A phenomenologically based airline model of a 2 MW Gas Engine
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Abstract
With the continuous advance and technological growth of society, the demand for energy has increased, more
specifically the consumption of electrical power. This has led to the development of renewable energy sources such
as wind power or solar energy. Despite their numerous advantages, such as environmental and economic benefits,
at an industrial level, higher reliability and generating capacity energy sources are preferred. Because of this,
nowadays many industrial sectors prefer fossil fuel-based energy generation, frequently using turbines and
internal combustion engines as a primary energy source. The choice of one or other primary energy generation
option depends on how variable the electricity demand is, as it causes continuous change in generator load. If a
constant energy demand and economic feasibility study are required, a gas turbine can be chosen, despite having
lower thermal efficiency than internal combustion engines. Otherwise, an engine is a better choice whether
operating on diesel or natural gas as a fuel, because its high robustness allows it to adapt better to variable load
rates. Considering the above, it is not surprising that in Colombia, a high percentage of industries uses generation
engines to self-generate a part of its electric consumption. Considering that, usually, these generation engines
must supply electrical power to industrial plants in a 24-7 regime, it is not feasible to keep them out of operation,
neither in unexpected operation regimes for long periods of time. This, together with the manufacturer's
restrictions and the laborious nature of making changes within the processing and control unit of an equipment,
make it necessary to carry out a simulation of the system with its respective results, which can be transferred to
the real system later. Therefore, the generator-engine assembly has been defined as a set of process systems,
where the operational behavior of the equipment can be simulated using mathematical equations, obtaining a
phenomenologically based semi-physical model that can be used to perform experiments in simulations. Finally,
this work focuses on the implementation of the methodology for combining phenomenologically based semiphysical models to obtain a dynamic of the air line of a 2 MW Jenbacher natural gas internal combustion engine,
focusing on modeling of mean values that involves the study of some engine parameters such as the intake
manifold temperature and pressure, the mass flow through the throttle and turbo-bypass valve in the engine, the
electric power and the gas emission.
Keywords: Mean Value Model, Gas Engine, Phenomenological Semiphysical model

1. Introduction
Since its inception, Internal combustion engines have been object of academic interest and widely
studied, so it is not surprising that from the first proposals of the Otto cycle for the spark ignition
engines and diesel engines that was made for compression ignition, many researchers have been
deepening in the thermodynamic study of these thermal machines, which allows to explain the
hydraulic, thermal and chemical behavior of both the spark and compression ignition engines [1]. From
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these approaches, a large number of authors have developed models that aim to describe the
phenomenology of combustion engines, to improve their design and development, by using both the
cylinder-by-cylinder focus, and mean value modeling [2].
One of the characteristics of the first scope is the detailed study of the energy provided by the fuel
input, where the interest is devoted more specifically to the behavior of the rate of heat release when
the fuel ignition is carried out. There are different proposals for modeling this phenomenon, where the
commonest are zero-dimensional and thermodynamic approaches, which resolve in time the equations
associated with the corresponding control volume. Therefore they do not consider spatial variations in
the control fluid volume [2]–[4].
Another characteristic of the cylinder-by-cylinder modeling is that it can be used to predict and to
diagnose in detail the engine combustion process, and only some data is needed such as the behavior
of heat release and the combustion chamber pressure. This formulation have been used for predictive
purpose in diesel engines such as those of Payri [3] and Rakopoulos [5], while the diagnostic point of
view results are presented by authors such as Armas [6] and Martin [7]. The predictive purpose,
despite being a powerful tool, requires a previous engine characterization, and if it is not available the
results obtained from the model will be far from reality, so a previous combustion diagnostics is
necessary.
Although the first class of models described above is highly used, for control and fault detection
applications in internal combustion engines, the second class, the mean value models, are chosen [2].
This type of modeling, despite not a high complexity compared to its counterpart previously described,
generates excellent results [2], [8]–[10]. Mean value models, coincidentally, emerged along with the
growth of automation and control in the industry during the 1990s, although engine control had
already been attempted in previous decades [11]. Authors such as Hendricks [9], [10], [12] promoted
the proposal and development of these models to simplify the control and observation of engines since
the different existing forms of engine control at that time were based solely on models of quasi-static
engines and operation maps [9]. This orientation in the modeling caused high wait times while the
model adapted to the current engine conditions and different types of engines, in addition to being
very sensitive to sensors errors, entailing sometimes undesirable dynamic behaviors.
In 1991, to improve the control strategies applied in the spark ignition engines, a mean value model
was implemented in microprocessors for the application of control and regulation strategies already
known as "speed-throttle control," "Speed-density control" and "mass air flow (MAF)" [10]. In 1992,
based on previous work, the limitations of the control strategies implemented in internal combustion
engines in the 1980s were highlighted [13], in a work that showed that the most common barriers
were that this strategy did not have the capability of taking into account the non-linearities inherent to
the combustion engines processes. Hendricks, based on the previously proposed models [9], [10],
[14], implemented observers for the correct control of variables such as the fuel-air ratio.
Subsequently, through different works and publications, it has been demonstrated with more
experimental evidence that this kind of model observer applications had a high potential [12], [15].
Authors such as Müller [16], following the research line framed by Hendricks [9], [10], [13], [14],
proposed a mean value model for spark ignition engines. This time it was used for turbocharged
engines, so the dynamics of the intake air and the combustion products expulsion changes significantly
compared to the proposal used for natural aspiration engines. Müller describes the phenomenology
associated with the compressor and the turbine in a form, which, despite its compactness, produced
excellent results in comparison with experimental data [16]. One year after the previous work, Müller,
in cooperation with Fons [17], proposed a model that, in addition to approaching the phenomena
associated with turbocharged ignition engines, added EGR (Exhaust Gas Recirculation) consideration.
This work, like the previous one, was validated experimentally.
Another author that stands out in the field of mean value modeling in engines is Chevalier [18], [19].
In the first work referenced, Chevalier, in order to justify the effectiveness and use of the MVEM (Mean
Value Engine Model) built a predictive combustion model, much more complex than the one previously
mentioned in the framework of this paper (the complex model of Chevalier [18] is a one-dimensional
model that considers simplifications of the general Navier Stokes equation). This adjusted MVEM, in
comparison with the more complex model, obtained excellent outcome when used to represent
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mechanical losses and temperature rates in the intake manifold, despite its apparent simplicity with
respect to the robust one-dimensional predictive model. For the development of MVEM. Also, Chevalier,
based on his previous work [18], demonstrates the applicability of the MVEM itself in activities
associated with the control of the air/fuel ratio of spark ignition engines [19].
In more recent years, authors such as Vasu [20] proposed, in addition to the implementation of an
MVEM, to attach to the latter the ability to detect faults in the engine. In the particular case of Vasu, he
developed a fault detection methodology based on the Dempster-Shafer theorem along with tests of
multiple hypotheses. Finally, Na [21], despite addressing again the challenge of controlling the air-fuel
ratio of an spark ignition engine through the combination of MVEM's and sliding observers,
implemented them with the notorious difference that although there are uncertainties at the input of
the observer, the system can efficiently deal with them without losing robustness in the observation.
Taking in account all this previous research, it can be noticed that continuous improvement in topics
associated with the modeling and control of internal combustion engines is needed, particularly the
spark ignition engines. In the following sections the development and validation of a model for an
airline spark ignition generation engine, obtained by means of a methodology oriented to obtain mean
value semi-physical models.

2. Methodology
Since this work consists in obtain equations that describe the systems and phenomena
(Phenomenological Base Models) required for future observers implementation in different
representative variables of the engine performance, the need arises for a clear and concise
methodology that allows it. To this end, the methods used and described by Álvarez are used here
[22]. This methodology consists of 10 steps, which will be described as follows [22]: Step 1: Describe
verbally and by means of a flow chart of processes that complement each other. Step 2: Set a detail
level for the model, according to its use: What questions will the model answer?. Step 3: Define as
many process systems (PS) within the process to be modeled, as required by the detail level, and
represent the relationship of all SdePs in a block diagram. Step 4: Apply the principle of conservation
of mass and energy to each process system. The set of equations obtained in this step are called
“Dinamic Balance Equatins” (DBEs) Step 5: Select from the DBEs those with valuable information to
meet the objective of the model. Step 6: Define, for the essential DBEs the parameters, variables and
known constants of each PS. Step 7: Find constitutive equations that allow the calculation of the most
significative parameters in each process system. Step 8: Verify the model degrees of freedom. Step 9:
Obtain the computational model or solution of the mathematical model. Step 10: Validate the model
for different conditions and evaluate its performance.

3. Model Development
Below is the application of the methodology for obtaining a Phenomenological Base Semi-physical
Models to the airline of a 2 MW natural gas generation engine, with nominal data as shown in Table 1
[23]. It is necessary to notice that only the steps from first to ninth are considered in this section, the
tenth level is discussed in section 4 four.
Table 1. Physical Engine Parameters

Displacement
(lts)

Compression
Ratio

Number of
Cylinders

Stroke
(mm)

Bore
(mm)

Max Torque
kN/m

Max Power
(kW)

Nominal Velocity
(RPM)

74.852
10.5
12
220
190
60.66
1820
1500
Step 1: Describe verbally and by a Flow Chart of Processes the process to model. Initially (see Fig. 1a),
air suction (1. Air) is mixed in the mixer, as shown in the general flow diagram in Figure 1a, at a
temperature between 30 °C to 40 °C, relative humidity between 75% to 85% and an atmospheric
pressure around 1.0074 bar, with natural gas (2. Fuel), whose composition is 97.97% CH4, 1,5% N2,
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0.1626% CO2, 0.2559% C2H6, 0.0516% C3H8 , 0.0207% C4H10 (i-butane), 0.0083% C4H10 (n-butane),
0.0076% C5H12 (i-pentane), 0.0021% C5H12 (n-pentane) and 0.0132% C6H14 (n-hexane) with a
pressure line comprised between 1152 bar at 1211 bar, and uncorrected volumetric ratio of 110 L/s to
140 L/s in order to obtain an optimal flammable gas-air mixture with a lambda value or air/fuel ratio.
Actual amount of air with respect to the minimum amount of air necessary for a complete combustion,
comprised between 1.4 to 1.8.
Subsequently, the gas-air mixture leaves the gas mixer (3, 7) and get into the wheels of the
compressors of the two turbo-compressors that operate in parallel, which suck the mixture increasing
both its pressure and temperature, to values between 3 bar and 5 bar, and could not recorded in the
process.
Next, the currents (6) and (10) join and come into the engine's suction chamber through the mixer,
mixer/water heat exchanger, to lower its temperature and then go to the check valve, also called
throttle valve, which allows to adjust, according to its position, the flow of the mixture to the suction
chamber of the crankcase, point in the process (16) where the mixture enters the intake manifold and
is distributed to the 12 cylinders, with a mixing temperature between 60 °C to 70 °C and loading
pressures between 2.6 bar to 4.6 bar. The engine generates warnings when the mixing temperature
exceeds 71.1 °C and fails when it exceeds 75 °C.
The mixture flow can be regulated with the throttle valve and the turbo bypass valve. The throttle
valve takes a percentage opening that depends on the operating engine mode, which could be 80% for
island mode, independent operation of the network, or 98% in synchronism, operating in parallel with
the system. The turbo bypass valve takes values around 15% to 50% independent of the mode of
operation. The turbo bypass valve recirculates the mixture (14) to the output of the mixer (4 and 8),
allowing a regulation of the flow supplied to the equipment and therefore regulating the electrical
power generated by the engine which is between 1000 kW to 1979 kW. Before entering the mixture
into the cylinders, combustion is done in a pre-chamber to guarantee the reaction homogeneity; this
combustion is complemented if required with a new injection of secondary fuel, generating exhaust
gases (31 to 44) in each cylinder at a temperature between 580ºC to 650ºC.
Finally, both exhaust gas streams (21, 26) are mixed in a single outlet (27), with a concentration of
the gases that at the minimum load of 1000 kW with lambda of 1.79 and maximum capacity of 1982
kW with lambda of 1.97, is comprised between 9.45% to 10.52% of O2, 731 mg/m3 to 588 mg/m3 of
CO, 461 mg/m3 to 468 mg/m3 of NOx, 317 mg/m3 to 368 mg/m3 of NO2, 95 mg/m3 to 65 mg/m3 of
NO.
The engine operates nominally at 1500 rpm, coupled with a three-phase electric generator that at a
frequency of 60 Hz, the power factor of 0.9%, delivers a reactive power of 911 Kvar, an electric
potential of 1975 kW and an apparent power of 2177 kva , with an average voltage between lines of
13,264 V.
a)

b)

Fig. 1. a) General flow diagram engine system generator. b) Subsystem processes diagram.
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Step 2: Set a Detail Level for the Model, according to its use: What questions will the model answer?
A particularity of the spark ignition engines fueled by natural gas is that the power they deliver
depends on the mixture density, which depending on its value, positive or adverse effects on the
engine performance can be caused. The volumetric efficiency is an indicator of the cylinders filling
during the renewal of the engine load and has been defined as the ratio between the mass flow of air
entering the bottle and the mass flow that would be displaced in ideal conditions by the engine [24].
Therefore, the two questions that the model will answer is: how variables such as mixing temperature,
the pressures of the intake manifold, the opening of the turbo bypass are related with electrically
generated power and nonstandard volumetric gas flow? And also how these last two variables are
associated to the engine emissions?
The macroscopic approach used by Guzzela [25] will be used to answer these questions, given that it is
more suitable for our application and adapts better to the instrumentation available on the equipment.
Step 3: Define as many Process Systems (PS) on the Process to be modeled as required by the detail
level and represent the relationship of all PS in a block diagram. In the macroscopic model of the
turbocharged natural gas engine, each equipment is represented as a different sub-system of the fixed
boundary, where the mass and energy interactions of each processing subsystem are highlighted, as
shown in Fig. 1b, in a general for the engine.
Step 4: Apply the principle of conservation of mass and energy to each process system. Taking into
account the objectives defined for the model, the subsystems of interest in the engine would be all
those shown in Figure 1b related to the engine intake system. Mass and energy conservation balances
was developed only for the subsystems of interest considering the following considerations: the camera
as shown in Fig. 2a and the manifolds are considered as reservoirs of thermal energy, with output
properties equal to those of the control volume. And finally, the two turbocharger systems and the
cooling system are unified in a single system, which will be modeled as a single stage of exhaust
expansion and compression in the intake line. The camera consists of two inputs (0 and 4) and one
output (1), resulting in the mass balance as shown in equation (1).
a)

b)

Fig. 2. Components of the gas engine, a) Mixing Chamber, b) Turbocharger

dmcam (t )
 m 0 (t )  m 4 (t )  m 1(t )
dt

(1)

Finally, because the transfer of heat is neglected and there is no work done within this volume of a
control, the energy balance is expressed as equation (2).

dT1(t ) m 0 (t )C p 0 (t )T0 (t )  m 4 (t )C p 4 (t )T4 (t )  m 1(t )C p1(t )T1(t )

dt
mcam (t )Cv1(t )
Turbocharger
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In the mass balance of the turbocharger shown in Fig. 2b, you have to enter a mass flow
single mass flow comes out
, therefore the dynamics of the mass in the compressor
given by equation (3).

and a
is

(3)

dmcomp (t )
 m 1(t )  m 2 (t )
dt

Regarding the energy balance in this equipment, the energy consumed by the compressor is described
depending on the energy difference of the fluid as follows in equation (4)[25].



m (t ) kR1(t ) Tcomp (t )  T1(t )
Wcomp (t )  1
k 1




(4)

comp

The dynamics of the mass in the turbine
, an similar analysis to that developed on the
compressor is carried out, as shown in equation (5), where
is the exhaust mass flow of the
the mass flow of the exhaust gases [25].
exhaust manifold and

dmturb (t )
 m 9 (t )  m 10 (t )
dt

(5)

Finally, the energy balance of the turbine allows determining the energy produced by the turbine
, which is represented in equation (6).

 9 (t )C pturb (t ) T9 (t )  T10 (t ) 
Wturb (t )  m

(6)

Step 5: Select from the DBEs those with valuable information to meet the objective of the model. Since
this system assumes a total delivery of the energy from the turbine to the compressor, it is necessary
to consider the equations (7) and (8).

Wcomp (t )  Wturb (t )

m 1(t ) kR1(t ) Tcomp (t )  T1(t ) 



comp

k 1

 m 9 (t )C pturb (t ) T9 (t )  T10 (t ) 

(7)

(8)

Step 6: Define for the essential EDBs, the parameters, variables and known constants of each Process
System. The variables for the essential EDBs previously raised are the mass flows of each process
,
,
y
for the turbocharger) and the energy flows associated with
system (
different thermodynamic phenomena (Mass flow temperatures, output work and heats of, input and
output, in this case
,
,
,
,
,
and
respect to the flow temperatures and
and
for the energy flows). The constants only focus on thermodynamic properties of the flows
in question, such as the specific heats and their ideal gas constants.
Step 7: Finding constitutive equations that allow calculating the highest number of parameters in each
process system. Because the framework of these paper focuses on developing a phenomenological
semi-physical mean value engine model, additional equations are required to those raised in the
previous steps of the methodology. For the implementation of these equations, the line of considering
them according to their corresponding subsystem is followed:
Turbocharger
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For this subsystem, relations for the temperatures and pressures of both the compressor and the
turbine are needed. Besides, it is important to take into account the efficiency of isentropic state
changes of those variables, as shown below in equation (9) and (10)[25].

 1


T2  t 
1   P2  t   

1
 1   



T1  t 
   P1  t  




Turbo by-pass Valve

(9)

 1


T9  t 
1   P9  t   

 1   
  1
T10  t 
   P10  t  




(10)

It is considered that this subsystem accumulate mass, and therefore it is only able to instantly modify
) is obtained from the equation (11), where
the flow of gases that passes through it. This flow (
and
are the input pressure and temperature,
is the flow coefficient of the valve,
it is the pressure change generated by the valve
is the specific gravity of the gas mixture and ∆
[26].

m 4  t  

CVvaltb P3  t  S g
0.00976

Ptb  t 
0.45
T3  t  P3  t  S gtb 3600

(11)

It should be noted that in this expression the pressure and temperature units are in psia and Rankine
degree respectively. For the calculation of
, the polynomial expression shown in equation (12)
was used.

CVvaltb  15.82  0.7317 APtb  0.0191 APtb 

2

(12)

Throttle valve
As in the previous subsystem, this one is not able to accumulate mass, therefore only its flow (
),
can be calculated, which is obtained similarly to the turbo bypass valve as shown in equation (13)
where
is the
is the valve's flow coefficient,
is the density of the gas mixture, ∆
is the specific gravity of the gas mixture [25].
pressure change generated by the valve and

m 6  t   CVvalth

For the calculation of

Pth  t  6 t 
S gth 3600

(13)

, the equation (14) was used.

CVvalth  1492.84355  Pth  t  

0.496

(14)

Intake manifold
Unlike the previous items, this one does have the capacity to contain mass, but due to the framework
of the present work, this is not of vital relevance for the same. Variables that interest this subsystem
) is
are pressure and temperature, so for the case of the pressure in the intake manifold (
calculated as equation (15), where
is the coefficient of losses by sudden expansion in the intake
is the velocity of the fluid in the inlet pipe to the engine,
is the available volume in
manifold,
the manifold, and
and
are the mass input and output flows [25].

“CLEANER PRODUCTION FOR ACHIEVING SUSTAINABLE DEVELOPMENT GOALS”
Barranquilla – Colombia – June 21st and 22nd - 2018

8

7th International Workshop | Advances in Cleaner Production – Academic Work
2
 P  t  V  t  2
V  t   
P7  t   7  t   6
 6
 K adm 6
 6  t 

2
2



In addition, the outlet temperature is expressed as shown in equation (16), where ∀
the volume and mass of gas in the intake manifold respectively.

T7  t  

P7  t  adm
madm R7  t 

(15)
and

are

(16)

For the mass in the manifold was used the equation (17).

madm  adm 7  t 

(17)

Step 8: Verify the degrees of freedom of the model. It was verified that the number of equations
coincides with the number of unknowns of the model, in addition to relating the total number of
unknowns raised as an object of study.
Step 9: Obtain the Computational model or solution of the mathematical model. For the calculation of
simultaneous differential and algebraic equations, Matlab 2014b® was used, using the "ODE"
commands, which in turn are based on high-order Runge-Kutta methods.

4.Results
Step 10: Validate the model for different conditions and evaluate its performance. Fig. 3a shows the
variables Gas Flow, Pressure in 6 and Temperature in 6. This figure shows a clear proportional
relationship between these variables, which is not surprising since this is evidenced in [27]. This
information also could be confirmed via data analysis, for example near to 8.8 hours a 7.34% increase
in pressure 6 generates a proportional 1% increase in temperature 6, 7.25% increase in electrical
power and 0.25% decrease in gas flow. Although this reference does not say that the volumetric flow
of gas is proportionally linear concerning the rest of the variables presented in the figure, it had been
associated with the Lambda air excess coefficient, which if it is enunciated in [27].
In addition, Fig. 3b shows the turbo-bypass valve opening percentage, the temperature at 2 and the
work required by the compressor. By looking more closely, it can also be noticed a proportional
relationship between the temperature at 2 and the energy needed for the compressor. This last
relation is not entirely illogical since if the previous approach of the model is detailed, it can be seen
that there is a directly proportional between the discharge temperature of the compressor and the exit
temperature of the intercooler. Finally regarding the percentage of opening of the turbo-bypass valve,
so that its effects on the other variables are significantly observable it is necessary that it takes values
much higher than 30% opening.
a)

b)
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Fig. 3. a) Non-Standart Gas Volumetric Flow, Pressure at 6 and Temperature in 6 vs. Electric Power, b)
Turbo-bypass Opening Percentage, Temperature in 2 and Energy required by the Compressor Vs.
Electric power.
On the other hand, Fig. 4a shows the electric power in contrast with conventionally generated
emissions such as CO2, NO2 and CH4 mass generated. In times close to 10 hours of operation before an
increase of 0.85% of the electrical power produced there are increases of 1.3% in the generation of
CO2 and NO2 and a rise of 0.96% in the production of CH4. This proportional behavior can be observed
throughout the entire graph, which confirms that strategies aimed to reducing the consumption of
fossil fuels, or replace them, are the most suitable to ensure the environmental sustainability of the
process.

a)
b)

Fig. 4. a) CO2 produced mass, NO2 produced mass, CH4 produced mass vs. Generated Electric Power.
b) CO2 produced mass, Pressure 6 Vs. Non-Standard Gas Volumetric Flow
Finally, Fig. 4b shows the gas flow in contrast with CO2 emissions and Pressure in 6. Again a clear
proportional relationship between the variables is noticed. In operational hours close to 10 hours of
operation before a decrease of 0.25% of the nonstandard volumetric gas flow, there are increases of
7.34% in pressure 6 and 1.3 % rise in the generation of CO2. This suggests that despite the control of
the gas flow and the mixing conditions of the gas with air (pressure 6), the contaminants generation is
not entirely mitigated and, on the contrary, poorly regulated.

5. Conclusions
According to second step of the applied methodology, a proportional relation was found between the
generated electrical power, the inlet pressure, the inlet temperature of the air/fuel mixture and the
volumetric gas flow. Regarding the position of the turbo bypass valve, this variable affect the electric
power generated, but not in the same proportions such as the natural gas flow, the inlet pressure, and
the temperature of the air/fuel mixture on the admission, and therefore, the gas emission composition.
Finally, for the second question proposed in the second step related to the engine emissions, it was
found a proportional relationship between the operational variables such as the mixing temperature,
the pressures of the intake manifold, the opening of the turbo bypass, and the engine power to the
generation of pollutants. As a result, operating conditions of high gas demand and low recirculation
percentages in the turbobypass valve were presented where the concentration of CO2, NO2, and CH4
emissions increased by around 20% with respect to the nominal operating condition. This strengthens
the idea that in the future other environmental friendly types of fuels should be evaluated, or a
possible slow but necessary replacement of both consumer level as an industrial level.
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The obtained model give goods results when modeling the intake line of the gas generation engine to
predic the gas emissions, and the termal operation conditions inside the systems. Despite this good
performance of the engine model, it is recommended in the future based on what has been developed
in this work, to generate online strategies of mitigation and control of pollutants in this type of internal
combustion engines.
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