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Abstract 

This article illustrates the development of an analytic lumped parameter thermo-hydraulic model for a wide range of 
hydraulic resistance geometries based on mass flow. The relevant flow parameters such as the contraction coefficient in 
case of laminar flow separation are derived from CFD simulations. Furthermore, the consideration of cavitation effects 
can be included.  

State of the art in lumped parameter simulations of hydraulic circuits utilise volume-flow based equations like the 
orifice equation, which is extended for a wide variety of geometries and flow conditions including the transition from 
laminar to turbulent flow by adjusting the discharge coefficient based on empirical equations or lookup tables. The 
same situation persists for laminar flow description. In this case the Hagen-Poiseuille equation is often used in conjunc-
tion with correction factors based on the Reynolds number to regard the transition of laminar to turbulent flow. Howev-
er, in practical applications the use of different equations for various flow conditions and geometries is cumbersome. 
Furthermore, in the widely used volume based flow description, the absolute pressure dependency of mass flow due to 
density changes and critical flow at which cavitation occurs is not accounted for until now. Without consideration of 
these influences a mass conservative modelling and thus high model precision is not possible. The overall goal of the 
proposed model is to increase accuracy of hydraulic system simulation tools and to support usability by simplifying 
parameterisation on basis of dimensions available from data sheets. The results of this study are obtained analytically as 
well as empirically by means of CFD simulations. Moreover, a large number of performed simulations support the 
understanding of fundamental effects in hydraulic resistance flow.  
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1 Introduction 

1.1 Mass Flow Based System Simulation 

Lumped parameter system simulation tools are state 
of the art in research and development of fluid power 
systems. Validity of the simulated behaviour is greatly 
influenced by the level of detail and parameterisation 
of the models. The accuracy of simulation results de-
pends on the quality of the basic models that represent 
the physical effects (Watton, 2007). The central com-
ponents of lumped parameter simulations are the hy-
draulic capacity, inductivity and resistance. In the fun-
damentals of fluid power these basic components are 
conventionally modelled based on a volume conserva- 
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tive approach. The conservation of mass is reduced to 
conservation of volume in most hydraulic simulation 
tools. This is not a valid simplification for all cases. 
The constant density volume flow does not match the 
real flow without additional corrections. In closed 
systems with many pressure changes over time small 
deviations add up to significant errors in calculation of 
the system behaviour. However, only a consistent use 
of mass flows and volume changes exactly complies 
with the equation of continuity as shown by 
Riedel et al. (2010).  

In such an isothermal lumped parameter system 
simulation the mass flow m  through the component is 
calculated as a function of pressure difference p be-
tween the components. The pressure build-up is calcu-
lated in the mass nodes as a function of bulk modu-
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lus E, mass flows m  and volume change V  
(Nykänen et al., 2000; Riedel et al., 2009). In a thermo-
hydraulic simulation the heat flow W  is calculated as a 
function of heat capacity cp, density  and pressure 
difference p (Baum, 2001). However, in many cases 
the conventional volume flow approach is chosen even 
for a thermo-hydraulic simulation, thus the mass and 
hence the energy balance is not exact.  

The thermo-hydraulic simulation has great potential 
due to the strong temperature dependency of fluid 
parameters, as shown by Witt (1974), although heat 
convection requires a very complex and difficult pa-
rameterisation. 

Besides capacities and inductivities derived for the 
mass conservative case by Riedel et al. (2009), hydrau-
lic resistances of any given degree of complexity are a 
central component of lumped parameter modelling, but 
pose the greatest challenge due to complex flow behav-
iour through real geometries. Therefore the authors 
suggest an advanced thermodynamic resistance model, 
which is parameterised from geometric values and 
besides by a contraction coefficient derived from CFD 
simulations. 

1.2 Hydraulic Resistances 

Technical resistances in hydraulics are convention-
ally modelled either as throttles (laminar flow) or ori-
fices (turbulent flow) as described by Murren-
hoff (2007).  

Orifice: 
The following Eq. 1 applies for mass flow through 

an orifice based on the incompressible Bernoulli equa-
tion at steady state: 

   prm D 22   (1) 

The discharge coefficient D of hydraulic resistanc-
es comprises all losses due to friction. It strongly de-
pends on inlet geometry and ratio between length l and 
inner diameter d according to Fig. 3, which also affect 
the contraction coefficient K. 

Furthermore, the Reynolds number Re, as a func-
tion of flow velocity u, hydraulic diameter dh and kin-
ematic viscosity , has a great influence on the dis-
charge coefficient D (Murrenhoff, 2007). At low Re-
values (laminar) a steady increase can be observed, 
whereas the coefficient shows almost constant behav-
iour in the turbulent region. A transient area can be 
observed in between (Latour, 1996; Eich, 1979). Over-
all, the following Eq. 2 is applicable for the discharge 
coefficient D of a resistance shown in Fig. 3:  

    , , , , kk1 uAAfD      (2)  

Measurements of resistance geometries by Riedel 
(1973), Beater (1999) and Idelchik (2007) show that 
the discharge coefficient strongly depends on the de-
gree of turbulence. In the laminar area the coefficient is 
proportional to the square root of the Reynolds number 
Re, whereas at higher Re-values it stays constant. The 
transient area between laminar and turbulent flow may 
be marked as the critical Reynolds number Recrit. Ac-
cording to Beater this value can be found between 100 

and 200 for orifices. The following Fig. 1 shows an 
exemplary flow with αDmax ≈ 0.64. 

 

Fig. 1: Dependency of discharge coefficient αD on Reyn-
olds number Re (Beater, 1999) 

Throttle: 
The mass conservative flow through a throttle can 

be described as follows based on the Hagen-Poiseuille 
law with an incompressible fluid at steady state: 
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The following Fig. 2 illustrates the significant tem-
perature influence on the discharge through a throttle 
with fluid parameters of a HLP 46 oil irrespective of 
choking conditions due to cavitation and friction. For 
reasons of accuracy the inner change of the state varia-
ble was numerically integrated over the length of the 
throttle. 
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Fig. 2: Temperature influence on throttle 

However, these simple resistances only apply for 
certain components. Any other transient form may only 
be accounted for completely empirically so far (see 
Idelchik, 2007). 

Other components, such as valves, show a more 
complex flow pattern that strongly depends on the 
spool position. Among others, Maré et al (2008) have 
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conducted research on one-dimensional modelling of 
proportional valves. The discharge coefficient D can 
be described as a function of the Reynolds number Re 
and the spool position. 

Figure 3 depicts the scheme of a more complex hy-
draulic resistance, which can neither be matched to a 
pure orifice nor pure throttle. As most of real resistanc-
es found in hydraulic systems the depicted resistance is 
a combination of both. In addition, the figure illustrates 
the static pressure along the geometry at inlet (1), con-
traction region (k), expansion (2) and outlet (3). 

 

Fig. 3: Scheme of hydraulic resistance and static pressure 

Besides experimental work there are empirical 
models of flow parameters, which, however, have 
many restrictions. In case of an orifice the Reader-
Harris/Gallagher equation applies, which is used in the 
DIN EN ISO 5167-2 (2004). Another description was 
proposed by Merrit (1967), which depends on the 
Reynolds number Re and the geometry.  

Luhmer (1981) uses laminar factors to describe an 
increasing l/d ratio up to 1.67. The parameters K and z 
in Eq. 4 were determined empirically and are available 
in lookup tables for different geometric parameters as 
well as laminar and turbulent flow (Luhmer, 1981; 
Beater, 1999). 

 zQ K p    (4) 

Idelchik (2007) makes use of the resistance coeffi-
cient ξ in Bernoulli’s equation to determine pressure 
difference based on density  and inlet velocity u1. 
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The resistance coefficient ξ may be calculated by 
means of the empiric Eq. 6 in case of an orifice 
(D1 = D2, l/d < 0,015 and Re > 105) as follows 
(Idelchik, 2007). 
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 (6)  

Besides αD and ξ the flow contraction αK is a rele-
vant parameter for the characterization of hydraulic 

resistances, which is dependent on geometry and di-
rectly correlates with the pressure drop ∆pv. The fol-
lowing Carnot equation describes how much impulse is 
lost in the flow due to friction (Schröder, 2004) and 
thus describes idealized conditions for the anticipated 
minimal pressure loss in an orifice (l = 0).  
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Together with the continuity equation and the cross 
section ratio Ad / A1 as well as the contraction coeffi-
cient αK = Ak / Ad we receive a description for the pres-
sure difference depending on inlet velocity u1 and the 
ratios Ad/A1 and αK. 
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    (8) 

Figure 4 depicts the pressure ∆pv depending on the 
cross sectional ratios with density ρ = 880 kg/m3 (in-
compressible fluid) and inlet velocity u1 = 4 m/s based 
on the Carnot equation. Obviously the ratio Ad/A1 has a 
large influence on the pressure drop, whereas a change 
of flow contraction αK leads to significant losses only 
at higher values. 

 

Fig. 4: Pressure loss ∆pv in dependency of cross sectional 
ratios within orifice geometry  

1.3 Fluid Parameters 

The density  and dynamic viscosity  are the most 
important fluid properties in simulation of hydraulic 
resistances and are functions of temperature T and 
pressure p as shown by Witt (1974). Among others 
alternative fluid data is available from the SAE infor-
mation report 1362 (SAE, 2000). State of the art simu-
lation tools consider these nonlinear dependencies. In 
thermo-hydraulic simulations, the fluid’s heat capacity 
cp is incorporated as well in order to calculate the heat 
flow W  (Baum, 2001). However, for advanced ther-
modynamic modelling the derived parameters specific 
enthalpy s, entropy h and inner energy e must be ac-
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counted for as well (Witt, 1974). In this study the mod-
els by Witt were chosen due to high accuracy as well as 
availability of derived thermodynamic parameters 
(Baum, 2001). To provide the same boundary condi-
tions for the simulation model and the CFD-simulation, 
the Witt-equations (Witt 1974) were implemented in 
the CFD fluid model as well as the resistance model 
introduced in the following paragraph. 

2 Resistance Model 

2.1 Non-Cavitating Flow 

The goal of this research is an accurate analytic de-
scription of flow through hydraulic resistances. The 
scheme in Fig. 3 illustrates that the flow may be divid-
ed into three characteristic sections. The first section A 
starts at the inlet 1 and ends at the point of maximal 
contraction of the streamlines k. At this point the low-
est static pressure can be observed. The second section 
is situated in between k and the end of contraction 2. 
The third section C ends at the outlet 3 of the re-
sistance. As flow is decelerated due to expansion sub-
sequently, static pressure increases again.  

In the first case only non-cavitating flow should be 
considered. Based on the equation of continuity mass is 
conserved within a resistance as follows with a mean 
velocity u:  

 1 1 1 k k k

2 2 2 3 3 3

m A u A u

A u A u

 
 

     
     


 (9)  

The energy balance is taken into account for the de-
scription of the change of state in the first section 
(1 → k). The first law of thermodynamics states: 

    2 2
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The change of geodetic height within the resistance 
may be neglected. It may only be important for long 
pipe-like resistances in vertical position. In case of an 
adiabatic and steady flow in the first section we re-
ceive: 

 

2 2
1 1 k k

2 21 k
1 1 k k

1 k

1 1

2 2
1 1

2 2

h u h u

p p
e u e u

 

  

    
    (11)  

Substitution of velocities u by the equation of con-
tinuity leads to the mass flow shown in Eq. 12: 

 

 1 k
1 k

1 k

2 2 2 2
k k 1 1

2
1 1

p p
e e

m

A A

 

 


  

 


     (12)  

Additionally, external heat fluxes may be incorpo-
rated into the respective sections. For a parameterisa-
tion only external variables are available in most cases. 
The model must be able to describe the state variables 
within the component in dependency of accessible 

parameters. Losses due to friction, stream expansion 
and eddies in the post contraction zone are included by 
means of conservation of momentum. The dotted line 
in Fig. 3 depicts the corresponding balancing area and 
is chosen in analogy to a step diffuser (Junge-
mann, 2005; Truckenbrodt, 1996; Schröder, 2004).  

For small length to diameter ratios l/d < 0,5 the fric-
tion losses at the wall may be neglected (Riedel, 1973). 
If the ratio is increasing a friction model, as described 
by Beater (1999), is used. The wall friction is calculat-
ed based on the grade of turbulence represented by the 
Reynolds number Re.  

Considering the pressure loss at the wall ΔpWall we 
receive the following Eq. 13 for the second section 
(k → 2): 

    k 2 2 k Wall dm u u p p p A         (13)  

The third section (2 → 3) may be modelled without 
wall friction as the diameter increases and thus, flow 
velocity is sufficiently small. Furthermore, inlet and 
outlet length of a component are relatively short. With 
this assumption we receive: 

     32332 Appuum      (14)  

However, in some components, such as valves, this 
might become a relevant issue at higher flow rates.  

Substituting velocities u by Eq. 9, transforming 
Eq. 13 to pk and Eq. 14 to p2 results into a description 
of pressure pk in the contraction area, which is only 
dependent on known parameters, except for the con-
traction area Ak. Based on the pressure pk, representing 
the lowest pressure (in case the wall friction is smaller 
than pressure regeneration effects), cavitating flow can 
be evaluated. The ratio between Ak and A2 is described 
by the contraction coefficient k, which will be deter-
mined by means of CFD simulations in the following 
chapter.  
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Combining Eq. 12 and 15 yields the mass flow as a 
function of p1 and p3: 
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  (16) 

Besides pressure, fluid parameters such as density ρ 
and inner energy e are input variables which are avail-
able from mentioned fluid models. Calculation of den-
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sity and energy requires temperature and pressure val-
ues at the given locations. 

Assuming an isentropic condition s1(p1,T1) = 
sk(pk,Tk) is valid in this section and Tk may be calculat-
ed. Tk may be solved numerically only due to the com-
plexity of the entropy fluid model. Together with 
known pk all other relevant parameters may be deter-
mined.  

Concerning temperatures at point 2 and 3 we revert 
to the first law of thermodynamics, which yields the 
change of state between 1 and 2: 
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Respectively between 1 and 3 it states: 
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It becomes apparent that Eq. 17 and 18 may only be 
solved numerically as well because inner energy e 
respectively depends on temperature in the correspond-
ing sections. 

If an ideal orifice must be described, Eq. 16 simpli-
fies as only two sections remain due to the minimal 
length to diameter ratio l/d. Without pressure loss as a 
result of viscous friction inside the resistance, the ori-
fice flow is virtually independent of fluid viscosity. 
Furthermore, the wall friction term can be omitted. In 
analogy to the throttle model the law of momentum can 
be applied to the second section. Therefore, the orifice 
mass flow resolves into: 
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The pressure at the outlet of the orifice is known so 
that temperature T2 may be calculated numerically in 
analogy to the throttle model based on the first law of 
thermodynamics and the fluid model. 

2.3 Cavitating Flow 

In case of cavitating flow through a resistance the 
mass flow may not be increased any further. Cavitation 
occurs when static pressure drops within the flow field 
to a critical value. In a throttle the highest velocity and 
thus the lowest static pressure occurs at the contraction 
point k, where local cavitation areas build up. Howev-
er, actual blocking of mass flow occurs when pressure 
within the core flow drops down to the fluid’s vapour 
pressure pv and thus spreads across the whole cross 
section (Schmitt, 1966).  

Further pressure reduction is hindered due to in-
creased vaporisation (Schmitt, 1966; Riedel, 1973; 
Jungemann, 2005). 

For this reason pressure calculation according to 
Eq. 15 becomes obsolete. Instead pressure pk may be 
replaced by vapour pressure pv. Density ρv is chosen 
for the fluid phase at vapour pressure. Based on these 

simplifications we obtain the mass flow in cavitating 
state: 
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According to Eq. 20 no conclusions can be drawn 
from state variables downstream of the cavitation area 
or transient area between non-cavitating and cavitating 
flow. This information could be made available by an 
model based description of cavitating flow starting in k 
to describe the flow conditions downstream. 

Furthermore, any occurring hysteresis effects de-
scribed by Riedel (1973) cannot be modelled this way. 

A cavitating orifice may be modelled based on the 
same methodology with Eq. 19 as a basis. 

The mass flow equation of an orifice and throttle 
are the same in case of cavitating flow, because only 
the first section from 1 → k is necessarily regarded. 
For greater lengths of a throttle the wall friction be-
comes relevant again. However, Riedel (1973) shows 
that in case of orifices at beginning of cavitation an 
unsteady volume flow occurs. It is not clear, if this 
behaviour is caused by a change of state, e.g. vapour 
pressure pV or density  or a change of the flow con-
traction αK.  

Riedel reflects that the unsteady behaviour is 
caused by an unsteady change of flow. If the phenome-
non is caused solely by a change of flow contraction 
and thus Ak, the proposed Eq. 20 remains valid. An 
accurate CFD simulation of a cavitating flow is not 
possible so far, as parameters for the Rayleigh-Plesset 
equation are not available for hydraulic oils at this 
point (Yang et al, 2005). Therefore, the validity of the 
proposed cavitation model cannot be analysed in 
course of this study and is subject to future work.  

3 CFD-Based Analysis of Resistances 

Besides geometric and fluid parameters the pro-
posed analytic model for hydraulic resistances must be 
parameterised by the contraction coefficient αK, which 
cannot easily be measured in test stand trials. Conven-
tionally this parameter is determined in free flow tests, 
which lack in accuracy due to missing counter pressure 
effects. Therefore, the authors suggest a CFD-based 
methodology that grants access to the inner flow be-
haviour. Moreover, it allows for a detailed analysis of 
parameter correlations and interdependencies in course 
of a statistical analysis, which has only been possible in 
prior experimental studies to a limited extend 
(Riedel, 1976; Idelchick, 2007). Another way to deter-
mine the contraction coefficient αK would be by meas-
urement in analogy to the discharge coefficient D. The 
disadvantage of using experimentally determined char-
acteristics is the absence of any physical motivation 
because the results could be adjusted by altering αK to 
match measured results, even if αK is only one influ-
ence among many that alter the mass flow. The au-
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thor’s approach focuses on separation of theflow con-
traction effect and others such as wall friction. 

For this purpose non-isothermal models are simu-
lated in ANSYS CFX with the SST turbulence model. 
Additionally, pressure and temperature dependent fluid 
parameters were implemented according to Witt 
(1974). Based on the Grid-Convergence Index (GCI) 
defined by Roach (1997) a design study was performed 
in order to find a balance between discretisation error 
due to mesh size and resulting simulation time. Ap-
proximately 300.000 elements were chosen for a 30° 
rotational segment shown in Fig. 5 that shows no 
change in the simulation results compared to meshes 
with 500 k, 900 k and 2 mio. elements. 

 

Fig. 5: Mesh structure of 30° rotational segment 

In a primary CFD study relevant parameters, which 
significantly influence the flow behaviour and thus 
contraction αK,  have been identified for further analy-
sis. Both physical parameters mass flow m  and tem-
perature T1 as well as geometric parameters inlet an-
gle , diameter d2 and length l are varied according to a 
carefully chosen experimental plan in order to keep 
simulation time as low as possible. As most influences 
and output parameters are second order functions, it is 
sufficient in most cases to choose a variation of three to 
five points per parameter. Based on fundamentals of 
fluid mechanics and empirical analyses of the past, it is 
known that not all parameters show a high degree of 
interaction (Murrenhoff, 2007; Latour, 1996; Eich, 
1979). A comparison of CFD simulations with meas-
urements by Riedel (1973) for different geometries and 
own measurements demonstrates the validity of the 
models. The following Table 1 illustrates exemplary 
results of discharge coefficient D for different 
l/d ratios and the error of D, CFD referred to measured 
D, Meas: 

 
 
 

Table 1: Comparison of discharge coefficient D 
between CFD simulations and measurements 
(Lichtarowicz, 1965) 

d  
[mm] 

l/d ratio 
[-] 

D, CFD 
[-] 

D, Meas. 
[-] 

Error 
[%] 

3 0 0,627 0,62 1,13 

3 1,25 0,737 0,77 4,29 

3 2,5 0,779 0,81 3,83 

3 5 0,786 0,79 0,51 

5 0 0,625 0,62 0,81 

5 0,75 0,703 0,72 2,36 

5 1,5 0,776 0,79 1,77 

5 3 0,803 0,80 0,38 

7 0 0,633 0,62 2,10 

7 0,54 0,690 0,68 1,47 

7 1,07 0,769 0,76 1,18 

7 2,14 0,817 0,81 0,86 
 
The following Fig. 6 shows the high accuracy of 

CFD and lumped parameter models in comparison with 
measurements, orifice and throttle equations for an 
exemplary resistance (dimensions depicted) at 25 °C as 
well as 40 °C. Furthermore, the results of an empirical 
model by Idelchik (2007, p. 379) are depicted. The 
influence of the inlet angle is neglected, because no 
adequate formulation is provided. A comparison with 
Luhmer (1981) is abandoned due to the restriction of 
l/d ratios up to 1,67. 
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Fig. 6: Comparison of measurements, CFD-simulations, 
orifice, throttle and lumped parameter model 
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In order to define the flow contraction αK a stream-
line is placed in CFD as close to the inlet edge. It must 
be pointed out that the total course of the streamline 
within the component is relevant as a second contrac-
tion area at the outlet of a throttle has to be taken into 
account for the law of momentum, if flow has not at-
tached to the wall yet. Another streamline is set on the 
rotational axis to determine the minimal pressure pmin, 
temperature Tmin and velocity umax. These values might 
not be located at the highest flow contraction, but fur-
ther downstream due to the flow pattern.  

3.1 Influence of Length l 

The ratio l/d is highly relevant for the flow behav-
iour (Riedel, 1973; Lichtarowicz, 1965). Starting at a 
pure orifice, which is solely dependent on fluid densi-
ty , the pressure drop decreases with increasing 
length. At a ratio l/d  2 the pressure drop reaches its 
minimum and then increases due to viscous friction. 
Pressure regain effects are responsible for the nonlinear 
behaviour, as the flow attaches to the walls again after 
contraction and thus leads to a better guiding. As vis-
cous friction comes into account, being directly corre-
lated to dynamic viscosity , temperature influence 
rises with length. However, temperature influence on 
pressure loss is highly dependent on m  and thus Re. At 
low Re values the influence is significant while it be-
comes obsolete at higher turbulence, because friction 
losses are lower in case of a turbulent flow in compari-
son to a laminar flow for smooth surfaces, when ne-
glecting differences in mean flow velocity u and densi-
ty . The following Fig. 7 depicts p over l/d for dif-
ferent temperatures at a low mass flow m  of 0.7 kg/s.  
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Fig. 7: Pressure losses p over ratio l/d at constant mass 
flow 0,7 kg/s for d = 7 mm and D = 30 mm 

3.2 Influence of inlet angle  

While the influence of the ratio l/d on discharge is 
documented quite well in literature, the inlet angle  
has not gained much attention. It is assumable that the 
flow contraction is mostly influenced by the mass forc-
es within the fluid. Therefore, the inlet angle should 
strongly correlate with the contraction and thus pres-

sure loss, as change in flow direction decreases. 
The following Fig. 8 shows the influence of the in-

let angle on the pressure difference. As mass flow rises 
the relative temperature influence becomes obsolete. At 
angles  above 35° the slope of the pressure loss in-
creases due to the change of an impact flow to guided 
flow. At a low flow rate the relative influence of tem-
perature is significant, as flow attached earlier to the 
wall again which increases friction losses on the other 
hand. 
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Fig. 8: Pressure losses p over inlet angle  at constant 
mass flow 0,7 kg/s for d = 7 mm and D = 30 mm 

The following Fig. 9 shows the pressure loss over 
the two discussed geometric parameters l/d ratio and 
inlet angle  at a constant temperature T1 = 333,15 K 
and a diameter d = 7 mm and clearly depicts the inter-
dependencies. With increasing l/d ratio the pressure 
loss and influence of angle  drop significantly. The 
better the flow guiding the higher is K, which means 
that within the throttle flow attaches again at an earlier 
stage. This indicates that friction losses overcompen-
sate pressure regain effects at even lower l/d ratios. 

 

Fig. 9: Pressure loss over l/d ratio and inlet angle  for 
different mass flow rates at temperature 
T1 = 333,15 K and diameter d = 7 mm 
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The central element of the CFD-based research is 
the contraction coefficient representing a great share of 
the overall pressure losses within the component. Fig-
ure 10 depicts αK over l/d and . It becomes obvious 
that the mass flow influence is relatively small com-
pared to geometric parameters. However, at low flow 
rates it differs slightly due to laminar friction and inter-
sects with the values at higher flow rates due to the fact 
that αK increases again in the laminar region with de-
creasing Re-values (Will, 1968). Consequently αK 
shows a dependency on Re in the laminar and transi-
tion region, which increases with l/d ratios due to wall 
friction effects. At turbulent flow this effect relieves 
and leads to independency of αK from flow rate. 
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Fig. 10: Contraction coefficient αK over l/d ratio and inlet 
angle  for different mass flow rates at temperature 
T1 = 333,15 K and diameter d = 7 mm 
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Fig. 11: Contraction coefficient αK over l/d ratio and inlet 
angle  for different temperatures at mass flow  
m  = 0.7 kg/s and diameter d = 7 mm 

Whereas influence of mass flow is low, the contrac-
tion coefficient αK significantly changes with tempera-
ture, as shown in Fig. 11. Low viscosity at high tempera-
tures results in increased contraction and decreased coef-
ficient. However, this influence decreases as mass flow 
rises and flow becomes more turbulent. At low l/d ratios 
there is a small peak of the coefficient visible. Pressure 

regain effects, shown in Fig. 5, are responsible for these 
phenomena and are responsible for the pressure minima 
at this point.  

3.3 Analysis of Lumped Model 

When we revert to the determined αK values and the 
fluid model by Witt (1974) and compare these values 
with the CFD simulations we may analyse the deviations 
and thus the quality of the proposed model. However, it 
must be made clear that the determination process of αK 
from the CFD simulations might already include inaccu-
racies due to the chosen approach with streamlines. Main 
deviations can be observed in the laminar regions, at 
which αK is very high due to low flow rate. At higher 
l/d ratios the flow can attach to the walls again which 
leads to friction that must be accounted for. Although the 
introduced friction model leads to better results than 
neglecting friction, deviations remain. At this point it is 
not clear, if the chosen friction model or the simulation 
properties are responsible. The following Fig. 12 shows 
deviations between the proposed lumped model and 
CFD over l/d ratio and inlet angle . Combining all devi-
ations to the CFD simulation for the analyzed cases we 
receive a mean value of 4,2 % for all geometries based 
on the mass flow. Figure 12 illustrates the relative devia-
tion of mass flow m . The shown values represent the 
mean absolute error for each geometry case. Thus, each 
point represents a multitude of different Re-values. Only 
in certain cases the deviation amounts to more than 5 %. 
At  = 45° the contraction decreases significantly which 
results into difficulties in the extraction of the values 
from CFD simulations. The largest diameter results into 
the highest deviations.  
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Fig. 12: Relative mass flow deviations between lumped 
parameter model and CFD simulation 

4 Summary and Outlook 

Widely used volume flow based hydraulic resistance 
models lack the ability to describe the absolute pressure 
dependency of mass flow due to density changes and 
critical flow at which cavitation occurs exactly. Further 
model deviations are induced due to the simplification of 
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constant fluid parameters within the component. As the 
occurrence of cavitation at hydraulic resistances is a 
major problem in many applications, a model is highly 
desirable, which allows for detection of possible cavita-
tion effects and assessment of further flow behaviour 
during cavitating state.  

However, even for complex simulation models, the 
general objective must be a parameterisation based 
only on accessible geometric and physical parameters, 
such as inlet and outlet pressures and inlet temperature. 

The proposed analytical model for hydraulic re-
sistances comprises the above mentioned features un-
der the set boundary conditions. Although the model is 
of analytic nature to a large extent, few empiric values 
persist. In any case the thermodynamic fluid properties 
must be described by means of empiric models. In 
course of this research the models proposed by Witt 
(1976) were chosen for HLP 46 oil which are available 
for many other fluids as well.  

The remaining flow parameter in the model is the 
contraction coefficient αK, which is very difficult to 
measure in test stand trials. However, this parameter is 
determined based on CFD simulations for a multitude 
of geometries and flow conditions. As anticipated, the 
simulations show a great dependency on geometric 
parameters. Resulting, we may revert to either a 
lookup-table or a mathematical description for αK, 
which serves as input for the resistance model. Results 
of CFD simulations were compared to measurements in 
order to validate the accuracy. Altogether we receive a 
highly accurate model for a large variety of hydraulic 
resistances. The overall mean deviations without any 
further adaption to the CFD simulation for the analysed 
cases are 2,4 % for an orifice and 4,9 % for a throttle 
geometry. Deviations occur mainly at laminar flow due 
to possible inaccuracies in determination of αK and in 
case of large l/d ratios due to wall friction. 

In case of a cavitating flow a possibility for model-
ling has been proposed based on observations among 
others by Jungemann (2005) and Riedel (1976). An 
extended evaluation of model validity remains difficult, 
as cavitation is influenced by a large number of factors 
not being considered in the model. Further analysis of 
such properties is subject to future work.  
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Nomenclature 

A Cross section area [m2] 
cp Specific heat capacity [J/kg/K] 
d Inner Diameter [m] 
D Outer Diameter [m] 
e Specific inner energy [J/kg] 
E Bulk modulus [bar] 

h Specific enthalpy [J/kg] 
l 
k 

Length 
Flow contraction 

[m] 
[-] 

K Laminar factor [-] 
m Mass  [kg] 
p Absolute pressure [bar] 
r Radius [m] 
s Specific entropy [J/kg/K] 
T Temperature [K] 
u Velocity [m/s] 
V Volume [m3] 
W Heat flow [J/s] 
z Laminar factor [-] 
D Discharge coefficient [-] 
K Contraction coefficient  [-] 
 Dynamic viscosity [kg/m/s] 
 Inlet angle [°] 
 Kinematic viscosity [m2/s] 
ξ Resistance coefficient [-] 
 Density [kg/m3] 
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