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Khelifi, M., Robert, J.-L. and Lague, C. 1996. Modeling airflow
inside and around hoods used for pneumatic control of pest
insects. Part I: Development ofa finite element model. Can. Agric.
Eng. 38:265-271. A two-dimensional finite element model to simu
late airflow inside and around hoods used for pneumatic control of
pest insects is presented. The model is based on the 2-D Navier
Stokes equations. The Stream Upwind Petrov-Galerkin method
(SUPG) is used to improve the modeling of the highly convective
zones. The contour element concept allows a more accurate simula
tion of the effects of the boundary layer in the immediate proximity
of the walls. Three different elements are used to discretize the
modelled surfaces and domains: a nine-node quadrilateral, a six-node
triangle, and a three-node linear. These elements have three degrees
of freedom per summit node (ll, v, p), the two components of the air
velocity vector and the static pressure respectively, and two degrees
of freedom per middle node (ll, v). The numerical scheme of resolu
tion relies on the use of the Newton-Raphson method. Preliminary
tests show the potential of the model for simulating airflow under
different conditions. Keywords: modeling, airflow, finite element.
pest insects, pneumatic control.

Un modele numerique bidimensionnel faisant appel ala methode
des elements finis a ete developpe pour simuler I'ecoulement de I'air
dans et aux environs de buses utilisees ades fins de controle pneu
matique des insectes nuisibles. Le modele est base sur les equations
de Navier-Stokes en deux dimensions. La methode de decentrage
amont dans Ie sens de l'ecoulement de Petrov-Galerkin (SUPG) a etc
utilisee pour ameliorer la modelisation des zones hautement convec
tives. Le concept d'element de contour a egalement etc utilise pour
simuler avec plus de precision les effets des couches limites aproxi
mite des parois. Trois elements differents ont servi ala discretisation
des surfaces et domaines de modelisation: un quadrilatere a9 noeuds,
un triangle a6 noeuds et un element lineaire a3 noeuds, tous trois
comportant trois degres de liberte par noeud de sommet (II, \', p), les
deux composantes du vecteur vitesse de l'air et la pression statique
respectivement, et deux degres de liberte par noeud intermediaire (II,
v). La methode de Newton-Raphson a ete utilisee pour resoudre numcri
quement Ie systeme d'equations non-Iineaires. Des tests preliminaires
ont demontre Ie potentiel du modele asimuler l'ecoulement de l'air sous
differentes conditions. Mots clefs: modelisation, ecoulement de l'air,
elements fmis, insectes nuisibles, controle pneumatique.

INTRODUCTION

The use of pesticides against Colorado Potato Beetles (CPBs)
started in the 1860s (Weisz et al. 1994). During the 1940s,
CPBs were first noted to develop resistance to available
pesticides. To date, there is no registered chemical capable of
effectively managing this significant agricultural pest. This

has prompted researchers to seek other effective strategies
against CPBs, such as mechanical control. In particular, the
use of pneumatic systems to remove CPBs from potato plants
appears to be promising.

No pneumatic system previously designed and tested in
potato fields has been reported to be effective against CPBs
(Boiteau et al. 1991; Duchesne and Boiteau 1992; Puttre
1992). This is mostly attributed to the inadequate design of
the operating units as no relevant scientific data are available
in the literature (Khelifi et al. 1992, 1995). Suitable and
reliable predictions of the airflow inside and around the
operating units arranged in different geometries ranging from
simple (air suction or blowing) to more complicated (simul
taneous air suction and blowing) configurations constitute an
important part of the design process of such units.

One alternative for solving this complex fluid mechanics
problem is to use the finite element method (FEM), The FEM
is a powerful numerical procedure for solving partial differ
ential equations. It is often used in situations where the
governing equations are known, but complicated geometry
and/or boundary conditions render analytical solutions diffi
cult or impossible to obtain. The FEM has been successfully
used for a long time to solve most practically encountered
engineering problems: steady-state and time-dependent; lin
ear and nonlinear; defined in any geometric domain in one,
two or three dimensions. In addition, this method is well
adapted to a heterogenous medium. According to Dhatt and
Touzot (1981), the FEM is widely used in industry, particU
larly in aeronautical, aerospace, naval, and nuclear
applications. However, it is still in a developing stage for
fluid mechanics applications (Donea and Laval 1988), Many
studies show the potential of the FEM for solving many
problems related to different domains in agriculture (Lague
and Jenkins 1991; Chi et al. 1993). Agricultural fluid me
chanics problems could be solved as well.

The objective of this study was therefore to develop a
finite element model to predict the airflow inside and around
hoods arranged in simple geometries (air suction or blowing,
and in more complicated ones (combinations of two to three
hoods). This allows the simulation of many working units
and the selection of the most appropriate one for pneumatic
control of pest insects without the need of extensive proto
typing and testing.
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DEVELOPMENT OF THE FINITE ELEMENT
MODEL Equations 1a, 1b, and 1c can be written in matrix form as:

(la)

(I b)

Taking into consideration that either u =v =0 on the boundary

(5b)

(3)

(5a)

(2)

=temporal variation of the velocity vector,
=gradient operator,
= velocity vector, and
= external forces vector.

+H:J(a'Vl' dV + d'Vl' aV)dV
p v ax ax dy ay
Jl I dV--:r 'Vl'- dS = 0
P s an

w= J{'V( j[Ll lui +Ivl dV = 0
v

J (
dV dV 1 dp )

'Ill' u-a +v-a +--a+Iy dV
v x y p y

where:
{u}
[L l
{u}
Ifl'}

lui +[Ll lui +ltvl = 0

Integrating Eqs. 4a and 4b by parts using Green's Theorem
gives:

J (
au au 1 ap )

v'Vu u dX +V ay +p dX +/'( dV

+H:J (a'Vu au + d'Vu aU)dV
p v ax dX ay ay
Jl I au

- - 'J 'Vu - dS = 0
P s an

When the flow is steady, as in this problem, {it} becomes
negligible.

Integral formulation

To numerically solve Eq. 2, it must be transformed into an
integral form using the weighted residual method:

where {'V} =a weighting function vector.

Weak integral formulation
To reduce the differentiation order of the test functions and
to clarify the flux boundary conditions, the strong integral
formulation (Eq. 3) is transformed into a weak form by the
integrating by parts of Eq. 3. Selecting the weighting func
tion from the same test function set, we get the Galerkin
integral form:

J'Vu [J!!- +~+.!. dp - H: (a2
u + d

2
U)+ IX] dV = 0

v ax dy p ax p d.\2 ay2

(4a)

J. [av dV 1 ap Jl (d
2
V a2v) ]

v 'Ill' ua; +vay +Pay -P ax2 +al +I y ~ = 0

(4b)

(lc)

u,v =mean components of the velocity vector in x and y
directions, respectively (m/s),

p =static pressure (Pa),
t = time (s),
Ixly =forces applied per mass unit (N/kg),
Jl = air dynamic viscosity (kgem-1es-1), and
p = air density (kg/m3).

Similarly, the application of the principle of mass conser
vation for an incompressible fluid leads to the continuity
equation:

- the flowing medium is continuous,

- the fluid is homogeneous and incompressible (subsonic
flow), .

- the fluid is viscous and Newtonian (Ryhming 1985),

- the variations of all fluid properties under the effect of
temperature are negligible according to Tritton (1988),
i.e., the temperature changes are negligible and have no
effect on the flow itself (isothermal flow), and

- the flow analysis is carried out in two dimensions (x, y).

Fluid properties
The problem studied involves the flow of air at temperatures
and pressures that approximate normal ambient values, 20°C
and 101.3 kPa respectively. In this case, the two necessary
fluid properties, namely the kinematic viscosity, v, and the
density, p, have the magnitudes (Giles 1984): v = 1.4888 x
10-5 m2/s and p =1.2047 kg/m3.

Variables or degrees of freedom
The dependent variables for this particular problem are the
static pressure, p, and the two components (u, v) of the air
velocity vector along the two directions of an orthonormal
Cartesian reference plane (x, y).

Mathematical model

Taking into consideration the assumptions established above,
the development of the momentum equation results in a set
of partial differential equations known as the 2-D Navier
Stokes reference equations:

au au au 1 ap Jl (a2u d2U)
a;-+~+vay+p ax -p ax2 +ay2 +lx=O

dV av dV 1 ap Jl (a2v a2v)at +ua;+vay +PdY - P ax2 +dy2 +Ix = 0

where:

Assumptions

The equations of continuity (conservation of mass) and of
momentum (Newton's second law) govern this particular
fluid mechanics problem. For simplification purposes, the
following assumptions are made:
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(6)

(9)

(8)

(10)

where O<y<h

=-0.4 where n is the normal outside the
domain on rigid walls,

= 0 on open limits, and
= 0 at the walls.

aLlan
L

where:
aLlan

This is in fact the behavior equation of a membrane under
flexure. It was solved using a triangular element on the same
mesh used to calculate the flow. This allows a two-dimen
sional distribution of the eddy viscosity that takes into
consideration the geometry of the domain by the wall effects
(mixing length) and the characteristic of the flow by the
velocity gradient modulus.

Numerical viscosity To improve the modeling of the highly
convective zones, the Streamline Upwind Petrov-Galerkin
method (SUPG) was used (Donea 1991). This method con
sists of adding a numerical viscosity defined by the tensor:

a4 L
-=0ay4

with the following boundary conditions at the walls:
aLlay = 0.4 at y = 0,
aLlay =-0.4 at y =h, and
L =0 at y =0 and y =h.

The exact solution of Eq. 9 is the profile (8).

Generalizing Eq. 9 to two dimensions results in:

L:KY(I-f,)
where h = the distance between the walls.

In this case, geometries are complex and the principle of
distribution could not be applied integrally. Therefore, an
interpolation technique was defined in order to satisfy the
wall conditions on a two-dimensional domain in a manner to
get the previous profile when the geometry is simplified to
parallel walls. This technique can be represented by:

or that null flux boundary conditions are used, the contour
integral terms vanish.

Viscosities of the fluid

Fundamentally, the viscosity of a fluid is a measure of its
resistance to mechanical deformations. However, if the
model calculates only the mean components of the velocity
vector without explicitly calculating its turbulent fluctuation,
an additional virtual viscosity due to the fluctuations must be
introduced. This concept, introduced for the first time by
Reynolds, is called the eddy viscosity.

In addition, the numerical schemes that result from the
discretization of the Galerkin integral form by the finite
element method are centered, Le. the discrete equation writ
ten on one node gives to the neighboring nodes the same
importance whatever their position. When the problem con
tains some high convection zones, such as spatial
accelerations due to contractions, this discretization does not
yield good results (Brooks and Hugues 1982). This is not the
case when using an uncentered upwind scheme. It can be
demonstrated that such schemes can be obtained from the
Galerkin formulation by modifying the weighting function.
This results in adding a viscosity term called numerical vis
cosity (Donea and Laval 1988).

Fluid viscosity This term gains more importance when the
fluid is highly viscous, Le. it is close to the eddy viscosity.
Nevertheless, if the eddy viscosity model allows for an ad
justment according to the flow intensity, this term should be
well defined in order to correctly represent the laminar re
gions.

Eddy viscosity In general, the simplest way to consider this
parameter is as a constant. The major drawback of this as
sumption is that the viscosity is considered a property of the
fluid rather than the flow. The direct consequence of this can
be observed on the velocity profiles that consequently remain
laminar.

To remedy this drawback, Prandtl introduced the mixing
length concept (Schlichting 1979) which appears in the defi
nition of eddy viscosity as:

2 du
v =L I-I

t dy

where:
v t =eddy viscosity, and
L = mixing length.

The main constraint to compute Vt consists of determining
empirically the distribution of "L" knowing that it is negli
gible at the walls and increases proportionally with the
normal distance (y) to them:

L=Ky (7)

where:
v

Ui,Uj

(11 )

= a purely numeric artificial viscosity that is
proportional to the characteristic dimension of
the element "h\" and the intensity of the velocity
passing through it, and

=the components of the flow velocity "U" in the x
and y directions, respectively.

=diameter of the circle inscribed in the triangle,
and

= a free parameter. B= I corresponds to a full

where K = 0.4, the von Karman constant.

Some one-dimensional flow studies on the mixing length
distribution (Robert and Ouellet 1987) led to the determina
tion of accurate turbulent profiles. For example, the value of
L between two walls can be represented by:

-
v

where:
hI

B

with 0::;; J3::;;1 (12)
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simulation of the effects of the boundary layer at the wall
without the need of modeling the details (Khelifi et al. 1996).

Contour element and shear forces

During the partial integration of the integral form of the
momentum equations (Eqs. 4a and 4b), some contour terms
involving a velocity gradient normal to the wall appear.
Practically, a one-dimensional element, L3-2, can be easily
defined to numerically proceed with this integration along
the relevant contours (or walls) (Fig. I). These terms can be
written using Newton's law of viscosity as:

(15)

(14)

(13)J: [u au*] ! ['txn]] 'VII· -- ds=:r 'V,,. - ds
span ... P

! [u av*] ! ['t\'n]:r 'V,," - -a ds =:r 'V,," ~ ds
s p n s P

where:
txn = shear stress component in the x-direction

(N/m2
),

tyn =shear stress component in the y-direction
(N/m2), and

u* and v* =velocity components at the wall in the x and
y directions, respectively (m/s).

The shear stress components are proportional to the square
of the velocity:

t xn =7 p ,,* ~ u*2 + v*2

o u. v. p

• u. v

T6-3

upwinding of the Petrov-Galerkin method where
as B=0 leads to the standard formulation of
Galerkin.

The major drawback of the SUPG method is the use of the
free parameter B to adjust the magnitude of the added viscos
ity (Donea 1992). Indeed, there is no standard method for the
selection of this parameter.

Elements used to discretize the modeled surfaces and
domains

Three different elements were principally used to mesh the
modeling surfaces and domains: a nine-node quadrilateral
(Q9-4), a six-node triangle (T6-3), and a three-node linear
(L3-2). These three elements, along with the degrees of free
dom associated to each node, are presented in Fig. 1. u and v
were quadratically interpolated on the elements, whereas p
was interpolated linearly because it was proven by Dhatt and
Hubert (1986) that the quadratical interpolation of p leads to
numerical stability problems.

Boundary flow conditions
At this point, the numerical modeling of airflow was based
on the hypothesis of perfect adhesion of the fluid to the walls
(i.e. u = v = 0 on all fixed solid surfaces). This condition
allows more realistic velocity distributions than those ob
tained with a perfect slip condition (Le. u free and v = 0).
However, to improve the modeling of airflow in the neighbor
hood of the walls, a more detailed study was conducted for two
specific hood configurations that seemed more appropriate for
removing CPB from potato plants, namely the simple horizontal
air blowing and the shielded simultaneous oblique ascending air
suction and blowing (Khelifi et al. 1994, 1995). An intermediate
condition was considered for this purpose: v was kept null on
the walls and an adhesion law expressed as a tangent con
straint was used for u. This condition allowed a more accurate

The adjustment of the veloci!}' profile has then to be made in
relation to this local value, r, and the selection of the eddy
viscosity model.

which represents the ratio between shear and inertial forces.
In this case, the global concept of the adhesion factor could
not be directly applied because the model calculates a profile
of speed over the wall. If this profile is defined from a local
speed v* in the immediate neighborhood of the wall, a Darcy
Weisbach type local factor known as the Fanning friction
factor (Janna 1993) can be defined as:

(18)

(17)

(16)

f=_t_s _

1 y*2IP

t
f=

I V2IP

t yn =7 p v* ~ u*2 + v*2

wherer =a local adhesion coefficient.

Determination of the adhesion coefficient
If the shear force is evaluated from a mean estimation of the
flow velocity over a fixed wall, the adhesion coefficient can
generally be defined as:

oo •

REFINEMENT OF THE MODEL

Q9-4 13-2

Fig. 1. Schematic representation of the triangular
(T6·3), quadrilateral (Q9-4), and linear (L3-2)
elements used to mesh the modeling domains,
surfaces, and contours.
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Numerical method of resolution
After discretizing the partial differential equations, it is nec
essary to use an adequate numerical method to solve the
system of algebraic equations obtained as:

MODEL TESTING

To test the performance of the model, airflow inside a round
0.4 in long x 0.15 m radius duct was simulated. Because the
problem is axisymmetric, the study was carried out on only
half of the domain and null airflow flux conditions were
imposed at the axis of symmetry (Fig. 2). Static pressures of
380 and 200 Pa were imposed at the inlet and outlet of the
duct, respectively. The quadrilateral (Q9-4) element was
used to mesh the modeling domain (Fig. 2). Four situations
were tested: (I) perfect adhesion of the fluid at the wall (Le.
u = v = 0) with constant viscosity, (2) perfect adhesion
associated with the mixing length concept, (3) use of the
contour element concept with constant viscosity, and (4) use
of both the contour element and the mixing length concepts.
The resolution of the system of equations was achieved by

30

30

25

(b)

(a)

20 25

15 20
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15
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the MEFL3D code (Robert 1994) and the pre- and post-treat
ment by the interactive code MOSAIC, developed at the
University of Compiegne, Compiegne, France.

RESULTS AND DISCUSSION

The output of the model for the four cases studied is pre
sented in Fig. 3. The use of a perfect adhesion condition of
the fluid at the wall level (j* =0) with a constant viscosity
(L =0) yields a parabolic velocity profile with null airspeeds
at the wall. This profile becomes slightly logarithmic with the
introduction of the mixing length concept (L :I; 0) because the
flow is less restricted in the vicinity of the duct wall (Fig. 3a).
The presence of airspeeds different from zero on the wall
following the introduction of the contour element concept
<I' :I; 0) gives to the velocity profile a logarithmic appearance
(Fig. 3b) which is more realistic than that obtained with a
perfect adhesion condition on the wall. Results show that the

(19)

i : ! I

I I P =200 Pa

I I i II"
I I I I _\----j

-l I I I I
~ -j, I I I I

[K (U)] ju I=jF I

p= 380Pa

where:
[K(U)] = global stiffness matrix characterizing the

system,
{U} =global vector of all nodal variables of the

problem, and
{F} = global vector of body forces.

The presence of nonlinear terms in the Navier-Stokes
equations (Eqs. I a and Ib) and in the friction factor (Eq. 18)
as convective (velocity times the gradient of velocity) and
velocity squared terms, respectively implies that the matrix
[K] is a function of vector solutions {U}; which means that
the problem is nonlinear. For this kind of fluid mechanics
problem, one of the most efficient techniques for the conver
gence of the matrix system to the intended solution consists
of using the Newton-Raphson method (Dhatt and Touzot
(981).

Fig. 2. Duct modeling domain and the related finite
element mesh: 861 nodes, 200 elements (more
20 L3-2 elements on the wall when using the
contour element concept).

Fig. 3. Simulation results: (a) perfect adhesion condition
of the fluid on the wall with a constant viscosity
and with the introduction of the mixing length
concept (L::t: 0); (b) use of the contour element
concept <f:l; 0) with a constant viscosity and with
the introduction of the mixing length concept.
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combination of the contour element and mixing length con
cepts <f ::F- 0; L::F- 0) leads to a better simulation of a turbulent
flow (Yalin 1977). This is translated by the logarithmic ve
locity profile of Fig. 3b.

The model handled adequately the four cases studied and
showed its potential in dealing with different techniques.
However. even though these tests are satisfactory, the per
formance of the model was evaluated in a more complicated
situation, the simulation of airflow inside and around hoods
of different geometries used to remove Colorado potato bee
tles from potato plants (Khelifi et al. 1996).

SUMMARY AND CONCLUSIONS

1. A two-dimensional finite element model was developed
to simulate airflow inside and around hoods arranged in
different geometries. Based on the 2-D Navier-Stokes
equations, the model uses the Stream Upwind Petrov
Galerkin method (SUPG) to improve the modeling of
the highly convective zones.

2. A contour element concept was used to simulate more
accurately the effects of the boundary layer in the
neighborhood of the walls.

3. Preliminary results show the potential of the.model for
simulating airflow under different conditions. The pre
diction of airflow patterns is highly valuable in
designing and selecting the most adequate configura
tions allowing for a better removal of CPBs from potato
plants.
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