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Abstract 
During this project the method and calculation for a hydraulic axial piston pump efficiency test has been 

evaluated. There are difficulties in how the maximum displacement of an axial piston pump is defined 

and this also affects the efficiency calculation of the test. After research about this, a document with 

improved structure, calculation and presentation of the test data has been developed.  

Suggestions for further improving the test environment and automation of the efficiency test have been 

presented. To understand and experiment with the test environment, a simulation model has been 

developed. The first step towards automation would be to measure the drainage flow from the pump in 

an automated way. Therefore a flow meter that fits for this application has been recommended.   
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Nomenclature 
 

Hopsan   Simulation software 

Steady state  State where the behavior of the system is unchanged over time 

LS-system  Hydraulic load sensing system 

ISO   International Organization for Standardization  

ID   Identification number 

Drag loss  Power loss at zero output flow from a pump 

Matlab   Calculation and simulation software 

Drainage flow  Leakage flow from the drain port of the pump  

Leakage flow  All internal leakage flow in a pump 

 

Quantity Description        Unit 

Δp  Differential pressure       [Pa] 

∆𝑇  Differential temperature      [K] 

𝜂𝑡𝑜𝑡  Total efficiency        - 

𝜂𝑣𝑜𝑙   Volumetric efficiency       - 

𝜂ℎ𝑚  Hydro-mechanical efficiency      - 

𝜀  Relative displacement       - 

𝜌   Density         [kg/m3] 

𝐴  Area         [m2] 

𝐴𝑑  Drain orifice area       [m2] 

𝐴𝑑−𝑡𝑒𝑠𝑡  Drain orifice area from test data      [m2] 

𝐴0  Drain orifice minimum area      [m2] 

𝐶𝑑  Flow factor        - 

𝑐  Specific heat capacity       [J/kg K] 

𝐷  Pump displacement       [m3/rev] 

𝐷𝑖  Pump maximum displacement at index i     [m3/rev] 
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𝑀𝑡ℎ𝑒𝑜  Theoretical torque       [Nm] 

𝑀𝑎𝑐𝑡𝑢𝑎𝑙  Actual torque        [Nm]  

𝑚  mass         [kg] 

𝑛  Angular velocity        [rad/s] 

p  Pressure        [Pa] 

𝑃𝑖𝑛  Power in        [W] 

𝑃𝑜𝑢𝑡  Power out        [W] 
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𝑞𝑑𝑟𝑎𝑖𝑛  Leakage flow from drain port      [m3/s] 

𝑞𝑝−𝑠  Leakage flow between pressure and suction port   [m3/s] 

𝑐𝑆𝑡  Kinematic viscosity       [cSt]  
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1 Introduction 
This chapter gives a comprehensive look at the problem investigated in this thesis.  

1.1 Background 
This thesis is performed at Volvo CE’s technology center in Eskilstuna at their hydraulic division. To gain 

knowledge about the problem studied in this thesis, this section describes the background information 

of both Volvo CE and the test being made in their hydraulic laboratory.   

 

1.1.1 Volvo Construction Equipment 
Volvo Construction Equipment (Volvo CE) is a world leading manufacturer of construction vehicles and 

equipment. Mainly known are the haulers, wheel loaders and excavators but Volvo also has vehicles and 

equipment for other construction stages. Volvo CE is a part of Volvo Group which also makes boat 

engines, buses and trucks. Figure 1 shows a wheel loader from Volvo CE.  

Volvo CE was founded in Eskilstuna in 1832, where the research and develop center and production of 

axis and powertrains are located. Today Volvo CE has close to 4000 employees and offer services in over 

125 countries. (Volvo CE, 2018) 

 

Figure 1 Wheel loader from Volvo CE 

1.1.2 Construction machinery 
Construction machinery which handle large loads often uses hydraulics to control its motions. This is 

favorably since power can be diverted from the engine of the machine to perform a motion. Hydraulics 

can handle large loads with its relatively small size. The efficiency of the hydraulic system is important 

since a more efficient hydraulic system decreases the fuel consumption of the machine. It is also 

important that the machines do not break down since all downtime results in an economic loss for the 

customers.  
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1.1.3 Current setup of hydraulic pump test  
Volvo performs their own hydraulic pump tests to ensure proper function and lifetime of their 

machinery. The test performed by Volvo in Eskilstuna is similar to the real operation of the pump in a 

specific machine. The test is performed at different pressures, displacement settings and shaft speeds. 

The torque on the pump axis is therefore varied a lot under a short period of time, much like in real life 

situations. 

During one complete efficiency-test of a pump approximately 3600 measuring values are recorded 

under 300 different steady states of the pump. Approximately 600 values of these are flow 

measurement of drainage flow which today is performed by hand and takes a lot of time for the 

operator. During one lifetime-test of a pump, an efficiency test is carried out three times, the first one 

before the lifetime test starts, the second after running the pump 1000 hours and the last one after 

running the pump 2000 hours. Usages of the data from the efficiency-tests are input for simulation 

models, test of reclaimed pumps from the field and comparison of different pumps. The pump test can 

be customized depending on the purpose of the test.  

The efficiency of a hydraulic piston pump can be separated into two types of efficiencies that together 

make the total efficiency. These are volumetric and hydro-mechanical efficiency. Volvo are interested in 

both of them. To define both, the total efficiency and the volumetric efficiency are measured and the 

hydro-mechanical efficiency is calculated. More about efficiencies can be found in section 2.5. To 

measure the efficiencies Volvo uses a test set-up, simplified in Figure 2.  

 

Figure 2 Simplified schematics of the test environment set-up 
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To measure the total efficiency the mechanical input power and the hydraulic output power are 

determined. The input power is given by the pump speed and the torque of the shaft. The output power 

is given by the outlet pressure and flow rate.  

To measure the volumetric efficiency the output flow is compared with the total flow, given by the 

drainage flow and the output flow.  

A flow valve (5) in Figure 2, is installed to be able to test load sensing pumps and a pressure relief valve 

(6) simulates the load.  

The reservoir has a separate cooling and filtration circuit as can be seen in Figure 3.  

 

Figure 3 Cooling circuit of the reservoir in the test environment 

 

 

 

1.2 Purpose of the project 
The purpose of this project is to evaluate the way efficiency measuring and calculations of an axial 

piston pump is done at Volvo CE. The thesis will investigate alternative ways of measuring and 

calculating efficiency as well as look in to alternatives to the current inefficient manual measuring of 

drainage flow. The project will also investigate if the tests can be automated.  

 

1.3 Question formulation 
The aim of the project is to solve and answer the following questions.  

 Can the method used today to measure and calculate pump efficiency be improved and if so, 

how? 

 How can manual sampling of test values be eliminated?  

 How can the tests be automated? 
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1.4 Method 
To obtain knowledge about the current situation at Volvo CE and its improvement possibilities a 

literature study has been done. This to see how other has solved the problem and to learn about ISO-

standards. The test environment used today has been investigated to find weaknesses and how changes 

can be done.  

According to ISO 4409:2007 a list of requirements and tolerances for a potential flow meter has been 

created for special cases. Examples of requirements are flow range, maximum increased pressure on the 

drain leakage and accuracy for the components.  

An elimination matrix has been used to determine flow meters that fits the requirements. To further 

conclude which flow meter is the best, datum matrixes has been used to compare the choices.  

A simulation model of the test environment was developed and validated towards real test data. The 

model shows how the test environment and the pump will be affected if other components or 

modifications are implemented. 

The simulation model has been used to create a suggestion for an automated test cycle. The test cycle is 

created to make the tests more effective and time saving.  

 

1.5 Delimitations 
In the test environment at Volvo it is possible to test many kinds of hydraulic pumps and motors. This 

project is only analyzing the axial piston pump since it is the most commonly used type of pump in 

Volvos large wheel loaders. Also the test environment could not be modified during the time period of 

this project, therefore a solution will not be installed in the test environment.  

 

1.6 Ethics and environment 
Volvo group is working hard towards electrification solutions and automation. The continuous 

development of the products contributes towards decreased emissions and fuel usage which is 

favorably for the environment. Also a lot of effort at Volvo Group is put in automation and self-driven 

vehicles and equipment. (Volvo Group, 2017) 

This could mean that a lot of work done by operators will disappear in the future. However, a lot of new 

opportunities will also occur with upkeep, programming and development of this equipment. The test 

environment in this project contributes with test and development of hydraulic pumps, which can 

improve the fuel efficiency of the vehicles. Also if the products are well tested before going into 

production the failure rate will decrease and their lifetime will be contended.  
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2 Theory 
This chapter describes the different theories and background information used in this thesis.  

2.1 Hydraulic axial piston pump 
One of the most important components in a hydraulic system is the hydraulic pump. A cross section of 

an axial piston pump can be seen in Figure 4. The pump consists of several pistons in a cylinder block 

which is connected to a shaft. When the shaft rotates it drives the cylinder block and the slippers slide 

against the swashplate and the pistons get a linear motion. Therefore, if the swashplate angle is varied 

the displacement of the pump is changed. The valve plate separates the suction port from the pressure 

port as shown in Figure 6. (Olsson & Rydberg, 1993) 

 

Figure 4 Cross section of a hydraulic axial piston pump 

 

2.1.1 Pressure controlled system 
In a pressure controlled system an axial piston pump is commonly used. The reason for that is its ability 

to control the displacement of the pump. The pump receives a feedback pressure from the system and 

controls the swashplate angle to maintain the pressure at the pump outlet. In a load sensing system, 

called LS-system, the pump receives the feedback pressure from the load in the hydraulic system and 

the pressure is therefore varied with different loads. (Olsson & Rydberg, 1993) 
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2.2 Leakage 
In the following section leakage in a hydraulic systems and pumps is discussed.  

2.2.1 Sharp edged orifice  
Leakage through a sharp-edged orifice follows the equation (1). This relation is independent of the fluids 

viscosity. (Olsson & Rydberg, 1993) 

𝑞 = 𝐴 ∗ 𝐶𝑑 ∗ √
2∗(∆𝑝)

𝜌
  (1) 

 

2.2.2 Internal pump leakage 
The axial piston pump has internal leakage and internal lubrication for the mechanical parts. Some of 

the internal leakage is filling up the case of the pump and the case is therefore drained to tank. It is 

important to have as low case pressure as possible for the pump lubrication to be able to function 

properly. If the case has too high pressure, the lifetime of the pump is reduced. (Xu, Wang, & Zhang, 

2015)  

There can be leakage between three different ports of the pump, as can be seen in Figure 5. However, 

the pressure difference between the suction and drain port is usually very low compared to the pressure 

in the high pressure port in a hydraulic pump. (Olsson & Rydberg, 1993) 

 

 

Figure 5 Possible leakage paths inside a piston pump 

P-D is the leakage path between the pressure port and the drain port, P-S is the orifice between the 

pressure port and the suction port and D-S is the orifice between the drain port and the suction port.  
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2.2.3 Piston/cylinder 
There is a small clearance between a piston and its respective cylinder that contributes to the leakage 

inside the pump. The pistons and cylinder block is manufactured with a very high degree of tolerance 

and therefore the materials chosen have to be matched with similar coefficient of expansion. (Bergada, 

Kumar, Davies, & Watton, 2011) 

 

2.2.4 Slipper/swashplate 
An oil film is needed between the slipper and the swashplate due to the sliding motion between these 

parts. The slipper gets this pressure from a small channel through the piston as can be seen in Figure 6. 

(Bergada, Kumar, Davies, & Watton, 2011) 

 

Figure 6 Components inside a piston pump and the valve plate in 2D 

 

 

2.2.5 Slipper/piston 
The spherical surface between the piston and the slipper has leakage. This lubricates the slipper and 

piston since the relative angle is varied during one revolution of the pump. (Bergada, Kumar, Davies, & 

Watton, 2011) 
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2.2.6 Valve plate/cylinder block 
The valve plate and the cylinder block have leakage as well. The valve plate separates the pressure side 

from the suction side. Since the valve plate is fixed and the cylinder barrel rotates a small clearance is 

needed, which contributes to flow losses. (Bergada, Kumar, Davies, & Watton, 2011) 

2.2.7 Controller 
The controller regulates the swashplate angle of the pump. In a load sensing system the controller 

receives the feedback pressure from the load. The main part of the leakage in the controller is via the 

damping orifice, BD in Figure 7. This orifice is necessary in a pressure controlled system and acts as a 

stabilizer. (Lux & Murrenhoff, 2016) 

 

Figure 7 Schematic picture of the controller in an axial piston pump 

2.3 Wear 
Since there are linear moving and rotating components inside a piston pump there will be wearing and 

the clearances between different surfaces in the pump will increase. When critical clearances gets larger 

the internal leakage in the pump will increase. Most of the internal leakage in an axial piston pump is 

between the valve plate and barrel and the slipper and swashplate according to Bergada et al (2011).   

2.4 Pump displacement 
The displacement of a pump is the oil volume the pump can deliver in one revolution. In an axial piston 

pump the displacement can be varied by the angle of the swashplate. The pumps considered here have 

maximum displacement when the pump speed is zero. This is set by mechanical force. The maximum 

displacement is defined at zero differential pressure and maximum output flow of the pump (ISO 

8426:2008). The formula for pump displacement (D) can be seen in equation (2), where 𝜀 is the 

swashplate angle, n is the speed, 𝑞𝑒𝑓𝑓 is the effective outlet flow and 𝜂𝑣𝑜𝑙  is the volumetric efficiency of 

the pump. (Olsson & Rydberg, 1993) 

𝐷 =
𝑞𝑒𝑓𝑓

𝜀 ∗ 𝑛 ∗ 𝜂𝑣𝑜𝑙
      (2) 



2018-05-28 
Nils Slycke 
Simon Stolpe 

 

 9 

2.5 Efficiency 
This section describes the efficiencies of a hydraulic pump. 

2.5.1 Total efficiency 
A piston pump has two types of efficiencies that together make the total efficiency, see equation (3), 

where the total efficiency of the pump is 𝜂𝑡𝑜𝑡, 𝜂𝑣𝑜𝑙  is the volumetric efficiency and 𝜂ℎ𝑚 is the hydro-

mechanical efficiency. The equation describes that if two efficiencies are defined, the third can be 

calculated. (Olsson & Rydberg, 1993) 

The total efficiency describes the losses of a pump, e.g. if a pump is provided with a power input of 25 

kW it has both volumetric and hydro-mechanical losses that will result in a decreased power out from 

the pump which is lower than 25 kW. The power out (𝑃𝑜𝑢𝑡) divided by the power in (𝑃𝑖𝑛) gives the 

total efficiency, see equation (3). (Olsson & Rydberg, 1993) 

𝜂𝑡𝑜𝑡 = 𝜂𝑣𝑜𝑙 ∗ 𝜂ℎ𝑚 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
      (3) 

Pout is calculated with the effective flow and the pressure (𝑝) in the system, see equation (4). 

𝑃𝑜𝑢𝑡 = 𝑞𝑒𝑓𝑓 ∗ 𝑝 [𝑊]     (4) 

Pin is calculated with the actual torque (𝑀𝑎𝑐𝑡𝑢𝑎𝑙) and speed, see equation (5).  

𝑃𝑖𝑛 =
𝑀𝑎𝑐𝑡𝑢𝑎𝑙 ∗ 𝑛 ∗ 2𝜋

60
 [𝑊]     (5) 

Plosses is the difference between power in and power out, see equation (6). 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 = 𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 [𝑊]     (6) 
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2.5.2 Volumetric efficiency 
The volumetric efficiency describes the volumetric losses in a pump. That is a sum of all types of leakage 

described in the leakage section. 

At higher speeds the pump output flow is reduced because the chambers do not have the time to get 

completely filled, which results in deteriorated volumetric efficiency. This volumetric loss can be 

reduced with elevated suction port pressure. (George & Barber, 2007) 

The compressibility of the fluid also contributes to impaired volumetric efficiency in a hydraulic pump. 

(Nave, 2018)  

The definition of volumetric efficiency is showed in equation (7).  

𝜂𝑣𝑜𝑙 =
𝑞𝑒𝑓𝑓

𝑞𝑡ℎ𝑒𝑜
=

𝑞𝑒𝑓𝑓

𝐷∗𝑛
      (7)  

 

Where qeff is the effective flow from the pump and qtheo is the theoretical flow rate based on the 

displacement volume and the speed of the pump. (ISO 4409:2007)  

 

2.5.3 Hydro-mechanical efficiency 
The hydro-mechanical efficiency describes losses mainly caused by internal friction forces. Friction 

forces in a hydraulic pump are affected by e.g. rotating speed, pressure and flow. The hydro-mechanical 

efficiency can be calculated according to equation (8), where 𝑀𝑡ℎ𝑒𝑜 is the theoretical torque.  (Olsson & 

Rydberg, 1993) 

𝜂ℎ𝑚 =
𝑀𝑡ℎ𝑒𝑜

𝑀𝑎𝑐𝑡𝑢𝑎𝑙
       (8) 

The theoretical torque is a relation between pressure and the displacement of a pump and can be 

calculated according to equation (9). (Olsson & Rydberg, 1993) 

𝑀𝑡ℎ𝑒𝑜 =
𝐷 ∗ 𝑝

2𝜋
    (9) 
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2.6 Drain flow measuring 
Measuring the drain flow is important to get knowledge about how the efficiency losses are distributed. 

If the volumetric efficiency is calculated with the theoretical flow and the output flow the result do not 

give any knowledge about where the leakage happens. Measuring the drainage flow gives an answer if 

the leakage is inside the pump and goes out through the drainage port or if the leakage is between the 

pressure port and suction port.  

The formula below, equation (10), shows how the pumps different flows depend on each other, (Hall, 

2014, p. 29).  

𝑞𝑖𝑛 = 𝑞𝑒𝑓𝑓 + 𝑞𝑑𝑟𝑎𝑖𝑛    (10) 

The effective outlet flow from the pump is measured and used to calculate the power losses and total 

efficiency. This means the input flow or the drainage flow is needed to define all three.  

 

2.7 Different types of flow meters 
There are many different types of flow meters. What is common for the most of them is that they cause 

a pressure drop. Measuring the drainage flow with a flow meter results in an increased pressure in the 

case of the pump. 

 

2.7.1 Gear flow meter 

Gear flow meters consist of two high precision gears which rotate inside a measuring chamber. Each 

revolution delivers a fixed displacement with a certain tolerance. By counting the revolutions a flow rate 

can be determined. This type of flow meter has a great accuracy and handles a large viscosity range. 

Figure 8 shows a visualization of a gear flow meter. (kem-kueppers, 2018)  

 

Figure 8 Gear flow meter  

  



2018-05-28 
Nils Slycke 
Simon Stolpe 

 

 12 

2.7.2 Oval gear flow meter  
The oval gear flow meter works in the same way as the gear meter. However, since the gears are oval-

shaped this gives the oval gear meter a lower pressure drop and a wider flow rate. Figure 9 shows a 

visualization of an oval gear flow meter. (flowmeters.co.uk, 2014).  

 

Figure 9 Oval gear flow meter 

2.7.3 Turbine flow meter 

A turbine flow meter uses the velocity of the medium to rotate a wheel with paddles. The speed of the 

wheel is used to measure the flow rate. Figure 10 illustrates how a turbine flow meter works. (Hawe, 

2018).  

 

Figure 10 Turbine flow meter 

2.7.4 Other types of flow meters 

 Ultra sonic meter – uses ultrasound to determine the velocity of the fluid.  

 Calorimetric meter – uses the fluids thermal conductivity to determine the velocity of the fluid.  

 Coriolis – uses the Coriolis effect to determine the mass flow rate of the fluid.   

 Helical gear meter – uses helical gears to determine the flow rate of the fluid.  

 Inductive flow meter – uses the fluids conductivity to determine the velocity of the fluid. 

(Engineering ToolBox, 2003) 
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2.8 ISO-standards 
Following section describes the methods of testing, recording and presenting the values of a pump 

efficiency test according to ISO-standards. ISO-standards are issued by the international organization for 

standardization (ISO) and is a cooperation between national standardization institutes. The ISO 

organization gives specifications for products, services and systems, to ensure quality, safety and 

efficiency. (ISO, 2018)  

2.8.1 Test set-up according to ISO 4409:2007 
Figure 11 shows a schematic of a test set-up (ISO 4409:2007).  

 

Figure 11 Test set up according to ISO 4409:2007 

 

 

From a test completed with this set-up, the results need to be presented in a specific way to live up to 

ISO-standards. 

The results from each outlet pressure need to be presented in graphs plotted versus volumetric 

efficiency, overall efficiency, effective outlet flow rate and effective inlet mechanical power. (ISO 

4409:2007) 
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Other parameters that shall be presented are shown in Table 1. 

Table 1 Parameters to be recorded during a test according to ISO 4409:2007 

Parameter Result Units 

Test fluid used  - 

Kinematic viscosity of the test fluid  m2/s1 

Density of the test fluid  kg/m3 

Temperature at the pump inlet  K 

Temperature at the pump outlet  K 

Temperature in the drainage line  K 

Effective pump inlet pressure  Pa 

Effective pump outlet pressure  Pa 

Atmospheric pressure   Pa 

Casing pressure  Pa 

Percentage of pump full capacity at which the test was conducted  % 

 

2.8.2 Definition of theoretical maximum displacement of a pump 
The pump maximum displacement is used when calculating the volumetric efficiency. According to ISO 

8426:2008 the definition of a pump’s maximum displacement shall be recorded at maximum swashplate 

angle and with zero pressure difference between the inlet and the outlet of the pump. This is impossible 

to measure and therefore needs to be calculated. According to ISO-standards the theoretical maximum 

displacement, Di, shall be determined by the least squares approximation (equations 11 and 12). (ISO 

8426:2008) 

𝐷𝑖 =
𝑞𝑖

𝑛
   𝑤ℎ𝑒𝑟𝑒  ∆𝑝 = 0        (11) 

𝐷𝑖 = {(
1

𝑘
∗ ∑𝑞𝑖

𝑘

𝑖=1

) − [

1
𝑘

∗ ∑ (∆𝑝𝑖 ∗ 𝑞𝑖) −
1
𝑘2 ∗ (∑ ∆𝑝𝑖

𝑘
𝑖=1 )(∑ 𝑞𝑖

𝑘
𝑖=1 )𝑘

𝑖=1

(
1
𝑘

∗ ∑ ∆𝑝𝑖
2𝑘

𝑖=1 ) − (
1
𝑘

∗ ∑ ∆𝑝𝑖
𝑘
𝑖=1 )

2 ](
1

𝑘
∗ ∑∆𝑝𝑖

𝑘

𝑖=1

)}
1

𝑛
      (12) 

 Where: 

𝑞𝑖 is the flow rate at ∆𝑝 = 0, expressed in liters per minute. 

𝑛 is the shaft rotational frequency, expressed in revolutions per minute. 

∆𝑝 is the differential pressure, that is the difference between the outlet and the inlet pressure 

expressed in Pascal (Pa). 

∆𝑝𝑖 is the differential pressure at a particular pump outlet pressure level, expressed in Pascal (Pa). 

𝑘 is the number of pump outlet pressure levels used during the test. 
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Figure 12 graphically shows an example of the approximation. The points in the graph show the 

measured outlet flow rate at different pressures (for this example, 50, 100, 150, 200, 250 and 300 bar). 

These points have a linear connection. Therefore, the least squares approximation can be used. The 

approximation shows a line best adapted to all points to define what the theoretical flow would be at 

zero pressure. This value is used to determine the maximum theoretical displacement according to 

equation 2. (ISO 8426:2008)  

 

 

Figure 12 Least square approximation of maximum pump displacement according to ISO 8426:2008 
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2.8.3 Tolerances 
The ISO-standard has three different internal levels in pump testing named A, B and C. Each level has 

different tolerances, level A is most precise and C is the least. The tolerances are separated in to test 

errors and environment accuracy. To achieve a certain level all parameters need to be inside the limits 

for the desired level, both errors and accuracy. Following table values, Table 2-4, are from the ISO 

4409:2007 and show the parameters and the different tolerances. 

  

Table 2 Temperature tolerance 

Measurement accuracy class A B C 

Temperature tolerance [°C] ± 1,0 ± 2,0 ± 4,0 
 

Table 3 Measuring errors 

Parameter A B C 

Rational frequency [%] ± 0,5 ± 1,0 ± 2,0 

Torque [%] ± 0,5 ± 1,0 ± 2,0 

Volume flow rate [%] ± 0,5 ± 1,5 ± 2,5 

Pressure [%] ± 0,5 ± 1,5 ± 2,5 
 

Table 4 Environment accuracy 

Parameter A B C 

Rotational frequency [%] ± 0,5 ± 1,0 ± 2,0 

Torque [%] ± 0,5 ± 1,0 ± 2,0 

Volume flow rate [%] ± 0,5 ± 1,0 ± 2,5 

Pressure [%] ± 0,5 ± 1,0 ± 2,5 

Temperature [°C] ± 0,5 ± 1,0 ± 2,0 

Mechanical power [%] ± 4,0 ± 4,0 ± 4,0 

 

2.9 Temperature  
The temperature development within a material is shown in equation (13). (hyperphysics, 2017) 

∆𝑇 =
𝑄

𝑚∗𝑐
 (13) 

Where ∆𝑇 is the temperature increase in a material, Q is the heat added, m is the mass and c is 

the specific heat capacity.   

 

  



2018-05-28 
Nils Slycke 
Simon Stolpe 

 

 17 

3 Implementation 
Following chapter describes the workflow and how the methods and theory have been used to obtain 

the results.  

3.1 Simulation model  
The simulation model is used to simulate leakage flow from an axial piston pump. This model is used to 

demonstrate improvements of the test environment.   

The simulation model has been set up in Hopsan, which is a program where hydraulic devices and 

systems can be set up and simulated. The simulation model is shown in Figure 13. 

 

 

Figure 13 Simulation model of the test environment, set up in Hopsan 

 

The system consists of a variable piston pump (1), a flow control valve (2) that simulates the directional 

control valve in a real life system and a pressure drop valve that simulates the load.   

The leakage inside the pump has been simplified by turbulent orifices. The leakage between the 

pressure port and the drain port is simulated with the orifice Drain_P_D (3) and the leakage between 

the pressure port and the suction port is simulated as Leakage_P_S (4). The leakage between the drain 

port and the suction port is neglected, this because the pressure difference between these ports is 
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relatively small compared to the pressure difference between the pressure port and the suction port as 

well as the pressure port and the drain port.  

The drain area of the orifice Drain_P_D is varied with pressure and speed of the pump. The parameters 

swashplate angle, load pressure, pump displacement and pump speed is set inside subsystems in the 

model. These parameters can be set as constants to run a steady state test, or the parameters can be 

set in look-up tables to get a non-linear run cycle.  

The PI_amplifier (5) varies the area of the Flow_control_valve to set the pump at a specific swashplate 

angle. This amplifier gets the process variable from the pump and the setpoint from the swashplate 

angle subsystem.  

 

3.1.1 Drain area between pressure and drain port 
Since the drainage flow is varied, it is modelled as a turbulent orifice with a variable drain area. This 

drain area (Drain_P_D) depends mostly on two variables, pressure and speed of the pump. Because the 

drainage flow is not linear, combinations of these variables are put together in an expression, see 

equation (14). The expression is set up to represent the variation of the drain area. The k6 is the start 

area of the orifice and therefore set as a constant.  

𝐴𝑑(𝑝, 𝑛) = 𝑘1𝑝
2 + 𝑘2𝑛

2 + 𝑘3𝑝𝑛 + 𝑘4𝑝 + 𝑘5𝑛 + 𝑘6       (14) 

 

To find these constants data from a pump test is used, therefore the results will only be applicable on 

this specific pump.   

First a drain area (𝐴𝑑−𝑡𝑒𝑠𝑡) is calculated from drainage flow (𝑞𝑑𝑟𝑎𝑖𝑛) and differential pressure (∆𝑝) at 

each steady state moment according to equation (15).  

𝐴𝑑−𝑡𝑒𝑠𝑡 =
𝑞𝑑𝑟𝑎𝑖𝑛

𝐶𝑑∗√
2∗∆𝑝

𝜌

       (15) 

The flow factor 𝐶𝑑 = 0,67 and the density of the oil 𝜌 = 860kg/m3.  
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These calculated areas have been collected in Table 5.  

 

Table 5 Calculated drain area at 100% swashplate angle, expressed in mm2 

 Speed [rpm] 
P

re
ss

u
re

 [
b

ar
] 

 600 1000 1400 1800 2000 2200 

30 0,06 0,11 0,17 0,20 0,23 0,28 

50 0,11 0,15 0,21 0,17 0,27 0,20 

100 0,19 0,25 0,33 0,32 0,41 0,30 

150 0,27 0,33 0,42 0,43 0,50 0,43 

200 0,35 0,43 0,52 0,54 0,59 0,55 

250 0,45 0,55 0,68 0,69 0,69 0,67 

300 0,83 0,94 1,11 1,17 1,14 1,12 

 

The values in Table 5 corresponds to the Y matrix in equation (16).  

To find the constants 𝑘1−6, a linear regression in Matlab has been made from equation 16.  

[

𝐴1

𝐴2

⋮
𝐴𝑛

] =

[
 
 
 
𝑝1

2 𝑛1
2 𝑝𝑛1 𝑝1 𝑛1 1

𝑝2
2 𝑛2

2 𝑝𝑛2 𝑝2 𝑛2 1

⋮
𝑝𝑛

2
⋮

𝑛𝑛
2

⋮
𝑝𝑛𝑛

⋮
𝑝𝑛

⋮
𝑛𝑛

⋮
1]
 
 
 

[

𝑘1

𝑘2

⋮
𝑘6

]           (16) 

𝑌  =                             𝑋                           𝐵                     

The ones in matrix X is because k6 is a constant.  

 

To find the matrix with the constants  𝑘1−6 following linear regression formula (17) is used.  

𝐵 = (𝑋𝑇𝑋)−1𝑋𝑇𝑌 (17) 

The calculations were executed in Matlab and resulted in following values, see Table 6: 

 

Table 6 Constants k1-k6 

k1 k2 k3 k4 k5 k6 

-7,3669*10-8 1,1123*10-15 4,0242*10-12 2,6842*10-4 -1,3464*10-8 0 
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With the constants defined the final equation are described in equation (18).  

𝐴𝑑(𝑝, 𝑛) = −7,3669 ∗ 10−8𝑝2 + 1,1123 ∗ 10−15𝑛2 + 4,0242 ∗ 10−12𝑝𝑛 

+2,6842 ∗ 10−4𝑝 − 1,3464 ∗ 10−8𝑛      (18) 

The Drain_P_D should be varied according to equation 18 and the function can be illustrated in Figure 

14. 

 

 

Figure 14 Drain area as a function of speed and pressure 
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3.1.2 Implementation into simulation model 
The drain area subsystem (Drain_area) is constructed as shown in Figure 15. The pressure and speed are 

multiplied with the constants and summarized.  

 

Figure 15 Drain area subsystem 
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3.1.3 Validation 
Figure 16 shows how the actual drainage flow and the simulated drainage flow match. Ideally, the 

simulated flow is equal to the measured flow the points would be on the line. 

 

Figure 16 Flow validation for simulation model 

 

According to the validation the simulation model is accurate enough and follows the real test data. If a 

more accurate model is desired more combinations of speed and pressure can be implemented.  
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3.1.4 Drain area between pressure and suction port 
To determine how much leakage there is between the pressure and suction port (Leakage_P_S) the 

following assumption has been made, equation (19). 

𝑞𝑝−𝑠 = 𝑞𝑡ℎ𝑒𝑜 − 𝑞𝑒𝑓𝑓 − 𝑞𝑑𝑟𝑎𝑖𝑛           (19) 

𝑞𝑝−𝑠 is calculated to an area with equation 14 and is represented in Table 7. This area appears to have a 

dependency on pressure but neither on speed nor swashplate angle. However, the dependency is 

considered small relative to (Drain_P_D) and therefore the orifice is simplified to a constant.  

 

 

Table 7 Pressure to suction port area, expressed in mm2 

 Speed [rpm] 

P
re

ss
u

re
 [

b
ar

] 

 600 1000 1400 1800 2000 2200 

30 0,07 0,06 0,10 0,06 0,05 0,17 

50 0,13 0,08 0,08 0,08 0,12 0,04 

100 0,10 0,09 0,13 0,13 0,12 0,13 

150 0,14 0,13 0,15 0,14 0,16 0,14 

200 0,16 0,13 0,17 0,17 0,19 0,17 

250 0,20 0,16 0,19 0,18 0,21 0,19 

300 0,22 0,18 0,23 0,21 0,22 0,24 

 

The drain area between the pressure and suction port is set to 0.14mm2 which represents the mean 

value of Table 7.  
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3.2 Requirements for measuring the drainage flow 
If measuring drainage flow is necessary, a list of requirements for a flow meter is needed. The following 

requirements are derived from three different types of hydraulic piston pumps to cover as many as 

possible of future tests.  

There are two parameters that are the same through all tests according to Volvos efficiency test 

specification.  

- Maximum oil temperature (70°C) 

- Oil kinematic viscosity (15-60 cSt) 

 

3.2.1 Flow requirements  
The analysis to determine the requirements is done with three pumps. The three pumps have different 

sizes to cover the most used sizes of pumps. Therefore, the drainage flow will be different for each 

pump. Volvo is testing the pumps at different speeds, pressures and swashplate angles to see how the 

values differ. A test with a closed pressure port is also executed in order to determine the drainage flow 

when the output flow from the pump is zero. The three reference pumps and their corresponding values 

are showed in Table 8. 

Table 8 Flow range for the different pumps 

 Pump 1 Pump 2 Pump 3 

Displacement [cm3/rev] 46 90 140 

Minimum drainage flow [l/min] 0,10 0,65 1,56 

Maximum drainage flow [l/min] 10,00 11,96 19,70 

 

The values in Table 8 are the maximum and minimum drainage flow measured. To assure that the flow 

meter returns a reliable value, it needs to be able to measure as low flows as possible and up to 20 

l/min.   

 

3.2.2 Pressure requirements 
According to the datasheets of various axial piston pumps, a continuous case pressure up to 0,5 bar is 

allowed. This will of course vary for each manufacturer, but for pumps in the same standard as the 

pumps tested at Volvo, the maximum drainage pressure is recommended to be 0,5 bar.  

  



2018-05-28 
Nils Slycke 
Simon Stolpe 

 

 25 

Simulation   

According to the simulation model (see section 3.1), an increased pressure at the drainage does affect 

the drain flow. However, the impact will be small, shown in Figure 17. The figure shows simulated values 

collected at 1000 rpm, 100 bar and 100% swashplate angle.  

 

Figure 17 Difference in flow with and without a flow meter. The line with the dots (14) is the actual drainage flow and the line 
with the triangles (13) is the drainage flow with 0,5 bar case pressure.  

 

As shown in Figure 17, the maximum difference in drainage flow is around 0,004 l/min. This will affect 

the drainage flow by 0,3% according to equation (20).  

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 =
𝑞𝑑𝑟𝑎𝑖𝑛@0𝑏𝑎𝑟

𝑞𝑑𝑟𝑎𝑖𝑛@0𝑏𝑎𝑟−𝑞𝑑𝑟𝑎𝑖𝑛@0,5𝑏𝑎𝑟
 (20) 

Verification 

A practical test of a pump in the test environment has been made to verify this simulation. A variable 

orifice was installed on the drain line to adjust the case pressure. The drainage flow was collected during 

one minute and calculated into a flow rate, see Table 9.    

Table 9 Drainage flow with increased case pressure 

Speed [rpm] Pump pressure [bar] Case pressure [bar] Drainage flow [l/min] 

1000 100 0,05 1,83 

1000 250 0,075 5,78 

1000 100 0,17 1,74 

1000 250 0,2 5,87 

1000 100 0,4 1,60 

1000 250 0,4 5,63 

To visualize the data a trend line has been created at the two pressures, as can be seen in Figure 18. 
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Figure 18 Drainage flow affect at different case pressures 

 

The drainage flow is affected to a greater extent in the experiment compared to the simulation by the 

case pressure as can be seen in Table 10. 

 

Table 10 Percentile difference in drainage flow at 0,5 bar case pressure 

Simulated drainage flow 
difference at 100 bar [%] 

Measured drainage flow 
difference at 100 bar [%] 

Simulated drainage flow 
difference at 250 bar [%] 

Measured drainage flow 
difference at 250 bar [%] 

0,3 18 0,0008 4 

 

The results of the verification are that the drainage flow is affected to a greater extent by the case 

pressure than the simulation model shows. This because the simulation model does not take in to 

account for the leakage between the drain port and the suction port will increase with higher case 

pressures, further described and discussed in section 5.1.  

 

3.2.3 Accuracy requirements 
The flow meters compared in this project have a deviation in accuracy of around 0,5-5,0 %. This affects 

the calculated losses. According to ISO 4409:2007s, the accuracy has to be within 2,5% to reach the 

lowest standard (see Table 4, section 2.8.3). 
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3.3 Usage of the data 
Depending on what the purpose of the test is, there is different requirements for measuring the 

drainage flow. For Volvo, there are three main applications the test data is used for: input for simulation 

models, comparison of different pumps (between a new and worn or to compare different 

manufactures) or for testing reclaimed pumps.  

 

3.3.1 Data for simulation models 
In a simulation model the efficiencies are important. Therefore smaller flows are not as important. 

Smaller flow rates of the drainage flow, less than 1 l/min, will have a small impact of the efficiency 

calculations. If a more accurate result is desired, the smaller flows can be approximated with linear 

regression.  

 

3.3.2 Data for comparing pumps 
When pumps are tested and compared, different models or the same model when it is new and worn, 

the whole flow range is of interest. This is to get a complete benchmark of the drainage flow and to get 

information of the condition of the pump.  

 

3.3.3 Data from claimed pumps 
When a pump from a real machine arrives to the lab and is suspected to have reduced efficiency, the 

purpose is to define where the losses are distributed. In this case small flow rates are not as important. 

Efficiency and functionality issues are more clearly separated at high pressure and high flow. 
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3.4 Requirement specification 
According to section 3.3 the test can be separated into two types. If the results are intended as data for 

simulation models or for investigating claimed pumps it is enough if the flow meter reaches down to 

around 1 l/min. If the intention is to compare pumps the flow meter needs to go as low as possible.  

Since one of the applications needs a flow meter able to measure as low flows as possible, a flow meter 

able to do this can be used for all applications.  

 

Table 11 shows a collection of all requirements from section 4.1.  

Table 11 Requirement specification for the test environment 

Parameters Value Requirements origin 

Oil temperature [°C] 70 Volvos test specification 

Oil viscosity [cSt] 15-60 Volvos test specification 

Maximum Flow [l/min] 20 Historical tests 

Pressure drop [bar] 0,5 Pump manufacturer  

Accuracy [%] 2,5 ISO 4409:2007, class C 

 

 

 

3.5 Flow meters 
An elimination matrix is used to confirm if an option or a solution passes specific requirements. The 

requirements are determined to the specific case. To determine if a solution or option can be further 

developed it has to complete all requirements. This method is used to quickly eliminate options that not 

live up to the requirements.  

In the requirement cells a plus sign or a minus sign is placed to define if the option lives up to the 

requirement. If an option gets a single minus sign the total decision will be set as a minus sign and the 

option is eliminated from further investigation.   
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Suitable methods of flow metering for this application are listed and tested in the elimination matrix 

below, Table 12.  

Table 12 Different flow meters in an elimination matrix 
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Gear meter + - + + + To high pressure drop - 

Oval gear meter + + + + +  + 

Turbine meter + + + + +  + 

Ultra sonic meter + - + + + Requires to high pressure drop  - 

Calorimetric meter + + - + + Is not accurate enough - 

Coriolis meter + - + + + High pressure drop - 

Helical gear meter + - + + + High pressure drop - 

Inductive flow meter + + + + + Requires the medium to have high 
conductivity  

- 

 

According to the elimination matrix four flow meter models that fit the requirements are listed in Table 

13. 

Table 13 Listed flow meters suitable to the requirement specification 

Option Model Manufacturer Type Flow 
[l/min] 

Pressure 
drop [bar] 

Accuracy 
[%] 

Repeatability 
[%] 

Price 
[SEK] 

I OG4 Titan Oval gear 0,25-50 0,1 ±0,5 ±0,1 9100 

II DM 6-8 Trigas DM Turbine 0,2-24 0,74 ±0,5 ±0,05 32020 

III OVAL 
flowpet 

5G 

Oval 
corporation 

Oval gear 0,85-33 0,4 ±0,5 ±0,5 10500 

IV Ultra Oval Oval 
corporation 

Oval gear 0,5-33 0,3 ±0,35 ±0,35 41000 
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3.5.1 Comparison of flow meters  
The flow meters are set against each other in datum matrixes, see Table 14-16. They are valued against 

each other in several different categories, better, worse or equivalent to one of the option set as 

reference (datum). To receive trustworthy results, the process is done with several different references. 

The categories are valued different depending on how important each category is in this specific case. 

The options are ranked in each matrix and a sum of the rankings gives the final ranking, see Table 17. 

The options are set in the same order as in Table 13. (Ullman, 2009, p. 222)  

In datum matrix 1, option I is the reference and all other options are compared to option I. The matrix 

shows that option I is best adapted and option III is the worst. To confirm this, more options have to be 

set as references.  

Table 14 Datum matrix 1 

  Option 

Categories W I II III IV 

Minimal flow 25 D 1 -1 -1 
Pressure drop 25  A  -1 -1 -1 

Accuracy 20 T 0 0 1 

Repeatability 10 U 1 -1 -1 

Price 20 M -1 -1 -1 

∑ +   - 35 0 20 

∑ 0   - 20 20 0 

∑ -   - 45 80 80 

Total 100 0 -10 -80 -60 

Ranking   1 2 4 3 

 

In datum matrix 2, option II is the reference. As a result of this, I and III are the best options and IV is the 

worst. 

Table 15 Datum matrix 2 

  Option 
Categories W I II III IV 

Minimal flow 25 -1 D -1 -1 
Pressure drop 25 1  A  1 1 
Accuracy 20 0 T 0 1 
Repeatability 10 -1 U -1 -1 
Price 20 1 M 1 -1 

∑ +   45 - 45 45 
∑ 0   20 - 20 0 
∑ -   35 - 35 55 

Total 100 10 0 10 -10 
Ranking   1 3 1 4 
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In the last datum matrix the third option is set as reference. After this matrix all options has been 

compared towards each other. This matrix shows that the first option is best adapted and the second is 

the worst. 

Table 16 Datum matrix 3 

  Option 

Categories W I II III IV 

Minimal flow 25 1 1 D 1 

Pressure drop 25 1 -1  A  1 

Accuracy 20 0 0 T 1 

Repeatability 10 1 1 U 1 

Price 20 1 -1 M -1 

∑ +   80 35 - 80 

∑ 0   20 20 - 0 

∑ -   0 45 - 20 

Total 100 80 -10 0 60 

Ranking   1 4 3 2 

 

When all datum matrixes are done, the ranking in each matrix is summed up to get a total result. 

The summary clearly shows that the first option is best adapted. It is the cheapest, has the lowest 

pressure drop and can measure flows down to 0,25 l/min with an accuracy of ±0,5%. 

 

Table 17 Summary ranking 

 Option 

 I II III IV 

Summary ranking 3 9 8 9 
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3.6 Pump test presentation and calculation document 
All data form the pump tests are today presented in excel where the efficiencies and power are 

calculated and presented in graphs. This document needs updates to erase manual handling and to 

follow ISO-standards. 

 

3.6.1 Current pump test result document 
Data from the test environment are gathered in excel files, one file for each speed and swashplate 

angle. The values from the files are then put together in a calculation document manually. The 

calculations are done automatically and the results are presented in both graphs and tables. 

When the volumetric efficiency is calculated, the theoretical maximum flow is not used. Instead the sum 

of the measured output flow and the drainage flow is used. This procedure affects the results. With the 

current calculations the efficiencies become higher and the pump seems more effective than if the 

calculations follow ISO standards. Equation (21) shows how the efficiencies are calculated in the current 

document.  

𝜂𝑣𝑜𝑙 =
𝑞𝑒𝑓𝑓

𝑞𝑒𝑓𝑓 + 𝑞𝑑𝑟𝑎𝑖𝑛
      (21) 

Figure 19 is a visualization of how the document works.  

 

Figure 19 Current calculation and presentation document 
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3.6.2 Proposed pump test result document 

Global parameters 

Before the test starts, a part of the document can be filled with global parameters of desired speed, 

pressures and swashplate angles. This result in that all these parameters in the document is set to these 

global parameters.  

Data collection 

To facilitate and erase the manual handling a template is created that is easy to use by the test operator. 

This template is necessary to enable the rest of the document to find and use the values in different 

calculations and presentations. The template is separated in two parts; one for the drag losses, which is 

the power loss at zero output flow from the pump, and one for the other measurements.  

Sort 

In this part of the document the sorting of data is done automatically. It does not matter in which order 

the data is filled in. The data is sorted in a list where each row gets a specific ID. This ID is then used 

when a look up function finds the right value for calculations.  

Calculations 

With the global parameters defined, the values for each spot in the calculations are found in the lists 

created in the sorting part.  

Instead of the effective flow and the drainage flow the proposed document calculates the volumetric 

efficiency with the theoretical maximum displacement, according to ISO-standards, see section 2.5.2. 

The theoretical displacement, used in equation (2), is calculated for each desired speed and swashplate 

angle. 

The total efficiency is already calculated according to the ISO-standard in the current document. 

Since the total efficiency is the same and volumetric efficiency is different from the current calculations 

the hydro mechanical efficiency will differ (equation 9). But the way to calculate the hydro mechanical 

efficiency is done the same way in the proposed document.  

The power in the proposed document is calculated in the same way as before and is separated in three 

categories, power in, power out and power losses. See equations 5-7.  
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Figure 20 Proposed calculation and presentation document 

Presentation 

Data and calculations are presented according to ISO-standards. The pressure is plotted versus 

volumetric efficiency, total efficiency, effective flow rate and inlet mechanical power (Pin).  

In addition to these graphs, the values for each speed and plate angle are presented in tables. The 

efficiencies, power, drag losses and torque are hence presented in both tables and graphs.  

Data output 

All data is presented in long lists. The pressure, efficiency, power, torque, output flow, drainage flow, 

speed and swashplate angle are listed in one column each. The data can easily be retrieved for 

simulation models or be gathered for presented in other programs. Figure 20 shows the visualization of 

the document. 

  



2018-05-28 
Nils Slycke 
Simon Stolpe 

 

 35 

 

3.7 Suggested automated cycle of pump test 
Each efficiency test takes a long time, about a week. A contributing factor is the manual drainage flow 

measurements. Another factor is that the operator manually gets all parameters to match speed, 

pressure and temperature. If the drainage flow measure part is replaced with a flow meter, these values 

can be collected in the same way as the rest. This would also result in that the whole test could be 

autonomous.  

3.7.1 Suggested cycle 
The idea is that the pressure can be enhanced to each steady state point at each pump speed. This has 

to be done at each swashplate angle. Today when the pressure or speed is changed it is approximated 

that it takes around thirty seconds to reach the new value and for the system to stabilize from 

oscillations.  

The idea is to run each pressure at a fixed speed and then gradually increase the speed. This because the 

pressure is faster to ramp up and down than the speed of the pump. The suggested cycle is shown in 

Figure 21. 

 

 

Figure 21 Pressure and speed automated run cycle 
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This would result in a drainage flow rate according to Figure 22.  

 

 

Figure 22 Simulated drainage flow during an automated cycle with a 140cc pump 

 

3.7.2 Temperature control 
One difficulty with the automated cycle is the reservoir temperature since a lot of energy gets 

transferred to the fluid in the pressure relief valve ((6) in Figure 2). It can be assumed that all hydraulic 

energy gets transferred into heat which will raise the temperature of the fluid. Power transferred to 

fluid can then be calculated with equation (22). 

𝑃𝑎𝑑𝑑𝑒𝑑 = 𝑝 ∗ 𝑞   (22) 

If combined with equation (23) and volumetric efficiency is neglected:  

𝑃𝑎𝑑𝑑𝑒𝑑 = 𝑝 ∗ 𝜀 ∗ 𝐷 ∗ 𝑛   (23) 

Energy transferred to the fluid in a 200 liter reservoir from a 140 cm3/rev pump can be seen in Figure 23. 

The theoretical temperature increase without cooling can be calculated according to equation (13). 
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Figure 23 Power added to the fluid and theoretical temperature increase without cooling 

Since a constant temperature is desired the energy added to the system should be the same as the 

energy out.  

𝑃𝑎𝑑𝑑𝑒𝑑 − 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 0  (24) 

The cooling of the fluid could then be following the expression.  

𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑝 ∗ 𝜀 ∗ 𝐷 ∗ 𝑛  (25) 

The capacity of the cooling system is hard to define because of the centrifugal pump, therefore the flow 

can vary, and the water inlet temperature can vary with the seasons.  
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4 Results 
Following chapter presents the results of this thesis.  

4.1 Measuring the drainage flow 
To calculate pump efficiency drainage flow or inlet flow has to be measured. Since measuring inlet flow, 

the inlet pressure has to be increased which is not desirable. Therefore drainage flow has to be 

measured.  

To measure the drainage flow an oval gear flow meter is recommended. For this specific case a model 

from Titan, called OG4 is recommended. It can measure down to 0,25 l/min with an accuracy of ±0,5%, 

has only 0,1 bar pressure drop inside the measure range and is very cheap compared to its competitors. 

4.2 Presentation and calculation document 
The difference with the calculations as they were done before is the deviation of the volumetric 

efficiency. To be able to calculate the volumetric efficiency according to ISO 4409:2007 the theoretical 

displacement of the pump is defined according to ISO 8426:2008. Apart from these new calculation 

routine a whole new presentation and calculation document has been developed. All test data is 

inserted in the new templates and from there the calculations and presentation are done automatically. 

Figure 24 illustrates the different steps in the proposed process.  

 

Figure 24 Visualization of the presentation and calculation document 
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4.3 Simulation model 
With the function implemented in Hopsan values at different steady state points has been recorded to 

validate the simulation model towards the real data. Figure 25 illustrates simulated drain flow and 

Figure 26 illustrates actual drain flow.  

 

 

Figure 25 Simulated drainage flow 

 

Figure 26 Actual drainage flow 
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4.4 Suggested automated cycle of pump test 
If ISO 4409:2007 is to be followed the tests should be run at a steady state. The suggestion for an 

automated cycle is to gradually increase the pressure at each speed according to Figure 21. If this type 

of suggestion is going to be used, the cooling system has to be better. This suggestion saves a lot of time 

and this result in that the energy added is the same as before but in less time. This means that the 

cooling system has to be prepared for greater and quicker temperature changes.   
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5 Discussion  
In this chapter the results are discussed and assessed.   

5.1 Measuring the drainage flow 
There are many types of flow meters. For the case in this project only the turbine meter and the oval 

gear meter are fitted. After further investigation the turbine meter had to be oversized to keep the 

pressure drop within the requirements and this would affect the minimum flow rate of the flow meter. 

The oval gear solution is in the same flow ranges as the turbine meter but has a lower pressure drop, 

therefore this type of flow meter is better adapted for the specific requirements.  

According to data from historical tests, the minimum flows measured are around 0,1 l/min. To be able to 

measure down to 0,1 l/min two different sizes of flow meters are needed, one to cover the smaller flow 

range and one for the larger. This demands the operator to change flow meter depending on the drain 

flow. If two different flow meters are used it does not matter if it is two oval gear meters or if it is two 

turbine meters, the only requirement is that the same type is used for the small and the large flow rates. 

Flows under 0,25 l/min are only needed when comparing different pumps. For all efficiency calculations 

flows under these values are negligible. If the values below 0,25 l/min still are interesting, they can be 

approximated according to the least square method. 

A test that analyzed whether an increased case pressure affected the drainage flow showed that the 

measured flow became a bit lower with a higher case pressure. Since the theoretical maximum 

displacement and the output flow are constant, the leakage inside the pump has to be the same. To 

retain the same total leakage, the earlier negligible flow between drain port and suction port has to be 

increased. If a flow meter, which increase the case pressure, is installed, it becomes a pressure 

difference between the drain port and the suction port and this enable a flow going through the orifice 

D-S. This is visualized in Figure 27.  

 

Figure 27 Leakage inside a pump and a flow meter installed on the drainage pipe 
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The test with an increased case pressure shows that the drainage flow has a dependency on case 

pressure and is higher than the simulated values. However, the suggested flow meter will only increase 

the case pressure at maximum flow with 0,1 bar which will make a significantly smaller effect than the 

experiment. Also in the experiment the largest difference in accuracy was recorded at lower flows. Since 

the flow meters pressure difference is increased with flow the pressure drop at lower flows will be even 

smaller than 0,1 bar which will result in more accurate measuring.  

The accuracy of the flow measuring, according to ISO 4409:2007 C, shall be greater than 2,5%. The 

drainage flow is only used when obtaining the maximum displacement according to the least square 

approximation. This means that the accuracy of the drainage flow measuring does not have a big impact 

further on with the efficiency calculation. However, since the drainage flow also is used to compare 

pumps and that there is a desire to fulfill the ISO standard the accuracy and repeatability should be 

according to ISO. 

5.2 Presentation and calculation document 
The new document is user friendly. If the templates and the global parameters are correctly filled in, the 

document automatically calculates and presents all efficiencies, powers and drag losses.  

This document is supposed to be a standard presentation form when testing pumps at Volvo. Also data 

from old pump tests can be copied into this new document and a library with all the pumps tested at 

Volvo can be created. 

The results from the new presentation and calculation document cannot be compared to old results, 

because the calculations is not done in the same way as before. To compare these two types of results 

the old pump test data has to be inserted in the new document.  

The theoretical maximum displacement are used in the calculation, according to ISO 4409:2007. This 

displacement describes how much oil the pump is able to deliver under certain conditions. Therefore 

this displacement is calculated for each speed and temperature. In general the geometric displacement 

set by the manufacturer is used to calculate the efficiencies. The geometric displacement and the 

theoretical maximum displacement will not always equal and it is more accurate to use the theoretical 

maximum displacement.  

 

5.3 Automated cycle of pump test 
The reservoir is quite small when running the biggest pumps. However, it does represent the size of the 

reservoir in a wheel loader or hauler. The problem when running a pump test is the temperature 

increase. When running at highest speed and pressure the oil in the reservoir is substituted once each 

minute. The cooler’s temperature control will take some time to settle so there will be oscillations in 

temperature.  

The temperature accuracy has to be smaller than ±4˚C to achieve the lowest accuracy according to ISO 

4409:2007-C. This will be hard to achieve with the current reservoir size in an automated cycle. If a 



2018-05-28 
Nils Slycke 
Simon Stolpe 

 

 43 

larger reservoir is not an option a smarter temperature control might. It could be possible to combine a 

controller of the temperature with a fixed control signal derived from equation (25). It could look like 

equation (24). 

𝐶𝑜𝑜𝑙𝑒𝑟 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑖𝑔𝑛𝑎𝑙 = 𝑘 ∗ 𝑝 ∗ 𝜀 ∗ 𝐷 ∗ 𝑛 ∗ 𝑇𝑖𝑛 (26) 

A gain factor k could be implemented and a temperature sensor 𝑇𝑖𝑛 can be used to take account for the 

varied inlet temperature of the water.  

Another problem that has to be taken into account is that the pressure will probably not be able to 

reach the highest values at the lower speeds. The automation program has to be able to detect this and 

if the pressure is not reached it should move on with the next speed in the cycle.  

It is hard to take the systems oscillations e.g. temperature, speed and pressure into account in theory. 

Therefore the automated cycle presented in this document can be optimized when implementing this in 

the test environment, and it might be possible to run the cycle faster if desired. 

One benefit with the automation is that is saves a lot of time and effort for the operator and it will be 

possible for Volvo to get faster results when issuing a pump test.  

 

5.4 Simulation model 
The simulation model is close to the reality, it follows the same pattern as the real data. There is a 

nonlinearity in the reality and this is hard to describe as a mathematic function. If more elevated 

variables and combinations had been used a better result would have been obtained.  

Also, the drainage flow is associated to the swashplate angle, especially below 25%. This because the 

flow loss from the regulator in the pump is constant in a steady state test. Since the regulator uses more 

flow when adjusting the swashplate angle the actual efficiency of the pump in real operation can be less 

than in the test environment and simulation model.  

The displacement of the pump in this model is set to the geometric displacement. As discussed in 

section 5.2 the theoretical displacement should be used if a more precise result is desired. This is 

possible but demands further work with the model.  

One limitation for the simulation model is that it will only be accurate for a specific pump at a specific 

condition. This because the drainage flow from a pump differs with tolerances, manufacturer, wear etc. 

5.5 Overall discussion 
There exist other standards in addition to the ISO-standards that regulates pump testing procedures, but 

since this project is run within Volvo CE in Sweden the Swedish standards are used, which are based on 

the European standards.  

Values used in the datum-matrixes are estimated, which means that they may not entirely match the 

reality. They have been set by considering the opportunity of the test environment. 
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5.6 Future work  
There is potential to save money, time and workload by updating the test environment. The first step is 

to install a flow meter for measuring the drain flow. This will erase the manual samplings and therefore 

save a lot of time.   

If a drainage flow meter is installed it enables the test to become fully automated. However, it will take 

some work to implement the automated cycle in the environment and also problems with the 

temperature control has to be dealt with. If the efficiency test is automated according to the suggested 

run cycle in this thesis, the operator will be able to perform the test in a few hours. 

The calculations in the new document are following both ISO 4409:2007 and ISO 8426:2008, but if the 

whole efficiency test should live up to ISO 4409:2007 the following updates has to be added to the test 

environment: 

 Inlet pressure has to be recorded 

 Pump drain pressure has to be recorded when a flow meter is installed on the drain pipe 

 Outlet, inlet and drain temperature has to be recorded 
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6 Conclusion 
Can the method used today to measure and calculate pump efficiency be improved and if so, how? 

Both the current test environment and calculations can be improved to be equal to the recommended 

set-up and calculations according to ISO 4409:2007 and ISO 8426:2008. To do this, following updates has 

to be added to the test environment: 

 Inlet pressure has to be recorded 

 Pump drain pressure has to be recorded when a flow meter is installed on the drain pipe 

 Outlet, inlet and drain temperature has to be recorded 

The calculations which need to be upgraded is how the displacement is used in the efficiency 

calculations. Instead of using the sum of drainage flow and effective flow as the maximum volume the 

pump can deliver the theoretical maximum displacement has to be calculated for all specific conditions.  

 

How can manual sampling of test values be eliminated?  

To eliminate the samplings of drainage oil manually these can be measured with a flow meter. The flow 

meter that fits the requirements the best is an Oval gear flow meter.  

 

How can the tests be automated? 

First a flow meter needs to be installed on the drain line. After that and according to ISO 4409:2007 the 

efficiency test should be done in a steady state. The suggestion is to increase the pressure gradually at 

each pump speed according to Figure 21.  
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