
Abstract
The wine-ageing process is one of the most important phases of

the wine production and it can be considerably affected by the
micro-climatic conditions inside the ageing rooms. Underground
wine cellars in small-medium wineries are designed with natural
ventilation systems, able to maintain optimal indoor condition.
However, critical factors emerge, such as mold growth or wine
evapo-transpiration, where ventilation proved to be poorly
designed, insufficient in the first case or excessive in the second
one. The zones around the wooden barrels proved to be the most
sensitive and problematic. These areas are the most investigated in
terms of temperature and humidity values but surprisingly not in
terms of air velocity. In this paper, a ventilation system has been
designed and optimised to support the lack of ventilation, by means
of computational fluid dynamics modelling. Eight configurations
have been performed and analysed, identifying the best two accord-
ing to the air velocity range. Specific parameters have been defined
to appreciate the application limits of each configuration. These
parameters can be used as reference for system design in similar
studies and applications and can help scholars and professionals to
identify the optimal configurations for the implementation and
proper placement of the system inside a cellar.

Introduction
The importance of internal environmental conditions in a

wine cellar is well known and investigated (Mazarrón and Cañas,
2009; Geyrhofer et al., 2011; Benni et al., 2013; Barbaresi et al.,
2015b). The winemaking process consists in several steps and
one of the most important and interesting is the wine ageing. In
this step, temperature and humidity play a fundamental role, since
the quality of the final products is strongly affected by environ-
mental conditions (Boulton et al., 1999). Since the past centuries,
the research has been devoted to the definition of ideal room con-
ditions for wine-ageing process performed in wooden barrels
(Benni et al., 2013). In literature, even though different suitable
ranges have been defined for different wines, it is assessed that
the wine should be generally kept at temperatures ranging from
9°C to 20°C. Vogt (1971) defined that an optimal thermal excur-
sion should be smaller than 6°C and (Togores, 2003) considered
that the relative humidity should be higher than 70%, in order to
ensure a quality ageing and to prevent excessive wine loss due to
evaporation. The wine losses have been related to a combination
of air temperature and humidity (Negrè and Françot, 1965)
showed how high temperatures, couple with low relative humid-
ity, can increase the wine evaporation, as for example 18°C, with
45%, produces wine losses of 4-7% in volume per year. Ruiz De
Adana et al. (2005) developed a mathematical model that corre-
lates wine losses to the room conditions, thus quantifying how air
velocity, temperature and humidity can affect wine evaporation
(Barbaresi et al., 2014). This model considers the air velocity
over the barrels, which could modify the wood surface emission
coefficient (Avramidis and Siau, 1987) and therefore the evapora-
tion through the barrel staves, suggesting, moreover, that low air
velocity values could prevent excessive wine losses.

Furthermore, Simeray et al. (2001) explained that relative
humidity could favour mold and other fungi formation, which
may potentially contaminate products or also affect wine quality
and organoleptic properties. Regarding this, Ocón et al. (2011)
showed that the ventilation could be identified as a fundamental
factor to reduce the mold presence in the air, since decreasing the
possibility of mold proliferation on both walls and wooden sur-
face of the barrels.

Moreover, the scientific literature highlights the relevant role
of the air velocity - beside temperature and humidity - in the
wine-ageing process. On their research, Ruiz De Adana et al.
(2005) pointed out the role of air velocity in the wine losses in
ageing facilities. So far, despite its importance, optimal values of
air velocity close to barrels have not been identified in scientific
research. However, a few papers report that the natural ventilation
inside cellars usually leads to air velocity around 0.3-0.4 m/s
(Geyrhofer et al., 2011). It is important to note that, due to typical
cellar layouts (small openings and barrels located close to the
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walls) the natural ventilation inside the cellars could be uncon-
trolled, insufficient or could create airflow distribution charac-
terised by stagnation zones, frequently close to the wooden bar-
rels, entailing that proper air velocity and distribution can ease a
correct wine ageing, reducing risks of mould formation and wine
losses. As described, the indoor environment in wine cellars is a
delicate matter and the required conditions can hardly be main-
tained, in particular, in non-conditioned rooms where zones with
different thermal conditions can be found even in open space
rooms (Barbaresi et al., 2015a). Under this light proper ventilation
can ease to create the homogeneity of thermal condition in the
room. For this reason, it is reasonable to think that computational
fluid dynamics (CFD) simulations can give an important contribu-
tion to design cellar layouts or systems. Despite the significant
role of ventilation in the environmental condition in wine cellar,
the application of CFD for improving the ventilation in this sector
is really rare, compared to other sector such as livestock farming
(Rong et al., 2016) or greenhouse sector (Bartzanas et al., 2013;
Santolini et al., 2018). Recently, De Rosis et al. (2014) has con-
ducted a numerical study of airflows in a wine aging-room, using
a Lattice-Boltzamann method. This study underlines how barrels
are differently involved in airflows and consequently the identifi-
cation of the most emblematic points for air measurements.

This paper aims at studying and designing a forced air venti-
lation system, in support to the natural ventilation specifically
optimised for wine ageing rooms. This system, designed to be
efficient and cost effective for small producers, is created using
PVC tube and PC fans. Similar systems are commonly applied in
other sectors and just few studies investigated their application in
agro-food sector, as example Mondaca and Choi (2017) realised
with and validated a CFD model capable of replicating the flow
distribution created by a positive-pressure polyethylene tube ven-
tilation system, designed for a livestock (Wang et al., 2018). In
this paper, a 3D model of the ventilation system has been carried
out and validated based on an experimental system. This system
has been also optimised to give the proper air velocities, with the
future purpose of its implementation and test in a wine cellar.

Materials and methods
The natural ventilation in a wine cellar is usually obtained

thanks to small windows and different outlets in the room. As
already presented in the Introduction, the ventilation presents var-
ious issues. Then, a supportive ventilation system has been
designed to be placed in a wine cellar, in addition to the existing
ventilation system. This system has been designed to be suitable
for small or medium wine producers.

Case study
An underground wine-ageing room of an Italian winegrowing

and producing farm has been chosen as case study (farm winery
with average production of 2500-3000 hL/year, representative size
of a small-medium producer). The farm is in the eastern part of the
Emilia-Romagna Region, where viticulture and fruit farming are
widespread and consolidated activities (Barbaresi et al., 2015b).
Figure A.1 shows the wine cellar room from outside (picture on the
left) and from inside (picture on the right). The room (shown in
Figure A.1) is a northeast oriented parallelepiped, 9.80 m long,
5.20 m wide and 2.60 m high and it has window located on the

northeast wall, a door on the north-west wall. It can contain up to
45 French barrels, called barriques, 89 cm long, and diameter 59-
71 cm each. The barrels are placed close to the walls and few of
them also in the middle of the room. 

The four walls and the floor are in contact with the ground
while the ceiling is in contact with a conditioned room. The cellar
is naturally ventilated but it had showed several inconveniences for
the wine conservation. The air velocity could be too low around
the barriques, raising in this way the possibilities of mold forma-
tion, or even stagnation areas not reached by natural ventilation, as
highlighted by the work made by De Rosis et al. (2014). Currently,
these problems are addressed with periodic and systematic forced
air-changes in the room. Despite its proved effectiveness, this solu-
tion requires personnel, time and specific equipment; furthermore,
the system set up is defined by the personnel experience only,
therefore a more effective solution, based on a specific study, is
required.

Fundamental computational fluid dynamics equations
Computational fluid dynamics is based on the governing fluid

dynamics equations (continuity, momentum and energy). The
equations obtained directly from the volume or fixed element in
space are known as conservative form. While the equations which
move with the fluid element, are called as non-conservative form
(De la Torre-Gea et al., 2011). The fluid flow can be modelled by
the Navier-Stokes (N-S) equations that are time and space depen-
dent. Non-linear convective terms are present in the N-S equation
that raises the difficulties on the equation resolution, such as the
pressure-gradient term. In fact, if expressed as a function of veloc-
ity (which is a time-and-space-dependent variable), the pressure
gradient becomes non-linear and non-local. To solve the N-S equa-
tions in turbulent flow, it is possible to resort to turbulence models.
These models solve equations for some main quantities, e.g. U, ūiūj
or ε. Reynolds-averaged Navier-Stokes are part of this family,
since they involve the solution of the Reynolds equation to identify
the mean velocity field. The Reynolds-averaged form of basic
equations is obtained when the instantaneous value of a quantity is
expressed with two components: a time-averaged component,
independent from time, and a time-varying component, for which
the time average is equal to zero. The Navier-Stokes equation, for-
mulated for x direction and with Boussinesq approximation, has
this form:

       (1)

The mean field of physical quantities is calculated, leaving
terms of upper orders to second one. An expression, named enclo-
sure, for the Reynolds stress term is needed in the Navier-Stokes
equation. Several possible models are available and one of them is
the realisable k-ε model, a variation of the standard k-ε model. The
k is the kinetic energy per unit mass of the turbulent fluctuations
and ε is the dissipation rate. This model is a semi-empirical model
and the derivation of the model equations relies on phenomenolog-
ical considerations and empiricism. K-ε realisable model is differ-
ent from the k-ε standard model in two ways (Shih et al., 1995): i)
contains an alternative formulation for the turbulent viscosity; ii)
considers a modified transport formulation for the dissipation rate:
ε, which has been derived from an exact equation for the transport
of the mean-square vorticity fluctuation (Eqs. 2 and 3).
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The transport equations of the model are:

   (2)

and

   

(3)

where

C1 is 1.44, C2 is 1.9, σε and σk are 1.2 and 1 respectively. In Ansys-
Fluent, the software used in this work, C3ε is not defined but it is
calculated according to this expression (Fluent, 2006):

                                                                           
(4)

where ν is the component of the flow velocity parallel to the grav-
itational vector and u is the component of the flow velocity perpen-
dicular to the gravitational vector. In particular, it is defined realis-

able because the model satisfies specific mathematical constraints
on the Reynolds stresses, consistent with the physics of turbulent
flows. For the k-ε standard, this definition is not applicable. A sig-
nificant benefit of the realisable k-ε model is that exhibits more
accuracy to predict the spreading rate of both planar and round jets.
It is also likely to provide greater performance than standard k-ε
model in simulation with flows involving rotation, such as the air
jet coming from a fan, as in this case.

3D model and grid convergence
Tube ventilation is a solution designed to gently introduce

fresh air into enclosed environments with the aim to avoid uncon-
trolled drafts. For this reason, it has been considered as an effective
solution in non-residential buildings, including agricultural build-
ings as calf barns and other animal rearing facilities, such as poul-
try and swine as well as greenhouses, commercial buildings, indus-
trial settings, etc. However, its application in wine cellars has been
poorly investigated. In this case, this system has been considered
to improve the climatic conditions around the barrels; this entails
geometrical constraints to the ventilation system, due to the space
availability between the barrels and the wall. Hence, to be placed
behind the barriques, the tube cannot have a diameter greater than
20 cm and be longer than 4.80 m, as visible in Figure A.2. The sys-
tem has been designed thinking to materials that are either to find
and not expensive. For these reasons, a PVC tube of 0.12 m of
diameter, 2 m long and a PC fan of 220 V DC, with proper connec-
tions have been used. In the tube, 5-mm-diameter holes have been

                             Article

Figure 1. The 3D model of the case, with outlined boundary surfaces specification, is presented in the top figure (A). A yellow ring
highlights the fan and its magnification has been shown at the right. The three visible surfaces are the two interior surfaces, in green,
and the fan surface in black. In the bottom image, (B), the grid convergence study results are reported, for the four different meshes,
by the calculation of ||L||∞.
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created with a drill and then the system has been tested (see Figure
A.3 in the Appendix). Air velocity measurements have been per-
formed with a hot wire anemometer (Delta Ohm with an uncertain-
ty of 0.01 m/s) at 0.40 m from tube to verify the range of velocity
reachable at that distance. The optimal target range of velocity,
based on (Geyrhofer et al., 2011), has been defined up to 0.40 m/s
to 1 m/s. These measurements have been used also to validate the
CFD model. The geometrical model has been developed with
Autodesk Inventor. The global dimensions of the domain are 3 m
wide, 4.025 m long and 1.2 m height. In particular, the fan has been
modelled as a surface inserted into a solid body and has been
designed as an internal surface of a small cylinder, its closing sur-
faces have been defined as interiors. The small cylinder has been
created with a base of 12.5 cm of diameter and a height of 2.5 cm.
It has been created a surface that cuts in two equal part the cylin-
der, in order to model that surface as a fan in Ansys-Fluent, simpli-
fying the complete 3D design of the fan structure. Globally bound-
ary conditions of these cases have been defined as visible in Figure
1. The fan has been already defined with initial velocity of 2450
rpm for the validation process, which is the characteristic velocity
of the fan. It has been configured with a static pressure of 45 Pa
derived from the characteristic of the fan, the centre of rotation
exactly matches the centre of the surface, with a diameter of the
internal body equal to half of the fan diameter, 0.06 m. On this
model, four different grids with cells number from 8×105 to the
finest one of 6.4×106 have been performed. As turbulence model,
the k-ε realisable has been applied and the Second order up-wind-
ing discretisation schemes have been used for pressure, momen-
tum, k and ε to increase the accuracy and to reduce numerical dif-
fusion.

The SIMPLE scheme has been used for the pressure-velocity
coupling. FLUENT uses an iterative method to solve the algebraic
system of equations. A termination criterion of 10−6 for continuity
and 10−5 has been used for all the other field variables. Then, a
convergence study has been performed as presented in Figure 1.
Ten velocity profiles at several distances from the tube have been
considered and ||L||∞ (see Eq. 5) (Magnini et al., 2016; Santolini et
al., 2018) has been computed progressively between two different

meshes, with increasing number of cells:

                                                          (5)

The resulting mesh, chosen for the simulations, has been made
by 3.2×106 cells.

Model validation
In order to validate the presented model, the system under-

went measurements of air velocity. A series of measures has been
taken at 40 cm from the system, in four different positions along
the tube, as previously mentioned. This distance has been consid-
ered a representative distance of the barrels from the tube once
placed in the wine cellar, according to the case-study cellar lay-
out. The measurements have been performed in correspondence
with holes 3, 16, 19 and 28, as visible in Figure A.4. Each mea-
surement has been performed for 2 minutes, recording data with-
in 2 s time steps. In Figure 2, panel A on the left shows the air
velocity profile at 40 cm from the tube, extrapolated from the
simulation compared to the measured data. It is already visible
that the numerical solution is significantly close to the real data.
The simulation result shows an oscillation of the air velocity
among all the profile that is characterised by a significant reduc-
tion at the centre of the tube. The air velocity reaches a minimum
pick of 0.35 m/s and a maximum pick of 0.68 m/s.

The comparison between the two trends shows that the result
of simulation has been linearized as visible in the Figure 2B.
Calculating the relative error between the measured data and the
simulation results in the same positions, three on four errors are
less than 10%, precisely are 5%, 2% and 1%, as reported in Table
1. Moreover, the root mean square error calculated based on the
four measurements is equal to 0.008 m/s. 

However, the measurement data collected at the beginning of
the ventilation system, in the first point, shows the most relevant
error compared to the simulated results. This can be due to the
effect of the fan swirl effect, as explained in Mondaca and Choi
2017, that could not be well appreciated by the simulation model.
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Figure 2. The figure shows the comparison between measured and simulated velocity magnitudes, collected at 40 cm from the tube. A)
It shows the profile velocity from the model compared to the profile of collected data (dashed profile); B) it shows the measurements
profile compared to the linearized profile of simulated results.
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However, the error is significantly limited and does not affect the
validation of the model. For what said above, the differences
between real and simulated data can be assessed as not significant
and therefore the model is considered validated.

System configurations
The system used for the validation procedure is the first system

design analysed in this paper. Then, other possible solutions have
been considered, aiming to find the best configuration able to
obtain the most homogeneous air velocity profile, with a magni-
tude settled in a range between 0.3 m/s and 1 m/s, at 40 cm from
the tube. Firstly, several preliminary simulation tests suggested
enlarging the holes, maintaining the length of the tube and the d⁄ϕ
ratio equal to 12. Then, the number of holes has been thinned out.
Therefore, the new hole diameter has been set to 8 mm instead of
5 mm, and new hole distance is set to 9.6 cm. Taking into account
the effect of the swirl of the fan - that can create high turbulence in
the first part of the tube (Brundrett, 1990) and maintaining the
holes diameters of 5 and 8 mm - the previous two configurations
have been designed with an addition of 20 cm of tube spacing the
fan from the first hole. Other four configurations, starting from the
solution with 8 mm and 5 mm holes, have been created reducing
the d⁄ϕ ratio of one third or halved. In this way, the distance
between holes has been decreased and consequently their number
increased. The idea behind the present choice has been to obtain a
reduction of the range of variation of the velocity magnitude.

Totally, eight different system set ups, summarised in Table 2,
have been provided and analysed. The comparisons among them
have been performed based on the idea that configuration (1) and (2)
have been considered the starting set ups and the subsequent config-
uration should demonstrate to be an improvement of the first ones.

Results
The result analyses have been carried out first on the basic

Configurations ((1) and (2)) and then progressively on the others.
The validated Configuration (1) has been firstly compared to

the results obtained for Configuration (2). In Figure 3, the
Configuration (1) shows a limited air velocity variation compared
to Configuration (2), on the contrary, the latter presents a velocity
variation between 0.2 and 0.8 m/s. Based on the averaged values,
the air magnitude is higher than the Configuration (1) but it is still
contained in the established range. On one hand, the solution with
8-mm holes (Configuration (2)) presents a more homogeneous
magnitude. On the other hand, the 5 mm holes solution
(Configuration (1)) shows an increasing air velocity in the first and
last few holes. This fact has been linked to the turbulent nature of
the flow and reasonably to the dependence on the swirl of the fan.
Taking into account these results, it has expected in Configurations
(3) and (4) to have results less affected by the fan rotation. On the
contrary Configuration (3) shows an unexpected air velocity trend,
visible in Figure 3. In fact, the air magnitude significantly decreas-
es at the level of half tube, reaching values as low as 0.2 m/s. The
trend of the air speed for Configuration (4) does not change com-
pared to Configuration (2), despite the addiction of 20 cm of tube
close to the fan. This does not affect the resulting velocity at 40 cm
of distance from the tube, except for the peak at fan level, which
was not present in the previous configurations. The trend variation
of air velocity is similar to the starting tube set up (Configuration
(1)). Air jets penetration distances are comparable in
Configurations (2) and (4), as visible in Figure 4. Instead, the air

jets penetration distances of Configuration (3) are significantly
reduced compared to the starting Configuration (1) (Figure 4). As
visible in Figure 4, for the most configurations, the profiles (black
line in the figure) are placed in a zone where the air jets are clearly
defined. Instead, a few centimetres further from the profile, the
separation of between each single jet is no longer noticeable, iden-
tifying an area with a more homogeneous and mixed air velocity. 

Nevertheless, the air jets of Configurations (1) and (3) is char-
acterised by more restricted penetration distances. In particular,
Configuration (3) presents a partial area, over the profile line,
where there is no evident effect of the system (contour profiles are
not present). In this area the air velocity is under the lower limit
defined (0.05 m/s). Hence, we can assume that this configuration
definitely has a very limited area of action. However, considering
the application of the system and the desired air velocity, the new
configurations (3 and 4) return a performance not suitable for the
cellar needs. In Figure 4, the contour map of all configurations
(from (1) to (8)) are reported, showing the air velocity magnitude
of the area around the system. Observing specifically the last two
configurations ((7) and (8)), it is clear that the air jets, coming from
the system, have a wide area of action in both cases. In fact, down-
stream of the pipe stagnation areas (air velocity equal to 0 m/s) are
not detected, however some areas at low velocity (0.05 m/s) are
present in the results of Configuration (7) only. On the contrary,
Configuration (8) shows larger effects compared to the others, pre-
senting an area at air velocity higher than 0.4 m/s from 40 cm up
to the limit of the domain, which means over 1.45 m far from the
pipe. Taking into account the velocity profile at 40 cm from the
system, the previous comparison has been performed also between
Configurations (1) and (5), (2) and (6), as shown in Figure 3. The
Configurations (5) and (6) show significantly limited velocity vari-
ation, swinging around 0.6 m/s for the Configuration (5), and
between 0.6 and 0.8 m/s for the Configuration (6). Configuration
(5) presents also a wider initial variation of air speed, at the level
of the first five holes, but still limited between 0.4 and 0.6 m/s. 

                             Article

Table 1. Numerical comparison between the measured data and
the relative simulated results.

Measurement     Vmeasured (m/s)     Vsimulated (m/s)    Error (m/s)

1                                                0.36                               0.414                          0.06
2                                                0.42                               0.433                          0.02
3                                                0.40                               0.444                          0.05
4                                                0.49                               0.477                          0.01

Table 2. Configurations of the tube analysed in this study: N is
the number of holes; L is the length of tube and ϕ is the diameter
of holes.

Configurations                   N           φ(mm)             d⁄ϕ L(m)

1                                                      30                     5                         12 2
2                                                      19                     8                         12 2
3                                                      39                     5                         12 2.2
4                                                      19                     8                         12 2.2
5                                                      44                     5                          8 2
6                                                      27                     8                          8 2
7                                                      58                     5                          6 2
8                                                      35                     8                          6 2
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This effect remains an isolated episode in the profile and is still
in the range of the desired velocity magnitude. As shown in Figure
4, the profile of Configuration (5) is located in the area where any
single jet is no longer identifiable but where there is a more con-
stant and homogeneous air velocity. A similar result characterises
Configuration (6), with the only difference that the velocity mag-
nitude is larger than Configuration (5). However, these configura-
tions appear more suitable for underground cellar needs than the
initial Configurations (1) and (2). Nevertheless, these results can

be considered less satisfactory than those concerning
Configurations (7) and (8), as shown comparing Figure 3 with
Figure 5. In Configuration (7), the profile demonstrates to be more
homogeneous and stable at 0.6 m/s, compared to the previous
cases. In the profile, the velocity undergoes a small increase at the
beginning and end areas of the pipe. These variations are very lim-
ited, just around 0.7 m/s, so that this configuration can be definite-
ly considered similar to the sought results. The results of the two
configurations are similar (Figure 5), since the profile presents

                             Article

Figure 3. The top figure (A) is the comparison between the solutions with 5 mm and 8 mm holes. These are the two profile at 40 cm
from the tube and represent the velocity magnitude starting from the end of the pipe to the fan. Figures (B) and (C) are the comparison
of the previous configurations, represented with dashed lines, and the configurations ((1) and (2)) and whole lines are the configura-
tions with 20 cm in addiction of tube. The dashed lines are the basic Configurations ((1) and (2)) and Configuration ((5) and (6) respec-
tively, presented as whole lines.
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reduced oscillations and a more homogeneous trend, with a veloc-
ity magnitude settled around 0.8 m/s. In this case, there is a slight
decrease in the magnitude in the initial part of the profile, but that
does not lead to a significant variation in the trend. 

Moreover, the distance of effectiveness of air jets has been
investigated analysing the air velocity magnitude. Considering the
target of the air ventilation system, the velocity values of greatest
interest are those that are maintained in the range of 0.4 m/s-1 m/s. 

In order to identify at which distance both these limits have

been exceeded, the velocity profiles of all configurations have
been extrapolated every 2 cm of distance, starting from the air pro-
file located 40 cm far from the pipe, and proceeding towards the
external domain. In order to explain this methodology in the clear-
est way, the Configuration (7) has been taken as reference. The
Figure 6 presents the air velocity profiles of the configuration anal-
ysed, starting from the velocity profiles at 40 cm and going
towards and away from the pipe considered every 2 cm. For a bet-
ter representation, the air profiles going in the two different direc-

                             Article

Figure 4. Contour maps of the configurations from (1) to (8). The air velocity profiles, at 40 cm of distance from the pipe, are depicted
in black.
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tions are represented separately and only the profiles each 6 and 10
cm are presented in Figure 6. As visible in Figure 6A, the lower
velocity limit of 0.4 m/s is exceeded at a distance of 0.7 m from the
tube. In fact, the profile at 0.7 m from the pipe is characterised in
the central part by an air velocity lower than the limit. However,
the air velocity has values lower than the limit all along the profile
only at further distances. About the upper limit of 1 m/s, it is
exceeded at a distance of 20 cm, as visible in Figure 6B, all along
the entire profile. In fact, in this position the air velocity profile has
variations ranging from 1 m/s to 0.7 m/s.

Then, it is clear that the area of action of the system is enclosed
between 20 cm to 1 m of distance from the system. The same
methodology has been applied to all the other configurations.
Graphs including other configurations’ profiles have not be report-
ed for the sake of brevity, except the Configuration (8) towards-

the-pipe profile due to its peculiarity. This configuration in fact
exhibits a singular results: the distance from the tube - where the
lower limit could be exceeded - cannot be easily identified in this
way (in the subsequent calculations this distance has been defines),
while the exceeding of the upper limit can be investigated, as done
in Figure 7. The limit of 1 m/s is overcome at a distance of 30 cm
from the system, where the air velocity profile shows several
peaks, located just in the first part of the velocity profile. The anal-
yses so far described, have been collected and summarised in the
identification of three parameters, in order to better compare all
these configurations and to identify the most suitable solutions for
underground cellars in general and for the paper case-study in par-
ticular. The parameters are: i) vm - mean velocity of the profile; ii)
α - velocity variation along the profile; iii) dlimit - limit distance of
action of the system.
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Table 3. Important parameters for the differentiation of all analysed cases: vm is the mean velocity of the profile at 40 cm from the pipe,
σv is the standard deviation of the velocity, α is the velocity variation along the profile, σα is the standard deviation related to the veloc-
ity variation and dlimit is the limit distance of action of the system.

Configurations                    vm (m/s)                       ov (m/s)                            α (m/s)              �σα (m/s)                                 dlimit(m)

1                                                              0.48                                       ±0.11                                             0.17                             ±0.05                                                      0.63
2                                                               0.6                                         ±0.2                                             0.492                           ±0.016                                                     1.08
3                                                               0.4                                        ±0.11                                            0.143                           ±0.117                                                     0.52
4                                                              0.53                                       ±0.29                                            0.695                           ±0.033                                                     1.05
5                                                              0.54                                       ±0.10                                            0.172                           ±0.033                                                     0.91
6                                                              0.75                                       ±0.16                                            0.137                           ±0.015                                                     1.03
7                                                              0.54                                       ±0.12                                            0.015                           ±0.025                                                     0.93
8                                                              0.74                                       ±0.15                                            0.039                           ±0.024                                           Out of domain

Figure 5. The top figure (A) is the comparison between the basic configurations (dashed lines) and the Configuration (7) (whole lines).
The top figure (B) is the comparison between the basic configurations (dashed lines) and the Configuration (8) (whole lines). The pipes
are showed to understand that the profiles are from the end to the top of the tube.
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In particular, the limit distance has been defined as the distance
from the system where the air velocity starts to be under 0.4 m/s
(v≤0.4 m/s), taking in consideration three representative position
along the tube (beginning, centre and end of the tube). Table 3
reports the three parameters and the standard deviations of vm (σv)
and α (σα). At first, we analyse the configurations according to
those parameters, under a general point of view. Later the parame-
ters will be used to identify the most suitable configuration for the
case-study. Taking into account the mean velocity and its standard
deviation, all the configurations, except Configuration (3), present
a velocity higher than 0.4 m/s, but Configuration (2) and
Configuration (4) are characterised by a higher value of standard
deviation. This fact is also confirmed by the value of α, which are

the highest values among all the configurations. About
Configuration (3), a velocity equal to 0.4 m/s is already reached at
40 cm from the tube.

However, this is an averaged value of a parameter that presents
minimum and maximum peaks around 0.2 and 0.7 m/s. Instead, the
value of dlimit shows the distance where is present a peak of 0.4 m/s
and the other velocity values are already under this limit. Based on
all parameters, Configurations (5), (6), (7) and (8) demonstrates
effective air velocity magnitudes, low values of velocity variation
along the profile and also the greater distances of action. However,
among these, Configurations (7) and (8) exhibit lower velocity
variation α and small related standard deviation entailing to be the
more stable profiles compared to all the other cases. About these
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Figure 6. The first plot (A) presents the trend of the velocity profiles, increasing the distance from the pipe in Configuration 7. The sec-
ond plot (B) shows the same situation but about the profiles with a decreasing distance from the tube.
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two cases, the air flows have been analysed more in detail as
shown in Figures 6 and 7, where the area of action of
Configuration (7) has been restricted between 20 cm-1.06 m from
the system and between 30 cm-1.45 m for Configuration (8). These
information and related consideration are essential to evaluate the
positions of the system inside the room.

The Configurations (2), (3) and (4) prove to return worse per-
formances compared to the other solutions. Configuration (7) and
(8) are the more stable and with the longer range of action. In the
case-study systems designed according to Configuration (7) and
(8), the ventilation system can be placed even farther from the bar-
riques (for example in the ceiling) due to long range of effective-
ness and strong stability. For this kind of application, also systems
designed according to Configuration (5) and (6) can be applied
with a lower air velocity stability than the previous cases. On the
contrary, Configuration (1) can be a suitable solution to be placed
between the barriques and the wall thank to vm close to lower limit
and a good value of α. 

This fact could lead to an increasing dimension of the conduct,
of the holes and a more powerful fan. Even though the results of
this paper cannot be taken into account for a direct application on
livestock barns, the proposed methodology can be a useful tool for
specific studies in this sector.

On the contrary, referring to the greenhouse needs, the present
system could be adopted in these constructions. Considering the
resulting air velocity, in fact, this system could be used in a green-
house for plant ventilation. The literature shows that in the cultiva-
tion area the optimal range of ventilation is 0.5-0.3 m/s (Hanan,
2017; Santolini et al., 2018) but not always this range can be main-
tained by the natural ventilation. This system could cover this lack
of ventilation efficiency. Another relevant aspect for alternative
usages of this system is the orientations of the jets in relation to the
environmental parameter required in the room. In this study, the air
jets have been considered perpendicular to the barrels, but in few
situations, changing the air velocity direction and/or providing a
wider-angle range could return better performances. This aspect
too requires specific studies for the specific needs. 

Conclusions
Considering the important role of the environmental condi-

tions, the control systems are rarely applied in wine cellar. Usually
these rooms are naturally ventilated, and this solution presents sev-
eral issues especially, as already widely explained previously.

According to these, the design and test process of a smart ven-
tilation system have been conducted, which would act as a support
for natural ventilation, for small or medium wine farms. In partic-
ular, a first set up of the system has been created and a 3D CFD
model of it has been performed. The model has been validated by
means of experimental data. Then, several further configurations
of the systems have been analysed and compared, defining the best
ones based on the system goals. Based on the defined parameters,
the best performing configurations are characterised by: i) holes of
0.5 mm of diameter, spaced 3 cm from each other; ii) holes of 0.8
mm of diameter, spaced 4.8 cm from each other.

The CFD approach has given the chance to observe the
behaviour of each system hypothesised, identifying positive and
negative aspects in relation to the desired results, based on specific
parameters. These parameters can be useful indicators in any case
for the identification of the best configuration based on the wine
cellar characteristics and necessities. Finally, the presented method-
ology has proved to be an important design tool to validate, test and
optimise the ventilation system, avoiding the necessity to build any
new system, saving time and materials. This approach has allowed
also the investigation of other useful aspects for the further system
implementation, such as the zones of air velocity, within the defined
magnitude range. All these analyses can be considered essential for
a proper placement of the system inside the room. In the agricultur-
al sector, other buildings (such as livestock barns and greenhouses)
can require a ventilation system able to perform a constant, dis-
tributed, low-velocity flow. Referring to the livestock sector, the
ventilation is usually necessary for the animal welfare (Carpenter,
1972; Rong et al., 2016), however the parameters of this ventilation
are remarkably different from those ones performed by the system
studied in this work. In particular, air flow and velocities should be
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Figure 7. The plot presents the trend of the velocity profiles, decreasing the distance from the pipe, in order to identify when the limit
of 1 m/s is passed.
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definitely higher, over 1 m/s, in a range between 2-3 m/s (Wang et
al., 2018). Starting from these results, it would be interesting to
investigate how the implementation of the system could affect the
global air flow distribution inside the wine cellar. Future works will
assess the effectiveness of this system in a cellar in terms of tem-
perature and humidity uniformity.
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