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Definitions and objectives

A virtual sensing system uses:

- information available from other measurements and process parameters
— estimate of the quantity of interest. [Wikipedia]

(This estimation) uses mathematical models (...)
which use other physical sensor readings (...) [www.intellidynamics.net]

Present application: Design of virtual thermal sensors
for
- estimating temperature or heat flux or rate of heat flow or heat source
from

- temperature sensors located at points different from the points
where either the temperature or heat flux is looked looked for

with prior knowledge

- of a corresponding mathematical model - convolutive structure of adhoc models
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Gensesis of this work

Personal/research team background:
1) Parameter estimation for thermophysical property characterization
2) Function estimation: inverse heat conduction problems (heat flux, ill-posed)

Scope of the talk

Topic 1) Introduction to the world of time convolutions
— in 0D and 1D cases, interest of Laplace transformation for transient diffusion problems

—> introduction of the impulse response in a model identification inverse problem:
time domain form of a convolution product

Topic 2) Laplace transformation useful in real 3D word:
conduction, forced convection, linearized radiation)

...... if some assumptions are verified
— convolutive models (with their nice properties)

Applications to conjugated heat transfer :forced convection (fluid) + conduction (solid):
Thick channel — Plate fin heat exchanger
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Outline

1. Laplace transform and Linear Ordinary Differential Equations with Time Independent
coefficients: properties, transfer function and convolution product — S4

2. Laplace transform and 0 D heat transfer: thermal impedance — S7

3. Laplace transform and 1D heat transfer: Thermal quadrupoles, impedance,
transmittance, admittance and calculation of their time versions — S8

4. Practical calculation of a convolution product and experimental deconvolution — S12
5. Laplace transform and 3 D heat transfer — S16
6. Laplace transform and steady state transfer functions — S22

7. Application to conjugated transfer in heat exchangers — 524
Thick channel — Plate fin heat exchanger: characterization and fouling detection

8. Conclusions and perspectives — S36
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1. Laplace transform and Linear Ordinary Differential Equations with Time Independent
coefficients (LTI)

d_y+ay:bu ,; a andb : constants

¢ dt
Ly (t=0)=y,
LAPLACE TRANSFORMATION : Y (p)iﬁ [y ®]= Iowexp (-pt)y (t) dt

Laplace parameter

d _
Property 1 : L{d—%[/} =PY ~Yo

y(p)=—2

U (p) + yO = yforced (p) + yrelax (p)

p+a p+a

Y forcea (P) = H (P) U (p) _ — _
| d l [ u (p) —> H (p) _>yforced (p)J

Transfer function

5
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yforced (p) = ﬁ(p) u (p) u (p) — ﬁ(p) _>onrced (p)

Transfer function

Property2: /[ -1 [ﬁ(p) a (p)] =H(@t)*u (t) = J'c: Ht-t)u(t)dt = '[; H(t)u(t-t") dt’

convolution product

Yiorced (1) =H@E®)* U (t) = L: H-t)u(t) dt

}

Output Impulse Input
Response response Excitation
(consequence) (cause)

Here, mathematical problem :

Analytical expression of impulse response: H () =bexp(-at)

Analytical expression of relaxation solution: Yeaax (1) = Yo €Xp (—at)
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2. Laplace transform and 0 D heat transfer

Corresponding heat transfer problem: lumped body (0 D) approximation

/ T =T (t=0) \ Excitation : u (t) = P (t) (units: watts) starts at t = 0*

"G P() Response :

volume |7

o ')
conductivity A4
volumetric heat pc

Y({)= Opreeq®) =T (t) - T (t=0) (units: Kelvin)

daé _ 19 ip(t)
dt 1 ocV

area A

o with  6(0)=6, =0 and 1=V
Lumped body approximation : hA

Bi =hd/(24) <<1 with d=6V /A
characteristic time of P (t) << pc d?/ A a=1/t (units:s'l) : b = ]_/(mV) (units: K/J)

Here H (.) = thermal impedance, noted Z (.)
(units: Kelvin/Joule)

D v ya) = 1 b 1 1
—>| Z —> 0 Z (p) = o Z{t)=— —exp(-t/r
P (p) (p) forced (p) (P) ooV p-1/7 (t) v p( )
Transfert function Impulse response

Operational impedance = Time impedance



@ BE If(fgnsﬂﬁs D. Maillet — ISTEGIM - Oct. 23-25 — Ettlingen, Germany ée'ml e

3. Laplace transform and 1 D heat transfer
What happensin 1 D transient heat conduction ?

2
Heat equation (1) { 0°0_100
ax*> a ot
Initial _ ~
Condition(Z) {H =0 at t=0 for O0sx<s/
> /1’ ,OC
¢:—A%:q(t) at x=0 for t>0; — . 900:0
Boundary ot q (t) e SODCTEEEEEREERER o h
Conditions (3 — o, (t
onditions (3) ¢:—Aﬁ:h8 at x=( for t>0 & () > (1)
0 e Xy 14
Use of the Thermal Quadrupole Method % %3 in You
Laplace ot
transform g (x,p) = IO W(x, 1) exp (-pt) dt for QU:/H or ¢\
Temperature variation Heat flux
Fora sublayer of any thickness e =x, —x; :
4 A, =D, =cosh (eyp/a) ; B, = 1 sinh (e4/p/a
e =De (eypla) ; B, A doia (ey/pla)

_ _ )
e(xin ’ p):| — Ae (p) Be (p) |: H(Xout’p)j|
¢1 (Xin ’ p) (|:e (p) De (p2 ¢z (Xout ’ p)

1 .
Quadrupolar matrix
(4 terminal port network in electricity) )

(1) and(2) - {
with C. = A4/p/a sinh (e /p/a)

where a=A/ pc and e=Xx,, —X;, 20

\_

REFERENCES [1] H.S. Carslaw & J.C. Jaeger,Conduction of Heat in Solids, Oxford U. Press, 1947
2] L. A. Pipes,Matrix analysis of heat transfer problems, Journal of the Franklin Institute, vol. 263, n° 3, pp. 195-205, 1957

[
[3] D. Maillet, S. André, J.C. Batsale, A. Degiovanni, C. Moyne, Thermal Quadrupoles — Solving the heat equation through integral transforms, Wiley, 2000
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F(xm,p)}{/%e (p) Be(p)Mé(xowp)}
P, (Xin,P) Ce(P) De(P) || @, (Xou:P) —
8 e SRR R e
Boundary @ = _AE =qt) at x=0 for t>0; — 91 (t) 32 (t)
Conditions 30 — > X
(3) p=-A--=h6 atx=( for t>0 0 onm /
Here: x,, =0 and X,, =/ = e =/
unknown unknown
(3a) = Fl(p)}=rf (P) B, (p)} {QZ(p)} and (3b) = {QZ(IO)}: ! O} {GZ(IO)} 3 equations
am)] (S D(p)|| @, (P g, |h 1J[ O 3 unknowns
data QP rr:atrix unknown QP matrix
, 6.0 |_[AP B®]|6(/)
Product of QP matrices > o ! lcE DE 0
. . . - A _ — 1 _ h _
Solution in Laplace domain - 6, :E q ; 6, :E q ; @72:6 q
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® Return to the time domain:

(@ D]
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inversion of Laplace transform = ill-posed problem

* Simple cases: Analytical solutions in simple cases: 1) Laplace transform tables 2) Rational fractions (zeros/poles)

* General case:

» Broomwich integral (involved technique)

» Numerical inversion: 1) Stehfest’s algorithm, 2) through Fourier transform
3) de Hoog’s algorithm (invlap), ...

Z, (1)
ﬂ(t) \
. 8,=0
q(t) —pf
& (t) o, (t)
» X
Other technique: use of the convolution product form
S s s s T u) —| Hp) |— Y
6,=2,9q ; 6,=2, 9 ; @§,=Wy, ¢ A "
\ / Transmittance — n 0
impedances _
e rearfocefon) (O] “Reatsouwee (510762 OT P2 |
6, :% 6, =W 6, ¢2=V\g'ux 0, :\T? 0, 0 = Pseudo - source 6, Or @ ,l« Responses
1 7\ 1
Transmittance (temperature) Admittance 10
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Specific case (impedance): Zo (1)
G=qiy =66 o8y H=z@ oz | © = N,
IO = 5 imlh
Property 2: 1 ? L
Zy (£) 0 / > X

simple product convolution product

[ =249 - 6@ :j;z (t')q(t-t')dt]

Question: Can we write conversely @ =Y 8 withY=1/Z ?

a ) =[Y (t)e@-t)adt
2"d principle of thermodynamics: Z (t) 20 (impulse response)

Property 3 : d—Z:OI—UOOexp(-pt)y(t) dtj:—pf(p)so =
dp dp \J°

dY _d@z) _ 0
dp dp

Result: a thermal admittance Y (t) (with respect to a temperature response) does not exist
It is the solution of an inverse (ill-posed) problem
Causality property:

L . 11
Heat power source (cause) before any temperature variation (consequence) in the system
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4. Practical calculation of a convolution product
and experimental deconvolution

Specific case (transmittance):

H=W ,u=6, vy =6,
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response transmittance unique pseudo source

;b

6,(t) = W (t)* 6 (1)
:j; 6,(t-t )W (') dt

G,(t)=At > 6 W,

ri—j+l

! S

sampled averaged over 1 time interval

1 ¢t 1
2= ft z@dt=> 2t +2@))
for z(t) =6, or W

t,=0;t =i At for i=1tom

At=t.__/m

final

12
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Vector/matrix form of a convolution product (t ) H, u,
Continuous time domain: ! H u
y = yt)| w=|"?| and u=|"
[y© =HO*u ) : § -
u
y (tm ) @\ /4 m
Introduction of a matrix function M (.) that T time averaged values
depends on a time function z (t) and on its instant values over each time interval
parameterization time step At :
— Z -
2 & ] z—ij“ 2@ dt == (2(t_) + 2(t,))
M(z) = At |z, z, z, FTOAL "o i-1 i
Zm Zm—l Zm—2 Zl_

In maths, M (z) is a lower triangular Toeplitz matrix  In heat transfer (physics) : z (t) = H (t) or u (t)

Impulse response H (t)> 0 -> coefficients of M (H) are non-negative

Vector/matrix form of convolution product : [y =M(u) H=M(H)u ]

Specific case (transmittance):

H=W ,u=6, y =6, 6,=M(@) W =MW)6,
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Validation: Numerical Inversion of Laplace Transforms by de Hoog’s algorithm (Invlap)

ot
Hl(t):[l—e fjelss with 7=30s ; 6= =30°C and At=0.5s

ts ¢ h A pe
(s) (mm) (W.m?2K!) (Wm!lK!) (kIlm3KY)
700 50 10 43 3666

Comparison: analytical W and identified W from synthetic profiles (COMSOL)

Comparison without noise: e
Cross - validation

------------------- O O i _ e
................ A Wie®=L (W0 ()]
deconvoluon — ( 1) 2
......... 92 2 |
Model reduction
5 100 200 300 . 100 500 600 700 0 i i — 4 (.] . o - iy
Time(s) -

Temperature profiles (COMSOL) Analytical and identified W
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Effect of noise on identified transmittance (simulations, 1D configuration)
10X 10° .
W (0 62 noised —W Analytic
il ~W T-OLS
= . 8,=0[| o,=0K ,0, =1K|+W T-TLS
at) )
=4
# ’
X 2
0 ! o
o = L. e =k - e e ol .Y e 5
~ 1
W :( M(e?(p)) ezeXp ‘ exp|OS|On _20 160 260 36%1 ( -;(I](i 560 660 760
-1 tme(s
Regularization: TSVD version of (M(Gfxp))
13107 - ox10” _ -
6, noised —W Analytic 6,, 6, noised | W Analytic
5 ~W T-OLS B ~W T-OLS
| +W T-TLS il o,=0, =1K | +W T-TLS
. , 0, = 0K »
2- 2
-+ : 'l +* o,

0 Tt St St || 0 L i =S
2 100 200 300 400 500 600 0 2 100 200 300 100 500 600 700
Time(s) Time(s)

* Noise on the response 82 more penalizing than -

noise on the source 61.
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5. Laplace transform and 3 D heat transfer

What happensin 3 D transient heat transfer ?

Material multicomponent system = K solid or fluid

domains

-
—---—_____

Flowing

: fluid

solid - Q
! QK—]

Flowing
fluid
Q,

solid - Q,

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Assumptions: time constant thermophysical properties and velocity field

16
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Initial uniform temperature field or steady state conditions
+ one single separable unsteady thermal excitation

[ Too (t) 7 Tinit
P

Qin (t) = rhin Cin Ttln (t) Qs (t) or Ts (t) 7 T

init

Flowing
fluid

solid - Q, o,

Flowing
fluid
Q,

Time part of thermal excitation u (t) (starts at timet=0) :

« volumetretric heat source  Q, (t)
Fixed geometrical support:

« surface heat or temperature source Qg (t) or T(t)
* point
» change of external fluid temperature T (t) #T, . *line
* surface

» change of temperature at one fluid inlet T,."(t) * volume 17
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Change of perspective: one single heterogeneous fluid in one single domain
(if solid part : zero velocity)

Qp (1) = M G TN Qg (©) or Ty(t) # Ty o Tolt) # Tine
\ T l P Ps\h(ﬂ'
. ~eS /’\
thermal conductivity : A (P) I
volumetric heat : pc (P) -Qv (t) —

velocity field : v (P)

| ;

heat transfer coefficien t
o y(t) =T(P,t)
(external boundaries ):h (P)

Transient separable thermal excitation : Point response at any point P :

ult) = yo =TPE)

18
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Recap

4\”—‘*\

H‘ \ solid - € l,/ /\—- _/—l'?- ,a"/
soltdﬂ\\\ // . l‘\kﬂi‘:?(
oy I‘x\

oy

Physical system:

Set of solids AND fluid(s):

3D forced convection
with constant velocities
(in time but not in space)

’_____.-:}f\:\;f / solid -3, = H |
e LR *YO=ETEDH O\ oM =2

k: __,/""_ solid -0, HI|
P = ANY point in the system

One single thermal excitation defined by its support and separable

Assumptions : Transient heat equation + boundary conditions with time-invariant coefficients + uniform initial
temperature or steady state (the system is Linear and also Time-Invariant LTI)

oc(P )a—T(P Oec(P)d (P). OT (P[4 0. (A (P) OT (P + \(/9 ¢ Py
Transient Advection Conduction Internal source

19
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> 2 e Temperature rise at any point P:

6P,t)=T (P,t) - T, (P)

Its Laplace transform :

* y®)=T{PH

solid - 02,

6 (P,p) =] "exp(-pt) §(P,1) dt

Laplace parameter

Assumptions : Transient heat equation + boundary conditions with time-invariant coefficient + uniform
initial temperature (the system is Linear and also Time-Invariant LITI)

pC(P)aa—-[(P,t) Hoe(P)d (P). BT (P4 0. (AP) BT (P.1)) +[ 2Bt (p)

source

Internal source

Transient Advection Conduction

Consequences :Laplace transformed heat equation® (no time derivative)

pc(P) p&(P,p)Hec(P)d (P). D8 (P,p)

0. (AP DE P, p))+ IMf(P)

source
Transient Advection Conduction Internal source

[4] W. Al Hadad, D. Maillet, Y. Jannot, Modeling unsteady diffusive and advective heat transfer for linear dynamical systems: A transfer function approach,
International Journal of Heat and Mass Transfer 115 (2017) 304-313.

20
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Linear system with a single excitation

Temperature or flux
response at any point P
in the system

= simple product
(Laplace domain)

y(P,p)=H (P,p) U (p)

or convolution product (time domain)

D. Maillet — ISTEGIM - Oct. 23-25 — Ettlingen, Germany

Q; (t) or T, (t) = T

solid -£2,

Flowing
fluid
Q;

solid - €,

L ]
" Y () =T (P.f) solid -0,

\

-~

N E—

Forced response «+— yP.)y=H{P.0)* u(t)= jo

excitation
\\
N //t

H (P, t-t')u () dt

Relative (transient)

excitation u (t):

ut=Q, 1H-Q" or Q 1)-Q™
or T,(t)-T . (P)or T (t)-T.™
or -|—b|n(t) _Tbin,init

Impulse response

« init »=initial steady state
or uniform temperature field

Response y (t) in any specific point P :
yt)=6(P, 1) =T(P,1)- Ty (P)
or local heat flux in
any direction ¢, (P, t)

Excitation u

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

Transfer function H

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
S ——

Power source Q (watts)

Impedance Z (K.J?)

Temperature difference &(kelvins)

Temperature difference & (kelvins)

Temperature difference & (kelvins) Transmittance W (s™)

Power source Q (watts)

Rate of heat flow @ (watts) Transmittance W (s)

Temperature difference &(kelvins)

Rate of heat flow @ (watts) Admittance Y (W.KLs 1]
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6. Laplace transform and steady state transfer functions

y(P, 1) =H (P,t)* u (t) :j; H (P, t—t')u (t') dt

. | ™ ‘y (t
u (t)Texcitation u®s v = y
| — H{t) — t
0 "t N "
H

Steady state version (ss) s — TH (t) dt
of a transfer function t 7

O time

distribution
s
N\
asymptotic

values 22
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Traditional definition /

of a thermal resistance
in steady state regime

Assumption : e
A flux pipe exists between heatfiow
2 isothermal surfaces P
isothermal section

@ s . steady state rate of heat flow Tss
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SS SS __ S \
-EH — lout — R &
CDSS
lateral adiabatic surface / isothermal

section

TSS

out

variation of the
inlet enthalpy flowrate
or of electrical heating

Qjy (t) = iy, 6, T,"(2) Q, (1) o o
- U\

= Q, (t) =—
1 variation of a heat power source

P

y(t)=T(P,t)

variation of thermalization
of radiation
with constant mass flowrate

Generalized resistance :
no flux pipe, no isothermal surface

Q *° : source (= cause)

[TZSS _-I-lss — 758 (Q;,s_ iss) ]

variation of thermal power (watts)
(thermodynamical conversion

from a non thermal energy)

between 2 steady states 23
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7. Applications to conjugated heat transfer in heat exchangers

15

! k"'—he”
f 5,
* I, ED Hotnuia * 7
> X ® S,
o I cnldﬂuiqu@ o 1,
- SE
Y~ N
° T:.-:

O Thermal regime caused by an unsteady thermal excitation somewhere

and observed temperature response in any point g :

Consequences :

6,(t<0)=0 and 6,(t>0)#0

@Dl

24
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Example: perturbation of inlet temperature T, of hot fluid

M(z) = At | z; 1z, Z,

response transmittance unique pseudo source

/ \ J O, , Wy

6,=M(@) W," =MW,") 6, | o- 81:'2 w = W2

o I,
TP1 h
"7
r S,
* 7, B2 Hotfluid °1
———>X 4 =
I3 Coldfuial €= ® T4
| S, |
Y~ n N
o7,
Hq(tl)
a. (t
9q= q;(Z) ,q:2,3,40r Pl
8, (tn)

instantaneous values

» First experiment:

- (inverse) calibration problem

» Following experiments:

- inverse use =

virtual temperature sensor
(= inverse PB of source estimation

gl,m Wlm

averaged values
M (8,)) -

6, —| M@ | i

mesured ]
measured estimated

A -1

q ) 5

6, — M) |
Previously estimated

mesured estimed
25
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How to change the inlet temperature of one fluid in a heat exchanger
without changing the flowrates ?

/ impedance
V4

transmittance ‘Too
W

S, |
°
T2

S, |
o T 4

S, |

Q(t)

Pseudo Source

\-

transmittance

~

6=MQ) 4

) — O,(t) to &.(t)
) (1) J qu
impedance Hp(t)
6,=M(6) W,
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Example 1 : Experimental impedance/transmittance estimation
for a heated flow in a thick wall channel® (calibration)

er = ea(mm) ep(mm) 2l(mm) 2l.(mm) w(mm) Il,(mm)

2 1 65 120 50 10
Heating foi - Upper
eating foil resistance | S
AR s | tranauilization
(Source ) _—" " chamber
N S A
T (1) . Response:
e ‘> = % thermocouples
i =% d=50.8um
200 21 wro PZg,(

| T.(6) . ‘ //,‘v Folycarbonate channel T

Lower . > I
tranauilization — | | Thermostat Syringe pump,
chamber,

[5] W. Al Hadad, D. Maillet, Y. Jannot, Experimental transfer functions identification: Thermal impedance and transmittance in a channel heated by an upstream 27
unsteady volumetric heat source, International Journal of Heat and Mass Transfer 116 (2018) 931-939.
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Identification of transfer function using experimental temperature recording:

Comparison of identified Z: step or periodical heating

/ 3.5
20} |
3
15} ; 25
9{))“” b E
. D 1.5 <
: i1
step heating o5 -
i
%S00 1000 1500 2000 2500 3000 3500 4000 4500 5080 -
Temps(s) v
N
20'1|‘| anonon] = Ann _"S
. LAl N 6
= 93”’ ’-’_J.,,;-M‘f-f'h“‘\fn.l ks
"
15 Il -5
— 0" || A s
. f, 4
ol | /J/ i sé
f et PEN
{ el 2
il ‘ A s
v
. 4 . h
,{ Wil Square periodical heating ||
00 1000 HII‘IZ‘(}IO‘()IHIHII‘IS(I;()‘([]III 11001 \j4|‘]H(]\[)\ 1111 Hl\ls\o\(i(\)\\ NN NN H|60 0
Temps(s)

Tin (t) ¢
Upper and lower
TOU'[ (t) tranquilization chambers
—
X107
(M\ identified - Z, Step - Tikhonov
S x% . - Z,,: Step - Tikhonov
) ? impedances | . Z,, Periodical — Tikhonov
] \ + Z,, Periodical — Tikhonov
3
2 . "

-1 e

1Q)) 6,

r out

500 1000 1500 2000

2500

3000 3500 4000 4500 5000

time (s)

28
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Comparison of identified transmittance W (outlet/inlet):
step or periodical heating

25 | 4
235 »
20( / & 20340 § sl = Step - TSVD
i Transmittance - Step - Tikhonov
~15} step heatlng;z.sﬁ \ ~ Periodical = TSVD
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> 10 71.50, ? : seu O-SOUF?G
A i”, 10 Al \\ ' / Response
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® 05 = :
\ —_ 5 W | M (eb ) :
G f L | | 1 | | ;
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AN Y Wi Vﬁ . ‘
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— 0" |l [square periodical heating|:*
—~ /] 4 - . . - .
ST T L RS Oscillations past first peak and for long times,
I / JJ. i | :;’.5\0—; zero initial level hard to recover :
Bt AT T, =22.5°C, period =129s) ¢
1 g 1.5 . . . .
) U h Estimation of transmittance W (noisy output
0 [l ‘ | and input) more difficult here than Z
! 1000 A0 iy e e ek (noisy output and input, and bias: not completely LTI)
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Example 2: Experimental identification the model of a plate fin heat exchanger

Plate heat exchanger with fins

r—_——— —-———--1- . J-I". ¢ h
Hot thermostatic T P gin gin
~ bath with P \N/ | Cold thermostatic ®
circulating pump bath with
\55.".—-

circulating pump

Fluids =water

30



UNIVERSITE
DE LORRAINE

0,

c
gout

in
®
m,

®

Manual control through
changing setpoint
temperature

Thermostats with circulation
Pump (unchanged flowrates)
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Inlet/outlet thermograms — Experiment 3
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Validation of the concept
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& 107 Transmittance: hot fluid outlet side
Regularization: Tikhonov, O order
3 o
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X1 sum
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Assesment of the exchanger effectivness through time integration of transmittances
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Synthetic fouling of the plate fin exchanger and non destructive testing
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Outlet transmittances

Hot fluid side Cold fluid side

x10
g —W;, (two layers) — V. (one layer)
5 W)}, (one layer) W, (without layer)
:: 1? \I-I-’}, (without laver) W twolayers)

ﬂ. R e iy iy e T N D e T AW I | 1 e ,
0 150 100 150 200 250 300
Time(s) Time(s)
Steady state Baseabation mp = 1m./2 = 1kg/mn / mp = me = 2kg/ m
effectiveness e1=(1—-W) e=2W|le,=(1-W) g=ws
' _ 1 0.66 0.62 0.48 0.44
without fouling
2 0.65 0.62 0.47 0.45
_ . 1 0.66 0.62 0.48 0.45
with fouling (one layer)
J, 0.65 0.62 0.48 0.45
. _ il 0.65 0.58 0.47 0.41
with fouling (two layers)
, . - . |
2 0.64 0.58 \ 0.46 041 /..
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8. Conclusions and perspectives

(d Convolutive models in heat/mass transfer interesting for:

» modeling conjugated 3D heat transfer through model reduction:
short-circuits non intrinsic Nusselt number-correlations in forced convection®

» experimental identification of Impulse Responses (IR):

- Non Destructive Testing (NDT) of ageing of a model: from LTI to non LTI structure of model
- design of virtual temperature or heat flux sensors

- IR estimation easier if forced convection present: IR returns quickly to zero

- however, need for a calibration

[ Very large field of application:
» On-line characterization and NDT of heat exchangers’ using steady state transmittances,
» Virtual sensor construction (calibration + inverse input problem) for radiation in furnaces?,
» Pollutant source estimation? (inverse input problem in turbulent mass transfer),

» Management of heat storage.
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L Perspectives:
» optimal deconvolution, for minimizing estimation bias and standard deviation,
» in space domain: minimizing dependence of IR on the arbitrary type of BC at the frontier,
» in time domain, IR valid for linear forced response:
- no relaxation of the initial temperature field (uniform or steady state),

- otherwise relaxation caused by past excitations

» if relaxation term, possible use of AutoRegressive models with eXternal inputs'® (ARX).

[10] T. Loussouarn, D. Maillet, B. Rémy, V. Schick, D. Dan, Indirect measurement of temperature inside a furnace,
ARX model identification, Journal of Physics: Conference Series, Volume 1047, Issue 1, 4 July 2018, Article number 012006 012,
9th International Conference on Inverse Problems in Engineering, ICIPE 2017; University of Waterloo; Canada; May 23-26, 2017
Code 137986
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