
TEKA. COMMISSION OF MOTORIZATION AND ENERGETICS IN AGRICULTURE – 2014, Vol. 14, No. 4, 45–52

An Analysis of Pressure Distribution in Water and Water Emulsion 
In a Front Gap of a Hydrostatic Bearing

Konrad Kowalski, Tadeusz Zloto

Institute of Mechanical Technologies, Czestochowa University of Technology 
Al. Armii Krajowej 21, 42-201 Czestochowa, konrad@itm.pcz.czest.pl, zlotot@o2.pl

Received December 05.2014; accepted December 18.2014

 
Summary. The paper presents pressure distributions for water and 
water emulsion in a variable-height gap of a hydrostatic thrust bearing 
with a rotating upper wall. On the basis of the Navier-Stokes 
equations and the continuity equation a formula is established for 
obtaining pressure in the gap. The paper also analyses the influence of 
geometrical parameters and exploitation conditions on the distribution 
of circumferential pressure around the smallest height of the gap.  
Key words: pressure distribution, variable-height gap, hydrostatic 
thrust bearing, water, water emulsion.  

 

 

INTRODUCTION  
 

The problem of gap flow concerns a number of 
hydraulic devices and machines in which contact parts are 
separated by liquid-filled gaps of very small height. For 
gap flow of working liquids the Reynolds number is small 
and the flow is laminar [13, 26].  

There are gaps of various shapes and dimensions. 
Since each gap in a hydraulic system is a source of loss 
[5, 6, 13, 21], it is important to examine phenomena that 
occur in them [14]. Losses are essentially dependent on 
the gap height: the greater the gap height the smaller the 
mechanical losses and the greater the volumetric losses 
[22].  

Hydrostatic bearings are applied in popular 
hydrostatic drive systems [3, 4, 10, 16, 18, 19, 20]. In the 
case of axial pumps with a flat swash plate, a front gap can 
be found between slipper and swash plate and between 
cylinder block and valve. The smallest gap height between 
the slipper and swash plate is much greater than that 
between the cylinder block and valve plate [2]. The 
working liquid used in a hydraulic system is of crucial 

the slipper and swash plate is much greater than that 
between the cylinder block and valve plate [2]. The 
working liquid used in a hydraulic system is of crucial 
importance, too. The liquid is responsible for transferring 
large forces and torques of the system’s elements. 
Selecting a working liquid has therefore economic and 
often environmental consequences.  

Over the centuries, the discipline of fluid mechanics, 
including broadly conceived hydraulics, was developed by 
a number of prominent scientists, such as Thales of 
Miletus, Aristotle, Ktesibios, Archimedes, Da Vinci, 
Stevin, Torricelli, Pascal, Boyle, Newton, Bernoulli, Euler, 
Armstrong or Bramah [27]. In 1795, Bramah designed, 

 

The liquids applied are not perfect. With the multitude 
of industrial applications, it is necessary to search for 
liquids meeting the requirements as closely as possible. 
Because of that, studies are conducted on the application 
of plant oils in hydraulic systems. New opportunities seem 

 

Fig. 1. Working liquids used in hydraulic drives  

 

The liquids applied are not perfect. With the multitude 

patented and constructed the first hydraulic water press 
[11]. It was however observed that water as working liquid 
caused corrosion of metal elements and at the beginning of 
the 20th century American scientists Harvey Williams and 
Reynolds Janney came up with the idea of using mineral 
oil instead of water. They were the first to construct a 
hydrostatic piston axial gear with a  swing swash plate 
[14]. This invention marks the beginning of the rapid 
development of oil hydraulics, which continues until 
today.  

In hydraulic systems various liquids are used as 
working agents (Fig. 1). At present the one most 
frequently used is mineral oil [7, 23]. In places under the 
risk of fire, such as mines, non-flammable liquids are 
used.   
 



 

 

To solve the system of equations (1- 4) analytically, it 
is necessary to adopt the following simplifying 
assumptions: 
 The gap is of micrometre high and is completely filled 

with incompressible liquid of constant viscosity; 

 

Fig. 2. Front gap of a hydrostatic thrust bearing [25] 

 

The base system of equations is [8, 15, 25]: 

A MODEL BASED ON THE NAVIER-STOKES 
EQUATIONS AND THE CONTINUITY EQUATION OF 

LIQUID PRESSURE DISTRIBUTION  
IN A FRONT GAP OF A HYDROSTATIC BEARING   

 

Pressure distribution in the front gap of a hydrostatic 
thrust bearing (Fig. 2) can be best described analytically 
by means of a system of equations consisting of the 
Navier-Stokes equation and the continuity equation 
represented in a cylindrical system of coordinates , ,  
[8, 15, 25]. A fluid element ABCDEFGH of 
dimensions  ,  is presented in Fig 3.  
 

 Surfaces are rigid; 
 Liquid flow is laminar, uniform, steady and 

isothermal;  
 Tangent stress is Newtonian;  
 Liquid particles directly adjacent to the rotating wall 

surface have the same velocity as the rotating wall;  
 Inertia is negligible.   
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liquids meeting the requirements as closely as possible. 
Because of that, studies are conducted on the application 
of plant oils in hydraulic systems. New opportunities seem 
to be offered by what is known as intelligent fluids, 
including electro-rheological and magneto-rheological 
fluids.  

Besides, in the recent years there has been a revival of 
interest in water. Its applicability as a working agent in 
hydraulic systems is expected to rise due to the fact that it 
is environment-friendly and much cheaper than the other 
liquids currently used [11, 12, 17]. Following intensive 
research on water hydraulics [12], many producers and 
suppliers offer parts for modern water systems.  
 

 

OBJECTIVES OF THE STUDY 

 

The present study aims to examine the influence of 
exploitation parameters and dimensions on pressure 
distributions in the area surrounding the smallest height of 
the front gap in a hydrostatic thrust bearing with water and 
with a water emulsion. The study assumes an analytic 
model of pressure distribution in a front gap of the 
hydrostatic thrust bearing with a rotating upper wall.   
 

 

 

The base system of equations is [8, 15, 25]: 
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 To solve the system of equations (1- 4) analytically, it is necessary to adopt the 
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 Inertia is negligible.   

Fig. 3. A fluid element in a cylindrical coordinate system [1] 

 

Besides, if vr = vr( , ) and vz = 0, equations (1 - 4) 
become  
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Equation (5) can be transformed and represented as:  
 

 

(9) 

 

To obtain the velocity vr, it is necessary to integrate 
equation (9) twice with respect to the variable . Then, the 
result is:  
 

 
(10) 

 

The integration constants  and  were obtained for the 
boundary conditions presented in Table 1. 
 
Table 1. Boundary conditions for computing the integration constants 

 and  
 

   vr 

 

 z = 0 vr = 0 

 z = h vr = 0 

 

Then, it follows: 
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Boundary conditions for computing the integration constants  

   v  

  = 0  = 0 

  = h  = r 

(15) 
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(18) 
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and after substituting (11) and (12) into equation (10):  
 

 
(13) 

 

After integrating equation (6) twice with respect to the 
variable , the velocity v was obtained: 
 

 (14) 
 

The boundary conditions used for computing the 
integration constants  and  are presented in Table 2. 
 
Table 2. Boundary conditions for computing the integration constants 

 and  
 

   v  

 

 z = 0 v  = 0 

 z = h v  = r 

 

Hence: 

 
(15) 

  

 (16) 
 

and after substituting (15) and (16) into equation (14):  
 

 
(17) 

 

When (14) and (17) are substituted into (8):  
 

 
(18) 

 Integrating equation (18) with respect to the variable  in 
the interval from 0 to  and performing some 
transformations yields  
 

  
(19) 

 

To obtain a formula describing the pressure  in a front 
gap, it is necessary to integrate equation (19) twice with 
respect to the variable  . This leads to  
 

 
(20) 

 

The integration constants  and  were computed for the 
boundary conditions specified in Table 3. 
 
Table 3. Boundary conditions for computing integration constants  
and  
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 r = r1 p = p1 

 r = r2 p = 0 
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Table 4. Parameters of the working liquids  

Parameter Unit 
Liquid 

  

density kg/m3
 988,1 930 

kinematic 
viscosity  

mm2/s 0,548 68 

water contents % 100 41 

 

The following input data were assumed in the 
computational model:  
 Compression pressure  = 20 Mpa, 
 The smallest front gap height hmin = 0.6·10-6

 m in the 
hydrostatic thrust bearing, 

 Inclination angle of the upper wall with respect to the 
lower one  = 0.02º, 

 Angular velocity of the upper wall  = 150 rad/s, 
 Ratio of the external radius to the internal radius of 

the hydrostatic bearing  = 3. 
The height  of the front gap was obtained from the 

following formula [24]: 
 

 (24) 
 

where:    

 r – 
any radius within the plane of the point under 
consideration, 

  – current rotation angle, 

  – 

angle measured with respect to the horizontal axis, 
for this angle the height of the front gap is the 

  – 

angle measured with respect to the horizontal axis, 
for this angle the height of the front gap is the 
smallest (in the xy plane). 

 

In variable-height gaps there are two zones near the 
point of the smallest height: the confusor zone and the 
diffuser zone. In the confusor zone the gap height 
decreases along the gap and overpressure occurs. In the 
diffuser zone, on the other hand, the gap height increases 
along the gap and negative pressure occurs, which is partly 
limited by the cavitation phenomenon [9]. An example of 
pressure distribution for water and the radius r = 0.011 [m] 
near the smallest height point in a hydrostatic bearing is 
presented in Fig. 4.  
 

 

Hence: 
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Substituting integration constants (21, 22) into equation 
(20) ultimately leads to  
 

 

(23) 

 

  

RESULTS OF SIMULATIONS OF PRESSURE 
DISTRIBUTION IN THE FRONT GAP OF A 
HYDROSTATIC BEARING – AN ANALYSIS  

 

Pressure was calculated in the front gap of a hydrostatic 
thrust bearing with water and with water emulsion 
AQUACENT LT 68. The basic physical parameters of these 
working liquids are presented in Table 4.  
 

 

Fig. 4. Circumferential pressure distribution of water near the 
smallest-height point at the radius r = 0.011 m 

 

A key parameter affecting the pressure of working 
liquids in a front gap is the kinematic viscosity factor. This 
can be seen very clearly in Fig. 5, where the values of the 
circumferential pressure in the hydrostatic bearing front 
gap are presented for water  mm2/s, 

 kg/m3) and for water emulsion AQUACENT LT 
 mm2/s,  kg/m3), i.e. for working liquids 

which differ significantly with respect to kinematic 
viscosity. It can be observed that the values of the 
circumferential pressure increase as the viscosity of the 
working liquid increases.  
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Fig. 7 presents circumferential pressure of water 
(Fig. 7a) and water emulsion (Fig. 7b) in a front gap of the 
hydrostatic thrust bearing depending on the angle of the 
upper wall inclination. The pressure drops in the gap with 
increase in the angle . 

 

Fig. 5. Circumferential pressure distribution of water and water 
emulsion near the smallest-height point at the radius r = 0.011 m 

 

In the interest of readability, in the graphs presented 

 

In the interest of readability, in the graphs presented 
below different scales are used on the vertical axis for 
water and for water emulsion.  

Fig. 6 presents circumferential pressure of water 
(Fig. 6a) and of water emulsion (Fig. 6b) in a confusor-

water and for water emulsion.  
Fig. 6 presents circumferential pressure of water 

(Fig. 6a) and of water emulsion (Fig. 6b) in a confusor-
shaped gap of the hydrostatic bearing for various minimal 
gap heights. The overpressure peaks occurring in the gap 
are the greater, the smaller the gap is.  
 

Fig. 6. Circumferential pressure distributions at the radius 
r = 0.011 m in a front gap for various values of the smallest gap 

height  for a) water, b) water emulsion 
 

Fig. 7 presents circumferential pressure of water 

 

Fig. 8 presents circumferential pressure of water 
(Fig. 8a) in a front gap of the hydrostatic thrust bearing 
and of water emulsion (Fig. 8b) depending on the angular 
velocity of the bearing upper wall. Here the pressure 
increases with increase in the angular velocity of the upper 
wall.   
  

 
Fig. 7. Circumferential pressure distributions at the radius 

r = 0.011 m in a front gap for various values of the upper wall 
inclination angle for a) water, b) water emulsion 

 

Fig. 8 presents circumferential pressure of water 

Fig. 8. Circumferential pressure distributions at the radius 
r = 0.011 m in a front gap for various values of the angular velocity 

 of the upper wall for  a) water, b) water emulsion 
 

In the case of hydrostatic bearing with water as 



 

 
Fig. 9. Circumferential pressure distributions at the radius 
r = 0.011 m in a front gap for various values of the feeding 
pressure 1 of the hydrostatic bearing for a) water, b) water 

emulsion 
 

The value of the circumferential pressure depends 

 

The value of the circumferential pressure depends 
also to a large extent on the dimensions of the hydrostatic 
bearing. Fig. 10 presents the circumferential pressure of 
water (Fig. 10a) and of water emulsion (Fig. 10b) in a 
front gap depending on the ratio of the external radius to 
the internal radius of the bearing. More specifically, in this 
study the external radius  was assumed to be constant 
and only the internal radius   varied to alter the size of 
the feeding chamber. For water, as the radius of the 
feeding chamber increases (so that the ratio  
decreases), the pressure grows in the gap. For water 
emulsion the opposite occurs: the greater the ratio , 
the greater the value of the pressure in the gap.  
 

 

In the case of hydrostatic bearing with water as 
working liquid, the circumferential pressure in a front gap 
is significantly affected by the feeding pressure of the 
bearing. As the feeding pressure grows, the 
circumferential pressure grows, too (Fig. 9 a). For water 
emulsion, however, the influence of the feeding pressure is 
negligible (Fig. 9 b). 

Fig. 10. Circumferential pressure distributions at the radius 
r = 0.011 m in a front gap for various dimensions of the hydrostatic 

bearing for: a) water, b) water emulsion 
 

 

 

CONCLUSIONS  
 

The analyses presented above lead to the following 
conclusions:  

 The computational model adopted in the study is 
suitable for determining liquid pressure distribution in 
a front gap of a hydrostatic bearing with a rotating 
upper wall.  

suitable for determining liquid pressure distribution in 
a front gap of a hydrostatic bearing with a rotating 
upper wall.  

 In the confusor zone near the smallest-height point the 
circumferential pressure increases. Its value depends 
on the dimensions and exploitation parameters of the 
bearing.  

 The pressure is higher for water emulsion than for 
water due to higher viscosity of the former.   

 In the confusor zone of the front gap there is an 
additional relief of the bearing caused by pressure 
increase.  
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