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Abstract. The aim of this paper is the numerical simulation of heat transfer
over the external surface of a stationary Diesel engine to obtain a relation for

convective heat flow transferred to environment at different air velocities. The

simulation was performed using COMSOL Multiphysics software for forced
convection with turbulence. The simulation is using conjugate heat transfer and
fluid flow on Turbulent Fluid-Thermal Interaction module. Temperature field
used for initial external surface temperature was obtained by IR thermovision
measurements on existing stationary engine. Simulations were shown the inlet
velocity influence on overall heat transfer coefficient is significant at bigger

values of 10 m/s.
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1. Introduction

The study of Diesel engine energy balance can improve engine
efficiency by reducing energy losses. The chemical energy density of the fuel is
converted into effective mechanical power, and a heat flux loss in coolant and
oil as cooling fluids, a heat flux loss in exhaust gas and the heat flux loss by
heat transfer of the engine surface with external air. This last term is typically
estimated with data given in literature by (Heywood, 1988; Martyr & Plint,
2007; Abedin et al., 2013; Sandu et al., 2014).

The contribution to the heat flux loss by heat transfer is the convective
heat loss of the engine in the environment. Because of few literature data
regarding convective heat loss through external engine surfaces, the present paper
aims are to investigate different heat transfer models by numerical modelling.

The numeric model was developed using COMSOL Multiphysics
software (2008) in a forced turbulent convection case. The model is considered as
2D steady-state surface temperature and with influence of air-flow fields using the
equations for Turbulent Fluid-Thermal Interaction and numerical modules used in
simulations are the Heat Transfer Module and k-g¢ Turbulence Model.

The aim of the work is to find best values for heat transfer coefficient taking
into account the velocity of the air which flows over the engine external surface.

2. Engine Numerical Modelling
2.1. Setup Conditions of the Model

2.1.1. Temperature. The ambient conditions were considered as:
barometric pressure 718 mmHg and average air temperature of 16°C. As
mentioned by (Sandu et al., 2014) the engine surface temperature was measured
both locally with thermocouple placed on different points on the engine surface
and superficially using a thermography IR camera. The surface temperature
values were recorded for three operation modes at rotational speed of 1246 rpm
(mode I), 1596 rpm (mode II) and 1354 rpm (mode III), and are presented in
Table 1 and Table 2.

Table 1
Parameters of Engine Operation Modes
Operation mode I 11 111
Speed, rpm 1246 1596 1354
Brake torque, Nm 73.6 122.6 | 132.5

Volumetric intake air
flow rate, m*/h 104 116 108
Ambient temperature, °C | 16.0 16.0 16.0
Engine temperature
(thermocouple), °C 60 62 64
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Table 2
IR Engine Mean Temperatures in °C

Mean temperature/Mode I 11 111
Right view 59.7 | 643 | 684
Left view 719 | 79.0 | 81.3
Upper (bottom) view 42.8 | 54.7 | 60.0
Front view 59.2 | 61.5 | 63.2
End view 60.6 | 63.2 | 69.9
Overall surface mean 609 | 664 | 695
temperature

The mean surface temperatures are used in simulations as body
temperature of the model.

2.1.2. Air velocity. The air surrounding the engine has a motion due to
fan operation so the air flows over the engine surfaces. The fan is mounted
directly on the crankshaft and fan speed is the same with engine speed. The air
velocity distribution around the engine was taken in five points represented in
Fig. 1. As mentioned in (Sandu et al., 2014) the inlet air flow velocity is: 6.9
m/s for operation mode I, 12.8 m/s for operation mode II and 8.7 m/s for
operation mode III. So, the values considered in present simulation as inlet
velocities of the air are 1, 5 10 and 15 m/s to cover the range of above

mentioned values.
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Fig. 1 — Positions of measurement points around the engine.
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2.1.3. Geometry-Mesh. The 2D heat transfer and air flow model is
considered in a horizontal plane of the engine because the heat transfer
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coefficient is investigated on the left and right side of the engine. Taking into
account all surfaces supposes a 3D modelling which will be considered
further. The engine section with vertical symmetry is 0.200 m width and 0.440
m long. The discretization of air and body engine domain using triangular
elements is shown in Fig. 2, and is resulting 26771 degrees of freedom and
3898 triangular elements.
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Fig. 2 — Mesh geometry.

2.1.4. Boundary mode. The boundary for air and body engine domain is
shown in Fig. 3, and the boundary type settings on each study domain are
presented in Table 3.

Table 3
Boundary Settings

Domain | Boundary 1 2-3 4,6 8

1. Type | Temperature| Insulation/ | Thermal wall [Convective

Air Symmetry function flux

Domain | Boundary 4,6 5 7

2 Type Heat flux | Temperature Insulation/
Engine

body Symmetry
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Fig. 2 — Boundary geometry.

2.2. Mathematical Model
The model uses the Reynolds-averaged Navier-Stokes (RANS)
equations in the air domain and conductive and convective heat equation in the
air and the solid wall. The properties for the fluid are the air at atmospheric
pressure, and for the solid those of cast iron. The air properties are considered as

temperature dependent. The equations for air domain, which includes equations
for turbulent kinetic energy k and for dissipation €, are described as:

V-(pu)=0 (1)

p(u-V)-u=V-{—p-[+(77+77T)(Vu+(Vu)T—%(V-u)-]}—%p-k-[} ©)
pu-Vk:V-Km%jwc}rm-P(u)—@p-kjv-u—pg. 3)

pu~V€=V~[(f7+ZTJV«S}{QI;){% -P(u)—@pkjvﬂ}—% -p% )
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2

P(u)=W¢(W+(VM)T)—§(V-M)2; nT=p-Cy~k? 5)

The turbulence is considered so it is necessary to compute the fluid
thermal conductivity taking into account the effect of mixing due to eddies. The
effective thermal conductivity is calculated according to the eq. (6).

ky=k+k,=k+Cp-n;. (6)

where k is the physical thermal conductivity of the fluid, k7 is the turbulent
conductivity, 77 denotes the turbulent viscosity and C, equals the heat capacity.

The boundary conditions for this application used are the two-equation
turbulence models such as the k-¢ model for fluid domain and the heat transport
equations for solid. The k-¢ equations in the fluid domain considers the
specified velocity at the inlet boundary, specified pressure at the outlet
boundary, symmetry at the top and bottom boundary and logarithmic wall
function at the solid surface boundaries. The heat transport equations are solved
using room temperature at the inlet, convection-dominated transport at the
outlet, thermal wall function at the solid/air interface. For the solid-fluid
interfaces the model uses the logarithmic wall function boundary condition for
turbulent flow.

The heat flux g, [W/m?] is calculated from equation:

qg=p-C,-Co¥ k)’ -(T,-T)/T". (7)

where p and C, are the fluid’s density and heat capacity, respectively, C,, is a
numerical constant of the turbulence model and %, is the value of the turbulent
kinematic energy at the wall, T,, equals to the temperature of the solid at the
wall, while T is the fluid temperature.

The dimensionless quantity 7" is related to the dimensionless wall

Pr
offset, 0,,", through the definition: 7% = —Tln(é'; )+ [, where the turbulent
K

Prandtl number Pr;is fixed to 1.0, the von Karman constant x is set to 0.42, and
[ model constant is set to 3.27. The dimensionless wall offset is defined as
o,=p-6,-C 2’25k$’5 /17, where 0, is the specified wall offset.

Other model constants used are C.=1.44, C,,=1.92, 0,=1.0, 0.=1.3,
C,=0.09.
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3. Results and Discussions

After the simulation in the post-processing section of the software the
only temperature colour profile plot for u = 15 m/s have been chosen. This plot
is presented in Fig. 4. Also, the Reynolds number and Nusselt number are
plotted for four velocity values in Figs. 5 and 6.

The local heat transfer coefficient plot is presented in Fig. 7. The
overall heat transfer coefficient variation in function of inlet velocity is plotted
in Fig. 8.

20

Fig. 4 — Temperature plot for inlet velocity of 15 m/s.
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Fig. 5 — Reynolds number for air domain Fig. 6 — Nusselt number on the air
along the engine length for different inlet domain along the engine length for
air velocities. different inlet air velocities.

The calculations were performed for inlet velocity of 1, 5, 10 and 15 m/s,
to be evidenced the influence on heat transfer and local heat transfer coefficient.
The surface temperature is set to 66°C. The temperature profile for u = 15 m/s
as is shown in Fig. 4 depicts the variations of temperature near to side wall as is
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expected. To get a point of view of the heat transfer the Reynolds number (Fig. 6)
increases rapidly near to solid wall to turbulent flow, so the laminar flow
approach for heat transfer coefficient is underestimating method even for inlet
velocity is u = 1.0 m/s. The Nusselt number (Fig. 6) is increasing with the
increasing of velocity and have a constant increasing along the solid wall at
constant velocity.
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Fig. 7 — Local heat transfer coefficient Fig. 8 — Overall heat transfer
along the engine length for different coefficient in
inlet air velocities. function of inlet air velocity.

The local heat transfer coefficient decreases along the side wall i.e.
from 120 to 45 W/m®.K for inlet velocity u = 10 m/s (Fig. 7), and increases as
the velocity is increased as is shown in Fig. 8. For small velocities (u = 1 m/s)
can be observed small values of the heat transfer coefficient, which can
explained to be near to natural convection heat transfer.

The overall heat transfer coefficient dependence in function of inlet air
flow velocity get in m/s, and which can be expressed by the relation:

hy..,=4857+4.143-u, —0.0357 -u’ , W/m’ K ®)

overall in

4. Conclusions

1. The use of combined conduction, forced convection and the
turbulence in solid-fluid thermal interaction proved a method to evaluate the
engine surface temperatures and heat transfer coefficient for air flowing over
external engine surface.

2. The air velocity significantly influenced the heat transfer by
showing the change from natural convection to forced turbulent convection in
external flow.

3. A regression relation for overall heat transfer coefficient in function
of inlet air velocity is obtained.
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SIMULAREA NUMERICA A TRANSFERULUI
DE CALDURA PE SUPRAFATA EXTERIOARA A UNUI
MOTOR DIESEL STATIONAR

(Rezumat)

Aceasta lucrare urmareste simularea numerica a transferului de caldura pentru
obtinerea unei relatii de calcul a fluxului termic de convectiv cedat mediului exterior
prin suprafata exterioard a unui motor Diesel stationar (de laborator). Simularea a fost
realizata in mediul de programare CFD numit COMSOL Multiphysics. Pentru simulare
au fost considerate conditii externe de curgere pentru convectie naturald si convectie
fortatd datorate ventilatorului motorului. Campul de temperatura al suprafetei exterioare
a motorului a fost masurat cu ajutorul termografiei cu infrarosu si a fost folosit ca
valoare initiala pentru modelul simulat. Modelul a luat in considerare curgerea
turbulenta prin folosirea modelului k-eps de turbulenta. Au fost retinute din rezultatele
obtinute evolutia campului de temperatura pentru u = 10 m/s pentru a evidentia aparitia
influentei regimului turbulent, criteriile de similitudine Reynolds §i Nusselt reprezentate
in functie de viteza de intrare a aerului si in lungul domeniului de perete solid. De
asemenea, s-a reprezentat variatia coeficientului local si global de transfer de céaldurd in
functie de viteza aerului, precum si o relatie de calcul obtinuta prin regresie numerica.



