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Abstract

The full numerical solutions of the heat transfer from a flush mounted wall hot-film is carried to investigate its response in reversing flow by
taking into account both the axial diffusion and the conduction to the substrate. It is shown that the axial diffusion affects considerably the heat
transfer at the reversal points. The numerical results are in good agreement with the experiments conducted in an unsteady water channel. When
the conductivity ratio of the substrate to the fluid is high, the response of the film is considerably attenuated, and it is hard to detect the flow reversal
phase from the cyclic variations of the global heat flux. The direct flux from the film to the film is relatively less dependent on the conductivity

ratio and follows reasonably well the flow reversal.
© 2007 Published by Elsevier Masson SAS.

Keywords: Wall hot film gage; Reversing flow; Axial diffusion; Conduction to the substrate; Response near the flow reversal

1. Introduction

The flow reversal occurs in forced wall flows subject to im-
posed unsteadiness. The forcing may simply be achieved by a
time-varying flow rate or pressure gradient. The typical exam-
ple is a channel flow forced by imposed velocity oscillations at
the centerline. The shear near the wall may change sign during
the oscillation cycle, if the imposed amplitude is large enough.
The flow reversal may occur with or without unsteady separa-
tion, on helicopter blades, in turbomachinery and internal com-
bustion systems, bio-mechanics etc. The flow may be turbulent
[1] or laminar. Denoting respectively by # and Aj; the long time
average and amplitude of the oscillating velocity field, reverse
flow implies that A; > u. In the near wall region where both i
and Aj; vary linearly with the wall normal distance y, the condi-
tion A; > u is equivalentto A; > T, where t stands for the wall
shear stress. Consequently, the presence and characterization of
the reverse flow may be done by measurements directly at the
wall. The wall hot film gages (WHF) give a rapid diagnostic of
flow reversal, but they can not detect the direction of the flow,
and their behavior through the response of the thermal bound-
ary layer and its interaction with the edge singularities and the
substrate has to be taken into account.
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Pedley [2—-4] investigated through a series of paper the re-
sponse of a thermal boundary layer subject to oscillating shear
of high amplitude. His investigations were motivated by blood
flow in arteries, in particular to interpret the wall hot film gage
measurements and the mass transfer phenomena causing the
deposition of the lipids and proteins at the wall that is responsi-
ble of obstructions and artery hardening. He assumes boundary
layer approximation and supposes that during a time interval
before and after flow reversal, the process is governed only
by diffusion. Thus he neglects the wake, axial diffusion and
conduction to the substrate effects. He shows how the asymp-
totic solution deviates from the quasi-steady solution during
the flow reversal when the frequency of the oscillations is high
enough. The global flux do not go through zero when the shear
vanishes because of inertia. The comparison with the measure-
ments of Seed and Wood [5] reveals however that the minimum
reached by the analytical solution at reversal points is signifi-
cantly smaller than the experimental values essentially because
of the axial diffusion that is not taken into account.

Kaiping [6] gives numerical solutions of the problem, once
more with the boundary layer approximation and without con-
duction to the substrate. He argues that axial conduction may be
negligible because the reversal period is short compared with
the period of the oscillations and the mean Péclet number is
high. He shows how the hot wake swept over the film during
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Nomenclature

Ay Amplitude of the quantity ¢

ag = % Relative amplitude of the quantity g

a Relative amplitude of the shear parameter

K Number of grid points over the hot-film

k Conductivity, kr conductivity of the fluid, kg con-

ductivity of the substrate
ks = ]i‘—i Non-dimensional conductivity of the substrate

ly Streamwise length of the hot-film

[ ; Equivalent hot-film length

Nu Nusselt number

P = Czo—ﬁ Non-dimensional period of the imposed velocity
oscillations

Pr= Prandtl number
Direct heat flux from the film ( f) to the fluid (F)
Ors Heat flux from the film ( f), to the substrate (S)

Qgr  Heat flux from the substrate to the fluid upstream of
the hot-film
Q}’F Heat flux from the substrate to the fluid downstream

of the hot-film

O =0Qyr+ Qs Hot-film global heat transfer rate (flux)
per unit span

q Time mean of the quantity g

q —(g—f,) y=0 Local heat flux (Nusselt number)

qn =- (% )y=00 —1/3 Non-dimensional local heat flux
scaled with the shear parameter

Rey = k ;4 L Hot film Reynolds number

T Temperature

Ty Film temperature

Too Bulk temperature

¢ Dimensional time

t= l%a r Non-dimensional time

u f Dimensional velocity

u = -~ Non-dimensional velocity

Ur = / Shear velocity

Dlmensmnal streamwise distance
X Non-dimensional streamwise coordinate, x = li

<~

y Dimensional wall normal distance

y Non-dimensional wall normal coordinate, y = %
Greek symbols

o Diffusivity, o diffusivity of the fluid, ag diffusiv-

ity of the substrate

oy = g—; Non-dimensional diffusivity of the substrate

St Thermal boundary layer thickness

n Wall normal stretched coordinate

v Cinematic viscosity

P Density, pr density of the fluid, ps density of the

lsubstrate
o= Pr(fT”’)2 Shear parameter

o Time-mean shear parameter

0= TY; __TT°; Non-dimensional temperature

T Wall shear stress

1) Dimensional angular frequency of the imposed os-
cﬂlanons

w* = d)% Non-dimensional angular frequency

ot = c?)u% Imposed frequency in wall units.

& Streamwise stretched coordinate

Abbreviations

BLA  Boundary layer approximation (no axial diffusion)

F Fluid

S Substrate

FS Full solution in the fluid with axial diffusion

QS Quasi-steady case (instantaneous Lévéque solution)

A/G Air (Fluid)/Glass (Substrate) configuration
AW Adiabatic wall

W/G  Water/Glass configuration

A/M/G Air/Mylar/Glass configuration

Sub-indices

F Fluid
S Substrate
f Hot-film

flow reversal decreases the instantaneous Nusselt numbers at
the reversal points.

The validity of the boundary layer approximation is largely
open to discussion when the mean Péclet number is small, i.e.
either when the streamwise (longitudinal) length of the film
and/or the shear are below some critical values. The response
of the hot film gage may be severely affected by the axial diffu-
sion at the points where the shear vanishes instantaneously and
during the reversal phase. The 2D direct numerical simulations
taking into account both the axial diffusion and the conduc-
tion to the substrate are reported here. They are compared with
the boundary layer and quasi-steady solutions to point out how
these parameters modify the response of the wall film. We fur-
thermore confront the numerical results with the experiments

conducted in an unsteady water channel and show that they are
in reasonable agreement.

2. Numerical model

The dimensional quantities are denoted by g. The variables

in the temperature equations are non-dimensionalised with the
2

I
streamwise length [ 7, by % for the time where aF is the diffu-
.
or with
being the wall shear stress, and pr the fluid density. The sub-
scripts, F, S and f refer respectively to the fluid, substrate
and the film. The non-dimensional temperature is given by
9= I=Tx

=TT The shear parameter is given by o = Pr(lf%)2 =

sivity of the fluid, and by the shear velocity u, =




516 S.FE. Tardu / International Journal of Thermal Sciences 47 (2008) 514-529

PrRe?; where v is the viscosity, Pr is the Prandtl number and
Rey is the Reynolds number based on the shear velocity and

the film length. The non-dimensional frequency is expressed
2

as w* = wiiF The velocity distribution in the forced convec-
tion heat transfer equation is u(y, t) = o y(1 4+ a sin w*t) where
a > 1, that is reverse flow occurs during the oscillation cycle.
The relative amplitude is fixed to a = 2.

The non-dimensional equations in the fluid F, in the solid
S, and at the fluid—solid (substrate) F—S interface are respec-
tively:

30 a0 3% 3%

F@ — 4u—=—t — 1
or T'ox T ax2 T ay? (1a)

ap 00 0%0 00

S8 ——=—+— 1b
as ot 9x2  9y? (16)
kr 06 a6
F_g. “£7F _ 9IS (1c)
ks dy 9y

The boundary conditions are, 06 /dx — 0, and 96 /3y — O,
as x, y — oo, in the substrate; d6/dx — 0 for x — Fo00, and
6 — 0 when y — oo in the fluid. The sizes of the computational
domain are 70l in the x direction, 6/ in the fluid and 20/ in
the substrate, in the y direction.

The upstream weighted differencing formulation for the con-
vective and diffusive terms introduced by Raithby and Torrance
[7], together with the stretched coordinates methodology given
by Kalnay de Rivas [8] have been combined in an Alternating
Direction Implicit (ADI) time discretization scheme. The com-
plete 2D forced convection and conduction equations are cou-
pled at the interfaces and resolved for different fluid/substrate
configurations.

Fig. 1 shows the computational domain and the related
boundary conditions for a fluid/double-layers substrate con-
figuration. The downstream and upstream distances from the
trailing edges and leading edges of the must be large enough
so that any particle, which is swept back over the film, during
reverse flow, never leaves the computational domain. In order
to be safe we took D,,, Dy > fél Umax (t, y) dt = fél Hro (1 +
acosw*t)dr where upay is the maximum velocity reached in
the computational domain in the fluid with thickness Hr and t;
is the time of the first reversal. Thus, a particle that enters the
computational domain at ¢ = 0 never leaves it during the oscil-
lation cycles. More details on the computational strategy can be
found in Tardu and Pham [9].

Three models will be considered here labeled respectively
models A, B and C (Fig. 2). There is no conduction to the
substrate in the model A, but the axial diffusion term is main-
tained in the convective transfer process. This model will be
used in Section 4.1 to show the importance of 3272 under the
reverse flow. That has not been investigated in the literature,
and the axial diffusion lay dominate the response of the heat
transfer process in particular near the reversal points. Fig. 2
shows the size of the computational domains together with the
boundary conditions used. It is seen that the streamwise size
of the computational domain extend from D, = 50 to Dy = 20
respectively upstream and downstream the film to insure both
the condition discussed above and also the imposed condition

Thermal boundary layer
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Fig. 1. Computational domain for a mono-layer substrate case and imposed
velocity distribution at the highest position in the fluid. Heat transfer rates over
the hot film gage are shown on the bottom namely upstream and downstream
heat transfer rates from the substrate () to the fluid (F) Q¢ and Q;rF, direct
heat transfer from the film (f) to the fluid Q 7, and heat transfer from the film
to the substrate Q sg.

% = 0. It was systematically verified that the streamwise tem-
perature variations are small near the right and left sides bound-
aries, and the size of domain was increased if this condition is
not satisfied. The models B and C are related to the complete
conjugated problem with conduction to the substrate and axial
diffusion and will be analyzed in Section 4.2. The model B con-
cerns the monolayer substrate. Its thickness was varied from 5
to 30 to insure the % = 0 condition at the bottom. It was found

that Hg = 10 is sufficient for ]i‘—f < 30. The computational do-

main extends up to Hr = 6 in the fluid in this high conductiv-
ity ratio regime to satisfy Hr > §7. Computations were also
carried out for a two-layer substrate configuration (model C,
Fig. 2), in which a thin isolating Mylar film of thickness 0.5/ ¢
is sandwiched between the hot wall film and the substrate. Such
a configuration exists commercially (DANTEC glue-on probe
55R47).

The analysis of heat transfer phenomena near the wall and
trailing and leading edges singularities require a dense grid dis-
tribution. Stretching coordinates are used to avoid the numer-
ical problems caused by a non-uniform grid distribution. The
stretching function in the streamwise x coordinate is x(§) =
sinz(%é ) for 0 < x, & < 1. The stretching is symmetrical with
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Fig. 2. Models used in this investigation,

D 4=20

boundary conditions and size of the associated computational domains.

Hp=2-6
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Fig. 3. Global heat flux with the longitudinal diffusion term and comparison with past studies in a steady flow.

respect to the center of the hot film. The smallest grid size near
the singularities is Ax = sin’[77/(4K)] where K is the number
of grid points on the film. One has Ax <« 1/K? for a mod-
erate K. The same kind of stretching is used upstream and
downstream of the film and it is matched with the coordinate
system on the film. The number of grid points used here is typ-
ically K =22 resulting in minimum grid spacing at the leading
and trailing edge singularities as small as Ax = 1073,

The stretching used in the fluid and the substrate following
the wall normal direction is stronger and is of the form y = .
Thus for the model shown in Fig. 1 the coordinate transforma-
tions are:

F: 0<y<Hp; 0<n<crHFf

yn) =n*/(c}-Hr)

S§1(Solid1): — Hs1 <y<0; —cs1Hs1 <n<0
y) = —n*/(c5 Hs1)

§2 (Solid 2):  — (Hs1 + Hs2) <y < —Hj)
—(cs1Hsi + —csaHgo) <n < —cs1Hsi

ym =—(n+ C?ngSl)z/(C?qusz) — Hg1

with the coefficients cr, cs1 and cs» can be changed to adapt the
stretching to different zones. The maximum resolution is at the
interfaces where the derivative dy/dn = 0. The first mesh in the
fluid and the solid is typically at Ay =7 x 1073 in this inves-
tigation. The upstream weighting difference and ADI problems
are formulated in the (£, n) domain and the resolution of the
resulting system is done by the classical Thomas algorithm.
Several tests have been conducted both in steady and un-
steady flow configurations and comparisons have been made
with existing analytical and numerical approaches. One of the
comparisons we made concerns the heat transfer process over
the small strip under the influence of the axial diffusion with-
out the effect of the conduction to the substrate More clearly
Eq. (1a) is solved in steady flow by keeping Q s = 0 to test

the accuracy of the mesh resolution in particular at the trailing
and leading edge singularities. Fig. 3 shows Q = Q s versus
the shear parameter o !/3 and compares the results obtained here
with the theoretical work of Springer [10] and the computations
of Ling [11]. There is an excellent agreement with the asymp-
totic analysis of Springer and Pedley [10] and Springer [12],
and the differences between the computations and these theo-
retical approaches are less than 1%. The code was also tested
by investigating the exact 1D time dependent three-layer case
of Bellhouse and Schultz ([13], F—S—F, with solid thickness
Iy and with the same flow on both sides of the solid slab). Ex-
cellent agreement is found for this case too [9, Fig. 12, p. 817].
1D models and simplifications such as those made by Freymuth
[14] and recently used by Teo et al. [15] are however limited
because the effect of longitudinal diffusion in the fluid and in
the solid (which is, of course, inherently neglected in the 1D
solutions) rapidly attenuates the frequency response and the at-
tenuation starts at a frequency which is one order of magnitude
smaller than in the 1D solution. These effects are particularly
important when the Péclet number is small. The reader is re-
ferred to Tardu and Pham [9] for detailed discussions of these
effects. The aim of the present study is to precisely investigate
these effects under reverse flow conditions.

Some comments have to be made now to precise the phys-
ical model used in the fluid and given by Eq. (1a). The first
hypothesis used here is that the only parameter of the fluid flow
affecting the film heat transfer is the wall shear, i.e. that the ve-
locity profile is effectively linear through & = 6y in the region
where the fluid temperature varies between its value at the film
to the value of the incoming fluid. This relationship is valid in
the viscous sublayer both for the mean and fluctuating longi-
tudinal velocity in a boundary layer type of flow. Therefore the
hypothesis given above is equivalent to suppose that the viscous
sublayer thickness is larger that the maximum thermal bound-
ary layer thickness at the trailing edge of the hot film. This im-
plies that the maximum thermal boundary layer thickness 87 max
over the hot film should be 87 max < 5%. Taking the classical
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Fig. 4. Temperature distribution in the fluid and substrate in a steady flow with o = 30 at different streamwise locations, (a) ,]f—i = 1.3, z—i =24,

(b) ,’j—i =25, 28 =0.017.

Lévéque solution corresponding to the solution of Eq. (1) with-
out axial diffusion and thermal inertia terms gives the condition
87 maxs = (JRef)!/3 < 5 where Rey = L is the hot film
Reynolds number (see the nomenclature). The typical value of
Rey of the commercial hot films is about 6 (at low Reynolds
numbers of about 103 in water) although the micro technology
allows the realization of micro wall sensors of Re; an order
of magnitude smaller than one nowadays (see for example Me-
unier et al. [16]). One has therefore typically §7 max“f =3 for
Re y = 6 which is twice smaller than the viscous sublayer thick-
ness and 87 max ;- = 1.6 for Rey = 1.

The situation is more complex under the influence of the
axial diffusion and conduction to the substrate. Both effects
may increase significantly the thermal boundary layer thick-
ness over and downstream the hot film, especially for large
,f—i conductivity ratios. This particular point has been recently
discussed in some detail by Tardu and Pham [9]. Figs. 4(a)
and (b) show the temperature profiles over (x = 0.5), upstream
(x = —5) and downstream (x = 6) the film for respectively

,i‘—;=1.3,g—§=2.4,and,’j—;zzs,gj—;zo.onata:mina

steady flow configuration. These cases correspond to respec-
tively the water (fluid)/glass (substrate) and air/glass configura-
tions. For small ,f—i ratios the thermal boundary layer thickness
(0 = 0.05) is about 87 ~ I, implying the condition Rey ~ 5
to be sure that §7 is within the viscous sublayer (Fig. 4(a)).
This is approximately the case in the experiments conducted
here and described in the next session. Moreover, the ther-
mal boundary layer thickness increases up to 7 ~ 2.5/ when
,]f—i = 25 (Fig. 4(b)) and one should respect Re;s ~ 2.5 un-
der these circumstances. Thus, the common hypothesis that the
flow is mainly governed by the wall shear and found in previous
related studies outlined in the Introduction, can be acceptable
as long as the Reynolds number of the small strip is Re ; ~ 5-2
depending on the conductivity ratio. The effect of the stream-
wise dependence has to be taken into account for larger Re s for
which 3D direct numerical simulations are necessary.

It is also assumed in the convective heat transfer process
that the longitudinal convection u % dominates the lateral con-
vection vg—g, i.e. that the normal component is effectively zero
within the thermal boundary layer. In a classical boundary layer
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flow wherein the 0rigins of Velocity and temperature boundary
layers coincide, u e % and v y are of the same order of magni-
tude and the second can never be neglected. In the case of a
small strip located at x =, of the velocity boundary layer edge
of the order of magnitude of vsr within the thermal boundary

~ 0 .90 0
layer is l—ugT, with ”ax = Uty Vay = U5T5 and conse-

36’
Vay ~ 1 .
oy o~ _IZ . Thus, the lateral convection can be neglected

when the wall film is located sufficiently far away from the lead-
ing edge of the velocity boundary layer, i.e. when £ 7 < 1. On
the other hand, in a fully developed internal flow, the mean wall
normal velocity is equal to zero and only the time mean longi-
tudinal convection subsists.

The originality of the present work compared to previous
investigations lies on the effect of both the axial diffusion and
the conduction to the substrate on the response of a thermal
boundary layer in the presence of reverse flow. To be clear, the
boundary layer approximation as applied to Eq. (1a) without
the axial diffusion:

20 N 0 3%0
gyl
ot ax  9y?
and without the conduction to the substrate will be called the

boundary layer approximation (BLA). Furthermore the special
case of BLA wherein the thermal 1nertia 9 is neglected with:

@)

30 30 3
will be called the quasi-steady case (QSC). That clearly corre-
sponds to the BLA in the low imposed frequency regime. In
QSC, the thermal boundary layer is supposed to be in equilib-
rium at each time during the oscillation cycle.

3. Experiments

The experiments were performed in the unsteady water
channel described in detail in Tardu et al. [1]. The sinusoidal
velocity oscillations are generated by means of a specific pul-
sating device that allows the independent control of the mean
centerline velocity, the amplitude and frequency of the imposed
unsteadiness. The centerline velocity is U, = 17.5 cm/s corre-
sponding to a Reynolds number based on the half height of the
channel of Rej, = Y = 8800. The imposed frequency in wall

units f+ = f - varied by a factor 24 from f* =22 x 10~* to

fT =60 x 107*. Hereafter 4 designates variables normalized
by the cinematic viscosity v and shear velocity.

The wall shear stress measurements were performed by
means of a flush-mounted TSI-1268 W hot film at the wall. The
sensitive part of the hot film is 6%. The sensor was operated

at constant temperature with 5 to 8% overheat by AHARONI
AN-1003 anemometer units. The calibration was done in situ
as described by Tardu et al. [1]. The quality of the wall shear
stress measurements was checked by comparing the statistics of
the fluctuating wall shear stress t’(z) in steady canonical chan-
nel flow with existing data. The results obtained at Re;, = 8800
are summarized in Table 1. It is seen that /7’7’ is 0.38 times

Table 1
Time mean statistics of the turbulent fluctuations of the wall shear stress in
steady and unsteady flow

Steady flow Steady flow Unsteady flow
This study Kim et al. [17] This study
ki 0.38 0.36 0.36-0.41
S/:_Tl 1.15 1.00 0.95-1.25
T (.L./Z)}/Z : . : :
7
4.20 4.00 3.80-4.20

U= (.L.TZ)Z

Comparison with existing data. Fully developed turbulent channel flow with
Re = 8800.

the wall shear stress 7 in agreement with 0.36 found from the
direct numerical simulation data of Kim et al. [17]. The high

order statistics, i.e. the skewness S;/ = and the flatness

'E/
(72)%/2

F. = p ,2 sof T ’(t) were also measured. It was found that, in

steady flow, Sy = 1.15 and F; = 4.20. These values agree also
well with Kim et al. [17]. The time mean statistics in unsteady
flow are shown in the last column of Table 1. No trend was ob-
served as the frequency varied, thus confirming the insensitivity
of the mean flow to imposed unsteadiness.

The analog to digital conversion was achieved with an
Analog-Device RTI-800 board (accuracy 11 bit+ sign; 8 chan-
nel) installed in a PC computer. The sampling frequency was

2
1.5“7’. The signals were filtered with accurate cut-off frequen-
cies. The minimum record length was 7, = 9200~ b — 191 x
1032 for each signal which means about forty- ﬁve minutes

for each experiment. This gives a total number of 286,000 data
points per probe.

The classical triple decomposition is used. A quantity g is
decomposed into a mean g an oscillating § and fluctuating ¢’
components. The angle brackets designate the phase averages
ie. {(g)=q+q.

One of the particularity of unsteady forced turbulent chan-
nel flows is the coexistence of a time-mean flow which is not
affected by the imposed unsteadiness and an oscillating viscous
Stokes flow when the frequency of the oscillations is larger than
the median frequency of the near wall turbulence. These details
are not in the scope of this paper and the reader may consult
Tardu et al. [1] and Tardu and Binder [18] the references given
in these papers. The point that is concerned by the present inves-
tigation is that reverse flow occurs in these flows when the im-
posed amplitude and the frequency are large enough. Two series
of wall shear stress measurements both corresponding to am-
plitude of a = 2 and the frequencies w* = 0.46 and w* = 0.93
will later be compared with the numerical results in this pa-
per.

4. Results and discussion

The effect of the axial diffusion and the conduction to the
substrate will be separately analyzed in this session. A special
session is devoted to the effect of axial diffusion alone since
it has been systematically omitted in the past-published stud-
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ies. The model investigated in Section 4.1 is the model A of
Fig. 2 in which there is no conduction to the substrate. It will be

shown in this session that the term 2% 2 plays an important role
during the phase reversal and that it cannot be neglected, espe-
cially when the mean Péclet number is small as is the case here
(o = 10). Section 4.2 is devoted to the entire conjugate problem

with conduction to the substrate and a > through the models B

and C of Fig. 2.
4.1. Effect of the longitudinal diffusion

4.1.1. Temporal evolution of the local temperature gradient
This section deals with the analysis of the local non-
dimensional temperature gradient during the oscillation cycle
o(t*) =01 +acosw*t*) with t* =t/T and T is the period
of the oscillations. Computational results obtained with a mean
Péclet number 0 = 10 and a relative amplitude of a =2 are
presented. The imposed frequency is fixed to w* =™ =10
where 0t = 0% 2 The parameter w™ is introduced in order to

be consistent with the inner scaling based on v and u, in a
turbulent boundary layer. It is interesting to note that w* in-
vestigated in this sub-section is nearly half of the Kolmogoroff
frequency in the buffer layer (Ueda and Hinze, [3]). Under the
experimental conditions presented in Section 3, w* = 10 corre-
sponds to w = 10 Hz in physical units.

The local temperature gradient is presented in the form
qu*) = ( )y o(t*, x)o (t*)~1/3 versus the non-dimensional
distance x = 7 from the leading edge of the wall film in Figs. 5

and 6. This presentation is preferred, because it makes the
quasi-steady Lév€que solution independent of the shear para-
meter o (t*). The Lévéque solution is plotted in each figure, as
a reference and in order to put the accent on strong departures
from quasi-steadiness during the oscillation cycle. The results
inferring from boundary layer approximation which neglects
the effects of 2 2 are also given and compared with the solu-
tion of the complete transfer equation. A sketch which shows
the corresponding time ¢* in the oscillation cycle is added at
the top of each figure, in order to facilitate the reading. The pre-
vious results inferred from a fully explicit numerical scheme
(Tardu et al., [19]) are in excellent agreement with the solutions
of the full equation obtained here and they are not shown.

Figs. 5(a)—(c) focus on the decelerating part of the oscillat-
ing shear. At r* = 0.22, before the first reversal, the effect of the
thermal inertia is already felt over the hot film and that explains
why the profile corresponding to the boundary layer approxi-
mation is slightly above the quasi-steady solution (Fig. 5(a)).
The full equation, which combines the effects of the thermal
inertia and the singularities at the leading and trailing edges,
shows that the quasi-steady solution underestimates the overall
heat flux by 11%. The axial diffusion becomes progressively
important at x < 0.1 near the leading edge and x > 0.9 near the
trailing edge.

The true strong unsteady effects are particularly significant
after the first reversal. Fig. 5(b) shows the local temperature
gradient at t* = 0.34 (o (t*) = —0.7). Note that the leading and
trailing edges are now respectively at x = 1 and x = 0, since the

direction of the flow is from right to left. The computed bound-
ary layer approximation (BLA) curve shows a behavior that is
completely different from the corresponding quasi-steady case
(QS). Owing to the thermal inertia, the local temperature gradi-
ent profile has still his memory of before reversal. The leading
edge had not enough time to move at x = 1. Large differences
are due to the irregularity of the temperature field. The full
solution (FS) corresponding to Eq. (1a) with all the terms is
qualitatively similar, but there are large quantitative differences
due essentially to the axial diffusion. Note that, the range of x
within which the FS coincides with the boundary layer approx-
imation is restricted only to 0.4 < x < 0.70. while this range
is wider sufficiently far away from reversal instants (Fig. 5(a)).
The axial diffusion increases therefore the inertia by some feed-
back mechanism near the reversal points. Close inspection of
the results shows the important increasing effect of = o 9 on the
mean Nusselt number taken over the film when o(t*) ~ 0, es-
pecially near the trailing edge which is still at x = 1 at this
particular time in the oscillation cycle.

Fig. 5(c) recapitulates the results obtained at t* = 0.5, i.e.
when the shear reaches its minimum. There are essentially two
phenomena in the phase of flow reversal: the thermal inertia and
the thermal wake effects, i.e. the heated fluid is swept back over
the film. The second may dominate the transfer phenomena in
the phase o (t*) < 0 if the wake has enough time to affect sig-
nificantly the temperature field near the film and to overcome
the inertia. This explains why the local temperature gradient in-
ferred from the boundary layer approximation is lower than the
quasi-steady solution in Fig. 5(c), especially near the leading
edge which is now shifted to x = 1. In the vicinity of the trail-
ing edge, in return, the BLA differs only slightly from the QSC.
That is due to the high local gradient inferred from the bound-
ary layer solution in the previous phases (Fig. 5(b)), so that,
in this zone the wake effect may only compensate the thermal
inertia. The effect of the singularities at the beginning and the
end of the hot film is spectacular at this stage as it is clearly
seen in Fig. 5(c). Due to the axial diffusion, the local gradient
increases by a factor 5 compared with the BLA at the trailing

edge. The presence of 6 552 overcomes largely the wake effect
almost everywhere over the film.

Two cases will shortly be discussed concerning the acceler-
ating part of the oscillation cycle. Fig. 6(a) shows the distribu-
tion of ¢ at t* = 0.6 immediately after the occurrence of the
minimum shear. It is seen that the wake effect discussed pre-
viously, is now compensated by inertia, and that, consequently
the BLA compares well quantitatively with the QS. After the
second reversal at r* = 0.74 (Fig. 6(b)) the local gradient of the
boundary layer approximation is almost uniform except very
near the leading edge at x = 0. In both cases the FS is reminis-
cent of a net increase of the overall Nusselt number.

Presumably, the local temperature gradient results from a
negotiation between the thermal inertia, the wake effects and
the axial diffusion. The former dominates g;, near the rever-
sal points as it could be expected. The wake effect, which is
predominant during the reversal phase, is seen to be negligible
when the axial diffusion is taken into account.
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Fig. 5. Local temperature gradient during the deceleration phase. For legend see (a) w* = 10, 0 = 10, a = 2. tf‘ =0.22, t;‘ =0.34, t; =0.5, o(tik) =13.5,
(r(t;‘) =-0.75, (r(t;‘) =-10.

4.1.2. Temporal evolution of the overall heat transfer o@*) = fol (%)y:o(t*, x)dx. According to this representation,
This sub-section is devoted to the analysis of the normal-  the quasi-steady Lévéque solution reads simply Q7 (t*) =
ized overall Nusselt number Q*(t*) = Q(t*)o~1/3, where  0.8075(1 4 acosw*t*)!/3. 1t is worth saying that the total
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non-dimensional heat flux (Q*(#*)) modulation is particularly
important, since it is directly related to the wall shear stress
measured by hot-film techniques in unsteady reversing flows,
as it will be discussed in the next section.

We first present computed results corresponding to a signif-
icantly high-imposed frequency w* = 10 in Fig. 7(a). These
results are obtained after 10 cycles of oscillation. Even the
boundary layer computation does only slightly show the first
flow reversal at this frequency, while the second reversal is
more pronounced. The full solution shows no apparent sign
of flow reversal. The longitudinal diffusion increases the time
mean Nusselt number Q* = fol O*(t*)dt* by 30% and the
differences between the full equation and the boundary layer
approximation are almost 50% near the reversal points. The in-
stantaneous Q™ at the end of the cycle is equal to the value at
the beginning, showing that the full periodicity is reached. The
phase lag, which is due to the thermal inertia effects, is more
important during deceleration than during flow acceleration.

The axial diffusion entirely dominates the response of the
thermal boundary layer even when the imposed frequency is
two times smaller, i.e. when o* = 5. Indeed, it is still hard to
deduce from the Qpq(t*) profile of the full solution shown in
Fig. 7(b) that the flow is reversing (here the subscript FS refers
to the full equation). In return, the boundary layer approxima-
tion is now reminiscent of both the first and second reversals.
Furthermore, the comparison with Kaiping [6] who investigated
only the boundary layer approximation shows good agreement
with our BLA computations, despite the differences in the nu-
merical schemes used in both studies. Owing to the thermal
inertia, there is an important phase lag between the boundary
layer approximation and the QSC. Finally, Figs. 7(a) and (b)
show clearly that the overall Nusselt number inferring from the
full equation is far being quasi-steady during the phase wherein
the shear stress is negative. The axial diffusion increases some-
what the inertial effects in agreement with the discussion made
in the previous section.

The reversal phase appears clearly from the full solution
when the imposed frequency is sufficiently small. We deter-
mined that the limiting value of the frequency parameter for
the fulfillment of this condition is about w* < 4.5. This limit
is much higher than the maximum imposed frequency corre-
sponding to the majority of the existing measurements in un-
steady turbulent reversing near wall flows [1], although a few
measurements up to exist in the literature [18]. This point will
be discussed in the next section in some detail. Recall how-
ever that the heat conduction to the substrate is not yet taken
into account and it can deteriorate the reversal phase detection
when ,]f—i is large as we will show in Section 4.2. It is interest-
ing to investigate by now the response of the thermal boundary
layer in the low imposed frequency range. Fig. 7(c) shows the
normalized overall Nusselt number during the oscillation cycle
at w* = 0.5. At this small value of the non-dimensional fre-
quency parameter, it is seen that the full solution shows more
clearly the existence of the reversal phase. The difference be-
tween the complete solution and the boundary layer approxi-
mation is remarkable near the reversal points as before and is
as important as 50%. The quasi-steady distribution shown by
squares in Fig. 7(c) correspond to those inferred from Acker-
berg et al. [20]. These values were computed by using their
results at the corresponding instantaneous Péclet number o (¢*).
Recall that Ackerberg et al. have taken into account the axial
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diffusion in their steady-state analysis. Therefore, their results
are presumably the “real” quasi-steady Nusselt number at the
given t*. It is seen that, despite some discrepancies in the de-
celerating and accelerating phases, the quasi-steadiness is ap-
proximately reached, in particular in the middle of the reversal
phase. This point is important in the interpretation of the indi-

rect wall shear stress measurements in unsteady flows, and this
will be discussed in the next section. Note finally that the ther-
mal inertia is still important in this low frequency regime, since
the differences between Qf(t*) and the quasi-steady values
are somewhat significant near the flow reversals. The thermal
boundary layer “forgets” the effect of flow reversal relatively
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rapidly at w* = 0.5 and reaches progressively its quasi-steady
temporal equilibrium as the shear stress increases (or decreases)
slowly from zero.

4.2. Effect of the conduction to the substrate

The conduction to the substrate attenuates considerably the
response of the hot film during the flow reversal. Fig. 8 shows
the cyclic variation of the total flux Q*/Q*(* = 0) for re-
spectively an adiabatic wall (AW), the Air (Fluid F)/Glass
(Substrate S) case, with conductivity and diffusivity ratios
ks/krp =253, as/ar = 17 x 1073, the Water/Glass (W/G,
ks/kr =1.27, as/ar =2.38) and the two-layer substrate case
Air/Mylar/Glass (A/M/G). The total flux varies considerably
from one case to other depending on the importance of the con-
duction to the substrate and Q* is scaled with by its value at
the beginning of the oscillation cycle Q*(t* = 0) to show legi-
bly the data. The imposed frequency is * = 0.93 and is quite
high with respect to the quasi-steady limit Recall indeed, that

the quasi-steadiness requires w* < 271( )2 , through the ef-

fective length l; of the hot film. For 0 = 10 14 / ly =18 and
9 for the homogeneous, and two-layer substrates. The quasi-
steadiness can then be reached when »* <« 3 x 107 and * <«
4x 1074,

It is seen from Fig. 8 that the scaled total flux variations are
close to the adiabatic case when the conductivity ratio is small
such as in the W/G case. The modulation of the indirect transfer
to the substrate Q rg is close to the quasi-steady cyclic varia-
tion, with Q g o1 except near the reversal points where it
is small but does not vanish. The direct transfer Q s follows
relatively well the adiabatic solution.

One has to be careful to discern the reversal in the presence
of important conduction to the substrate. During the reversal
phase, the maximum Q*/Q*(¢+* = 0) differs from the minimum
by 24% for an adiabatic wall, sensibly the same amount for
WI/G, 3% for the two-layer substrate with thin isolating mylar
film and only 1% for the mono-layer substrate. The response
of the hot-film seems frozen during the oscillation cycle, and

0+ -0)

a “zoom” of factor 3 is necessary to detect the reversal phase
(Fig. 9, please be aware of the scale differences at the left and
right of this figure). Note on the other hand that although the
phase reversal is detectable in the A/G case from the cyclic vari-
ations of Q* the amplitude raise after the first reversal point is
roughly 50% smaller than the adiabatic case. Thus, the reversal
phase becomes to be distorted under the effect of high conduc-
tivity to the substrate already at w* = 0.93, even though still
perfectly discernible in (Q*) by a sufficiently close look.

The effect of the thermal wake during the flow reversal is
accentuated by the presence of indirect upstream (Q5 ) and
downstream (Q ) heat transfers (Fig. 1). The attenuation of
the direct flux is consequently more important during the flow
reversal with conduction to the substrate. Yet, the reversal phase
is more perceptible from the cyclic variation of the direct trans-
fer from the film to the fluid Q s (Fig. 10). The heat transfer
from the film to the substrate is indeed relatively frozen dur-

ing the oscillation cycle due to the large relaxation time of the

conduction process. Fig. 11 shows the cyclic variation of gf chi

for the configuration A/G at ®* = 0.93 and »* = 0.46. The
mean flux to the substrate is large, respectively Q’;« ¢=35.5,and

Q’;S = 5.4 for w* =0.93 and w* = 0.46. However, the relative
amplitude of (Q rs) is only 0.3%. Consequently the modula-
tion of Qfs ~ 0 and the transfer to the substrate can roughly be
considered constant during the oscillation cycle, for these cases.
Consequently, (Q) =(QfF) +(Qrs) =~ Qrr + Qfs + Ors,
and the cyclic modulation of the total heat transfer is approx-
imately 0=0 rF under the present conditions. That explains
why there is a relatively good collapse in the zoom of Fig. 6,
even though conduction to the substrate decreases by 50% the
rise in amplitude after the first reversal as pointed at before.
Fig. 12 presents the non-dimensional shear stress that would
be determined from the measurements of Q 7 r. The procedures
of conversion from the flux to the shear and inversion are as fol-
lows. Sufficiently far away from the reversal point, for instance
at the maximum value of o, the total heat flux is close to its
quasi-steady values. Thus, the numerical results are calibrated
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Fig. 8. Ratio of the cyclic variation of the global heat transfer to the transfer at the beginning of the cycle with conduction to the substrate for adiabatic wall (AW),
Water/Glass (W/G), Air/Glass (A/G), and Air/Mylar/Glass (A/M/G) configurations. @™ = 0.93.0 = 10, a = 2.
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according to the classical law Q s = Ac'/3, as one would pro- sal phase is “rectified” by symmetry to the o = O line. It is
ceed in real experiments. The coefficient A is determined at seen that the curves collapse reasonably well and that the differ-
o = 30 from the numerical results and the cyclic modulation  ences between different configurations are of lesser importance
of o is subsequently computed. The resulting ¢ in the rever- at o* = 0.93. A constant temperature anemometer measures
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unfortunately the total heat flux, and the main difficulty is to
extract instantaneously the direct transfer Q rr from Q.

Thus, for small-imposed frequencies w* < 1 the flow rever-
sal is detectable from the cyclic variations of from the cyclic
variations of (Q*) even at large conductivity ratios ,’f—i =25.
This is no more the case for larger @*. More computations have
been performed to clearly determine the frequency domain in
which the phase of flow reversal can be detected from (Q*).
A quantitative criterion has been introduced for this purpose,

AQ, Here, AQ} and AQj are re-

through the parameter r = 20

versus the imposed frequency defining the cut-off of flow reversal phase determination. o = 10, a = 2.

spectively the raises in amplitude after and before the first flow
reversal. This is schematically shown on the top of Fig. 13. The
value of r corresponding to the quasi-steady Lévéque solution
is r = 0.66 in the present conditions with o = 10 and a = 2.
Fig. 13 shows r versus the imposed frequency w* for several
substrate configurations, including the case for the adiabatic
wall (model A) with axial diffusion. It is seen that the “cut-
off” frequency corresponding to kg = 0 is roughly w* = 4.5.
The % term attenuates more rapidly the flow reversal phase
than the thermal inertia and wake effects as discussed before.
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Fig. 14. Comparison with experiments, & = 10, a =2, a — 0* = 0.46, b — 0™ = 0.93.

There are only slight differences between ks = 0 and a low con-
ductivity ratio substrate (AW) ’k‘—; = 1.3. To give an idea for a
real physical situation, note that the Kolmogoroff frequency is
wk =2n fg =60 in a turbulent fully developed water channel
flow with a Reynolds number based on the half channel height
of 10*. Thus, instantaneous turbulent flow reversal can only be
detected in the production range in this situation. Indeed suc-
cessful measurements of phase averaged wall shear stress by
flush mounded hot film anemometry have been obtained un-
der flow reversal conditions in a forced wall flow for imposed
frequencies up to the mean bursting frequency. That will be dis-
cussed in the next session. For a high conductivity ratio (A/G,
ks/kr =25.3) the cut-off frequency decreases by a factor 2 up
to w* ~ 2. The detection of flow reversal phase is now more
seriously limited. Consider for example a turbulent boundary
layer in air with iio = 4 m/s and a Reynolds number based
on the boundary layer thickness of Re = 10*. The Kolmogo-
roff frequency is roughly 2 kHz in this case. The dimensionless
frequency w* =2 at which it is no more possible to depict the

flow reversal from (Q*) is only 60 Hz. The isolating thin my-
lar film improves only slightly the response. The parameter r is
suitable because it translates what an experimentalist would see
in the measured phase average of the wall shear stress. It has to
be noted that, the amplitudes A Q7 and AQj} decrease signif-
icantly under the conduction to the substrate but their ratio is
relatively less sensitive. For A/G for example AQ} and AQj
are respectively 5 and 3 times smaller than AW at * = 0.93,
but the relative value r differs only by a factor 1.7.

5. Comparison with experiments

The numerical results of the Water/Glass case are compared
with the experiments conducted in the unsteady water channel
presented before. The procedure of comparison is similar to the
determination of the shear from the computations, as we just
have discussed. The global heat flux is considered since that
is the quantity, which is really measured. The calibration law is

0= Au% 3 + B, where it is recalled that u, is the shear velocity.
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The coefficients A and B are determined at two points far away
from reversal points where Q behaves quasi-steadily. Then, the
numerical Q is converted to u% by using the couple (A, B).

Figs. 14(a) and (b) show the phase average of measured and
computed (u2) for respectively w* = 0.46 and »* = 0.93. It
is seen that there is an excellent agreement with the measure-
ments especially for the w* = 0.93 case. The minimums of the
measured shear at the reversal points coincide well with the pre-
dictions: that shows the importance of both the axial diffusion
and the conduction to the substrate as we discussed in detail in
the preceding sessions. The computed shear collapse also well
with the measured one before, during and after the flow rever-
sal.

6. Conclusion

Full 2D heat transfer equations concerning the response of
a hot film with axial diffusion and conduction to the substrate
are numerically resolved in the presence of reversing flow. It
is shown that the longitudinal diffusion important during the
phase of flow reversal, particularly when the mean Péclet num-
ber is small or moderate (30-10), and its contribution to the
instantaneous Nusselt number may amount to 40% for mod-
erate frequency. The inertia causes time lags of the thermal
boundary layer with respect to the shear. Due to the contribu-
tion of longitudinal diffusion, and thermal inertia, as well as
the wake swept back over the film during reversal the instan-
taneous heat transfer curve, is completely different from the
simply rectified Lévéque solution curve, at high frequency. It
seems difficult, if not impossible, to deduce the instantaneous
wall shear stress from the heat transfer from the hot film, with
sufficient accuracy under these circumstances.

The conduction to the substrate attenuates considerably the
wall film response. For an imposed frequency of about w* =1
and imposed amplitude of a = 2 the cyclic variations are re-
duced by respectively 20 and 7 in the cases Air/Glass and
Air/Mylar/Glass. The rectified signal has important second har-
monics and the modulation of the measured shear looses his si-
nusoidal character even at small frequencies such as w* > 1073,
The direct transfer from the film to the fluid is also attenuated
respectively by 50% and 70% for the cases quoted to before.
There is however an acceptably good response when the con-
ductivity ratios of the substrate to the fluid is about one. Thus,
in the case Water/Glass, the flow reversal is perfectly detectable
from the hot film measurements and there is a good agreement
between the measurements and the numerical results for mod-
erate frequencies w* < 1. These effects have to be taken into

account in the design of micro-sensors with MEMS technol-
ogy.
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