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Biosubstrates drying can be intensified, controlled and optimized, even in blunt shapes, by providing
exposure to air jet impingement. In this paper round air jet impingement on cylinder protrusions of a
model substrate is investigated, for moderate Reynolds numbers and various geometry arrangements.

A comprehensive numerical model, featuring conjugate interface transport (local fluid dynamic
effects), multiphase coupling (local surface evaporation) and moisture diffusion notations, is first vali-
dated with the corresponding experimental results. Then quantitative distributions of temperature and
moisture within the protrusion and along its exposed surface are presented, focussing on the dependence
of surface heat and mass transfer on geometry arrangement and fluid dynamic regime. Two values of Rey-
nolds number, two jet heights and two protrusion/jet diameter ratio combinations are investigated.

It is pointed out that, within the investigated range of variables, a protrusion/jet diameter ratio equal to
1 allows for flow patterns that foster process enhancement, but at the expenses of treatment uniformity:
after 15 min of treatment the 10% of protrusion only is still relatively moist, but with a strong internal
non-uniformity, whereas with a protrusion/jet diameter ratio equal to 3 the untreated part accounts to
the 85%, with a smoother internal distribution.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Most bio-substrate heating is inevitably coupled and inter-
twined with mass transfer (drying). The most common liquid frac-
tion being water or moisture, evaporation occurs within substrate
and at its exposed surface producing vapor which is removed from
it. The need of drying is common when seeking substrate stability:
by lowering such moisture, handling is promoted and microbial
spoilage is prevented, enhancing quality and commercial value.
But uncontrolled drying leads to undesired changes in bioactive
molecules with their valuable features.

Modeling coupled heat and mass transfer is therefore necessary
in these cases, and to ensure approach generality the problem must
be attacked simultaneously in both fluid and solid phases. This ap-
proach is referred to as the conjugate problem: in this way the heat
and mass fluxes vary seamlessly, in space and time, as the solution
of field variables. Therefore, no limiting empiricism at phase inter-
face (heat and mass transfer coefficients), usually referring to aver-
age conditions and unspecified geometry variations, is introduced.

Jet impingement (JI) has long been recognized for its superior
transport characteristics, which can be useful in process intensifi-
cation, control and optimization. Frequently the involved geometry
is more complex than a planar one. Much of the gas JI heat transfer
research has been motivated by the need for enhanced cooling of
extended surfaces (or blunt corrugations) in limited spaces, as with
gas turbine blades or high power CPUs [1]. Reviews on conjugate
heat transfer that evidences in a JI configuration can be found in
Sarghini and Ruocco [2] (laminar flows) and Yang and Tsai [3] (tur-
bulent flows). Heat transfer was first coupled to mass transfer in
conjugate drying due to JI by De Bonis and Ruocco [4] (for a
semi-infinite plate) and then by De Bonis and Ruocco [5] and Kur-
nia et al. [6] (for a flushed substrate): it was evidenced that the
drying treatment may be non-uniform, depending on the wall
boundary layer that develops locally.

As bio-substrates are often encountered as protrusions, JI can be
profitably supplemented to process control and enhancement, and
induce a desired superficial finish. In the present framework, a pro-
trusion is a floor or wall-mounted solid with the prevailing length
coincident to jet axis. Merci et al. [7] modified the turbulence par-
adigm to account for the peculiarities of the boundary layer around
an impinged blunt cylinder, similar to the geometry speculated in
the present paper. Popovac and Hanjalić [8] offered a thorough
example of perturbed JI flow and heat transfer around and over a
cube protrusion. JI over smooth protrusions have been also studied,
as lately by Zhang et al. [9]. Finally, multiple physics effects have
even been studied, as the enhancement of heat transfer due to
the electromagnetic exposure during JI [10,11]. However, no hints
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Nomenclature

A pre-exponential factor, 1/s
c species concentration, mol/m3

c1e model parameter in Eq. (11)
c2e model parameter in Eq. (11)
cl model parameter in Eqs. (12), (20) and (21)
cþ model parameter in Eq. (21)
cp constant pressure specific heat, J/kg K
D mass diffusivity, m2/s
Ea activation energy, J/mol
H height, thickness, m
k turbulent kinetic energy, m2/s2

K rate of evaporation, 1/s
L length, m
M molecular weight, g/mol
n normal versor
p pressure, Pa
QEV latent cooling flux, W/m3

r radial coordinate, m
R universal gas constant, J/mol K
Re Reynolds number
t time, s
T temperature, K
U moisture content, wet basis (kg liquid water/kg sub-

strate)
v velocity vector, m/s
v velocity component, m/s
z vertical coordinate, m

Greek
dw distance from surface, m

dþw dimensionless distance from surface
DhEV latent heat of evaporation, J/kg
Dt process duration, s
e turbulent energy dissipation rate, m2/s3

j Von K�arm�an’s constant
k thermal conductivity, W/mK
l dynamic viscosity, Pa s
n curvilinear coordinate, m
q density, kg/m3

rk model parameter in Eq. (11)
re model parameter in Eq. (11)
x air absolute humidity (kg water vapor/kg air)

Superscripts
f fluid side
s solid side

Subscripts
0 nominal, initial, reference
a air
j jet
l liquid water
p plate, process
r radial component
s substrate, solid
t turbulent
v water vapor
z vertical component

Fig. 1. The adopted geometry and nomenclature, with indication of characteristic
flow regions, process coordinates r and z, and curvilinear coordinate n.
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were found in the available literature concerning coupled heat and
mass transfer from a protrusion impinged normally.

The present work is aimed to investigate on JI-enhanced heat
and mass transfer from a realistic biomaterial. Initially laminar or
moderately turbulent air flows are impinged normally to upright
cylinder protrusions. Air velocity, residual moisture and tempera-
ture fields can be computed by a conjugate model complemented
by a custom evaporation kinetics. Temperature and moisture can
be described within the target substrate and along its exposed sur-
face, to speculate on the potential of process finishing and optimi-
zation by JI.

2. Analysis

2.1. Flow topology and alteration

A JI configuration over a liquid-saturated protrusion consists in
a hot jet flow directed from a round nozzle to the cylindrical target,
in a space confined by two parallel plates (Fig. 1). Upon recognition
of the nozzle internal geometry, a velocity distribution vzðrÞ can be
inferred. The configurations at stake in this study consider jet flows
that are initially laminar at nozzle, or moderately turbulent. In this
case, the impinging flow structure can be summarized into three
characteristic regions: the free jet region formed as jet exits, the
stagnation (impingement) flow region formed upon jet impact
and deflection on protrusion top, and the perturbed boundary
layer, along with its recirculation (secondary) pattern, formed
upon re-direction of the flow past and along the protrusion. The
perturbed boundary layer patterns depend on protrusion height
and extension relative to the free jet.

Due to JI, then, large heat and mass transfers are attainable in
the vicinity of the stagnation region, but the perturbed boundary
layer may contribute to lateral surfaces. At the end, a highly non-
uniform drying can result at the exposed surface, with possible lo-
cal overheating or incomplete evaporation.
2.2. Driving assumptions

Moisture can convert into vapor depending on the heat per-
turbation front within the substrate. There, liquid moves due to
capillarity and solute concentration difference, while vapor
moves within the air spaces due to vapor pressure gradients,
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in both cases assuming Fickian diffusion only [4]. The domain
under scrutiny consists in two fluid-and-substrate multi-species
sub-domains, sharing the substrate’s exposed surface. As trans-
port of liquid is not allowed in the fluid, this is a binary system
comprising of vapor (v) and drying air (a), while the substrate is
a ternary system comprising of vapor (v), liquid (l) and solid
matter proper (s).

The following additional assumptions are adopted:

1. The flow is axisymmetric and incompressible (negligible pres-
sure work and kinetic energy), with temperature-dependent
properties. Due to the adopted flow regime, no body force is
accounted for.

2. The substrate is homogeneous and isotropic, with temperature-
dependent properties.

3. The viscous heat dissipation is neglected.
4. No-slip is enforced at every solid surface.
5. Due to the nature of the interacting species, no diffusion fluxes

are accounted for in the energy equation.
6. The dilute-mixture assumption is appropriate in each sub-

domain (the velocity components, temperature and pressure
of each species are related to bulk mass in each governing
equation).

7. As the turbulence-chemistry interaction is neglected, the evap-
oration of moisture in the substrate is determined by an Arrhe-
nius expressions (laminar-finite rate model).

8. Neither shrinkage nor deformation of the substrate are
accounted for.

2.3. Governing equations

With reference to the previous statements, the standard
governing energy, mass and Reynolds-averaged Navier–Stokes
equations are enforced [12,13], to yield for temperature, concen-
trations, velocity components and pressure in both sub-domains.
Starting with the energy equation in the substrate:

Transfer of energy, in (s):

qscps
@Ts

@t
¼ r � ðksrTsÞ � Q EV ð1Þ

To attain full energy continuity across the sample’s interface or ex-
posed surface, the energy equation in the drying air must be intro-
duced, as well:

Transfer of energy, in (a):

qacpa
@Ta

@t
þ qacpav � rTa ¼ r � ðkarTaÞ ð2Þ

Q EV in Eq. (1) is the local cooling flux due to the latent heat of
evaporation, given by

Q EV ¼ MDhEVKcl ð3Þ

where DhEV is the latent heat of evaporation and K is the rate of
evaporation ([13]), with a first-order Arrhenius kinetics:

K ¼ A exp
Ea

RTs

� �
ð4Þ

The source terms for the transfer of species, associated with this
kinetics, must be accordingly included, with the appropriate signs,
in the following mass equations:

Transfer of liquid water or moisture, in (s):

@cl

@t
¼ r � ðDrclÞ � Kcl ð5Þ

Transfer of water vapor, in s:
@cv

@t
¼ r � ðDrcvÞ þ Kcl ð6Þ

To attain full mass continuity across the sample’s interface, a
mass equation in the drying air must be introduced, as well:

Transfer of water vapor, in (a):

@cv

@t
þ v � rcv ¼ r � ðDrcvÞ ð7Þ

In order to solve the conjugate problem, Eqs. (2) and (7) are coupled
with the following in (a):

Flow continuity:

r � v ¼ 0 ð8Þ

Momentum transfer:

qa
@v
@t
þ qav � rv ¼ �rpþr � ðla þ ltÞ rv þ ðrvÞT

h i
ð9Þ

Transfer of turbulent kinetic energy:

qa
@k
@t
þ qav � rk ¼ r � la þ

lt

rk

� �
rk

� �
þ lt

2
rv þ ðrvÞT
h i2

� qae

ð10Þ

Transfer of turbulent energy dissipation rate:

qa
@e
@t
þ qav � re ¼ r � la þ

lt

re

� �
re

� �

þ c1eelt

2k
rv þ ðrvÞT
h i2

� c2eqae2

k
ð11Þ

The present model is based on the standard k� e turbulence
paradigm [14], having assessed elsewhere its validity [15]. The tur-
bulent viscosity is linked to the model parameter cl by the
following:

lt ¼
qaclk2

e
ð12Þ
2.4. Initial and boundary conditions

The absolute humidity-molar concentration conversion is per-
formed according to [13]:

� The substrate is initially in thermal equilibrium with the fluid,
and saturated with moisture, based on a given initial content,
U0:
cl0 ¼ 1000
U0qs

M
; cv0 ¼ 0; T ¼ T0 ð13Þ
� In the quiescent fluid, the water vapor content is initially deter-
mined by the air absolute humidity, x, at the given tempera-
ture, while no moisture water is present:
cl0 ¼ 0; cv0 ¼ 1000
xqaðT0Þ
ðxþ 1ÞM ; v r;z ¼ 0; T ¼ T0 ð14Þ
Furthermore, with reference to Fig. 1, the boundary conditions
are as follows:

� Given conditions at jet inlet ð0 6 r 6 Lj=2; z ¼ HjÞ:
cv ¼ cv0; v r ¼ 0; vz ¼ vzðrÞ; k ¼ kj; e ¼ ej; T ¼ T j

ð15Þ
� Symmetry at substrate axis ðr ¼ 0;0 6 z 6 HsÞ:
@cl;v

@r
¼ 0;

@T
@r
¼ 0 ð16Þ



Fig. 2. The test rig. The ceiling and front aperture are removed to show the
interiors.

Fig. 3. Thermocouples locations and model validation for TðtÞ, for geometry Case 1, w
respectively. T1: exp. � � �, num. � � � ; T2: exp. þþþ, num. - - -; T3: exp. � � �, num. —.
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� Symmetry at fluid axis, above the substrate ðr ¼ 0;Hs < z 6 HjÞ:
hen v j ¼
@cv

@r
¼ 0; v r ¼ 0;

@vz

@r
¼ 0;

@k
@r
¼ 0;

@e
@r
¼ 0;

@T
@r
¼ 0

ð17Þ
� At undisturbed distance (outlet) (r ¼ Lp;0 < z < Hj):
@cv

@r
¼ 0;

@v r

@r
¼ 0; vz ¼ 0;

@k
@r
¼ 0;

@e
@r
¼ 0;

@T
@r
¼ 0

ð18Þ
� No mass flux, given temperature, no-slip and a standard loga-
rithmic wall function for velocity and the turbulence parame-
ters [14], at the upper confinement (Lj=2 < r 6 Lp; z ¼ Hj) and
the lower confinement plates (0 < r 6 Lp; z ¼ 0):
@cl;v

@z
¼0; substrate interface;

@cv

@z
¼0; fluid interface; T ¼ T0 ð19Þ

n �v¼0; n �rk¼0; e¼
c0:75
l k1:5

jdw
ð20Þ

½ðlþltÞðrvþðrvÞTÞ�n¼
qac0:25

l k0:5

lndþw=jþcþ

" #
v; dþw ¼

dwqac0:25
l k0:5

l
ð21Þ
1:93 m/s, T0 ¼ 299 K and Dt ¼ 900 s. Frame a to c: T j ¼ 403, 423 or 453,



Fig. 4. Model validation for �UðtÞ, for geometry Case 1, when v j ¼ 1:93 m/s, T0 ¼ 299 K and Dt ¼ 900 s. Frame a to c: T j ¼ 403, 423 or 453, respectively. �U: exp. � � �, num. —.
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Energy and species continuity is allowed, during treatment, to
flow through the exposed surface. Therefore, denoting with the
superscripts f and s respectively the fluid and the substrate side
across such interface:

� Across both the horizontal (0 6 r 6 Ls=2; z ¼ Hs) and vertical
(r ¼ Ls=2;0 6 z 6 Hs) interfaces:
cf
l;v ¼ cs

l;v; T f ¼ Ts ð22Þ
Fig. 5. Qualitative comparison of (a) PIV measurement, and (b) computed
Along this last boundary, Eqs. (20) and (21) also hold.
3. Experiments and model validation

A geometry base-case (Case 1) was first adopted: Hs ¼ 0:05 m,
Hj ¼ 0:205 m, Ls ¼ 0:03 m, Lj ¼ 0:01 m (Fig. 1). As substrate, fresh
(moist) common potatoes were employed, whose properties were
taken from Marra et al. [16].
flow field, at 3 different loci, for geometry Case 2, with Rej about 750.



Fig. 6. Contours of T [K] (black) and residual cl [mol/m3] (red), with 3 different loci, for T j ¼ 423 K, T0 ¼ 299 K, Rej ¼ 750;Dt ¼ 900 s. Left: Case 1; right: Case 2. (For
interpretation of the references to colour in this figure caption, the reader is referred to the web version of this article.)
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3.1. Numerical treatment

A finite element code has been employed to integrate the sys-
tem of the governing equations and their initial and boundary con-
ditions. All constants in the turbulence paradigm employed were
give their standard values, otherwise those valid for smooth walls
[14]. A parallel direct sparse solver is used for the algebraic equa-
tion system. A backward differentiation formula of second order is
used for the time advancement. The effect of the different values of
domain radial length, Lp, has been monitored first, to enforce the
boundary condition of undisturbed flow. A value of 20 nozzle
diameters was finally chosen along r.

An unstructured meshing technique is used, yielding for trian-
gular element grids. As the process unfolds directly at the exposed
substrate surface, the grid-independency test was run by focussing
right upon the temperatures over that surface. Several computa-
tions were performed by thickening the elements there. Different
mesh growth rates and maximum element sides were tried, rang-
ing from 1.3 and 5:0 � 10�4 m to 1.01 and 1:0 � 10�4 m, respectively;
the selected grid had a combination of 1.05 and 2:5 � 10�4 m,
respectively, yielding for less than 0.1% surface temperature differ-
ence with the finer grid. The total number of element was about
9500, in this case.

In order to compare with experimental values for temperature, lo-
cally evaluated in discrete volumes due to the size of employed thermo-
couples (as reported later), the chosen grid was also incremented up to
about 11 � 103 elements, to resolve the distortion around their locations.

In any case, execution duration did not exceed a few minutes on a
Pentium Xeon server (Linux Ubuntu 12 OS, 3.0 GHz, 16 GB RAM).

The reference rate constant A and the activation energy Ea in Eq. (4)
were found as 925 1/s and 48.7 kJ/mol, respectively, based on a multi-
object optimization procedure already exploited elsewhere [17].
Fig. 7. Protrusion parts which remain with at least the 90% of the initial moisture
content, in the same conditions reported in Fig. 6. Left: Case 1; right: Case 2.
3.2. Experimental validation

Experiments have been carried out in order to validate the pro-
posed model, for some local temperature and mean residual mois-
ture content, during processing for Case 1. To this end, a laboratory
rig was employed (Fig. 2), whose aeraulics was described in De Bo-
nis and Ruocco [5]. The ducting was supplemented with a 10 mm
calibrated converging nozzle (TSI, Shoreview, USA). The adoption
of a calibrated nozzle was justified by the availability of a precise
knowledge on the outlet velocity profile of the jet, which reflects
in a uniform vzðrÞ ¼ v j value in Eq. (15) and values as low as
0.005 for both kj and ej in Eq. (15) same.

Theauxiliaryair isdrawnfromtheenvironmentbyablowerandthrough
an electric heater (Leister Process Technologies, Robust and Labo 34, Sarnen,
Switzerland) to a relaxation plenum attached to the injection nozzle.

With substrate samples cast as cylindrical chunks, temperature
progress was detected in 3 locations (T1 to T3) by type-K
thermocouples (Labfacility, Dinnington, England), their signals
being acquired and converted by a datalogger (Pico Technology,
St. Neots, England). The thermocouples were radially inserted up
to the axis, directly under the top surface, and at 0.75 and 0.5 cyl-



Fig. 8. Profiles of TðnÞ [K] and residual clðnÞ [mol/m3] for T j ¼ 423 K, T0 ¼ 299 K, Dt ¼ 900 s. Cases 1 and 3, Rej ¼ 750 and 1500.

Table 1
Summary of explored geometry Cases 1 to 4.

Case Hj [m] Hs [m] Lj [m] Ls[m]

1 0.205 0.05 0.01 0.03
2 0.085 0.05 0.01 0.01
3 0.085 0.05 0.01 0.03
4 0.205 0.05 0.01 0.01
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inder heights, respectively (Fig. 3, top). Initially and after 300 s
periods, sample drying was evaluated according to AOAC [18] in
a convection oven (UFE 400, Memmert, Schwabach, Germany).
The initial mean moisture content �U0 was 0.83. Jet temperature
at inlet was varied (T j ¼ 403, 423 or 453 K), with T0 always about
299 K, while jet velocity at inlet was held constant (v j ¼ 1:93 m/s,
yielding an initially laminar jet Reynolds number, Rej ¼ qav jLj=la,
of about 750, which is typical of biosubstrate treatments). Then the
model was run to compare with the corresponding experimental
results (Figs. 3 and 4), for the same total duration, Dt, of 900 s. In
all cases, maximum departures in local temperature and mean
moisture values were only few units %.

An uncertainty analysis for residual moisture measurements was
performed by following the ISO’s Guide to the Expression of Uncer-
tainty in Measurement [19]. For a confidence level of 95%, the mean
moisture uncertainty was 0.00566. For the same confidence level,
the combined uncertainty due the propagation of uncertainties on
the measurement of all other independent variables (velocity, tem-
perature and lengths) was 0.132 in the worst case.

A sample flow field was also qualitatively compared with Parti-
cle Image Velocimetry [20]. A new geometry Case 2 was tried for a
thinner protrusion under a closer jet, thus varying Ls ¼ 0:01 m and
Hj ¼ 0:085 m only, with Rej about 750. In Fig. 5 a good agreement
between the measurements and the simulated flow field is re-
ported. Indeed, location, shape and extension of significative loci
are correspondingly determined: (1) the stagnation region on top
of protrusion, (2) the 45�-detached flow past the protrusion edge,
and (3) the expansion of the flow in the free field.

4. Results and discussion

4.1. Temperature and residual moisture contours within the protrusion

Contour maps are provided in Fig. 6, for Cases 1 (left) and 2
(right) with the same thermo-fluid dynamics conditions
(T j ¼ 423 K, T0 ¼ 299 K, v j ¼ 1:93 m/s, Dt ¼ 900 s). The initial va-
lue for cl is 4.920�104 mol/m3. It is first seen for Case 1 (Fig. 6, left)
that: (1) the isotherms are densely packed on protrusion top, as ex-
pected, with a wide stagnation region spanning half a cylinder ra-
dius, (2) the deflected jet carries some heat past the corner, away
as a spent flow in the perturbed boundary layer (Fig. 1), and (3)
as the exposure is highly non-symmetrical, a slowest heating zone
is found moved towards the bottom. Then the iso-moisture lines
are seen to follow regularly the exposed surface, which dries uni-
formly throughout but more effectively at top as expected, with
the exception of a some enhancement at corner.

Then let us turn on Case 2 (Fig. 6, right): (1) under a more direct
jet flow and for a smaller target, the stagnation region is barely
seen, (2) the flow jet indeed runs over the protrusion and reat-
taches at the vertical side, forming a wall boundary layer, eventu-
ally impacting on the floor, and (3) the slowest heating point is
found definitely near the protrusion bottom. Due to the more effec-
tive thermo-fluid dynamics driving forces, now found even on pro-
trusion lateral side, a stronger drying is seen favoring non-uniform
internal treatment, in the same conditions.

Fig. 7 illustrates this concept, helping quantify the treatment ex-
tent. It is seen at left, for the same Case 1 reported earlier in Fig. 6,
that the part remaining fresh (high water content) i.e. with at least
the 90% of the initial moisture is rather large, accounting to about



Fig. 9. Profiles of TðnÞ [K] and residual clðnÞ [mol/m3] for T j ¼ 423 K, T0 ¼ 299 K, Dt ¼ 900 s. Cases 2 and 4, Rej ¼ 750 and 1500.
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85% of total volume. Conversely, in Fig. 7, right, under the same cir-
cumstances, this part (90% of the initial moisture) accounts to about
10% of total volume only, for the more severe Case 2.
4.2. Temperature and moisture profiles on the exposed surface

As implied earlier, JI can be employed to induce a desired super-
ficial finish. The coupled mechanisms of heat and mass transfer, as
altered in turn by interfacial momentum transfer, are such that their
effect on the finish varies in unexpected ways. Now, a curvilinear
coordinate n that follows the exposed cylinder side (Fig. 1) is em-
ployed to report on the local temperature and residual moisture at
interface: from symmetry boundary (n ¼ 0 for r ¼ 0; z ¼ Hs) to lower
confinement plate (n ¼ Ls=2þ Hs for r ¼ Ls=2; z ¼ 0). T j and T0 are
kept to 423 and 299 K, respectively. Geometry Cases 1 and 2 will
be now combined, generating two more Cases.

Let us start with T ¼ TðnÞ after Dt ¼ 900 s in Fig. 8, top, for two jet
velocities or flow rates (Rej ¼ 750 or 1500) and the two jet heights
(Hj ¼ 0:205 or 0.085 m), while keeping the protrusion size Ls ¼ 0:03
m (Cases 1 and 3, respectively, see Table 1). Maximum temperature
is found away from symmetry, as common in JI, but only for the closer
jet discharge configuration (Case 3): the protrusion is heated up by
some 20 K on the top region with respect to the farthest jet configu-
ration (Case 1), while doubling the flow rate increments temperature
to 12 K at most. It is interesting to note that closer discharge (Case 3)
induces poorer and non-uniform lateral heating. This effect is most
evident for the higher flow rate, due to the aforementioned lateral
flow patterns: the temperature profile is therefore inverted starting
slightly past the protrusion corner (n ¼ 0:17 m) for Rej ¼ 1500,
while it occurs later (n ¼ 0:27 m) in the alternate case. It is also
instructive to inspect in Fig. 8, bottom, the local moisture concen-
tration cl ¼ clðnÞ. The surface drying follows closely the tempera-
ture profile in the given conditions, with a negative inflection at
the corner, slightly stronger for Case 3 and Rej ¼ 1500. Along the
lateral side, drying appears rather smooth in any case.
Then a smaller protrusion is inspected (Ls ¼ 0:01 m) in Fig. 9,
top (Cases 2 and 4, see Table 1). T ¼ TðnÞ shows a positive inflection
point at corner, which is stronger for the closer and larger jet flow
(Case 2 and Rej ¼ 1500), but gets inverted in no case. In the most
effective configuration, T is always higher, by a maximum 17 K.
Stronger heating enhances drying but non-uniformities exist along
the entire protrusion profile, in Fig. 9, bottom: but concentration
differences never exceed 5000 mol/m3, which is mere 10% of the
initial moisture value. In the most effective configuration, the pro-
trusion corner is more dried by almost the 23% with respect to part
that lies on the floor. Cross-inspection of Figs. 8 and 9 indeed re-
veals that the most effective parameter is the Ls=Lj ratio: between
the two explored values 1 and 3 (Fig. 9 versus Fig. 8, respectively),
the former favors overall drying enhancement (up to 25%) but with
a uniformity payoff on the protrusion lateral side.

Finally, in the last Fig. 10 the influence of flow patterns on sur-
face finish is reported, for Cases 2 (top) and 3 (bottom). Two main
features of flow are emphasized by proper labeling: acceleration
past the protrusion corner, and subsequent pattern. It can be seen
that the wall boundary layer for Case 2 (Fig. 10, top), already al-
luded to when discussing Fig. 6 (right), must be held responsible
for the strong non-uniformity detected along the exposed surface
and, by combining the species diffusion and phase change, for
the spatial gradient in the residual moisture distribution within
the substrate self. Conversely, for a thicker protrusion under the
same conditions (Case 3 in Fig. 10, bottom), the flow pattern is such
that the warm fluid cannot run over and along the lateral side of
protrusion, being detached in the free field past the corner (form-
ing only a mild recirculation field along the protrusion), therefore
resulting ineffective in removing moisture.
4.3. Comparison with the available literature

In the search for available comparisons, the flow field data by
Merci et al. [7] were first scrutinized. Their geometry was fairly



Fig. 10. Qualitative 3D representation of jvj (in the fluid f), with contours of residual cl (in the solid s), for Case 2 (top) and Case 3 (bottom), for T j ¼ 423 K, T0 ¼ 299 K,
Rej ¼ 1500 and Dt ¼ 900 s.
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close to the present Case 1, but the flow field is fully turbulent
(Rej ¼ 23000 and counting), which is inadequate for biosubstrate
treatments. Similarly, heat transfer data were reported by Zhang
et al. [9], for the milder flow situation (Rej ¼ 5000), but again their
smooth geometry did not perturbed the flow but with a weak
detachment, differently than with the present topology (see dis-
cussion of Figs. 5 and 10), and consequently the surface tempera-
ture cannot be compared with the one at stake here. The study
performed by Popovac and Hanjalic [8], typical of electronic cool-
ing systems, brought over some similarities with the present Case
3, but the flow field strength was again in excess with respect to
the milder situation reported in the present paper. Their 3D simu-
lation, although perturbed by a bulk cross flow, showed how the
complex vortex and wake morphology does influence the local
heat transfer, bringing forth temperature non-uniformities along
exposed surfaces and edges, similarly with the effects reported
qualitatively in Fig. 10, and quantitatively in Fig. 8 more than
80 K difference along the exposed surface, for Case 3 with
Rej ¼ 1500.
5. Conclusions

An axisymmetric transfer phenomena model is developed to
study the transient behavior of temperature and moisture content
within a moist protrusion, under an air impinging jet. The drying
performance of the process is analyzed with the effect of air flow
distribution and temperature. The model features a generalized ap-
proach based on a conjugate treatment of heat and mass exchange,
with no resort to interface empiricisms, and a custom kinetics for
water evaporation.

Such an approach allowed for the assessment of the influence of
the main driving parameters (jet height and flow rate, and protru-
sion size) on thermal and moisture concentration distributions
within the sample and along its exposed surface.

The validation has been brought forth against the associated
experimental data reporting on local temperature and mean resid-
ual moisture for a model biosubstrate. As a good agreement was
reached, the model was exercised for 4 geometry and operating
cases among which the most severe was found, for the small pro-
trusion under close jet discharge, which led to strong non-uniform
moisture content and surface finish.
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