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In nature, as well as within the human-made thermal systems, theaimable regimes are more commonly encountered, if not
always, than the permanent regimes. Nevertheless, studies in gamegetstill more frequent in the permanent regimes,
undoubtedly due to the related difficulties in calculation in termiraf and cost of computation.

One may distinguish two categories of time-dependent transfers: thadeare due to external causes (variable boundary
conditions) and those that are due to internal causes (sources of variaime, postabilities, turbulence), and the combination of
these two types may also be encountered.

In this presentation, we shall analyze some situations which belong trstleafegory. These are concerned with:

- agroup of boundary layer flows in forced, natural or mixed convection, whenall is subjected to time-variable conditions
in temperature or flux.

- another group of fluid flows within ducts, in laminar mixed convectigimre, where the entry conditions (mass flow rate,
temperature) are time-dependent.

The techniques of analysis are mainly extensions to the differenttadarend to the integral method of Karman-Polhausen in
boundary layer flows, and the finite differences solution of the wyrticid energy equations for internal flows.

The results presented in the transient state are caused by stepspefature, heat flux or velocity, and in particular show the time
evolution of the dynamic and thermal boundary layers, as well of therhestar coefficients.

Three examples of applications will then be treated: the active caftooinvective transfers, the measurement of heat transfer
coefficients, and the analysis of heat exchangers.

The main idea in the active control is that of managing the temperatutesat fluxes by employing a variable regime. Under
certain conditions, this procedure may reveal itself quite intergsti

The measurement of transfer coefficients by the photothermal irmpetbed possesses a great interest since it is performed in a
non-intrusive way without contact. However, in order to be preitiseeds to account for the thermal boundary layer perturbation
due to the radiative flux sent over the surface, which means to keavalution of the transfer coefficient during the
measurement. Previous studies therefore provide essential information.

Within the domain of heat exchangers, we shall present a different gletiadanwhich allows for the evaluation of the time
constant of an equipment in response to sample variations of temperaturesdianastes at the entrance.

In conclusion, a brief balance of the ICHMT Symposium “Transient heamasd transfer”, Cesme, Turkey, August 2003, will be
presented.

1. Introduction

Transient convection is of fundamental interest in many industrid environmental situations such as air
conditioning systems, human comfort in buildings, atmospheric flowgrayadhermal regulation process, cooling of
electronic devices, security of energy systems... Many waerted in literature deal with stationary velocity and
temperature fields, but only a small number deal with timerialle boundary conditions [1, 2, 3, 4], either in forced,
natural or mixed convection.

In this lecture, we intend to complete previous analysis and tdirte researches about transient convection
realised at the UTAP-LTM laboratory in Reims.

2. Forced convection
2.1. Description of the problem

The aim of this first part is to present a detailed nuraéstudy of the transient forced laminar convective heat
transfer over a flat plate or a wedge, when the thermdlifiedue to different kinds of variations — in time and space —
of some boundary conditions, i.e. wall temperature or wall heat fThe governing equations are solved using
extensions either of the differential method, or the KarmamhihRusen integral approach. Let precise that in this
whole part, we consider uncoupled situations, i.e. the velocity field does not depaedimrmnal field.
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Figure 2.1. Representation of the physical model.

2.2. Plate with no thickness

The considered case is a flat plate (or a wedge) with énthés subjected to a change in either the wall
temperature or the wall heat flux (fig.2.1, 2.2).

2.2.1. Differential method [5] [6] [7]

First introduce as an example transient laminar forced conveationaiwedge subjected to a positive step change
in its surface temperature. At tinie< O, a flow is deflected through an angl&sr/2 between the x-direction on the

wedge surface and the direction of flow. The coefficfgig defined asfg = 2m / (m + 1) wherem is the pressure-
gradient parameter along the x-direction, so thatx) = C X", whereC is a constant. Of course, the special case0
describes the flow on a flat plate without pressure gradieitially, the flow and the surface wedge are both at the
same temperatur@,,. At timet = 0, the surface temperature of the wedge is changed to theTyadne subsequently

held constant, therefore setting up a time-dependent thermal boungary la

The partial differential equations that describe the problem are:

Figure 2.2. Flow over a wedge.
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The boundary conditions are as follows:
at thesurface U(x,0)=V(x,0)=0

in thefreestreamU (x,0) =U_(X) and T(x,00,t) =T,

and the initial conditions:

t=0 T(Xy,t)=T,

; t20 T(x0) =T,
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Defining the dimensionless quantities:

n=—o _ t+:U—°°t, and T =T (n,t") = T T

Jvxiug, X T To

the velocity components andy directions are expressed as follows:

1 /U,v

U=U,F'®) L (7F'=(m+1)F)

where ‘prime’ denotes the differentiation with respeaoy.to
By introduction of the transformation variables in the momentumtieqahe dimensionless stream functién,
(n), verifies the known Falkner-Skan equation:

. m2+1|:|:.+ m(l—F'2)= 0

For a sudden change in the wedge temperature, we show that theiatilesasjuantitieg, t* and T~ verifie the
differential equation:

R AU 1+(m—1)F't+] al
Pr 2 ott

with the boundary and initial conditions:

F'(7=0=0, F'(7=w)=1
t"=0; T (nt")=0
t"20; T'(0t")=1 and T (o,t")=0

The gradient-pressure paramatecan be positive or negative; negative values are encodnfereexample, near
the rear of a wedge. For attached boundary layers, the solutioggation (7) are limited to values wfin the range —
0.09< m< .

2.2.2. Integral method [8]

The use of the KP integral approach to solve unsteady thermophpstddems ineluctably leads to the
guestioning about the thermal boundary layer thickness behaviol§ gs2et.2); indeed, this approach is based on the
integration of the momentum and energy equations within the own boundary laglens$ki

Under the usual boundary layer hypotheses, the integral equatioe téntiperature distributio® within the
thermal boundary layer thickness is given by

0 V74 v (0O
_J‘O‘fr(x) edy+_J'o5r(X) oudy = -— [_j
& 28 Pridy ) -

where U is the streamwise velocity component\ariér respectively the kinematic viscosity and Prandtl numbéreof t
fluid. It will be recalled that the formulation (5) is only suitable in thregeaPr0.5 [7].
Using the & order Pohlhausen method, the velocity and temperature profiles are given by:

4

3 4 3
u=u,|2¥-2Y +¥ , 0=0, 1_2l+2y_3_y_4
g & o o & O

where © pis the surface temperature.

We will chose here as example a condition of uniform flux stefpsme t = 0, the wall heat flux density changes
suddenly from®, to ®;. Substitutions and application of the Fourier |@&(/ dy)y-o = - (P1 / As) gives the final
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equation for either heating or partial cooling problems, where &;/ d andl is a constant characterising the
dynamical boundary layeZ & 5,83) :

3 .00, 2u, {Xd®p+gh1:qnu Re,

— XA +
10 at  AZ%Pr| Ix 2 { A¢ Pr

It will be noticed this equation is not suitable for unsteady fudigling problems, in whichd; = 0; in such cases,

the condition of a zero surface temperature gradient leads to anatperature polynomial profile.
The initial and boundary conditions on the temperature are given by the ¢lHssicg:

®PyA{ X

2)¢ /Re, !

2.2.3. Comparison in steady state [9] [10]

0,(x0) =

©,01=0

Two reasons have justified to check the semi-analytical solutiosteady state. The first one is that appears in the
literature, on the one hand a lack of data in the whole range @ffhaindtl numbers, and on the other hand that some
published data seem to be wrong. The second reason is that #wt gedwledge of steady state solutions is of very
important interest in treating transient convective problencause they are no more than asymptotical solutions of
unsteady problems, i.e. the initial solutions for cooling problems and the finabaslfdr heating ones.

The results have been plotted on fig. 2.3 and 2.4, in addition to thepmordésy correlations with their Pr limit
values. They show a good concordance between the two methods.
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Figure 2.3. Evolution laws of Nux / (Rex)1/2 versus Pr deduced from INTEGR&hod.
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Figure 2.4. Evolution laws of Nux / (Rex)1/2 versus Pr deduced from DIFFERENT&hod.
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It was also shown that in the integral method, 2 or 3-ordenpoiials should be avoided, because the unicity of
the solution is obtained only with the 4-order.

Other comparisons were made under transient conditions. They sbrow tiny differences between the two
methods in the external part of the boundary layers, but the resultsyasgnwéar near the wall.

2.2.4. Results
Now, let us come back to transient states.
2.2.4.1. Temperature steps [11]

Consider first a semi-infinite plate with constant and unifeemgerature Ji. Far from the plate, the velocity.,U
and temperaturefremain constant. At time t = O, the plate temperaturaddenly changed topT (Tp< Tpy O Tp>
Tpa)-

Results plotted on fig. 2.6 and 2.7 have been obtained from theedifidrmethod (8.2.2.1) and for a water flow
(Pr = 7). The parameter, Rieans T% / T*p,. In these two cases, the steady state is reached at a idinhessstime 't
close to 4,36 (see also § 2.2.4.6 for transient state duration). Fig.2.8 #i®vesolution of the instantaneous
dimensionless coefficient'lin the same thermal conditions and for several values of €anlbe seen that highest Pr
correspond to longest time durations.
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Figure 2.7. Transient temperature profiles for a positive step eharlge plate temperature.
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Figure 2.8. Instantaneous heat coefficient for a step change in the plagea®ire.
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Figure 2.9. Transient temperature profiles for a negative stepeiratite plate heat flux.
2.2.4.2. Uniform heat flux steps

a)- Step from a zero state, followed by relaxation [8]

In order to discuss the behaviour of the boundary layer thickness gerteal case, it is necessary to make a short
description of the heating process from an isothermal stateat case, we can attend the birth of a thermal boundary
layer, which thicknes&; grows from zero to its stationary value (an illustration is given § 2.2.4.3, fig. 2.13)

Now, from the stationary state, heating is cut suddenly: the thermal boundarghagges in a very different way:
it does not collapse, it uniformly vanishes, without any variation in its théskne

b)- Change from a heating steady state to another one [8] [11] [12] [13]

Consider now heating or cooling phases from a first heating stesidy\&te know that, in steady stale does not
depend on the wall heat flux. So we are allowed to assumértherhains constant during a heating phase. Indeed, this
assumption has no interest with the differential method, oueiy essential and useful in the Karman - Pohlhausen
method, in whictdy is a fundamental parameter.

Some results are presented below. The curves plotted on fign@.2.20 were obtained from the differential
method. The parameter G is the dimensionless temperature codiegptman imposed wall heat fluk, and R =
Dsinal / Piniiai- They show that the thermal boundary layer thickness does najeckaring the transient state, and that
the duration of this transient is longer than in the case of a tatapestep {taround 7.3 instead of 4.36, § 2.2.4.1; see
also § 2.2.4.6).
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Figure 2.10. Transient temperature profiles for a positive step ehiarige plate heat flux.

Figures 2.11 and 2.12 show results obtained from the integral methodamvitir flow. Two step changes arise at
timest =0 and t = 0.3 s. It can be observed that the wall temsratudifferent abcissas x admit a common envelope
corresponding to the final steady state, and that the response is Joweci@ases.

As for instantaneous Nusselt numbers, they decrease from infinity aftestep.
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Figure 2.11. Wall temperatures in the case of heat flux steps, from 10 to 180 W/m
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Figure 2.12. Transient Nusselt number at different locations x (heatdios) st
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2.2.4.3. Spatially varying heat flux steps [14] [15]

An extension of the KP model has been performed, in which arbitrary flux densiti@gpied along the wall.
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Figure 2.13. Sinusoidal wall heat flgxx) step (fromp = 0).

First, fig. 2.13 shows the thermal response to a heat flux steg) the spatial distribution @f(x) is sinusoidal.
The diagram right is of special interest, as it shows teation of a boundary layer, and the variation in time of its
thickness, from zero to the steady state value (§ 2.2.4.2,a).

The following figures correspond to step changes from / to thfieeatit spatial heat flux distributions, denoted as
01, d2, 03 (fig. 2.14), including a heating process from uniform temperature, audlden change from cooling to
heating (fig. 2.19). Specially, pay attention to fig. 2.21, correspondirigstdast case. It shows a kind of propagation
wave of the heat transfer coefficient, and the displacemetheofpoint where the wall temperature equals zero,
corresponding to h .
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Figure 2.14. Choice of arbitrary flux densities.
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Figure 2.17. Wall temperature evolution in the c@s{) - ¢1(x)].
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Figure 2.19. Wall temperature evolution in the cage3(k) - $3(x)].
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Figure 2.20. Thermal flow rate as a function of time for differentisscase [$3- ¢3]).
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Figure 2.21. Heat transfer coefficient for different times (ca$8 [ ¢3]).

2.2.4.4. Uniform periodic heat flux [16]

A situation of practical interest consists in periodic boundary tiondj uniform periodic heat flux as example. A
comparison between three different signal shapes (in tinejpiorted on fig. 2.22. As it can be seen, successive
sinusoidal signals give a higher average wall temperature than teaogels.
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0 0,05 01 0,15 0,2 0,25 0,3
Temps (s)

Figure 2.22. Average temperatures corresponding to different shapemdiciéux Air flow. Period T = 0.008 s.
2.2.4.5. Dimensioned and dimensionless results [12] [13] [17] [20]
Regarding experimental or numerical results in convectivethraadfer, a very important issue consists in the best

way to express them: by the mean of dimensioned or dimensionless@atatirse, dimensionless numbers seem to
be more convenient, as they combine several physical paranBeietiey can drive to wrong interpretations, because
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the appearances that we are able to see in the resulte e@nyldifferent according as they are dimensioned or not.
Moreover, in a practical way, engineers are interested ontlirbgnsioned data. Two examples are given below (see
also § 2.2.4.2).

In the first case, heat flux density suddenly decreases. TreNoamber and the heat transfer coefficient h (in an
air flow) are plotted versus time: it can be easily observed that bedstappear very different (fig. 2.23, 2.24).
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Figure 2.23. Sudden cooling: Nusselt number as a function of dimensionless time.
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Figure 2.24 . Sudden cooling: heat transfer coefficient, at different losation

In the second case (fig. 2.25, 2.26) a temperature step is imposked wall, in a water flow (L= 0.5 m/s). A
unique curve describes the evolution of the dimensionless walfloedf™*)’ as a function of dimensionless tirtie
but h versus dimensioneaddoes not obey to the same rule, and crossings in the curves, dpptaannot be guessed
from the dimensionless plotting.
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Figure 2.25. Wall dimensionless heat flux for Blasius flow (m = 0).
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Figure 2.26. Instantaneous convective heat transfer coefficient aedifédbscissa.

2.2.4.6. Transient state duration [5] [12] [18] [19]

Another fundamental and practical problem consists in characterising the “respeesl” of a system. This can be
done in several ways, for example:

1- Time constant deduced from an exponential fitting of the temperature response, as shown lgel@2 i in a
Blasius air flow (U, = 1 m/s), with a heat flux step [18].

0.4
. TIME CONSTANT
- T (s)
0.3
0.2
0.1 |
Re X
0 i i L n 1

0 10000 20000 30000

Figure 2.27. Time constant in seconds (air flow, velocity = 1 m/s).

2- Transient duration defined as the time when the differeneebstinstantaneous and steady state heat transfer
coefficients become less than 1% [19] [12].

An example is given on Table 1 for a wall temperature step cedgenor in a velocity gradient flow (§ 2.2.1). It
shows that the transient duration d (expressed in seconds) ferliheeat flux increases with x, except near m = 1
where it becomes independent of x. Obviously, it increases also with Pr.

Once more, this offers the opportunity to pay attention to direedicompared to dimensionless presentation of
numerical results. Dimensionless results show a transiertiaiuracreasing as m decreases [5]. On the contrary, it
appears on Table 1 that the real (dimensioned) duration has a minimum foenodeso.

Complementary data about transient durations can be found in § 2.2.4.1.
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Table 1. Flow over a wedge: dimensioned transient duration d (in seconds).

U, (m/s) U, (m/s) U, (m/s)
Pr m B w2 in d(s) inx, in d(s) inx, in d(s) inxs

x1=0.166 m X,=0.5m X 3=0.8m

-0,0476 | -w20 0,545 0,647 0,517 2,053 0,505 3,359

0 0 0,500 0,572 0,500 1,724 0,500 2,758

0,71 0,111 | w10 0,410 0,663 0,463 1,766 0,488 2,682

0,333 w4 0,275 0,934 0,397 1,949 0,464 2,666

1 w2 0,083 2,917 0,250 2,917 0,400 2,917

-0,0476 | -20 0,545 1,474 0,517 4,679 0,505 7,655

0 0 0,500 1,304 0,500 3,929 0,500 6,286

7 0,111 | w10 0,410 1,510 0,463 4,026 0,488 6,113

0,333 w4 0,275 2,129 0,397 4,441 0,464 6,077

1 w2 0,083 6,649 0,250 6,649 0,400 6,649

-0,0476 | -w20 0,545 3,839 0,517 12,187 0,505 19,940

0 0 0,500 3,398 0,500 10,234 0,500 16,374

100 0,111 | w10 0,410 3,934 0,463 10,485 0,488 15,924

0,333 w4 0,275 5,545 0,397 11,569 0,464 15,828

1 w2 0,083 17,319 0,250 17,319 0,400 17,319

2.3. Finite thickness plate

The case of a finite thickness plate is of better prakinterest, but is also more difficult to solve by the mean of
half — analytical methods. Indeed, the differential method is inadetpuakescribe conduction -—convection coupled
problems. Integral methods can be extended to such situatiomsdsunot seem more suitable than purely numerical
methods.

2.3.1. Backward face: temperature step [21] [22]

An application of an integral approach is given here for an air flaw=(B m/s) along a PVC plate (thickness E = 1
cm) and a temperature step on the backward face (fig. 2.1diflemsionless temperature is defined as T(t) over the
steady state temperature. Take notice that its evolutiotoHzes divided in two phases (fig. 2.28) : in the first one, the
wall is considered as half — infinite; the second one begime the thermal signal reaches the interface, and needs a
polynomial temperature profile different than in the first phase, due to theldagurondition on the upward face of the
plate.

Tidet

YE

0 0.z 0.4 0.6 0.8 1
Température adimensionnée

Figure 2.28. Temperature profiles in the PVC wall (y/E ) and in the &); g+ 15 cm.
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2.3.2. Upward face: heat flux step [23]

Consider now a plate isolated on its backward face, and submitieuketat flux step on the flow side face (upward
face): this example corresponds to an experimental set-dpfarsthe measurement of the heat transfer coeffi¢@nt
5). The same integral method has been recently applied to the determin#tioteofiperature field (fig. 2.29).
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Figure 2.29 . Heat flux steps on the upward face of the plate
temperature profiles in the wall and in the fluid at different times.

2.4. Impinging jets

Regarding laminar impinging jets, let me introduce too a valuadoiribution realised by E. Mladin : A 2-D jet
impinging over a thick flat plate is submitted to sinusoidal Viaria of velocity, and a variable heat flux density is
imposed on the backward face. Numerical solution is obtained by the ofien integral approach, using 4 — degree
polynomials. A panel of results can be found in ref. [24].
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3. Natural convection
3.1. Introduction

Among the three types of convective transfers, forced emion is often used because of its efficiengy.
contrario, natural convection has the advantage to be free in tdretsengy expense but generates low heat transfer
coefficient. Thus it will be interesting to improve free conwettheat transfer, by the mean of time-dependent
boundary conditions.

Laminar free convection problem on a vertical wall has beenifolininvestigated considering constant wall heat
flux or wall temperature. But it appears in literature tthat dynamic behaviour of free convection flows is poorly
documented.

Some recent investigations carried out with various time-depebdendary conditions are presented below. They
deal with free convection over a vertical plate (fig. 3.1) antevperformed by the mean of extended differential or
integral methods.

Equations to be solved are the same as in § 2.2.1 except the momentum equationntiest beco

0U/AT + U aU/ox + V 0U/dy = of3(T - T.) +v 9°U/ay?

-

FLUD |
MOTION ,,

HEATED WALL

Figure. 3.1. Velocity layer and coordinates system.
3.2. Differential method

An extension of the method described by Cebeci [2] has been propdsed, wvolves a generalisation of the
differential method, and the use of Keller-box method to solve the equations

The results are quite similar to those obtained with the rimtegethod, except far from the wall where the
differential method gives higher boundary layer thickness [25 to 28].

In the case of periodical wall heat flux, it was found thatthieemal boundary layer thickness does not vary and
that for low period rates, when the steady state is reached, heat tcaesfietent h gets its optimal value.

3.3. Integral method

Using the Karman-Pohlhausen integral method [1, 29], physicallynpaiial profiles of fourth order are assumed
for flow velocity and temperature across the corresponding hydrodyaath thermal boundary layers. The method of
analysis assumes that the velocity and temperaturebdistris have temporal similarity, meaning that the r&Xio
between the thermal thicknegs and the dynamical thickness depends only upon the Prandtl number during the

transient [30, 31, 32]:
O (x,t) = Q(Pr)o(x,t)

Thus, combining this relation with Fourier's law and adequate boundsditions leads to the following U-
velocity and®-temperature polynomial distributions depending mainly upomn tdgnamical parameter [33]:
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_ 942,08 <4400

-n*+3n%-3pn2+n| ;0=T-T,
12100 n"+3n°=3n°+n

(=0t +203 =297 +1)

wheren = y < 1, nt = y/Br < 1. Parameter§, A, v, ¢,, are respectively the volumetric coefficient of thermal
expansion, the thermal conductivity of the fluid, the kinematic viscosity,henddll heat flux density.
The integral forms of the boundary-layer momentum and energy conservatitioresjbacome then:

F) oU
—J(?Udy+ J‘sUzdy 9B Jé“sedy V="
ot oy|. _
y=0
v 00
—fé”edw—f ‘oudy = -
Proy| -

The analytical resolution of the system under the assumpidos O leads to the knowledge of the boundary layer
ratio Q and on the other hand gives the steady evolution of the asympftotscdlition.

Thus, introducing the parameter K = In(Pr), the evolution of dtie (Pr) is found to be suitable whatever Pr >
0.6 and satisfactorily approached with the following relation :

Q=1576104K*-4227103K3+428210 2K?2 -0.1961K + 0.901

The asymptotical limit of the dynamical boundary layer thickness Igtaradly expressed as:

2 5
4324v% o }

o) ,L - 00) =
bot =) [QMWQ

Considering the transient regime and using the assunfptiomst, the resolution leads to the combined resulting
governing equation of the free convection problem :

2 3 4
6@+598¢W{Q+Q 58 o2 }6466 "{99 54+ 10 }:o

at 72\ |12 3 14 56 36| 0x 2 302 pr

with the following boundary conditiong (x,t =0) = d (x =0,t) = 0.
An explicit finite difference scheme has been used to solve this equation.

3.4. Results
3.4.1. Eckert’s theory revisited [30]

A preliminary issue dealt with the velocity and thermal boundary layers.

First consider that, basically, two different definitions of a boondayer thickness are commonly used, as for
forced, mixed or natural convection:

a)- A standard definition in agreement with the asymptotic structurdo@iadary layer: at a distance from the wall
equal to the layer thickness, the variation of the consideredhpten(velocity, temperature gap) reaches 99% of its
total value.

b)- A mathematical definition linked to the Karman — Pohlhausen methothis theory, the velocity and
temperature fields are described by two polynomials, @ridr &;) are the distances from the wall where these
polynomials are equal to zero.

Anyway, for a long time, Eckert’'s theory was accepted. lurassl that, in steady natural convection along a
vertical flat plated = &r. This assumption was very useful as it gave a simple waptton the h coefficient, but in
fact, had no real physical support and it appeared necessahngdk it. A study driven by the mean of the integral
method [30] concluded that it is acceptable for the computatidn but is not adequate for the description of the
dynamical field. It was shown th&t/ 6 depends on Pr, and a relat®hdér = Q (Pr) was proposed for a large range of
Prandtl numbers.

3.4.2. Evolution of boundary layers [33]
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In natural convection, dynamical and thermal fields are linkethataransient phenomena are of special interest.
A panel of results is presented below; all of them have been got from thalimeghod.

On fig. 3.2, dynamical boundary layer thickness is plotted at diffe¢i@es, in the case of a wall heat fliy, =
100 W/m2 in initially quiescent water (Pr = 7). As predicted byeiotiuthors, the transients in free convection are
found to start as a one-dimensional conduction process, to be terminakedayival of the leading edge effect. This
is the reason why the viscous layer profiles present a didical shape in the early transient. Fig.3.3. is a plot of
velocity at the chosen elevation x = 0.10 m within the viscous bounagey Where the velocity distributions are
shown to increase in time to reach a steady profile in close agreentettiemcommonly presented shape in literature.
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Figure 3.2. Transient behaviour of the velocity boundary layer.
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Figure 3.3. Transient velocity profiles at the x = 0.1 m abscissa.
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Figure 3.4. Volumetric flow rate versus time.

To complete this hydrodynamic analysis, variations of the volunmiéricrate with position and time have been
investigated. Thus the integral formulation indicates that tive ffhite grows downstream a§°xlt is worth mentioning
from fig.3.4 that whatever the x-position, before reaching itsnpsytical value, the transient volumetric flow rate
evolves in time agt

3.4.3. Dimensioned versus dimensionless results

As it was mentioned in the second part (forced convection, § 2.2.4.®nslonless laws can suggest trends very
different from dimensional ones. Another illustration appliedatural convection can be found in [34]. It concerns the
time-dependence of the heat transfer coefficient for a panel of usddal f

3.4.4. Free convection around cylinders mounted on a plate [35, 36]

Flow visualisation is a very efficient experimental megrtio get information on the dynamical behaviour of fluid
flows. Two kinds of techniques were employed to get streamlimé®ei meridian section of the flow. The first one is
based on an electrolytic precipitation method leading to the demecd white smoke composed of metallic salt used
as a tracer material. In the experiments, electrolysis ¢érwia made by applying a voltage between a tin wire
considered as an anode, and a copper plate inside the wates @armathode. For the second one, the fluid is seeded
with suspended fine rilsan particles (75 < diameter <(ilB0p = 1.06 g/cm3) illuminated by a laser sheet (2 W argon
laser) from which instantaneous integrated streamlines can be drawn.

Two applications of these techniques are reported here and in § 3.4.5.

The first study describes experiments on flow visualizadiath local convective heat transfer of three-dimensional
cylinders embedded in a transient natural boundary layer under uniforimeagflux condition (fig. 3.5 and 3.6).
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Figure. 3.5. Schematic of the experimental model.
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Figure 3.6. Angular positions of a square cylinder.
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Figure 3.7. Heat transfer performance of a square cylinder compahetth@/gmooth plate.

Especially, emphasis is put on the influence of the angulaigusif the cylinder around a given axis and on its
square or circular geometry on both local thermal measurements and flowgpdtteraxample, it is shown that for the
square cylinder, a 60° position induces a singular behaviour by redil@ngonvective heat transfer coefficient
(fig.3.7); this singularity is confirmed with visualisations of the separakgion.

To have an idea of the near wake shape, in fig.3.8 are presented examples in thair(iP¥tZ) plane. Details
are seen from metallic salts emitted from both downstreanupstteam the obstacle. One can see the separation area
downstream and the development of vortical structures just behind thduyff

Figure 3.8. Details of the near wake for 0 at two times t =120 s (a) and t = 170 s (b).
3.4.5. Free convection along large — scale roughness plate [37]

Moreover, transient natural convection on a vertical ribbed kel been studied experimentally with a wall —
boundary condition of uniform heat flux. This situation is of importance tb hotdamental scientific research in
understanding the interaction between large-scale flow featmedocal heat transfer, and practical interest in many
industrial applications such as electronic equipment or clicatéol within building interiors where passive heating
and cooling techniques are employed.

To get an idea about the roughness geometry influence on theamsder, several distinctive ribbed geometries
were tested (denoted as |, IlI, 1ll on fig. 3.9 and 3.10). The expetaianalysis is deduced from both flow field
visualisations and thermal measurements. It is shown that ms¢ants flow patterns result in complex eddy structures
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in the vicinity of the ribs. As well vortex birth as vortex sheddorocess are evidenced during the transient in the open
cavities between the ribs to evolve increasing time towardsi@lent structures. Whatever the arrangements and the
time, one observe a degradation of the convective heat trévesder the first rib and an enhancement past the last one
compared to the smooth case. In the open cavities, conclusiorsnin@sted: during the early transient an important
heat transfer enhancement occurs in the upstream part o&vitg while increasing time reduces the heat transfer
performance in the whole cavity.

Figure 3.9. Streakline patterns visualised with an electrolytical pratiipitmethod (t = 300s).

(4] (Im) (III) M (1) (1I1)

= N

Figure 3.10. Instantaneous streamlines: (a) t =57 s; (b) t = 112 s;§&Pts=
Right below: detail of the rotational flow in the lower cavity, configuratignt(= 112 s.
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4. Mixed convection

4.1. Introduction

Unsteady mixed convection problems can occur in various thenystdnss, either occasionally or when the
boundary conditions are normally changing with time. The first kinsitahtions can be met in starting processes, or
accidental transients, regarding for example security in p@lemts and electric transformers. In the second one,
interest is stimulated by the needs of regulation of heat transf@neept, as hot water heating systems in buildings.

Publications reported here deal with computational studies ter flaws in vertical pipes, especially when steps
of temperature or flow rate are imposed at the entrance (fig. 4.1). €imds have been employed, either by using the
classical parameters (§ 4.2) or by introducing the vorticitgtfan (8 4.3). The first formulation is more usual, but the
second one suits better for describing reverse flows, and does not nesduangten on the pressure term.

y R
) .
lg
L h

..... e

L |

Figure 4.1. Schematic of the mixed convection model..

4.2. Direct solution method [38, 39]

The physical system under consideration is a verfig@@ of radius R. The z axis is chosen to follow the
flow direction (upward or downward). The fluid is considered to be newtonian with ntodgteamic viscosity,
conductivity, specific heat capacity and expansion coefficiBensity variations are assumed to be negligible
except in the buoyancy term of the vertical momenaguation (Boussinesq approximation). So the problem
can be formulated by the governing equations, expressedhebynéan of cylindrical coordinates: continuity,

axial-momentum and energy.

U V oV
—+—+—=0

0z r oOr

U oU U _ 1dp 10U 0%V
—+U—+V—=—-"——+egB(T,-T,) +V| —— +—-
o 0z o poz 9B(Te = Tw) [rar arzj

ror or?

or o7  oT _ 1aT+ﬂ
0z or

iU +Vv_=aqa
at

with p° =p-pgz ; upward flow i = + 1 ; downward flowe = - 1
The physical problem is characterised by the following initial and boumdaditions:

- thin pipe wall
- on the outer surface of the pipe: averaged free convection hearransthat the wall heat flux is:

¢y =h(Ty ~Ts)
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- on the inner surface (r = R):
U=V=0

- on the axis (r = 0):

- at the entrance (z = 0) :fully developed velocity profilg and injection temperaturé,:
-t < 0: flow rate g; Reynolds Rg temperature
-t = 0: flow rate g= ¢ + Ade (Age > 0 Or < 0), i.e. Re= Rg + ARe
and / or temperature,E Ty + AT, (AT > 0 or < 0)
- attheexit(z=L)oU/0z=0

Equations were solved by a finite-difference, fully implicit procedure. fiessure gradient was written as the sum
of a steady term and of a time — dependent term in relation with the flowaaservation [39].

4.3. Vorticity method [40, 41]

The situation considered is a laminar flow upward through a akmipe, that is imposed by a heat transfer
coefficient on the outer surface of the pipe. Flow entelfiregpipe is solicited by a temperature step. In this part,
governing equations are formulated in terms of the stream dundti and the vorticityQ, with the following
dimensionless quantities:

R L ur=Y : vr=V ; 1+=1"Ta

R R d Vd Te_Ta
t+:th . Q+:'QR . l//+: [)[/
R ' Vy Vv, R?

+ + + +

U+:_i+a¢/+ ; V+:i+a¢/+ ; 'Q+:au+ _aV+

r- oz r- or 0z or

The non-dimensional equations in terms of these variables and temperatur

+ 2,,+
__Q+ = a ial/j +ia l//
artlrt o ) rt 9z*?

ok +a(Q+:/+)+a(Q+u+):i{ii£r+ag+j+azg+}Ri6T+

ot 9z art Re|r* or* ar* 9z"2 art
Tt 1 a(r+u+T+) aGﬁT*)_ 11 9 ( ,a1"), 0°T"

+— + = | —— |r"— |+
A Y ' az* Pe r* oart ot ) oz

The initial and boundary conditions are as follows:

t"<0,0z"<1,0<r" <1: T =1 (uniform temperature)

+ + + + I'+2 1 + + + +
tt=20,z2"=0: ¢ =r"|1- —=; Q" =47 TT =1+ 4T

2 2
AT,
where AT " = eT (4T >00r<0)
e a
+ +
|’+:0 ar :aL:O ; _Q+:O

or  or’
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+ + aT" oy +« _h R . .
r-=1. ¢ =0 ; P =-Bi T, whereBi :T(generallsed Biot number)
r f
w

The foregoing equations were solved by a finite — difference proceduneamvxplicit numerical scheme [41].
4.4, Applications

4.4.1 Temperature steps at the entrance [41]

As an application of the vorticity method, the following conditionsenselected: upward water flow, pipe of
diameter 20 mm, bulk velocity = 0.045 m/s. On the external surface, authorgdssaonstant mean coefficiepths
W/m?.K, with ambient air at J= 20 °C.

Regarding the case whefd,; = + 10 °C, velocity and temperature profiles have been plottdd.oh.2, at a
distance from the entrance z = 200 mm. A short time aftepahterbation, under buoyancy effect the fluid velocity
increases in the central part and decreases near the wall, with an invariaat pei 0.66; the distortion is maximal at
about 11 s, and can lead to reverse flow.

In the case of a negative stekl (= -10 °C, fig. 4.3) the velocity profile shows another kind ofadigin, with a
fluid velocity increasing first near the wall and decreasmthi central part. The perturbation reaches its maximum
value sooner (at% 9 s) and is stronger with increasing distance from the entrance.
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Figure 4.2. Velocity and temperature profiles for z = 200 &ifrs + 10 °C.
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Figure 4.3. Velocity profiles for z = 200 mm (left) and z = 600 mm (rig¥)= - 10 °C.
4.4.2. Flow rate steps [39, 42]

Using direct solution method, other studies have dealt with flow rate stegs/gosnegative (fig. 4.4 and 4.5). In
such circumstances, perturbations in the velocity field aleratrogressive with an increase of flow rate, but more
complex in the case of negative steps. Computations show algbetliasponse is slower with negative steps (fig. 4.6)
as the contrary was observed with temperature steps. Moy#ogduoyancy ratio RiRe has a strong influence on the
wall heat transfer [42].
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Figure 4.4. Velocity and temperature profiles for different times at 300 mm
Aq,=t5l/h ; T, = 40 °C; Re=530; Re = 620 ; Gr = 3.105 ; RiRe= 484.
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Figure 4.5. Velocity and temperature profiles for different times at 300 mm
Aq,=-5I/h ; other variables unchanged.
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Figure 4.6. Time constant evolution for positive and negative flow
rate steps at z = 400 mm; Re =530+70 °C.
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4.4.3. Combined temperature and flow rate steps

Unfortunately, combined temperature and flow rate steps have not ky mwestigated, despite of their special
interest as they can lead to amplified or smoothed effectsndiegeon their sign and amplitude. Examples plotted on
fig. 4.7 to 4.9 come from ref. [43] and show in a special case that the friction fiacigrttze wall is more regular when
the two steps are positive.
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Figure 4.7. Velocity and temperature profiles at z = 300 #qy = + 5.10° m¥/h,
AT =+ 2 °C, qy¥ = 3.10° m¥/h, Teo = 40 °C, h= 10 W/nf.K.
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Figure 4.8. Same datas as on fig. 4.7. exaigpt - 5.10° m*h ;AT = - 2 °C.
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Figure 4.9. Friction factor along the pipe
..... : same datas as fig. 4.7. ; -----: fig. 4.8.
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4.4.4. Flow instabilities [44, 45]

Very interesting complementary informations on the struaifitbe flow are brought by streamlines and isotherms
[44], as they specially permit to observe reverse flows anéxtinat can occur during the transient (see examples on
fig. 4.10 and 4.11). These structures are of practical intereatibe of their influence on friction and heat transfer at
the wall, but also of fundamental importance, as they can be consideigkast snstability.
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Figure 4.10. Time development of streamlines and isotherms along the pipe for
AT =+10°C, (a): 5 s, (b): 15 s and (c): 25 s.
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Figure 4.11. Time development of streamlines and isotherms along the pipe for
AT =-10°C, (a): 10 s, (b): 30 s and (c): 50 s.
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Indeed, stability in transient states remain a widely open ig®ie. starting point, two stability diagrams were
proposed in the case of an upward flow, using similitude criirand Re (fig. 4.12). They show a stable zone (free of
reverse flow or vortex) larger for negative than for positive tenyerateps [45].
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Figure 4.12. Stability diagrams Ri-Re #F, > 0 (left) andAT, < O (right).
4.5. Mixed convection boundary layers [46]

Transient mixed convection of laminar boundary layer past é&cakplate has been also investigated, using a
finite-difference procedure with fully implicit numericallgame. Boundary conditions combined heat flux step at the
wall and velocity step (> 0 or < 0) in the external flow, takimg@ccount the wall heat capacity, either in aiding or
opposing mixed convection (fig. 4.13). Results show that, especiatig inase of opposing flow, a weak perturbation
of velocity can lead to instabilities near the wall.

[, ST T T T T B T Y O R A

0 0.5 1 1.5 2 2.5 3 3.5
Y+

Figure 4.13. Velocity profiles at different timésar a flow velocity steghU*
Pr = 1; Ep Cy)war /L(P Co)ruia = 5; left: aiding flow, RiRe = + 5@U" = - 0.4; right: opposing flow, RiRe = - 50U*
=+0.4.

5. Measurement of the heat transfer coefficient [18] [47 to 50]

A major practical application of transient convection death tie measurement of heat transfer coefficients by
pulsed photothermal radiometry.

The method consists of analysing the transient temperatutteednont face of a wall, after a sudden deposit of
luminous energy, and is generally used for non-destructive testing operatiogls &s measurement of thermophysical
properties. But it was also proposed to consider pulsed photothexdiainetry as a tool for the measurement of
convective heat transfer coefficient on the front sidehef gample [47]. A scheme of the experimental device is
presented on fig. 5.1.
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Table porte-instruments
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Figure 5.1. Experimental device.

A theoretical model was initially based on the assumptionaoingtant h coefficient during the transient used for
the measurement. Compared to other experimental techniquesrastirs, the results gave rather good evaluations
for h. An extension of this method was also described, allowinginboiltaneous determination of the exchange
coefficients on both sides of a thermally thin wall [48].

Indeed, assuming h = cst is not satisfactory if a precissurezh value is required, and it becomes necessary to
take into account that h = h(t) during the measurement [@o8es results obtained from transient forced convection
over a thin flat plate ([6, 11, 18], 8 4.1) were used to introduce aladaefficient h(t) in the theoretical model, as an
exponential function of time [49, 50). This study leads to the conclusaninh an air flow, h = cst in an adequate
approximation with a dirac pulse. But in the case of finite duration pulses, thisfisiatioln is less and less valid as the
duration increases (tables 5.1 and 5.2: lines 1 to 5 correspond to diffekesd of air flow velocity, from 1.1 to 2.4
m/s), and a h(t) model gives more accurate values.

A second improvement will consist in considering the thicknesshaaticapacity of the plate, which modify h(t)
compared to the case of a thin plate [20, 23].

Table 5.1. Convective heat coefficient in (W i) for dirac excitation.

Fluxmeter Model hest | 7 — Model h(t) Tho
c0 c0
1 37 35,2 -5% 40 +8%
2 50 46,5 -7% 49,5 -1%
3 62 67 +8% 63,2 +2%
4 74 77 +4% 71,8 -3%
Table 5.2. Convective coefficient in (WrkK™) for 5 s excitation.
Fluxmétre Model hest | 7~ Model h(t) ho
c0 c0
1 37 49 +32% 42,3 +14%
2 50 65 +30% 56 +12%
3 62 70,6 +14% 67 +8%
4 74 80 +8% 80 +8%

6. Heat exchangers under transient conditions

Though it is based on an overall modelling, unsteady behaviour oéXefsingers can be considered as a special
case of unsteady convection. It can occur in various conditiohsasucatural time-varying inlet temperatures or flow
rates, start-ups, shut-downs, power surges, pump failures.... So arteakoomaledge of the thermal response of such
systems during unsteady periods of operation is very importaeffémtive controls, as well as for the understanding
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of the adverse effects which usually result in modified thepagormances or increased thermal stresses which will
ultimately produce mechanical failure.

6.1. Assumptions and modelling

Most of previous studies have made the assumption of constantréwesfier coefficient, but generally this
coefficient is time dependent in most non-stationary states. Andéhd of methods that avoid the use of this
coefficient during the transient phase is the two-paramasthod with time lag and time constant. In fact, the
experimental observation of exit temperatures when inlet tenupesabr flow rates are submitted to sudden change,
shows that they can be approximated by an exponential (ziraeacterised by a time constaiptafter a time lag;t
(fig. 6.1).

The model is based on the assumption thahd { do not vary inside the exchanger, and can be considered as
overall characteristics of the system. Obviously, this ispgmaximation (indeed, it replaces h = cst !) but it leads to
elementary analytical expressions and to very good agreements withmetgatiresults [51, 52, 53].

16 ‘ _

14 L - | © experiment| _

121 & al results |
g 10 +--\----- | —— Theoretical |__
r, 8

6
4
2
0

Figure 6.1. Water-water heat exchanger: example of exit temperatura fiferrate step.
6.2. General expression of the time constant [52, 54]

The model describes a heat exchanger, initially workingeiadst state, submitted at time t = 0 to sudden variations
of inlet temperatures and/or flow rates. A new steady state is tkatheco.

Several index will be used in the following formulas: “c” or “h” for “coldid” or “hot fluid”, “e” or “s” for “inlet”
(entrée) or “outlet” (sortie), “0” orsd” for “t = 0” or “t = ", “i" for the tubes (if necessary) and “a” for the shell of the
exchanger. Bulk temperatures T will be considered.

The following quantities will be defined:

- overall heat capacity C and averaged temperature

C=C,+C,+C; +C,
0= C:hDh +CCDC +Ci |:li +Ca[|a
C

- - heat capacity flow rates {g mass flow rate):
Okc = Ome Ce ; Gt = Omn G

By the mean of an energy balance, and using assumptions 6.1, it slaomethat the time constant is expressed
by:
B} c(0, -0..)
Qtheo (ThsD ~Thee )+ Qicoo (Tcso ~Tess )

We can observe that the time constant depends on the initigfirahdexit bulk temperatures, which can be
expressed as functions of the initial and final entrance tempeyatodeof initial and final flow rates, i.e. consequently
as functions of NTU, unbalance factor Rimifl/ G maxand effectiveness E.
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6.3. Results

An analytical formulation of the time constantthough it is approximate, allows easy and interesting parametri
studies.

First it can be shown that the flow arrangement (paralleloointer-flow), which has a strong influence on the
thermal performances of the exchanger, has a very little effect omhedinstant [52]. Another elementary property is
thatt appears as a linear function of the exchanger length [52, 54].

In the case of shell-and-tube heat exchangers, fig. 6.2. showspetial case the influence of a flow rate step
(expressed as a heat capacity flow rate): as the heat capmeitate of the hot fluid increased, > 0, upper curvey,
increases almost exponentially; in the case of a decredsimgdte (g, < 0, lower curve)r decreases slightly and
linearly.

25 T T T
—e—0io =1400 W/K
20 b4  —0—0tho =1400 W/K |- —--—--—+ -
| | |
15 F - --- - - — = - — — — L
o | | |
=,
| | |
5 [ o=8—o0—- ‘
| | |
| | |
O L L L L L
0 200 400 600 800 1000 1200
Agh (W/K)

Figure 6.2. Flow rate step on the hot fluid: influence on the time constant
( heat capacity flow rate of the cold fluid; g 210 W/K).

Moreover, when only one temperature step is applied, the timgarwns independent of its value. In such
circumstancet decreases as the hot (or cold) flow rate increases (fig.%.8imilar evolution is observed when a
negative flow rate is applied (fig. 6.4:is plotted as a function of the final value qtbf the heat capacity flow rate,
which initial value is 1400 W/K). At last, it can be seen thattime constant is smaller with flow rate variations than
with temperature variations.
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Figure 6.3. Influence of the flow rates on the time constant
(temperature step on the hot or on the cold fluid).
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Figure 6.4. Influence of the flow rate on the time constant (step on thieitdotyfi,g = 1400 W/K).
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Fig. 6.5 shows another case where the cold fluid is submitted tovadte step. As we observe, it is difficult to
give a simple law for the variation of the time constan &unction of the initial flow rate of the cold fluid, but we can
realise that there is a big variation of the time constatite transition state from laminar to turbulent flow. Moerov
this variation seems to be more sensitive as the final fifdevis in the transition state. This shows the simultaneous
influence of the different parameters in such situations and the difftouteparate one parameter from the others [54].
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Figure 6.5. Bitubular heat exchanger: influence of the initial flowahtee cold fluid in the annular tube,
for different values of the final flow rateyg = 0.12 kg/s = cst).

6.4. Time lag

An accurate prediction of outlet temperatures under variable comslitieeds the knowing of both time constant
and time lagt Unfortunately, evaluations of tannot result from a theoretical approach, and need experahenat
procedures.

Some trends have been investigated on a 2m length, double pipe watehew exchanger [55], in which the hot
water flows inside the inner duct, and is submitted to flow stdps. Correlations have been built to express the two
time lags & (cold fluid outlet) and,t (hot fluid outlet). Some examples are plotted on fig. 6.6 to 6.@resiéns of the
final flow rate q.., and show thatg has a stronger influence ggpthan on t, whatever the flow arrangement.
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0 1 ‘ 1
0 5 10 15 20 25
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Figure 6.6. Time lag of the hot fluid Figure 6.7. Time lag of the cold fluid

case of parallel flow with a flow rate step on the cold fl&dg.E 2.5 I/min).
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Figure 6.8. Time lag of the hot fluid Figure 6.9. Time lag of the cold fluid

case of counter flow with a flow rate step on the cold flaighE 2.5 I/min).
Take also notice that the two-parameter model has been successfuligd applater plane solar collectors [56].
6.6. Effectiveness under variable conditions [57 to 60]

As a complementary investigation to the previous studies, a reshwoh has been proposed to determine the
thermal effectiveness of heat exchangers when one of the Busdiinitted to any kind of flow rate variations. When
the operating conditions are varying with time, the validity ofdlassical definition vanishes, so the method leads to
the concept of an average effectiveness in unsteady stageaVdriage effectiveness can be easily determined by
measuring continuously during a timethe exit temperatures and flow rates. The method is apfgicunder the
condition t > 1071, and fig. 6.10 shows that the instantaneous effectiveness converges quickllyiteweaeraged value
[58].
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Figure 6.10. Temporal evolution of the effectiveness on the hot fluid side.
6.7. Numerical model [64]

In order to get a better understanding of transient statbsahexchangers, local investigations are necessary.
Analytical and numerical methods have been employed in theotassingle duct [61, 62, 63]. They were completed
by a numerical study (using a finite difference scheme) ofrallplplate heat exchanger, when the two fluids are
submitted to temperature steps at the entrance [64]: the twoalbgthermally insulated on their external sides) are
separated by a thin plate with on thermal resistance, andiifdiness are 2 cm. Some results are presented on fig.
6.11 to 6.17 for water-water or air-water arrangements, and show complexoexobitthe temperatures in the system.
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