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Three-Dimensional Unsteady Analysis of Fluid—Structure Interaction in
Check Valves of Diaphragm Volumetric Pumps
Ali Shakir Hial Alagra
Abstract

A comprehensive unsteady three-dimensional numerical model employing
dynamic meshing techniques has been (FSI) occurring within the non-return. This
advanced 3D CFD model offers a more precise representation of flow dynamics
and a more accurate assessment of valve motion behavior compared to the earlier
2D model previously introduced by the authors. The improved model particularly
enhances the understanding of internal volumetric losses caused by valve
movement, which negatively impact the overall efficiency of the pump. The study
investigated both piston-type and deformable diaphragm geometries under
sinusoidal displacement conditions. Results showed comparable performance in
terms of basic pump functionality for both configurations. Detailed simulations
under normal operating and free-discharge conditions revealed increased instability
in the check valves when the supplied air pressure was low .Notably, the exhaust
valve exhibited significant valve "tapping,” characterized by repeated strong fluid—
structure interactions. In contrast, the intake (aspirating) valve demonstrated more
stable sealing behavior, with only minor reopening observed at the onset of the
backward stroke. These numerical insights have proven valuable for pump
manufacturers, informing improvements in valve design, material selection, and
maintenance strategies. The findings have directly contributed to the development
of new and more efficient pump prototypes.
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1. Introduction

Air-Operated Diaphragm Pumps: Design Evolution and Performance Analysis A
diaphragm pump belongs to the category of positive displacement machines and
operates by flexing a resilient membrane to displace fluids. It is especially suitable
for handling viscous or abrasive liquids. The pumping mechanism relies on a set of
one-way (check) valves to prevent reverse flow during the reciprocating
motion[1].Among the various configurations, Air-Operated Double Diaphragm
(AODD) pumps are widely used. These systems feature two diaphragms driven
alternately by compressed air via a shuttle valve system, with four check valves
guiding the flow. The diaphragm not only facilitates fluid movement but also acts
as a dynamic sealing component, eliminating the need for traditional seals,
lubrication, and minimizing internal leakage or mechanical wear Despite their
simplicity and robustness, AODD pumps face common issues related to check
valve wear over time—such as deformed valve seats, worn balls, misaligned
guides, and damaged O-rings—primarily caused by cyclic mechanical stress and
fatigue[2].From Empirical Design to Simulation-Based Development Historically,
diaphragm pump development has heavily relied on empirical testing to assess
material behavior, flow characteristics, and component durability under varied
conditions. While industry standards offer guidance, design enhancements have
often stemmed from iterative, trial-based processes—frequently inspired by
existing commercial designs and limited to proven, incremental changes.With the
growing demand for faster and more economical prototyping, advanced simulation
technologies, particularly Computational Fluid Dynamics (CFD), have become
indispensable in modern pump engineering. In response, SAMOA Industrial S.A.,
a leading European manufacturer of fluid handling solutions, has developed a next-
generation AODD pump lineup with an overhauled internal flow architecture—
optimized using CFD simulations during early design stages[3]. Innovative CFD
Methodology for Diaphragm Pump Simulation In previous research conducted by
the authors, a novel CFD approach was introduced for analyzing diaphragm pump
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performance. This method used a deformable mesh to accurately model the
diaphragm's transient deformation and the fluid—structure interaction (FSI) with the
check valve balls. Comparable numerical strategies have been employed in the
study of other positive displacement pumps, such as axial piston, plunger, vane,
and air-operated piston pumps.Subsequent research has also examined suction
dynamics, geometric optimization, and flow behavior involving non-Newtonian
fluids. More recently, CFD studies have incorporated cavitation models to better
capture suction-related effects, with increasing emphasis on simulating the
dynamic interaction between valve elements and diaphragm/piston motion[4].

Early FSI simulations used deforming grids to represent the ball motion in high-
pressure safety valves, disk valves, and other reciprocating systems. More complex
studies now analyze discharge valve behavior within full 3D pump geometries,
such as plunger and reciprocating piston pumps[4]. Parallel advancements have
been made in modeling both linear and rotary compressors using commercial CFD
tools like ANSYS Fluent® and ADINA®. However, comprehensive CFD research
on diaphragm pumps remains scarce. Notable exceptions include studies on piston-
diaphragm pumps with spring-loaded check valves using immersed boundary
methods and simplified FSI models. These spring-based models help improve
numerical convergence by limiting valve displacement. In contrast, systems
without springs require explicit modeling of mechanical stops, as demonstrated in
[5], with strict control over time-step resolution to ensure numerical accuracy.

Extending from 2D to Full 3D Pump Simulation

The earlier 2D simulations achieved strong agreement with experimental data,
particularly in capturing flow behavior around the check valves. Building on this,
the current study presents a comprehensive 3D simulation using an implicit solver
for both mesh movement and governing fluid equations. The Unsteady Reynolds-
Averaged Navier-Stokes (URANS) method is applied, along with the RNG k—¢
turbulence model[6].

Initially, the diaphragm motion is approximated using a cylindrical piston that
generates an equivalent stroke volume. The mesh is refined near valve seats to
resolve the complex FSI between the fluid and valve balls at different phases of the
pumping cycle. Both the 2D and full 3D results are compared under varying
operating pressures to assess overall pump behavior and localized valve
dynamics—especially oscillatory motions and impacts during valve operation The
enhanced model eventually incorporates the actual 3D geometry of the flexible
diaphragm, yielding similar overall performance to the simplified piston model,
but revealing richer internal dynamics—such as significant flow recirculation,
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swirl effects in the discharge manifold, and valve ball oscillations with associated
leakage and time delays during opening/closing cycles[7].
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Fig. 1. DP-200 pump: 3D view of the operative components|7]

Table 1. Geometrical data and operating parameters|[7]

Diaphragm external diameter, D. (mm) 200
Diaphragm internal diameter, D; (mm) 100
Diaphragm effective diameter, Dg (mm) 150
Diaphragm stroke length, Ly (mm) 31.0
Diaphragm effective area, Ay (cm?) 176.7
Delivery per stroke, Vg (cm®) 548
Internal manifolds diameter, D, (mm) 26.5
Ball diameter of check valves, D, (mm) 31.75
Ball maximum displacement, L, (mm) 10
Check valve effective area (max), Ay (cm?) 4.98
Air-operation pressure, Py, (bar) 0-8
Pressure ratio (—) 1:1
Maximum free delivery (8 bar), Q (I/min) 200
Maximum driven velocity, n (Hz) 3.0
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Figure 2. DP-200 pump: Rendered view of cavities and flow passages[8].

Numerical Modeling and Experimental Characterization

For the purposes of this study, a three-dimensional digital model was developed to
represent the internal flow paths and chambers of the AODD pump, as depicted in
Figure 2. The illustration on the left-hand side outlines the essential components
necessary to replicate the pump’s operational behavior, while the right-hand
diagram defines the computational domain used for numerical discretization[9].

To enhance computational efficiency without sacrificing modeling fidelity, the
simulation leveraged the pump’s inherent geometric symmetry. As a result, only
one half of the pump assembly—including a single diaphragm and its associated
pair of check valves—was modeled.

To conclude this section, the pump’s performance characteristics—sourced from
the manufacturer's technical datasheet—are displayed in Figure 3. Experimental
testing was carried out under air supply pressures of 2, 4, and 6 bar. A range of
outlet pressures was achieved by adjusting a throttle valve positioned within the
discharge manifold Pressure measurements were taken using two TE Connectivity
MEAS U5244 pressure transducers, each rated for a measurement range of -1 to 13
bar with a stated accuracy of £1%. Volumetric flow rates were determined using an
electronic balance, enabling a mass-based calculation of throughput. The
maximum estimated uncertainties were +£0.12 bar in pressure and £0.7% in flow
rate.

Experimental results are plotted as black data points in Figure 3 and are
accompanied by linear trendlines (solid black lines, referenced to the left y-axis)
for clarity. In addition, air consumption was monitored using a Testo 6442 thermal
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mass flowmeter, which offers a wide measurement range (12 to 3750 liters per
minute) and a measurement accuracy of +£0.3%.

To provide deeper insight into performance, efficiency isolines (thin grey lines) are
overlaid on the graph, delineating regions of constant pump efficiency under
varying operating conditions.Finally, the hydraulic chamber pressure was
continuously monitored using an ESI Genspec GS4002 sensor. This transducer was
chosen for its broad operational range (-1 to 24 bar), ensuring protection against
potential damage from transient pressure spikes. Like the other sensors, it
maintains a +1% accuracy, delivering reliable measurements even under
dynamically fluctuating pressures[10]
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Figure 3. DP-200 Pump: Experimental performance curves at varying air-supply
pressures.

3. Three-Dimensional Numerical Model

The computational analyses conducted in this study utilized ANSYS Fluent®
v16.2 [27], a commercial CFD platform that numerically solves the using the
Finite Volume Method (FVM). The three-dimensional model captures both the
reciprocating motion of the diaphragm and the flow-induced dynamics of the check
valve balls, which are resolved through Fluent’s dynamic mesh functionality—
implemented via a hybrid strategy combining local remeshing and layering
algorithms[11].

To accurately resolve the fluid—structure interaction (FSI) phenomena inherent to
the pump’s operation, custom user-defined functions (UDFs) were developed and
integrated into the solver environment. These UDFs embed a tailored implicit
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coupling algorithm [12], which enhances solution robustness and accelerates
convergence by synchronizing mesh motion with fluid forces in a stable numerical
framework.

3.1. Simplified 3D Geometry and Structured Meshing for Piston-Equivalent
Diaphragm Motion

In the preliminary modeling phase, a simplified geometric approximation was
adopted to reduce computational overhead. Specifically, the deformable diaphragm
was replaced by an idealized, rigid piston that reproduces the same volumetric
stroke displacement. To ensure hydraulic equivalence, an effective diaphragm
diameter was derived, maintaining mass conservation while allowing for a
geometrically reduced and computationally efficient model.[13]

The computational domain was constructed using ANSYS ICEM CFD® v16.2
[14], employing a block-structured meshing strategy based on modular rectangular
decomposition. This approach enabled the generation of a fully structured, body-
fitted hexahedral mesh, offering enhanced control over grid resolution in critical
regions—uparticularly around the valve seats, inlet/outlet manifolds, and narrow
flow passages.Meshing methodology followed best practices established in the
authors’ previous 2D simulation work [15], including localized mesh refinement
near solid boundaries and within small clearance regions around moving
components. Special attention was paid to meshing the vicinity of the check valve
balls, ensuring that dimensionless wall distances (y*) were maintained within the
optimal range of 4 to 9, thus supporting accurate turbulence modeling in the near-
wall region throughout the pumping cycle.For the simplified piston-based
diaphragm motion, a layering remeshing technique was employed to accommodate
the linear stroke behavior. The mesh zone adjacent to the piston dynamically
adapted during simulation—expanding during suction and collapsing during
discharge. This was governed by Fluent’s layering algorithm, with a split factor of
0.4 (triggering layer addition when cell height exceeded 140% of its original value)
and a collapse factor of 0.2 (removing layers when compressed below 20% of
initial height).[16]

The final mesh consisted of 111,575 structured hexahedral cells. Figure 4
illustrates the mesh topology in the diaphragm region and associated flow
manifolds. A cross-sectional detail is provided to highlight the mesh refinement
surrounding the check valve balls, demonstrating the high spatial resolution
achieved in these dynamically sensitive zones
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Figure 4. Mesh distribution in the piston-like diaphragm and the inlet/outlet
manifolds featuring non-return valves[17].

Complementary Mesh Configuration and Boundary Conditions

To further support the mesh strategy outlined earlier, Figure 5 offers a detailed
visualization of the meshing approach employed in the numerical model. The left
panel illustrates the dynamic mesh zones, where cells are either added or removed
in real time as part of the layering remeshing algorithm. This mechanism
accommodates the piston-like diaphragm’s reciprocating motion by adjusting the
local mesh structure accordingly. The right panel presents an overview of the
entire structured mesh across the simulation domain, providing a global
perspective on the discretization quality and topology.Additionally, the figure
identifies the primary boundary conditions applied in the model:[18]

At the inlet, a total pressure boundary condition is imposed, set to zero gauge
pressure, representing an open atmospheric suction condition.At the outlet, the
boundary condition is defined via a pressure loss model, expressed as a function
of the local kinetic energy. The pressure drop is modulated by a constant
KvK_vKv, which emulates the variable resistance introduced by a throttle
valve—thus allowing simulation of multiple operating scenarios by adjusting flow
restriction.[19]

The motion of the piston-equivalent diaphragm is driven by a compiled user-
defined function (UDF), which imposes a sinusoidal velocity profile on the
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diaphragm’s center of gravity. This motion is described mathematically by the
expression:[20]

This approach ensures a smooth and periodic displacement of the diaphragm
surface, accurately replicating the pumping cycle within the simplified model.In
parallel, the fluid—structure interaction (FSI) of the check valve balls is handled
via a second dedicated UDF. This function calculates the net hydrodynamic
forces acting on each ball at every time step and updates their positions
accordingly. This dynamic response captures the transient interaction between the
fluid flow and the mobile valve components, a critical factor in replicating real
valve behavior.Further implementation details regarding these user-defined
functions and the underlying FSI algorithms can be found in the authors’ earlier
work [21]
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Figure 5. Mesh density in the piston-like membrane and inlet/outlet manifolds with

adaptive layering mesh for the balls motion[21].

3.2. Solver and numerical model
In order employing deformable mesh functionalities. :[22]
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+ Continuity equation:

ﬂ_:v:;: 0 (1)
+ Momentum equation:
f WuE) & dry
o5t p—a;J =g + VU 5 2)

there the Reynolds Stress Tensor in the momentum eguation has been modelled using
n Eddy Viscosity Model, according to:
iy
G:_ + ax.} 3

U=l 3Pk (3

In the turbulence modeling framework, the turbulent kinetic energy is denoted by
k, and the turbulent viscosity is represented accordingly, with a turbulence model
constant Cu=0.0845C \mu = 0.0845Cu=0.0845. For turbulence closure, the well-
established two-equation RNG k-ek\text{-}\varepsilonk-¢ model has been
employed due to its recognized robustness and adaptability to a wide range of flow
conditions. Preliminary sensitivity studies conducted with the Realizable k-
ek\text{-}\varepsilonk-¢ model yielded results that were nearly identical to those
obtained with the RNG formulation—particularly in terms of valve dynamics and
internal flow structures. In contrast, complementary tests using low-Reynolds-
number Kk-ok\text{-}\omegak-o models showed excessive numerical damping,
which suppressed important flow instabilities associated with the oscillation and
tapping behavior of the check valve balls. As a result, the k-ok\text{-}\omegak-®
family of models was deemed unsuitable for this specific application [5].

For the RNG k-ek\text{-}\varepsilonk-e¢ model used in this work, and neglecting
any buoyancy effects, the closure equations take the following form

ok olkw) o ak

Pt P o = a—,,[akuzo—,,] + 215;;Sij - pe (4)
d &) g de £ g
P+ P = g Gebeay] * Cert(@heSySy) - PCary (5)

L A _., ., . 1pw
Where the turbulent dissipation rate is defined as & = 2vs;js;;, being sjj = e + a—x‘):

and typical coefficients C,;=142,C»=168 and a;=a,~ 1.383 have been
employed.

414



20250255 1940l dsedallg dslairYlg Al gl A3 a1 At h\\*
No.19A Nov. 2025 Iraqi Journal of Humanitarian, Social and Scientific Research § &b
Print ISSN 2710-0952 Electronic ISSN 2790-1254 '

A second-order upwind scheme was selected for the discretization of the
convective terms, ensuring a balance between numerical accuracy and stability.
For the diffusive terms in the momentum equations, Green-Gauss cell-based
gradient reconstruction was employed to calculate spatial gradients. rate
(e\varepsilong) were also discretized using a second-order scheme to maintain
consistency in numerical accuracy across the turbulence model.

A segregated solver was adopted, utilizing the PISO (Pressure-Implicit with
Splitting of Operators) algorithm, which proved to offer a favorable trade-off
between computational cost and numerical robustness. The convergence criteria
were set to a residual of 10—610"{-6}10—6 for the continuity equation, and a
minimum threshold of 10—-510"{-5}10—5 for the implicit mesh motion solver. Both
criteria were required to be satisfied before advancing to the next time step,
ensuring high fidelity in both fluid flow and mesh deformation.

Time step sizes were carefully selected within the range of 5x10-55 \times 107{-
5}5x10—5 to 1x10—41 \times 10"{-4}1x10—4 seconds, optimizing the balance
between computational stability and efficiency. These values were chosen to
maintain a Courant number below unity throughout the domain, preventing the
numerical wave propagation from outpacing the physical fluid motion, which is
especially critical in narrow regions near the check valves undergoing significant
mesh deformation.

Table 2 summarizes the main simulation parameters used across the computational
database. Notably, smaller time steps were required in cases involving higher
operating frequencies and supplied air pressures, due to increased fluid
accelerations and valve dynamics. Furthermore, simulating a complete pump cycle
typically required around 10,000 time steps per case.

In terms of computational resources, each full-cycle 3D simulation—based on a
mesh containing approximately 111,575 cells—required approximately 450 CPU
hours, equivalent to 3-4 weeks of wall-clock time, when run on a single
workstation equipped with a 4-core Intel Core i7-5820K processor (3.3 GHz) and
64 GB of RAM
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Table 2. Humerical database. Outlet BC and time step sizes.

- - — —
Test Supplied  Discharge qu:s Diriving Time step, N® time
Mo  Pressure  pressure, coefficient, frequency At (3) steps per
] (bar) Pz (bar) K, (- (Hz) cycle ()
#1 2 0 0 1.85 1-10* 5,400
#2 2 1.16 751 1.0 1-10¢ 10,000
#3 4 0 L 245 1-10# 4 080
#4 4 199 iz 1 14 1-10r= 7,140
#3 4 3.65 1411 045 1-100* 22,220
#4 & 0 0 27 L-10% 7400
#7 & 197 325 18 L-10% 11,110
#3 & 3.63 1379 1.25 1-10¢ 8,000
#7 i 414 S00.8 0.75 1-10# 13,330

3.3. Three-Dimensional Model with Deformable Diaphragm
Enhanced Modeling of Diaphragm Deformation

To improve the physical realism of the numerical simulations, an advanced
modeling approach was introduced, extending the baseline model to incorporate
the actual deformation behavior of the diaphragm in three dimensions. In this
enhanced configuration, the previously idealized, rigid piston surface was replaced
with a more representative diaphragm geometry, consisting of a rigid central
circular disk bordered by a flexible annular membrane (see Figure 6).

The central plate is prescribed the same sinusoidal displacement used in the earlier
simplified model, ensuring consistency in actuation dynamics. Meanwhile, the
surrounding flexible annulus undergoes nonlinear deformation, adapting its shape
radially to preserve geometric continuity and mechanical coherence throughout the
diaphragm’s oscillation.

Due to the geometric complexity introduced by the deformable annulus, the
structured meshing strategy used previously was no longer suitable. The working
fluid domain was therefore re-meshed using a fully unstructured tetrahedral grid,
coupled with an automatic remeshing strategy. This technique employs a spring-
based smoothing algorithm, which redistributes mesh nodes during minor
boundary displacements. However, in regions of high deformation—especially
near finely meshed areas—mesh quality can deteriorate due to excessive skewness
or unfavorable aspect ratios, potentially compromising simulation stability.

To address this, any elements exceeding predefined mesh quality limits (such as
skewness or cell size thresholds) were automatically flagged and subjected to
localized remeshing. Solution variables from the original mesh were interpolated
onto the new cells. This process utilized a spring factor of 0.9, with cell sizes
constrained between 2 mm (minimum) and 10 mm (maximum), and a maximum
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allowable skewness of 0.7. The mesh update procedure was scheduled to run every
10 time steps to maintain consistent mesh quality throughout the simulation.

The resulting mesh for this deformable diaphragm model was a hybrid
unstructured grid, comprising 101,957 elements. Although this mesh contained
approximately 10% fewer cells than the piston-based model, the computational
demand was significantly greater. Specifically, simulating a single full pumping
cycle required approximately 550 CPU hours on the same workstation—an Intel
Core i7-5820K (3.3 GHz, 4 cores, 64 GB RAM). After normalizing for cell count
(via a 1.1 correction factor), the remeshing strategy was found to be approximately
30% slower than the layering method used in the simplified model.

Given the substantial increase in computational cost, the use of a fully deformable
diaphragm is warranted only if significant discrepancies are observed between the
results of the two modeling approaches. To evaluate this, a set of free-delivery
operating conditions was selected for direct comparison. These conditions
correspond to Test Cases #1, #3, and #6 as detailed in Table 5

Moving boundary (inlet valve)

Figure 6. Mesh density in the deformable diaphragm and inlet/outlet manifolds
with adaptive layering mesh.
4. Results and Discussion

4.1. Comparison of Performance Curves

The initial phase of the analysis focuses on validating the 3D numerical model by
comparing the predicted flow rates with corresponding experimental
measurements, as illustrated in Figure 7. The flow rate is plotted as a function of
the discharge pressure to evaluate the pump’s performance under varying load
conditions. It is important to note that, due to the application of in the simulation—
where only half of the pump geometry was modeled—the computed flow rates
were doubled to provide a direct comparison with the full-pump experimental data.
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The numerical predictions successfully reproduce the experimentally observed
linear decrease in increases. At air supply pressures (2 and 4 bar), the model shows
excellent agreement with experimental results, with maximum relative errors
limited to approximately 6%, as summarized in Table 3.

For the higher air supply pressure of 6 bar, while the overall trend of flow
reduction with increasing discharge pressure remains adequately captured, the
numerical model exhibits larger deviations. Here, the maximum relative error
reaches nearly 19%. These discrepancies are largely attributed to the increased
influence of elevated air pressure on the stroke stability, which notably affects the
diaphragm motion and check valves. This complex interplay induces phenomena
such as valve instabilities and valve ball tapping, which contribute to the observed
divergence and will be examined in greater detail in the subsequent section
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Figure 7. Comparison of experimental and numerical performance curves.

4.2. Pressure Evolution in the Working Chamber

The transient pressure fluctuations within the diaphragm’s working chamber are
presented operating scenarios in Figure 8, comparing numerical predictions
against corresponding experimental data. For additional context, previously
published results from a 2D numerical model are also shown to facilitate a
comparative evaluation.

The left panel displays the pressure variation under conditions of high air supply
pressure (6 bar) paired with a at the outlet. In contrast, the right panel illustrates
the pressure response under low air supply pressure (2 bar) combined with a
similarly low exhausting pressure (1 bar).

It should be noted that the experimental pressure measurements were derived
through an ensemble averaging process over more than 20 operating cycles. This

418



20250255 1940l dsedallg dslairYlg Al gl A3 a1 At h\\*
No.19A Nov. 2025 Iraqi Journal of Humanitarian. Social and Scientific Research § &b
Print ISSN 2710-0952 Electronic ISSN 2790-1254 -

averaging significantly reduces measurement noise and improves the reliability of
the data for meaningful comparison with the numerical results
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Figure 8. Comparison of experimental and numerical pressure evolutions within
the working cavity at high (left) and low (right) air supply pressures under standard
operating conditions.

The 3D numerical model demonstrates significantly improved accuracy in
capturing inside the diaphragm cavity compared to the 2D simulations. Under (left
panel), the experimental pressure profile exhibits a pronounced sinusoidal shape,
indicating a strong bidirectional coupling between the air supply pressure and the
diaphragm dynamics. This interaction likely contributes to the larger discrepancies
observed in the pump performance curves. While the numerical pressure closely
follows the sinusoidal pattern imposed by the prescribed piston motion, the 2D
model shows greater instability and reduced precision. Notably, the root mean
square (RMS) values of the pressure fluctuations—indicated by dashed mean
lines—align closely between the experimental data and the 3D simulation, whereas
the 2D model tends to overestimate these fluctuations.

In contrast, under low air supply pressure conditions (right panel), the experimental
pressure profile reveals a stepped waveform rather than a smooth sinusoid. This
suggests a diminished influence of hydraulic conditions on the instantaneous air
supply pressure, supporting the assumption of sinusoidal diaphragm motion used in
both 2D and 3D models. Here again, strong agreement exists between the time-
averaged pressures from experimental measurements and the 3D simulation, while
the 2D model consistently overpredicts the mean pressure and exhibits exaggerated
pressure peaks during valve opening and closing events.
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Subsequent sections will delve deeper into the internal flow structures and the
dynamic responses of pump components under both high (6 bar, ~1.8 Hz) and low
(2 bar, ~1.0 Hz) air supply pressures. These analyses cover operating outlet
pressures ranging from 1.0 to 1.5 bar, reflecting typical industrial conditions, as
well as free-delivery scenarios.

4.3. Standard Operation: Comparison of 2D and 3D Results

generally function within an outlet pressure range of 1.0 to 1.5 bar, despite known
efficiency trade-offs. This range is often described as “standard operation” by
manufacturers and is prevalent across many industrial diaphragm pump
applications. The following discussion examines the internal pump behavior at
both high and low delivered flow rates within this operating window.

4.3.1. Delivered Flow Rate and Response of Non-Return Valves

Figure 9 compares the evolution of flow rate, cavity pressure, and the unsteady
behavior of at a high driving frequency, as predicted by 2D and 3D models. The
2D results (left subplots) reveal sharp pressure spikes inside the cavity, only
partially damped in (blue line in the third subplot) displays instability during the
suction phase, characterized by an indistinct closure that does not substantially
affect the inflow rate.

In contrast, the 3D results (right subplots) exhibit more consistent and physically
realistic flow dynamics. The discharge valve flow rates are slightly lower than
theoretical expectations.
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Figure 9. Temporal changes in the diaphragm cycle's pressure, flow rate, and check
valve response are compared between 2D (left) and 3D (right) findings when the
air supply pressure is high.

420



20250255 1940l dsedallg dslairYlg Al gl A3 a1 At h\\*
No.19A Nov. 2025 Iraqi Journal of Humanitarian. Social and Scientific Research § &b

Print ISSN 2710-0952 Electronic ISSN 2790-1254
i 20 30
i .En:n.' T 200 BOC Tod BEL

FLI T

i e TOEREN - Rumgmal

Taeorericd  Rurmnca " =S

=g T BOL BOC T0C B

o

e, i pasitinn

TEL ke wzpat it MR o= Rapiagm paditizn il i e [ d0mim|
- I e A , Tt T
T T e, = A Y HH._M
=" walat apar [Iivin) b ai Sy -, Warve i [Dmea| e | |

-

[} ) ) e s

o T4 T A L] Tk T 1704

Figure 10. Comparison of the temporal evolution of pressure, flow rate, and check
valve responses during the diaphragm cycle between 2D (left) and 3D (right)
simulations under low air-supplied pressure conditions.

4.3.2. Comparison of 2D and 3D Simulations of the Development of the
Opening in the Non-Return Valves

A detailed analysis of the oscillatory behavior of the check valves during standard
operation at high driving frequencies is presented in Figures 11 and 12, focusing
respectively on the discharge and aspirating valves. These figures provide
instantaneous flow field contours illustrating velocity magnitude around the valve
balls, offering enhanced physical insight into the partial valve closures. In addition,
the temporal evolution of the forces acting on the balls is shown to clarify the
observed dynamic fluctuations.

For the discharge valve (Figure 11), the 2D simulations predict a single oscillation
near the end of the discharge hemicycle, which corresponds to an abrupt increase
in the force exerted on the ball. Initially, the diaphragm stroke displaces the ball
fully (first snapshot), after which the ball begins moving downward. At this stage,
two high-velocity jets form around the ball (second snapshot), inducing a local
pressure drop that generates significant suction, tending to re-open the valve gap
(third snapshot). Finally, as the forward stroke concludes, the ball returns to its seat
(fourth snapshot). It is important to note that the formation of these high-velocity
jets around the 2D circular representation of the ball is not physically realistic and
arises primarily due to geometric limitations of the two-dimensional domain.

In contrast, the 3D simulations (depicted via a transverse section in Figure 11)
reveal a nearly instantaneous valve opening (first snapshot), followed by a rapid
partial closure (second snapshot). This closure is quickly counteracted by the
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development of a high-velocity region near the ball (third snapshot) as the forward
stroke approaches its maximum acceleration at T/4T/4T/4. Subsequently, a second
rebound stabilizes, reinforced by the incoming fluid propelled by the diaphragm
motion. This jet-induced suction maintains the valve in an open state and sustains a
high force on the ball (fourth snapshot) throughout the latter half of the hemicycle

=
£
=
=
=
]
&=
2
=
=

Valve Positian [mm]

Figure 11. Response of the discharging non-return valve over the operative cycle

for high air-supplied pressure. Comparison of 2D (top) and 3D (bottom)
computations.

Figure 12 provides similar conclusions with respect the aspirating valve. In this
case, the ball dynamics and the surrounding flow patterns are induced by the under
pressure associated to the backward stroke. Consequently, the flow patterns are
more uniform and high velocity jets are less pronounced with more evenly
distributions around the check valve.
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Figure 12. Response of the aspirating non-return valve over the operative cycle for

low air-supplied pressure. Comparison of 2D (top) and 3D (bottom) computations.
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4.3.3. Evolution of Flow Patterns within the Pump Internal Cavities: Comparison
of 2D and 3D Maps

The comparison between the 2D and 3D models concludes with an analysis of the
internal flow patterns inside the pump under high air-supplied pressure conditions
(6 bar) during standard operation, as illustrated in Figures 13 and 14, respectively.

Figure 13 presents the 2D flow patterns through contours of velocity magnitude at
four key intermediate positions throughout the operating cycle. Notably, the
exhaust valve is only partially open at t=T/4t = T/4t=T/4, remaining nearly closed
at the other sampled times. Several fluid recirculation zones appear within the
internal passages, with the final snapshot at the bottom dead center (BDC) of the
diaphragm stroke (t=Tt = Tt=T) revealing up to five distinct recirculating cells.
Additionally, flow separation is evident in the outlet manifold at t=T/4t = T/4t=T/4,
while the suction flow is clearly and accurately guided as it enters the working
chamber of the diaphragm at t=3T/4t = 3T/4t=3T/4.

Figure 14. 3D description of flow patterns for high air-supplied pressure.

4.4. Free-Delivery Conditions
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Diaphragm pumps are typically operated under free-delivery conditions when
maximum output flow rates are required, such as during tank draining. In these
scenarios, the pump is more prone to internal instabilities and oscillations, which
lead to ball valve tapping and increased vibration, particularly at higher operating
frequencies—up to 2.8 Hz in this study. The numerical results discussed here are
exclusively derived from the 3D model simulations.

4.4.1. Evolution of Discharged Flow Rate and Pressure as a Function of the Non-
Return Valves' Response

Figure 15 illustrates the temporal evolution of the pressure within the working
chamber alongside the delivered flow rate under high air-supplied pressure (left
plots). Since the discharge pressure is atmospheric, the pressure inside the
diaphragm cavity primarily reflects the pressure losses occurring within the
internal pump circuit. Notably, pressure peaks during free-delivery are more
pronounced compared to those observed under standard operating conditions.
Moreover, during the aspiration phase of the working chamber (indicated by the
blue line in the top-left plot), significant under-pressures approach -1 bar, which
heightens the risk of cavitation inception. Volumetric losses are also elevated
relative to standard operation.

The right plots in Figure 15 depict the dynamic response of the valve balls,
showing their positions (solid thick lines), velocities (solid thin lines), and the
hydrodynamic forces acting upon them (dashed lines). The valve balls experience
oscillations with maximum velocities around 1 m/s and peak hydrodynamic forces
reaching approximately 100 N, predominantly during the closure of the aspirating
valve. Furthermore, the data indicate a delay of about one-eighth of the cycle
period before the balls fully close, confirming that valve closure is not
instantaneous

a0 : 1. ) "l-“ - .:II!:: I 50 =

Ly
=
L Bt

A —_ Wkt sl L

Theeretia Murereal - I pechica Lo spmirg [10mmi
o k]

Floee race |l
Walscily [mf

425



202502 194 = dedkallg delai Y9 ALY &gl 431 Al s f/?t\!
No.19A Nov. 2025 Iraqi Journal of Humanitarian, Social and Scientific Research § &Q
Print ISSN 2710-0952 Electronic ISSN 2790-1254 N

Figure 15. Temporal evolution of pressure and flow rate (left) and response of the
no return valves (right) in the case of free delivery for high air-supplied pressure.
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Figure 16. Temporal evolution of pressure and flow rate (left) and response of the
nonreturn valves (right) in the case of free delivery for low air-supplied pressure.

4.4.2. Changes in the flow patterns within the cavities during free delivery.

The working chamber's velocity map evolution (3D results only) is depicted in
Figure 17, which may be compared to earlier findings in Figure 14 for normal
operation. Though greater gradients are found in the case of the free delivery
condition, overall patterns are similar. At t=T/4, the velocity gradients are
noticeably higher, especially close to the discharge valve. Additionally, because
the piston is driving at a greater frequency at t=3T/4, the valve side near the
diaphragm shows higher velocities.
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Figure 17. 3D description of flow patterns under free-delivery conditions.

leakages at the baII seats, caused by the partial re-opening of the valves

Figure 18. Streamlines in the nternal cavities of the pump. Comparison of forward
(left) and backward (right) strokes at free-delivery conditions.

4.5. Deformable (Real) Diaphragm vs. Piston-like (Approach) Diaphragm

. This effect influences the discharge non-return valve dynamics, resulting in only
two valve re-openings instead of multiple oscillations. In contrast, the aspirating
valve’s response remains largely unchanged between models. Importantly, the
deformable diaphragm model demonstrates a marked improvement in volumetric
efficiency
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Figure 19. Comparison of temporal evolutions of pressure, flow rate, and check
valve responses during the diaphragm cycle between the 3D piston-like model
(left) and the 3D deformable diaphragm model (right).

Finally, Figure 20 highlights the differences in flow patterns between the
deformable and piston-like diaphragm models, visualized through velocity
contours. The left panel shows velocity fields at T/4, corresponding to the peak
forward stroke impulse, emphasizing how the diaphragm-driven flow passes
through the discharge valve. In the deformable diaphragm model, the flow is more
efficiently channeled into the outlet port, forming a well-defined, gradually
expanding high-velocity jet around the valve ball. In contrast, the piston-like model
exhibits a significant recirculation zone within the rectangular cavity connecting
the working chamber to the outlet manifold, which correlates with the higher
volumetric losses reported in Figure 19.

The right panel presents velocity maps at 3T/4, during the backward stroke, where
only subtle differences between the models are observed. Notably, the deformable
diaphragm provides increased volume in the lower chamber, allowing for a more
gradual distribution of the suction-induced pressure gradient. This contributes to
enhanced aspirating conditions and a reduction in flow leakage through the inlet
check valve
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Figure 20. Comparison of flow patterns in the cavities between 3D piston-like
model and 3D deformable diaphragm model.

5. Conclusions

A comprehensive three-dimensional, unsteady CFD model with dynamic mesh
capabilities has been developed and validated to simulate Air-Operated Double
Diaphragm (AODD) pumps under various operating conditions. This advanced 3D
model builds upon a previously established two-dimensional methodology,
enabling a more accurate representation of the complex fluid-structure interactions
characteristic of positive displacement pumps.

To enhance computational efficiency, a piston-like diaphragm approximation was
initially employed, preserving the volumetric displacement of the real deformable
diaphragm while allowing the use of a computationally efficient layering
remeshing algorithm. Subsequently, a fully deformable diaphragm model was
introduced, confirming that the piston-like approach reliably captures the essential
behavior and performance metrics of the system.

Experimental validation showed good agreement with 3D numerical predictions in
terms of overall pump performance. Although local pressure measurements within
the diaphragm cavity revealed some temporal discrepancies, the time-averaged
pressure trends were well represented. Under standard operating conditions, low
air-supply pressures (~2 bar) led to increased instabilities and frequent valve
tapping, especially in the discharge valve, with up to four partial re-openings
observed. Higher supply pressures (6 bar) reduced these oscillations to two re-
openings during the forward stroke and improved volumetric efficiency.

Notably, the 2D model tended to excessively damp valve dynamics and fluid-
structure interactions, whereas the 3D model more accurately captured rapid
inertial effects and valve behavior. Under free-delivery conditions, the 3D
simulations predicted more pronounced pressure drops within the diaphragm cavity
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during suction strokes, with near-vacuum pressures indicating potential cavitation
risk and increased volumetric losses consistent with pump efficiency maps.

Finally, valve instabilities were consistently more prominent in the discharge valve
compared to the inlet valve, which demonstrated superior sealing and only minor
partial re-openings near the backward stroke’s start. These insights provide
valuable guidance for the design, material selection, and maintenance of critical
pump components
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