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Thermal Management Investigations at FKFS:

Experimental Measurements
and
Simulation with CFD and KULI

Overview:

1.

FKFS — Experimental Test Facilities

e Aeroacoustic Wind Tunnel

J Roller Test Bench and Hot Climatic Wind Tunnel
Experimental Measurements

e Air Flow

e Thermal
Simulation with KULI

» Resistance Matrix
Built-In Resistance
Summary
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1. Experimental
Test Facilities:

- Aeroacoustic
Wind Tunnel

FKFS Full Scale Aeroacoustic Wind Tunnel with
5-Belt Road Simulation System

Nozzle Exit Area:
Test Section Length:
Fan Diameter:

Top Speed:

2. Measurements |

3. Simulation
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22,45 m2

9,95 m
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%@3 FKFS Roller Test Bench and Hot Climatic Wind Tunnel I
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1. Experimental : = -
Test Facilities: e = =

- Roller Test % o _ S e e
Bench and Hot AR, Z e = .
Climatic Wind Technical Data: P !

Tunnel

.

Test Section (L/W/H): 15,8 m/6,8m /55 m
2. Measurements || Roller Diameter: 1,5 m

3. Simulation Roller Speed: max. 400 kph

Tractive Force during Braking: max. 14 kN
Air Flow Speed: max. 220 kph

Nozzle Cross-Section: 6 m? (2,45 m x 2,45 m)

Input Power of Fan: max. 1000 kW
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B Value [m3/s]

E Measurement [m3/s]
1. Experimental O Error
Test Facilities

2. Measurements:
- Air Flow

3. Simulation

-1.9%
4 » Unusual High Accuracy in Prediction of Cooling Air
M. Genger
T. Kuthada Volumeflow Rate

J. Wiedemann




AN
Forschungsinstitut far
Kraftfahrwesen und

Fahrzeugmotoren
Stuttgart

1. Experimental
Test Facilities

2. Measurements:
- Thermal

3. Simulation
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Measurements — Thermal

mmm)> Coolant and Air Temperatures at the Radiator Inlet and Outlet
m==)> VVolume Flow of Coolant through the Radiator

=) Fan Rotational Speed and Power

) Ambient Conditions (Atmospheric Pressure, Temperature, Humidity)

) Power, Velocity and Traction Force of the Vehicle on the Roller

T

Coolant, in

V Coolant

T

Coolant, out
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1. Experimental
Test Facilities

2. Measurements:
- Results

3. Simulation
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Measurements — Results

m) Heat Balance
Air Side: Mass Flow and Temperature Rise
Coolant Side: Mass Flow and Temperature Drop

m) Cooling Performance:
- of Reference Vehicle at different Driving Conditions
- at different Fan Speeds

m) Relation between Air Mass Flow and Temperatures of
Coolant and Cooling Air at Full Load Operating Points
=) Relation between Fan Speed and Air Mass Flow

Air Mass Flow [kg/s]

__Air Mass Flow Map
m z7
=, |
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0 1000 2000 3000 4000 5000 <L I,
Fan Rotation Speed [rpm] e o
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1. Experimental
Test Facilities

2. Measurements

3. Simulation:
- Qverview

Software tool for optimization
of heat management in vehicles

7 Radiator
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W—% CFD-Simulations using EXA PowerFLOW
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1. Experimental
Test Facilities

.

=y

(Y

2. Measurements

3. Simulation:
- EXA
PowerFLOW

B Mass Flux

® Error

9.7%
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Experiment
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1. Experimental
Test Facilities

2. Measurements

3. Simulation: Input Values
- KULI
to KULI

9

M. Genger

T. Kuthada

J. Wiedemann




AN
Forschungsinstitut far
Kraftfahrwesen und

Fahrzeugmotoren
Stuttgart

1. Experimental
Test Facilities

2. Measurements

3. Simulation:

- KULI
Resistance Matrix
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Simulation with a Resistance Matrix in KULI

Convertion of the
Measured or Simulated (3D-CFD) Air Velocities
In a Resistance Matrix in KULI:

Gralk Sebup ... Extras

P& = =) e 8 T ||

CFD Velocity Field
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1. Experimental
Test Facilities

2. Measurements

3. Simulation:

- KULI
Resistance Matrix
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Bemerkung
Beteiligte Blocke (z.B.: 1:3:4)
Umgebungsluftdruck [hPa]
Umgebungstemp [C]
Luftteuchte [24]

Einheit Feldkoordinaten

KULI CFD-Datei
modifizieren...

|fan0n_1 40kph, aus Ordner IKO 20020320

—
foo

Lage z-Richtung [mm]

hax. Anzahl der angezeigte

<=* widerstandsmatrix [Genger_ganz.widmat] =101
Datei Extras Daten
I
Widerstandsmatrix
Eingahedaten CFD-Daten |I<ULI Widarstandsmatrix
Lage des CFD-Datenfeldes @
KULI CFD-Datei |fanun71 40_a.cfd Lage y-Richtung [mm] =¥ i

—

n'Ware

1000

v-Koordinate

zKoardinate

whgsgeschw. in x—chhtun1

36675
300.08

23338

Methode
IMSL =
Klassenlimit |0

™ Classify X

F

CFD Velocity Field




== widerstandsmatrix [Genger_ganz.widmat] [ =]

Datei Extras Daten

EIE=N=I0N
Widerstandsmatrix
FO rSC h U n g S I n Stltut fU r Einqabedatenl CFD-Daten KULI Widerstandsmatrix
Kraftfahrwesen und ‘»‘
Fahrzeugmotoren —
St u tt g art vKoordinate [mm] z-Koordinate [mm] Zeta-Beiwerte
El 13EI3[I ii
Eil I3
Eil 713
kil 300
il 367
& EE]

1. Experimental
Test Facilities

Zeta Values

2. Measurements N
Klassenlimit |U—

™ Classify =

3. Simulation:

- KULl
Resistance Matrix

s S s

L - 1= I SR Rl )

Zeta-Beiwarte
" Draderesall -
" Fiedwnradell -
Do - Flactereadel o
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1. Experimental
Test Facilities

2. Measurements

3. Simulation:

- KULI
Resistance Matrix

13

M. Genger

T. Kuthada

J. Wiedemann

Creation of a KULI-Matrixmodel
with the following Components:

» Radiator
» Resistance Matrix
» Mass Flow Target

zZ
« Water Circuit (Medium, Mass Flow, Pressure, Heat) ZP

=) Better Knowledge of the Cooling Air Mass Flow
and Coolant Temperatures over the Radiator

m) Resistance Matrix can be Used also at Other
Operating Points
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%Q.- Simulation — Results of the Matrixmodel
Forschungsinstitut far . CTE— isixd
_ =10] x| s
e . Coolant - Temperature Drop: WK1 (Sim.1)
Fahrzeugmotoren Cooling Air Mass Flow: WK1 (Sim.1) GréBe: Temperaturdifferenz IM [K]
Stuttgart GroBe: Massenstrom AM [kd/s -
|
[ 0032kes [ -0ss50K]
] 0029kgss ] -121K]
] o0.026kes C ] -155[K]
1. Experimental T o0 L 191K
Test Facilities I oo2kes g -3.25 [K]
0 0017 kgs 2.6 [K]
[ oco1akgs 1 | 1 [0 2051K]
2. Measurements ; ) e TS
4 I | U.Ull Kg/s
B 0.008kys
3. Simulation: B K

- KULI

Results of the : _ Cooling Air - Temperature Rise: WK1 (Sim.1)
Matrimedel - Detalled AnaIySIS GroBe: TemperaturdlfferenzAME -
1 1 [ ] 30[K]
Effects is possible o
[ 25K
Difference of Simulated Dﬂ
L 20k
Coolant Temperatures ——
14 to Exp. Measurements: B 150K
- 0 Bl 125(K]
M. Genger Coolant, in: +0.3% ———
T. Kuthada Coolant, out: +1.3%
J. Wiedemann
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1. Experimental
Test Facilities

2. Measurements

3. Simulation:
- KULI

Model with Built-
In Resistance
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Substitution of the Resistance Matrix with:

Pressure Coefficient C;, at the Inlet and Outlet of Cooling Air

ose:Fa ]

—

=

Built-In Resistance

Fan with Measured Rotation and Power




%‘;@ Determination of the Built-In Resistance — the Unknown Factor
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R - Vary the Pressure Drop U_ntil the Air Flow Rate is Equal to the
Stuttgart Experimental Value (or the Matrixmodel Result)
Built-in resistance [mondeo_Abgleich_Messung85fan2340.ew]* ;|g|5|
File Extras
1. Experimental |8z aaw,
Test Facilities Type of resistance |Bui|t-in resistance E

General data Cuter flow |Diagr. Set.l

2. Measurements

Pressure
: : drop y=ax'+b|xc
3. Simulation:
- KULI Entry temperature [54 Farameter: in flow directian
BUiIt'In Resistance Entry pressure abs. [hPa] |1EI13
hedium Iair_b.dat
Air humidity [%] [0
Farameter: counter flow direction
Unit of flow rate m"3fs j & - o
Unit of press. loss M2 j b= o
c= o
Regression Weights Diagram boundanys:
no regression j kdin. I rriin. -1
hetiane. | = i, 1
16
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1. Experimental
Test Facilities

2. Measurements

3. Simulation:

- KULI
Built-In Resistance
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Determination of the Built-In Resistance —the Unknown Factor

Know: Mass Air Flow through the Radiator from Exp. Measurements
Want: Built-in Resistance at this Operating Point

Variation of the Built-In Resistance
w ~
@) \
=,
; 7%
o
LL \
< Y
0 100 200 300 400 500 600 700 800

Pressure Drop [Pa]

== Built-In Resistance Pressure Drop: 422 Pa




%O:: Determination of the Built-In Resistance —the Unknown Factor
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Stuttgart Pressure Drop at Different Driving Speeds
500
1. Experimental
Test Facilities
400 A
2. Measurements E /
3. Simulation: S 300
- KULI a)
Built-In Resistance 9
2 200
0
o
o
100
O T T T T T T T
0 20 40 60 80 100 120 140 160
18 Vehicle Speed [km/h]
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1. Experimental
Test Facilities

2. Measurements

3. Simulation:
- KULI

Comparison of
the Results
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Comparison of the Simulation Results to the Experimental
Measurements

Difference of Simulated Coolant Temperatures to
Experimental Measurements:

Matrixmodel: Model with Built-In Resistance:
o - -==
Coolant - Temperature Drop: WK1 (Sim.1) Coolant - Temperature Drop : WK1 (Sim.1)
GroBe: Temperaturdifferenz IM [K] GroRe: Temperaturdifferenz IM [K]
B o5 Bl 05K
[ -085[K] 1 -109[K]
Coolant,in ] -120K] Coolant,in 0 -3
[ ] -155[K] 0 L] -117[K]
K-I-O'S(yo/ [ -19[K] \-‘-07/0/ I -1210K]
B 225K B 125K
0 26K 0 129k
[ -295[K] 0 -133[K
[ 33K 0 137K
W 365(K] Bl 141 (K]
0 B s
Coolant,out Coolant,out
+1.3% +1.4%
v v
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1. Experimental
Test Facilities

2. Measurements

3. Simulation:
- KULl

Comparison of
the Results
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Simulation - Comparison of the Results

=loix|

Cooling Air - Outlet Temperature: WK1 (Sim.1)
GroRe: Austrittstemperatur AM [°C]

70 [°C]

67.5[°C]
Average: 54.4°C 6 [°c)
62.5 [°C]

60 [°C]

57.5[°C]

55 [°C]

52.5[°C]

50 [°C]

475 [°C]

BINEENCOCOCEN

45 [°C]

=1oix]

Cooling Air - Outlet Temperature: WK1 (Sim.1)
GroRe: Austrittstemperatur AM [°C]

58.5 [°C
57.8[°C
Average: 55.0°C
56.4 [°C
55.7[°C
55[°C]

54.3[°C

53.6 [°C

522 [°C

IIN0ERCOCO0OOEN

515[°C

]
]
57.1[°C]
]
]

]
]
529 [°C]
]
]

Measured Values

62°C 69°C

57°C 70°C

Average: 64.5°C

Heat Balance Error

with Only 4 Sensors: ~15%

More Sensors Needed at
Cooling Air Outlet

Recent Measurements
with 8 Thermocouples:
Approx. 5% Error
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%Qﬁ: Simulation - Comparison of the Results
FPEGEENL I SV (7 Matrixmodel: Model with Built-In Resistance:
Kraftfahrwesen und - _
Fahrzeugmotoren _L!_ _ o)
t Cooling Air - Qutlet Temperature: WK1 (Sim.1 P i . i
SIS gﬁrﬁﬁa:mstriustaml:aratur Am °c [ ) Euﬂl'"g;,ézeﬂﬂﬁtmiﬂﬁgﬂrﬁhwrﬂ (Sim.1)
- .
== =
. = =
1. Experimental [ -
Test Facilities = <:> —
= .
= m
2. Measurements = =
N =
o elrulEon: [H:_H | mm)  Matrixmodel Offers more L
Detailed Information on: .
- KUlLl . L
Combarison of - Disturbances and Distribution
i Rp it T — - of Air Flow and Cooling — i
€ RESUILS Cooling Air Mass Flow: Wk Performance g Air Mass Flow: WK1 (Sim.1)
Groke: Massenstrom AM |~ - Possibilities for Variation of ‘ORe: Massenstrom AM [kg/s]
Radiator Size and Position L
- Effects of the Air Inlets =
— .
- ]
] [
@ N = N
ey = =
" ML = =
M. Genger - — m
T. Kuthada H \ / : :
J. Wiedemann
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Summary

Simulation Results for the Coolant Temperatures
Differ From Experimental Measurements by Less
Than 1.5 %

High Accuracy in the Cooling Air Flow Measurements

The Matrixmodel Offers Detailed Information on the
Air Flow through the Radiator and its Relation to
Cooling Performance

Knowledge of the Built-In Resistance from Air Flow
Measurements

It Has Been Shown that More Air Temperature
Sensors at the Radiator Outlet Will Produce More
Accurate Results
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