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DLR Energy Research: Controllable Sustainable Energy
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The sun: energy for the future
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Energy resources used worldwide
DLR
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Institute of Solar Research

DLR
Quiality assurance and Heat transition:
Concentrating operational optimisation : : Solar energy : -
solar technologies for solar power plants and Agri Photovoltaics meteorology Energetic building

photovoltaic systems assessment
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In a nutshell: How does a solar thermal power plant work? ‘#7
DLR
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In brief: from high temperatures to electric current
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The advantages of CSP technologies in arenewable #
energy system DLR

= CO,-free

» Sustainable energy storage

= 24/7 Energy

» Adjustable

* Hybrid power plants with PV possible

» Can be used in district heating networks

= Can provide process heat for industrial plants

= \WIithout rare resources
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Milestones of the Institute of Solar Research
DLR

Inauguration of

DLR founds Takeover of the Inauguration Spin-off of the the Jiilich
Institute of Julich Solar of Synlight in Institute of Multifocus

Solar Tower Julich Future Fuels Solar Tower
Research
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Solar research atour four locations
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32
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Almeria (Spain) ' . L ;
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Organisational chart

DLR

Or.-Ing. Jan-Peter Sack

Dr.-Ing. Mark Bllow

Prof. Dr.-Ing. Bernhard Hoffschmidt
Director

Prof. Dr.-Ing. Robert Pitz-Paal
Director

Dr.-Ing. Reiner Buck — Department Head

Elke Reuschenbach Annette Broicher

Dr-Ing. Peter Heller — Department Head

Dr.-Ing. Marc Roger - Team Leader

Peter Schwarzbdzl - Team Leader
Dr.-Ing. Daniel Maldonado - Team Leader

Dr.-Ing. Tobias Hirsch — Team Leader

Dr-Ing. Kai Wieghardt — Department Head

Dr.-Ing. Jana Stengler — Team Leader Dr. Stefan Wilbert — Team Leader

Felix Gohring — Team Leader

Dr-Ing. Luka Lackovic - Team Leader

Dr.-Ing. Florian Sutter — Team Leader

Or. Jacob Estevam Schmiedt = Team Leader
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Institute of Solar Research
DLR

Solar high temperature Solar power plant
technologies technology

Qualification Chairs in Aachen
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Department Solar High Temperature Technologies
DLR

Head of Department: Dr.-Ing. Reiner Buck

"Fluid Systems" "Particle systems" "System Modelling*
Dr.-Ing. Jana Stengler Dr.-Ing. Luka Lackovic Dr.-Ing. Tobias Hirsch

« Heat transfer in liquids and * Heat transfer in particles « System modelling and design
gases * Development of particle « Techno-economic evaluation

« Operation of liquid salt plants receivers and heat exchangers « Operating behaviour and control of

» Solar process heat « CFD/FEM/DEM modelling parabolic trough systems
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Department Solar Power Plant Technology
DLR

Head of Department: Dr.-Ing. Kai Wieghardt

"Simulation and Open Volumetric
Recievers"
Peter Schwarzb6zl

"Julich Solar Tower Power Plant"
Felix GOhring

« Controls for CSP and heliostat ° T”f'f" operatipn of the plants:
arrays « Julich experimental solar thermal

« Automation, dyn. simulation power plant N

e  Flux density measurements * Multifocus Tower Julich
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Department Qualification
DLR

Head of Department: Dr.-Ing. Peter Heller

" ification” "Solar Energy "Materials, Layers "Buildi "
System qualification 2 , Layers, Buildings and Quarters
y q Meteorology Components" Dr. Jacob Estevam

Dr.-Ing. Marc Roger Dr. Stefan Wilbert Dr.-Ing. Florian Sutter Schmiedt

« Opt. qualification of « Determination of « Test methods and « Energy analysis of

solar fields meteorological tests of components buildings

« Thermal parameters « Durability of materials ~ + Basis for rehabilitation
characterisation of » Analysis of the impact and components planning
receiver systems on CSP
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Spin-offs of the Institute of Solar Research #
DLR

. \#
cspservices HELIOKON HELIOHEAT \-: %g Volateq

LLEAS O3 B2
Optimising solar field Heliostat design Particle receiver 3D capture and Fully automatic
performance and and control_. Today technology. energy-efficient condition monitoring of
maximising system SPlISTE Today Pl @ analysis of buildings CSP and PV plants
lifetime Germany Heliogen
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Institute of Future Fuels Institut fiir
DLR Future Fuels

» Development of alternative fuels

Demonstration Evaluation
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THE THEORY OF HEAT AND
MASS TRANSFER PROCESSES
IN POROUS MEDIA

i DLR



The theory of heat and mass transfer processes in porous media #
DLR

» Improve the quality and accuracy of existing calculations of heat and mass transfer processes in
receivers.

= AP 1 Basics Ps(Cp)S 97 = x( ) — @Ay (Ts — Tf) + dsource

= AP 2 Modeling Pf(Cp) (— + qu) ai( ) + ady(Ts — Tf) + dsource
= AP 3 Related technical tasks
= AP 4 Support to projects

= AP 5 Analysis of potential

DAAD

Synlight

FH Aachen
RWTH Aachen
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DLR

AeEOMAIHEX CHCTEM 1 3 4
Cxema T opMVIaA IE POIpPaxvHEY A
Ne ) o HpHEnan AL 5 A, —A4) o
PO3TAIIVEAHHA edexTHEHOrO KoedimieHTa . o A, =" j‘:}: 102 1 0,08 \
g ) . Ay = FP) - (2 feg _ 4 0,08 —
mop TemIoNp OB AHOCTI 3 A+ PP :(’a —A4) 04 T ——
- 0,02
1 3 4 . o P.3
[42] o 50 100
g1t _ _
Aoy = A — 100 .08 \ Ap+221—p7 | A
1 1A, 0,06 Al ) po25
; 0,0z
b,015
0,01
o P, % b,005
o P.3%
o 20 ag ’

A
b5

1 2
Aog=Ap? + 4 (1- PP o1
e 2 1, .
D05 \"-
[44] T~

b1s
P ~=48%
i . 01
L574{0.9-p) M
(2, l—p}J b,os

L]
100

ko 12
L 100—-p | p o1 y
- g T+ Any
2" 100 *100 .08 \\
ln.o8
mpE p<50% .02 N
lo.02

Yo

0 50 100

0,04
Segn = 4 7.-:_[(2_.5_1]. 0,03 o

Ay : \ 9
BErR 0,02

001

=
= =
bl Lo ]
L]
|
L)
|
iy
5 8
-
(=]
/
g
o
‘e
-+ Bt + 44 o
4+ 4
P
I
iy
e |
B,
" |
R
2 =Y
5 |
S
!
L
[]

(]
\E ‘E m M
%)
& B
I
— é :
=i
h
|
e
s & ©£
[=]
-]

[ 50 100

[41]

Cheilytko Andrii, DLR, Institut fir Solarforschung 03.06.2023 |
Karlsruhe




Study of the influence of pore shape on the thermal conductivity coefficient of porous
structures and thermal protection structures without taking into account convection inside
the pores DLR
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Thermal conductivity coefficients of porous materials

and products with different pore shapes

Cheilytko Andrii, DLR, Institut fir Solarforschung 03.06.2023 |
Karlsruhe




Time plan

The theory of heat and mass transfer processes in porous media

Prof Dring Cheilytko Andrii
onth Jul Aug Mow Dec Feb Apr May Jun
e Manth 1 2 [ & 8 10 1 12
Tasks Cooperabon
1 WP 1 Basics OLR
1.1| Complex input factors of the model
1.2 Output factors of the model DLR
1.3|Funclional dependence of efliciency in opumisabion
2 WP 2 Modelling
2.1 Analyse the error caused by simplifications
29 Mathematical model of the heat and mass fransfer in a
porous absorbers
2.2 1| Thermal conductivity model OLR
2.2.2| Convective heat transfer model DLR
2.2.3| Pressure drop moded DLR
2.3 Verify the mathemafical model DLR
24 Incorporating the theores into university curncula RWTH Aachen
3 WP 3 Technical tasks
3.1} Aerodynamics of the front surface of the reciever DLR
321 Optimising the design of CSP introducing a power factor DLR
3.3 Heat and mass transfer in a porous catalyst DLR
DLR, Kielce
Univercity
3.¢| {Poland),
Development of measures for the introduction of small CSP in the Ukrainians
Ukraine university
4 WP 4 Support to projects ~
4 1|Design optimisation VoCoRec DLR
4 2| Design optimisation 045 DLR
4.3 Development of a new receiver design
4 4| Supervisor of the Master's thesis
4aﬁujecmn a new chemical receiver
5 WP 5 Polential analysis
51| SWOT analysis
5.2| Scientific potential
5.3 Assessment and technical potential DLR
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DLR

Choosing an analytical method for
solving a problem

Determination of complex indicators

of porous structure

Building a model of heat conduction through a porous structure

Qualitative analysis of the model and verification of the model's correctness
|

Conceptual statement of the problem

[ ' Analysis of theories

of heat transfer and
implementing
Choosing a solutions of the heat

numerical research conduction model in
method and building ;
a numerical model porous media

Choosing an analytical method for solving a
problem

Finding the roots of

the problem Finding the generalized equation of

the effective thermal conductivity of
porous media

Checking the adequacy
of the model solution at

the boundary values

Determining the
unimodality of
the model

General verification of the
adequacy of the found
model solution

Comparison
of results

|

Conclusions
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i DLR

The volume of a unit cell can be calculated from the constant lengths and angles of the lattice. If the sides

of the cell are represented as vectors, the volume is equal to the scalar triple product of these vectors

V.eu = asby/1 + 2cosacosBcosy — cos?a — cos?f — cos?y

(Ey)y = ny(1)/Ly

(l_(y)x = Ny(Ty) /Ly

[ Lx .
Locations with vectors on them k,,=1.182 (left), k, =1 (right)




Equation DLR of the effective coefficient of thermal conductivity

A
Yp— SRS ) B, L SC R B | PG ) G
: AS Af g As As
S0+ 20+ 7L (1-0) +1

- indicator of porous structure;
For different models of heat transfer, the solution of this model has different roots W.

For open channel structure
( s )

—(@—1) A

[As(@ — 1) — A5(9)]

For porous mesh or catalyst, the following solution is recommended (this equation considers the uncertainty of k)
A _kf As (—EY
1}\+\/( ™ + 4 1)\f Al + 4

2 to 2

Y=(0-1)

For fluid in the LTNE model
1)

X _ﬁy A <_Lf
1 }\S+\/< A + 4 1 )\f+ 1 Ae + 4

lpf == ky X ky 2

For porous open absorbers in the LTNE model
1 ( s )
Y, = T @-D——— Y [A6(0 — 1) — A5(D)]

DLR



Comparison of different models of calculation of the
effective coefficient of thermal conductivity DLR

30

----- Flat Chanal

Proposition k=1

Logarifm

loose packing
backfill

— tightly packed
backfill

Effective thermal conductivity coefficient Aef, W/mK

Current formula
LTNE_s

0 20 40 60 80 100 120
Porosity @, %
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DLR

12Nu Nu=f(Re)
9, aT
a }\S_efa — aAv(TS — Tf) =0 10
d oT 8
P <Af_ef %) +ad,(Ts —Tf) = 0
6
4
Nu - /1f
Xy = 75—~
(dpore> 2
O o
Nuo 0 30 60 a0 120 150
Nu = T —49 83 —384 85
tanh(2.43Pr5 XE) e % > o
—_—02 ® Exp SSiC e 83 e 90
e 90 HiTRec front Broeske B HiTRec Broeske EmiRec Broeske
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The heat flux can be determined by the temperature gradient in the body or by
the power of the electric heater. The wall temperature can be measured. The
temperature of the liquid at a distance from the wall is a conditional value

Liquid temperature - average mass temperature in the channel
| PC, wTds
| »C,wds

S

0.25
Pr

Nu = CRenPrfm (—f)
Pr

c=f(@), n=f(deup), m= f(de)

P
InNu = f(@) + f(de, up)InRe + f(d.)InPrs + 0,25In (P—?)

i DLR



Nu=CRe"Pr" i DLR

INNu =ninRe+minPr+C,

NU 4 Nu 4

a
Re Pr
> >
Pr = const Re = const
Nu
Jo 9p Re" Pr™
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Dependence of the Nusselt criterion on the Reynolds number for
the StepRec inside section depending on the Pr criterion

Nu/(Prf/Prs)"0,25
55 -
p y= 2,6855)(0,1423
[ J ® ) RZ = 0,8172
e @t
5 . . . . oooooooooooooooooooooooooooooooooooo .
. . . .................................. .- . .
.............. S .
............ .
B . ..0.. .
............... ° = 2,945x0.0875
e P -
..b °, o ® g ......Q... ...................... ® 20450
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315 .......... ...... ..n ................................ y _ 2'2726XO’103
et G oe -
..................... L
00000 o S90S O e @ © | | |
3 e o .-.-....0....-0.-...-............ ...............................
teette "'0--0---0"";--'..--- ¢ Q0 ¥ g y = 2,5855x0.0%6
. R2=0,6186
Re
2,5
0 10 20 30 40 50 60 . . | |
® Section1 Section 2 ® Section 3 ® Section 4 v secion s
........ Power (Section 1) Power (Section 2) ----- Power (Section 3) - Power (Section 4) s
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Probleme #
DLR

Based on the research, additional avenues have been opened for scientific
and technical experimentation, the solution of which requires additional time or
human resources:

- Geometric optimization of the shape of various absorber structures;
- Modeling of the vortex in front of different receiver structures;

- Optimization of the geometric dimensions of OVR.



Nu vs. Pe dependences for the StepRec type absorber with the

capillary effect and effect from the thickness of the thermal layer

and with considering the heat exchange of internal layers

1
80 StepRec
y = 0,0215x21429
-'_—01-60 R2=0,999 .
N o°
J40 o
[ X
Q100 5
£ o
§ 80 99'
b "y =0,0093x21075
> 88 RE=09990
D o’ y= 0,011x20368
— ] -2 0.006x21049
E 20 -~ ,.-:_‘:Yﬂz@: 0,9996
- Zee®®® —00025x20%
0 Mﬁzz"""%% = 10,9992 Pe
0 10 20 30 40 50 60 70
® Section 1 Section 2 e Section 3
® Section 4 ® Section5 e Power (Section 1)
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Conclusion of research #
DLR

= 1. New analytical calculation formula for the effective thermal conductivity
coefficient for porous media with open pores has been proposed, which can
be applied to the absorbers of open receivers of the solar tower. The
proposed formula includes dislocation vector that allows to calculate different
porous structures with the same porosity value.

» 2. The proposed criterion dependence for the calculation of the Nusselt
number includes the calculation of the lengths of the hydrodynamic and
aerodynamic layers. The constants for the proposed dependencies for
modern types of solar receiver absorbers are obtained. Validation of the
results on a numerical model showed high reliability of the obtained results.



PRACTICAL SOLUTIONS

Part 3 of Public lection ,,The theory of heat and mass transfer processes in porous of
solar receiver”

DLR
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Principle Tower Power Plant Basics

Tower power plant = sun + heliostat field + Receiver

Receiver

Dampf-
- erzeuger

Therm.
Speicher

X
(i

Turbine mit
Generator

konzentrierte ‘
Solarstrahlung 4%

NRID

Heliostatenfeld

i

Kondensator

\I

Quelle: DLR (2008)

Cheilytko Andrii, DLR, Institut fir Solarforschung 03.06.2023 |
Karlsruhe

i DLR



Einteillung von Receivern

Reale Beispiele

Quelle: Solar Two
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Quelle: energy.gov
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Energieverluste an Recelivern
Verlustmechanismen

» Absorbed energy
Qabs = AArec E

= Radiation losses Q. = €Ayoc0T

= Convection losses
= Natural convection: correlation for plane plate

» Forced convection: correlations for (rough) cylinders with crossflow
= Calculation of available power

Q = QArec E — gArecO-Tr[Lec - Qconv
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Karlsruhe

i DLR



Energieverluste an Recelivern

> A < . . DNI = direct normal irradiance DLR
< > Qreflected Qsalt
(8,2 MW) (120{MW) O'adinti
£ V] A —] > radiation
. (6,6 MW)
Qinto_paneli [, )
(129,2 MW) > Qconvection
> (2,6 MWV/)
Qspillage
@pni
Qincident )
(127,4 MW) Qconduction
(< 0,1 MW)
. Qextinction
qurface_loss
v
\ Qcollector Salt Flow
Q_collector = QDNI - qurface_loss ) ) ) ) ) )
Qincident = Qcollector - Qextinction _Qspillage Qsalt = Qinto_panels - Qradiation _Qconvection - Qconduction

Qinto_panels = Qincident — CQreflected
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Energy losses at receiversLoss mechanisms Cavity - #
convection DLR

Qcom, can be calculated with the help of models/correlations

Quelle: DLR (2015)
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Results
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» Qutstanding : Mathematical model of heat and mass transfer in a porous absorber.
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Improving a VoCoRec solar reciever
DLR

Warm air
_-Insulation
Z Hot air

Outlet /.
absorber
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Outlook

= AP 5 Potential analysis

» the actual DLR equation for the calculation of the effective thermal
conductivity coefficient

* the actual DLR equation for the calculation of the Nusselt criterion

» Publication of the results (2 articles were published and 2 international
conferences were attended, 11 discussion panels and an open lecture for
students of FH Aachen. Another 5 articles have been submitted for
publication and are under review)

= Application of open scientific ideas and approaches to existing projects

Thank you for the tremendous support of the entire DAAD and DLR team!

i DLR
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