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ABSTRACT
Optimization and control of displacement ventilation
systems in buildings require accurate modeling of
aeraulic and thermal phenomena involved in the
establishment or the destruction of thermal
stratification in the room. We carried out an analysis
and developed global models on the basis of data
from the Poitiers "Laboratoire d’Etudes Thermiques"
experimental facility (see Figure°2). The goal is to
provide tools accurate enough to describe the thermal
comfort implied by such systems but of easier use
than CFD codes [3].
We propose two types of simplified models for
evaluation of the temperature in the room. They are
called zonal model and one-dimensional model and
have been presented in a previous paper [5]. After
briefly coming back on their description we compare
calculations and experimental data in terms of
temperature field. We then focus on the plume
representation.
We also integrated the models in the CLIM2000
Building Energy Simulation Tool [12]. This means
that the elementary models can be connected to other
phenomena (complex wall composition, solar input,
climate scenarios, etc.) to allow a realistic
representation of a room equipped with a
displacement ventilation system.

spatial precision. One is a zonal model based on mass
and energy exchanges between the zones, and the
other is a continuous one-dimensional model,
obtained by integration of the energy equation on the
vertical axis. In each case, walls are integrated to the
models so that the boundary conditions are the walls
external surface temperatures.
Then we compare calculations with both models to
experimental data obtained in the Poitiers
"Laboratoire d’Etudes Thermiques" test chamber.
This chamber represents simplified but typical
displacement ventilation configurations.
In a previous publication [5] the models have been
compared to experimental data in order to evaluate
their ability to reproduce the temperature field pattern
in the room and the "stratification-damaging" effect
of a cold wall. Here we present a more complete
validation study based on recent measurements.
Then we focus on the plume representation by
comparing velocity and temperature on the plume
axis both measured and calculated. We also present a
sensitivity study of an important physical parameter
of the plume modeling : the entrainment coefficient.

ZONAL MODEL DESCRIPTION

A displacement ventilation system works as follows :
due to natural convection a plume develops over a
hot air source ; fresh air is relieved to the room at low
velocity and close to the floor level ; the plume
entrains part of the fresh air to the upper region,
where it pours out (Figure 1). The air in the room is
therefore divided into two superimposed regions,
with a hot, polluted zone floating above fresh air.
Note that several thermal plumes, appearing above
heat sources such as people or machines, can cohabit
[1, 2].

On the basis of experimental observations, we
decided to subdivide the initial space into a lower,
cold zone, and a upper, hot zone. Both zones are
assumed to be thermally homogeneous. Pressure is
taken hydrostatic throughout the room. An
intermediate zone, fed by boundary layers, appears
too (see below). Mass and energy balances are
calculated in each zone. Convective transfers between
zones are driven (see figure 3) by the plume region
and the wall surface boundary layer regions, which
are not included in the zones. Walls are integrated in
the model and their internal surface temperature is
taken uniform in each zone. The boundary condition
is the external temperature.

The two existing displacement ventilation modeling
ways are the CFD calculations [3] and the two zonesglobal models [4]. This paper deals with global
models able to quantify thermal gradients in rooms.

Note that this model is just sketched here, details
being available in [5].

We present two types of simplified dynamic model.
These models differs by their physical modeling and

Since the plume develops over a punctual source, it is
supposed to be axisymmetric. Note that the following
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method is applicable to a linear source. Furthermore,
we assume that velocity and temperature profiles in
the plume are auto-similar in form, and that they
follow a Gaussian profile :
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Note that that system uses Boussinesq's hypothesis,
which is valid in our range of temperature variation
(about 10%).
Zukosky correlation ([6], equations (3)), which is the
system (2) solution when the ambient temperature is
constant, can then be used to quantify mass and
energy rates in the plume :
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Applying these expressions to the mass, momentum
and energy balances and integrating them (see [10])
we find the following equations :
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Mass and energy quantities advected in the boundary
layer, per unit of perimeter, are given by :
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These correlations are valid only in case of
homogeneous medium. A particular treatment is
applied to transition between two zones, and each
possible scenario of temperature hierarchy between
wall and zones is took into account (see [5] for
details).
Principal zones equations
In order to determine each zone temperature, we have
to establish the mass balance and energy balance in
each zone. For example we treat the following case :
TC<TW<TH, meaning that heat transfers between
walls and air tend to cool the hot zone, warm up the
cold zone and thicken the intermediate region.
The mass balance and energy balance are computed
in each zone :
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These equations are valid in the case of a uniform
medium only. On transition between cold zone and
hot zone, we compute the virtual origin of the plume
in a hot medium, so as to conserve the mass, applying
Morton's method [7].
Boundary layers modeling
Ascending or descending currents can appear along
the vertical wall surfaces, depending on the
difference between wall surface temperature and
ambient temperature. Mass and enthalpy transfers
along the vertical wall surfaces are modeled by
Jaluria correlations [8] in a turbulent medium.
Boundary layer thickness d and velocity U are
computed by :

 dHC =
 dt Qdiff − Qsource − QblC + hSC TWC − TC
 ∂HI  MC 
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where the C, H, I and W indices refer respectively to
cold, hot, intermediate regions and wall.
The following wall surface equations are added to
this system :

∂TwC

Per. h1. ρwC . C w ∂t
= λ w Per. e w ∆TwC + h.Per. h1 ( TC − TwC )

+ k. Per. h1. ( Tout − TwC )

∂TwI

Per. ( h 2 − h1 ). ρwI . C w ∂t

(8)
= λ w Per. e w ∆TwI + h.Per( h 2 − h1 )( TI − TwI )
+ k. Per. ( h 2 − h1 ). ( Tout − TwI )


Per. ( H − h 2 ). ρwH . C w ∂TwH
∂t

= λ w Per. e w ∆TwH + h.Per( H − h 2 )( TH − TwH )
+ k. Per. ( H − h 2 ). ( Tout − TwH )

We then have to solve a 9 equations system for 9
unknowns : TC, TI, TH, TWC, TWI, TWH, h1, h2, mextract.

ONE-DIMENSIONAL
DESCRIPTION

MODEL

The one-dimensional model aims to provide a more
accurate description of the temperature gradient
inside the room than the zonal model. At the moment
it does not include boundary layer nor radiant
transfers modeling.
Principles and equations
As the isotherms are nearly horizontal inside the
room, air temperature T(x,y,z,t) (in the Cartesian
coordinates system represented on Figure 2) varies
little along x and y axes outside the plume. It steered
us to the following method :
•

•

temperature T(x,y,z,t) is integrated on horizontal
planes Σ(z) (excluding the plume zone) to obtain
the average temperature θ(z,t) ;
integrating the energy balance equation (9) on
Σ(z), we obtain the equation (10) for the unknown
θ(z,t).

ρ 0 C p ∂ t T(x, y, z, t ) + ρ 0 C p V⋅∇T = λ∆T
ρ0 C p Σ ∂ t θ( z, t ) − λ Σ ∆θ
+ρ0 C p ∂ z ( Aθ( z, t )).+ρ0 C p B
= h.Per. (θ w − θ)

We apply the same integration method for each wall
surface temperature Tw(x,y,z,t). We thus have
averaged wall surface temperatures θw(z,t), and
associated averaged heat equation (13) :
ρw C pw . e w . ∂ t θ w ( z, t ) − λ w e w ∆θ w
= h(θ − θ w ) + U( Tout − θ w )

(13)

We obtain a PDE system of eight equations, the
unknowns being the air temperature, four wall
temperatures and three quantities describing the
plume. It is solved by applying a finite difference
method using an implicit scheme.

TEST CHAMBER DESCRIPTION
The test facility is set-up in a large air-conditioned
room of 400 m3. It is mainly composed of a test room
which is a square enclosure (Figure 2) equipped with
two independent air loops and with measurement
equipment.
The heat source is obtained using a thermally
controlled low velocity air jet located at the bottom of
the enclosure. In these conditions the rate of
convective heat release can be easily determined. Its
area is 0.0324 m2. Flow rate and load could vary in
the following range :
0 kW< load <4.5 kW
0 m3/s< flow rate <0.056 m3/s
The fresh air supply is located at the bottom of a
vertical wall. Its area is 1.7 m2. Fresh air temperature
is controlled by a water-air cooler in the 15-25°C
range. Air is discharged through grids at a low (about
0.05 m/s) and uniform velocity. Flow rate could reach
up to 0.083 m3/s.

(9)
The exhaust is a 20cmx20cm square opening located
in the center of the ceiling.
(10)

Terms A and B depend on boundary conditions
(which include exchanges with the plume), and are
obtained by integrating the mass balance equation on
Σ(z) :
∂ z A = − ∫ V. nds

(11)

B = ∫ TV. nds

(12)

∂Σ

∂Σ

The needed information about the plume are given by
the equations system (2) given previously. Hence we
take into account the non-isotherm medium effects.

Walls were thermally insulated with a 3 cm thick
insulating material covered on both sides with an
aluminum film in order to minimize radiation. The
global heat exchange coefficient is around
0.4±0.1W/m2K.
Though walls are integrated in the models (hence
inside surface temperatures are not taken to be
boundary conditions) radiant exchanges are not
calculated. The introduced error on calculated heat
transfers between hot and cold regions is estimated at
about 10% referred to the heat source load.
Integration of radiant heat transfer in the models will
be performed in order to correct that error.

This experimental set-up is completed by air
temperature and velocity measuring equipments.
Velocity and temperature are obtained using
respectively a two-components Laser Doppler
Velocimetry device and a 250 mm diameter Kthermocouple. Their measures are performed on a
1500 points 3D-grid in the room and are
simultaneous at a given point.

TEMPERATURE FIELD STUDY
Both models were used simulating the four following
experimental cases (the source load is referred to the
diffuser temperature).
Case

1

2

3

4

diffuser flow
rate (m3/s)

0.051

0.051

0.051

0.051

Tdiff (°C)

21

21

21,6

20,9

source flow
rate(m3/s)

0.028

0.028

0.052

0.028

source load (W)

807

807

1464

1652

Tout (°C)

17

23,6

24

25

Figures 4 to 7 present comparisons of zonal and onedimensional models with experiments in the vertical
temperature field (regarding the measurements we
took the average value outside the plume at a given
height). Concerning the zonal model, results are
presented so that in the intermediate zone, the mean
temperature value is replaced by a sloping segment
joining boundaries points. Hence we have a better
visualization of the stratification calculated by the
model.
Calculations are in good agreement with
measurements, although we can detect weaknesses
for each model.
Globally the zonal model proves to be more accurate
on average temperature in cold and hot zones than the
one-dimensional model. The later tends to
overestimate the hot zone temperature, to
underestimate the cold zone temperature and to
overestimate the temperature gradient in the
transition zone. We suggest that this is due to the
influence of mass and energy transfers by boundary
layers, phenomenon which is not taken into account
in the one-dimensional model.
In case 3 (high mass rate of the heat source) the zonal
model does not predict the thermocline height
accurately, because in that case the plume
entrainment is strongly influenced by the non-uniform
ambient temperature field (which is overestimated by
the zonal model). In case 4, boundary layers are
important so the one-dimensional model is not
accurate on thermocline height.

PLUME STUDY
In order to discuss our plume model we compare air
temperature (figures 8 and 9) and velocity (figures 10
and 11) calculations and measurements along the
plume axis.
Calculated
temperatures
agree
well
with
measurements in the upper region. The larger
difference in the lower zone is due to the plume
modeling, since the plume has not a gaussian profile
just above the heat source.
Velocities comparisons are more problematic,
especially in the upper zone. Nevertheless we notice
that in the zonal model case the plume velocity is not
as important in the hot zone as in the cold zone, since
the plume entrainment in the lower part only acts on
the thermocline height. Second, given the plume
fluctuations, its velocity is difficult to measure
experimentally.
We also performed a sensitivity study of the onedimensional model temperature field on the plume
entrainment coefficient α. On the case 1 basis we
tested the four following values : 0.085 [9], 0.093
[10], 0.116 [7], 0.16 [11]. The figure 12 logically
indicates that a higher entrainment coefficient implies
a lower thermocline and a colder hot zone (since
more fresh air melts into the hot air). One can see that
α influence is important : between 0.085 and 0.16,
the thermocline height increases by a factor 2 and the
hot zone temperature increases by more than 1°C.
However, the value α=0.16 [11], which is dedicated
to fire plumes, is not adequate for displacement
ventilation calculations.

CONCLUSIONS
Since displacement ventilation systems dimensioning
requires simplified tools, we propose two models
with differing degrees of accuracy according to
specific needs. These are a zonal model and a onedimensional model. Both models are able to represent
a displacement ventilation temperature field pattern
and its sensitivity to characteristics of the heat
sources. At the moment the zonal model is more
accurate in some cases because of the wall boundary
limit modeling but the one-dimensional model proved
to gather more information about thermal comfort in
the lower zone in stratification damaging cases.
The plume modeling by gaussian profiles seems to be
satisfactory since temperatures are accurately
calculated out of the source neighborhood. The
velocity profile calculations being not so good, a
sensitivity study will be performed on the plume
boundary conditions.
The models described in this paper have been
developed as elementary models (or Formal Types)

integrated in the CLIM2000 Building Energy
Simulation Tool [12]. In this environment they can be
connected to other components or phenomena
(complex walls, solar input, air conditioning
scenarios, etc.) in order to simulate complete systems
(air and building in time dependent thermal
solicitations). The study of such systems on industrial
cases is opened.
Thereafter the study is directed towards the analysis
of multiple source configurations. The objective is to
determine whether or not the presence of heat sources
of different values is liable to degrade thermal
stratification, and thus operation of the displacement
ventilation system.
Following the results presented in this paper, we also
start integration of radiative heat transfer between
walls and natural convection currents along walls
phenomena in the one-dimensional model.
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NOMENCLATURE
CP
mass heat (J/kg.K)
wall thickness
eW
source buoyancy
F0
g
gravitational acceleration (m/s²)
Grashof number
Gr
Gr = gβ Tp − T∞ z / v
h
coefficient of convective transfer
on the wall surface (W.m².K- 3)
h1, h2 interface height (m)
H
enthalpy (W), room height (m)
k
conducto-convective resistance
between wall and outside air (W.m².K- 1)
K
global coefficient of heat loss on (W.m².K- 1)
M
weight (kg)

m
mass rate (kg/s)
Per perimeter (m)
Pr
Prandtl number
Q
heat rate (W)
S
surface (m²)
T
temperature (°C)
u
mean velocity of boundary layer (m/s)
U
wall surface conductance
W
vertical velocity in plume (m/s)
Greek letter symbols
plume entrainment factor
α
coefficient of thermal expansion
β
plume thickness (m)
δ
l
thermal radius/dynamic radius, conductivity
(W.m- 1.K- 1)
diffusivity (m²/s)
ν
difference between plume temperature
and
∆θ
ambient temperature (°C)
θ(z) averaged temperature at the height z (°C).
density (kg/m3)
ρ
Indices
0
plume axis
bl
boundary layer
out
external condition
C
cold zone
H
hot zone
I
intermediate zone
W
wall condition
ambient medium
∞
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Figure 1 : principle of a displacement ventilation
system
Figure 4 : case 1
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Figure 2 : test room
Figure 5 : case 2
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Figure 6 : case 3
Figure 3 : zonal model principle

Figure 7 : case 4

Figure 8 : plume temperature in case 1

Figure 9 : plume temperature in case 3

Figure 12 :dragging coefficient sensibility.

Figure 10 : plume velocity in case 1

Figure 11 : plume velocity in case 3

