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Abstract: Problem statement: The variation of the in-cylinder gas flow charaigtcs for single
cylinder port injection hydrogen fueled internahdoustion engine was investigated through transient
state simulationApproach: One dimensional gas dynamics was described thedld heat transfer

in the components of the engine model. Speciahttte is paid to selection and correction of heat
transfer correlation which describe of in-cylindbeat transfer to coincide with the practical
observations. The engine model was simulated vatiable engine speed and Air Fuel Ratio (AFR).
Engine speed varied from 2000-5000 rpm with incneinegual to 1000 rpm, while AFR changed from
stoichiometric to lean limitResults. The acquired results showed that the maximum imadgr
temperature and pressure obtained of 2753 K argR4®ar at 24°CA ATDC and 13°CA ATDC for
AFR = 34.33 respectively, while the minimum in-eyer temperature and pressure obtained of
1366 K and 29.14 bar at 18 deg CA of ATDC and 8 @égof ATDC for AFR = 171.65 respectively.
The obtained results show that AFR has a crucfacebn characteristics variation during the power
cycle whilst engine speed has minor effed@onclusion: These results utilized for study the
combustion process, fuel consumption, emissionymtioh and engine performance.
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INTRODUCTION fueling internal combustion engines (Yusef al.,
2005). The flow field identification inside a cytlar
Hydrogen, as alternative fuel, has unique progerti of the internal combustion engines during the iafak
give it significant advantage over other types wélf = compression, expansion and exhaust strokes are an
Hydrogen can be used as a clean alternative tomportant stage for the comprehension of physical
petroleum fuels and its use as a vehicle fuel igphenomenon which occurs in the motor cycle. The
promising in the effects to establish environmdptal movement of the inlet air-fuel mixture in the cyer
friendly mobility systems. So far, extensive stuwdie has a great influence in to the performance of the
were investigated hydrogen fueled internal comlousti engine. Developments in engine simulation technolog
engines (Whiteet al., 2006; Kahramaret al., 2007; have made the virtual engine model a realistic
Rahmarnet al., 2009a; 2009b). With increasing concernsuggestion (Liet al., 2000). Now-a-day the usage of
about the energy shortage and environmentaComputational Fluid Dynamics (CFD) codes are used
protection, research on improving engine fuel ecoyio  to simulation the engine performance and visudlize
hydrogen fueled engine is being developed into dlow characteristics (Khalighiet al., 1994). Using
hydrogen fueled engine with different type of fuel CFD codes for engine improvement programs have
supply method (Kahramaat al., 2007; Rahmamet al.,  saved significant time and cost for the design and
2009a; 2009b; Kinet al., 2005; Bakaret al., 2009). development of combustion engine system
Residue and pollution by emissions were produced byShojaeefard and Noorpoor, 2008). Computational
the growing number of vehicles on the road day bymodeling and analysis of the gas flow in-cylindei
day increases. Hydrogen is particularly suitable fo major part of successful combustion, emission
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production and engine performance simulation.0.04 m diameter and 0.08 length. The temperature of
Realization of the in-cylinder gas flow charactécis  the piston is higher than the cylinder head anthdgr

for the internal combustion engine is very subssnt block wall temperature. Heat transfer multiplieuised

for advanced understanding and further optimizatibn to take into account for bends, additional surfacea

the engine. The in-cylinder gas flow field and turbulence caused by the valve and stem. The
characteristics have major influence on combustiorpressure losses in these ports are included in the
process, fuel consumption, emission production andlischarge coefficients calculated for the valvem N
engine performance. The main goal for the preserddditional pressure losses due to wall roughnese we
study is to investigate the variation of the inkegter  used.

gas flow characteristics for the hydrogen fueledrimal The exhaust runners were modeled as rounded
combustion engine by utilizing CFD analysis. Thepipes with 0.03 m inlet diameter and 800 bendingiean
effects of engine speed and AFR on in-cylinder gagor runners 1 and 4 and 400 bending angle of run@er
flow field characteristics are also revealed. and 3. Runners 1 and 4 and runners 2 and 3 are
connected before enter in a flow-split with 169.646
volume. Conservation of momentum is solved in 3-
dimentional flow-splits even though the flow in GT-

ignition port injection hydrogen fuel was developed Pfo;/r\:er’ils oj[hersv;nske based t(')n a;)_ne-"dlmen_aor\lgltgréera
this study. GT-Suite was utilizing the developmeht ot the Navier-stokes equation. Finally a pipe

engine model. The injection of hydrogen was located m diameter and 0.15 m length connects the last-flow

the midway of the intake port. The computationalSPlit t© the environment. Exhaust system walls
model of the single cylinder four stroke port ijen  €Mperature was calculated using a model embodied i

hydrogen fueled engine are shown in Fig. 1. Théneng ©ach pipe and flow-split.
specifications are listed in Table 1. It is impoittdo

indicate that the intake and exhaust ports of tigine M

MATERIALSAND METHODS

Engine model: A single cylinder, four stroke spark

cylinder are modeled geometrically with pipes. Ee Stinjec
enters through a bell-mouth orifice to the pipe.eTh
discharge coefficients of the bell-mouth orificeravset 3l arvalve oo o

to 1 to ensure the smooth transition as in the real
engine. The pipe of bell-mouth orifice with 0.07ah EE:I
diameter and 0.1 m of length are used in this model ™™=

The pipe connects in the intake to air cleaner Witt6
m of diameter and 0.25 m of length. The air cleaner
pipe identical to the bell-mouth orifice conneatsthe B
manifold. A log style manifold was developed from a
series of pipes and flow-splits. The total volunoe f
each flow-split was 256 cinThe flow-splits compose
from an intake and two discharges. The intake diaws
from the preceding flow-split. One discharge sugpli
air to adjacent intake runner and other suppliesaai

Fig. 1: Model of single cylinder, four stroke port
injection hydrogen fueled engine

Tablel: Engine specification

the next flow-split. The last discharge pipe wasseH Eg?éne parameter llc?cl)ug mlr‘:“t
with a cup. The flow-splits are connected with eachggke 100.0 mm
other through pipes with 0.09 m diameter and 0.92 nTotal displacement 3142.0 @m
length. The junctions between the flow-splits ahd t gO””eC“”Q rod length 223-5? mm
intake runners were modc_elgad with bell-mouth ordice m?;‘,‘(grﬁjfv'gnc{j‘;'e‘{ VG 96.0 °CA
The discharge coefficients were also set to 1 t@xhaust valve open, EVO 125.0 °CA
assure smooth transition, because in most manithkls Inlet valve open, IVO 351.0 °CA
transition from the manifold to the runners is very?h?‘tjs“’?"’e C'fofs‘?' EVC 153%8-0 W:’:ZAK
smooth. The intake runners for the four cylindeesav Laeyir g R 30 o
modeled as four identical pipes with 0.04 m diamete pision 590.0 K
and 0.1 m length. Finally the intake runners warkeld  Cylinder head 550.0 K
to the intake ports which were modeled as pipe& wit Radiative temperature 320.0 K
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A simulation of the wall heat transfer is an 1 -2
imperative condition for the accurate analysis lod t hg:ECpreﬁCp Pr
working process of ICE. The engine model is to

estimate the engine heat transfer using Wosch@7)L9 where, Uy, G, and Pr are the effective speed outside

correlation. The original values of the constanthe boundary layer, specific heat and Prandtl number

correlation were multiplied by factor equal to 1.8, iegpectively. The Prandtl number can be expressies a
resulting in a better match with the experimentatad (55):

(Aceves and Smith, 1996). The authors were foun
during the analysis that the heat transfer coieiat

under predicts heat transfer loss. Pr=— (5)

(4)

Heat transfer modeling equations: One dimensional ) o .

gas dynamics to represent the flow and heat tramsfe Where,U ando are the kinematic VIScosity and thermal
the components of the engine model. Enginediffusivity respectively. N

performance can be studied by analyzing the mass, The heat transfer coefficient depends on
momentum and energy flows between individual engin€haracteristic length, transport properties, pressu
components and the heat and work transfers withih e temperature and characteristic velocity. There is a
component. To complete the simulation model othetealth of heat transfer correlations for describiregt
additional formulas beside of the main governingtransfer process inside combustion chamber such as
equations are used for calculations of the presmse Eichelberg (1939) equation Woschni (1967) equation

coefficient, friction coefficient, heat transfercameat and Annand (1963) equation. The in-cylinder heat
release rate. transfer is calculated by a formula which closely

The pressure loss coefficient is defined as in (1) €mulates the classical Woschni correlation. Thet hea
transfer coefficient can be expressed as in (6):

C,= P.— B Q) h=3.26D°2 P8 0% w0?

1 5
5 PU;
2 - 6
w =2.28G, + 0.0032 P R“) W ©)
where, p and p are the inlet and outlet pressure
respectivelyp the density andjtthe inlet velocity.
The friction coefficient can be expressed for
smooth and rough walls as in (2) and (3) respdgtive

r-or

where, D, P, B TgVh Gy V. and r are the bore
diameter, pressure, motored pressure, gas temperatu
volume, mean piston speed, swept volume and
reference crank angle respectively.

C =16 Re < 2000; Fg,e:V—D The engine model for Aceves and Smith (1996)
Re&, v 2 estimate engine heat transfer by using Woschni{}L96
_0.08 Rg > 4000 correlation. It was found during the analysis thaa
" R&® heat transfer correlation under predicts heat teans
loss. Therefore, for the present model the original
0.25 values of the constant in the correlation were ipli¢d
f (rough) — D 2 ®) by factor equal to 1.8, resulting in a better matgth
[2|ogm[2hJ+ 1.7AJ the experimental data according to (Aceves andtsmit

1996). The rate of heat release as a function arfikcr
angle is obtained by differentiating the cumulatingat

where, Rg, D and h are Reynolds number, piperelease Weibe function (Ferguson and Kirkpatrick,
diameter and roughness height respectively. 2000):

The heat transfer from the internal fluids to the
pipe and flow split walls is dependent on the heat
transfer coefficient, the predicted fluid temperatand @=Qin% =nx a& (1 % )ﬂ yt (7
the internal wall temperature. The heat transfer © & & 84
coefficient is calculated every time step and itais
function of fluid velocity, thermo-physical propes  Where:
and wall surface roughness. The internal wallQ = Heat release
temperature is defined as in (4): Qin = Lower heating value
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Therefore, the mass fraction burned is known as anentioned in. However, considerable coincident
function of crank angle and the apparent heat selea between the present model and experimental resuits
can be approximated. When the mass fraction bumed be recognized in spite of the mentioned model
graphed against crank angle degrees, the curvdbean differences.
described using a Wiebe function (Ferguson and

Kirkpatrick, 2000): Table 2: Specifications of the engines models
Leeetal.
Engine parameter (1995) Present model  Unit
-0 Bore 85 85.0 mm
X,(6) =1-expl- a% )] ®) Stroke 86 86.0 mm
d TDC clearance height NA* 3.0 mm
Piston pin offset NA 1.0 mm
In (8) Connecting rod length NA 150.0 mm
: . . Compression ratio 8.5 8.5 -
Xp = The cumulative heat release fraction Inlet valve open (°) 16 9.0 CA (BTDC)
6 = Crank angle degrees Exhaust valve open (°) 52 55.0 CA (BBDC)
0s = Corresponding to the initialization of heaee  Inletvalve close () 54 84.0 CA (ABDC)

Exhaust valve close (°) 12 38.0 CA (ATDC)

04 = Corresponding to the duration of burn

4 - -
. . . « P tal resul
The equation is also defined by two constantsta an 2 Prosant moder e

n where n: Weibe form factor, a: Weibe efficiency
factor which have typical values of 3 and 5 3
respectively.

RESULTS

Pressure (MPa)

Transient gas flow and heat transfer simulatiams f
the in-cylinder of four stroke port injection spark
ignition hydrogen fueled engine model was run foo t
operation parameters namely air-fuel ratio AFR and
engine speed. The air-fuel ratio AFR was variednfro - _
stoichiometric limit AFR = 34.33:1 based on mass 2180 -120
where the equivalence ratig@ & 1.0) to a very lean Crank angle (deg)
limit AFR = 171.65 whereg( = 0.2) with change step
for the equivalence ratio equal to 0.2 and engpeed  Fig. 2: Comparison between published experimental

1bk-—-===}-===-

varied from 2000-5000 rpm with change step equal to results Leest al. (1995) and present model
1000 rpm.

50 O
Modéd validation: The experimental results obtained N %mm
from Lee et al. (1995) were used for purpose of 40 b __ 2000 pm _ _
validation in this study. Engine specifications arid
present single cylinder port injection engine moaled E)
listed in Table 2. The similar engine model which g “““““
described in Fig. 1 with specification listed inbla 2 £
was used for the purpose of validation. Engine dpee ™ 20p----—--$f-4-coopoepoo-
and AFR were fixed at 1500 rpm and 68.§6= 0.5)
respectively according to. The correlation of itioyer |  #| % | |
pressure of baseline model and experimental previou
published results of are shown in Fig. 2. It carsben
that pressure are good agreement for compressin an 0180 Compr 60 Intake 540
expansion strokes while large deviation was obthine BDC TDCF BDC TDC BDC

for combustion period due to the delay in the Crank angle (deg)
combustion for experimental and difference in valve
timing between the experimental and present mau#l a Fig. 3: Variation of in-cylinder pressure againsarnk
some engine configuration conditions that is not angle
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Variation of In-cylinder pressure: Variation of in-  According to the equation of state for the ideas,ga
cylinder pressure against crank angle with differentemperature is a function of the pressure. Gas
engine speed is shown in Fig. 3. During compressiotemperature variation inside the cylinder is idesuti
stroke, the pressure increases continuously due tpattern with the pressure profile. For the compogss
movement of the piston to TDC and proceed with thestroke the in-cylinder gas temperature increases
process of closing the inlet and exit valves. Belytne  continuously with coincident behavior for the
end of compression stroke (TDC), the pressurencylinder pressure. Behind the end of compression
increases rapidly until the peak pressure locatisra  stroke (TDC) the in-cylinder gas temperature insesa
result of combustion occurrence immediately afterrapidly untill the peak temperature location assuit
TDC. As a result to begin the expansion strokerafteof combustion occurrence after TDC. However the in-
TDC, the pressure drop dramatically beyond the peakylinder gas temperature is starting decrease gdurin
pressure location and continue with small gradfent expansion stroke but have smaller gradient compare
other cycle strokes (exhaust and intake) because ofith in-cylinder pressure for the same period. The
starting the process of opening exit and inlet @alv temperature drop is continuously for other cyctelsts
alternately. It can be seen that the pressure asese (power and exhaust) with the same gradient for the
with increases of engine speed. The maximunexhaust stroke whilst rapidly gradient at the beijig
pressures are obtained of 50 and 45 bar at 5000 amd intake stroke due to opening of intake valve #neg
2000 rpm respectively. The difference is clearquetk  a fresh cool charge enter to the cylinder. It carséen
pressure location. that the maximum temperature obtained at higher
Effect of AFR on the variation of in-cylinder engine speed; however, the difference is cleaner af
pressure against crank is also presented in Fighd. TDC during the combustion period.
same trends occurred for the variation of presstitte

crank angle for the peak pressure values at TDC and 3000
beyond this point. The maximum pressure decreases a
AFR increases. This result is agreed with obseswaif 2400
(Abd Alla, 2002; Verhelst and Sierens, 2007). The )
maximum pressure are obtained of 49.62 and 29.44 ba g 10
at AFR of 34.33 and 171.65 respectively due to the g o0
decrease amount of hydrogen in inlet charge to the ©
cylinder. w00
Variation of In-cylinder Gas temperature: The
variation of in-cylinder gas temperature againstngr I
angle for different engine speed is shownFig. 5. Crank angle (deg)
50 __AFR=-3433 Fig. 5: Variation of in-cylinder gas temperaturer fo
—--- AFR=4291 H
CUAFR=5721 different speed
—— AFR =18582
Sl i 1 R — - AFR=171.65
3000 —AFR=3433
) RS 5701
< gpb--—--$-4————— - 2400 F————— 3 \———-}-——— =T AFR =85.82
E @ AFR = 171.64
LR L .;é 1800 N B S
E 1200
__________________ o
o i b e T R - o
i;l[i((): Compr. 0 Power é%()c Exhaust %ﬁ&: Intake 234[?(: ;alég Compr. 19[)c£°w 1138130 Exhaust 15];)(: Intake 1534[())(:
Crank angle (deg) Crank angle (deg)

Fig. 4: Variation of in-cylinder gas pressure for Fig. 6: Variation of in-cylinder gas temperaturer fo
different AFR different AFR
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Effect of AFR on the variation of in-cylinder gas Effect of in-cylinder gas specific heat ratio: The
temperature against the crank angle is shown in@=if  analysis of heat release rate in the internal ccatiru
can be seen that AFR has more crucial effect ofinthe engine requires the knowledge of the specific hnetad
cylinder temperature. This is due to the tempeeaturfor involved working medium. Variation of in-cylied
dependency on the amount of fuel in the inlet chdog gas specific heat ratio against crank angle fdiedifit
the cylinder. The maximum temperature for AFR =engine speed is shown in Fig. 7. Sharp variation in
34.33 is 2753 K at 24 deg CA of ATDC whereas forspecific heat ratio value is occurred during the
AFR =171.65is 1366 K at 18 deg CA of ATDC. combustion period due to the change in the mixture

Peak temperature values are appears ATDC due momposition. Effect of engine speed is negligibééoloe
start combustion at TDC and continue the combustiomombustion. While the difference is clearer after
process till finish all fuel inside the cylinderai®e combustion and during power and exhaust stroke@ue
observation is obtained by (Shudbal., 2001) about expansion occurrence and exhaust valve opening, thi
general behavior for the temperature duringmeans giving greater freedom of movement of thegas
compression and expansion strokes, which are judbr these strokes. So, for these two strokes, the g
available for above mentioned strokes only. specific heat ratio will show some dependence @n th
value of engine speed as one of parameters affeotin
the driving force for the gas movement inside the
cylinder.

Specific heat ratio depends mainly on engine fuel
—————————————————— and mixture composition. Behavior of specific hesdio
for different AFR is exhibited in Fig. 8. The geakr
trends of gas specific heat ratio have similar iehdor
“““““““““ all AFR except for the values (85.82, 171.65), Wwhic

p have small difference during power and exhausksto
This is because of increasing the air amount pargeh
was entered to the cylinder. In addition, it cansken
that the variation of specific heat ratio decreaseAFR
increase due to decrease the amount of hydrogen per
charge enter to combustion chamber.

— 5000 rpm

Specific heart ratio (opfov)

128F————————

124 b
-180 Compr. 0 Power 180 Exhaust 360 Intake 540
BDC TDCF BDC TDC BDC

Crank angle (deg) DISCUSSION

Fig. 7: Variation of in-cylinder gas specific heatio Through the previous section the effect of engine
for different engine speed speed and AFR on the in-cylinder gas flow
characteristics are clarified under transient ctodi
141 __AFR=3433 in case of hydrogen fuel. The behavior of the tiemts
ARSI E in-cylinder gas flow characteristics found to be
138 ===~ TAFR-858------=- 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 dyrin
compression  stroke, the pressure increases
continuously due to movement of the piston to TDC
and proceed with the process of closing the infet a
exit valves. Beyond the end of compression stroke
(TDC), the pressure increases rapidly until thekpea
123l pressure location as a result of combustion ocooge
-180 Compr. O Power 180 Exhaust 360 Intake 540 immediately after TDC. As a result to begin the
BDC TDCF BDC ™DC BDC expansion stroke after TDC, the pressure drop
Crank angle (deg) dramatically beyond the peak pressure location and
continue with small gradient for other cycle streke
Fig. 8: Variation of in-cylinder gas specific heattio ~ (exhaust and intake) because of starting the psoots
for different AFR opening exit and inlet valves alternately.

1369

132 === mm e

129

Specific heart ratio (cplov)

126 f oo Y ;r‘i‘—




Am. J. Applied Sci., 7 (10): 1364-1371, 2010

Gas temperature variation inside the cylinder isdeveloped. In this study, it was emphasized tctitate
identical pattern with the pressure profile. Foe th the effect of engine speed and AFR on in-cylindes g
compression stroke the in-cylinder gas temperatur@ressure and temperature as direct impact on gihen
increases continuously with coincident behavior forperformance parameters. The results have been
the in-cylinder pressure. Behind the end ofachieved by using the instantaneous state simuoktio
compression stroke (TDC) the in-cylinder gasfor better understanding of the in-cylinder
temperature increases rapidly until the peakcharacteristics variation in the hydrogen fuele@rimal
temperature location as a result of combustiorcombustion engine. The simulation results are
occurrence after TDC. However the in-cylinder gasemployed to examine the effect of operation pararset
temperature is starting decrease during expansiofengine speed and AFR) on the variation of in-cldin
stroke but have smaller gradient compare with in-gas flow characteristics. This study can be extdnde
cylinder pressure for the same period. The tempegat with other subjects such as injection and heatseld¢o
drop is continuously for other cycle strokes (powerobtain a complete model of the hydrogen fuelled
and exhaust) with the same gradient for the exhaushternal combustion engine.
stroke whilst rapidly gradient at the beginning of
intake stroke due to opening of intake valve antth ACKNOWLEDGMENT
fresh cool charge enter to the cylinder. It casden that
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