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Abstract. Large internal combustion engines (ICEs) performance is limited by knocking phenomenon due to harsh
ambient conditions such as hot temperature and excessive humidity. The performance of these engines can be enhanced
by cooling and dehumidifying the inlet air on turbocharger upstream under safe operation conditions through a cooling
coil heat exchanger, hence, increasing the power output as well as reducing the brake specific fuel consumption and
pollutant specific emissions. Analysis have been performed in the GT-POWER software through a 1-D thermodynamic
modelling of the Wartsila W20V34SG engine, making it possible to verify the influence of cooled and dehumidified
ambient air, considering a temperature range from 9.5°C (282.7 K) to 15.5°C (288.7 K), while keeping 1 bar for pressure
and relative humidity of 100%. Furthermore, the brake mean effective pressure (BMEP) has been set from 20 to 23.45
bar with a step of 1.15 bar. Such simulations are aimed to find the maximum air temperature at the cooling coil outlet
in which the average of maximum cylinder pressures does not exceed the safety limit pressure of 186 bar while
maintaining control on the wastegate valve. As a result, it was possible to evaluate that the maximum temperature to be
chosen, under the conditions already mentioned, should be lower than 13.8°C (287 K).
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1. INTRODUCTION

Regarding the scenario of Brazilian electrical energy matrix generation, the thermoelectric power plants powered with
reciprocating internal combustion engine (ICE) were designed to operate as peaking power plants in an effort to bring a
safer and more functional electrical energy grid. Nevertheless, for instance, the UTE LORM has been dispatched
constantly, reaching 96% of active operation during a period of a year (Morawski et al., 2017 and Miotto et al., 2020).
Internal combustion engines performance is limited due to severe weather conditions, at high temperatures and excessive
humidity, which lead to a reduction in air flow and, consequently, reduces power, efficiency and fuel consumption
(Santoianni, 2015). A phenomenon known as knocking is caused by high pressures in the cylinders due to hot and humid
air in the intake manifold, which may be followed by derating, because it is caused whenever the charge air temperature
increases beyond a designated value. Moreover, when the combustion air temperature exceeds 45°C (318.2 K), at the
intake air manifold, the Wartsila control system causes a reduction on the brake mean effective pressure (BMEP) in order
to avert knocking condition, which may harm the engine (Wartsild, 2008). Hence, there is an opportunity to install an
absorption chiller, fueled by the residual heat rejected from de engine, in order to produce chilled water for intake air
conditioning purpose.

The absolute humidity has an influence on the combustion since an increase in humidity is slowing down the
combustion speed as well as reducing the maximum combustion temperature. Therefore, humidity affects the combustion
efficiency in a negative way. Additionally, ambient temperature and charge air temperature positively relates with each
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other, and both show a positive relationship with fuel consumption and a negative one with combustion efficiency
(Kahandagamage, 2015). Ambient air cooling and dehumidification, joined up to a correct additional colling in the
intercooler, allow engine operations under reduced knocking condition, avoiding both derating and condensation
formation in the air manifold, achieving a greater brake power output above the current rated condition of 8.7 MW,
without hampering the maximum peak pressure into piston-cylinders as well as not losing control on wastegate valve.

There are several studies in literature that developed simulations through thermodynamic modellings and achieved
better enhancement on Diesel engine’s performance (Mostafavi and Agnew, 1996a; Mostafavi and Agnew, 1996b,
Mostafavi and Agnew, 1996¢; Mostafavi and Agnew, 1997). Novella et al. (2017) carried out a study involving an
absorption chiller that provided cooling effects on the intake air of an internal combustion engine, thus, reaching a
theoretical addition of indicated efficiency of 4%. Kadunic et al. (2014) also studied, through experimental tests, the
intake air cooling by using a jet-ejector recovering waste heat from a small gasoline engine. Their work showed some
reliable improvements on the engine’s efficiency, presenting additional increasing of 18%. Zegenhagen and Ziegler
(2015) conducted experimental tests with jet-ejector devices coupled with one turbocharged internal combustion engine,
and, by providing more cooling effects at the charge air cooler, it was possible to reach better performance.

The goal of this paper is to present and discuss the results of a Wértsila W20V34SG engine simulation, through a 1-
D thermodynamic modelling on GT-POWER software, by considering a wide range of cooled and dehumidified air
condition at the compressor’s inlet. The case study was one of the 24 generators set of the Luiz Oscar Rodrigues de Melo
Thermoelectric Power Plant (UTE LORM), which is located in Linhares city, state of Espirito Santo, Brazil. It was
possible to simulate the effect of the turbocharger inlet air on the engine shaft power, specific fuel consumption, wastegate
mass flow, etc. These analysis aimed to find the maximum temperature of the turbocharger inlet conditioned air in which
the average of maximum cylinder pressures does not exceed the safety limit pressure of 186 bar, while maintaining control
on the wastegate valve, which must stay open to limits the boost pressure in the turbocharger, by protecting the engine.

2. METHODOLOGY

The simulations are carried out by utilizing a 1-D thermodynamic modelling in the GT-POWER software, initially
developed by Zabeu et al. (2017). Figure 1 represents one of the 24 W20V34SG engine flowsheet, in which is explicit
the boundary considered for engine modelling by taking into account only the internal parameters related to the air, fuel,
gases, ignition timing, 20 cylinders and others components connections, including technical information from the site.
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Figure 1. W20V34SG generator set flowsheet.
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The input parameters of the air entering the turbocharger (TC) are 1 bar, 100% of relative humidity, while considering
a range of dry-bulb temperature between 9.5°C (282.7 K) and 15.5°C (288.7 K). The BMEP is varied in a range of 20 to
23.45 bar, with increments of 1.15 bar. It is worth remembering that varying BMEP means that the generated electric
power ranges from 8,545 kW (rated power, taken as a reference value) to about 10,000 kW (rated power, taken as a
maximum safety value, according to the manufacturer). Isentropic assumption is set for the compressor and turbine
components in which the isentropic efficiency is equal to 81%. Figure 2 shows the flowsheet used for the ICE modeling
in the GT-POWER software, in which it was possible to set values of air relative humidity and temperature for the
conditioned inlet air, and simulate them in order to obtain the effect of parameters, such as brake specific fuel
consumption, wastegate mass flow and average of maximum cylinders pressure for different values of BMEP. For the
sake of simplicity, the turbocharger was considered as a single equipment, while in the actual configuration (Fig. 1), there
are two, one for the 10 cylinders on the "A" side and the other for the 10 cylinders on the "B" side. The excess of air (1)
for the combustion, around 2, is defined as a target during the simulations, according to Zabeu et al. (2017). Moreover,
the temperature on the cylinder walls is set to 200°C (473.2 K), then, the mechanical efficiency of the engine is calculated
with a value of 93.7% (the mechanical output of the engine suggested at ISO 3046-1 and 1SO 15550 is 80%). On the other
hand, the fuel is natural gas with fixed composition and lower heating value (LHV) equal to 48,310 kJ/kg.
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Figure 2. Flowsheet of 1-D thermodynamic modelling in the GT-POWER software.

In order to avoid condensation on intake manifold, it is defined a temperature difference (ATca) between the dry-bulb
temperature on intake manifold and the dew point temperature at that temperature and pressure. Thus, the temperature of
the cooling water at the charge air cooler (CAC) inlet should vary case-to-case in order to attend these desired temperature
differences. For the ATca, it was considered a lower value of 2°C and an upper value of 8°C.

These simulations aim to find the maximum air temperature at the cooling coil outlet, as this will determine the demand
for chilled water to be used in the thermal system to be installed, once it allows the engine to reach the maximum power
of 10,000 kW without hampering the cylinders peak pressure of 186 bar, which is the safety limit pressure stablished by
the manufacturer, while maintaining control on the wastegate valve. Therefore, carrying out the simulation using GT-
POWER software, it was possible to analyze various parameters on the engine performance indicator, mainly, the brake
specific fuel consumption (BSFC), wastegate mass flow rate and the maximum allowed average cylinder pressure.



I.C. Campbell, A. Chun, B.M.F. Miotto, J.J.C.S. Santos, J.L.M. Donatelli, C.C.M. Cunha and C.B. Zabeu
Performance Assessment of a Large ICE Due to Inlet Air Cooling and Dehumidification: A Simulation Using GT-POWER Software

3. RESULTS AND DISCUSSIONS
From the results obtained through the GT-POWER software, for different air inlet temperatures simulated, ranging

from 9.5°C (282.7 K) to 15.5°C (288.7 K), it was possible to plot the graphs for specific fuel consumption versus BMEP.
In Fig. 3, a ATca of 8°C (upper expected value) was considered. In Fig. 4, the ATca was 2°C (lower expected value).
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Figure 3. Brake specific fuel consumption versus brake mean effective pressure and air temperature.
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Figure 4. Brake specific fuel consumption versus brake mean effective pressure and air temperature.

From Fig. 3 and Fig. 4, the highest specific fuel consumption is at 15.5 °C (288.7 K) with BMEP of 20 bars, being
166.2 g/kWh for BMEP of 20 bar and ATca of 2°C, and 166.4 g/kwh for BMEP of 20 bar and ATca of 8°C. Therefore, a
decrease of 6°C in ATca, from 8 to 2°C, represents a reduction of about 0.12% in specific fuel consumption. On the other
hand, the lowest value of BSFC is at 9.5°C (282.7 K) for BMEP of 23.45 bar, being 164.5 g/kWh with ATca of 2°C and
164.7 g/kWh with ATca of 8°C. Furthermore, for the same values of BMEP and ATca, a drop of 6°C in air temperature,
from 15.5°C (288.7 K) to 9.5°C (282.7 K), represents a decrease of 0.18% in brake specific fuel consumption.
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The graphs for wastegate mass flow rate versus BMEP are shown in Fig. 5 for ATca of 8°C. Figure 6 presents the

graphs for wastegate mass flow rate versus BMEP, for ATca equal to 2°C.

0.60
Q --9.5°C
%0 0.50 s P -4 125°C
e T . 13°C
S T —
&040 | T @ —+ 14°C
2 & ]
2 B T X 15.5°C
030 e i o sy
175) ".‘s._ §“‘~__
§ * . _ — Sy “ ~ - Ao N
5 020 B g
s, B g o o, B
% 010 T T, "
wn 0. 4 i
< - -

0.00 RS e ot X

19.5 20.0 20.5 21.0 21.5 22.0 22.5 23.0 23.5 24.0
BMEP (bar)

Figure 5. Wastegate mass flow rate versus brake mean effective pressure and air temperature.
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Figure 6. Wastegate mass flow rate versus brake mean effective pressure and air temperature.

From Fig. 5 and Fig. 6, it is clear to observe that for 15.5°C (288.7 K) the wastegate tends to its total closure as it
approaches BMEP of 23.45 bar with both ATca of 8 and 2°C. The highest value of mass flow is at 9.5°C (282.7 K) with
BMEP of 20 bar, being 0.52 kg/s with ATca of 8°C and 0.56 kg/s with ATca of 2°C. In other words, a decrease of 6°C in

ATca represents an increase of 7.7 % in wastegate mass flow.

The graphs for average of maximum cylinder pressures versus BMEP are shown in Fig. 7 with ATca of 8°C. Figure 8
show the graphs for average of maximum cylinder pressures versus BMEP for ATca of 2°C.
According to Fig. 7 and Fig. 8, for intake air temperature higher than 14 °C (287.2 K), when BMEP is 23.45 bar, the peak
pressure overcomes 186 bar, the limit pressure stablished by the manufacturer, and may cause the knocking effect.
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However, for 13°C (286.2 K), the peak pressure on cylinders, when BMEP is 23.45 bar and ATca of 8°C is 185.5 bar,
which does not reach the safety limit. Therefore, the maximum air inlet temperature must be lower than 14 °C (287.2 K).
The air conditioning of the engine in the cooling coil of the thermal system, including the cooling of this air in the
charge air cooler (CAC) after its compression, aims to allow an increase of engine power to about 10,000 kW. Thus, for
this high power, already with an air temperature at the cooling coil output of 14 °C (287.2 K), the operating limits of the
engine are reached, once that the safety engine operation requires a flow rate in the turbocharger gas diversion valve
(wastegate valve) above zero, as well as an average maximum cylinder pressure lower than 186 bar. Figures 9 and 10
show that the safety engine operation requires an air dry-bulb temperature, at the cooling coil’s exit, lower than 13.8°C.
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Figure 7. Average of maximum cylinder pressures versus brake mean effective pressure and air temperature.
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Figure 9 presents the results obtained for the maximum BMEP of 23.45 bar with different values of ATca in order
to find the maximum air dry-bulb temperature, at the cooling coil’s exit, in which the maximum pressure of peak pressures
on cylinders that do not exceed the safety limit of 186 bar. For the same maximum BMEP of 23.45 bar and different
values of ATca, Figure 10 shows that the flow rate in the gas diversion valve (wastegate valve) is greater than zero.
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Figure 9. Average of maximum cylinder pressures versus compressor inlet air temperature and ATca.
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4. FINAL REMARKS AND OUTLOOKS

This work aimed to investigate and simulate the Wartsild W20V 34SG engine through a 1-D thermodynamic modelling
on GT-POWER software by considering a wide range of ambient condition on the compressors upstream. The case study
was one of the 24 generators set of the Luiz Oscar Rodrigues de Melo Thermoelectric Power Plant (UTE LORM) which
is located at Linhares city, state of Espirito Santo, Brazil. The effect of the turbocharger inlet air on the average of
maximum cylinder pressures, specific fuel consumption and wastegate mass flow has been simulated in order to find the
maximum temperature of the turbocharger inlet conditioned air in which the peak pressure on cylinders does not exceed
the safety limit pressure of 186 bar while maintaining control on the wastegate valve.

Through the modelling on GT-POWER, the simulations utilized input parameters of the air entering the turbocharger
at 1 bar, 100% relative humidity while considering a range of dry-bulb temperature between 9.5°C (282.7 K) and
15.5°C (288.7 K). The BMEP has been varied in a range of 20 to 23.45 bar, with the increments of 1.15 bar, which
represents that the generated electric power ranges from 8,545 kW (rated power, taken as a reference value) to about
10,000 kW ((rated power, taken as a maximum safety value, according to the manufacturer). Moreover, a temperature
difference (ATca) has been considered between the dry-bulb temperature on intake manifold and the dew point
temperature at that temperature and pressure, varying from 2 to 8°C, avoiding condensation on intake manifold.

After performing all simulations, it was possible to verify that with an air temperature at the cooling coil output of
14°C (287.2 K), the operating limits of the engine have been reached, once the peak pressure on cylinders exceeded 186
bar. On the other hand, at 13°C (286.2 K) the peak pressure with BMEP of 23.45 bar and ATca of 8°C was 185.5 bar, and
the wastegate valve did not tend to close. Therefore, the maximum air inlet temperature to be considered that meets all
the requirements already mentioned must be between 13°C (286.2 K) and 14°C (287.2 K), at 1 bar and 100% of relative
humidity. A polynomial curve for BMEP of 23.45 bar and ATca of 8°C determined the limit value of 13.8°C (287 K),
which should be the maximum air temperature entering the turbocompressor in order to avoid the cylinders peak pressure
of 186 bar while maintaining control on the wastegate valve. Additionally, in the future, new simulations can be updated
to evaluate the influence of the relative humidity near 100% for the air temperature at the cooling coil exit.
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