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Summary 

There is a high probability that the Ecodesign Directive of the European Union will include positive 
displacement pumps in the near future. The Ecodesign Directive sets the framework of a legislative 
efficiency guidelines of energy-related products (ERP) to reduce their energy consumption. How-
ever, positive displacement pumps are used in various applications that affect the attainable efficien-
cies. Consequently, a regulation for all positive displacement pumps on the pure basis of the effi-
ciency is not sufficient. This paper illustrates the necessity of an application-related consideration of 
positive displacement pumps and provides two major steps towards an application-related efficiency 
guideline: firstly, a concept of data acquisition and analysis is presented and discussed. The concept 
aims to identify the energetically relevant applications of positive displacement pumps and to deter-
mine a relationship between the various pump types, their applications and energy consumption. 
Secondly, a physically based, type independent and easy to apply model of the efficiency of positive 
displacement pumps is presented and its suitability in the context of an efficiency guideline is dis-
cussed. The model has been introduced by the authors recently and describes the efficiency as a 
function of four dimensionless variables. A parameter identification and model application on four 
different pump types and 155 different pump sizes including 2680 operating points proves its practi-
cability to compare different pump types.  
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1. Introduction 

The European Union (EU) pursues ambitious objectives reducing greenhouse gas emissions in the 
future. Thus, energy-related products (ERP) are regulated by the European Union’s Ecodesign Di-
rective in terms of energy efficiency [1]. A large proportion of the EU’s energy consumption can be 
assigned to energy-related products, which often have a high potential for energy savings through a 
better design. The goal of the Ecodesign Directive is to achieve a significant reduction of the energy 
consumption of the energy-related products, e.g., displacing products with a low efficiency perfor-
mance form the market. Until now positive displacement pumps are not involved. However, regard-
ing the previous strategy of the EU, the probability is high that the EU will focus on positive displace-
ment pumps in the near future. 

Positive displacement pumps are characterized by their wide operating range and diverse fields of 
application with all kinds of fluids. This leads to a vast variety of different pump types, e.g. piston 
pumps, gear pumps or spindle screw pumps, which distinguish by means of their application char-
acteristics. In most frequent applications the pump efficiency only plays a subordinate role, but spe-
cific characteristics are necessary, e.g. low pulsation or high precision. Consequently, these appli-
cation-related requirements are primary and thus, the main selection criteria for an appropriate pump 
type. However, the application-related requirements may have a negative effect on the efficiency. 
Obviously, a legislative regulation of all positive displacement pumps on the pure basis of the effi-
ciency is not sufficient and would involve the risk of inadequate machine comparison with fatal con-
sequences. In the worst case, process relevant pump types are displaced from the market disre-
garding on the one hand that the application-related requirements do not allow higher efficiencies 
and on the other hand that there is no alternative pump type fulfilling the primary requirements. 
Hence, an efficiency guideline need to be application-related. This paper presents two major steps 
that provide a basis for this objective:  

Firstly, we present a concept of data acquisition and analysis that aims to answer the following four 
research questions: (i) Which characteristics of applications need to be considered in the context of 
an efficiency guideline of positive displacement pumps? (ii) What is the total energy consumption of 
positive displacement pumps? (iii) Which are the most energetically relevant applications of positive 
displacement pumps? (iv) Can every specific application always be assigned to one specific pump 
type and if not, in which applications exist a competition between different pump types? Secondly, 
we introduce a physically based, type independent and easy to apply model for the efficiency of 
positive displacement pumps. The model is applied on four different types of pumps and 155 different 
pump sizes including 2680 operating points. The results are presented and discussed in the second 
part of the paper. The paper closes with the conclusion and an outlook on future investigations. 

2. Application-related study of positive displacement pumps 

As a consequence of the big variety of applications of positive displacement pumps, pump manufac-
turers and pump users often have different perspectives and understandings of the applications. As 
an essential prerequisite, we characterize applications and highlight their relevant characteristics in 
the following section. In this way, we enable an effective discussion. Afterwards we present an ap-
proach of data acquisition and data analysis that provides a methodology to answer the above stated 
research questions. 

Relevant characteristics of application 

In the context of an application-related efficiency guideline of positive displacement pumps, it is nec-
essary to identify those application characteristics, which influence the selection of positive displace-
ment pumps. We divide these relevant characteristics into the following three categories. Firstly the 
function, which is described by the discharge pressure and the volume flow rate. Secondly, the 
pumping medium, which include five different medium properties. Thirdly the application-related re-
quirements, which include seven different relevant requirements. A detailed itemization of the three 
categories with a total of 14 relevant application characteristics is given in table 1. 

 



 

- 3 - 

Table 1: Relevant application characteristics of positive displacement pump 

FUNCTION PUMPING MEDIUM APPLICATION-RELATED  
REQUIREMENTS 

discharge pressure  viscosity pulsation 

volume flow rate  temperature dosing accuracy 

 contamination  controllability of volume 
flow rate 

 lubricity impermeability 

 gas content 
volume specific power 
density 

  sheer stress history of 
pumping medium 

  chemical resistance 

Not all of the mentioned applications characteristics influence the efficiency of a pump. The efficiency 
depends mainly on the discharge pressure, volume flow rate and viscosity. A model of the efficiency 
that considers these characteristics is introduced in the section “Type Independent Modeling of Pos-
itive Displacement Pumps”.  

The physical limitations of use are another important aspect that restrict the comparability of positive 
displacement pumps. Specific limitations exist for the function and the pumping medium character-
istics (see Tab.1). Piston pumps for example reach the highest pressures whereas spindle screw 
pumps are used at high volume flow rates. Figure 1 shows the operating ranges of different pump 
types on the basis of an acquisition of catalogue data of various pump manufacturers [2]. 
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Figure 1: Rated operation points (pressure vs. volume flow rate) for different positive displacement pumps [2]. 

The application-related requirements are of major significance for the application and, therefore, are 
the main selection criteria for pump users. Concerning these requirements every pump type has 
strengths and weaknesses and in the end its reason for existence. 

The huge number of possible combinations of the application characteristics reflect the big variety 
of applications of positive displacement pumps. To handle the existing complexity it is useful to set 
the focus on the most energetically relevant applications. This is also consistent with the aims of the 
Ecodesign Directive, which states that energy-related products should have a high potential for sig-
nificant reduction of their energy consumption. Following this argumentation, there is a necessity for 
an acquisition and analysis of sales data of pump manufacturers and operating data of pump users. 
These data are the most reliable sources on number of sold pumps and operating conditions. On 
such data basis both the total energy consumption of positive displacement pumps and the most 
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energetically relevant applications can be identified. For reasons of compliance and acceptance, the 
results of such a data acquisition and analysis have to be anonymized and treated trustfully. The 
cooperation of EUROPUMP and Chair of Fluid Systems, in the context an efficiency guideline of 
single-pump-units, provides a good example [3], [4].  

Data acquisition and analysis 

This paper focuses on the data acquisition and analysis of the sales data of pump manufacturers. 
Besides detailed pump data, the sales data contain necessary information of the operation point that 
is given by the customers, i.e., power consumption, discharge pressure, volume flow rate, viscosity 
of pumping medium, operating temperature, the name of the pumping medium and the name of the 
customer or the respective industrial sector. 

The analysis method is as follows: firstly, the manufacturers name the main applications of their 
customers. Each application is characterized by their application-related requirements. In the next 
step filter criteria for the given operation points are defined. This allows us to filter the entire sales 
data for each application and, hence, to determine the sold power of each application. In the following 
step, the mean operating time of each application is estimated so that their mean energy consump-
tion can be calculated. The analyzed data allows us to assign pump types, applications and energy 
consumption. Furthermore, we are able to collocate the applications according to their energetic 
relevance. The energetically relevant applications can be assigned to industry sectors, e.g. oil and 
gas industry, process industry or chemical industry. Figure 2 shows the analysis method schemati-
cally. 
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Figure 2: Schematic method of data acquisition and evaluation 

The presented data acquisition and evaluation still contains major uncertainties, which, however, are 
normal for this kind of data driven study. Positive displacement pumps usually have an operating 
range and not only one single operating point. Furthermore, the operating time is closely linked to 
the application and the industry sector. To get more precise data for both aspects, operating range 
and time, pump users also need to be included in the data acquisition. On the basis of the evaluated 
data of the pump manufacturers, firstly, the industry sectors with the energetically relevant applica-
tions can be identified and, secondly, another data acquisition among the pump users of the identi-
fied industrial sectors allows one to estimate the energy consumption more precisely. 

So far, the presented approach has been tested on a small number of pump manufacturers and has 
proven its practicability to identify relevant applications. For compliance reasons, these results are 
not presented in this paper. In the context of the Ecodesign Directive, the data acquisition needs to 
be extended on a higher number of manufacturers at European level. These results will indicate if 
positive displacement pumps make a decisive contribution to the energy consumption in Europe and 
which applications are energetically relevant. Furthermore, the results will reveal those applications, 
which are fulfilled of several different pump types. In this case an energetic comparison is useful and 
necessary, but requires a type independent description of the efficiency. In this context, the next 
section introduces a type independent efficiency model of positive displacement pumps. 
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3. Type independent efficiency model of positive displacement pumps 

Regarding existing efficiency guidelines for energy-related products, e.g. water pumps and electric 
motor, one key tool to achieve a reduction of energy consumption is the prohibition of the products 
with low efficiency performance. For this purpose, minimum efficiency standards based on physical 
efficiency models have proven their practicability [5], [6], [7]. Thus, a similar approach seems useful 
for positive displacement pumps. As soon as different pump types are used for the same application, 
a consistent and energetic comparison needs a type independent efficiency model. 

In general, the efficiency of positive displacement pumps is reduced by inner leakage and mechan-
ical and hydraulic losses. Due to the various different pump types, there is a trend towards machine 
specific and precise loss models. On the other hand a physically based and type independent model 
is missing that is able to predict the efficiency as a function of the essential operating conditions and 
the machine size. This leads to the question, whether there exists a type independent efficiency 
model of positive displacement pumps, which is simply based on dimensional analysis and is inde-
pendent of the machine specific design. The authors introduced a model in [8] that satisfies the 
above stated requirements. In the next sections, we firstly give a brief summary of the derivation of 
this model and, secondly, discuss the results of the parameter identification and model application 
on machine data in the context of an efficiency guideline of positive displacement pumps.  

Type independent efficiency model of the efficiency 

The isentropic efficiency 𝜂𝜂 represents a measure of the energetic quality of a machine. On the basis 
of the first law of thermodynamics for a time averaged stationary and thermally isolated machine, 
the isentropic efficiency is defined as the hydraulic power, which is the product of the mass flow �̇�𝑚 
and isentropic enthalpy difference Δℎ𝑡𝑡,𝑠𝑠, divided by the shaft power 𝑃𝑃𝑆𝑆 

𝜂𝜂 ∶=
�̇�𝑚 Δℎ𝑡𝑡,𝑠𝑠

𝑃𝑃𝑆𝑆
. (1) 

The model approach focus on the two essential types of pump losses: the inner leakage and the 
mechanical and hydraulic losses. Hence, it is necessary to divide the efficiency into a volumetric 
efficiency 𝜂𝜂𝑣𝑣𝑣𝑣𝑣𝑣 and a hydro-mechanical efficiency 𝜂𝜂𝑚𝑚ℎ. For this purpose, the isentropic enthalpy Δℎ𝑡𝑡,𝑠𝑠 
in equation (1) is determined for liquid pumping mediums. Positive displacement pumps reach high 
discharge pressures and, thus, the compressibility 𝜅𝜅 also needs to be considered. The result is the 
efficiency as a function of the volume flow rate 𝑄𝑄1 at the inlet, the discharge pressure Δ𝑝𝑝, the com-
pressibility 𝜅𝜅 and the shaft power 𝑃𝑃𝑆𝑆. Furthermore, the shaft power is the product of the shaft 
torque 𝑀𝑀𝑆𝑆 and the rotational speed 𝑛𝑛. Extending the description of the efficiency with the displace-
ment volume 𝑉𝑉, one obtains a representation of the total or isentropic efficiency and both the volu-
metric efficiency and the hydro-mechanical efficiency 

𝜂𝜂 ≔
𝑄𝑄1Δ𝑝𝑝

2𝜋𝜋𝑀𝑀𝑆𝑆𝑛𝑛
�1 −

𝜅𝜅Δ𝑝𝑝
2
� , 𝜂𝜂𝑣𝑣𝑣𝑣𝑣𝑣 ≔

𝑄𝑄1
𝑛𝑛𝑉𝑉

, 𝜂𝜂𝑚𝑚ℎ ≔
𝛥𝛥𝑝𝑝𝑉𝑉

2𝜋𝜋𝑀𝑀𝑆𝑆
�1 −

𝜅𝜅𝛥𝛥𝑝𝑝
2
�. (2) 

Both 𝜂𝜂𝑣𝑣𝑣𝑣𝑣𝑣 and 𝜂𝜂𝑚𝑚ℎ in equation (2) are a function of the losses: on the one hand the leakage 𝑄𝑄𝐿𝐿 and 
on the other hand the mechanical and hydraulic losses, which are  
represented by the friction torque 𝑀𝑀𝑚𝑚ℎ. The volume flow rate is the difference of the theoretical 
volume flow rate 𝑄𝑄𝑡𝑡ℎ = 𝑛𝑛𝑉𝑉 and the leakage, the shaft torque is the sum of the hydraulic  
torque 𝑀𝑀ℎ𝑦𝑦𝑦𝑦 = 𝛥𝛥𝑝𝑝𝑉𝑉(1 − 𝜅𝜅𝛥𝛥𝑝𝑝/2)/2𝜋𝜋 and the friction torque. Hence, one obtains the partial efficiencies  

𝜂𝜂𝑣𝑣𝑣𝑣𝑣𝑣 ≔
𝑄𝑄1
𝑛𝑛𝑉𝑉

= 1 −
𝑄𝑄𝐿𝐿
𝑛𝑛𝑉𝑉

, 𝜂𝜂𝑚𝑚ℎ ≔
𝛥𝛥𝑝𝑝𝑉𝑉

2𝜋𝜋𝑀𝑀𝑆𝑆
�1 −

𝜅𝜅𝛥𝛥𝑝𝑝
2
� =

1

1 + 2𝜋𝜋
1 − 𝜅𝜅𝛥𝛥𝑝𝑝/2

𝑀𝑀𝑚𝑚ℎ
Δ𝑝𝑝𝑉𝑉

. 
(3) 

Equation (3) shows that a model of the leakage 𝑄𝑄𝐿𝐿 and of the friction torque 𝑀𝑀𝑚𝑚ℎ will lead to a 
description of the volumetric, the hydro-mechanical and finally of the total efficiency.  



 

- 6 - 

The model approach is based on dimensional analysis. The procedure is as follows: Firstly, all major 
influencing variables on the losses are determined. In this case, the following seven influencing var-
iables are considered: the operational parameters discharge pressure Δ𝑝𝑝 and rotational speed 𝑛𝑛, 
the properties of the pumping medium density 𝜚𝜚, kinematic viscosity 𝜈𝜈 and compressibility 𝜅𝜅, and the 
geometric parameters displacement volume 𝑉𝑉 and averaged gap size 𝑠𝑠. Secondly, the dimensional 
analysis reduces the number of model variables and, thus, simplifies the model while maintaining 
the physical significance [9]. By doing so, one obtains the following four dimensionless variables: 
specific pressure Δ𝑝𝑝+, Reynolds number 𝑅𝑅𝑅𝑅, specific compressibility 𝜅𝜅+, and relative gap size 𝜓𝜓. 
These dimensionless variables are defined as 

Δ𝑝𝑝+ ∶=
Δ𝑝𝑝

𝜈𝜈2𝜚𝜚𝑉𝑉−2/3   , 𝑅𝑅𝑅𝑅 ∶= 
𝑛𝑛𝑉𝑉2/3

𝜈𝜈
, 𝜅𝜅+ ∶= 𝜅𝜅Δ𝑝𝑝, 𝜓𝜓 ∶=

𝑠𝑠
𝑉𝑉1/3 . (4) 

Furthermore, the leakage and the friction torque are represented by another dimensionless number, 
respectively: the specific leakage 𝑄𝑄𝐿𝐿+ and the specific friction torque 𝑀𝑀𝑚𝑚ℎ

+ , which are defined as 

𝑄𝑄𝐿𝐿+ ∶=
𝑄𝑄𝐿𝐿

𝜈𝜈𝑉𝑉1/3 , 𝑀𝑀𝑚𝑚ℎ
+ ∶=

𝑀𝑀𝑚𝑚ℎ

Δ𝑝𝑝𝑉𝑉
. (5) 

Thirdly, the specific leakage 𝑄𝑄𝐿𝐿+ =  𝑄𝑄𝐿𝐿+(Δ𝑝𝑝+,𝜓𝜓) as a function of the specific pressure and relative gap 
size and the specific friction torque 𝑀𝑀𝑚𝑚ℎ

+ (Δ𝑝𝑝+,𝑅𝑅𝑅𝑅,𝜓𝜓) as a function of the specific pressure, Reynolds 
number and relative gap size need to be determined. This leads directly to descriptions of the volu-
metric and hydro-mechanical efficiency 

𝜂𝜂𝑣𝑣𝑣𝑣𝑣𝑣 = 1 −
1
𝑅𝑅𝑅𝑅

𝑄𝑄𝐿𝐿+(Δ𝑝𝑝+,𝜓𝜓), 𝜂𝜂𝑚𝑚ℎ ∶=
1

1 + 2𝜋𝜋
1 − 𝜅𝜅𝛥𝛥𝑝𝑝/2 𝑀𝑀𝑚𝑚ℎ

+ (Δ𝑝𝑝+,𝑅𝑅𝑅𝑅,𝜓𝜓)
 

(6) 

and of the total efficiency  

𝜂𝜂 =
1 − 1

𝑅𝑅𝑅𝑅𝑄𝑄𝐿𝐿
+(Δ𝑝𝑝+,𝜓𝜓)

1 + 2𝜋𝜋
1 − 𝜅𝜅𝛥𝛥𝑝𝑝/2𝑀𝑀𝑚𝑚ℎ

+ (Δ𝑝𝑝+,𝑅𝑅𝑅𝑅,𝜓𝜓)
. (7) 

On the basis of experimental data, the authors illustrated in [8] that the specific leakage 𝑄𝑄𝐿𝐿+ can be 
described by a semi empirical model in terms of a power law 

𝑄𝑄𝐿𝐿+ = 𝐿𝐿 ∗ (Δ𝑝𝑝+𝜓𝜓3)𝑚𝑚. (8) 

𝐿𝐿 and 𝑚𝑚 are the only model parameters. On the other hand, Schlösser and Hilbrands [10] introduced 
a physically based approach for the friction torque 𝑀𝑀𝑚𝑚ℎ that represents a linear combination of a 
pressure-related loss, a viscous friction-related loss and a term related to inertial losses. By means 
of equation (5) this approach leads to a model of the specific friction torque 𝑀𝑀𝑚𝑚ℎ

+   

𝑀𝑀𝑚𝑚ℎ
+ (Δ𝑝𝑝+,𝑅𝑅𝑅𝑅,𝜓𝜓) = 𝐶𝐶 + 𝑅𝑅𝜇𝜇

𝑅𝑅𝑅𝑅
Δ𝑝𝑝+𝜓𝜓

+ 𝑅𝑅𝜚𝜚
𝑅𝑅𝑅𝑅2

Δ𝑝𝑝+
. (9) 

𝐶𝐶, 𝑅𝑅𝜇𝜇 and 𝑅𝑅𝜚𝜚 are the three dimensionless model parameters which represent loss coefficients and 
are, similar to the specific leakage, determined. In summary, with equation (8) and (9) axiomatic and 
empirical models are found and one obtains a description of the efficiency 

𝜂𝜂 =
1 − 𝐿𝐿

𝑅𝑅𝑅𝑅 ∗ (Δ𝑝𝑝+𝜓𝜓3)𝑚𝑚

1 + 2𝜋𝜋
1 − 𝜅𝜅𝛥𝛥𝑝𝑝/2 �𝐶𝐶 + 𝑅𝑅𝜇𝜇

𝑅𝑅𝑅𝑅
Δ𝑝𝑝+𝜓𝜓 + 𝑅𝑅𝜚𝜚

𝑅𝑅𝑅𝑅2
Δ𝑝𝑝+�

. (10) 
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The result in equation (10) is a physically based efficiency model as a function of the four dimen-
sionless variables Δ𝑝𝑝+, 𝑅𝑅𝑅𝑅, 𝜅𝜅+ and 𝜓𝜓. These dimensionless variables include the operating condi-
tions, the pumping medium properties and the machine size. Furthermore, the model is type inde-
pendent and, thus, can be applied on every type of positive displacement pump. For this purpose, 
the above named model parameters 𝐿𝐿, 𝑚𝑚, 𝐶𝐶, 𝑅𝑅𝜇𝜇 and 𝑅𝑅𝜚𝜚 have to be determined in the context of an 
empirical parameter identification. 

An experimental validation of the efficiency model by means of one single positive displacement 
pump showed good results [8]. In the next step, a parameter identification and model application on 
different pump types have to prove the suitability of the presented model. The next section presents 
the results of the identification and application on a basis of four different pump types. 

Parameter identification and model application  

The data base is a result of a survey among several pump manufacturers and includes four different 
pump types and 155 different pump sizes including 2680 operating points. Since the uncertainty of 
these data is unknown an extended validation of the model is not possible. However, the data are 
necessary and useful for a parameter identification of both loss models, the specific leakage in equa-
tion (8) and the specific friction torque in equation (9). Table 2 specifies the data base range for both 
the dimensional influencing variables from the operating conditions, pumping medium properties and 
machine size, and the equivalent dimensionless variables from equation (4). 

Table 2: Range of dimensional influencing variables and equivalent dimensionless variables. 

6 DIMENSIONAL  
VARIABLES RANGE 

 3 EQUIVALENT DIMEN-
SIONLESS VARIABLES 

RANGE 

discharge pressure 𝛥𝛥𝑝𝑝 0.1 … 468 bar  specific pressure 𝛥𝛥𝑝𝑝+ 4∗106 … 2∗1015 
displacement volume 𝑉𝑉 28 ml … 28 l  Reynolds number 𝑅𝑅𝑅𝑅 3 … 2∗106 
kinetic viscosity 𝜈𝜈  1 … 10000 cSt  specific compressibility 𝜅𝜅+ 0 … 0.23 
density 𝜚𝜚 630 … 1250 kg/m³    
compressibility 𝜅𝜅 4.5 … 50∗10-5 1/bar     
rotational speed 𝑛𝑛 100 … 3600 1/min    

The results of the parameter identification of the specific leakage are discussed in the following. 
Figure 3 a) shows a double logarithmic diagram, specific leakage versus specific pressure, including 
all machine data. The figure reveals three essential findings: firstly, the single pump types condense 
and form bands. Secondly, the bands have an offset. The piston pumps, specified by the smallest 
leakage, can be found on the bottom side of the figure. The eccentric screw pumps, the 3-spindle 
screw pumps and the gear pumps follow. 2-spindle screw pumps have the highest leakage. Thirdly, 
all bands have approximately the same slope, i.e., the exponent 𝑚𝑚 = 0.7.  
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Figure 3: a) Specific leakage related to the relative gap size. b) Generalized specific leakage.  
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The first two findings are related to the influence of the relative gap size 𝜓𝜓. The relative gap size is 
a dimensionless design parameter that represents the pump type and the manufacturing tolerances. 
However, the gap sizes are part of the pump manufacturer’s know-how and, thus, not included in 
the data base. Hence, the model of the leakage from equation (8) is used to determine the relative 
gap size empirically. For this reason, the pump types are considered in relation to each other. Piston 
pumps have the smallest relative gap sizes and, therefore, the lowest leakage. This pump type de-
fines the reference value 𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟 ∶= 1. All other pump types are related to this reference measure. By 
doing so, one obtains a new quantity that is called class of gap 𝜓𝜓/𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟. The class of gap leads to a 
general representation of the specific leakage so that all machine data converge to one single band. 
Figure 3 b) shows the general specific leakage for all pump types that can be represented by the 
functional relationship 

𝑄𝑄𝐿𝐿+ = 𝐿𝐿 ∗ �Δ𝑝𝑝+  �
𝜓𝜓

 𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟
�
3

�
0.7

. (11) 

Consequently, the relative gap size or class of gap serves as characteristic quantity of the different 
types of positive displacement pumps. The scattering of the data in figure 3 indicates a variation of 
the relative gap sizes of each pump type. On the basis of the considered pump data, table 3 lists the 
mean, minimum and maximum values of the gap classes. 

Table 3: Mean, minimum and maximum values of the gap classes. 

 CLASS OF GAP 
𝜓𝜓/𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟 

MINIMUM 
       �𝜓𝜓/𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟�𝑚𝑚𝑚𝑚𝑚𝑚

 
MAXIMUM 

        �𝜓𝜓/𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟�𝑚𝑚𝑚𝑚𝑚𝑚
 

piston pumps 1.0 0.3 2.0 

eccentric screw 
pumps 5.0 2.9 7.2 

3-spindle screw 
pumps 8.0 5.2 11.1 

gear pumps 10.0 7.2 13.9 

2-spindle screw 
pumps 15.0 11.2 24.0 

The results of the parameter identification of the specific friction torque are represented in Figure 4. 
The double logarithmic diagram, specific friction torque versus specific pressure and Reynolds num-
ber, also includes all data and shows that each pump type approximated by one surface, respec-
tively.  
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Figure 4: Representation of the specific friction torque 𝑀𝑀𝑚𝑚ℎ
+  vs. 𝛥𝛥𝑝𝑝+ and 𝑅𝑅𝑅𝑅. 
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Furthermore, the pressure-related losses are negligible compared to the viscous friction and inertial 
losses. Hence, the model parameter 𝐶𝐶 is approximately zero and the specific friction torque (see 
equation (9)) can be specified to  

𝑀𝑀𝑚𝑚ℎ
+ = 𝑅𝑅𝜇𝜇

𝑅𝑅𝑅𝑅
Δ𝑝𝑝+𝜓𝜓

+ 𝑅𝑅𝜚𝜚
𝑅𝑅𝑅𝑅2

Δ𝑝𝑝+
. (12) 

Figure 4 also shows, similar to the specific leakage, an offset and a scattering of the pump types 
which can be attributed to the relative gap size 𝜓𝜓 and the model parameter 𝑅𝑅𝜚𝜚. These model param-
eters differ for the various pump types. Concerning one single pump type, for increasing displace-
ment volumes, 𝑅𝑅𝜚𝜚 decreases and converges to a constant value [8]. Similar to the relative gap size, 
𝑅𝑅𝜚𝜚 also represents a characteristic quantity of the different types of positive displacement pumps. 

Finally, with the equation (10), (11) and (12), one obtains a functional relationship of a type inde-
pendent efficiency model  

𝜂𝜂 = 𝜂𝜂𝑣𝑣𝑣𝑣𝑣𝑣𝜂𝜂𝑚𝑚ℎ =
1 − 𝐿𝐿

𝑅𝑅𝑅𝑅 ∗ �𝛥𝛥𝑝𝑝
+ � 𝜓𝜓
𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟

�
3
�
0.7

1 + 2𝜋𝜋
1 − 𝜅𝜅𝛥𝛥𝑝𝑝/2 �𝑅𝑅𝜇𝜇

𝑅𝑅𝑅𝑅
Δ𝑝𝑝+𝜓𝜓/𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟

+ 𝑅𝑅𝜚𝜚
𝑅𝑅𝑅𝑅2
Δ𝑝𝑝+ �

. (13) 

Now, this model description can be applied to illustrate the required energetic comparison between 
different pump types. As stated in the first part of this paper, an energetic comparison of two pump 
types is only reasonable if the same applications and the operating points are considered. Figure 5 
shows the efficiency as a function of the specific pressure and Reynolds number in a contour plot 
for a gear pump and a 2-spindle screw pump, respectively. Both pump types are determined by 
averaged and type specific values for 𝜓𝜓/𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑅𝑅𝜚𝜚. The operating points (Δ𝑝𝑝,𝑄𝑄, 𝜚𝜚, 𝜈𝜈)𝑚𝑚 are repre-
sented by the discharge pressure, the volume flow rate and the pumping medium properties, and 
also represent isolines. The varying parameters are the displacement volume and the rotational 
speed. This representation yield the following findings: firstly, for every operating point exists an 
optimal displacement volume 𝑉𝑉𝑣𝑣𝑜𝑜𝑡𝑡 and rotational speed 𝑛𝑛𝑣𝑣𝑜𝑜𝑡𝑡 that achieve an optimal efficiency 𝜂𝜂𝑣𝑣𝑜𝑜𝑡𝑡 
in this particular operating point. Secondly, depending on the operating point, different pump types 
are energetically favorable. The 2-spindle screw pump reach higher efficiencies for the operating 
point 1, gear pumps are favorable for the operating point 2 and 3 and reach higher efficiencies. 
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𝜈𝜈2𝜚𝜚 𝑉𝑉−2/3

100 105 1010 1015 1020 1025
10-3

102

107

𝑅𝑅𝑅𝑅 =
𝑛𝑛𝑉𝑉2/3

𝜈𝜈

     Δ𝑝𝑝+ =
𝛥𝛥𝑝𝑝 

𝜈𝜈2𝜚𝜚 𝑉𝑉−2/3

𝜂𝜂 = 0.2

.4

.8

.6

𝜅𝜅Δ𝑝𝑝 ≈ 0

𝜓𝜓/𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟 = 10

𝑅𝑅ϱ = 12

100 105 1010 1015 10
10-3

102

107

𝑅𝑅𝑅𝑅 =
𝑛𝑛𝑉𝑉2/3

𝜈𝜈

Δ𝑝𝑝,𝑄𝑄, 𝜚𝜚, 𝜈𝜈 3

Δ𝑝𝑝,𝑄𝑄, 𝜚𝜚, 𝜈𝜈 2

Δ𝑝𝑝,𝑄𝑄, 𝜚𝜚, 𝜈𝜈 1 𝜂𝜂 = 0.2

.4

.8

.6

𝜅𝜅Δ𝑝𝑝 ≈ 0

𝜓𝜓/𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟 = 15

𝑅𝑅ϱ = 1

a) b)

1
2

3

1

2

3Δ𝑝𝑝,𝑄𝑄, 𝜚𝜚, 𝜈𝜈 3

Δ𝑝𝑝,𝑄𝑄, 𝜚𝜚, 𝜈𝜈 2

Δ𝑝𝑝,𝑄𝑄, 𝜚𝜚, 𝜈𝜈 11

2

3

1
2

3

 

Figure 5: Contour line efficiency with isolines of three different operating points for a) a gear pump and  
  b) a 2-spindle screw pump. 
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4. Conclusion & Outlook 

A development of an efficiency guideline of positive displacement pumps in the context of the 
Ecodesign Directive is an issue of relevance and high complexity. The first part of the paper reveals 
the outstanding questions and, thus, motivates an application-related approach. The presented con-
cept of data acquisition and analysis provides a methodology to identify the energetically relevant 
applications of positive displacement pumps on the one hand, and, on the other hand, to determine 
a relationship between the various pump types, their applications and energy consumption.  

The second part of the paper presents a physically based, type independent and easy to apply effi-
ciency model. This model describes the efficiency by only four dimensionless variables and proves 
its practicability to compare different pump types. Consequently, this paper provides a useful basis 
for a future efficiency guidelines of positive displacement pumps. Above this, the gained results may 
be useful for pump manufacturers in shorting performance tests. For pump users the results may 
serve for a physical based methodology for selecting pump type, size and operation. 

However, only a first step has been taken and further investigations need to be done. From the 
scientific point of view, a validation of the presented efficiency model on a basis of precise experi-
mental data should be carried out. A discussion, whether positive displacement pumps should be 
included in the Ecodesign Directive or not, requires the data acquisition and analysis of pump man-
ufacturer and users at European level. Taking into account that positive displacement pumps already 
reach high efficiencies, further saving potential in the particular fluid system will play another im-
portant role. 
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