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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 (¢), Pressure rise ratio (1), 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 R?= 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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l. 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.

Il.  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].
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Figure (1): P-V Diagram Shows Indicated Work (W), and
Indicated Mean Pressure (IMP)
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e = (5 () (75(0- ) =)

Where: S Pressure at the end of admission (suction) stroke.
n Compression polytropic exponent.
€ Compression ratio.

A 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, €, A, 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 (¢) 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 (A) 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 € n Iy m
Typical Range 0.8:0.9 bar 7:9 13:14 3:4 123:1.3
Selected Values 0.86 bar 8 14 35 1.25
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Figure (2): Effect of Change of Individual Working Cycle Parameters on IMP

trends
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Pressure Rise Ratio, (E) Expansion Exponent
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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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Figure (3): Rate of Change of IVMP Relative to Working Cycle Parameters (Sensitivity)
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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 (A), fig. (4 A, D). On the other hand, the sensitivity decreases by increasing compression
ratio (g) 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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Figure (4): Effect of Individual Change of Working Cycle Parameters on IMP
Sensitivity

Comprehensive investigation, it is mandatory to conduct a factorial studying for the previously determined
affecting parameters, namely (e, 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 €, n, and m we can get a whole map of IMP
sensitivity trends as shown in Appendix (A) and figures (5: 9).

6 IMP/8 S [bar/Lunit]

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

for Sensitivity Study [1]
€ n m
6.5 1.325 121
75 135 1.24
85 1.375 1.27
95 14 13
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Figure (5): Sensitivity of IMP to Different Values of (S) 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 €, n, and m. Regression results and statistics, using least square method are illustrated in table (3). It
is seen that the lowest R°= 0.987531574 and Significance F = 2.02*10"°°, 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? Significance F
8 IMP/36 S=0.770388 (¢) +24.371149 (n) -13.004078 (m) - 0.988754571 2.11E-58
12.877105
8 IMP/8 & = -0.0423894 (g) +2.7995753 (n) -1.4341435 (m) - 0.995507234 2.35E-70
1.0105863
8 IMP/86 n=2.8026752 (g) + 46.000884 (n) - 23.371002 (M) - 0.991165687 1.51E-61
34.7902727
8 IMP/3 L =0.2487084 (g) + 7.0056945 (n) - 3.1952878 (m) - 0.990455766 1.54E-60
4.1560376
O IMP/6d m=12.1147 (&) + 382.096 (n) + 9668.48 (mz) -25825.224 0.987531574 2.02E-55
(m) - 16724.54
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Figure (10): Error % and Calculated Vs. Predicted Values of IMP Sensitivity to Different
Working Cycle Parameters

I1l.  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 (g), Pressure rise ratio (1), 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:
e IMP increases in as suction pressure (S), compression ratio (€), compression polytropic exponent (n), and
compression rise ratio (1) increase. While IMP decreases by increasing expansion exponent (m).
e IMP is much more sensitive to expansion polytropic exponent change (m) over the other controlling
parameters.
o IMP sensitivity is constant over the entire range of suction pressure (S) and pressure rise ration (1), while its
sensitivity decreases by increasing compression ratio (€) and expansion polytropic exponent (m). It was also
found that the IMP sensitivity increases by increasing the compression polytropic exponent (n).
e By using regression, new correlations between (IMP) sensitivity and working cycle parameters have been
introduced with lowest R?= 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, g, and m
SINP/5S SIMP/S e
n n
& 1325 .35 1375 3.4 1.325 1.35 1375 .4
&. 6.5 A717849 | 901651 | 9979 | 1N 24346 | LES7S0S | L7S0622 | L837119 | LINBA7
- 7.5 2.4587354 | 10030 [ NG5SR | 1128056 | G716 | LA7EL7 | 785D [ ua6as164
L] 8.5 ANNA33 | I0as11 | 1153528 | 12.25886 | L5966 | LGHA738 | L73565% | 813773
E 9.5 ANE7712 | 1160025 | 1237143 | 12 18726 | OS61757 | LG28187 | OLADDAG? | 0779029
o 6.5 414673 | 85305 ( A0 | O.80450 | L6400 | 713714 | 787911 | LB6GMmI8
:-‘i 7.5 913538 | 683672 | 1N W61 | IN8A117 | 0596563 | L6EM77 | L7ASS6 | U813777
L 8.5 2805280 | 1IN0 AMDA ( 1109128 | 1179046 | OUSS6879 | LE1AY7 | OUE9029 | OU769658
E 9.5 N0 | 11L.13938 | 1187425 | 1266129 | O s2MS7 | OLSH6606 | L6 | 730123
P 6.5 12215 | 577482 | 0055718 | 9558054 | 060412 | 060178 | 0741227 | 817594
2 7.5 706742 | 97530  O.887212 | 1047729 | Oss/A81 | 621564 | O asled
u 8.5 9422339 | ILN2624 | IMGHS08 | 11.340584 | 519517 | OASH14 | 6487 | A721379
E 8.5 1INLO0F28 | ILEEMNG | 11. 39796 | 12.15743 | 0L4A57464 | O.54751 | L612912 | OLGBANSD
. 6.5 540045 | 251704 [ A 74SHAS | .26 | LSESAS (0 LEGSA2 | L7
- 7.5 B 40964 | 898 0952692 | INLNOE2S | OLSHN930 | L S81942 | L6402 | OL719169
é 8.5 D064 | O INIS587 | 1090914 | O 05408 (0 06677
9.5 9.390460 | I 25063 | INO4156 | 116746 | 04363 | OLsINF4S | OUS72905 | LeM07SsE
S5INP/5n S5INP/5A
n n
&

X325 | I35 | 1375 2.5 1325 | 1.35 | 1375 Ll

o] 6.5 1633742 | 170460 | 1791211 | 1A 81163 | 2.8%09 | AMAM? | A 173662 | A0O13
:-.i 7.5 AR 97 | 2000604 | 2109006 | 22. 23183 | A137971 (A A4S A 4983
- 8.5 2163393 | 2288234 | 240105 | 25509411 | A Aa 64 | A 749652 | A 954673
E 9.5 24 2587 | 22686 | 2724660 | 2R 80056 | A SSMIDG | A 791528 | A011044 | A 2GH
a 6.5 1574938 | 1A 5407 ( 1737619 | 1825003 | 2. 2 a A 240191
-a 7.5 1836647 | 1936463 | 2041571 | 2150247 | A051496 | A N911AS | A 374928 | A S4096
u 8.5 LA | 22 10775 | 2A3ZRXA | 24. 73N | A A0 | A44905 | A0S | AT
E 9.5 2AANSFS | 24 7768 | 26 28408 | 27 87003 | A 47897 | A 66049 | A 88879 | 4 11408
ll; 6.5 122786 | 16049083 ( 16830907 | 17083 | 2. 743941 | 2. 8/5395 | A013147 | A 157499
- 7.5 1777967 | 18 74752 | 196671 | N1 83995 | 2 968278 | A 1216428 A 2RI A a0
- 8.5 20 19489 | 2136401 | 22 59953 | 2290453 | A 176127 | AASO6E3 | A SMMAA2 | A 729102
E 9.5 22,5177 | 22905099 | 223619 | 2690439 | AAA9S | As654)2 | A 771847 | A9NDIA
- 6.5 1482437 | 1557395 | 1G360M3 | 17.18561 | 2.4 280074 | 293012 | A077716
- 7.5 1721498 | 18 150966 | 19914217 | 20 16314 | 285500 | A03/418 | 21943 | A 39990
é 8.5 1951817 | 206508 | 21.846329 a1l A0ES8 | A255371 | ADDRD | ARG

9.5 20742 | 2A 071 | 2447839 | 25968990 | A X0 | A499416 | AG0A8 | AS71596

5 IMP/5 m
n
£

1325 | 1.35 | 1.375 1.4

- 3
:'; 7.5 L7460 | 3343531 | 247.4064 | H61.I37D
L] 8.5 2379273 | 252 (28 | 266 A1 | 282 5359
E 9.5 252,589 | 268 1751 | 2846637 | 2. 1068
< 6.5 15083696 | 1589211 | 1673583 [ 174 1996
2 7.5 163 5038 | 172.8307 | 182.5449 | 192. 7608
L 8.5 1748689 | 1852496 | 1961796 | 207 7104
& 8.5 1820681 | 1964985 | 2069006 | 721.3923
o 6.5 1159568 | 121 4166 | 1278714 | 1346355
:.‘; 7.5 1244615 | 1314970 | 1328978 | 146.6801
L] 8.5 132 5724 | 1404353 | 145 7304 | 1574913
E 9.5 12985355 | 1454813 | 1576276 | 16730835
- 6.5 9019977 | 9502815 | 1IDOLOS7S | 1053899
- 7.5 700264 | 2. 4946 | DX IAD | 1143440
é 8.5 N2 9509 | 1090649 ( 1155149 | 1723194

5.5 1082414 | 1149417 | 12208 | 129.5287
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Appendix (B) Sample of Regression Summary Output for IMP Sensitivity
[11 SUMMARY OUTPUT OF

IMP SENSITIVETY TO
COMPEESSION
EXPONENT (n)
Regression Statistics
Multiple B 0.993573045
R Square 0.991165687
Adjusted R Square 0.990723471
Standard Error 0.33898163
Observations 64
ANOVA
dr 53 S F ngﬁ{'ﬁ_-:‘aﬂce
Regression 3 773.5208  257.8433 22439 151E61
Residual 60 6.894513  0.114909
Total 63 T80.4243
Coefficients Srg]f;:a‘ t Stat FPovalue Lower 5325 Lgﬂ}:.ii é’?gfl E’f %i;
Intercept -34.79027272 2621779 -13.2697  1.68E-19 -40.0346 -19.5459 -40.0346 -29.5459
£ 2.802675222 0.037899  73.95038 1.2E-60 2726865 2878483 2726865  2.878483
n 46.00088363 1.315972 3034415 4.19E-38 4296849 4903328 42096849 4903328
m -23.37100228 1.26331 -18.4098 1.8E-26 -15.898 -20.844 -25.898 -20.844
[2] SUMMARY QUTPUT OF
IMP SENSITIVETY TO
EXPANSION EXPONENI
(m)
Regression Statistics
Multiple B 0993746232
B Square 0987531574
Adjusted . Square 0986686257
Standard Error 631769377
Observations 64
ANOVA
af 55 MS F Senifcance
Regression 4 108508.7 4962717 1168238 202E-55
Residual 59 2506341 4248036
Total 63 201015
Standard LUpper Lower Lipper
Coefficients Error t Stat Pvalue Lower 93% 25%a 85.0% 25.0%
Intercept 16724.54052 1425642 1173124 463E-17 1387184 19577.24 13871.84 195772
£ 12.11471251 0.728701 16.62509 6.19E-24 10.65659  13.57284 10.65659 13.57284
n 382.0960800 20.14802 13.10882 3.97E-19 32377 4404211 32377 440.4211
m"1 0668 480867 005.2355 1068062 2.06E-15 7857109 1147985 T857.100 1147985
m -25825.22419 2272271 113654 1.71E-16 30372 212784 -30372 212784

*Corresponding Author: Mohamed I. Amin 23 | Page



