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ABSTRACT: Industry and energy continue to require piston engines (PICE) at a high level worldwide. Therefore,
science and technology must urgently work on improving the PICE working cycle. Improving the quality of the intake
process of the working fluid into the cylinder is one of the most effective ways to improve the operational performance of
PICE. The purpose of the study was to assess the impact of various cylinder head (CylH) designs on the gas-dynamic and
heat-exchange qualities of air flows within an engine model’s intake system. Three different CylH designs were studied:
the basic configuration and upgraded cylinder heads with a square valve and a square valve port. These designs are
innovative. Laboratory conditions were used to conduct the studies for stationary air flow. The experiments covered the
range of Reynolds numbers from 8500 to 96,000. The intake system’s gas dynamics and heat transfer were determined
using the thermal anemometry method, which was based on constant-temperature hot-wire anemometers. It has been
established that the use of upgraded CylHs causes an increase in the turbulence number of flow by an average of 13.5%.
Additionally, it was found that the increase in the turbulence number of flow in the cylinder is about 19% when installing
new CylH designs. It was shown that there was an increase in the heat transfer coefficient in the intake pipe by 10%-40%
when installing modernized CylH designs in the intake system. The article focused on the problems of increasing the
turbulence level and intensifying the heat transfer of stationary air flow in the intake system, specifically in PICEs. The
study’s findings are novel in the areas of applied gas dynamics and PICEs.
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1 Introduction

Power and energy plants based on piston internal combustion engines (PICE) are in demand in the
field of transport, distributed generation, hybrid systems and many other industries [1]. Therefore, increasing
the energy efficiency of PICE remains a pressing task for science and engineering. Improving gas dynamics
and heat exchange during the intake process (the process of filling the cylinder with the working fluid) by
upgrading the design of the intake system elements is one of the effective ways to increase productivity
and efficiency in PICE [2]. Accordingly, solving these scientific and technical problems is an important and
promising direction in the development of piston engine engineering.

A brief overview of the current state of research on improving the intake process is presented below.
Engineers and scientists pay great attention to the influence of the length and diameter of the intake pipe
(InP) on the performance of the PICEs [3-6]. Thus, Harazi et al. studied the influence of the InP length on
the volumetric efficiency of the intake process [3]. The authors managed to achieve an increase in volumetric
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efficiency by 1.3% by optimally adjusting the pipe length at different crankshaft speeds. Hemanandh et al.
achieved an improvement in volumetric efficiency (up to 15%) by jointly tuning the length and cross-sectional
area of the engine intake pipe [4]. Jemni et al. succeeded in creating acoustic supercharging by varying the
geometric dimensions of the engine intake system [5]. The maximum improvement in volumetric efficiency
was almost 40% in this case. Ali et al. increased engine power by almost 8% and torque by 6.5% by optimizing
the length and diameter of the InP [6]. There are few experimental studies on the effects of longitudinal or
transverse channel profiling.

It is known that the design of the channels in the cylinder head (CylH) also has a significant effect on
the volumetric efficiency of the intake process and the technical characteristics of the PICE [7,8]. It has been
shown that profiling the valve channels causes an increase in volumetric efficiency of up to 18% compared to
the basic configuration [7]. At the same time, optimization of the design of the channels in the CylH caused
an increase in engine power and torque by 15% [8]. The use of spiral and helical channels in the cylinder head
of the PICE is a relevant direction for the development of engine engineering [9-12]. The use of such channels
leads to the formation of a large vortex and large-scale flow turbulence in the cylinder, which improves the
homogeneity of the working fluid and the quality of combustion. For example, Luong et al. were able to
increase the swirl ratio in the cylinder by 15.2% by fine-tuning the geometry of the helical channel in the CylH
of the PICE [9]. Wang et al. used a spiral channel to increase the swirl ratio in the cylinder by 16.5%, reduce
specific fuel consumption by 1.8 g/(kW h), and increase power up to 3.5% [10]. Modern technologies allow
creating almost any configuration of InPs, CylH channels and valves. Accordingly, there is a wide choice of
designs of intake systems for PICEs. This work is based on this approach.

Refinement of the intake system design to reduce hydraulic resistance and improve flow characteristics
is a separate scientific and technical direction for the development of the PICE [13-16]. The importance of this
factor on the piston engine performance is shown in the article [13]. It has been established that a significant
increase in hydraulic resistance at the intake can lead to a decrease in power by almost 10%, an increase in
specific fuel consumption of up to 2.5%, and a decrease in the temperature of the PICE exhaust gases [13].
Pranoto et al. investigated the gas-dynamic structure of the air flow in the intake system to reduce stagnation
zones and hydraulic resistance [14]. Pahmi et al. achieved an increase in volumetric efficiency by 15% and
average cycle pressure due to gas-dynamic improvement of the elements of the engine intake system [15].
It should be noted that most studies of the intake process in PICEs are based on numerical modeling,
including the use of original mathematical models with increased performance and/or accuracy [17,18]. The
development and improvement of experimental methods for assessing the gas-dynamic characteristics of the
intake system remain an important task for PICEs.

It should be noted that the improvement of the intake process and the design of the intake system also
leads to an improvement in the environmental performance of the PICE [19-21]. Thus, Saaidia et al. achieved
areduction in the amount of nitrogen oxides (NOx) in the engine exhaust gases by 14%, hydrocarbon residue
(CH) by up to 40%, and carbon monoxide (CO) by up to 40% by upgrading the intake system with its
subsequent adjustment [19]. Zhang et al. performed a comprehensive improvement of the gas exchange
systems of a Miller cycle diesel engine to improve environmental performance [20]. It should be noted that
there are studies on the gas-dynamic improvement of the intake and exhaust systems to reduce the noise
level of the PICE [22,23]. For example, Paranjape et al. were able to reduce the noise level during the intake
process by 7 dB by optimizing the design of the gas exchange system elements [22]. It is obvious that the
improvement of the configuration of the main elements of the intake system has not exhausted its potential
for increasing the efficiency and environmental friendliness of the PICE.

It should be emphasized that scientific and technical tasks related to improving the intake process are
relevant not only for traditional PIECs, but they are also in demand for modern aircraft engines of original
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designs [24,25] and rotary engines [26,27]. Accordingly, it is necessary to continue research on this topic and
develop new configurations of PICE intake systems.

A review and analysis of the literature shows that there are virtually no experimental studies of gas
dynamics and heat exchange flows for intake systems with profiled valves and channels in the CylH. This
study aims to eliminate this gap. Thus, the main objectives of this study were as follows:

- to develop a full-scale model of the engine intake system with different cylinder head designs, as well
as to create a measuring system for assessing the gas-dynamic and heat exchange characteristics of air
flows in the pipe;

- to obtain experimental data on the gas dynamics and heat transfer of stationary air flows in the InP with
different CylH designs and for different initial conditions;

- to estimate the turbulence number of air flows in the InP and cylinder of the engine with different CylH
designs and for different average velocities in the system;

- to determine the heat transfer intensity of air flows in the engine intake pipe with different CylH designs
and for different air flow rates through the system.

The scientific novelty of the study lies in obtaining new data on gas dynamics and heat exchange of flows
in the intake system with original designs of the InP and CylH in a wide range of air flow rates, mainly for
PICEs. New data on the gas dynamics and heat transfer of the air flow in the system expand the theoretical
database in the field of applied gas dynamics and thermal physics. These data can also be useful for modeling.

The practical value of the article consists of the development and laboratory study of new designs of the
intake system for PICEs. The proposed designs of the intake system can be used in automobile engines. The
proposed designs will potentially lead to an improvement in the operational characteristics of PICEs.

2 Experimental Setup, Measuring Instruments, Experimental Methodology

The experimental setup was designed and manufactured to study the gas dynamics and heat transfer
of stationary air flows in the intake manifold (Fig. 1). The setup included several main elements: (1) a full-
scale model of the intake system of the PICE (the components were the InP, cylinder head of different
configurations (see below), cylinder); (2) a pump with adjustable air flow; (3) a measuring system (thermal
sensors, constant temperature anemometers, analog-to-digital converter, computer with software).

The air movement in the intake system was carried out due to the vacuum in the cylinder, which was
created by the pump. The cylinder diameter was 82 mm (a common car engine). The cylinder was made
of ABS plastic using 3D printing. In the study, the average velocity w in the InP was from 4 to 45 m/s. The
experiments covered the range of Reynolds numbers from 8500 to 96,000. This speed range covers the main
operating modes of the PICE. The air temperature was 22 + 1°C. This temperature is also the most common
in the operation of the PICE of this size.

Several CylH configurations were manufactured for the study (Fig. 2). The basic cylinder head design
had a valve with a round plate (the seat diameter was 32 mm) and a valve channel with a round cross-section
with an internal diameter of also 32 mm (Fig. 2a). An alternative CylH design had a valve with a square plate
(the seat side of the square was 28.35 mm) and a valve channel with a round cross-section with a diameter
of 32 mm (Fig. 2b). The side of the square was chosen based on the equality of the cross-sectional areas with
the basic valve configuration. The valve channel had a square shape only in the valve seat area with a smooth
transition to a round section. The third version of the CylH design had a square valve (28.35 mm) and a
square channel with a side of 32 mm (Fig. 2¢). The geometry was selected based on the design capabilities
and considering the preservation of the quality of the intake process.
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Figure 1: Diagram (a) and photograph (b) of the experimental setup: I—inlet pipe; 2—measuring sensors; 3—channel
in the CylH; 4—inlet valve; 5—cylinder; 6—pump; 7—hot-wire anemometer; 8—analog-to-digital converter; 9—laptop

(&

Figure 2: General view of the studied CylH designs: (a)—round valve and channel (basic configuration); (b)—square
valve and round channel; (¢)—square valve and square channel

The geometric dimensions of the InP and valve were selected based on the analysis of prototype engines.
Most PICE:s of this size (with a cylinder diameter of about 80-85 mm) have an InP with a diameter of about
32 mm.

The cylinder heads and valves were 3D printed from ABS plastic with an average roughness of 6.3 um
(technically smooth surface). The valve was in the fully open position during the tests (valve lift height was
10 mm). The cylinder head with a profiled valve channel can be manufactured using the method of casting in
silicone molds for existing engines. This ensures high precision (surface roughness) and low manufacturing
costs. The intake valve with a square plate and a profiled valve seat can be manufactured using 3D printing
and additive technologies. This increases the cost of the parts, but ensures high precision and reliability of
the design.

Instantaneous values of the flow velocity w, and the local heat transfer coeflicient a, in the inlet pipe for
different air flow rates through the system were determined in experiments using the thermal anemometry
method. Two types of thermal thread sensors and constant temperature thermal anemometers were used
for this purpose. A MiniCTA hot-wire anemometer from Dantec Dynamics (Denmark) with a sensing
element (heated filament) approximately in the center of the pipe was used to determine wy. This hot-wire
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anemometer (MiniCTA) had the following main characteristics: maximum measurable speed up to 80 m/s;
output voltage no more than 7 V; bandwidth no less than 10 kHz (for 50 m/s); sensor thread with a diameter
of 5 um and a length of 3 mm; response time no more than 1.8 ms.

In this study, the turbulence number TN was additionally determined based on the function f = w, (7).
TN was calculated as the ratio of the root-mean-square pulsation component of the velocity to the average
velocity of the flow under study. The method for determining TN is described in more detail in [27,28].

The IRVIS TA-5.1 hot-wire anemometer (Russia) with an original (author’s) sensor was used to
determine a,. This sensor was a fluoroplastic substrate (with a diameter of about 15 mm and a thickness of
about 2 mm), on which a heated thread was placed with a slight tension. The main technical parameters of
the hot-wire anemometer (IRVIS TA-5.1) were: output signal no more than 5 V; maximum flow velocity no
more than 100 m/s; frequency response no less than 10 kHz; response time no less than 2.0 ms.

The method for measuring and determining the local heat transfer coefficient is described in detail
in [29]. The mathematical expectation for the function f = a, (7) was calculated for a certain period of time
to obtain the average heat transfer coefficient a in the inlet pipe.

The general appearance and method of installing the sensors in the InP are shown in Fig. 3. The control
section with the hot-wire anemometer sensors was in the InP at 100 mm from the window in the CylH.

Figure 3: General view (a) and photograph (b) of the method of installing the hot-wire anemometer sensors in the
inlet pipe: 1—pipe; 2—sensor for determining w,; 3—sensor for determining a,; 4—sensitive element of the sensors

(thread)

The measuring system was automated, i.e., the collection and recording of experimental data was carried
out in real time for several seconds (usually about 10 s) using an analog-to-digital converter and special
software. The experiments were repeated at least 3-5 times to confirm the reproducibility of the results. The
main physical quantities were also calculated at least 3 times for different series of experiments.

The relative uncertainty in determining the flow velocity w, in the experiments was 5.5%; the relative
uncertainty in determining the o, was 10.8%.

3 Gas Dynamics and Heat Transfer of Stationary Flows in the Model of a Piston Engine Intake System

Instantaneous values of w, and a, of steady flow in the InP with different cylinder head designs for low
air flow (average speed of about 13 m/s) are shown in Fig. 4.

The use of a modernized CylH leads to minor changes in the function f = wy (7). There are small
fluctuations in w, around the average value for all the studied configurations. The use of a square valve causes
a slight increase in the amplitudes of w; oscillations (Fig. 4b). Minor changes are caused by the presence of
right angles in the channels and on the valve, which are external disturbing factors.
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Figure 4: Change in local velocity w, (1) and local heat transfer coeflicient a, (2) of stationary air flows over time 7 in
the intake system with different CylH designs for approximately the same average velocity in the pipe: (a)—basic design
(w =13.9 m/s); (b)—square valve (w = 13.0 m/s); (c)—square valve and channel (w = 14.3 m/s)

That the use of alternative CylH designs also caused minor visual changes in the function f = a, (7).
The use of a square valve and channel led to some smoothing of the function f = a, (1), i.e., a decrease in
the number of fluctuations of a, over time. There is a noticeable heat transfer intensification in the InP when
using modernized cylinder heads. The average value of the heat transfer coefficient a in the InP is about
65 W/(m?-K) for the basic configuration, and a reaches 90 W/(m?-K) for the new CylH designs. Intensifica-
tion of heat transfer of the flow in the modernized intake systems is associated with turbulent (disturbed)
flow. From an applied point of view, the heat transfer intensification can lead to some heating of the air
during the intake process, which can have a positive effect on the evaporation of fuel and improve the
quality of mixing of fuel and air in the PICE cylinder. These physical phenomena are the determining factors
for the completeness of combustion of the working fluid in the PICE cylinder. Therefore, the heat transfer
intensification in the intake system is important for engine performance.

An increase in the average flow velocity in the pipe (up to w ~ 32 m/s) caused a noticeable increase in the
air flow velocity fluctuations (Fig. 5). The main trends in w, change in the intake system with different CylH
designs are maintained with an increase in air flow (the average velocity in the pipe is about 32 m/s). The use
of modernized CylH designs leads to a slight increase in air flow velocity oscillations in the InP compared
to the basic configuration. The increase in oscillatory phenomena in the pipe may be associated with the
formation of secondary and vortex structures in the intake system with a profiled channel and a valve in the
CylH. Right angles in the pipe and on the valve remain the main factors of disturbance and restructuring of
the flow.
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Figure 5: Change in local velocity w, (1) and local heat transfer coefficient a, (2) of stationary air flows over time 7 in
the intake system with different CylH designs for approximately the same average velocity in the pipe: (a)—basic design
(w =31.2 m/s); (b)—square valve (w = 34.6 m/s); (c)—square valve and channel (w = 32.4 m/s)

There is a change in the trend in the f = a, (7) patterns when using alternative CylH designs for increased
air flow through the intake system (compare Figs. 4 and 5). In this case (w ~ 32 m/s), the use of a square
valve and channel caused the formation of noticeable o, oscillations in the InP. There is also a significant
intensification of heat transfer in the InP (an increase in a from 115 W/(m?:K) for the basic design to almost
200 W/(m?*K) for the upgraded configuration). Intensification of heat transfer is associated with the presence
of disturbances in the flow and violation of the boundary layer. The results obtained indicate the presence of
a significant influence of the CylH design on the gas-dynamic and heat exchange characteristics of stationary
air flows in the intake system of the PICE.

The turbulence number TN was calculated for steady air flow in the intake pipe for three cylinder head
designs (Fig. 6). TN values were calculated at least 3 times for different series of experiments to confirm
the reproducibility of the results and improve accuracy. The use of modernized cylinder heads in the intake
system causes an increase in TN by an average of 13.5% compared to the basic configuration (Fig. 6). The
increase in TN can be explained by two factors: (1) an increase in the hydraulic resistance of the system and
(2) the formation of secondary flows in the system due to the profiled channel and the plate valve. Flow
disturbance, flow separation, and secondary structures were the key factors in the growth of TN values.

0.09
on =
TN =
(dimensionless) - N *
0.05
—-l
—————— 2
——-3
0.01
2 17 32 w,,m/s 47

Figure 6: Dependence of the turbulence number TN in the pipe on the average air flow velocity w when using different
CylH designs: 1—basic design; 2—square valve; 3—square valve and channel
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Additionally, the TN values of the air flow in the engine cylinder were assessed for intake systems
with different CylH designs (Fig. 7). These data are necessary to track the evolution of the gas-dynamic
characteristics of the flow in the intake system and cylinder. For this purpose, the sensitive element of the
hot-wire anemometer sensor was located in the center (on the axis) of the cylinder at a distance of 11.5 mm
from the upper plane (under the intake valve). The experiments and calculations were also carried out at
least 3 times.

0.4

N
(dimensionless)

0.2 |

2 13 24 w,m/s 35

Figure7: Dependence of the turbulence number TN of the flow in the cylinder on w when using different CylH designs:
1—basic design; 2—square valve; 3—square valve and channel

There was a tendency to increase the turbulence number TN of the flow in the cylinder when using
modernized cylinder heads in the intake system (Fig. 7). In this case (in the cylinder), an increase in TN is
observed on average by 19.3% for the new CylH configurations compared to the basic design. Accordingly,
the turbulence of the flow in the cylinder increased somewhat compared to the InP when using new designs
(the increase in TN in the pipe was 13.5%, and in the cylinder the increase in TN was 19.3%). The increase in
TN is explained by the fact that the corners of the square valve are flow disturbers (flow breakdown occurs
at the right angles of the valve with a square plate). Flow disturbances increase the pulsation component of
the speed in the ICE cylinder.

Turbulence of the flow in the cylinder can have a positive effect in the form of improved mixing of
fuel and air and obtaining a homogeneous working fluid. This can improve the quality and completeness of
combustion of the fuel-air blend in the PICE. Accordingly, one can expect an improvement in the technical,
economic, and environmental performance of the engine. The magnitude of the efficiency increase must be
determined for each specific PICE separately.

The effect of CylH design modernization on the heat transfer intensity in the InP is shown in Fig. 8.

200 Eae

2 ] .-
a, Wi(m™-K) -7
0. -
125
50
2 17 32 w,m/s 47

Figure 8: Dependence of the heat transfer coefficient a in the pipe on the average air flow velocity w when using
different CylH designs: 1—basic design; 2—square valve; 3—square valve and channel

The use of modernized CylH designs causes an increase in the heat transfer coefficient a in the InP by
an average of 15%-27% compared to the basic system configuration (Fig. 8). Thus, the use of a square intake
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valve in the CylH leads to an increase in a by 10%-39% compared to the basic design, and the installation
of a CylH with a square valve and a square channel causes an increase in a by 7%-28%. In this case, the
classical pattern is fulfilled that an increase in the turbulence number leads to a growth in the heat transfer
coeficient [30]. This is usually explained by a violation of the boundary layer stability and the corresponding
intensification of heat exchange between the flow and the pipe wall.

The studies were performed for single-phase flow (air flow) in this work. However, it is possible to
analyze the influence of the obtained results on a potential two-phase flow (air flow with liquid fuel injection)
based on literature data. Intensification of heat transfer in the intake system usually has a positive effect on the
processes of evaporation, mixing, mixture formation, and combustion in piston engines [31,32]. Potentially,
this can lead to an increase in specific power, a decrease in specific fuel consumption, and an improvement in
the environmental friendliness of the exhaust gases of the PICEs. Improvement of the engine’s environmental
performance is associated with an increase in the quality and completeness of fuel combustion [33].

The pattern associated with the heat transfer intensification in the InP in the case of using modernized
cylinder heads is preserved when moving from the function a = f (w) to the dimensionless indicators Nu
(Nusselt number) and Re (Reynolds number) (Fig. 9). This is due to the fact that the flow rates are low;
the experiments are carried out at almost atmospheric pressure; the working medium is air (single-phase
flow). Accordingly, there are no factors that could disrupt the relative values of the heat transfer level when
switching to dimensionless parameters.

250

Nu | === 2 .- - 1
(dimgnsionless) ——-3 T e !
150
50
0 50000 Re (dimensionless) 100000

Figure 9: Dependence of the Nusselt number Nu in the pipe on the Reynolds number Re when using different CylH
designs: 1—basic design; 2—square valve; 3—square valve and channel

The increase in Nu in the intake pipe is on average 15%-30% in the case of using new CylH designs
compared to the basic configuration of the intake system.

4 Conclusions

The main conclusions of this study are as follows:

1. An experimental setup, instrumentation, and methodology for studying the gas dynamics and heat
exchange of stationary air flows in the intake system with original CylH designs were created.

2. New experimental data on the change in wy and a, of the flow in different modifications of the intake
system as applied to the PICE were obtained; the turbulence number TN was calculated for flows in
the pipe and cylinder, and the heat transfer intensity in the pipe for the studied system configurations
was determined.

3. The use of a square valve and a square channel in the CylH caused an increase in TN by an average of
13.5%; it was revealed that the increase in TN in the cylinder was about 19% when installing modernized
CylH designs.
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4. There was an intensification of heat transfer in the InP by 10%-40% when installing modernized CylH
designs in the intake system;

5. The pattern of change in the heat transfer level in the InP in dimensionless form Nu = f (Re) for all studied
configurations of the intake system was presented; heat transfer intensification was confirmed.

6. Applied issues of increasing the turbulence number and heat transfer intensification of stationary air flow
in the intake system were discussed in relation to piston engines.

The described results relate to a single-phase, stationary air flow in a complex gas-dynamic system.
Further research direction may be related to the study of proposed CylH designs for pulsating air flows (i.e.,
with rotating camshaft and opening/closing intake valve). Conducting tests on a working PICE with the
developed intake system designs is also considered as part of the plans for new research.
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