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Abstract

A concentric double-flange butterfly valve (DN-500, PN-10) was analyzed to examine its dynamic
behavior and internal fluid flow across multiple opening angles. Finite Element Analysis (FEA) was
employed to determine natural frequencies, mode shapes, and effective mass participation factors
(EMPFs) for valve positions at 30°, 60°, and 90°. The valve geometry was discretized using a
curvature-based mesh with linear elastic isotropic properties for 1023 carbon steel. Lower-order
vibration modes produced global deformations primarily along the valve disk, while higher-order
modes showed localized displacement near the shaft-bearing interface, indicating coupled torsional
and translational dynamics. The highest EMPF in the X-direction occurred at 1153.1 Hz with 0.2631
kg, while the Y-direction showed moderate contributions peaking at 0.1239 kg at 392.06 Hz. The Z-
direction demonstrated lower influence, with a maximum EMPF of 0.1218 kg. Modes 3 and 4 were
critical for potential resonance zones due to significant mass contributions and directional sensitivity.
Computational Fluid Dynamics (CFD) simulation analyzed flow behavior, pressure drops, and
turbulence under varying valve openings. At a lower opening angle, significant flow separation,
recirculation zones, and high turbulence were observed. At 90°, the flow became more streamlined,
resulting in a reduction of pressure losses and stabilizing velocity profiles.

Keywords: butterfly valve; modal analysis; mode shapes; natural frequencies; FEA; EMPF; CFD

1. Introduction

Butterfly valves are widely used in industrial flow control systems due to their compact
structure, low cost, and operational efficiency. These valves are particularly favored in applications
involving large diameters and moderate pressure ratings, such as water distribution, chemical
processing, and power generation. Despite their structural simplicity, butterfly valves are subject to
complex dynamic phenomena arising from fluid-structure interactions, mechanical excitation, and
operational variations, which can compromise their functional performance and structural integrity
over time. The dynamic behavior of butterfly valves is critical, especially under cyclic loading or
fluctuating flow conditions, where resonant vibrations may lead to fatigue, deformation, or failure.
Modal analysis provides a systematic approach for characterizing the inherent vibrational properties
of such components, enabling the identification of natural frequencies, deformation patterns (mode
shapes), and their sensitivity to structural and operational parameters. These modal characteristics
are essential for predicting the valve’s response to dynamic loads and for designing mitigation
strategies against resonance-induced failure. The identification of vibration modes and effective mass
participation in a concentric double-flange butterfly valve at various opening angles can be effectively
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analyzed using Finite Element Analysis (FEA) and Fluid-Structure Interaction (FSI) methodologies.
FEA is a powerful tool for assessing the structural stability and dynamic behavior of butterfly valves,
as demonstrated in studies that focus on shape optimization and material analysis to enhance valve
performance [1-3]. The nonlinear dynamic behavior of flange-bolted joints, as discussed by Shi and
Zhang, highlights the importance of considering contact nonlinearity and preload performances in
the vibration analysis of such systems [4]. The comparative study by Wu et al. on butterfly valves
emphasizes the significance of valve opening angles on flow characteristics, which directly influence
the vibration modes due to changes in flow-induced forces [5]. Vibration analysis, as reviewed by
Chu et al., is crucial for predictive maintenance and fault diagnosis, suggesting its applicability in
monitoring the health of butterfly valves in fluid systems [6]. Tripathi et al. demonstrate the utility of
FEA-based vibration analysis in shipboard piping systems, which can be adapted to analyze the
dynamic response of butterfly valves under varying operational conditions [7]. Morales et al. provide
insights into FSI analysis, which is essential for understanding the interaction between fluid flow and
valve structure, particularly at different opening angles, affecting the valve's vibration characteristics
[8]. The study by Huang et al. on dominant vibration modes in machine tools can be extrapolated to
identify dominant modes in butterfly valves, where certain modes may dominate depending on the
valve's opening angle and flow conditions [9]. Attia et al. discuss the significance of complex mode
shapes in pipes conveying fluids, which can be applied to understand the vibration modes of
butterfly valves, especially under compressible flow conditions [10]. The integration of CFD and FEA,
as explored by Abuhatira et al., provides a robust framework for predicting structural responses and
identifying potential leak points, which is relevant for assessing the integrity and performance of
butterfly valves under dynamic conditions [11]. Finally, the efficient space-time FEA strategy by
Dyniewicz et al. offers a computationally efficient approach to solving large-scale vibration problems,
which can be beneficial for analyzing the complex dynamics of butterfly valves in industrial
applications [12]. Valves in pipeline system exposure to external excitations with frequencies
coinciding with the system’s natural modes can significantly accelerate wear and contribute to
structural failure [13-15]. Furthermore, that the effective mass factor, quantified for each vibrational
mode, serves as a critical indicator of how the system mass is distributed across the modal responses
[16].

In light of structural complexities and fluid-induced forces inherent in the operation of butterfly
valves, the present study aims to investigate the modal behavior of a concentric double-flange
butterfly valve using Finite Element Analysis and Computational Fluid Dynamics. The primary focus
is on quantifying natural frequencies, identifying mode shapes, evaluating effective mass
participation, and analyzing flow characteristics, pressure distributions, and turbulence patterns
across three valve opening angles. By examining the directional influence of vibrational modes and
their potential to induce resonance, the study provides critical understanding for improving valve
design, ensuring mechanical integrity, and enhancing dynamic performance in fluid control systems.
The Outcomes of this study may serve as a foundation for developing mitigation strategies against
dynamic instabilities and guiding future optimization of industrial valve structures under dynamic
flow conditions.

2. Modal and Effective Mass Participation Analysis of Butterfly Valve

Modal analysis of a butterfly valve (DN-500 PN-10 concentric double flange butterfly valve)
using Finite Element Analysis (FEA) involves analyzing the entire geometry of the valve for dynamic
behavior and the entire structure is subdivided into small elements. FEA is a numerical way of
solving complex structure problems, especially in the area of modal analysis. In the case of a butterfly
valve shown in Figure 1, this analysis assists in determining the resonance vibrations all along the
system to enable the design to do away with such concerns. The examination encompasses
computations pertaining to the inherent frequencies and mode shapes of the valve structure, which
serve as instrumental resources for forecasting the response of the system to diverse loading
conditions.
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Figure 1. FEA model of butterfly valve system.

By omitting the effect of damping and external excitation, the general linear equation governing
the motion of the butterfly valve system can be written as:

[ij]{”;}“L[Kij]{”j} :{O} ,j=12,.,n (1)
where M represents the mass, and K represents stiffness. Assuming the displacement varies
harmonically with respect to time, the displacement U and acceleration U factors can be expressed
as:

u, =(x,t)=¢(x)sin(wt +0) (2)
ii,(x,t) = —a’P(x) sin(wt +6,) 3)
where ¢(X) is the modal displacement vector, substituting (2) and (3) into (1) yields:

([K]-@’[M]){# (0} ={0} @)

The EMPF measures the proportion of the total mass of the system that contributes to the
dynamic response in a given direction for that mode. It indicates how much mass of the system
participates in the vibration for a particular mode and can mathematically be represented as:

(Z,— m; ;. )2

EMPF =T L ©®)
> Mg
where m;j is the mass of the j-th degree of freedom, and ¢ is the mode shape value for the j-th degree
freedom in mode i.
Table 1 presents an extensive compilation of the pertinent parameters that characterize the
material properties employed within the context of the Finite Element Analysis.

Table 1. Material properties of the FEA model.

Material 1023 Carbon Steel
Model type Linear Elastic Isotropic
Failure criterion Max von Mises Stress
Yield strength 283 MPa

Tensile strength 425 MPa

Mass density 7858 kg/m?

Young’s Modulus 205 GPa

Poisson's ratio 0.29

In this analysis, the renowned software Solidworks was meticulously utilized as the finite
element analysis tool, which facilitated the intricate process of discretizing the model into a multitude
of small, manageable elements, thereby enabling a highly accurate and detailed simulation of the
complex geometry associated with the butterfly valve.
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Table 2 presents the full specifications of the different meshing types applied in the finite element
analysis of the valve configuration. A refined discretization strategy employing a small minimum
element size was adopted to enhance the geometric fidelity of the valve domain, allowing an accurate
representation of local features and fine structural details.

Table 2. Meshing information of FEA.

Mesh type Solid Mesh

Mesher type Blended curvature-based mesh
High-quality mesh based on Jacobian points 16 points

Maximum element size 18.2467 mm

Minimum element size 0.912334 mm

Maximum Aspect Ratio 1.8454 x 105

% of elements with Aspect Ratio <3 93

% of elements with Aspect Ratio > 10 0.758

Quality of mesh High

Linear tetrahedral elements were assessed using Jacobian points, which served as reference
landmarks for evaluating the mesh quality throughout the structure. The mesh generation process
incorporated a curved-type meshing technique, selected specifically to account for the valve's
complex curvature and to ensure the formation of smoothly contoured elements.

Figure 2 illustrates the flowchart delineating the sequential steps involved in the modal finite
element analysis process pertaining to the butterfly valve system. The execution of finite element
analysis encompassed three distinct phases of activity: (1) preprocessing, (2) processing, and (3)
postprocessing.
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Figure 2. Flowchart of steps of the process of modal FEA of a butterfly valve system.

Preprocessing involves the geometric mechanical model of the butterfly valve concept, such as
nodal coordinates, element connectivity, boundary conditions where the flanges are constrained to
move and material properties assigned to the model. Adaptive mesh was generated in the
discretization of a domain to produce nodal coordinate data and optimal node numbering, as well as
element connectivity data. Jacobian points served as reference landmarks to assess the quality of each
mesh constructed with linear tetrahedral elements. In the processing stage, the finite element
program processed the input data and solved an eigenproblem by incremental techniques. In the
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postprocessing, visualization and results were presented by producing displays of the deformed
configuration, vibration mode shapes of the butterfly valve system.

3. Computational Fluid Dynamics of Butterfly Valve System

Computational Fluid Dynamics (CFD) provides a numerical framework to analyze the behavior
of fluid flow through a butterfly valve system, capturing detailed patterns of velocity, pressure, and
turbulence that develop across different valve opening angles. A butterfly valve introduces
significant flow disturbances due to the presence of the rotating disk, which modifies the internal
geometry and generates complex flow separation zones, recirculation regions, and variations in
pressure distribution. The Iterative Time Advancement Solution Method presented in the flowchart
in Figure 3 is a numerical approach employed as a fundamental technique in CFD simulation. This
method is particularly associated with segregated solvers, which are a class of algorithms that
iteratively solve equations for different physical quantities in a segregated or decoupled manner.
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Figure 3. Algorithmic structure governing CFD analysis.

In fluid dynamics, the extensive form conservation of momentum can be expressed through the
Navier-Stokes equations. These equations are derived from the principle of momentum conservation
and incorporate the effects of pressure gradients, fluid inertia, and Reynolds stress terms.

To ensures the balance of mass within a fluid system of cylindrical control volume of three-
dimensional flow shown in Figure 4, the fundamental principle of continuity is applied.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1352.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2025 d0i:10.20944/preprints202507.1352.v1

6 of 17

pv rdrdf + 83 ( pvxrdrdﬂ) dx
x

«

lr i _’r' i
e LA | Lk
i (1,6, x) - R
o AP
Fr 0 Y po,rdOdx + ﬁ( pvrrdedx)dr
7 pv rdrd@ or

Figure 4. Cylindrical finite volume representing the spatial extent of the three-dimensional flow.

When examining two-dimensional axisymmetric flows, the subsequent representation of the
continuity equation can be employed.

ov v, v,0v, v, Ov,  Op o F

-+0 —+ -——+0, —=—— (6)
ot or r 08 r ox or
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0 ov ov ov
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ot "or r 06 r T ox r o0
_ 6v;v’r +l 60;0’9 . av’gv’x v;v'g o)
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In the radial direction, the equations of momentum (6) and (7) govern the motion inside or
outside of the perpendicular fluid to the axis of the valve. It is responsible for the form as the speed
radial seedling along the time and of the space due to the inertia, pressure gradients and interactions
with rotational or axial. A centrifugal force, resulting from the curvature of the cylindrical system,
balances the effects of the rotation of the fluid, while the turbulence through the Reynolds stresses
redistributes the momentum in the radial plan. The equations (8) and (9) accompany the alterations
in the azimuthal velocity due to the pressure gradients, the entrances and the coupling between
rotational and radial flow. The turbulence contributes to the transfer of the angular momentum
through the shear stresses influencing the whirl behavior and the stability of the fluid. The equations
(10) and (11) reflect the form as the axial speed responds to the pressure gradients that drive the flow,
and the interaction between radial and azimuthal velocities. The Reynolds stresses induced by the
turbulence redistribute the axial momentum, affecting the velocity profile and the resistance to flow.
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The butterfly valve introduces localized pressure drop and modifies the axial flow by altering the
flow area, increasing the complexity of the system.

The Reynolds stress tensor —v;v; models’ turbulence. Using the Boussinesq approximation, it

is expressed as:

— |—=ko. (12)

1 lifi=j
v,=C —, k==vv and 0, = f ],
2 |0 otherwise

The k-¢ turbulence model is represented by an equation which offers a method of solving the
turbulent kinetic energy (k) and the rate of dissipation of turbulent kinetic energy (¢). The two
quantities are essential for the characterization of turbulent flow and can be used to give a fairly good

estimation of the effects of turbulence.

ok ok dv, Ou; |ov, 0 v, | ok
—+0, —=v,| L+ | L-s+—||v+L | — (13)
ot ox. ox. Ox. |ox, ox. o, )Ox;

] ] ] ] ] ]
Oe Oe g | ov, ou; oo, g 0 v, | e
— 40, —=C, Zv,| —+—L | -C, Tt || v+ |=— (14)
ot 8xj “k 6x]. 6xj 6x]. “k 8xj o, 6x].

4. Results and Discussion

In this section, numerical results obtained from FEA conducted on the concentric double-flange
butterfly valve system under three configurations of opening valve position angles (30°, 60°, and 90°)
are presented. Emphasis is placed on the dynamic response characteristics, including natural
frequencies, deformation mode shapes, and EMPFs for evaluating potential resonance phenomena
associated to structural vulnerabilities and its directional dependence.

Table 3 illustrate the deformation patterns and amplitude resultant (AMPRES) across all
directions (X, Y, Z) of the first six natural frequency mode shapes at a 30° valve opening. Mode 1 with
392.06 Hz exhibits the highest AMPRES at the central disk region, indicating a dominant response in
the translational direction. This mode likely corresponds to the primary bending behavior of the
valve. Mode 3 with 912.21 Hz shows significant deformation at the periphery of the disk, indicating
a localized response to higher vibrational frequencies. Mode 6 with 1153.1 Hz exhibits high AMPRES
along the shaft-bearing of the valve, indicating torsional and coupled behaviors. Table 4 display the
first six natural frequency mode shapes deformation at a 60° valve opening. The deformation patterns
and AMPRES are analyzed across the X, Y, and Z directions. The natural frequencies range from 382
Hz at mode 1 to 1125 Hz at mode 6. The frequency increases with higher mode shapes, reflecting
more localized and higher-order deformation patterns. Lower modes (modes 1 and 2) exhibit
dominant global deformation, while higher modes (modes 5 and 6) show localized effects and
coupled dynamics. In Table 5, mode 1 at 394.89 Hz exhibits significant global bending, with a
noticeable deformation at lower and upper edge of the disk region. AMPRES is relatively high,
indicating a dominant response in the X-direction. Mode 2 at 572.51 Hz, displays asymmetrical
deformation, with a combination of bending and torsional effects. AMPRES, emphasizing the onset
of coupled behavior in this mode. Mode 3 at 803.82 Hz, predominantly localized deformation at valve
disk and shaft-bearing with a decrease in AMPRES compared to lower modes, but localized stress
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regions are critical for fatigue analysis. Mode 4 at 966.04 Hz, shows more complex patterns of
deformation, with contributions from both translational and torsional motions.

Table 3. The first six natural frequency mode shapes deformation at 30° valve opening.

Model name: single1_30deg AMPRES Model name: single1_30deg AMPRES Model name: single1_30deg AMPRES
Study name: Frequency 1(-Default-) Study name: Frequency 1(-Default-) Study name: Frequency 1(-Default-)
Plot type: Frequency Am plitude1 0.244 Plot type: Frequency Am plitude1 0,200 Plot type: Frequency Am plitude1 0,115
Mode Shape: 1 Value= 392,06 Hz 0'222 Mode Shépe 12 Value= 55945 Hz l 0182 Mode Sh.?pe :3 Value= 91221 Hz I 0105
Deformation scale: 1 t Deformation scale: 1 £ Deformation scale: 1 2
0,200 . 0,164 0,094
_ 0178 0,146 0,084
_ 0,155 _ 0127 ~ 0,073
_ 0133 0,109 _ 0,063
0,111 0,091 _ 0,052
0,089 0,073 . 0,042
0,067 0,055 0,031
0,044 0,036 0,021
0,022 0,018 0,010
0,000 0,000 0,000
[£<]Mode shape: 1 [£<]Mode shape: 2 [£<]Mode shape: 3
Model name: single1_30deg AMPRES Model name: single1_30deg AMPRES Model name: single1_30deg AMPRES
Study name: Frequency 1(-Default-) Study name: Frequency 1(-Default-) Study name: Frequency 1(-Default-)
Plot type: Frequency Amplitude1 0130 Plot type: Frequency Am plitude1 0498 Plot type: Frequency Am plitude1 0,522
Mode Shépe:d Value= 10129Hz I 0118 Mode Sha.pe :5 Value= 11192 Hz l 0'452 Mode Shé;)e 16 Value= 11531 Hz l 0475
Deformation scale: 1 ’ Deformation scale: 1 4 Deformation scale: 1 §
. 0,106 | 0407 . 0427
0,095 _ 0362 0,380
_ 0,083 _ 0317 _ 0332
_ 0,07 _ 0271 _ 0,285
_ 0,059 _ 0,226 _ 0,237
| 0,047 . 0,181 _ 0,190
| 0,035 0,136 0,142
0,024 0,090 0,095
0,012 0,045 0,047
0,000 0,000 0,000
Mode shape: 4 Mode shape: 5 (=) Mode shape: 6

Table 4. The first six natural frequency mode shapes deformation at 60° valve opening.

Model name: single1_60d. Model name: single1_60deg Model name: single1_60d
Study name: Frer?\mn(y 1:?)efault~) AMPRES Study name: Frequency 1(-Default-) AMERES Study name: F .ef?uency 1:%efauk—) AMPRES
Plot type: Frequency Am plitude1 Plot type: Frequency Amplitudel Plot type: Frequency Amplitude1
Mode Shape: 1 Value = 382 Hz 0,244 Mode Shape: 2 Value = 556,32 Hz 0,202 Mode Shape: 3 Value= 885,15 Hz 0,105
Deformation scale: 0,384983 0,222 Deformation scale: 0445453 0,184 Deformation scale: 0,788082 l 0,095
0,199 O,'I 66 . 0,086
_ 0177 _ 0,147 _ 0,076
. 0,155 0,129 _ 0,067
0,133 0,110 0,057
0111 0,092 _ 0,048
_ 0,089 . 0,074 0,038
0,066 0,055 0,029
0,044 0,037 0,019
0,022 0,018 0,010
0,000 0,000 0,000
[(==IMode shape: 1 [E=)Mode shape: 2 [E<)Mode shape: 3
Model name: single1_60deg AMPRES Model name: single1_60deg AMPRES Model name: single1_60deg AMPRES
Study name: Frequency 1(-Default-) Study name: Frequency 1(-Default-) Study name: Frequency 1(-Default-)
Plot type: Frequency Am plitude1 0118 Plot type: Frequency Am plitude1 0502 Plot type: Frequency Am plitude1 0,536
Mode Shape : 4 Value = 968,54 Hz ¢ Mode Shape: 5 Value = 1094,1 Hz : Mode Shape: 6 Value = 11295 HZ
Deformation scale: 0,717307 l 0,107 Deformation scale: 0,170835 ' 0456 Deformation scale: 0,164156 0487
' 0,096 L 0411 0439
_ 0,085 _ 0365 0,390
0,075 0,320 0,341
0,064 _ 0274 0,292
_ 0,053 _ 0,228 0,244
. 0,043 0,183 0,195
0,032 0,137 0,146
0,021 0,091 0,097
0,011 0,046 0,049
0,000 0,000 0,000

Mode shape: 4 Mode shape: 5 [£<] Mode shape: 6

Table 5. The first six natural frequency mode shapes deformation at 90° valve opening.

Model name: single1_90deg

AMPRES Model name: single1_90deg AMPRES Model name: singlel_90deg
Study name: Frequency 1(-Defaut-) Study name: Frequency 1(-Default-) Study name: Frequency 1(-Default-) AMERES
Plot type: Frequency Amplitude1 Plot type: Frequency Am plitudel Plot type: Frequency Am plitude1
Mode Shape: 1 Value = 394,89 Hz 0,251 P g 9220 ‘ 0,104
P 0228 Mode Shape: 2 Value = 572,61 Hz 0.200 Mode Shape: 3 Value = 898,32 Hz
Deformation scale: 0335267 4 Deformation scale: 0376834 ’ Deformation scale: 0,797341 l 0,094
0,205 L 0,180 2 | 0,085
0,1 82 _ 0,160 0,076
_ 0159 _ 0,140 0,066
0,137 _ 0,120 0,057
. 0,114 _ 0,100 0,047
0,091 . 0,080 . 0,038
0,068 . 0,060 0,028
0,046 0,040 0,019
0,023 0,020 0,009
0,000 0,000 0,000
[£=IMode shape: 1 Mode shape: 2 Mode shape: 3
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Model name: single1_90deq AMPRES Model name: single1_90deg AMPRES Model name: single1_90deg AMPRES

Study name: Frequency 1(-Default-) Study name: Frequency 1(-Default-) Study name: Frequency 1(-Default-)

Plot type: Frequency Am plitude1 0125 Plot type: Frequency Amplitude1 0,481 Plot type: Frequency Am plitude1 0518
Mode Shape:4 Value = 966,04 Hz 0’ 114 Mode Shape: 5 Value = 10727 Hz l 0,437 Mode Shape:: 6 Value = 1092 Hz 0’471
Deformation scale: 0,713321 l 0'102 Deformation scale: 0,178126 0303 Deformation scale: 0,168911 0:424
_ 0,091 _ 0,349 _ 0377
0,080 _ 0,306 - 0330
_ 0,068 _ 0,262 _ 0283
0,057 0,218 0,236
0,046 0,175 0,188

0,141
I 0,094
0,047
0,000

Mode shape: 6

. 0,131
0,087
0,044
0,000

[£<IMode shape: 5

. 0,034
0,023
0,011
0,000

Mode shape: 4

The AMPRES is lower compared to mode 1 but reflects critical regions of stress accumulation.
Mode 5 at 1072.7 Hz, high-frequency localized deformation concentrated specifically at shaft-bearing.
Mode 6 at 1092 Hz, exhibits the highest torsional deformation, with a sharp increase to largest
AMPRES observed among all modes, indicating critical susceptibility to high-frequency excitations
at shaft-bearing of the valve. Figure 3 presents the mean AMPRES responses and associated standard
deviation envelopes for valve opening angles of 30°, 60°, and 90° across six vibration modes. The
results indicate a clear trend of increasing AMPRES with both mode number and valve opening

angle.
Mode 1 Mode 2 Mode 3
0.3 T T 0.2
—6—30° —e—30°
0.2 —E=—60° 0.15 |—=—60°
0.2 |—A—g0°
(%) (%) (%)
w w uw 0.1
X 0.1 % 0.1 o
= = =
b < prd 0.05
0 0.205 0 0.15 0
0195 005
10 1" _01 8 10 _005 8 10
4 6 8 10 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Index Index
Mode 4 Mode 6
0.2 0.8 0.8
—e—30° —6—30°
0.6 0.6
@ 0 04 &0 04
x 4 [va
S S s
< < 02 Z 02
0 0
0.2 0.2 ] ] ] 10 M
0 0 2 4 6 8 10 12
Index Index Index

Figure 3. Mean AMPRES profiles and standard deviation envelopes for 30°, 60°, and 90° opening angles across

six vibration modes.

The 90° configuration exhibits high deformation amplitudes, in the modes 1 and 2, indicating
increased susceptibility to resonance and dynamic amplification. The 30° opening consistently shows
dominance at modes 3 and 4, indicating greater vibrational sensitivity. The 60° configuration lies
between the two extremes but demonstrates lower dominance across the modes with more evidence
in modes 5 and 6. The widening of standard deviation bands in higher modes reflects greater
variability and structural complexity, likely due to the localized and coupled nature of higher-order
mode shapes.

The EMPF of 30° valve opening is analyzed as a function of the resonance frequencies as shown
in Figure 4(a) and consequently presented as a heatmap for different oscillating modes across the X,
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Y, and Z directions in Figure 4(b). The X-direction exhibits the highest EMPF at specific resonance
frequencies, particularly at frequencies of 1153 Hz and 912 Hz, indicating oscillatory motion along
the X-direction for high structural sensitivity. The Y-direction shows moderate participation,
particularly at 392 Hz and 559, implying that these frequencies are primarily affected by motions
along the Y-axis. The Z-direction has relatively low participation across the analyzed frequencies,
indicating limited impact in this direction. The system might require damping mechanisms in
directions and frequencies with high EMPF values to mitigate resonance effects. The heatmap
highlights significant EMPF values for the X-direction in mode 3, with a peak value of 0.2631 kg, and
in mode 4, with a value of 0.08161 kg. The Y-direction shows its highest EMPF in mode 2 with 0.1239
kg and mode 4 with 0.08161 kg. The Z-direction shows relatively lower values across all modes, with
the highest EMPF of 0.1218 kg in mode 4. However, these contributions remain less significant
compared to the X and Y directions. The heatmap reveals clear distinctions in mode participation,
with mode 3 and mode 4 showing higher contributions in all three directions compared to other
modes.
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Figure 4. 30° opening: (a) EMPF as function of resonance frequencies of the butterfly valve; (b) Heatmap of the
EMPF of corresponding oscillating modes at X, Y and Z directions.

Figure 5(a), similar to the 30° opening, the X-direction exhibits the highest EMPF at certain
frequencies, particularly at 1094 Hz and 885 Hz, highlighting that the system is highly sensitive to
oscillatory motion along the X-axis for these resonance frequencies. The peak value in the X-direction
at 1094 Hz with 0.266 kg indicates that this frequency is critical and may require mitigation strategies
to avoid excessive vibrations. At 556 Hz, the Y-direction shows significant participation, indicating
that motion along the Y-axis is predominant, indicating a directional shift in dynamic behavior,
where Y-axis vibrations are more pronounced than in other directions for this specific frequency. The
Z-direction shows noticeable EMPF at 969 Hz. Although its contribution is less significant compared
to the X and Y directions, it becomes prominent at specific frequencies, indicating a non-negligible
effect. In Figure 5(b), the mode 2 at X-direction shows the highest EMPF of 0.266 kg, indicating that
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this mode dominates the dynamic response in this direction, aligning with the observations in the
frequency analysis. The Y-direction at mode 4, exhibits the highest EMPF of 0.1812 kg, making this
mode significant for motion along the Y-axis. At mode 3, the Z-direction shows the highest EMPF of
0.1301 kg, demonstrating that this mode predominantly affects Z-axis dynamics.

In Figure 6(a), the X-direction exhibits the highest EMPF value at 1073 Hz, with a peak
participation factor of 0.2675 kg, suggesting that the primary dynamic influence along this direction
occurs at this resonance frequency. The Y-direction shows a peak EMPF value at 573 Hz, with
substantial participation compared to other directions with pronounced dynamic response at this
frequency. The Z-direction is relatively significant at 966 Hz, contributing more compared to other
frequencies, highlighting that the Z-axis plays a noticeable role in the system dynamics at higher
resonance frequencies. In Figure 6(b), the X-direction at mode 2 shows the highest EMPF of 0.2675
kg, aligning with the peak at 1073 Hz observed in Figure 3.21(a), appearing to dominate the dynamic
response in the X-direction. The Y-direction at mode 4, exhibits its highest EMPF value of 0.2208 kg,
consistent with the peak at 573 Hz, indicating influences of the dynamic behavior of this mode along
the Y-axis. The Z-direction at mode 3, shows the highest EMPF value of 0.1566 kg, indicating that this
mode is critical for oscillations in the Z-direction. The EMPF analysis at a 90° opening reveals a highly
directional and mode-dependent dynamic response, with critical influences from the X, Y, and Z-
directions at specific frequencies and modes.
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Figure 5. 60° opening: (a) EMPF as function of resonance frequencies of the butterfly valve; (b) Heatmap of the

EMPF of corresponding oscillating modes at X, Y and Z directions.
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Figure 6. 90° opening: (a) EMPF as function of resonance frequencies of the butterfly valve; (b) Heatmap of the

EMPF of corresponding oscillating modes at X, Y and Z directions.

Table 6 outlines the boundary conditions applied in the CFD analysis of the concentric double-
flange butterfly valve system. The inlet boundary condition prescribes a defined mass flow rate
directed normal to the inlet face, ensuring that the flow enters the computational domain in a fully
developed state. At the outlet, an environmental pressure condition governs the fluid’s exit,
maintaining thermodynamic consistency throughout the analysis.

Table 6. Boundary conditions of the CFD analysis.

Type Inlet Mass Flow

Flow parameters Flow vectors direction: Normal to face
Mass flow rate: 440 kg/s
Fully developed flow: Yes

Thermodynamic parameters Temperature type: Temperature of initial components

Temperature: 293.20 K

Type Outlet Environment Pressure

Thermodynamic parameters Environment pressure: 101.325 kPa
Temperature type: Temperature of initial components

Temperature: 293.20 K

The meshing diagram shown in Figure 7 effectively demonstrates the discretization applied to
the butterfly valve system. The level of refinement indicates an effort to capture critical geometrical
and physical details to ensure accurate simulation results for the CFD study. In this analysis, fluid
force at 30° valve opening is identified as benchmarking to verify optimal mesh size that balances
accuracy and efficiency in computational simulation.
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Figure 7. Meshing diagram of butterfly valve system.

Table 7 shows the computed fluid force corresponding to each refinement, with the data
demonstrates the influence of mesh refinement on fluid force. As the refinement value decreases, the
fluid force converges toward a specific value, indicating grid independence.

Table 7. Mesh refinement information of CFD analysis.

Level Refinement (mm) Fluid force (N)
1 2.0 48017.268
2 1.0 48114.907
3 0.5 48222311
4 0.25 48232.075

Table 8 captures flow characteristics of the concentric double-flange butterfly valve when the
disk transitions through opening angles of 30°, 60°, and 90°. The measurements reveal how the
internal geometry of the valve is dictated by the position of the disk, altering the fluid behavior
passing through the system. When the valve stands at 30° open, the passage for the fluid remains
significantly constricted. The disk occupies a large fraction of the valve cross-sectional area, forcing
the fluid to accelerate through a narrow gap. In such a case, the overall low flow rate is restricted,
since less fluid passes through per unit time. Simultaneously, the fluid experiences a pronounced
pressure drop across the valve, as the obstruction forces changes direction rapidly by generating high
local velocities and substantial energy losses. At the narrow opening, regions of recirculation and
vortex formation develop downstream of the disk, which enhances turbulence intensity and imposes
fluctuating forces on the valve disk. As the opening angle shifts to 60°, the available flow area expands
significantly. Now the fluid encounters a broader path that permits a higher flow rate compared to
the 30° case. However, the disk still intrudes into the flow domain enough to cause some obstruction.
The pressure drop across the valve remains noticeable but is less severe than at 30°. The fluid velocity
becomes distributed over a wider region of the valve cross-section, reducing the sharpness of velocity
peaks observed at lower openings. The extended recirculation zones diminish, although localized
turbulence can persist around the edges of the disk and shaft. At this stage the flow shows some
asymmetry because the disk remains partially open, yet the conditions become more stable than at
lower openings. At 90° open the disk aligns almost parallel to the flow direction and leaves the valve
largely unobstructed. The fluid moves with minimal interference and reaches the highest flow rate
among the three positions. The pressure drop across the valve drops further as the fluid path becomes
less complex and energy losses decrease.

Table 8. Flow characteristic of butterfly valve at 30°, 60° and 90° opening positions.
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Figure 8 presents the velocity profiles for turbulent and laminar flow in a butterfly valve plotted
against the radial position. The turbulent flow reflects the nature of the turbulent motion of a flatter
velocity distribution near the center of the valve. The velocity drops sharply near the valve walls due
to the no-slip condition and forces the flow velocity to become zero at the boundary. The flatter profile
results from the mixing and energy transfer in turbulence reduces velocity gradients in the central
region. In contrast, the laminar flow profile displays a parabolic shape typical of fully developed
laminar flow. The velocity reaches its maximum at the valve’s center and declines steadily to zero at
the walls due to the lack of mixing between fluid layers.
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Figure 8. Flow velocity profile under laminar and turbulent flow characteristic.
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5. Conclusions

The mode was analyzed through the FEA to establish the performance and dynamic
characteristics of the butterfly valve. The X-direction showed the highest EMPF at specific resonance
frequencies of 1153.1 Hz and 912.21 Hz, with peak values around 0.2631 kg and 0.08161 kg,
respectively. The Y-direction demonstrated moderate EMPF values, particularly at 392.06 Hz and
559.45 Hz frequencies, with significant contributions of 0.1239 kg and 0.08161 kg in specific modes.
The Z-direction exhibited minimal dynamic impact, with the highest EMPF at 0.1218 kg, indicating
less susceptibility to vibrations in this direction. Higher dynamic participation was observed in Mode
3 and Mode 4 across all three directions, particularly for the X and Y directions. The modes
highlighted critical frequencies requiring potential damping mechanisms to mitigate resonance
effects. The X-direction exhibited increased resonance sensitivity at higher frequencies, while the Y-
direction suggested areas for reinforcement to minimize dynamic effects. Modes with higher mass
participation factors indicate potential zones for stress concentration. Critical areas tend to experience
repeated stress cycles that may contribute to fatigue. Computational Fluid Dynamics analysis
examined the fluid flow behavior for valve openings set at 30°, 60°, and 90°. The analysis showed
intricate flow structures marked by separation zones, recirculation areas, and variations in turbulence
intensity. Lower valve openings caused notable pressure drops and created local zones with steep
velocity gradients. Fully open positions lowered flow resistance and led to more stable velocity
profiles. The combined use of structural and fluid dynamic analyses enables a clearer understanding
of how flow-induced forces interact with structural responses. Further research will aim to include
fully coupled Fluid-Structure Interaction (FSI) models and experimental validation to improve
predictive accuracy and support the development of butterfly valve designs that achieve better
dynamic stability and reliable performance in industrial settings. A model including elastic—plastic
material behavior particularly for dynamic analyses under impact scenarios where the valve might
experience loads exceeding elastic limits can also be explored.
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Nomenclature
M Global mass matrix
Kii Global stiffness matrix
u Displacement vector
i Acceleration vector
) Natural angular frequency
f Natural frequency
¢i(x) Modal displacement vector for mode i
0 Phase angle
m Mass at the j-th degree of freedom
Gy Mode shape value for the j-th DOF in mode i
AMPRES Amplitude Resultant of modal deformation
EMPF Effective Mass Participation Factor
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FEA Finite Element Analysis

DOF Degree of Freedom

EMPF Effective Mass Participation Factor

DN Diameter Nominal

PN Pressure Nominal

r Radial coordinate in cylindrical coordinate system (m)

6 Azimuthal (circumferential) coordinate in cylindrical system (rad)

z Axial coordinate in cylindrical coordinate system (m)

Uur Radial velocity component (m/s)

uo Azimuthal (circumferential) velocity component (m/s)

Uz Axial velocity component (m/s)

0 Fluid density (kg/m?3)

p Pressure (Pa)

t Time (s)

U Dynamic viscosity of fluid (Pa-s)

o, Toz , etc. Shear stress components in cylindrical coordinates (Pa)

E. Fo. F. Body force components per unit mass in radial, azimuthal, and axial directions,

T respectively (m/s?)

Tij Reynolds stress tensor components (Pa)

k Turbulent kinetic energy (m?/s?)

€ Turbulent kinetic energy dissipation rate (m?/s%)

vt Eddy viscosity (turbulent viscosity) (m?/s)
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