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Abstract. In this work, the two-parameter Windkessel model, a model widely used in the area of hemodynamics, was 
used to determine the behavior of a tubular pulsation dampener, with deformable latex walls, installed in a hydraulic 
circuit powered by a positive displacement pump. 
industrial pumping systems to reduce pressure and flow pulsations that generate excessive noise, undesirable 
mechanical vibrations and process instabilities. In conventional pulsa
continuous deformable medium, with pure nitrogen and dry air being the most common gases. However, to achieve 
greater reliability, an accumulator can be designed to dispense the compressed gas, as long as it p
level of pressure and flow attenuation in a suitable frequency range
consider the variable flow resistance due to the turbulent regime
sequence, another modification was made
estimate compliance as a pressure function, 
between accumulator volume variation and 
was determined. The results of two modified models were compared in terms of attenuation (ratio between
amplitude before and after the pulsation dampener) and dampener volume cha
equations resulting from modified model
and Strouhal number from 0.01 to 0.13. R
resulted in greater attenuation of flow 
(maximum value of 4.72) than constant 
change, it was verified that it mainly decreases for a Strouhal
the dampener (higher attenuations and lower volume changes) was found for higher values of both Reynolds and 
Strouhal number for evaluated ranges.  
 
Keywords: Pulsation dampeners, Windkessel model
method. 

  
1. INTRODUCTION 
 

Pulsation dampeners (or accumulators) are devices widely used to reduce pressure pulsations that 
industrial pumping systems (Xiaohui et al., 2015; Koegler 
be used in systems whose instabilities are caused by two
(Liang et al., 2020). Naturally, by decreasing the pressure fluctuation amplitudes, the
stabilization flow rate, which also has intermitte
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parameter Windkessel model, a model widely used in the area of hemodynamics, was 
used to determine the behavior of a tubular pulsation dampener, with deformable latex walls, installed in a hydraulic 

acement pump. Pulsation dampeners or accumulators are devices widely used in 
industrial pumping systems to reduce pressure and flow pulsations that generate excessive noise, undesirable 
mechanical vibrations and process instabilities. In conventional pulsation dampeners, compressed gases are used as a 
continuous deformable medium, with pure nitrogen and dry air being the most common gases. However, to achieve 

can be designed to dispense the compressed gas, as long as it p
level of pressure and flow attenuation in a suitable frequency range. At first, the Windkessel model was modified to 
consider the variable flow resistance due to the turbulent regime, but keeping constant dampener compliance. In 

another modification was made to consider the pressure-dependent pulsation dampener compliance. To 
estimate compliance as a pressure function, by means of simulations using the finite element method 
between accumulator volume variation and an average internal pressure related to steady state flow Reynolds number

The results of two modified models were compared in terms of attenuation (ratio between
after the pulsation dampener) and dampener volume change. Non-linear ordinary differential 

modified models were solved for time averaged Reynolds number range from
and Strouhal number from 0.01 to 0.13. Results demonstrated that an increase in both Reynolds 

 amplitude. Also greater attenuation was achieved in variable 
constant compliance model (maximum value of 3.07). Regar

verified that it mainly decreases for a Strouhal number increase. In general, best theoretical behavior of 
the dampener (higher attenuations and lower volume changes) was found for higher values of both Reynolds and 
Strouhal number for evaluated ranges.   

Windkessel model, intermittent flow, hydraulic systems modeling

(or accumulators) are devices widely used to reduce pressure pulsations that 
mping systems (Xiaohui et al., 2015; Koegler et al., 2017, Shi et al., 2019, Xu et al

be used in systems whose instabilities are caused by two-phase flows, such as in steam generators and condensers 
y decreasing the pressure fluctuation amplitudes, the attenuator contributes to time 

, which also has intermittent characteristics. By reducing the pulsed flow, the attenuator protects 
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Reynolds number range from 16000 to 24000 
Reynolds and Strouhal number 

variable compliance model 
Regarding dampener volume 
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the piping system from mechanical fatigue, also protecting and facilitating the operation of measuring instruments 
installed in the line, among other advantages. The use of attenuators is very common in hydraulic systems that have the 
driving force coming from positive displacement pumps, especially those who rely on alternative principle, such as 
piston and diaphragm (Xu et al., 2018; Zuti et al., 2019). 

Dampener working principle is based on the transference mechanism of the mechanical energy initially present in 
transported fluid to a continuous medium (a fluid or a solid) that has a considerable energy storage capacity due to its 
deformation. Thus, the mechanical energy that instantly exceeds the average levels, and that is associated with pressure 
peaks in an intermittent flow, can be temporarily stored in the continuous deformable medium and later almost entirely 
(there are always irreversibilities in this process) returned to transported fluid when the pressure plateau in the flow is 
reduced. This cycle of removal, storage and return of mechanical energy promotes time stabilization and reduction of 
pressure and flow fluctuations in intermittent flows. In analogy to dynamic mechanical systems, such as the vehicle 
suspension, the continuous deformable medium plays the role of a spring, which deforms when the wheel passes over a 
disturbance in the path, whether a bump or a hole, resulting in a restoring force that returns the wheel to equilibrium 
position when the disturbance ceases (Rao, 2009). In analogy to electrical systems, the attenuator has a similar function 
of a capacitor, and this analogy, when extended to other elements of a hydraulic system, is a very common way of 
modeling physical behavior (Wachel and Price, 1988; Westerhof et al., 2008 ). 

In conventional dampeners, compressed gases are used as a continuous deformable medium. The most commonly 
used gases are pure nitrogen (N2) and dry air. The gas is separated from the fluid by a relatively thin membrane, usually 
made of highly deformable elastomeric material such nitrile rubber. In these dampeners, given the operating conditions, 
fundamentals of thermodynamics related to gas compression processes are used to determine basic project parameters, 
such as total volume and pressure variation in the gas (Wu et al., 2019). 

There are several dampener types, with their particular advantages and disadvantages, which are presented and 
discussed in the classic work of Wachel and Price (1988) based on simulations of their applications in a typical 
hydraulic system. However, almost all dampeners shares the fact that performance is very sensitive to the initial 
pressure of the gas, since this pressure, along with the dampener volume, defines the ability to reduce fluctuations of 
pressure and flow rate through the storage and return mechanism described above. 

Once the attenuator is installed in hydraulic system, disregarding other adverse events such as the eventual rupture 
of elastic membrane, the attenuator efficiency becomes dependent on the maintenance of the gas pressure at values 
close to those prescribed in project phase. In most known systems, such maintenance can be done without major 
hindrances. However, in some engineering areas like offshore oil exploration, there is always a demand for the 
technological evolution of devices in order to achieve an extreme high degree of reliability and very low need of 
maintenance, since any interventions in equipment under large water depths are difficult to carry out and very costly 
above all. Another important fact for offshore installations is limited space that demands compact designs of 
equipments. From this perspective, the concept of a dampener that operates without the need for a volume of gas is 
interesting, as long as this device still owns the ability to attenuate the pressure/flow in appropriate operating frequency 
range, and is compact enough to fit most systems without major changes. 

Elements that operate as dampeners, storing mechanical energy of pulsed flow in a deformable membrane, are very 
common in the area of hemodynamics, a branch of medicine that intersects with engineering and basically studies fluid 
dynamics in circulatory system and its implications (Ku, 1997; Thomas and Sumam, 2015). A classic example is the 
aorta artery, which is located immediately after the heart. Due to the fact that the aorta artery has a considerably larger 
diameter than other arteries, it contributes to a reduction in peak pressure in the rest of the circulatory system during 
systole and even during diastole, where the heart does not drive the blood, flow is maintained in the most of other 
arteries. The ability to store and return mechanical energy through volume variation is called compliance. 

Literature demonstrates that many analysis and models used in hemodynamics area can be extended to operating 
conditions of industrial hydraulic systems and contribute to development of design methodology and optimization of the 
new attenuator proposal. Concentrated parameter models, such as the Windkessel model (Westerhof et al., 2008; 
Gostuski et al., 2016) and its variations (Aboelkassem and Virag, 2019) can be used for initial studies of dampener 
behavior. During a later stage of device development, more complex models that use advanced computational tools 
such as computational fluid dynamics (CFD) and finite element method for structural analysis (FEM) techniques can be 
used to refine the value ranges for the possible variables involved and optimize the device behavior (Lorenzini and 
Conti, 2013; Alimohammadi et al., 2015; Jahangiri et al., 2017; Nowak et al., 2019). 

In this work, two-element (flow resistance R and dampener compliance C) Windkessel model was used to predict 
the behavior of a tubular dampener with a flexible latex wall, installed in a hydraulic circuit subjected to an intermittent 
flow rate with periodic characteristic. The dampener compliance estimation was made using two models: 1) constant 
compliance model as presented by Mei et al. (2018); and 2) variable compliance model by means of simulations using 
the finite element method, were was determined a relationship between accumulator volume variation and an average 
internal pressure related to steady state flow Reynolds number. The ability to reduce the flow amplitude as a function of 
a time averaged Reynolds number (𝑅𝑒തതതത) and Strouhal number (St) was evaluated. Dampener volume change was also 
estimated. Since the Windkessel model is a linear model (initially developed to analyze laminar flows and constant 
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attenuator compliance condition), two modifications to the model were proposed to analyze a turbulent flow range and a 
condition where the hydraulic dampener has variable compliance. 

 
2. METHODOLOGY 
 

The two-element Windkessel model, expressed by Eq. (1), seeks to represent the behavior of a fluid dynamic 
system with intermittent flow by means of a mass balance and defining the input and output flows of the dampener 
element in terms of two main properties of the simplified system: the flow resistance R, a characteristic of hydraulic 
system, and the compliance C, main dampener characteristic: 

 

𝑄௉(𝑡) = 𝑄஽(𝑡) + 𝑄ோ(𝑡) = 𝐶
ௗ௣(௧)

ௗ௧
+

௣(௧)

ோ
, (1) 

 
where t is time, 𝑄௉(𝑡) is the flow rate at pump exit, 𝑄஽(𝑡) is the flow rate instantaneously stored or liberated by 
dampener due to volume variation, 𝑄ோ(𝑡) is the flow rate that goes through hydraulic system and is submitted to 
pressure and flow attenuation, p(t)=p is the pump exit pressure, also considered as dampener inside pressure, because is 
highly recommended that dampener installation be made as near as possible from pump exit, so pressure drop between 
this two devices can be neglected. Figure 1 is a representation of electric circuit analogy for two-element Windkessel 
model, where P represents the pump and patm is the atmospheric pressure at hydraulic system exit.  
 

 
 

Figure 1. Schematic representation of electric circuit analogy for two-element Windkessel model. 
 

When R and C are constants (laminar flow and linear behavior of dampener), the model has an analytical solution. 
Mei et al. (2018) demonstrated that Windkessel model is in fact a simplified approach of more generalized problem of 
flow through a deformable tube, but this analysis was still made for laminar flow. To consider the variation of R when 
the flow occurs in turbulent conditions, the model was rewritten in terms of time variable Reynolds number Re, 
according to the development presented in Eq. (2) to Eq. (12). Despite the possibility of using harmonic series to 
compose a more generalized form of 𝑄௉(𝑡) for model input, as done by Mei et al. (2018), in this work, a simple 
harmonic form was considered, composed of the time averaged flow rate 𝑄ത  and its amplitude 𝑄′: 

 
𝑈(𝑡) = 𝑈 =

ఔ

஽
𝑅𝑒(𝑡) =

ఔ

஽
𝑅𝑒, (2) 

𝑅𝑒(𝑡) = 𝑅𝑒 =
ସ

గఔ஽
𝑄, (3) 

𝑅𝑒തതതത =
ସொത

ఔగ஽
, (4) 

𝑟ொ =
ொᇱ

ொത
, (5) 

𝑄௉(𝑡) = 𝑄ത + 𝑄ᇱ𝑐𝑜𝑠(𝜔𝑡) = 𝑄ത ቀ1 + 𝑟ொ𝑐𝑜𝑠(𝜔𝑡)ቁ =
ఔగ஽
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𝑝(𝑡) = 𝑝 = 𝑓(𝑅𝑒)𝜌
௅೐

ଶ஽
𝑈ଶ = 𝑎𝑅𝑒௕𝜌𝜈ଶ ௅೐

ଶ஽య 𝑅𝑒ଶ = 𝑎𝜌𝜈ଶ ௅೐

ଶ஽య 𝑅𝑒ଶା௕ , (7) 
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𝑄ோ(𝑡) =
௣

ோ
= ቀ𝑎𝜌𝜈ଶ ௅೐

ଶ஽య 𝑅𝑒ଶା௕ቁ ቀ𝑎(2 + 𝑏)𝜌𝜈ଶ ௅೐

ଶ஽య 𝑅𝑒ଵା௕ ସ

గఔ஽
ቁൗ =

గఔ஽

(ସାଶ௕)
𝑅𝑒, (10) 

𝑆𝑡 =
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௎ഥ
, (11) 

𝜔 = 𝑆𝑡𝑅𝑒തതതത ఔ

஽మ, (12) 

 
where 𝑅𝑒തതതത is the time averaged Reynolds number, 𝑈 is the instantaneous area average velocity, 𝜈 is the fluid cinematic 
viscosity, 𝜌 is fluid density, D is the tube diameter, rQ is the ratio of flow rate amplitude, 𝜔 is the angular frequency, f is 
de friction factor as function of Re, a and b are the coefficients of Blasius type correlation for f, Le is the equivalent 
length of hydraulic system (same as used for total pressure drop determination, with contribution of distributed and 
localized pressure drop elements). With presented definitions from Eq. (2) to Eq. (12), Eq. (1) was rewritten as Eq. (13), 
a non linear model that was numeric solved for time dependent Re, using information about hydraulic system, dampener 
compliance, fluid proprieties and primary flow conditions (average flow rate and frequency). 
 

ఔగ஽

ସ
𝑅𝑒തതതത ൬1 + 𝑟ொ𝑐𝑜𝑠 ቀ𝑆𝑡𝑅𝑒തതതത ఔ

஽మ 𝑡ቁ൰ = 𝐶[𝑎(2 + 𝑏)]𝜌𝜈ଶ ௅೐

ଶ஽య 𝑅𝑒ଵା௕ ௗோ௘

ௗ௧
+

గఔ஽

(ସାଶ௕)
𝑅𝑒. (13) 

 
The pulsation dampener compliance C was determined based on physical properties and dimensions of an elastic 

tube, using a model proposed by Mei et al. (2018), given by Eq. (14). Table 1 presents the values used for C 
determination and the parameters values used in the modified Windkessel model given by Eq. (13). All these values are 
related to an experiment of a prototype tubular pulsation dampener made of latex installed in hydraulic system powered 
by a positive displacement pump that is current running by the authors. 

 

𝐶 =
గ௥ವ

య௅ವ

ா௛ವ
, (14) 

 
where E is the dampener wall material Young’s modulus, rD, LD and hD are the dampener radius, length and wall 
thickness respectively. 

 
Table 1. Values used in the Windkessel modified model. 

 
Parameter Value 
E, MPa 4.13 
rD, mm 20.00 
LD, mm 300.00 
hD, mm 0.50 
C, mm3/Pa 7.31 
𝜈, m2/s 8.93×10-7 
𝜌, kg/m3 997 
D, mm 20.93 
Le, m 25.64 
a 0.302 
b -0.248 

 
In addition to the result obtained by Eq. (14), dampener compliance estimative was made based on a numerical 

experiment using the finite element method (FEM), in which dampener was subjected to internal pressure and volume 
variation was determined. Applied pressure values was estimated based on permanent flow characterized by 𝑅𝑒തതതത value in 
the considered hydraulic system. A range of 𝑅𝑒തതതത from 4000 to 24000 was evaluated. A mesh of linear tetrahedral 
elements with 9604 nodes was used for geometry discretization. The material was considered to have linear elastic 
behavior, with E value given in Table 1. Applied boundary conditions were zero displacement across the entire contour 
of the tube at both ends. The simulations were implemented in the Ansys® Workbench 2021 R1 software. From the 
displacement of the wall, the increase of dampener volume ∆𝑉஽ was determined. The increase of volume was related to 
the value of 𝑅𝑒തതതത by means of quadratic model, given by Eq. (15), with a high determination coefficient value of 0.998. 
Furthermore, an analysis of variance performed on the model residuals showed that all assumed coefficients are 
significant at the 5% level. Figure 2 presents the results of ∆𝑉஽ and the fitted model curve. The coefficient values of A, 
B and F are 1.14266×10-5 m3, -2.33605×10-9 m3 and 3.45062×10-9 m3, respectively. The compliance as a function of 𝑅𝑒തതതത, 
obtained from the numerical experiment 𝐶ோ௘തതതത, was determined from the derivative of Eq. (15) in relation to 𝑅𝑒തതതത, 
according to Eq. (16): 
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∆𝑉஽ = 𝐴 + 𝐵𝑅𝑒തതതത + 𝐹𝑅𝑒തതതതଶ, (15) 

𝐶ோ௘തതതത =
ௗ(∆௏ವ)

ௗோ௘തതതത
= 𝐵 + 2𝐹𝑅𝑒തതതത. (16) 

 

 
 

Figure 2. Numerical results of ∆𝑉஽ and adjusted model for ∆𝑉஽(𝑅𝑒തതതത). 
 

By definition, C represents instantaneous dampener volume variation in relation to pressure. Thus, for application 
of Eq. (16) in previous modified Windkessel model, another change was made in the term 𝑄஼(𝑡), as described in Eq. 
(17). The adapted model is presented in Eq. (18): 

 

𝐶
ௗ௣

ௗ௧
=

ௗ(∆௏ವ)

ௗ௣

ௗ௣

ௗ௧
=

ௗ(∆௏ವ)

ௗ௣
ቀ

ௗ௣

ௗோ௘

ௗோ௘

ௗ௧
ቁ =

ௗ(∆௏ವ)

ௗோ௘

ௗோ௘

ௗ௧
= 𝐶ோ௘

ௗோ௘

ௗ௧
= (𝐵 + 2𝐹𝑅𝑒)

ௗோ௘

ௗ௧
, (17) 
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ௗோ௘
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+

గఔ஽

(ସାଶ௕)
𝑅𝑒. (18) 

 
For the last step given in Eq. (16), it was assumed that 𝐶ோ௘ =  𝐶ோ௘തതതത, and this means that a model adjusted for a 

property description in steady state flow characterized by 𝑅𝑒തതതത is used in a dynamic application. This is acceptable in this 
case due to the dampener little mass, so there is no considerable delay between changes in Re (or pressure) and changes 
in dampener volume. This is the same principle applied to the most of vibrations analysis when a stiffness of a spring, a 
static determined parameter, is used to describe force and displacement relation even in a dynamic model (Rao, 2009). 

Thus, two models were evaluated: the model given by Eq. (13) for constant C, and the model given by Eq. (18) for 
variable C. As both models result in nonlinear differential equations, the solutions were obtained by numerical 
techniques, using the Adams predictor-corrector method. The implementation of the solution code and other operations 
necessary to obtain the results were made with Scilab 6.1.0 software. Results were obtained for 𝑅𝑒തതതത range from 16000 to 
24000 and for St range from 0.01 to 0.13. The 𝑅𝑒തതതത and St ranges were selected for being close to the experimental ranges 
being evaluated and based in the work of Ribas and Deschamps (2004), who demonstrated that, for those ranges, the 
dynamic effects of pressure and flow fluctuations do not critically influence the friction factor f, so that this parameter 
can still be related only to Re, without considerable errors. As St increases, f turns to be a function not only of Re but 
also dependant of flow acceleration and deceleration, so a simple relationship like Blasius correlation form can not be 
used. Effects of different rQ (0.25 and 0.50) were also evaluated using both models. 

The attenuator behavior was evaluated by determining two parameters: 1) the attenuation aD, which represents the 
ratio between the amplitude of QP and the amplitude of QR, when stable conditions are reached, according to Eq. (19); 
and 2) the volume change ratio RV, which represents the ratio between the dampener volume change and the initial 
volume when stable conditions are reached, according to Eq. (20): 

 

𝑎஽ = ቀ∫ ඥ(𝑄௉ − 𝑄ത)ଶ௧భାఛ

௧భ
ቁ ቀ∫ ඥ(𝑄ோ − 𝑄ത)ଶ௧భାఛ

௧భ
ቁൗ , (19) 

𝑅௏ =
ቀ∫ ඥ(ொವ)మ೟భశഓ

೟భ
ቁ

ଶ௏బ
, 

(20) 

 
where t1 is the time determined when stable conditions are achieved and no more changes are observed in dampened 
flow rate amplitude, 𝜏 is a oscillation period (𝜏 = 2𝜋/𝜔) and V0 is the undeformed dampener volume. The results of aD 
and RV were plotted as contours in terms of 𝑅𝑒തതതത and St. 
 
3. RESULTS AND DISCUSSION 

5000 10000 15000 20000 25000

0.0

2.0×10-5

4.0×10-5

6.0×10-5

8.0×10-5

1.0×10-4

1.2×10-4

1.4×10-4
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DVD (m3)

Re

 numerical results
 ajusted model

Model Parabola

Equation y = A + B*x + C*x^2

Plot delta Vol

A 1.14266E-5 ± 2.27666E

B -2.33605E-9 ± 3.65324

C 3.45062E-13 ± 1.2946E

Reduced Chi-S 3.68797E-12

R-Square (CO 0.99839

Adj. R-Square 0.99822
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Figure 3 shows the dampener behavior in relation to achieved attenuation aD, in a comparison between two modified 

Windkessel models. It is observed that the attenuation was greater when the compliance C was considered variable and 
estimated from the numerical experiment using FEM. This result is attributed to the fact that the numerical estimate of 
dampener compliance for the evaluated 𝑅𝑒തതതത range provided values of C greater than the value estimated by the Mei et al. 
(2018) model (from approximately 9.3 mm3/Pa to 14.8 mm3/Pa). In fact, variations in radius due to deformation in 
cylindrical geometries result in increasingly larger volume variations as the radius itself increases. This explains how 
compliance increases with Re according to the obtained model expressed by Eq. (15), even when in numerical model 
the deformations are not uniformly distributed due to boundary conditions. However, the effect of C variation with Re is 
also present and can be seen in Figure 4, which presents the ratio between the attenuations obtained in each model. If 
only an increase or decrease of C between the models is made, the ratio between the results would be constant. On the 
other hand, although C instantly reached values 1.71 times larger than the value related to constant C model, the 
maximum attenuation in variable C model was limited to 1.54 times the maximum attenuation obtained in the constant 
C model. Considering this non-linear behavior is important for dampener design, because, if compliance is variable, a 
change in this parameter does not change attenuation with same intensity, as expected in the purely linear model.  

In Figure 3, it is also observed that in both models, the attenuation increases along with 𝑅𝑒തതതത and St. The highest aD 
value obtained for constant C (𝑅𝑒തതതത = 24000 and St = 0.13) was 3.069, while the highest value obtained for variable C 
model was 53% higher (4.719). Regarding attenuation, a comparison between different rQ is not presented because there 
was no effect of changing this parameter on these results, indicating the independence of the attenuation in relation to 
this parameter. This fact was easily observed by making the ratio between each result of aD for rQ = 0.50 over the 
respective result for rQ = 0.25, and obtaining values very close to 1, with small deviations that can be associated with 
the numerical method. Therefore, the attenuation independence of rQ can only be stated for cases that input flow rate is 
composed by only one harmonic component, like assumed for QP. More general situations regarding other descriptions 
of input flow rate need to be evaluated. 

 

  
                                        (a)   (b) 

  
Figure 3. Attenuation aD as function of 𝑅𝑒തതതത and St for rQ = 0.25: (a) variable C and (b) constant C. 
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Figure 4. Distribution of ratio between results for aD in variable C model and aD in constant C model. 
 
Figure 5 shows the behavior of dampener volume change ratio RV in constant C model. Unlike aD, RV increases 

along St reduction, however, due to a 𝑅𝑒തതതത increase, RV also increases. Thus, maximum value for evaluated ranges (0.41) 
occur at 𝑅𝑒തതതത = 24000 and St = 0.01. It is also observed that RV becomes more sensitive to the variation of 𝑅𝑒തതതത for smaller 
values of St. This can be easily observed when a constant St line is traced and noticing that this line crosses more RV 
contours for a lower St value. Regarding the different rQ values, it is observed that the increase in RV occurs in the same 
proportion as the increase in rQ. Figure 6 shows contour lines of RV for variable C model, were the same observations 
can be made about the behavior related to 𝑅𝑒തതതത and St. 

Coupled analysis of aD and RV general behavior using the two models allows us to infer that the dampener presents 
more desirable behavior when operating at higher values of St, since the attenuations achieved are greater and the 
device presents smaller changes in volume. However, it is important to highlight that higher values of St, generally 
associated with higher values of ω, may result in considerable deviations between the predicted and real behavior of 
device. Gebreegziabher et al. (2011) reported particular behaviors of the high frequency pulsatile flow, like the one 
related to friction factor, which tends to show greater differences from friction factor related to quasi-static flow as the 
values of ω increase. 

 

  
                                        (a) (b) 

 
Figure 5. RV as function of 𝑅𝑒തതതത and St for constant C: (a) rQ = 0.50 and (b) rQ = 0.25. 
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                                        (a) (b) 

 
Figure 6. RV as function of 𝑅𝑒തതതത  and St for variable C: (a) rQ = 0.50 and (b) rQ = 0.25. 

 
For evaluation of compliance effect, made from comparison between Figures 5 and 6, it is observed that a higher 

value of C results in a higher RV and the effect of C variation as a function of Re resulted in a lower sensitivity to 𝑅𝑒തതതത for 
smaller values of St. This can be seen in the shape change that follows change in position of contours. While the change 
in position of contours is associated with the value of C, the change in shape of contour is associated with the variability 
of C with Re, which results in a change in the gradient of RV related to 𝑅𝑒തതതത. A better perception of C variability effect on 
RV can be seen from the ratio between the results presented in Figure 5(a) over the results presented in Figure 5(b), as 
shown in Figure 7. Results for variable C model was overall higher than results for constant C model, an this fact could 
be assigned to the highest estimate of C in the range of 𝑅𝑒തതതത evaluated. However, the distribution of increased values 
occurs as a function not only of 𝑅𝑒തതതത, but also of St. The increase in 𝑅𝑒തതതത and the decrease in St results in greater 
differences between the two models. 

 

 
 

Figure 7. Distribution of ratio between results for RV in variable C model and RV in constant C model. 
 

The importance of evaluating the RV parameter in the design of the damper can be highlighted in the following 
aspects: 1) large volume variations indicate large deformations and higher stresses to which the attenuator material will 
be submitted, indicating a greater possibility of mechanical failure of the component; 2) larger deformations are 
responsible for larger deviations from the assumed linear behavior for the material in both models (constant C and 
variable C), which can make the use of the models unfeasible in certain situations, reinforcing the need for comparison 
with experimental results to assess this behavior as well as the attenuation results. 3) even if it were assumed the 
occurrence of large deformations for the device and all the implications in the modeling and prediction of attenuation 
levels, the consideration of the volume change must be made to determine possible contact interferences between the 
dampener and the rigid elements of a possible safety system covering the dampener. Such interferences radically 
changes the dampener compliance behavior and the system response, being, therefore, a relevant point to be analyzed in 
future works, along with others such as the behavior of non-linear materials. 
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4.  CONCLUDING REMARKS 
 

This work used two-element Windkessel model, with two modifications, to theoretically analyze the behavior of 
tubular hydraulic dampener, with emphasis on flow rate attenuation. The first modification described was made to allow 
an analysis in turbulent flow range and considering constant C, while the second modification allowed the use of 
variable C model, obtained by means of numerical simulations with FEM. 

In both models (constant C and variable C), aD attenuation increased with 𝑅𝑒തതതത and St, with higher values obtained for 
the variable C model, since in this model the values of instantaneous C varied in a higher range (between 5.4 mm3/Pa 
and 12.1 mm3/Pa when determined using Re) than the value related to constant C model (7.31 mm3/Pa). However, the 
verified attenuation increase was not proportional to the increase in C, evidencing a non-linear characteristic of the 
model that considers the variation of this parameter. 

In both models, the dampener was subjected to increasing volume changes along with 𝑅𝑒തതതത increase and St decrease. 
Considering the attenuation and volume change behaviors, for evaluated ranges of 𝑅𝑒തതതത and St, the tubular hydraulic 
dampener performed better at higher values of St, which resulted in greater attenuation at the cost of less volume 
change. The importance that all results presented could be compared with experimental data is highlighted, and future 
works can explore other conditions of operation of the attenuator, such as 𝑅𝑒തതതത and St greater ranges, limitations imposed 
on volume variation and non-linear behaviors of material modulus of elasticity that may impact compliance. 
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