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INFRATEC.

Towards enhanced convective heat transfer

» What is the target? Convective heat transfer enhancement by jet mlxmg in an impinging jet
» Mini-jet pulsation to an impinging jet. Liu et al. (1996);
Miladin et al. (1997) —> <— b (jet diameter at nozzle exit)

» Performance feedback from a heated-thin-foil (HTF). 17
Astarita and Carlomagno (2012)

Nozzle

B
» Why using impinging jets for heat transfer? |
» Controllable and localized action.

Free jet area

Impact area
» High local heat transfer coefficients due to stagnation Flat ctognation ooin for impingement regime) H
point flow. (S.P.) Wall jet area
» Traditionally used for cooling (i.e., aerospace é i
industry), with recent opportunities (Al, GPUs, etc). T S

Poitras et al. (2017)
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Jet mixi‘ng control

INFRATEC.

» Improving mixing can be, somehow, easy

. . Stepper
» Not able to adapt to varying conditions! =

motor
Contoured ¥

nozzle

» Solution: jet mixing control - % Flexible
» Enhances heat transfer beyond the stagnation point | nozzle
» Enables active or passive control.
Support
Non-injection plane (x,y) p()st Minijet
. prv injector
Stationary Shroud
disk . g‘&fét'e Shaqarin et al. (2024)
z, W
2 —

5 Injection plane (x,z)

S

Electro-magnetic-valve I Four actuators
in one disk

1er e Wu et al. (2018) Zhang et al. (2021)
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~ INFRATEC.

4 )

Optimization of the convective
heat transfer in an impinging jet
using hybrid genetic algorithms.

& J
ﬁxperimental setup: \

- Nozzle diameter D;, 30mm.
- Six fast-actuating valves placed
radially at 602. Exit diameter
dh = 1mm.
InfraTec - Re ~ 12000
8800 \ /
Infrared
1er e camera
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INFRATEC.

Heat transfer measurements

-
i

InfraTec ~~.
8800

Infrared

camera
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~ INFRATEC.

Heat transfer measurements

A

Infrared camera Infratec 8800

M

M

Heated thin foil sensor placed at a distance
3D, from the jet exit.

Bi K1 l
InfraTec l

8800 " FIOW "
q rad 4 conv
/ Infrared K’\"\ /

M

camera q"cond = 8 q "joule 8 —>q"cond

”n
\q back

n.conv

Images with q"jou1e = 0 2 Taw.

M

» Images with q"joy1e # 0 2 Ty,

q"conv — q"joule - q"rad - q"cond - q"n.conv

n n — h(TW - TaW)
n o~ q joule — 9 rad

(Tw - Taw)
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Reference conditions, performance metrics

h-D
» Nusselt number Nu = Th

INFRATEC.

» Reference conditions:
» Non-actuated flow (all valves closed, subindex 0).
» Steady-jet (all valves open, subindex SJ). 22% m .,

270

180 180 Nu
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INFRATEC.

Objective function

» Cost function based on Performance Evaluation Criteria castellanos (2023)
» Quantification of heat transfer enhancement.

Nu N
Ja=1-E=1- (5= -1) | |
1.6}
» Penalization based on power requirement. 14} -* >

(@

» Global cost function.

] =Ja+V/p
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INFRATEC.

Solving the flow control problem...

» Apply machine-learning algorithm in an experimental environment
» Hybrid Genetic Algorithms
» Using sophisticated measurement techniques - IR thermography to evaluate the state

» Actuators = 6 jets in crossflow
» Actuated independently

» Control parameters > 8 = | f;, DC{, P, P,, P53, P, , D]
» Frequency - f; € [10 — 350]Hz
» Duty cycle > DC, € [20,30,40,50]%
» Phase >®,, d,, &5, 0, , P € [0 — 271]

» Determine 8™ > maximize heat transfer
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INFRATEC.

Training loop

» Algorithm: Genetic Algorithm + Downhill Simplex
» Hybrid Genetic Optimiser (HYGO) Robledo et al. (2025)

» Control laws
» by(t) = H(sin(2r fit) + k(DCy))
» b;(t) = H(sin2rfit + ®;) + k(DCy))
H( ) — Heaviside function
k € [—-1,1] - Scaling

u
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INFRATEC.

Why an InfraTec scientific IR camera?

In optimisation, the IR camera is not only for visualisation. It is the sensor that defines the cost function.

/ \ Example: nearly indistinguishable thermal footprints
» Optimisation ranks many candidate

actuation laws, 6.

» Different f, DC and phase patterns can . 4
produce almost identical IR maps.

» Useful effects may be small AT, so thermal

sensitivity and stability are critical.

to separate physics from noise.
h _ . . . Small temperature Automatic SDK control
» Python SDK: set actuation - wait = acquire differences can decide the keeps acquisition

Q'd/ThOt —> compute Nu and J. J ranking. repeatable and logged.

Scientific IR - reliable full-field feedback for optimisation, not just qualitative thermal images
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— INFRATEC.
Training loop

» Algorithm: Genetic Algorithm + Downhill Simplex
» Hybrid Genetic Optimiser (HYGO) Robledo et al. (2025)

Air supply 2

Air supply 1 TuJeFa-MoLa e :".# e

i) ] i e i
Genl Gen 2 n Gens Last Generation
C o | : o
*®c 00 SO X
® ¢ © o o© ! @
..... PY L
et ] ]
0%.°,.° i
0o .
I 5 5 Best individual
Genetic operations
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INFRATEC.

Using InfraTec Python SDK to automatize

[ Start experiment ]

* Set actuation ey
Define actuation parameters 6 mini-jets
6 ={f,, DCy, f>, DC3, fs, DCs, $} _' (pulsed, radial)

via high-speed

(frequencies, duty cycles, phase shifts) solenoid valves

!

Set actuation
Send signals to valves (frequencies, DC, phases)

1. Cold measurement (no heating) ﬁ IR acquisition (Python SDK) |
7 —— Control Infratec 8800 from Python i

Wait for flow stabilization « Setacquisition parameters :

Twait,1 « Capture and store radiometric frames |

 Real-time preview and quality check

Acquire Tg, 14 T[ c]
IR camera (Infratec 8800) ~  F----4+
using Python SDK

2. Hot measurement (with heating) (5o heatmg)
[ cold

Turn on power supply
Set wall heat flux (V, I)

Wait for thermal stabilization
T [cl
Twmt 2
Acqulre Thot
IR camera (Infratec 8800) S=oi-
using Python SDK

Thot (With heating)

Compute waII response Nu(x,y)
AT = Tot — Teola ‘”‘
Nusselt number map Nu(x, y) x|
Cost function J (e.g. area-averaged Nu i
with mass-flow penalty) l

More

Select next
actuation parameters Yes
(e.g. optimisation algorithm |

or predefined sequence)

cases?

(next 6)

Store results i

« Actuation parameters 6 !
* Teotd; Thot» Nu maps !
 Cost function /

End experiment
Save data and results i
* Metadata and logs 1
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INFRATEC.

Distribu‘tion of results

» Preferred frequency

’ f = 114k fDp, jgE J 1.27
» St =0.54 Recall, St = . .

Vjet

» Preferred Duty cycles
» DC =30, 40%

411.15

0.4 E X o0 o®
» Preferred phases | '

251 0.3:-(0)(.(( ® o

18
» O, ~ L .
N 0.26@e 0..‘0

1.02
» CD1 =~

0.9

51
» CD3 = 1_8 I
351 0.1 P B S Y B ] 0.77

18 0 0.34 0.68 1.02 1.36 1.7
1om

» q)4z

» CDSz
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INFRATEC.

DistribuAtion of results

| <

» Preferred frequency 20n o1 20 ¢ 20m b3 1.27
» f = 114Hz S| . o
» St = 0.54 f.’ D O » ° ¢ °

°% S N | 14115

» Preferred Duty cycles N . ‘ : . S

» DC = 30, 40% . : v

» Preferred phases 1.02

251 ¢
» CD =z — 207 4
1 518 =R - 2n gb_5
T e ® o
)) ¢2 z - .. e . ® .(j. :
r

9 ° . ;5
» O ~ 2 . ® . r... ’ 0.9
37 18 © &=t 0% 1 orl o 0 !
_ 35m : o
[ ] [ ] [ ]
o °) ® e ool A

0.77
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INFRATEC.

Training evolution and results

» Training main evolutions after generations 1, 2 and 6:
» 07=[119.36Hz, 30%,2552% 1149 562 3462 2389].

» 0,=[114.06Hz, 40%,263%, 982, 482 3499 2022] - Tune the frequency and ®s.
» B¢=[115.39Hz, 30%,266%, 11492, 492 3399 2072] - Final phase and DC tuning.

» By injecting 10% of the main jet mass-flow rate there is a heat transfer enhancement of 13% w.r.t the

baseline.
]..4 L] 1 L] 1 1 1 1 1-05 1 1 1 1 0-9 T T T T T T
| | | [ [ - [ [ [ [ [ [ [ [ [ [
[ [ [ [ [ | [ [ [ [ [ [ [ [ [
[ | [ [ [ | [ | [ [ [ [ [ [ :
[ [ | | [ | [ [ | [
1.2} : : : : : 0.9 i | | | | | 0.72F | | | | |
[ [ [ [ [ [ [ [ | [ | | | [ [
[ [ [ | | [ [ [ | [ [ [ [ [ [
[ [ [ | | I [ [ [ | | : : : : : ;
1F | | | | | - S 0.75F | | | | | < 0.55 F
S | & y | o o, = ; | | | ol | = / p | o) | i | |
[ | [ [ [ ] [ [ [ o! [ R o
| 7/ IRV AN O ol B
0.8} | : l ‘li 4 0.6 E : 4 : : :/ C:/ . 0.37 f |./ P | ) |..'
[ [ [ [ I [ | [ [ lo | | [ [
| | | | | [ ! | ! r 4 ? | | ?
[ [ [ | | [ [ [ | * s ) [ [ |
0.6 1 | 1 | 1 | 1 | 1 | 1 0.45 1 | 1 | 1 | 1 | 1 | 1 0.2 | 1 | | 1 | | 1
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
g
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Training evolution and results

0° 0° 0°

INFRATEC.

I 320
282
1244

270° 270° 270°

180° 180° 180°

330

» Nusselt shape evolution with generations:

» Initial elliptical shape induced by mini-jet pulsation. |

» Frequency and ®¢ tuning promote a circular pattern and oo
Nu growth. 2 25

» Final phase and DC changes maintain the shape and still g1

increase Nu. 202}
» Influence domain radius € [0 — 0.8Dy,].

SJ

160
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Flow ph‘ysics é‘nd future work

INFRATEC.

» Jet analysis of PIV snapshots: . Best individual No control
turbulent kinetic energy. Y 1 1, - - -

7z

0.6

! } ; 0.5
» No control |
» Concentrated TKE in the shear layer and
on the forming BL over the impact

location.

0.4
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15Dh .
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10.2

» Best individual
» Strong TKE at nozzle exit progressively

decays towards the wall.
» High spread, increasing mixing.

- - T T T - v /)
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1
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1

» High-accuracy IR thermography is
critical for optimisation-based flow
control, enabling small thermal
differences between similar actuation
states to be resolved reliably.

» Python SDK integration supports fully
automated experimental acquisition
and evaluation.

PR

s R/

0
0 15D, 3D 0 15Dy, 3Dy [m/s]
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   D h


   d h = 1 m m


  R e ≈ 12000


    3 D h


  B i ≪ 1


    q " joule = 0


   T aw


    q " joule ≠ 0


   T w


    q " conv =   q " joule −   q " rad −   q " cond −   q "  n . conv = h  (  T w −  T aw )


  h ≈       q " joule −   q " rad   (  T w −  T aw )


    N u 0


    N u  S J


  N u


  N u =     h ∙  D h k


     m .  J e t


   J  a   = 1   − E = 1   −    (       N u -      N u 0 -   −   1 )


   J  b   =  (      m .     m .  S J )


   J   =  J  a  


    𝛾 J  b  


  𝜃


     f 1 ,     D C 1 ,  Φ 1 ,  Φ 2 ,  Φ 3


  ,  Φ 4


  ,  Φ 5


   f 1   ∈  [ 10 − 350 ] H z


    D C 1   ∈  [ 20 ,   30 ,   40 ,   50 ] %


   Φ 1 ,  Φ 2 ,  Φ 3


  ,  Φ 4


  ,  Φ 5 ∈  [ 0 − 2 𝜋 ]


   𝜃 ∗


   b 1  ( t ) = H  (  sin ⁡   ( 2 𝜋  f 1 t ) + k (   D C 1 ) )


   b i  ( t ) = H  (  sin ⁡   ( 2 𝜋  f 1 t +  Φ i ) + k (   D C 1 ) )


  H  (     ) →


  k ∈  [ − 1 ,   1 ] →


  f =


  S t =


  D C =


   Φ 1 ≈     25 𝜋 18  


   Φ 2 ≈     5 𝜋 9  


   Φ 3 ≈     5 𝜋 18  


   Φ 4 ≈     35 𝜋 18  


   Φ 5 ≈     10 𝜋 9  


  S t =     f ∙  D h   V  j e t


  f =


  S t =


  D C =


   Φ 1 ≈     25 𝜋 18  


   Φ 2 ≈     5 𝜋 9  


   Φ 3 ≈     5 𝜋 18  


   Φ 4 ≈     35 𝜋 18  


   Φ 5 ≈     10 𝜋 9  


   𝜃 1 ∗


    119 . 36 H z ,     30 %   , 255 º ,     114 º ,     56 º ,     346 º ,     238 º


   𝜃 2 ∗


    114 . 06 H z ,     40 %   , 263 º ,     98 º ,     48 º ,     349 º ,     202 º


   Φ 5


   𝜃 6 ∗


    115 . 39 H z ,     30 %   , 266 º ,     114 º ,     49 º ,     339 º ,     207 º


   Φ 5


  N u


  N u


  ∈  [ 0 − 0 . 8  D h ]


  g = 1


  g = 2


  g = 6


      ( u ′ 2   +       v ′ 2 ) ∙ 0 . 5


    U 2 +  V 2

