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Analysis of Influence of the Atmospheric Conditions and 

Temperature Range in the Exhaust Pipe on the Output Engine 

Characteristics 

Keywords : engine characteristics, atmospheric conditions,  fuel efficiency 

Abstract : The piston combustion engine, which is working on the HCCI technology principle, is very sensitive to 

changes of the external atmospheric conditions. These changes are immediately influencing the engine power 

characteristics. At best only they effect decreasing of the maximum engine power. However, in a more difficult 

situation, there is the possibility of excessive detonation combustion process during certain changes in atmospheric 

conditions. The exhaust system temperature significantly affects the maximum output power and the combustion 

engine characteristics. With increasing temperature of combustion products in the exhaust system there is an overall 

reduction in maximum power and its transfer to a higher engine speed because of the length of an exhaust manifold 

is theoretically shorten. Therefore, to achieve the maximum values of output parameters, it is necessary to ensure an 

optimal temperature value of the combustion products in the exhaust system. This article also provides optimal 

temperature range of working temperature as well as it presents a theoretical analysis of the impact for atmospheric 

conditions in this interval. Based on theoretical results there has been developed a measuring method, which allows 

to regulate the input amount of the fuel mixture supplied to a cylinder during change in atmospheric conditions and 

its functionality was experimentally verified. 
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1 Introduction 

An exhaust system is the important supplement of 

the all engines. It has got the determining influence on 

engine outgoing parameters for the engines with two-

stroke operating cycle.  Gas flow in an exhaust system 

is controlled by means of the difficult principles of 

non-stationary convection with very difficult 

calculation. Although the existing special software 

reached the certain voluminous results, the main merits 

of work are still in the verification of calculated values 

on a testing engine [1]. In practice, in most motorcycle 

firms, which are the leaders for development, there are 

designed several modifications of exhaust systems 

according to generally known rules. These modified 

systems are tested and consequently improved with 

output brake engine tests. One exhaust system is 

suitable theoretically only for one value of engine 

speed. It is rather small speed range in practice. The 

final modification of exhaust system is accommodated 

to the most using speed values considering the 

operation possibility in its other modes. 

In a cylinder on a piston top edge there is an 

impulse created by means of the opening of exhaust 

port. It causes an overpressure wave, which is 

spreading into an exhaust manifold in existing 

environment with sound speed. In an exhaust manifold 

there is the sound speed much higher than in the open 

air. Exhaust manifold gases are step by step exposed 

the pressure wave influence. In consequence of this 

fact the gases begin to move outwards from an engine. 

But there is a reflection back of pressure wave from the 

opposite cone what causes the gas oscillation following 
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a longitudinal axle of an exhaust stroke. The aim of the 

correct dimensioned exhaust system is to improve 

exhaust of gases from a cylinder and this way to 

improve the scavenging process [4]. During 

scavenging of working space with overflowing streams 

there is the certain mixing of combustion products and 

fresh fuel-air mixture. The part of fresh fuel-air 

mixture leaks out into an exhaust port. A fuel-air 

mixture and combustion products mixing continues 

there. Close by an engine the gas mixture contains 

rather few combustion products. That is why there is 

the effort dimensionally to dispose the exhaust system 

so that the back movement occurs in the final phase. 

This back movement comes into existence by reason of 

the oscillation and again there is the return of off-take 

gases into the cylinder working space. The fuel-air 

mixture, which contains lower percentage of 

combustion products, can be used at combustion [2]. 

The aim of this contribution is to develop a 

measurement method solving the problems of output 

characteristics for high-speed racing engines caused by 

change in atmospheric conditions based on theory of 

optimal temperature range of the exhaust system. 

 

The following steps are connected to this main aim: 

- analysis of combustion product temperature 

influence in an exhaust system on a maximum 

engine output and its position in engine speed 

range 

- estimation of an optimal temperature range 

- theoretically definition  of the influence of 

atmospheric conditions on mixture composition 

and so the exhaust system temperature will 

effect  and subsequent development of software 

- performance of  measurements to verify the 

theoretical data and developed software. 

 

 

2 Experimental Models and Measuring 

Devices 
  

It is difficult to work theoretically on the 

development of individual components and then to 

demonstrate their influence on the parameters of petrol 

engine power and torque. Although there is the 

software for a modelling of processes, which are 

operating inside a cylinder and an exhaust system 

during combustion, the real results are performed 

seriously. That is why the experiment was used to 

achieve the main aim. It is necessary to choose the 

experimental model for experimental measurements. 

The development was realised with this experimental 

model. Further it is a need to choose the measurement 

device (to provide feed back, to give information about 

a real output proposition for concrete change). 

 

2.1 Experimental Model 
 

The petrol combustion engine with capacity 125 

cm3 was used as the experimental model. The 

specifications of the engine used in the test are shown 

in Table 1.  

 

Table 1 Technical Parameters of Test Engine 

 

Type 

a single-cylinder engine, liquid 

cooled, membrane filled, an 

electrical-controlled  exhaust 

power valve 

Capacity 124.8 cm3 

Bore x Stroke 54 x 54.5 mm 

Type of exhaust resonance exhaust system 

 

As results of long-time experiences and motorcycle 

firms’ research the resonance exhaust system is the 

most suitable. This shape, with small differences, is 

used for the large spectrum of motorcycles series as 

well as special racing vehicles [6].  

An ignition curve, its shape is given with a graphic 

representation by means of the pre-ignition degrees in 

dependence on an engine speed, was developed 

considerably. The newest and the latest shapes of 

ignition curves are common curves, which eliminate 

the inadequacies, for example the problems with a 

filling for the concrete mode of an engine speed [5]. 

For the needs of the experimental measurements there 

was used standard ignition curve of tested engine.  

Unleaded petrol with the octane number 100 was 

applied as a fuel. 

2.2 Measuring Device 

For a need of the experimental measurements were 

developed testing and measuring device Engine Watch 

and Control System (EW&C). 

That is a data-recording system, i.e. a device, which 

scans and stores information during a motorcycle ride 

(in real conditions, in real loading) [7]. This device 

makes possible to diagnose parameters of a combustion 

engine: an output performance, a torque and their 

behaviours, a temperature of exhaust system and its 

behaviour and other characteristics. A number and a 

kind of scanned parameters are related to the types and 

a number of sensors, which are installed on the 

combustion engine. 

In Figure 1 there is the block diagram for data 

measurement, operating and evaluation. The engine 
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activity record in dependence on time is the result of 

this system. The principle of EW&C system consists in 

the measurement of instantaneous engine revolutions; 

an instantaneous temperature of exhaust system and a 

reading of an active speed gear or throttle position in 

carburator. 

The system does a functional record of engine 

activity on the basis of scanned and entered data (a 

wheel circumference, gear ratios of individual speed 

gears, a curve of air resistance and a motorcycle 

weight). This record is stored in the memory of EW&C 

system. After finishing of the measurement, it is 

possible to copy the record into PC.  

On PC display (Figures 2, 3, 4, 6, 7) there is the record 

of engine activity in dependence on a time axis 

graphically presented (by means of the software which 

is a component of EW&C system). Every point of the 

record covers an instantaneous speed, a temperature of 

exhaust system and an output at a crankshaft end. 

 

3 Experimental Measurements 
 

In the experimental model there were applied the 

diagnostic device, described in above-mentioned 

paragraph. The measurements were performed for 

racing circuit. The obtained results, which are 

presented in this paragraph, were verified with multiple 

consecutive measurements to prevent a potential 

random error.  

The experimental measurements will be focused on 

the following areas: 

The first is analysis of the combustion product 

temperature influence in an exhaust system on a 

maximum engine output and its position in the engine 

speed range. 

The next step will be to estimate an optimal 

temperature range, which is necessary for the optimum 

engine output characteristics. 

Atmospheric conditions have got the most 

significant influence on the optimal working 

temperature interval in the exhaust system. An impact 

of atmospheric conditions on the mixture composition 

will be theoretically defined and on the base of 

theoretical conclusions there will be developed the 

software. By means of this software the mixture 

composition will be changed, thereby providing an 

exhaust system optimal temperature for any conditions. 

The last step will be the measurements intended to 

verify the theoretical bases and developed software. 

 

 
Figure 1 Block Diagram of  EW&C System 

3.1 Analysis of Combustion Products 

Temperature Influence in Exhaust System 

for Output Characteristic 

When the exhaust system length is shortened the 

maximum output and the maximum torque are moved 

into higher operating speed of the combustion engine. 

That is valid at a constant temperature and a constant 

pressure. And similarly the sonic wave rate of spread 

depends on a pressure and a temperature. A sonic wave 

rate of spread increases with an accumulative 

temperature in the exhaust system. A maximum and 

minimum temperature exists theoretically for every 

exhaust system, defined shape and dimensions. The 

output and torque behaviours increase the most 

effectively in this thermal interval because the 

scavenging of engine cylinder is optimized by means 

of the exhaust system. With regard to above-mentioned 

assumption, the experimental measurements were 

performed on the base of this prediction and these 

measurements were intent on the explanation of 

combustion products temperature in an exhaust system 

for an output characteristic of combustion engine.  

The aim of measurements was defined for the 

optimal operating thermal interval to achieve a 

maximum output for used exhaust system. 



Advances in Thermal Processes 

and Energy Transformation 

 

 

 

37 

 

Three thermal states were used for the 

measurement in the exhaust system: 

1. Thermal interval from 440°C to 540°C  (Fig.2) 

2. Thermal interval from 520°C to 620°C  (Fig.3) 

3. Thermal interval from 600°C to 720°C  (Fig.4) 

The temperature values were measured at points 

where the temperature of exhaust system reaches the 

maximum, i.e. in the area of exhaust pipe, 

approximately 150 mm from the upper edge of exhaust 

port.  

In Figure 2 there is illustrated the record of engine 

activity and the behaviour of engine performance in 

dependence on a time axis. A time axis is represented 

in the bottom part of the figure (left part). The engine 

activity record is represented with an upper curve 

(saw-tooth type in left part). 

 Figure 2 Activity Record and Output Behaviour of Engine in 

1st Thermal State 

 

 Figure 3 Activity Record and Output Behaviour of Engine in 

2nd  Thermal State 

 

 Figure 4 Activity Record and Output Behaviour of Engine in 

3rd   Thermal State 

 

On the left side left part of figure there is an axis, 

which represents engine speed (revolutions); therefore 

it is possible to define the range of operating speed, 

which the engine operates in. The axis of temperature 

in the exhaust system is on the right side of left part of 

figure. The temperature behaviour is represented a 

curve given in the lower section of the left part of 

figure. In this case the illustrated curve is almost a line 

because a relevant sensor was inactive.  

The concrete extent of activity engine record was 

selected. This extent was terminated on both sides 

(with dash vertical lines of left part), then was analysed 

with regard to an output performance. This analyse is 

illustrated by the graph on right side of this picture. 

The horizontal axis belongs to the engine speed 

(revolutions) and the vertical axis is for the output 

performance. There is an upper curve, which represents 

the output performance behaviour in dependence on an 

engine speed axis and the bottom curve belongs to the 

torque behaviour. 

A sonic waves rate of spread increases with 

accumulative temperature. In the exhaust system a 

back wave returns quicker and so the back scavenging 

process of a cylinder is accelerated. Theoretically, an 

exhaust system is shortened.   

An exhaust system temperature hast to rise with the 

increasing revolutions of optimal adjusted engine 

therefore the exhaust system is theoretically shorter at 

higher speed and theoretically longer (with lower 

temperature) at lower engine speed. 

The maximum output and the range of exploitable 

speed, i.e. revolutions with high value of instantaneous 

output is constantly kept, are important parameters for 

the practical use.  

In Tab.2 there are the measurement results, the 

maximum outputs and the ranges of exploitable speed 

in the individual thermal intervals. 
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Table 2 Measurement Results 

 

 

 

 

 

 

According to the measurement results analysis the 

shortening of exhaust system length in the area of 

exhaust pipe induces the transfer of a maximum output 

and a maximum torque to the higher operating speed of 

combustion engine [9]. Simultaneously the range of 

operating speed is wider. The next contribution is the 

more fluent increasing of an output and a torque what 

provides better steering control. This knowledge makes 

possible the variability of output curve according to the 

concrete necessity of given single-track vehicle. 

According to the measurement results analysis the 

thermal interval from 520 to 620°C is the optimal 

interval of operating temperatures in an exhaust system 

for this combustion engine. However, the conditions 

are not so optimal in this interval of limited values 

520°C and 620°C. The highest output is reached if the 

temperature converges in an exhaust system to the 

mean value of interval, i.e. 570°C. The temperature in 

an exhaust system increased with an output what is 

characteristic for an optimal adjustment. 

In thermal interval from 440°C to 540°C there was 

the maximum engine output lower and the range of 

exploitable speed decreased as well. The exhaust 

system was overcooled thus theoretically shorter. That 

is valid predominately for the temperature 440°C. The 

exhaust manifold is theoretically shortened toward an 

upper limit of interval and the engine characteristics 

are improved significantly. 

In thermal interval from 600 to 720°C there was the 

maximum engine output the lowest and there was the 

range of exploitable speed practically unavailable. That 

is valid predominately for the temperature 720°C. In 

lower limit of interval 600°C there are good output 

characteristics. The output parameters make 

significantly worse with the increasing temperature. 

The system is overheated and theoretically the exhaust 

manifold is excessively shortened.  

In the exhaust manifold the low temperature means 

that there is an overrich mixture (fuel redundancy) and 

it follows an imperfect burning.  

In the exhaust manifold the high temperature means 

that there is a weak mixture, it smoulders out in the  

 

 

 

 

 

 

 

 

 

 

 

 

exhaust manifold, the combustion process takes 

longer time (fuel lack). 

In the exhaust manifold the optimal temperature 

means that the composition of mixture is optimal and 

heat is changed into mechanical energy with the high 

efficiency. 

It follows that a temperature in an exhaust system has 

got a cardinal influence on an engine output 

characteristic. That is why it is necessary to ensure its 

optimal interval. It will be important for this thermal 

interval where the temperature increases 

proportionately with an operating engine speed and an 

engine load. It causes theoretically the lengthening (for 

lower operating engine speed) and theoretically the 

shortening (for higher operating engine speed) of an 

exhaust system. This effect provides a higher output in 

the whole regime of revolutions and decreases a 

production of emission because there is more perfect 

combustion here. Now, the highest efficiency of 

combustion engine will be provided. 

 

3.2 Theoretical Definition of Atmospheric 

Condition Influence on the Mixture 

Composition and Development of 

Software 

Atmospheric conditions are one of the greatest 

influences on a quality of mixture combustion in 

engine and so they affect its temperature of exhaust 

system [10].  

In the theoretical analysis of influence of 

atmospheric conditions for the combustion engine 

parameters we considered the wet air characteristics. A 

wet air is the mixture of a dry air and a vapour. The 

gases, contained in an air, are in an overheated state 

and in relatively small molecule concentration that is 

why a dry air is instructed by almost perfect state 

equation for ideal gas (1). It is also possible to use the 

state equation for a vapour concerning its small 

concentration in air (1). 
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      TRnVp                           (1) 

 

where: p – partial pressure [N.m-2] 

           V – volume [m3] 

           n – amount of substance [mol] 

           R – universal gas constant [J.mol-1.K-1] 

           T – temperature  [K] 

Total pressure of air p is equal to the sum of the 

particular partial pressures (Dalton’s law). 

                        pv ppp                                (2) 

where: pp – partial pressure of air 

           pv – partial pressure of water vapour  

 

The relative humidity φ gives the amount of water 

vapour which air is saturated 

                            
,,

p

p

p

p
                     (3) 

where: pp
’’ – a pressure of saturated water vapour at air 

temperature [3] 

 

We formulate a partial pressure of air pp from the 

expression of relative humidity or air (3) and then we 

institute it to the equation (2). After a substitution we 

can formulate a vapour partial pressure pv from 

Dalton’s law. 

              
 Tpv ppp ,,                   (4) 

 

From the state equation (1) we can formulate the 

amounts of substance for an initial and a final changed 

state of atmospheric conditions. We assume a constant 

volume. 
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                                (5) 
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                       (6) 

By comparing the relations (5) and (6) we get the 

relation for a ratio of dry air molar amounts. 
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If :                                1
1

2 
v

v

n

n
 

then ignition mixture was depleted with an influence of 

change of atmospheric conditions. It is necessary to 

increase a needed amount of delivered mixture 

regarding a maximum output regain. 

 If :                                  1
1

2 
v

v

n

n
 

then by influence of atmospheric condition changes 

there was an enrichment of combustion mixture. It is 

necessary to decrease an amount of supplied mixture 

regarding an achievement of maximum output.  

They are several possibilities to correct the supplied 

amount of combustion mixture. For the engines with 

carburators there are the changes of a carburator set-up 

(flow intensity of the main jet, stroke height of a jet 

needle, type and size of a needle jet holder or shape 

and size of a throttle valve). For the engines with fuel 

injection there is a possibility to reprogram a fuel map.  

On the base of theoretical analysis according 

relations (4) and (7) there was a program assembled, 

called the Mixture Calculator. It enables a practical and 

a quick calculating of a necessary change in a mixture 

richness setup according to a change of atmospheric 

exposure. The data of two states are the input ones of 

this program. The fist state is characterised with the 

initial parameters (temperature, pressure, humidity) 

during which a maximum output was reached. The 

second state is characterised by the actual parameters 

(temperature, pressure, humidity) of a barometer 

reading ambient air. The software output is a correction 

of a mixture amount expressed as a percentage. 

The aim of measurements was to test the 

functionality and accuracy of the assembled program 

Mixture Calculator and the operative influence of 

atmospheric conditions on an output characteristic of 

the combustion engine and temperature of exhaust 

system. 

The measurements were performed in the racing 

circuit and measurement No.1 and No.2 were 

performed during different atmospheric conditions. 

Then, by means of the developed software there was 

done the regulation of fuel map. 

In Table 3 there are scheduled the atmospheric 

conditions for each of measurements. In Table 4 there 
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are recorded numerically the fuel maps which then in 

Figure 5 there are illustrated. 

 
Table 3 Atmospheric Conditions 

 

Atmospheric Conditions 

No. 

Temperature 

[°C] 

Pressure 

[Pa] 

Humidity 

[%] 

1 20.5 96.4x103 68 

2 24.7 96.9x103 49 

 

Table 4 Fuel Maps 

 

 

 

 

 

 

 

Table 4 contains the fuel maps. In upper row there 

is given the percentage positions of throttle. In left 

column there is the consecutive number of 

measurement, so every row represents one map. 

The numerical value, given for concrete position of 

the throttle, represents a flow space. Through this flow 

space there is a fuel flowed into a diffuser of 

carburator. Subsequently in the diffuser there is an 

influent fuel mixed with air. These values help to do 

comparison of various alternatives for fuel maps. If a 

value is higher then represents over-richer alternative 

for the concrete carburator set-up and on the other hand 

if a value is lower then there is the mixture weakened.  

 

The fuel map of measurement No. 2 was depleted 

on the base of change of atmospheric conditions and 

results from the program Mixture calculator. It means 

that the flow space, through which fuel flows in the 

carburator for a mixture development, was reduced. 

 

In Figure 5 there are illustrated the fuel maps. The 

wetted cross-section is a dimensionless parameter and 

represents a value of flow space, which flows a fuel 

through, referred in the special unit, [mm2·100]. This 

diagram was drawn on the basis of numerical data from 

Table 4. This graph makes possible to obtain more 

integrated view of the fuel supplies at all kinds of 

measurements. A horizontal axis represents the throttle 

position and a vertical axis is given for the wetted 

cross-section. Fuel flows through this flow space in the  

carburator at a determined time. Its value is referred in 

absolute numbers.  

 

In Fig.6 and Fig.7 there are illustrated the records of 

engine activities (left) and the output behaviours (right) 

under both atmospheric states. They are the records of 

engine activity in dependence on a time. A time axis is 

represented in the bottom part of the figure. The engine 

activity record is represented with an upper curve 

(saw-tooth type). On the left side there is an axis, 

which represents an engine speed; therefore it is 

possible to define the range of engine operating speed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The axis of temperature in the exhaust system is on 

the right side. The temperature behaviour is 

represented by a curve given in the lower section of the 

figure. In this case the illustrated curve is almost a line 

because a relevant sensor was inactive.  

 

The concrete section of the activity engine record 

was selected. This section was terminated on both sides 

(with dash vertical lines), then was analysed with 

regard to an engine output. This analyse is illustrated in 

the right graph. The horizontal axis belongs to the 

engine speed and the vertical axis is determined for the 

actuator output. In this graph there is a curve, which 

represents the output behaviour in dependence on an 

engine speed.  

 

Three equal stages in three measured laps of the 

racing circuit were selected for the analysis of an 

output because a selection of only one measured stage 

and one curve could be responsive to an occurrence of 

a random error.  
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The deviations within the group of output curves 

are caused by the external influences e.g. a different 

exit speed from the turn to the finish line where the 

output analysis was done. 

 

 
Figure 6 Activity Record (left) and Behaviour    of Engine 

Output (right) in 1st Atmospheric State 

 

Table 5 Measurement Results 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
  

 Figure 7 Activity Record (left) and Behaviour of Engine 

Output (right) in 2st Atmospheric State 

In term of view of a practical application the most 

important parameter is the range of exploitable speed 

of an engine. At this speed there is the constantly high 

value of an instantaneous output maintained. It is 

irrelevant for an optimal engine setup if the output 

reaches a higher value in a certain time period however 

it maintains at this value only very narrow range of 

working speed. The maximum reached speed is also 

very important for the racing purposes. In Tab.5 there 

are the results of measurements and the individual 

ranges of exploitable speed. 

During the first atmospheric situation there were 

performed three measurements. The exhaust system 

temperature in all three cases was kept within the 

optimum working range from 520°C to 620°C. Our 

assumption was confirmed that the output 

characteristics are the best when the temperature 

converges to the mean value of 570°C. During the 

second atmospheric situation there were realized also 

three measurements. The results were comparable to 

the results from the first situation and again the highest 

performance was at the mean temperature in the 

exhaust system. 

It is important finding that in both situations on the 

basis of this method there was possible to keep an 

optimal temperature range of the exhaust system, 

although the atmospheric conditions have been 

changed. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Fuel Maps  
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4 Conclusions 
 

On the base of measurement results analysis it is 

possible to state that the applied theoretical conclusions 

as well as the assembled program are exact and by 

means of this software it is possible with good 

accuracy to optimally set up the filling of combustion 

engine. The outputs and the range of exploitable speeds 

are approximately equal at both compared states. The 

maximum reached speeds are also comparative.   

This knowledge has got the great value for the top 

racing engines. However they are also important for 

common use of combustion units in single-track 

vehicles. According to the optimal setup of engine it is 

possible to reach a good output and allowable amounts 

of emissions, which are accentuated on the present. 

This knowledge has also its significant economic 

relevance. From the entrepreneurial point of view, the 

efficiency of the engine is enhanced. As the risk of 

malfunctioning is mitigated, so are the costs of 

damages and replacements cut, and the parts of piston, 

as well as the head of the cylinder and the crankshafts 

last longer. The precursory calculations indicate that by 

racing engines, the total costs of producing maximal 

output are reduced by up to fifty  

percent. The reduced costs deliver competitive 

advantage for an entrepreneur and crucial advantage 

for a rider. From the broader economic perspective, 

also the productivity of labour is enhanced. 
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