-cylinder pressure with increasing
backpressure, as shown in Figure 2 and Figure 3. According
to Zeldovich [39] Mechanism and Fenimore [40] Mechanism
the generation of nitric oxides is directly related with in-
cylinder pressure and in-cylinder temperatures. Thus,
increasing the backpressure causes decrease of in-cylinder

pressure and temperatures and thus it results a significant
decrease in brake specific NO_emissions.

4. Conclusion

The current study was designed to determine the effect of
backpressure increment on the performance parameters
of a diesel engine. In the experimental study, the exhaust
backpressure was increased by installing different sized
orifices on the exhaust pipe.

The impacts of backpressure increment on in-cylinder
pressure characteristics, mechanical efficiency, brake
thermal efficiency, BSFC, volumetric efficiency, and
exhaust emissions of the engine were analyzed. From the
experimental results, the following conclusions can be
drawn:

Increasing exhaust backpressure caused increase in time
(as crank angle) for ignition delay. This can be attributed
to the retarding of the combustion phases such as rapid
pressure rise and main combustion. In addition, the angle of
peak pressure was retarded, and the peak cylinder pressure
decreased.

The BSFC of the engine increased with backpressure
increment. The BSFC increasing characteristics obtained
in the current study is similar to the results in previous
studies. However, no published study has attempted to find
the relationship between BSFC increment and in-cylinder
pressure characteristics. In the current study, it was
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found that the combustion phases were retarded because
of the backpressure increment. Given that retarding
the combustion phases causes an increase in BSFC, as a
suggestion, some part of BSFC increment penalty may be
possibly abated by advancing the fuel injection timing and
thus advancing combustion phases. The question raised by
the current study may be a new research goal for further
studies.

IMEP, values was decreased with backpressure increment.
The main reason behind such a reduction was the increasing
trend in the PMEP values, which significantly increased with
increasing backpressure. This was an expected outcome
due to the strong correlation between the difference in the
exhaust and intake manifold pressures and the pumping
losses.

The volumetric efficiency of the test engine decreased
with increasing backpressure. As the volumetric efficiency
is the measure of breathing ability of an engine, probably
the increasing flue gas quantity remained in-cylinder after
exhaust stroke caused such a reduction. The mechanical
efficiency of the engine increased with increasing
backpressure. The main reason behind this positive result
may be the negative impact of decreasing the force applied
to piston and bearings.

The backpressure increment caused an increase in CO
emissions especially with higher backpressure. However, a
smallincrementin the backpressure caused a slight decrease
in CO emissions. On the other hand, the emissions of nitric
oxides (in ppm) decreased with increasing backpressure.

The backpressure increment caused a decrease in the
maximum available torque values. Thus, the engine torque
decreased to 46.4 Nm from 48 Nm under high backpressure.

The current study has some limitations, e.g., the
generalizability of the results. For instance, the effects of
backpressure increment for the current test engine was
studied in detail and the results of the study is repeatable
for the specific test engine. However, no experimental
study was conducted using different engine models or
under different operational conditions. Notwithstanding
these limitations, the study suggests that the
backpressure increment causes a decrease in almost all
performance indicators of diesel engines. The findings
will be useful for studies to be conducted on estimating
the level of negative impact of installing any system on
exhaust pipe of an engine such as aftertreatment or
WHR systems. Further researches can be conducted to
optimize the engine operational parameters to minimize
the negative impact of backpressure increment on engine
performance. The study can be reproduced in a different
engine testing laboratory with a different test engine to

make generally accepted evaluation about the role of
backpressure increment on the performance of diesel
engines.
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