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With the development of engine technology, modern engine power has been
improved a lot. Therefore more precise analysis is of much importance. There

is more emphasis put on the research on the design of cooling system. An

Iiflg\fcv?rr::sfer efficient way to study heat transfer in cooling passage of an engine is CFD
Cooling passage calculation. With CFD analysis flow pattern in coolant jacket could be
Turbo-charged engine analyzed. In this research the velocity, pressure and heat transfer coefficient
Head gasket distribution in the cooling passage of a 4-cylinder SI engine are computed via

CFD code AVL Fire. The main goal of author's work is to investigate the precise
cooling. Therefore, the effects of head gasket holes on the flow distribution in
the hot spot critical regions of the cylinder head can be seen. Three different
schemes are proposed to enhance the flow distribution in cylinder head and
finally the results are discussed.
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1) Introduction

Modern perfect cooling system should be in the best
heat state even in different temperature and
operation, which is too cold or too hot and can
integrate good drive and economy with good
reliability [1,2]. This work is made in two steps.
Firstly AVL Fire simulation software has been used in
the 3D CFD analysis, and velocity, pressure and heat
transfer coefficient distributions of the coolant jacket
have been obtained and assessed [3]. Then
modifications of the head gasket are tested to assess
the velocity improvement in critical regions.
Mulemane and Soman [4] simulated the cooling
circuit of diesel engine based on 1D-3D coupling and
predicted realistic flow rates through the cooling
jacket and boundary condition for thermal analysis,
are obtained from in-cylinder simulations and effect
of nucleate boiling on heat transfer was discussed.
You-chang, Xiao-hong and Dan [5] used CFD
calculation to study cooling system of diesel engine,
3D for coolant jacket and 1D cooling system
simulation. The results showed velocity, pressure and
heat transfer coefficients distribution in the coolant
jacket and could optimize cooling system
performance. Lee [6] used experimental flow-loop
data and suggested a correction factor on forced
convection component of Chen correlation. Li, Fu, Liu,
Liu, Cheng [7] used the concept of void fraction and
homogeneous flow model for boiling heat transfer
with hexahedral element of the flow field. The model
based on the assumption that the boiling liquid field
is a single phase flow, in which vapor and liquid are
homogeneously mixed with void fraction being
calculation basis to reflect boiling heat transfer. Their
result showed that heat transfer coefficient
considering boiling factor is evidently different from
that of pure heat convection, and the maximum
deviation can be more than fifty percent. Ajotikar,
Eggart, Miers [8] investigated nucleate boiling in the
cooling passages of an IC engine cylinder head in a
computational and experimental domain.

2) Three dimensional CFD analysis for cooling
passage

The target engine is a 4-stroke turbocharged SI
engine, its Bore/Stroke is 78.6mm/84mm, and rated
power/rated speed is 110kW/5500rpm. The cooling
passage geometry is made up of cylinder block, head
gasket and cylinder head. 3D model of cooling
passage is shown in Figure 1. Grid has been generated
Gambit software. Mesh model is shown in Figure 2.
Approximately 302,000 cells are generated which are
mainly Tet cells.

3) Governing Equations

The 3D fluid dynamics calculations were carried out
via CFD code AVL Fire. The flow of the coolant is
regarded as incompressible, viscid and turbulent. To
take the effects of the turbulence into account, AVL

Fire offers two different turbulence models, the k — ¢
model has been chosen for its robustness and
simplicity.
Three governing equations are as follows:
Equation of the quantity

V.V =0 (1)
Equation of the motion

Y o — VP + uaV @
Ppe =P u
Equation of the energy

pcp%=(2)+kAT+pq ()

Cylinder head

Outlet

Water pump

Figure 1: 3D model of cooling passage

Figure 2: Front view of volume grid of cooling jacket

4) Mathematical formulation of sub cooled boiling
flow
Many models suggested for sub-cooled flow boiling
assume the total wall heat flux gy, to be superimposed
of two additive contributions, which can be written as
qw = qfc + dnb (4’)
The first term qg. is due to forced convection, the
latter qp1, is due to nucleate boiling.
Among the superposition models, the model (Eq. 2)
proposed by Chen [8] is widely used today especially
in engineering applications in the automotive
industry.
Qw = P + qupS (5)
Where the two correction parameters ¢ and S modify
the forced convection heat flux gf. and nucleate



A. Mohammadi et al., The Journal of Engine Research, Vol. 41 (spring 2016), pp. 31-39 33

boiling heat flux gy}, respectively. Both heat fluxes
are computed following Chen's proposal. Accordingly,
the first is written as

qrc = hee(Ty — Tp) (6)
Where the heat transfer coefficient hg. is calculated
using the Dittus-Boelter equation

Rrehyd = 0,023Re? ®Pr* )

Involving the bulk flow Reynolds number and the
Prandtl number of the liquid phase, respectively.

Re, =2omd  p = Hnt (8)
The factor ¢ occurring in Eq. (4) represents the
enhancement of the convective component due to
bubble agitation. Chen [8] derived a graphic
relationship for @ as a dependent of the inverse of the

Nqu

Martinelli number Xtt’ which reads

_ ( )09( )05( )01 9
(Xtt) 1- S(g Pg ©)
Where Eg denotes mass fractlon of the vapor.

Butterworth [5] fitted this relationship ¢@ = (p(Xi)
tt

with

§,>0: ¢= 2.35(Xi +0.213)0736 (10)

tt

§<01: ¢o=1
In sub-cooled boiling flow the vapor mass fractions
are typically small, such that ¢, < 0.1 applies and @

can be assumed unity. The nucleate boiling heat flux
Anp = hfc(Tw - Ts) (11)

is obtained using a correlation due to Forster and
Zuber [6]
1079 0.45 _0.49

p
hyy = 0. 00122WAT&%5AP%5 (12)

Where the saturation pressure difference
corresponding to the superheat temperature is
written as

Apsat psat(Tw) psat(Tsat) (13)

The essential difference between Chen's approach
and the BDL is in the modeling of the modification of
the nucleate boiling component in terms of the factor
S in Eq. (3). Chen introduced this parameter S as a
flow-induced suppression factor, which he correlated
as an empirical function of the product Re;¢*2>. This
correlation was later fitted by Butterworth [5] with
the expression
_ 1 (14)
Schen = 1+ 253 x 10-6(Re;p125)117
. 1912%)

For sub-cooled boiling flow, where ¢ = 1, the factor
Schen Obviously depends on the bulk flow Reynolds

number only. In some texts, Schen iS stated as
following (figure 3)

Scnen = 1 Re < 1.10*
Schen = 3.4 —0.6log(Re) 1.10* < Re < 4.10°
Senen = 3.876 x 102 Re > 4.10°
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Figure 3: Chen suppression factor

The Chen model provides a good description of the
wall heat transfer enhancement due to nucleate
boiling. Meanwhile it does not provide a correct
description of the heat flux saturation that occurs
when ATg,; increases and the fluid enters in the
transition boiling region. In that case, the Chen
correlation predicts a continuously increasing heat
flux instead of the physical saturation. The main
deficiency of Chen model is located on the
suppression factor. As a function of a Reynolds
number of the global geometry, it cannot take the
local fluid state into account. In particular, the effect
of heat flux saturation while approaching the boiling
transition region cannot be predicted.

The Boiling Departure Lift-off model is a recent
improvement [7] in which the suppression factor is
computed from local velocity and length scales.

In the BDL model the suppression factor is
decomposed in two parts

SepL = Sppr1SeDL2 (15)

First suppression factor

The modeling of the first suppression factor Sgpy.q is
based on the study of bubble growth and dynamics
[8]. Fig. (4) describes the process This study assumes
that the wall is horizontal. When a bubble is
generated on the wall, it starts to grow on a fixed wall
point called the nucleation site. The set of forces
applied on the bubble gives it a droplet shape with the
axis slightly inclined downstream. The angle of the
axis with the vertical is 6.

Lift—off 9[
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Figure 4: Bubble departure and lift-off
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Once the bubble diameter is big enough, the bubble
starts to slide downstream along the wall though is
still attached to the wall. This diameter is called the
Departure Diameter d .

While sliding, the bubble axis comes back to the
vertical and the bubble still grows until its diameter is
big enough to allow the bubble to leave the wall. This
is the Lift-off and the corresponding diameter is called
the Lift-off Diameter dj..

The first suppression factor is then defined as:

d
Sepr1 = (_dD)n (16)
L

Where the exponent n has been calculated from
model calibration.

Departure and lift-off diameters
Figure 5 shows the forces influencing the bubble
growth (some other forces exist but they are

negligible).
Flow 2
e
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Figure 5: Forces applied on a bubble
These forces are:
The growth force Fqy, :
aras A 13
qu = _pl(Tsat)4b Ja (E) ; ECS - 1) (17)
Where the Jakob number is defined as:
Ja=
P(Tsat)Cp(Tsat)(Tw_Tsat)
Pv(Tsat)Ly(Tsat) (18)
The buoyancy forceFy,,:
4
Fbcy TL’T‘ (pl(Tsat) pv(Tsat))g (19)
The buoyancy force Fy,cy:
4
Fbcy TL’T‘ (pl (Tsat) pv(Tsat))g (20)
Where gls the gravity acceleration and r the bubble
radius.
The quasi-steady drag force Fgs:
2
Fqs = 67Tpl(Tsat) Z_iurr[g + (2 1)
1
12 m
(—ym + 0.796m] ]
€pub

Where u, is the velocity at the bubble center and Re,,
is the bubble Reynolds number. The bubble velocity is
estimated. The shear lift force Fsl:

1
Fg = = punr?3. 877\/_(
2 bub (22)
+0.014G2 )025

Where G; is the shear rate. When the bubble starts to
slide on the wall, it is assumed that its velocity is the
same as the liquid around. Therefore the bubble
velocity u,. and the velocity gradient in the shear rate
G, are estimated due to the Reichart law of the wall.

Second suppression factor

The second suppression factor is a correction to the
definition of the pool boiling coefficient hpool- In the
Eq. (5) the temperature and pressure differences
refer to the wall temperature while the bubble center
is not exactly on the wall. As shown in Fig. (6) the
correct relation should be:

hpool
0. 45/10 79 ,0.49
P TO. 24 po.75

=0. 00122[L0 24024505 029]A eff (23)
With AT, s and APe rr referring to the bubble center
temperature.
These considerations give rise to the derivation of
SppL2:

S — SBDLlhpool

BPLZ ™1 + CppNu (24)

Where Nu is a bubble Nusselt number.
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Figure 6: Definition of effective temperature and pressure

5) Boundary conditions

The inlet of the coolant is defined as a constant
velocity with 2 m/s at temperature of 85 [C]. The
outlet of the coolant is zero gradient. The coolant is a
mixture of water/ethylene glycol (50/50). Wall
surface temperature of boundary conditions at the
cooling passage surface is imported from the thermal
analysis in Abaqus FEM software.

6) CFD calculation results

After CFD calculation analysis, pressure field, coolant
velocity and heat transfer coefficient (HTC)
distribution for cooling passage can be obtained.
Total pressure distribution of coolant in cooling
passage is shown in Figure 7.

Total pressure loss of the coolant in cooling passage
is mostly due to the head gasket coolant holes. From
calculation results the total pressure drop between
inlet and outlet of the cooling jacket is about 31 kPa
which is measured 35 kPa in practice. Seen in a whole,
pressure field of cooling passage in cylinder head is
almost uniform in four cylinders.
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Velocity field contours in cooling passage are shown
in Figures 8 to 10. The maximum velocity is 4.39 /¢
which occurs in the head gasket coolant holes linking
the block to cylinder head. Because of the high
exhaust gas temperature and the narrow bridge
between the two exhaust valve seats, especially the
area around the exhaust is one of the critical zones.
As shown in Figure 8, the coolant is pumped from the
bottom of the first cylinder, and thus causes the water
flow velocity in the fourth cylinder slower obviously,
and the velocity of the coolant flow from the bottom
of the first cylinder to the fourth cylinder is gradually
slower, so does the velocity of coolant flow from the
upper of the first cylinder to the fourth, which makes
the cooling equilibrium in each cylinder. Energy
calculation results show that HTC distribution trend
of coolant flow for engine cooling passage accords
with velocity field distributions. Distribution of the
HTC of coolant are shown in Figures 11.
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Figure 8: 3D view of velocity in cooling passage
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Figure 9: Section view of velocity in cooling passage
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Figure 10: Path-lines showing flow development through
the cooling passage
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Figure 11: HTC distribution of coolant in cooling passage

7) Improved Design Comparison of Head Gasket
Holes Configurations

The main objective of this paper is to investigate the
effects of blocking the head gasket holes on the
coolant velocity distribution in critical regions of
cylinder head. These critical regions are depicted on
Figure 12 by letters A, B, C & D. It is obvious that the
regions in the exhaust side are of much importance.
As we know, low flow velocity in valve bridge will
make the heat transfer coefficient fall down, great
quantities of heat is difficult to send out, so the cooling
passage structure must be modified.

Cyl. 4 Cyl. 3 Cyl. 2 Cyl. 1
’ A B C

Figure 12: Critical zones of head cylinder cooling passage

Two strategies can be considered: 1) using precision
cooling, 2) manipulating the cooling system partially.
Cooling passages in conventional engines are
typically formed by the space left over once other
features have been designed. This results in relatively
large volumes of coolant concentrated in locations of
both high and low heat flux. The potential benefits of
maintaining a lower distribution of metal
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temperatures are an increase to engine power fuel
economy, better volumetric efficiency as well as
reduced wear of engine components due to a
reduction of thermal distortion. Control of metal
temperature can be improved by careful design of
cooling passage. Local coolant velocities can be
determined from knowledge of heat flux profiles then
the required local velocities can be obtained by
choosing the correct flow pattern and local cross
sectional areas in the cooling passage.

Although precision cooling is an established research
technique offering all the benefits mentioned above.
To the date, there is currently no application in
production employing precision cooling in SI engines
due to additional cost and difficulties in
manufacturing process. The second strategy is
modifying the cooling system. As it is unpractical to
change the cylinder head structure for the batch-
produced engine, head gasket is a very effective
engine component that can be used for optimizing
coolant flow distribution in both the cylinder block
and cylinder head through blocking the head gasket
holes at the intake side. A head gasket is a gasket that
sits between the engine block and cylinder head to
ensure maximum compression and avoid leakage of
coolant or engine oil into the cylinders. A great
improvement of flow velocity distribution in cylinder
body and cylinder head affect the metal temperature
greatly. Geometry of the EF7 TC head gasket is shown
in Figure 14. Coolant holes are numbered 1-16. In the
cooling passage, percentages of inlet flow rate passing
through each gasket hole are measured (table 1).

Figure 15 derived from [8] shows the relationship
between coolant velocity and metal temperature for
constant heat fluxes. Higher flow velocity will make
the metal temperature fall down.

g 130 :
E]zu .;“,"!. % 5 PP
S e 300 wamg_,,.(ﬂ:.“. M
;110 R R . reneraad
O S A Beovaryyy:
100 - - - - -
o 1 2 3 4 5 6

Coolant velocity (m/s)
Figure 15: Effects of coolant velocity on metal temperature
for various heat fluxes [8]

As mentioned before, a short-cut scheme to improve
the flow velocity distribution in head is to block the
head gasket holes at the intake side. Here there are
three configurations of gasket holes that aim to
enhance the flow velocity distribution at critical
regions. It should be noted that the coolant gasket
holes which links the cylinder block conduits to head
ones are depicted in Figure 16 by solid circles and the
blocked holes by blank circles.

Table 1: Percentage of inlet flow rate passing through each

gasket hole
Hole % inlet flow Hole % inlet flow
No. rate No. rate
1 15 9 4
2 15 10 2
3 4 11 4
4 2 12 4
5 4 13 2
6 4 14 4
7 2 15 15
8 4 16 15

a) EF7 TC original head gaske

d) 3rdscheme
Figure 16: Various schemes of EF7 TC head gasket and
original one
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CFD calculation based on the previous mentioned
boundary conditions were conducted via AVL Fire
software. Flow velocities contours of all cases are
shown in Figure 17. Quantitative representation of
flow velocity is also illustrated in table 2 for critical
points of cylinders 1 to 4. It can be seen, the flow
velocity of coolant in almost all desired zones are
improved in third scheme.

0 0876 1766 2634 3412 430

d) Top view of volume grid of cooling jacket
Figure 17: Coolant velocity contours for schemes 1, 2, 3
and original

It is also seen that blocking hole No. 2 in the first
scheme carrying 15% of inlet flow rate hazardous.
Low flow velocity will make the heat transfer

coefficient fall down, great quantities of heat is
difficult to be sent out. And the second scheme has not
sensitive effect on flow distribution.

The flow velocities of varied cylinder for third scheme
is the best distribution among three schemes from
CFD calculation. Itis also concluded that blocking hole
No. 2 in first scheme carrying 15% of inlet flow rate is
hazardous. And the second scheme has no sensitive
effect on flow distribution.

Table 2: Flow velocity in critical points for different

schemes
Cylinder 1
Zone 1st 2nd 3rd Origina
scheme | scheme scheme 1
A 0.65 0.76 1.58 0.67
B 0.51 0.63 0.99 0.60
C 0.32 0.52 0.78 0.35
D 1.07 1.23 1.53 1.38
Cylinder 2
Zone L 2nt 3 Original
scheme | scheme | scheme
A 1.24 1.29 1.56 1.37
B 0.59 0.45 0.56 0.69
C 0.67 0.82 0.70 0.81
D 0.79 1.29 1.21 1.40
Cylinder 3
Zone Ist 2nd 3rd ..
scheme | scheme | scheme Original
A 1.32 1.68 1.49 1.60
B 0.59 0.53 0.51 0.54
C 0.79 0.94 0.85 0.98
D 1.45 1.72 1.73 1.70
Cylinder 4
Zone 1st 2nd 3rd .
scheme | scheme | scheme Original
A 1.93 2.11 2.10 2.18
B 0.52 0.51 0.54 0.50
C 1.09 1.16 1.18 1.18
D 1.87 2.00 1.85 2.12
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Nomenclature

Cp Specific heat capacity of fluid

F Mass force

k Thermal conductivity

P Pressure

q Heat of spreading to fluid by heat radiation
T Temperature of the fluid

%4 Velocity

u Dynamic heat capacity of fluid

(0] Energy dissipation function
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