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Abstract - The investigation of turbulent flow fields reveals the evolutionary characteristics of 
multiscale turbulent flows, providing a core theoretical basis for combustion control, flow 
optimization, and stability analysis in engineering systems. Based on Particle Image Velocimetry  
technology, this study conducts experimental research on the multiscale nonlinear evolution of 
turbulent flow fields and their coupling mechanisms with energy transfer and mixing processes; to 
explore the spatiotemporal evolution of transient flow field properties under turbulent conditions, 
an experimental platform of a constant volume combustion bomb with controllable turbulent 
intensity and direction was established, where parameters of the turbulence generator and 
backpressure gradient (P=1–5bar) were systematically adjusted, and the Particle Image 
Velocimetry system was used to capture the motion of tracer particles with high precision 
instantaneous measurement. Experimental results indicate that the turbulent fluctuating velocity 
field exhibits a circular layered distribution characteristic with intensity increasing from the center 
to the periphery, and the velocity vector field is significantly enhanced as the intensity of turbulent 
disturbance increases; under the same disturbance intensity, an increase in backpressure gradient 
further intensifies the turbulence degree of the flow field; in addition, when the turbulent 
disturbance and backpressure reach a stable state, the influence of sampling time on the velocity 
vector field tends to stabilize. This study uncovers the interaction mechanism between pressure 
gradient and flow structure, the constructed experimental dataset provides a reliable benchmark 
calibration basis for turbulent numerical simulation in constant volume combustion bombs, and it 
also holds significant theoretical guiding value for the optimization of turbulence control strategies 
in related turbulent research. 
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1. Introduction  
 
With the continuous increasing in energy 
consumption and the growing severity of 
environmental pollution, improving the combustion 
efficiency of clean fuels and reducing pollutant 
emissions have become crucial research directions 
in the field of internal combustion engines (ICEs). In 
ICE power systems, the combustion of fuel primarily 
occurs in the form of turbulent premixed 
combustion. Therefore, a thorough investigation into 
the influence of turbulent flow on the combustion 
process holds significant guiding significance for 
revealing the intrinsic nature of turbulent 

combustion and guiding the development of 
advanced combustion technologies [1-3]. 

Existing studies have demonstrated that the 
background pressure exerts a significant impact on 
turbulence intensity and scale. Currently, most 
research on turbulent flow focuses on the theoretical 
model simulation based on Computational Fluid 
Dynamics (CFD) technology, which has explored the 
distribution of turbulent flow fields under different 
background pressures [4-6]. However, the scarcity of 
experimental studies on the distribution of turbulent 
flow fields has restricted the validation and 
optimization of these models [7-12]. Consequently, 
based on a self-developed turbulent combustion 
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experimental platform with controllable intensity 
and direction, this study conducts experimental 
investigations on the effects of different turbulent 
disturbances, back pressures, and sampling times on 
the turbulent velocity vector field. The objective is to 
obtain experimental data that can support the 
validation and optimization of theoretical models. 
The conclusions derived from this research are of 
vital importance for detailed understanding and 
optimization of the turbulent flow process. 

In this study, Particle Image Velocimetry (PIV) 
technology is employed. By measuring the 
instantaneous velocity of tracer particles in the 
turbulence generator under varying turbulent 
disturbances, back pressures, and sampling times, 
the velocity components of the tracer particles in 
two orthogonal directions within the turbulent 
velocity vector field are acquired [13, 14]. This work 
aims to provide a theoretical basis and fundamental 
experimental data support for further investigating 
the characteristics of the turbulent velocity vector 
field, analyzing the influence laws of different factors 
on the turbulent velocity vector field, and ultimately 
exploring the mechanism of turbulent combustion. 
 

2. Turbulent Constant Volume 
Combustion Bomb Experimental 
Platform 
 

The experiments were conducted on a self-
developed experimental platform capable of 
controlling both the intensity and direction of 
turbulence. The platform comprises four main 
components: a turbulence generator, intake and 
exhaust systems, a Particle Image Velocimetry (PIV) 
measurement system, and a dynamic data 
acquisition system. The PIV system consists of a 
laser generator, a CCD camera, and a 
synchronization controller. The laser operates at a 
wavelength of 532 nm, with an adjustable repetition 

rate of 0–10 Hz, an energy output of 200 mJ, a pulse 

width of 6–9 ns, and a beam diameter of 9 mm. For 

velocity vector field measurements, a circular region 
with a diameter of 120 mm, centered on the chamber

’s midplane within the x–y measurement plane, was 

selected. A schematic diagram of the experimental 
principle is shown in Fig.1.  

 

Figure 1: Schematic diagram of experimental principles 
 

3. Results and Discussion 
3.1. Principle of Velocity Vector Calculation 

in Particle Image Velocimetry 
 
In PIV velocity vector calculations, interrogation 

areas are defined at the same spatial positions in two 
consecutive images captured at times t0 and t0+Δt. 
The second image can be considered as a displaced 
version of the first image, corrupted by noise. The 
presence of noise significantly increases the 
computational complexity. However, for the system  
 

noise considered here, the overall experimental 
error is approximately 0.2 pixels. During the 
experiments, the particle displacement between the 
two frames ranged from 6 to 10 pixels, resulting in a 
maximum measurement error of less than 4% [15, 
16]. Therefore, noise effects were neglected in the 
present calculations. 
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( , )G U V , ( , )F U V , and ( , )S U V  denote the 

results of the discrete Fourier transform (DFT) of 
( , )f m n , ( , )g m n , and ( , )S m n , respectively; 

( , )


F U V  represents the complex conjugate of 

( , )F U V , From Equation (2), ( , )∣ ∣F U V   only 

modifies the magnitude of ( , )S U V  without altering 

its position. It follows that: 
 

( ) ( ) ( )Φ , , ,


=U V F U V G U V                           (3) 

 

The inverse Fourier transform of ( , ) U V  is 

computed, and the peak of 2
( , ) m n  is detected to 

determine the particle displacement. From the 
detection results, it is found that the first image 

undergoes a displacement of x
D  in the x-direction 

and y
D  in the y-direction. The actual velocities 

x
V and y

V  are obtained by multiplying the 

displacements by the scaling factor M and dividing 
by the time interval Δt. 
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3.2. Effects of Turbulence Field Modifications 
on the Turbulent Velocity Vector Field 
 
For visual clarity and ease of comparison, the 

same velocity color scale was used, enabling direct 
identification of the vector velocities based on color 
intensity. The velocity at each point represents the 

actual total velocity u
V , which is the vector sum of 

the measured velocity components x
V  and y

V . The x- 

and y-coordinates correspond to the spatial 
positions within the measurement plane [17–19]. 

 
3.2.1. Turbulent Velocity Vector Fields in the 

Combustion Chamber under Different 
Turbulence Disturbance Intensities 
 
Figure 2. presents the instantaneous velocity 

vector fields within the combustion chamber at 
different fan speeds of the turbulence generator, 
recorded under a constant background pressure of 3 
bar. The tested fan speeds were 1500 rpm, 3500 
rpm, and 5500 rpm. A direct comparison of the 
turbulent velocity vector maps reveals distinct 
differences between the low speed and high speed 
cases. Specifically, as the fan speed increases, the 
turbulent disturbance intensity rises significantly, 

leading to a marked increase in the fluid velocity 
within the chamber. At the lower fan speed (1500 
rpm), the turbulent velocity vector field exhibits a 
clear two layer structure, with minimal overall 
velocity variations across the field. In contrast, with 
increasing fan speed (3500 rpm and 5500 rpm), the 
velocity variations in the vector field become 
increasingly pronounced, and the layered structure 
is further enhanced. 

 

 
(a) The turbulent velocity field measured by PIV 

 
(b) Speed Comparison Graph 

Figure 2: Turbulent Velocity Vector Field in the 
constant volume combustion bomb Under Different 

Rotational Speeds 
 
3.2.2. Effect of Back Pressure on the Turbulent 

Velocity Vector Field in the Combustion 
Chamber 
 
Figure 3. presents the turbulent velocity vector 

fields within the combustion chamber at different 
back pressures. The experiments were conducted at 
a constant fan speed of 5500 rpm, with back 
pressures of 1 bar, 3 bar, and 5 bar; three 
instantaneous images were recorded for each 
pressure condition. Under identical turbulence 
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disturbance intensity, the influence of background 
pressure on the turbulent fluctuating velocity is 
observed to be relatively minor and is primarily 
confined to the central region of the chamber. 
Specifically, at lower back pressures, the area of low 
velocity flow at the center is more extensive, 
indicating weaker turbulence effects in this region. 
Conversely, increasing the background pressure 
under the same turbulence disturbance intensity 
results in an enhancement of the turbulent velocity 
at the central location. 

 

 
(a) The turbulent velocity field measured by PIV 

 
(b) Speed Comparison Graph 

Figure 3: Turbulent Velocity Vector Field in a Constant 
Volume Combustion Bomb Under Different Pressures 

 
3.2.3 Turbulent Velocity Vector Fields in the 

Combustion Chamber at Different Time 
Instants 
 
Fig.4. depicts the turbulent velocity vector fields 

within the combustion chamber at different 
sampling times, recorded under a constant 
background pressure of 3 bar and a turbulence 
generator fan speed of 3500 rpm. A total of nine 

instantaneous images were captured at equal time 
intervals. Analysis of these results reveals that, with 
the turbulence disturbance intensity and back 
pressure held constant, variations in the sampling 
time do not produce significant differences in the 
turbulent velocity vector maps. The layered 
structure and turbulent velocities among the nine 
images are highly similar, indicating that the flow 
field remains in a relatively stable state. Under the 
premise of controlling other variables, changes in 
time have a negligible effect on the turbulent flow 
field, which maintains its stability over extended 
periods [20–22]. 
 

 
(a) The turbulent velocity field measured by PIV 

 
(b) Speed Comparison Graph 

Figure 4: Turbulent Velocity Vector Field in a 
Constant-Volume Combustion Bomb at Different Time 

Instants 
 

4. Conclusions 
 
In this study, an experimental investigation into the 
characteristics of the turbulent velocity vector field 
was conducted using a Particle Image Velocimetry 
(PIV) system combined with a self-developed 
experimental platform capable of controlling both 
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the intensity and direction of turbulence. Systematic 
experiments were performed to examine the 
variations in the turbulent velocity vector field under 
different conditions of turbulence disturbance, back 
pressure, and sampling time. Based on the 
experimental results, the x-y turbulent velocity 
vector field was established and analyzed, and the 
following conclusions are drawn. 

The flow field exhibits an approximately circular 

layered distribution, where the turbulent vector 

velocity increases gradually from the center to the 

periphery. Notably, the fluid velocity is higher at the 

edge of the velocity vector map, i.e., in the region 

adjacent to the turbulence generator. This 

observation indicates that the turbulence generator 

in the present experimental platform is uniformly 

and reasonably arranged, and it generates an 

isotropic turbulent environment under a constant 

power input. 

Inside the combustion chamber, the turbulent 

velocity vector field is most significantly influenced 

by the operating power of the turbulence generator. 

As the power increases, the turbulence disturbance 

intensity within the experimental platform rises 

sharply, leading to remarkably distinct changes in 

the turbulent velocity vector field. These results 

demonstrate that the variation of the turbulent flow 

field can be primarily regulated by controlling the 

turbulence disturbance. 

With the turbulence generator power held 

constant (i.e., the turbulence disturbance intensity 

remaining essentially stable), analyses of the 

turbulent velocity vector maps obtained at different 

back pressures (ranging from 1 bar to 5 bar) reveal 

that both the flow velocity and turbulence intensity 

exhibit a slight increasing trend as the background 

pressure rises. However, this variation is not 

significant compared to the profound effects induced 

by increased turbulence disturbance intensity. 

Further analysis indicates that the influence of 

pressure on the turbulent velocity vector field is 

primarily concentrated in the central region of the 

flow field. At lower pressures, the low velocity zone 

in the central region of the combustion chamber is 

relatively extensive, resulting in suboptimal overall 

turbulence performance. As the pressure increases, 

the low velocity zone in the central region gradually 

shrinks, thereby optimizing the structure of the 

entire turbulent flow field. 

With the turbulence generator power and back 
pressure maintained stable, the experimental results 
demonstrate that variations in sampling time do not 
induce substantial changes in the turbulent velocity 
vector field during the dynamic evolution of the 
turbulent flow field. In other words, when the 

experimental platform operates in a steady state for 
prolonged experiments, the turbulent flow field 
remains stable, and no anomalies in the 
experimental results arise from fluctuations of the 
turbulent field. 
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