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Abstract. The multiphase flow in oil hydraulic systems has a very 
significant effect on the correct operation of the hydraulic system. Air can 
be found in various states in hydraulic systems, while free entrained air in 
the form of bubbles has the potential to be the most problematic. It especially 
affects the compressibility of the hydraulic liquid resulting in reduced 
stiffness of the hydraulic system. The actuators of the hydraulic mechanisms 
then do not achieve the fast response and the precision of movements 
depending on the input control signals. One possibility for the contamination 
of hydraulic fluid by air bubbles is through a phenomenon known as gaseous 
cavitation. This is a phenomenon in which gas is released when the pressure 
drops below the saturation pressure of the dissolved gas in the liquid. This 
article focuses on the experimental analysis of the flow through the throttle 
valve which is affected by the formation of air bubbles at the throttle edge 
of the valve. The regions of gaseous cavitation were observed at the different 
flow cross-section of the throttle valve. The throttle valve was placed into 
the block of transparent material to provide visualization of the individual 
measurements. The article is supplemented with photographs of the 
individual measurements showing the gaseous cavitation inception. 

Research background: flow cross-section, cavitation phenomenon, 
discharge coefficient.  
Purpose of the article: Effect of flow cross-section size and flow velocity 
on cavitation development. 
Methods: Experimental measurements. 
Findings & Value added: The investigation of the gaseous cavitation 
inception, Visualization of the individual measurements. 

Keywords: throttle valve, cavitation number, discharge coefficient, 
saturation pressure, visualization 
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1 Introduction  
The throttle valves are variable hydraulic resistances that can be used to control the 

amount of flow rate. When the liquid passes through these throttle elements, there is 
significant pressure loss depending on the size of the flow cross-section. These pressure 
losses have a significant effect on the energy balance of hydraulic systems [1]. Due to the 
significant change in the flow cross-section, a large increase of the flow velocity occurs on 
the flow control elements which causes a local decrease of the static pressure. At these 
location, the gaseous and vapour cavitation can be expected. 

All hydraulic liquids, including oil, contain a specific amount of air. The air can be 
considered as a contaminant in hydraulic equipment which changes the properties of the 
working fluid and the hydraulic mechanism [2-4]. Therefore, air can exist in different states. 
While the most discussed is the free entrained air in the form of small bubbles. One of the 
possibilities of hydraulic equipment contamination by free entrained air is leakage of 
individual connections in the suction line of the pumps. Due to the insufficient tightness of 
the sealing surfaces, the air is drawn in by the vacuum in the suction line and entrained into 
the working areas of the pumps. Another possibility of the hydraulic equipment 
contamination is due to a phenomenon known as gaseous cavitation. The cause of gas 
cavitation in hydraulic systems is very similar to the vapour cavitation. The difference 
between these two phenomena is in the contained gases in the formed cavities. The vapour 
cavitation occurs when the pressure drops below the saturation vapour pressure of the liquid. 
The process of evaporation and formation of vapour bubbles occurs including a small amount 
of non-condensable gas (air) at the given temperature [5]. It is similar in the gaseous 
cavitation. When the pressure drops below the level of the saturation pressure of the dissolved 
gas in the liquid, the gas is released at the given temperature. These are different physical 
processes that occur in liquids. While the vapour cavitation is accompanied by the phase 
change between liquid and gas phases, gas cavitation is associated with diffusion processes 
in the liquid [2, 11]. Liquids are affected by both processes [6-9], and both significantly affect 
the hydraulic mechanisms.  

The hydraulic oils also exhibit both gaseous and vapour cavitation [8-11], but the 
conditions for the release of oil vapour bubbles are more difficult to achieve in comparison 
to the release of water vapour bubbles. This is due to the different properties of the liquids, 
which are manifested, among other things, by the very low saturation vapour pressure of the 
oil. This can vary depending on the operating temperature range, additives added, type of 
hydraulic oil, etc. However, gaseous cavitation, which is influenced by the amount of 
dissolved gas in the liquid, is far more common in the oil hydraulic systems. The hydraulic 
oils can contain much more dissolved air (up to 10 %) in comparison to the water [2]. The 
amount of dissolved gas in the liquid is directly proportional to the partial pressure of the gas 
in the liquid which is related by Henry's law. Thus, the solubility of gas in liquids depends 
on temperature and pressure. Due to the constant changes in pressure and temperature in 
hydraulic systems, gas is absorbed or released to maintain this equilibrium state. 

2 Theoretical background 
Contamination of the hydraulic fluid with air occurs already in the tank where the gas 

dissolves at atmospheric pressure at the interface between the hydraulic liquid and air. The 
amount of dissolved gas depends on temperature, pressure and it is described by Henry's law. 
This law states that when a gaseous mixture is in contact with a liquid, the amount of any 
dissolved gas in the gaseous mixture is directly proportional to the partial pressure of the 
given gas above the surface. The mathematical description of this law has many forms, and 
therefore the resulting values and dimensions of Henry's constant vary depending on the 
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formula used. The individual formulas are summarized in the literature [12]. The example of 
mathematical description of the Henry's law is as follows [12]: 

 iG
xp

iG pHx ,, ⋅= , (1) 
where xG,I is the molar fraction of the i-th dissolved gas in the liquid, Hxp is the Henry's 
constant which depends on the temperature and the given gas/liquid combination, pG,i is the 
partial pressure of the i-th gas above the surface. The partial pressure of the given gas is a 
fraction of the total mixture pressure with respect to the given gas content in the mixture. 
This is described by Dalton's law: 

 iGtotaliG xpp ,, ⋅= , (2) 
where ptotal is the total pressure of the mixture. The gases with a very small fraction in the 
mixture are neglected in the calculations. 

When the hydraulic oil passes through the throttle edges of the valve or orifice, the flow 
velocity increases and the static pressure drops. This correlation between flow velocity and 
static pressure can be described by Bernoulli's equation which states that the total energy at 
any point of the flow is constant. At the location of the narrowest flow area, there is the 
greatest flow velocity increase and the greatest static pressure decrease at the same time. 
Therefore, the vapour and gaseous cavitation formation is assumed to occur at this location. 
The cavitation number has been introduced to quantitatively evaluate the cavitation [13, 14]. 
The cavitation number is based on the knowledge of the pressure coefficient Cp, where at 
some point of the flow field, the static pressure is reduced so that the condition is reached 
[13]: 

 vpp ≤min , (3) 
where pmin is the minimum static pressure in the flow field, pv is the saturation vapour pressure 
of the liquid. In order to evaluate gaseous cavitation formation when the liquid passes through 
the throttle valve, the relations were considered where instead of the saturation vapour 
pressure pv, the saturation pressure psat of the dissolved gases was considered. Thus, the 
dimensionless cavitation number has the resulting relation [13, 14]: 

 
( )

2
CS

sat

vρ
pp2σ

⋅
−⋅

= 1 , (4) 

where p1 is the measured absolute upstream pressure of the throttle valve, psat is the saturation 
pressure of the dissolved gases, ρ is the oil density at the given temperature and vCS is the 
flow velocity at the narrowest flow cross-section. In general, this parameter can be 
characterized as the ratio of the force trying to suppress cavitation to the force trying to cause 
it [14]. In the case of flow through the valve, the flow velocity in the dynamic pressure 
expression can be related directly to the pressure drop ∆p [15]. Pressure drop can be measured 
directly on the valve being investigated. Thus, the cavitation number can be modified into 
the following form of the cavitation index [10, 14, 15]: 

 
p
pp sat

v ∆
−

= 1σ , (5) 

where ∆p is the pressure drop of the valve. The assumption was considered in the definition 
of psat. When the pressure drops about 40 000 Pa, relative to the atmospheric pressure, there 
is a violent release of air bubbles [17]. Therefore, the value of the saturation pressure of the 
dissolved gases was determined to be psat = 60 000 Pa. Because of the cavitation occurrence, 
it is necessary to investigate the flow conditions at different valve openings and to determine 
the impact on the valve function or the device. The 3D model of the investigated throttle 
valve is shown in Fig. 1. 
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Fig. 1. The 3D model of the investigated valve. 

The Reynolds number was determined to evaluate the flow regime through the valve. The 
Reynolds number was determined for a non-circular flow cross-section in the narrowest flow 
cross-section of the valve: 

 
υ

hCS
CS

dv
Re

⋅
= , (6) 

where vCS is the mean flow velocity in the narrowest flow cross-section, dh is the hydraulic 
diameter and υ is the oil kinematic viscosity at tO = 40 °C. In the case of a non-circular flow 
cross-section, the hydraulic diameter dh was determined according to equation: 

 
CS

CS
h o

Sd ⋅= 4 , (7) 

where SCS is the non-circular flow cross-section, oCS is the wetted perimeter of the flow cross-
section. To characterize the loss through the valve, the loss coefficient was determined to the 
location of the narrowest flow cross-section [16]: 

 2

22

v

CS

Q
Sp

⋅
⋅∆⋅

=
ρ

ζ , (8) 

where ∆p is the pressure drop of the valve, Qv is the volume flow rate through the throttle 
valve, ρ is the oil density at the temperature of tO = 40 °C. The flow through the throttle 
elements can be characterised by the equation: 

 
ρ

µ pSQ CSv

∆⋅
⋅⋅=

2
, (9) 

where µ is the discharge coefficient. The discharge coefficient is in correlation with the loss 
coefficient and can be expressed by the following equation [16]: 

 
ζ

µ 1
=  (10) 

3 Experimental measurement 
The device for experimental analysis of flow through the throttle valve affected by 

gaseous cavitation was built. Hydraulic oil HV46 was used in the realization of the 
experimental measurements. For this mineral oil, the dependencies of the oil dynamic 
viscosity ηO and oil density ρO on the temperature tO were determined. The measurement was 
performed in the range of oil temperature tO = (39.5 ÷ 43.5) °C. The throttle valve was placed 
into the block of transparent material. Photographic images were recorded during the 
individual measurements using a camera with a macro lens. The images were used to evaluate 
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the inception of gaseous cavitation and also to evaluate the displacement of the throttle valve 
relative to the seat. The measurements were performed for 3 variants of the throttle valve 
opening VSV2-QC2/1 from Argo Hytos company. The experimental measurement was 
terminated when the upstream pressure p1 = 40 bar was reached due to the strength of the 
transparent block. The downstream pressure p2 was influenced by the pressure loss in the 
return line. Fig. 2 shows the hydraulic circuit diagram of the experimental device for flow 
analysis through the throttle valve including the used sensors. 

 

SFR 
Hydrotechnik QG100. 
Measuring range (0.2 ÷ 30) dm3∙min-1. 
Accuracy ±0.5 % of measured value. 

ST 
Hydrotechnik TE300. 
Measuring range (-50 ÷ 200) °C. 
Accuracy max. 0.3+0.005∙t °C 

SP1 
Hydrotechnik PR400. 
Measuring range (0 ÷ 60) bar. 
Accuracy ±0.25 % of full scale. 

SP2 
Hydrotechnik PR300. 
Measuring range (-1 ÷ 6) bar. 
Accuracy 0.5 % of full scale. 

  
  

  
  
  

Fig. 2. The hydraulic circuit diagram with the used sensors. 

The hydraulic unit with an axial piston pump was the source of the flow which distributed 
the fluid through the high-pressure pipeline P. The amount of the volume flow rate Qv was 
controlled by changing the pump speed or by changing the angle of the swash plate. Two 
throttle valves TV1 and TV2 were placed in the hydraulic circuit to provide flow branching. 
This layout was chosen to measure the characteristics in the range of the small volume flow 
rates, but also to achieve greater variability in adjusting the required volume flow rate Qv. 
The amount of volume flow rate Qv was measured using the gear flowmeter SFR. The 
temperature sensor ST was also placed on the flowmeter to record the oil temperature tO. To 
evaluate the pressure drop ∆p at the throttle valve TV3, pressures p1 and p2 were recorded 
using pressure sensors SP1 and SP2. The pipelines L and T were used to return the hydraulic 
oil into the hydraulic unit tank. 

4 Experimental results 
The evaluation of the displacement was performed for 3 variants of valve opening. In the 

camera software, the images from the measurements were analysed and the valve 
displacements were determined to be s = 1.31; 2.31 and 3.31 mm. Based on the 
displacements, the flow cross-section of the throttle valve were determined, see Fig. 3. 
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Fig. 3. The dependence of the flow cross-section SCS on the throttle valve displacement s. 

Because of the relatively small volume flow rates and the very low saturation vapour 
pressure of the oil, it can be assumed that the inception of cavitation was mainly influenced 
by the released air bubbles. The figure below shows the evaluation of the static ∆p-Q 
characteristic of the flow through the throttle valve. In Fig. 4, the equations of the trend curves 
are evaluated and the location of the gaseous cavitation inception are marked in the form of 
cavitation index σv,i for each valve displacement s (σv1,i, σv2,i, σv3,i). 

 
Fig. 4. The static ∆p-Q characteristic of the flow through the throttle valve for different flow cross-
sections SCS. 

In Fig. 4, it is not observed that gaseous or vapour cavitation significantly affects the static 
∆p-Q characteristic of the throttle valve. However, it can be observed that in the case of the 
1st and the 2nd displacement, the gaseous cavitation inception occurred at approximately the 
same pressure drop. While for the 3rd displacement at the lower pressure drop. The images 
of the cavitation inception A1 to A3 and the images of the last measurement point B1 to B3 
are shown in Fig. 5, also see Fig. 4. 
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Fig. 5. The graphical evaluation of the gaseous cavitation inception at throttle valve A1, A2, A3 and 
cavitation at the highest achieved volume flow rates B1, B2, B3 for the individual displacements s. 

It can be observed in Fig. 5 that for the 1st and the 2nd displacement, there was a 
significant increase of the gas phase downstream of the valve during the experimental 
measurements (see Fig. 5 - B1 and B2). While for the 3rd displacement the increase was 
significantly smaller (see Fig. 5 - B3). At the same time, it can be observed that a significant 
increase of the gas bubbles occurs in the entrainment where the flow was detached from the 
valve body (see Fig. 5 - A1, A2, A3). The volume fraction of the gas phase could be affected 
by the higher downstream pressure p2, see Fig. 6, which increased with increasing volume 
flow rate Qv, but also due to the change in the direction of the flow immediately downstream 
of the throttle edge of the valve. In the case of the 1st displacement, the effect of the change 
in flow direction was the most significant and decreased with the further displacements (see 
Fig. 5 - B1, B2, B3). 

 
Fig. 6. The dependence of the downstream pressure p2 on the volume flow rate Qv. 

Next, the mean flow velocities were vCS evaluated and determined to the narrowest flow 
cross-section of the valve SCS. In Fig. 7, the course of the evaluated dependencies can be 
observed, where the locations of the gaseous cavitation inception are marked again. 

σv1,i
1.18; 0.05

σv2,i
2.76; 0.19

σv3,i
4.52; 0.40

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12

D
ow

ns
tre

am
 p

re
ss

ur
e  

p 2
/[

ba
r]

Volume flow rate Qv / [dm3∙min-1]

1.Displacement 2.Displacement 3.Displacement

369, 02008 (2022) https://doi.org/10.1051/matecconf/202236902008MATEC Web of Conferences 

40 t h. MDFMT & XXIII. AEaNMiFMaE-2022

7



 
Fig. 7. The dependence of the mean flow velocity vCS on the volume flow rate Qv. 

Fig. 7 shows that the gaseous cavitation inception occurred at approximately the same 
mean flow velocity vCS. Thus, it can be assumed that the dynamic pressure in the throttle 
region reaches similar values as the flow cross-section SCS of the throttle valve increases. As 
the flow cross-section SCS increases, the flow velocity is dispersed more into the space. For 
this reason, the largest amount of gas phase can be observed at the 1st and the 2nd 
displacement. After the liquid passed through the throttle edge, a jet was produced which 
bypassed the valve until the point of break-off. In contrast, the smallest amount of gas phase 
can be observed at the 3rd displacement when the flow cross-section SCS of the valve is the 
largest. For these reasons, the different intensities of air bubble release are achieved at the 
gaseous cavitation inception. The dependence of the discharge coefficient μ on the Reynolds 
number ReCS was further evaluated to investigate the flow, (see Fig. 8).   

 
Fig. 8. The dependence of the discharge coefficient µ on the Reynolds number ReCS. 

It can be observed in Fig. 8 that at the gaseous cavitation inception, the value of the 
discharge coefficients in the case of the 1st and the 2nd displacement reached approximately 
the same value μ = (0.64 ÷ 0.66). While in the case of the 3rd displacement, it reached a 
higher value μ = 0.75. It can be seen from the graphical dependence that in the case of the 
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1st and the 2nd displacement, the fluid flow was more restricted in comparison to the 3rd 
displacement (see Fig. 5). This condition may have occurred due to the intensity of the change 
in flow direction for the individual valve displacement s. 

Finally, the cavitation indexes are evaluated. The dependence of the cavitation index σv 
on the pressure drop ∆p is shown in Fig. 9. It can be observed that the gaseous cavitation 
inception occurred at values of the cavitation indexes σv,i = (1.04 ÷ 1.10) depending on the 
valve displacement s. 

 
Fig. 9. The dependence of the cavitation index σv on the pressure drop ∆p. 

5 Conclusion 
The article focuses on the experimental analysis of the flow through the throttle valve 

which was affected by cavitation. Due to the small volume flow rates and very low saturation 
vapour pressure of the oil, it was assumed that the cavitation inception at the valve is mainly 
influenced by the release of air bubbles. The gaseous cavitation inception was evaluated 
visually by means of a camera with a macro lens. From the evaluated static ∆p-Q 
characteristic, it can be concluded that the release and formation of the gas cloud did not 
affect the change in the trend of the resulting characteristic. The inception and intensity of 
gaseous cavitation depends on the geometrical parameters of the valve. Depending on the 
position of the throttle valve, the flow was restricted not only in the narrowest cross-section 
of the valve, but also in the valve entrainment where the fluid flow was detached from the 
valve body. The largest increase of the gas phase was also observed at these locations where 
the relatively high flow velocity and the valve geometry resulted in swirling. This location 
was therefore accompanied by a local decrease of static pressure providing conditions for the 
air bubble expansion and further bubble release. However, the present experimental analysis 
does not give an idea of the amount of gas phase that was released. For future analysis, 
measurements with the Acoustic bubble spectrometer are planned to determine the size and 
number of bubbles or the volume fraction of gas in the liquid. A pressure control valve is also 
planned to be placed downstream of the throttle valve to achieve identical conditions at the 
outlet. The results of the experimental analyses can then be used as input parameters for CFD 
simulations in order to solve the multiphase flow of hydraulic fluid and air. 
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