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Abstract. Axial piston pumps are the core elements of most medium and high-

pressure hydraulic systems. High volumetric efficiency and high working pres-

sures are the main advantages of this type of pumps. Therefore it is necessary to 

accurately calculate the leakage flow through the gaps to design efficient high-

pressure pump. The main difficulty of such calculations is the fact, that the gaps 

change their geometry during pumping process. The change of gaps’ geometry 

can be caused  by the motion of pump’s elements or can be pressure-induced. 

Both of these factors are included in the article. The paper describes the leakage 

in: gap between piston and cylinder block, gap in commutation window, gaps in 

hydrostatic bearings, gap between commutation plate and cylinder block. The 

article includes methodology and results of FEM and CFD simulation of flow 

through deformed and undeformed gaps. Basing on the CFD results the mathe-

matical models of such gaps were prepared and added to the article. 

Keywords: Hydraulics, Pumps, CFD. 

1 Introduction 

Axial piston pumps are the core elements of most medium and high-pressure hydraulic 

systems. Thanks to their high volumetric efficiency, high working pressure and poten-

tial to work as variable displacement machines they are considered one of the most 

versatile hydraulic pumps. They are the only type of pumps that are used in closed loop 

circuits and dominated the market of variable displacement pumps used in medium and 

high-pressure open circuits. Thanks to this features the engineers are facing a hard chal-

lenge to develop new, even more efficient pumps, that can beat the competition. To 

increase the efficiency of the piston pumps it is necessary to lower the leakage flow rate 

through the gaps. The problems of gap flow is well described in the literature [1]. How-

ever most of the mathematical models are stationary and does not include the change 

of gap geometry caused by the motion of pump elements or by deformation of these 

elements.  
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1.1 Design of axial piston pumps 

To fully understand how these gaps are changing it is necessary to shortly describe two 

types of axial piston pumps that are the subject of the article. First is the axial piston 

pump with plate commutation (Fig. 1) and the second is axial piston pump with cam 

driven commutation (Fig. 2), which is designed and developed at Gdansk University of 

Technology [2].  The first type is the most common. It consists of a shaft 1 that is 

combined with rotary cylinder block 3. Pistons 4 are rotating with cylinder block and 

are cooperating with stationary, slanted swash plate 7 using slippers 6. The reciprocat-

ing movement of pistons cause the pumping and sucking of the fluid. The commutation 

plate 5 (Fig. 1b) is responsible for connecting right channels during pumping and suck-

ing process, in order to ensure, that the fluid is pumped out of the high-pressure outlet 

P and sucked through the low-pressure inlet S (Fig. 1c). During the switching process 

working chamber may be disconnected from both P and S channels, what will depend-

ing how this channels overlay or not the channel in the cylinder block during the switch-

ing process. 

 

Fig. 1. Axial piston pump with plate commutation [3]: a) cross section of the pump;  

b) commutation plate c) basics of operation of commutation unit(1 – shaft; 2 – casing; 3 – cylinder 

block; 4 – piston; 5 – commutation plate; 6 – slipper;  7 – swash plate; P – outlet; S – inlet; red 

color – high pressure; blue color – low pressure, yellow color – disconnected channel to the 

working chamber)  

 The second type of the axial piston pump that is taken into consideration is the PWK 

axial piston pump with cam driven commutation (Fig. 2). The main difference of this 

pump is that there are two groups of pistons 4 placed inside a stationary cylinder block 

that is a part of a casing 2. The pistons movement is generated by the rotating swash 

plates 7 connected with shaft 1. Such configuration makes it impossible to use plate 

commutation. Therefore cam driven commutation mechanism was used. This  mecha-

nism consists of commutation tubes 9 cooperating with cam 11 through plastic slippers 

10. The cam 11 is rotating with the shaft 1. Its movement pushes the commutation tubes 

9, so that the commutation window can connect a working chamber with P channel 
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during pumping process and S channel during suction. The pump enables the displace-

ment change by changing cam 11 position relative to the shaft 1. The displacement 

change is obtained thanks to the mechanism consisting of a stepper motor 14, planetary 

gear 13 and connecting shaft 12. In case of the pump with cam driven commutation the 

displacement change does not directly affect the value of the leakage flow rate, because 

the angle of the swash plate remains constant. The displacement impacts indirectly the 

leakage flowrate only during short time, when the working chamber is cut off by the 

commutation. Although this phenomenon is very important when calculating pressure 

peaks[4], due to its short time of occurrence it can be treated as negligible in overall 

leakage calculations. In case of pumps with plate commutation the displacement change 

affects the leakage flowrate, because the angle of the swash plate changes and this af-

fects values of forces working on the pistons what is included further in the article.  

 

 

Fig. 2. PWK axial piston pump with cam driven commutation (1 – shaft; 2 – casing; 3 – bronze 

sleeve; 4 – piston; 5 – spiral choke; 6 – slipper;  7 – swash plate; 8 – separator plate; 9 – com-

mutation sleeve; 10 – plastic slipper; 11 – cam; 12 – connecting shaft; 13 – planetary gear; 14 – 

stepper motor;  P – outlet; S – inlet; red color – high pressure; blue color – low pressure, green 

color – casing pressure)[3] 

1.2 Main leakage sources in axial piston pumps 

In both described types of axial piston pumps the sources of leakage (Fig. 3 and 4) are 

similar: 

─ leakage through an annular gap between the piston and cylinder block (Fig. 3 and 4 

purple color), 

─ leakage through a hydrostatic bearing under a slipper (Fig. 3 and 4, red color), 

─ leakage through a gap in commutation (Fig. 3 and 4, green color).  
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Fig. 3. Leakage sources in PWK axial piston pump with cam driven commutation (red – leakage 

through a hydrostatic bearing under a slipper; green – leakage through a commutation window; 

purple – leakage through an annular gap around piston; light blue – low pressure, pink – high 

pressure)[4] 

Only in case of a pump with plate commutation, there will be an additional leakage 

source through a hydrostatic bearing under a cylinder block (Fig 4, orange color).  

 

Fig. 4. Leakage sources in axial piston pump with plate commutation (red – leakage through a 

hydrostatic bearing under a slipper; green – leakage through a commutation window; purple – 

leakage through an annular gap around piston; orange – leakage through a hydrostatic bearing 

under cylinder block; light blue – low pressure, pink – high pressure) [5] 

Almost every mentioned above gap change its shape when the pump is working. 

This change can be a result of a movement of elements or may be caused by pressure 

growth. Additionally thermal deformations are also possible, however they will not be 

taken into consideration in this article, but the interested reader will be able to find lots 

of information about them in the literature [6, 7] 
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2 Models of leakage flow rate in gaps 

Since the internal leakage of the pump is hard to measure, and distinguishing its source 

is even harder, CFD and mathematical models were prepared. Their main task is to 

predict the value of  leakage flow rate through each gap. 

 

2.1 Annular gap around piston 

Definition of the flow rate through an annular gap around piston is very much similar 

in both types of axial piston pumps. It has been described in [1,12,13,14,15] The sim-

plified sketches of the possible gap geometries are presented in Fig. 5. The annular gap 

can be coaxial, eccentric or skewed, however fast moving piston has tendency to posi-

tion itself parallel to the cylinder.  Therefore eccentric gap will be taken into further 

consideration. If the gap is considered non-deformable and the flow is assumed laminar, 

the equation defining the flow rate can be noted as [1]: 

𝑄𝐴 =
𝜋∙∆𝑝𝐴∙𝑑𝑡∙ℎ𝐴

3

12∙𝜈∙𝜌∙𝐿𝑡
(1 + 1.5(𝜀)2)                                           (1) 

where: 

ΔpA – pressure drop between the inlet and the outlet of the annular gap, 

dt – diameter of the annular gap, 

hA – annular gap height, 

Lt – annular gap length, 

ν – fluid’s kinematic viscosity, 

ρ – fluid’s density, 

𝜀 = 𝑒 ℎ𝐴⁄  – eccentricity of the piston, 

e – eccentric displacement. 

 

Fig. 5. Annular gap: a) coaxial; b) eccentric; c) skewed [4] 

The equation (1) can be considered as correct for pumps with plate commutation, 

since the pistons are fitted directly into virtually thick and rigid cylinder block. Pistons 

in pumps with cam driven commutation are fitted in relatively elastic commutation 

sleeves which can be deformed by pressure. Using Lamé’s equation (2) [8] to determine 

radial deformation Δr, of a sleeve and eq. (1), eq. (3) was derived[4]. 
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∆𝑟 = ∆𝑝𝐴 {
𝑑𝑡𝑢𝑙𝑤

2

2𝐸(𝑑𝑡𝑢𝑙𝑧
2 −𝑑𝑡𝑢𝑙𝑤

2 )
[(1 − 𝜐)𝑑𝑡𝑢𝑙𝑤 + (1 + 𝜐)

𝑑𝑡𝑢𝑙𝑧
2

𝑑𝑡𝑢𝑙𝑤
]} = ∆𝑝𝐴 ∙ 𝐴            (2) 

 

𝑄𝐴𝑑𝑒𝑓 =
𝜋∙𝑑𝑡

12∙𝜈∙𝜌∙𝐿𝑡
(

∆𝑝𝐴
4∙𝐴3+4ℎ𝐴∙∆𝑝𝐴

3∙𝐴2+6ℎ𝐴
2∙∆𝑝𝐴

2
∙𝐴+4ℎ𝐴

3∙∆𝑝𝐴

4
+ 1.5𝜀2 ∙ ℎ𝐴 ∙ ∆𝑝𝐴 +

0.75𝐴 ∙ ∆𝑝𝐴
2𝜀2)                      (3) 

where: 

E – Young modulus, 

dtulz – external diameter of a sleeve, 

dtulw – internal diameter of a sleeve, 

υ – Poisson’s ration. 

Using the eq. (3) it is possible to calculate the flow rate through the deformable annular 

eccentric gap. It includes the fact that the pressure at the inlet of the gap is much higher 

than in the outlet. Therefore the gap height will be greater on the inlet side then on the 

outlet. 

2.2 Slipper-swash plate gap 

One of the most important gaps in every piston pump is the gap between slipper and 

swash plate. The leakage through this gap is necessary for supporting hydrostatic bear-

ing between cooperating elements. The created gap is a radial gap limited by diameters 

dphsw and dphsz (Fig. 6).  

 

Fig. 6. Sketch of the piston and slipper[4] 

To calculate the flow through it, the pressure pphs in the hydrostatic bearing has to be 

determined. Using the force equilibrium: 

 Ft=Fphs cosξ,  (4) 

eq.(5), is derived: 

𝑝𝑝ℎ𝑠 = (𝑝𝑝 − 𝑝𝑐) ∙
2∙𝑑𝑡

2∙ln (
𝑑𝑝ℎ𝑠𝑧

𝑑𝑝ℎ𝑠𝑤
)

𝑑𝑝ℎ𝑠𝑧
2−𝑑𝑝ℎ𝑠𝑤

2 cos 𝜉                                            (5) 

where pp is pumping pressure and pc is the casing pressure. 
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Flow rate through the radial gap, if this gap is nondeformable might be calculated using 

the equation:  

𝑄𝑝ℎ𝑠 =
𝜋∙𝑝𝑝ℎ𝑠∙ℎ𝑝ℎ𝑠

3

6∙𝜈∙𝜌∙𝑙𝑛(
𝑑𝑝ℎ𝑠𝑧

𝑑𝑝ℎ𝑠𝑤
)

                                            (6) 

Unfortunately gap height hphs is hard to determine. Therefore the eq. (6) is difficult to 

use without numerical methods. To overcome that problem the flow can be indirectly 

calculated using eq. (7)[9] defining the flow in spiral choke (Fig.7): 

𝑄𝑝ℎ𝑠 = 𝑘𝑑𝑙
(𝑝𝑝−𝑝𝑝ℎ)∙ℎ𝑑𝑙

4

𝜈∙𝜌∙𝐿𝑑𝑙
                                                (7) 

where: 

kdl – geometry coefficient, 

Ldl – length of a spiral. 

 

Fig. 7. Sketch of a spiral choke[4] 

kdl coefficient is obtained from CFD simulation equals 0,087. Finite element model 

used to compute kdl coefficient was prepared (Fig. 8). It consisted of 400 000 hexahedral 

elements, didn’t include heat transfer and was calculated in ANSYS CFX using SSQ 

turbulence model. The inlet and outlet boundary conditions were applied on the oppos-

ing ends of the spiral choke. To the rest of the model walls, the no-slip wall boundary 

condition was applied. CFD model proved to be accurate comparing to the results of 

measurements presented in [9]. 

 

Fig. 8. Model of a spiral choke used in CFD calculations  

Since the method of calculating the flow in slipper-swash plate gap is indirect, it is 

not highly sensitive to the gaps height variation. To assess how the deformation of the 

gap, caused by pressure, can impact gap height, resulting in change of pressure distri-

bution, the FEM calculations were conducted. Slipper FEM model (Fig.9) consisting 

of 38945 mainly hexahedral finite elements and loaded with pressure gradient with 
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maximal value of 25MPa applied to the slipper pocket. This pressure will appear in 

hydrostatic bearing when the pumping pressure is pp=30MPa. The slipper is supported 

using frictionless support marked as blue region in Fig. 9a, and by elastic support 

marked as yellow region. This support was very elastic and didn’t affect the solution, 

but stabilized the solver. Considering these boundary conditions the height of radial gap 

may increase locally only by 0,6µm. This will not influence the pressure distribution 

significantly. Therefore the influence of the deformation, caused by the pressure can be 

treated as negligible when using eq.(7). 

 

Fig. 9. Slipper deformation FEM model and results: a) mesh and supports, b) load pressure gra-

dient, c) deformation of the gap 

The elastohydrodynamic lubrication effects also should be taken into consideration, 

because the motion of the fluid film, caused by pistons or swashplate rotation, can 

change the pressure gradient under the slipper, positioning the slipper under slight angle 

to the swash plate. This phenomenon would be very important when calculating the 

flow rate directly through a slipper using eq. (6). However assuming that the hydrostatic 

pressure in a pocket under the slipper is relatively high and its changes, even consider-

ing the EHL effects, are not significant, the indirect calculations of the flow through a 

choke in a piston, would give good results with reasonably low error, maintaining rel-

atively simple mathematical notation (7), in comparison with direct calculations which 

will have to include FSI numerical solution to obtain accurate results. 

For pumps with different chokes inside the pistons, equations (4) and (5) are still 

applicable, however eq. (7) has to be replaced with the other equation corresponding 

with the right choke type.  

2.3 Commutation gap 

Commutation gap is a gap that is created between the commutation window and inlet 

or outlet channels. The flow through this gap is very specific for every pump. It strongly 

depends on the shape of commutation window and on the position of cylinder block or 

commutation sleeve. Additionally this gap rapidly changes its length  and is only 

opened for a short time when the commutation window is in a position between inlet 

and outlet channels. Commutation gap is a dynamic and complex gap. Flow through 

this gap cannot be accurately calculated without doing experimental measurements or D
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using CFD tools. Therefore in this article the commutation gap leakage flow rate cal-

culation  is shown on an example of a pump with cam driven commutation. The simu-

lations were conducted for the commutation window in the commutation sleeve. The 

model used for simulation is presented in Fig. 10.  

The CFD model included: commutation window inside the sleeve, low pressure 

channel and annular gap between them. In the model the window is moving away from 

the channel so that the flow between them occurs only through the annular gap. The 

results of simulation are shown in Fig. 11. 

 

Fig. 10. Model of gap in commutation window: a) full model, b) model of the window, c) annular 

gap 

 

Fig. 11. Flow rate through the commutation gap in function of pressure and gap length calculated 

using the CFD model presented in Fig. 10 [4] 

Sketch of the gap used for further analytical calculations is presented in Fig. 12. 

 

Fig. 12. Sketch of the commutation gap 
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Mathematical model of the commutation gap (Fig. 12) is defined with the equa-

tion[4]: 

𝑄𝑜𝑘 = 𝑄𝑙𝑎𝑚 ∙ 𝑓(𝑏𝑜𝑘) + 𝑄𝑡𝑢𝑟 ∙ (1 − 𝑓(𝑏𝑜𝑘))                          (8) 

where: 

f(bok) is the transition function given by empirically specified logistic function[4] : 

𝑓(𝑏𝑜𝑘) =
1

1+𝑒
−18(

𝑏𝑜𝑘
5[𝑚𝑚]

+1)
                                               (9) 

Qlam is the laminar component of the flow and is given by the equation[4]: 

𝑄𝑙𝑎𝑚 =
(𝑝𝑝−𝑝𝑐)∙𝑑𝑡𝑢𝑙𝑧∙ℎ𝑜𝑘

3

12∙𝜈∙𝜌

[
 
 
 

𝜎𝑜

𝑏𝑜𝑘
+ ∫

𝑑𝜎

𝑏𝑜𝑘+𝑟𝑜𝑘−√𝑟𝑜𝑘
2−(

𝑑𝑡𝑢𝑙𝑧
2

sin 𝜎−
𝐿𝑜𝑘
2

+𝑟𝑜𝑘)
2

𝜎𝑘

𝜎𝑜

]
 
 
 

             (10) 

 

Qtur is the laminar component of the flow and is given by the equation[4]: 

𝑄𝑡𝑢𝑟 = ℎ𝑜𝑘 ∙ 𝐿𝑜𝑘√
2(𝑝𝑝−𝑝𝑐)

𝜁𝑜𝑘∙𝜌
                                  (11) 

where 𝜁𝑜𝑘is the empirical flow resistance coefficient. 

2.4 Cylinder block commutation plate gap 

The last and the most complex gap is the gap between cylinder block and the commu-

tation plate. The fluid film in this gap provides a hydrostatic bearing which supports 

rotating cylinder block, which is pushed towards the stationary commutation plate by 

the forces from pistons and pressures inside the working chambers. The distribution of 

the pressure in the gap is presented in Fig. 13a[11]. This pressure gradient constantly 

changes, depending on the position of the cylinder block. This gradient should cancel 

the forces mentioned earlier, but because of the fact that number of pressurized working 

chamber is constantly changing (Fig. 1c), and because of a geometric features of the 

cylinder block and the commutation plate, value and position of the gradient isn’t ideal, 

what causes the gap to be skewed, as its shown in Fig. 13b. 
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Fig. 13. Gap between cylinder block and commutation plate a) pressure distribution in the gap 

[11] b) gap shape [2] 

Additionally the flow in the commutation gap doesn’t occur only to the casing of the 

pump but it also occurs between the channels in the commutation plate, therefore the 

flow rate through gap depends on an angular position of the cylinder block (Fig. 1c) 

and the overlap of  commutation window, which will determine for how long the work-

ing chamber may remain cut off from both channels in the commutation plate. This 

may lead to a sudden change of pressure in the working chamber and cause an appear-

ance of unbalanced forces in the hydrostatic bearing which may lead to a temporary 

leakage flowrate change.  

The only accurate method of determining the flow rate through this gap is the CFD 

and structural FEM analysis. Unfortunately, description of this method exceeds the ca-

pacity of that article. Therefore it is recommended for the interested reader to check the 

articles [10, 11] and especially a book [2] from, which some of the results are presented 

in next chapter.   

3 Results and discussion 

Using the equations from the previous chapter Fig. 14-17 were created. Fig. 14 presents 

the comparison of the flow through a deformable annular eccentric gap between. As it 

is presented the influence of gap deformation is considerable, therefore omitting this 

phenomenon is not recommended especially in pumps with cam driven commutation. 

Such big difference is caused by the fact, that in eq. (3) gap height is in third power. 

Therefore, if height of the undeformed gap is about 10µm and the radial deformation 

can exceed 5µm, the flow rate through the gap can increase over 3.3 times. 

Flow rate through the gap between a single slipper and swash is presented in  

Fig. 16. The chart presents difference between the results of CFD simulations (red) and 

results of calculations using eq. (7). As it is visible the chart obtained from simulations 

is a little nonlinear, which indicates that the flow is not fully laminar. However the 

analytical model (7) assumes the laminar flow. The difference between the simulation 

and calculations is small and for most needs can be treated as negligible. 
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Fig. 14. Flow rate through the annular gap between the piston and cylinder [4]: red - nonde-

formable central gap; yellow – deformable central gap, blue – deformable eccentric gap 

 

Fig. 15. Flow rate through the spiral choke and slipper-swashplate radial gap: red – simulation 

result, blue – result of calculations using eq. 7 [4] 

The flow rate through the gap in commutation window is presented in a Fig. 17. On 

the chart the analytical and CFD models are compared. Compatibility of the results is 

between 80-90%, what in most cases can be assumed as good convergence, especially 

taking into account the fact, that the gap is opened only for a short period, when the 

commutation window is between the inlet and outlet channel. For the rest of a time, 

when the length of the gap exceeds 1mm the flow rate through it is negligible.   

 

Fig. 16. Flow rate through the commutation gap 

The flow rate Q through the gap between the cylinder block and commutation plate 

is supposed to be responsible for 30-50% [10] of volumetric losses in piston pumps. 

Additionally it is highly dependable on angular position φ of the cylinder block. Unfor-

tunately all the simulation in the literature [2, 10] does not separate the flow through 

this gap to the casing and between the channels in the commutation plate. The example 

of this results are shown in Fig. 17. 
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Fig. 17. Leakage flow rate through a gap between the cylinder block and the commutation plate 

[2]: QD – positive overlap; QZ -zero overlap; QR – unloading groves 

The presented in Fig. 17 results of CFD simulation show also the influence of the over-

lap and usage of unloading groves on the flow rate. Fig. 17 presents that when zero or 

positive overlap is used, the significant flowrate spikes can be observed. As it was writ-

ten before the unbalanced forces working on the cylinder block cause the deformation 

of the gap and as a consequence sudden flowrate change. Usage of the unloading groves 

in the presented model decreased the flowrate spikes and overall leakage compering to 

positive overlap. The model used to prepare Fig.17, didn’t include compressibility of 

the fluid therefore the flowrate spikes would be lower, thanks to fluid compression. 

Unfortunately the values presented by the authors of publications [2,10,12] despite 

presenting the similar tendencies, are not the same. This may be the result of different 

assumptions and different research objects.  

4 Conclusion 

Using the methods shortly described above, it is possible to assess the leakage of the 

pump without building prototypes and conducting expensive laboratory tests. In most 

cases analytical models were prepared and verified using CFD simulations. The verifi-

cation confirmed that the maximal error of the presented models does not exceed 20% 

and in most cases is even significantly lower.  

Only the model of a gap between cylinder block and commutation plate proved to 

be too complex to reliably simplify it to mathematical equation. Therefore in the future 

it is planned to conduct a series of simulations, to build a bigger data  base of results 

and make another attempt to analytically describe the flow through  a gap between 

cylinder block and commutation plate.  

It would be also advisable to conduct a series of laboratory test to verify models 

using experimental methods. Unfortunately it is very hard separate the sources of leak-

age from each other in working pump. Therefore the only reliable method is to measure 

the overall leakage and comparing it to the sum of leakage flow rates obtained from 

simulations or calculations. 
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