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SIMULATION OF A TURBULENT IMPINGING JET INTO
A LAYER OF POROUS MATERIAL USING A
TWO-ENERGY EQUATION MODEL

Marcelo J. S. de Lemos and Felipe T. Dorea

Departamento de Energia—IEME, Instituto Tecnologico de
Aeronautica—ITA, Sdo José dos Campos, Sdo Paulo, Brazil

This article presents numerical results for a turbulent jet impinging against a flat plane
covered with a layer of permeable and thermally conducting material. Distinct energy
equations are considered for the solid porous material attached to the wall and for the fluid
that impinges on it. Parameters such as Reynolds number, porosity, permeability, thickness,
and thermal conductivity of the porous layer are varied in order to analyze their effects on
the local distribution of Nu. The macroscopic equations for mass, momentum, and energy
are obtained based on volume-average concept. The numerical technique employed for dis-
cretizing the governing equations was the control volume method with a boundary-fitted
nonorthogonal coordinate system. The SIMPLE algorithm was used to handle the
pressure-velocity coupling. Results indicate that inclusion of a porous layer eliminates the
peak in Nu at the stagnation region. For highly porous and highly permeable material, simu-
lations indicate that the integral heat flux from the wall is enhanced when a thermally
conducting porous material is attached to the surface.

1. INTRODUCTION

Impinging jets are often used in industrial applications for enhancing or damping
localized heat transfer rates. When the flow is turbulent, thin boundary layers are
located inside the stagnation zone, promoting even further cooling, heating or drying
processes. Applications of such systems include metals cooling, glass tempering, elec-
tronics cooling, and drying of textiles products and paper, to mention a few.

The majority of results in the open literature are mostly related to impinging
jets under high mass flow conditions that reach a bare surface. Studies considering
two-dimensional impinging jets with low Reynolds number, also onto uncovered
walls, are presented in Gardon and Akfirat [1], who experimentally obtained local
and averaged heat transfer coefficients. Sparrow and Wong [2] made use of the
well-known heat and mass transfer analogy and took experimental data on local
mass transfer for a two-dimensional impinging jet. Results were then converted to
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NOMENCLATURE
A; interstitial area between phases Re Reynolds number based on the jet
B jet width width, Re = pvoB/p
cr Forchheimer coefficient S source term
Da Darcy number, Da=K/ H T temperature
H channel height ()’ intrinsic (fluid) average of u
h porous layer thickness, film up Darcy velocity vector (volume average
coefficient over u) = ¢(u)’
K permeability X,y Cartesian coordinates
Kerr effective thermal conductivity n dynamic viscosity
k thermal conductivity p density
L channel length v kinematic viscosity
Nu nusselt number
p thermodynamic pressure Subscripts
Qv integral wall heat flux sf solid, fluid
¢ integral wall heat flux with porous w wall
layer o) related to porous medium
(p)’ intrinsic (fluid) average of pressure p 0 inlet conditions

heat transfer using the mentioned technique. Chen et al. [3] experimentally and
numerically analyzed mass and heat transfer induced by a two-dimensional laminar
jet. Chiriac and Ortega [4] performed numerical simulations in steady and transitory
regime for a two-dimensional jet impinging against a plate with constant tempera-
ture. Additional works on impinging jets on bare surfaces for oscillating [5] and
steady-state regimes are also found in the literature [6-S8].

In addition, recently a number of research papers covered a wide range of stu-
dies in porous media [9-25], including flows parallel to a layer of porous material
[26], across permeable baffles [27, 28] and through porous inserts [29]. Investigation
on configurations concerning perpendicular jets into a porous core is needed for
optimization of heat sinks attached to solid surfaces. However, studies of porous
medium under impinging jets are, unfortunately, very scarce in the literature. An
example found is given by the numerical simulations of Kim and Kuznetsov [30],
who investigated optimal characteristics of impinging jets into heat sinks. Other
innovative applications of impinging jets, such as fiber hydroentalglement, can also
be found in the recent literature [31, 32].

Additional examples of work on impinging jets are presented by Prakash et al.
[33, 34], who obtained a flow visualization of turbulent jets impinging against
a porous medium. Also, Fu and Huang [35] evaluated the thermal performance of dif-
ferent porous layers under a impinging jet, and Jeng and Tzeng [36] studied the hydro-
dynamic and thermal performance of a jet impinging on a metallic foam. Recently,
the flow structure of a jet impinging on a porous layer has been investigated for both
laminar [37] and turbulent [38] regimes. In reference [38], the turbulence model
described in detail by reference [39] was applied. Earlier, Rocamora and de Lemos
[40] had added thermal modeling considering thermal equilibrium between the solid
and the fluid. Later, the work on isothermal impinging jets was extended to involve
laminar [41] as well as turbulent [42] thermal analyses, which were based on the local
thermal equilibrium hypothesis (LTE) [40]. Subsequently, the one-energy equation
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model of reference [40] was extended to account for energy transport in each phase,
using, for achieving such goal, the so-called local thermal-nonequilibrium model
(LTNE). The LTNE closure was then applied to both flow regimes, namely laminar
[43] and turbulent [44] flows. More recently, the local nonthermal equilibrium model
was applied to simulate a laminar impinging jet into a porous layer [45].

The objective of the present study is to extend the thermal analysis of reference
[45], which was limited to laminar flow only, to a fully turbulent regime in order to
evaluate the use of the LTNE model in predicting impinging jets into a porous
material. By that, one can exploit the advantages, if any, in adding a layer of porous
material to enhance the overall heat transferred from a surface.

Whenever possible, comparisons with the local thermal equilibrium hypothesis
(LTE) are presented. In the text to follow, the LTE model is also given the acronym
1EEM, for one-energy equation model, whereas the LNTE approach is recalled as
2EEM, two-energy equation model.

2. GEOMETRY

The cases considered here are detailed in Figure la. A turbulent jet with uni-
form velocity v, and constant temperature 7, enters through a gap into a channel
with height H and length 2L. Fluid impinges normally against the bottom plate
yielding a two-dimensional confined impinging jet configuration. The width of the
inlet nozzle is B and the bottom plate temperature, 77, is maintained constant and
38.5K above the temperature of the incoming jet, T,,. In a different configuration,
the bottom surface is covered with a porous layer of height # (Figure 15). In both
cases, the flow is assumed to be two-dimensional, turbulent, incompressible, and
steady. Also, the porous medium is taken to be homogeneous, rigid, and inert. Fluid
properties are constant and gravity effects are neglected.

The boundary conditions for the problem are: 1) constant velocity and tem-
perature profiles of the entering jet, 2) no slip condition on the walls, 3) symmetry
condition in x =0, and 4) fully developed flow at channel exit (x = L). At the bottom
plate (y = H), a constant temperature condition is assumed whereas along the upper
wall, for B/2 < x < L, null heat flux condition prevails.

3. FLOW AND HEAT TRANSFER MODELS

As the flow model employed here is already described in Graminho and de
Lemos [38], in addition to thermal modeling using one- [40] and two-energy [44]
equation closures, macroscopic governing equations will only be presented as most
of the theoretical development is readily available in the open literature. As such,
details about their derivations can be obtained in the aforementioned papers. In this
technique, local instantaneous equations are time-and volume-averaged using appro-
priate mathematical tools [46], briefly described in the next section.

Macroscopic Flow Equations

When both time- and volume-averaged operations are simultaneously applied
to the local instantaneous flow equations, over a representative elementary volume

(REV), the following is obtained [39].
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Figure 1. Cases investigated. (¢) Confined impinging jet on a flat plate—clear medium case; and (b) con-
fined impinging jet on a plate covered with a layer of porous material—porous case.

Continuity
V-up=0 (1)

where up = ¢p(u)’ and (@)’ identifies the intrinsic (liquid) average of the time-
averaged velocity vector u.
Momentum

o 52+ 7 (M) | == V(0w + u¥up - V- (poran)

D 2)
B [%ﬁD_i_CF(bmuD’uD

VK

where the last two terms in Eq. (2) represent the Darcy, or viscous, and Forchheimer,
or form, drags. The symbol K is the porous medium permeability, cxis the form drag
or Forchheimer coefficient, @)’ is the intrinsic average pressure of the fluid, and ¢ is
the porosity of the porous medium.
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The macroscopic Reynolds stress, — p(])(W)i, appearing in Eq. (2) is given as,

()’ = 1, 2(D)* 2 bp(k)' o)
where,
D) = V(o)) + [V(6(@))]" @

is the macroscopic deformation tensor, (k)' = (W -w)'/2 is the intrinsic turbulent
kinetic energy, and My is the turbulent viscosity which is modeled similarly to the

case of clear flow, in the following form.

2
(k)’
= Cy— 5
ey = Pfucu ey (5)
The intrinsic turbulent kinetic energy per unit mass and its dissipation rate are
governed by the following equations.

o @1+ 7o) | = v+ | (w+ B2 ) w6001 | - o) v
+ ckp <]3i—l|;_lD| — pd(e)’ °
o5 0160+ ¥+ an(e))| = 7+ | (w22 ) vi0e))
+ e1(—p(u)’ Vﬁ@f—iz (7)
+ C2Ckp%l<ﬁl)| - Cprpd><<8k—>;

where 6, =14, 6.=1.3, ¢; =1.50, ¢;=1.90, and ¢, =0.09 are constant [47] and f,
and f,, are damping functions, given by [48]

ve 0'251’1 ? 2 ve 2

fr= {1 _eXp[_( 3?11/ ” X{l _0'36Xp[_<(k6(5 )> ]} ®

fp — {1 —exp [_ (US)O.ZSI’l] }2>< {l n 5 exp [_ <(k2/1/8)>2] } (9)
14v (k2 Jve)* T 200

where 7 is the coordinate normal to the wall. Constant ¢, =0.28 was proposed by de
Lemos and his students [40] to handle turbulence in porous media.
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Two-Energy Equation Model

Similarly, macroscopic energy equations are obtained for both fluid and solid
phases by applying time- and volume-averaged operators to local instantaneous
energy equations, resulting in

e, [ v So(@imy s (T + Wy

thermal disperson  turbulent heat flux

e @y )] =9 e gy [ wTiad

turbulent thermal disperson

conduction
1 I
— i keNTrdA
av /" VT
interfacial heat transfer
(10)
where the expansion
WT)) = (W) + W) (T)) + 7)) = W){T)) + (WT)) (11)

has been used in light of the double decomposition concept given in reference [40].
For the solid phase, one has

o(l — Tb : —\i | —
<mm{L—gﬁl}=vw@wu—@uw%Z7Af@nM}
conduction ( 12)
- W n; - kSVTSdA
A .

interfacial heat transfer

In Egs. (10) and (12), (TS)’ and <T]>’ denote the intrinsic average temperature
of solid and fluid phases, respectively, 4; is the interfacial area within the REV, and
n; is the unit vector normal to the fluid-solid interface, pointing from the fluid
towards the solid phase. Equations (10) and (12) are the macroscopic energy
equations for the fluid and the porous matrix (solid), respectively.

In order to use Egs. (10) and (12), the underscored terms have to be modeled in
some way as a function of the intrinsically averaged temperature of solid phase and
fluid, (T;)" and (T7)". To accomplish this, a gradient type diffusion model is used for
all the terms, in the following form.

Turbulent heat flux: — (pcp)f(d><u’>i<T,’n>i) =K;- V<Tf>i (13)
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Thermal dispersion: — (pcp)f(d)(iﬁin)i) = Kaisp - V(Ty)' (14)

Turbulent thermal dispersion: — (pep) (O (' iT;)i) = Kaisp.: - V(Tﬁi (15)

vul/k@iw1:&ywiy
. AV J4, '
Local conduction: '

(16)

1 — kU
-V [W/AiniksTsdA] =Koy - V(T)"

In this work, for simplicity, one assumed that for turbulent flow the overall thermal
resistance between the two phases is controlled by the interfacial film coefficient,
rather than by the thermal resistance within each phase. As such, the tortuosity coef-
ficients K, K; r are here neglected for the sake of simplicity.

The heat transferred between the two phases can be modeled by means of a film
coefficient /; such that,

. . 1 _ 1 _
h%“ﬂY—UﬁU_KVLnr@Vﬂd4—K?LnthﬂW1 (17)

where a;= A;/AV is the surface area per unit volume.
For the above shown expressions, Egs. (10) and (12) can be written as:

Ty
ot

{(pcy) 0} +(pey), V- (up(Ty)') = V - {Keiry - V(Ty)'} + hiai((T3)' — (T7)')

(18)

(1= 0)0e)} L= 0 K VT - ha T - @) (19)

where, Kepr, and Keg are the effective conductivity tensor for fluid and solid,
respectively, given by

Ketr s = [0kr ]I+ Kr s + K; + Kaigp + Kaisp.s (20)
Keff,s = [(1 - d))ks]l + Ks“f (21)

and I is the unit tensor.

One Energy Equation Model

For the sake of comparison, we present here the energy equation using the
local thermal equilibrium hypothesis (LTE, (Ty)' = (T;)' = (T)"), which has been
given in detail in the work of Fischer and de Lemos [42], and consists in adding
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Egs. (18) and (19) as follows.

{(pey)y b+ (pey), (1= )} S0+ (pey), 7 - (un(T))

= {4 1= DIV} V- [ [t Ty - e Tas
— (22)
1

= (pep), V- | & | ()(T7) + (0T + (w i 7))’
1
1l v

As seen above in the two-energy equation model, in order to apply Eq. (22) the
underscored terms have to be modeled. To accomplish this, a gradient type diffusion
model is used for all the terms, i.e., tortuosity (I), turbulent heat flux due to temporal
fluctuations (II), thermal dispersion due to spatial deviations (III), and turbulent
thermal dispersion due to temporal fluctuations and spatial deviations (IV).

Therefore, using similar gradient type diffusion models as before, we can write

1 _ _ .
Tortuosity : {A_V/ n(ky Ty — k,T,)dS | = Kior - V(T)' (23)
A;
Turbulent heat flux: — (pcp)f(cb(u’)i(Y}’-y) =K, - V(T>i (24)
Thermal dispersion: — (pcy) f(d>(iﬁiﬁ>[) = Kgisp - v(T)' (25)
Turbulent thermal dispersion: — (pep)p(d(w' Tjﬁ)i) = Kyisp, - V(T)"  (26)

For the above shown expressions, Eq. (22) can be rewritten as

{(Pcp)fd) + (pp) (1 — )} a<67;>' + (Pcp)fv : (“D<T>i) =V - {Kefr - V<T>i} (27)

where K¢ given by

Keir = [0kr + (1 — O)kg] I+ Kior + K + Kaisp + Kaisp ¢ (28)
keff

is the effective overall conductivity tensor.

Turbulence

In order to apply Eqgs. (18) and (19) for the two-energy equation model
(2ZEEM) or Eq. (27) for the one-energy equation model (1IEEM), it is necessary to
determine the components of the effective conductivity tensors in Eq. (20), i.e.,
K/, K, Kaisp, and Kgisp , for the 2EEM, and Ko, K;, Kgisp, and Kaisp, in Eq. (28)
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for the 1EEM. Here, for simplicity, all mechanisms are neglected except turbulence,
which is explicitly accounted for here (see references [49-51] for a discussion on the
determination of such coefficients).

The turbulent heat flux and turbulent thermal dispersion terms K, and Ky;sp »
are modeled through the Eddy diffusivity concept as

1%
K + Kaisp,r = d)(Pcp)fﬁI (29)
I or
where 67=0.9 is the macroscopic turbulent Prandtl number for the fluid energy
equation.

Interfacial Heat Transfer, h;

Wakao et al. [17] proposed a correlation for /; for a closely packed bed and
compared results with their experimental data. This correlation reads,
h;D
=2+ 1.1Re%°Pr!/3 (30)
f

Kuwahara et al. [18] also obtained the interfacial convective heat transfer
coefficient for laminar flow as follows.

h;D 4(1 — 1 .
== <1 +ﬂ) +-(1—¢)"*Rep Pr'/? valid for 02 < ¢ <09  (31)
kr 0} 2

Equation (31) is based on porosity dependency and is valid for packed beds of
particle diameter D. Following this same methodology, in which the porous medium
is considered an infinite number of solid square rods, Saito and de Lemos [49] pro-

posed a correlation for obtaining the interfacial heat transfer coefficient for turbulent
flow as,

0.8
h]’—D =0.08 (%) Pr'/3 for 1.0 x 10* < % <2.0x10" valid for 0.2 < ¢ < 0.9
Cf

(32)

Nondimensional Parameters

The local Nusselt number for the one-energy equation model used in reference

[42] is given by
Nu = <6<T> > H (33)
oy T =T
y=H

Equation (33) assumes the local thermal equilibrium hypothesis, i.e., (T =(T,) =
(Typ'. When the local nonthermal equilibrium model is applied, there are distinct defi-
nitions for the Nusselt number associated to each phase, as follows [52].
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Fluid phase Nusselt number

o(Ty) H
Nuy = | L
Uy < ay ) ) T1 — T() (34)
y=H
Solid phase Nusselt number
T, H
Nu, = 35
E ( d ) T — Ty (33)
y=H

4, NUMERICS

Equations (1), (2), and (18), subject to interface and boundary conditions, were
discretized in a two-dimensional control volume involving both clear and porous
mediums. The finite volumes method was used in the discretization and the SIMPLE
algorithm [51, 52] was applied to handle the pressure-velocity coupling. The discre-
tized form of the two-dimensional conservation equation for a generic property ¢ in
permanent regime reads,

Ie+1\v +In+ls = S(p (36)
where 1., I, 1,, and I, represent, respectively, the fluxes of ¢ in the faces east, west,

north, and south faces of the control volume and S, its source term.
Standard source term linearization is accomplished by using,

So = Sy (@), + S; (37)

Discretization in the x-direction momentum equation gives,

S = (8.5 = (S3)p +(S,)p = (S77)p + Sp (38)
S =Sy (39)

where S** is the diffusive part, here treated in an implicit form. The second term,
S*** entails the additional drag forces due to the porous matrix, the last two terms
in Eq. (2), which are treated here explicitly.

5. RESULTS AND DISCUSSION
Input Parameters

For an impinging jet, the flow is considered to be turbulent for Re > 1,000, with
the Reynolds number given by

_ pvoDj
u

Re

(40)
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Table 1. Input parameters for turbulent flow simulations

Density Length  Turbulence
Fluid p Viscosity p B L Ty T\ scale, ¢ intensity, /
Air 1.225 1.789 x 1423mm 500mm 309.1K 347.6K  0.07B 2%

kg/m*>  107°N.s/m?

where v is the incoming jet velocity and D, = B when calculating Re for adequate
comparisons with similar simulations in the literature (see Figure 1).

The low Re turbulence model presented above was used in all simulations to
follow. In order to guarantee that grids nodes are positioned within the laminar
sub-layer, the closest grid node to the wall had a value for its wall coordinate y™ less
than unity (y" <1). Further, inlet value for the turbulent kinetic energy k at the jet
entrance was estimated using

k() = (V01)2 (41)

| W

where [ is the turbulence intensity assumed to prevail in the incoming flow. For the
dissipation rate of k and ¢, the inlet value was calculated according to

k3/2

_ .3/4
€y = Cu 7

(42)

where £ is a length scale associated with the energy containing eddies. Table 1
summarizes the parameters used as input.

Grid Independence Studies

Grid validation was conducted with the conditions Re = 10,400 and H/B=2.6,
and for an empty channel (Figure la). At the jet entrance, values in Table 1 were
employed. For grid independence studies the overall heat power at the impinged

wall, given by
x=L
Qw = / —q'

where w=1m is the transverse plate width, was calculated for several grids, and
compared in Table 2.

1
wdx, g
y=H

_
T k=5 >}1H (43)

Table 2. Influence of grid size on integral wall heat flux

Grid size 40 x 216 80 x 216 80 x 400

Wall heat power Q,,, Eq. (43) 772.75W 818.87W 825.68 W
Deviation in relation to grid 80 x 400 6.41% 0.82% 0.00%
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Also, as grid independency studies herein considered an empty channel only
the local Nu number along that wall was evaluated with Eq. (33).

Figure 2a shows local Nu distribution calculated according to Eq. (33), also as
a function of grid size. One can note in the table that for grids greater than 80 x 216,

100 v T - T - T v T v T g T
» 40X 216
80 |
» 80 x 216
60 | = 80x400
Nu 1
40
20 F ,h“ﬂ
I‘"-l‘tl(n,“.-m‘"-."“
4]
] 5 10 15 20 25 30 35
x'B
(a)
40 - T T T T - T T
~— Present Results
30 b * Numerical - Fischer and de Lemos (2010) | |
& Numerical - Wang and Mujumdar (2005)
20 o Experimental - Van Heiningen (1982)
Nu - O DL 1
el ¥
g Ma m
IG | o & faa gy —
0 i i i i
0 5 10 15 20 25
x/B
(b)
80
i '\‘ — Present Results
L + MNumerical - Fischer and de Lemos (2010)
60 '\ = MNumerical - Wang and Mujumdar (2005) - CHC
N, 50 F “ » Mumerical - Wang and Mujumdar (2005) - LS
L 40 o ‘ & Experimental - Van Heiningen (1982)
o
30+
20
10
0
0 5 10 15 20 25
x/B
(c)

Figure 2. Validation for distribution of Nu along the lower plate for clear channel: () Effect of grid size,
(b) Re=5,200, H/B=6, experiments by Van Heiningen (1982) reported by reference [54]; and (c)
Re=10,400, H/B=2.6, low Re models by Chang et al. (CHS) and Launder and Sharma (LS) reported
by reference [55] (color figure available online).
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the deviation in relation to the finest grid is less than 1.0%. As such, all simulation
for turbulent flow herein were carried out on a grid of size 80 x 216 (Figure 2a),
which was refined close to the wall and about the jet entrance, where the steepest
temperature gradients are expected to occur.

Empty Channel

Here, the first set of results is related to the configuration shown in Figure 1a,
where an empty channel is analyzed. Once an appropriate grid was chosen, code vali-
dation was carried out by comparing Nu numbers calculated at the bottom wall
compared with results by Wang and Mujumdar [54] for two cases: H/B=6 and
Re =15,200 (Figure 2b), and for H/B=2.6 and Re = 10,400 (Figure 2¢). The figure
indicates that for H/B=6 a good agreement is obtained, whereas for H/B=2.6
results do not match experimental values very well. This might be due to the fact that
such flow entails a high degree of complexity, particularly for turbulent flow regime
as discussed by Wang and Mujumdar [54] and Heyerichs and Pollard [55]. Neverthe-
less, as the main purpose of this work is to investigate the influence of a porous layer
on heat transfer and not the turbulence model employed, and considering further the
fact that a reasonable agreement with experimental data was achieved, the computer
code and the grid size were assumed to be sufficiently accurate for the investigation
conducted here. Results in Figure 2 are also in agreement with those given by Fischer
and de Lemos [42].

Channel with Porous Layer

When a layer of porous material is added to the bottom of the channel, the
resulting configuration is shown in Figure 1. The material is assumed to be rigid,
with porosity ¢, nondimensional thickness //H, Darcy number Da:K/HZ, and
thermal conductivity ratio k;/k, Results below are obtained using various Re
numbers and distinct values for the four parameters just mentioned.

Effect of Reynolds Re. The Reynolds number was varied from Re = 10,400
to Re=060,000, and results were obtained for H/B=2.6, k/k/=10,
Da=28.95x 10>, and //H=0.50.

Figure 3a shows streamlines and indicates that as the Reynolds number
increases, the strength of the penetrating flow is sufficiently high to damp recircula-
tion flow outside the porous material as more fluid flows though the permeable
medium. Thin boundary layers occur not only around the jet exit but also at the stag-
nation region for high Re. Figure 3 shows corresponding results for the turbulent
kinetic energy. The higher the Reynolds number is, the higher the turbulent kinetic
energy on the clear gap and inside the porous medium as well, a feature that is in
accordance with results by Graminho and de Lemos [38].

Temperature profiles for the fluid and solid are presented in Figures 3¢ and 3d,
respectively. As the Reynolds number increases, the thermal boundary layer along
the hot wall decreases, pushing high temperature isotherms close to the lower wall.
It is also interesting to emphasize the bulging of isotherms at around x/B=7
(x=0.1m), corresponding to a position of nearly stagnant flow. Past such a position,
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Figure 3. Effect of Re for H/B=2.6, k/k;=10, Da=8.95 x 1073, h/H=0.50. (a) streamlines, (b) turbu-
lent kinetic energy, (c) fluid temperature, and (d) solid temperature (color figure available online).
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Figure 4. Local Nusselt distribution as a function of the energy model for various Reynolds number.
LEEM = One energy equation model, and 2EEM = two energy equation model, with Da=28.95x 1072,
H/B=2.6, k,/k;=10, and 1/H=0.50 (color figure available online).

the flow accelerates further reducing the thermal boundary layer thicknesses and
enhancing temperature gradients at the lower wall.

Figure 4 shows corresponding effects of Re on Nu, calculated for both energy
models. It is observed that for low Reynolds number, similar results with one and
two energy equation models are obtained since for low Re the energy exchange
between solid and fluid phase is lower when compared with high Reynolds number
cases. As a consequence, the assumption of a local thermal equilibrium hypothesis
becomes more realistic for low Re flows where small convective currents promote
less exchange of heat between phases. On the other hand, for high Reynolds number
flows, the heat exchanged between phases becomes important and a substantially dif-
ferent local Nusselt is calculated depending on the model applied. Also worth men-
tioning is the position of minimum Nu/x/B=7), corresponding to the position of
bulging of isotherms mentioned earlier in describing Figures 3¢ and 3d.

Effect of porosity ¢. Here, results were obtained using H/B=2.6, k,/k;= 10,
Re =10,400, Da=8.95x 107", ¢ and h/H =0.50.

Figure 5a presents streamlines for various values of ¢. One can note that
porosity variation does not strongly influence the flow behavior, as also confirmed
by turbulent results presented in Fischer and de Lemos [42]. Also seen is that the
presence of the porous layer reduces the size of the primary vortex when the flow
pattern is compared to clear channel results (the furthest right column in Figure 5).

Figure 5b shows corresponding results for the turbulent kinetic energy. Note
that as porosity decreases, turbulent kinetic energy levels increase. High values of
k are also encountered around the jet entrance where steep velocity gradients occur.
Around the interface, levels of turbulent kinetic energy are also high. This scenario
contrasts with the clear channel distribution where most of the turbulence energy is
generated in the recirculation zone corresponding to the primary vortex.
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Figure 5. Effect of porosity ¢ for H/B=2.6, k,/k;=10, Re =10,400, Da =8.95 x 1073, and h/H=0.50.
(a) Streamlines, (b) turbulent kinetic energy, (c) fluid temperature, and (d) solid temperature (color figure
available online).

Results for fluid temperatures (Figure 5¢) seem to indicate that an increase in
porosity decreases the thermal boundary layer thickness at the wall, affecting the
temperature distribution within the liquid phase with a substantial cooling effect
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Figure 6. Local Nusselt distribution as a function of the energy model for various porosities with
H/B=2.6, k;/k;=10, Re =10,400, Da =8.95 x 1075, and h/H=0.50 (color figure available online).

located at the stagnation region, a result also present in laminar simulations [45]. As
¢ increases, one can also note that as more void space is available for the fluid to
permeate through the solid material, cooling of the porous substrate becomes more
effective (Figure 5d).

Figure 6 shows the behavior of the local Nusselt number at the bottom wall as
a function of energy model and porosity. Local Nusselt distribution calculated with
the two models are similar for high porosity cases since in this situation the solid
material influence is small. High ¢ values cases are then more realisticly represented
with the local thermal equilibrium assumption. On the other hand, for small poros-
ities there are substantial differences in distribution of local Nusselt numbers since
those represent cases with more solid material, which, in turn, have a greater impact
on the heat exchange between fluid and solid phases. For low porosity cases,
consideration of local thermal equilibrium seems to be less realistic.

Effect of channel blockage h/H. A study of the influence of the porous layer
thickness and the energy model is now presented. Results are for H/B=2.6,
ky/k;=10, Re = 10,400, Da=28.95x 107>, and ¢ =0.90.

Figure 7a shows streamlines for several values of // H. One can note that as the
blockage ratio i/ H increases, more fluid is forced through the porous material with
accompanying reduction of the recirculating bubble in the gap region. The size of the
primary vortex is nearly extinguished for 4#/H=0.75, and streamlines tend to
become more uniform within the entire channel.

Turbulent kinetic energy behavior is presented in Figure 76 where maps for k
are shown. One can note that as ratio 2/ H increases, turbulent kinetic energy is gen-
erated inside the porous material as well as in the free gap. Additional increase in the
blockage ratio forces the flow to be aligned with the macroscopic interface further
downstream, leading to high generation rates of k£ around such an interface. Further
increase in .1/ H pushes the fluid outside the porous material, increasing the velocity
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$=0.90. (@) Streamlines, (b) turbulent kinetic energy, (c¢) fluid temperature, and (d) solid temperature
(color figure available online).

gradient within the free gap, which, in turn, enhances k production rates therein.
Effect of 1//H on fluid temperatures are shown in Figure 7¢ and show the enlarge-
ment of the thermal boundary layer as //H increases, which presents a peak that
moves upstream and is reduced for larger blockage ratio. Corresponding results
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for T are presented in Figure 7d, which indicates that for low blockage ratios solid
and fluid temperatures are quite different, but tend towards equality as thicker
porous layers allow for more room for equilibrium between phases to be established.

As in previous plots for Nu, Figure 8a presents Nusselt numbers calculated
with the local equilibrium model (1IEEM), Eq. (33), with those obtained with the
local nonthermal equilibriun model (2ZEMM), Eq. (34). For thinner porous layers,
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Figure 8. (¢) Comparison of axial Nusselt distribution and () transversal temperature profiles at x/B =25
for various blockage ratios #/H with, H/B=2.6, k;/k;=10, Re =10,400, Da =8.95 x 1073, and ¢ = 0.90.
(color figure available online).
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both models present a second peak on Nu with and values for it that are substan-
tially different for each model, a reflection of the fact that temperatures for solid
and fluid are quite distinct for low //H values (Figures 7¢ and 7d). On the other
hand, for thicker porous layers models exhibit similar behaviors since in these cases
heat exchange between phases is more complete and, as a consequence, temperatures
in both phases tend to be equal. Under those conditions, the local thermal equilib-
rium assumption tends to be more realistic. This observation can be further noted
in Figure 8h, which was plotted for the position x/B=2.5, and confirms that for
thicker porous layers differences between temperatures of solid and fluid phases
are small, leading to similar values for the respective Nusselt numbers. Similar con-
clusions were drawn by reference [46] for laminar flow, except that here temperature
gradients are higher than in laminar flow since in turbulent regime the inter-phase
heat exchange, as well as wall heat transfer, are more intense.

Effect of Darcy number Da. Different from what was observed in the analy-
sis of the effects of porosity, permeability does influence the hydrodynamic field, as
shown in Figure 9a. Results here are calculated with H/B=2.6, k,/k=10,
Re =10,400, ¢ =0.50, and #/H =0.50. The primary vortex intensity decreases with
a decrease in Da as well as the fluid speed inside the porous layer, which leads to a
lower mass flow rate inside the porous substrate. For Da <2.89 x 10¢, the flow
nearly vanishes in the porous material as can be seen by the streamlines in Figure 9a.

Figure 9b presents two-dimensional fields for the turbulence kinetic energy, k.
For Da=7.30 x 10 % and Da=3.68 x 10~ %, generation of & is enhanced and is even
grater than for the clear channel case. The region of highest turbulence corresponds
to the jet entrance where steep velocity gradients produce high generation rates of k.
For very low permeabilities, Da =4.86 x 107, as fluid is pushed to flow thought the
clear gap, higher values of k are found around the macroscopic interface between the
two media. In addition, high k values are also found due to the small recirculation
bubble attached to the jet entrance.

Further, Figure 9¢ shows temperature distributions for distinct values of
Da = K/H? One can see that as permeability decreases, isothermal lines, referent
to the highest temperatures, bulge from the hot wall thickening the thermal bound-
ary layer at the wall surface. Cases with low permeability present fluid temperature
peaks at around x=0.06m for Da=2.89 x 10 ® and x=0.04m for Da=4.86 x
1077, Those peaks seems to be related to flow blockage, which happens earlier along
the flow (smaller x/B) as Da is reduced. Corresponding 7 results are found in
Figure 9d, where corresponding peaks in the solid temperature can be identified
for low permeabilites (Da < 2.89 x 107°).

Figure 10 shows Nusselt numbers along the wall as a function of Da, where one
can see that in such cases Nu at the stagnation region is most influenced, being
reduced as Da is reduced. In the wall jet region, local Nu is also reduced but less
intensively when compared with its variation as a function of porosity (Figure 5).
Also important to note is that for low Da, Nusselt values using either 1IEEM or
2EEM are nearly the same in the developed region (x/B>20), because for very
low mass flow rates inside the porous bed, both the solid and fluid temperature
gradients at the wall attain nearly the same value giving the same Nu number and
validating the so-called thermal equilibrium assumption within the porous material.
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Figure 9. Effect of Da for H/B=2.6, k,/k;= 10, Re =10,400, ¢ =0.50, and /2/H = 0.50. (a) Streamlines,
(b) turbulent kinetic energy, (c) fluid temperature, and (d) solid temperature (color figure available online).

Effect of solid-to-fluid thermal conductivity ratio ki/ks. The effect of k,/k,
on flow and thermal fields is presented in Figure 11, based on the parameters
H/B=2.6, Re =10,400, Da=28.95x 107", $=0.90, and 7/H =0.50.
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Figure 10. Local Nusselt distribution as a function of the energy model for Darcy number with
H/B=2.6, k,/k;=10, Re=10,400, 7/ H=0.50, and ¢ =0.50 (color figure available online).

As expected, the mean (Figure 11a) and statistical (Figure 115) flow structures
are not influenced by the solid-to-fluid thermal conductivity ratio since in the sol-
ution methodology applied decoupled formulation was used. Or say, the calculated
flow field was not impacted by the thermal field since only constant property cases
were run.

Fluid temperatures are presented in Figure 11¢ and indicate that the thermal
field is significantly affected by the value of k,/k, as expected. Increasing k,/k,
reduces the fluid temperature gradient at the wall as a consequence of reducing the
solid temperate at corresponding locations (Figure 11d). High k,/k ratios increase
solid temperature elsewhere, bringing up fluid temperatures as a result of interfacial
heat transfer between phases. Also interesting to note is the result on the thermal filed
of the nearly stagnant flow around x/B= 6.5, where both the fluid and the solid iso-
therms depart from the wall, with consequent thickening of thermal boundary layers
and reductions of temperature gradients at the wall. Nusselt number results in
Figure 12 corroborates such findings. One can see in the figure that for the 1IEMM
model there is a substantial reduction of Nu as k,/k,increases, and that when using
the local nonthermal equilibrium hypotheses (2EEM) no such substantial reduction
in Nuy is calculated. Also interesting to see is the reduction on Nuy at about
x/B=06.5, which reflects the bulging of isotherms seen earlier (Figures 11¢ and 11d).

Integral Wall Heat Flux

In an earlier paper [43], is was observed that the overall heat transfer to or from
a wall would be an indicator of the effectiveness in using porous layers attached to
surfaces. Such overall heat transferred from the lower wall to the flowing fluid can be
calculated for both configurations presented in Figure 1, as

1 L
qw = Z/o Cwa(x)dx (44)
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Figure 11. Effect of k,/k; for H/B=2.6, Re=10,400, Da=8.95x 10>, $=0.50, and #/H=0.50. (a)
Streamlines, (b) Turbulent kinetic energy, (¢) Fluid Temperature, and (d) Solid Temperature (color figure
available online).

Depending on the model used, there are two possibilities to evaluate the local
wall heat flux ¢,,. One can use the hypothesis of local thermal equilibrium (LTE or
1EEM), or else individual terms can be applied in each phase in order to calculate the
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Figure 12. Local Nusselt distribution as a function of the energy model for various ratios of k,/k, with
H/B=2.6, Re=10,400, Da =8.95 x 1073, $=0.90, and #/H =0.50 (color figure available online).

integrated heat transferred from the bottom wall. In the latter case, the LTNE
(2EEM) model is employed.
Therefore, for the one-energy equation model one has

1 [E T
i [ o g = keSS k= ok (-G (45)
0 y y=H
and for the two-energy equation model
1 [t Ty o(T)
4w = _/ QWX(X)dx§ wx = — keff.f < f> + keff,su 5
L 4] ay y:H ay }_H (46)
{ket‘ff = Oky
keff,x = (1 - d))ks

For the cases where the porous layer is considered, the wall hat flux is given a
superscript ¢ on the form ¢®. The ratio ¢%/g,, can then be seen as a measure of the
effectiveness of using a porous layer for enhancing or damping the amount of heat
transferred through the wall. In the results for qﬂ’,/qw to follow, solid lines are a
representation of simulation with the LTE model (1IEEM), whereas LNTE computa-
tions are plotted using dashed lines CEMM).

Figure 13 compares the ratio qﬂ; /4 as a function of ¢ for distinct Re, Da, and
h/H with k,/k,=10. For high Reynolds number, Figure 13« indicates that using a
porous layer is always beneficial to heat transfer when the 2EEM model is applied
regardless of the porosity of the medium. The figure also suggests that for cases with
high permeabilities (high Da, Figure 13b), there is also a net gain when simulations
are computed using either model (¢®/¢,,>1). Figure 13¢ further suggests that when
using the 2EEM model, only highly permeable (high ¢) and thinner layers (small
h/H) favor heat transfer from the wall.
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Figure 14 further indicates that for thinner porous layers (Figure 14a) and highly
permeable materials (Figure 14b), results for qﬂ’/ ¢y under the LNTE assumption
(dashed lines) give values less than unity, a result that generally contrasts with those
by reference [42] who use the LTE approach under the same conditions (solid lines).

Finally, Figure 14c¢ compiles results for ¢®/¢,, when the conductivity ratio k,/k,
is varied. Here, one can notice that only for high porosities and for k,/k,> 50, both
models suggest that the use of a porous layer can always enhance the heat extracted
from the bottom wall. The results herein might be useful to design and analysis of
energy efficient equipment.

6. CONCLUSION

This work investigated the influence of the presence of a porous layer covering
a surface where a jet collides. Two energy modes were applied, namely 1EEM and
2EEM, based, respectively, on the local thermal equilibruim (LTN) and local ther-
mal nonequilibrium hypotheses. It was observed that the Reynolds number and
porosity strongly influences the stagnation Nusselt value, while the porous layer
thickness affects more intensely the distribution of Nu along the plate. Cases with
low porosity and highly permeable layers of porous material tend to yield better heat
absorption/release rates when compared with a bare wall case. Regardless of the
model used, increasing the thermal conductivity ratio is always beneficial to heat
transfer enhancement form the hot wall. Ultimately, results in this work might be
useful to engineers designing systems that make use of impinging jets over thermally
conducting porous materials.
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