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The paper presents 1D mathematical model and simulation program, which were used to determine the control strategy to change the intake pipes length continuously. The model comprises the unsteady 1D model of the entire intake and exhaust systems, with the submodel for engine cylinders. Governing equations for 1D flow were solved using the numerical method of characteristics. The model was validated by comparing the calculated results with test bed results for original engine characteristics. The paper presents sample results for an contemporary 1.8 litre, 100 kW, automotive spark ignition engine. The engine is naturally aspirated and comprises 4 cylinders in line. The analysis was performed for the original engine layout with two-step change of intake pipes length and for the continuously variable length of intake pipes. The results indicate the superiority of the continuously variable length of intake pipes when achieving the highest engine torque and power in the full range of engine operation speeds. The results show the possibilities for significant engine torque increase in the lower speed range. The analysis comprises not only the pipe length determination, than also the intake pipe diameter optimization. The results of calculations determine the control strategy to hold the optimum length of intake pipes to achieve the highest engine torque and power for the given engine speed.
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INTRODUCTION 
The numerical simulation of the total performance of the engine under certain load and speed conditions is of great importance in contemporary internal ignition engine design. Achieving the highest engine torque and power for naturally aspirated automotive spark ignition engine is very challenging task. The additional cylinder charging can be achieved also by using wave pulsation in the intake manifold. To use the best of this pulsation it is necessary to adapt the proper length of the intake manifold pipes regarding engine speed. Adapting the length of the intake pipes depending on the engine speed is achieved with the systems for variable change of the length of the intake pipes. To define one of such variable systems it is required to develop the mathematical model of the entire system of the internal combustion engine. The derived model equations with certain approximations are transferred to the numerical model to solve the equations using the determined initial and boundary conditions. To describe the whole process internal combustion engine system it is necessary to divide the whole system in subsystems (intake pipe system, cylinders, exhaust pipe system)  which are to be numerically described. These subsystems are again divided into the new ones (pipes, valves, junctions, collectors etc.) which interactively effect the whole system in a way that will be given.  The presented model comprises the unsteady 1-D model of exhaust end intake pipes with the 0-D submodel of the in-cylinder processes. Gas is assumed to be inviscid and perfect. Fluid flow is non-homentropic with the regions where we have homentropic flow (with the uniform entropy level). Governing equations for 1D flow are solved using the numerical method of characteristics.
MATHEMATICAL MODEL
The flow paths in internal-combustion engines are extremely complex. Gas is highly turbulent with the fluid friction and frictional forces at the wall. In this paper, flow paths in pipes are simplified by considering the flow to be one dimensional and gas is taken to be perfect. The change of the pipe flow area is considered too. Flow is basically non-homentropic with the regions of homentropic flow. Performances of the internal combustion engine can be simulated using of analytical tools described in following chapters.
PIPE FLOW MODEL
Governing equations for one dimensional non-hometropic flow known as continuity equation, momentum equation, energy equation and entropy for particle equation are [1, 2]:
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where is:
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where u is velocity, p pressure, ( density, q heat transfer energy flow per unit mass, ( ratio of specific heats (Cp/Cv), T temperature, s specific entropy, f  flow friction factor, F pipe area and D equivalent pipe diameter. These equations are the conservation equations for one-dimensional unsteady flow.

If there is no flow area change (dF/dx=0) and entropy is uniform and independent in time (ds/dt = 0) than we have special case of homentropic flow. Governing equations become:
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Gas dynamics is described by the diagram of speed of sound a against entropy s as shown in Fig 1.
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Fig. 1 Diagram a-s (definition of reference condition)

Gas is isentropically expanded or compressed from the local conditions (a and p) to some reference condition (aA and pref).  For isentropic flow constant entropy can be expressed as :
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(9)

where ( is ratio of specific heats for a perfect gas.

Finally continuity equation and momentum equation can be expressed in terms of  speed of sound and particle velocity.
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These equations form a set of quasi-linear partial differential equations. Solution is of the form a=a(x,t), u=u(x,t) and the objective is to evaluate a and u at each point x in the system at time t. To obtain numerical solutions the numerical method of characteristic will be used. 

METHOD OF CHARACTERISTICS
The basic procedure of this method is to transform equations (10) and (11) of the solution a=a(x,t) and u=u(x,t) to another grouping c=c(x,t) and c=c(a,u). Unique relationship between c, u and a is sought so the solution c=c(x,t) will give numerical values for u and a at given x and t. Solutions c=c(x,t) represent three-dimensional surface and special lines on this surface have the property that when projected onto the x-t plane the slope of projected lines has numerical value equal to the value c at that point as shown on Fig. 2. 
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Fig. 2  Presentation of the method of characteristics

With this method a set of partial differential equations are transformed to a set of linear ordinary differential equations along the specially defined curves in x-t field called characteristic curves. The complete solution is represented by the characteristic equations for homentropic unsteady fluid flow.
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Equation (12), called direction equation, gives the slope of characteristics in the x-t plane, and second equation (13), called compatibility equation, relates a and u along the characteristics. This equations are represented by the two families of curves in position and state diagrams, as shown in Fig. 3.
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Fig. 3  State (a) and position (b) diagram

Local speed of sound a, particle velocity u, distance x and time t are related to the referent conditions and referent length to derive the equations in non-dimensional form:
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If non-dimensional sound speed A and particle speed U are replaced by the Riemann variables ( and ( the solution is of the form:
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BOUNDARY CONDITIONS
Closed end

At a closed end the particle velocity, u, equals to zero:
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Open end

At an open end the pressure is constant. If the outside pressure equals the initial inside pressure then the speed of sound, a, is constant and equals to aref .
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Flow into a pipe from a reservoir at constant stagnation conditions

The gas expands into a pipe isentropically from reservoir pressure p0 to p. Boundary conditions are represented by the ellipse of energy (20) and with sonic line (21) which corresponds to a choked flow:
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Fig. 4  Representation of flow into pipe

Outflow through a partially open end to a constant static pressure

Gas expand through a partially open end isentropically. In this case boundary conditions are represented by the ellipse of energy (21), sonic line (22) and the subsonic line (( is  nozzle area ratio):
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Fig. 5  Outflow through partially open pipe end

Outflow from a cylinder to a pipe through valve

Gas expand into a pipe from cylinder pressure p0 to pressure p2. This expansion is adiabatic but not isentropic. When the flow is subsonic gas expands adiabatically and irreversibly at the constant pressure. If the flow is sonic there is a drop of pressure in the valve throat. 
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Fig. 6  Outflow through a valve with a) subsonic flow and b) sonic (choked) flow

Inflow from a pipe to a cylinder through valve

Gas expand through a valve isentropically from pp to pt. Pressure pt is equal to pc and the gas kinetic energy is dissipated at the constant pressure (so the velocity decreases), with an increase in entropy as shown in Fig. 6a) (at p1 = p2).

Junction

In junction it is assumed homentropic flow. The entropy level, pressure and density are the same at the end of each pipe.
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CYLINDERS

To describe process in cylinder it was used zero-dimensional model and gas in cylinder is assumed to be perfect. The gas properties are dealt with simple linearized model and heat transfer coefficient is treated according to Hohenberg model [4]. 


[image: image35.wmf]dQ

w

dm

e

dm

i

dm

f

p

c

dV

c

dQ

g

dm

cr


Fig. 7  The control volume representing engine cylinder

The model of the process in the engine cylinder is zero-dimensional model using the assumption that there are no gradients in the engine cylinder in certain time instant. As the state values are homogenous through the space, the momentum equation is not needed to describe the process. From the mass and energy conservation equations, following equation, regarding the temperature change is derived [3]:
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Model of gas properties is given by:
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Heat transfer to engine cylinders is accounted for in:
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Quantity of the combusted fuel is calculated according to Vibe model with the Vibe coefficient m = 2:
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The mass exchange process in engine cylinders is defined by interchange of mass between cylinder and intake & exhaust pipes according to the equations (32,33), 
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during which the intake as wall as exhaust masses of media are calculated with the help of the flowing function (34,35) for subsonic flow:
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for:      
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or (36,37) for sonic flow:
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where index 1 indicate the upstream state and index 2 the downstream state. By solving continuity equation (32) and equations (25, 29, 30) we can determined pressure in cylinders according to the equation of perfect gas:
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From the change of pressure in the cylinders, the indicated medium pressure is derived. The mean effective pressure is determined as the difference of mean indicated pressure and mean pressure of engine mechanical losses. The mechanical losses are taken in the account using the Kochanowsky and Thiele model [5], adapted to the analyzed spark ignition engine

Computer code requires convergence of process in all cylinders and pipes with the convergence criteria:
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where n is the index of iteration sequence.

MODEL APPLICATION
Presented model and developed simulation algorithm for spark ignition engine was tested on contemporary 1.8 litre, 100 kW, automotive engine. The arrangement of the engine with the intake & exhaust piping is shown schematically in Fig. 8. The relevant engine data are presented in the table 1. The arrangement of the two step change of the intake pipe length is presented in the Fig. 9.

An analysis was performed for the original engine layout (Fig. 8 and Fig. 9),  using a two-step change of intake pipes length. This results are validated by comparing the calculated results with test bed data for original engine. The Fig. 10 represent the change of engine power using the original intake system for two-step change of the effective intake pipes length. We can see that the best position for the butterfly valve closing or opening the connection orifice and to change the length of intake pipes is at the 4600 rev/min. For lower engine speeds the valve is closed (giving larger effective pipe lengths), while in the higher speed range the valve is open (giving shorter pipe lengths). From the results it is evident significant power decrease by using long  pipes in higher engine speed range, due to the mutual influence between two cylinders connected to the same pipe branch (when the butterfly valve is closed).
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Fig. 8  Arrangement of the engine with intake & exhaust piping

Table 1  Relevant engine data

Cylinder diameter
84.8 mm

Stroke
79.5 mm

Length of connecting rod
142.5 mm

Compression ratio
10.0

Intake valves (2 per cylinder)

     IVO

     IVC

     Max. flow area
346(
582°

13.00 cm2

Exhaust valves (2 per cylinder)

     EVO

     EVC

     Max. flow area
136(
367°

10.83 cm2

Number of cylinders
4

Mechanical efficiency
0.92

Exhaust pipes length (Fig. 8)

     Pipes E1, E2, E3, E4

     Pipes E14, E23

     Pipe E1423
0.5 m

0.5 m

0.5 m

Intake pipes length (Fig. 8)

     Pipes I1, I2, I3, I4

     Pipes I14, I23
0.36 m

0.30 m
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Fig. 9  Arrangement for the two-step change of the intake pipe length

In the same time, an analysis of intake pipe diameter (for pipes I14 & I23, Fig. 8) was investigated. The results of the analysis are presented in Fig. 11. As it is shown, for predetermined pipe length of 300 mm, smaller pipe diameters are favorable in the lowest engine speed range (1000-2500 rpm), larger diameters in the higher speed range (2500-5000 rpm), while in the higher speed range smaller pipe diameters are favorable again. From the analysis it is evident very large influence of the intake pipe diameter.
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Fig. 10  Engine power with two-step change of intake pipe length
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Fig. 11  Comparison of calculated results for various intake pipe diameters in the system with a two-step pipe length change

In separate analysis [2], various intake systems have been analyzed. he analysis has included various intake systems with continuous variable pipe length, original two-step pipe length change, modified two-step pipe length change and intake system with plenum and fixed intake pipe length. Details of this analysis are not presented here. The results for best achievable engine power and torque with any of this intake systems are compared in Fig. 12 and Fig. 13. The results bring to evidence  the superiority of continuously variable pipe length to reach the highest engine torque and power.

From the presented results it is evident that the possibility of changing intake pipe length is favorable to increase both engine torque and power in the engine speed range. The two-step length change has limited possibilities to do the best, so the continuously variable intake pipe length is expected to give better results. 
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Fig. 12  Comparison of engine power for four intake systems
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Fig. 13  Comparison of engine torque for four intake systems
INTAKE SYSTEM WITH CONTINUOUS VARIABLE PIPE LENGTH
Further analysis was performed for the continuously variable length of intake pipes. In Fig. 14 the arrangement for continuous pipe length change is shown. Air enters from the filter to the cylindrical chamber which has the openings in the side wall. Through this openings the air enters from the cylindrical chamber to the intake pipes (i.e. channels), which are bent around the central chamber. By rotating the chamber, the position of outlet openings is changed. The effective length of air path through the inlet pipe is changed in the same time

Goal of presented analysis was to find out the algorithm for angular position of the cylindrical chamber, to give the optimized intake pipe length, enabling the highest possible engine torque and power, for any engine speed. The analysis was performed searching for the optimum intake pipe diameter (to be adopted for the final design) and optimum pipe length to determine the control algorithm.
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Fig. 14  The arrangement for continuous intake pipe length
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Fig. 15  Comparison of engine power for two-step and continuously variable intake pipe length

A detailed analysis was performed for the intake system with variable intake pipe length [2]. Fig. 15 represents a comparison of engine power resulting from two different intake systems, the original intake system with two-step change in intake pipe length and the system with continuous variation of intake pipe length. The calculated results indicate the superiority of the continuously variable length of intake pipes when achieving the highest engine torque and power in the full range of engine operational speeds as shown in Fig. 15. The results also show the significant possibilities of engine power increase in the lower and higher engine speed ranges using the system of continuously variable length of intake pipes.
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Fig. 16  Influence of the intake pipes diameter to the engine torque

At first the optimum diameter was determined. The Fig. 16 presents the results obtained for the fixed intake pipe length and various pipe diameters. The calculations were performed for various pipe diameters in the range from 36 to 48 mm for optimum pipe lengths depending on given engine speed. The optimum intake pipe diameter was found as 44 mm. The results presented in Fig. 13 are obtained with this optimum pipe diameter.  Due to the design limits, the maximum intake pipe length was 0.8 m.

The results for optimum pipe length, to obtain the engine power as presented in Fig. 15, are shown in Fig. 17. The obtained pipe length curve is used to control the cylindrical chamber angular position, driven by direct drive stepper motor. As the angular steps are limited to 4° and the cylindrical chamber outer diameter was 220 mm, the pipe length steps are of 7.7 mm. The curve is memorized in the memory of the control device for speed steps of 100 rpm for the whole speed range from 1000 to 7500 rpm The possible intake pipe length variation was from 260 mm to 800 mm. The resulting control algorithm is step like curve approximating the results of calculations, as presented in Fig. 17. 

The performed analysis comprises not only the pipe length determination, then also the intake pipe diameter optimization. 

Diameter of the intake pipes also has an significant influence on the performances of the internal combustion engine. Fig. 16 presents the influence of the pipe diameter in the intake system with continuously change of the intake pipe lengths to the engine torque. The presented results are obtained for fixed pipe length of 360 mm. One can see that in the low to medium engine speed range, the best are lower pipe diameters and in the higher range the best are larger diameters. 
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Fig. 17  Control of pipe length for optimum engine power and torque

An very intriguing design task seems to be the possibility to change the intake pipe diameter (or better to say the flow area) in combination with intake pipe length to push further the engine torque and power to higher limits. This is the goal of our further investigations. The variation of intake pipe flow area is possible by using an movable side in intake pipes with rectangular cross section.

Conclusion

Mathematical model for prediction of the naturally aspirated multi-cylinder spark ignition engine with intake and exhaust piping is presented. The unsteady 1D mathematical model for intake and exhaust piping and zero dimensional model for engine cylinders is presented. Governing equations for 1D flow were solved using the numerical method of characteristics. The model was validated by comparing the calculated results with test bed results for original engine characteristics. 

The paper presents sample results for an contemporary 1.8 litre, 100 kW, automotive spark ignition engine. The engine is naturally aspirated and comprises 4 cylinders in line. 

The analysis was performed for the original engine layout with two-step change of intake pipes length and for the continuously variable length of intake pipes. The results have shown the superiority of the continuously variable length of intake pipes when achieving the highest engine torque and power in the full range of engine operation speeds, when compared with other systems. This is evident in the Fig. 12, which presents the comparison of engine power for various engine intake systems [2], and in Fig. 13 for engine torque. Each of the intake systems has been optimized for optimum engine power, regarding the intake system design. This paper has presented details for only two of them. The results show the possibilities for significant engine torque increase in the lower speed range by using the continuously variable intake pipe length. 

The analysis comprises not only the pipe length determination, than also the intake pipe diameter optimization.  There is an possibility to get further improvements by variation of intake pipe cross section in combination with pipe length variation.

The results of calculations determine the control strategy to hold the optimum length of intake pipes to achieve the highest engine torque and power for the given engine speed.
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