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Abstract. The purpose of this work is to investigate the influence on the thermo-energetic performance given by the
increase in the operating temperature of an internal diesel combustion engine reducing the dissipation of the thermal
load transferred to the cooling fluid by restricting the flow of water through the radiator. Modifications were made in
the line of input of the thermal exchange system of the engine. Power, fuel consumption and temperature parameters
were collected for energy analysis of the effects after the engine temperature changes. As a result, a significant reduc-
tion in the specific fuel consumption and an improvement in the overall thermal performance of the generator set were
obtained.
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1. INTRODUCTION

The Brazilian energy matrix uses several sources to generate electricity, a portion of the total comes from the ther-
mal generation from the burning of fuel consumed by diesel generator sets (MME, 2018). This way of generating ener-
gy is not very efficient due to the large thermal losses by heat transfer through the walls of internal combustion engines
(ELETROBRAS, 2010 and GTON, 2016), which is most often necessary to maintain the structural integrity of the mo-
tor, which is limited by the phase change temperature of the materials which constitute its components, thus avoiding
failures due to thermal stress, conserving lubrication and avoiding greater damages (HEYWOQOOD, 1988). Another situa-
tion is the heavy reliance on petroleum-derived fuels consumed by these machines and the negative health and envi-
ronmental consequences of their emissions (MMA, 2009). Many studies and research have been conducted to tailor and
optimize internal combustion engines using alternative sources to reduce the consumption of fossil fuels. In Brazil,
commercial diesel has 8% biodiesel blended in its composition, being known as diesel B8 (MDA, 2017).

One of the ways to improve the efficiency of combustion engines is to minimize heat transfer losses through the cyl-
inder walls (SOUZA, 2016), in particular for engines with temperature control by liquid cooling fluids integrated with a
radiator heat exchanger system. With the objective of reducing the specific fuel consumption, this paper proposes to
investigate the behavior of the thermal efficiency of an internal combustion engine, compression ignition of 3.9 liters
fed with commercial diesel B8 through the minimization of the thermal exchange coming from the cooling system act-
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ing on raising the temperature of the cooling fluid by restricting the flow of the fluid through a valve installed in the
inlet line of the engine radiator.

2. THEORETICAL REFERENCE

Cooling systems for internal combustion engines have the purpose of controlling the flow of heat dissipated by the
walls of the engine while maintaining a temperature range when in operation. It is necessary that the engine is heated to
operate in perfect conditions of lubrication, as well as there are processes that depend on the heating to achieve its better
performance of operation.

The internal combustion engines are designed to remove part of the energy of a fuel released in the combustion
process transformed it into shaft power. In compression-ignition engines, the fuel comes in contact with the mass of air
at high energy levels, forming the air-fuel mixture in the beginning, initiating the burning process (HEYWOOD, 1988
and BRUNETTI, 2012). According to the First Law of Thermodynamics, the energy released by the fuel within the
cylinder of an engine is represented by the sum of the effective rate of energy delivered to the piston, the heat dissipated
by the walls and the cooling fluid (DA SILVA, 2017 and TREVAS, 2017).

Part of the heat produced by the combustion is transferred through the cylinder walls, head, piston, inlet and ex-
haust valves, lubricating oil and others. (HEYWOOD, 1988). The coolant circulates in the regions with the highest heat
flux, exchanging heat with the engine block and head, and then discarding this energy in the radiator (FERGUSON,
2001; HEYWOOD, 1988 and SOUZA, 2016).

According to Sousa (2016), raising the temperature of the engine cooling fluid improves the thermal efficiency, so
the driving force given by the temperature difference between the walls of the combustion chamber and the cooling
fluid is of lower magnitude, reducing the amount of heat transferred by the walls resulting in reduced specific fuel con-
sumption.

2.1. HEAT REJECTION IN ENGINES
2.1.1. MECHANISMS OF HEAT TRANSFER

Heywood (1988) says that the heat transfer from the combustion chamber to the cooling fluid occurs in three trans-
fer mechanisms: conduction, convection and a small amount by irradiation and can be disregarded in the transfer mod-

els. Thus, Figure 1 schematically depicts the distribution of heat flow and temperatures in the surfaces and walls of the
combustion chamber of an internal combustion engine.

ax

Figure 1 — Distribution of heat flux and temperature in the combustion chamber wall (HEYWOOD, 1988)
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Analyzing the scheme of figure 1, the heat transferred from the combustion gases with average temperature T gas
for the internal surface of the combustion chamber is given by the heat transfer mechanism by convection. In this case,
the term of heat transferred by radiation is insigficant, considering only the mechanism of convection qgas asin Eq.1

(Heywood, 1988).
qgas = hgas(-Fgf"S _Tint) (1)

h_.. is the convective coefficient of the combustion gases and T.

gas is the temperature of the inner wall of the com-

int
bustion chamber.

The amount of energy transferred by the walls of the combustion chamber considering a unidirectional heat flow is
formulated by the law of Fourier conduction (Eq.2), being directly proportional to the temperature gradient dT/dX in
the X direction perpendicular to the thermal exchange surface (HEYWOOD, 1988; INCROPERA, 2003).

= kwaII d_T = kwaII (Tint _TEXt) (2)
dx AX

wall

K is the conductive property of the material of each wall and Tou

is the temperature of the outer wall.
For the side in direct contact with the cooling fluid, the convective heat exchange (.4, iS Characterized by the
movement of the fluid by removing heat from the surface which has been transferred by the wall of the combustion

chamber by the driving mechanism. T, ., represents the average temperature of the cooling fluid..

qcooled = hcooled (Text _Tcooled) (3)
2.1.2. ENERGY BALANCE

Applying the principles of the First Law of Thermodynamics to an open system, the equation describing the energy
balance for an internal combustion engine is formulated by Eq.4 (HEYWOOD, 1988).

mf hf +maha :Wb +Qcoo|ed +Qmisc +(mf +ma)he (4)

The parcel M, h, corresponds to the mass and sensitive energy of the circulating waste gas, ie flue gases not swept
by the piston corresponding to the volume of the combustion chamber;

maha contemplates the mass of entrance in volume of control of the engine, referring to the admitted mass of the
air and the fuel injected.

V\'/b is the work done on the piston by adding the available energy in the engine axis (axis power) plus the energy
dissipated by friction, also known as friction power.

The energy lost by the heat flow in the wall of the combustion chamber Qcooled in practice corresponds to the
amount of energy dissipated by the lubricating oil and the cooling fluid, also involving other components of the engine.

The portion given by (M, +m,)h, encompasses the energies dissipated by the exhaust gases, leaks by the seal

between the piston sealing rings and the cylinder wall, and the mass of fuel that has not burned until the opening of the
exhaust valve.

2.1.3. PERFORMANCE PARAMETERS

The mathematical models for engine performance analysis shown below to evaluate the effects produced by the
engine operating temperature variation under study are the same models developed by Heywood (1988) and Brunetti
(2012).

The shaft power P,

 «is IS the difference between the indicated effective power P, and the friction power given by
Eq.5.
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P

axis

= Pet — Prric (5)

The calculation of P, is obtained by Eq.6, relates the indicated effective mean IMEP , the displacement V., , the

rotation N in rpm and the number of turns of the crankshaft N, required to complete a complete engine cycle. For 4

stroke engines N, =2 and 2 stroke engines N, =1.

IMEP xV_, x N

P _ cyl 6
eff n ( )

r

The IMEP is calculated by the integral of the pressure curve as a function of the cylinder volume for each position
of the crankshaft and corresponds to the work performed on the equivalent piston P, .

The electric power P, given by Eq. 7, is the parameter commonly used for performance analysis of generator sets

and is directly related to the power produced in the motor shaft and the efficiency of the electric generator 77, -

I:)elec = 77e|ec X Paxis (7)

The specific consumption is an effective parameter to evaluate how well the fuel delivered to the engine is being
used, its value is given in consumption per unit of power in the form of Eq.8.

m fuel

SFC = (8)

elec

Eq.9 uses the electrical power produced by the motor shaft to determine the thermal efficiency 77, based on the
upper calorific value PCS of the fuel.

P P

_ elec — elec
UT I:)fuel rﬁfuel x PCS (9)

3. EXPERIMENTAL PROCEDURE

The constructive characteristics and technical specifications of the generator set used in the development of this
work are present in table 1.

Model of Generator set C40D64

Eletric Power 39 kW

Engine Diesel Cycle — 4 Stroke
Number of cylinders / Dis-
4/39L
placement

Compression Ratio 17,5:1

Working speed 1800 rpm

Table 1 - Characteristics of the generator set.
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The engine operated with commercial B8 diesel oil in a range of 1800 rpm of rotation, three working rates were
evaluated at 40, 60 and 80% of the maximum power of the generator set. For performance analysis, we determined the
parameters of consumption, power and temperatures at specific points of the generator set.

Fuel consumption was determined with a volumetric flowmeter model LSF41 supplied by the Oval, with an
accuracy of £ 1% of the reading. In order to calculate the fuel consumption, the fuel temperature was measured by a
type K thermocouple installed in the feed line near the inlet of the flow sensor, as well as temperature values of the
combustion gases and water temperatures were recorded with the objective of determining the permanent regime by the
stability of the temperature records for data collection.

The electrical magnitudes were measured using a SAGA 4500 energy analyzer manufactured by Landis + Gyr and
1% accuracy of the reading, recording values of power, voltage, current and frequency in the three phases of the genera-
tor.

The temperature was controlled by a drawer-type valve installed in the flow line of the cooling fluid. The fluid dis-
placement was in the direction of engine output and radiator inlet dissipating any thermal load absorbed as the fluid
flowed through the thermal block galleries of the engine block. The increase in temperature was due to the restriction of
the water flow, that is, the reduction of the flow reduced the passage of the thermal load from the engine to the radiator,
raising the water temperatures in the cooling galleries. To ensure the liquid phase of the water in the piping, a thermo-
couple and a manometer were installed in the drawer-type valve installation position by monitoring the temperature and
pressure, leaving them, away from the liquid-vapor saturation boundary. Figure 2 shows schematically the installation
of the tools in the water circulation line.

Coolant Manometer

Flow Control

Thermocouple
Type K

Figure 2: Water temperature control system.

In order to avoid overheating and to compromise the operation of the engine, the temperature variation of the water
in the position of the drawer-type was given in the approximate range of 15 ° C, ie under original operating conditions,
this temperature is approximately 82 ° C and, the maximum allowed value was restricted to 97 ° C.

4. RESULTS AND DISCUSSION

The results obtained show parameters of specific fuel consumption and the reduction in percentage comparing the
base of reference obtained with the engine operating in state of normal operation of temperature.

The trend of reducing the specific fuel consumption obtained with increasing coolant temperature is observed by
analyzing the curves represented in the graph of figure 3. It should be noted that these curves are a representative way to
analyze the influence of the temperature of the engine in the specific fuel consumption in this specific case and does not
represent the actual profile because it is only two temperature points and fuel consumption.
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Figure 3 — Representation of SFC as a function of temperature for this study.
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Figure 4 — SFC chart for different loads.

The figure 4 compares the results of SFC with the normalized motor compared to the results obtained by raising the
temperature of the cooling fluid. This modification had a direct impact on the SFC, as observed in the graph of figure 3,
especially with the engine operating at 40% of the load, obtaining an efficiency gain of 2.8%, observing the results of

figure 5 for the same operating regime.
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Figure 5 — Reduction of SFC according to load.

Analyzing the results of figure 5, the percentage amount of the reduction in SFC did not perpetuate for work re-
gimes above 40% of the load. An explanation for this behavior lies in the variation of the thermal exchange gradient in
the combustion chamber wall when the temperature of the cooling fluid remains almost constant regardless of the work-
ing regime, thus, the thermal exchange gradient tends to increase with the required load on the engine.

To compensate for the increased load on the engine, the injection system provides more fuel, raising the cylinder's
internal temperatures, an effect produced by the greater amount of released heat connected to the greater amount of fuel
burned. In this sense, by analyzing the Fourier equation of the heat conduction (Eq. 2) described in section 2.1.1, the
heat flux through the combustion chamber wall increases in direct proportions to the increase of the temperature gradi-

ent (dT/ dx) when the temperatures of the internal surfaces of the walls of the combustion chamber, represented by
T

int» inCreases.

One way to verify if the SFC would maintain the engine operating at higher speeds would be to restrict the heat
flux in proportions equivalent to the thermal exchange gradient for each load, but such modifications would result in
high temperature levels, compromising the integrity structural of the motor, even a collapse in operation.

5. CONCLUSION

In this work we investigated the influence of engine operating temperature to predict the specific fuel consumption
behavior. The operating temperature has been altered by restricting the flow of the cooling fluid by means of a drawer
type valve installed in the position of the hose which interconnects the thermal exchange galleries of the engine to the
radiator. The investigation concluded that the increase in temperature resulted in a better thermal efficiency of the gen-
erator set given the reduction of SFC, especially when the engine operated at 40% load. For higher load regimes, the
SFC reductions were lower, but satisfactory due to the thermal efficiency gain when compared to the results obtained
with the motor operating at normalized temperature.

The flow of heat through the walls of the combustion chamber varies for each engine operating regime. As fuel
consumption increases, the thermal load also increases by raising the heat transfer gradient through the inner walls of
the combustion chamber, behavior was attributed to the lower SFC values with the increase of load on the motor shaft.
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