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Abstract

:

In this paper, new methods for determining the pressure drop in internal channels of a hydraulic motor are proposed and described. Mathematical models of pressure losses in internal channels have also been described. Experimental tests of the satellite motor were carried out according to one of the proposed methods. The tests were carried out for two liquids, i.e., water and mineral oil. Experimental studies have shown that at a high flow rate in the motor supplied with water the pressure losses are a dozen or so percent greater than in the motor supplied with oil. However, at low flow rates is the inverse, that is, the pressure losses in the motor supplied with water are about ten percent lower than in the motor supplied with oil. The CFD calculation of the pressure drop in the internal channel of the motor was also conducted. It was assumed that holes in the commutation unit plate are placed face to face and that the liquid did not cause changes in the working chambers’ volume. In this way, it has been proven that those simplified assumptions can have up to a 50% difference in relation to the experimental tests.
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1. Introduction


The task of a hydraulic motor is to convert hydraulic energy into mechanical energy. Liquid is an energy carrier in the hydraulic system. Currently, mineral oil is the most commonly used liquid in hydraulic systems [1]. However, in some industrial sectors, a liquid that is non-flammable (mining, steel mills, etc.) or non-toxic for the environment and human health (food industry) is required [2].



Water is a liquid which is non-flammable, non-toxic and certainly suitable for energy transfer in hydraulic systems. Furthermore, water is generally available as a working liquid. There is a growing trend throughout the world towards researching and developing components and hydraulic systems that are supplied with water [1,2,3,4]. The development of water hydraulics is important for various industrial sectors, e.g., for the food industry, the mining industry and marine technology [5]. In comparison to mineral oil, water has a very low viscosity and low lubricating properties [6]. These features adversely influence the efficiency of energy conversion in hydraulic systems [7]. Despite this, attempts are being made to develop innovative components and hydraulic systems supplied with water [2].



Each hydraulic element (pump, motor and valves) is recommended to a specific type of working liquid. For example, a hydraulic motor recommended to oil circuits should not be used in water systems. In other cases, this motor has very little durability and a low efficiency [7]. Both the pump and the hydraulic motor are components of the hydraulic system that have large energy losses, including volumetric, mechanical and pressure losses [1,7,8,9,10,11,12,13,14,15,16].



The main sources of volumetric losses in hydraulic motors are the leakage in the clearances of the working mechanism, the leakage in the clearances of the commutation unit and the compressibility of liquid in the death chamber of the working mechanism [7,8,9,10,11,17,18,19,20,21,22,23,24,25]. However, the main sources of mechanical losses are friction between moving parts of the working mechanism and friction in bearings and seals [22,25]. In the case of pressure losses in hydraulic motors, this pressure loss results from internal channels in the motor. The internal channels are defined as channels inside the motor body. Their task is to supply liquid from the motor inflow port to the working chambers (inflow channels) and remove the liquid from the working chambers to the outflow port (outflow channels). The pressure drop in internal channels of the motor mainly depends on the geometric dimensions of those channels, the liquid parameters (viscosity and density) and the flow rate of the liquid. The pressure drop in internal channels of the motor has a significant impact on the energy conversion efficiency in the motor and on the parameters of hydraulic systems [8,11,17,22,26,27,28].



The results of this research proved that all of the above-mentioned types of losses were influenced by the type of liquid. In general, a motor supplied with a low viscosity liquid generates larger energy losses than a motor supplied with oil [20,21,22,23]. Thus far, there are no research results comparing the influence of water and mineral oil on the pressure losses in hydraulic motors. There is also no specific information about the designs of motors that can be supplied with both water and mineral oil. There is a rich literature on flows in orifices and other simple openings; however, there are not any prominent studies in the literature that compare the influence of the type of liquid on the flow characteristics in these internal channels.



Therefore, from the scientific and cognitive point of view, researching and describing the influence of water and mineral oil on pressure losses in a hydraulic motor is appropriate and justified. The issue of the influence of the type of liquid on the pressure losses in the hydraulic motor is a new issue, represents an important scientific problem and is the subject of this article. Consequently, the following objectives have been defined for this article:




	(a)

	
Describe a mathematical model of the pressure losses;




	(b)

	
Results of experimental tests of pressure in working chambers and pressure losses in motor supplied with mineral oil and water and their comparison;




	(c)

	
Results of CFD calculations of pressure losses in motor supplied with mineral oil and water and their comparison;




	(d)

	
Compare the results of experimental research with CFD calculations.









The experimental research on the influence of the type of liquid on pressure losses was carried out using a prototype of a hydraulic satellite motor presented in Section 6. The satellite motor was chosen to test because the authors of this publication are the co-creators of this motor and have conducted extensive research on the development of this motor. This motor is already produced but not yet widely known in the world.




2. Pressure Drop in the Internal Channels of the Hydraulic Motor


In the hydraulic motor the pressure drop Δpich in internal channels increases the value of the pressure drop Δp. The pressure drop Δp is measured in motor ports (Figure 1), according to the formula [29]:


  ∆ p = ∆  p i  + ∆  p  i c h    



(1)







Pressure drop Δpich in internal channels is the following sum [29]:


  ∆  p  i c h   = ∆  p  i c 1   + ∆  p  i c 2    



(2)




where:




	
Δpic1—the pressure drop in inflow internal channel;



	
Δpic2—the pressure drop in outflow internal channel.








In a hydraulic motor with variable shaft rotation directions, if the inflow and outflow internal channels in a hydraulic motor have the same shape and dimensions then is only necessary to measure Δpic1 and the Δpich is calculated according to the formula:


  ∆  p  i c h   = 2 · ∆  p  i c 1    



(3)








3. Known Method for Measuring the Pressure Drop in Internal Channels—Method 1


The measurement of pressure drop in internal channels of hydraulic motor during his normal work is problematic. The main problem is the pressure measurement in working chambers; it is technologically difficult to implement or sometimes impossible. Therefore, it is easier to determine the pressure drop in internal channels of a hydraulic motor if this motor works as a pump.



In known method the test stand is equipped with a drive motor DM with constant speed and does not include an electronic measurement data recording system (Figure 2). Changes in the setting of the throttle valve TV in a low-pressure line are made and the pressure p1 in the low-pressure port of motor (suction port—motor works as a pump) is measured. The flow rate Q is measured at the moment of cavitation in the motor. Then, during cavitation, a certain value of pressure pLPC in the low-pressure working chambers of the motor should be assumed. Usually, for simplicity, a vacuum of 1 bar is assumed (pLPC = –1 bar) [9,15,17].



The experiment execution time is relatively short. The appearance of cavitation in the engine’s working chambers does not cause damage in such a short time.




4. Proposed Methods for Measuring the Pressure Drop in Internal Channels


The disadvantages of method 1 are:




	
The difficulty to catch the beginning of cavitation;



	
The constant speed of motor DM (Figure 2) prevents the full characteristics of the pressure drop in the internal channel from being obtained;



	
Unknown values of pressure in working chambers. Thus, the value of −1 bar in low-pressure working chamber was assumed.








Therefore, new methods that avoid this inconvenience are proposed below.



4.1. Method 2


Method 2 is the experimental method. In this method, similar to method 1, the hydraulic motor 1 works as a pump and is driven by an electric motor DM (Figure 3). The speed n of electric motor DM and machine 1 is set via a frequency converter. The displacement machine 1 is supplied by a pump 3 through throttle valve TV. At a particular setting of the valve 4, the speed n is increased from its minimum value. A recording data system collects the values of the speed n, delivery Q and pressure p1. In this way, the characteristics of Q = f(n) and p1 = f(n) are created (Figure 4). After some characteristic point 1 (Figure 4), the delivery Q does not change despite the increase in the rotational speed n. Point 1 is necessary to register the flow rate Q1 and the pressure p1-1. In the next step, the rotational speed n is decreased to its minimum, the setting of valve TV is changed, and, at the end, the speed n is increased again and the values of n, Q and p1 are registered. In this way, the point 2 (parameters Q2 and p1-2) are obtained. In order to obtain the full characteristics of the pressure drop in the internal channel of the motor, this procedure should be carried out several times with different settings of valve TV.



For points 1,2,…,n (Figure 4) in the suction working chambers of tested motor TM, there exists pressure pLPC close to the vacuum. Therefore, the pressure drop Δpic1 in the internal channel (from the inflow (suction) port of the motor, which is p1, to the suction working chambers) is:


  ∆  p  i c 1   =  p 1  −  p  L P C    



(4)







For a hydraulic motor with the same internal channels on the inflow and the outflow side, the total pressure drop Δpich is calculated according to formula (3). Theoretical characteristics Δpich = f(Q) are shown in Figure 5.




4.2. Method 3


Method 3 is the experimental method. In this method, similar to methods 1 and 2, the hydraulic motor TM works as a pump and is driven by an electric motor DM. The speed n of the electric motor DM and tested motor TM is set via a frequency converter (Figure 6). In this method, a measurement data acquisition system at the same time records:




	(a)

	
The pressure p1 and p2 in motor ports;




	(b)

	
The pressure pLPC and pHPC in motor working chambers;




	(c)

	
The delivery Q;




	(d)

	
The rotational speed n of the motor shaft.









If cavitation occurs in the low-pressure working chamber, then the increase in rotational speed n of the tested motor does not increase the flow rate Q in this motor. This is because the pressure drop between the tank and low-pressure chamber is constant (in tank is zero and in the low-pressure chamber during full cavitation the pressure is also constant). If the pressure drop is constant, then the flow rate Q also must to be constant. Therefore, for Q = const. is incomplete filling of the working chamber.



In all described methods the flow meter was located in the outflow hose of the motor. This flow meter creates considerable resistance to flow (the pressure p2 in the drain connection is greater than zero). So, a throttle valve to increase pressure p2 was not needed and the cavitation in the low-pressure working chamber has no influence on the measurement of flow rate Q.



At the stage of theoretical considerations, it can be assumed that the pressure drop in the internal channels of the motor depends on the type of overlap in the commutation unit of the working mechanism. Therefore, in a motor with the negative overlap in the commutation unit (especially on the high-pressure side) there is no additional pressure increase caused by liquid compression in the closed working chamber. Then, the pressure drop is calculated according to Formula (1) considering (Figure 7):


  ∆  p  i c 1   =  p 1  −  p  L P C    



(5)






  ∆  p  i c 2   =  p  H P C   −  p 2   



(6)







However, in a motor with the positive overlap or zero overlap in the closed working chamber additional increase in pressure is created. Furthermore, the higher the rotational speed of the shaft, the higher the pHPC in the working chamber. Therefore, the pressure drop is calculated as (Figure 9):


  ∆  p  i c h   = ∆  p  i c 1   + ∆  p  i c 2 - L    



(7)




where:


  ∆  p  i c 2 - L   =  p  2 - L   −  p  H P C - L    



(8)







	
p2-L—the pressure in port B measured for the opposite direction of the shaft rotation (rotation to the left);



	
pHPC-L—the pressure in the suction chamber measured for the opposite direction of the shaft rotation (rotation to the left).






In order to be abundantly clear, the suction working chamber with pressure pLPC becomes a high-pressure working chamber with pressure pLPC-L after changing the direction of rotation. However, a high-pressure working chamber with pressure pHPC becomes a low-pressure working chamber with pressure pHPC-L after changing the direction of rotation.



Theoretical characteristics of the pressure drop in internal channels of a hydraulic motor are represented exactly as Figure 5 shows.



An increase of pressure ΔpHPC in a high-pressure working chamber caused by compression of liquid is:


  ∆  p  H P C   = ∆  p  i c 2   − ∆  p  i c 2 - L    



(9)







Thus, the change of pressure in the hydraulic motor should progress as in Figure 7. The increase of pressure ΔpHPC has a direct influence on the mechanical losses in the working mechanism. Therefore, the ΔpHPC is not the component of the pressure losses in the internal channels of the motor [23,29].



In a hydraulic motor with a variable direction of shaft rotation the internal channels on the supply side and on the outflow side have the same dimensions. Then, the total pressure drop Δpich can be calculated according to Formula (3).




4.3. Method 4


Method 4 is also the experimental method. Is this method, the pressure drop is measured in a loaded hydraulic motor equipped with pressure sensors like in Figure 1. In this method, the test stand must be able to set the motor speed. The measurement data recording system is not required.



Due to the fact that method 4 is analogous to methods 2 and 3, it will not be described.




4.4. Practical Aspects of Applying the Methods 2 and 3


From the practical point of view the biggest disadvantages of method 3 is necessity of measurement of the pressure in the working chamber of the tested machine. Therefore, this method rather will not be used in some types of positive displacement machines, like in an axial piston pump or motor. However, in other displacement machines (like in satellite displacement machines) the possibility of measurement of the pressure in the working chamber is a very important advantage because it is easy to obtain the characteristics of pressure drop Δpic1 and Δpic2 in internal channels. The measurement of pressure p1 and pHPC (and similarly p2 and pLPC) gives higher accuracy of the characteristic Δpic1 = f(Q) (or Δpic2 = f(Q)) in all ranges of Q. This is not possible in method 2, where the pressure pLPC has to be assumed.



Method 2 requires a more advanced test stand (additional pump and throttle valve) and larger number of measurement series than method 3. Furthermore, method 3 makes it possible to designate an increase of pressure ΔpHPC in a high-pressure working chamber caused by compression of liquid.





5. Mathematical Models of the Pressure Drop in the Internal Channels of the Hydraulic Motor


The pressure drop Δpich in the internal channels of the hydraulic motor is energetic losses and is commonly called “pressure losses”. The geometry of the internal channels (shape and dimensions) has influence on the value of the pressure drop. Any changes in the channel geometry has a large influence on the direction of the liquid flow and on the average liquid flow speed c. In this way, the pressure drop Δpich is treated as a local pressure loss. The local pressure loss is described by the well-known formula:


  ∆  p  i c h   =    ξ  · ρ ·    c 2   2   



(10)




where:




	
ξ—the coefficient of pressure loss;



	
ρ—the density of liquid.








In the case of hydraulic machines, the coefficient of pressure loss is expressed by the formula [17]:


   ξ    =    C 1    R e   +  C 2   



(11)




where C1 and C2 are constants.



In a hydraulic motor, the internal channels are short and have irregular geometry, so it is not possible to calculate Reynolds number Re and the average speed c in this way. However, it is known that Re = f(c) and c = f(Q). Therefore, the pressure losses in internal channels of the motor can described by:


  ∆  p  i c h   =      C t  · ρ ·  Q 2   ⏟    t u r b u l e n t   f l o w   c o m p o n e n t   +      C l  · ν · ρ · Q  ⏟    l a m i n a r   f l o w   c o m p o n e n t    



(12)




where:




	
Ct—the constant of turbulent flow component;



	
Cl—the constant of laminar flow component;



	
ν—the kinematic viscosity.








The advantages of the above model are [29]:




	(a)

	
The geometry of the motor’s internal channels is omitted;




	(b)

	
The pressure losses are expressed as a function of density and viscosity of the liquid and the liquid flow rate (these are the parameters having a direct impact on the pressure losses);




	(c)

	
The values of constants Ct and Cl can be calculated based on the equation of the trend line of the characteristic shown in Figure 5.









In the literature, the pressure losses Δpich are also described by the following formula [17,27]:


  ∆  p  i c h   =  C  i c h   · ρ ·  ω 2  ·          V t    2 · π      2   3   



(13)




where:




	
ω—the angular speed of the motor shaft;



	
Vt—the theoretical displacement;



	
Cich—the coefficient.








The disadvantages of the above model are as follows:




	(a)

	
The angular speed ω has an indirect influence on the pressure drop Δpich in the internal channels because angular speed is a function of theoretical absorbency Qt of the motor and a function of volumetric losses Qvl in the motor. Thus, only the absorbency Q (flow rate consumed by the motor) has influence on Δpich. The absorbency Q is defined as:











  Q =  Q t  +  Q  v l    



(14)







	(b)

	
Theoretical displacement Vt has influence only on the theoretical absorbency Qt;




	(c)

	
Does not take into account the influence of liquid viscosity on the pressure drop. The flow in internal channels is assumed as turbulent flow only.







Z. Paszota describes the pressure losses in the internal channels of the motor in the following way [11]:


  ∆  p  i c h   =  k 8  ·  p n  ·      Q   Q  p t          a  Q p     ·      v   v n         a  v p      



(15)




where:




	
k8—the coefficient determining the pressure loss in the internal channels and in the commutation unit of the motor;



	
aQp—the exponent of the influence of the liquid flow rate in the internal channels on pressure losses;



	
avp—the exponent of the influence of liquid viscosity on pressure losses;



	
pn—the nominal pressure of the pump;



	
QPt—the theoretical delivery of the pump;



	
νn—the reference viscosity of the liquid.








The inconvenience of the above model is the dependence of the pressure drop Δpich on the parameters of the pump supplying the motor. Furthermore, it is necessary to assume the reference viscosity νn of the liquid. Therefore, the exponents aQp and avp and the coefficient k8 depend on the parameters of the pump and on the reference viscosity of the liquid.




6. Tested Motor


The experimental research was carried out with the use of the prototype of a satellite motor (Figure 8 and Figure 9). The working mechanism of this motor is a satellite mechanism (Figure 10). On both sides of this mechanism are distribution plates (Figure 9 and Figure 11). The principle of operation of this mechanism and principle of operation of a satellite motor are widely described in many publications, such as in [8,20,21,22,23,29,30,31,32].



The toothed unit, shown in Figure 10, is the satellite working mechanism of the motor. It consists of a toothed rotor R (4 humps), toothed stator C (6 humps) and ten wheels S (satellite).



The principle of operation of satellite motor was widely described in [20,21,22,23].



The satellite motor used for the test had the following geometrical parameters [30,31]:




	
The theoretical displacement qt = 32.94 cm3/rev.;



	
The teeth module m = 0.75 mm;



	
The height of working mechanism H = 25 mm.









7. Results of the Research on the Pressure Drop in the Internal Channels of the Motor


In Section 4 it was written that method 3 makes it possible, besides the pressure drop Δpich, to designate an increase of pressure ΔpHPC caused by compression of liquid in a high-pressure working chamber. Therefore, the research on the pressure drop in the internal channels of the satellite motor was carried out according to method 3.



During the experiment the following parameters were recorded:




	(a)

	
p1 and p2—pressures in motor ports;




	(b)

	
pLPC and pHPC—pressures in motor working chambers;




	(c)

	
Q—liquid stream feeding the motor;




	(d)

	
n—the rotational speed of the motor shaft.









All pressures were measured by a strain gauge pressure transducer with range −1÷3 bar and class 0.3. The flow rate Q was measured by mass flow meter with range 33 lpm and class 0.1 and the rotational speed n was measured using the inductive sensor.



During the test the temperature of the liquid in the test stand was kept constant. The temperature of liquid in the inflow port of motor was controlled. In this way viscosity of the liquid was controlled. This temperature was not registered.



7.1. Working Liquids


Laboratory research on the pressure drop in the internal channels of the satellite motor was carried out using the following liquids:




	(a)

	
Tap water (ν = 0.9 cSt and ρ = 999.8 kg/m3);




	(b)

	
Mineral oil (ν = 40 cSt and ρ = 862.0 kg/m3).










7.2. Experimental Data—Motor Supplied with Water


In the tested motor (Figure 8 and Figure 9), the internal channels on the supply side have the same dimensions as the internal channels on the outflow side. Therefore, it is enough to measure only Δpic1. Then, the total pressure drop Δpich in the internal channels of the motor can be calculated according to Formula (3).



The recorded results of pressure p1, p2, pHPC, pLPC and flow rate Q in the motor as a function of the shaft speed n are shown in Figure 12. In addition, characteristics Δpic1 and Δpic2, whose values were calculated according to Formulas (5) and (6), are shown in Figure 13. Cavitation occurs (the flow rate Q = const.) at rotational speeds above 630 rpm. In Figure 14, characteristics Δpic1 and Δpic2 are shown at speeds up to 630 rpm—cavitation does not occur at these speeds.



The results of the research on the motor supplied with water show (Figure 12) that in a low-pressure working chamber LPC (Figure 10), during cavitation, the minimum value of the pressure pLPC was –0.85 bar.




7.3. Experimental Data—Motor Supplied with Oil


The recorded results of pressure p1, p2, pHPC, pLPC and flow rate Q of oil in the motor as a function of the shaft speed n are shown in Figure 15. Characteristics Δpic1 and Δpic2, whose values were calculated according to Formulas (5) and (6) are shown in Figure 16. At rotational speeds above 550 rpm, cavitation occurs (the flow rate Q = const.). In Figure 17, characteristics Δpic1 and Δpic2 are shown at speeds up to 580 rpm—cavitation does not occur at these speeds.



The results of the research on the motor supplied with oil shows (Figure 15) that in a low low-pressure working chamber LPC (Figure 10), during cavitation, the minimum value of the pressure pLPC was –0.75 bar.




7.4. Compression of Liquid in Working Chamber


Experimental data (Figure 12 and Figure 17) show that, in a motor with zero overlap in the commutation units, for one direction of the flow rate (from port A to port B), Δpic1 ≠ Δpic2. Therefore, there is a pressure increase ΔpHPC caused by the compression of liquid in a closed working chamber. Characteristics of ΔpHPC = f(n) in the motor supplied with water and supplied with oil are shown in Figure 18. These characteristics are proposed to describe by the empirical formula in the form:




	
For water:










  ∆  p  H P C   = 0.635 ·   10   − 4   ·  n  1.3    



(16)







	
For oil:







   ∆  p  H P C   = 1.1 ·   10   − 4   ·  n  1.14     



(17)





Therefore, the assumption described by Formula (7) is not true.




7.5. Pressure Drop in Internal Channel


Characteristic of Δpich = f(Q) in the motor supplied with water is shown in Figure 19, and in the motor supplied with oil is shown in Figure 20.



Characteristics of Δpic1 = f(Q), shown in Figure 19 and Figure 20, can be described by Equation (13). The value of constants Ct and Cl are:




	(a)

	
For water: Ct = 7.88 × 108 and Cl = 409.8 × 108;




	(b)

	
For oil: Ct = 6.73 × 108 and Cl = 19.2 × 108.









Whereas the total pressure drop in the motor, according to Formulas (13) and (3), is:




	(a)

	
For water:











  ∆  p  i c h   = 1576 · ρ ·  Q 2  + 81960 · ν · ρ · Q   MPa  



(18)







	(b)

	
For oil:








   ∆  p  i c h   = 1346 · ρ ·  Q 2  + 3840 · ν · ρ · Q   MPa   



(19)





The ratio Δpich,W/Δpich,O is shown in Figure 21 (Δpich,W and Δpich,O—pressure drop in the internal channels of the motor supplied with water an oil, respectively).



In the range of a low flow rate Q (up to 8 L/min) a smaller pressure drop Δpich in the motor supplied with water was observed. However, in the range of a high flow rate, a smaller pressure drop was in the motor supplied with oil. This difference can be explained as follows. At a low flow rate, the share of the laminar flow component is larger than at a high flow rate. Because the viscosity of water is about 40 times lower than the viscosity of oil, a lower pressure drop in the motor supplied with water is at a low flow rate. However, at a high flow rate, the share of the laminar flow component is very small and the turbulent component is dominant. The biggest influence on the pressure drop during turbulent flow is the density of the liquid. Therefore, at a high flow rate, the pressure drop in the internal channels is smaller in the motor supplied with oil [29].





8. CFD Calculations


8.1. Method of Calculations


Numerical calculations of the liquid flow in the motor were carried out using the ANSYS Workbench program. The calculation module CFX and calculation model SST (Shear Stress Transport) were used. Some researchers, such as [33,34,35,36,37,38], applied the k-ε model to the calculation of the flow in hydraulic elements. However, the SST model contains features of the k-ε model and the k-ω model. Furthermore, the SST model ensures a faster convergence of results. For issues such as calculating the flow in the internal channels of a hydraulic motor, the SST model is sufficient.




8.2. The Geometry of Liquid in the Motor and Simplifying the Calculation Model


The geometry of liquid in a hydraulic motor is the geometry of the internal channels in the motor and the geometry of the working chambers. The following simplifications concerning models of the geometry of liquid in a satellite motor are used:




	(a)

	
The commutation plate (6) (Figure 9 and Figure 11) is rotated relative to plate (7) by 30°. In this way, the OC holes (Figure 11) in the commutation plate (6) are opposite the OC holes in the commutation plate (7). Then, there is a free flow of liquid through the working mechanism and this mechanism does not rotate (is stationary);




	(b)

	
All of the calculations were carried out for one casual position of the working mechanism;




	(c)

	
Six working chambers were omitted—in these chambers the flow of liquid does not occur. Only four OC holes in the commutation plate allowed liquid flow by the working chambers (Figure 10);




	(d)

	
A leak in the gaps of the working mechanism was omitted;




	(e)

	
Tooth profiles in satellites, the curvature and the rotor were omitted. The satellites have been replaced by cylinders with diameters equal to the pith diameter of the satellite. In the rotor and curvature, the tooth profiles were replaced by a smooth profile according to the pitch line of tooth (Figure 22);









	(f)

	
An outline of the threads was omitted and replaced by cylinders with diameters equal to pith diameters of threads;




	(g)

	
Necks in the body and in the collectors were removed—there is no liquid flow in these elements and these elements have no significant influence on the pressure drop;




	(h)

	
The roughness of the walls was omitted.







The simplified calculation model of the satellite motor is shown in Figure 23.




8.3. The Mesh


In order to obtain reliable results from the simulation, it is necessary to create the best elements mesh. The uneven division into finite elements is a common issue. In areas where the wanted function changes rapidly, there is a denser mesh of elements. In contrast, in areas where the function changes slowly, there is a less dense mesh. The size of the mesh elements was selected by comparing the results of calculations with different sizes of finite elements. Finally, a mesh was chosen that gave an error of less than 5% in relation to the denser mesh.



The following discretization parameters were used to create the mesh:




	
General size of finite elements is 0.6 mm;



	
On the edges (like at changes in the diameter of the channel) more dense mesh is applied (the size of a single element is 0.25 mm).








Furthermore, a boundary layer was defined on all channel walls. The thickness of this layer depends on the dimensions of the channel. For channels with a smaller diameter, a layer with a smaller thickness was assigned. Therefore, in OC holes in the commutation plates (Figure 11) and in holes in low- and high-pressure manifolds (3) and (4) (Figure 9), ten boundary layers with a thickness of 0.2 mm were defined (increment coefficient 1.2). In the other channels, 18 boundary layers with a thickness of 0.3 mm were defined (increment coefficient also 1.2).



In this way, the mesh of elements was obtained (Figure 24). This mesh consisted of 3,992,282 finite elements and 1,367,996 nodes.




8.4. Boundary Conditions


The boundary conditions are as follows:




	
Defining the inflow (Figure 25a)—the wall that simulates inflow of the working liquid. As a kind of boundary condition, “Mass Inlet” was selected;



	
Defining the outflow (Figure 25b)—the wall that simulates outflow of the working liquid. The value of the pressure on the outflow wall was assumed to be 0 bar (p = 0 bar);



	
Defining the walls in contact with the liquid (Figure 25c)—the other walls of the model that define the shape and boundaries of the liquid. They were assigned a boundary condition in the form of “wall” with a slip limitation.








In order to determine the characteristics of the pressure drop in the internal channels of the motor, the calculations were carried out in several steps for different values of the flow rate (Table 1). All calculations were conducted in one calculation series.




8.5. Parameters of the Liquids


Defining the parameters of water is limited to loading these parameters from the database offered by Ansys and determining the water temperature. Therefore, for water:




	
The density ρ = 999.8 kg/m3;



	
The kinematic viscosity ν = 0.89 cSt;



	
The temperature T = 25 °C.








Ansys does not have oil parameters in its database. Therefore, it is necessary to define the parameters for oil. In the calculations, it was assumed:




	
The density ρ = 862 kg/m3;



	
The kinematic viscosity ν = 40 cSt;



	
The temperature T = 43 °C.








It was assumed that water and oil are incompressible and their properties are constant.




8.6. The Conditions of the Simulations


The target value for the convergence of results has been defined—the residual value was set to 0.0001.



It was assumed that the simulation is stationery.



Before starting the calculations, it was necessary to define the number of processors that were used to perform computer calculations. In the described case, eight processors were used.




8.7. Results of the Calculations


In a later part of this article, an example of the velocity distribution and the pressure drop in the internal channels of the motor for a water and oil flow rate equal to 10 L/min are presented.



The distribution of water and oil velocity in the internal channels of the motor are shown in Figure 26, Figure 27 and Figure 28, but the pressure distribution is shown in Figure 29 and Figure 30. respectively.



The liquid flow area is the smallest in the holes of the commutation unit plates. Therefore, the highest pressure drop and the highest liquid flow velocities can be found in these holes (Figure 31 and Figure 32).



In order to determine the characteristics of the pressure drop as a function of the flow path in the internal channels of the motor, a line was defined as in Figure 33 (by the inflow and outflow ports, the inflow and outflow manifolds, the holes in the commutation unit plate and the working chamber). It should be noted that the holes in the commutation unit plate are completely open.



Characteristics of the average liquid flow velocity and the average pressure in the internal channel of the motor are shown in Figure 34 and Figure 35. These characteristics show that the largest pressure differences were between the hole of the commutation unit plate and the working chamber.




8.8. Pressure Drop in the Internal Channel of the Motor


It was assumed that the OC holes in commutation plate 6 (according to Figure 9) are opposite the OC holes in commutation plate 7. This caused some of the holes in commutation plates to be obscured by the satellite (each hole to a different degree). Thus, the fluid flow fields in holes of the commutation plates were different. As a result, the flow velocities and pressure drop in these holes were also different. Therefore, the pressure in the working chambers were also different. Thus, the statement that the pressure drop in the internal channel should be understood as the pressure difference in the motor ports and in any given working chamber gives an incorrect result. For confirmation, the pressure drop Δpic1-!! in internal low-pressure channels, the pressure drop Δpic2-!! in internal high-pressure channels and the total pressure drop Δpich-!! along line 1 (from Figure 33) were calculated (Figure 36 and Figure 37).



The ratio of the pressure drops Δpich,W/Δpich,O in the internal channels of the motor supplied with water and supplied with oil is shown in Figure 38.



In contrast to the results of experiment, the results of the CFD calculations showed that in all ranges of flow rate the pressure drop in the internal channels of the motor supplied with water is smaller than that supplied with oil. This is a significant difference in results of simulation compared to the results of the experiment. Most likely, this difference is the result of the adopted simplifications in the model—mainly by stopping the satellite mechanism and setting the holes in commutation plates opposite each other.





9. Conclusions


The results of the experimental research showed that:




	(a)

	
The type of liquid and the parameters of the liquid (kinematic viscosity and density) have a big influence on the pressure drop in the internal channels of the hydraulic motor;




	(b)

	
The flow in the internal channels of the motor is not a fully developed turbulent flow. This applies to both water and mineral oil;




	(c)

	
Low flow rate in the motor (up to 8 L/min) for water is a lower pressure drop than for oil, but regarding high flow rate oil is a lower pressure drop;




	(d)

	
The value of the pressure pLPC in the suction chamber (low-pressure chamber (LPC)) (Figure 10) of the satellite motor depends on the type of liquid (in the motor supplied with oil the pressure pLPC is −0.75 bar, but in the motor supplied with water the pLPC is −0.85 bar);




	(e)

	
It is possible to test the pressure drop in internal channels of a hydraulic motor according to the proposed method without measuring the pressure in the working chambers. Then, the presented above values of pressure pLPC should be taken instead of value pLPC = −1 bar;




	(f)

	
The pressure drop in both the internal low-pressure channels (inflow channels) and in the internal high-pressure channels (outflow channels) in the hydraulic motor can be described with Formula (13);




	(g)

	
If the volume of the working chamber tends to the minimum, then in this chamber additional increase of pressure ΔpHPC occurs. This pressure depends on the overlap in the commutation unit and also depends on the rotational speed of the motor. Therefore, the ΔpHPC is not the component of pressure losses in the internal channels of the motor. The ΔpHPC has influence only on mechanical losses in the working mechanism of the motor.









The results of the CFD calculation have shown that it is possible to carry out the numerical calculation of flow in the internal channel of the motor but only with substantial assumptions and simplifications. This simplification does not fully reflect the phenomena occurring in the motor.



The CFD calculation showed that the biggest pressure drop is in the holes of the commutation unit plates, regardless of the type of liquid.



The values of the pressure drop in the internal channels of the motor obtained from the experiment (Figure 19 and Figure 20) differ from the results obtained by CFD calculations (Figure 36 and Figure 37). The differences are shown in Figure 39.



The main reasons for the differences are:




	(a)

	
The simplifying of the calculation model by stopping the satellite mechanism and setting the holes in commutation plates opposite each other;




	(b)

	
The impossibility of simulating the pressure difference in the working chambers for a rotating satellite mechanism;




	(c)

	
Difficultly of researching dynamic phenomena that occur in the working chambers during the operation of the satellite mechanism.









As the final conclusions, it should be stated that:




	(a)

	
The CFD calculation can only estimate the pressure drop in the internal channels of the motor. The underestimation can be up to 50%;




	(b)

	
The CFD method has some advantages over the experimental method. Namely, it allows the velocity and pressure distribution in the internal channels with an irregular, complicated shape to be determined.









In the future, it should be attempted to simulate flow in a satellite motor without major simplification, i.e., with a working (rotating) satellite mechanism.
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Figure 1. Pressure drop in hydraulic motor [23]: Δpic1—pressure drop in inflow internal channel, Δpic2—pressure drop in outflow internal channel, pHPC—pressure in high-pressure working chamber, pLPC—pressure in low-pressure working chamber, p1—pressure in inflow motor port, p2—pressure in outflow motor port. 
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Figure 2. Scheme of the hydraulic circuit of the test stand for the measurement of the pressure drop in the internal channel of the hydraulic motor [23]: TM—tested motor; DM—drive motor; TV—throttle valve; Q—flow meter; p1—manometer. 
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Figure 3. Scheme of hydraulic circuit of the test stand for the measurement of the pressure drop in the internal channel of the hydraulic motor according to method 2: TM—tested motor, DM—drive motor, PU—pump unit, TV—throttle valve, SV—safety valve, Q—flow meter, p1—manometer (pressure in inflow port of motor), n—rotational speed. 
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Figure 4. Delivery Q of motor 1 working as a pump and the pressure p1 in the suction port of motor 1 for two different settings of throttle valve TV—according to the scheme in Figure 3 [23]. 
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Figure 5. Theoretical characteristics of Δpich = f(Q) [23]. 
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Figure 6. Hydraulic circuit of the test stand for the measurement of the pressure drop in the internal channel of the hydraulic motor according to method 3: D—diameter of suction tube, L—length of suction tube, TM—tested motor, DM—electric motor (controlled by frequency converter), Q—flow meter, n—rotational speed, pHPC—pressure in high-pressure working chamber, pHPC—pressure in low-pressure working chamber, p1—pressure in inflow motor port, p2—pressure in outflow motor port. 
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Figure 7. The progress of pressure in a hydraulic motor (working as a pump) including the increase of pressure ΔpHPC in a high-pressure working chamber. 
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Figure 8. General view of hydraulic satellite motor (SM type) [30]. 
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Figure 9. Construction of satellite motor and pressure drops in internal channels: C—curvature (stator), S—satellite, R—rotor, 1—shaft, 2—casing, 3 and 4—inflow and outflow manifolds, 5—rear plate, 6 and 7—distribution plates. 
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Figure 10. The cross section of the motor through the working mechanism and the location of pressure sensors pLPC and pHPC [23,32]: C—curvature (stator), R—rotor, S—satellite, CA—casing, LPC—low-pressure working chamber, HPC—high-pressure working chamber, IC—inflow hole, OC—outflow hole. 
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Figure 11. Distribution plate: IC/OC—inflow/outflow hole [23]. 
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Figure 12. Characteristics of p1 = f(n), p2 = f(n), pHPC = f(n), pLPC = f(n) and Q = f(n) over the entire range of the motor shaft speed n—motor supplied with water [22,23]. 
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Figure 13. Characteristics of pressure drop Δpic1 = f(n) and Δpic2 = f(n) in the internal channels of the motor over the entire range of the motor shaft speed n—motor supplied with water [23]. 
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Figure 14. Characteristics of the pressure drop Δpic1 = f(Q) and Δpic2 = f(Q) in internal channels of the motor supplied with water (no cavitation) [23]. 
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Figure 15. Characteristics of p1 = f(n), p2 = f(n), pHPC = f(n), pLPC = f(n) and Q = f(n) over the entire range of the motor shaft speed n—motor supplied with oil [23]. 
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Figure 16. Characteristics of pressure drop Δpic1 = f(n) and Δpic2 = f(n) in the internal channels of the motor over the entire range of the motor shaft speed, n—motor supplied with oil [23]. 
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Figure 17. Characteristics of the pressure drop Δpic1 = f(Q) and Δpic2 = f(Q) in internal channel of the motor (no cavitation)—motor supplied with oil [23]. 
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Figure 18. Characteristics of the pressure increase ΔpHPC = f(n) calculated according to Formula (9) —motor supplied with oil and water. 
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Figure 19. Characteristics of the total pressure drop Δpich = f(Q) in the motor and the pressure drop Δpic1 = f(Q) in one internal channel of the motor—motor supplied with water [23]. 
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Figure 20. Characteristics of the total pressure drop Δpich = f(Q) in the motor and the pressure drop Δpic1 = f(Q) in one internal channel of the motor—motor supplied with oil [23]. 
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Figure 21. Characteristics of the ratio of pressure drops Δpich,W/Δpich,O = f(Q)—result of experiment. 
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Figure 22. Simplified satellite working mechanism [28]. 
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Figure 23. Simplified model of liquid volume in the motor [28]. 
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Figure 24. The mesh of elements of liquid in the internal channels of the motor [28]. 
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Figure 25. Defined boundary conditions in a model of the liquid [28]: (a) inflow, (b) outflow, (c) wall. 
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Figure 26. Distribution of water velocity in the internal channels of the motor (flow rate Q = 10 L/min) [28]. 
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Figure 27. Distribution of oil velocity in the internal channels of the motor (flow rate Q = 10 L/min) [28]. 
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Figure 28. Distribution of water velocity (left figure) and oil velocity (right figure) in hole OC in commutation plate [28]. 
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Figure 29. Distribution of water pressure in the internal channels of the motor (flow rate Q = 10 L/min) [28]. 
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Figure 30. Distribution of oil pressure in the internal channels of the motor (flow rate Q = 10 L/min) [28]. 
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Figure 31. Distribution of water velocity (left figure) and distribution of water pressure (right figure) in the commutation holes OC and in the working chamber of the motor (flow rate Q = 10 L/min). The holes OC in the commutation plates are partially obscured by the satellite [28]. 
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Figure 32. Distribution of oil velocity (left figure) and distribution of oil pressure (right figure) in the commutation holes OC and in the working chamber of the motor (flow rate Q = 10 L/min). The holes OC in the commutation plates are partially obscured by the satellite [28]. 
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Figure 33. The course of “Line I” helping to determine the characteristic of the pressure drop in the internal channels of the motor [28]. 
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Figure 34. Characteristics of the average water flow velocity v and water pressure p in the internal channels of the motor as a function of the path “z” (the “z” path coincides with the axis of the motor shaft). Results of CFD calculation for the flow rate Q = 10 L/min. The OC holes in the commutation unit plates are completely open. 
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Figure 35. Characteristics of the average oil flow velocity v and oil pressure p in the internal channels of the motor as a function of the path “z” (the “z” path coincides with the axis of the motor shaft). Results of CFD calculation for the flow rate Q = 10 L/min. The OC holes in the commutation unit plates are completely open. 






Figure 35. Characteristics of the average oil flow velocity v and oil pressure p in the internal channels of the motor as a function of the path “z” (the “z” path coincides with the axis of the motor shaft). Results of CFD calculation for the flow rate Q = 10 L/min. The OC holes in the commutation unit plates are completely open.
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Figure 36. Characteristics of the pressure drop Δpic1-!! = f(Q). Δpic2-!! = f(Q) and Δpich-!! = f(Q) in the internal channels of the motor supplied with water—results of CFD calculations. 
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Figure 37. Characteristics of the pressure drop Δpic1-!! = f(Q), Δpic2-!! = f(Q) and Δpich-!! = f(Q) in the internal channels of the motor supplied with oil—results of CFD calculations. 
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Figure 38. Characteristic of Δpich,W/Δpich,O = f(Q). Δpich,W and Δpich,O—pressure drop in the internal channels of the motor supplied with water and supplied with oil. Result of simulation. 
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Figure 39. Characteristics of Δpich-sym/Δpich-exp = f(Q). Δpich-sym—pressure drop in the internal channels calculated numerically (CFD); Δpich-exp—pressure drop in the internal channels obtained experimentally. Motor supplied with water and with oil. 
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Table 1. Calculation steps and the corresponding flow rate.
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	No. of Step
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	[L/min]
	2.0
	4.0
	6.0
	8.0
	10.0
	12.0
	14.0
	16.0
	18.0
	20.0



	[kg/s]
	0.033
	0.066
	0.100
	0.133
	0.166
	0.200
	0.233
	0.266
	0.300
	0.333
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