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Abstract

The objective of this study is to numerically and experimentally investigate velocity characteristics throughout a long slot-ven-

tilated enclosure as a function of inlet flow arrangement located on the same side of the exit section. This study focused on the effect

of the enclosure�s confinement on the airflow pattern and more particularly on the wall jet characteristics concerning its decay and its

stabilisation. An original approach is also proposed to evaluate the local effect of airflow pattern on ventilation efficiency. To

improve the performance and the uniformity of ventilation in the enclosure, a new configuration with a lateral air inlet section

was studied. The results concerning airflow characteristics and air-ventilation efficiency were compared and contrasted with the

more common case with a central inlet section. A numerical approach based on computational fluid dynamics (CFD) Fluent code

was used to test various turbulence closure models including the high and low Reynolds number form of the two-equation k–e model

and the more advanced Reynolds stress model (RSM). Comparisons with experimental data obtained on a scale model under iso-

thermal conditions allow a critical evaluation of the performance of these models in internal flows.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Within slot-ventilated enclosures extensively used in

many engineering applications, airflow patterns and

velocity characteristics are very important to regulate

and control the level and the homogeneity of indoor

ambience parameters such as temperature, humidity

and contaminant concentration. This is particularly

important from the viewpoint of air quality, thermal
comfort, health and energy savings.

Many studies have been performed in order to char-

acterize experimentally and/or numerically the influence

of aerodynamic and geometric parameters related to the
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inlet jet, the enclosure�s dimensions and the positions of
the inlet and the outlet sections on airflow patterns and

ventilation efficiency (Yu and Hoff, 1999; Karimipanah,

1999; Adre and Albright�s, 1994; Zhang et al., 2000;

Awbi, 1989; Nielsen et al., 1978; Davidson, 1989; Hoff

et al., 1992; Choi et al., 1990; Nady et al., 1995).

In most configurations investigated (Awbi, 1989,

Nielsen et al., 1978; Davidson, 1989; Hoff et al., 1992;

Choi et al., 1990; Nady et al., 1995), the inlet and outlet
are located face to face in order to promote a robust air-

flow in the whole internal space. This paper focuses the

particular case of an empty slot-ventilated room with in-

let and outlet sections located on the same side. From an

aerodynamic standpoint, the principal drawback of this

design is the presence of a strong pathway between the

two sections, implying high velocities in the front section

and low velocities in the rear part of the enclosure. Con-
cerning this type of configuration, the investigations
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Nomenclature

Cp specific heat of air (Jkg�1 K�1)

C 0s turbulence model coefficients
DH hydraulic diameter of the inlet section (m)

f 0s functions to modify the model coefficients

G production term (m2 s�3)

H height of the enclosure (m)

I turbulence intensity (%)

k kinetic energy of turbulence (m2 s�2)

L length of the enclosure (m)

p static pressure (Pa)
Re Reynolds number, Re = qU0DH/l
Rey wall Reynolds number, Rey ¼ qy

ffiffiffi
k

p
=l

Ret turbulence Reynolds number, Ret = qk2/le
T, t mean, fluctuating temperature (K)

Tz.i, Tz.o average temperatures related to Vz (K)

uiuj Reynolds stresses component (m2 s�2)

Ui, ui mean and fluctuating velocity component in

xi direction (ms�1)
U, V, W lateral, vertical and longitudinal mean velocity

components (ms�1)

u, v, w lateral, vertical and longitudinal fluctuating

velocity components (ms�1)
_V 0 volumetric airflow rate (m3 s�1)

Ve enclosure volume (m3)

Vz local domain (m3)
_V z volumetric airflow rate supplying Vz (m3 s�1)

w0 width of the inlet section (m)

x, y, z lateral, vertical and longitudinal coordinates

(m)

y+ dimensionless wall unit, y+ = (sw/q)0.5y/m

Greeks

e turbulence energy dissipation rate (m2s�3)
l dynamic viscosity (kgm�1 s�1)

m kinematic viscosity (m2 s�1)

q density (kgm�3)

r 0s diffusion coefficients in turbulence models

sw wall shear stress (kgm�1 s�2)

sz local ventilation efficiency (s�1)

s0 overall ventilation efficiency (s�1)

Subscripts

0 inlet

t turbulent

i, j, k vector directions in x, y and z
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reported in the literature (Yu and Hoff, 1999; Karimipa-

nah, 1999; Adre and Albright�s, 1994; Zhang et al.,

2000) consider only short to moderate room lengths

(L/H 6 2.5, where L is the room length, and H is the

room height).

According to the high degree of complexity inherent

in the instrumentation of a large enclosure, model stud-

ies are practical to characterise airflow behaviour and to
validate numerical simulation. Yu and Hoff (1999)

investigated the airflow patterns of ceiling slot-ventilated

agricultural cold rooms using room models with a two-

dimensional wall jet. The authors defined air-jet penetra-

tion as the distance from the inlet wall where the wall

air-jet separated from the ceiling. They found that the

penetration distance was approximately 0.84 times the

length of the enclosure (L = 2.42 m). In an analogous
configuration when the outlet was located on the same

wall as the inlet, Adre and Albright�s (1994) experiment

resulted in a penetration distance of 0.64 L. In addition,

the two studies are in agreement concerning the air pen-

etration distance, which varies in a positive manner and

remains constant above a threshold Reynolds number

value. Threshold values of Re were about 950 for the

model and 1900 for the prototype.
Karimipanah (1999) characterized the influence of

the opposite end wall on the deflection of wall jets in
slot-ventilated enclosures, and recorded pressure distri-

butions along the perimeter of the room for four cases

(L = 2H/3, H, 4H/3, and 2H). According to the pressure

behaviour, the author defined the point where the influ-

ence of the opposite wall starts as the location where the

pressure starts to increase. The region located between

this point and the end wall is called the impingement

region. The impingement region is located at a point
of about 30% of the room length and this holds inde-

pendently of room size. The pressure level at the corner

increases as the room length decreases. However, it is

clear that the pressure measurements are unable to

explain the behaviour of airflow pattern, especially in

the impingement region where the airflow jet is subjected

to an adverse pressure gradient. In addition, the influ-

ence of the outlet section, located on the same side of
the inlet, on the deflection of the jet is not analysed,

especially for long room lengths (L/H > 2.5).

To improve the design of slot-ventilated enclosures,

there is a need to validate numerical models by compar-

isons with experimental data. After this step, these mod-

els should be used to optimize geometric, aerodynamic

and thermal parameters. Concerning the use of a turbu-

lence model, many studies use the standard k–e model
described by Launder and Spalding (1974) since it is

easy to program and has broad applicability. However,
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predictions given by this model tend to be inaccurate

and ad-hoc modifications are performed to improve

the computed results (see e.g. Choi et al., 1990).

Many authors (Chen and Patel, 1988; Patel et al.,

1985; Lam and Bremhorst, 1981) consider that the use

of low-Reynolds-number models (LRN) clearly improve
the calculations of separated flows over the use of wall

functions. Moreover, as a very fine grid distribution is

needed in the near-wall region where the viscous sub-

layer can be resolved, the computing time and memory

storage costs are significantly high. These aspects consti-

tute the principal limitation for the LRN models.

Within a confined enclosure, airflow is complicated,

since it is often the combination of free turbulent shear
flows and near-wall effect. Interactions between airflow

and pressure gradient imply the presence of primary

and secondary recirculations including high streamline

curvature effect. For these complex flows, different

authors (Wilcox, 1994; Menter, 1997; Nallasamy,

1987) agree on the inadequacy of k–e model to predict

airflow patterns and underline its limitation by compar-

ison with experimental data. In a comparison concern-
ing indoor air flow Chen (1995) tests five k–e, two-

equation models: the standard k–e model, a LRN k–e
model, a two-layer k–e model, a two-scale k–e model,

and a renormalization group (RNG) k–e model. The

author concludes that either of these two-equation mod-

els is able to predict the presence of the secondary recir-

culating flow. Nady et al. (1995) also underline the

inability of the k–e model to predict the detachment of
the jet from the ceiling as observed experimentally under

non-isothermal conditions.

Gibson and Rodi (1981) show that the standard k–e
model lacks sensitivity to curvature in contrast to the

full Reynolds stress model. Leschziner and Rodi

(1984) derived after some simplifications the expression

of the Cl coefficient in the Reynolds stress transport

equations in curvilinear coordinates. Cl is not a con-
stant as in the standard k–e models but depends strongly

on streamline curvature. In a comparative review, Nal-

lasamy (1987) concludes that the use of RSM models

to account for curvature effects, countergradient trans-

port and secondary flows would improve the confidence

in turbulence closure models. For ventilated enclosure,

Karimipanah (1999) also recommends the use of sec-

ond-moment closure turbulence models in order to bet-
ter predict the appearance of corner flows on the

opposite wall where the effect of anisotropy of turbu-

lence fluctuations and streamline curvature are

pronounced.

The objective of this study was to numerically and

experimentally investigate velocity characteristics

throughout a long slot-ventilated enclosure (L/H � 6)

as a function of inlet flow arrangement located on the
same side of the exit section. Two configurations with

central and lateral air inlet sections were studied. The re-
sults concerning airflow characteristics and air-ventila-

tion efficiency were compared and contrasted. Velocity

and turbulence measurements were obtained using a

scale model under isothermal conditions with laser Dop-

pler velocimetry. Numerical approach was performed

using computational fluid dynamics (CFD) Fluent code
by testing various turbulence closure models including

the high and low Reynolds number form of the two-

equation k–e model, and the more advanced RSM.

The primary focus was to compare the predicted val-

ues of velocity and airflow patterns with experimental

data obtained using a scale model. In addition, these

comparisons allow critical evaluation of the performance

of the turbulence models in internal flows. The analysis
of experimental and numerical data should identify the

mechanisms governing the stability of the confined wall

jet on the ceiling or its separation, its reach, the impor-

tance of the primary jet zone and in some cases the pres-

ence of secondary or recirculating zones.
2. Materials and methods

2.1. Experimental device

The experiments were carried out using a reduced-

scale (1:3.3) model of a trailer with respect to the

adimensional Reynolds number (Re = qW0DH/l). After-

wards, all the data: dimensions, flow rate and results, are

expressed for the actual scale. The blowing and outlet
sections are located on the same side at the front of

the trailer. The dimensions of this device expressed using

the actual scale are represented in Fig. 1. The air is sup-

plied through a rectangular inlet section located near the

ceiling, at a relatively high velocity. Due to the Coanda

effect, this design should allow to the issuing confined

wall jet to adhere, as far as possible, to the ceiling and

to entrain the air in the whole enclosure. The objective
is to improve the ventilation efficiency and to obtain a

nearly uniform distribution of temperature and contam-

inant through the enclosure.

In this study, two air inlet configurations are studied

with central and lateral positions showed respectively in

Figs. 1b and c. According to the extensive use of central

position for ventilation enclosure, two sections were

tested: a small section: w0 = 1 m; which is generally used
in the case of refrigerated vehicle configuration and a

large section: w0 = 2.3 m. For all these configurations,

an inlet airflow rate of 4750 m3/h was obtained. The

opening height was 0.12 m. For the small section, the

inlet velocity W0 is 11 m/s, DH = 0.18 and the kinematic

viscosity is 1.5 · 10�5 m2/s resulting in a Re of 1.3 · 105

in experiments and numerical simulations.

The walls of the scale model are made of wood. Only
one lateral wall is made of glass to allow internal air

velocity measurement using one-dimensional laser Dop-
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Fig. 1. Schematic view of the slot-ventilated enclosure showing inlet and outlet positions and dimensions: (a) longitudinal view, (b) cross-section of

CIS, (c) cross-section of LIS.
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pler velocimetry (LDV) produced by TSI manufacturer.

This system does not interfere with the flow and is able

to correctly resolve the sign as well as the magnitude of
velocity and to determine mean velocity and its fluctua-

tion. It comprised a 50 mW laser diode emitting a visible

red beam at 690 nm wavelength, a beamsplitter, a Brag

cell, a focussing and receiving lens, a pinhole arrange-

ment to collect scattered light and a photomultiplier.

Light scattered from particles is captured through the

same front lens that the two beams exit from. The air

supplied to the model was passed through atomizers
and allowed near continuous Doppler signals which

were converted into velocity and time. The probe is posi-

tioned by a computer controlled traversing arm which

provides a resolution of ±0.5 mm in three directions.

In these experiments, the decay of the velocity along

the enclosure, horizontal and vertical velocity different

profiles at different longitudinal positions are obtained.

In addition to these profiles, 1080 measurements for
horizontal and vertical velocities are performed in the

whole medium/symmetry plane in order to represent

the streamlines and airflow pattern. The measurement

scheme used a uniform grid with 0.5 m horizontal inter-

vals and 0.1 m vertical intervals.

2.2. Analysis of ventilation efficiency

The overall ventilation efficiency is often character-

ised by the number of times the enclosure�s air volume

is replaced during one time unit.

s0 ¼
_V 0

V e

ð1Þ
An extension of this concept is proposed here in order

to characterise the local ventilation efficiency. Thus we

analyse the flow rate _V z flowing in and out of the volume
Vz comprised between z section and the end wall of the

enclosure, as shown in Fig. 2a. According to numerical

simulations, _V z can be computed by the following

integration:

_V z ¼ 0:5

Z
Sz

jW jds ð2Þ

However, the air flowing in the volume Vz is not only

composed of fresh injected air but also by recirculating

air (Fig. 2b). If ventilation is used to extract heat or

an undesirable gaseous component which is generated

in the enclosure, only the fresh injected air is efficient.

In order to characterize the quantity of fresh air part

entering the volume Vz, a fictitious and uniform volumic

heat load per unit volume, P, is applied throughout the
enclosure domain.

In steady state, the heat balance of the control vol-

ume Vz can be expressed using bulk average air temper-

atures of the air flowing in and out, named Tz.i and Tz.o

respectively.

PV z ¼ _V zqCpðT z:o � T z:iÞ ð3Þ

Moreover, the incoming airflow can be considered as
the mixing of a quantity of fresh air named _V z:eq at tem-

perature T0 and a recirculating air ð _V � _V z:eqÞ at temper-

ature Tz.o (Fig. 2b).

qCp
_V zT z:i ¼ qCp

_V z:eqT 0 þ qCpð _V z � _V z:eqÞT z:o ð4Þ
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Fig. 2. Local ventilation concerning Vz domain: (a) schematic view of the flow rate _V z supplying Vz domain through z section, (b) schematic

decomposition of _V z between fresh air _V z:eq and recirculating air ð _V z � _V z:eqÞ.
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Thus the heat balance can be rewritten:

PV z ¼ qCp
_V z:eqðT z:o � T 0Þ ð5Þ

This means that, in terms of heat extraction capacity

(or gaseous component extraction), the process gives rise

to an equivalent flow rate of fresh injected air _V z:eq enter-
ing the volume Vz. The additional airflow part:
_V z � _V z:eq flows in a circular manner, and contributes

to the uniformity of temperature in the Vz domain; how-

ever, it does not affect the heat balance.

Thus the bulk temperatures, Tz.i and Tz.o can be com-

puted from the simulations by following integration:

_V zT z:i ¼ 0:5

Z
Sz

ðjW j þ W ÞT ds ð6aÞ

_V zT z:o ¼ 0:5

Z
Sz

ðjW j � W ÞT ds ð6bÞ

Then _V z:eq can be obtained from Eq. (4). Finally, we

define a local ventilation efficiency based on the equiva-
lent fresh air renewal:

sz ¼
_V z:eq

V z
ð7Þ
3. Numerical modelling

3.1. Governing equations and hypothesis

The description of airflow development are based on

the conservative law of mass and momentum. The

solved equations can be written as follows:

Mass conservation:

oUj

oxj
¼ 0 ð8Þ
Momentum conservation:

oUjUi

oxj
¼ � 1

q
oP
oxi

þ o

oxj
m
oUi

oxj
� uiuj

� �
ð9Þ

Energy conservation:

oUjT
oxj

¼ o

oxj

m
Pr

oT
oxj

� ujt
� �

ð10Þ

where uiuj and ujt are, respectively, the unknown Reyn-

olds stresses and heat fluxes. The obtaining of these

quantities depends on the turbulence closure. For the

case investigated, two levels of turbulence modelling clo-

sure have been employed:

• on one hand with two-equation models: the high and

low Reynolds number form of the two-equation k–e
model, based on the Boussinesq hypothesis.

• on the other hand with a second-moment closure.

3.1.1. The standard k–e model: high–Reynolds number

Using the Boussinesq hypothesis, the Reynolds stres-

ses can be described as follows:

�uiuj ¼ mt
oUi

oxj
þ oUj

oxi

� �
� 2

3
kdij ð11Þ

the eddy (turbulent) viscosity mt is obtained from:

mt ¼ Clfl
k2

e
ð12Þ

The turbulence kinetic energy k and the dissipation rate

e are determined using the following transport equations

respectively:

oUjk
oxj

¼ o

oxj
m þ mt

rk

� �
ok
oxj

� �
þ Gk � � ð13Þ
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oUj�

oxj
¼ o

oxj
m þ mt

r�

� �
o�

oxj

� �
þ �

k
ðC1f1Gk � C2f2�Þ ð14Þ

Gk represents the shear production term:

Gk ¼ mt
oUi

oxj
þ oUj

oxi

� �
oUi

oxj
ð15Þ

With the exception of the low-Reynolds number k–e
models, the damping functions fl, f1, f2 are equal to one.

The model coefficients in the standard k–e model are:

ðCl;C1;C2; rk; reÞ ¼ ð0:09; 1:44; 1:92; 1:0; 1:3Þ ð16Þ
3.1.2. The Lam–Bremhorst model: low-Reynolds

number k–e
In regions very near a wall where viscous effects be-

come important, properties will change rapidly, the

damping functions proposed by the Lam–Bremhorst

model (1981) are equal to:

fl ¼ ½1 � expð�0:0165ReyÞ�2ð1 þ 20:5=RetÞ ð17Þ

f1 ¼ 1 þ ð0:05=flÞ3 ð18Þ

f2 ¼ 1 � expð�Re2
t Þ ð19Þ

The definitions of the Reynolds number used in these

formulae are:

Rey ¼ qy
ffiffiffi
k

p
=l ð20Þ

Ret ¼ qk2=le ð21Þ
3.1.3. The RSM

To obtain the transport equations for Reynolds tur-

bulent stress we multiply the i-component Navier–

Stokes equation for the instantaneous velocity (Ui + ui)

by the fluctuation uj. We then add ui times the equations

for (Uj + uj), and average. This gives rise to:

Uk
ouiuj
oxk

¼ � o

oxk
uiujuk þ

p
q
ðdkjui þ dikujÞ � m

oðuiujÞ
oxk

� �

þ Gij þ
p
q

oui
oxj

þ ouj
oxi

� �
� 2m

oui
oxk

ouj
oxk

ð22Þ

where Gij ¼ �uiuk
oUj

oxk
� ujuk

oUi

oxk
represents the produc-

tion term.

The diffusive transport term was represented by a

simplified form of the generalized gradient diffusion

hypothesis as

� o

oxk
uiujuk þ

p
q
ðdkjui þ dikujÞ � m

oðuiujÞ
oxk

� �

¼ o

oxk

mt
rk

o

oxk
ðuiujÞ

� �
ð23Þ
The pressure–strain term consisted of the linear re-

turn-to-isotropy and is modelled by Launder et al.

(1975) as

p
q

oui
oxj

þ ouj
oxi

� �
¼ �C1

�

k
uiuj �

2

3
dijk

� �
� C2 Gij �

2

3
dijG

� �

ð24Þ

where the constants C1 = 1.8 and C2 = 0.60, and

G = 0.5Gii.

The dissipation term was assumed isotropic, and was

approximated by

2m
oui
oxk

ouj
oxk

¼ 2

3
dije

where the dissipation rate was computed via the e trans-

port equation.

The turbulent heat fluxes was expressed as

ujt ¼ � mt
Prt

oT
oxj

ð25Þ
3.2. Boundary conditions

The computational domain may be surrounded by in-

flow and outflow boundaries in addition to symmetry

and solid walls. At the inlet, uniform distribution is as-
sumed for velocity components, kinetic energy of turbu-

lence (k0) and the energy dissipation rate (e0). The

numerical values are specified as

• U0 = V0 = 0; W0 = 11 m/s representing the mean

streamwise longitudinal velocity, giving an inlet flow

rate _V 0 ¼ 4750 m3/h,

• k0 = 3/2(U0I0z)
2; where I0z = 10% represents the tur-

bulence intensity of the z-component of velocity at

the inlet as obtained from experiments,

• e0 ¼ ðC0:75
l k1:5

0 =0:07DHÞ where DH represents the

hydraulic diameter of the inlet section,

• for the RSM, turbulence is assumed to be isotropic:

uiuj ¼ 2
3
k0dij.

At the outflow, pressure is supposed to be uniform and
zero-gradient is applied for all transport variables.

Excepting the case of LRN, the turbulence models

are only valid in fully turbulent regions. Close to the

wall, where viscous effects become dominant, these mod-

els are used in conjunction with wall functions. For this

study, the conventional equilibrium logarithmic law

governing the wall is used (Launder and Spalding,

1974).
At the symmetry plane, only valid for CIS configura-

tion, zero normal velocity and zero normal gradients of

all variables are assigned.



Table 1

Various grid densities used in numerical simulations

Model Grid: Nx Æ Ny Æ Nz in depth (2.46 m),

height (2.5 m) and length (13.3 m)

Coarse Fine

k–e (standard) 50 · 52 · 240

LRN k–e 60 · 87 · 124

RSM 47 · 48 · 151 50 · 52 · 240
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3.3. Numerical resolution

The computations were carried out using FLUENT,

a commercial computational fluid dynamics (CFD) code

with a three-dimensional configuration. The governing

equations are solved using the finite-volume method in

a staggered grid system. In these simulations, the quick

scheme, based upon three-point upstream-weighted
quadratic interpolation as described by Leonard (1979)

was used rather than linear interpolation between con-

secutive grid points. The principal objective in using

the quick scheme is to reduce the grid size required to

yield a grid-independent solution, in comparison to the

low-order scheme.

A non-uniform grid was used in this study, with high-

density mesh in regions near the inlet, outlet and walls
Fig. 3. Airflow pattern on the symmetry plane: compa
where high gradients are expected. The different grids

used are presented in Table 1. The results presented here

are for the finer grid for both LIS and CIS. Using the

symmetry assumption, only half of the enclosure is sim-

ulated in CIS.
4. Results and discussion

4.1. General description of the flow field

4.1.1. Central inlet configuration (CIS)

In order to better understand the behaviour of the

flow patterns within the enclosure, we represent in Fig.
3a the streamlines related to the mean flow field in the

symmetry plane. These streamlines are obtained from

1080 (24 · 45) measurement points made using the

LDV system. On the same plane, Fig. 4a presents the de-

crease in the velocity for normal and large inlet sections.

It can be seen that the wall jet separates from the ceiling

at approximately z/L = 8.5/13.3 and 7/13.3 from the inlet

respectively for normal and large sections. This separa-
tion splits the jet into two regions dominated by two

vortices of opposite circulation. The primary recircula-

tion located in the front part of the enclosure delimits

the reach and the action of the inlet jet. Conversely,
risons between experiment and numerical results.
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the secondary flow located in the rear part is poorly sup-

plied by the primary jet. In addition, the velocities are

very low. This type of airflow is highly undesirable be-

cause of the stagnant zone aspect related to the second-

ary recirculating area where high levels of temperature

and contaminant could be expected due to the poor mix-

ing with the primary recirculating air.

4.1.2. Lateral inlet configuration (LIS)

In comparison with CIS, LIS is designed in order to

improve the homogeneity of airflow distribution and

ventilation efficiency in the whole enclosure. From an

aerodynamic standpoint, the aim is to avoid the separa-

tion of the wall jet and hence the appearance in the rear

end of the enclosure of a secondary recirculation domi-
nated by low velocities.

Fig. 4b shows the decrease in the velocity from the

middle of the blowing section. It can be seen that the

wall jet does not separate from the wall and reaches

the opposite side of the enclosure. This trend can also

be confirmed by horizontal profiles obtained at 0.1, 3,

6, 9.5 and 12 m (Fig. 5).
4.2. Wall jet separation analysis

Airflow pattern and velocity characteristics in an
enclosure have some original features which can be high-

lighted. In the case of an unbounded wall jet, the main-

taining of the jet on the wall can be easily explained by

the Coanda effect. In the enclosure, the maintenance of

the jet at ceiling level is more complex because it in-

volves the action of the pressure gradient in horizontal

and vertical directions.

In order to illustrate the Coanda effect on the jet
behaviour at the inlet, Fig. 6 shows the vertical position

of higher horizontal velocities of the jet along the blow-

ing axis for a CIS. As expected, numerical and experi-

mental data confirm that the jet moved towards the

ceiling, which it reached it at approximately 3 m, and

flowed along it until its separation.

Just after the inlet, the flow has the distinctive charac-

teristics of a jet. It expands with an angle of about 10�
and entrains the surrounding fluid. Between the inlet

(z = 0) and up to z = 4 m, the airflow rate increased

(Fig. 7) and the jet decay of the maximum velocity of

the jet is similar to an unbounded 3D wall jet (Zertal-

Ménia, 2001) as can be estimated from standard ex-

pression given by Viets and Sforza (1966). Further

downstream, the jet decreases faster than an unbounded

wall jet until its separation. Within the enclosure, the
development of the wall jet is limited by the effect of
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both lateral and vertical confinement due respectively to

the interaction of the mean flow with the lateral enclo-

sure wall, which probably begins at 4 m, and with

reverse flow in the direction of the outlet as shown in
vertical velocity profiles (Fig. 8a). This confinement effect

reduces the entrainment of the jet with its surround-

ings and leads to stabilisation of the airflow rate at a

distance of approximately 4–6 m from the inlet (Fig. 7).

The principle difference with an unbounded case can

be explained by the effect of both lateral and vertical

confinement due respectively to the interaction of the

mean flow with the lateral enclosure wall which proba-
bly begins at 4 m and with the reverse flow flowing

towards the outlet as shown in vertical velocity profiles

(Fig. 8a). This confinement effect reduces the entrain-

ment of the jet with its surroundings and causes the sta-

bilisation of airflow rate (Fig. 7).

Owing to the airflow rate stabilisation, the mixing

process causes the velocity profile to flatten with dis-

tance (Fig. 8b) and in turn implies the decreasing of
the total flux of momentum. This decay can only be

compensated for by an adverse pressure gradient which

is observed between 7 and 9 m (data not shown). In
addition, the presence of the reverse flow due to the ver-

tical confinement prevents the pressure from being verti-

cally uniform and causes a normal vertical pressure

gradient, acting against the Coanda effect, to arise.

The cumulative action of these two adverse pressure gra-
dients can obviously explain the separation of the wall

jet which occurs at 8.5 m. Consequently, a stagnant zone

with low velocities and a quasi-uniform pressure is pre-

sent at the rear between the end wall and the zone of

separation.

As shown in Fig. 4a, the use of a large section de-

creases the reach of the jet and hence increases the sec-

ondary recirculation area: the separation point varies
from approximately 8.5 m for a normal section to 7 m

for a large section. This aspect underlined the impor-

tance of the confinement effect which became more pro-

nounced with a large section because the interaction

between the flow and the lateral walls enclosure begins

almost immediately after the inlet.

In LIS, although the jet decay near the inlet is faster

than that of CIS (Fig. 4), positives values of longitudinal
velocity are maintained in the jet even in the rear part as

can be observed on horizontal profiles (Fig. 5). Obvi-

ously, LIS design in which the jet is flowing in a corner

bounded by two walls, reinforces the Coanda effect,

avoids the separation of the wall jet and maintains it
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on the ceiling along the enclosure. In addition, second-

ary motions in the corner of the enclosure (not shown

here), help keep the jet attached. Consequently, the for-

mation of a stagnant zone in the rear is avoided and ven-

tilation is more homogeneous throughout the entire

enclosure.

4.3. Turbulence modelling performance

The comparisons concerning streamlines behaviour

(Fig. 3) show that only RSM is able to predict correctly

the separation of the wall jet and the general behaviour

of air motion related to the primary and to the second-

ary recirculations. The same figure also shows the poor
predictions given by the k–e turbulence model, and

underlines its inability to predict flow separation. Re-

sults obtained using the LRN k–e model (Fig. 3d) and

the other two-equation turbulence models, RNG and

k–x (not presented here) are similar to those obtained

with the k–e model.

To check grid non-dependence, other simulations

were performed by Zertal-Ménia (2001) with the RSM.
Comparisons (not presented here) show that the coarse

grid of 47 · 48 · 151 cells leads to an inaccurate solu-

tion, probably due to the predominance of numerical

diffusion.

In addition to the presence of the adverse pressure

gradient in the area preceding the separation of the wall

jet, Fig. 9 shows also a high degree of anisotropy be-

tween two normal components of Reynolds stresses: v2

and w2 obtained experimentally in the same area. All

these aspects justify the use of the second moment clo-

sure instead of the two-equation turbulence models in

order to better predict the complexity of the flow in

the separation region where the effect of anisotropy of

turbulence fluctuations and streamline curvature are

pronounced. Due to marked variations in velocity along

the enclosure, the y+ quantity related to the adjacent
first cell (RSM data not shown) varies from 220 near
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the blowing inlet to 10 at the rear of the vehicle. Con-

cerning LRN k–e model, y+ wall values vary from 2.8

to 0.1. Consequently, there is a need to perform another

LRN k–e simulations with more refined grids to obtain

y+ values close to 1 and to reduce the aspect ratio of cells

located near the ceiling. This step actually allows to
check the ability of this model in detecting the separa-

tion of the wall jet.

This failure of the k–e based models in predicting

complex flows, including secondary and/or separated

flows caused by adverse pressure gradient, was observed

by many authors. According to Wilcox (1994) and Men-

ter (1997), the k–e model predicts significantly too high

shear-stress levels and thereby delays or completely pre-
vents separation. According to Launder (1992), this

trend can be more pronounced in the presence of ad-

verse pressure gradient and leads to overprediction of

the wall shear stress. We believe that this implies the

non-separation of the jet from the ceiling and leads to

increased domination of the primary recirculation in

the whole enclosure.

The good prediction of the RSM model are also ob-
served for the vertical velocity profile at 1 and 3 m (Fig.

10). On the same figure, the slight difference concerning

the 6 m profile can be explained by the position of the

centre of the primary recirculation, which is predicted

more downstream in the RSM: 7 m instead 5 m accord-

ing to experiments. Consequently, predicted maximal

velocity positions for the 6 m profile are closer to the

ceiling than experimental data.
In the case of CIS, comparisons between numerical

and experimental data also show that the RSM model

become less accurate near the point of the detachment

of the jet (Figs. 4a and 10c). According to LDV meas-

urements, these differences can be explained by the insta-

bility of the detachment point position and by the

non-stationary character of velocities in this area. From

a numerical standpoint, a better analysis taking into
account the spatial–temporal character of these fluctua-

tions necessitates the use of more advanced non-

stationary approaches such as large eddy or direct

numerical simulations instead of averaged turbulence

models. However, the drawbacks in terms of computing

cost and memory storage could be too high, especially

for this large domain.

Fig. 11 shows comparisons between numerical and
experimental data concerning the evolution of the

mean-square of the fluctuating velocity in the z direction

ðw2Þ along the blowing axis. Both curves have two

peaks. The first peak is a common characteristic of tur-

bulent jet expansion due to diffusion of the turbulence

from the edge to the core of the jet. The second peak lo-

cated near the area of separation of the jet from the wall

reflects the extra amount of turbulence generated in this
region where high gradients of velocities were locally

present.
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Fig. 12 shows the longitudinal evolution of the wall

shear stress ðsw ¼ vwÞ along the ceiling of the enclosure.

The first local peak located at z = 1 m coincides with the

point where the jet reaches and attaches itself to the
ceiling. The maximum vw values are reached at z = 4

m which corresponds approximately to the centre of

the primary recirculation, which reinforces the Coanda

effect.
Downwards, the increasing action of the adverse

pressure underlined above leads to diminishing wall

shear stress values until the separation of the jet around

9 m. At the separation point, the wall shear stress and y+

vanish and show slight discontinuity. In addition, vw
changes the sign, corresponding to inverse recirculation

of flow on each side of the separation point. However,

we should note that at this point, the logarithmic law
of the wall is not valid.

4.4. Analysis of ventilation efficiency

Figs. 7 and 13 represent respectively a comparison be-

tween CIS and LIS concerning the evolution of _V z= _V 0

and sz/s0 along the enclosure. The results lead us to

the following remarks:

• Fig. 7 shows that all configurations present the same

behaviour of adimensional airflow rate _V z= _V 0 along

the enclosure from the inlet to the opposite end.

Due to the entrainment by the wall jet, the airflow

rate is increased from the inlet until the centre of

recirculation where maximum values of _V z= _V 0 are

reached. The maximum values are 3.5 for LIS, 2.9
for CIS (normal section) and 1.9 for CIS (large sec-

tion) and they are reached at 5.5, 3.5 and 3.5 m

respectively. The highest value for LIS can be

explained by the asymmetrical design between inlet

and outlet which allow better occupancy of the enclo-

sure by primary and reverse flow.

• As it can be seen on Fig. 13, sz ¼
_V z:eq

V z
values for CIS

and LIS are similar and higher than the overall value
s0 ¼

_V 0

V e
up to 7 m from the inlet. This reflects high and

adequate ventilation efficiency in this zone dominated

by primary recirculating for CIS. Conversely, in the

rear part of the enclosure, the behaviour of sz differs
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totally in the two configurations. LIS conserves the

uniformity of sz values even in the rear part. This

can be explained by the non-separation of the wall

jet in LIS which avoids the presence of stagnant

zones. Consequently, the uniformity of the ventila-

tion is maintained throughout the enclosure. Con-

versely, for CIS, the sz values fall to half the overall
value. This reflects low ventilation efficiency and the

presence of stagnant zones downwards the separation

of the wall jet. Consequently, the simple use of s0 ¼
_V 0

V e

as a overall ventilation criterion for the whole enclo-

sure leads to underestimation of needs in terms or air

renewal requirements in this zone where higher tem-

perature, concentration or pollutant values could be

expected.
• These results show that the main advantage of LIS

over CIS lies in its capacity to the maintain highest

value of _V z= _V 0 and the uniformity of sz even in the

rear part of the enclosure. However, according to

numerical results (Fig. 5), LIS produces a moderate

stagnant flow region in the corner located opposite

the inlet section in the front part of the enclosure.
5. Conclusion

In this study, experiments and numerical simulations

were carried out in order to characterize velocities and

airflow patterns within a long and empty slot-ventilated

enclosure characterized by the presence of inlet and out-
let sections on the same side at the front. In addition to

the most commonly used central inlet configuration

(CIS), an original design with a lateral inlet section

(LIS) was also investigated.

In the case of the central inlet section, this study illus-

trates the effect of confinement on the jet behaviour, its

separation and hence the formation of stagnant zones in

the rear part of the enclosure. This study also shows that
the use of a lateral inlet section reinforces the Coanda

effect and avoids separation of the jet. This aspect im-

proves the homogeneity of the ventilation and allows

better maintenance throughout the enclosure of the level

and the uniformity of indoor ambience parameters such

as temperature, concentration and pollutants.
To analyse the uniformity of ventilation efficiency, an

original approach is proposed in terms of local ventila-

tion efficiency sz. For CIS, sz values fall to half the over-

all value in the rear part of the enclosure. This reflects

low ventilation efficiency and the presence of stagnant

zones. Conversely, LIS conserves the uniformity of sz
throughout the enclosure.

The experimental results show the complexity of the
confined turbulent flow generated by the wall jet where

adverse pressure gradients are present and the effect of

anisotropy of turbulence fluctuations and streamline

curvature are pronounced. All these aspects justify the

use of the second moment closure instead of the two-

equation turbulence models in order to be able to pre-

dict airflow patterns and flow separation.
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