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ABSTRACT

In a former paper, Drouin et al. [6] proposed a model for dispersion phenomena in heated channels that
works for both laminar and turbulent regimes. This model, derived according to the double averaging
procedure, leads to satisfactory predictions of mean temperature. In order to derive dispersion coeffi-
cients, the so called “closure problem” was solved, which gave us access to the temperature deviation
at sub filter scale. We now propose to capitalize on this useful information in order to connect dispersion
modeling to wall temperature prediction. As a first step, we use the temperature deviation modeling in
order to connect wall to mean temperatures within the asymptotic limit of well established pipe flows.
Since temperature in wall vicinity is mostly controlled by boundary conditions, it might evolve according
to different time and length scales than averaged temperature. Hence, this asymptotic limit provides poor
prediction of wall temperature when flow conditions encounter fast transients and stiff heat flux gradi-
ents. To overcome this limitation we derive a transport equation for temperature deviation (T,, — (Tf>f).
The resulting two-temperature model is then compared with fine scale simulations used as reference
results. Wall temperature predictions are found to be in good agreement for various Prandtl and Reynolds
numbers, from laminar to fully turbulent regimes and improvement with respect to classical models is

noticeable.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Design, optimization and safety analysis of large heating de-
vices such as heat exchangers or nuclear reactor cores are major
concerns for many engineers. Those studies rely heavily upon flows
and heat exchanges modeling. Indeed, considering the geometrical
complexity and the size of such systems, it is not possible, to cal-
culate the details of velocity and temperature profiles in each
sub-channel. However, the primary interest for industrial purpose
is not the details of the flow, but rather the description on a large
scale of mean flow quantities and heat transfer properties. Such a
macroscopic description may be obtained by applying up-scaling
methods [9,15,20,21]. Doing so, a nuclear reactor core, for instance,
can be described in an homogenized way (porous approach) by
means of a spatial filter [1,19]. This averaging procedure leads to
modified equations for mean flow variables, with additional contri-
butions that account for small scale phenomena, mainly boundary
layers interactions with solids. Actually, such heating devices
might be seen as spatially periodic and anisotropic porous media,
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with the additional difficulty that flows may achieve any regime,
from laminar to highly turbulent, within the pores.

In a former article [6], a complete macroscopic mean tempera-
ture model for flows in stratified porous media has been presented.
Correlations for scalar and temperature dispersion modeling in
rectangular, circular and annular pipes have been established and
assessed thanks to comparisons with fine scale simulation results.
Now, we focus on wall temperature modeling, or, in other words,
on heat exchange modeling. The most classical heat exchange coef-
ficients do not account for transients flows or non uniform heat
fluxes since they are based upon the assumption that flows are
fully established. It is well known, for instance, that heat exchange
in pipes inlet region are poorly predicted and ad hoc modifications
of models are generally used [10]. During a fast transient or when
heat fluxes encounter large gradients, flows cannot be considered
established anymore. Boundary layers and bulk flow do not react
simultaneously to those strong perturbations and are, in a sense,
out of phase. Since dispersion modeling relies on the analysis of
spatial deviations of flow quantities (the so-called “closure prob-
lem”) [2], it appears to be a natural way to account for those
unbalances.

In this work, we propose to connect dispersion modeling to heat
transfer and averaged wall temperature modeling for forced
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Nomenclature

Ar interface between solid and fluid phases (m?)

ol thermal active dispersion vector (m)

P thermal passive dispersion tensor (m?s~1)

Gy Specific heat capacity (Jkg=! K™1)

Dy, hydraulic diameter of the pores (m)

e12 thickness of the central and near-wall layers

fw friction coefficient

n; ith component of the interface normal vector, pointing
towards the solid phase

Pe Péclet number (U Dp/or= RePr)

Pr Prandtl number (vs/oy)

Pr, turbulent Prandtl number (v¢/o)

Re Reynolds number (U Dy/vy)

R radius of the pipe

REV Representative Elementary Volume

Q volume of a REV

(o volume of the central region of the REV

Q, volume of the near-wall region of the REV

Tf fluid temperature

T2 fluid temperature averaged over central and wall re-
gions, respectively

U fluid velocity averaged over central and wall regions,
respectively

Ug friction velocity (ms™!)

Greek symbols

o thermal diffusivity of the fluid (m?s1)

o turbulent thermal diffusivity (m?s~!)

O, macroscopic turbulent thermal diffusivity (m?s~!)

Af thermal conductivity of the fluid (W/m/K)

Sy Dirac delta function associated to the walls (m~')
AT wall to mean temperature gap (K)

AV representative elementary volume (REV) (m?)
AVy fluid volume included in the REV (m?)

¢ active dispersion function (s)

nj passive dispersion function (m)

vr kinematic viscosity of the fluid (m?s~1)

Ve turbulent kinematic viscosity (m?s~1)

0 density of the fluid (kg m~3)

¢ porosity

(] wall heat flux

b solid surface

Zon surface delimiting inner and outer region
Other symbols

statistical average
fluctuation from the statistical average

() volume average

Or fluid volume average

.2 fluid volume average over central and wall regions of
the flow, respectively

d deviation from the fluid volume average

* dimensionless quantity

f fluid

‘B bulk

w wall

¢ turbulent

convection flows in pipes. In Section 2, the averaging procedure
and the derivation and closure of the macroscopic mean tempera-
ture equation are recalled. In Section 3, we show how it is possible
to connect the temperature deviation modeling embedded in por-
ous media approach with classical heat exchange models. Since
temperature in wall vicinity is mostly controlled by boundary con-
ditions, it might evolve according to different time and length
scales than averaged temperature. Hence the resulting algebraic
closure must be seen as an asymptotic limit consistent with both
porous media modeling and classical heat exchange modeling for
smooth flows.

For flows exhibiting large or rapid variations of boundary condi-
tions, thermal unbalance might reach a high level so other time and
length scales have to be taken into account. To overcome the limi-
tation of algebraic models to represent such an effect, a method to
derive a balance equation for wall temperature model is exposed in
Section 4. New contributions in this equation are closed consis-
tently with the algebraic limit of the porous model presented in
Section 3. The resulting two-temperature model (averaged and wall
temperatures) is finally assessed by detailed comparisons with fine
scale simulation results and classical heat exchange models.

2. Macroscopic temperature equation

We recall in this section the averaging procedure and the deri-
vation and closure of the macroscopic mean temperature equation.
Since flows that are considered in this work can be turbulent, a sta-
tistical average operator, denoted “-”, is used to handle the random
character of turbulence. Our aim is to develop a spatially homoge-
nized modeling of these flows, so we also apply a spatial filter. The
spatial average operator used to derive a macroscale model is

denoted “( - ). For each average, any quantity ¢ may be split into
mean and fluctuating components as

E=E+¢ = (O +9¢ (1)
and one can write
E= (O + (&) +oE+0¢. )

Statistical and spatial average properties are summarized in Drouin
et al. [6]. The order of application for those averages is discussed in
Pinson et al. [13].

In this study, incompressible and undilatable, single phase
flows in saturated, rigid porous media are considered. Fluid prop-
erties (density, viscosity, heat capacity) and the porosity of the
medium are assumed constant. Finally, we shall assume that ther-
mal interactions with solids reduce to an external forcing for the
fluid temperature. Under those hypothesis, macroscopic conserva-
tion of mass equation reads [13]:

o)
OX;

- 0. 3)

Considering the thermal boundary condition on the wall 4; for sta-
tistically averaged temperature
o @

of— Nj=——— on. 4
faxi (pcp)f f 4)

and under the first gradient approximation for turbulent heat flux:
— T

T
uTy = —o 0% (5)

Drouin et al. [6] (see Section 3) derived the following equation for
mean temperature:
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