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Main factors influencing the regulating parameters of gas-charged hydraulic accumulators are
thermodynamic processes occurring during the gas compression and expansion. Method of
experimental determination of the polytropic index of gas processes in the hydraulic accumulator is
improved. An experimental setup was installed for the investigation of integral regulating parameters
of the bladder-type hydraulic accumulator. The parameters of non-stationary expansion of the air in
the accumulator's shell during its operation with a simple short pipeline are experimentally
investigated and analyzed. Polytropic index was regularly decreasing in the cycles #1 to #4 from 2.07 to
1.95. Storage volume of hydraulic accumulator, at the same time, increased on 6.0 % while discharge
time decreased on 3.6 %. Obtained experimental trends are explained by the transient thermodynamic
processes in the gas inside the hydraulic accumulator before the dynamic equilibrium with the external
environment is established.
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Introduction

Hydraulic accumulators are used to maintain a constant pressure in hydraulic systems during pump
switch offs and to smooth out pulsations of pressure in transient processes. Hydraulic accumulator is a
device for accumulating and sequentially energy release in the form of a volume of pressurized working
fluid. The use of hydraulic accumulators significantly decreases the frequency of pump switches,
increasing its service period. Hydraulic accumulators are used in various fields of the engineering: in
water supply and other pressure pipelines (Zhuk et al., 2016; Shi et al., 2019), hydro drive systems
(Puddu & Paderi, 2013; Kumar et al., 2017; Bravo et al., 2018; Wu et al., 2019), energy engineering
(Morozov et al., 2017), etc.

Gas-charged hydraulic accumulators depending of the construction are bladder-type, diaphragm-
type and piston-type (Gangwar et al., 2014; Cronk & Van de Ven, 2017). Air and inert gases are used as
the working gas medium in hydraulic accumulators. The principal schemes of bladder-type hydraulic
accumulators are presented at Fig. 1. The peculiarity of bladder-type hydraulic accumulators in water
supply is the absence of contact of water with the walls of the shell, so for these purposes the bladders
have the shape of a bag and are made only from food grade material.

An important function of hydraulic accumulators are the smoothing of pressure jumps and
damping of vibrations in the hydraulic system, novel achievements in this field are done by
Hashim et al., 2018 and Zhao et al., 2019. The main factors influencing the regulating parameters
of such hydraulic accumulator are thermodynamic processes occurring during the gas compression
and expansion. Puddu & Paderi, 2013, and Wasbari et al., 2017, have analyzed the differences
between the thermodynamic behaviour of real and ideal gases to determine their effect on the
compression and expansion gas processes inside hydraulic accumulators, which has an impact on
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accumulator's storage volume. Zhang et al., 2018, have demonstrated suitability of the Soave-
Redlich-Kwong adiabatic equation for gas-loaded accumulator. Zhuk et al., 2016, performed a
theoretical analysis of gas processes in the shells of bladder-type hydraulic accumulators, which
are the components of automated water pumping stations. The values of generalized dimensionless
storage volume factor of the hydraulic accumulator are obtained for isothermal and adiabatic
processes, as well as for polytropic process with the index n = 1.8. It was shown that the minimum
storage volume corresponds to polytropic gas expansion process, so this fact should be taken into
account when designing pump systems with hydraulic accumulators.

Fig. 1. Schemes of a bladder-type hydraulic accumulator:
a — vertical; b — horizontal;

1 - hydraulic cap; 2 — flange; 3 — steel shell; 4 — bladder;

5 — charging valve; 6 — mounting elements; 7 — supports

The purpose of the study

The purpose of this study is to find experimentally gas characteristics of the non-stationary
expansion of air in the shell of the bladder-type hydraulic accumulator during its operation with a simple
short pipeline and to obtain the trends of the regulating parameters of the bladder-type hydraulic
accumulator.

Materials and methods

The object of the study is the process of expansion of the air in the shell of the bladder-type
hydraulic accumulator. The subject of the study is the change in time of volume and absolute pressure of
the air inside the accumulator during its discharge, as well as the value of the polytropic index of the
corresponding gas process.

The general view of the experimental setup is shown in Fig. 2. The experimental setup
consists of the vortex pump PKM60, bladder-type hydraulic accumulator with a nominal volume of
24 dm?, as well as a set of measuring instruments and equipment. The measurement of air pressure
inside the accumulator was carried out using a DC pressure transducer (error £1.5 % in the
pressure range <1.2 MPa, the range of temperatures 0-100 °C, the response time of the pressure
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signal < 2.0 ms), which converts the measured pressure into a unified voltage output signal.
An Arduino UNO R3 based controller was used to convert the signal into digital form. The current
pressure values every 0.1 s were sent to the personal computer and saved using special
C++ software as txt data file.

The amount of water displaced from the hydraulic accumulator during the periods between pump
operations was measured by electronic weight AXIS BDU 60 equipped with the digital interface RS-232
to transmit current values of mass to the personal computer. Maximum error of mass measurement is
410 g and the mass data were updated automatically every 0.125 s.

The timing of the pressure values in the accumulator and the volume of fluid flowing from the
hydraulic accumulator through a short simple pipeline were performed at the moment of stopping the
pump corresponding the maximum pressure in the accumulator.

Fig. 2. Experimental setup for the study of transient gas processes
in the bladder-type hydraulic accumulator: 1 — pump PKM60; 2 — hydraulic accumulator
with a nominal volume of 24 dm®; 3 — DC pressure transducer; 4 — controller based
on Arduino UNO R3 board; 5 — computer

Volume of water flowed out from the hydraulic accumulator in the process of its discharge:

AW, (t) =AM, (t)/ p,, , Q)
where AM,(1) is the current mass of water flowed out from the hydraulic accumulator at time t from
the beginning of its discharge; p,, — specific mass of water. Taking into account the low volume
compressibility of water, the specific mass was taken as a function of water temperature only at any
pressure in the accumulator.

Results and discussion

A series of studies of the change in the time of the air parameters in a bladder-type accumulator
with a nominal volume of Wyom = 24 dm? is performed at the experimental setup (Fig. 2). The air volume
was first precharged to an excess pressure of py = 1.5 bar. The maximum excess pressure in the hydraulic
accumulator corresponding to the switching off the pump was p; = 3.0 bar, and the minimum system
working pressure p, = 1.56 bar. An online recording of the actual change of excess pressure in the
accumulator during its charge and discharge cycles # 1 — # 4 is shown in Fig. 3.
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Fig. 3. Change of the excess air pressure in the bladder-type hydraulic
accumulator with a nominal volume of W, = 24 dm?® when operating
with a simple short pipeline (gauge pressures in the accumulator: p, = 1.5 bar; p; = 3.0 bar; p, = 1.56 bar)

Absolute pressure values were used further to calculate the parameters of the gas environment in
the hydraulic accumulator. Experimental graphs of the absolute pressure in the shell of the accumulator
and of the volume of water displaced from the accumulator during its discharge for the cycle # 1 are
presented in Fig. 4.
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Fig. 4. Change of the absolute pressure in the hydraulic accumulator (1)
and of the volume of water displaced from the accumulator (2) during its discharge (for the cycle #1)

The estimated volume of air inside the hydraulic accumulator at any moment of time is found based
on the equation of material balance:
W, (1) =W, + AW, (1), 6
where W, is the volume of air in the accumulator at the beginning of the discharge cycle.
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The amount of air inside the accumulator at the beginning of each discharge cycle is calculated
using the ideal gas equation:

Wa.l :Wa.O pabSAO ! (3)
pabs.l

where W,, — initial volume of air in the hydraulic accumulator after its precharging to the absolute
pressure Panso= 2.5 bar; pas1 — absolute pressure of the air inside the accumulator at the beginning of the
discharge cycle; for the cycles #1—#4 paps1 = 3.98—4.00 bar.

The initial volume of air in the accumulator is found as the difference between the nominal volume
of the hydraulic accumulator Wy = 24 dm® and the volume of the bladder W,. The volume of the
bladder, identical to the one installed in the experimental hydraulic accumulator, was measured using the
method of displacement volume and found to be equal W, = 0.33 dm?®; therefore, for the studied hydraulic
accumulator W, o = 23.67 dm°.

The experimental dependences of absolute pressure vs. time and volume vs. time were reduced to a
direct dependence of the absolute air pressure in the hydraulic accumulator as the function of the air
volume. Four experimental characteristics of the gas processes inside the hydraulic accumulator are
obtained for the discharge cycles #1 — #4 (Fig. 5). Characteristics #1 — #4 slowly but systematically are
shifted to larger air volumes each subsequent cycle.
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Fig. 5. Experimental gas characteristics for the process of air expansion
in the bladder-type hydraulic accumulator (W, ,= 23.67 dm®, Pabs.o= 2.5 bar):
1 — 4 — discharge cycles #1 — #4 respectively

The least squares method is used to obtain approximations of results presented in Fig. 5.
Experimental dependences pas = f (W,) can be described with sufficient accuracy by the simplest power
law function

Paps =CIW," (4)
that is, in fact, the equation of the polytropic process in ideal gas, where C is the experimental constant; n
is the polytropic index. Thus, for each of the discharge cycles #1 — #4, the corresponding experimental
values of the polytropic index n are obtained.
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Three integral regulating parameters of the hydraulic accumulator are considered: storage
(regulating) volume Wieq = (W, 2 —WS,1), discharge time t; and average water flow rate Qmig = Wreg / ta.

Experimental parameters of air inside the hydraulic accumulator and respective values of
integral regulating parameters for the four subsequent discharge processes #1 — #4 are summarized
in Table 1.

Table 1
Main experimental results of the discharge cycles #1 — #4
of the bladder-type hydraulic accumulator
Pabs1y DA | Pupsz, bar | Wop, dm® | Wap, dm® | Wieg, dm® | ty, s | Quig, dm’s n
4.00 2.56 14.794 18.100 3.306 77.1 0.0429 2.070
4.00 2.58 14.794 18.260 3.466 76.4 0.0454 1.983
3.98 2.56 14.868 18.372 3.504 76.1 0.0460 1.961
3.98 2.56 14.868 18.374 3.506 74.3 0.0472 1.945

Four subsequent cycles of discharge of the bladder-type hydraulic accumulator showed the
systematic changes of the main integral operating parameters, namely: increase of the storage
volume from 3.306 dm?® to 3.506 dm® (or 6.0 % from the value for the cycle #1), decrease of
discharge time of the accumulator from 77.1 s to 74.3 s (3.6 %) and an increase of the average flow
rate of water at the outlet of the hydraulic accumulator from 42.9 cm?/s to 47.2 cm®s (10.0 %) at a
constant hydraulic resistance of the regulating valve at the end of the pipeline. The polytropic
index of the gas expansion processes during the discharge of the hydraulic accumulator varied
from 2.07 for the cycle #1 to 1.945 for the cycle #4 (6.0 %).

The systematic changes of experimental integral regulating parameters of the bladder-type
hydraulic accumulator for the four subsequent cycles of its discharge can be explained by the
gradual change in the temperature mode of air inside the hydraulic accumulator at each subsequent
discharge cycle. The importance of heat losses in the bladder-type hydraulic accumulators is shown
in detail by Juhala et al., 2014. Preliminary analysis of thermodynamic state of air inside the
hydraulic accumulator shows, that most of the operational time the calculated temperature of air
inside the hydraulic accumulator is much lower comparing the temperature of water and the
outside air temperature. Thus, during the first few cycles of the operation, the heat inflow to the air
inside the hydraulic accumulator outweighs the heat losses, which increases the total stored energy
of the air, causing an increasing in both the storage volume and the flow rate of water at the outlet
of the hydraulic accumulator.

Conclusions

1. The technique of experimental study of integral regulating parameters of the bladder-type
hydraulic accumulators, as well as of the method of experimental estimation of the polytropic index for
the gas processes in hydraulic accumulators, with simultaneous online measurement of pressure inside the
hydraulic accumulator and of the volume of liquid, displaced from the hydraulic accumulator, are
improved.
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2. The experimental dependences of the absolute pressure of the air inside the bladder-type
hydraulic accumulator as the function of air volume can be described with sufficient accuracy by the
power law dependence (4), that is, in fact, the equation of the polytropic process in ideal gas.

3. Four subsequent cycles of discharge of the bladder-type hydraulic accumulator at a
constant hydraulic resistance of the regulating valve at the end of the pipeline showed relatively
small but systematic changes of the integral regulating parameters of the hydraulic accumulator:
increasing of the storage volume by 6.0 % (from the cycle #1 to the cycle #4), decreasing of the
discharge time by 3.6 % and increasing the average flow rate of water at the outlet of the hydraulic
accumulator by 10.0 %.

4. A systematic decrease of the gas process polytropic index value from 2.07 for the cycle #1 to
1.945 for the cycle #4 is obtained for each subsequent discharge cycle. Obtained systematic changes are
explained by the transient thermodynamic processes in air inside the hydraulic accumulator before the
dynamic equilibrium with the external environment is established.

References

Bravo, R. R. S., De Negri, V. J., Oliveira, A. A. M. (2018). Design and analysis of a parallel hydraulic —
pneumatic regenerative braking system for heavy-duty hybrid vehicles. Applied Energy, 225, 60—77.

Cronk, P., Van de Ven, J. (2017). A review of hydro-pneumatic and flywheel energy storage for hydraulic
systems. International Journal of Fluid Power, 19 (2), 69-79.

Gangwar, G. K., Tiwari, M., Singh, R. B., Dasgupta, K. (2014). Study of different type of hydraulic
accumulators, their characteristics and applications. International Journal of Research in Aeronautical and
Mechanical Engineering, 2(2), 56—63.

Hashim, W. M., Al-Salihi, H. A., Hoshi, H. A. (2018). Investigation vibration damping in the hydraulic
systems by using an accumulator. Engineering and Technology Journal, 36A (12), 1276-1282.

Juhala, J., Kajaste, J., Pietola, M. (2014). Experimental analysis of heat losses in different types of hydraulic
accumulators. 8th FPNI Ph.D Symposium on Fluid Power, FPN12014-7838.

Kumar, A., Dasgupta, K., Das, J. (2017). Analysis of decay characteristics of an accumulator in an open-
circuit hydrostatic system with pump loading. Proceeding of the Institution of Mechanical Engineers, Part I: Journal
of Systems and Control Engineering, 231(4), 312—-326.

Morozov, A. V., Pityk, A. V., Ragulin, S. V., Sahipgareev, A. R., Soshkina, A. S., Shlyopkin, A. S. (2017).
Estimation of influence of boric acid drop entrainment to its accumulation in the WWER reactor in the case of
accident. lzvestiya Wysshikh Uchebnykh Zawedeniy, Yadernaya Energetika, 2017(4), 72—82.

Puddu, P. & Paderi, M. (2013). Hydro-pneumatic accumulators for vehicles kinetic energy storage: Influence
of gas compressibility and thermal losses on storage capability. Energy, 57, 326—335.

Shi, Y., Yang, S., Pan, X., Liu, Y. (2019). Effects of a bladder accumulator on pressure pulsation of urea
dosing system. IEEE Access, 7, 157200-157211.

Wasbari, F., Bakar, R. A., Gan, L. M., Yusof, A. A,, Daud, N. M., Ali, T. (2017). Comparison of hydro-
pneumatic accumulator’s charging performance under different thermal process for dual hybrid driveline. 4th
International Conference on Mechanical Engineering Research (ICMER2017) IOP Conf. Series: Materials Science
and Engineering, 257.

Wu, Z., Xiang, Y., Li, M., Igbal, M., and Xu, G. (2019). Investigation of accumulator main parameters of
hydraulic excitation system. Journal of Coastal Research, 93, 613-622.

Zhang, S., Iwashita, H., Sanada, K. (2018). Soave-Redlich-Kwong adiabatic equation for gas-loaded
accumulator. Transactions of the Japan Fluid Power System Society, 49, 65-71.

Zhao, D., Ge, W., Mo, X., Bo, L., Dong, D. (2019). Design of a new hydraulic accumulator for transient
large flow compensation. Energies, 12 (3104), 1-17.

Zhuk, V. M., Verbovskyi, O. V., Popadiuk, I. lu., Zavoiko, B. V. (2016). Storage volume of the hydraulic
accumulator of the automated water pumping station. Visnyk Natsionalnoho Universytetu “Lvivska Politekhnika”.
Seriia “Teoriia i Praktyka Budivnytstva”, 844, 91-95 (in Ukrainian).



80

Volodymyr Zhuk, Orest Verbovskyi, Ihor Popadiuk, Yaryna Voron

B. M. Kyk, O. B. Bep6oBchkuii, 1. FO. ITonagiok, 51. I. Bopon
HamionaneHuit yHiBepcuteT “JIpBiBChKa MOMITEXHIKA”,
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EKCIHHEPUMEHTAJIBHI IHTEI'PAJIBHI PEI'YJIFOBAJIBHI TAPAMETPU
I'TAPOAKYMYJISITOPA MEMBPAHHOI'O TUITY

© JKyx B. M., Bepboscovkuii O. B., I[lonaowk 1. FO., Bopon 4. 1., 2020

3acTocyBaHHS TiIPOAKyMYJISTOPIB 3HAYHO 3MCHINYE YacTOTy BKJIOYEHb HACOCIB, CYTTEBO 301sIb-
LIYIOYH pecypc iX podotn. OcHOBHUMH (haKTOpaMH, IO BILIMBAIOTH HA PETYNIOBANIBHI IIapaMeTpH TiIpoaKy-
MYJIATOPIB, € XapaKTePUCTHKHU Ta30BHX MPOIECIB, IO BiAOYBaIOThCS MiJ Yac CTHCHEHHS Ta PO3IIUPEHHS
ra3oBOr0 CEpe0BHIIA.

Y 10CKOHAJIEHO METOMKY SKCIIEPUMEHTAIbHOTO BU3HAYCHHS IHTETPAIbHUX PEryJIIOBaIbHUX XapaKTe-
PHUCTHK TiIpOAaKyMyJsiTopa MEMOpPaHHOTO THILY, & TaKOX EKCIEepHUMEHTaIbHOTO BU3HAYCHHS IMOKAa3HHKA
MOJIITPOIIM Ta30BUX MPOIIECIB B TiAPOAKYMYISITOP] IIJISTXOM OJHOYACHOTO BHU3HAYEHHS B PEXHMMI OHJIAWH
3MiHH THCKY IOBITPS B TLAPOAKYMYJIATOPi Ta 00’ €My BUTICHEHOI 3 TiIPOaKyMyIIsATOpa piMHA. BUTOTOBICHO
CTEH/ Ul EKCIEPUMEHTAJIBHOTO JOCTI/DKEHHS MEepPeXiHUX Ta30BHX IPOLEciB y Oali TiapoakyMmyssiTopa
MeMOpPaHHOTO THITY.

ExcniepuMeHTaNbHI 3aJIe)KHOCTI a0COTIOTHOTO THUCKY TOBITPS B TiIPOAKyMYIATOPI BiX HOTO 00’ €My 3
JIOCTATHBOIO JJIsl IPAKTUKK TOYHICTIO MOXKYTh OyTH OIMCaHi HAaHIPOCTIIIMMHU CTEHICHEBIUMH 3aJIEKHOCTSIMH,
TOOTO OMHCaHi 32 MOJEIUIIO ileanbHOro razy. s 4oTUPHOX TMOCTIAOBHUX IMKIIB PO3PSAKH JTOCIHiTHOTO
TiIpOaKyMyJsITOpa 3a HE3MIHHOT'O CTYNEHS BIAKPHUTTS 3alipHO-PEryIIOBaJbHOIO IMPHUCTPOIO HAa BUXOI
TpyOONPOBOLY OTPHMAHO BiAHOCHO HE3HAdYHi, aje CHCTEMaTHYHI 3MiHU IHTErpaJIbHUX PETYIIOBAIBHUX
XapaKTEPUCTHK TiAPOaKyMyssaTopa, a came: 30iIbIIeHHs pEryIoBaibaoro 06’ emy ua 6,0 % (Bix umkiy
Ne 1 g0 nukiy Ne 4), 3MeHIIEHHS 9acy pO3PSAIKH Tigpoakymynsropa Ha 3,6 % Ta 36imbIIeHHs cepeaHboi
00’eMHOI BUTpaTH BOIAM Ha BuXOZi 3 rimpoakymynsropa Ha 10,0 %. OTpumaHOo cuctemarnyHe 3MeEH-
LICHHS U1 KOXXHOTO HAaCTYNMHOTO IUKIY PO3PSIKM 3HAUCHHS MOKA3HMKA IOJIITPOIIH ra30BOTO MPOLECy
Bix 2,07 mns nukiry Ne 1 o 1,945 nns nukiry Ne 4. OTpuMaHi CHCTEMaTHYHI 3MiHU TOSICHEHO HAasBHICTIO
MEepexXigHUX TEPMOJIMHAMIYHHMX IPOLECIB y Ta30BOMY CEpPEIOBHINI TiAPOAKyMYJIATOpa IO BCTAHOBJICHHS
JMUHAMIYHOI PiBHOBATH 13 30BHIIITHIM CEPEIOBUIIICM.

KiiouoBi cioBa: riapoakymyiasiTop, HecTamiOHApHe PO3UIMPEHHSI, PeryJalBaJIbLHUA 00’ €M,
MOKA3HHUK TOJITPOIH.



