The internal combustion engine is a rich source of examples of almost every
conceivable type of heat transfer. There are a wide range of temperatures and heat
fluxes in the various components of the internal combustion engine. Internal
combustion engines come in many sizes, from small model airplane engines with a
0.25" (6 mm) bore and stroke to large stationary engines with a 12" (300 mm)

About 25 % of the air/fuel mixture energy is converted to work, and the remaining
75% must be transferred from the engine to the environment. The heat transfer
paths are many, and include many different modes of heat transfer.

In this module, we will discuss the heat transfer processes in the engine components,
then consider the engine parameters and variables which affect the heat transfer
processes. We present various models of the heat transfer processes, and example
calculations of the heat transfer rates and coefficients.

Once you have explored the core sections, you can also go to the advanced sections,
where current research topics and problems are presented.






The conduction and convection heat transfer in engines are processes that occur in
series and parallel with each other. A series path is convection through the cylinder
gas boundary layer, conduction across the cylinder wall, and convection through the
coolant liquid boundary layer; and a parallel path is conduction through the cylinder
wall and through the piston crown. In heat transfer resistance modeling, we look for

regions which have relatively large temperature differences, and compute the heat
transfer resistance across those regions
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The thermal resistance is defined as the ratio of the temperature
difference, dT, to the heat transfer Q. This is analogous to Ohm's law,
in which the electrical resistance is defined as the ratio of the
voltage drop across a resistor to the current flow across the resistor.

DV =1Ror R=DV/I(Ohm's Law)

DT =(Q/A) R or R=DT/(Q/A) (on a per unit area basis)
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The resistance model is very useful in determining the heat transfer in a
complex steady state heat transfer situation. It is assumes that the heat transfer
is primarily one dimensional across the resistance element, so as the problem
becomes more multidimensional, the accuracy decreases.

Heat transfer to coolant

For the heat transfer from the engine cylinder to the coolant, a series path
can be assumed. For example:
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For example, assume that the cylinder gas temperature is 1200 K, and the coolant
temperature is 300 K. The cylinder thermal conductivity is 80 W/mK, and its
thickness is 72" ( 0.012 m). Also assume that the convection coefficient is 200 on the
gas side, and 1000 on the coolant side.

Then

The thermal resistance of the gas layer, R___, is 1/h =1/200 = 50 x 10**

gas’

The thermal resistance of the cylinder wall, R, is L/k =0.012/80 = 1.5 x 10*

wall

The thermal resistance of the coolant, R ,is1/h=1/1000 = 10 x 10*

coolan

The largest resistance is the gas side resistance, R,

This means that the heat transfer in this case is relatively insensitive to the
type of material used in the wall. If the cylinder was made of aluminum
instead of steel, the overall heat transfer would not change significantly.

For the above resistances, the overall heat transfer is about 150,000 W/m?2.



The heat transfer from the hot combustion gases is
includes forced convection through the hot gas
I""Jr boundary layer, conduction through the cylinder wall,
L and forced convection (including boiling) into the
~ fluid coolant in the head, engine block, and piston.

Penetration
Depth

There is a small ( about 5 %) radiative component of
heat transfer from the gas to the cylinder walls.

The heat transfer process is periodic due to the piston motion. However, the engine

speed is usually high enough so that the temperature fluctuations only penetrate
about a millimeter into the cylinder wall.

We use the unsteady heat conduction equation to examine the effect of the
periodic combustion on the temperature profile in the cylinder wall.
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where T is temperature C, t is time (sec), x is distance (m), and a is the thermal
diffusivity (m?2/s). Scale analysis of the above equation gives an approximate relation
for the penetration depth x:

t= (at)

An engine speed, w, of 1000 rpm, has a time scale t of
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The thermal diffusivity of steel is about a = 20 x 10 -® m?/s, so the penetration
depth is approximately

Ty

rz(at)” =|[20x107)[107)] = 05w



Since the penetration depth is a very small fraction of the cylinder wall thickness, the
cylinder wall can be assumed to have a temperature profile that is not changing in
time

Cylinder Heat Flux and Temperatures

The surface temperature of the cylinder can be measured with thermocouples, and
the resulting cylinder heat flux deduced from Fourier's conduction equation and the
unsteady heat conduction equation. The figure below is a representative graph of
the cylinder heat flux as a function of crank angle.
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Figure 15. Heat Flux versus Crank Angle

The heat flux begins rising when the combustion flame impacts the cylinder wall, has a
maximum at peak cylinder pressure when gas temperatures peak, typically 20 degrees
after Top Dead Center (TDC).

The peak heat fluxes are on the order of 1 to 3 MW/m2. The heat flux increases with
increasing engine load and speed.

As the cylinder wall temperature increases, the piston and ring friction will be reduced,
decreasing the fuel consumption, the heat flux to the wall from the combustion gases
will decrease, and the formulation of pollutants such as nitrous oxides also increases.

A correlation used to compute the space averaged instantaneous heat transfer
coefficient (Woschni, 1967, "A universally applicable equation for the
instantaneous heat transfer coefficient in the internal combustion engine",

SAE Paper 670931): is:

Nusselt # = 0.035 (Reynolds #)°-80
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Where:
b = cylinder characteristic length (m), usually chosen to be the cylinder bore.

k = gas thermal conductivity, (W/mK), typical value 0.06
n = gas kinematic viscosity, (m2/s), typical value 100 x 10-6
U = average gas velocity (m/s)

During intake, compression, and exhaust, the average gas velocity U is
proportional to the mean piston speed, U,

For intake and exhaust, U =6.18 U

piston

For compression, U = 2.28 U 15,



The instantaneous heat transfer coefficient during combustion depends on the gas
speed and cylinder pressure, which change significantly during the combustion
process. During combustion and expansion, the gas speed U (m/s) induced by
combustion is given by the following equation (Woschni, 1967) :
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Where To, Vo, and Po are reference intake cylinder temperature (K), volume (m3),
and pressure (Pa), V is the instantaneous cylinder volume (m3), and DP_is the
instantaneous pressure rise due to combustion relative to the unburned gas
pressure at the same crankshaft angle.

The unburned gas cylinder pressure is determined from thermodynamic analysis.

An example pressure computation is given in the Cylinder Pressure page. For
engines with significant swirl, the gas velocities are higher.



http://www.engr.colostate.edu/~allan/thermo/page5/page5f.html

The gas properties in the correlation equation are evaluated at the instantaneous
average cylinder temperature determined from the ideal gas law:
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Where: !

P = instantaneous cylinder pressure (kPa)

r = instantaneous mixture density, mass/volume (kg/m3)
M = averaged molecular weight (kg/kmol)

R = universal gas constant, 8.314 kJ/kmol K

If P= 500 kPa, r = 5 kg/m3, M = 40 kg/kmol
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The thermal conductivity k varies as T*3/4, and the viscosity varies as T*0.62, so
that the instantaneous heat transfer coefficient can be written as

hix )= 326074 PP 70 %

If b=0.1m, P =500 kPa, T = 1000 K, and U =10 m/s,

=326.017" .500"" 10007 . 10"®

105 W/m'K



For the overall average heat transfer from the gas to the cylinder coolant,
convection type heat transfer equations are used.

OF A= h (T, —
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Where:

Q = overall heat transfer (W/m?2)

A = reference cylinder area (m2)

Tgas = effective gas temperature, typically 800 C
Tcool = coolant temperature, typically 80 C

h = heat transfer coefficient (W/m2 K)

The heat transfer coefficient depends on the engine geometry, such as the exposed
cylinder area and bore, and the piston speed. Due to the complex gas flow in the
cylinder, it varies with location in the cylinder and in time with changing piston
position. The value of the heat transfer coefficient is found from a Nusselt number -
Reynolds number type correlation.

Nusselt # = a (Reynolds #)™
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b = cylinder characteristic length (m), usually chosen to be the cylinder bore.
k = gas thermal conductivity, (W/mK), typical value 0.06

n = gas kinematic viscosity, (m2/s), typical value 100 x 10-6
U = characteristic gas velocity (m/s)

The characteristic gas velocity U is typically the mean piston speed:
— _ 7o SEM g
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However, some correlations use the average intake velocity:




and other correlations require a characteristic combustion velocity. The coefficient a
and exponent m are found from engine experiments. There are three types of heat
transfer coefficients used in the computation of engines heat transfer.

Table Ill. Types of Heat Transfer Coefficients

- Averaging ] Usedfor

. overall steady state energy balance
averaged over time & space :
calculations

“ instantaneous, space average heat transfer versus crank angle
“ instantaneous, local local calculations of thermal stress

The peak values of the instantaneous and local coefficients can be many times
higher than the averaged values.

A frequently used correlation for a space and time averaged heat transfer coefficient
is that of C. F. Taylor ("The Internal Combustion Engine in Theory and Practice", MIT
Press, 1985), which uses the mean piston speed for the characteristic velocity.
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For a 1000 rpm engine with a 0.1m stroke, combustion gas temperature of
1000C, and coolant temperature of 80 C
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Where:

b=0.1m

k=0.06 W/mK

n=100x 10 -6 m2/s

the average heat transfer coefficient is



R(x)01 3.01 %
== 104 —|  =4215
0.06 100x10

hix, )= 25290 (m2k
The average heat transfer per unit area from the cylinder to the coolant is
Of A=h(T, - T )=2529)(1000-80)= 233 14 /m2

For a reference cylinder area of p b?/4, the average heat transfer is

Q=%*Fﬁ'2 = (233210 01 14) = 18073



There are two types of coolants used to remove the heat from the engine block
and head: air, and water. With air as a coolant, the heat is removed through the
use of fins attached to the cylinder wall. With water as a coolant, the heat is
removed through the use of fluid filled internal cooling passages.

]iquid coolant

Cylinder | | Figure 17. Liquid Coolant

Both have various advantages and isadvantages. Air systems are much
noisier, since there are no water jackets to absorb the combustion sound.
Air systems use fins to increase the heat transfer rate. An analysis of the
heat transfer from a fin is performed with the Fin Performance Applet.

Water systems can freeze unless additives are used. The water cooling
system is usually a single loop where a water pump sends coolant to the
engine block, and then to the head. The coolant will then flow to a
radiator or heat exchanger and back to the pump.


http://www.engr.colostate.edu/~allan/heat_trans/page8/fin2/fin.html
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During engine warmup, a thermostatically controlled valve will recycle the
coolant flow through the engine block, bypassing the heat exchanger. As the
engine heats up, the valve will open up, and allow the coolant to flow to the
radiator.

Nucleate Boiling of Coolant

The heat fluxes and surface temperatures near the exhaust manifold and
port are high enough so that nucleate boiling can occur in the coolant at
those locations. The boiling heat transfer coefficients are much larger than
single phase forced convection, so that the metal temperatures are lower.



For heat fluxes of the order of 1.5 MW/m2 and above, the resulting surface
temperature of the cooling jacket will be about 20 to 30 C above the saturation
temperature, typically, 130 C (400 K).

The convection boiling process is very complex, as bubbles formed on the jacket
surface are swept downstream and condense in cooler fluid.

The surface temperature of the jacket throughout the engine block will be fairly
uniform. The saturation or boiling temperature can be raised by increasing the
pressure or by adding an additive with a high boiling point, such as ethylene glycol.

The design of the cooling passages in the engine block and head is done
empirically. The primary design consideration is to provide for sufficient
coolant flow at the high heat flux regimes, such as the exhaust valves.



The air and fuel mixture inducted into the cylinder is convectively heated by
the intake manifold and valve.

The heat transfer from the valve is modeled as flow over a cylinder, and the

heat transfer in the intake manifold is modeled as entry length turbulent flow
in a curved pipe.

The hot exhaust gases convect heat to the exhaust manifold and the exhaust
valve. The exhaust manifold conducts a portion of this heat to the head and
radiates to the engine block.

The exhaust heat transfer from the gas to the valve port, due to the pulsing
flow, is about 50% greater than given by steady flow correlations.

A correlation from Malchow (Malchow et al., 1979, "Heat transfer in the
straight section of an exhaust port of a spark ignition engine", SAE Paper
790309) for the exhaust port heat transfer is:



M= DsRa""

where the characteristic length for the Nusselt and Reynolds
numbers is the exhaust port diameter.
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