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Intake Valve Temperature Effect on the Mixture
Preparation in a SI Engine During Warm-up
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ABSTRACT

A heat transfer model of the intake valve in a spark ignition engine is presented, which is cali-
brated with a number of the valve temperature profiles measured druing engine warm-up for the
gaseous fuel(propane). The valve is divided into four identical elements for which the assumption
of lumped thermal mass is applied. The calibration is made so that the difference between the
measued and simulated valve temperatures becomes minimal. Then, the model is applied to the
cases of the liquid fuel(indolene) to estimate the amount of the liquid fuel vaporized from the in-
take valve by assuming that fuel evaporation accounts for the deficit of the heat balance budget.
The results of the model show quantitative contribution of each heat transfer source to the heat bal-
ance. The behavior of the calculated mass fraction of the fuel vaporized from the intake valve ex-
plains how the liquid fuel evaporates during engine warm-up, indicating the important role of the
intake valve during the early stage of engine warm-up. The mass fraction at warmed-up condi-

tions is closely related with the fraction directly targeted on the valve back by the fuel spray geom-
etry.

Keywords : Intake Valve, Mixture Preparation, Modeling, Heat Transfer, Engine

Nomenclature

T  : temperature

g . heat
C I thermal conductivity b - pressure
™ - mass D diameter

m  : mass flow rate
*3 5)-9, Massachusetts Institute of Technology x . mass fraction

Sloan Automotive Laboratory, Cambridge MA,
US.A.
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Greek

¥ . specific heat ratio
¢ dynamic viscosity
0 . density
Subscripts

v > valve

evap . evaporation

seat ! valve seat

cyl : in-cylinder

back : backflow

fg  : phase transition -
sat  saturation

p : piston

T . reference

m  motoring

d . displacement

1. Introduction

The Ultra Low Emissions Vehicle(ULEV)
standard introduced by the State of California
contains an exhaust HC emissions level which

-is approximately 1/6 the value established by
previous regulations. A major obstacle in sat-
isfying this regulation is the unburned HC
emissions exhausted before the catalytic con-
verter is activated. Therefore, understanding
the mixture preparation process during start
and warm-up is very important for any possi-
ble reduction of HC emissions during that peri-
od caused by poor mixture preparation. The
mixture preparation process in the intake port
in a spark ignition engine depends on the ther-
mal environment of the intake port, especially
when the engine is cold. During warm-up,
valve temperature goes up faster than any
other engine components and a significant
fraction of fuel is directly injected on the back

A7

of the intake valve.- As fuel evaporation rate
heavily depends on surface temperature, it is
clear that the hot valve suface will contribute
to overall mixture preparation significantly
during the early stage of warm-up. ‘

In spite of its important role on the mixture
preparation process, there has been no com-
prehensive report on the modeling of the in-
take valve. It is basically due to rarely avail-
able valve temperature data and the complexi-
ty of thermal environment to which the valve
is exposed.

As a first step to assess the role, this study
focuses on developing a heat transfer model of
the intake valve under engine firing with pro-
pane. In this study, the valve is lumped into
four identical elements for which the assump-
tion of lumped thermal mass is valid. Using
the four thermocouples implemented on the
valve, the temperature representing each ele-
ment is measured. A heat transfer model of
the intake valve is developed and it is com-
pared with the measured data. The calibration
is made so that the difference between the
measured and simulated valve temperatures
becomes minimal. The results of the model
show quantitative contribution of each heat
transfer source to the overall heat balance of
the valve.

When it comes to ligud fuel cases, an
additional heat transfer factor which is fuel
evaporation on the valve surfaces gets into
the modeling. The evaporation process is hard
to be modeled. From the consideration that the
deficit of the heat balance for the liquid fuel
case mostly comes from fuel evaporation, the
amount of fuel vaporized from the valve is es-
timated.

2. Heat Transfer Modeling

In real engine environments, temperature
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distribution in the valve is not uniform. There-
fore, the intake valve needs to be divided into
elements which can be approximated as
lumped thermal masses. In this study, the
valve consists of four identical elements. The
representative temperature of each element
was measured at the positions shown in Fig.1
Each element is subject to external and inter-
nal heat transfer where internal heat transfer
means the heat transfer between adjacent ele-
ments. When the heat balance equations of the
elements are summed up, the internal heat
transfer terms are canceled out. From the con-
sideration that the external thermal reistance
is nearly independent of the valve tempera-
ture, the resultant heat balance equation
becoms linear with respect to the mean of the
temperatures of the elements which is the
average temperature representing the valve
temperature distribution. From now on, the
measured valve temperature refers to the
average value of the four measured tempera-
tures.

HEAT TRANSFER MECHANISM-To sim-
ulate the valve temperature, the following
heat transfer mechanisms are taken into ac-
count : 1) heat transfer from the in-cylinder
charge, 2) heat transfer through valve seat
and valve contact, 3) heat transfer from the
forward intake flow, 4) heat transfer from
the overlap backflow, 5) heat transfer from
the reverse displacement flow, 6) heat trans-
fer throught the valve stem, and 7) fuel evap-
oration on the back of the intake valve with
liquid fuel injected. Most of heat transfer coef-
ficients can be determined from well-known
experimental results, but the others, for exam-
ple the heat transfer coefficient associated
with valve seat and valve contact, are difft-
cult to be predicted. To adtermine the un-

knowns, the measured valve temperature pro-

files are substituted in the heat balance equa-
tion to be described later. The idea is to find a
combination of the unknowns which would
yproduce best heat balance results for all of
the test cases with- a gaseous fuel. The
resultant heat balance equation tells how
much each heat transfer term contributes to
the valve heat balance. And it is also applied
to the test cases with a liquid fuel to infer the
power consumed to vaporize the liquid fuel on
the back of the intake valve, since any devia-
tion from the heat balance, in that case, would
be contributed by fuel evaporation which is
very difficult to be modeled otherwise. The
governing equation with a gaseous fuel would
have the following form :

dTv . . . . .
m vc—_— = Qcyl+ q imake+ qbnck+ QEeal+ qsu.'m
dt
= ( h-A )cyl( Txas_ TV) + ( hA )in\nke( Tinlnke_ TV)
+ ( hA )huck(Tm_ Tv) + (hA )ml( Twn_ Tv)
+(hA) xlem(Tmolanl—Tv) (1)

LUMPED MASS-For the assumption of
lumped thermal mass to be vald, the following
Biot number, Bi, should be small enough.

. L/kA kL
]| =——=
1/h.A k.

(2)

More exact analysis of transient thermal
response of solids indicate that, for bodies
resembling a plate, cylinder, or sphere, Bi<0.
1 ensures that the temperature at the center
will not differ from that at the surface by
more than 5%¥;thus, Bi<0.1 is a suitable cri-
terion for lumped thermal mass. With regard
to the elements of the intake vlave, there are
two characteristic lengths. One is half a radius
of the valve, L,(7.5mm), and the other is half
a thickness of the valve, L,.(2.5mm). Applica-
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tion of the criterion led to the maximum
allowable heat transfer coefficients as follows
» hwith L,)=850 W/m*C, and .

(with L,)=2,560 W/m'C. Heat transfer coeffi-
cients on the intake valve needs to be checked
to see if the lumped thermal mass assumption
is valid. Since the values are not known yet,
the validity will be discussed after the heat
transfer model is developed.

3. Experiment

TEST ENGINE-A production Volvo engine
(B5254FS) was modified to fit in with the Ri-
cardo Hydra single cylinder engine mount.
The engine has two intake and two exhaust
valves. Its displacement volume and compres-
sion ratio are 487.0cm® and 10.1, respectively.
Air flow rate into the engine was measured
with a laminar flow meter. The engine can be
fueled with gaseous fuels and liquid fuels. Fuel
metering is achieved by moniloring the equiva-
lence ratio measured in the exhaust port with
a Horiba lambda meter. Cylinder pressure was
measured using the transducer manufactured
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Fig.1 Thermocouples Installation and Fuel In-
jection Geometry
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by Kistler Co.(Type 6121).
THERMOCOQUPLES INSTALLATION-Fig.1
shows the thermocouples installation. Four
thermocouples were spot-welded on the intake
valve back and tied on the valve stem. Since
the intake valve didn't rotate due 1o excessive
valve spring force, it was possible to measure
the temperatures at fixed positions. The tem-
peratures of the two positions near the valve
seat were measured using surface type ther-
mocouples flush-mounted on the wall.
ENGINE OPERATING CONDITIONS-For
the measurements, the engine was operated
under the following test conditions for pro-
pane(gaseous fuel) and indolene(liquid fuel)
. intake manifald pressures of 0.40, 0.62 and
1.0 bar at 1,600r/min, of 0.59 and 1.0 bar at
2,400r/min, of 1.0 bar at 3,200r/min. The en-
gine was motored at a specified condition until
the coolant temperature reached a desired low
temperature(about 25°C), then it was fired
until the coolant temperature reached 80°C.

4, Determination of Heat Transfer
Coefficients

HEAT TRANSFER TO THE VALVE
FROM INCYLINDER CHARGE-Heat trans-
fer to the valve from the in-cylinder charge is
a major heat source. Since the heat transfer
mechanism is fundamentally the same as that
on the combustion walls, Woschni’s correla-
tion? was assumed to be valid for this case,
Woschni assumed a correlation of the form
Nu=0.035 Re™ based on the flatplate forced
convection heat-transfer correlation formula.
Woschni's correlation converted in terms of
engine parameters is represented as :

hw:m...;(W/mzK): .
3.26B(m) (kP T (K) w(m/s)**  (3)
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where the average cylinder gas velocity w(m/
sec) determined for a four-stroke, water-
cooled, four-valve direct injection CI(Com-
pression Ignition) engine without swir] is ex-
pressed as follows :

' — V.. :
w=CiS,+Cor——(p—pn) (4)
where V, 1s the displaced volume, p is the in-
stantaneous cylinder pressure, p, V, T, are
the working-fluid pressure, volume, and tem-
perature at some reference state(say, inlet
valve closing or start of combustion), and p..
is the motored c¢ylinder pressure at the same
crank angle as p. C, and C, are empirical con-
stants. Since the heat transfer coefficient on
the combustion chamber walls may vary de-
pending on test engine type®, a multiplication
factor K., was introduced.

hcyI: Kcylh Woschni (5)

HEAT TRANSFER THROUGH VALVE
AND VALVE SEAT CONTACT-There exists
contact resistance between the valve and the
valve seat when the intake valve is closed.
Data for contact resistance are, unfortunate-
ly, sparse and unreliable because surface
roughness is too irregular to be represented by
a couple of parameters and the properties of
the material filling the voids between two con-
tacting surfaces affect thermal resistance sig-
nificantly. Furthermore, there is no experimen-
tal data available for the case in study. There-
fore, the contact resistance assoclated with
the valve seat and valve contact, he, is un-
known. The unknown will be determined later
by comparing the heat transfer model with
measured valve temperature profiles.

HEAT TRANSFER OVER THE VALVE
BACK-Since the forward flow into the cylin-

der is not steady, heat convection should be
calculated based on instantaneous mass flow
rates. Furthermore, complicated geometry of

- that region precludes any theoretical analysis.

An experimental heat transfer correlation is
proposed as follows by reproducing the experi-
merntal results conducted by Kapadis® and
Engh.”

pVD)0.7

Nu=0.2Rez" 7=o.2( (6)

u
where Rep(=0VD/ ) is Reyonlds number. V
and D represent air velocity in the intake port
and valve diameter, respectively.

HEAT TRANSFER DURING VALVE
OVERLAP-Near the end of the exhaust proc-
ess, there is a brief period(about 20 degree in
crank angle) when both the intake and ex-
haust valves are open before the exhaust
valve closes. It is called ‘valve overlap’ pertod
during which the eylinder pressure is nearly
equal to the pressure in the exhaust port
Since the intake pressure is lower than the
cylinder pressure at part engine load, the hot
gas in the cylinder flows back into the intake
port. Caton studied the case®. He assumed the
mean flow through the valve opening to be di-
rected at the valve stem. At least locally,
then, stagnation point flow was anticipated
with corresponding high heat transfer rates.
From that consideration, he adapted an experi-
mental correlation for two dimensional jet im-
pingement to model the mean heat transfer
The resultant correlation proposed by Caton is
as follows.

B vacd
Nu,,ackz—”'k’i—&1.2Re.m°l“(2zv/0>°-°2 (7)

where Repa=m walv/(#Au«) and 1, is instan-
taneous valve lift, and D is the intake valve di-
ameter, and A.; was obtained by multiplying
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Instantaneous mnimum valve curtain area
with a discharge coefficient Cy, of 0.9. The de-
tails about A, can be found in the reference.”

HEAT TRANSFER DURING REVERSE
DISPLACEMENT INTAKE FLOW-After the
piston reaches ‘Bottom Center’(BC) during
the intake process, its upward motion results
in reverse flow of the in-cylinder charge into
the intake port. Since that cold reverse dis-
placement flow resembles the hot backflow
during the valve overlap, Eq. (7) holds for
this case.

HEAT TRANSFER THROUGH VALVE
STEM-The valve stem is exposed to two types
of heat transfer mechanisms. The lower part
of the stem is affected by convective heat
transfer from the gas flow. Therefore, the
part was assumed to be subject to the same
convective heat transfer as on the back of the
valve. The upper part is situated within the
valve stem guide with very small gap. Since
the gap is one of major engine oil leakage
sources, it is assumed to be filled with engine
oil. According to the specifications of the test
engine, the gap is between 0.035 and O.
065mm. The mean value, 0.045mm, was used
for heat transfer calculation. As the valve
stem moves against the valve stem guide
under the given clearance and constant pres-
sure, the flow of the working fluid within the
clearance can be assumed as a Couette flow.
In that case, the temperature profile within
the flow depends on the dimensionless parame-
ter pul/K(T\~-T;), which is the Brinkman
number. Since the Brinkman number is negli-
gible in a typical range of engine speed from
300 to 6,000r/min, the viscous heating term
associated with the Brinkman number is negli-
gible. Therefore, the temperature profile in the
gap is linear, as for simple conduction across
a slab. In that case, the calculated heat trans-

A7)

fer coefficient was 3,200W/m*C. Finally it is
possible to solve the heat transfer through the
valve stem exposed to two types of convective
heat transfer analytically.

5. Calculation of Mass Flow Rates and
Gas Temperature

EXHAUST MASS FLOW RATE-Gas tem-
perature in the cylinder is calculated from the
ideal gas law, P(A)V(@)=m(d)R T(4)
where 8 is crank angle. While P(#) and V
(8) are known from pressure measuement
and geometrical relation, respectively, it is not
easy to find m(8) since measuring instantane-
ous exhaust gas flow rate is difficult. For that
relaiton, the outflow process from the cylinder
is approximated as isentropic process from the
fact that the actual process is close to
adiabatic process.” In that case,

2V /m) =p(EVOXV (EV0)/m(EV0)) (&)

_ V(EVO)
RXm(EVQ)

- PV 14 b i
= =m(EV _— (10
m=er - m O)V(EVO)(p(EVO)) )

where EVO and y stand for exhaust valve

1/r (r-1)iv

p(EVO) " p (9)

opening and specific heat ratio, respectively.
Fig.2(a) represents the instantaneous mass
flow rate of the exhaust gas calculated by the
isentropic medel. The features of blow-down
and displacement flows are well pronounced
in the figure as indicated by Tabaczynski et
al1o

INTAKE MASS FLOW RATE-Knowledge
of correct intake air flow rates into the cylin-
der is very important in calculating convective
transfer on the back of the intake valve. A
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phenomenon involved with the intake air flow
is quite complicated. Several characteristics
are involved in that flow. Those are backflow,
forward displacement flow, backward dis-
placement flow, and ram effect. To predict in-
stantaneous mass flow rates accurately, the
features should be taken into a flow modeling.
Backflow : Backflow occurs during valve
overlap. Since the cylinder pressure is higher
than the pressure in the intake port at the mo-
ment of intake valve opening, reverse flow oc-
curs from the engine cylinder to the intake
port. At the same time, the gas in the exhaust
port flows back into the engine cylinder.
Therefore, the phenomenon is quite complicat-
ed during valve overlap. The instantaneous re-
verse flows were calculated assuming an ori-
fice flow model. The flow rate in the subsonic
regime is expressed as follows :

Ol G

where subscripts 0 and y represent the stag-
nation condition upstream of the orifice and
the condition in the orifice, respectively.

Forward displacement-After the valve over-

lap, the cylinder pressure becomes nearly
equal to that in the intake port, In that case,
the intake flow rate is approximated as a dis-
placement flow as follows :

i?ﬁw Dintake av

= (12)
dt Minlakc dt

Reverse displacement and ram effect~When

the piston moves up, it pushes some of the en-
trained mixture out of the cylinder by dis-
placement motion. The phenomenon is clearly
pronounced at low engine speeds. However,
near the end of the intake valve closing, the
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Fig.2 (a) Imstantaneous Mass Flow Rates at
1,600r /min and 1.0 bar Intake Pressure,
(b) Cycle-averaged Mass Flow Rates

mixture in the cylinder is inevitably com-
pressed since the valve exit area becomes
much smaller compared to the size of the dis-
placed volume during that period. Thus, Eq.
(12) doesn’t hold. Furthermore, at high engine
speeds, ram effect resulting from the inertial
motion of fast intake air flow becomes signifi-
cant. When ram effect becomes important, the
intake air is not pushed out of the cylinder,
but rams into the cylinder by the inertia of the
fast intake flow, increasing the cylinder pres-
sure. Since the ram effect is coupled with the
compressibility of the intake air, it can not be
modeled by a displacement model. Thus, a dif-
ferent approach is required. One possible ap-
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proximation can be made in view of thermody-
nami¢ processes. During the reverse displace-
ment flow, an isentropic process is assumed

2 7

since the in-cylinder gas flows out of the cyl-

inder nearly adiabatically. For the flow into
the cylinder due to ram effects, mixing occurs
between the gases in the cylinder and in the
intake port. However, from the consideration
that the gas temperatures are nearly the same
and the proportion of that incoming air mass
to the total incylinder charge is relatively
small, the irreversibility associated with that
mixing 1s neglected and hence the process is
The
resulting expressions for the entire intake

approximated as isentropic process.

process are as follows :.

PV m) =p(VOIV (VO /m(IVC)  (13)
Ve . Ur -1
2 14

RXm(IVC)p(IVC) b (14)
» vV b 17
i =y (IVC
m=r VO ﬁ(IVC)) (15)

where IVC stands for intake valve closing. An
example of the instantaneous intake mass
flow rate is shown in Fig.2(a). To confirm the
validity of assuming isentropic processes, a
comparison has been made among the mea-
sured intake mass flow rates and the predict-
ed exhaust and intake mass flow rates in
terms of cycle-averaged mass flow rates in
Fig.2(b). The figure shows good agreement
between the test data and the predicted ones.
The errors among the three cases are within
10% which 1s tolerable to be used for convec-
tive heat transfer calculation on the valve
back.

6. Calibration of the Heat Balance Equa-
tion

From the arguments made so for the un-
knowns in the heat balance equation, Eq. (1),
are K.,y and h.,. The variables were found by
adjusting them until the simulated valve tem-
peratures of Eg. (1) showed best fit with all
of the 9 cases of measured valve temperature
profiles with the gaseous fuel(propane). The
procedure is as follows, When the simulated
valve temperature, T,, in Eq. (1) is substitut-
ed with measured one, T ., which is essentially
cycle-averaged, an error term is generated
since T. is not the exact solution. Thus, the

equation can be expressed as follows.

T .
Error(t)y=m VC—dt—" (hA) o Ty T )= (hA ) i

(T ‘mlake_Tv) - (EA)back(sz'_.Tv) - (-};A)ml
Tmrl_.Tv)_(ZA)ulem(TmMunl_Tv) (16)

—

To find the values which minimize the error
term, Error(t) .. of Eq. (16), the K,,, was first
perturbed around K,=1.0 corresponding to
the heat transfer coefficient predicted by
Woschni's correlation. The trials and errors
for the best fit resulted in the combination of
K.,=1.0 and h.,=2,750 W/m*C. The mean-
g of K.,,=1.0 is that Woschni’s empirical
correlation holds for a spark ignition engine
like the test engine. This confirms Woschni
and Fieger's experimental conclusions.'” The
magnitude of the error term will be discussed
later in conjunction with the case of liquid
fuel.

NOISE FILTERING-To reduce the influ-
ence of the nolses carried on the temperature
measurements on the error term, the mea-

sured data were curve-fitted by a least-



Intake Valve Temperature Effect on the Mixture Preparation in a SI Engine During Warm-up 59

square method in a polynomial equation with
10" order. Otherwise, the high frequency noise

dT.
will be amplified in ” of Eq. (16). The sta-

tistics for the difference between the mea-
sured valve temperature and curve-fitted one
show that the mean and standard deviation
range about —1.9X107"%~1,5%107""C and 0.
62~1.19C, respectively. It means that the
amplitude of the noise is about 1C and the
noise is quite random around the curve-fitting

line.

7. Application of the Calibrated Heat Bal-
ance Equation to the Liguid Fuel Cases

The amount of the fuel vaporized on the
valve back is difficult to be quantified since
the heat transfer takes place in transient two-
phase flow and the liquid fuel consists of
many hydrocarbon components. However, as
far as the heat balance of Eq. (16) is accurate
enought to predict the valve temperature be-
havior of the gaseous fuel case with minimal
errors, it can be applied to the liquid fuel case
as follows. For the liquid fuel case, a fuel
evaporation term is added to Eq. (16).

q.l'mp+ Error( t )Ilumd: m vc_d—tl_ (EA )cyl(Tw_'—Tv) -

(EA ) n\ak(( inake ™ ) - (EA )bark(Tw"'T )_
(ZA)HJ[(TNV’[ T ) (hA)mm( cidanl Tv) (17)

And § o., can be expressed in terms of the
mass fraction vaporized from the valve, ¥ .um
with respect to the amount of fuel injected, as
follows.

You™ M evap _ G evap (18)
" M iojeuied mamu{h{ﬁ'crwl(Tmr—Tuu)}

Then, Eq. (17) is rewritten in terms of ¥ cvap

. dT,
Ievan+ e(t)liquid: {m vc (hA )tyl( ) (hA) intake

(Tnlakm_-—v)_(};A)huk(Tm—T) (hA)sm( port T)
(hA)sI.ym( conlant T }/[minkld{ lg+C!uel(T1,\l_Tlud)}]
(19)

where

(t) ET?’OT(t)Iiwid (20)
e iquid =
l minj\.ﬂud{hlx_*_ CI’nel(Tm—Tlul:l)}

Similarly Eq. (16) also can be expressed in
terms of ¥ ... although there is no fuel evapo-
ration for the gaseous fuel case. Then, e(f ).
1s defined as follows ;

) Error(t)w (21)
e g
M el B 1t Croall T s T )}

where the saturation temperature, T, was
calculated from a gasoline model developed by
Chen et.al.'® In that model, real gasoline was
represented by 13 major hydrocarbon species
so that the characteristic distillation curve of
a gasoline model matches with that of the real
gasoline. According to the gasoline model, the
saturation temperature ranges from 80 to 105
C depending on the intake manifold pressure.
The definition of e(#).. facilitates direct. com-
parison of the two fuel types for the same en-
gine test condition. For the gaseous fuel, only
the error term, e(f).. will show up in Eqg
(16), since X e 1s equal to zero. If e(#),. is
small enough to be neglected, ¥ .., can be esti-
mated from Eq. (17) by neglecting e(f)qua
from the assumption that e (¢ ) would be in
the same order of e(#).. Fig.3 shows calcu-
lated results of @ (# ). 800 ¥ ever dUring warm-
up periods. Standard deviation of e(#),.. was
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less than 3%. Thus, same degree of errors in
X evap 18 €Xpected,

8. Factors Affecting the Accuracy of the
Mass Fraction Vaporized,  cvp

Fundamentally the accuracy depends on
that of Woschn'’s correlation of Eq. (3) and
the validity of the assumption of lumped ther-
mal mass.

SENSITIVITY TO WOSCHNI'S CORRELA-
TION-According to some
results,” the heat flux from the in-cylinder

experimental

gas to the combustion chamber wall shows
large degree of spatial and cyclic variations,
To take this fact into account, the sensitivity
of Ko to X wsp was investigated. Although the
best fit was made at K.,=1.0, the cases of K,
- =09 and 1.1 were also compared. Fig.3
shows an example of ¥ .., comparing the three
cases. According to the result, it is observed
that x.. is proportional to K. Therefore,
when the bound of uncertainty in K., is as-
sumed as 10%, the same value is also expect-
ed 1N X everr

VALIDITY OF LUMPED THERMAL MA-
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Fig.3 Sensitivity of K., to the Mass Fraction
Vaporized, X cvp
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SS-From the previous consideration about the
criterion of Bi number for the assumption of
lumped thermal mass, the maximum allowable
heat transfer coefficient in the radial direction
and that in the axial direction were 850W/m?
‘C and 2,560W/m*C, respectively. According
to the calibrated heat balance equation for the
gaseous fuel, the heat transfer coefficient on
the front face by the in-cylinder charge is 78
~355W/m*C, and the value on the valve seat
is 930W/m*C, and the value on the back of
the intake valve by the forward intake flow is
17~119W/m*C over the tested conditions.
The heat transfer coefficients are summarized
in Table 1. Since the heat transfer coefficient
on the valve seat, 930W/m*C, is comparable
to the maximum allowable value in the radial
direction, 850W/m*C, the elements meet the
Bi number criterion in the radial direction.
The criterion is also satisfied in the axial di-
rection as the maximum value of the heat
transfer coefficient on the front and back
sufaces fo the valve, 355W/m?C, is much less
than the critical value in the axial direction, 2,
560W/m*C. Therefore, the elements of the
valve satisfy the assumption of lumped ther-
mal mass. Fig.4(a) shows an example of mea-

sured valve temperatures for the gaseous fuel.

Table 1 List of Heat Transfer Coefficients
Associated with Valve Heat

Transfer
heat transfer coefficient, h value
) (W/m*C)

axial direction of valve head(for lum-ped 850
mass assumption)
radial direction of valve head(for lum-ped 2560
mass assumption)
front valve face by the in-cylinder gas 78~355
valve seat 930
valve hack by forward flow 17~119
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The reason why the measurement positions
show different temperature behavior in spite
of the axially symmetrical geometry of the in-
take valve can be explained by the following
two considerations. According to the calibrat-
ed heat balance equation, the average heat
transfer coefficient for the valve seat and
valve contact, 930W/m?C, is a little larger
than the critical value in the radial direction,
850W/m?C, so it could affect the temperature
distribution in the radial direction. In addition,
the contact resistance also could be unevenly
distributed along the valve lip since the valve
doesn’t rotate.

When it comes to the liquid fuel case, fuel
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evaporation causes the significant cooling of
the intake valve. Fig.4(b) shows an example
of the measured temperatures. Positions #2
and #3 show lower values than the others
due to direct fuel impingement, It is because
the positions #2 and #3 are located under
the footprint of the fuel spray as shown in
Fig.1. It i1s necessary to check if the assump-
tion of lumped thermal mass is valid under the
fuel injection. The temperature difference be-
tween the front and back surfaces can be esti-
mated from heat balance consideration. Ac-
cording to the results of the calibrated heat
balance(refer to Fig.5(a)), the cycle-avera-
ged power taken by fuel evaporation is about
80W at, 3,200r/min. If it is assumed that fuel
evaporation occurs over half the valve 'area,
the temperature difference across the thick-
ness of the valve face would be about 4°C. It
is small enough for the assumption of lumped
thermal mass in the axial direction. When it
comes to the radial direction, there is uncer-
tainty in effective fuel wetting area. Consider-
ing the normal distribution of droplets popula-
tion and the distance of about 10cm between
the valve surface and the injector tip, the ef-
fective wetting area is larger than the valve
area covered by the footprint as shown in Fig.
1 and the droplets population would be rela-
tively uniform. Furthermore, the order of the
penetration depth within which 5% of temper-
ature deviation(for lumped thermal mass as-
sumption) is observed would be a few millime-
ter from the boundary of the effective fuel
wetting area. When those factors are taken
into account, the measured temperature at
each element can be approximated as a repre-
sentative temperature for the element. Since it
1§ an approximation, it may cause significant
errors when the contribution of fuel evapora-
tion to the heat balance is small, in other
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words, when fuel consumption rate is small.
IMPACT OF TRANSIENT VALVE TEM-
PERATURE-The assumption of lumped ther-
mal mass, however, is not effective for the
first 30 to 60 seconds during which the mea-
sured temperature gradient was smaller than
the gradient of simulated temperature. The
discrepancy 1s due to the assumption of
lumped thermal mass. In reality, liquid fuel is
impinged on the thermocouple position at the
valve back and it takes awhile for tempera-
ture gradient to propagate through the valve
head. Therefore, the measured temperature
kicks off more slowly than the simulated tem-
perature. The time derivative of the tempera-
ture difference term has a significant impact
on the estimation of fuel mass vaporized off
the valve. Therefore, the resulis of the heat
transfer model is meaningful after the tran-
sient valve temperature term becomes negligi-
ble. Furthermore, according to Martins et al'®,
the existence of liquid fuel on the valve surfac-
es significantly affects the heat transfer
through the valve seat and valve contact. It 1s
difficult to determine how long liquid fuel ex-
ists on the valve surfaces, but as a rule of
thumb 60 seconds would be a good approxima-
tion since the valve temperature will be above
boiling temperature by then from the argu-
ment to follow. Thus, in this study, the calcu-
lated mass fraction ¥.., 18 assumed to be

valid after 60 seconds since engine start.

9. Results of Heat Balance

Fig.5(a) represents the heat balance results
for the gaseous fuel at 80°C of coolant temper-
ature. In the figure, the heat balance was cal-
culated for the two intake valves. Nearly all
of the heat input comes from the heat transfer
from the in-cylinder charge. Most significant
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Power(W)

05D bar 1.0 bat 10 b
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Power (W)

Fig5 Results of Heat Balance for (a) Pro-
pane, (b) Indolene

heat loss is made through the valve seat and
valve contact. The second largest contributor
to the heat loss is the heat convection by the
intake air flow. It is observed that the latter is
proportional 1o engine speed and load as they
increase air flow rate. The heat loss through
the valve stem is small and relatively constant
because heat flows through the small cross-
section of the valve stem with small tempera-
ture gradient. Fig.5(b) shows the results of
the heat balance for the liquid fuel at 80°C of
coolant temperature. As engine speed and
load increase, the portion of heat loss due to
fuel evaporation increases. It 1s simply be-
cause the valve surfaces are exposed to more
fuel flow rate. Therefore, at high engine speed
and load, the contribution of fuel evaporation

to the heat balance becomes significant,



Intake Valve Temperature Effect on the Mixture Preparation in a SI Engine During Warm-up 63

10. Physical Interpretation of the Mass
Fration Vaporized, ¥ cp

One common feature observed in the Fig.6
(a) to 6(c) 1s that the mass fraction vapo-
rized, ¥ ...» tends to decrease with the increase
of the coolant temperature.

HEAT TRANSFER REGIMES ON THE
VALVE SURFACE-This can be explained by
fuel evaporation behavior. The behavior is
characterized by evaporation regimes such as
convective heat transfer and nucleate boiling.
Nucleate boiling occurs above boiling tempera-
ture and is very efficient in fuel evaporation.
It is not possible to determine a single boiling
temperature of gasoline at a given pressure,
since gasoline is a mixture of many hydrocar-
bon components. However, if gasoline 1s mod-
eled as a mixture of a few major hydrocarbon
components so that it represents real gasoline,
it is possible to do thermodynamic analysis
using the gasoline model. Such a model was
proposed by Chen et al'®. It consists of 13
major hydrocarbon species and their composi-
tions are adjusted so that the model simulates
the distillation curve of real gasoline. Satura-
tion vapor pressure of the fuel was obtained
using the simulation program for calculation
of thermodynamic equilibrium, STRAPP, re-
leased by NIST. It includes a database of 116
components, mostly hydrocabons, performs
phase equilibrium calculations hy Peng-Robin-
son equation of state'®, and calculates thermo-
dynamic properties of components of both
vapor and liquid phases. According to the
results of the program, the boiling tempera-
ture ranges from 80 to 105°C for the intake
manifold pressure from 0.4 bar to 1.0 bar.
Since the valve temperature rises quickly to
the boilling temperature range in about 30 to

60 seconds, evaporation is in the nucleate boil-
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ing regime after that. According to Martins
and Finlay'?, nucleate bolling was observed at
the temperatures between 100 and 220°C
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through visual inspection of fuel film on the
valve back and from power consumption data.
Beyond 2207C, film boiling was observed
which is less effective than nucleate boiling.
On the other hand, convective fuel evapora-
tion occurs on the port walls during most of
warm-up period since the port wall tempera-
ture 1s below 100°C. Under the circumstance,
fuel evaporation rate is dependent upon the
port wall temperature and air flow rate over
the walls.

EFFECT OF FUEL TRANSPORT MECHA-
NISM-The behavior of the mass fraction vapo-
rized, ¥ wap 15 related with fuel transport mech-
anism in the intake port. Some of the injected
fuel is directly targeted to the back of the in-
take valve from the fuel injection geometry as
shown in Fig.1. The fraction of the footprint
overlaid with the valve is about 20%. And
about 10 to 20% of the injected fuel evapo-
rates directly from the fuel spray according to
the simulation results by Finlay'®. Therefore,
the rest of the injected fuel(about 60 to 70% )
hits the port walls. At low coolant tempera-
tures, most of the fuel landing on the port
walls survives the evaporation process on the
port walls and is transported to the intake
valve in either film flow or small droplets
bouncing off the port walls. All of the liquid
fuel arriving at the valve evaporates quickly
due to vigorous hoiling evaporation. This is
the reason why the mass fraction vaporized is
higher at low coolant temperatures. With the
increase of coolant temperature, the fuel evap-
oration on the port walls becomes vigorous, so
less amount of the liquid fuel is transported to
the intake valve. It results in less amount of
the fuel vaporized from the valve back. This
explains the tendency of the decreasing fuel
fraction vaporized with the increase of the
coolant temperature. Quantitatively, the mass

A7)

fraction vaporized has its maximum of about
40 to 45% at around 100 seconds since engine
start.

BEHAVIOR OF FUEL FRACTION VAPO-
RIZED AT WARMED-UP CONDITIONS-An-
other feature observed in Fig.6(a) to 6(c) is
the physical meaning of the fuel fraction vapo-
rized at 80°C of the coolant temperature. The
fraction is plotted with respect to fuel con-
sumption rate in Fig.7. At that temperature,
the port walls are near the nucleate boiling re-
gime, thus most of the liquid fuel hitting the
port walls evaporates as soon as it hits the
walls. At low engine speed where more time is
available for fuel evaporation, and at low en-
gine load where less amount of fuel injection
results in wider fuel evaporation area, nearly
all of the fuel landing on the port walls evapo-
rates, Thus, the fraction of the fuel vaporized
from the valve back becomes close to the frac-
tion directly landing on the valve hack from
the fuel injection geometry(about 20%) as
shown in Fig.1. Whereas at high engine speed
and load, some portion of the liquid fuel land-
ing on the port walls is transported to the in-
take valves due to less available time for fuel

evaporation time.
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11. Conclusions

It was possible to develop a heat transfer
model of the intake valve based on the as-
sumption of lumped thermal mass under the
transient engine environments during engine
warm-up. Some unknowns of the model were
determined by calibrating the model with the
measured valve temperature profiles for the
gaseous fuel.

The results of the model show quantitative
coniribution of each heat transfer source to
the heat balance of the intake valves. It is
noted that the heat loss through the valve seat
and valve contact is most significant. For the
liquid fuel, the heat loss due to fuel evapora-
tion becomes dominant as engine speed and
load increase since the increased fuel flow
rate takes more heat off the intake valves.

The tendency that the fuel fraction vapo-
rized from the valve back decreases as the
coolant temperature increases explains how
fuel evaporation occurs in the intake port dur-
ing engine warm-up. At low coolant tempera-
tures, most of the liquid fuel on the port walls
is transported to the valve back and evapo-

rates there by nucleate boiling, leading to the

higher fraction of the fuel vaporized than at
higher coolant temperatures. The fraction of
the fuel vaporized at 80°C of the coolant tem-
perature at low engine speed and load is close
to the fraction expected from the footprint of
the fuel spray. It means that most of the liquid
landing on the port walls evaporates on the
walls without being transported to the intake
valves.
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