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ABSTRACT: Increasing power to weight ratio is a main target for all engine designers. One of the most 

important parameters that assess the engine output power is the indicated mean pressure (IMP). The purpose of 

this work is to investigate the effect of working cycle parameters on IMP and how it is sensitive to these 

parameters’ changes. It is shown that IMP is a function of five working cycle parameters namely pressure at the 

end of suction stroke(S), compression polytropic exponent (n), compression ratio (ε), Pressure rise ratio (λ), and 

expansion polytropic exponent (m). The analysis indicated that change of IMP is highly sensitive to expansion 

polytropic exponent change (m) more than other controlling parameters. Also, the sensitivity of IMP is not the 

same for wide ranges of other working cycle parameters change. By using regression, new correlations between 

IMP sensitivity and working cycle parameters have been introduced with lowest R2= 0.987 and error in a range 

of 7%. Such relations could be a useful tool for engine designers to increase IMP and power to weight ratio. 
KEYWORDS: Sensitivity Study, Indicated Mean Pressure, Internal Combustion Engines, and Spark Ignition 

Engines. 
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I. INTRODUCTION 
Indicated mean pressure (IMP) is a parameter that measures the ability of engine to do work and it is 

independent on engine volume [1]. It expresses the work done by unit volume of engine and can be calculated 

by dividing the work done in one cycle by swept volume [2]. Previous works show that IMP is a function of 

many working cycle parameters, and as increasing of IMP means engine power to weight increase, it is 
convenient to determine which one of these working parameters has dominant effect on IMP. This encourages 

conducting a comprehensive sensitivity analysis of IMP to working cycle parameters.       

Sensitivity analysis is a technique which findings the dependence of a system output on a specific input 

to evaluate the hazardousness of a certain strategy, in other words, it is the investigation of a mathematical 

model or system output uncertainty due to different sources of uncertainty in its inputs [3]. Sensitivity analysis 

approaches can be classified to mathematical, statistical, and graphical [4]. Mathematical methods assess 

sensitivity of a model output to a series of an input. These methods do not focus on the variation in the output 

due to inputs variance, but they can measure the influence of variation of input range on the output [5]. 

Sometimes, mathematical methods can be useful in showing the most significant inputs [6]. Statistical methods 

model’s inputs are allocated probability distributions and considering the effect of change in inputs on the 

output distribution [7, 8]. Depending on the method, one or more inputs are varied at a time. Statistical methods 
permit to detect the effect of interactions among many inputs. Graphical methods offer illustration of sensitivity 

in graph forms, charts, or surfaces, and usually used to give visual sign of how an output is affected by change 

in inputs [9]. 

There are different sensitivity methods which can be followed to investigate certain model or system. 

Nominal Range Sensitivity or local sensitivity analysis estimates the effect of individual input variation over a 

reasonable range on model outputs, while keeping all other inputs at constant values [10]. The change in the 

model output due to the change in the input variable is concerned to the sensitivity of the model to that specific 

input variable [5]. Nominal range sensitivity analysis is a relatively simple method that is easily to apply but 

interactions among inputs are difficult to get [4].  

Automatic Differentiation Technique (AD) is a technique for estimating local sensitivities for large 

models by calculating first-order partial derivatives of outputs with respect to small changes in the inputs [4, 11-
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13]. The values of partial derivatives quantify the local sensitivity. Mathematical formulation and computer 

program accomplishment are the main difficulties in differentiation methods [4]. In AD, the local sensitivity is 

computed at one or more points in the parameter field of the model. At each point, the partial derivatives of the 
model output with respect to a selected number of inputs are calculated. AD is excellent to finite difference 

approximations of the derivatives because numerical values of the computed derivatives are more accurate, and 

computational effort is significantly lower, but this method can be used only if it is possible to calculate the 

partial derivatives locally [14].  

Regression Analysis can be devoted as a probabilistic sensitivity analysis technique [15]. Regression 

analysis assists three main purposes: description of the relation between variables, control of predictor variables 

for a given value of a response variable, and prediction of a response based on predictor variables [16]. 

Regression analysis is mostly conducted on an independent random sample of data. The effect of inputs on the 

output can be investigated using regression coefficients, standard errors of regression coefficients, and the level 

of significance of the regression coefficients [17]. To determine statistical significance, the standard error of the 

regression coefficient is anticipated. If the ratio of the value of the regression coefficient divided by its standard 
error is greater than a critical value, then the coefficient is believed to be statistically dominant. The critical 

value is determined based on the desired significance level (usually 0.05) and the degrees of freedom of the 

regression model [17]. Regression techniques, such as those based on the use of partial correlation coefficients, 

can appraise the unique influence of a model input with respect to variation in a selected model output [18]. 

Other sensitivity analysis methods have been summarized and introduced by H. Christopher Frey, and Sumeet 

R. Patil [4] such as Analysis of Variance, Response Surface Method (RSM), Fourier Amplitude Sensitivity Test, 

Mutual Information Index, and Scatter Plots. 

This work aims to investigate different parameters which affect the value of indicated mean pressure. 

And to determine how sensitive the indicated mean pressure is to these parameters to specify the most dominant 

parameter which affects IMP value. Automatic Differentiation Technique has been carried out to conduct this 

study. Moreover a correlation between indicated mean pressure sensitivity  and working cycle parameters has 

been introduced, which could be a useful design tool for increasing IMP and power to weight ratio. 
 

II. SENSITIVITY STUDY 
 Over past years, extensive efforts have been conducted by engine researchers for more enhancement 

and development. Most researches focused on either reduction of fuel consumption, or increasing power to 

volume ratio. One of the most important parameters which reflects the engine output per its displacement 

volume unit is indicated mean pressure (IMP). This pressure is defined as the conditional constant pressure 

which if it is acting on the piston through one stroke, will give a work equal to indicated work [1, 2]. So, the 

IMP is calculated by dividing the indicated work by the swept volume as shown in fig. (1), and can be expressed 

by equation (1), [1].     
 

 
 

Figure (1): P-V Diagram Shows Indicated Work (W), and  

Indicated Mean Pressure (IMP) 
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Where: S Pressure at the end of admission (suction) stroke. 

 n Compression polytropic exponent. 

 ε Compression ratio. 

λ Pressure rise ratio (ratio between maximum cycle pressure and compression pressure). 

 m Expansion polytropic exponent. 

 

Above equation shows that IMP is a function of five working cycle parameters S, n, ε, λ, and m, and 
each parameter has its own effect on IMP value. To study the effect changing of each parameter individually on 

the IMP, it is needed to pick an average common value for each parameter. Table (1) shows typical range for 

each parameter for spark ignition engines as suggested by Khovakh [1], in addition to selected moderate values 

for each parameter. IMP has been calculated for different values of each parameter while other parameters were 

kept constant. Fig. (2 A-E) shows IMP trends while changing only one parameter at a time and keep others 

constant according to table (1). Fig. (2-A) shows increasing in IMP as suction pressure (S) increases. This trend 

can be explained by decreasing of negative area in P-V diagram (pumping work) as suction pressure increases, 

which results in increase of resulting indicated work and mean pressure. Obviously, the IMP increases as 

compression ratio (ε) increases due to the increase of thermal efficiency, peak pressure, and indicated work as 

shown in Fig. (2-B). The same behavior is experienced when increasing compression polytropic exponent (n) 

and compression rise ratio (λ) due to increase of positive indicated work area, Fig. (2- C, D). When increasing 

expansion exponent (m), it means the expansion curve becomes steeper, which means lower area under the 
expansion curve in P-V diagram, and lower indicated work and IMP as shown in Fig. (2-E).     

 

Table (1): Typical Range of Working Cycle Parameters and  

Selected Moderate Values [1] 

 S ε n λ m 

Typical Range 0.8 : 0.9 bar 7 : 9 1.3 : 1.4 3 : 4 1.23 : 1.3 

Selected Values 0.86 bar 8 1.4 3.5 1.25 
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Now, the question is how sensitive is the IMP to working cycle parameters? The answer can be 

obtained by applying the partial derivative definition of sensitivity [4]. Automatic Differentiation Technique 

(AD) was conducting for calculating local sensitivities by evaluating first-order partial derivatives of outputs 
with respect to small changes in the inputs [4, 11-13]. Equations (2: 6) are the partial derivatives of IMP to 

working cycle parameters. To assess the sensitivity of IMP to working cycle parameters, data in table (1) have 

been substituted in equations (2: 6), fig. (3) exhibits the results of these substitutions. It is clearly noted that the 

compression polytropic exponent (m) is the most significant parameter on IMP changes, followed by 

compression exponent (n). This means that the slope of the expansion processes line in P-V diagram is the most 

dominate parameter that can change the area under the curve.   
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These sensitivity values which are demonstrated in fig. (3) have been calculated for only selected 

moderate values shown in table (1). To investigate the effect of each parameter individually on IMP sensitivity, 

previous calculations were repeated over a wide range of each parameter while keeping other parameters 
constant. Fig. (4 A-E) shows the effect of individual change of working cycle parameters on IMP sensitivity 

using data in table (1). It is shown that the sensitivity is constant over the entire range of suction pressure (S) 

and pressure rise ration (λ), fig. (4 A, D). On the other hand, the sensitivity decreases by increasing compression 

ratio (ε) and expansion polytropic exponent (m), fig. (4 B, E). Finally, it was found that the sensitivity increases 

by increasing the compression polytropic exponent (n), fig. (4 C).  

 

Figs. (3, 4) show that IMP is very sensitive to compression and expansion polytropic exponents 

(expansion much more). So, it is necessary to know how to control and change its values. The values of n and m 

are affected by the rate of heat transfer between the hot gases and walls, and affected also by the quality and rate 

of combustion.  As the rate of heat transfer from the hot gases to walls increases, n and m decrease. And as the 

quality and rate of combustion increases the higher value of cycle maximum pressure is obtained which increase 
the value of m. Many governing parameters can be used by designers to control values of n and m. For example; 

they can change piston materials, cooling systems, piston clearance, compression ratio, and engine operating 

speed or load. Mentioned governing parameters affect somehow the heat transfer rate between gasses inside the 

cylinder and walls, either through time, area available for heat transfer, or thermal conductivity property.  
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Comprehensive investigation, it is mandatory to conduct a factorial studying for the previously determined 
affecting parameters, namely (ε, n, and m). For spark ignition engines, it is well known that there is a wide 

variety of these parameter’s values. Table (2) shows selected moderate values of working cycle parameters [1]. 

By repeating all previous calculations for different values of ε, n, and m we can get a whole map of IMP 

sensitivity trends as shown in Appendix (A) and figures (5 : 9). 

 

Table (2): Selected Moderate Values of Working Cycle Parameters 

 for Sensitivity Study [1]  

ε n m 

6.5 1.325 1.21 

7.5 1.35 1.24 

8.5 1.375 1.27 

9.5 1.4 1.3 

 
 

 
Figure (5): Sensitivity of IMP to Different Values of (S) and Different Values of Other Working Cycle 

Parameters 
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Figure (6): Sensitivity of IMP to Different Values of (ε) and Different Values of Other Working Cycle 

Parameters 

 

 

 
Figure (7): Sensitivity of IMP to Different Values of (n) and Different Values of Other Working Cycle 

Parameters 

 

 
Figure (8): Sensitivity of IMP to Different Values of (λ) and Different Values of Other Working Cycle 

Parameters 
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Figure (9): Sensitivity of IMP to Different Values of (m) and Different Values of Other Working Cycle 

Parameters 

 

It is convenient to find a relation that can be used to predict IMP sensitivity in terms of working cycle 

parameters. Such relation could be a useful tool for engine designer to increase power to volume ratio. Data in 

appendix (A) have been utilized to correlate the values of IMP sensitivity to other dominant working cycle 

parameters ε, n, and m. Regression results and statistics, using least square method are illustrated in table (3). It 

is seen that the lowest R2= 0.987531574 and Significance F = 2.02*10-55, appendix (B) shows sample of 

regression statistics results. Fig. (10) shows error % and calculated Vs. predicted values of IMP sensitivity. The 

obtained relations then are: 

 

Table (3): Correlations of IMP Sensitivity to Working Cycle Parameters and Error 
Correlation R

2 Significance F 
δ IMP/δ S = 0.770388 (ε) + 24.371149 (n) -13.004078 (m) - 

12.877105 
0.988754571 2.11E-58 

δ IMP/δ ε = -0.0423894 (ε) + 2.7995753 (n) -1.4341435 (m) - 

1.0105863 
0.995507234 2.35E-70 

δ IMP/δ n = 2.8026752 (ε) + 46.000884 (n) - 23.371002 (m) - 

34.7902727 
0.991165687 1.51E-61 

δ IMP/δ λ = 0.2487084 (ε) + 7.0056945 (n) - 3.1952878 (m) - 

4.1560376 
0.990455766 1.54E-60 

δ IMP/δ m = 12.1147 (ε) + 382.096 (n) + 9668.48 (m
2
) - 25825.224 

(m) - 16724.54 
0.987531574 2.02E-55 

 

(A) 

  

(B) 
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(C) 

  

(D) 

  

(E) 

  

 
 

Figure (10): Error % and Calculated Vs. Predicted Values of IMP Sensitivity to Different 

Working Cycle Parameters 
 

III. CONCLUSION 
Indicated Mean Pressure (IMP) is an important parameter which helps in engine performance 

assessment. This parameter is determined from measured pressure-volume (P-V) curve by dividing the obtained 

work over the swept volume. So, the IMP can be expressed by a mathematical relation which is a function of 

five working cycle parameters namely, pressure at the end of suction stroke(S), compression polytropic 

exponent (n), compression ratio (ε), Pressure rise ratio (λ), and expansion polytropic exponent (m). To increase 

engine power to volume ratio by increasing the positive area under P-V curve and hence the IMP, it is important 

to study the effect of change of each parameter on IMP change.  

In this work, a comprehensive sensitivity investigation has been conducted using partial derivative technique, to 

study the effect of changing of working cycle parameters on the value IMP. It was concluded that: 

 IMP increases in as suction pressure (S), compression ratio (ε), compression polytropic exponent (n), and 

compression rise ratio (λ) increase. While IMP decreases by increasing expansion exponent (m). 

 IMP is much more sensitive to expansion polytropic exponent change (m) over the other controlling 
parameters. 

 IMP sensitivity is constant over the entire range of suction pressure (S) and pressure rise ration (λ), while its 

sensitivity decreases by increasing compression ratio (ε) and expansion polytropic exponent (m). It was also 

found that the IMP sensitivity increases by increasing the compression polytropic exponent (n). 

 By using regression, new correlations between (IMP) sensitivity and working cycle parameters have been 

introduced with lowest R2= 0.987531574. The error between predicted and calculated values of (IMP) 

sensitivity in a range of 7%. Such relations could be a useful tool for engine designers to increase IMP and 

power to weight ratio.  
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 APPENDICES 
Appendix (A) IMP Sensitivity for Different Values of n, ε, and m 
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Appendix (B) Sample of Regression Summary Output for IMP Sensitivity 

 
 

 
 

 


