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ABSTRACT

Although peristaltic pumps are common in biomedical, complex fluid-structure interactions within small flexible
tubes are often oversimplified by standard hydraulic theories. This study experimentally investigates the
hemodynamic performance of a peristaltic pump using flexible silicone tubes with different inner diameters (6-10
mm) and wall thicknesses. Unlike traditional parametric studies, a comprehensive dimensionless analysis was
conducted using the Buckingham Pi theorem to evaluate the Flow Coefficient, Head Coefficient, and Power
Coefficient as functions of the Reynolds number. Additionally, Wall Shear Stress was analyzed to assess
hemocompatibility. While the 10 mm tube exhibited stable hydraulic behavior, the 6 mm tube suffered from
significant volumetric loss and pressure fluctuations due to radial expansion. Most critically, the dimensionless Power
Coefficient in the 6 mm tube was approximately 30 times higher than in the 10 mm tube, indicating that a massive
portion of hydraulic energy is dissipated to overcome wall deformation and high frictional resistance. Furthermore,
WSS analysis showed that the 6 mm tube generated shear stresses reaching 90 Pa, far exceeding the physiological
safety limit for hemolysis (15 Pa), whereas the 10 mm tube remained within the safe range (4—14 Pa). Pressure
generation requires optimizing trade-offs with efficiency and hemocompatibility.
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OZET

Peristaltik pompalar biyomedikal uygulamalarda yaygin olarak kullanilmasina ragmen, kiigiik ¢apli esnek borular
icindeki karmasik akiskan-yapi etkilesimi, standart hidrolik teoriler tarafindan siklikla basite indirgenmektedir. Bu
calisma, farkli i¢ ¢aplara (6-10 mm) ve et kalinliklarina sahip esnek silikon borular kullanarak bir peristaltik
pompanin hemodinamik performansini deneysel olarak incelemektedir. Geleneksel parametrik ¢alismalarin aksine;
Debi Katsayis1, Basing Katsayis1 ve Gli¢ Katsayisini Reynolds sayisinin fonksiyonu olarak degerlendirmek amaciyla
Buckingham Pi teoremi kullanilarak kapsamli bir boyutsuz analiz gergeklestirilmistir. Ayrica, kan uyumlulugunu
degerlendirmek i¢in Duvar Kayma Gerilmesi analiz edilmistir. 10 mm boru kararli bir hidrolik davranig sergilerken;
6 mm boru, radyal genisleme (balonlagma) etkisiyle 6nemli hacimsel kayiplara ve basing dalgalanmalarina maruz
kalmistir. En kritik bulgu olarak; 6 mm borudaki boyutsuz gii¢ katsayisinin 10 mm boruya gore yaklasik 30 kat daha
yiiksek oldugu gorilmiistiir. Bu durum, hidrolik enerjinin biiyiik bir kisminin akiskan transferinden ziyade, duvar
deformasyonunu ve yiiksek siirtiinme direncini yenmek i¢in harcandigini gostermektedir. Dahast WSS analizi; 10
mm borunun giivenli aralikta (4-14 Pa) kalmasina karsin, 6 mm borunun hemoliz i¢in fizyolojik giivenlik siirim
(15 Pa) biiyiik olciide asarak 90 Pa seviyesine ulasan kayma gerilmeleri olusturdugunu gostermistir. Basing {iretimi;
verimlilik ve hemouyumluluk arasindaki ddiinlesmelerin optimize edilmesini gerektirir.
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INTRODUCTION

Fluid transport in flexible tubes is a critical area of research in many engineering applications. Parameters such as
tube diameter, wall material, fluid properties, and flow regime directly affect system performance, influencing
pressure drop, volumetric flow rate, and energy consumption. In sensitive applications—such as biomedical systems,
industrial fluid transport, and chemical processes—understanding and controlling these parameters is of great
importance. In this context, flow systems driven by peristaltic pumps exhibit mechanical behavior similar to the
cardiovascular system, making them particularly valuable in biomedical and clinical applications.

Peristaltic pumps transport fluids by rhythmically compressing and releasing flexible tubing, allowing control over
output pressure and volumetric flow rate through frequency adjustment. The relationship between frequency and
flow characteristics is nonlinear and exhibits an optimum point. While increasing frequency typically raises pressure
and flow at lower levels, exceeding the optimal frequency may lead to performance loss due to mechanical constraints
and tube material properties (Mao et al., 2018; Banejad et al., 2020; Hostettler et al., 2023), especially in small-
diameter tubing.

Pressure drop in flexible tubing is highly dependent on diameter and internal surface characteristics. Smaller
diameters cause greater frictional resistance at the same volumetric flow rate, leading to increased pressure drop.
This effect is further amplified by surface roughness or corrugated geometries (Dzarma et al., 2020; Santana et al.,
2020). In corrugated tubes, protrusions and indentations enhance turbulence and pressure loss (Santana et al., 2020).
Therefore, selecting an appropriate tube diameter is critical for energy-efficient system design.

Investigating peristaltic pump-induced flow in tubes of varying diameters is essential for modeling peristaltic motion
observed in cardiovascular systems. Studies on flexible tubes with inner diameters between 6 and 10 mm are
particularly relevant for biomedical modeling, as they correspond to the size range of human blood vessels. Literature
reports show that increased pump frequency leads to higher pressure fluctuation amplitudes; however, exceeding the
optimal frequency results in mechanical deformation and performance loss, especially in narrow tubes (Stelios et al.,
2019).

Moreover, increased frequency causes a notable rise in pump power consumption, especially as tube diameter and
flexibility increase. Innovative tube designs may help reduce energy use and enhance system efficiency (Manopoulos
et al., 2022). While smaller diameters result in greater pressure loss due to friction, larger diameters reduce these
losses and lower overall energy consumption. Experimental findings confirm that decreasing diameter increases both
energy consumption and pressure drop, negatively impacting system efficiency. Additionally, as pump frequency
rises, power consumption increases more significantly in larger and more flexible tubes. Advanced tube design can
mitigate this effect (Manopoulos et al., 2022).

In this study, the effects of changing pump frequency on pressure behavior, volumetric flow rate, power consumption,
and temporal variations in outlet pressure were experimentally investigated in flexible tubes with inner diameters of
6 and 10 mm, using a peristaltic pump. The experimental system, designed to mimic the cardiovascular system, aims
to contribute to a better understanding of hemodynamic parameters and the development of more precise and efficient
pumping systems for biomedical applications. As pump frequency increases, outlet pressure initially rises but then
decreases after reaching an optimal point. For maximum performance and pressure, it is essential to determine the
optimal frequency for the pump-tube system. Excessively high frequencies can lead to pressure loss and performance
degradation, particularly in flexible tubes (Mao et al., 2018; Banejad et al., 2020; Xie et al., 2004). At high
frequencies, small-diameter tubes with thin walls can undergo large-amplitude deformations, causing abrupt pressure
fluctuations. Increased frequency results in more frequent compression-relaxation cycles, leading to large pressure
oscillations at the inlet, especially in small, thin-walled tubes (Stelios et al., 2019).

Tube diameter has a significant influence on the hemodynamic parameters of peristaltic pump-driven flow.
Experimental studies in the 6-10 mm range have shown that increasing diameter leads to higher volumetric flow
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rates and greater fluid transport capacity. Since tubes in this diameter range exhibit characteristics similar to human
cardiovascular structures, they are commonly preferred in biomedical research. Results also suggest that larger
diameters improve pump performance stability and efficiency, although they may require better management of
pressure fluctuations (Liu et al., 2024; Sanchez-Saquin et al., 2025).

This study experimentally investigates the effects of varying pump frequency on pressure characteristics, volumetric
flow rate, power consumption, and transient outlet pressure in flexible tubes with diameters of 6 and 10 mm. The
experimental setup, designed to resemble cardiovascular conditions, aims to enhance understanding of hemodynamic
behavior and support the development of precise and efficient biomedical pumping systems.

Although the fundamental hydrodynamics of rigid pipe flows are well-established, the flow physics within peristaltic
systems involving deformable boundaries present a complex Fluid-Structure Interaction (FSI) problem that cannot
be fully explained by classical theories. Standard affinity laws and the Darcy-Weisbach equation often fail to predict
the non-linear behavior observed in small-diameter, flexible tubes where viscoelastic wall deformation becomes a
dominant energy-dissipating mechanism. Currently, there is a gap in the literature regarding how geometric scaling
(specifically the interplay between tube diameter and wall thickness) affects the dimensionless hydraulic performance
and hemocompatibility of these systems.

To address this gap, this study moves beyond simple parametric observations and employs a comprehensive
dimensionless analysis using the Buckingham Pi theorem. By defining the Reynolds number (Re), Flow Coefficient
(CQ), Head Coefficient (CH), and Power Coefficient (CP), this research aims to quantify the deviations from ideal
pump theory caused by viscoelastic deformation. Furthermore, it introduces a biomedical perspective by analyzing
Wall Shear Stress (WSS) to evaluate the trade-offs between hydraulic efficiency and hemolysis risk in micro-scale
pumping applications.

MATERIAL AND METHOD

The primary objective of the experimental system used in this study is to establish a setup that mimics the behavior
of the cardiovascular system and to analyze the effects of different stenosis geometries and pressure variations in
flexible tubing on blood flow dynamics. In this context, flexible tubes with different inner diameters were examined.
Flow parameters such as pressure profiles, power consumption, and volumetric flow rate were investigated in detail.
The influence of tube diameter on peristaltic pump performance was comparatively evaluated. In all experiments,
distilled water—exhibiting Newtonian fluid behavior—was used as the working fluid.

A schematic diagram of the experimental setup is shown in Figure 1, and its physical appearance is presented in
Figure 2. After commissioning the system, calibration and validation procedures were performed to ensure accurate
measurements. Subsequently, a manometer was integrated into the system to precisely monitor pressure fluctuations
throughout the experiments.

(1) Peristaltic pump
(2) Inverter

(3) Reservoir

(4) Differential pressure transmitter
(5) Testarea

(6) Piezoresistive pressure transmitter

(7) Flow meter

(8) Refrigerated bath circulator
(9) Thermocouple

(10) Data logger

(11) Computer

(12) Spiral heat exchanger

(13) Manometer

Figure 1. Schematic Diagram of the Experimental Setup and System Components (Y1ldirim, 2023).
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The primary components of the experimental setup were designed to operate under conditions mimicking the
physiological behavior of the cardiovascular system. The test section, where flow analyses were performed, consisted
of flexible silicone tubing with a total length of 30 cm. This section was located at the center of the system and served
as the primary measurement zone.

To maintain the test environment at a temperature close to human body temperature, a glass water bath
(15%x20%45 cm) made of 4 mm thick glass was used. The system’s operating temperature was set to 37 °C and kept
constant throughout the experiments. The flexible tubing used to simulate vascular flow had an inner diameter of 6—
10 mm, a length of 30 cm, and a Shore-A hardness range of 40—-80. The physical properties of the tubing were
consistent with values frequently referenced in the literature (Eslami et al., 2020; Huang et al., 2009).

Temperature control was achieved via a heat exchanger immersed in the water bath, ensuring that both the test
environment and working fluid remained at a stable temperature. Pressure measurements were performed using
differential pressure transmitters placed at the inlet and outlet of the test section. Additionally, a manometer was
installed to monitor pressure throughout the system.

Volumetric flow rate measurements were carried out using an electromagnetic flow meter, which enabled precise
real-time monitoring of the volumetric flow rate. Flow in the system was driven by a peristaltic pump, thereby
generating a pulsatile flow resembling that of the cardiovascular system. Temperature, pressure, and volumetric flow
rate data were collected from thermocouples, pressure sensors, and the flow meter, and transferred to a computer via
a data acquisition system for digital recording.

Furthermore, piezoresistive pressure transmitters located at the inlet and outlet of the pump continuously monitored
pressure fluctuations in those regions. The operating frequency of the peristaltic pump was adjusted using an inverter-
supported control system, allowing for speed variation according to experimental requirements (Yildirim, 2023;
Sonmez, 2021; Sonmez et al., 2023). Only the most relevant specifications of selected key components are provided
in this study.

Figure 2. Image of the Experimental Setup and Flexible Silicone Tubes Used.

Silicone elastomers are widely used in various industrial and medical applications due to their favorable physical and
chemical properties. These materials can operate within a broad temperature range, from —60 °C to +200 °C, and are
suitable for use in environments requiring sterilization, owing to their autoclavable nature. Their high electrical
insulation capacity also makes them ideal for insulation purposes in electronic components.
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Table 1. Properties of the Flexible Silicone Tubes Used in the Experiments
Inner Diameter of Silicone Tube (mm) Wall Thickness of Silicone Tube (mm) Flexibility Level
6 1 More flexible
10 3 Less flexible

The oil-absorbing property of silicone reduces friction between surfaces, thereby minimizing wear, which presents a
significant advantage from a tribological perspective. However, in terms of mechanical performance, silicone
exhibits relatively low tear resistance and should therefore be used with caution in environments subjected to dynamic
loads. On the other hand, its excellent resistance to aging, moisture, and ozone ensures long-lasting performance in
outdoor applications. From a chemical standpoint, silicone is highly resistant to oils but not suitable for systems
involving hydrocarbon solvents or steam.

Overall, silicone elastomers are reliably used in static applications and systems that require prolonged exposure to
high temperatures. The Shore A hardness range typically preferred in practice is between 40 and 80, which offers an
optimal balance between flexibility and mechanical strength. Considering all these properties, silicone elastomers
stand out as a versatile and dependable material choice for engineering design. The image of the silicone tubes used
in the study is shown in Figure 2, and their technical specifications are provided in Table 1.
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Figure 3. Peristaltic Pump Used in the System.

The peristaltic pump evaluated in this study features a self-priming design, which enables fluid intake without the
need for an external vacuum source. It is also capable of transferring fluids containing gas phases without operational
issues. One of the most notable characteristics of the system is its gentle pumping action with low shear stress, making
it particularly suitable for transferring biological samples or delicate fluids without causing degradation.

Another significant advantage is the pump’s ability to operate under dry conditions without sustaining damage,
offering enhanced operational flexibility and safety. The seal- and valve-free design minimizes leakage risks and
reduces maintenance requirements. In addition, the long-lasting hose structure supports the sustainability and cost-
efficiency of the pump over extended use.

From a technical perspective, the pump can achieve a maximum volumetric flow rate of 593 liters per hour and a
maximum discharge pressure of 12 bar. Its suction capacity reaches up to 9.5 meters of water column. The internal
diameter of the hose is 15 mm, which directly influences both the flow capacity and permeability characteristics of
the pump. The maximum operating temperature the system can withstand is 80 °C. A visual representation of the
pump used in this study is provided in Figure 3.

All these technical features indicate that the pump offers a compact solution with high performance, low maintenance
requirements, and precise fluid transfer capabilities, even under challenging operating conditions. Peristaltic pumps
of this type are widely preferred in fields such as chemistry, biotechnology, environmental engineering, and food
technology due to their reliability and functional versatility.
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Figure 4. Inverter Used in the Experimental Setup.

In power electronics, inverters are devices that convert electrical energy from a direct current (DC) source into
alternating current (AC) with adjustable or fixed amplitude and frequency. The inverter used in the experimental
setup (Figure 4) allows for direct control of the peristaltic pump’s power, speed (Hz), operating frequency, and
amplitude parameters. Adjustments made via the inverter directly affect pump performance, enabling precise
regulation of flow conditions within the test section.

During operation, the inverter enables manual adjustment of the pump speed, thereby allowing direct control of flow-
related parameters such as volumetric flow rate, outlet pressure, and pulsation characteristics. Thanks to this control
structure, the system maintains high stability even under dynamic and sensitive flow conditions.

In the experimental study, all flow measurements were performed according to a predefined procedure. In the first
stage, distilled water was used as the working fluid, and all components of the system were fully filled to eliminate
air bubbles. The fluid level in the supply reservoir was continuously monitored throughout the experiments. Flow
velocity within the system was controlled by adjusting the rotational speed of the peristaltic pump. This adjustment
was made manually using a frequency-controlled inverter to simulate different pulse rates. The operating frequency
range was set between 25 and 55 Hz.

The pressure values at the inlet (P1) and outlet (Po) of the peristaltic pump were measured using appropriately placed
pressure transmitters, and the pressure difference was calculated. This difference is defined as the pressure head
generated by the peristaltic pump, expressed as AP = Pi — Po. The system’s power consumption was then calculated
based on this pressure difference and the volumetric flow rate using the equation (1) below (Cengel & Cimbala,
2014):

W=278x10">xV x (P, —P,) (D)
Where:

W is the power consumed by the peristaltic pump (Watts),
V is the volumetric flow rate (L/h),

P; is the inlet pressure of the peristaltic pump (mbar),

P, is the outlet pressure of the peristaltic pump (mbar).

All data were digitally recorded via a data acquisition (DAQ) system. Before each measurement, the transmitters
were zeroed and the system was calibrated. To ensure measurement stability and accuracy, the system was operated
for approximately 30 minutes before each experiment until steady-state conditions were achieved. Temperature was
maintained at 37 °C using a hot water bath to simulate physiological conditions similar to those of the human body.
Through this experimental method, the simulation of biological flow via a peristaltic pump was successfully
achieved, and the flow parameters at different frequencies were evaluated in detail.

Dimensionless Analysis and Calculation of Hydraulic Parameters

To evaluate the hydraulic performance of the peristaltic pump and the flow characteristics within the flexible tubes
independent of geometric scale, a dimensionless analysis was conducted. The system’s governing variables were
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reduced into fundamental dimensionless groups using the Buckingham Pi (1) Theorem, referencing established
affinity laws for turbomachinery (Cengel & Cimbala, 2014).

Determination of Flow Regime (Reynolds Number)

While the pump rotational frequency (n) is typically used for scaling in rigid turbomachinery, it may not linearly
correlate with the actual fluid velocity in small-diameter flexible tubes due to deformation and backflow effects.
Therefore, to accurately characterize the flow regime (laminar vs. turbulent) and frictional behavior, the Reynolds
number (Re) was determined based on the actual mean flow velocity (V) derived from the measured volumetric flow
rate (Q), as shown in Equation (2):

_ oD
Re =2 Q)

Here, p is the fluid density (kg/m3), u is the dynamic viscosity (Pa-s), D is the inner diameter (m), and V is the mean
velocity (m/s) calculated via the continuity equation.

Performance Parameters

To characterize the global performance of the pump system, the following dimensionless coefficients were calculated
based on the pump frequency (n):

Flow Coefficient (CQ): This represents the dimensionless volumetric flow rate transported per unit revolution of the
pump (Eq.3):

Co =103 3)

Head (Pressure) Coefficient (Cu): This parameter characterizes the dimensionless hydraulic load (pressure
difference) generated by the pump (Eq.4):

— APpump
H — pn2D2 (4)

Power Coefficient (Cp): This metric represents the dimensionless intensity of hydraulic energy required to transfer
the fluid (Eq.5):

_ Phya
P ™ pn3ps ®))
Where Q is the volumetric flow rate (m3/s), n is the pump frequency (Hz), D is the inner diameter of the tube (m), p
is the fluid density (kg/m3), u is the dynamic viscosity (Pa-s), and APpump is the pressure difference across the pump
(Pa).

In this study, to isolate the energy costs associated specifically with fluid-structure interaction (FSI) rather than motor
efficiency, the Hydraulic Power (Pyy,q = Q X AByymy) transferred to the fluid was used instead of electrical input

power.

Wall Shear Stress (WSS) Calculation:

From a biomedical perspective, Wall Shear Stress t,, is a critical factor in determining the risk of hemolysis in blood
cells. To evaluate this, we calculated t,, based on the momentum balance equation using the pressure drop AP pe
measured directly across the test section, as shown in Equation (6):

_ APtubeXD

Tw=—V — (6)
Here, L (0.30 m) denotes the length of the flexible tube in the test section.
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Uncertainty analysis

In the experimental setup, system performance data were obtained using pressure, volumetric flow rate, and
temperature sensors. To evaluate the reliability of these measurements, an uncertainty analysis was conducted.

Measurement uncertainties stem from factors such as instrument selection, reading errors, observational bias,
calibration sensitivity, experimental planning, and environmental conditions. This analysis provides insight into the
accuracy of the experimental system and helps identify the parameters that most influence measurement deviations.

The accuracy specifications of the measurement devices used in the system are as follows:

Temperature measurement accuracy (copper-constantan thermocouple): £0.05%
Pressure transmitter accuracy (test section): £0.1%

Piezoresistive pressure sensor accuracy: £0.5%

Flow meter (electromagnetic type) accuracy: £0.2%

The overall uncertainty of the experimental system was calculated using Equation (7):
1222+ (PR g I8 W )2105
wrp = [ ox. wi)“ + (ax2 Wy)o 4 e + ( an) ] (7)

where,

wr: total uncertainty of the system,

R: the function of the independent variables,

X1,X2,...,Xn: the independent variables,

W1,W2,...,Wn: the measurement uncertainties of each independent variable

Based on this equation, the uncertainty in the calculated power consumption W of the peristaltic pump was
determined to be £0.54% (Sonmez et al., 2023).

RESEARCH FINDINGS AND DISCUSSION

In this section, the data obtained from the experimental studies are presented and evaluated through comparison with
findings reported in the literature. The effects of varying pump frequency, tube diameter, and system parameters on
the performance of the peristaltic pump are discussed in detail.
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Figure 5. Effect of Frequency on Pressure Drop.
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In this study, the effect of frequency variation on pressure difference (AP) was investigated for silicone tubes with
inner diameters of 6 mm and 10 mm, as shown in Figure 5. It was observed that AP increased with frequency for
both tube sizes (Hoskins & Lawford, 2017). At the same frequency levels, larger tube diameters resulted in lower AP
values (Stefanadis et al., 1998; Cengel & Cimbala, 2014). This behavior can be attributed to the increased flow
resistance caused by higher friction in smaller-diameter tubes.

While AP values were relatively close for both diameters at lower frequencies, the difference became more
pronounced as frequency increased (Banerjee et al., 2003). This indicates that friction and constriction-induced
resistance in smaller tubes becomes more sensitive to frequency changes. As tube diameter decreases, the fluid
experiences greater frictional forces at a given volumetric flow rate, leading to a higher pressure drop. For instance,
a pressure drop of 266.64 Pa was measured for a 0.5-inch diameter pipe, whereas it was only 13.33 Pa for a 1.25-
inch pipe (Nuryoto et al., 2024; Cao et al., 2025; Santana et al., 2020; Shin et al., 2024). In larger-diameter tubes,
reduced wall contact area lowers frictional losses and, consequently, pressure drop (Mansour et al., 2020; Chen et
al., 2023). Finally, Hostettler et al. (2023) highlighted the significant influence of the tube’s viscoelastic properties
and diameter-to-frequency ratio on pump efficiency, noting that at higher frequencies, efficiency improves alongside
deformation.

2200 6 mm 10 mm
2000
1800

1600

P, (mbar)

1400
1200

1000
20 25 30 35 40 45 50 55 60

Frequency (Hz)
Figure 6. Effect of Frequency on Pump Outlet Pressure

In this study, the effect of frequency variation on the outlet pressure of the peristaltic pump was compared for silicone
tubes with inner diameters of 6 mm and 10 mm, as illustrated in Figure 6. According to the figure, an increase in
frequency led to a rise in outlet pressure for both tube diameters (Cengel & Cimbala, 2014). As frequency increases,
the pump performs more frequent compressions, generally resulting in higher outlet pressure and volumetric flow
rate (Mao et al., 2018; Banejad et al., 2020; Xie et al., 2004).

At higher frequencies, narrow and thin-walled tubes exhibit more pronounced pressure fluctuations and tube
deformation. In contrast, these effects are more limited in larger-diameter tubes (Stelios et al., 2019). As the tube
diameter increases, a decrease in outlet pressure is observed. Additionally, it has been reported that increasing arterial
stenosis (transitioning from a healthy artery (0% narrowing) to one with 80% narrowing) results in a gradual increase
in outlet pressure (Banerjee et al., 2003; Pandey et al., 2020). This suggests that narrowing vessel structures increase
the hemodynamic load at the pump outlet.

In this study, the effect of frequency variation on the inlet pressure of a peristaltic pump was compared for silicone
tubes with inner diameters of 6 mm and 10 mm, as illustrated in Figure 7. According to the experimental data, the
inlet pressure of the pump tends to decrease with increasing frequency for both tube sizes (Cengel & Cimbala, 2014).
Similarly, as the tube diameter increases, the reduction in inlet pressure becomes more pronounced. This can be
explained by the fact that higher frequency and volumetric flow rate enhance the suction capability of the peristaltic
pump, thereby reducing the inlet pressure.
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Figure 7. Effect of Frequency on Pump Inlet Pressure

As the pump frequency increases, the more frequent compression and relaxation cycles of the tube wall lead to high-
amplitude fluctuations in inlet pressure. This effect is especially evident in small-diameter and thin-walled tubes,
where deformation can reach up to 60% of the tube radius (Stelios et al., 2019). Additionally, as arterial stenosis
increases from 0% to 80% a gradual decrease in pump inlet pressure has been reported. This indicates that under
increased vascular resistance, the suction performance of the pump is reduced (Banerjee et al., 2003).
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Figure 8. Effect of Frequency on Pump Pressure Difference

In this study, the effect of frequency variation on the pressure difference across the peristaltic pump (P, — P;) was
investigated for silicone tubes with inner diameters of 6 mm and 10 mm, as illustrated in Figure 8. According to the
experimental results, the pressure difference between the outlet and inlet of the pump increases with frequency for
both tube diameters (Stefanadis et al., 1998; Cengel & Cimbala, 2014). This increase is more pronounced in small-
diameter tubes, which can be attributed to higher frictional resistance requiring the pump to generate greater outlet
pressure. At low frequencies, the pressure differences observed in both tube sizes are relatively similar. However, as
the frequency increases, this difference becomes significantly larger (Banerjee et al., 2003). This trend indicates that
increased volumetric flow rate enhances flow resistance in the system, leading to a greater pressure differential.

As frequency increases, both the pressure difference and the amplitude of pressure fluctuations grow. These effects
are especially evident in small-diameter, thin-walled tubes, where increased deformation directly affects pump
performance and pressure profiles. In contrast, these impacts remain limited in large-diameter, thick-walled tubes
(Stelios et al., 2019). This behavior is related to the concept of hydraulic diameter: in narrow tubes, the ratio of
internal surface area to flow cross-sectional area is higher, resulting in greater friction and, therefore, a higher required
pressure difference. Conversely, in larger tubes, reduced resistance allows for sufficient flow with a lower pressure
gradient. Additionally, a gradual increase in pump-induced pressure difference was observed as the degree of arterial
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stenosis increased from 0% to 80% (Banerjee et al., 2003; Sonmez, 2021). This demonstrates that rising vascular
resistance increases the load on the pump, thereby elevating the hemodynamic pressure difference.
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Figure 9. Effect of Frequency on Pump Power Consumption

In this study, the effect of frequency variation on the power consumption of a peristaltic pump was investigated using
silicone tubes with inner diameters of 6 mm and 10 mm, as shown in Figure 9. According to the figure, the pump’s
power consumption increases with rising frequency for both tube diameters (Manopoulos et al., 2022). This increase
is especially significant in small-diameter tubes, where higher pressure differences induced by increased frequency
result in greater energy demand (Cengel & Cimbala, 2014).

At lower frequencies, the power consumed by the pump for both 6 mm and 10 mm tubes is relatively similar.
However, as the frequency increases, the difference in power consumption becomes more pronounced (Banerjee et
al., 2003). This is primarily due to the higher flow resistance in smaller tubes, which forces the pump to generate
more pressure. This relationship is also supported by the Darcy—Weisbach equation, which states that: APx1/D?.
This equation illustrates that as tube diameter decreases, pressure loss increases dramatically. The resulting increase
in pressure difference directly leads to higher energy consumption by the pump. From an energy efficiency
perspective, the 10 mm diameter tube can be considered more advantageous, as it offers lower flow resistance and
less structural deformation under the same operating conditions.
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Figure 10. Effect of Frequency on Volumetric Flow Rate

In this study, the effect of frequency on the volumetric flow rate was analyzed for silicone tubes with inner diameters
of 6 mm and 10 mm, as shown in Figure 10. Generally, as tube diameter increases, the pump requires lower outlet
pressure to maintain the same volumetric flow rate (Stefanadis et al., 1998; Cengel & Cimbala, 2014). However, the
experimental results indicate that increasing frequency leads to higher outlet pressure (see Figure 6), which in turn
increases the volumetric flow rate in both tube types.
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Goulpeau et al. (2005) reported that volumetric flow rate increases linearly with frequency up to 250 Hz. At lower
frequencies, the peristaltic pump transfers volume more frequently, thereby increasing volumetric flow rate; however,
at higher frequencies, valve responsiveness becomes limited, and flow saturation occurs. The same study also noted
that a working pressure of 0.6 bar yielded a higher volumetric flow rate compared to 0.2 bar.

Experimental findings indicate that frequency has a flow-enhancing effect dependent on the inner diameter of the
tube (Verde et al., 2021). As frequency increases, the roller rotation count rises, resulting in greater volume transfer
per unit time. In elastic silicone tubes, volumetric flow rates exceeding 250 L/h are achievable (Esser et al., 2019;
Tauber et al., 2021). However, material fatigue and viscoelastic behavior at high frequencies can limit long-term flow
performance (Hostettler et al., 2023).

Volumetric flow rate is primarily dependent on pump frequency and the flow resistance of the tube. Although small-
diameter tubes may permit higher velocities, the Darcy—Weisbach equation (APcc1/D°) demonstrates that pressure
loss increases dramatically as diameter decreases, thereby limiting volumetric flow rate. On the other hand, laminar
flow and smooth inner surfaces in narrow tubes can enhance pressure-flow efficiency (Grishin, 2020).

Hung and Lim (2015) modeled the effects of tube diameter and wall thickness on flow and deformation, showing
that deformation increases with diameter; however, excessively large diameters may reduce overall system
efficiency. They found that increasing the tube diameter from 2 mm to 4 mm increased the deformation and strain of
soft tubes, with peak flow velocities occurring at a diameter and thickness of 4 mm and 1 mm, respectively. In the
present study, the physical behavior of the tubes was governed by the wall thickness data presented in Table 1, rather
than diameter alone. The 10 mm tube, with its significant 3 mm wall thickness, exhibited high structural rigidity.
Therefore, contrary to the 'elastic reservoir' hypothesis, this tube resisted radial expansion. Its lower flow performance
is attributed to the high mechanical resistance of the thick wall against the pump rollers, which likely prevented
complete occlusion (squeezing) and reduced the effective stroke volume. In contrast, the 6 mm tube, having a wall
thickness of only 1 mm, demonstrated high flexibility. The dimensionless Flow Coefficient (Cq) analysis revealed
that this thin-walled tube acted as a viscoelastic reservoir, undergoing radial deformation (ballooning) at high
frequencies. Although the 6 mm tube achieved higher net volumetric flow rates due to high flow velocity and
turbulence, the steep decline in its Cq values indicates that a significant portion of the potential volumetric efficiency
was lost to this wall deformation.

As observed in Figure 10, a positive correlation exists between frequency and volumetric flow rate for both diameters,
though this relationship varies with tube size. In the 6 mm tube, volumetric flow rate increased significantly with
frequency. In contrast, in the 10 mm tube, the volumetric flow rate increased from 100 L/h to only 175 L/h over the
same frequency range. Although inlet—outlet pressure differences were not constant, it was found that outlet pressure
in the 6 mm tube was notably higher. Volumetric flow rates and frequencies were measured across various flow
regimes, revealing a positive correlation between frequency and volumetric flow rate for both tube sizes. However,
this relationship was more pronounced in smaller tubes.

Reynolds number calculations indicated fully turbulent flow in both systems: Re = 22,000 for the 6 mm tube and Re
~ 9000 for the 10 mm tube at the highest frequency. These results differ significantly from the Spencer & Reid (1979)
carotid artery stenosis model, which suggests that while blood velocity initially increases with narrowing diameter,
volumetric flow rate begins to decline once the critical threshold (=1.5 mm) is crossed due to increased vascular
resistance and pressure stabilization. That model is based on laminar flow and physiological boundaries of biological
systems. In contrast, in this study's experimental setup, the higher inlet pressure observed in the 6 mm tube enabled
sustained or even increased flow despite the narrow diameter. The turbulent regime indicated by the Reynolds
numbers suggests that the classical Poiseuille formulation does not apply. In turbulent flow, the velocity profile
flattens and the friction factor decreases, allowing for higher velocities and volumetric flow rates.

Therefore, the observed increase in volumetric flow rate despite narrowing diameter is attributed to particles carrying
higher kinetic energy in turbulent conditions, along with elevated inlet pressure. Since turbulence was not considered
in the Spencer & Reid model, the rise in volumetric flow rate observed here does not directly align with their findings.
In conclusion, the data in this study reveal that hemodynamic models may vary significantly depending on parameters
such as pressure, flow regime (laminar vs. turbulent), and diameter. These findings emphasize the importance of
clearly defining the flow regime and hydrodynamic boundaries, particularly when modeling arterial systems.
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Another key point highlighted in Spencer & Reid's study is the reliability of Doppler frequency as an indicator,
especially in severe stenosis cases (>70%). In the present model, the limited increase in volumetric flow rate despite
higher frequency supports the notion that approaching a critical diameter can significantly alter the flow regime.
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Figure 11. Temporal Variation of Outlet Pressures at Different Frequencies for the 10 mm Flexible Tube
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Figure 12. Temporal Variation of Outlet Pressures at Different Frequencies for the 6 mm Flexible Tube

Experimental data were analyzed to evaluate the temporal variation of outlet pressures at different frequencies for
both 6 mm and 10 mm inner-diameter silicone tubes. The corresponding pressure amplitudes were also graphed
(Figures 11 and 12). A comparison of the results shows that, across the tested frequencies, the 6 mm tube exhibits
higher outlet pressures than the 10 mm tube. This trend is consistent with expectations, as increased pump volumetric
flow rate and associated frequency lead to higher outlet pressure (Stefanadis et al., 1998; Cengel & Cimbala, 2014).

The figures also reveal that the difference between the maximum and minimum outlet pressures increases with
frequency for both tube diameters, indicating higher pressure amplitude at higher frequencies. Additionally, as flow
constriction increases in both tubes, both maximum and minimum outlet pressures rise accordingly.

Analysis of Dimensionless and Hydraulic Parameters

In this section, the hydraulic performance of the peristaltic pump system and the flow characteristics within the
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flexible tubing are analyzed using dimensionless parameters: Reynolds number (Re), Flow Coefficient (Cq), Head
Coefficient (Cu), Power Coefficient (Cp), and Wall Shear Stress (WSS). The analysis primarily focuses on the
influence of tube wall thickness and geometric scaling on deformation behavior and overall system efficiency. The
analysis of the Head Coefficient (Cu), which represents the system's capacity to generate hydraulic load and its
inherent resistance, is presented in Figure 13.
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Figure 13. Comparison of Dimensionless Head Coefficient (Cy) for 6 mm and 10 mm Tubes

The results reveal that geometric scaling has a dramatic, non-linear impact on flow physics. 10 mm Tube: Flow
resistance is minimal, with Cy values hovering at very low levels between 1.4 and 1.8. 6 mm Tube: Due to the
constricted cross-section and increased flow velocity, viscous friction forces become dominant, causing Cy values to
surge to the 5.6-8.2 range.

The approximately 6 to 7 fold difference between the 10 mm and 6 mm tubes cannot be attributed solely to the
diameter effect described by the Darcy-Weisbach law (hfal/D°). The compliance of the thin-walled (I mm) 6 mm
tube absorbs energy by expanding under pressure, thereby increasing the hydraulic load the pump must generate and
maximizing the system's dimensionless pressure requirement. Takagi & Balmforth (2011) stated that flow pumped
by peristaltic waves in flexible pipes shows efficiency changes depending on deformation. Similarly, in this study,
the effect of elastic pipes on hydraulic efficiency was evaluated together with waveform and diameter changes. The
Power Coefficient (Cp) values, which indicate the system's energy efficiency and the hydraulic energy intensity
required to transfer a unit of fluid, are compared in Figure 14.
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Figure 14. Variation of Dimensionless Power Coefficient (Cp) with Reynolds Number and Energy Cost Analysis
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The most striking finding of this study emerges from this analysis: 10 mm Tube: Cp values remain within the 130 —
170 band. 6 mm Tube: Cp values skyrocket to the order of 4400 — 5700.

This massive discrepancy highlights a critical energy bottleneck created by small-diameter, thin-walled tubes. In the
6 mm tube, a substantial portion of the hydraulic energy is consumed not by net fluid transport, but by overcoming
high friction in the narrow cross-section and the viscoelastic deformation of the tube wall (work loss). This result
quantitatively demonstrates that in micro-scale or narrow-section biomedical pump designs, reducing the diameter
increases the energy cost exponentially. El-Abbasi et al. (2011) showed that tube deformation in a peristaltic pump
increases the energy requirements of the system and that this effect should be modeled with FSI.
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Figure 15. Variation of Flow Coefficient (Cq) with Reynolds Number for Different Tube Diameters

Although peristaltic pumps are theoretically classified as positive displacement machines, they experience practical
volumetric losses due to the deformation of flexible tubing. Figure 15 illustrates the variation of the dimensionless
Flow Coefficient (Cq) with respect to the Reynolds number. As observed in the graph, the Cq values for both tube
diameters exhibit a declining trend as the Reynolds number (and consequently, the frequency) increases. However,
this decline is significantly more pronounced in the 6 mm diameter tube with a 1 mm wall thickness.

10 mm Tube (3 mm wall thickness): Thanks to its thicker wall structure, this tube maintained sufficient rigidity
against high pressure, resulting in a relatively stable Cq trajectory within the range of 1.15 — 0.88. 6 mm Tube (1
mm wall thickness): Due to its thinner wall structure, this tube suffered from significant radial expansion
(compliance/ballooning effect) under pressure at high frequencies. The insufficient relaxation time required for the
tube to recover its shape after compression, combined with increased backflow, caused the Cq value to plummet
sharply from 8.02 to 6.01. This finding is consistent with existing literature, confirming that thin-walled flexible
tubes lose geometric stability at high frequencies, thereby compromising volumetric efficiency. Kozlovsky et al.
(2015) analyzed the effects of diameter variation on net flow rate in a dimensionless analysis of valve-free peristaltic
pump systems in elastic tubes. Their study emphasizes that deformation in narrow tubes causes flow rate loss.
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Figure 16. Variation of Wall Shear Stress Values with Reynolds Number and Evaluation of Hemolysis Risk
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In cardiovascular applications, Wall Shear Stress (WSS) is a paramount parameter for preventing mechanical damage
to blood cells (hemolysis). WSS values were calculated based on the measured pressure drop and are presented in
Figure 16. Literature generally defines the physiological WSS range for human arteries as 1-15 Pa, noting that
stresses exceeding this limit pose a risk of platelet activation and hemolysis.

¢ 10 mm Tube: The calculated WSS values range from 4 — 14 Pa, falling well within physiological limits and
offering a safe hydrodynamic environment.

e 6 mm Tube: Due to the constricted cross-section, increased velocity, and turbulent flow regime, WSS values
surge to levels of 24 — 90 Pa.

Notably, shear stresses reaching 90 Pa carry a severe risk of cellular damage during the transfer of sensitive biological
fluids. This finding proves that focusing solely on volumetric flow rate targets in pump systems is insufficient; tube
diameter and wall thickness selection must be optimized in accordance with WSS limits. Hung & Lim (2015) showed
that the deformation and stress levels in flexible tubes in peristaltic pumps vary significantly depending on their
thickness and diameter. It was particularly emphasized that surface-related parameters such as WSS are affected by
such deformations.

Collectively, these dimensionless and hemodynamic analyses demonstrate that the behavior of peristaltic pumps in
small-diameter flexible tubes cannot be predicted solely by standard affinity laws or geometric scaling. This study
reveals a critical trade-off governed by the tube's wall thickness and compliance. While the 10 mm tube (3 mm wall
thickness) offers a hydraulically stable and biologically safe transport zone, the 6 mm tube (1 mm wall thickness)
presents a dual disadvantage: an exponential increase in energy cost (high Cp) and a potential risk of cellular damage
(high WSS). Consequently, this research underscores that in the design of biomedical micro-pumping systems, wall
thickness and viscoelastic deformation are not merely structural attributes but active hydrodynamic parameters that
define the limits of both energy efficiency and hemocompatibility.

CONCLUSION

In this study, the hemodynamic parameters of flow generated by a peristaltic pump in flexible silicone tubes with
different inner diameters (6 mm and 10 mm) and wall thicknesses (1 mm vs. 3 mm) were experimentally investigated.
Unlike traditional performance reports, this study employed a comprehensive dimensionless analysis to reveal the
underlying fluid-structure interaction (FSI) mechanisms governing the system. The analysis revealed that:

1. Pressure and Deformation: An increase in pump frequency results in higher pressure difference (and outlet
pressure. These effects are more pronounced in the 6 mm tube, where increased frequency leads to greater
pressure fluctuations. This instability is attributed to the thin-walled (1 mm) structure of the 6 mm tube,
which exhibits significant radial expansion (compliance effect) compared to the more rigid, thick-walled (3
mm) 10 mm tube.

2. Energy Efficiency (Cp Analysis): The dimensionless Power Coefficient (Cp) analysis exposed a critical
energy bottleneck. While energy consumption naturally increases with frequency, the 6 mm tube exhibited
Cp values approximately 30 times higher than the 10 mm tube. This proves that in small-diameter, thin-
walled tubes, a massive portion of hydraulic energy is dissipated to overcome viscoelastic wall deformation
and high frictional resistance, rather than transporting the fluid. Therefore, for energy-prioritized
applications, larger diameters are strictly recommended.

3. Volumetric Efficiency (Cq Analysis): Volumetric flow rate analysis indicated that the Flow Coefficient (Cq)
decreases as the Reynolds number increases, contradicting the theoretical constant behavior of positive
displacement pumps. This loss in volumetric efficiency is strictly associated with the viscoelastic time-
response (relaxation time) of the tube material, which fails to recover its shape fast enough at high
frequencies, leading to backflow and ballooning.

4. Biomedical Implications (WSS Analysis): A crucial trade-off was identified regarding hemocompatibility.
Wall Shear Stress (WSS) analysis showed that while the 10 mm tube maintained shear stresses within the
physiological safety limits (4—14 Pa), the 6 mm tube generated excessive stresses reaching up to 90 Pa due
to the turbulent flow regime (20,000). This finding highlights a severe risk of hemolysis in the transport of
sensitive biological fluids through small-diameter lines.
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Overall, this study provides valuable reference data for the optimization of peristaltic pump-driven systems. It is
concluded that tube wall thickness and viscoelastic deformation are not merely structural attributes but active
hydrodynamic parameters that define the limits of both energy efficiency and hemocompatibility. Future studies
should focus on long-term fatigue analysis of different viscoelastic materials under these high-shear conditions.
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