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Boiling and heat exchangers

* One design solution for wall cooling is to run a heat carrier fluid in canals within the wall

« Boiling of the heat carrier is wanted but makes heat transfers challenging to predict

« Boliling is a complex phenomenon, with different regimes and strong temperature gradients

Liquid § | Gasgous/
heat Heat H multiphase
eatl exchanger
carrier J heat_
s S carrier

AANNNNNTEEEEEE NN

Transfer

Heat source

Final aim : describe experimentally the heat transfer at play in a
boiling heat exchanger with forced convection at system scale
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Boiling and heat exchangers

* One design solution for wall cooling is to run a heat carrier fluid in canals within the wall

« Boiling of the heat carrier is wanted but makes heat transfers challenging to predict

« Boliling is a complex phenomenon, with different regimes and strong temperature gradients

Liquid § | Gasgous/
heat Heat H multiphase
eatl exchanger
carrier J heat_
s S carrier
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Transfer

Heat source

Today’s presentation :
obtaining temperature fields on the exchange surface
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1. Experimental setup and flow morphology
2. Phosphor thermometry setup
3. Results

4. Validation
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Multiphase heat exchanger experimental setup — REMED

Cooling channel experimental model with electric heating and water as a coolant

Optical access

-

water (lig+vap)

Exchange
surface

Resistors

Thermocouples

Uwater (ligq)
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Flow direct visualisation (top view)

Surface heating power density: 0.17 MW/m?2, flowrate: 31 kg/m?/s, 200 frames/s

Flow direction

LIQUIC
/0,),‘53 at 'J

|
Quasi-liquid

1
Liquid/vapor mix

[ Several distinct unsteady flow regimes, small spatial scales }
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Flow direct visualisation (top view)

Surface heating power density: 0.17 MW/m?2, flowrate: 31 kg/m?/s, 200 frames/s

Flow direction
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LIguic
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Quasi-liquid

1
Liquid/vapor mix

[ But what about flow stratification? }
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Uncovering the flow stratification with amino-g PLIF

Laser Nd:YAG

355 nm 10 mJ
20 Hz

K pvap < pliq \

Ifluovap < Ifluoll-q

= Amino-g acid acts
as a liquid phase

Qacer /

Liquid/vapor
mixture +

Amino-g acid
(fluorescein)

Liquid water + Amino-g
acid (fluorescein)
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Uncovering the flow stratification with amino-g PLIF

Laser Nd:YAG

355 nm 10 mJ Liquid/vapor
20 Hz mixture +

Amino-g acid
(fluorescein)

K Pvap < Pliq \

Ifluovap < Ifluoll-q

= Amino-g acid acts
as a liquid phase

Qacer /

Liquid water + Amino-g
acid (fluorescein)
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Uncovering the flow stratification with amino-g PLIF

Nucleation regime

Heated
surface

® O O

Tube wall dry Tube wall dry
in sectian /
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Uncovering the flow stratification with amino-g PLIF

Nucleation regime

[ -

Heated
surface

® O O

Tube wall dry Tube wall dry
in section /

——
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Uncovering the flow stratification with amino-g PLIF

Nucleation regime

Heated
surface

' Tube wall dry ,

in section
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Uncovering the flow stratification with amino-g PLIF

Nucleation regime

Plug flow

Tuhe wa dry , l Tube wall dry
in sectiol /

\\O
6\\®

Heated
surface
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Uncovering the flow stratification with amino-g PLIF

Nucleation regime

5 W
Ch L)
Tuhe wa dry , l Tube wall dry
in sectiol /
- . el o b J

Heated
surface

-

= Flow regimes are
comparable to the
well-known horizontal
heated pipe

\configuration
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Wall thermometry in multiphase flows

4 2D unsteady A

phenomenon
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Wall thermometry in multiphase flows

4 h 4 )
2D unsteady Needs a space- and time-
phenomenon : resolved diagnostic

145 i%
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Wall thermometry in multiphase flows

4 h 4 )
2D unsteady Needs a space- and time-
phenomenon : resolved diagnostic

- / - /
4 )
Final aim :
full scale system
application
\- /
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Wall thermometry in multiphase flows

4 B 4 )
2D unsteady Needs a space- and time-
phenomenon : resolved diagnostic

- J - J

4 ) 4 )

_ _ * No fully transparent apparatus
Final aim : ®
full scale system |:> » No back face measurements ®
application . Elé)ofggicgatellow boiling point

- J - J
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Wall thermometry in multiphase flows

-

-

2D unsteady
phenomenon

~

—

\_

Final aim :
full scale system
application

—

J

4 Needs a space- and time-\
resolved diagnostic

\- /

4 )

No fully transparent apparatus
®

No back face measurements ®
No surrogate/low boiling point
coolant ®

J

= Need for a front-facing measurement through boiling water
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Wall thermometry in multiphase flows

-

-

2D unsteady
phenomenon
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—

\_

Final aim :
full scale system
application

—

J

4 Needs a space- and time-\
resolved diagnostic

\- /

4 )

No fully transparent apparatus
®

No back face measurements ®
No surrogate/low boiling point
coolant ®

J

= Need for a front-facing measurement through boiling water
« Infrared: water interacts with IR wavelengths
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Wall thermometry in multiphase flows

-

-

2D unsteady
phenomenon

~

—

\_

Final aim :
full scale system
application

—

J

4 Needs a space- and time-\
resolved diagnostic

\- /

4 )

No fully transparent apparatus
®

No back face measurements ®
No surrogate/low boiling point
coolant ®

J

= Need for a front-facing measurement through boiling water
« Infrared: water interacts with IR wavelengths
« Thermal Sensitive Paints (organic): cannot withstand 100 °C
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Wall thermometry in multiphase flows

4 2D unsteady A
phenomenon
\- /
4 )
Final aim :
full scale system
application
\- /

—

—

4 Needs a space- and time-\
resolved diagnostic

\- /

4 )

No fully transparent apparatus
®

No back face measurements ®
No surrogate/low boiling point
coolant ®

J

= Need for a front-facing measurement through boiling water

« Infrared: water interacts with IR wavelengths

« Thermal Sensitive Paints (organic): cannot withstand 100 °C
= Phosphor thermometry (JT 52 ©)!
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2. Phosphor thermometry setup
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Lifetime phosphor thermometry

Double-Frame camera

Luminescence (visible)
Phosphor coated ! 4— Boiling water flow
surface of interest

Laser (355 nm, 0.5
mJ/cm?, 10 ns, 10 Hz)

Luminescence dependence to
temperature

Luminescent
intensity
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Lifetime phosphor thermometry

Laser (355 nm, 0.5
mJ/cm?, 10 ns, 10 Hz)

Phosphor coated
surface of interest

Double-Frame camera

Luminescence (visible)

Boiling water flow

—

Luminescence dependence to

temperature

«— Fluorescence

Phosphorescence

me

Second
frame

Luminesence intensity (A.U.)

Dead ti

2 4
Time (s) le—6
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Lifetime phosphor thermometry

Laser (355 nm, 0.5
mJ/cm?, 10 ns, 10 Hz)

Phosphor coated

Double-Frame camera

Luminescence (visible)

Boiling water flow

—

| .

surface of interest \

Why lifetime phosphor thermometry ?

Luminescence dependence to

temperature v' Space- and time- resolved
= v' Limited intrusiveness
T4 | P — - v" Resilience to 2-phase flow
z v' Optical path independence
3
=
) P Phosphorescence
e )
: £
g ) Second
I= o | frame
3 (@)
2 4
Time (s) le—6
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Lifetime phosphor thermometry

Double-Frame camera

Laser (355 nm, 0.5
mJ/cm?, 10 ns, 10 Hz)

Luminescence (visible)

Phosphor coated

! 4— Boiling water flow
surface of interest \
| .

Why lifetime phosphor thermometry ?

Luminescence dependence to

temperature v' Space- and time- resolved
= v Limited intrusiveness
74 | B SE— - v" Resilience to 2-phase flow
z v' Optical path independence
g X But typical phosphor sensitivities are relatively*
>'§ Phosphorescence low (0.1 -0.5%/K) ®
g ; Second
I= o | frame
3 [a}
2 4
Time (s) le—6

* typical values for infrared : 5%/K; organic TSPs : 2-10 %/K
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Lifetime phosphor thermometry

Laser (355 nm, 0.5
mJ/cm?, 10 ns, 10 Hz)

Phosphor coated

surface of interest
! i 1

Luminescence dependence to

temperature

«— Fluorescence

Phosphorescence

Second
frame

Luminesence intensity (A.U.)

Dead time

2 4
Time (s) le—6

Double-Frame camera

Luminescence (visible)

Boiling water flow

—

Why lifetime phosphor thermometry ?

Space- and time- resolved

Limited intrusiveness

Resilience to 2-phase flow

Optical path independence

But typical phosphor sensitivities are relatively*
low (0.1 - 0.5 %/K) ®

SERNANENEN

= What if we could maximize the phosphor
sensitivity in the vicinity of the boiling point ?

* typical values for infrared : 5%/K; organic TSPs : 2-10 %/K
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Dial-a-range phosphor thermometry : (Sc,,Y,)VO,:Bi3*

* x=1.0 * x=08 * x=06 * x=04 * x=02 X§0.0

« Developed by Elashry et al. 6 .

2023 [4] =57 <
24f 12

« Sensitivity and range are &2} 13
tuned by adjusting the Sc/Y ~at 3
concentrations ;Q R %@o

Temperature (°C)
» Useful temperature range for (Sc,..Y,)VO,:Bi3* decay time and relative sensitivity

x = 0.8:[50, 150] °C temperature dependence [4]

~

/In—house mixing-and-firing chemical synthesis

« Sensitivity € [1, 2.5] %/K ©

k (SCy,Yoe)VO,:Bi% after firing /

[4] M. Elashry, A. Rashed, L. Dalipi, U. Betke, C. Abram, and B. Fond, “Bismuth-doped rare-earth
orthovanadates as tunable luminescence decay-time thermometers.” Optica Open (preprint)
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Synchronous phosphor thermometry and direct
visualisation

Double frame FQV :
CCD camera 40x50mm
(10 Hz)

UV 355 nm
pulsed laser
(10Hz)

(]
(@]
=
(5}
(&]
0
()
S
o
<
o
[%2]
o
=
o
Liquid/vapor
mixture
N

[ ]
Phosphor coated surface
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Synchronous phosphor thermometry and direct
visualisation

Double frame FQV :
CCD camera 40x50mm
(10 Hz)

Halogen

I?mp Beamsplitter +
(continuous) colored glass filters

Phantom high

gm:esijs |r<']:1r:er speed camera
(10Hz) (500 Hz)
FOV :
40x200mm

(full window)

Liquid/vapor
mixture
]

Phosphor coated surface
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3. Results
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Focus on a single dryout event

Spanwise position (mm)

Flow direction

=
=)
i
D
S
. 110 =
g ) ) ) )
G 3 Direct visualisation of
g 5 the dryout event
2 100 =
:‘g N———
& Run ID 12r
o) .
% Heaélgrgsﬁc;wer 0.20 MW/m?
c% : Mass flow rate 19 kg/m?/s
% . o 100 : e Thermometry
Streamwise position (mm) Streamwise position (mm) framerate 10 Hz
Instantaneous temperature fields during a dryout Visualisation 500 H
event framerate z
Em e ONERA 5T e
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Focus on bubble departure events (annular flow)

Streamwise position (mm)

g/ 120 =
s =
= <
‘B &
=3 20 110 g
QU% @D
5 25 2
Q
A 100~
N 130 140 150
110 }A\
ng YL ‘ﬁ "M'mr 1
£ JH_ W Bubble
E‘m _ w _l,_ temperature
. N drops

Position from origin (mm)

Instantaenous temperature field during a bubble growth
event (top), temperature field under 2 bubbles (bottom)

Flow direction
.' " - ) .* n ]

Direct visualisation of the
bubble growth event

Run ID 3
Heating power 0.10 MW/mz2
density
Mass flow rate 13 kg/m3/s
Thermometry 8 Hz
framerate
Visualisation 500 Hz
framerate
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Focus on bubble departure events (annular flow)

Streamwise position (mm)

=
E 120 )% . ' - .* b
Sl @) . v
]
3 S
& .
O 110 =
o~ =
<D} D
.C,Lq) Y
B (e}
= @)
CG S—
g 100
n
A : . R :
110 /\ Direct visualisation of the
_ 109 M \ bubble growth event
%108 — - L _— H I#% '-- || -
Z 107_V =~ LY Bubble Run ID 3
2. Heating power
Sl — w _‘l,_ temperature density 0.10 MW/m?
105 — p—— N A drops Mass flow rate 13 kg/m3/s
0 : 10 15 Thermometry 8 Hz
Position from origin (mm) framerate
Instantaenous temperature field during a bubble growth V'fsr:%'frztt'g” 500 Hz
event (top), temperature field under 2 bubbles (bottom)
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Time-averaging

Measured temperature (°C) /\
Streamwise position (mm) - 120
o [
5 1 - 115
B¢ )i P ik i Y
10 =1 . Y ¢ ]
— o T N A
g K " / 4 e :
| b o
> L S i 2 0 - 110
£
_E _ 4
D !
S 204
Q
wn ! 105
=
c
c 25 4
Run ID 28 )
Heating power density 0.20 MW/m?2 i
Mass flow rate 32 kg/ma/s 100
Phosphor thermometry :
framerate 10 Hz 35 1 b Y
Acquisition duration 100 s S5 175 Sa5 . v .. Y.
95
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Time-averaging

Streamwise coordinate (mm)
170 175 180 185 190 195 200

0 ]
v L 114
wm‘f
5 .
£ 10 - 112
E
g o
© 15 =
S 110 £
: 5
; 20 A 8
] v g
z 108
8 25 1
V5]
Run ID 28
Heating power density 0.20 MW/m?2 30 1 106
Mass flow rate 32 kg/m2/s
35+
Phosphor thermometry
framerate Uln 104
Acquisition duration 100 s
Average temperature field over 1000 shots, 10 Hz
Eﬁw\%f ONERA r'::- :;‘“::“;:ﬂo" univers |té 2D Surface Phosphor Thermometry In A Shallow Boiling
e \W oirENss PARIS-SACLAY Water Channel 16




Time-averaging

170

0
5 -
E 101
E
Cold spot: _{E
« favorable bubble <
formation site S
« Average overheat : 9 %7
o S
~5° C s
2 25 1
wn
Run ID 28
Heating power density 0.20 MW/m? 30
Mass flow rate 32 kg/m2/s
35 A
Phosphor thermometry 10 Hz
framerate
Acquisition duration 100 s

Streamwise coordinate (mm)
180 185 190 195 200

O e

it

» .[‘ v
by N

P ‘“‘ o0

- 114

- 112

- 110

=
o
(o0}

106

104

Average temperature field over 1000 shots, 10 Hz

Temperature(°C)
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Time-averaging

Streamwise coordinate (mm)
170 175 180 185 190 195 200

Hot spots : N Ty e 114
¥y Lo 3
* Low ebullition \5 = 4
« Average overheat : \ e
X L
~15° C o L
€ 10 - 112
E
Cold spot : _«: S
« favorable bubble £ | 110 &
. . ° =]
formation site S ©
. O 20 4 3
 Average overheat : @ g
o = . . &
~5 C g o' 108 "~
8 25 A .
V5]
Run ID 28
Heating power density 0.20 MW/m?2 301 106
Mass flow rate 32 kg/m2/s
35
Phosphor thermometry
framerate 10 Hz 104
Acquisition duration 100 s
Average temperature field over 1000 shots, 10 Hz
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Time-averaging

Streamwise coordinate (mm)

170 175 180 185 190 195 200
« ~1 mm effective o

spatial resolution N _
P : nmg& v ’ 114
5 - » ,‘", ]
* QOverheating i -
assessment £ 107
o
_ © 15 - |
« Detection of E 110
nucleation sites S 20-
- Detection of B
favorable/unfavora -
106
ble zones
354
\ / 104

Average temperature field over 1000 shots, 10 Hz

Temperature(°C)
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4. Validation
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Comparison to thermocouple data (time-averaged)

~

- Surface temperature data can be [/
reconstructed from sub-surface
thermocouples using inverse methods

. : Type K thermocouple
(experimental data)

: Joule heating (constant flux)

) ] meesmsmm . Adiabatic wall
* This low-resolution data can then be

compared to the phosphor thermometry \ : Free surface )
data

} Boiling flow (illustrative only)

T[°C]

130
0.02 ! 128.5

127
— 0.015 —1 125.5
£ — 124
— 1225

> 0.01 | oy
— 1195

0.005 I 118
116.5

115

0
0.06 0.08 0.1
X [m]
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Comparison to thermocouple data (time-averaged)

-== Thermocouple surface temperature estimation (inverse method)
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Comparison to thermocouple data (time-averaged)
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Assessing the measurement uncertainty through a single
bubble

e PT Measurements

— At uniform wall temperature (no
heating, system close to thermal
equilibrium)

— Through vapor bubbles
(generated upstream)

« The measured temperature field
should be quasi-uniform
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Assessing the measurement uncertainty through a single
bubble

Instantaenous luminescence intensity
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Assessing the measurement uncertainty through a single

bubble

« PT Measurements

— At uniform wall temperature (no
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equilibrium)
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Assessing the measurement uncertainty through a single
bubble
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Assessing the measurement uncertainty through a single
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Assessing the measurement uncertainty through a single

bubble

e PT Measurements

At uniform wall temperature (no
heating, system close to thermal
equilibrium)

Through vapor bubbles
(generated upstream)

« The measured temperature field
should be quasi-uniform
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Conclusions and perspectives

/Conclusions \

v'A phosphor has been tuned to this application to achieve maximum sensitivity

v'2D unsteady temperature measurements have been acquired through a boiling flow
with PT for the first time

v'Average temperature fields have been validated against TC data
v'Dryout and bubble growth events have been measured

v'In harsh and/or optically challenging environements, phosphor thermometry can save

Qour life! /
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Conclusions and perspectives

/Conclusions \

v'A phosphor has been tuned to this application to achieve maximum sensitivity

v'2D unsteady temperature measurements have been acquired through a boiling flow
with PT for the first time

v'Average temperature fields have been validated against TC data
v'Dryout and bubble growth events have been measured

v'In harsh and/or optically challenging environements, phosphor thermometry can save

Qour life!

What’s next?

o

» Heat transfer coefficient fields are currently being estimated

» Application to realistic geometries
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Thank you for your attention!

I | : Directvisualisation Time : 83.002 s

B | : Temperature field

£
= "\ 130
c 125
§=]
= P10
o 3
a 115 3
) 2
o F110 &
g -
= 105 2
= 5
o o
%) 120 140 100

Streamwise position (mm) 95

90

Sacha HIRSCH, Nicolas FDIDA, Cornelia IRIMIEA, Sylvain PETIT, Benoit FOND, Guillaume PILLA
sacha.hirsch@onera.fr

Ex o °
REPUBLIQUE ONERA {- AGENCE univers |té 2D Surface Phosphor Thermometry In A Shallow Boiling

FRANCAISE — 5‘ INNOVATION

= T e e 7/ nverense PARIS-SACLAY Water Channel

22


mailto:sacha.Hirsch@onera.fr

