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Abstract-The characteristics of a plume generated by natural convection above heating pipes in greenhouse 
row crops is studied. This plume differs from the free plume mainly in two respects: (i) owing to the 
particular geometry of the cell, a downward flow appears in the edges of the cell and interacts with the 
plume and (ii) owing to the presence of vegetation heat and momentum sinks appear in the cell crop. In 
consequence there is no conservation of heat and the evolution of the mass and momentum flows can be 
different according to the forces balance. An experimental study is first developed in which the air velocity 
and the temperature excess are measured. It shows that : (i) the similarity hypothesis is relevant in this case 
while the entrainment hypothesis is not, (ii) the decrease of excess temperature with height is steeper than 
in a free plume, and (iii) the air velocity increases (decreases) with height at low (high) heights. A theoretical 
model is also developed. It is based on the mass, momentum and heat transport equations and completed 
by three closure relations characterizing the drag, the lateral turbulent exchanges and the convective heat 
exchange with the leaves. The model makes it possible to relate the particular behaviour of the ‘crop cell 
plume’ to the presence of heat and momentum sinks in the cell crop. Its predictions are in good agreement 

with the measurements. 

1. INTRODUCTION 

1.1. Position of the problem 
THE AIM of this work is to describe the aerodynamic 
movements in greenhouses of temperate areas during 
winter and spring. These movements are of great 
importance since they determine the characteristics of 
the microclimate in crops and hence the conditions of 
plant growth. In particular they control the removal 
of water vapour produced by the crop transpiration 
that has two implications ; firstly, too high a humidity 
may induce diseases in the crop : moreover the plant- 
to-air-vapour pressure deficit determines the import- 
ance of the transpiration itself and so the health of 
the crop and finally the quality of the production. 
Secondly, the winter period is particularly crucial for 
horticulturists : production costs are higher and the 
added value of the production is the most important. 

The most widespread type of winter culture under 
glass in northern Europe is a culture in lines (tomatoes 
or peppers) heated by pipes lying in the soil. The lines 
of vegetation-2-3 m high-can be as long as several 
tens of meters and are grouped in pairs (Fig. la), the 
pairs being separated from each other by a passage 
with heating pipes. These are the main heating devices 
in the greenhouse and, during cold periods, the only 
source of air movement in the crop. These movements 
are created by natural convection above the pipes. 
Under such conditions, it can be assumed that the 
greenhouse can be divided into a series of unconnected 
cells, each of them containing two lines of vegetation 
separated by a passage with heating lines (Fig. lb), 

and that the movements occur independently and 
identically in each cell. So it amounts to studying the 
characteristics of the plume induced by that type of 
heat source in a crop cell. We shall refer to this type 
of plume as the crop cell plume (CCP) . 

It is quite surprising that, in spite of their import- 
ance, the indoor air movements in a greenhouse were 
seldom studied and that the studies on greenhouse 
crop transpiration do not take them into account. The 
great difficulty of measuring and modelling them is 
probably the main reason of this omission. The theor- 
etical and experimental studies closest to the CCP are 
those related to the two-dimensional (2D) turbulent 
free plume (FP). It was first investigated during the 
Second World War in Germany [l] and, inde- 
pendently, in Britain [2]. Further studies were 
developed more recently [3-61. We shall recall here 
the main aspects of this theory. 

1.2. Theoretical background: the free plume theory 
The first feature of a free plume is the growth of 

its vertical mass flux with height : it results from the 
turbulent entrainment by the plume of air situated at 
its edges. The second one is the conservation of its 
vertical heat flux. Indeed, no heat exchange is carried 
along with the turbulent entrainment because the 
entrained air is not heated (its excess temperature is 
zero) and no other heat exchange can take place. Two 
hypotheses are required to close the problem: the 
first one states that horizontal distributions of vertical 
velocity and excess temperature keep the same shape 
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NOMENCLATURE 

crop leaf area density [m’ m ‘1 
regression parameter [equation (6)] 
plume width [m] 
drag coefficient 
specific heat of the air [J kg -‘I 
pipe diameter [m] 
pipe-to-air temperature difference [K] 
equivalent leaflet length [m] 
profile function 
gravity acceleration [m s ‘1 
leaf boundary layer conductance 

[ms ‘I 
Grashof number 
von K&man constant 
mixing length [m] 
regression coefficient [equation (6)] 
Nusselt number 

vertical velocity [m s ‘1 
lateral position [m] 
vertical position [ml. 

Greek symbols 
x pipe heat transfer coefficients 

[W (ml K) ‘1 

/I coefficient of thermal expansion of the 
air [K ‘1 

AT temperature excess of the air [K] 
i: pipe emissivity 

P air density [kg m ‘1 

; 
Boltzmann constant [W (m’ K4) ‘1 
general variable (represents vertical 
velocity or temperature excess) 
[m s -‘I or [K]. 

air pressure [Pa] 
linear heat power [W mm ‘1 Subscripts 
R square coefficient related to convective exchange 
heat source per unit cell width in the ; axial value 
crop [K s ‘1 
T, temperatures (of pipes, vegetation b 

related to radiative exchange 
, N’, t related to general variable, vertical 

and air) [K] velocity, temperature excess. 
lateral velocity [m s ‘J respectively. 

at each height and heating power, the width of the 
distribution being in addition independant of the lat- 
ter (similarity hypothesis) ; the second states that the 
lateral entrainment rate is proportional to the ver- 
tical mass flux at the same height (entrainment 
hypothesis). The proportionality constant is uni- 
versal and is called the entrainment constant. 

On these assumptions, the problem can be solved 
by giving the vertical profile of vertical velocity, excess 
temperature and width of the plume. The results show 
that at sufficiently large distances from the source the 

vertical velocity is constant with height, but the width 
of the plume increases linearly with it. This is in agree- 
ment with the growth of mass flow with height due to 
the entrainment. The assumptions also show that the 
excess temperature decrease needs to be in inverse 
proportion to the height in order to keep the vertical 
heat flux constant. Finally it is shown that the velocity 
and the excess temperature are increasing functions of 
the heating power. 

1.3. Crop cell plume particularities 
In spite of numerous similarities, the CCP and FP 

present differences that we shall detail below. 
(a) Doubling qfthe heat source. The heating system 

in a CCP is made up by a pair of pipes while the FP 
theory takes into account one heat source line. The 
interaction between two sources has already been 
observed in the case of turbulent [7] and laminar [8] 
free plumes. These studies have shown that the 

plumes, unable to entrain indefinitely the air set 
between each other, merged and performed rapidly 
like a single plume. So, at a sufficient distance from 
the sources, the results of the FP theory are suitable 
for a double plume provided a doubling of the heating 
power is taken into account. In our case we shall see 
that the merging of the plumes is already completed 
at 0.8 m (only 0.6 m above the sources). At this height, 

the horizontal distributions of velocity and excess tem- 
perature present a single maximum (Fig. 2). 

(b) Geometry of the cell. A second difference 
between CCP and FP is due to the presence of adia- 
batic vertical limits that modify the geometry of the 
flow. The entrained air does not come from areas 
located around the plume at the same level, but from 
the top of the cell. This has two consequences : firstly 
the width of the ascending plume is limited by the 
presence of the downward flow and, secondly, at this 
boundary, interactions between the two flows can 
arise, in particular turbulent exchanges of heat or 
momentum can be induced between them. The 
hypothesis of cancelling of the turbulent fluxes at the 
edges of the plume, usual in the FP theory, cannot be 
used here. 

On the other hand, the superior boundary (the roof 
of the greenhouse) does not play a significant role : it 
is more than 1 m higher than the crop cell top and a 
precedent study showed that the impact on the plume 
of a superior boundary was significant only when very 
close to it [9]. 
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FIG. 1. Cross-sectional view of a typical northern European greenhouse (a) and of a ‘crop cell’ (b). 

(c) Vegetation. The third difference with respect to 
the FP is the presence of vegetation at the edges of the 
plume that can play both a thermal and a mechanical 
role. 

In heated greenhouses the vegetation is found to be 
most frequently cooler than the air [l&12]. It then 
acts like a heat sink for the plume and the conservation 
of the vertical heat flux can no longer be stated. That 
is the thermal effect. 

The mechanical effect is multiple : vegetation may 
exert a drag on the ascending air, it may affect the 
turbulence at the edges of the plume and so act on the 
entrainment process and on the turbulent exchanges 
between upward and downward flows. Finally, it may 
canalize the flow owing to the particular row dis- 
tribution of the vegetation. 

In what follows we will study the characteristics 
of the upward flow in the crop cell. We first give 
experimental measurements of the vertical velocity 
and temperature excess in the cell and try to explain 
their behaviour. We then propose a theoretical model 
based on this explanation. A comparison between 

measured and calculated values shows good agree- 
ment. 

2. EXPERIMENTAL STUDY 

2.1. Material and methods 
Experimental device. The measurements are per- 

formed in a real culture set in an experimental green- 
house at the Faculte des Sciences Agronomiques in 
Gembloux (Belgium). A 2.5 m high, 4 m long and 1.6 
m wide crop cell has been isolated. It consists of two 
2.5 m high rows of vegetation (Lycopersicon escu- 
Ientum, Mill.), separated by a passage in which heating 
pipes of 7 cm diameter have been laid at a distance of 
0.32 m from each other. The temperature of the pipes, 
and hence the heating power, can be regulated. The 
cell has been isolated from the rest of the greenhouse 
by polyethylene screens to avoid disturbances from 
the inner air circulation. 

All the measuring probes used during the exper- 
iment were realized and finalized at our department : 
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FlG. 2. Non-dimensional horizontal profiles (a) and temperature excesses (b) at 0.8 m height. The points 
indicate measured values and the solid lines the triangular theoretical profile. 

the technical details related to these devices are given 
in other publications [I 3, 141. 

The air temperature was measured by copper-con- 
stantan microthermocouples of very low thermal iner- 
tia. The movements of the air were measured by con- 
stant temperature thermistor anemometers. These 
devices, working on the same principle of the hot 
wire anemometer, have the advantage of being more 
economical, stable, resistant and consequently better 
adapted to a sustained utilization in a greenhouse. 
Their main weakness is the non-directionality of their 
response which leads to a bias when the flow is turbu- 
lent. A correction taking this error into account has 
been included with the measurements [14]. 

The pipe-to-air temperature difference (DT) is 
measured by means of a copper-constantan ther- 
mocouple. The linear heating power released by a 
couple of pipes is then deduced by 

QJ = 271L){& +r,)L)T, 01 

where the radiative transfer coefficient, zrr is approxi- 
mated by 

u, = 4a&T; (2) 

and the convective transfer coefficient is calculated, 
after [15], as 

Nu = 0.48Gr0 Z5 (31 

which describes the heat transfer between a horizontal 
cyiinder and air for Grashof numbers lower than 10T-9, 
which is the case here. The factor 2 introduced in 
equation (1) takes into account the doubling of the 
heat sources. In what follows the linear heat flow wit1 

always be expressed in watts per meter of crop ceil. 
Measwement process. The measurements of vel- 

ocity and excess temperature were taken inde- 
pendently. The probes (amounting to 20) were 
arranged on a horizontal rail perpendicular to the 
heating pipes, 5 or 10 cm away from one another. 
Each series of measurements lasts for one night and 
is made at a fixed height. During this, the heat power 
i.ncreases from 0 to 340 W m-‘, and then decreases to 
zero. The measurements were taken by a pro- 
grammable multimeter (FLUKE 884OA). They were 
collected, just as the values of DY’, by a data logger 
finalized at our department and stored on a PC. We 
measured one horizontal profile every 10 s for the 
temperatures and every 20 s for the velocities. 

Every 50 profiles, the mean of each measurement 
was calculated and stored. These means only will be 
used here. The profiles of the velocities have been 
measured at six different heights: 0.8, 1.1, 1.3, 1.5, 
1.7 and 2.1 m. The profiles of the temperatures were 
measured at the four lowest heights only. Above 1.5 
m the horizontal variations of temperature are no 
longer detectable since they are smaller than the 
measurement error. 

Data mmmetit. To make a separate study of Ihe 
horizontal distributions and the axial values of the 
variables possible, we introduce the following sep- 
aration of variables : 

&x, z, Q,> = @ok z, Q,,.f&, 2, PA (41 

where 0 is the value of the variable measured at pos- 
ition (2,x) ; Be is the value of the variable on the 
axis at the same height ; and ,fe iS a non-dimensional 
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function characterizing the horizontal distribution of 
the variable. 

In order to calculate the non-dimensional hori- 
zontal profile, any measurements affected by a large 
relative error were removed from the data (namely, 
entire profiles at heating powers less than 120 W m-’ 
and individual measurements taken further than 0.6 
m away from the axis). Each profile was then centred 
individually on its maximal value and normalized by 
division by that value. A one-parameter, maximal on 
the axis profile function was fitted on each profile by 
means of a least squares method and the widths of all 
profiles were deduced; their dependence on heating 
power (similarity hypothesis) and height was tested. 

The axial value of each profile was then calculated 
as a weighed mean of different measurements of the 
profile. The weighing factor is the value at x of the 
inverse of the profile function. Here again, low 
measurements (made at more than 0.4 m away from 
the axis) were removed to prevent an amplification of 
the measurement errors by the weighing. 

2.2. Results 
HorizontalproJiles.The set of non-dimensional pro- 

files measured at 0.8 m height is shown in Fig. 2 for 
velocity (Fig. 2a) and temperature excess (Fig. 2b). 
At this height, the plumes have merged : the horizontal 
profiles show a unique maximum located on the plume 
axis. The choice of the one-parameter maximal on 
the axis profile function is then suitable beyond this 
height. Several functions have been proposed in pre- 
vious works : Gaussian [2, 31, Lorentzian [ 161 and top 
hat [6]. We have tested these three functions separ- 
ately. 

The top hat function was rapidly eliminated, giving 
too poor fittings. The Gaussian and Lorentzian func- 
tions gave reasonable fittings but were too sensitive to 
the measurements made in the wings of the profile, 
and as a consequence the distribution of the profile 
width shows artificial tendencies due to the relative 
errors on these measurements. This has already been 
pointed out by Rouse et al. [2], who specified that the 
Gaussian profile lost significance at large distances 
away from the plume axis. This is of course all the 
more the case in a laterally confined plume like the 
CCP. 

Finally the only one-parameter function that pro- 
vided a good fitting on the measurements and did 
not present these failures was the triangular function 
defined by 

X 
_f&,z,Q,) = l------ 

be tx, QI) ’ 

where be is the width of the profile. 
At first sight, such a function looks unrealistic. It 

presents discontinuities and does not satisfy the zero 
slope condition on the axis and on the edges. However, 
these conditions are not essential for the resolution of 
the theoretical problem. Here, only the symmetry of 

the profiles and the cancelling of the horizontal vel- 
ocity on the axis are necessary. We chose, therefore, 
the triangular function to fit the horizontal profiles. 

The mean value of the correlation coefficients in 
order to fit the triangular function on each horizontal 
profile is 0.926 for the excess temperatures and 0.794 
for the velocities. In the two cases it shows evidence 
of the good quality of the fitting. The not so good 
value for the velocity profile is due to the greater error 
measurements leading to a greater dispersion of the 
results, as is apparent in Fig. 2. 

We calculated the estimated value and confidence 
limits (confidence level = 0.95) of the regression 
coefficient of the profile width (related to a given 
height in order to avoid any interference caused by a 
possible dependence of the width on the height) 
according to the heating power and showed that it 
does not differ significantly from zero. Consequently 
the width can be supposed independent from the heat- 
ing power. This is the similarity hypothesis. 

In addition, we calculated the estimated values and 
confidence limits (confidence level = 0.95) of the 
width of the plume at each height ; results are given in 
Fig. 3. The width varies between 0.6 and 1 m, but 
without any clear tendency. In particular no linear 
increase (as for the FP) can be inferred. This particular 
behaviour is probably due to the row structure of the 
vegetation. So the plume width is essentially a function 
of the space between the adjacent rows. 

Axial values. The estimated values and confidence 
limits of the axial values of velocity and excess tem- 
peratures vs heating power are given for each height 
in Figs. 4 and 5. In imitation of the FP theory we can 
fit these measurements to a curvilinear relation of the 

type 

&, = aeQ;’ (6) 

but this relation is not general as in FP : the values of 
the coefficients vary with the altitude. Their values as 
well as the R,, of the regression are given in Table 1. 
Note the decrease with height of the quality of the 
regression of the temperature excess vs heat power. 
This is due to the growing incidence of the measure- 
ment error with height. The not so good value of R,, 
for the velocity at the 1.5 m height is a consequence 
of a temporary failure of the material. 

Using relations (6) and values of Table 1, it is poss- 
ible to obtain an estimation of the excess temperature 
and the velocity at each investigated height for all 
values of the heating power. These estimations are 
given in Fig. 6. 

It appears first (Fig. 6a) that the excess temperature 
decreases with height. In comparison with the pre- 
diction of the FP theory (lines in Fig. 6a), it is clear 
that the decrease is more important in the CCP, which 
confirms the existence of the heat sinks in a CCP. In 
Section 1.3 we identified two such sinks-the veg- 
etation and the downward flow. 

It also appears in Fig. 6(b) that the axial vertical 
velocity increases at lower heights and decreases at 
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HEIGHT [m] 

1 

2 1 0 1 2 

PLUME WIDTH [m] 

FIG. 3. Estimated vaIue and confidence limits of the profile width at different heights for velocity (a) and 
temperature excess (b). 

TEMPERATURE EXCESS [K] 

0 400 
HEATING POWER [W/m] 

FIG. 4. Dependence of axial temperature excess on linear heating power at different heights: (a) 0.8 m, (b) 
1.1 m, (c) 1.3 m, (d) l.Sm. 

higher heights {while the FP theory predicts no vari- 
ation of velocity with height). This can be explained 
by the presence of opposing forces working on the 
ascending air. The buoyancy that accelerates the air 
upwards and, oppositely, the drag force and the tur- 
bulent lateral exchange of momentum that restrains 
it, At fow altitudes, when the temperature excess is 
high, the first force prevails. The resulting increase of 

mass and momentum flux Ieads to an increase of the 
vertical velocity owing to the canalization of the flow. 
At higher altitudes, the air having cooled down, the 
other forces prevail and a decrease in the vertical 
velocity is observed. The height at which the behav- 
iour of the velocity reverse will be called the inversion 
height. 

This inversion of behaviour of the vertical mass flux 
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VELOCITY [m/s] 

0 400 0 400 

0 400 0 400 

HEATING POWER [W/m] 

FIG. 5. Dependence of axial velocity on linear heating power at different heights: (a) 0.8 m, (b) 1.1 m, 
(c)I.3m,(d)l.5m,(e)l.7m,(~Z.lm. 

Table 1. Values of the coefficients and R, of the regressions of temperature excess and velocity on 
linear heat power at different heights 

Height 
Temperature excess Velocity 

a, n, R W a, % R, 

0.8 0.0112 0.928 0.936 0.0269 0.347 0.881 
1.1 0.0239 0.749 0.832 0.0172 0.430 0.780 
1.3 0.0080 0.897 0.752 0.0050 0.682 0.956 
1.5 0.0051 0.892 0.645 0.0194 0.461 0.792 
1.7 - - 0.0201 0.444 0.626 
2.1 - - 0.0012 0.888 0.924 

shows that the entr~~ent hypothesis is inconsistent perature excess in taking into account the par- 
in the CCP. The sign of the lateral to vertical mass ticularities of the CCP. 
fluxes ratio should be different below and above the 
inversion height. Of course in a CCP the turbulent 
entrainment is not only due to the upward flow but 3. MODEL 

also depends on the vegetation and the downward 3. I. Fundamental equations 
flow. The basic equations are the equations of vertical 

We will now present a theoretical model that pre- turbulent transfer of mass (continuity equation), 
diets the values of the vertical velocity and the tem- momentum (Reynolds equation) and heat [17]. For 
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HEIGHT 

0 TEMPERATURE 0 ? 

EXCESS [K] 
VELOCITY [m,;; 

FIG. 6. Dependence of temperature excess (a) and axial vel- 
ocity (b) on height at different linear heat powers. Esti- 
mations after relation (6) and results of Table 1 for Q, = 120 
W mm’ {points), 240 W mm ’ (crosses) and 360 W m ’ (aster- 
isks). The solid line in (a) represents the predictions of the 

FP theory. 

obvious symmetry reasons they are developed in a 
vertical plane perpendicular to the heating lines. In 
making assumptions of flow stationarity the system 
can be written as 

Here and below the overbars refer to a time mean and 
the primes to a fluctuation around the mean. The 
symbols are defined in the Nomenclature. The system 
(7) can be reduced to a system of differential equations 

after introducing of the horizontal distributions of 
velocities and excess temperatures (similarity hypoth- 
esis) and integration on the horizontal. If we adopt 

the triangular function and suppose in addition that 
its width is the same for velocity and excess tem- 
perature and for all heights (this seems quite reason- 
able according to the experimental results), the system 

is then 

bi, 2 = -a(z-b) 
I 

bI dw 
~ = bl, SPAT0 

’ d3 II 

_ p,dx- 11.‘u’(~, b) 

AT’u’(z, b), 
VI 

(8) 

where the normalization factors I, and I2 are defined 

by 

The 112 and l/3 values of the normalization factors 
are due to the particular choice of the triangular 
function. 

The first equation describes the mass flux evolution. 
It links its variations to lateral entrainment or rejec- 
tion of air (I). 

The second equation describes the momentum flux 
evolution. Three different terms contribute to it : the 
buoyancy (II), the pressure gradient force (III) (it was 
shown that [18], in a canopy, this term was at the 
origin of the drag force) and the lateral turbulent 
transfer term (IV). We have already noted that this 
term cannot be supposed to cancel out here owing to 
the presence of the vegetation and of the downward 
flow. 

The third equation describes the heat flux evolution. 
Heat sinks are the vegetation (convective exchange, 
V) and the downward flow (lateral turbulent cx- 
change, VI). 

The system consists then in three equations with 
seven unknowns : the axial vertical velocity and tem- 
perature excess, the lateral horizontal velocity, the 
drag and turbulent forces, and the convective and 
turbulent heat fluxes. Four closure relations must be 
added for it to be solved. 

3.2. CIosurr relations 

Drag jorce. Numerous studies on the drag force 
show that this term could be expressed as [ 141 

The leaf area density a(z) depends on the type of 
culture and the species cultivated. In our case it was 
inferred from measurements of leaf area and internode 
length operated on 37 different plants at the end of 
the experiment. This profile is representative of the 
experimental condition because during the experiment 
the crop was fully developed and the profile of leaf 
area did not vary until the end of the experiment. A 
b-function was fitted to the measurements. The results 
of the measurements and the /l-function are shown on 
Fig. 7. 

The drag coefficient depends essentially on the 
geometry of the culture and of the leaves. Its value 
can be estimated by measurements taken in natural 
surroundings or in a wind tunnel [19-251. Most values 
of this parameter are situated between 0.12 and 0.2. 
In our model, we will consider the drag coefficient as 
an adjustable parameter to be determined by fitting 
the model to the measurements. 

Turbulent exchange terms. To parametrize the tur- 
bulent exchange terms, we will use a first-order closure 
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RELATIVE HEIGHT (z/h) 

LEAF AREA DEPjSITY [l/m] 

FIG. 7. Profile of leaf area density in a greenhouse crop 
(Lycopersicon esculentum Mill.). The points indicate 
measurements and the solid line a(z) = 1.452°~“6(k-z)0436 

(/?-regression). 

relation that links them to the horizontal mean con- 
centration gradients 

(11) 

where we introduce the mixing length. The validity 
of this relation in the case of open air canopies is 
questioned more and more. It has been shown [26] 
that the first-order closure relations are only valid 
while the scale of turbulence is smaller than the dis- 
tance on which the gradient of concentration changes 
significantly. Although this condition is not met in an 
open-air crop, where most exchanges take place dur- 
ing gusts independent from the gradient of con- 
centration [27], it might well be the case in a protected 
crop where such gusts do not exist and where the scale 
of turbulence is smaller. Pending a detailed inves- 
tigation of turbulence in a greenhouse we shall use 
relation (11). 

The problem is then to determine the mixing length 
in a canopy. In the case of homogeneous canopies 
Perrier [28] proposed to link this parameter to the leaf 
area density according to 

kn 
l=.---.-- 

2a(z) . /la 

Of course, the present situation differs notably from 
an open air homogeneous canopy. So it is not obvious 
that the relation (12) is well adapted to our problem. 
Consequently, we shall take the mixing length as an 
adjustable parameter. We have tested two different 
types of profiles of mixing length : a constant profile 
and a profile inversely proportional to the leaf area 
density according to Perrier’s suggestion. As it is, the 

latter allows the best fitting of the calculation to the 
measurements. 

Convective heat exchange. Measurements of leaf-to- 
air temperature differences taken during the exper- 
imental phase of our work show that this quantity 
was rarely greater than 0.5 K, the air speed being 
currently greater than 0.2 m s-‘. The criterion com- 
monly used to distinguish forced and free convection 
is given by the value of GrjRe2 [15]. In our case, it is 
rarely greater than 0.1 so that we can consider that 
the forced regime prevails. The heat convective heat 
exchange can be described by Fick’s law 

pC, 
s 

‘SHdx = pC,a(z)g,b(T,-TO--I,ATO). (13) 
0 

This relation takes into account the vertical gradient 
of temperature (the third term between parentheses) 
but neglects the horizontal heterogeneities in foliage 
or air temperatures and in leaf area index. The value 
of the leaf conductance equals twice the boundary 
layer conductance that can be calculated for the forced 
regime by [29] 

g0 = 2gBL = 2x (6.5x 10-3) (14) 

that is adapted to real leaves. Let us recall, however, 
that this relation is empirical and that the quantity 4, 
is not the real length of the leaflet but an equivalent 
length close to it which also depends on the Leaflet 
shape [30]. We shall therefore consider df as the third 
adjustable parameter of the model. 

Equations (8) completed by the closure relations 
(IO), (11) and (13) constitute a complete model. The 
unknowns are the axial vertical velocity and tem- 
perature excess and the lateral horizontal velocity. It 
can be solved if the boundary conditions are deter- 
mined. 

Two boundary conditions are necessary : the axial 
vertical velocity and the tem~rature excess at a 
‘departure height’. This is the lesser height in the crop 
cell where all the hypotheses underlying the model, in 
particular the hypothesis of similarity, are fulfilled. 
Our experimental results suggested we chose 0.8 m as 
the departure height. Note that, instead of this choice 
of boundary condition, the model is driven (indirectly) 
by the magnitude of the heating rate : indeed the axial 
vertical velocity and excess temperature at 0.8 m are 
exclusive functions of this variable (see Table 1). The 
model can be solved numerically; we used the Euler 
method improved by the prediction/corre~tion pro- 
cedure. 

The form of the solution depends on the values of 
the three adjustable parameters : the drag coefficient 
of the leaves, the mixing length, and the equivalent 
leaflet length. The fitting of the model is realized after 
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Table 2. (A) Values of the adjustable parameters that give 
the best fitting of the model on experimental measurements. 
(B) Characteristics of the distributions of the measured-to- 

calculated differences for velocity and temperature excess 

(A) Adjustable (‘d = 0 
parameters I = 0.39/a(-_) 

d,=O.lOm 
. . _~~~~~_ 

(W Mean Standard deviation 

Velocity (m s- ‘) -0.0000 0.0260 
Temperature excess (K) -0.051 I 0.0438 

determination of the values of these parameters, which 
minimize the summed relative deviations, defined 

according to 

am4 amd, 
Avd==+w 

I, I 
(15) 

where amds are the absolute mean deviations between 
the calculated and measured values of velocity or 
excess temperature and sds are the standard deviations 
of velocity or excess temperature distributions. 

The values of the parameters for which the best 
fitting is obtained are given in Table 2. This table 
also lists the mean and the standard deviation of the 

distributions of the measured-to-calculated differ- 
ences of velocity and temperature excess. The very low 
values of this variable attests to the excellent quality 
of the fitting. The comparison between the measured 
and calculated values is given in Fig. 8. 

4. DISCUSSION 

The good agreement between measured and cal- 

culated values of the velocities and excess tem- 

peratures argues the validity of the CCP model. In 
particular, the predictions of the steeper decrease of 

HEIGHT [m] 

2.5 
b 

i ,_--_-I 
0 3 

TEMPERATURE 
EXCESS [K] 

0 .3 

VELOCITY [m/s] 

FIG. 8. Comparison between measured (points) and cal- 
culated (curves) values of axial velocity and temperature 
excess in the crop cell. The different curves and symbols 
correspond to linear heat fluxes of 100 W m-’ (points) ; 200 
W mm’ (crosses); 275 W m-’ (asterisks) and 350 W rn-~’ 

(squares). 

CELL WALLS 
___-- --~ 

--_ 

HEAhdG hPES 

FIG. 9. Circulation induced by natural convection m the 
CCP. 

the temperature excess than in the FP case (owing to 
heat losses) and of the inversion of the evolution of 
the vertical mass fluxes (owing to the inversion of the 
force balance) at the inversion height constitute an 
incontestable success. 

In addition, agreement is reached for realistic values 
of two of the adjustable parameters: the equivalent 
length is close to the real length of tomato leaflets, the 
mixing length has the order of magnitude suggested 
by Perrier but is slightly lower. This could confirm the 
supposition made above that the scale of turbulence 
is weaker in a greenhouse than in open air. 

The zero value of the drag coefficient is certainly 
the more surprising result. The model not being very 
sensitive to this parameter does not necessarily mean 
that the drag is exactly zero. but it suggests that the 
momentum loss is more likely due to the lateral tur- 
bulent exchange with downward flow than to the drag. 
This could be explained by the row structure of the 
culture: most of the air flow is found in the passage 
separating the plants where the drag effect is reduced. 
Considering the importance of the turbulent exchange 
term, further studies could be carried out with the 
object of improving knowledge of the turbulence in a 

greenhouse cell crop. 
The results discussed here are relative to the axial 

vertical velocity and excess temperature. The first 
equation of the model allow us to extrapolate these 
results to the lateral mass fluxes. Under the inversion 
height, the growth of the vertical flux goes along with 
a lateral supply of mass to the plume: above it, its 
decrease goes along with a rejection of mass. An air 
circulation must be created inside the crop cell (Fig. 
9). The air gets into the cell through the top of its 
lateral areas, it goes down, under the inversion height 
it is entrained by the ascending plume, and a part of 

the air is then rejected upward while another is rejected 
laterally and circulates again. As this type of cir- 
culation is carried out in the crop it may induce impor- 
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tant effects on the vegetation: if a part of the air tically negligible. However this last conclusion needs 
circulates in the cell again, a stagnation of water vap- to be confirmed by a deeper analysis. 
our occurs and a microclimate can be created, char- 4. An extrapolation of the model by use of the 
acterized by a higher humidity which can be of great continuity equation suggests that CCP generates in 
importance for the cultures. The relationship between the crop cell a circulation of air : a part of the air of 
the air circulation in the crop cell and the plant behav- the plume can be brought again into circulation in the 
iour (its transpiration in particular) constitutes crop cell which induces a stagnation in the crop of the 
material for further research. water vapour transpired by the vegetation. The impact 

of this circulation on the transpiration of the crop is 
of great importance for the plant quality and can 

5. CONCLUSJONS constitute the subject of further studies. 

We studied the behaviour of a plume generated by 
natural convection above line heat sources in green- 
house row crops. This situation differs from the free 
plume mainly in two areas : (1) owing to the geometry 
of the cell crop a downward how appears and interacts 
with the ascending plume. In consequence heat and 
momentum can be exchanged between the two flows 
by turbulence. And (2) the vegetation at the edges of 
the plume can constitute heat or momentum sinks: 
the heat can be exchanged by convection and the 
momentum by drag. 

We first developed an experimental study of the 
plume and measured the velocities and temperature 
excesses for different heights and heat power in the 
crop cell. The main concmsions of the experiments 
are : 

1. The similarity hypothesis, usual in the FP case, 
can also be applied in the CCP case. 

2. The decrease of the excess temperature with 
height is steeper than in the FP case, which supports 
the hypothesis of the existence of heat sinks in the 
crop cell. 

3. The vertical velocity increases at lower heights 
and decreases at higher heights. This can be explained 
by the action of opposing forces, some tending to 
accelerate the air upwards; some tending to restrain 
it. 

4. In these conditions the entrainment hypothesis 
is inconsistent : according to the height it is lower or 
higher than the inversion height ; air can be entrained 
or rejected. 

We developed then a theoretical model that is based 
on the same equations as the free plume models but 
takes into account the presence of heat and momen- 
tum sinks. Four closure relations are introduced to 
parametrize these sinks. The model is solved and fitted 
on measurements. We found that : 

1. There is a very good agreement between mod- 
elled and measured values of velocities and excess 
temperatures. In particular, the steeper decrease of 
temperature excess and the versatile behaviour of the 
velocity are well reproduced by the model. 

2. Best fitting is obtained for realistic values of the 
parameters driving the turbulent exchanges and the 
convective heat flux. 

3. The momentum losses by drag seem to be prac- 
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