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Abstract

Least Square approach is employed in many brarafhesgineering and seice. In case of heat tran:
problems, least square approach can be used toadstheat flux, or can be used to determine impt
thermal properties such as the thermal conductiwityreat capacity of solids. This, in turn, coble
useful for cass where direct measurement of heat flux is nogiptesdue to extremely high temperatu
This type of situation is encountered at surfacea fpace rentry vehicle or in a gas turbine enc
combustion chamber or high-pressure turbine oraften Tle significance of heat flux and tempera
estimation provides vital insight on maximum opixgttemperature of the solid. The work presente
this paper aims to find out the heat flux and heansfer coefficient over a flat plate for unste
phenomenon of heat transfer &galyzing a simple one-dimensional model of a pgkssure gas engi
wall, with constant thermal properties and no tgeaieration within the metal. One side of the vs
exposed to gas path hot air and the other sidepissed to cooling air bled off from the fan in air dud
sensor at the cool surface of the metal measungsei@tures over a range of time. The goal is otlue
measured temperatures and the Least Square analyestimate the amount of heat flux rieqd on th
cool side of the wall to keep the metal on the gath side below the maximum operating temperat
order to avoid incomplete combustion.

Keyword: Unsteady state heat transfer; Least Square Apbrdaas Turbine; Steel Reheat Furnace;
Ceramic Kiln.

1. INTRODUCTION
1.1 Convective heat transfer

Convective heat transfer is the mode of heat tearngénerally observed in fluids. While in conduetiveat
transfer, energy is transferred by vibrations atemdar level and radiative heat transfer invohesgergy
transfer by electromagnetic radiation, convectieathtransfer occurs by bulk motion of fluids. Cortiree
heat transfer is observed in numerous examplesatfrally occurring fluid flow, such as wind, oceani
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currents, and movements within the Earth's ma@ibevection is also used in engineering practicggdoide
desired temperature changes, as in heating of hantksstrial processes, cooling of equipment, etc.

1.2 Transient conduction (Unsteady-state Conduciion

In general, during any period in which temperatuaes changingn timeat any place within an object, the
mode of thermal energy flow is termidnsient conductionAnother term is "non-steady-state" conduction,
referring to time-dependence of temperature fiétdan object. Non-steady-state situations appear ai
imposed change in temperature at a boundary ofb@tio They may also occur with temperature changes
inside an object, as a result of a new source rik sf heat suddenly introduced within an object)stiag
temperatures near the source or sink to changmé t

When a new perturbation of temperature of this typppens, temperatures within the system will chang
time toward a new equilibrium with the new condio provided that these do not change. After duyiilin,

heat flow into the system will once again equal hleat flow out, and temperatures at each pointénsie
system no longer change. Once this happens, trarsd@duction is ended, although steady-state adimiu
may continue if there continues to be heat flow.

If changes in external temperatures or internalt lyggaeration changes are too rapid for equilibriofn
temperatures in space to take place, then the mysiver reaches a state of unchanging temperature
distribution in time, and the system remains inaasient state.

An example of a new source of heat "turning on"himitan object which causes transient conductioanis
engine starting in an automobile. In this casetthasient thermal conduction phase for the entieehine
would be over, and the steady state phase wouléaapas soon as the engine had reached steady-state
operating temperature. In this state of steadyestajuilibrium, temperatures would vary greatly frone
engine cylinders to other parts of the automollet at no point in space within the automobile wioul
temperature be increasing or decreasing. Aftetbbstament of this state, the transient conductibage of

heat transfer would be over.

An example of transient conduction which does notl evith steady-state conduction, but rather no
conduction, occurs when a hot copper ball is drdppte oil at a low temperature. Here the tempesafield
within the object begins to change as a functiotimé, as the heat is removed from the metal, hadrnterest
lies in analyzing this spatial change of tempemtwithin the object over time, until all gradiemtisappear
entirely (the ball has reached the same temperaarehe oil). Mathematically, this condition is als
approached exponentially; in theory it takes inéirtime, but in practice it is over, for all intsrand purposes,
in a much shorter period. At the end of this preceih no heat sink but the internal parts of thé fwhich
are finite), there is no steady state heat condudti be reached. Such a state never occurs isithation, but
rather the end of the process is when there iseab ¢onduction at all.

Analysis of non-steady-state conduction systenmaase complex than steady-state systems, and (ekzept
simple shapes) calls for the application of appr@tion theories, and/or numerical analysis by caep@®ne
popular graphical method involves the use of HeiGlearts.

Occasionally transient conduction problems may besiderably simplified if regions of the object i
heated or cooled can be identified, in which thérooaductivity is very much greater than that feahpaths
leading into the region. In this case, the regidthvhigh conductivity can often be treated in theped
capacitance model, as a "lump" of material withnapte thermal capacitance consisting of its aggesfaat
capacity. Such regions show no temperature vanatioross their extent during warming or cooling (as
compared to the rest of the system) due to theiifgher conductance. During transient conductiberefore,
their temperature changes uniformly in space, @ simple exponential in time.

An example of such systems is those which follovewtbn's law of cooling" during transient cooling (he
reverse during heating). The equivalent thermaluiirconsists of a simple capacitor in series \sitfesistor.
In such cases, the remainder of the system with thigrmal resistance (comparatively low condugtjvitiays
the role of the resistor in the circuit.
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1.3 Applications of the Unsteady State analysis

a) The design of boilers, condensers, evaporatorgetseaefrigerators and heat exchangers, requires
considerations of the amount of heat to be transchias well as the rate at which heat is to be
transferred.

b) The successful operation of equipment componert sscturbine blades, the walls of combustion
chambers etc. depends on the cooling rate, in dodevoid their metallurgical failure.

c) A heat transfer analysis must also be accountethendesign of electronic components, electric
machines, transformers, and bearing to avoid tieeh®ating and damage of equipment.

d) Forced convective heat transfer of nanofluids iniatiannels.

e) Laminar Forced Convection Heat Transfer in the Goeib Entry Region of Non-Circular Ducts.

f) Simultaneous unsteady state diffusion and heatuadimh in the absence of the Soret Effect. Under
these conditions the problem reduces to diffusiath & variable diffusion coefficient which is
produced by the non-uniformity of the temperatueédf

g) Itis shown that the variability of temperatureuidikely to be important for most solids and ligsid
however in the case of gases it may have a signifieffect on both the flux and the concentration
profile.

2. Problem Formulation

The direct formulation of the heat conduction pewblis given as such:

0°T _ 10T .
— =—— in 0<x<L t>0
ox~ a ot
oT
1) —ka—:q(t) @ x=0 t>0
X
T=Tw=T,x @ x=L t>0
T =T, for  t=0 0Os<x<L
In the direct formulation the surface heat fluxat 0 is considered known. In the Least Squarecgith, the
surface heat flux is considered unknown. For L&agtare approach formulation of the problem cagiben
as:

0°T _19T
632 a ot
T
2) —k—=qlt)="7
)~k o =dt)=2 @
T:Thot:Tmax @
T=T,. for

-/—\

in 0O<x<L t>0

— > >
1
O rr o

-k (dT/dx) = q(t) = ?
o

|\/—: sensor

. 1

! X ; L

T=Tmax =

x=0

Figure 1: Temp variation across Wall
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3. Methodology

The main difficulty encountered when attemptingtdve Least Square approach is that the solutionsexry
sensitive to changes in the input data and thus moaye unique. This can be a result of measuremmah
modeling errors. This places the Least Squareoagprin the class of mathematical problems cahedilt-
posed problems. This is because the solution eflthast Square approach does not satisfy the denera
requirement of existence, uniqueness, and stahility small changes to the input data. In contresect
heat conduction problems are well posed becaugestiésfy the requirements of existence, uniquermsd
stability of the solution.

Various methods for solving Least Square approasie lbeen proposed and executed but many were lestab
or not useful for practical applications. To gexiera successful solution to a Least Square approae
generally needs to transform the problem into d-p@$ed approximate solutiorOne good way to do this is
to transform the problem into a least squares problIThis transformation requires that the solutionimine

the least squares norm, rather than make it zeriwhvwguarantees the existence of an inverse salutio

To solve the problem by this method we require tet estimated temperatures match the measured
temperatures as closely as possible over a spicifiee domain. The estimated temperatures are otadp
from the solution of the direct problem by using #stimated heat flux components, whereas the mexhsu
temperatures are recorded using a sensor placea 'strategic” location that will provide the least
measurement error. To ensure optimal matchingdsstwhe measured and estimated temperatures wieerequ
that the least squares norm is minimized with resfeeach of the unknown heat flux componentsreHie

the least squares norm modified by the additioa néroth-order regularization term:

~ v e G DM ~2
1) S(q)=Z[Y,» —T,»(Q)] +a™y G
j=1 i

Whereﬁ = [q for i= 1,2,...,l\/|] and the superscript * denotes the estimated vallies other
guantities are defined by

S(f]) = sum of squares

q, = Q(tj) = estimated surface heat flux at the boundary

Y, = Y(tj) = measured temperature at surface x = 0, at times

TAj (6]) = estimated temperature at the surface x = Oradtit = tcomputed by using estimated heat

flux, [q,i = lZ,...,M] =q

= the regularization parameter > 0

In equation 3, the first term is the traditionaddé squares. The second term is the zero-ordataregation
term used to reduce instability or oscillationstthee inherent in the solution of ill-posed probtemlf the
regularization parameter goes to zero the solwdidnbits oscillatory behavior and becomes unstitadarge
number of parameters are to be estimated. If ¢élgalarization parameter is a large value, the Eolus
damped and deviates from the exact solution. 8suithive shown that a relatively wide range of afthacan

be used, and depending on the value of the standavihtion of measurement errors, whereas zero
measurement error is assumed throughout the asalise optimum value of the regularization paramete
ranged from 10E-2 to 10E-4. During the current atioal analysis median of the optimum value raig -

3.
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What we would like to do next is minimize the leagtiares equation by differentiating it with respgeceach
of the unknown heat flux components and settingékealting expression equal to zero. Doing sodgiel

os(g) _ . u a-lcj (61)[" - . 94,
2) =23 LT (§) =Y [+207) 6 —- =0
oG ,Z.: oG, ] ; ' 9q
wherei=1,2,....,M and
g, [0 for i#]
3 — =
: 0g, 1 for i=j
Equation 4, can be rearranged as
SCATLC), SRS IR Ayl
4) LY -T.(G =" g, —
; aql [J J( )] ; laqi
wherei=1,2,...,M and
o (6) _ T, (6, Gy 6 :
5) ’A(q) = ’(ql qu qM) = X =sensitivity coefficients w.r.td,
0q oq;
Equation 6 can be written in the matrix form as
6) X"(Y-T)=a"
where the vectors are given by
T, Y, G,
< Y ~
7) T= .2 , Y = :2 , q= q:Z
Ty Ya G
and the sensitivity matriX with respect ta is written explicitly as
0T, OT, oT, |
0g, 0gq,  dqy
Lot (0L T o,
8) X = aq" - 691 0q, ac:]M
oT,, dT, 0T,
[ dg, 9dg,  0q, |

In this sensitivity matrix the terms above the diagl must be zero because the temperatiliresalculated at

any instant of timel; must be independent of the future heat fluxﬁejs,j >i.

In order to solve equation 8 it is desirable toresp it in a more convenient form. This is achiey
expanding the estimated temperatures in a Taylgsswith respect to an arbitrary value of the Hat like
Sso:

. . MoaT
9) T, =Ty, +Zaq’
k=1 k

If we choose the arbitrary point to be 0, thendbeation reduces to

(Qk - 610)
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. M T
10) T = L
' Z‘aqk ‘
or in matrix form as
oT
11 = =X
) a&q q

M AT, (§ M T, M9,
12) Z l(q){Yj _Z A] qk}:am qj ql
The matrix form of this equation is

13) XT(Y -Xq)=a"

which can be rearranged as

14) q=(X"X +a1)*x7Y
Equation 16 is the formal solution of the Least &gquapproach for the unknown heat flux over theoper
0<t<t,. Once the sensitivity coefficients, the regulatian parameter, and the measured temperatures
are available, we can directly compute the heat fl8ince regularization parameter is already seteto be
10E-3 and the measured temperatures are knowthaals left is the calculation of the sensitivityefficients.

Because the direct problem associated with thetl®@sare approach is linear, we can use Duharhetsém
to solve the direct problem containing a time dejee boundary condition. Duhamel's theorem states:

15) 'T&J)=ﬁﬂq@)gd%%:£)d4

where qp(x,t) is the solution to the following auxiliary problerfobtained from the direct problem
formulation):

2
nglgf in  0<x<L
ox- a ot
16) —kgf=1 @ x=0
0X

p=1 @ x=L

p=1 for t=0
This auxiliary problem is a 1 dimensional lineamrisient problem with no heat generation and
nonhomogeneous boundary conditions. The auxilaoplem can be split into a set of simpler problems
containing a nhonhomogeneous steady state probleimaalnomogeneous transient problem, which can be
solved by the method of separation of variablese Jteady state problem is given by:

2
d?=0 in 0<x<L
dx
17) —k92=1 @ x=
dx
p=1 @ x=L

and the homogeneous problem is given by:
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2
6_Z)=10_¢) in O<x<L
X° a ot
18) ka—:O @ x=0
0X
=0 @ X=L

g =dx)-@=1(x) for t=00<x<L

Then, the solution of the original auxiliary proiviés determined from

19) ¢(xt)= ¢, + ¢ (x1)
The steady state problem can be integrated twiith,the use of the boundary conditions, to yield:
1
20) qos(x):1+E(L—x)

The homogeneous problem is the familiar transiel® &lab problem, whose solution can be written
immediately as:

L

21) a(xt)= z e (1ﬂ 3 X(8,, [ X(8, %)t (x)ax

Now we can determine the Eigen functions, normsigénvalues, and the eigenvalues, which are ragpbct

X'=0

22) X(B,,.%) = cospB, x, m = % cosf,L =0

where the eigenvalues, beta, are the positive motke third equation. Substituting into the hamoeous
solution we get:

23) @ (xt)= % i e "t cosfB, x J'XL,_Ol - [1 - % (L- x)} cosf3, X o’
m=0 -

If we perform the integrations (which are fairlpgghy and will not be shown here) we get:

2 & gz COSB X
24 X t)=-——) et Z2Em”Z
IS
(2m+1) n
25 =——7— m= 012...
) B 5 12
Thus, the overall solution to the nonhomogeneouwsiary problem is
1 2 < g2 COSB. X
26 X,t)=1+=(L-x)-—) et ——Cm>

Now that we have solved the auxiliary problem we ocaturn to Duhamel's theorem and use the auxiliary
solution. Duhamel's theorem can be written inaternative form as:

o Tle)= [ a2 Ay
since
2 dg(x.t=4) _ _ag(xt-1)
ot A

The integral in equation 29 can be discretized as:
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T(X,tM) :idx’tm _An—l);dx!tM _/]n)A/]

29) =l A
= z a. [¢(X, tM ~(n-1) ) - ¢(X1 t|\/|—n )]
n=1

which is written more compactly as:

M
30) Ty =D, 0A¢,., n=12..M
n=1
In matrix form this is written as:
‘] [ A Tal
T, Ag  Ag 0 0,
31) 1= A Ag Ag :
_TM_ _A%H A@ A%__QM_

If we recall the definition oK from equation 10, we can see that the coeffiameatrix must be the sensitivity
matrix X. Thus,

A
Ag  Ag 0
32) X=X, = Agp Ag Ag
Ay o A Ag

WhereA¢ = ¢, —¢ and ¢ = ¢(X, ti). ¢ represents the temperature rise in the solid faniastep

increase in the surface heat flux, and can be ctedpdirectly from the solution to the auxiliary ptem,
which is evaluated at the sensor location, x =\@&rdhe range of times. Now that we have the nreasu
temperatures, the sensitivity coefficients, and riagularization parameter, we can determine thenaowvk
surface heat flux vector from equation 16.

4. Results And Discussions
4.1 Wall of High Pressure Gas Turbine with Assum&dmperature History

The solution to the Least Square approach of thblpm was executed in MATLAB. Since temperaturesewe

not available over a range of times, a linear tewatpee distribution ofT__, =at+b was assumed.

cold
Therefore, if we assume that the temperature ordbéside of the wall is equal to the hot metahperature

of 2000C at the initial time t = 0, and the temperaturetiman cool side is equal to the steady state tempera
1200°C at the final temperature, we get an equationttier temperature on the cool side of the wall as a
function of time:

1) Tcool = (@]t + Thot

final

Assuming that steady state temperature was readftexd60 seconds, and that temperature measuremergs
taken at four evenly spaced times of 15 secondsingthese conditions for the starting and endimgsg,
temperatures, and sensor measurements, the MATLA@ @m produced a surface heat flux vector of

Raahul Krishna, Ashutosh Singh 211



Vol.1 Issue.7,

November 2013.
Pgs: 204-216

329.0700
2553810
1821354
104.9806

where q is measured in W/nand the four points correspond to t = 15, 30, 8®,seconds at cool side
temperatures of 1800, 1600, 1400, and 2e0@spectively (see fig 5.1). The results are sunaé promising.
They showed a heat flux vector decreasing with tirAgfirst this seemed counter-intuitive. To dlte if this
problem is coded correctly in MATLAB it has beerlveal example 5-3 in the textbook. This problem had
time varying heat flux of t, which, when plottedyes a line with a slope of one. The resulting grépm the
least square approach solution showed a time \@aty@at flux that was parallel to the original hitax but
offset slightly under it (see fig. 5.2). This peavthat the MATLAB program was coded correctly. Hoer, |
knew that | was still getting incorrect results fte project, although they were of the correchdre We
would expect to see the heat flux vector decreaetimne because more heat flux is needed at thenbing
of the problem than at the end. If we plot Tempegvs. x, we can see that for early times theperature
stays fairly constant along the slab until we apptothe cool side, and then temperature dropshafpty. As
time progresses, the temperature in the slab apipesathe straight line representing the linear syatpre
distribution at steady state. Since the heat ifutke negative of the derivative of the temperatuith respect
to X, the slope of the temperature profile represd¢he heat flux. As described here, the slopghef
temperature profile at x = 0 (cool side) becomeas kend less negative as we approach the steadytistat
value. If we solve the steady state problem gag&n

2) q=

2
dI:o in 0<x<L
dx

3) T=1200 @ x=0
T=2000 @ x=L

we get a solution of;

800

4) T(x)—Tx+1200
If we take the first derivative of T with respectx and multiply by -k to obtain the heat flux wetg
800
5) =-k==
g L

which, when substituting in, gives a value of 128%2Vatt/nf. It is thus observed that there is a deviation
from the numerical simulation result. Further, whke input to the problem was changed (numberoftg,
total time elapsed, etc), the final value for hidat remained the same. This indicated that theimgsion of
linear temperature drop in the problem formulatosated the error in the final results. This ishadoly due to
the fact that creating the measured temperatur®v@or lack of any better information) and forgiit to a
fixed value at the final time. Also, the measutethperature vector is not necessarily linear, aightrbe
more of a parabolic or hyperbolic shape. This aggion of a linear temperature drop could also poed
incorrect results.
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Figure 2: Plot of heat flux distribution with tinfier gas turbine
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On another note, the regularization parameter \aaed within the suggested optimum values to detesrits
effect on the stability of the solution. It wassebved that varying this parameter had negligiffieceon the
results. The major factor was the value usedherfinal time. If the value was large, as it was60 seconds,
the summation terms approached zero very rapidéy tduthe combined effect of the time and the square
eigenvalue. Since this is the case, the sensitivdgfficients all approached zero, except for tmeso
corresponding to t = 0, which appear on the diagoince it is desirable to have large, uncoreslatalues
for the sensitivity coefficients, this poses a peol As time was decreased, to determine its effacthe
solution, a significant change was not seen umélfinal time was one second or lower. For thesallsimes,
the sensitivity coefficient matrix was zero onlyogb the diagonal, which is correct, but some of\hlkees
were small, which is undesirable.

4.2 Steel Reheat Furnace- A Validation with Literat

Beam receiver

Tunable Liser beam

Beam lauxch

Figure 4: Schematic of a steel reheat furnace
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A steel reheat furnace heats the steel charge narmmin temperature consistent with achieving theesir
temperature and metallurgical properties at thisting stands of the mill. Uniformity of the tempaire
within the load, minimization of local temperatigeadients, avoidance of surface defects such asnséiks,
overheating marks and oxidation scale representchaacteristics of the ideal product of the reingat

operation.
Temperature (L and L/2) Variation with Flux (Surface and Center) Variation with
timefor a2D dlab time for a2D dab
600 70
L (Matlab)
500 | 60

= = L/2 (Matlab)

—e— Experimental Flux

al
o

5
o
o

Temperature, °C
w
o
o
Heat Flux, W/m2
iy
o

30
200
; 20
A Temp (Surface)
100 Temp (Center) 10 r
0 : . . 0 ! ' '
0 20 40 60 80 0 20 40 60 80
Time, min Time, min

Figure 5 and 6: Temperature and Flux variatioref@D slab

The heating operation for an individual slab usutdkes between two and three hours during whitie lihe
slab is moved inside the furnace in a prescribednaadependent upon the type of furnace and operédr
example beam or pusher furnace.

Within the furnace the slab experiences differegathtransfer conditions dependent upon the suringnd
atmosphere. The external conditions directly motlify heat flux to the stock via the gas temperagmck the
heat transfer coefficients; hence they are fundamhém determining steel properties and phenomewch as
scale formation.

The fully coupled procedure has been applied, issademonstration, to the simple application ofwa
dimensional furnace a slab. Slabs of dimensionsih 0.4m enter a 12.5m long furnace zone. Thessdab
assumed to be at an initial temperature of 350k fheating process for each slab lasts one halstaps

six times along the furnace for durations of 12 uti#s each time. The furnace zone is heated by hot
combustion products being exhausted from a singieds. The hot gases pass through the furnace xahd e
from an outlet on the floor of the furnace. The lwalf the furnace are considered and a value ofi€.8
prescribed.

4.3 Simulation of Ceramic Furnaces (Kiln) — A valadion with Literature

Manufacture of ceramics involves firstly control gfain size, moisture and mixing of natural inorigan
substances. Then it is formed and heat treatedaisiatered state. Although, industrial ceramies@oduced
using 3 highly sophisticated furnaces with on-lomatrols, small potters in developing nations likdia still
use traditional pottery kilns to produce ceramicavaMostly these kilns are wood/ coal fired. Inambsemi-
urban areas in India many kilns are fired with &fjed petroleum gas (LPG) and produce up to 1000fkg
ware in one firing. 3 Typically the small kilns aséabout 1 to 4 m in volume. The firing cyclesyw#&om 6 to
50 hour duration.

The firing cycle, which is the temperature vs. tioyele for manufacturing the ceramic material, tygécally
following stages:
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a) Very slow firing (or Smoking): Ambient to 200°C @4/ min, during which residual moisture leaves.

b) Slow firing: 200 to 500°C @ 2°C/ min, here orgamsigbstances are carbonized and combusted
(material strength reduces).

¢) Medium firing: 500 to 700°C @ 3°C/ min, here crylt@ water of clay minerals leaves, and much
energy is needed.

d) Fast firing: 700°C to the maximum temperature @o45tC/min: here the organic substances
carbonized earlier are subjected to oxidation bdy®®0 C and soot removal takes place. Sufficient
air is needed for this. If left to cool after reamh 800°C, ‘biscuit ware’ (unglazed earthenware or
terracotta) are produced. If the temperature isrideyond 800 C then active sintering takes place,
hard & dense ware are produced. Temperature mustisetl uniformly. If the body is large, there are
temperature gradients, and the wares need to betaimed at maximum temperature for some time
(soaking).

e) Cooling: Controlled cooling is done at a predeiead rate.

Inner Outer
Surface Serrfiane
Q ]
o Kiln Wall F
» nn
g Qnatural conv
Qrad‘ ware | «—
Qrad. gas
A
V—
Heat transfer in
Wall domain
Figure 7: Heat transfer in wall Domain of a cerafignace
Comparison of measured and Predicted Comparison of measure_d and Predicted
Temperature for Kiln Flux for Kiln
1600 200
~~~~~~~~~ Simulated
------ Measured
60 F e MATLAB
2o0rF L e
0 €
q) -
5 = 120
< 800 3
o LL
E § 80 |
400 | o —" | ecea-. Measured
Simulated 40t
O 1 1 1 0 N N N
0 250 500 750 1000 0 250 500 750 1000
Time, min Time. min

Figure 8 and 9: Temperature and Flux variatiorafeeramic Kiln
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5. Conclusion

Least square approach of the problems can usebténoa good approximation of the unknown heat.flux
Heat flux could be estimated more accurately usafiwares such as ANSYS or PATRAN, or using a
different representation, such as a parabolic petyolic shape, for the measured temperature vector

Accurate heat flux estimation can be obtainedeftdmperature profile is known accurately. Withtoorous
monitoring of temperature distribution and the pndigs of the material, the heat flux correspondiag
temperature changes could be obtained, and théxedtytransfer coefficient at every instant can temated.

By real time monitoring of heat transfer coeffidiethe designing of equipment subject to such flow
conditions could be optimized.
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