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Concentrated Solar Thermal (CST) Technologies
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» Mirrors concentrate solar radiation onto a receiver
» The resulting heat is collected by a heat transfer fluid

» This heat is used to generate electricity or process heat (low-carbon)
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Solar Heat for Industrial
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Concentration systems & Applications E'Sg“%"
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7\““3_-. Most common Heat Transfer Fluids

» Molten salts (mixture of NaNOs; and KNO;3) ~
© Operating temperature (T < 560°C)

Heat Transfer
Fluid (HTF)

» Synthetic oils
€ Environmental and operator health risks

BN RS |l

Cold storage
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» Water for Direct Steam Generation Heliostats field
@ Suitable for steam-based processes
@ Reduces the number of components (HEx for
CSP)
@ Lower risk N\, = Better acceptance
© Management of two-phase flow required
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DSG receiver : industrial applications VaBemia

o

i #%  eLLO : the only CSP plant in France Heineken brewery in Seville (Spain)
I » Generates electricity for the grid » Supplies steam to the brewery
E » Commissioned in 2019 » Commissioned in 2024
T » Nominal power : 9 MW, » Nominal power : 30 MW,
.'f/' » Fresnel linear concentrator » Parabolic trough concentrator
» Steam storage : 9 x 120 m®
Y
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Boiling flows in horizontal DSG receivers

Via Domitia

. Boiling flow regimes in the receiver :
RS
-
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t t ot
g The only french CSP plant
= Concentrated E]ectricity » Since : 2019
solar flux g

i f A production (RE) . » _ o,

\ Carbon-free
industrial processes

W

Heliostats field

Industrial objectives encie
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» Optimize boiling flow regimes in the receiver Heineken brewery — Seville
»  Since : 2024

» Predict the solar field steam production > P = 30 MW,

» Assess thermomechanical stresses on the receiver
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2. Experimental facility and data curation
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ConBo — Main flow loops
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ConBo
Convective Boiling flow loop
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» Control parameters

> m € [0,200] g/s
- > ATy € [—10,0]°C
> P € [0,22] kW
i . . > 0 €[-5,5]°
= » Induction heating > Pi:: 1.2 b]ar
i » Main dimensions
#- > L=1m top
g 3 > Di, =49.3mm TS«;
‘ °
= S1 So Ss
0.9
f an Tup P, U Tout
L : : v : \ 4 Y Tg”.d J Cross
TA ° ° e A o section
. U
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=
o — Tsolid A — Thia V¥ — Pressure
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ConBo — Optical setup @‘é:i;?;f.‘;ﬁ
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Flow pattern identification using shadowgraphy

Back light
Establishment Section (ES) Test Section (TS)

I 4 @@ (VB)

C Mirror
amera

Post-processing workflow  (Collab. EHW)

Back light
» Correction of oscillations / deformations / illumination

» Flow regime identification L
» Contour detection (thresholding, filling) Ve

loop

» Extraction of key parameters

> Detection of bubble nose and tail for velocity estimation -
. . . Thermalization
> Estimation of vapor volume fraction

loop
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Data curation
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7‘,\ » Net heat flux » Heat transfer coefficient and Nusselt number
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= ts .
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> Assuming steady-state conduction
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3. Results and discussion
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Flow patterns mapping

Horizontal flows Tilted flows
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= v S = SW-S o | = SW-S +  SW-U
L 120 120
,,’.. { - n — Wy, o - .
e ¥ 100 . A Y 100 L P
: ¥ = NE " . NE Ya"se® (0 o0l o | o
! ¢ A9 = 80 w " ] = 80 ¢ MR 6 & ve ¢ o
= 3 L " o= 3 g o @ & .
l G 60 2 A N ‘G’ 60 M X SN TR EN
3 v v v v fasg @ oo gosg0e| o .
= 40 v v v 40 [ IS X" IPYT Y (XS -
| &, v = e - .
i
20 0 1 20—1 0 1 2 3

Stratified Intermittent

X8 [%]

Stratified-Wavy

table
Stratified-Wavy

ignan
Via Domitia

Xt [%]

» Vapor appears before saturation (x, < 0)

> Strat|f|ed flow disappears for 6 > 0
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Flow patterns mapping A

aptr Stratified
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f Horizontal flows Tilted flows
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Z

: d > Stratified flow disappears for 6 > 0 Aguilera-Cortes et al. - ATE - 20
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Flow patterns mapping A

table

aptr Stratified

[ntermittent Stratified-Wavy Stratified-Wavy
f Horizontal flows Tilted flows
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Vapor phase velocity in the Intermittent regime A

,7‘ 7‘*:,_ 10.0 | Bl e

» Measured gas velocities are compared to a
drift-flux model :

Us=GCo- U+ C-+/gD

> Literature values : Co = 1.2, G; = 0.5
> Here, best-fit values :

UglUin [']
o

Co=081, C, =057

2.5
= — Co+‘;—;; Cpy=0.809, C;=0.578 » High gas-to-liquid velocity ratio :
{ ) +10% error Ue
o 0.0 : : : 45 S0
o 0.08 0.12 0.16 0.20 ~ U™
‘ Fr=_2n[-]
Za VgD [Franga & Lahey — IJMF — 1992]
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» Dryout strongly depends on G and 6

» Existing correlations do not predict such effects [Mori et al - 2012, Wojtan et al - 2005]
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Inception of dryout A
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Inception of dryout A

7\" TOP
B
4

MID

i . » Dryout strongly depends on G and 6 tisl
| » Existing correlations do not predict such effects [Mori et al - 2012, Wojtan et al - 2005]
‘; " » Multivariate regression allows determining

Z 0.58 —1.22
xgi = 0.71 In | Re, %% (ﬁ> <ﬂ) +sin" *°(0)
p Pv Hv

4
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» A reformulation allows deriving the safety operation limit
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Section averaged Heat Transfer Coefficient Perpignan
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7"‘*:,, Axial evolution Correlation with the flow pattern in S3
Ty 30 ‘ ‘ ‘ 30 ‘ ‘
; e Sl = 52 e S3 I s I
1 — 25 * * 25 ] { ¥ sws + sw-U |
< < !
[ 20 & 20 11 5
L S 13 T
S5 § 15 bl =t e
i1 r X % Y, lliﬁ 3 i s ¢ s
i — = ¥ ] Q‘ ﬁ} ;iﬂ;; . = s
B ™~ o 10 10 detd = £ x
= 2 Q *
S S ] -‘;
&lF - 5 < s .
| 0 M Rt
- 4 5 -1 0 1 2 3 4 5

» The HTC rises with the streamwise position » Stratified flows yield the lowest HTC

f
[ x*(z) xghut- [%]

» For 51 and S, nearly linear increase of HTC » No clear hierarchy between SW-U, SW-S and |
with x*

e
t/ > SW-U exists over a larger x™ range
Z 4
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Section averaged Heat Transfer Coefficient @gﬁ;fﬁ:ﬁ

hexp [kW/(m2K)]

Via Domitia

Comparison with existing correlations

+30% error 7 » Fanget al. - IJHMT - 2017
o g . > 20,000 data points with refrigerants
© Jabardo et al. o . .
o Kandlikar > Microchannel flows
T > Kandlikar et al. - IJHT - 1991

> Mainly for refrigerants
> 3% of horizontal water cases

., » Jabardo et al. - BJMS - 1999

20 > Horizontal refrigerant boiling

hineo [kW/(m2K)]
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averaged Heat Transfer Coefficient
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Development of a new correlation

ki 16 o (hin— hsat) 08 LiF o . q
new — —-Bo-R _—_— L , -1
h D 0-Re X N In i with  Bo N

20 _
+30% error L
+15% error ’/—"
N o e atal, "4/‘ . » Newly proposed correlation :
5 ; Eae:vdgl;?rrelation “’zif. L] ] > MPE == 7205%
E L . > MAPE = 10.43%
2 oy > 97% of the points within +30% EB
e
° . . > Does not depend on 6 (to first order)
i . ° . > Likely an effect of section averaging
2,0 . ". .'
15 20

htneo [KW/(M?K)]
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Inverse thermal stratification
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> Positive stratification disappears when 8 * or x' > 1.5
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Inverse thermal stratification
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» In S3, positive stratification is observed only for S or SW-S flows

» Most of the tests highlight inverse thermal stratification
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Inverse thermal stratification Ve

Smooth Unstable

Stratified Intermittent . . . B
Stratified-Wavy Stratified-Wavy
f 6= 10° 6=1° 6= 2° 6= 3° 6= 4° 6= 5°
E 40 40 40 40 40 40
4 30 30 30 30 \ 30
5 g g v A etting the g
5 - £ 200 o 'ntermitte“t th|d film W . g 5. 20
= b & The ) onsible for this effect S
. . S
B oo N upper wall is resp o 10 J o J o
— 0 . 0
o5 Mt e, | 2. | £ PN
’ 1o} o% —10] gt ~10 1‘;‘ al —10{ 4 { -10 i:“;.;“,_ ~10 "'?.T“.‘A;
. 4 A L a4
2/ 012 3 012 3 012 3 012 3 0123 01 233
| & xie [%] x8e [%] x5t [%] x8e [%] x5e [%] x5e [%]
= . s .o . Sws . SW-U
‘ » In S3, positive stratification is observed only for S or SW-S flows
7
/

S. Mer —  Experimental characterisation of horizontal boiling flows

y » Most of the tests highlight inverse thermal stratification
PROMES



Université

Upot

Inverse thermal stratification Ve Bemita
B S L. L. Local h%P
LS Mechanistic model description y
/A . Vapor
[T, Convective
3 h heat transfer D
. W Dry-out zone Dry-out zone - i
)
{ Thin film n_—, N tocal he'
.? heat transfer g » At the top, liquid film HTC [Kattan 1996]
o] 0.69
[ - U 1) k/
] hi%® = 0.0133 <7" topOtop Pri -
W 12 top
i ? . At the b bulk liquid HTC
el m iqui
= > At the bottom, bulk liqu [Dittus-B. 1930]
l bot P1tbotDin \ % _ 0.4 ki
— h} comective £ hey =0.023 { — =— ) P~ 5~
1 & heat transfer 3 i n
| B j=a . .
= » The resulting ratio
Thin film | I Thin film 9_-",
heat transfer heat transfer = 0.11 0.69 0.2
g h* _ 0 59 ﬂ Utop Din
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Inverse thermal stratification Ve
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7-‘\ Mechanistic model description
BTy 20 » Velocity assumptions
2
/ > Upot ~ Uin, Utop ~ Uy, U™ = Uy/Uin
15 » Intermittent wetting
L - 15
; 10 = Wetted upper perimeter == h,,,= 3.2
4 2
= twet
" ’ = 5 10
I o -
r %o 0.5 1.0
2 Stop/Din [-] 5
‘ : » Thin films lead to high h*
2 )
< » Especially for large u* % )
i Time [s]
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Inverse thermal stratification

7-\ Mechanistic model description
/ 20
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z 5
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. » Especially for large u*
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» Velocity assumptions
D> Ubot ~ Uin, Utop ~ Uy, ut = Uv/uin
» Intermittent wetting

» Assuming a film thickness (iop/Din = 0.05)
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7‘\_ Temperature difference estimation » Assuming a steady thermal resistance network
20 . .
% Ttop_Tbot ~ 1 _ 1 - q 1- havg
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Q — 10
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=
-10
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i 4
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. —205 2 4 6 8 10
2

» Large hj,, and g lead to inverse stratification

- » Comparison possible with the intermittent
regime (32 points) Uin, Uy, byet, tcyc\Ey 5top
V7

-
o
©
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Inverse thermal stratification Ve

~‘_" - . .
7‘\ Temperature difference estimation > Assuming a steady thermal resistance network
L 20 . .
& % Ttop_ Tbot ~ 1 _ 1 - q 1- havg
e S; s ~dq ptoP — pbot | T pbot *
A —_ cb cb cb avg
10
— 5
v —10
X — 15 0.0 20
= EW 20
~ 0 N
8 r gl =25 15 4
-10 s —
i ’ - i -5.0 'E
{ 1 10 o
k q
= S (hgg‘ )Theo g
-20 = —1 g
[ 0 2 a 6 8 10 —75{ —>s £
3 havg [-] -
B 20
“ : » Large h;,, and § lead to inverse stratification ~104% 15 2.0 25
haug -]

» Comparison possible with the intermittent
regime (32 points) Uin, Uy, byet, tcyc\m 5top

@ » [Aussilous and Queré - PoF - 2000]
S. Mer -

» Error minimization yields d:p = 0.2 mm
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7"*:‘_ Conclusion
o » The CONBO facility allows comprehensive boiling flow analysis
[ » Image processing allows pattern identification and physical parameter assessment
“:r » Heat transfer analysis enables :
i
g f - > Dryout inception characterization

> Proposition of a new correlation for HTC
> Understanding the role of intermittent film wetting

i y Perspectives
= » Enhancement of the instrumentation (Wire-mesh sensor HZDR)

» Effect of tube diameter (D, = 50 = 35 mm)

» Deepening the physical analysis

e
‘/
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