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RESEARCH OF THE EFFECT OF RAM AIR BOOSTING ON THE
PERFORMANCE OF AN INTERNAL COMBUSTION ENGINE

Purpose. To investigate the influence of gas exchange parameters, in particular ram air boosting, on the indicated
and effective performance of a four-stroke spark-ignition internal combustion engine using the high-performance
engine of the Kawasaki Ninja ZX-10R motorcycle as a case study.

Research methods. A combination of theoretical and analytical-calculation methods was employed. The
magnitude of ram air boosting was analyzed by determining the dynamic air pressure as a function of vehicle speed
within the range of 0-300 km/h. A thermodynamic cycle calculation of the spark-ignition engine operating at the rated
condition was performed using the Engine Calculation software environment. The analysis was carried out for both
naturally aspirated conditions and with ram air boosting, taking into account variations in intake pressure, charge
density, cyclic air and fuel mass, as well as the thermodynamic state of the working charge at the beginning of the
cycle.

Results. It has been established that with increasing vehicle speed, the dynamic air pressure rises according to a
quadratic relationship and exceeds 4 kPa at speeds above 300 km/h. This results in an increase in intake pressure, a
higher mass of air per cycle, and a corresponding increase in fuel supply. Consequently, the engine effective power
increases by up to 4.2%, while average effective pressure shows a similar rise. At the same time, the indicated and
effective thermal efficiencies, as well as the specific fuel consumption, remain practically unchanged. It has been found
that the increase in engine power is primarily due to the increased mass of the working charge in the cylinder, whereas
the main gas exchange coefficients exhibit only minor variations.

Scientific novelty. A methodology has been developed for evaluating the effect of ram air boosting on the
indicated and effective performance of a spark-ignition internal combustion engine, taking into account variations in
gas exchange parameters and intake conditions. The proposed approach enables a quantitative assessment of power
gain as a function of vehicle speed.

Practical value. The proposed methodology and obtained results can be applied in the design and optimization of
intake systems for high-speed vehicles, including motorcycles, sports cars, and aircraft, as well as in the modernization
of existing engines to enhance their power output without significant structural complexity.

Key words: internal combustion engine, gas exchange, ram air boosting, intake system, dynamic pressure,
effective power.

resulting from fuel combustion and the pollution of the

Introduction environment by combustion products. In addition, a

The use of internal combustion engines (ICE) as a
power source for various types of machinery has both
advantages and disadvantages. The advantages include
compactness of the power unit, high specific power
output, ease of refueling, and relatively long driving
range. The primary disadvantages are associated with
environmental  impact, namely the harmful emissions
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vehicle is a source of vibroacoustic and electromagnetic
emissions [1].

The main trends in the development and
improvement of ICEs over recent decades have been
focused on enhancing fuel and lubricant efficiency,
increasing reliability, reducing exhaust emissions,
improving the level of automation and diagnostic
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capabilities, and decreasing mass and overall dimensions.
These  parameters determine  the technological
advancement and competitiveness of various applications
(automobiles, motorcycles, marine vessels, locomotives,
power generators, etc.), as well as the efficient utilization
of key operating materials (lubricants, fuels, metals, etc.)
and the associated maintenance and repair costs [2—4].

There are numerous approaches to improving the
performance of internal combustion engines, which can
be achieved by optimizing the operation of various
subsystems. In the absence of boosting devices (such as
superchargers or turbochargers), an internal combustion
engine is referred to as naturally aspirated. One of the
methods to increase the amount of air supplied to the
intake system in such engines is the application of ram air
boosting.

Analysis of research and publications

There are numerous methods for improving specific
performance parameters of ICEs; however, each of them
has certain drawbacks, such as complexity, cost, and
reduced reliability. The possibilities for boosting ICEs
installed on motorcycles are significantly limited. In
addition to the conventional requirements of fuel
efficiency, reliability, and environmental performance,
rather strict constraints are also imposed on mass and
dimensional characteristics.

Thus, one of the most obvious ways to increase ICE
power — namely, the use of mechanical supercharging
(supercharger) or gas-turbine boosting (turbocharger) —
becomes complicated or even impractical. However, ram
air boosting systems exhibit a certain level of
effectiveness. Their efficiency is limited; however, their
use in high-speed motorcycles does not lead to a
significant increase in mass, and such systems are most
effective at high vehicle speeds [5]. In contrast to
“conventional” boosting systems (with superchargers or
turbochargers), ram air systems have been less studied in
the scientific literature; therefore, the research topic is
relevant.

Ram air boosting systems have been widely used in
aviation since the emergence of aircraft capable of
reaching significant speeds (above 140-160 km/h), and
later in high-speed automobiles (e.g., Ford Fairlane
Thunderbolt, Porsche Panamera GTS) and motorcycles
(Kawasaki ZX-11). The effectiveness of ram air boosting
in passenger cars is limited due to the large length and
significant curvature of intake ducts.

In motorcycles, the air intake is installed in the front
part of the vehicle body, within the fairing. According to
the study conducted by the authors [6], the increase in
intake system pressure due to ram air boosting in a high-
speed motorcycle is about 4 kPa. The best results
(maximum pressure increase) are obtained with maximum
smoothing of the intake duct, which has no sharp corners
or abrupt bends.
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According to data from [7, 8], the intake pressure of
passenger car ICEs increases by 3—6 kPa at vehicle speeds
of about 200 km/h.

Based on the analysis of sources [5, 9-12], it can be
concluded that the implementation of ram air boosting
requires:

- the presence of dynamic pressure (incoming
airflow);

- a properly designed and optimally positioned air
intake.

Purpose

The purpose of this work is to research the influence
of gas exchange parameters on the indicated and effective
performance of a four-stroke spark-ignition engine with
ram air boosting, using the engine of the Kawasaki Ninja
ZX-10R motorcycle as an example.

To achieve this objective, the following tasks were
solved:

- determination of the main parameters
characterizing intake gas exchange  processes;
consideration of the main structural elements of the intake
system; analysis of aspects related to the application of
the ram air effect to improve ICE performance; review of
existing methods for studying the influence of ram air
boosting on engine performance;

- development of a methodology for determining the
effect of ram air boosting on the performance of a high-
speed motorcycle spark-ignition engine;

- calculation of the magnitude of ram air boosting,
i.e., the dynamic air pressure, at different vehicle speeds;

- performing a thermodynamic cycle calculation of
the engine operating at rated conditions, both in the
presence and absence of ram air boosting, and
determining the indicated and effective performance
parameters;

- conclusions based on the analysis of the obtained
results.

Material and Methodology

The study employed theoretical (analysis, synthesis,
induction, deduction) and practical (analytical-
calculation) methods.

To investigate the effect of ram air boosting on
the performance of a high-speed motorcycle spark-
ignition engine, the engine of the Kawasaki Ninja
ZX-10R motorcycle was choosen.

The engine is an inline four-cylinder, liquid-cooled
unit with a displacement of 998 cms3, mounted
transversely in the motorcycle frame (Fig. 1, 2). The
valvetrain is of the DOHC type, with four valves per
cylinder. The intake system is designed with reduced flow
resistance and incorporates ram air boosting. The air filter
element is of the viscous paper type.
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Figure 1. Air intake of the Kawasaki Ninja ZX-10R motorcycle
engine [13]

It & ; N

ﬁare 2.hSchemtic of the intake system and airflow path in th
Kawasaki Ninja ZX-10R motorcycle (air filter not shown) [14]

Technical specifications of the Kawasaki Ninja ZX-
10R engine [13, 14]:

- number of cylinders — 4;

- stroke — 76.0 mm;

- bore — 55.0 mm;

- compression ratio — 13;

- maximum effective power — 146 kW (197 hp) at
13,000 rpm;

- maximum torque — 113.5 N-m at 11,500 rpm.

Ambient air is drawn from outside through an intake
duct (Figure 1), which is installed in the front part of the
motorcycle fairing. The duct is protected by a mesh to
prevent large debris from entering.

Then, the horizontal airflow is deflected upward,
passes over the upper part of the engine, turns downward,
and is directed toward the air filter and throttle valves
(Figure 2).

Due to the large cross-sectional area of the air ducts
and the orientation of the air intake in the direction of
motorcycle motion, an increase in intake air pressure is
achieved at high speeds as a result of ram air boosting.
The maximum speed of the Kawasaki Ninja ZX-10R
motorcycle, depending on the modification, can reach 304
km/h.
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The methodology for determining the effect of ram
air boosting on the performance of a high-speed
motorcycle spark-ignition engine includes:

- calculation of the magnitude of ram air boosting by
determining the dynamic air pressure at possible vehicle
speeds;

- performing a thermodynamic cycle calculation of
the engine operating at rated conditions using the physical
and mathematical model of Prof. Yehorov, implemented
in the Engine Calculation software [15-17], both without
ram air boosting and with ram air boosting at vehicle
speeds of 100, 200, and 300 km/h; calculation of
indicated and effective performance parameters;

- analysis of the obtained results and formulation of
conclusions and recommendations regarding the
effectiveness and feasibility of using ram air boosting in
engines of ground and aircraft vehicles.

Unlike existing studies, this research considers the
influence of ram air boosting on the engine working cycle
and indicated performance parameters, not only on
effective performance.

Research results

In the course of the study, the nature of the
dependence of the increase in dynamic (ram air) pressure
on the vehicle speed was determined, i.e., po = f(v) (Fig.
3). A quadratic equation was obtained that allows
calculating the value of pp for any value of v within the
range from 0 to 350 km/h:

po = 46,46-10°- v2-0,8214-10- v +112,5-10°. (1)

A thermodynamic calculation of the working cycle
of the four-stroke spark-ignition engine of the Kawasaki
Ninja ZX-10R at rated operating conditions was
performed. The calculation was carried out using the
Engine Calculation software according to a methodology
[16].

po, xkPa
6

5 /
4 /
) /
: yd

vy

0 b

0 50 100

150 200 250 300 350

v, km/h
Figure 3. Variation of dynamic air pressure

Pppo as a function of vehicle speed v under standard temperature
and pressure conditions
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The engine performance parameters, taking into
account the magnitude of ram air boosting, were
calculated with the following variable parameters:

- boost pressure pk’;

- charge density at the cylinder inlet py;

- intake pressure 10sses Apint;

- volumetric efficiency ny;

- cyclic air mass in the cylinder Amair;

- cyclic fuel mass supply Amiyel;

- pressure in the cylinder at the beginning of the
cycle pa;

- mass of the in-cylinder working medium at the
beginning of the cycle m,.

The intake air temperature T, was assumed constant.

Table 1 shows the initial data for the thermal
calculation of the Kawasaki Ninja ZX10R engine at rated
conditions, taking into account ram air boosting.

Table 1 — Input data for the thermodynamic
calculation of the Kawasaki Ninja ZX-10R engine at
rated conditions taking into account ram air boosting

Parameter Values
v, km/h 0 | 100 [ 200 [ 300
pk, Pa 101325
po, Pa 0 464.6 1858,5 41816
p’, Pa 101325 | 101789,6 | 103183,5 | 105506,6
pk, kg/m? 1,204 1,210 1,226 1,254
Apint, Pa 4053,0 4071,6 41273 4220,3
pa, Pa 97272 97718 99056 101286
e 6
Akrgjgyi?e' 254 255 259 265
. 6
AEZJ?E'yS@ v | 1931 19,40 19,67 20,11
106
l’(‘;;g}f)clé 272 273 277 283

The indicated performance parameters of the engine
are presented in Table 2.

Table 2 — Indicated performance of the Kawasaki
Ninja ZX-10R engine at rated conditions without (v =10
km/h) and with ram air boosting (v = 300 km/h)

Parameter Values
v, km/h 0 100 200 300
L, J/cycle 419,903 | 421,835 426,960 437,531
pi, MPa 1,6853 1,6931 1,7137 1,7561

From Table 2, it follows that at a vehicle speed of
Kawasaki Ninja ZX10R v = 300 km/h under rated
operating conditions, compared to v = 0 km/h, the
indicated performance parameters of the engine change as
follows:

- indicated work L increases by 4.2%;

- indicated average effective pressure pi increases by
4.2%;

- indicated specific fuel consumption gi shows no
significant change;

- indicated efficiency mi shows no significant
change.
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The effective performance parameters of the engine
are presented in Table 3.

From Table 3, it follows that at a vehicle speed of v
= 300 km/h under rated conditions, compared to v = 0
km/h, the effective performance parameters change as
follows:

- effective power N¢ increases by 4.2% (Fig. 4);

- effective average effective pressure pe increases by
4.2%;

- effective specific fuel consumption g. shows no
significant change;

- effective efficiency n. shows no significant
change.

Table 3 — Effective performance of the Kawasaki
Ninja ZX-10R engine at rated conditions without
(v = 0 km/h) and with ram air boosting (v = 300 km/h)

Parameter Values
v, km/h 0 100 200 300
Ne, KW 145,57 | 146,24 148,01 151,68
pe, MPa 1,348 1,354 1,371 1,405

As the speed of the Kawasaki Ninja ZX-10R
motorcycle increases from 0 to 300 km/h, changes occur
in the engine working cycle due to ram air boosting. In
particular, this leads to an increase in the maximum in-
cylinder pressure pmax by 0.597 MPa (4.2%) and an

increase in the maximum temperature Tmax by 3.3 K
(0.1%).

Ne, KW
152
150 ,/
148
146 - _—
144
0 50 100 150 200 250 300
v, km/h

Figure 4. Dependence of the maximum effective
power of the Kawasaki Ninja ZX-10R engine on vehicle speed
due to ram air boosting

Conclusions

The study has established that motorcycle Kawasaki
Ninja ZX10R at a vehicle speed of v = 300 km/h under
rated operating conditions, compared to v = 0 km/h, the
engine performance parameters change as follows:

- effective power Ne and average effective pressure
pe increase by 4.2%;

- effective specific fuel consumption ge and
effective efficiency ne remain practically unchanged;
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- maximum in-cylinder pressure pmaxincreases by
0.597 MPa (4.2%);

- maximum temperature Tmax Of the working charge
remains practically unchanged.

It is shown that the main parameters characterizing
gas exchange in the cylinder and the intake process —
residual gas fraction vy, excess air ratio a, and volumetric
efficiency nv— remain practically unchanged when ram air
boosting is applied. The increase in engine power is
primarily due to the increase in the cyclic air mass Am
and the cyclic fuel mass AMge.

The results confirm that ram air boosting can
provide a noticeable increase in effective power without
additional complexity or increase in engine mass, which
is critically important for motorcycles and related
applications, including aircraft. The obtained results are
recommended for experimental validation.
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Mema pooomu. /locnioumu eniue napamempis 2az000MiHy, 30Kpema OUHAMIYHO20 (WEUOKICHO20) HAO0OY8y, Ha
IHOUKAmMopHi ma eghekmueHi NOKA3HUKU DEH3UHOB020 YOMUPUMAKIMHO20 08USYHA GHYMPIUHBLO2O 320PSAHHI HA NPUKIAO]
sucoxogpopcosanoeo dsueyna momoyuxia Kawasaki Ninja ZX-10R.

Memoou oOocnioxcennsn. i1 OocscHenHss NOCMABIEHOT Memu BUKOPUCHAHO KOMNWIEKC MEOPEemMUYHUX ma
AHATIMUYHO-PO3PAXYHKOBUX Memo0i8. IIpoeedeno awnaniz GeruduHu OUHAMIYHO20 HAOOYEY WLIAXOM BUSHAYEHHS
OUHAMIYHO20 MUCKY NOGIMPS 3ANEHCHO 8i0 WBUOKOCMI PYXy MpAHCHOpmMHO20 3acoby 6 oianasoui 0-300 km/200.
Bukonano mepmoounamiunuii pospaxyHox pobo4020 YUKTY OEeH3UHOB020 OBUSYHA HA HOMIHANGHOMY pextcumi 3
BUKOPUCMAHHAM npocpamHoco cepedosuwya Engine Calculation. Pospaxynox npogedeno 01 ymo8 8iocymHocmi ma
HAA6HOCMI OUHAMIYHO20 HAOOY8Y 3 YPAXYBAHHAM 3MIHU MUCKY HA 8NYCKY, 2YCIMUHU 3apA0Y, MACU NOBIMps Ma Naiued 6
YUK, A MaKoxic napamempie pobouo2o mina Ha NoYamxy Yukiy.

Ompumani pesyromamu. Bcmanosneno, wo 3i 3p0CMAaHHAM WEUOKOCTI pYXYy MOMOYUKLA GeTUUUHA OUHAMIYHO20
MUCKY ROGIMPS 3pOCMAE 304 K6AOPAMUUHUM 3aKOHOM | npu weuoxocmi nonad 300 km/200 docsieae 3HauenHs ROHAO 4
klla. lle npuzeooumv 00 nioGuUWeHHsL MUCKY HA 6NYCKY, 30LIbUWEHHS YUKI08020 3apsdy NOsIimps ma 6iOnosioHo2o
3pocmanist nooayi naiuea. Y pesyromami epekmusHa nOMysucHicmb 0sucyna 30inbuiyemocs 00 4,2 %, a cepeoHill
eexmusHuti muck — na ananoziyny eeaununy. Ipu ypomy inouxamophuii ma epexmusHnuii kKoegiyicumu Kopuchoi 0ii,
a makodc NUMOMAa 8UMPAMa NAIUEA 3aTUULAIOMbC NPAKMUYHO He3MIHHUMU. Buseneno, wo niosuujents nomysicHoCmi
3YMO6/IeHe NepesadtCHO 30iIbUeHHAM Macu pobouozo mina 6 yuriHopi, moodi 5K OCHOBHI Koegiyicumu, wo
Xapaxkmepusyroms npoyec 2a3000MiHYy, 3MIHIOIOMbC HE3HAYHO.

Haykoea noeusna. Po3pobieno memoouxy OYIHIOBAHHA 6NAUEY OUHAMIYHO2O HAOO0Y8Y HA [HOUKAMOPHI mda
epeKkmueHi NOKA3HUKU DEH3UHOB020 OBUSYHA BHYMPIUWHbO20 320PAHHA 3 YPAXYGAHHAM 3MIHU NApaAMempis 2a3000MiHy
ma ymoe 6nycky, wo 003601A8€ KILIbKICHO SUSHAYAMU NPUPICM NOMYICHOCMI 3ANeNCHO 60 WEUOKOCMI pDYXy
MPAHCHOPMHO20 3AC00).

Ilpakmuuna yinnicms. 3anponoHo8ana MemoouKa ma OMpUMaHi pe3yabmamu Mo*Cyms Oymu 6UKOPUCTIAHI npu
NPOEKMYBAHHI MA ONMUMI3AYT] BNYCKHUX CUCTNEM WBUOKICHUX MPAHCNOPIMHUX 3AC00i8, 30Kpema MOMOYUKIIS,
CHOPMUBHUX ABMOMODINIE, NIMATLHUX AnaApamie, a maxkodlc npu MOOepHizayii iCHYIOUUX 08USYHIG 3 MEMOI0 NiOGUUEHHS
iX NOMYIHCHICHUX NOKAZHUKIB €3 CYMMEBO20 YCKAAOHEHHS KOHCMPYKYIL.

Kniouosi cnosa: o0eucyn 6HympiuHb020 320pSAHHA, 2A3000MiH, OUHAMIMHUL HAOOY8, 6MYCKHA Ccucmema,
OUHAMIYHUL TNUCK, epheKmUBHA NOMYIHCHICID.
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