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Introduction ﬂ(“.
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process intensification using structured internals - enhancement of heat and mass transfer

® honeycomb structrures . packed beds

s

PCeram-austria.com
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Introduction ﬂ(“.
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process intensification using structured internals - enhancement of heat and mass transfer

® honeycomb structrures ® packed beds
W XTI TG

AR A

ceram-austria.com ‘ l

cellular structures

® open-celled foams/ sponges ® Periodic Open Cellular Structures (POCS)
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Introduction A“(IT
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properties of cellular structures

® high porosities ® acceptable pressure drop
@ large specific surface area ‘ ® high heat transfer coefficients
® continuous solid (and fluid) phase ® good heat conduction

® POCS: great design freedom
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Introduction ﬂ(".
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properties of cellular structures

® high porosities ® acceptable pressure drop
® large specific surface area ‘ ® high heat transfer coefficients
® continuous solid (and fluid) phase ® good heat conduction

® POCS: great design freedom

promeos

possible application fields
® chemical reactors

® light weight heat exchanger

® thermal and accustic insulation
® solar tower plant

® porous burner

0

shock absorber
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Introduction ﬂ(".
{ designing process engineering systems ]
" momentum transfer /A_p porosity, N\ (  heattransfer

pressure drop - AL_ ¢ umitcell, )9 heat transfer

Apl AL . il Slesin coefficient h
/AN /L /
analogy between momentum and heat transfer 5y A

(Generalized Lévéque Equation 1) ’:lﬂ')LQ

applicable for sponges and POCS? | p
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Sponge facts

characteristics

typical cell densities: 5 ... 45 ppi (pores per inch)

typical porosities: 75 ... 98 %

stochastically random cell with broad size distribution

many closed windows (= connecting faces between the cells)

mass product, therefore comparatively cheap

8
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manufacturing of sponges
® replica process

® casting process

Macpanther-materials.de
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Sponge facts A“(IT
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characteristics manufacturing of sponges
® typical cell densities: 5 ... 45 ppi (pores per inch) ® replica process

® typical porosities: 75 ... 98 % ® casting process

m stochastically random cell with broad size distribution

® many closed windows (= connecting faces between the cells)

® mass product, therefore comparatively cheap

Macpanther-materials.de

Initial situation
® correlations only available for certain sponge types, but no cross-type systematics
® findings for one type are not easily transferable to other types

# one correlation for each transport property applicable to all unit cell typs is necessary
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Sponges — numerical procedure ﬂ(".

Karlsruhe Institute of Technology

numerical simulation using real sponge geometries
® original sponge sample (a)

® pCT measurement (b)

® geometrical reconstruction from pCT data (c)

® CFD modelling geometry and definition of REV (d)
® CFD data evaluation (e)

0l

validation by experimental data on identical sponge sample (f)

0 10 20 30 40 o 23 D4 26, 28, 30
y/ mm y / mm

Meinicke, PhD thesis, KIT, (2020)
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Sponges — numerical procedure ﬂ(".

Karlsruhe Institute of Technology

numerical simulation using real sponge geometries

original sponge sample (a)
HCT measurement (b)

geometrical reconstruction from pCT data (c)

CFD modelling geometry and definition of REV (d) flow regime

characterisation

CFD data evaluation (e)

validation by experimental data on identical sponge sample (f)

Meinicke, PhD thesis, KIT, (2020)
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Sponges — pressure drop

comparison of numerical results to experimental data

1{© CFD results, SiSiC, 10ppi

10% 4|0 CFD results, SiSiC, 20ppi

1|0 CFD results, SiSiC, 30ppi

1|/ CFD results, Cu, 10ppi

CFD results, Cu. 20ppi

1 [—correlation Dietrich et al. (2009)

AT

Karlsruhe Institute of Technology

{[A CFD results, model A
11w CFD results, model B
1| * experimental results

~-correlation Lacroix et al. (2007)

i |—correlation Dietrich et al. (2009)
1| - correlation Wu et al. (2010)

Hg = 100 - Re + 1.45 - Re?

102 10°"

U[J / mis

# CFD results fit well to the own correlation achieved from experimental data
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Sponges — heat transfer

heat transfer correlation based on CFD data

10" 1

1/© CFD results, SiSiC, 10ppi
1/© CFD results, SiSiC, 20ppi
1|© CFD results, SiSiC, 30ppi

CFD results, Cu, 10ppi

1|2 CFD results, Cu, 20ppi

—Calmidi & Mahajan (2000), Nu~Re®°

- Groppi et al. (2007), Nu~Re%#?
=“Wu et al. (2011), Nu~Re’*3®
~Dietrich (2013), Nu~C(Re)*Re®">

10°

10"
Re
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® |ow Re: nearly constant
® higher Re: Nu~Re™

® CFD data correspond to experimental

data
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Nusselt number
Ny — h-d

u= kF
Reynolds number
. uo ¢ d

Re =
Y- Vg

d strut diameter

Meinicke, PhD thesis, KIT, (2020)
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Sponges — heat transfer ﬂ(“.
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heat transfer correlation based on CFD data s
Nusselt number
10" 1 h-d
1[0 CFD results, SiSiC, 10ppi Nu = T
1/© CFD results, SiSiC, 20ppi F
1|© CFD results, SiSiC, 30ppi
CFD results, Cu, 10ppi  —
CFD results, Cu, 20ppi Reynolds number
o &9 ® low Re: nearly constant pe = o d
= 10%4 "© 00 6 & 2° 8 Y- vp
A ' ® higher Re: Nu~Re™ .
— _ G d strut diameter
— Calmidi & Mahajan (2000), Nu~Re
- - 0.43 .
Groppi et al. (2007), Nu~Re @ CFD data correspond to experimental
~“Wu et al. (2011), Nu~Re™
- | ~Dietrich (?013), Nu~C(Re)*Re2’I3 data
10” 10° 10" 102
Re

# data points for all sponge types coincide and can therefore be correlated

m) Nu= i/Nuf;lin,sp + (Cigm - Re%>)3 with Nu,,;, o, = 0.71 and Gy, = 0.39 N |
Meinicke, PhD thesis, KIT, (2020)
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Sponges — Generalized Levéque Equation (GLE) ﬂ(“.

Karlsruhe Institute of Technology

GLE = solution of velocity and temperature boundary layer equation for hydrodynamically
developing flows by a similarity approach

3|t Pr-pg - ki

h=Cp -

15
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Nusselt number

_h’LC

N
u kr

Hagen number

Ap - L}
Hg = ——<
L-pr-vg

characteristic
length

mT-d
be=—~

T = local shear stress

Pr = Prandtl number

Meinicke, PhD thesis, KIT, (2020)
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Sponges — Generalized Levéque Equation (GLE) ﬂ(“.
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GLE = solution of velocity and temperature boundary layer equation for hydrodynamically

developing flows by a similarity approach Nusselt number
h * LC
11 Nu = 7
O CFD results, SiSiC, 10ppi 3 F
5 ~ O S U O CFD results, SiSiC, 20ppil. 3|1T- Pr-pg - kg
0.9 1 O CFD results, SiSiC, 30ppi h = CLe : 2 Hagen number
CFD results, Cu, 10ppi Uf - LC 3
08 /aj—-—————-—————- CFD results, Cu, 20ppi [ Hg = Ap - L¢ i
< o L-pr-vg
©0.7 + 8020.9.0_”_._.—,._-%8- . i
O 8o & B G 6 O @ verified for different sponge types characteristic
0.6 1 .. . . ) length
___________________________ (variation of solid material, cell density) .
05 - = impinging flow Lc = T[T
= mean value ~flat plate flow (developed) . . _
04 - +/-20% flat plate flow (developing) ® GLE appllcable if CLe = const.
0 05 ) |5 5 55 5 T = local shear stress
Uy /- Pr = Prandtl number

# GLE valid for ,higher” superficial velocities, where axial heat conduction is neglectable

# heat transfer coefficients of sponges estimable from corresponding Ap/AL Meinicke, PhD thesis, KIT, (2020)
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POCS — why particularly interesting?

Manufacturing of POCS

Additive
manufacturing

‘ Polyrepro.fr

AT

Karlsruhe Institute of Technology

3dnetzwerk.com

17
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POCS - why particularly interesting? ﬂ(".
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%

Manufacturing of POCS

GROIIN

3dnetzwerk.com

Additive
manufacturing

Advantages and Oppertunities
® |arge design freedom (unit cell, porosity, strut shape, ...)
® variety of solid materials possible

® geometries can be adapted to the installation space

® direct wall connection possible

# hydrodynamics and heat transport can be directly influenced
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POCS - heat transfer and pressure drop ﬂ(".
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Initial situation
® correlations only available for certain unit cell geometries, but no cross-cell systematics!

® findings are not easily transferable
® prediction of arbitrary structures not reliable

# one correlation for each transport property applicable to all unit cell typs is necessary
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POCS — heat transfer and pressure drop A“(IT

Karlsruhe Institute of Technology

Initial situation
® correlations only available for certain unit cell geometries, but no cross-cell systematics!

® findings are not easily transferable
® prediction of arbitrary structures not reliable

# one correlation for each transport property applicable to all unit cell typs is necessary

. |
Hypothesis: Bottom — Up — Methology I }I '
® unit cells are a geometrical superposition of strut arrangements

® correlations possible using a superposition of the contributions of respective strut arrangements

® Advantages:
® strut arrangements = simple geometries

\ ’
® validated correlations are available l }' l+ — + o 7

® procedure applicable for any POCS
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POCS — geometry specification

AT
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-

\ strut diameter

— d = 0.64 mm
l ' I , - .j St 5L =125 3; 435}
\./// Y

cubic cell J . d

Struts
\ In-line struts Staggered struts Inclined struts
POCS
Cubic cell Staggered Inclined Double inclined
\ cubic cell cubic cell
21 11.08.2023 Benjamin Dietrich - Hydrodynmics and heat transport in cellular structures

Dubil et al., Int. J. Heat Mass Transf., 200, 123546, (2023)
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POCS — pressure drop

Darcy regime

Velocity m/s
0.000e+00 2 e 1.000e-04

Se-5 5e-5 7.5e-5
M“HHHH‘HIHHH“W

# linear (Darcy regime) and quadratic (Forchheimer regime) behavior

| Non-dimensional pitches: s, =s;=5
| B Cubic cell B Staggered cubic cell
€@ Inclined cubic cell @ Double inclined cubic cell

= - I" m ™
& = @ 6=

- —
Darcy regime Forchheimer regime

2

0.01 | Oll o 1 10

Reynolds number Re / -

AT
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Forchheimer regime Hagen number

Ap - L}
Hg = ——C
L-pp-vg

Reynolds number
Ug* L
Re = 20 ~C
Y- vp

4

Velocity m/s
0.000e+00 0.0043 0.0085 0.013 1.700e-02

M\“\HH\H‘\HI\HH‘\M

characteristic
length

T-d
Lc=——

Dubil et al..

# significant influence of the unit cell geomentry on pressure drop in the Forchheimer regime  16th Int Conf Heat Transf

22 11.08.2023
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POCS — pressure drop

AT
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100
10 Non-dimensional pitches: s, =s,=5 1 Non-dimensional pitches: s, =s;=3 @ Hadgen number
g| B Cubiccell B Staggered cubic cell { B Cubic cell M Staggered cubiccell | . ; d agen numbe
€@ Inclined cubic cell @ Double inclined cubic cell 1 @ In-linestruts @ Staggered struts Ap - L3
— =1 W &J | SL g = m
6 ® 2 -4 7
é .’/ 2 g = f ﬁ] Reynolds number
D 4 »e £ B B L Re = 2ot
, = l/) * VF
Put" I
E = eV ® 10+ | l 1
e = @ o= : L
- —_— ' ® characteristic
Darcy regime Forchheimer regime _ o © e ® ' o 00 length
0.01 0.1 1 10 0.01 0.1 1 10 L¢c = 5

Reynolds number Re / - Reynolds number Re / -

# pressure drop increases when decreasing sy due to decareasing porosity
- strut arrangements ShOW same behaV|OU|' as Correspondlng POCS Dubil et al.. 16th Int Conf Heat Transf Fluid Mech Thermodyn, (2022)

Institute of Thermal Process Engineering
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POCS — heat transfer

Conduction dominated Non-dimensional pitches: s, =s,;=5
regime [*] B Cubic cell B Staggered cubic cell
10 €@ Inclined cubic cell @ Double inclined cubic cell
| = o
, 5 o2
= @
5 o
< ® =
e (] @ = M
3 ® ¢ =0 ¢
Z — —————
Temperature [ K ‘ l l ‘ . . . w
287.15 292.50 299.00 305.50 313.15
H\I\I\I\I‘I \I‘I\“
1 1 T T

S YERE R et aaav
Reynolds number Re / -

# nearly constant behavior at low Re and Nu~Re™ for higher Re

# orientation of the cubic cell has influence on heat transfer
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Nusselt number

_h’LC
= kF

Steady state boundary
layer dominated regime [*]

Nu

Reynolds number
Ug* L
Re = 20 ~C
Y- vp

Temperature / K

characteristic
length

288.15 294.40 300.65 306.90 313.15

M_I_IIIHHH‘HHHHWM
L _n-d
C7

*Meinicke et al., Int. J. Heat Mass Transf.,149, 119201 (2019)
Dubil et al.. 16th Int Conf Heat Transf Fluid Mech Thermodyn, (2022)
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POCS - heat transfer ﬂ(".
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. . Cubic cell S d cubic cell
Dlﬁ:erent ReglmeS [*]: ] ?slf::esT=2 B s=s;=3 0 s=s;=4 B s=5;=5 éaggsiesTSZ ClCe s, =s;=3 W s =s;=4 B s=s5;=5
_ _ 104 [cubic cell (4=0.96 mm) | 101 Nusselt number
® Conduction dominated E W si=sr=2
i g E h ¢ LC
regime (1) 2 o = # Nu = -
E - = = = F
® Steady-state boundary B . D_ e 8 B e E = ! !i.h'
) [ | Em s ——
layer dominated regime (2) z -5 ... R ..W - R TR - m
@ @ @ @ Reynolds number
1 - - - 1 - - - o - L
0.1 1 10 100 0.1 1 10 100 Re —
@ . S—— Y- Vg
Inclined cubic cell Double inclined cubic cell
d Q s=51=2 @ s=5;=3 O s;=5;=4 @ s,=5;=5 Q@ s=51=2 @ s=5;=3 @ s;=s;=4 @ s§,=5;=5
ST d 2 10 10- Double inclined cubic cell (d=0.96 mm) CCQ
2 * OSL‘ST‘s e S characteristic
s.-d 2 o ¥ o e ° “ge length
g @ ¢ o 28
= O °e * &% d
5 'S o 0§§_ o 2_--2' Le=—"
é 2 ______ g - = g— S— = ] C 2
1) 2 (1) @ ™
l T T T 1 T T T
0.1 1 10 100 0.1 1 10 100
Reynolds number Re / - Reynolds number Re / -

# distance (pitches) of the struts to each other influences heat transfer

. . . . *Meinicke et al., Int. J. Heat Mass Transf.,149, 119201 (2019)
# Can the observed differences between the unit cell geometries be quantified? 5y erar, it 3. Heat Mass Trans., 200, 123546, 2023)
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POCS - heat transfer ﬂ(".
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Conduction dominated Dimensionless pitches s, =s;=4 Steady state boundary Nusselt number
regime [* @ Cubic cell E Staggered cubic cell . . h-lL
J g ' © In-line struts @ Staggered struts layer dominated regime [*] Nu = S
= 101 — kg
- ] ’ ,
a3 Es Al .
é - Reynolds number
> w uo . LC
£ Re =
g = N ll) * VF
a0 - oo%oowmm —
- 7 - 1ot
Temperatue / K et characteristic
BELIER B R _ = H O mj= ':‘Imw TP s POPTY TP AP length
T T T — 7-[ ‘ d
0.01 0.1 1 10 100 Le=—-

Reynolds number Re / -

# strut arrangement influences heat transfer
*Meinicke et al., Int. J. Heat Mass Transf.,149, 119201 (2019)

- strut arrangements ShOW same behaVior as Corresponding POCS Dubil et al., Int. J. Heat Mass Transf., 200, 123546, (2023)
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POCS — Bottom-Up Modeling Approach ﬂ(".
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Correlation of transport properties of any cells by a superposition of their structure-forming unit cells
In-line In-line Inclined

Dubil et al., Int. J. Heat Mass Transf., 200, 123546, (2023) Dubil et al.. 16th Int Conf Heat Transf Fluid Mech Thermodyn, (2022)
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POCS — Bottom-Up Modeling Approach ﬂ(".
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Correlation of transport properties of any cells by a superposition of their structure-forming unit cells
In-line In-line Inclined

Il"':-:
“‘| -

Mathematical procedure

NArr A
i
® Nusselt number Nugey = z Nu; -A—-fproj,i ® Hagen number Hgcqy =
. Cell
=1

® surface area of each strut arrangement A; = fyode "7 * d * L * Nsgrut g

5 (0417 57 =5, = 2

— ,Inclined struts 0.559 ,s =s; =

|| faCtOFS fProj =\ fNode — < O 632 iT — iL —

1 ,In — line and staggered struts ' »°T = 2L —
\0678 , ST =8 = 5

Dubil et al., Int. J. Heat Mass Transf., 200, 123546, (2023) Dubil et al.. 16th Int Conf Heat Transf Fluid Mech Thermodyn, (2022)

28

11.08.2023 Benjamin Dietrich - Hydrodynmics and heat transport in cellular structures Institute of Thermal Process Engineering



POCS - Bottom-Up Modeling Approach

Non-dimensional pitches: s, =s;=5
Bl Cubiccell B Staggered cubic cell
10'_ €@ Inclined cubic cell @ Double inclined cubic cell i

E. ‘
O
= O
> —
c I
5] e .." ""
n “ —
S | !
Z ¢ B B 4 ¢ O m B munill U

1 i ' L] ' ' LR | v v L LR | L

0.01 0.1 1 10 100

Reynolds number Re / -
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Nusselt number

h’LC
kg

Nu =

Reynolds number
Up - Lc

Y- v

Re =

characteristic
length
T-d

Lo =
C™ 2

Dubil et al., Int. J. Heat Mass Transf., 200, 123546, (2023)
Dubil et al.. 16th Int Conf Heat Transf Fluid Mech Thermodyn, (2022)
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POCS - Bottom-Up Modeling Approach

=
o

Non-dimensional pitches: s, =s;=5
B Staggered cubic cell
1 €@ Inclined cubic cell @ Double inclined cubic cell

B Cubiccell

1= = Superposition model

Nusselt number Nu / -

# good agreement of simulation results with model for steady flow

Reynolds number Re / -

11.08.2023
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Nusselt number

h’LC
kg

Nu =

Reynolds number
Up - Lc

Y- v

Re =

characteristic
length

T-d

Lo =
C™ 2

Dubil et al., Int. J. Heat Mass Transf., 200, 123546, (2023)
Dubil et al.. 16th Int Conf Heat Transf Fluid Mech Thermodyn, (2022)
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POCS - Bottom-Up Modeling Approach

Nusselt number Mug,, /-

Nusselt number Mug,, /-

# model approach applicable for all investigated unit cells

Nusselt number Nu ./ -

4 L L
Cubic cell Cubic cell (¢=0.96 mm) ‘a" Staggered cubic cell J;'
B s=s,=2 | B s=5=2 - 81| @ s=s=2
5] B s5=s=3 R » H 5=5=3 L’ .
O s=s=4 “.-' L H s=s=4 ’," L7
u SL:ST:5 "a “a" 6' B &:STZS 'I ”,4
5. — ”‘J "',.— ——— ",' "',r
| D i“ -",‘ 4- | /" oﬁ'
'f . - Ld - ’I "'
'J' ’a' o -
1 7 "I "l 2_ ’,I '.v
et MAPE = 5 1% et MAPE = 7.6%
- - == #-20%deviation - === +-20% deviation
0 : 0
0 1 2 3 2 4 6 8
8 L L
Inclined cubic cell ‘_,’ 124 | Double inclined cubic cell ‘,'
@ 57572 R @ s=s5=2 "
5l @ s5=5=3 "— .| 101 ® s5=5=3 ", .
& s=sr4 - L @ s=s=4 L OO’
@ s=5:=5 y T ’ 8 ® s=s75 'z'. ,f‘éO
" - Sy ] b’ .- e
41 o~ . .0 g®9.-" o®
61 ot
’ - ’ i - . -
'.' o 4] P A Double inclined cubic cell
2 Ry AN L (c=0.96 mm)
e . ® 5=5=3
P } MAPE = 9.3% 2 P MAPE = 14.2%
- === #-20%deviation - === +/-20% deviation
0 . ; . 0 . : . : : :
0 2 4 6 2 4 6 8 10 12

Nusselt number Nu, ./ -
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Simulated Hagen number Hgg;, / -
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All cells ’ ’
So|outenn APE < 20% = 92%
> 104 ’
E z MAPE = 15%
% J
=z /4
- /,
k] 7 4
< ’, ’
é . ‘ , 4 Model deviation
[ ., 7 — 0%
’ - = +/-20%
14— T
1 10
Calculated Nusselt number Nug, / -
10000 7
All cells /
Q@ s5=5r=2 @ s5.=5;=3
10004 © St:;:“ () st:s::S e APE < 4‘0% - 88%
1004
104 MAPE = 21%
1-
0.1 Model deviation
— 0%
0.01 V4 : : : - - +/'-40%
0.01 01 1 10 100 1000 10000

Calculated Hagen number Hgg, / -

Dubil et al.

Benjamin Dietrich - Hydrodynmics and heat transport in cellular structures
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POCS - Generalized Lévéque Equation (GLE) ﬂ(“.
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Nusselt number

_h’LC
= kF

3

Nu= Cre - |Xfric-Hg - Pr-

Sy m-d Nu

Hagen number

® Check for different unit cells with Hg = 2Pl
L-pg-vi
different s; = sy - values
characteristic
® GLE applicable if C;, = const. length
Ll
)

Xrric = friction factor
S,= spec. surf. area

Pr = Prandtl number

Dubil et al.. 16th Int Conf Heat
Transf Fluid Mech Thermodyn, (2022)
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POCS - Generalized Lévéque Equation (GLE)

2 1.2 Unit cells
@ Bl Cubic cell B Staggered cubic cell 3
O 1.0 @ Inclined cubic cell @ Double inclined cubic cell Nu = CLe [ Xfric Hg - Pr - m
S T
g 02 g & 0° 40 ,ooe
= § ? ® ¢ @ @
IS : : :
S 0.6 f E.: =g Q‘P o W i<>' ® Check for different unit cells with
5 "= EE* é P PR .
o 4 different s; = sy - values
°041 m
S
S 0. = ERalE AnT e ® GLE applicable if C;, = const.
(% Non-dimensional pitches
— 00 O s=s=2 B s=s;=3 0O s=s;=4 W s=5;=5

5 10 15 20 25 30
Reynolds number Re / -

# GLE valid for ,higher® Reynolds number, where axial heat conduction is neglectable

# heat transfer coefficients of POCS estimable from corresponding pressure drop

AT

Karlsruhe Institute of Technology

Nusselt number

_h’LC
= kF

Nu

Hagen number
Ap - L3
Hg = b Lc

L-pp-vE

characteristic
length

L _m-d
CT 2
Xrric = friction factor

S,= spec. surf. area

Pr = Prandtl number

Dubil et al.. 16th Int Conf Heat
Transf Fluid Mech Thermodyn, (2022)
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Summary ﬂ(“.

Karlsruhe Institute of Technology

Hypothesis: transport parameters of complex cells (POCS) can be described as a superposition of the

contributions of their respective strut arrangements

QY v

S~ A/s]:-d

ST‘d
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Summary ﬂ(".

Karlsruhe Institute of Technology

Hypothesis: transport parameters of complex cells (POCS) can be described as a superposition of the

contributions of their respective strut arrangements

-

® strut arrangement significantly influences transport properties

&
5
£
5
2
c
5
3
£
s 1
g
=
S
£
@

® similar curve progressions for POCS and equivalent strut arrangements w|3 S, § : )
g [ TeH| 7l
i “F P s
® Hagen and Nusselt number as a function of Reynolds number ’ i,‘f—_‘:{'lfg s
. . . . ! ..-_;-.-;ef'::*_:‘f.'..- L
of different cubic cells is well correlatable using one model approach n G

Reynolds number Re / -

Simulated Nusselt number Nug;,, / -

‘ Hypothesis is verified for investigated cubic cells

-

10
Calculated Nusselt number Nug,. / -
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Outlook — current works ﬂ(".

Karlsruhe Institute of Technology

® Bottom-Up-Approach applicable for other types and complex structures? @

Q{?’
pmm B 8°

Dubil et al.; 17t UK Heat Transf Conf (2022)

0.01 0.1 1 10 100 10 100
Reynolds number Re / - Reynolds-Zahl Re / -

A3

® Bottom-Up-Approach applicable to unsteady flow?

Non-dimensional pitches: s, =s;=5 Non-dimensional pitches: s, =s;=3
B Cubic cell B Staggered cubic cell @ Cubic < Inclined cubic
101 €@ Inclined cubic cell @ Double inclined cubic cell &) — = Superposition model
— - Superposition model | ‘ﬁ
@ 10

&
s

Nusselt number Nu /
\
o
\
L))
q"'h\
4
Nusselt-Zahl Nu /
&

‘ ]

® Thermal and hydrodynamic entrance length C T

2 Temperatur in K
298.1 300 302 304 306 308 310 312313.1

Z X R | | | H Knapp et al.; Dechema

Fachgruppentreffen WuS (2023)
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Outlook — current works ﬂ(".

Karlsruhe Institute of Technology

® characterization of the structure performance

® Theoretical: Thermal Enhancement Factor (TEF) = IHTC-17 | ID: 0064

® Experimental: - Use as compact light weight heat exchanger for hybrid aircrafts

- Use in flow boliling of liquid CO,

5 m £g~079 m £~087
10 0 = CUB * CUB-Y-Z a
Py =1.2MPa — a,,: Cooper (1984) oo g o ¢ CUBY o CUB-S La A A
m,=25kg m2g! = = (g +o, ) 4 5 e KEL A DIA L4 AAA
":nC'.\ﬂne= 50 kg m-2 5-1 ‘AA
= X, = 50% N Y 1200 61 4
L X, 240 _ 120 A“ e P
o 180° ' At t**** xk * xxx ¥
= a, = lIJLj AA *** ****
2 10' 8000w m? K S
: 4000 W m? K-' 47 . ** o ;:-;::;:‘0'”’.’:‘ .
é} . _n:_ PSS, v % ‘y e * & *:*z* . :.....!* z.. [
sponge, 20 ppi %% 0% % 23800083300 20000
2 101 ¥ spong PP ‘.z .: s mmEEN HE
2000\._’_Vrrl_ K'— < A sponge, 10 ppi e g weee T n u @ nEn mEm
@ hiTRAN® wme - : :: : : H N g EEEEN EEEEN N EEE ®
Q0 empty tube
10° . 2+ . .
10° 10* 105 1 10 100
; 2
Gqgo-/ WM Repoes ! -
Haertlé, PhD thesis, KIT, (2022) Knapp etal., IHTC-17 | ID: 0064
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