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ABSTRACT
Engine power and exhaust emissions result from the in-cylinder's fuel combustion process. The test
rig for combustion visualization is one of the modern and specialized systems with high precision
requirements. This research aims to design and fabricate a Constant Volume Combustion Cham-
ber (CVCC) to investigate the fuel combustion characteristics under various operating conditions
such as fuel injection pressures, ambient pressures, ERG ratios, etc. This design concept depends
on the diesel engine operating conditions with compression ratios of up to 26, fuel injection pres-
sure in the range of 1600 bar; and the ability to combine the Z-type Schlieren optical method and
high-speed camera to collect images of the combustion process. The strength of the structure was
analyzed by ANSYS software with conditions of combustion pressure at 100 bar and 200 bar. This
design was fabricated and experimented with the fuel combustion conditions at an ambient pres-
sure of 42 bar, oxygen concentration of 21% after the pre-combustion phase, and fuel injection
pressure of 800 bar, 1000 bar, and 1200 bar, respectively. The results revealed that the combustion
chamber satisfied the durable requirement criteria, with the safety factor of 8.6 and 4.3 respectively
under thementioned simulating conditions. The leakage rate is negligible with 0.01% at an applied
compression pressure of approximately 80 bar in CVCC. The CVCC system canperform and record
combustion process parameters at conditions similar to operating the diesel engine.
Key words: Schlieren technique, Constant volume combustion chamber, Diesel engine combus-
tion, Common-rail fuel system.

INTRODUCTION
Large power and high thermal efficiency are char-
acteristics that make diesel engines widely used in
various fields. However, emission concentrations
such as nitrogen oxides (NOx), and particulate mat-
ter (PM) during the combustion process are limited
to the diesel engine for meeting the current emission
standards.1,2 In order to solve those problems, ap-
plied solutions such as high-pressure fuel injection,
exhaust gas recirculation (EGR), and the use of sev-
eral alternative fuels, etc have been extensively re-
searched and developed.3 However, to evaluate the
power, and exhaust emission based on the mentioned
solutions above, the recording combustion process
parameters is very necessary. Therefore, several opti-
cal access and combustion measurement devices have
been introduced, including Optical Research Engines
(ORE), Rapid Compression and Expansion Machine
(RCEM), Constant Volume Combustion Chamber
(CVCC), Constant Pressure Flow Rig (CPFR), Con-
stant Volume Hot Cell (CVHC), etc.3–8 Among these
mentioned devices, the outstanding common point
is able to simulate various combustion conditions in
diesel engines.

Figure 1 shows the range of pressure and tempera-
ture conditions prior to fuel injection by different op-
tical access devices. Depending on a compression ra-
tio, these research devices can create ambient pres-
sure and temperatures ranging from 4.5MPa to 15Ma
and 750 K to 950 K, respectively, corresponding to gas
densities between 20 kg/m3 and 60 kg/m3. In partic-
ular, pre-injection conditions of CVCC cover a wide
range and can simulate various conditions in diesel
engines.9 With CVCC, a compression ratio can be
easily varied by adjusting the intake combustible gas
mixture pressure and pre-injection conditions. More-
over, due to its simplicity in design, feasibility in fab-
rication, and operation, the CVCC has become a po-
tential device for optimizing operating conditions in
diesel engines and evaluating the feasibility of alter-
native fuels based on recording combustion process
parameters.9,10

Most CVCCs are designed in a cylindrical shape with
diameters ranging from 50mm to 300mmandwidths
from 29 mm to 410 mm; gas densities, ambient pres-
sures, and temperatures range from 7 kg/m3 to 45
kg/m3, 1 bar to 50 bar, and 300 K to 1200 K, respec-
tively; the test fuels are injected by various injectors
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Figure 1: In-cylinder conditions prior to the fuel in-
jection compared to different optical test rigs [7].

at pressures ranging from 500 bar - 1800 bar. Oren et
al.,11 used a cylindrical-shaped CVCC with a diam-
eter of 101.6 mm; their CVCC did not use a mixing
fan but instead used a mixing tank external to ensure
homogeneous mixtures during the pre-combustion
phase for evaluating fuel spray characteristics and
combustion behavior in diesel engines. Siebers and
Edwards12 and Nguyen et al.13 also used a smaller
CVCC (80 mm in diameter); combustion chambers
used a mixing fan to achieve homogeneous intake
mixtures. The experimental conditions included vari-
ous pressures and temperatures in the range of 8 bar to
80 bar and 600 K to 1600 K to evaluate ignition delay
and combustion characteristics of biodiesel and hy-
drogen fuels. Fujimoto et al., investigated the impact
of oxygen concentration in diesel engines on soot for-
mation to meet increasingly stringent emission stan-
dards by using a CVCC with an external hexagonal
shape and an inner diameter of 70 mm. 12–17 Most
studies primarily focus on the applications of CVCC
in the combustion process of alternative fuels. A few
studies concentrate on design parameters and struc-
tural analysis, while the integration of topics such
as design, structural simulation, fabrication, and op-
erational reliability evaluation (such as swirl veloc-
ity, EGR levels, temperature distribution, etc.,) of the
CVCC system has not been introduced.18–20 Based
on the Schlieren optical approach, this paper presents
the method for designing, simulating, analyzing the
structural, and experimentally fabricating the CVCC
combustion chamber. The leak test and tempera-
ture distribution inside the CVCC combustion cham-
ber are evaluated prior to conducting fuel combus-
tion experiments. The experimental investigation of
the fuel combustion characteristics in the CVCC sys-
tem is performed under operating conditions of 42
bar ambient pressure, 21% O2concentration after the

premixed combustion stage, and fuel injection pres-
sures of 800 bar, 1000 bar, and 1200 bar. This yields
scientifically and practically valuable results for study-
ing the combustion process. Additionally, it serves as
the foundation for further research on various types
of fuels, contributing to the resolution of fossil fuel is-
sues.

RESEARCHMETHODS
Design criteria
The volume of the CVCC has a significant impact on
the simulation of the combustion process inside the
chamber. If the chamber volume is too small, it can
impede the fuel injection from the injector, as well
as the fuel sprays are able to impinge on the cham-
ber walls. Conversely, if the chamber volume is too
large, it can affect the measurement results inside the
chamber. Therefore, the chamber dimensions need
to be warily calculated and optimized. To avoid fuel
spray impingement on the chamber walls, the maxi-
mum penetration depth (X), and the spray angle (θ )
can be determined using the equation proposed (1),
(2) by Wakuri et al.21

X =

(
2C△Pin j

ρa

)0.25
.

(
tdN

tanθ

)0.5
(1)

tanθ = 0.427
(

ρa

ρ f

)0.325
(2)

Where
C: Flow coefficient
ρa: Air density (kg/m3)
ρ f : Fuel density (kg/m3)
Pin j : Different pressure between injection and cham-
ber pressure (N/m2)
t: Time after injection (ms)
dN : Nozzle diameter (m)

Schlieren optical method

Figure 2: The schematic diagram for the optical
method of Z-type Schlieren setup 22 .
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Figure 2 illustrates the Z-type set-up mirror system
applied to the Schlieren optical method, which was
commonly employed in combustion process obser-
vation experiments. A light source emits light and
passes through a narrow slit, allows to become a point
light. This light continues to pass the first mirror and
transform into parallel rays, passing through the ob-
served object. Subsequently, the light is directed to
the second mirror and converges the light beams at
the focal point. Thank a knife edge positioned to cover
a portion of light, and the difference in refractive in-
dex when light passes through with various ambient
conditions creates the contrasted image on the screen,
enabling to observer of the state transformation.22,23

2.1. Pre-combustion techniquemethod

The combustion process of the CVCC occurs in two
stages, as shown in Figure 3 . Thefirst stage is the com-
bustion of the premixed gas combustible mixture to
generate high pressure and temperature, known as the
principle of the pre-combustion technique method.
The premixed gas combustible mixture consists of
Acetylene (C2H2), Nitrogen (N2), and Oxygen (O2)
is sequentially fed into the chamber through an in-
take valve and homogenized by a mixing fan.14 Sub-
sequently, the spark plug ignites this mixture com-
pletely. The chemical equation for the complete com-
bustion of the specific premixed gas combustiblemix-
ture is represented by equation (3). As a result, the
pressure inside the chamber initially increases and
then decreases due to heat transfer through the cham-
ber wall, the end of the pre-combustion phase.
3.5% C2H2 + 68.5% N2 + 29.75% O2−→ 21% O2 + 7%
CO2 + 3.5% H2O + 68.5% N2 (3)
The next stage is the fuel combustion process similar
to a diesel engine. Fuel is injected from the injector at
the desired pressure and temperature inside the com-
bustion chamber. Then, the diesel combustion pro-
cess occurs, causing the pressure to increase and then
decrease a second time. The entire combustion pro-
cess generates products that are expelled through the
exhaust valve. The pressure variations throughout the
entire process inside the chamber are recorded by a
piezo transducer pressure sensor. Based on this foun-
dation, all the parameters including injection pres-
sure, injection timing, injection duration, combus-
tion pressure, and temperature of the chamber are
recorded for evaluating the entire process of fuel mix-
ture formation and combustion within the combus-
tion chamber. The basic structure of the CVCC is il-
lustrated in Figure 4 .

Figure 3: Historical pressure curve of two-stage
combustion in the CVCC - simulated diesel condi-
tion.

Figure 4: The exploded view of the main parts on
CVCC.

EXPERIMENTAL CONDITIONS AND
SET-UP
Structural simulation conditions
The structural analysis was performed by using the fi-
nite element method through the ANSYS software.

Figure 5: Set up input pressure for testing strength
conditions.

Figure 5 illustrates the pressure distribution inside the
simulated combustion chamber model in a steady-
state environment. The combustion chamber body
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was fabricated by Inox 304 material with a yield
strength limit of 207 MPa, capable of withstanding
high temperatures ranging from 1674K to 1724K.The
test pressure applied inward on the chamber walls
reached a maximum of 100 bar and 200 bar, while the
simulated structural temperature was set at 600K. For
optical access, a quartz window with a compressive
strength limit of 1100 MPa was used, exposed to the
combustion process inside the chamber at pressures
of 100 bar and 200 bar, and a temperature of 400K.
The summarized simulation conditions are presented
in Table 1 , and the material properties are listed in
Table 2 .

Table 1: Simulation conditions of CVCC.

Subject of structural
simulation

Chamber
body

Quartz

Pressure simulation 100 bar, 200 bar

Temperature 600K 400K

Material Inox 403 Quartz

Table 2: Material characteristic parameters.

Parameters Material

Inox 304 Quartz

Mass density (kg/m3) 7750 2203

Elastic modulus (GPa) 193 71.3

Poisson’s ratio 0.31 0.15

Yield strength (MPa) 207 483

Compressive strength (MPa) 586 1100

Experimental conditions of temperature
distribution and leakage verification

CVCC leakage rate test
To ensure the desired pressure and temperature inside
the combustion chamber after sparking ignition and
observe the premixed combustion process, the leak-
age rate of the combustion chamber was tested with
pressures ranging from 5 bar to 80 bar. The com-
pressed Nitrogen (N2) gas was introduced into the
combustion chamber for 30minutes. Table 3 summa-
rizes the test conditions for determining the leakage
rate of the combustion chamber.

Temperature distribution test surrounding
CVCC
The combustion chamber is heated to a high tem-
perature to prevent water vapor condensation on the

Table 3: Condition parameters of CVCC leakage rate

Types of gas Nitrogen (N2)

Pressure investigated 5 bar – 80 bar

Duration 10 minutes

Times 5

working surfaces and equipment inside the cham-
ber. Additionally, the high temperature inside the
wall of the combustion chamber facilitates the ho-
mogenization of the gas mixture and reduces heat
loss to the surrounding environment, thereby en-
suring more precise injection and combustion pro-
cesses. The temperature distribution on the combus-
tion chamber wall is investigated at eight different po-
sitions surrounding the CVCC combustion chamber,
with tested heating temperatures of 60◦C, 70◦C, 80◦C,
90◦C, and 100◦C. Each condition is observed for 60
minutes. Table 4 provides a summary of the exper-
imental conditions for investigating the temperature
distribution around the constant volume combustion
chamber. Figure 6 illustrates the locations of the in-
vestigated regions.

Table 4: Investigate conditions of temperature
distribution

Number of sur-
vey positions

Value Duration

8 60◦ 70C, ◦C,
80◦ 90C, ◦C,
100◦C

60 minutes

Figure 6: Measured point positions of temperature
distributions.

The experimental setup for diesel combus-
tionmeasurement
Besides the main combustion chamber, the CVCC
consists of various external systems, as shown in Fig-
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ure 7 The CVCC system includes the charge gas.
intake system, ignition system, heating system, gas
stir fan system, fuel common rail injection system,

-control-indicating system, and data acquisition sys
tem. These systems are connected to the components

-mounted on the chamber to conduct combustion ex
periments. Figure 8 illustrates the fabricated CVCC

-based on the design. The main body of the combus
tion chamber is designed with a cylindrical shape, an
internal diameter of 80mm, a thickness of 155mm,
and a chamber volume of 546 cm3 -. The observa

-tion of the combustion process inside the combus
tion chamber is carried out using the Schlieren optical

-method through two quartz windows with a diame
-ter of 110mm and a thickness of 85mm, which are in

stalled on opposite sides of the chamber. The quartz
windows are protected by outer and inner covers and

-are tightly sealed into the chamber. The valve assem
bly consists of intake and exhaust valves used for gas

-intake and release. Additionally, a safety valve is in
stalled below the chamber with a pressure limit of 170

-bar to ensure the chamber operates within the allow
able pressure range. The mixing fan, mounted on an

-inclined bracket and driven by a motor with a rota
-tion speed of 3000 RPM, is responsible for homoge
-nizing the gasmixture. To achieve an initial high tem

perature inside the chamber and prevent water vapor
-condensation on the quartz windows and the homog

enized gas mixture, eight heaters are installed around
the chamber wall.7 -The ignition assembly, directly at
tached to the chamber, consists of a spark plug and
coil connected to the ignition system, which generates
an electrical spark to ignite the gas mixture. The fuel

-injector ismountedwithin the chamber through cool
-ing water inside the bracket. Finally, the data acqui

sition system includes dynamic pressure sensors and
temperature sensors. The dynamic pressure sensor

-mounted on the CVCC is connected to the amplifica
-tion circuit and then transmits the signal to the oscil

loscope. It collects pressure data within the chamber
-to monitor pressure variations during the experimen

tal process.
-The combustion process in the constant volume com

bustion chamber (CVCC) is divided into two stages.
The first stage is the pre-combustion phase, where a
gas mixture is ignited. The gas mixture consists of
C2H2, O2, and N2, with their percentages calculated
accordingly. The desired percentage of O2 after the
reaction is 21%. Following that is the stage where the

-fuel combustion process takes place. Diesel fuel is in
-jected into the chamber through the injector at exper

imental conditions of injection pressure at 800 bar,
1000 bar, and 1200 bar, with an initial pressure of 42

Figure 7: The schematic diagram for the operation
system of CVCC

Figure 8: Photograph of part assembly on CVCC.

bar. The experimental conditions for the combustion
process in the constant volume combustion chamber
are summarized in Table 5 .

RESULTS ANDDISCUSSION

Structural simulation results
The pressure impacts the chamber walls, where the
combustion simulation process takes place inside the
CVCC. Therefore, the results of the structural anal-
ysis also demonstrate the stress and deformation of
the components primarily concentrated at the loca-
tions directly exposed to the working conditions of
the constant volume combustion chamber. Figure 9
(a). illustrates the test results of the main chamber
body, where it directly contacts the combustion pres-
sure, and the locationwhere themixing fan is installed
experiences the highest stress of 47.603MPa at a pres-
sure of 200 bar. Based on the material properties, the
main chamber body is still capable of withstanding
the operational stress with safety factors of 4.35 and
8.6 at pressures of 100 bar and 200 bar, respectively.
The stress distribution on the optical window is shown
in Figure 9 (b), concentrating primarily on where the
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Table 5: Experimental conditions of the pre-combustion process and the diesel combustion process

Experiment
Conditions

The precombustion process The diesel combustion process

Compositions of intake gas C2H2; O2; N2

Percent O2 after the reaction 21%

Premixed gas (bar) 9-17 14

Fuel - Diesel

Ambient pressure (bar) 42

Injection pressure (bar) 800, 1000, 1200

quartz window is covered by an external cover. The
quartz material has a brittle nature with a compres-
sive strength limit of 1100 MPa. The stress primarily
originates from the reaction force of the external cover
acting on the outer surface of the optical window, with
the maximum stress reaching 100.05 MPa at a safety
factor of 11.09 for a pressure of 200 bar and 15 for a
pressure of 100 bar.

Figure 9: (a) The stress distribution of the chamber
body; (b) The stress distribution of the optical win-
dow.

Evaluationof leakage rateand temperature
distribution of the CVCC

Leakage rate of the CVCC
Figure 10 presents the leakage test results showing that
at pressures ranging from 5 bar to 50 bar, the cham-
ber does not experience any leakage. From 55 bar and
above, signs of gas leakage start to appear, with the
leakage rate gradually increasing. The leakage ratewas
recorded at 4.84 mbar/ms at an 80 bar pressure on av-
erage. It is evident that the combustion chamber re-
mains leak-tight under mixed gas loading conditions,
and the leakage rate is low even at high pressures, en-
suring accurate gas mixture intake. The amount of
gas escaping from the chamber is negligible compared
to the pressure variations during the combustion pro-
cess. As a result, the combustion chamber guarantees
a real sealing performance to conduct the combustion

process effectively in the constant volume combustion
chamber (CVCC).

Figure 10: The leakage rate of CVCC.

Temperature distribution of the CVCC
Figure 11 illustrates the temperature distribution sur-
rounding the CVCC when heated to 60oC, as mea-
sured using the TIT-202Thermal Imager at 8 specified
locations, as shown in Figure 11.

Figure 11: Investigation of temperature distribu-
tion of the CVCC.

Figure 12 presents the average temperature results
for various heating conditions ranging from 60oC to
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100oC.The results demonstrate uniform temperature
distribution at the surveyed positions, with a tem-
perature deviation of ±5oC between the locations.
Except for the nozzle installation point (position 3)
which is cooled by the circulating coolant, resulting
in a lower temperature compared to other points due
to the nozzle assembly.

Figure 12: Temperature survey positions.

Pre-combustion test
Figure 13 represents the results of 20 pre-combustion

-process experiments with the intake gas mixture con
ditions set at 14 bar, 21% O2, and preheated to 100°C,

-as chosen from the conditions listed in Table 4. Af
ter the ignition process initiated by the spark plug,

-the combustion mixture rapidly increased the pres
sure. The results indicate that the pressure variation

-obtained from the 20 experimental runs is quite sim
ilar, with an average maximum pressure of 71.29 bar

-and very low peak pressure deviation, within approx
-imately 1%. During the cooling-down phase, as illus

trated in Figure 3 , the pressure in the CVCC reaches
-the desired ambient pressure of 42 bar, and the de

lay time from the ignition signal is determined from
the pressure history curve. The average deviation of

-this period over the 20 experimental runs is approx
-These findings indicate that the comimately 4%.

bustion chamber can be effectively simulated for the
pre-combustion process, creating an ambient pressure
suitable for simulating the diesel engine combustion
conditions.
Figure 14 presents the analysis of the peak pressure
achieved during the pre-combustion phase and the
average time required for the cooling-down phase to
reach the desired ambient pressure of 42 bar. The peak
pressure value is proportional to the initial intake gas

-pressure and the time taken to reach the desired am
bient pressure at 42 bar. The smallest peak pressure

-recorded is 46.54 bar and the largest is 87 bar, respec
tively, for initial intake gas pressures of 9 bar and 17

Figure 13: The premixed-combustion pressure his-
tory curves.

bar. The peak pressure difference among the 20 ex-
perimental runs at the same intake gas pressure level
is relatively low, at around 2%. This demonstrates the
stability of the pre-combustion process when varying
the intake gas pressure under different conditions.

Figure 14: Analytical diagram of the peak pressure
and cooling-down phase.

Diesel combustion test
Figure 15 and Figure 16 illustrate the pressure varia-
tion and heat release rate (HRR) during the combus-
tion process of diesel fuel at an injection pressure of 42
bar, 21% oxygen concentration, and a fuel injection
duration of 2.0 ms. The test is performed at three dif-
ferent fuel injection pressures: 800 bar, 1000 bar, and
1200 bar. From Figure 15 , it’s evident that the anal-
ysis system shows a direct proportionality between
the combustion pressure and theHRR concerning the
fuel injection pressure. Specifically, the combustion
pressure increase is 52 bar, 52.5 bar, and 53.69 bar re-
spectively for the fuel injection pressures of 800 bar,
1000 bar, and 1200 bar. This trend is consistent with
other studies conducted on the CVCC combustion
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chamber 24,25 and can be attributed to the rising fuel
injection pressure, which enhances the injection rate
and reduces the fuel droplet size, thus leading to im-
proved combustion efficiency.

Figure 15: Pressure variation at diesel combustion
process.

Figure 16: Heat release rate in CVCC.

CONCLUSIONS
This paper discusses the method used to design, sim-
ulate, and analyze the structural strength of CVCC
combustion chambers. Furthermore, experiments
are performed to measure the characteristics of pre-
combustion and diesel fuel combustion in the CVCC
system. These experiments aim to evaluate the sta-
bility and high applicability of the system in investi-
gating the diesel fuel combustion process. The study’s
conclusions are summarized as follows:
(1) The system ensures safety, leak-proofing, and
meets technical standards during the structural dura-
bility testingwith a safety factor of 4.35 and 8.6 at pres-
sures of 100 bar and 200 bar, respectively.

(2) The CVCC is capable of conducting various pre-
combustion experiments with various initial pressure
values to replicate conditions similar to the end-of-
compression phase in a diesel enginewith an accuracy
of 1%.
(3) The fuel injection tests performed under condi-
tions of temperature and pressure equivalent to the
end-of-compression phase in a diesel engine within
the CVCC yield results consistent with other research
trends when varying operational parameters (base
pressure, fuel injection pressure, O2 concentration).

ABBREVIATIONS
CVCC: Constant Volume Combustion Chamber
EGR: Exhaust gas recirculation
ORE: Optical Research Engines
RCEM: Rapid Compression and Expansion Machine
CPFR: Constant Pressure Flow Rig
CVHC: Constant Volume Hot Cell
C: Flow coefficient
ρa: Air density
ρ f : Fuel density
Pin j : Different pressure between injection and cham-
ber pressure
t: Time after injection
dN : Nozzle diameter
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TÓM TẮT
Công suất và khí thải động cơ là kết quả từ quá trình cháy nhiên liệu trong xilanh động cơ. Thiết bị
nghiên cứu quá trình cháy là một trong các hệ thống hiện đại và chuyên sâu với các yêu cầu về độ
chính xác cao. Nghiên cứu nàymục đích thiết kế và chế tạo hệ thống buồng cháy đẳng tích (CVCC)
để khảo sát đặc tính quá trình cháy khi thay đổi đa dạng các điều kiện hoạt động (áp suất phun
nhiên liệu, áp suất nén qui đổi (ambient presssure), tỉ lệ hồi lưu khí thải, …). Thiết kế dựa trên điều
kiện của động cơ diesel có tỉ số nén lên tới 26 và áp suất tia phun nhiên liệu tới 1600 bar, có thể
kết hợp với hệ thống tiếp cận quang học loại Schlieren type Z và camera tốc độ cao để thu thập
hình ảnh quá trình cháy. Độ bền của thiết kế được phân tích bởi phầnmềm Ansys với áp suất cháy
được đưa vào điều kiện mô phỏng tại 100bar và 200bar. Thiết kế được chế tạo và thực nghiệm ở
các điều kiện cháy tại áp suất nền 42bar, 21% O2 trong buồng đốt, áp suất phun nhiên liệu 800bar,
1000bar, 1200bar. Kết quả của nghiên cứu cho thấy buồng cháy đảm bảo tiêu chuẩn bền theo yêu
cầu, hệ số an toàn cao đạt được là 8.6 và 4.3 tương ứng tại điều kiện mô phỏng được đề cập ở trên.
Độ sai số trung bình của tốc độ rò rỉ xấp xỉ 0.01% tại áp suất nén 80 bar được áp dụng trong CVCC.
Hệ thống có thể thực hiện và ghi nhận các thông số đặc tính quá trình cháy tại các điều kiện tương
tự hoạt động trong động cơ diesel.
Từ khoá: Kỹ thuật Schlieren, Buồng cháy đẳng tích (CVCC), Quá trình cháy động cơ diesel, Hệ
thống nhiên liệu Common rail
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