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Performance Evaluation of Radiant Ceiling Cooling Systems from a Thermal Comfort
Perspective Considering Human Presence and Ceiling Surface Temperature Non-Uniformity

Research Article

Amin Haghighi Poshtiri'"®", Mohammad Alipour Dehsari?
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Abstract -- In this study, the thermal comfort conditions in a
room equipped with a radiant ceiling cooling system with
variable ceiling temperature were numerically analyzed.
Simulations were conducted for the hottest average day over
the past 10 years in Tehran. The k-¢ model, discrete
coordinates, and ray-tracing method were utilized to
simulate airflow, solar radiation, and heat transfer, while
thermal comfort was evaluated using the Fanger model.
Ceiling temperature differences of 1°C, 3°C, and 5°C caused
a violation of thermal comfort, with PMV indices reaching
0.68, 0.86, and 1.11, respectively. When the ceiling
temperature difference was adjusted to match the average
temperature of the constant ceiling condition, thermal
comfort improved, and the PMYV indices decreased to 0.52,
0.55, and 0.59. The impact of ceiling temperature differences
on the thermal comfort distribution in various zones of the
room was also investigated.

Keywords: Radiant ceiling cooling, solar radiation, thermal
comfort, human presence, variable ceiling temperature.

1. Interduction

This study explores the performance of radiant ceiling
cooling systems, focusing on how non-uniform ceiling
temperature gradients (1, 3, and 5°C variations) impact
thermal comfort in a west-facing room in Tehran. Despite
significant research on radiant cooling, the effect of ceiling
temperature variations on comfort, especially in occupied
spaces, has been insufficiently studied. The research
evaluates key comfort indices (PMV, PPD, vertical
temperature difference dissatisfaction, and warm floor
dissatisfaction [1]) and examines occupant positioning
under two thermal scenarios. The study aims to determine
permissible ceiling temperatures, assess comfort under
temperature gradients, and optimize inlet water
temperature for better system performance.

2. Mathematical model

The evaluation of thermal comfort conditions requires
determining the temperature distribution within a room. To
obtain the air temperature at different locations, the
governing equations of mass (Eq. 1), momentum (Eq. 2),

and energy (Eq. 3) [2] must be solved, while considering
the incoming solar radiative heat flux.
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Equation (4) calculates the solar heat load as a source
term in the energy equation [3].
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To assess thermal comfort, Fanger's model was applied
under the assumption of steady-state conditions over one-
hour intervals [4]. Airflow was modeled as three-
dimensional and incompressible. The finite volume
method with the SIMPLE algorithm was used for
numerical simulation, employing QUICK and power law
schemes for momentum and energy equations,
respectively. Convergence was achieved when residuals
dropped below 107 [5].

3. Result and discution
In this study, instead of assuming a constant ceiling
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temperature, linear temperature variations along the panel
pipes were simulated for temperature differences of 1, 3,
and 5°C. The results show that as this temperature
difference increases, both the PMV index and predicted
percentage of dissatisfied (PPD) rise significantly, leading
to a decline in thermal comfort. For instance, while the
PPD is 10% under uniform ceiling temperature, it
increases to 31% when a 5°C temperature difference is
applied.

1.3

ESSPMV -e-PPD 30

0.9

PMV

0.1

12-15
Ceiling temperature

Figure 1. PMV and PPD inlet water temperature matches
constant ceiling temperature

In this section, ceiling temperature variations are
considered such that the average ceiling temperature
equals the maximum allowable constant value (12°C).
For temperature differences of 1, 3, and 5°C, inlet
temperatures range from 11.5-12.5°C, 10.5-13.5°C, and
9.5-14.5°C, respectively. While thermal comfort
parameters improve compared to the earlier case, the
PMYV index remains above the comfort threshold (0.5),
and PPD rises slightly to 10.6%, 11.2%, and 12.3% for 1,
3, and 5°C differences, respectively.

1 20
ssSPMV -e-PPD

0.75 15

PMV

0.25

12" 11.5-12.5
Ceiling temperature

10.5-13.5

Figure 2. PMV and PPD inlet water temperature matches
average ceiling temperature

4. Conclusion

This study evaluated ceiling radiant cooling and thermal
comfort in a west-facing room on the hottest day in
Tehran. It showed that when ceiling temperature varies
by 1-5°C, PMV rises above 0.5 and room temperatures
exceed comfort limits. However, if the average ceiling
temperature matches the constant case, thermal comfort
improves, though PMV still slightly exceeds 0.5. To
ensure comfort across all zones, the ceiling temperature
range must be adjusted based on the degree of variation.
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Abstract--In recent years, the substitution of gaseous fuels
for liquid fuels in internal combustion engines has received
considerable attention. In this paper, the effect of using
gaseous fuels such as methane and propane instead of
gasoline on the performance parameters of the TU5 engine,
which is one of the most widely used engines in the country's
automotive industry, has been simulated using the one-
dimensional fluid dynamics software GT-Power. The results
showed that using gaseous fuel, due to occupying a certain
volume of air, led to a decrease in volumetric efficiency, with
the reduction in volumetric efficiency being greater for
methane compared to propane. Additionally, using gaseous
fuel in the gasoline engine, without making significant
changes such as altering the compression ratio, resulted in a
reduction in brake power and torque. The results also
showed that the optimal spark timing also changes
simultaneously with the change in the type of fuel in the
engine. The comparison between simulation and
experimental results showed relatively good agreement.

Key words: Brake Specific Fuel Consumption, Engine TUS,
Gas Fuel, Gasoline, GT-Power, Methane, Optimum Timing,
Power, Propane, Simulation, Spark Timing, Volumetric
Efficiency.

1- Introduction

Spark-ignition  (SI) engines are widely used in
transportation and energy production, and their
performance is heavily influenced by the type of fuel.
While gasoline is the traditional choice, environmental
concerns and fossil fuel limitations have spurred interest in
alternative gaseous fuels [1-3].

Fuels like CNG and LPG are promising due to their
higher-octane ratings, cleaner combustion, and lower
pollutant emissions. They can enhance thermal efficiency
and reduce costs, though differences in combustion
characteristics pose challenges for engine design [4].

Studies comparing gasoline, CNG, and LPG in SI
engines show LPG offers better combustion properties,
while CNG’s high-octane rating allows for higher

Both fuels
reduced

compression  with reduced emissions.
demonstrate improved fuel economy and
emissions compared to gasoline.

This research is important for optimizing Sl engine
performance and minimizing environmental impact. It
explores the effects of using gaseous fuels, aiming to
support the transition to cleaner, more efficient engines
without sacrificing performance or increasing costs.

2- Governing Equations and Simulation

The flow model used in this study is based on the Navier-
Stokes equations, which include the continuity equation,
momentum conservation, energy conservation, and
species conservation. In this model, the equations are
solved in one dimension, and time integration methods are
applied implicitly and explicitly. In the explicit method,
the values of mass flow rate, internal energy, and density
are calculated using previous time steps, whereas in the
implicit method, these variables include mass flow rate,
pressure, and total enthalpy, requiring more iterations but
offering greater stability. The governing equations in detail
include the continuity equation, momentum conservation,
energy conservation, and species conservation.

For simulating the engine in the GT-Power software,
various engine components, including the air filter, throttle
valve, intake manifold, and injectors, were modeled. Due
to the absence of an air filter model in the software, the
Pipe model was used. In simulating the intake system, the
geometry of the intake manifold and its components were
imported into the software according to two-dimensional
maps. For heat transfer simulation, the Woschni heat
transfer relation was used, and radiative heat transfer was
neglected in this modeling. Finally, for combustion
simulation, both the heat release rate model and the flame
propagation model were applied. The four-cylinder four-
stroke engine was modeled, and the necessary
modifications for using methane and propane as gaseous
fuels were implemented.
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3- Results and Conclusion

To validate the results, the simulation results for
volumetric efficiency, power, torque, and BSFC of the
gasoline engine were compared with both experimental
and numerical data from reference [5]. The simulation
closely matched the numerical results and showed good
agreement with experimental data. The maximum relative
errors for volumetric efficiency, power, torque, and BSFC
were 3.9%, 4.9%, 4.1%, and 6.2%, respectively.

100

Volumetric efficiency versus engine speed was
compared for gasoline, methane, and propane. Gasoline
showed the highest efficiency due to its cooling effect
during evaporation, which increases air density. Propane
and methane, being gaseous, reduce air intake volume,
lowering efficiency. Propane performs slightly better than
methane due to its higher density. Similarly, gasoline
produced the most power, followed by propane and
methane.
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Figure 3. Effect of optimal ignition timing on fuel consumption versus engine speed

Torque curves mirrored power trends, as both depend
on cylinder pressure and combustion energy. BSFC was
lowest for gaseous fuels due to their combustion traits.
Though gasoline has higher energy density, it requires
more fuel for the same power. At speeds above 5000 rpm,
methane’s BSFC exceeds propane’s due to its slower
combustion and less stable behavior at high speeds.
Despite lower volumetric efficiency and power, gaseous
fuels consume less fuel overall, supporting their use in
engines.

The base ignition timing was 15° BTDC. To analyze the
effect of timing variation, it was changed from 11° to 19°
BTDC. For methane, advancing timing improved high-
speed power due to better combustion. For propane,
advancing timing beyond 11° BTDC slightly reduced
power, likely due to thermal losses. Methane’s BSFC
decreased with advanced timing, while propane’s
increased. The lowest methane fuel consumption occurred
at 19° BTDC, showing the benefits of optimized timing.

After identifying the optimal ignition timing 11° BTDC
for propane and 19° BTDC for methane, engine behavior
was assessed under base and optimized conditions. As
shown in Figure 1, ignition timing had no effect on
volumetric efficiency, since it doesn't influence air intake.
Factors such as manifold design and valve timing
primarily affect volumetric efficiency.

According to Figure 2, optimal ignition timing
increased engine power by about 1.5% for propane and 5%
for methane. Figure 3 shows that BSFC decreased for both
fuels after optimization. Notably, at high speeds, methane
had lower fuel consumption than propane under optimized

ignition conditions.

4-References

[1] M. Yadegari and M. Ghassemi, "Investigation of the
Effects of Temperature, Mass Flow Rate of the Injected
Fuel, Pore Diameter, Porosity and Ambient Pressure on
the Amount of Pollutants in the Combustion
Chamber," Iranian Journal of Mechanical Engineering
Transactions of the ISME, vol. 23, no. 1, pp. 122-146,
2022. https://jmee.isme.ir/article_253536.html

[2] A. Asadi and M. Yadegari, "The study of the effect of
fuel dilution in methane/air counterflow diffusion
flames on the emission of environmental pollutants,"”
Journal of Mechanical Engineering, vol. 33, no. 6, pp.
25-34, 2025. (In Persian). https://mechanic-
ferdowsi.um.ac.ir/article_46409.html?lang=en

[3] M. Saadat-targhi, J. Khadem, and M. Farzaneh-Gord,
"Determine the optimal algorithm of priority panel in
CNG refueling station to minimize energy cost,"
Journal of Applied and Computational Sciences in
Mechanics, vol. 32, no. 2, pp. 201-216, 2021. (In
Persian)
https://doi.org/10.22067/jacsm.2021.72060.1052

[4] A. Mohammadi, M. Varmazyar, and M. Soleimani,
"Influence of alumina nanoparticles on the combustion
process with the help of homogeneity factor in a
compression ignition engine," Journal of Applied and
Computational Sciences in Mechanics, vol. 31, no. 2,



https://mechanic-ferdowsi.um.ac.ir/article_46644.html
https://jmee.isme.ir/article_253536.html
https://jmee.isme.ir/article_253536.html
https://jmee.isme.ir/article_253536.html
https://jmee.isme.ir/article_253536.html
https://jmee.isme.ir/article_253536.html
https://jmee.isme.ir/article_253536.html
https://jmee.isme.ir/article_253536.html
https://jmee.isme.ir/article_253536.html
https://mechanic-ferdowsi.um.ac.ir/article_46409.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/article_46409.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/article_46409.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/article_46409.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/article_46409.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/article_46409.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/article_46409.html?lang=en
https://doi.org/10.22067/jacsm.2021.72060.1052
https://doi.org/10.22067/jacsm.2021.72060.1052
https://doi.org/10.22067/jacsm.2021.72060.1052
https://doi.org/10.22067/jacsm.2021.72060.1052
https://doi.org/10.22067/jacsm.2021.72060.1052
https://doi.org/10.22067/jacsm.2021.72060.1052
https://doi.org/10.22067/fum-mech.v31i2.82063
https://doi.org/10.22067/fum-mech.v31i2.82063
https://doi.org/10.22067/fum-mech.v31i2.82063
https://doi.org/10.22067/fum-mech.v31i2.82063
https://doi.org/10.22067/fum-mech.v31i2.82063

Javad Khadem, Ali Asadi, Asadollah Bastami

28

pp. 157-175, 2020. (In Persian).
https://doi.org/10.22067/fum-mech.v31i2.82063

[5] M. Taghizadeh, "Modeling and design of a VVT
system for the Peugeot 206 engine," M.S. Thesis, K. N.
Toosi University of Technology, 2013. (In Persian)



https://doi.org/10.22067/fum-mech.v31i2.82063
https://doi.org/10.22067/fum-mech.v31i2.82063
https://library.ee.kntu.ac.ir/page-libece96/fa/84/form/pId18662
https://library.ee.kntu.ac.ir/page-libece96/fa/84/form/pId18662
https://library.ee.kntu.ac.ir/page-libece96/fa/84/form/pId18662

(FO-FF) N FeF oF PVl s illons 5 (53,215 psle

Z

R

Swlfo 30 (Fluwlxo g (50 9,5 pols

http://mechanic-ferdowsi.um.ac.ir Wwi,.y'wﬂcﬁ

&:/”‘é’»ﬁlzb
* ry N d & & . -
TUS 9590 8 5los p oy 39 Sbm SIS gw (230 F1 (Giluand
® ollacs Wl RERTX WS Vsl sl

d-110.22067/jacsm.2025.92686.1326

5 sl s 3y Al Gl sl s 5 sl Sloct e sl 4 (IS Sloct e Sl ot elale > oS
il S as TUS | sise o0 Slas (sla ol (5o o s S 40 Olis e 5 Olo (555 (slacs s i oslizal 30 50 dlis 5 .ol
@L"J.w/a,u s ilwans GT-Power suew < oY @Q;J/J;j/faf'J‘/a;[&,«/@W/Jﬂgjujj{,&@w): Loy siso o o3 15
03 o= 03l LS 5 55 ey sise 40 e 03L SRS 4 zmie [p8 il e pmm S| 3 40 (1S C g i oolizd 455D OLE
o o I ol Dl Sl Ol s 50 00 G Cpen Sl oalizad o osdle o Ol gy 5 | iy Ol SIS 3 50

G (S (A0l s g0 42 ;},ﬂéf'ﬂgz/‘;guﬂ 45.’/)JLL'W@LD’,JJ;&&)‘}“J}M}J[}_’“uﬂul;‘%’j?:;ﬂ;ﬂj/J./“

S O ) s b BT T 5 (il S e el Ll o o dT 5

GT-POWer & = s 0lo3 (38 o g TUS 550 g5luans (Sls” (SO 319

Sl sl sise in DI el Gl ol laay S
o sl wdle o [45] daes Cgy lame 0 s
slasza Jals 5 H5se GOl o35l a4 iS5 e
il ola S5 s cols - ol LS KaS Slles
b s 58 sl L, 5 Gl (5 wad cs e
deidl ey oloane 5 Ab oo 1 Gl
S o sl (gla3
boodde L D550 3 See 0 lanilie L)) G
Compressed ) o> id b 518 ¢ 5o o s 3l eslina
Liquefied ) oil wlo & 58 5 (Natural Gas (CNG)
53 A el [6] Vsl L.y (Petroleum Gas (LPG)
Loast o 53 ol 3 oo a0 sl Lol hassh
S S5 3l Fr e oldl ¢ LPG 5 CNG (5

Email: a_asadi@bugqaen.ac.ir

Ao e
« (Spark-Ignition Engines (S1)) sl4d > Jlil sla, g 40
S Gl Bl e sse pll n sl S S Ol
3 8ks A8 e il SIS 5 B Jer Cais 53 cege
3l 3 s S g g5 S s Ddd 4 s 5
Wl e gt 5 Sopd G Shs (o gy
LS o s |y Laed VT SLEs] Olses 5 G0l 0330 (Gl
i g ald by gge ul 53 (Few S g Olge 4
Ele Cossdms 5 ae Sy b 4 g L L
68 slacs s aile u—ij—<’L>' sl g Sleslanal ¢ A

J1-3] cosl a3 S 1 3 a 55 5550
3 Fed St GG OlSTane s 4 (56 slacst s
Glee S35 S AnSTss dile ae laed VT zaS Lix]

Al e VEORNY OT oy g0l s VERTAYYE Alie Sl s

_L:-J:.' 4.1.';3-_/,:.3 aK.f.J.: ‘J.«J;.g.a oISl 4&5& J“'J"é"’ 5345 A)L:.i.'»b (\)
USB oLsB J@S)f AL<~':~.V\} AJA-LP IRt ‘u<.;.vb/w JAW a)jg ‘_)Libl:.w‘ ‘djiw.a a.k,'w..l).'» (\’)

A iy o (g 0 ASEI (S wdige 03, ) ulis I8 (F)



https://mechanic-ferdowsi.um.ac.ir/article_46644.html?lang=fa
https://mechanic-ferdowsi.um.ac.ir/article_44386.html?lang=fa
https://doi.org/10.22067/jacsm.2025.92686.1326
mailto:a_asadi@buqaen.ac.ir
https://orcid.org/0009-0000-8495-4298

TUS s 0 Slas o i slowr (5 ot a3 L (G il

23 S5 B ran 33 e S g (S35 5 Shes LPG
OLsl 5 o Gl 5l S LPG et s 5l eslanal Il
SLir st 5 1S deS (63 5 denS go alar I Laod VT
el gy I Sl meS an gl

2 ey 5 Saisl Dud b salie 5 e p
VU L ol b o QLS5 5 Ol s  asiesl iy (sladdat
@ade sbsluans sy 4 plbe 5 Ll b wlie
ol 5> A bl 18] OIS 5 o o 5 (S 3 ks
OF Jols Oy sl dider el [RalS o 386 S rasyy
055 S bl il S s 655V 5 JUs &8
A oslanal bagiluans 53 5 3L anw s B (gedd iz
Sl G B mhaw 53 5 (Sl Cud ) sl 4
Slaml Glaysise s Mhas a0 by o Ll s bl 5 (ms >
ool e ($38 sbgileans @lzj A ol s
a5 O S s sl 5 r by o Dl 5 i e i
S (3l a3y Ol 5s A e OLAS &S Ul L
ool YU gilegd, oo bl wlie Ct g 50 o
s ey LG

G Sk 5 RO 1] OLKes 5 S
S Sl ealinal b (a8l 015 W5 53 ) (g5 S e
S50 S g LS pwyp Gl s Gl e
Aoys Y5 LY L ole 5 01 51 Liliie a5 eslina
VUL Ll o ys a8 sl QLS Eb 2 S LSl S5
Glawglis LB 5 015 5 (ol ea3k il oS 5 58
o33l S oL b ol Rl s Ll das Ll s b
oD 355 5 5l S Loyn YV s e esls 0L 5|~
Glaodo¥T j5 Ao 3 00 b 2als 4 e =S58l
S a5 b aeglie 53 NOX 5 S 4S5 50

S8 Sl a5 0 Ol 5 St 5 Gl slad]
S Gl sl Olye 4 sl @35 5 el s
Shoslinal (J= opl b diS eolinad 28 08 sbas b
oA L s Sl slaysise o pallbt gl s 8
LSl S5 L1 0T Ol e a5 ol ol jan Ol 5 4 5 LG
[15] O,Ken 5 oo ik ls S o glacs o ulo
sFe S Shes p L gds B L Oke S5l

j.vdL:.A ol a)jj'.é\ le.ﬁg:,\...w.r ..U)l.})\} R J)j.ﬁ 6\45j>

o 033k (Sl Ol (o Ol il g Shes
Lo s 93 L o b pezn 5 (S50 5 saem 033k (5, SIS
ol ugi@u b 8 15 anllas 3 0 cilises glasl 5 oals
5 bed (b sl Sy slls LPG s S sl
Al e S

Olye wCNG (35 2 sy 02 [7] OLer 5 Sl
arlllas (143 2 Jlandl 5 5udilEsn 5550 55 ol s
53 Gl il e VL OLST sde S 5ls 0L ol mls L3 S
G e s il (See SU ooy 05k VL (SIS o s
5t gl glacy Soodes dex 3l olbseVT Lzl ials
2y (S A s

255 03 (p e b aslis J3CNG Coles 5 Ll (ganlllas
Lol aasn L el [8,9] OLSen 5 [ pls) ban
Grofes IS byl Sl s aub 84S sl 0L
Dle 5035 s 31 SO Gt sl asls s 4 Sl
3 R U5 n i b SN o M5 oSS s (6 RS
Ll Wy b S8 L aslis 53 1) (6 28 ol A4S
Gl s gadbels oS sl Ol 5 58 b
A r ol (S a5 se 3 Shes e

23 Rk et Olpl oSS s [10] OB,
S cils bl gy Ll el 4 5538 Slas g 5e go3 >
S G S ge Gk boagrlge s e
Sen s 53 A3 e 50 S5 ol Gl SIS s
2 23S 8 adlee sy Sl 5B s S S5
I g 85 3l3 QL gl S el 4 sed Sla) 50 S5
53 Ols O3ls s Sl o e 7l e 55 Sl
By g ) At e s WA S £

bl Jlsdl ales Slexr H5 SSos Shas U
5 ol g Sl 5 g G Olse wCNG S eslind
Ol s 58 a8 sls Olzs ol =l L3 bl [11] 0,
Slae VT a5 350 o s [y 5V 0S1 5 o sl
el op o 3l 1S O Bl 5l 56 el e

S 4 LSl e S [12] OLes 5 sitsle
Ga s S adlas Sl Cxt s Ol 4 LPG e s
Lo sloaVT 5 5500 5 Shae plulis LOT Lol
s g a5 3l QLS cl:q S caises glacst g 31 esland

PFOF Oler §last quiia s oo Sl

Sl s Flalons 5 (53,05 pale 4



AR

oo Jlb] —(sd] e —ruLs' Eypes

Loy 00 B 1, Ol [LESl Kl o 5 035 sbaml | (g odtikem
Aay rals

3 Sl O3 o S L [18] 0L 5 KL
S S35 sed VT (s3lulir OSGl (o o 035 25
SRl il G 3 Sss Gl 3 S el 1) lae 5 L s
S sl VT Slaseie 5 S el 055330 3b 5,50 s
035531 48 ols Ol mls 5 S Ll b S8 sla, 5 s
Sbosl s s 5l &S a5 e N2O LS5 4 e S sl
Opse Sl 3ledd sl3T SLisel S O genldenST 5 5 e
Oloman NO w815 05 o LS23 Gl il 3 =150 b 5o
bl il o oS NZO Oljee 5 ol I 355 55 oY
St 5 eslellS 55 NZO (VL ol 1
SLigel 05533l &S Jb= 53 women Sl oY ol
Ll b s s o il Glasl gadkaie 53 1, NO chle
SLl el plad sl S 55 NO chale (g 58 sl
e e olis I,

wt g 33 gy 31 [19] OLes 5 5,1 GSos a5
Sl QBT 5 0L 5 Olie Lils mds 58 (sl! sNH3 Julis a8
S5 Bl Sleds L sailes Sl oK 5550 S o
S 33 3 V0t Hse e 53 (P A«
b Soses S s 6550 3l Cond 5 VA 3Llen
Sose e 0> alS &= aS sls olis @L“J ISV IPHI P §
Cod Rl L Sy ssb a JS Gl 5B 5 e sls
olie ales a8 = 0T 51l poesdle g 955 Sl
o Sy il sladd o sy Olo (sl HSOlbe e sLES
U8 SFlal ot 4 3L & das e 0Ll s 5 o0
Ly )55 5

i 033381 oz s Gk L [20] 0, Kas 5
Sozestr ORIP Sl el s sl s S5
Gl Jil judes Sl L5 S gadlas 4 Sl >
VL el s 0 el S (550 0 Rl ol s
Shkes 53 NOX W55 2alS sl s 2 glasl8 Sl S5L
Olge a Olgy 5 Ol 3L Gl >l by Fals e o
o 8k laanl, L us Ol v.:._ikaﬂ sles o
Lgdwig;pﬂ)wéb:ngé\ﬁ@%)bé\c})aam
L3 I S5k o5l o 13 0L ol LS eslizd oLl

D353 4 sl Ol i 3 oy 00 5 YO s Jge sl
L Gl Sty b gl gy 5B 4 Ol Ao s YO
Ll B A3 VA Dol Ol falS 5 il (g5lLL
sl 4z g5 38 4 Ole o3 00 035581 pizan
oA b S Ll Sl Sl Gle S5 5 ea5b
s Aoy OF L Ol5 mals & b s ok

e pin Gl Fl el s p 4 [16] DL 5 Olei s,
JS Slpml sy o a0 b 58 Glasgise 55 Bl el
Coda b oS astls yy alaioes i 51 eolizal U Lokl | e
b 8 sl s Ol Hlil Jals 5 s Sles s
L oaiises i SO By ool 3 Sl 0l b Sy
4 5 5w s 3155 b S Bl gl b s
s RS 5 el b Bl Aol b S w45 S
LB Ole 4 Olie SLaml S pl s s S LSt il
S Bl sl anlie gl ol sl er s
abadon i 3l eslinad b LS pagde 5 b el i
Ol sl plil jdidens ST 55550 S S0 ol
b 38 ) esliad b alaizes [y 5l eslinal | Lol o sl
Olse (NOX L] lez.ﬂ Sl ey Gesgdeme 3 Ll e
L oomen s ZalS Lo )3 44 B VO a0 1) Ol HLE]
53 NOX [Lasl o 5 = s A=l s S50 5 eslanad
SIS o8 ) ke i iy Sl eslinad b Lol
5 il i se ed glais sl alie &S il 2als cela
Cole SlhS 1o 8 ) spd s Olie Ll Olpe oS
el s slay g 51 a8 Ao ,3 48 L oS Ll 3L

JUd 4 e ol 0550 BY) sl e
Loy o el [17] Oes 5 (b by Cots Goo 5
Slessdoms Slsles SV Salys (5luand 51 ealiza
Gy Sl estinal Ol 5 a3 5 eas WU LES b o s G
NS S P NP I ST O (TRT-TH - APRUWIERR-t RIS
5548 bodleler Sop o5 G eddgsled e 5
48 gozes Jlgzr Sl de Gl g b B ks G5
SLas Ol Jled) boestl ol Sl ol Cileses Jal 2
el o leana Yo alS b ol DL Gy 5 G s
5 E G'f”-‘f' L Voo L3 o3 St s Goyy a5 sl QLA
0503 Bl e 2 WL S e s 51 5 4 53 110 55

Sl o Glwlms 5 (52,5 psle 4 0

VFOF Olr Splont qutia s e Lo



TUS s 0 Slas o i slowr (5 ot a3 L (G il

vy

585 S S s 501G ol Ll eols 5L (6 2l Ol 5
Sl Olas & dlan 3 sy onl Sl skt ees 4 3L e
Y sles ..»dea oslatul ol Jls e 5 3L 5550 65 SV b
Loy bl S Gl s @ Gl e Gl (i

NGIH VR LIRS

dp
- = M)
it +V.(pu) =0
Opu _ ™)
—+V.(puu) = -Vp+ V.1

ot
dpE —
% + V.(pEu) = =V.(pu) — V.1 = V.(t.u) ¥)
apy, —

gtk + V. (pYew) = V.1, + &y ()

s P cbleY, LK:A;)M_G Il L;K:;poi); LY

E ok ey 6358 5L Te Jlw 5LaS P25 55l T K

S5 Sl Tg 5 oK sy Mg 5 G o pate 3
el 4zl ol S

Silwand

GT-Power il 5l eslial b siluand ploil (ol
ol oo sd a8 S R s meal Hsse e e i
Sl ot gl a2kl (gilaans sl oS3 Il
ol a5, Dlasie Al eslaul Pipe Jae 51 s es
w323 Glod (o 25 (oA 5 s kb s S
5 sl Jlasl s 4l Jlw aJ gl Lyl 5 5 3 Jsb
A B s oyl S bl 5l e s s

i, S ThrottleConn Jie G (gaze 55 (s3lwans sl 5
s fels Jde onl 53 (63555 4 by e Sl &Sl
il e S s sl s b ol

S iss caadkin i x5 5o dle I5m (63555 st 2
Ary Sl el 3 by S 5l el (A e il
w5 S Sl gbdd 4 b aaka i
Ale 5 3 b g e 4y 8 Sl bS5l w0 bg e Slasite
Pipe sladde 51 b Siy opl (Slwand Gl 0580 2000
et 3y opl ol 3 S eslinad (sl Fsplit 5 ()

ks O1 31 oslinal U Ol b ol ol 1 W siie 4 oy 5o

Sl 3l s el Sl 1 SOl ose e o~
alad glos 15 235 Ghy Jsems D5se SG S 5l
sl T st o s ol
L g g5 45 Mas e DL iy Slaslass: sadlas
3590 1 st Dl S0 Bl las g )3 eslinul 5 50
Glandlas b ol (655,50 ool 2l ol baetNT SLasl 5 5 5
e Sl S g U G el s S
5 0l8 s oskiS 5 Oly dex Sl e g3 Shes
CrF oy Sotgm O pan ez 035k (SiuF HskiS
rL>_L;\ o & 5 (Brake Specific Fuel Consumption (BSFC))
03381 535 505 7S goslinul @ az 5 b 5 Luly nan 53 355
o dlie ol s iS (legs Cae 3 TUS 54
atls » GT-Power )\;elps el b 55590 ol (gilaans
tlin (akow sy a5 Sl S oo 5l OLiabl 1 ey S
OS5 ple o 5 L 50 (93 Shes Sliasiie
ks Glacdls 55 55 8 Dlaie w5 alie 4
AOLL yoab astls 5 Obg 5 Olte ¢ i Ot g 5l enlinal
o opes8 SI s 5 8se Ol B Sheg g 0L

A3 S s

VSL‘» VYales
b OVslae ol dlie s el 550 GL> Je
e ge Sl (S gy Vs lre thels a8 asl e WS
el dny G s SVslee el boas S 6l 5 551 sl
e 53 kn psb 4 palie gan S el 4 g e
52 Jols Gy JISEH s L e 4 S k0 55 OLAS >~
S s Jm sl Gl cul e s sl D
ol 53 el s 505 S (e 5 el e
Seslinal b J&s 5 Jls 550 (o g5 olis )
Ol g e als ol by G (golsly SYoles
Sl rlf;\ o3l b S g om0 SVolae 534S
SIS sk 4 e et adI Sl 5 Slinte 1) 5 S
Ll glagsluans gl GT-Power )\plps 23 e S
sl el s (Sdssda sbatees 5 L3688,
(Je sl sl ine pas gy o bl il s 5SS
LSS s el e Sl S BT L e

PFOF Oler §last quiia s oo Sl

Sl s Flalons 5 (53,05 pale 4



A

‘{olﬁmu ! —&J.«/L{LG —raALS J[}e-

DAS T edd et Bl e slos J Gl sl g4l
A as S La s
Gl XS oo Wl 550 S 55 age B SIS o
Sl Jla5 5 Gloy Coaal Sl 5550 i pl (S3luans
woamy b elSol) 5 Wtis et Slascin s s o
53 5 0L 3 555 5e SIS e 51 48 (Gl 53 laald
St Sl S Gl gse 53 il odd e i30S
S S 5 ol JUS Sl oslined S5
St S| s ol sl I S e Ll (5,8
Sl (1) S5l 0dd B G e i
Ol 1y Ly sS85l 5 i ot dpa Wpie ol bl

.Mbdn

1 B Be—g.
_|air-cleaner|  pipe-te{man-01

extendmanlfold

ManifoldSpipe-01

"
f—

m

=
fu
b
2
1
B

N
<4

N

env-01

ManifoldSpipe-02

ManifoldSpipe-03

4

an-fs-

o]

=]

0—*-@%0

0—*-@%0

. extendmamfold 01

0—*-@%0

. extendmanlfold 02

0—>EI—>O

. extendmamfold 03

mas yozme b lpn (63555 Wstin w1y 35 S (Siluand ) S
Lsd oo (Sl laaaly o g ad ) Sl

Pl V7 g8 3l on e s Sl e g L
Clsw 33 5 S SPhse 55 ok Gl Wil
YV s Plsm Sln pre hE A S b s
5> 3 S Bd e e Y0 (s 2 Sl sl s ek
S Cla.in ck.w Saewloes gl -l (g 5ladde Dlisls
258 on Sl eslial sy 5e s 2 53555 0L

AlF ratio Jae 31 4l 5550 50 55850 giluand gl
Lo,y oS5l 2L 3,50 53 ol gawie 55 A eslind
S ol 03 Hly C g A3 5 S g 4 [ D
oy S pile ) 0 A ) 5 g0 53 e s g

0O s .mJSJabJ oY fam)buwﬂ.&o):j

® M=

intport-05 . \
°
Cintrunner-01  fsintphrt-01  intport-01 L
° =] .
] N
. intport-06
1 2
°
Cintrunner-02  fsintphrt-02  intport-02
L2 ; R
°
intrunner-03  fsintph . intport-03
1 2
°
. intport-07
Liezi2 ;
°
intrunner-04  fsintph . intport-04
1 2
°
. intport-08

GT-Power s 4l ;45 4 Slr S e SSled ) IS

Sl o Glwlms 5 (52,5 psle 4 0

VFOF Olr Splont qutia s e Lo



TUS s 0 Slas o i slowr (5 ot a3 L (G il

AR

ol o a3 § L3 s v YYY Y YA Ly 5 4Gy, Gy
[21]

Jlazil slay 5 50 53 il &l JUsl &S )l 4 e 55
Shesls Gl ppm bl Sl JUSl & s gl
Ao s giludde s b o)l - Ll

sl Fr dhe 8 53 5l Sl Giluand ¢l
Sl o5 g ks S elinl dad ok e 5 Sl
b e byddes 5T 5 sae B s sl il
e s ek ileand 5 Olasie Al ab S L s
() 5 () ladsdr 53 5 4 o dlie 5o eslinal s 5
58 ln 3L sse Dl esS e el 0l e3ls OLES
5 0ke L3 51 553 Jhe gl 5 el sgise nl 038
ssb w &S Gloss Gb s Salg o s S esliad 0Ly
GT- 55 TUS w4l S5 ol iloinnd ok Olgs aod
(Y S8) as rl?d\ Power

Wl galaly 5o 5o ol JWE) gleans ¢y
L& eslnsl (Woschni Heat Transfer Model) .55 &)l >
135 o0 Al 5 Q)M@‘Q)lf-duﬂéf‘@bdlﬁ
Q = heAcy(Tow = T) ©)
S8 sl T odde &l JUisl ehaw Agyy ol s &S
sl o o he 5 sl ol glos Toy didews |15

he = 0.03 B~002 pO8y08 T ~053 )

:.,\Jgac,wq;gﬁ)'hgda_gb)'\ASQ.N\).,\;.L:MJ}l:)'\fJaM}:ﬁ

V=¢S +cV°‘Tr(P P.)
= —_ v
1°p Zprvr m ()

bl r—?=>'vd O gy Lo g0 C,&Jwgp ol 5 &S

alas) YM AS) 8}‘M°MJ erwfﬁ) ‘)j;'}a
o5 5o oL Py (s e 48 8 055 (655,55 Dl O At
35 pslis 5 (Motoring mode)  Jls S5 5 50 Il s

ol s s el (Gluand 55 e Slasle ) g

Sl Slasis s Dldde/ Slasein s
¥ o 8 53 Sl sl TU5JP4 o5 el
A mm) A Sl e 5 s DF S
P (M) s g s | b i S g
‘BTDC) 3905 Pl 043 5L sl \OAY (CC), 5550 e
*ABDCO" 63355 Db OAE 4T 4315 YAD (Mm) ok Jsls s
‘BBDCYY o Plise 03 5L 4l AY (MM) O gt oy S
‘ATDCY A Dl GAS s YO (mm) o 5Ls Jsb
40 OLs| o 5 S s £ 55 AR WS
AR (MM) (3555 Gl b ¥ BENIIEREN
YY/0 (MM) 5,5 Ol b S2000 ECU ¢ 5

J.pb- 4.“.&&).}5.)[45.:_«4\.))}‘ R Slasin ¥ J}J}-

i/ Slas i o
Cr.sobhis s il J g
VeFpY s e
Vo« (kgim®) J&o~
¥ (KIKG) s Ol sla S
ff (MIKG) el o> 23
e S S gl S g L
10 oSt sas

PFOF Oler §last quiia s oo Sl

Sl o sl 5 (62,05 pale 4



oo Jlb] —(sd] e —pal ol

Yo

.H . w. .
= G
i

=
intpait-D5  intvabve

_MM.vW..u

. |ah-cleane: n..:npw._nu.win..s.r man-01

o T

.nx.-;.ml.yhn..ﬂ . exhpan-DS 470N

LTy X 12
@ = @ E @
. ntvalve-D1 cylindeil | exhvabe-D1  exhpor-l1 14

. B RSN RN RN
.mw.h.A....K.|VM|VD

= 7
= € =
. inganeDs | intvalye D8 T S i DE | exnpanDb 173
1 2 i 2 1 2
P V_U_ﬂ mm... 5 |!..4.|v_. To
intpaik-02  intvalve-02 . |eylindei2 | exhvale-D2  exnpan-02 1B
OTu_A *
s o W : ;
= % 1
o e .uA.|v._. TO 2 R i
S ow EEE @ @ @ g ——exhvae-D7 | exmpan-D7 176
i 2 i 2 i 2
o — i 5] i@ E o
2b%ntiunnai-PI126Tsintgh 8503 17 intpa-03  intvabve-03 cylinderd | exhvabe-D]  exhpon-03 18
! e | -1
4 k)
o s | . _.Iva
. 166 intgan-B7 intvabve-DF st vt v wlOW v v ue w3 RSN ¥
1 2
o | T — 6
G e @ @ © @ | exhvalve-t8  exvpan-f8. 179,
i 2 i 1 2
5 —5 & = o
19 impan-dd  invalve-Dd | expnbd 20
1 2
4
: S E o E e e g s 167:intpait-08  “istvalve-06
= .._nl.mr._x
nr 2
B A

VFF Gler Slot qniés 5 o Sl

o —F—L—J

GT-Power L33l 5 53 TUS 555 olgs (3loannd Y JS02

P

basles &JJJL{/’}L‘ L

i

Sl



TUS s 0 Slas o i slowr (5 ot a3 L (G il

\id

160
Present Work
= = = = Simulation [22]

150 [m Experiment [22]
-
E 140
€
w
-]
g
= 130

120 =

ol 1 L

1000 2000 3000 4000 5000 6000 7000

Engine Speed (rpm)

B S r L JCI -

400
Present Work
380 — — = — Simulation [22]
(] Experiment [22]
360 =
0O
340 =
-~
=
%32(] =
=
o -
h-‘m“
W
-]
280 -
260 =
240 -
220 IR SRR N | IR EERNEE |
1000 2000 3000 4000 5000 6000 7000

Engine Speed (rpm)

DF 3 LE e g S P Sers e S pae PSS

S8 S g b g0 3 Shos 5 fol> ol
o sa) 2 p3Y Dled bl 5 S aeslzel 51y
gl 558 55 Gleand Sl ol mlS (giluand
s S alas e e DI L

e 003b Gl e galie (V) IS
OLES 15 0L s 5 5 Ole g 3 ot g Sl s 55 5 5550 Loy
2 oFy e o3l pd e edaline &S boles das o
oS Olia 3l sl Sl s o mi oy 3l eslid S
Slsn e 4 Jtls Bl 55 e ez e33L 5l |y lis
5ol S O bl e S sl 4 (63505
28 A e gt 5 (S G Shs AL Lo
L 1sn ol Sl s i o8 b e I @ e

@l:a'
g

SRES Ol g 033k Lo el s lasl s 2 Sl
bt Sl aal Cows 4 305 (SoRs S e
alio [22] pr o 530 5 ARG @ L s 5
s e e dalin (F) B (7) la IS0 55 45 5 5boles s
[22] sode i b o Sl Bl o=l (sleand
Gla Sl o)l [22] ARl mls b o Gl
AT s 5 sl e (Sileand ml Ole oo
IS S5 o U5 (1 KD e o33k 612 [22]
e S g S ran 5 (0 JS3) ($30 5 s osleiS (¥

sl Lo p3 Y S YN FA XA CS 5 (B S e

100
95 -
= 9k
&
-
2 85
-
=
m 80
]
E
g 75
g 7
-
° 0
- 70
Present Work
65 = = = = Simulation [22]
O Experiment [22]
ol I [N

1000 2000 3000 4000 5000 6000 7000
Engine Speed (rpm)

)ﬁf@&ﬂwﬂwu)l{v‘)ﬁ

80
70
60 =
=)
Z 50
o
=7
=
@
2 40}
A
0
Present Work
20k = = = = Simulation [22]
- (] Experiment [22]
Yy — | I 1 I T
1000 2000 3000 4000 5000 6000 7000

Engine Speed (rpm)

SF P LS e g S S e OlF PSS

PFOF Oler §last quiia s oo Sl

Sl o sl 5 (62,05 pale 4



v

‘;olﬁmu ! —‘5.1«1/04/.& _f‘)B J[}e-

Ct gl eslinad S sl i 558 55 5l o
St b e 08 Sl Oy S b s 015 (38
03 5 el VL (551 s lls cpyu el rin Ol
Lol &S A8 o A5 (b S35 pmm Al o 4
5 0hsn SN S Ol asie oS s Ol I
S Slizen Ll S o 5 Ole 4 o (6 28 (5551
5 dbasl gl (opl p oo Lol 1S o Sl ol (g5 5]
5 S Bl S Gl IS 4 s 53 Bl s e
il e Culg s el l &S S e sl 1) (g S8
Sl Loy Jds a4 Ol &8 b 55 350 0 55550 Ul
© Ol GRS s Ul S 5 I s et
S o 5 b n 5

e 1y adlllas 3)5e 5 gse (g5 55kES () G
S s Ol il glacst e L )i D e
Ol 0 55 o8 s ol G305 (s 2 Ol5 b alds (5505
S dels laslis 5 bajades b 5o el A5 (655
ls (Ko Gl

S d Sl G ey S B e Shemlis
231> OLS (V0) IS8 53 55 0 L o o 03lial 3 50
G059 S g b 20 355 0 odalie a5 5 bolan .ol ol
Loosse Cands Sl 2l o5 s Sandy 03 S
s w0 g cnl ol Ol 5 OLs 68 slacs o
ol st s 3ol la S5y 5 655 J&s slac sl
wlie 05 W5 sly 5 ol 3 G55 S8 s
ool Bl gl S W 4 bl 5L g S o s
213 018 Ay 03 (6 e S g e 355

slases 53 aS ol Of (OV0) JOSISEIRE VI U RS
Sors S bas ks oy Ovre s 5l SV
YL Glayss 53 558 0 0Ly 5l min Ol b ) S50 (550 5
Whsn 5 niva Semd Fomb it o s 4 Olie
L ogse o8 es b gl BB G55 Sy 4 Ll e
alie O3 & Oy 510 oS 3 50 on ol s S ey
23 b Slasd O pae Ol (6l Sls b 0Ly b
Sl 65V OLST sae (glyls Ol a8l s 4 YU sl e
orlapd S Sl ol e il oo dlazdl 5 s

wdls Sl G S P e &S 5 e Dol p s

OF B (I3 5 1sn les (s sl 5 05
oz 033l Sl Bl g sl Glam s el pl &S sl e
3l )8 oo 4 Ok 5 Olsn (blis 53 A o S
S LS oo JBAT) o955 lsp e S st 5 L
I Ol oS br O 5l 580 gz 033l SR8lS 5o
L gl 52 b glonn 516 S e 0,15 Ol 4y Lo (6 0
Ol 4y S VL ez 033l 4l 3 503 S il
e Gl 53 50 S50 5 s Ol saalie 35l
s s e (O G g 5 5 S e Sl eslaza

RGPS WA K QL:.; (/\) Jg.lv BE] )j;j"

100
I —+=—— Gasoline
o5k - Propane
s ——&——  Methane

=3
n
U

Volumetric Efficiency (%)
b £
T T

65
ool U
1000 2000 3000 4000 5000 6000 7000
Engine Speed (rpm)
)}S}A@jwwﬂw»ujl{ VJ&..J
90
80
70
60
Z sof
=
| N
@ N
g 40
£ r
30
20
——+—— Gasoline
ok - Propane
——&—— Methane
ol
1000 2000 3000 4000 5000 6000 7000

Engine Speed (rpm)

J}S}d\)&ﬂWﬁd‘j/\J&&

RS d\‘):’ LD}»;L;‘ odaline (A) L}i& 53 Ly )}buw

Sl o Glwlms 5 (52,5 psle 4 0

VFOF Olr Splont qutia s e Lo



TUS s 0 Slas o i slowr (5 ot a3 L (G il

YA

OV K 5 38 slacs s 5 sy 5l eslinal Calis
o bl 4 ol 3l 3T F 5l e sl DL
3l S Ll s dad Cs e S Ssb w5 s S e
I s Bl Ayl 8 5, e Sl sl e
Sl sosse Jgb 1l Koo Sl 5o 51 5ol S 5
o3| BLE1 S oo sl 31 (5 5aS o3k L3 Ly I 5o
O oty 3l osliad Sl s Bl 5oy Jsb e
0351 ol el 0o sty Sl ezl Sl 51 S 5
0093 Jgb o, Yo ams 55 5 Ol S g 3 dlad S
Lo sge 3 aad 28 oty Oal 5 g5 40 Zel Bl |
Ustin & alad 3586 55 ediy cpl 2 pd e s Gl 2]
Ol 5 oo 4 2 husle) (ilwaing b oS 3l oo BI85 150

..sb)ljédj;ﬁwdbtyywlgﬁé&l},\}\:

0.1

0,09 - ——=—— Gasoline
K ———t—— Propane
@ (.08 ‘ ——&—— Methane

0,07
0.06
0.05

0.04

0.03

Apparent Heat Release Rate (Normalized)

&
. o o

L = e 151 PEEN SSewd Wi Bmy e ke

2010 010 20 30 40 50 60 70 80 90 100 110 120 130

Crank Angle (Degree)

N R 3 PR A R

I 53 5550 U8 2 4 sag 0L S
5938
S o el 31 13 a3 V0 53 48 gduOles by Lyl s
A0l (nl oS B ol 3 Al e a3 VO LN
S gales pskie pl (sl a8 e DlE e 250
B ol 4 s S s Y e L s 1A B )Y
ol gy 4 e B uiled 3 3l 5 Sl
A
35 6l L Oly 5 a0l e U (VYY) S
sdalive a5 55b Olesn . das o OLES 0L s 0 5 Ole (538 Ct 5o

UJ@GWJJLSJ:)}S()JJ@J)}O)}M}Q)JEUML

b 5l mi Ol LYL lays 55 (6505 o5 O s

:J’“’d‘
170
- —+——— Gasoline
160 == Propane
B ————— Methane
150 |
140 =
_
g
Z 130
=3
Y
-]
120 -
o
=or
110 =
100 =
90 |
80 T I S N | I .

1000 2000 3000 4000 5000 6000 7000
Engine Speed (rpm)

)}:yuﬂwﬂ))bﬁf C\JQ

[
[
=}

2 [*] (]
= =3 =1
(=} (=} =
UL L R G R R

BSFC (g/kWh)
ra
£

220
200 -
- ——+—— Gasoline
180 = ——fe—— Propane
- ——&—— Methane
oo 1) P - IR |
1000 2000 3000 4000 5000 6000 7000

Engine Speed (rpm)

DF P S e > (S50 (S0 L g B e \'Jﬁi

o S16S das e 0L (V) B () sl S8 el e

3 05 (e 033l (38 glacs s ) eslinad S s

Sl e S g Sl esliad Sl ol [ 8se sleiS

S S Sl 5 glacs s e Ll wol il

o3litul el g Sl A g b0 onl 5 Sl e O g

Ol 1y osise suls flos o 8 e
..dea

I v gl ol bl CJ.;G\.:L}J.JA sl soe

PFOF Oler §last quiia s oo Sl

Sl s Flalons 5 (53,05 pale 4



¥q

‘{olﬁmu ! —JM/L{LG —ra)B J[}e-

80
0
60
= 0F
5 [
< [

= 40 = Propane, -11

g ——~£—— Propane, -13

n? N ———— Propane, -15

30 i Propane, -17

I Propane, -19

20k - —E_+- = Methane, -11

I = =/{%= = Methane, -13

— =~ — Methane, -15

10 = =3 = Methane,-17

| Methane, -19

- 1 | | R | L 1

0 L
1000 2000 3000 4000 5000 6000 7000
Engine Speed (rpm)

SF 3 e Ol B A0l i S0 VY S

280
o ——t—— Propane, -11
270 b= ———&—— Propane, -13
I == Propane, -15 =
260 | ——<—— Propane, -17 /
Propane, -19 I .
250 = =(+ = Methane, -11 ; #
= =/ = Methane, -13 ? /
= =i/ = Methane, -15 s ¥
240 = =» = Methane, -17 A 1%
Methane, -19 ):( 7y %

BSFC (g/kWh)
I3 r

2
L R S .~

]
S
T

180 b 1 [N BRI [
1000 2000 3000 4000 5000 6000 7000
Engine Speed (rpm)

73 TR RU VNG NPV PSP O P S RO i | g o

P 5 S g e S0 S

St D pan p plie U gdOle) dS Ay,

Slyl s gls Olie 3505 55 Ol 5 0L 2 505 o
& o Ol SRall nl by el O s 0 S 6 5 0l
b e Sl a3l s Sl OF Bl oS 55k e sl
Al 0T st e e pasiie OIS W5 sl e 2
Loesls V0 Gl co o oS Ohgpn « Jilie sl o
il 5 esnas Bl s Sl e 45 Ol il
ot g D sl el el ol &S el Sl WS
Gl 0 jagr & 558 Obey Rl ol ol s S
4 e KIS e Ol 3550 3 45 Jl 3 A8 o S8 Ol

OF JK8) 55,8 Cot g e 2l 58

S 53 5550 Ol B GOl ot Olge 8 Lo s s
Ol st o Sl enlanad S 51 iy Oly p Cot g 5 eslina
Loosse Sl s dd esls o0 St O Sle oS o
S8 a3 VA B Sl 5548 o Ol il 58l 0Ly n o s
22 oS a4 Hsise Ol Rals el WL S e gubas
Oy i Sl s ol ol j 5550 YL slacs
sl (MWOBTDC) YU S o (gakais 5l 3 az 35 V) & by pa
5 Ml Ko Ohe S s b s Sl Sands )
Y S o ek 31 3 a3 04 BN 5l 58 Ol il
ol 590 YL Glace w53 U8 g b3l Csls
o & 0o St s Gl Soz S e S g sdse ol el
o 31 L3 a3 04 B 51 e ol bl T e
50k 5l eslinad o80a 53 g0 015 p 5 sline AEW S
Ly ot 53 ol Bl Gla Sy w0 oS 200 Ok
L oonlnle ol g5 omb Ol o gl Olie o5l
Srte Sy olis 5 5 el OF Bl (548 Oles G133
sF 3 e Ol SRl el oS 558 e 5l5 O st S
03 1 6 VL Gl el G oS Ol Jlie s 553 e
L &y Sl by ol (Sas g3 93482 Obes
e slas mals el el ol oS 558 gl ol il
L ok ‘)ii; oole @ .njfda o5se Ol 3l g Gl e
Sy g Syl gabi 4 g3 > Ol A5
Ol il )by (sg a8 > LGy &S Jb= 53 o058 o
S
Gos Sy D pan b o GA0le) kS oU )
Ooub slace v s ol sl (=l>_L}\ (W) K s 5
03 Ll il Ol 5l S Ol LS gw s T g
Sl i Ol O s G 50 YU laces o
YU S 5o gakais 31 L3 a5 BV 1 5548 2 Ol il 58l
Sl SRals s Gl S e Ol 5 Ol S g S e
Losise Sonds 53 Sosm Grae Al 50 el 5o
28 gl U S e upe Sy Ok 5 s
sdalie Sty G pan o S (Olie O e (512 V4°BTDC
s 5 GV Glace w5 g Candy cpl 53 LS

Sl o Glwlms 5 (52,5 psle 4 0

VFOF Olr Splont qutia s e Lo



TUS s 0 Slas o i slowr (5 ot a3 L (G il

el Ol 5l eSOl

80 -
0k
60 =
~ S0
z
=z L
= I
= 40P
z B
P4 L
=]
&30 -
20 ——=—— Propane - Base Timing
I ¢ Propane - Optimum Timing
u ——&——  Methane - Base Timing
10 = ——&—— Methane - Optimum Timing
T I 1 i R

0
1000 2000 3000 4000 5000 6000 7000
Engine Speed (rpm)

DF 5 S e e 2 OIS 2 4 g A0 6 V0 S

260
")Sl)i— ——=——Propane - Base Timing
- ——=—— Propane - Optimum Timing
| ——<—— Methane - Base Timing
240 == Methane - Optimum Timing
=230
Z
ot
EZZU -
9]
=
£o10F
200 |
190 [
ol 4
1000 2000 3000 4000 5000 6000 7000

Engine Speed (rpm)

ﬂ&quﬂéﬂd%@.d@oujjgb\?d@

P 3 S e

SH e
5heslizal LTUS (glad > Jladl 5 50 (g5luannds dlis opl 53

bl bl ol 5l ol pll GT-Power ,13le 5
e 5 ALl b s S5 b e (5l
2 Sl dlesl b [22] w0 i b il 5 (g5luacd
Olsn 5 Ok (38 Sacst s b 55550 (gl iy )53 50
A S alie s St S L 0T il s el

Ol 3l Ol ke 4 a8 (GOl josd ) e Zulg

Oy St Sl (55 B St Ol e Sl g

5550 S LG e 4 (14°BTDC) ok 5 (V1°BTDC)
OVF) e plae s antls p a5 al S s o
LI L F g e 035l 5 6 U e B e 0L
ol sl plidons 4 (53905 (Slpp SlMs 4 ez 035l 15
bt 55 Jds 5 Bl &8 il &S Jb- s
W 3 3 T 3555 45 I 0T 515,108 e 3t SO w
Eo O 5l o @B 5 s plal (g35)5 Slsm A
S3355 Slsn Jlae Ll el 3 2 (G u0le) 53 il das
e Jolt e 0330 1 e Sl Jelye dns i
Slestanal 5 1ga los 5 HLas Al s (a0l ol oo W sisle
lple 9548 Ol 4 s 3L g b 55 e 8
23 O e o35k 0 B A0l s e

100
——+=—— Propane - Base Timing
95 ——~£—— Propane - Optimum Timing
I ——<—— Methane - Base Timing
o ————— Methane - Optimum Timing

Volumetric Efficiency (%)

pobme e V)
1000 2000 3000 4000 5000 6000 7000
Engine Speed (rpm)

Cf v e oo 033l 48 (s (s 0L LU \\‘Jij

¥

e 4 6 ia0le) ki &S das e 0L (10) IS

VO s 4 a5l ol s S 58 Ol il el g
Ols ot s Sl oalinal el gl 5 5 4 L3 0
Sl 3 a3 5 S50 GeRs S e B a1l Ole
4 ad A0l e b Ole 5 0Ly ot s 5 esland
ol esly 0L (VF) S s oS 3l el g Cons
w3, (g luObe) i boosd e sdalin a5 5 5b Oles .l

PFOF Oler §last quiia s oo Sl

Sl s Flalons 5 (53,05 pale 4



A\l oo Jlb] —(sd] e —ruLs' Eypes

&ydfm,o\jso\ﬁ&'"j.x*:(leg\jyjlful}dlﬂ

Lasled A S e e S s S5 el
SVslae 5 Lalgy 53 eslizal 3,50 sl 5 WIe o g el CJ.;@WT;M,M{GU;
Ll 3 e B s .;J;g@_w&ﬁ@ugafa;uwu@@u.\
FY s 5 ARG = Ok o sl Sl
aled A>ly/ g el Aoy
Acw (M?) )k &) il o Glr oSke b a4 kiS5 g eme w3k Y
B m) jadew s Sl o S JAul 8l L addllas 550 il sla St s
E k) &35! YAV S5YYA G55 w0 aids o 590 YOur a0 G VO
h, KW/ mPK) plral ol = Jsl o o U ge o s i 33l b e 5 3L 201530 s s
I, (KQ/M2) ol K s 32 (05,8 (6354 5L SalS Aoy V) 5 Ve LS dids L e P
Iy (WIm?) aisl ol S 6550 ol sl
P (Pa) HLis s 4 aiBs s Feer GO Sl se e il Y
Pn (Pa) 515 5 5 55 g0 Sl ys 5550 LB 5 Olg il el il s el Sle
Sp (M/S) & gy Las 520 s s A3 S Ao, WP SVEY Jllie 4 o 5 4 Ot g b e
T (K) Ls 033l ials Cel iy sl 4 638 sl s 3 eslinal ¥
[ (mfs) & Olie Ot s Sl JmalS cpl s S 55kl 5 Ol g (e
Va (M), 5 50 bl o2 osb a e a3l S el 2l 0Ly n 4 e
Y, eIk s o SBle s IV Rl i 4 Ol 5 Ok St gl S0k
p (kgim3) J& C g 8l Sle b 4 Olg S ol Ao #))
T Pa) s 5 sl oAl Ll Lo p3 ANV VA S a0k, 5 Ol
By (kg/me.s) oIk e o A 5 - 5 S Ol 5 Ole S e (sl S0l b 4 5sliS
g e = e o Ll il Ao s 5 Y4F il
asliojly ol 8 ok Gl (8 e ) eslil Sl s 5
Sled gy ope S5y Sl il Ol Lt s gl SRS
sslete . bt g 8l S0k sk 4 g o me RS a5
Sl s oS oY s 5 el Ao YO 5 VYA L 5w Ok 5 Olie
i 3 58 s ot g Sl eslizal Sl s Bl Al 30
Exergy 3055 Sl bl ol el (G st s Sl eslizal Il
sl o exhaust gas S S5k el Qe 5 g Sl 2SOy s
e recirculation oA sl DF 3 03 S a8 GOl as Sl 5 als F
Gl b opl s e 86 Ok 5 Ol st g b
Gasoline R3e e 4 5 4 Ol Gl sl Ok 5 Ol ot s
PNV AU IPST L v SPR VA - (NP
Propane b5 S P Sk 3 o3 VY 5 Y)Y ST e 4 O s

s S aids e Feee

p@[{d})dxu[}wj‘;)f/yg/ﬁ_}&%j@ ,F'F‘J%SJL"“:"MJW‘J@



TUS sise 3 Slae o o i slow (505 ot K01 T (g jland £y
Jke volumetric
_ s obj'b. . o> QL&J\J\)
(Sl . efficienc
B . woschni heat Jsl Jue Y
LSS e indicated
_ transfer model s sl 5L Sl
Fibs WK, > volumetric g ?
Gy SoFLl . qtenY
Soswt s | brake specific fuel | s U ne spark timing FEPRtR
S35 (805 consumption S s Sos
. synthetic fuels
I S
Q54 > spark-ignition Jlezil 6 40
. ; . compressed natural
SR engine 6\4_9)} N asfi_é ...] )K
Jlet g
K;;J/'CJ; 3 liquefied petroleum | e i 58
5 apparent heat Sslwslsl &5
&lwslsl | gas okt
release rate 5 )
LS i o
brake torque S skl
S g p A
Methane Ol
ey

[1] M. Yadegari and M. Ghassemi, "Investigation of the Effects of Temperature, Mass Flow Rate of the Injected Fuel,

Pore Diameter, Porosity and Ambient Pressure on the Amount of Pollutants in the Combustion Chamber," Iranian

Journal of Mechanical

https://doi.org/10.30506/jmee.2022.547922.1282

Engineering Transactions of the ISME, vol. 23, no. 1, pp. 122-146, 2022.

[2] A. Asadi and M. Yadegari, "The study of the effect of fuel dilution in methane/air counterflow diffusion flames on

the emission of environmental pollutants,”" Journal of Mechanical Engineering, vol. 33, no. 6, pp. 25-34, 2025. (In

Persian) https://doi.org/10.30506/mmep.2024.2025565.2166

[3] M. Saadat-targhi, J. Khadem, and M. Farzaneh-Gord, "Determine the optimal algorithm of priority panel in CNG

refueling station to minimize energy cost," Journal of Applied and Computational Sciences in Mechanics, vol. 32,

no. 2, pp. 201-216, 2021. (In Persian) https://doi.org/10.22067/jacsm.2021.72060.1052

[4] A. Mohammadi, M. Varmazyar, and M. Soleimani, "Influence of alumina nanoparticles on the combustion process

with the help of homogeneity factor in a compression ignition engine," Journal of Applied and Computational

Sciences in Mechanics, vol. 31, no. 2, pp. 157-175, 2020. (In Persian) https://doi.org/10.22067/fum-

mech.v31i2.82063

[5] M. Ghazikhani and M. S. Shahab-Ahmadi, "Investigation of the exhaust silencer irreversibility and the sound intensity

PFOF Oler §last quiia s oo Sl

Sl s Flalons 5 (53,05 pale 4


https://doi.org/10.30506/jmee.2022.547922.1282
https://doi.org/10.30506/jmee.2022.547922.1282
https://doi.org/10.30506/jmee.2022.547922.1282
https://doi.org/10.30506/jmee.2022.547922.1282
https://doi.org/10.30506/mmep.2024.2025565.2166
https://doi.org/10.30506/mmep.2024.2025565.2166
https://doi.org/10.30506/mmep.2024.2025565.2166
https://doi.org/10.30506/mmep.2024.2025565.2166
https://doi.org/10.22067/jacsm.2021.72060.1052
https://doi.org/10.22067/jacsm.2021.72060.1052
https://doi.org/10.22067/jacsm.2021.72060.1052
https://doi.org/10.22067/jacsm.2021.72060.1052
https://doi.org/10.22067/fum-mech.v31i2.82063
https://doi.org/10.22067/fum-mech.v31i2.82063
https://doi.org/10.22067/fum-mech.v31i2.82063
https://doi.org/10.22067/fum-mech.v31i2.82063
https://doi.org/10.22067/fum-mech.v31i2.82063
https://doi.org/10.22067/fum-mech.v21i1.7713

emitted from the exhaust in diesel engines,”" Journal of Applied and Computational Sciences in Mechanics, vol. 21,
no. 1, pp. 75-88, 2010. (In Persian) https://doi.org/10.22067/fum-mech.v21i1.7713

[6] C. Pithawalla, "Comparative assessment on performance of multi cylinder engine using CNG, LPG and petrol as a
fuel," SAE Technical Paper, no. 01-1056, 2005.

[7] A. H. Shamekhi, Z. N. Khatib, and A. Shamekhi, “A comprehensive comparative investigation of compressed natural
gas as an alternative fuel in a bi-fuel spark ignition engine,” 2008.

[8] K. Rezapour, K. S. Ebrahimi, A. Wood, and A. Nikranjbar, "Simulation and modeling of bi-fuel engine for improving
the performance parameters," SAE Technical Paper, no. 2010-01-2034, 2010. https://doi.org/10.4271/2010-01-2034

[9] K. Rezapour, "Availability analysis of a bi-fuel SI engine model for improvement its performance,” International
Journal on Technical and Physical Problems of Engineering, vol. 4, no. 2, pp. 115-121, 2012.

[10] A. Firouzgan, "An experimental assessment of compression ratio and evaluation of aluminium cylinder head in bi-
fuel (gasoline+CNG) engines,” The Journal of Engine Research, no. 18, 2010.

[11] E. Ramjee and K. Vijaya Kumar, "Performance analysis of a 4-stroke Sl engine using CNG as an alternative fuel,"
Indian Journal of Science and Technology, vol. 4, no. 7, pp. 801-804, 2011.

[12] T. Mamidi and G. Suryawnshi, "Investigations on S.I. engine using liquefied petroleum gas (LPG) as an alternative
fuel,” International Journal of Engineering Research and Applications, vol. 2, no. 1, pp. 362—367, 2012.

[13] W. Ge, F. D. Chuahy, P. Zhang, R. Sankaran, D. Splitter, D. DelVescovo, T. Lu, and P. Zhao, "A direct numerical
simulation study of the dilution tolerance of propane combustion under spark-ignition engine conditions,"
Combustion and Flame, vol. 247, p. 112495, 2023. https://doi.org/10.1016/j.combustflame.2022.112495

[14] M. Gore, K. Nonavinakere Vinod, and T. Fang, "Experimental investigation of gaseous mixtures of ethane, methane,
and carbon dioxide as an alternative to conventional fuel in spark ignition engines," Journal of Energy Resources
Technology, vol. 145, no. 3, p. 032301, 2023. https://doi.org/10.1115/1.4055201

[15] F. Solferini de Carvalho, A. Pefiaranda Mendoza, L. Ribeiro dos Santos, C. Henrique Rufino, E. Malheiro de Oliveira,
M. Ferreira Silva, E. Blanco Machin, D. Travieso Pedroso, and P. Teixeira Lacava, "Experimental study of the
methane and producer gas blends in an optical spark ignition engine: Combustion characteristics, thermodynamics
and emissions,”" International Journal of Engine Research, vol. 24, no. 6, pp. 2708-2726, 2023.
https://doi.org/10.1177/14680874221131117

[16] J. Ronsman, J. Valla, O. Nsaif, and A. Dempsey, "Experimental investigation of prechamber enabled mixing-
controlled combustion with natural gas — A pathway to ultra-low methane emissions," Fuel, vol. 392, p. 134757,
2025. https://doi.org/10.1016/j.fuel.2025.134757

[17] T. 1. Banji, G. Arney, and D. B. Olsen, "Fuel injection optimization for large-bore two-stroke natural-gas engines,"
Energies, vol. 18, no. 3, p. 624, 2025. https://doi.org/10.3390/en18030624

[18] R. Yang, Z. Yin, Y. Yan, J. Ou, T. Xie, Z. Liu, and J. Liu, "Investigating the effect of ammonia addition on the

performance of a heavy-duty natural gas spark ignition engine operated at stoichiometric conditions,”" Journal of

Sl 3 loslms 5 (52,008 pole & TP F Ol Dlad qoids 5 o Sl


https://doi.org/10.22067/fum-mech.v21i1.7713
https://doi.org/10.22067/fum-mech.v21i1.7713
https://doi.org/10.22067/fum-mech.v21i1.7713
https://www.jstor.org/stable/44682422
https://www.jstor.org/stable/44682422
https://www.sid.ir/paper/567589/en
https://www.sid.ir/paper/567589/en
https://doi.org/10.4271/2010-01-2034
https://doi.org/10.4271/2010-01-2034
https://doi.org/10.4271/2010-01-2034
https://www.researchgate.net/profile/Kambiz-Rezapour/publication/356068829_IJTPE_Journal_AVAILABILITY_ANALYSIS_OF_A_BI-FUEL_SI_ENGINE_MODEL_FOR_IMPROVEMENT_ITS_PERFORMANCE/links/618ac79e07be5f31b75e52f2/IJTPE-Journal-AVAILABILITY-ANALYSIS-OF-A-BI-FUEL-SI-ENGINE-MODEL-FOR-IMPROVEMENT-ITS-PERFORMANCE.pdf
https://www.researchgate.net/profile/Kambiz-Rezapour/publication/356068829_IJTPE_Journal_AVAILABILITY_ANALYSIS_OF_A_BI-FUEL_SI_ENGINE_MODEL_FOR_IMPROVEMENT_ITS_PERFORMANCE/links/618ac79e07be5f31b75e52f2/IJTPE-Journal-AVAILABILITY-ANALYSIS-OF-A-BI-FUEL-SI-ENGINE-MODEL-FOR-IMPROVEMENT-ITS-PERFORMANCE.pdf
https://www.engineresearch.ir/article_697618_2ac6627b2ccfb664066156372a483cf6.pdf
https://www.engineresearch.ir/article_697618_2ac6627b2ccfb664066156372a483cf6.pdf
https://sciresol.s3.us-east-2.amazonaws.com/IJST/Articles/2011/Issue-7/Article16.pdf
https://sciresol.s3.us-east-2.amazonaws.com/IJST/Articles/2011/Issue-7/Article16.pdf
https://www.ijera.com/papers/Vol2_issue1/BE021362367.pdf
https://www.ijera.com/papers/Vol2_issue1/BE021362367.pdf
https://doi.org/10.1016/j.combustflame.2022.112495
https://doi.org/10.1016/j.combustflame.2022.112495
https://doi.org/10.1016/j.combustflame.2022.112495
https://doi.org/10.1016/j.combustflame.2022.112495
https://doi.org/10.1115/1.4055201
https://doi.org/10.1115/1.4055201
https://doi.org/10.1115/1.4055201
https://doi.org/10.1115/1.4055201
https://doi.org/10.1177/14680874221131117
https://doi.org/10.1177/14680874221131117
https://doi.org/10.1177/14680874221131117
https://doi.org/10.1177/14680874221131117
https://doi.org/10.1177/14680874221131117
https://doi.org/10.1016/j.fuel.2025.134757
https://doi.org/10.1016/j.fuel.2025.134757
https://doi.org/10.1016/j.fuel.2025.134757
https://doi.org/10.1016/j.fuel.2025.134757
https://doi.org/10.3390/en18030624
https://doi.org/10.3390/en18030624
https://doi.org/10.3390/en18030624
https://doi.org/10.1115/1.4066878
https://doi.org/10.1115/1.4066878

TUS | ipe 3 Slos o o st (slow (G5 g 0 50 1 (sl ¥

Energy Resources Technology, Part A: Sustainable and Renewable Energy, vol. 1, no. 2, 2025.
https://doi.org/10.1115/1.4066878

[19] L. F. Alvarez, O. Askari, and C. E. Dumitrescu, "Effect of blending ammonia with natural gas hydrocarbons on the
performance of a heavy-duty spark ignition engine," Journal of Engineering for Gas Turbines and Power, vol. 147,
no. 9, 2025. https://doi.org/10.1115/1.4067405

[20] S. Lee, N. lida, and O. Lim, "Numerical investigation on laminar burning velocity and flame temperature
characteristics of dedicated EGR SI engine fueled with methane and propane under different equivalence ratio,"”
International Journal of Automotive Technology, pp. 1-3, Feb. 2025. https://doi.org/10.1007/s12239-025-00217-9

[21] M. Rabeti, O. Jahanian, A.A. Ranjbar, and S.M. Safieddin Ardebili, "Investigations on Semi-Empirical Heat Transfer
Models for Heat Flux of HCCI Engine Fueled with Natural Gas," Modares Mechanical Engineering, vol. 21, no. 12,
pp.797-810, 2021. (In Persian) https://dor.isc.ac/dor/20.1001.1.10275940.1400.21.12.1.1

[22] M. Taghizadeh, "Modeling and design of a VVT system for the Peugeot 206 engine,” Master Thesis, Khajeh Nasir
Toosi University of Technology, 2013. (In Persian)

TFeF ler olad quiin 5 o Il Sl s Flalons 5 (53,05 pale 4


https://doi.org/10.1115/1.4066878
https://doi.org/10.1115/1.4066878
https://doi.org/10.1115/1.4067405
https://doi.org/10.1115/1.4067405
https://doi.org/10.1115/1.4067405
https://doi.org/10.1115/1.4067405
https://doi.org/10.1007/s12239-025-00217-9
https://doi.org/10.1007/s12239-025-00217-9
https://doi.org/10.1007/s12239-025-00217-9
https://doi.org/10.1007/s12239-025-00217-9
https://dor.isc.ac/dor/20.1001.1.10275940.1400.21.12.1.1
https://dor.isc.ac/dor/20.1001.1.10275940.1400.21.12.1.1
https://dor.isc.ac/dor/20.1001.1.10275940.1400.21.12.1.1
https://dor.isc.ac/dor/20.1001.1.10275940.1400.21.12.1.1
https://library.ee.kntu.ac.ir/page-libece96/fa/84/form/pId18662
https://library.ee.kntu.ac.ir/page-libece96/fa/84/form/pId18662

Journal of Applied and Computational Sciences in Mechanics, 37, 3, 2025. (45-58)

L

Journal of Applied and Computational

i Sciences in Mechanics ,

U . Society of
Ferdowsi Manufacturin
University of Page Journal: mechanic-ferdowsi.um.ac.ir Ensineerin 0%
Mashhad ¢ Iranl ]

Study the Effect of Speed, Pressure, and Friction Coefficient on the Distribution of Contact

Stresses
Research Article

Farshad Nazari! , Hossein Hosseini Nik?
d-' 10.22067/jacsm.2025.90513.1294

Abstract-Contact stresses in moving systems have a
significant effect on the contact areas. Various factors affect
contact stresses, and fatigue, wear and failure are the results
of these stresses. In this research, the effects of speed,
pressure, and friction coefficient parameters on contact
stresses in a linear sliding system have been investigated. In
this regard, a cylinder-piston set was simulated and the
results were validated using experimental data. The
parameters were selected at three different levels and the
experiments were designed using the response surface
method. The results of the simulations were evaluated using
the analysis of variance method. The investigations revealed
that the parameters of speed, friction coefficient and pressure
have a significant effect on contact stresses, and speed has the
greatest effect, while pressure has the least effect on surface
stresses. The evaluations also showed that surface stresses are
formed from the interaction of thermal and mechanical
stresses, and the contribution of thermal stresses is higher
than mechanical stresses

Keywords: Contact Stresses, Linear Sliding Motion, Finite
Element Method, Response Surface Method, ANOVA.

1. Introduction

In linear motion systems, contact stresses are among the
most influential factors affecting wear, fatigue, and failure
[1-4]. These stresses develop through both thermal and
mechanical mechanisms in the contact zone, and cause
mechanical damage and decrease system performance and
efficiency [5,6]. In this study examines the three
parameters - speed, pressure, and friction coefficient -
from the dual perspective of mechanical and thermal
stresses. The research methodology employed finite
element method (FEM), and the results validated with
experimental data. Results were investigated using
ANOVA analysis to evaluate the effect of the studied
parameters on the maximum contact stresses.

2. Materials and Methods
To investigate the effects of speed, pressure, and friction

coefficient on contact stresses, a cylinder-piston assembly
was simulated. The various components of this assembly
along with their material specifications are illustrated in
Figure 1.

To evaluate parameter effects, three operational levels
were considered for each parameter. The design of
experiments was configured using Response Surface
Method (RSM), with results subsequently analyzed
through Analysis of Variance (ANOVA). The numerical
simulation was performed using ABAQUS software
employing coupled thermo-mechanical analysis. The finite
element model utilized CAX4RT elements. A refined
mesh density of 0.5 mm was implemented in sensitive
contact regions. Figure 2 illustrates both the meshing
configuration and applied boundary conditions.

3. Results and Discussion

To validate the finite element analysis results, the model
was evaluated based on two critical parameters, The
generated temperature in the contact zone and induced
contact stresses. The temperature obtained in the
simulation is 64.1°C, which represents an 8.7% deviation
from the experimental measurement of 70.2°C. This is
indicated that the model has an acceptable accuracy. Also,
Based on the technical documentation and material
strength of PTFE 25% carbon, it can be concluded that the
failure of the pressure ring is not due to surface stresses or
mechanical yielding, as the maximum stress (5.34 MPa)
remains below the material's tensile strength (18 MPa).
Investigation of results shows the simulation results have
a positive agreements with the field observation and
performance data. The analysis of variance (ANOVA)
results indicated that speed, with the smallest p-value, has
the most significant influence on contact stresses. Due to
the sinusoidal motion of the piston, increasing speed leads
to higher acceleration, which, according to Newton's
second law, increases force and consequently stress.
Additionally, higher speed results in more work being
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performed in the same time period, leading to greater
energy dissipation. This energy dissipation affects the
system by generating heat and thermal stresses [7].

The friction coefficient represents the second most
significant parameter affecting surface stresses. An
increase in friction coefficient leads to higher frictional
forces, which subsequently elevate both shear and surface

Number  Part name Material
1 Shaft Venl50
2 Conical bush Al-6061
3 Lower piston Al-6061
4 Pressure ring PTFE
5 Divider Al-6061 @
6 Guide bush PTFE \
7 Upper piston Al-6061 "‘
8 Lower bush AlL-6061 \
9 Shaft nut

stresses at the contact interface. Furthermore, increased
friction results in greater energy dissipation, causing
temperature rise in components. This temperature
increase, according to the thermal expansion coefficients
and engineering principles, induces additional thermal
stresses [8].

Figure 1- The exploded view and components of the piston assembly

(b)

Figure 2- (a) Boundary conditions and position of loads, (b) Meshing of the cylinder-piston assembly

Pressure constitutes the third influential factor on
contact stresses. Elevated pressure increases normal
surface forces, thereby raising the normal stress applied to
the assembly. This increased normal force simultaneously
enhances frictional forces, which in turn intensifies
thermal stresses. The increasing pressure improves the
quality of the cylinder-piston interface contact, and
promotes heat transfer efficiency. Consequently, this
effect results in a comparatively lower temperature rise
gradient relative to other operational parameters.

Analysis of temperature and stress distributions reveals
that under continuous high-speed operation, thermal
stresses have significantly greater influence on contact
stresses compared to normal and shear stresses. Figure 3
shows the comparison of contact stress contours and
temperature distribution in the compression ring.
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Figure 3- The trend of changes in contact stress to temperature on compression ring in test no. 2 at (a) 1 second, (b) 30
seconds, and (c) 60 seconds

5. Conclusions

This study investigated the effects of speed, pressure, and
friction coefficient on contact stresses in a reciprocating
system. The results are summarized as follows:

Study the effect of speed showed that speed has the
most influence on contact stresses. A 22% increase in
speed resulted in over 80% growth in contact
stresses.

The friction coefficient was identified as the second
most influential parameter. Higher friction
coefficients increased shear stresses and energy
dissipation, leading to elevated mechanical and
thermal stresses in the contact zone.

Increasing pressure enhances normal and shear
stresses, it also improving contact quality and heat
transfer, so thermal stresses reduces. Consequently,
pressure exhibited the least effect compared to other
parameters.

Investigating the results showed, thermal stresses
have a greater effect on contact stresses than stresses
induced by normal and shear forces.
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Abstract-- Active vibration control plays a vital role in
minimizing vibrations in lightweight structures. A crucial
part of this system is the actuator, which applies a control
force to minimize vibrations. A commonly used type of
actuator is the inertial electromagnetic actuator, which
generates force by accelerating a proof mass. Although it has
many benefits, its nonlinear behavior when the proof mass
reaches its displacement limit can negatively affect vibration
attenuation performance. This research first investigates the
actuator's force generation mechanism and its nonlinear
behavior under displacement saturation. Then, a nonlinear
sliding mode control method is implemented on a nonlinear
base system. A Luenberger observer estimates the system's
disturbance force in order to use in control algorithm.
Finally, the controlled structural displacement is compared
using both linear velocity feedback control and the sliding
mode control method. The results demonstrate improved
vibration damping performance, prevention of the proof
mass collision with the actuator's casing, and enhanced
system stability.

Key Words: Active vibration control, Electromagnetic
actuator, Nonlinear control, Sliding mode, Luenberger
observer

1- Introduction

Active vibration control plays a vital role in minimizing
vibrations of lightweight structures. One of the main
components of such systems is the actuator, which applies
control forces to the structure to reduce vibration
amplitudes[1]. A common type of actuator is the inertial
electromagnetic actuator, which generates the required
control force. In general, an inertial actuator consists of a
magnetic mass with a specific weight (proof mass), an
electric coil, and a suspension system that connects the
proof mass to its housing. The force generation mechanism
in these actuators is based on the acceleration of the
moving mass, which produces significant inertial forces.
This displacement is created by the interaction between
two magnetic fields: a static field from permanent magnets
and a variable field induced by the coil’s current. While
various controllers can be used with this actuator, each has

its own advantages and drawbacks. A typical example is
linear velocity feedback control systems, which increase
the structure’s effective damping and reduce vibration
levels[2]. However, a major limitation of these actuators is
the nonlinear phenomenon of displacement (stroke)
saturation: when the linear velocity feedback gain
increases, the actuator’s mass collides with its upper/lower
housing limits, causing impacts that may lead to damage
or control loop instability[3]. This study aims to employ a
sliding mode control (SMC) approach to prevent stroke
saturation in the actuator. The actuator's nonlinear nature
prevents linear controllers from delivering optimal
performance because they cannot employ sufficiently high
gains. In addition to collision prevention, the proposed
method demonstrates significantly enhanced vibration
control performance over linear controller solutions.

2- Methods

The mechanical system investigated in this study for
vibration control applications consists of a mass-spring-
damper system integrated with an inertial actuator. The
system configuration includes a linear mass and damper
combined with a nonlinear spring, subject to excitation
from an external harmonic disturbance force. The
complete system schematic shown in Figure 1.

The nonlinear stiffness of the main mass spring is
presented in Equation (1), defined as a third-order
polynomial function.

p(xy) = kyxy + klpx13 1

The system dynamics are introduced by three second-
order differential equations, which are converted into six
first-order state-space equations (Eqs. 2) through standard
formulation. These equations describe: the controlled
structure mass position (z1), actuator housing position (z3),
and actuator proof mass position (zs). The coupling
stiffness parameter (Kcoupling) Characterizes the actuator-
structure connection, and the actuator housing's elastic
behavior is modeled via springs with stiffness coefficient

(k.), located at distance X, from the equilibrium midpoint
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of proof mass. This complete state-space representation
enables effective vibration control analysis and controller

design.
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Figure 1. The main mechanical system with
nonlinear inertial actuator
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The coefficient Fgrg (Elastic Recovery Force) can be
modeled using the piecewise linear function presented in
Equation (3):

ferr(Xy)

ksat(xr - xo) + kpxo
= kepx,
ksat(xr + xo) - kpxo

Xy = Xg
Ixrl <X
Xr = —Xo (3)

The objective is to develop a control method using
sliding mode control (SMC). Implementing this approach
requires prior knowledge of the disturbance forces acting
on the system.

The control strategy in this study begins with state
feedback of the system. As shown in the block diagram of
Figure 2, the displacements of system masses are
processed in both the controller and estimator algorithms
to generate the output current i[]. The estimator output (&)
is fed into the controller along with system states, and
finally being applied to the system as the control current

The only prior knowledge about the system's
disturbance force is its harmonic nature. An appropriate
estimation method must provide the control system with a

disturbance estimate for controller implementation.
Among various observer types, the Luenberger observer is
employed.

Ya

fa
5 ia
Estimator Controller System X
1

Xp5 X5 X,

Figure 2. Block diagram of the control system

For this system, the Luenberger observer takes the
form of Equations (4). By selecting coefficients 3 such that
the characteristic polynomial satisfy the Hurwitz criterion,
the observer's differential error equation stability is
guaranteed, with the error converging asymptotically to
zero at an exponential rate.

7?Lo =+ (v —39)

fh = m_l(_kﬂlo - k1pn8 —cng + kcoupling(z3 )
o +a+ B0 -9

{1 = {2 + By —9)

?2 =8+ B (V-9

fa=6+BO -9

& =By —9) )

The sliding surface is taken as the third-order
expression given in Equation (5). The control objective is
to determine the current i, such that the sliding variable s
converges to zero. Throughout all equations, the tracking
error is defined as e = y; — y, where y,; represents the
desired output and y denotes the actual system output.

s=e® +316 +31%¢ + e 5)

The control input, designed to drive the system states
toward the sliding surface, is given by Equation (6). The
parameters v and F(z4, z;, z3) are functions of the known
system states and their derivatives.

. mpm, 4)
Pig = k—(yd + F(24,23,25) — V)
coupling (6)

This equation serves as the system's primary control
input, ensuring all state variables reach the sliding surface.
To maintain the states on the sliding manifold, switching
action must be applied. Through the saturation function in
Equation (7), the controller not only confines the states to
the sliding surface vicinity but also eliminates state
trajectory chattering phenomena.

1 sfe>1
sat(s) =ys/e —1<s/e<1
1 sle<1 @)

The final actuator control input is given by Equation
(8), where K represents the switching gain and ¢
determines the boundary layer thickness that prevents
excessive chattering. The equivalent control term (dia)eq
in this equation is directly obtained from Equation (6).
This formulation ensures robust tracking performance
while maintaining system stability through proper
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selection of these key parameters. The boundary layer
technique effectively smooths the control signal,
eliminating  high-frequency  oscillations  without
compromising the sliding mode controller's inherent
robustness properties.

¢i, = (¢ia)eq - Sat(s) ()

3- Verification

To validate the simulation results against reference data,
the actuator model was first analyzed in its linear form
with a fixed-base connection, followed by evaluation of
the nonlinear model using reference parameters[4]. Under
an excitation current of i, = 62.5 mA and ¢ = 1.6, the
frequency response of the grounded actuator system and
validation results are presented in Figures 3 and 4,
respectively.
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Figure 3. Validation of simulation results against
reference data for the linear grounded actuator system.
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Figure 4. Validation of simulation results against
reference data for the nonlinear grounded actuator
system

4- Results and Discussion

Through simulations of the grounded actuator system, the
displacement results of the actuator proof mass (m,) for
both linear and nonlinear cases are presented in Figure 5.
As shown by the solid-line plot, under identical excitation
conditions, the nonlinear system exhibits distinct behavior
when reaching the upper and lower displacement limits,
with its displacement never exceeding 0.04 meters. Figure
6 displays the phase portrait of the proof mass for both
cases, where the higher velocity variations (greater
acceleration) during impact events demonstrate the
generation of higher accelerations and impulsive forces.
The disturbance force employed in this simulation consists
of a harmonic combination of multiple sinusoidal forces
with different frequencies and amplitudes. This
disturbance force is applied to the primary mass according
to Equation (9) and the configuration shown in Figure 1[5].

fa(®) = 0.35in(21.45t) + 0.4sin(18.26t)
+ 0.455in(4.9t) ©)

---Linear actuator
—Non-Linear actuator

Displacement (m)

0 2 4 6 8 10
Time (s)
Figure 5. Displacement response of the proof mass in

both linear and nonlinear actuator configurations.
0.15 ‘ ,

:
---Linear actuator|

0.1

-0.06 -0.04 -0.02 0 0.02 0.04 0.06

Figure 6. Phase portrait of the actuator proof mass for
both linear and nonlinear operational modes.

Based on the Luenberger observer formulation in
Equations (4), the coefficients B were determined through
pole placement of the Hurwitz characteristic polynomial.
The selected values are summarized in Table 1. Figure 7
demonstrates excellent convergence between the
observer's estimated disturbance (§) and the actual
disturbance force (Fy4), validating the observer design.

1.5
. [—estimated

1r “‘ ) i 5 —real dist.

=
o

Disturbance (N)
1=}
o o

'
-

-1.5 y
0 5 10 15 20

Time (s)
Figure 7. Comparison between the actual disturbance
force and the estimated force from the Luenberger
observer.

Table 1. Observer parameters

value parameter
1600 Bs
1.12 x 106 B,
4.48 x 108 B,
1.12 x 101 B,
1.792 x 1013 B,
1.792 x 1015 B,

Figure 8 demonstrates the displacement response of the
controlled mass (m;) under different control scenarios.
Initially, the linear controller reduces the vibration
amplitude of m; compared to the uncontrolled case before
t=>5s. However, instability emerges as the actuator proof




Kiarash Niroumand, Akbar Allahverdizadeh

60

mass impacts its displacement limits, causing vibration
amplification. In contrast, the nonlinear controller
achieves a remarkable two-order-of-magnitude reduction
in displacement amplitude (from 107 m to 107> m),
effectively suppressing vibrations and eliminating
instability caused by impacts.

0.025 T

Displacement (m)

o 1 2 s 4 5 s 1 8 9 10
Time (s)

Figure 8. Displacement of the primary mass under

nonlinear control, linear control, and uncontrolled

conditions.

Simulation results demonstrate the displacement
behavior of the actuator proof mass under three distinct
control scenarios (Figure 9). The velocity feedback
controller exhibits clear instability when impact events
occur between the proof mass and actuator housing, as
evidenced by the large displacement spikes in the time-
domain response. In contrast, the proposed nonlinear
control method effectively constrains the proof mass
motion, preventing these destabilizing collisions while
maintaining vibration suppression performance.
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Figure 9. Relative displacement of the actuator proof
mass under nonlinear control, linear control, and
uncontrolled conditions

To evaluate the system's practical performance when
the mass, stiffness, or damping of the controlled structure
changes, we simulated various parameter values while
keeping other parameters constant. The damping
coefficient ¢; and stiffness parameters kq , k;,, of the
controlled structure were separately tested across ranges of
0.01 to 10 and 44 to 4400, respectively, with no significant
change observed in the vibration amplitude of the primary
system. However, when the main mass m, (design value:
10 kg) deviated significantly from its nominal value, the
estimator became unstable, producing unreliable outputs
and causing system-wide instability. Through iterative
testing, the overall system demonstrated acceptable
performance within a mass range of approximately 7 to 15
kg, showing good agreement with the 10 kg design
condition (Figure 10).

To demonstrate system instability outside the stable
operating range, simulations were conducted at extreme

mass values of 6 kg and 16 kg (Figure 11). The results
clearly show destabilizing behavior in both cases.
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Figure 10. Variation of the primary system mass and its
performance compatibility with the 10 kg nominal design
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Figure 11. System instability due to primary mass
variations at 6kg and 16 kg

5- Conclusion

In this study, a nonlinear structural model with an inertial
actuator was used to evaluate the performance of sliding
mode control (SMC). By incorporating a Luenberger
observer for disturbance estimation, the results
demonstrated significant vibration improvement compared
to linear control methods. The proposed nonlinear
controller not only reduced system vibration amplitudes
but also prevented collisions between the actuator's proof
mass and its housing - a critical instability source in linear
control systems. Furthermore, the robust sliding mode
control enhanced system performance under parameter
variations and uncertainties, showing superior adaptability
compared to conventional approaches.
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Abstract-- Positive pressure ventilation (PPV) is a common
method used to enhance smoke removal and reduce ambient
temperatures during firefighting operations; however, its
effectiveness depends on the ventilation conditions of the
compartment. This experimental study investigated the
effects of natural and forced ventilation in a metal
compartment measuring 12.2 x 2.4 x 2.35 meters, using 10
kilograms of wooden pallets as fuel. Ventilation was evaluated
under two modes—natural and forced (blower with an
airflow rate of 18,500 m3/h)—with configurations involving
one or two active openings. The results indicated that
flashover did not occur in any of the tests due to the limited
fuel load. Under forced ventilation with two openings, the
peak temperature above the fire source decreased by 9%
(from 280 °Cto 255 °C), while the temperature behind the
fire increased by 20% (from 176 °Cto 211 °C). In contrast,
with only one opening, forced ventilation led to a 30%
increase in peak temperature above the fire (from 141.9 °C
to 185.6 °C) and a 45% increase in the rear temperature
(from 101 °C to 147 °C) compared to natural ventilation.
Additionally, the time to reach peak temperature under
forced ventilation with two openings was delayed by an
average of 48 seconds, while in the one-opening
configuration, it occurred 61 seconds earlier. These findings
suggest that using PPV in compartments with only one
opening may increase the risk of overheating and the
accumulation of hot gases. Therefore, it is recommended that
this technique be employed only when at least two openings
are available.

Keywords: wood fire behavior, forced ventilation, natural
ventilation, maximum temperature.

1- Introduction

One effective method in firefighting is the use of positive
pressure ventilation (PPV) with portable fans, which
creates additional pressure to exit heat and smoke from
buildings [1-3]. The PPV effectiveness and the factors

influencing it have been examined in numerous studies.
According to the U.S. National Institute of Standards and
Technology, when properly adjusted, PPV can enhance
safety by preventing smoke infiltration into stairwells [4].
Although PPV offers significant advantages, the suitable
exhaust opening location can play an essential role in
effective smoke removal and fire growth control [5]. Also,
increasing the cross-sectional area of the exhaust outlet
improves ventilation performance by increasing airflow
and reducing velocity [6]. In contrast, PPV may pose risks
to trapped occupants and increase the likelihood of fire
spreading to adjacent rooms [7]. Firefighters' entry can
alter the ventilation-to-fuel ratio, and PPV may accelerate
combustion rates by increasing fuel mass loss [8].
Consequently, temperatures rise in downwind rooms and
decrease in upwind rooms. Numerical studies have shown
that PPV can, under certain conditions, reignite fires after
flashover, jeopardizing operational safety. A review of
previous research highlights the scarcity of studies
evaluating PPV effectiveness in single-opening scenarios
with no pathway for hot gas expulsion. Furthermore, prior
studies rarely compared thermal behavior under PPV and
natural ventilation in chambers with one or two openings.
The difference in the number of openings can significantly
impact hot gas behavior and the intensity and timing of
phenomena like flashover. To address this gap, the present
study, as an experimental innovation, designed and
conducted a series of tests in an educational chamber with
two openings.

2- Problem Theory

Figure 1 and Tables 1 and 2 show the combustion chamber
specifications, the conditions of the openings in different
tests, and the positions of the thermocouples.
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(b)

Figure 1 - Dimensions of the chamber along with the location of the fuel load and thermocouples: a) 3D view of the chamber.
b) 2D view of the thermocouples and the location of the positive pressure fan.

Table 1- Specifications of the fuel load weight, the location of the openings, and the ventilation conditions
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1 1018 25 29 35 Natural Closed Open Open 10
2 1021 23 31 37 Forced Closed Open Open 10
3 1019 24 30 36 Natural Closed Open Closed 10
4 1018 25 20 35 Forced Closed Open Closed 10
Table 2 - Position of thermocouples installed in the test behaviour in each test, is the study goal, which is discussed
chamber in the results section.
Thermocouple Location X | Location Location
Number (m) Y (m) Z(m) 3- Results and Discussion
T 1.25 . 2.2 Thermocouples placed at varying distances from the fire
! W 5 55 source  recorded different  temperatures  across
T2 ' ' experiments. Figure (2) displays the temperature of the
T 1.25 3 22 upper layer of hot gases inside the chamber, recorded by
3 thermocouples during one repetition of Test 2. Notably, T»
T, 1.25 4 2.2 consistently recorded the highest temperatures due to its
T 15 5 55 proximity to the fire source directly above it. These
5 temperatures were used to analyze growth, fully
T 1.25 7 2.2 developed, decay, and peak temperature stages.
6 W5 3 55 Thermocouple No. 2, installed above the fire source
T, : ' (flame), exhibited distinct behavior compared to other
T 1.25 8 2.2 thermocouples, as shown in Figure (3). In Test 2, forced
8 ventilation with PPV reduced the air temperature above the

Fires progress through five stages: 1) ignition, 2)
growth, 3) flashover, 4) fully developed fire, and 5) decay.
Flashover is defined as the transition from a growing fire
to a fully developed fire, where all combustible items in
the compartment ignite. The fully developed stage exhibits
the highest heat release rate, influenced by compartment
conditions such as size, construction materials, opening
dimensions and shape, and fuel type, quantity, and
distribution. The decay stage occurs as fuel is consumed,
leading to reduced heat release and compartment
temperatures. In current study, 4 tests were designed
according to the conditions stated in Table 1. Wooden
pallets were used as fuel. Analyzing the fire thermal

fire source compared to Test 1 (natural ventilation). This
reduction resulted from enhanced airflow and facilitated
combustion product expulsion through the opposing
opening. In contrast, Tests 3 and 4, with only one active
opening and PPV installed at the same location, showed
restricted exhaust pathways. The pressurized air
encountered resistance, hindering combustion product
expulsion and transforming the compartment into a high-
pressure, poorly ventilated space. Hot gases accumulated
in the upper compartment, reducing convective heat
transfer. Under these conditions, no opposing force
prevented smoke and hot gas from ascending, leading to
lower temperatures recorded by Thermocouple No. 2
above the fire source.
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Figure 4 - Temperature measured T7 in tests 1-4

Flashover is defined as the point when temperatures
reach 600°C. Figure (3) shows that neither natural nor
forced ventilation conditions led to flashover or fully
developed fire stages, attributed to the limited fuel load.
Notably, in Test 2, PPV delayed the decay stage by

approximately 20 seconds compared to Test 1, with
temperatures during this stage (from 270 to 440 seconds)
averaging 9% higher. In Test 4, PPV significantly
increased peak temperatures and raised the average fire
source temperature by 27% from the 100th second until the
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test's conclusion compared to Test 3.

Other thermocouples exhibited similar behavior. Figure
(4) displays the behavior of Thermocouple No. 7 across
Tests 1-4. Thermocouple No. 7, located near the side
opening and closest to the inlet, recorded lower
temperatures in Test 2 (forced ventilation) than in Test 1
(natural ventilation). The peak temperature in Test 2
occurred approximately 50 seconds later, attributed to
increased oxygen supply but lower temperature ranges
under forced ventilation. Despite its distance from the fire,
temperatures in Test 4 (forced ventilation) were higher
than in Test 3 (natural ventilation) from 100 to 400 seconds
due to hot gas recirculation in the upper chamber layer.
Beyond this point, lower temperatures in Test 4 indicated
fire decay, with PPV acting as a cooling mechanism.

4- Conclusion

This experimental study examined wood fire behavior in a

compartment, analyzing the effects of PPV compared to

natural ventilation with a 10 kg fuel load. Key findings
include:

1. Flashover and Fully Developed Stage: Neither
occurred in any test due to the limited fuel load.

2. Peak Temperature: PPV increased peak temperatures
behind the fire source in both opening configurations.

3. Time to Peak Temperature: With two openings (Test
2 vs. Test 1), PPV delayed peak temperatures by an
average of 48 seconds. With one opening (Test 4 vs.
Test 3), PPV accelerated peak temperatures by 61
seconds.

4. Effect on Decay Stage: PPV delayed decay onset by
20 seconds in Test 2 but raised average temperatures
by 27% in Test 4.

5. Operational Implications: PPV should be used with
consideration of the opening number and position.
Results recommend at least two openings to mitigate
hot gas accumulation risks. PPV is not advised for
single-opening compartments with limited fuel loads.
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Abstract -- The modeling and prediction of the structural
characteristics of thin-walled beams and columns are of
significant importance due to the potential occurrence of
lateral buckling under eccentric, concentrated, and
distributed lateral loads. In the present study, by
incorporating the effects of warping, heterogeneity, porosity,
and based on Vlasov's assumptions and the application of
Hamilton's principle, the governing characteristic equations
for the lateral buckling of multi-layered thin-walled porous
functionally graded I-beams and channel beams were
introduced. Using the finite element method and describing
the displacement components of points within the elements in
terms of Lagrangian and Hermitian interpolation functions,
the governing eigenvalue equation was solved numerically.
To validate the results of this study, they were compared with
other references. The effect of various parameters,
particularly porosity index, mixing index, material modulus
ratio, end-moment ratio, and cross-sectional strength
parameter, on the load-bearing capacity of multilayer thin-
walled beams under multiple boundary conditions was
investigated. It was demonstrated that various parameters
have an important role in determining the range of buckling
instability.

Key Words: Vlasov assumptions, Functionally Graded
Beam, Lateral Buckling, Volume Fraction Index, Porosity
Index

1. Introduction

Functionally Graded Materials (FGMs) exhibit continuous
composition variation, especially along the thickness
direction. This study analyzes ceramic-metal FGMs,
incorporating porosity and structural heterogeneity effects,
with material properties modeled via a power-law mixture
rule. Using Hamilton’s principle, we derive governing

equations for the static equilibrium of beams under diverse
lateral loads. The critical buckling load of thin-walled
FGM sandwich beams is examined for
concentrated/distributed forces and moments, considering
multiple thickness-wise gradation profiles. Numerical
solutions for static instability are validated against prior
literature. The equilibrium equations account for
axial/lateral centroid displacements, shear-center effects,
sectional rotation, and in-plane displacements under
varying heterogeneity and loading conditions. A finite
element approach solves the eigenvalue problem for lateral
buckling (implemented in MATLAB), with results
presented as characteristic curves. Parametric studies
assess the impact of aspect ratio, porosity, and gradation
indices on: (a) Channel section beams, and (b)
mono-symmetric I-section beams.

Avcar conducted a comprehensive investigation on the
free vibration behavior of functionally graded material
(FGM) beams containing sigmoid and power-law defects.
His findings revealed that such defects can significantly
influence the vibrational response of FGM beams,
highlighting the necessity of more precise design
approaches to compensate for imperfections [1]. In 2020,
AlSaid-Alwan and Avcar performed a comparative free
vibration analysis of FGM beams using various beam
theories. Their study demonstrated that the choice of an
appropriate theoretical model plays a crucial role in
achieving accurate predictions of the vibration
characteristics [2]. Babayi and colleagues examined the
thermal buckling of FGM plates and showed that thermal
loads may induce instability in functionally graded plates,
thereby underscoring the need for structural reinforcement
under such loading conditions [3]. Youzera et al.
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investigated the influence of axial-bending coupling
effects on the free vibration response of FGM beams in
thermally varying environments. Their results indicated
that these coupling effects substantially alter the dynamic
behavior of the beams, implying the need for more
accurate thermal-mechanical design strategies [4]. Using
the finite element method, Wang and collaborators
analyzed the vibration and buckling behavior of FGM
beams while explicitly modeling internal structural
defects. Their findings confirmed that internal
imperfections have a pronounced impact on the dynamic
response and buckling resistance, necessitating greater
attention during the design of FGM structures [5]. Most
recently, Xie and co-workers examined the buckling
behavior and stability of thin-walled FGM beams under
axial loading. They reported that proper material selection
and optimized structural design can effectively enhance
the stability and buckling resistance of these beams, while
simultaneously reducing structural weight [6].

2. Methods

This study considers three classifications of porous
functionally graded materials (FGMs) with unidirectional
property distributions along the thickness:

Type A: Material properties follow a power-law
distribution, transitioning from pure metal (bottom
surface) to pure ceramic (top surface), as depicted in
Figure 1. The ceramic phase volume fraction can be
defined by Equation (1).

Ceramic

Metal

Fig 1: Type A Functionally Graded Structure

p
VC=(1+E) ’-Egng.pﬂ N
2 h 2 2

Type B: As illustrated in Figure 2, it is assumed that the
thickness of the upper layer of the cross-section is equal to
ah and is composed of pure ceramic material. In contrast,
at the top surface of the lower layer, the material properties
vary from pure metallic at n=-h/2 to pure ceramic at
n=(0.5-a)h accordingly, the ceramic phase volume
fraction within the layers of Type B model can be defined
by Equations (2).

metal

Figure 2: Type B Functionally Graded Structure
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(Lﬂj -0.5h<n < (05-0)h
2 h

1 (0.5-0)h <n <0.5h

Type C: According to this model, illustrated in Figure 3,
it is assumed that the middle layer (core) of the cross-
section is made of pure ceramic material, with a thickness
ofgh. The top and bottom layers are considered
functionally graded, where the material properties vary
from pure metal at their respective outer surfaces toward
pure ceramic at the interface with the core.

. T” Metal
(1—a)h/2

ah__
(1—a)h/2

Figure 3: Type C Functionally Graded Structure

Metal

3. Validation

For validation purposes, Figure 4 presents the variation of
the characteristic parameter of lateral-torsional buckling
resistance of an I-section beam—which depends on both
bending and torsional rigidities—as a function of the
power-law index, for three different values of the
dimensionless slenderness parameter. These results are
quantitatively compared with those reported in Ref. [7].
As depicted in Figure 4, there is a strong and consistent
agreement between the results obtained from the present
model and those from Ref. [7].

-|n[+0.5h )’
m ,+0.5(xh£n§+0.5h
V=41 -0.50h <n<0.5h @)
-|n|+0.5h Y’
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Figure 4: Buckling index versus Power Index.

4. Results and Discussion
4.1. Effect of p Index on Buckling Capacity

As shown in Figure 5, the lateral buckling capacities
of the cross-sections modeled with types A, B, and C
decrease as the total ceramic volume fraction is reduced.
This decline is attributed to the consequent reduction in
overall sectional stiffhess.
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Figure 5: buckling moment versus end moments ratio.

4.2. Effect of Porosity Parameter on Buckling

Figure 6 shows that with the increase in the degree of
boundary constraints from Condition SS to Condition CC,
and as a result of the enhanced flexural stiffness of the
beam, the lateral buckling capacity of the cross-section
improves significantly. For any value of p index, the
buckling capacity of the beam under CC B.C.s is higher
than in the other two configurations. Furthermore, the
buckling resistance of the beam under Condition CS is also
greater than that of Condition SS.

1.8 SS CS CcC
: —_—A=0 = A=0 —fty—i=0
== A=002 ==@==1=0.02 ==A==1=0.02
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Figure 6: Variations of the critical bending moment
versus the power-law.

5. Conclusion
This study employed a finite element approach to

investigate the axial-lateral-torsional buckling behavior of
thin-walled functionally graded I-beams and channel-
section beams under three boundary conditions: simply
supported-simply supported, clamped-simply supported,
and clamped-clamped. The comprehensive parametric
investigation revealed how variations in material
composition and structural constraints influence the
buckling performance of these advanced material systems.
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Abstract -- In this paper, we investigate the mechanical
properties of graphene-carbon nitride hybrid using
molecular dynamics simulations. We studied the impact of
vacancies and circular defects of various diameters on these
properties. We analyzed circular defects with diameters of
1.8, 10.6, 16.4, and 2.24 A in both armchair and zigzag
directions using the Tersoff potential. The results indicate
that the mechanical properties of the hybrid structure are
inferior to those of graphene and carbon nitride individually.
Additionally, the removal of nitrogen atoms had a more
significant impact on mechanical properties. Increasing the
diameter of the circular defect reduced the Young’s modulus
from 802.23 GPa to 681.34 GPa in the armchair direction.
Furthermore, fracture stress decreased by 31.19% and
45.15% in the zigzag and armchair directions, respectively.

Keywords: Graphene, Carbon nitride, Molecular dynamics,
Mechanical properties, Nanostructure.

1. Introduction
Nanostructures are essential and integral components of

science and technology, widely utilized across various
industries [1]. Due to its unique properties, graphene has
garnered significant attention from researchers [2].
Similarly, other materials such as boron carbide and
carbon nitride exhibit remarkable characteristics
comparable to those of graphene [3].

Building on existing research on the mechanical
properties of composite structures, this article examines
Young's modulus, failure stress, and strain in two-
dimensional (2D) graphene and carbon nitride structures—
both individually and in hybrid forms—along armchair
and zigzag directions. Additionally, the impact of
removing carbon and nitrogen atoms on the mechanical
properties is explored. Furthermore, the study investigates
how a circular geometric defect influences the mechanical

behavior of graphene-carbon nitride composite structures
in both armchair and zigzag orientations.

2. Computational method

The molecular dynamics simulation method has been
employed to model and analyze the mechanical properties
of 2D nanosheets [4]. The Tersoff potential has been
utilized to calculate the interactions between carbon-
carbon and carbon-nitrogen atoms [5]. The relationship
between energy and displacement is defined by the
following equation:

U :fc(rij)[fR(rij)+biij(rij )] (1)

To establish system equilibrium, the NPT process was
implemented with a time step of 1 fs and a duration of 50
ps. The graphene and carbon nitride structures have
dimensions of 10x10 nm?. The X and Y directions
correspond to the =zigzag and armchair loading
orientations, respectively. To regulate temperature within
the simulation box, equilibrium was maintained for 50 ps
using the Nose-Hoover algorithm under constant
temperature and pressure. Following equilibrium, the
system was subjected to tensile loading at a strain rate of
0.001 ps! to determine stress at each strain and time step.
Fig. 1 illustrates the graphene-carbon nitride hybrid
structure.
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Fig. 1. Scheme of graphene-Carbon nitride hybrid structure.
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Fig. 2. Variation of Young’s modulus in hybrid structure of
graphene-Carbon nitride.

3. Results and discussion

3.1 Mechanical properties of defective nanosheets

The results obtained from the study on the removal of
carbon and nitrogen atoms in the graphene—carbon nitride
hybrid structure are presented in Fig. 2. Notably, most
atoms were removed from the interface between the two
structures. As shown, the removal of nitrogen atoms had a
more significant impact on the Young’s modulus than the
removal of carbon atoms. Furthermore, the values were
consistently higher in the armchair direction than in the
zigzag direction. The removal of one carbon atom reduced
the Young’s modulus to 21.802 GPa and 95.822 GPa in
the zigzag and armchair directions, respectively. In
contrast, removing one nitrogen atom resulted in values of

66.795 GPa and 81.811 GPa, respectively. A similar
decreasing trend was observed when two or three carbon
or nitrogen atoms were removed individually. For
instance, the Young’s modulus in the armchair direction
decreased by 1.76% upon the removal of two carbon
atoms, compared to the pristine structure. In contrast, the
combined removal of carbon and nitrogen atoms produced
different results. According to Fig. 2, the simultaneous
removal of two carbon atoms and one nitrogen atom had
the most pronounced effect on the mechanical properties
studied. The Young’s modulus in the zigzag direction
dropped from 817.66 GPa (pristine structure) to 750.03
GPa. Meanwhile, the corresponding value in the armchair
direction was reported to be 789.23 GPa.
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Carbon nitride.

3.2 Mechanical properties of nanosheets, with circular
notches

This section examines the effect of circular defects with
varying diameters on the fracture stress of the graphene—
carbon nitride structure. To this end, four circular defects
with diameters of 1.8, 2.24, 10.6, and 16.4 A were
introduced at the interface between the two materials. As
shown in Fig. 3, increasing the diameter of the circular
defect results in a reduction of fracture stress. Specifically,
the defect with the largest diameter corresponds to the
lowest fracture stress observed. It is also notable that, in
this analysis, the mechanical property values in the
armchair direction are higher than those in the zigzag
direction. According to the data in Fig. 3, the fracture stress
for the structure with a 2.24 A defect in the zigzag
direction is 26.96 GPa—a decrease of 19.31% compared
to the pristine structure. In the armchair direction, the same
defect results in a reported fracture stress of 64.109 GPa.
This reduction in strength can be attributed to two main
factors. First, the removal of a significant number of atoms
weakens the interatomic bonding within the structure.
Second, stress concentration around the defect region
contributes to a further decline in the mechanical integrity
of the nanosheet.

4. Conclusion

This paper investigates the mechanical properties—
namely Young’s modulus, fracture stress, and strain—of
two-dimensional structures composed of graphene, carbon
nitride, and their hybrid configuration using molecular
dynamics simulations under various conditions. The study
explores the effects of carbon and nitrogen atom removal,
as well as the introduction of circular defects of different

diameters. The results indicate that mechanical properties
in the armchair loading direction are higher than those in
the zigzag direction. Additionally, in the hybrid structure,
the deletion of nitrogen atoms had a greater impact on
mechanical performance compared to carbon atom
removal. Furthermore, increasing the diameter of the
circular defect from 1.8 A to 2.24 A led to a reduction in
mechanical strength. Overall, the findings suggest that
graphene—carbon nitride composite nanosheets hold
and electrical

significant potential for mechanical

applications.
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