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Abstract: This study presents in-cylinder heat transfer attaréstics of a single cylinder port
injection Hydrogen fueled Internal Combustion Emgi(t,ICE) using a steady state approach.
Problem statement: The differences in characteristics between hydrageh hydrocarbon fuels are
led to the difference in the behavior of physicalgesses during engine cycle. One of these prazesse
is the in-cylinder heat transfefpproach: One dimensional gas dynamic model was used taidesc
the heat transfer characteristics of the endiie engine speed was varied from 2000-5000 rpamkcr
angle from -40° to +100°, while Air-Fuel Ratio (AFRas changed from stoichiometric to lean limit.
Results: The simulated results showed higher heat transfier but lower heat transfer to total fuel
energy ratio with increasing the engine speed.iffoylinder pressure and temperature were increased
with decreasing AFR and increasing engine speed.ifidgylinder air flow rate was increased linearly
with increasing engine speed as well as air fugbr&oncluson/Recommendations. The results
showed that the AFR has a vital effect on char@ties variation while the engine speed has minor
effect. These results can be utilized for the staflgombustion process, fuel consumption, emission
production and engine performance.
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INTRODUCTION identification inside a cylinder of internal comiios
engines during the intake, compression, expansiah a
Hydrogen, as an alternative fuel, has the uniquexhaust strokes are an important stage for
properties which provides a significant advantagesx  comprehension of physical phenomenon which occurs
other types of fuel. It can be used as a vehicl fu in the motor cycle. The movement of the inlet aielf
which is promising in the effects of establishes ammixture has a great influence on the performandhef
environmental friendly mobility system. Extensive engine. Developments in the engine simulation
studies were performed on hydrogen fueledechnology have made the virtual engine model a
internal combustion engines (Whitest al., 2006; realistic suggestion (Liet al., 2000). Now-a-day,
Kahramanet al., 2007; Rahmaiet al., 2009a; 2009b). computational fluid dynamics codes are used to
The increasing concern of energy shortage andimulate the engine performance and visualize Ithe f
environmental protection, research are going on focharacteristics (Bahrarst al., 1994). Application of
improving engine fuel economy. Hydrogen engine isthese codes for engine improvement have saved
being developed into a hydrogen fueled engine withsignificant time and cost in the design and develept
different types of fuel supply method (Kahrarmeml., stage of combustion engine system (Shojaeefard and
2007; Rahmaret al., 2009a; Bakaet al., 2009). It is  Noorpoor, 2008). Computational modeling and analysi
particularly suitable for fueling internal combusti of in-cylinder gas flow is a major part of successf
engines (Yusafet al., 2005). The flow field combustion, emission production and engine
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performance simulation. Realization of the in-cgtbn  cup. The flow-splits are connected with each other
gas flow characteristics for the internal combustio through pipes with 0.09 m diameter and 0.92 m lengt
engine is very substantial for advanced understandi The junctions between the flow-splits and the ietak
and further optimization of the engine. The in-gglier ~ runners were modeled with bell-mouth orifice.

gas flow characteristics have major influence on  The intake runners were linked to the intake ports
combustion process, fuel consumption, emissiorvith 0.04 m diameter and 0.08 m length. The
production and engine performance. The objective ofemperature of the piston is higher than the cgind
this study is to investigate the variation of idieger ~ head and cylinder block wall temperature. Heatstiem
heat transfer characteristics of port injection rogen ~ Multiplier is used to take into account for bends,
fueled internal combustion engine by utilizing siga @dditional surface area and turbulence caused &y th

state method. The effect of engine speed and AER a¥@/ve and stem. The pressure losses are includgwin
also investigated. discharge coefficients calculated for the valved an

additional pressure losses were used because of wal
roughness. The exhaust runners were modeled as
MATERIALSAND METHODS rounded pipes with 0.03 m inlet diameter and 80°
bending angle for runners 1-4 and 40° bending aofjle
1.funners 2 and 3. Runners 1-4 and runners 2 ane 3 ar
connected before enter in a flow-split with 169.646
volume. Conservation of momentum is solved in 3-

Engine model: A single cylinder port injection
hydrogen fuel model was developed utilizing the G
suite software. The injection of hydrogen was sddi

in the midway of the intake port. The computational ”,. . .
model of single cylinder hydrogen fueled engine isd|ment|onal flow-splits even though the flow baseda

shown in Fig. 1. The engine specifications aretisn one-dimensional version of the Navier-Stokes equati

Table 1. The intake and exhaust ports of the engine _ -
cylinder are modeled geometrically with pipes amel t Table 1: Engine specification

air enters through a bell-mouth orifice to the piphe  Engine parameter Value Unit
discharge coefficients of the bell-mouth orificeravset ~ Bore 100.0 mm
to 1 to ensure the smooth transition. The diameber ?ggf%. 100.0 mm
- . isplacement 3142.0 ém

length of bell-mouth orifice pipe are 0.07 and t1 Connecting rod length 220.0 mm
respectively and it is connected to intake air mé#a Compression ratio 9.5
with 0.16 m of diameter and 0.25 m of length. A log Intake valve close, IVC -96.0 °CA
style manifold was developed from a series of pgres ~ Exhaust valve open, EVO 125.0 “CA
flow-splits. The total volume of each flow-splitas E"it Va'tve A 'VOEVC 3§éé00 ogﬁ
256 cm. The flow-splits compose from an intake and XNAUS! VA Ve cO8S: '

. . . Heat transfer coefficient 15.0 WK
two discharges. The intake draws air from thepayer thickness 3.0 mm
preceding flow-split. One discharge supplies air toPiston temperature 590.0 K
adjacent intake runner and other supplies airdonéxt ~ Cylinder head temperature 550.0 K
flow-split. The last discharge pipe was closed wath Radiative temperature 3200 K
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Fig. 1:Model of single cylinder port injection hydrogerefad engine
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Finally a pipe with 0.06 m diameter and 0.15 m tbng Where:
connects the last flow-split to the environmenth&ixst Q = Heat release
walls temperature was calculated using a modeQ,,= Lower heating value
embodied in each pipe and flow-split.
Therefore, the cumulative heat release fraction ca

Heat tr_ansfer equations. The friction co_efficient _be described as in (7) using a Wiebe function (&g
expression for smooth and rough walls is shown i 5. Kirkpatrick, 2001):

Eq. 1 and 2 respectively:

-0
¢ =2 Re< 2000 Re=D %,(6) =1-expraf >y )
Re, v B
0.08 (1)
C = Régzs Re > 4000 Where:
0 = Crank angle in degree

0s = Crank angle corresponding to initialization ofhe

0.25
t(rough) = 3 (2) release
[2|0910[Dj+1.74] 6 = Crank anglecorresponding to the duration of
2h burn, n and a are the Weibe form factor and
efficiency factor having typical values of 3 and 5
where, Rg, D and h are Reynolds number, pipe respectively
diameter and roughness height respectively.
The internal wall temperature is defined as in (3) RESULTS
1 -2 The Air-Fuel Ratio (AFR) was varied from
hy == CipUe G, PT (3 stoichiometric limit (AFR = 34.33:1 based on mass

where the equivalence ratjp= 1.0) to very lean limit
where, Uy, G, and Pr are the effective speed outside(AFR =171.65, where = 0.2) and engine speed was
boundary layer, specific heat and Prandtl numbewraried 2000-5000 rpm with 1000 rpm interval and
respectively. The Prandtl number can be expressed &rank angle varied from -40° to 100°.

in (4): The experimental results from (Leeal., 1995)

were used for the purpose of validation of thisdgtu

pr=Y (4) Engine specifications of validated model are listed
a Table 2. Engine speed and AFR were fixed at

1500 rpm and 68.66¢( = 0.5) respectively. The
correlation of pressure is shown in Fig. 2. It dan
seen that the distribution of pressure againstthek
angle is good agreement for compression and

where, Uanda are the kinematic viscosity and thermal
diffusivity respectively. The heat transfer codtiat
can be expressed as in (5) (Woschni, 1967):

h=3.26D°2 P2 T 05528 expansion strokes while a significant deviations ar
' observed for combustion period because of delay
W =2.28C, + 0003zgp‘ R)WT (5)  combustion with difference valve timing and due to

few modifications that is not mentioned in (Leteal.,
1995). However, considerable coincident between the
where, D, P, R TgVn G V. and r are the bore present model and experimental results can be
diameter, pressure, motored pressure, gas tempgraturecognized in spite of the differences in the model
volume, mean piston speed, swept volume and Comparison between the hydrogen and methane
reference crank angle respectively. fuels in terms of heat transfer rate and the ratibeat

The engine heat transfer was estimated by usingansfer to total fuel energy with respect to ergipeed
Woschni (1967) correlation. The rate of heat rede@s is shown in Fig. 3 and 4 respectively. Both of the
a function of crank angle is obtained by differatitig  normalized apparent and cumulative heat release rat
the cumulative heat release Weibe function (Fengusoare used as an indicator for recognizing the immdgr

ror

and Kirkpatrick, 2001): heat transfer characteristics for port injectiog GE.

Effects of engine speed on the normalized appaueht
dQ _ ., dx _ Q 1 8_95 " cumulative heat release rate are presented inrbRind
® e ae—d %) 0, J © 6 respectively.
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Table 2: Specifications of the engines models

Present  Present

Engine parameter (Lextal., 1995) model model unit
Bore 85 85.0 mm
Stroke 86 86.0 mm
TDC clearance height NA* 3.0 mm
Piston pin offset NA 1.0 mm
Connecting rod length NA 150.0 mm
Compression ratio 8.5 8.5 -
Inlet valve open 16 16.0 CA (BTDC)
Exhaust valve open 52 52.0 CA (BBDC)
Inlet valve close 54 54.0 CA (ABDC)
Exhaust valve close 12 12.0 CA (ATDC)

4
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Fig. 2: Comparison  between experimental results

(Lee et al., 1995) and based on present engine
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Variation of in-cylinder pressure against engine
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In-cylinder pressure increased with decreasing AR
all engine speeds due to the increase of drifonce
inside the cylinder. Variation of the maximum in-
cylinder temperature against engine speed at diifer
AFR is demonstrated in Fig. 8. In-cylinder air floate
behavior in terms of engine speed at different AER
represented in Fig. 9. It showed the variationwerage
in-cylinder air flow rate with engine speed and AFR

DISCUSSION

From results the effect of engine speed and
equivalence ratio on the in-cylinder heat transfed
flow characteristics are clarified in case of hygkno
and methane fuels. The behavior of the in-cylinder
heat transfer and flow characteristics found to be
governed by the energy content and forced convectio
effects. Forced convection effect is related toimag
speed variation, while the energy content effect is
related to AFR variation.

It can be seen that the heat transfer rate ineseas
with increases of engine speed for both fuels lfasva
in Fig. 3) while the ratio of heat transfer to tofael
energy decreases with engine speed (Fig. 4). The
observation of the heat transfer rate behaviorutino
the cylinder to ambient is revealed that in case of
hydrogen fuel gives higher values than that of ime¢h
fuel due to the higher heating value, faster flaspeed
and small quenching distance. This can be usedtas a
indicator for clarifying that the hydrogen fuel gi/
more heat loss compared to hydrocarbon fuel.

As shown in Fig. 5 and Fig. 6, the dependency of
the normalized heat release rate on engine speed ar
negligible which is related to the amount of energy
content in the inlet charge to combustion chamber.
Besides that, the maximum heat release rate dedeas
with increasing engine speed. The in-cylinder puess
and temperature represents the main operating
parameters for the engine which are affected by the
heat transfer. The in-cylinder pressure was in@éas
with decreasing AFR and increasing engine speed
until 4000 rpm except rich mixture as shown in Fig.
The increment of in-cylinder pressure is increased
with increases of AFR due to the presence of ths le
amount of energy content for inlet charge resulting
less pressure from the combustion process. It @an b
seen that AFR is more crucial than engine speed as
operational parameter for an in-cylinder pressititee
maximum range of pressure variation for various
engine speeds are within 5 bars. From Fig. 8, wdch
presented earlier, it can be observed that the
temperature increased with decreasing air fuebrati
with minor effects on engine speed. Also as engine
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speed increases the maximum in-cylinder temperatureerguson, C.R. and A.T. Kirkpatrick, 2001.
are slightly increased for all AFR. The maximum International Combustion  Engines:  Applied
range of temperature variation for different engine  Thermosciences. 2nd Edn., John Wiley and Sons,
speed was within 100 K. Inc., New York, ISBN: 10: 0471356174, pp: 384.
Behavior of the In-cylinder air flow rate is found Kahraman, E., C. Ozcanli and B. Ozerdem, 2007. An
that the air flow rate was lower at lower air fuatio experimental study on performance and emission
due to blockage effect occurrence at lower AFRSThi characteristics of a hydrogen fuelled spark ignitio
means that greater amount of hydrogen fueled was engine. Int. J. Hydrogen Energy, 32: 2066-2072.
entered to the cylinder with intake charge. That's DOI: 10.1016/j.ijhydene.2006.08.023
behavior is expected because of the engine speed lige, S.J., H.S. Yi and E.S. Kim, 1995. Combustion
represented as the main driving force for the in-  characteristics of intake port injection type
cylinder air flow rate. However, the engine speed h hydrogen fueled engine. Int. J. Hydrogen Energy,
an imperative influencing factor on the in-cylindar 20: 317-322. DOI: 10.1016/0360-3199(94)00052-2
flow rate as an operating condition. Li, G., S.M. Sapsford and R.E. Morgan, 2000. CFD
Simulation of a DI Truck Engine Using Vectis.
SAE Paper no. 2000-01-2940.
http://www.sae.org/technical/papers/2000-01-2940
Rahman, M.M., M.K. Mohammed and R.A. Bakar,
2009a. Effect of air fuel ratio and injection tirgin
on performance for four cylinder direct injection

CONCLUSION

Heat transfer characteristics of in-cylindenlEE)

at steady state condition were presented. It wasdo
that the effect of engine speed and AFR on pressuiie
temperature has a direct impact on engine perforean . .
The results have been presented for better hydrogen engine. Eur. J. S(.:" Res., 25: 214-225
understanding of heat transfer characteristics of http://www.eurojournals.com/ejsr.htm

hydrogen fueled engine. The simulation results aré?ahman, M.M., M.K. _Mohammed and RA Bakar,
employed to scrutinize the effect of operating 2009b. Effects of air fuel ratio and engine _speeq 0
parameters (such as engine speed and AFR) on the perf_ormance of _hydrog‘?” fl_Jeled port |nject|or.1
variation of in-cylinder gas flow characteristicEhe engine. _‘]' Applied Sci., 9: 1128-1134. DOL:
results implied that AFR has a crucial effect on _10'3923/]6‘5'2009'1128'1134

characteristics variation whilst engine speed hawom Shola_\eefar(_j, MH ar_ld A'R: Noorp_oor, 2.008' Flow
effects. These results would be utilized for thelgtof simulation in engine cylinder with spring mesh.

; : i Am. J. Applied Sci., 5: 1336-1343.
combustion process, fuel consumption, emission i . . .
production and engine performance. gg%/\évc\j/\]{w.supub.org/fulItext/ajas/aja35101336—
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