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This study deals with the frictional power of each moving part in hydrogen fueled multi-

cylinder spark ignition engine. The moving parts such as piston, rings, bearings, cam, and
roller follower are considered for this study. The engine was run at a constant speed of
1500 rpm with different loads. The indicated power of the engine is calculated using the
in-cylinder pressure data, and the brake power is measured with respect to different loads.
The frictional power of each moving component is calculated using the models available
in the literature. The constants of the models are calibrated for the engine with the input of
the measured experimental data. The frictional power of the components increases with an
increase in the engine’s load. The friction between the piston and the ring with the liner is
the highest among other components’ friction due to mainly gas pressure (in the piston
rings) acting on the piston being the highest. The percentages of frictional power of each
moving component at the power output of 15.1 kW are 30.8% (friction in piston rings due
to gas pressure), 18.4% (piston skirt), 13.4 % (bearings), 8.5 % (cam), 6.9 % (piston ring
tension) at applied engine load of 15.1 kW. This study results could be useful to find ave-
nues for reducing the friction of the moving parts to enhance the fuel economy and endur-
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ance life of the engines.
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1. Introduction

Hydrogen is a sustainable fuel that can be derived from renew-
able energy sources such as solar, wind, and biomass. Hydrogen is
generally produced through an electrolysis process with the input
of electricity and water; steam reforming method with biomass,
sulfur-iodine cycle, and chlorine-iodine cycle with water. Various
ways to produce hydrogen include renewable energy sources: al-
kaline water electrolysis (marine sector), PEM (Proton Exchange
Membrane) water electrolysis, wind and solar power, biomass, and
photocatalytic energy. As the octane number of hydrogen is more
than 120, it is more suitable for spark ignition engines/vehicles.
Hydrogen is a carbon-free fuel, and its utilization in combustion
engines results in zero carbonaceous emissions. The thermal effi-
ciency of the hydrogen-fuelled internal combustion engines is
higher than that of gasoline fuelled engines due to better combus-
tion due to lower irreversibility in combustion [1]. The irreversi-
bility due to friction is one of the main factors to reduce the effi-
ciency of the hydrogen-fuelled spark ignition engine. Hence, it is

essential to study the frictional losses of the hydrogen-fuelled en-
gine to identify energy efficiency improvement. Improvement of
energy efficiency is always a prime focus for internal combustion
(IC) engines. Even though many factors negatively contribute to
the loss of thermal efficiency of the engines, friction loss is one of
the most factors for the loss in efficiency. The internal combustion
engines work with many moving parts such as cam, pushrod,
rocker arms, exhaust valves, piston, rings, bearings, timing gears,
etc. The moving parts of the accessories need more power to over-
come the friction resulting in lower efficiency as given in Table 1.
The piston is considered as sliding friction where the piston cylin-
der and piston rings interact with the liner. Journal bearings are
considered as rotating friction. Cams are also rotating friction
when it lifts the pushrod. Table 1 shows the details of the moving
parts of the engine.

The absolute friction work in the engine is the difference between
the actual power developed inside the engine and the actual power
available on the shaft. Increasing the brake mean effective pressure or
engine speed enhances the power output and power density, but this
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affects friction and lubrication demands, wear, efficiency, cooling load,
and emission. The friction power is a function of speed, in-cylinder
pressure and temperature, and intermediate products formed during
combustion. The total friction work per cycle of an engine varies with
respect to speed as given in Eq.1 [2].

Table 1. Details of moving parts of the engine with its accessories.

S. No. Name of the moving parts Type of friction
1 Piston (rings and skirt with respect to cylinder Sliding
) liner)
2 Journal Bearing (Crankshaft and connecting Rotating
) rod bearings)
3. Cam Rotating
4. Roller follower Rolling
Wi = Gy + CN + G3N? (1)

where Cy, Cy, and Cs are the constants, N is the engine speed
(revolutions/min).

The friction under motoring mode for 4-cylinder Sl engines with
respect to engine speed is given in Eq. (2)

tfmep(bar) = 0.97 + 0.15 (=) + 0.05 ()’ @)

N
10 1000

where, N is the engine speed (rpm).

Motoring friction losses are different from the firing frictional
losses as the latter involves the combustion gas pressure loading
on piston, higher piston and cylinder liner temperatures, and the
exhaust blowdown phase at the start of the exhaust process [3]. The
total friction work in IC engines is the summation of three compo-
nents: (i) Mechanical rubbing friction, (ii) Pumping, (iii) Accesso-
ries. The mechanical friction consists of friction from the moving
parts such as piston, rings, crankshaft, and valve train. Pistons and
rings contribute to approximately half of the total engine friction
[4]. Pumping work includes the intake of fresh charge and expel-
ling the burnt products during the gas exchange process. The ac-
cessory work consists of the power required for the operation of
the oil pump, fuel pump, water pump, alternator, cooling fan, belts,
and gears. Friction from various parts and accessories of an engine
account for the frictional losses, which are difficult to overcome
and not easy to evaluate due to the wide variation in magnitude of
friction forces. Silveira et al. [5] conducted a study to analyse the
engine frictional losses in which the total friction power amounted
to 10% of the developed engine power. Kouremenos et al. [6] de-
veloped a friction model to predict the mechanical losses at ele-
vated combustion pressures, varying speed, and load changes. The
friction mean effective pressure varied linearly with the maximum
combustion pressure in the study. Taraza et al. [7] developed a
global friction model for multi-cylinder diesel engines with the in-
puts based on geometric parameters, operating conditions, and the
physics governing the friction. The model successfully simulated
the mechanical losses in the engine operating at steady-state and
transient conditions. Livanos and Kyrtatos [8] developed a model
using a medium-speed marine diesel engine data. The model pre-
dicted the effect of load and engine speed on friction losses. Taraza

et al. [9] developed a global friction model for diesel engines using
simplified models of main friction components (piston ring assem-
bly, bearings, valve train, injection pump, oil pump, coolant pump).
The model was applied to a four-cylinder diesel engine which
showed good agreement under steady-state and transient condi-
tions. Zweiri et al. [10] developed a friction model for a single-
cylinder diesel engine to determine the instantaneous friction of
components (piston assembly, bearing, valve train, and auxiliaries).
The friction equations in the model were based on the theoretical
calculations for hydrodynamic and mixed lubrication. The simu-
lated results showed an accuracy of more than 97% compared with
the experimental data.

Kamil et al. [11] developed a computer model (MATLAB code)
to estimate the friction in individual components in a spark-ignited
engine. The piston, crankshaft, valvetrain, pumping, and auxiliary
losses contributed 36%, 9%, 16%, 27%, and 13%, respectively, to
the total frictional power of the engine. The piston system accounts
for most of the total engine friction. Zhou et al. [12] mentioned that
the contribution of the piston and main bearings to engine friction
increases from 40% at low speeds to 60% at 6000 rpm. Mulfti et al.
[13] compared the experimentally measured piston assembly fric-
tion (using indicated mean effective pressure) with a simplified
piston assembly friction model. The piston skirt friction was pre-
dicted using a simple concentric piston-cylinder model and by a
method including the piston’s secondary motion. It was observed
from the study that the simplified friction model showed realistic
results. A simplified analytical friction model to predict instanta-
neous friction and tested on a single-cylinder Sl engine by Livanos
[14]. The model was compared with semi-empirical friction for-
mulas. A good agreement was obtained in the study between sim-
ulation and experimental results, indicating that the model pre-
dicted the dynamic behavior of the engine. Fujii et al. [15] used SI
motorcycle engine to develop a total friction model using engine
component dimensions such as cylinder bore, piston stroke, crank
pin, and journal diameters. The empirical equation for total engine
friction was derived to estimate and reduce the total engine friction.
Sethu et al. [16] carried out a study to measure the in-cylinder en-
gine friction using the instantaneous IMEP method. The piston as-
sembly friction for motoring and firing was obtained using the
method. It was observed that the ratio of in-cylinder friction mean
effective pressure to total engine friction mean effective pressure
ranged from 19-44% and 26-42%, when motored without and with
spark plugs, respectively.

Very few studies are available on calculating friction in natural
gas-fueled engines. It was mentioned in a study that SI CNG fueled
engine has a 25% higher friction factor than CI diesel due to the
throttling valve [17]. Orbaiz et al. [18] carried out a comparative
study of Sl engine running on hydrogen and natural gas. It was
observed that the increasing load significantly reduced the pump-
ing losses due to reduced throttling, whereas increasing engine
speed increased both friction and pumping losses. The pumping
friction losses (as percentage fuel energy) were observed to be
higher with natural gas compared to hydrogen at the experimental
operating conditions (1500 rpm and 83 Nm, 1500 rpm and 140 Nm,
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3500 rpm and 83 Nm). Wong et al. [19] conducted a study to im-
prove the efficiency of natural gas engines by reducing piston and
piston assembly friction. The use of low friction lubricants showed
a total engine FMEP reduction of up to 16.5%. It was observed that
flat piston led to significant friction reduction.

Hydrodynamic friction constitutes a significant fraction of fric-
tion losses, indicating that reduced viscosity can result in lower
frictional losses. However, the metal-to-metal contact severity is
significantly increased when lubricant viscosity is reduced [2].
Ting and Shih [20] mentioned that for firing conditions, metal-to-
metal contact friction is dominant due to high gas pressure and
high oil film temperature and reduced oil viscosity, leading to re-
duced oil film thickness. The challenge is to balance the reduction
in viscous frictional losses obtained with low viscosity fluids with
the increase in friction and contact severity (wear and failure) as-
sociated with such fluids [21]. Different grades of oil are devel-
oped to deliver optimum performance at the required temperatures.
Thus, the combustion temperature plays a vital role in the selection
of oil for different applications as viscosity is highly temperature-
dependent. Nada et al. [22] mentioned that an engine with lubricat-
ing oils with higher viscosity lowers thermal efficiency. Takata and
Wong [23] studied the effect of lubricant viscosity on piston ring-
liner friction. It was concluded from the study that the oil viscosity
at piston movement in the middle of the total volume (mid-stroke)
dominates the overall frictional losses (hydrodynamic friction) in
rings.

Viscosity index is an important characteristic of lubricating oil,
defined as the rate of change of viscosity with respect to the tem-
perature change. The viscosity index of lubricating oil is calculated
according to the test method ASTM 2270 [24]. The high values of
the viscosity index lead to a decrease in viscosity with temperature.
The viscosity index improvers reduce the rate of change of viscos-
ity with temperature change [25].

Continuous improvements have been made in IC engines to
reduce frictional losses and enhance the performance and effi-
ciency of the engine. Hoshi [26] reduced the frictional losses in
the piston system by 23-25% by reducing the cross-sectional di-
mensions of piston rings and lowering their tensions. The
change of conventional V-belts to multi-V-belts to drive acces-
sories reduced the frictional losses by 1-2%. Kovach et al. [27]
claimed that the piston and ring friction could be reduced
through reduced ring tension and ring geometry changes. Re-
duced gear diameter and reduced drive ratio of oil pumps are
effective in parasitic friction reduction. Hamatake et al. [28]
studied the friction characteristics of piston rings and concluded
that decreasing the number of piston rings results in an effective
reduction of frictional loss. Rahmani et al. [29] mentioned that
cylinder liner temperature is influential in mitigating frictional
power loss. Increased working temperatures result in reduced
viscous shear stress and subsequently reduced viscous friction
(lower oil viscosity).

Various models have been developed to predict the frictional
power losses in Sl and CI engines. Past studies have also analyzed
the apportionment of individual engine components to total engine

friction. However, no study in the past is reported on the assess-
ment of frictional power losses in a hydrogen-fuelled engine. The
variation in frictional power losses with respect to engine load at

constant engine speed has not been reported in the literature. The
present study tries to address these research gaps in the literature.
This study analyzed the sole effect of engine load on frictional
power loss in constant-speed hydrogen fuelled Genset using the
updated models and experimental results. The empirical model
constants were calibrated to predict the actual frictional losses of
each moving part of the engine.

2. Experimental details

The experimental tests were conducted on a constant speed hy-
drogen-fuelled multi-cylinder spark-ignition engine. The technical
specifications of the Genset are given in Table 2. Figure 1 shows
the multi-cylinder Genset setup used for the research work.

Table 2. Specifications of Genset.

Parameters Value
Number of cylinders 4
Revolutions/min 1500
Bore x Stroke 105 mm x 120 mm
Compression ratio 12:1
Displacement 1038.55 cm?

The engine was integrated with the alternator having a rated
power output of 28 kW. The engine was loaded with an electrical
loading panel. A piezoelectric pressure transducer mounted on the
engine's cylinder head was used to collect the pressure traces. AVL
Indicom software was used to post-process and analyze the in-cyl-
inder pressure data with respect to crank angle collected by the
combustion analyser. Hydrogen was injected into the engine's in-
take manifold using a dedicated electronic control unit. The maxi-
mum brake torque spark timing of 16°bTDC was used in this ex-
perimental study.

3. Methodology

SAE 15W-40 grade engine lubricating oil was used in the Gen-
set for the present study. The specification of the lubricant is given
in Table 3.

Table 3. Lubricant specifications.

SAE 15W-40

Density (g/l) 866
Kinematic Viscosity at 40°C (cSt) 107

14.6

Kinematic Viscosity at 100°C (cSt)
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Fig. 1. Schematic layout of the experimental setup.
R . 1000\ 1
3.1 Mechanical performance analysis fmeprings = Cpr (1 + T) oz (6)
The total mechanical friction in the engine can be computed  where c,, =4.06 x 104 kPa-mm? is the constant of proportionality.
with the summation of various mechanical rubbing parts such as fmepgas = Cgﬂ(o_oggr + 0_182r(1-33—KUp)) @)
Pg

the bearings, cam, piston rings, gas pressure, etc.
The empirical formulae used for the frictional power estimation are
given in Egs. (3-11) [30,31]

063 0.4
fmepbearings =0Cp (%) (l‘-f_ef> (3)
where, ¢, =0.0202(kPa-min0.6/rev0.6-mm) is the constant of pro-
portionality, ny is the number of bearings, N is the engine speed
(rpm), Dy is the bearing diameter (mm), Ly, is the bearing length
(mm), k is the number of cylinders, b is the bore of the cylinder
(mm), s is the stroke of the cylinder (mm), u is lubricant viscosity
(mPa's), urr is the viscosity of reference lubricant (mPa s).

The number (ny) of bearings, diameter (Dy), and length (L) of
bearings are 5, 69 mm, and 21.6 mm, respectively. The reference
lubricant mentioned in this study is SAE 30. The dynamic viscos-
ity of used and reference lubricant is 92.7 and 74.6 mPa s, respec-
tively.

D
fmepsears = ¢s FI;S 4)
where ¢,=9.36 x 104 kPa-mm? is the constant of proportionality.
Up
fmepsyire = Cps ’y (5)

where c¢,;=294 kPa-mm-s/m is the constant of proportionality, Uy
is the mean piston speed (m/s). The value of mean piston speed
(Up =2LN) is 6 m/s.

where cg= 6.89 is the constant of proportionality, P; is intake air
pressure, P, is the ambient pressure, r is the compression ratio, K
=2.38 x 102 s/m.

The intake air pressure (P;) depends on the throttle opening and the
value of ambient pressure (P,) taken is 1.01 bar.

Nn,
fmepeam = ¢, % b;i (8)

where ¢,=6720 kPa-mm?-min®$/rev®® is the constant of propor-
tionality, nes is the number of camshaft bearings. The number (nes)
of camshaft bearings is 4.

nyN

fmeprf = Crf; ©)
where ¢+ =0.0076 is the roller follower coefficient and ny is the
number of valves. The number of valves in the cylinder is 2.

0.3
FMepoi pump = 1.28 + (0.0079N + (~8.4x10~7)N2) (ML) (10)
ref

where N is the engine speed (rpm), u is lubricant viscosity (mPa
S), Uret IS Viscosity of reference lubricant (mPa s).

0.7
fmeDyater pump = 0.13 + (0.002N + 3x 1077N?) (#L) (12)
ref

In order to account for the mechanical frictional losses in the
parts of the engine, net indicated power, brake power, and the
power to the auxiliaries must be accounted for the same.
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FP of rubbing component = IP,,, — BP — AFPL (12)

where 1Py is the net indicated power (kW), BP is the brake
power (kW) and AFPL is auxiliary frictional power loss (kKW).
Performance analysis

The pressure transducer was used to collect the in-cylinder
pressure data for several cycles of engine operation. The indi-
cated work done per cycle (per cylinder) is calculated using Eq.
(13)
W; = $p.dv (13)
where, p is the in-cylinder pressure (kPa) at each crank angle,
dV is the change in instantaneous volume per crank angle degree
(m?3). Gross indicated work done (Joules) per cycle is obtained
using Eq. (14)

1 180
Wyross = V_Sf—180 p.dV (14)
where, Vs is the swept volume (m®). Net indicated work done

(Joules) per cycle can be obtained using Eq. (15)

Woer = 3 [oagoP-dV (15)

Net indicated power (Watts) can be calculated using Eq. (16)
ne k

Prer = % (16)

where, Wy is the net indicated work done (J), N is the engine
speed (rpm), k is the number of cylinders. Gross IMEP (Pascal)
is given in Eq. (17)

IMEF;o55 = % (17)

where, Wyross IS the gross indicated work done (J), Vs is the swept
volume (m3). Net IMEP (Pascal) is obtained using Eq. (18)

Whet

IMEPpe; = = (18)
PMEP (Pascal) is obtained using Eq. (19)
PMEP = IMEP,, ,s; — IMEP,,; (19)

where, IMEPyqss is the gross indicated mean effective pressure
(Pa), IMEP. is the net indicated mean effective pressure (Pa).

4. Results and Discussion

The evaluation of frictional losses of individual engine com-
ponents in a hydrogen-fuelled spark ignition engine is analysed
using the models and experimental results. Based on the empir-
ical formulae given in Egs. (3) - (11) in the methodology section,
FMEP is calculated for mechanical and auxiliary friction com-
ponents. The mechanical rubbing friction was evaluated with the
inputs indicated, brake, and auxiliary power. The indicated
power was calculated with the input of pressure-crank angle data
per cycle for the three loads 7.3 kW, 10 kW, and 15.1 kW. The
constants of the model were calibrated to predict the actual fric-
tional losses of the hydrogen Genset engine. The results of the
study are discussed as follows:

4.1 Mechanical friction from individual engine components

The inputs of the engine geometry (bore, stroke, compression
ratio, camshaft bearings, bearing diameter, bearing length, etc.),
operating conditions (engine speed and intake manifold pres-

sure), and oil viscosity were used for the evaluation of mechan-
ical frictional losses. Figure 2 depicts the contribution of various
engine components to mechanical friction observed at 7.3 kW
load at 1500 rpm. Table 4 shows the frictional power loss from
all the individual engine components at 7.3 kW engine load.

Piston assembly (piston skirt, piston ring tension, gas pressure
in piston ring), bearings, and cam account for most mechanical
friction. Piston assembly accounts for 66% of mechanical fric-
tion, whereas seals and roller followers had a negligible contri-
bution to mechanical friction at a 7.3 kW load.

mgas pressure mpiston skirt mcam wmroller follower mrings wmseals mbearings

Fig. 2. Contribution of mechanical rubbing parts to friction at 7.3 kW
load.

The reason for higher friction from piston assembly is due to the
continuous sliding friction between the piston rings and cylinder
liner for the complete cycle.

Table 4. Frictional power loss for individual friction components at

7.3 kW load.

Friction component Frict:)c;gsgerzr} liz|1:"'fatla)ctive Fricit;cs)g?ll(s\?)wer
Ga;gge:sr‘:rzg n 17.01 0.88
Piston skirt 16.80 0.87
Cam 7.62 0.39
Roller follower 0.05 0.00
Piston ring tension 6.14 0.32
Seals 1.22 0.06
Bearings 12.07 0.63
Total 60.91 3.17

The total mechanical frictional loss from all components at
7.3 KW adds up to 3.17 kW. Similarly, the mechanical frictional
loss at 10 kW and 15.1 kW is 3.25 kW and 3.73 kW, respectively.
The mechanical friction from engine components increases with
the engine load. The intake air pressure increases with an in-
crease in load (0.55, 0.6, and 0.9 bar at loads 7.3, 10, and 15.1
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kW, respectively) leading to a rise in peak in-cylinder pressure.
Higher combustion pressures at increased engine loads have a
significant influence on total mechanical friction. A study by
Werner et al. [32] also mentioned that the combustion chamber
pressure significantly increases the piston ring's contact pressure
against the cylinder liner. Table 5 shows the increasing domi-
nance of gas pressure (acting on piston ring) on the mechanical
friction between the liner and piston ring at higher loads.

Table 5. Percentage of gas pressure to mechanical rubbing friction.

In-cylinder pressure Gas pressure contribution to
Load (bar) mechanical friction
7.3kwW 315 27.9%
10 kW 35.0 29.7%
15.1 kw 46.3 38.8%

4.2 Auxiliary friction

The auxiliary friction is a function of engine speed and lubri-
cant viscosity and is independent of the engine load. The inclu-
sion of auxiliary friction gives the actual engine friction. The
total auxiliary frictional power of the water pump and oil pump
calculated in this study is 0.86 kW.

4.3 Pumping friction

The pumping friction at varying loads is calculated using the
experimental pressure-crank angle data. The PMEP values are
calculated by subtracting gross and net IMEP values. Figure 3
shows the variation in in-cylinder pressure and PMEP with en-
gine load. The increasing in-cylinder pressure with load indi-
cates the increased influence of combustion gas pressures on
mechanical friction [31]. The decrease in PMEP with increased
load is due to higher throttle opening (with increased load de-
mand) leading to lower pumping losses.

4.4 Variation of frictional power loss at various loads

The frictional losses are calculated using the empirical models
and compared with the experimental results. The sum of me-
chanical and auxiliary friction is calculated by subtracting net
IMEP and BMEP. The variation in the sum of mechanical and
auxiliary friction values obtained at various loads by both meth-
ods is shown in Figure 4a. The values predicted by the model
are lower than the experimental results.

Figure 4b shows the trend of mechanical frictional power loss
with the variation in loads. The frictional power increases with
increasing loads due to the pronounced effect of increasing me-
chanical friction over decreasing pumping friction. The experi-
mental FP loss is used as a reference for the comparison. The
experimental data gives actual friction in the engine as it ac-
counts for the auxiliary friction too. The empirical mechanical
FP values are much lower than the actual experimental FP val-
ues. Thus, the empirical model underpredicts the actual fric-
tional power values.

4.5 Calibration of model constants

The MMEP values calculated by empirical models and exper-
imental results are given in Table 6. The difference in MMEP
values is used to calibrate the constants of the model. Hence, the
constants need to be optimized to provide the desired accuracy
results. Table 7 shows the calibrated empirical model constants
for the actual calculation of mechanical friction at 7.3 kW load.
The mechanical frictional power losses are scaled up as per the
contribution of individual components. The constants are then
calibrated based on the mechanical frictional power losses. The
calculated value of the actual mechanical frictional power loss
at 7.3 kW from calibrated constants is 5.18 kW. The same meth-
odology calibrates the constants for engine loads 10 kW and
15.1 KW. The actual values of mechanical frictional power loss
calculated at 10 kW and 15.1 kW from the calibrated constants
are 5.33 kW and 6.76 kW, respectively.

a0 25
— A
[
= —_
= [
v 40 L
2 [ A o
- A [ L
5 30 E
3 [}
=
= 20 14
_E 73 10 15.1

Electrical load (kW)
Aln-cylinder pressure (bar) @PMEPF (kPa)

Fig. 3. Variation in in-cylinder pressure and PMEP with the load.

4.6 Calculation of total frictional power losses with cali-

brated constants

The obtained results are used to form an equation to calculate
the total frictional power loss. The total frictional power loss is
calculated using Eq. (20)

TFPL = MFPL + PFPL + AFPL (20)
where MFPL is the mechanical frictional power loss, PFPL is
the pumping power loss, AFPL is auxiliary frictional power loss.
Table 8 shows the calculated mechanical and total frictional
power loss at various loads. Table 9 shows the percentage of
various friction components to the total frictional power loss and
mechanical frictional power loss at various loads. The piston as-
sembly contributes roughly 50% of the total engine friction.
Various other researchers, such as Rakopoulos and Giakoumis
[33] and Abril et al. [34], mentioned piston assembly's contribu-
tion to be 50% and 55% of the total frictional losses.

The mechanical frictional loss is dominant in the total losses
in the engine and thus covers most of the total frictional power
loss at higher loads (15.1 kW). The contribution of auxiliary
friction to the total frictional power loss amounts to 12.1% at 7.3
kW load. The contribution reduces at higher loads (12% at
10kW load and 10.2% at 15.1kW load) due to greater significant
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influence of mechanical rubbing friction. The pumping friction
contribution is 14.6%, 13.6% and 10.3% at 7.3 kW, 10 kW and

15.1 KW loads, respectively. The study results could be helpful

to predict the frictional power losses in an IC engine operating
at a constant speed and varying loads.

160

-
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Fig. 4. a) Sum of mechanical and auxiliary friction pressure (experimental and empirical) at various loads.
b) Frictional power loss at various loads

Table 6. Empirical and experimental MMEP values.

Load MMEP MMEP . . Difference in
empirical experimental leferenflz(e'zjln MMEP Mechanical Frictional
(kW) (kPa) (kPa) (kPa) Power loss (kW)
7.3 60.91 98.45 38.75 2.01
10 62.46 101.45 40.15 2.09
15.1 7173 128.45 57.85 3.00
Table 7. Calibrated model constants for calculation of MMEP at 7.3 kW load.
Older MMEP Percentage Additional New Calibrated
Mechanical Older constants (kPa) (frpr_n MMEP MMEP constants
friction (Empirical model) empirical (kPa) (kPa)
component model)
MFPL (kW) MFPL (kW)
Piston skirt Cps = 294 16.80 kPa 28% 10.84 27.64 kPa 438.5
kPa-mm-s/m 0.87 kW 1.44 kW kPa-mm-s/m
Piston ring Cpr = 4.06 x 10* 6.14 kPa 10% 3.87 10.01 kPa 6.68 x 10*
(tension) kPa-mm? 0.32 kW 0.52 kW kPa-mm?
Gas pressure (in e =6.89 17.01 kPa 28% 10.84 27.85 kPa 12.2
piston ring) 9= 0.88 kW 1.45 kW
Bearings cr = 0.0202 12.07 kPa 20% 7.74 19.81 kPa 0.035
kPa-min®8/rev®6-mm 0.63 kW 1.03 kw kPa-min®$/rev6-mm
Seals cs=9.36 x 10* 1.22 kPa 2% 0.77 1.99 kPa 15.54 * 10*
kPa-mm? 0.06 kw 0.10 kW kPa-mm?
cam Cc = 6720 7.62 kPa 12% 4.65 12.27 kPa 10820
kPa-mm3®min®6/rev06 0.39 kw 0.64 kW kPa-mmq-min®®/rev0®
Roller crf = 0.0076 0.05 kPa 0% - 0.05 kPa -
follower kPa-mm-min/rev 0 kw 0 kw
Total 60.91 kPa 99.63 kPa
3.15 kW 5.18 kW
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Table 8. Predicted frictional power loss from the calibrated model

Load (KW) MFPL (KW) TFPL (kW)
7.3 5.18 7.01
10 5.33 711
15.1 6.76 8.41

Table 9. Percentage effect of friction components to TFPL and MFPL.

Friction Percentage effect to TFPL (%) Percentage effect to MFPL (%)
components 7.3 kW 10 KW 15.1 kW 7.3 kW 10 kW 15.1 kW
Piston skirt 20.3 20.0 184 21.7 26.9 23.1
Gas pressure (in piston ring) 20.5 222 30.8 28.0 29.8 38.7
Bearings 14.6 14.3 134 19.9 19.2 16.8
Cam 9.0 9.0 85 12.3 12.1 85
Piston ring (tension) 7.4 7.4 6.9 10.1 9.9 8.7
Seals 15 15 15 2.0 2.0 18
Roller follower 0 0 0 0.1 0.1 0
Oil pump 8.8 8.7 74 - - -
Water pump 33 33 28 - - -
Pumping (suction and exhaust) 14.6 136 10.3 - - -
5. Conclusions Appendix

The frictional apportionment of various engine components
was carried out in a hydrogen-fuelled multi-cylinder spark igni-
tion engine. The following conclusions have emerged from this
study.

e The frictional power is generally calculated using the in-
puts of net indicated power and brake power of the engine, but
it does not reflect the friction power of each moving part. In the
present study, the friction power and the percentage of appor-
tionment of each component are calculated.

¢ The experimental data were used to calibrate the constants
of the model for the calculation of the frictional losses with rea-
sonable accuracy.

e Friction in piston-cylinder liner due to gas pressure acting
on the piston as well as pumping losses due to more throttle ope-
ning at higher loads at high load. The percentage of friction in
the piston ring increases from 27.7% to 38.8% with the increase
of engine load from 7.3 kW to 15.1 kW.

e The piston-cylinder assembly contributes about 50% of the
total frictional power in the engine. This is due to the continuous
sliding friction between the piston rings and cylinder liner du-
ring operation.

e The auxiliary friction amounts to 12.1%, 12% and 10.2%
of the total engine friction at a 7.3 kW, 10 kW and 15.1 kW
loads, respectively. The friction due to pumping of charge is
14.6%, 13.6% and 10.3% at 7.3 kW, 10 kW and 15.1 kW, res-
pectively.

The uncertainty in the measurement of engine speed was de-
termined by calculating the standard error of the mean as given
in Eq. (A.1)

SE=32

N (A1)

where, SD is the standard deviation and n is the number of meas-
urements. The number of measurements is 30 and a 95% confi-
dence level (1.96 x SE) is taken for the uncertainty analysis.

The calculated parameters (fmepoearings, fMePcam, FMEP rolter fol-
lower, FMEP oil pump, FMEP water pump) depend on one independent var-
iable, that is, engine speed. The uncertainty in these calculated
terms was determined using the method given by Taylor [35] as
shown in Eq. (A.2)

or =+ (a_r X(?N)2

- ON

(A2)

where, dr/dN is the differential term with respect to engine
speed and SN is the uncertainty in engine speed.

The uncertainty in measured and calculated parameters is
shown in Table A.1.

Table A.1. Uncertainty values in measured and calculated parameters

Parameter Measured/Calculated Uncertainty
Engine speed Measured +1.10
meDbearings Calculated +0.01
fmepcam Calculated +0.56
fmeproler follower Calculated +0.004
fmepoit pump Calculated +0.59
fmepwater pump Calculated +0.32
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