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Nomenclature step has a major difficulty that is almost impossi
hle to access the engine on running visually. To
o specific heat visualize inside engine cylinder without any
E Young's modulus interference, the maferial of engine cylinder has fo
h convection heat transfer coefficient be transparent, strong, resistant to thermal stress
0 heat flux due o friction and able to withstand high temperature. Quartz
Gy low heating value of fuel has been considered seriously as a cylinder
[ heat flux to wall material in order o visnalize in-cylinder gas
Qupire  heat flux to wall during firing motion because of their special material
Gy ruer  heat flux fo wall during motoring properties.
B thermal expansion coefficient Quartz is the optical material most cormmonly
y thermal conductivity used both for commercial purpose and research.
¥ poisson’s ratio The cylinder made of quartz is frequently hroken
2 density during the engine operation because quartz is
very fragile when handled Quartz is fotally
1. Introduction different material from conventional engine

material, for instance cast-iron or alhumimimn
Engine cylinder visualization is the most import — composite mate rials.

ant process to develop the new engine”. But this The effort to visualize engine cylinder began
with a glass cylinder by Ofto in 1872, Withrow
Hpd 20059 38 6 and Rassweiler and later Nakanishi et al. were

olaF(ALAA  A7ITEE A
E—maﬂ U leeks@kingt.ackr Tel 0314964777
WEA : Ao)EA e EAT photo graphed combustion phenomena ) Holtman

used quartz window mounted L-head engines and
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and McClure visnalized diesel engine flows by a
single cylinder with a thick(Z.2mm), fused quartz
cylinder and operated this engine under motored
and limited number of fired cycle condition”. A
single cylinder research engine made of a 1.72mm
thick quartz liner for flow visualization was built
by Bates and used for motoring studies”. He
reported that one of gquartz liner swrvived for 11
while
accimlating some large chips on the fop from

months  of  infermittent  operation
mounting errors and some small chips on the
hottom from assembly errors. And it finally failed
due to thermal stress affer a Zbrminuife motoring
test.

In previous works reviewed, the optical engine
design was a compromise hetween opfical access
and engine components. Therefore it is needed to
clarify the thermal and mechanical behavior of
guartz liner and fo identify the best configuration.
In order to find the
tion, the steady
ternperatire fields  of  quartz
investigated. And then the steady and the
transient stress fields were examined with effects
and thickness under the
motoring and firing conditions.

optimum  quartz  lLner
configura and fransient

liner  were

of forced cooling

2. FEM Analysis

2.1 Modeling and Basic Assumption

A 3-dimensional finite element model(FEM) of
the guartz liner was composed and a fotal of
8,320 nodes and V0O elements were emploved to
describe the FE model using cartesian coordinate.
The haseline liner was modeled as a cylinder

recommended by  General Motors (height—
124 5mm, thickness—13.6Z2bomm, outer dia.—
119.25mm, inmer dia.—9%mm). On the Inside

surface of the cylinder, heat
combustion gas and the heat generation by ring
friction were applied On the outside swface,
cooling either by natural or by forced convection
was applied. All grids are isoparametric ¥-node
solid brick. Steady state and transient heat

loss from the

transfer, and stress analyses were accomplished
using the commercial codes Hypermesh 3.0(pre-
and post- processor) and ABAQUS 5.8 tsolver).
In this work, temperature dependent material
properties were used and material properties are
in Table 1. The
analysis was conducted first. Subsequently, the

stmimari zed heat fransfer
heat fransfer results and combustion pressure
were used to perform the stress analysis.

During the real engine operation, engines are
under time varying coupled thermal load {due to
heat input from combustion and friction) and
mechanical load {(due to clamping forces and
combustion pressure). To describe realistic engine
operating condition by FEM analysis, several
reasonable assumptions are needed.

Table 1 Material properties of the quartz liner

Density, p, [kg/m’] 2.2 x 10°

Young's Modulus, E, [GFal 70
Poisson’s Ratio, v 0.17

72 (100°C)

Specific Heat, Cp, [J/kg K] 964 (500TC)

1062 (900°C)

1.36 (207C)

1.46 (100°C)

Thermal Conductivity, k, 1.55 (2007C)

[W/m K] 1.67 (3007C)

1.84 (400°C)

2.88 (960°C)

51 (100°C)

Thermal Expansion Coefficient, (3, o8 (ZOOUC)

TR w107 59 (300C)

5.4 (6800°C)

4.8 (9007T)

In this study, engine operation was assum ed
to be cuasi-steady stafe at given time step and
cyclic thermal shock effect in thermal penetration
depth was ignored. Combustion pressuwre and
heat fluxes were assumed to be constant profiles
in time, but varied along the liner longitudinal
direction from the liner top. Frictional heat
source was assumed to bhe stepwise Tunciion.
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Figure 1 shows schematic diagram of imposed
houndary condition.

2.2 Boundary conditions

The cylinder was modeled with specified top
and bottom temperatures. And in order to impose
thermal and
FEM model was divided by several regions (see
Fig. 1) and details are shown in Table 2. Al-A6
and F1-F22 houndary
conditions were fmposed and %4s indicate applied
heat fluxes from combustion(@,,) and friction{).

mechanical boundary conditions,

indicate areas where

{a} Heat flux from combustion gas fo the liner,
G

In this case, it was assumed to he 10 % of

:Qy PECAUse there is no heat loss to cylinder

head for firing condition suggested by General

Motors and based on experﬁnent‘a)‘

e = 113 kg/h
Qupre = BL1523 W/m'

For motoring, the total heat transfer loss from
the gas is equal to the integral of PdV during a
cyvcle. The amount of heat going info the liner
was assumed to be 1/3 of the total

suggested by General Motors and based on

value

expecriments)A

Quoter = 1444 W/

b h Sl

e
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Fig. 1 Schematic diagram of the quartz liner for
boundary conditions

Table 2 Thermal and mechanical boundary conditions

Motoring / Firing /
Applied Applied
Heat flux | AL | 744 /3722 | 51182 / 25576
fram gas to A2 | 8700 / 3350 | 46037 / 23018
wall, @, A3 | 4v64 / 2382 | 32737 / 16368
(Wl [ a4 | 3722 / 1861 | 25676 / 12788
Ab 2606 /11 | 17803 / 361
A6 | 2233 /1116 | 15345 / 7673
Friction F1 /4617 /6925
heat input
Q, [Wm?] [F2LF2| /230 /3463
Convective
heat Natural & 10
transfer
coetfl, A | Forced 39 2
[W/mK]
Motoring Firing
Al 2000 6000
pressure, P,
[Pa] A3 1500 3500
A4 1000 2000
Ab 50X 20

(b} Hedt flux to liner due fo friction, O
Heat transfer come from friction is basically 1.5
% of  GQuy Tor firing condition suggested by

General Motors and based on experimentej‘
Qpire = 6,825 W/m®

And also it was assumed to be about W 2%
based on experimental data
condition of the firing condition value.

for  motoring

Qpreter = 4640 W/ml

(¢} Heat frangfer coefficient for nofural convection,
P

Vertical flat plate correlation was used for the

fired and motored opecration?).

(d} Heat trangfer coefficient for forced convection, hy
Equation around the cylinder shaped object was
both of the fired and motored
It was assumed that nozzle tip

used for

LT
operaftion ).
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velocity was bm/s and nozzle diameter was

assumed to be 0.1m.

(f} Coolant temperature
The coolant temperature in head and botfom
were assiumed to 90T and 30°C, respectively.

(g} In-cylinder gas pressure in kPa
During the motoring, i was asswmed as if
hydrostatic pressure distribution along the longitu
dinal direction of the liner based on experimental
data. While there are no firing data, it was also
assimed hased on similar engine operating

conditions.

(h} Mecharical constraints

As mechanical constraints for the stress analysis,
some nodes located in top and bottom were fixed
x=y=2z=0.

(i} Engine operating condition
Engine speed was 1200rpm and full load condi
tion.

3. Validation of FEM Model

In order to validate the FEM model, transient
temperature at the selecfed points of the thermal
field was compared with measurements recorded
at the same points.

Table 3 Specification of test engine

Liner Liner
length [thickness

Prmm | 96mm | 223.5mm | 124.8mm [13.625mm | 95

Comp.

Stroke|Con. rod ratio

Bore

3.1 Engine set-up

A single quartz cylinder was used for this
experiment and the engine specification is shown
in Table 3. Three thermocouples were located at
outside quartz cylinder. The high means Hmm
away, mid means bbmm away, and low means
82mm away from the liner top, respectively. The
temperature was recorded under the following

conditions; motored at 1200pm, 30C intake air
termperature and 90°C cylinder head coolant tem
perature, 100kPa manifold pressure, and uncharac
terized air-jet as external forced cooling. Here
the number of air jet nozzle was 4 and those
nozzles were located 200mmm away from outside
cylinder with 90°, respectively.

3.2 Temperature field comparison

Measured and predicted swrface temperatures
bthigh), 5b(mid), and
22(low)mm away from the lner top, were

at given locations,
compared in Figures 2 and 3, where E- and C-
computational  data,
respectively. In general, predicted data are larger
than those of experiment. Under the natural
condition, the highest temperature
achieved from experiment is recorded at the
mid-point, followed by low and high as well as

indicate experimment and

convection

computation data. But some differences in

magnitude are observed.

Temperature (C)
()
=
o

u] 560 1 DIDD 1 SIDD 2000
Time (sec)

Fig. 2 Comparison between measured and predicted
transient outside surface temperature of
quartz  liner under natural convection
condition. (E:experiment, C:computation)
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Fig. 3 Comparison between measured and predicted

transient outside surface temperature of

quartz  liner under forced convection

condition. (E:experiment, C:computation)
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Under the cooled condition, the highest fempera
ture achieved from experiment is recorded at the
high-point, followed by low and mid On the
other hand, the
computation data is mid, low and high-points.

order of magnitude of
Though there are some differences in order of
magnitude, each value is satisfactory.

The discrepancies above can be atfributed to
First, there is possibility
of maldistribution of cooling air-jet under cooled
under the
condition, main heat source is friction. Hence, the

the following reasons.

condition. In  general motoring
tempera ture of mid-sfroke is expected higher
than that of other location.

lots of assump fions to impose thermal boundary

Second, there are

conditions because of lack of basic experimental
data about thermal behavior phenomena in optical
engine. However, the FEM model presented in
this study has the potential fo caplure the
thermal and stress fields within the quartz hner
with
approach.

acceptable accuracy even with simple

4. Stress Distribution

4.1 Effect of forced cocling

The effects of natural convection and intensive
forced convection were examined in order fo
validate effectiveness of forced cooling. FEM
predictions of fransient thermal stress distribution
in the quartz liner are shown in Figures 4 to 7
for several fime step and the results are
in Table 4. The (a), and (b)
indicate the case of natural and forced cooling,

summarized

respectively.

Table 4 Summary of forced convection effect,

maximum thermal stress[MPa]

1 10 | 100 | 900 | 2200 | Steady
sec | sec | sec | sec | sec | state
Natural
convection | 2 | 290 [ 25 | 44 [ 648 671
Forced
convection | 23 | 203 | B2 | ALT | 437 [ 438

Through Figures 4 fo 7, while the general
distribution
similar, the magnitude of stress and deformation

characteristic of iso-stress was
increased gradually as fime is increasing.

Higher
observed on the outside surface of the fop and
bottom.  And maximum  thermal
observed in that region. Inside swrface of the
quartz liner has also slightly higher level of
thermal stress.

At the early stage of combustion (before 100
and the

thermal stress level were similar in each cases.

stress  concenfration  region  was

sfress  was

second), the magnitude maximiim

(a)

(b)

Fig. 4 Transient thermal stress[MPa] distribution of
the quartz liner with deformation at 10
second after firing
(a) natural convection (b) forced convection
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(a)

LTI s
sin, =T b e

()

stress[MPa]  distribution
of the quartz liner with deformation at 100
second after firing
(a) natural convection (b) forced convection

Fig. 5 Transient thermal

But as time passed, the difference bhetween
each
steady-state the maximum thermal sfress of
natural convection case is 15326 of that of forced

convection.

case increased gracually and then at

Therefore, forced cooling of the
outside quartz lLner is very helpful to decrease

the maxitnum thermal stress level

4.2 Effect of liner thickness

The liner thickness was changed based on that
of baseline engine to investigate the effect on
stress distribation.

(a)

(b
Fig. 6 Transient thermal stress[MPa] distribution of
the quartz liner with deformation at 900
second after firing
(a) natural convection (b) forced convection

As shown m Table b, for stress due fo
thermal, the thinner the thickness of the quartz
liner was, the smaller the stress level became,
because temperatire distribution becarmne more
uniform.  Hence  thermal  stress  decreased
gradually.

For stress due to combustion pressure, the
thicker the thickness of the quartz liner was, the
smaller the sfress level hecame. Because of the
effect of reinforcement, the safety factor was

increased
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(b
Fig. 7 Steady-state thermal stress[MPa] distribution
of the quartz liner with defommation

(a) natural convection (b) forced convection

Table 5 Summary of liner thickness effect, steady-
state stress[MPa)

Stress
de%ngS gﬁf “%i due to | Combined
[mm] thermal combustion | stress
pressure

10 42,2 230 5RG
13625 438 174 546
155 44.3 155 534
17.0 445 144 529

<l M 2685
EFE{E 1

IR
R R Lo

()
Fig. 8 Steady-state stress[MPa] distribution of quartz

liner during motoring

(a) due to thermal (b) due to mechanical

For stress due to both thermal and combustion
pressire, the thicker the thickness of the quartz
liner was, the smaller the sfress level hecame
gracially, because the decreasing rate of sfress
due fo thermal was smaller than that of
mechanical stress caused from combustion press
ure.

4.3 Effect of thermal and mechanical loading

In order to investigate the relative import ance
between thermal and mechanical loading, the
results was shown in Figures 8 and 9 Figures
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8 and 9 are shown the predicted stress
distribution of the quartz liner during motoring
and firing operation, respectively. In general, for
the cast-iron, it has been known that the effect
of mechanical loading will be negligible. For the
quartz liner, however, stress due fo combustion
pressure is not negligible any more because the
relative magnitude of mechanical stress due to
combustion presswre was 378 20 of that of
thermal stress.
mechanical
deliberately.

Hence for the quartz liner,

should bhe con sidered

stress

o % Elianini

sz o e AAF

urin; - B

{a)

()
Fig. 9 Steady-state stress[MPa] distribution of quartz

liner during firing

(a) due to thermal (b) due to mechanical

5. Conclusion

FEM model was
simulation data were compared with experimental

Sirmple presented  and
data to operate visual quartz engine safely under
firing condition. And it has given us several
qualitative and quantitative results of temperature
and stress fields in the quartz cylinder. The
following conclusions drawn from this study can
be useful for improving current quartz engine
technique.

1. Forced convection of outside quartz liner is
very helpful to decrease the thermal stress
level.

2. To find the opfimal thickness of the quartz

it should

be determined with considering of sfrength,

liner is hasic design problem and

price and other reasons. Under given condition
in this study, 13625mm was found optimum
thickness.

3. For conventional engine materials, mechanical
load due to combustion pressure is known to
be negligible. However for the gquartz liner,
the relative magnitude of mechanical stress
takes a large portion of fofal stress. Hence,
the mechani cal stress should be considered
deliberately such as reinforcement.
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