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   Abstract 

 

Fuel-air movements in-cylinder are one of the most critical diesel engine parameters to determine 

engine performance and emission. Swirling movement in the engine combustion chamber is 
investigated advanced experimental techniques to improve the air intake design. 

Honeycomb measurement method and PIV (particle image velocimetry) method are used to 

measure the swirling airflow. The honeycomb measurement method can directly measure the swirl. 
However, it does not give detail information about the flow field. On the other hand, the PIV 

technique is one of the non-invasive measurement methods for swirl measurement. PIV can directly 

measure the velocity vector of the cylinder section.  
In this study, the honeycomb measurement method was performed to measure the swirl ratio of 13L 

and 9L engines.  The uncertainty analysis was determined for the reliability ratio of the 

measurement. In addition, PIV measurements are performed to understand the velocity field of the 
cylinder section.   This velocity field gives detailed information about the center of the swirl and the 

velocity index of the velocity field. 

 
 

 

 

1. Introduction* 

 

The most important fundamental parameters affecting 

engine performance are air intake quality, fuel injection 

values and air-fuel mixture. Therefore, the diesel engine's 

power, torque, and emissions are specified depending on 

these three basic parameters.  

It is challenging to optimize the combustion 

phenomenon in the cylinder due to the fuel's high number 

of combustion parameters and the physics complexity. [1]. 

Some of these parameters, fuel pressure and droplet size, 

play a critical role in combustion efficiency. Another factor 

affecting the combustion quality is the flow structure inside 

the cylinder at the end of the compression process.  The 

characteristics of flow start from the inlet of the intake port 

and develop during the combustion process.  

When air enters the cylinder, two types of flow 

motion occur. The first is a swirl motion for a diesel engine 

and the other is a tumble motion for a gasoline engine. In 
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Figure 1, the left flow represents swirl motion and the right 

one represents tumble motion [2]. 

 

 

Figure 1. Swirl and Tumble notation [2] 

 

Studies on the vortex motion properties in the 

cylinder and its effects on the combustion performance are 

still published. Different test rigs are used for design 

optimization to obtain the desired swirl pattern in the 

cylinder. 

One of the critical parameters affecting the vortex 

motion is the engine's air intake duct design. The angular 

position of the air inlet duct is examined with particle 
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imaging velocity measurement. With this method, the 

effects of various air intake geometries at different angular 

positions on the engine performance were analyzed on a 

test engine. It was found that the swirl and tumble 

properties were similar between other ports. However, they 

differ according to angular positions [3]. In terms of the 

valve’s openings in the cylinder head, it has been observed 

that while the fully open valve gives the most vital large-

scale structures, more significant amounts of kinetic energy 

are converted into small-scale turbulence with smaller 

openings [4]. 

One of the biggest challenges of the particle imaging 

velocity measurement technique is that the swirl motion 

occurs inside the cylinder. Tests were carried out using a 

particle imaging velocity measurement technique on a 

transparent diesel engine to overcome this challenge. The 

obtained measurement results were analyzed statistically, 

and the movements between motorcycles were determined 

by grouping. It has been determined that the swirling 

motion of the flow, especially between cycles, changes 

from a vortex to circular type [5]. When using the particle 

imaging velocity measurement method, the selection of the 

surface being measured is essential. The swirl mechanism's 

behavior against time has been studied by taking 

measurements from different characters and making 2-

dimensional and 3-dimensional measurements in the 

steady-flow state [6]. Similar inspections and tests have 

been carried out on various engines, such as heavy diesel 

engines. In the tests performed on the engine, swirl was 

measured by both torque meter and particle imaging 

velocity measurement methods. With these measurements, 

the tangential velocity profile was determined, the 

measurement results obtained by theoretical calculations 

were compared, and the turbulence characteristic of the 

flow was determined [7]. 

With all these studies, the particle imaging 

velocimetry measurement technique contains errors and 

uncertainties as in every measurement. In some studies, 

velocity measurement with particle imaging has focused on 

error sources. Mainly, particle density, particle diameter, 

velocity gradient and particle displacement parameters 

were studied. A four-dimensional uncertainty surface was 

created; a methodology was developed by creating a 

particle imaging measurement method algorithm [8]. 

Simultaneously, two-dimensional and 3-dimensional 

measurements were performed using particle imaging 

velocimetry to minimize the uncertainties in size and 

reduce the error rate. The error rate was focused on 

improvements that have been made by making calibration 

changes [9]. The particle imaging velocimetry 

measurement method is a technique used by researchers 

but is still under development. A correlation was obtained 

in a study between particle image density, particle 

properties, and how the peak sizes in the system change for 

particle imaging velocimetry measurement. As a 

continuation of this study, interrogation region size, 

illumination intensity, image size parameters and effects 

were investigated [10]. 

Using CFD tools, developing a computational fluid 

dynamics method for flow factor and swirl ratio is also 

efficient for studies. It is possible to generate different 

velocity vectors for various valve openings and compare 

them with analysis results. It was found that a difference 

between 5 and 25 percent was observed in the swirl ratio 

values. However, the analysis could only estimate flow 

factor values with a difference of 5 percent. [11].  

In the literature review studies, it was seen that the 

particle imaging velocimetry measurement method is still 

being developed. There are different uncertainty 

calculation approaches, and it is used by various 

researchers in other applications and studies. Besides, 

studies in the literature are carried out with simple test 

setups [5-7,12]. Therefore, different particle imaging 

velocimetry measurement methodologies in complex 

applications such as engine in-cylinder flow are discussed 

in the completed task. 

This study aims to examine different swirl ratio 

measurement methods and other approaches. Within the 

study's scope, torque bench measurements at steady flow 

condition, 2D and 3D particle imaging velocimetry 

measurements were made on both the 13L engine cylinder 

head and the prototype part simulating the 9L engine. Swirl 

rates and swirl properties were investigated. Uncertainty 

analysis of the measurement results has been completed. 

The most accurate swirl measurement approach for an 

engine port in the automotive industry will be examined in 

detail by comparing different measurement methods. 

 

2. Materials and Methods 

 

Many experimental techniques can be used for 

performance reviews of internal combustion engines. 

However, the results for performance review and 

verification purposes must be collected accurately and in 

detail. Firstly, the test device's calibration, the test method's 

repeatability, and the measurement's quality should be 

assured. 

There are different experimental techniques to 

measure the swirl in diesel engines.  These techniques are 

Laser Doppler Velocitymeter, Anemometer with Hotwire 

and Particle Image Velocimeter (PIV). Due to the technical 

imaging used for Laser Doppler Velocitymeter and Particle 

Imaging Velocitymeter methods, test engines must be 

designed and manufactured with transparent, optically 

accessible materials. For this reason, their application is 
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costly. This reality has led to the creation and development 

of different swirl ratio measurement methods over time. 

Engineering firms such as FEV, AVL, and Ricardo have 

developed their techniques and designed test setups to 

measure the vortex ratio precisely in a continuous flow 

state. 

In this study, the port swirl ratio measurements were 

made with the test setup developed by FEV. 

 

2.1 Swirl Ratio Measuring Device – Steady 

Flow Test Bench 

 

In this study, a steady flow test bench is used to 

measure the swirl ratio. This method does not include the 

effect of valve and piston movements. Measurement is 

performed with constant valve openings and under steady 

flow conditions. 

A steady flow testing mechanism enables air 

movement measurement, depending on the air suction 

channel geometry in the engine cylinder. Thus, the 

performance of the air intake duct to produce swirl and 

tumble movements can be examined. 

In this study, since the vortex movement of the air 

inside the cylinder in diesel combustion engines is 

examined, the vortex ratio measurement mechanism will 

be explained in this section. The steady flow test device, 

which is used during the tests, is shown in Figure 2. This 

system determines the swirl ratio for diesel engines and has 

a module for particle imaging velocity measurement. 

 

 

Figure 2. The steady flow test device 

 

In this study, steady-state swirl ratio measurement 

results will be used as baseline reference measurements. 

Steady-state swirl ratio measurement with honeycomb is 

the state-of-the-art method. The honeycomb swirl 

anemometer's working principle measures the torque value 

from the honeycomb mounted in the cylinder at the test 

bench. A blower obtains airflow with constant pressure. 

The mounted honeycomb does not have any motion. The 

tangential component of the airflow creates momentum on 

the honeycomb geometry in the test bench. The force on 

the honeycomb is measured with a torque meter. By using 

this angular momentum value, the swirl ratio is calculated 

by using the swirl ratio equation. This measurement is 

repeating for each valve lift starting from 1mm up to 

maximum valve lift values.   

 

3. Uncertainty Analysis 

 

Test results as a result of each measurement contain 

uncertainty. Therefore, the first step, PIV testing, should be 

focused on repeatability. The measured and calculated 

value's uncertainty should always be determined, 

expressed numerically. Besides, minimizing these errors 

will increase the reliability of the study.  

It is essential to have a process that characterizes the 

measurement's quality, is immediately applicable, easily 

understandable, and generally accepted. This is to calculate 

and express the uncertainty of the value obtained as a 

result of the measurement. 

The error in the data obtained at the end of the 

experimental studies can emerge in two different ways. 

One may be due to the experiment set's structure and 

measuring devices; the other may be caused by the person 

experimenting. It is possible to correct such errors with a 

skilled or trained meter or experimenter. However, it may 

not always be possible to identify the mistakes caused by 

test equipment [13]. 

Many methods can be applied to determine the error 

rate of the test results values calculated with the data 

collected from the measuring instruments used in the 

experiments. One of these is the error analysis of the 

experimental findings with the uncertainty analysis method 

developed by Kline and McClintock [14]. 

Let the magnitude be “R,” which is the result function 

desired to be obtained or determined due to an 

experimental study if this magnitude is expressed by a 

function in the format R = R (v1, v2, ....,vn) depending on 

the measurement sizes v1, v2, .... vn. And, the uncertainty 

values of these variables are w1, w2, .... wn if the 

measurement uncertainty of the R-result function is found 

by the RSS (root sum square) method [13] [15]. 

Uncertainty w of a variable v is found with the 

expression; 

 

   ±w = k√(A1)2 + (A2)2+. . +(B1)2 + (B1)2+. .       (1) 

 

Here A1, A2, ... show random errors and B1, B2, ... 

show systematic errors. After the uncertainties resulting 

from these two types of errors are converted to the same 

reliability level, they are collected in a vector. The “k” 
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value here is the “coverage factor” defined above. This 

method is applied to all measurement variables to find w1, 

w2, .... wn. 

In the Kline and McClintock uncertainty analysis 

method, if the error rates for each independent variable x1, 

x2, x3 ..... xn are w1, w2, w3, ... wn and the error rate of R 

size is shown with wR, Kline and McClintock uncertainty 

analysis equation is shown as below; 

 

wR = ± [(
∂R

∂x1
w1)

2

+ (
∂R

∂x2
w2)

2

+ (
∂R

∂x3
w3)

2

+. . . + (
∂R

∂xn
wn)

2

]

1

2

     (2) 

 

or 

 

wR

R
= [(

wx1

x1
)

2
+ (

wx2

x2
)

2
+ (

wx3

x3
)

2
+. . . + (

wxn

xn
)

2
]

1

2

  (3) 

 

The most significant advantage of uncertainty 

analysis is that the variable causing the most significant 

error can be detected immediately. 

The swirl coefficient value is a dimensionless flow 

value, and the swirl coefficient formula is given below; 

 

 

𝐷 =
𝑀∗𝑅𝑐𝑦𝑙

𝜌𝑐𝑦𝑙∗𝑉𝑐𝑦𝑙̇ 2 =
𝑀∗𝑅𝑐𝑦𝑙∗𝜌𝑐𝑦𝑙 

�̇�2            (4) 

 

Here; 

 

D = Swirl coefficient 

Vcyl = Air flow rate (m3/s) 

M = Moment on honeycomb (Nm) 

Rcyl = Cylindrical tube radius (m) 

cyl = Air density before honeycomb (kg/m3) 

 

Parameters measured during the experiments are; 

airflow, temperature, pressure and torque. The error rates 

given by the test device manufacturer for these parameter 

measurements are as follows; 

 

Pressure sensor error value;     +/- 0.05 % 

Temperature sensor error value; +/- 0.5 0C 

Flowmeter error value;       +/- 2 % 

Torquemeter sensor error value; +/- 0.1 % 

 

If the formula for value D is remembered to find the 

uncertainty value of the swirl coefficient,  

 

𝐷 =
𝑀∗𝑅𝑐𝑦𝑙

𝜌𝑐𝑦𝑙∗𝑉𝑐𝑦𝑙̇ 2        (5) 

Here; 

 

𝜌𝑠 =
𝑝1

𝑅∗𝑇
∗ (

𝑝2

𝑝1
)

1

𝐾
                           (6) 

 

If it is substituted in equation number 5; 

 

D =
M∗Rcyl

P1
R∗T

∗(
P2
P1

)

1
K∗Vcyl̇ 2

                            (7) 

 

The uncertainty formula is expressed in the following 

ways. 

 

wD = ± [(
∂D

∂M
wM)

2
+ (

∂D

∂T
wT)

2
+ (

∂D

∂P
wP)

2
+ (

∂D

∂V̇
wV)

2
]

1

2

     (8) 

 

or  

wD

D
= ± [(

wM

M
)

2
+ (

wT

T
)

2
+ (

wP

P
)

2
+ (

wV

V
)

2
]

1

2

    (9) 

 

Similarly, formulas calculated for uncertainty analysis 

within the mass flow and flow coefficient are given as 

below. 

 

Mass flow uncertainty analysis; 

 

w�̇�

�̇�
= ± [(

wT

T
)

2
+ (

wP

P
)

2
+ (

wV

V
)

2
]

1

2

     (10) 

 

Flow coefficient uncertainty analysis; 

 

wD

D
= ± [(

wM

M
)

2
+ (

wT

T
)

2
+ (

wP

P
)

2
+ (

wV

V
)

2
]

1

2

    (11) 

 

If the uncertainty analysis numerical calculation is 

made for the swirl ratio; 

 

For 13L engine measurements for; 

 

𝑤𝐷

𝐷
= ± [(

0.1

70.36
)

2
+ (

0.5

26.64
)

2
+ (

0.0005

679,19
)

2
+ (

0.02

514,67
)

2
]

1

2

      (12) 

 

Uncertainty is calculated as 0,019.  

For prototype part measurements that simulate 9L 

engine; 
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𝑤𝐷

𝐷
= ± [(

0.1

90.44
)

2
+ (

0.5

27.92
)

2
+ (

0.0005

610,39
)

2
+ (

0.02

396,07
)

2
]

1

2

    (13) 

 

Uncertainty is calculated as 0,018. 

 

Uncertainty value has been calculated for all valve 

openings. It is seen that the uncertainty value of each valve 

opening is the same when the initial valve openings are 

ignored. The uncertainty graph for the 9L engine is shown 

as follows (Figure3). 

 

 
Figure 3. Uncertainty graph of swirl measurement 

 

If numerical calculation is made for uncertainty 

analysis for mass flow and flow coefficient; 

The uncertainty value for mass flow is calculated as 

0,019. The uncertainty value for the flow coefficient was 

calculated as 0,019. 

 

4. Particle Imaging Velocitymeter 

 

A particle imaging velocimeter (PIV) measurement 

system has a technique that can generate experimental data 

without interfering with the flow field. Imaging the flow 

field and obtaining velocity vectors are the outputs of this 

measurement technique. The PIV system examines the 

flow field in many branches and verifies the results 

obtained using the developed computational fluid 

dynamics methods.  

The PIV systems, main elements are double-pulsed 

laser, high-resolution speed camera, particle generation 

system, data acquisition system, and computer (Figure 4). 

The particles whose size and density are determined 

depending on the fluid type and flow conditions of interest 

are illuminated on a laser plane. The light scattered from 

the particles is recorded one after another by the high-

resolution speed camera. Velocity vectors are obtained 

using the particles displacement measurements in a 

specific time interval by examining two consecutive 

images. 

 

 

Figure 4. PIV working principle 

 

Depending on the number of high-speed cameras, the 

test setup is called 2D PIV or 2d/2c if only a single camera 

is used. A single camera is used to record images and, in 

turn, measure two velocity components. If two high-speed 

cameras are used, it is called Stereo PIV or 2d/3c. In this 

case, two cameras are using different observation angles. 

So that information on the third (out-of-plane) velocity 

component can be retrieved (Figure 5).  

 

 

Figure 5. 2d/2c vs 2d/3c PIV measurement system 

 

To perform measurements, the cylinder wall is 

produced with a transparent material, as shown in Figure 6. 

In this way, with the two air intake valves opening in the 

figure, the cylinder's air movements can be displayed by 

the PIV system. During the transparent cylinder 

measurement, it is fixed to the cylinder head with the help 

of a lower piston, and it is ensured that no leakage occurs. 
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Figure 6. PIV measuring system transparent 

cylinder wall 

 

4.1. 2D and 3D Particle Imaging 

Velocitymeter 

 

The particulate air flow sent into the cylinder will be 

displayed with a CCD camera's help on the created laser 

plane, as shown in the figure below. (Figure 7) 

Before starting the measurement process, calibration 

of the high-resolution speed camera and the laser plane to 

be created is required. The calibration plane shown in 

Figure 8 is used for this calibration process. 

After the calibration plane is placed in the transparent 

cylinder wall for calibration, as in Figure 9, it is 

determined that the laser beam plane and the calibration 

plane are matched, and these points appear with the high-

resolution speed camera. 

 

 

Figure 7. 2D PIV test setup PIV 

 

 

Figure 8. Calibration plane 

 

 

Figure 9. Calibration plane assembled 

 

Each point on the calibration plane must be seen and 

marked before testing by the high-resolution speed camera. 

In the test setup, the high-resolution speed camera angle 

was measured as 47.6º. As seen in Figure 10, points at this 

angle were determined, marked and corrected to the 

computer screen's x-y plane. 

 

 

Figure 10. Calibration plane point scan and 

correction images  

 

Two high-speed cameras (CCD) are used in the 3D 

PIV measurement system (Figure 11). 

 

Transparent 

Cylinder 

Section for Laser 

measurement 
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Figure 11. 3D PIV test setup 

 

After the calibration processes are completed, the 

calibration plane is taken from the transparent cylinder, 

and the tests are carried out. 

 

5. Steady Flow Test Bench (Honeycomb) and 

Particle Imaging Velocitymeter Measurement 

Results 

 

The results are obtained for the steady flow bench for 

two different engine configurations, as shown in figure 12.  

The details of the engine configurations are shown in 

Table 1 

 

Table 1. Engine Dimensions  

 A B 

Cylinder Diameter (mm) 115 130 

Number of Cylinder 6 6 

Number of Valves 4 4 

 

 

Figure 12. Comparison of the swirl level of two 

engines  

 

Figure 12 shows the results of the swirl measurement 

of two engines with different port designs. Engine B has a 

swirl rate of at least 4-5 times higher than the honeycomb 

technique measured in engine A. All results at this figure. 

However, measuring the air distribution from the ports in 

the cylinder is critical to understand the swirl rates. For 

this, the PIV method can be used to measure the airflow in 

the cylinder. When measuring at different valve heights, it 

is sufficient to measure with a single camera when using 

the 2d PIV method, while two cameras should be used for 

2d / 3c PIV. However, in 2d PIV, fast but low-accuracy 

measurements are made by a single camera, while the 2d / 

3c PIV method enables complex but highly accurate 

measurements. With this study, the measurement 

approaches will be discussed for the engine port 

application.  

For the 2d / 2c setup, measurements are made on a 

slice parallel to the y-z plane along the piston bowl's axis. 

The laser plate illuminates the plane in the negative z-

direction, and the camera focuses the aircraft from a 45-

degree perspective. The spatial resolution is about 2mm. 

The data were averaged from 100 snapshots. The left side 

of the plane becomes a distorted image due to its angular 

appearance. Velocity information cannot be captured 

accurately at the edges. The 2d / 3c PIV experiments use 

the setup shown in figure 4. The two cameras are mounted 

between 45 degrees in the opposite direction. Calibration 

adjustments are made with the images obtained from two 

cameras. 

Figure 13 shows the 2d flow distribution of Engine A 

for an 11mm valve lift. Test results are shown that the swirl 

value of the honeycomb measurement and 2d PIV 

measurement is slightly different. The swirl ratio of the 

honeycomb measurement is 0.55, but the 2d PIV 

measurement is 0.68. So, PIV measurement techniques 

should be improved. 

 

 

Figure 13. 2d PIV Measurement 
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Figure 14 shows the 2d/3c flow distribution of Engine 

A for an 11mm valve lift.  The center of the velocity is 

close to the center of the circle. Velocity index is typically 

used to define the location of the high-velocity flow. [16] 

The swirl ratio of the 2d/3c measurement results is 0.58.  

 

 

Figure 14. 2d/3c PIV Measurement  

 

Figure 15 shows Engine A's 2d and 2d / 3c flow 

distributions for an 11 mm valve lift. The 2d and 2d / 3c 

measurement techniques were compared in terms of 

velocity index and swirl ratio. The velocity index of 2d 

PIV is 0.45, and the 2d / 3c PIV speed index is 0.51. The 

differences are 11.8%. As a result of the measurement 

made with these two methods, the swirl ratio difference is 

12 percent. Besides, making the comparison with the 

reference measurement shows that the 2d / 3c method 

gives a closer result.  

2d/2c and 2d/3c methods were compared with Engine 

B, lower swirl ratio. Figure 16 shows the 2d and 2d/3c 

flow distributions of Engine B for an 11 mm valve lift. 

Velocity distributions of the two methods for Engine B 

have similar results to Engine A.  

 

 

Figure 15. 2d-2d/3c PIV measurement results for 

a high swirl case (Engine A) 

 

Figure 16 shows the 2d and 2d / 3c flow distributions 

of Engine B for an 11mm valve lift. Again, the results of 

the 2d and 2d / 3c measurement techniques are comparable 

for Engine B in terms of the velocity index and swirl ratio. 

 

 

Figure 16. 2d-2d/3c PIV measurement results for 

low swirl case (Engine B) 

 

When compared to the measurement results in figure 

15 and figure 16, it is seen that while a swirl center of 

Engine B is formed slightly in the cylinder, the speed 

distribution has accumulated on one side of the cylinder. 

On the contrary, in Engine A, the flow rate is spread more 

homogeneously around the swirl center. 

 

6. Conclusions  

 

In this work, port performance is investigated 

experimentally by honeycomb torque measurement and 

PIV methods. Nevertheless, the PIV measurements are 

provided by insightful information on port measurement's 

velocity structure in terms of the velocity magnitude and 

velocity structure.  MATLAB tool is developed based on 

the PIV results. This tool generates the velocity index, flow 

distributions and distance of the velocity index from the 

center. 

An objective of the study was the investigation of the 

suitability of the PIV techniques for port measurement. 

PIV measurements can be performed by either 2d PIV or 

2d/3c PIV.  The advantage of the 2d PIV is being easy to 

setup and measure.  

Furthermore, the experimental measurements 

demonstrate that 2d PIV cannot measure velocity 

distribution and velocity index for high swirl ratio case 

well, but 2d/3c measurement is comparable with the 

honeycomb measurement method. Besides, 2d PIV and 

2d/3c PIV measurements show a similar velocity index but 

a different velocity distribution for the low swirl ratio case.   
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