CENTRIFUGAL PUMP I\/IODEL
OF THE DLR THERMOFLUID

STREAM LIBRARY

Raphael Gebhart! Martin Dusing? Niels Weber! Franciscus L. J. van der Linden?

lInstitute of System Architectures in Aeronautics, German Aerospace Center

HELLA GmbH & Co. KGaA

raphael.gebhart@dlIr.de, martin.duesing @forvia.com, niels.weber@dlr.de, franciscus.vanderlinden@dIr.de

DLR


mailto:raphael.gebhart@dlr.de
mailto:martin.duesing@forvia.com
mailto:niels.weber@dlr.de
mailto:franciscus.vanderlinden@dlr.de

Acknowledgements

The project is supported by the Clean Aviation Joint Undertaking and its members.

.f
%" Clean Aviation is the EU’s leading research and innovation program for transforming aviation
CLEAN AVIATION towards a sustainable and climate neutral future. As a European public-private partnership,

Clean Aviation pushes aeronautical science beyond the limits of imagination by creating new
technologies that will significantly reduce aviation's impact on the planet, enabling future
generations to enjoy the social and economic benefits of air travel far into the future.

Visit the website to find out more about Clean Aviation: www.clean-aviation.eu

Funded by the European Union, under Grant Agreement No 101102008. Views and opinions
expressed are however those of the author(s) only and do not necessarily reflect those of the
European Union or Clean Aviation Joint Undertaking. Neither the European Union nor Clean

Ca-funded by 0 R
the Eurcpaan Unlan Aviation JU can be held responsible for them.

This document and its contents remain the property of the beneficiaries of the TheMa4dHERA Consortium. It may contain
information subject to intellectual property rights. No intellectual property rights are granted by the delivery of this document or
the disclosure of its content. Reproduction or circulation of this document to any third party is prohibited without the consent of
the author(s).

#7 ThoMadhEid g
DLR

Raphael Gebhart, Institute of System Architectures in Aeronautics, 10.09.2025 Grant Agreement No. 101102008



https://eur05.safelinks.protection.outlook.com/?url=http://www.clean-aviation.eu/&data=05|01||fca5a9a53f6249375db508da9d5a3181|d05bc93f577f44588f153232c0081d2d|0|0|637995307943813123|Unknown|TWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D|3000|||&sdata=FL92LzNG102ulnZWeeLvJioYjSzwaP%2BEJsuszyCOBAk%3D&reserved=0

Inconsistent pump model

Scaling DLR
TDH_D Fom Design pressure head (max efficiency)
V_flow_D P m3fs Design volume flow (max efficiency)
omega_D v radfs Design angular velocity
source sink
pump

« At design angular velocity and design head the
volume flow rate is supposed to be the design
e o dpref volume flow rate... but it isn‘t!

p=p
T=20°C
referenceSpeed « Implementation as a function — hard to debug
* Incorrect Reynolds number implementation —
Fix removed ~95% of error
00037 — * Model approach (suitable for extrapolation
ozl V_flow D V_flow (bug fixed) water — oil) invalid for water itg.elf (scaling
g . . factors # 1) — ~5% error remain
= s V_flow (inconsistent)
- \
0.000
0.00 I I I I U.I25 I I I I U.ISD I I I I U.I?‘S I I I I 1.00
Re mod := (omega_hat*r"2)/(mu_in)*(omega_s"1.5*%f q"8.75);

SI.SpecificVolume mu_in = Medium.dynamicViscosity(state in) "Specific volume at inlet”;
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Inconsistent pump model

Component lcon

Name redeclare dp_tau_pump

Comment dp_tau_centrifugal
Model f

Path ThermofluidStream.Processes.Internal. TurboComponent.dp_tau_centrifugal

Comment Model of a centrifugal pump

Parameters
Medium ~ ?} 4 Medium model
parametrizeByScaling truel v = true, if pump characteristic curve is computed from one design point
Scaling
TDH_D P m Design pressure head (max efficiency)
V_flow_D > mi/s Design volume flow (max efficiency)
omega_D »  rad/s Design angular velocity
General
K_D_input 4 Vflow D / omega_D
f_q_input 4 Number of floods
r_input 4 Pump radius (r2)
rho_ref _input 4 Reference density
HQ characteristic
a_h_input 4 HQ factor 1
b_h_input 4 HQ factor 2
c_h_input 4 HQ factor 3
TQ characteristic
a_t_input 4 TQ factor 1
b_t_input 4 TQ factor 2
v_i_input 4 TQ factor 4
v_s_input 4 TQ factor 3
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« At design angular velocity and design head the
volume flow rate is supposed to be the design
volume flow rate... but it isn‘t!

« Implementation as a function — hard to debug

* Incorrect Reynolds number implementation —
Fix removed ~95% of error

» Model approach (suitable for extrapolation
water — oil) invalid for water itself (scaling
factors # 1) — ~5% error remain

 Up to 14 Parameters — hard to use

— Decision to design a new pump model



Measurement data
Sample development pump —automotive supplier HELLA GmbH & Co. KGaA
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Discharge V in m3/h Discharge V in m3/h Discharge V in m3/h

Aw = 6800rpm ¢ w = 6210 rpm * w = 5440rpm * w = 4760 rpm =< w = 4080 rpm + w = 3400 rpm 4 w = 2720rpm v w = 2020 rpm

Head (or pressure difference) and mechanical power (or torque) for different
discharges and different rotational speeds.

To reduce the number of required measurements — use affinity laws

Copyright HELLA GmbH & Co. KGaA
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Affinity laws ‘#7
DLR

List of physical variables influencing a centrifugal pump:

- diameter D, rotational speed w, fluid density p, head gh (pressure difference Ap), volumetric flow rate V
and mechanical power P (torque 1)

 Viscosity n is often neglected

Variables Exponents
D w o |gh|V P Row-wise Gaussian D@ @|gh V P
Units m [1 0 -3[ 243 2  glimination 1 0 0f2 3 5
— s |0 -1 0 ]|]—-2 -1 -3 > O 1 02 1 3
kg| 0 O 1 0 0 1 O 0 110 0 1
Column-wise Gaussian l Dimensionless numbers
elimination .
g
. o, =
D w'! oD3|g¢gh V P ¥ Dlw?
1 0 0|2 3 2 R . - 7
o 1 0 |-2 -1 -3 V' DBw
0 0 1 0 0 1 p
IIp = ————
P D3w3p

With fixed diameter D the well known similarity laws apply: h ~ w?, V~w, P ~ pw?
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Applying similarity laws

Head /1 in m

Head gh/cu2 in m?2
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Head: excellent agreement
Power: good agreement (expect outliers at low rotational speeds)

The units are impractical —» Normalize to reference point
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Efficiency 1

Efficiency #

—h~w? V~w, P~ pw?

DLR
A w = 6800rpm
w = 6210rpm

* w = 5440 rpm
* w = 4760 rpm
x w = 4080 rpm

w = 3400 rpm
A w = 2720rpm
v w = 2040 rpm
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Normalize with nominal/reference/rated conditions
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Mn = 1/ Tref
 Dimensionless figures t
— Approximate head and power using quadratic polynomials Normalized
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Approximation
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Efficiency 1

Efficiency 1n
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A w = 6800rpm
w = 6210rpm

*  w = 5440rpm
*  w = 4760 rpm
x  w = 4080 rpm
+  w = 3400rpm
A w=2720rpm
v w=2040rpm

- — — Approximation
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Approximation of data at reference rotational speed
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Final result
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Mean relative error

- - DLR
e -
S o | Mean relative error:
S £ « Head < 1%
+ - P .
o « Power, Efficiency <= 5 % except low rotational speeds
- F with up to 40 %
O i « Adding data at different rotational speeds does not lead
2 el L 11 1 1 | to overall improvement
2040 2720 3400 4080 4760 5440 6210 6800
Rotational speed w in rpm
—+— Approximation 1 head - =r - Approximation 2 head
—4A— Approximation 1 power - - Approximation 2 power
—x— Approximation 1 efficiency — +- Approximation 2 efficiency

/ \

Used only measurements Used all measurements for
at reference speed for the  the approximation
approximation
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Efficiency contour
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DLR

— Curves of constant efficiency are parabolas in the head — discharge plot

Measurements
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Discharge V in m3/h
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Head 1 in m

Comparison

11
7

Discharge V in m3/h

——— Measurements - — — Affinity laws




Comparison of different (radial flow) pumps
18 Wilo pumps available at the Buildings Library DLR

2 : 72
hn = €powy + CpawnVn + Cpa Viy

Normalized head at j Py = wnTh = WnPn ((:p,ocurz1 + 0p,1ann + Cp,zvr% )
zero flow hyg — .

Normalized discharge _ _ o
at zero head V, , To determine the six coefficients:

« 3 reference values: hyef, Viof, Nref
« 3 ,shape” parameters: hy o, Vy, 0, Pno

Head hp

L e e B s s B B s
\|\|\\|\|}\\\|\|\\

Normalized power
at zero flow Py,
oF ’
Nref Vref Pref Mref Wspecific V
& i inm inm’%h inW in% W e — W
specific — 3
NS .~ min 14 29 27 24 042 \ V/gh
) | max 22 73 4200 77 1.21
2
< i
> | |
= mean std min max
% ‘ i hon 1.273 £0.128 1.101 1.516
0 Von 1.946 =+0.087 1.784 2.090

0 1 2

Pon 0.499 =£0.099 0.372 0.677

Discharge V,
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Advantages  »_.uq

S0 €,

T w 1Y w N pmfwi,f w
o et cpo TP
Pres Tref Wref Pref Wref ref Wref
N—————

cpo

5 5 .
w >- +§ lu'refvref w V
v href Wref Vrcf

2 : 72
hn = cpowp + cp1wnVa + ¢ o Viy

2 : 72
Pn = wnTh = wnpn (CP,OUJn + CP,lann + CP,ZVn>

* No division by zero (rotational speed)
* No oscillations (Runge‘s phenomenon) 2
* No numerical workarounds (due to the TFS)

2+(.: pref“ﬁ)fvref L w Qi pref“'refvrzgf (L)Z DLR
2 Pres me Wref k2 Preg Vref
\ Rewrite quadratic polynomials
. 2
e e (V)
_ C P R
2 h,0 I o h,2 0
. o2
P Tw . Vo 14
3= —3 =Cpot+tCp1— +Cpp| —
pw pw w w
15
1 3 —
1 0.75 + 0.001
0.5
0
| | \ 0 |
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—— f(x) =1/(1 +25x%)
——— Equidistant interpolation, n = 11

*  f(x) =1—x2+0.0016505
——— Equidistant interpolation, n = 19




Waterhammer limit cycle

source

centrifugalPump

reservoir
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Inertia Pump Pipe

ma=Y F
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2 - 2
hn = cpowpn + cprwnVia + ¢ 2 Vi

Qualitative extension
for negative flow
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a=0 a= 05 a = 0.98 a = 1.02 a=2

— Without static equilibrium, inertia matters
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Pump head / in m Pump head i in m

Pump head 1 in m
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Analytic solution exists

read the paper if you are interested DLR
Limit points ¢, - ¢
qn N N4 ,.C'. L N
) 2(1 +¢c+k) » NP (1Y) E
hR,max,n:1+6VI,n_ (1 +€+k)V12nr E 1 E
- - £ 2F 0 E
n C+\/C2_4(1+6+k) (1_hRmaxn) = 1B =
Vit = - ORI & =
fin —2(14¢+k) S o :
Vilin = —Vin, 'é . é — é
VIV,n = _VII,nr -g_ - ; x= 05 ;
flR,min,n =1- (ER,max,n - 1) g S a =098 E
o -3F T \ ’ 7
0 1

Differential equation

; £
dh Ol ol ~
dI;,n = —Voutn + Vin (1 + \/1 + (1 - hR,n)) = 1
= b
-~
Implicit analytical solution = ]
. - 2 ]
T = fe(hrn) = f+(hRon), - ]
f 2 (f/ g+ S b
== 7=, {Ving=* c
V2 g i
~ 2 2 2 o
+ (£ Voutn — VI,n) In ):Fvout,n + VLn(l + gﬂ:) ’ ) ’ 14 T

0 1

8o = 1570~ ), o | | |
— Simulation agrees with analytical solution
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Normalized rotational speed

o
o

Outlook — 4 quadrant pump model — head/torque - countour
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Conclusion

* Robust pump model

= Easy to parametrize

= Further work ongoing
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Head /1 in m
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