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ARTICLE INFO The article deals with the subject of the impact of an exhaust system on the power of the internal combustion

engine. In particular the article shows the possibility of increasing the power of the gasoline drive unit, interfer-
ing only with an exhaust system. The purpose of the tests carried out is to compare the results of measurements
from the chassis dynamometer before and after the modification, and additionally to perform simulations for the
key parts of the system in terms of shaping the power and torque curves. The analysis includes a simulation
model of the exhaust gas flow through the serial manifold and also the sport manifold, especially the pressure
distribution and the course of the velocity vectors at the characteristic points of the element. Before obtaining
the final results of power measurements on the sport units, the roughness of the steel from which the collectors
were made was also measured. The final stage is the measurement of power on the new exhaust system. The
obtained results of power measurements and simulations were presented in the form of a summary, which
focused on the impact of individual fluid mechanics phenomena on the formation of power and torque curves
and detailed the advantage of the new exhaust system in comparison with the factory system in terms of increas-
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ing the performance of the tested vehicle.
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1. Introductions

The constructions of internal combustion engines com-
monly used in the automotive industry consist of many
interdependent systems that affect the final use of the vehi-
cle. Taking into account the internal combustion engine,
through power transmission systems, braking systems,
suspension systems, steering systems, or exhaust systems
discussed in more detail in this work. So many systems
involved in the conversion of thermal energy into mechani-
cal energy contribute to the formation of a significant num-
ber of potential energy loss centers and thus give an oppor-
tunity for optimization of individual systems in order to
increase the performance of the entire vehicle [7].

The impact of the exhaust system on the engine's oper-
ating indicators is an aspect that, along with the develop-
ment of the automotive industry, has become particularly
important in terms of optimizing vehicle performance. This
significantly complicated the stage of designing the exhaust
systems, because it has a decisive impact on the efficiency
of exhaust gas removal, which ultimately translates into the
nature of the torque curve as a function of engine speed.
Initially, this condition was somewhat inconsistent with
maintaining normative noise levels (acoustic silencers ef-
fectively inhibited the flow of exhaust gases, which led to
their less effective removal and thus to a reduction in the
power generated by the engine). Over some time, the inter-
est started to focus on finding a compromise between noise
suppression and maximizing vehicle performance, which
was, among other, the reason for the creation of various
silencer designs. In a situation where, however, we focus on
increasing the performance itself, expanding and separating
dampers should be used. This solution ensures free expan-
sion of the gas (reducing the energy of the sound wave) and
thus by separating the flue gas column by a bundle of paral-
lel pipes with small cross-sections will help to avoid too
much throttling of the flow (very advantageous in terms of

increasing power). As a result of such a solution, we will
not disturb the effective exhaust gas flow and ensure suffi-
cient damping [12, 13].

However, the sound pressure generated in the exhaust
system can be used to maximize engine performance. After
opening the exhaust valve, the exhaust gases coming out of
the combustion chamber will generate the so-called "reflec-
tion" of pressure pulses. The returning vacuum wave flow-
ing into the cylinder while a piston approaches the bottom
dead center (intake valve opening) will purge the chamber
of exhaust gas and accelerate the intake cycle at the same
time. The choice of the co-opening stage of the valve will
result in more effective filling of the cylinder and almost
complete exhaust gas removal. However, this may result in
some unburned mixture entering the exhaust pipe, which
will certainly increase fuel consumption. This phenomenon
is commonly used in sports cars, where they are additional-
ly equipped with structurally matched camshafts, which are
to ensure the extension of the valve co-opening interval and
thus increase the probability that the negative vacuum wave
will ensure more effective cylinder filling [12-14].

2. Literature review

Exhaust manifolds collect exhaust gases from the en-
gine cylinders and release them into the atmosphere
through the exhaust system. Engine efficiency and combus-
tion characteristics depend on the method of exhaust gas
removal from the cylinder. The design of the exhaust mani-
fold for an internal combustion engine depends on many
parameters, such as. exhaust back pressure, exhaust veloci-
ty, etc. [11] The exhaust manifold affects emission efficien-
cy and fuel economy, which is why its proper sizing is so
important.

The authors of the publication [18] designed the original
and modified X-shaped system model using Catia software
and then analyzed them using CFD software in terms of
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flow velocities and temperature distribution in the exhaust
gas models. The best modification was determined.

The subject of manifold modifications was also ad-
dressed in the publication [4], where the exhaust manifold
was redesigned by determining the thermal stresses and
deflections occurring under various working conditions
with different materials and temperatures. The article aimed
to ensure the suitability of the design for a specific material
from the point of view of reliability and usability. Existing
multiple defects include cracks that typically occur due to
prolonged exposure to temperature extremes, casting de-
fects, and repeated thermal cycling. Weld areas and curved
profiles are critical failure areas. A methodology has been
developed to ensure the best adaptation of the structure and
material to the given working conditions. The different
behavior of cast iron was analyzed. By redesigning the
curved profiles, the impact of fumes on the welds can be
reduced. Creo 3.0 software was used to prepare the CAD
model of the 4-1 exhaust manifold.

In the investigations [3], the operation of the exhaust
manifold of a four-stroke four-cylinder gasoline engine
when using three types of fuel (gasoline, methane and
methanol) was analyzed to estimate the characteristics of
flow and back pressure. Modeling is done in Fluent 18.0,
followed by analysis and meshing in ANSYS. Velocity,
pressure and temperature profiles were run at an engine
speed of 1000 rpm. It was found that methanol provided the
highest exit temperature and back pressure, while methane
provided the lowest exit pressure. Back pressure decreased
while using gasoline. Methane resulted in the best exhaust
manifold performance.

The design geometry of the exhaust manifold plays an
important role in the smooth combustion and emission
reduction of a gasoline engine. In the publication [24], by
analyzing and comparing the exhaust back pressures and
their speeds of different types of manifold models selected
for different engine operating load conditions, the best
model 5 exhaust manifold was found and its use in a multi-
purpose cylinder engine was for engine emission control
and environmental protection recommended. The analysis
is carried out with a virtual manifold model. The modeling
and analysis of the exhaust manifold is done with the soft-
ware CATIA v5 and ANSYS.

The article [21] discusses the challenges associated with
the transformation of the existing multi-cylinder diesel
breather system into an innovative monolithic collector
model. Reaction gases after cleaning car engines are in-
creasingly used for the benefit of environmental quality,
especially in a large metropolitan area of the country, using
exhaust systems to eliminate their main pollutants. A well-
conditioned exhaust system increases engine performance.
The efficiency of the collector has a significant impact on
the performance of the engine. With the accelerated devel-
opment of modern technologies and numerical methods,
computer simulation has become a valuable method for
research and development of fluid flow systems. Industrial
CFD software was used to analyze the exhaust manifold
system. In order to expand the basic understanding of di-
verse processes, extensive knowledge about the distribution
of flow and heat transfer properties was gained. Calcula-

tions were performed to examine the parametric effect of
operating conditions and mathematics on manifold expo-
sure. Suggestions were made to improve the complex plan
and execution.

The aim of the work [15] is to analyze the operation of
the engine exhaust manifold. This is because the engine's
exhaust manifold is a key factor in engine performance. In
this work, the distributor design is created with CAD soft-
ware and analyzed with ANSYS. This CFD analysis and
thermal analysis were also performed to verify the perfor-
mance of the redesigned exhaust manifold. The purpose of
the CFD simulations carried out is to investigate the behav-
ior of the volumetric exhaust gas efficiency.

The article [11] presents the latest research [5, 8-10, 22,
23, 25] on exhaust manifold design, evaluation of its opera-
tion with experimental methods, and collection and discus-
sion of numerical methods (CFD), different geometry types
of exhaust manifolds and their impact on performance.

3. Research methodology

3.1. Research object

The object of research in the conducted experiment is
a vehicle with a factory exhaust system, except for the end
silencer, which was custom-made to the dimensions of
factory exhaust pipes. The material from which the silencer
was made is stainless steel 304. Due to the small impact of
the final silencer itself on the power of the tested engine,
we assume that the exhaust system before modification is
fully serial. The vehicle was also modified in the form of
replacing the engine with a unit with a larger capacity than
the factory one. All transmission systems such as gearbox,
propeller shaft, axle shafts and differential have remained
unchanged. The factory exhaust manifold is shown in Fig. 1
and 2.

Fig. 1. Factory exhaust manifolds [19]
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Fig. 2. Factory manifolds mounted on the engine
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Table 1. Parameters of the tested vehicle

Stroke capacity [cm?] 2979
Power” [HP] 231
Torque” [Nm] 300
Acceleration” 0-100 [km/h] 6.9
Yearbook 2003
Course [km] 290 000
Fuel consumption in the combined cycle” [1/100 km] 9.6

Fuel consumption in city driving” [1/100km] 13.4
Fuel consumption on the road” [I/200km] 7.3
*Parameters such as: power, torque, acceleration and fuel consumption
are catalogue parameters presented by the manufacturer and due to the
mileage of the vehicle they may differ from the actual measurement
results from the dynamometer.

3.2. Chassis dynamometer test bed

The power measurement was carried out on the MAHA
LPS 3000 chassis dynamometer test bed at the Wroclaw
University of Technology. The LPS 3000 consists of:

— communicating desktop with PC, monitor and mouse
— remote control
— roller set.

The dynamometer is equipped with a rotational speed
sensor, an oil temperature sensor, an exhaust gas tempera-
ture sensor, a fan, and a junction box. The range of rota-
tions that can be measured is: 0—10,000 rpm, with a meas-
urement accuracy of 2%. Load simulation is carried out
using an eddy current brake. The LPS 3000 test bad allows

you to measure the power of petrol, gas and diesel engines.
The use of an appropriate roller set and electronic system
allows for measurements of 4-wheel drive vehicles. More
detailed specifications of the research setup have been
compiled in Table 2 [16].

Before the measurement, the tire pressure level in the ve-
hicle was checked; all driving assistance systems (two-stage
DSC system), and air conditioning were turned off and the
maximum airflow was turned on to switch the cooling sys-
tem into a circuit that included an additional fan. The view of
the vehicle on the measuring stand is shown in Fig. 3.

Fig. 3. View of the test stand

Table 2. MAHA LPS 3000 specifications

| R50 | R100/1 R100/2 R200/1 R200/2
Roller Set
Length [mm] 1420 3345 4140 4550 2260
Width [mm] 1100 1100 1100 1100 1100
Height [mm] 505 520 520 570 800
Weight incl. packing 550 kg 1400 kg 1700 kg 2500 kg 2800 kg
Axle load 15t 25t 25t 15t 15t
Roller length 220 mm 750 mm 750 mm 900 mm 900mm
Track min. 800 mm 800 mm 820 mm 950 mm
Track max. 2300 mm 2300 mm 2620 mm 2750 mm
Smallest testable wheel 12" 12" 12" 12" 12"
Roller diameter 318 mm 318 mm 318 mm 318 mm 318 mm
Roller axle separation 560 mm 540 mm 540 mm 565 mm 565 mm
Lifting Bar
Pneumatic min. 5 bar min. 5 bar min. 5 bar

max. 8 bar max. 8 bar max. 8 bar
Hydraulic up to max. 40 bar up to max. 40 bar
Electrical Data
Eddy current brake 260 kW 260 kw 2 x 260 kW 2 x 260 kW 2 x 260 kW
Power supply 230 V/ 230 V/ 230 V/ 400 V/ 400 V/
50 Hz 50 Hz 50 Hz 50 Hz 50 Hz
Fuse 16 A slow 16 A slow 35 A slow 35 A slow 63 A slow
Display Range
Test speed max. 300 km/h max. 260 km/h max. 260 km/h max. 200 km/h max. 200 km/h
Wheel power max. 260 kW max. 260 kW max. 520 kW max. 400 kW max. 600 kW
Traction max. 6 kN max. 6 kN max. 12 kN max. 15 kN max. 25 kN
Measurement accuracy +2% +2% +2% +2% +2%
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4. Flow simulation

4.1. Serial collector

Due to the complexity of the calculations and the diffi-
culty in measuring the entire system, the flow analysis will
only include calculations for both collectors (before and
after the modification). The model of the serial collector
was made in the Autodesk Inventor environment (Fig. 4).
The collector model has been simplified so that it contains
only the nephralgic points of the structure. Autodesk Inven-
tor is a high advanced software 3D to make projects of
mechanical elements. The design was made in Inventor.
The finished model was exported in the STEP format to the
Ansys program, where exhaust gas flow simulations were
performed.

Fig. 4. Model of serial collector (designed in Autodesk Inventor)

By comparing the prepared model with the actual ge-
ometry of the collector, it becomes evident that a catalyst is
positioned just after the channel that connects all the out-
puts. However, owing to the complexity of calculations and
the aim to solely highlight the impact of collector geometry
on computational analysis, the catalyst was omitted. More-
over, the extension of the output channel was undertaken to
stabilize simulation results upon exiting the connector. This
research was grounded in a comparative analysis of two
collector geometries, with the goal of elucidating the effects
of geometric disparities on flow resistances, subsequently
leading to losses in exhaust evacuation efficiency. In line
with these premises and to simplify the factory collector
model's design (excluding the catalyst's influence from the
analysis), a section right after the convergence of the three
channels was represented as a straight pipe. This decision
stemmed from the area's limited influence on final analysis
outcomes; primary flow losses occur where the pipes as-
sume curvilinear shapes. The first step in the analysis was
to determine the consistency of the model geometry. The
program correctly read the converted format, so the next
step was to generate the mesh. The purpose of the follow-
ing analysis was to establish, in a comparative manner, the
superiority of employing a sports collector over a factory
collector. The CFD simulation was also rooted in a com-
parative study design, leading to the adoption of mesh size
and quantity at consistent levels, which were justified by
the substantial influence of mesh resolution on the study
outcomes.

Consequently, mesh refinement was implemented in po-
tentially significant regions for analysis (high accuracy
meshing was applied to areas directly adjacent to pipe
walls, where the flow of exhaust gases undergoes rapid
changes in direction and velocity). These regions were
categorized into a boundary layer and a central layer. Intro-
ducing excessive variability in mesh refinement would raise
concerns about inaccuracies in results due to disparities
between precise and less precise outcomes. This, in turn,
could lead to a misconstrued interpretation of flow behav-
ior, challenges in achieving a stable numerical equilibrium
state, prolonging the simulation process, or even impeding
its completion. Moreover, countermeasures were taken to
mitigate turbulence and to preclude the program from au-
tonomously interpolating unstable mesh regions.

In accordance with the aforementioned premises and the
comparative nature of the entire study, boundary conditions
were established.

The parameterization was carried out automatically, and
in order to increase the accuracy on the boundary layer, the
"Inflation" function was used (parameters are shown in
Table 3), which allows you to create a zone of directional
compaction on the selected volume [1, 2, 7, 17]. The com-
paction value was defined by determining the height of the
first layer, which was 0.0001 m, the rest of the value was
left unchanged. The grid of the collector model is shown in
Fig. 5. The determination of ultimate parameters was pre-
ceded by iteratively conducting simulations for different
values. The selection rationale was grounded in the pro-
gram's relatively modest computational demand and the
satisfactory precision of research findings.

Table 3. Assumed parameter values in the "Inflation" function

Scope

Scoping method Geometry selection
Geometry 1 body
Definition

Suppressed No
Boundary scoping method Geometry selection
Boundary 13 faces
Inflation option First layer thickness
First layer height 0.001 m
Maximum layers 5

Growth rate 1.2
Inflation algorithm Pre

Fig. 5. Grid of the serial collector model
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The next stage of the simulation is to determine the
boundary conditions that will simplistically represent the
tested flow. The nature of the flue gases leaving the com-
bustion chamber and the geometry of the collector affect
the lack of identity between the parameters of individual
gas molecules, so the computational model assumes the
presence of turbulent flow [1]. The material from which the
serial collector was made is not known, and the simulation
itself concerns the influence of geometry at the given input
parameters, therefore the material of the model is steel,
while the substance that will imitate the fuel combustion
product is air. The next stage of determining the boundary
conditions was to determine the places of inlet and outlet of
the gas stream by assigning an appropriate function to the
previously named walls. The purpose of the following anal-
ysis was to establish, in a comparative manner, the superi-
ority of employing a sports collector over a factory collec-
tor. As a result, computations were carried out under uni-
form conditions. The selection of the inlet gas velocity was
set at 200 m/s, and its value does not reflect the actual gas
emanating from the engine chamber. Nevertheless, the
order of magnitude closely approximates the existing condi-
tions in internal combustion engines. The calculations were
carried out for the number of iterations equal to 200.
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Fig. 6. Pressure distribution on the manifold walls

The simulation result, shown above, presents the distri-
bution of pressure exerted on the manifold walls by the
flowing gas stream. The geometry of the collector contrib-
utes to a significant variation in the level of pressure values
achieved. Considering the model as divided into two parts,
we can specify the area in which the pipe channels led from
the engine block allow the flow of exhaust gases in the
horizontal plane and the area in which, after connecting the
individual pipes, the flow takes place in the vertical plane.
In the first area, the pressure inside the system builds up,
the exhaust gases coming out of the exhaust valve, in the
case of cylinders one and three or four and six, are forced
by the geometry of the manifold to change the flow direc-
tion by 90 degrees. Despite the gentle rounding of the
channels, these areas are the zones of the greatest gas pres-
sure on the walls of the considered element and thus will be
potential centers for generating the largest energy losses in
the flow. Observing the second part of the conventional

division of the collector model, where the flue gas again is
forced to change the flow direction by the value of a right
angle, and the individual channels merge into one pipe, one
can notice a huge difference in the pressure inside. This is
the area where the flow resistance will be lower, and such
a high pressure drop will probably increase the efficiency of
mixing streams from individual channels. The results of the
simulation of pressure distribution on the walls of a stand-
ard collector are shown in Fig. 6.

4.2. Sports collector

The model of the sports manifold was also made in Au-
todesk Inventor, and then converted in the STEP format to
Ansys 2022. In the case of the new system, the catalyst was
a separate element, which is located further down, while the
exhaust channel, as in the previous manifold, was extended.
The collector model is shown in Fig. 7.

Fig. 7. Sport collector model (Autodesk Inventor)

The stage of creating the model mesh was the same as
in the case of the serial collector, for the same values of the
boundary layer density. The boundary conditions in this
case also took into account the turbulent nature of the gas
flow, the material was steel, while the inlet velocity was
Vi = 200 m/s and was carried out by the adopted gas, i.e.
air. The calculations were also carried out for the number of
iterations of 200. The mesh model is shown in Fig. 8.

Fig. 8. Grid of the sports collector model
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Figure 9 shows the local extremes in the pressure course
on the considered geometry. It can be seen that the highest
values occur right at the flue gas inlet to the collector,
which is probably due to the shape of the pipe, which with
its numerous bends is not conducive to free flue gas out-
flow. The main centers of maximum pressure are located on
the outer walls of the bent pipe, where the flow of fluid as it
exits the engine, in the direction normal to the outlet port, is
reflected from the inside of the manifold, causing a sudden
change in flow direction. Such a scenario results in a high
pressure of the dynamically flowing exhaust gases on the
pipe wall and thus generates an increase in flow resistance.
The focus of the maximum pressure in the model will prob-
ably also be the place of maximum resistance in the outflow
of exhaust gases from the engine.
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Fig. 9. Distribution of pressures on the collector walls and flow velocity in
the sports collector

5. Roughness analysis

In order to check and compare the surface of steel from
which the individual systems are made, the roughness
measurement of material samples from the factory manifold
and the sports manifold was carried out. The examination
was performed using the PHENOM X-PRO scanning mi-
croscope for 500-2000x magnification. Before the meas-
urement, the samples of individual steels were thoroughly
cleaned and degreased and then mounted on the appropriate
test table. In order to increase the reliability of the test, the
roughness was measured in three different areas and for
five different reference lines in each area.

The carried out roughness measurements show a meas-
urable degree of unevenness for both tested steels. The
increased amount of unevenness of the inner surface of the
steel pipe will directly translate into an increase in the re-
sistance to movement of the flowing gas in the area of the
boundary layer. It should be noted that the first steel sample
was cut from a previously used factory manifold, so any
contamination and wear from a previous use will affect the
roughness.

The values of the R, and R, roughness parameters are
given in um and are a kind of averaged roughness value. R,
differs from R, in the method of measuring and calculating

the parameter value. Taking into account the profile as the
function y on mean line distance x R, parameter is define as

1 0B 1
R = > [7lyldz ~ 521yl )

and describes arithmetic mean of absolute values of devia-
tion between observed profile and mean line on the elemen-
tary interval in | length (in practice this is calculated as the
sum absolute values of successive values of profile y; in |
length). In turn R, parameter is define as

R, = 2 (ZEalyp + ZEalywil) )

and describes arithmetic mean of absolute values of five
highest altitudes and five lowest valleys heights of observed
roughness profile on the elementary interval in | length.

The higher the value of the parameter, the greater the
roughness (larger scratches and surface irregularities). If
R, > 12.5, the surface is considered to have high roughness,
R, between 10 and 1.25 is medium roughness, and R, < 1.25
is low roughness (high surface smoothness). The mirror-
look steel surface is R, less than 0.2 [6].

The test result effectively details the advantage of the
steel used for the production of the sports manifold, where,
according to the R, parameter, the average roughness of the
second steel is lower by 3.26 um, while in relation to the R,
parameter, this difference will be as much as 11 um. Differ-
ences in roughness values for individual coefficients result
from the nature of their determination. To determine the
degree of unevenness according to the R, parameter, the
values of deviations on the section specified by Polish
standards are read, while to determine the degree of rough-
ness R,, the five largest elevations and five largest holes on
the surface should be measured. A clear difference in the R,
values indicates a high amplitude of surface irregularities
for the steel used for the serial collector.

The measurement results for the standard collector are
shown in Fig. 10, 11 and in Table 4. The measurement
results for the modified collector are shown in Fig. 12, 13
and in Table 5.

Fig. 10. Surface of a steel sample from a serial collector (2D)
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Fig. 12. Surface of a steel sample from a sports collector (2D)

Table 4. Roughness measurement results (series collector)

Area no Measurement no R, [um] Ra [um]
| 1 23.96 14.50
2 24.63 12.00
3 33.18 15.67
4 16.25 8.21
5 20.85 9.25
1l 1 21.73 10.37
2 24.27 7.76
3 26.55 11.26
4 18.77 8.43
5 16.23 9.81
1l 1 20.20 7.40
2 23.95 18.24
3 14.72 5.47
4 11.29 5.00
5 9.96 4.32
Mean value [um] 20.44 9.85

An unique proof of the influence of roughness on flow
resistance will be an analysis in which two identical pipes
are put together, for which the boundary conditions of the
flow will be the same, but will differ in the roughness of the
inner surface. Figures 15 and 16 show the simulation results
for pipes with a diameter of 49.4 mm and a length of 500

mm. The grid parameterization was carried out for the val-
ues used in the previous simulation of the collectors. The
material used is steel with the average R, value of both
cases, determined based on the conducted microscopic
measurements. The calculations were made for the input
velocity Vi = 200 m/s and the number of iterations equal to
1000. The pressure distribution for a pipe with a roughness
of R, = 20.44 pm is shown in Fig. 14. The pressure differ-
ences for this case are shown in Fig. 15. The pressure dis-
tribution for a pipe with roughness R, = 9.44 um are shown
in Fig. 16. Pressure differences for this case are shown in
Fig. 17.

Table 5. Roughness measurement results (sports collector)

Area no Measurment no R; [um] R, [pum]
| 1 12.73 7.65
2 14.99 7.99
3 7.93 4.23
4 6.51 4.45
5 6.32 4.58
1l 1 9.69 4.07
2 6.32 5.68
3 8.58 4.90
4 6.70 2.86
5 6.53 6.71
1l 1 11.45 3.63
2 14.18 15.08
3 741 9.13
4 11.35 9.71
5 10.94 8.17
Mean value [pum] 9.44 6.59

Fig. 13. Surface of a steel sample from a sports collector (3D)
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Fig. 14. Pressure distribution in a pipe with roughness R, = 20.44 um
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Area-Weighted Average

Static Pressure [Pa])
(inlet) 5709.2167

(outlet) 476.26152

Net 3092.7391

Fig. 15. Differential pressure at the inlet and outlet (R, = 20.44 um)
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Fig. 17. Differential pressure at the inlet and outlet (R, = 9.44 pm)

Comparing the calculation results for both pipes, we can
observe the pressure difference at the inlet and outlet of the
pipe. In the case of a pipe with a greater roughness, the
pressure drop between the beginning and the end of the
pipe is 5233 Pa, while in the case of the second pipe this
value is 4628 Pa. The summary shows the influence of
surface irregularities on flow resistance, which in the analy-
sis, where the only lack of identity between the parameters
is roughness, will be manifested in the pressure drop along
the length of the pipe.

6. Modification of the exhaust system

Compared with the standard equipment, the system was
almost completely modified, starting with the replacement
of collectors (Fig. 18), and the replacement of catalysts
(Fig. 19), which, in combination with the previously men-
tioned collectors, are to guarantee the increases declared by
the manufacturer. Going further in the system, the pipes are
joined in the shape of the letter "X" (Fig. 20), which is to
ensure effective pressure equalization between the two
columns of flowing flue gases. At the very end of the sys-
tem there is a final silencer, which has not changed. The
selected design solutions resulted in the removal of two
middle silencers, which will certainly increase the noise
level but should also be used to reduce flow resistance. The
view of the entire exhaust system is shown in Fig. 21.

Fig. 21. The entire exhaust system after modification
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7. Measurement results

7.1. Testing on a dynamometer before modifications

The first measurement was carried out on gasoline fuel.
The measurement results show the curve of engine power,
wheel power, torque and power losses. The left vertical axis
shows the engine power value. The torque value is on the
right vertical axis.

The horizontal axis shows the scale of the engine rota-
tional speed. As you can see in the graph, there are two
curves corresponding to the power curve — no. 1 (engine
power) and no. 2 (wheel power), the former shows the
power generated by the engine, while the second shows the
power that the vehicle has in terms of ratio to the wheels,
i.e. it takes into account the losses generated by the drive
train. The measurement of losses is possible thanks to the
dynamometer algorithm, which, after measuring the power
on the wheels, is able to take into account the losses gener-
ated by the transmission system and convert them into the
final result of the power on the engine. In practice, the read-
ing of losses consists in pressing the clutch pedal, after
accelerating the engine to the maximum value, which re-
sults in disconnecting the gearbox from the shaft of the
drive unit. The result will be a reading of the operating
characteristics of all drivetrain elements between the engine
and the wheels of the vehicle. The loss curve is also shown
on the chart (curve no. 3). The measurement results are
shown in Fig. 22.
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fore the measurement, the engine itself was partially regener-
ated — valve seals were replaced and the variable valve tim-
ing system (Vanos) was regenerated, while the sealing piston
rings were left, which may be one of the reasons for the de-
crease in power. Torque peaks at 285.2 Nm at an engine
speed of 3525 rpm and stays close to this value over a wide
rev range, resulting in high engine flexibility between 2100
and 5000 rpm. Maintaining this rpm range will result in the
most effective acceleration of the vehicle and the most effi-
cient hill climbing. The maximum value of the torque de-
clared by the manufacturer is 300 Nm, which in relation to
the value generated by the tested vehicle gives a decrease of
5%. Comparing this value to the decrease in power, which is
the product of torque and engine speed, with its highest value
in the upper range of revolutions (i.e. 5965 rpm), it can be
concluded that the losses caused by the vehicle mileage in-
crease with the increase in engine speed. The engine operat-
ing at high load (high-speed range) due to the high pressure
generated in the cylinder, creates favorable conditions for
generating high losses caused by poor sealing of the combus-
tion chamber, which in a way may be a good justification for
earlier predictions of the reasons for power drops.

7.2. Testing on the dynamometer after modification

After modifications, the maximum engine power
reached 231.9 HP for an engine speed of 5740 rpm. The
torque curve, after exceeding 2050 rpm, remains close to
the maximum level, while it reaches its peak at a rotational
speed of 3475 rpm, for which it takes the value of 317.3
Nm. The torque characteristic illustrates the flexibility of
the engine in which range it will most effectively accelerate
and climb hills, this range starts at 2050 rpm and ends at
5000 rpm. After reaching this value, the curve assumes
lower and lower torque values as the engine speed increas-
es. The measurement results are shown in Fig. 23.
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Fig. 22. Power characteristics of the engine with the factory exhaust
system

The maximum power of the engine was 210.7 HP,
which differs from the declared catalogue value of 231 HP
by just over 20 HP, which translates into an approximately
8.7% decrease in power. This difference is probably due to
the mileage of the vehicle, which is over 290,000 km. Be-
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Fig. 23. Engine power characteristics after modifications
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7.3. Comparison of dyno measurements bed

Figure 24 shows a summary of the measurement results,
before and after the modification, comparing both runs, an
increase in the maximum values of engine power and
torque can be seen. The power curve after the modification
is almost uniform until it reaches around 3500 rpm. After
exceeding this value, the power begins to take higher values
for the same rotational speed as before replacing the ex-
haust system. Referring to the maximum values in both
measurements — the power increased by 21.2 HP, which
gives an increase of 10% of the power before the modifica-
tion. Comparing the courses of the torque curves, it can be
seen that above the value of 2250 rpm, the measurement
made after the modification reaches higher torque values
over all the graph. And the maximum value increased by 32
Nm and this way ensured an increase of 11%.

= Torque = = Torque after modification +++++ Power

I-":_v\\'c( [l\'..\«:l]

Torque [Nm]

Rotation speed [obr/min]

Fig. 24. Comparison of the results of both measurements

8. Conclusions

Comparing the computational models of both collectors,
the first observation that comes to mind is the difference in
pressure distribution. Exhaust gases flowing through the
serial collector generate a very non uniform pressure distri-
bution inside the ducts, while the sports collector outside
individual zones is characterized by a stable level of gas
pressure on the walls throughout its volume. Such a state of
flow parameters will certainly be more advantageous, tak-
ing into account for example the uniformity of wear of
individual fragments of the tested element. The analysis did
not take into account the temperature distribution in indi-
vidual sections, but local pressure increases can certainly
increase the thermal impact, which may result in dangerous
heating of the collector. High temperature on the uninsulat-
ed manifold can adversely affect the performance of the
drive unit due to the lack of additional heat dissipation from
the engine compartment. On the other side considering the
effect of this phenomena, some benefits can be find in high
temperature of the flue gases entering the catalyst, which
will increase the efficiency of the reactor in the catalysis
process. In the case of a sports manifold, the flowing ex-
haust gases will not influence on temperature inside the
engine compartment, and the structure itself will be less
strained due to the even distribution of forces in individual
channels. The other expected benefit of the method of rout-
ing the pipes in the modified system, apart from the uni-

form distribution of stresses, will be the distance to which
the channels coming out of the engine block are led out.
This solution is rationally justified by the distribution of the
energy of the escaping gas over a larger surface and the
resulting discharge of excessive temperature outside the
engine chamber. Considering condition of the surface of
both collectors and its impact on the free flow of gas (refer-
ring to the roughness analysis), it can be concluded that the
low roughness of the modified system and the stable pres-
sure distribution will have a more beneficial effect on re-
ducing the resistance to movement of the flowing exhaust
gases, and thus their more effective discharge.

The measurement power after the modification success-
fully confirmed the hypothesis of the possibility of increas-
ing engine performance by interfering with the exhaust
system only. The comparison of both characteristics in one
coordinate system shows the impact of modifications on the
increments of operational parameters. A very satisfactory
effect is the translation of the torque curve along the Y axis,
what gives the possibility of having higher acceleration of
the vehicle in the same engine speed range as before the
modification. This modification is clearly felt during drive,
especially when the gearbox is overvoltage in third gear,
the vehicle has a very efficient acceleration ability in this
respect. Analyzing the course of the power curve, it can be
seen that after the modification it is almost the same, but
after exceeding the barrier of about 3500 rpm, it takes on
higher values. The increase in power can also be defined on
the basis of the maximum engine speed achieved, for which
the vehicle speed increased by 38.6 km/h. Changes in the
achieved maximum parameters of the engine are most con-
sistent with the increases declared by the manufacturer,
probably in the case of a unit with a lower mileage and less
wear of individual components, the impact of the modifica-
tion would be even more effective, which would additional-
ly confirm the effectiveness of the exhaust system used.

The comparison of individual construction solutions and
the physical benefits resulting from them in relation to the
unit measurement of output parameters is a very risky move.
The study shows the change in the power and torque curve
under the influence of modifications to the design of one
engine with specific initial parameters. And it is difficult to
systematize the reason of individual increases in a more
universal nature. But based on the knowledge of people ex-
perienced in this field who had the opportunity to observe the
impact of individual modifications on the formation of torque
and power curves, one can attempt to correlate certain phe-
nomena. One of them is the use of collectors with a higher
flow capacity, which could increase the torque.

According to the opinion of experienced mechanic en-
gineers, the result of such a change is having higher torque
at an earlier stage of engine speed. The above statement is
justified by the results of the tests, observing the course of
the torque. It reaches values close to the maximum at 2200
rpm already, whereas before the modification such values
could be observed for a rotational speed of about 3500 rpm.
Potential correlations can also be found in the use of sports
catalytic converters. Their metallic filling (providing less
resistance) and a smaller number of channels guarantee
better exhaust gas flows in comparison with classic catalyt-
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ic reactors with ceramic filling, which concerning the en-
gine's output parameters, are supposed to increase the max-
imum power. The measurement after the modification
clearly indicates the possibility increasing the power by as
much as 21 HP. But this merit should not be attributed only
to this solution. The system was completed by one manu-
facturer who had previously calculated the efficiency of his
set and probably the power increase would not have
reached such values without interfering with the construc-
tion of the collector. The remaining parts of the system,
despite occurrence of favorable physical phenomena during
the exhaust gas flow, will have a rather marginal impact on
the formation of the engine output parameters and can be
classified as a complement to the effectively constructed
system. Fragments of this type are used in the tested object:
X-pipe type connector and pipes with relatively low rough-

ness, made of 304 stainless steel. The effect of the modifi-
cation, apart from increasing engine parameters, are also
other usable aspects, such as increased noise emission. The
vehicle was tested with unprofessional measuring equip-
ment in the form of a mobile application, where the result
before the replacement was 100 dB, and after the modifica-
tion it reached the value of 112 dB. The reason for the in-
crease in noise emissions was undoubtedly the removal of
the center mufflers, which could also be a potential obstacle
to maximizing the vehicle's performance.
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Nomenclature

BHP brake horsepower
CFD computational fluid dynamics
DSC dynamic stability control

Ra  roughness average
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