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Modélisation Mathématique et Analyse Numérique

A 2D MODEL FOR HYDRODYNAMICS AND BIOLOGY COUPLING
APPLIED TO
ALGAE GROWTH SIMULATIONS.

OLIVIER BERNARD!, ANNE-CELINE BOULANGER? 3, MARIE-ODILE
BRISTEAU?? AND JACQUES SAINTE-MARIE? 4

Abstract. Cultivating oleaginous microalgae in specific culturing devices such as race-
ways is seen as a future way to produce biofuel. The complexity of this process coupling
non linear biological activity to hydrodynamics makes the optimization problem very
delicate. The large amount of parameters to be taken into account paves the way for
a useful mathematical modeling. Due to the heterogeneity of raceways along the depth
dimension regarding temperature, light intensity or nutrients availability, we adopt a
multilayer approach for hydrodynamics and biology. For free surface hydrodynamics, we
use a multilayer Saint-Venant model that allows mass exchanges, forced by a simplified
representation of the paddlewheel. Then, starting from an improved Droop model that
includes light effect on algae growth, we derive a similar multilayer system for the bio-
logical part. A kinetic interpretation of the whole system results in an efficient numerical
scheme. We show through numerical simulations in two dimensions that our approach is
capable of discriminating between situations of mixed water or calm and heterogeneous
pond. Moreover, we exhibit that a posteriori treatment of our velocity fields can pro-
vide lagrangian trajectories which are of great interest to assess the actual light pattern
perceived by the algal cells and therefore understand its impact on the photosynthesis
process.
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1. INTRODUCTION

Recently, biofuel production from microalgae has proved to have a high potential for biofuel
production [18,49]. Several studies have demonstrated that some microalgae species could store
more than 50% of their dry weight in lipids under certain conditions of nitrogen deprivency [18,42,50]
leading to productivities in a range of order larger than terrestrial plants. In this article, we focus on
microalgae cultivation in raceways (also called high rate ponds), whose hydrodynamics has been less
studied than the photobioreactor culturing devices [35,38,39,41,43]. These annular shaped ponds of
low depth (10 to 50 c¢m) are mixed with a paddlewheel (see Fig.3). Due to their inherent nonlinear
and instationary properties, where hydrodynamics and biology are strongly coupled, managing and
optimizing such processes is very tricky. Carrying out experiments on raceways is both expensive
and time consuming. A model is thus a key tool to help in the optimal design of the process but
also in its operation. The objective of this paper is to propose a new model describing the coupling
between hydrodynamics and biology within a raceway.

The first dynamic model of a microalgal raceway pond was proposed by [46] assuming spa-
tial homogeneity. The model was later consolidated by including time-discrete photoacclimation
dynamics [47]. In parallel, other less elaborated models where proposed [25,26]. Latter on, the
coupling of biology with hydrodynamics in raceways was studied [30,31], in order to optimize the
raceway design. In [32], algae growth and transport is modelled and several tests are performed
in order to study for instance the effect of the water height or temperature control on the algae
concentration evolution. However, those studies might not guarantee some key properties such as
mass balance. We claim that the model we develop satisfies crucial mathematical properties such
as the conservation of biochemical variables or positivity of the water height.

Our approach is the following. Hydrodynamics is governed by the Navier-Stokes equations. But
for reasons of robustness and computational costs, we use a multilayer Saint-Venant system that is
a good approximation of the Navier-Stokes equations for dominated advection flows. The accuracy
and the stability properties of the multilayer approach are demonstrated in [4,5,44]. We add for
our problem a specific forcing mimicking the effect of a paddlewheel. For the growth of microalgae,
we utilize an improved version of the Droop model [10, 19,20]. The Droop model has been widely
studied and validated [11,12,34,45]. Tt states that growth do not depend on the external nutrient
concentration but on the internal cell quota of nutrients. The algae can indeed still grow a few days
after exhaustion of the substrate thanks to their capacity to store nutrients. The enhanced Droop
model [10] also takes into account the effect of light on phytoplankton. We then write the multi-
layer version of the biological model, inspired from [4]. Afterwards, we give a kinetic interpretation
of the whole system, allowing the derivation of a numerical scheme that has requested properties.

The outline is organized as follows. In section 2 we describe and justify our system of partial
differential equations. Afterwards, we derive the numerical scheme that we will use, based on a
kinetic interpretation. We basically follow [4] and add the new state variables concerning biology.
In section 4 we explain how we model the raceway with the 2D code (the two dimensions being
(x,z), respectively the length of the pond and the water depth) by adding periodic conditions. We
also focus on the way agitation is introduced: we add a force mimicking a paddle-wheel and then we
derive its contribution in the multilayer system, in the kinetic scheme and in the discrete scheme.
We show that we have relevant results. Eventually, a last section deals with a Lagrangian approach
of the algae tracking that could be useful regarding the elaboration of a better environment mod-
eling for the algae.
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2. THE COUPLED MODEL

We adopt and couple two continuous models, one for the representation of free surface hydro-
dynamics and the other for microalgae growth. We point out that it is a one way coupling: the
biology is indeed advected and diffused by the water flow, but there is no retroaction of algae on
the fluid. This is justified by the fact that the biological concentrations, even though greater in a
raceway than they could be in an ocean or a lake, remain still much smaller than what is expected
to change density or temperature of the raceway (let us recall for instance that the salinity of the
seawater is around 37 g.L~! whereas we will never reach algae concentrations more than 1 or 2
g.L71).

2.1. The hydrodynamics model

Let us introduce first the hydrodynamics model in two dimensions. It will represent a free surface
flow set into motion by a paddlewheel. As far as the modeling of geophysical free surface flows is
concerned, two types of models and numerical techniques are usually investigated. On the one
hand, when the flow is complex and no particular hypothesis can help simplify the model, finite
differences or finite elements methods are used to solve the parabolic free surface Navier Stokes
equations [17,29]. But this treatment raises computational issues and, as far as the authors know,
can hardly guarantee good properties such as positivity of the water depth, tracer conservation,
wet/dry interface treatment shocks,.... On the other hand, when the shallow water hypothesis can
be considered, a vertically averaged version of Navier-Stokes equations is often used: the Saint-
Venant system [9], [24]. With an hyperbolic structure, numerical methods for shallow water flows
consist in finite volume schemes and recent developments have allowed the recovery of properties
such as the positivity of the water height. Let us cite the use of kinetic schemes introduced by B.
Perthame [40] or the hydrostatic reconstruction by Audusse et al. in [6]. But those shallow water
equations permit only the treatment of unstratified flows, which does not match our problem. We
expect indeed to have high heterogeneities in our variables, due to the rapid light decline along
the depth dimension. To sum up, because we want to tackle a complex realistic problem, we want
to use a model that contains most of the phenomena expressed in Navier-Stokes equations, but
which could be treated with Saint-Venant like tools, and this is what the multilayer Saint-Venant
system provides. As stated in the introduction, efficiency of this new method has been proved
in [4,5,44]. We allow us one hypothesis: the hydrostatic approximation. Whilst the vertical
acceleration cannot be considered negligible around the paddlewheel, it is the case anywhere else
in the raceway. Moreover the objective is not to reproduce the small scale perturbations of the
paddlewheel over the flow but only to reproduce its first order effects. The paddlewheel applies a
volumic force on the water:

theel(xa Z,t) = Fx(xazat)e_; + Fz(ma Z>t)e_z>'

More details are given in Section 4 about the formulation of the force.
Therefore, we begin with the 2D hydrostatic Navier-Stokes equations with varying density, on
which we plug the paddlewheel force:

o g g _
ot Ox 0z =0, (2.1)
% Opu?  Opuw @ 0%, | 0%,
ot + ox + 0z +8x_ Ox 0z

+ Fy(w,2,1), (2.2)
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@ _ + aEZL + az:zz
0z P9 ox 0z

+ F.(x,z,1), (2.3)

and we consider solutions of the equations for ¢t > ¢y, z € R, z,(z) <z <n(z,t), where n(z,t)
represents the free surface elevation, u = (u,w)? the velocity vector, p(x, z,t) is the pressure, g the
gravity acceleration and p(7) is the water density, depending on an advected and diffused tracer T
basically representing the temperature and which satisfies the advection diffusion equation:

opT  opuT  OpwT  0°T N o*T (2.4)
ot " ox 0z Moxr M2 '
The flow height is H = 1 — z,. The chosen form of the viscosity tensor is
ou ou ow ou
me:2 a0 Zzz: a Zzzzz a sz: a_
Ko e Koz v

where p is a dynamic viscosity.
Boundary conditions. The system (2.1)-(2.3) is completed with boundary conditions. The outward
and upward unit normals to the free surface ns and to the bottom ny are given by

1 _on 1 _ 9z
v () e s (R
1+ (57) 1+ (52)

Let X7 be the total stress tensor with

Efl;.’l? EfL'Z
X = pId*( S, T )

Free surface conditions. At the free surface we have the kinematic boundary condition

on In

Z —_ =0, 2.5

ot "o (2:5)
where the subscript s denotes the value of the considered quantity at the free surface. Provided
that the air viscosity is negligible, the continuity of stresses at the free boundary implies

ZTI'IS = _pansv (26)

where p® = p®(x,t) is a given function corresponding to the atmospheric pressure. In the following,
we assume p® = 0.
Bottom conditions. The kinematic boundary condition is a classical no-penetration condition

azb
u,.n, =0, or ub% —wp = 0. (2.7)
For the bottom stresses we consider a wall law
tb.ZTnb = nub.tl” (28)

where t; a unit vector satisfying t; - n, = 0 and  is a friction coefficient.
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2.2. The biological model
2.2.1. Phytoplankton

Microalgae have pigments to capture sunlight, which is turned into chemical energy during the
photosynthesis process. They consume carbon dioxide, and release oxygen. Phytoplankton growth
depends on the availability of carbon dioxide, sunlight, and nutrients. Required nutrients are of
various types, but here we focus on inorganic nitrogen, such as nitrate, whose deprivency is known
to stimulate lipid production [36]. We consider the combined influence of nitrate and light on
phytoplankton growth. The nutrient limitation is taken into account by a Droop formulation [19]
of the growth rate. The light effect (photosynthesis and photoinhibition) is represented using a
classical formulation from [37] embedded in the model proposed by [10].

2.2.2. Droop model with photoadaptation

The Droop model represents the growth of an algal biomass C' using a nutrient of concentra-
tion C? (nitrate under the form NOj) in the medium. The concentration of particulate nitrogen
(nitrogen contained in the algal biomass) is denoted C2. Note that C* (gC.m~3), C? (gN.m™3)
and C® (gN.m~3) are three transportable quantities. In order to reproduce the coupling between
nutrient uptake rate A\ and growth rate p, Droop introduced the cell quota, g(¢,x), defined as the
amount of internal nutrients per biomass unit: ¢ = g—f Microalgae growth rate thus depends on
the intra-cellular quota:

Qo

n(g) = p(l — ?)7 (2.9)

where the constant i denotes the hypothetical growth rate for infinite quota, and Qg is the minimum
internal nutrient quota required for growth.
The nitrate uptake rate is a function of the external nitrate [21]:

03

o
NC) =g gz

(2.10)
where K35 is the half saturation constant and A the maximum uptake rate.

Finally, we will take into account both respiration and mortality, which are represented by a
constant loss of the biomass with a factor R.

In line with [10], we modify this classical model in order to capture light and space variations.
Light along the raceway depth. The previous model only included nutrient limited growth. It can
be improved by introducing a new data in the system: the light intensity, which will depend on
the quantity of water and biomass above the algae. Light is indeed attenuated by the chlorophyll
concentration. This concentration can be linked to nitrogen through

Chl = (I*)C?

with &
]*
I'y=——,
W= 5
where k7« is a constant, I* is the average light in the water column the day before(space and time
average). v(I*) is presumed constant over the day.
Let us assume that light intensity hitting the water surface is of the form

Iy = I)"* max(0, sin(27t)), (2.11)
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Then the intensity at depth z can be described by

I(z) = Ipe ¥(C5172), (2.12)
where
w19 = [ (@ )CE) + by (2.13)
0
(2.14)

and I§*** is a constant representing the maximum light intensity, a and b are also given constants.
The growth rate can then be computed to take into account light intensity, using Peeters and
Eilers formalism [27,37]
o (1= )
I+ Ko+ 14— q°
with i, Ky, K;; three given constants derived from dedicated experiments. Finally, a down
regulation by the internal quota of the uptake rate must be included to avoid infinite substrate(INO3)
uptake in the dark

w(g, I) =

3
ANCP ) = A= (1 - L
(C%,q) 03+K3( o

where @ is the maximum achievable quota.
Adding advection and diffusion, the biological system writes in the end

opCt  OpuCt  OpwC*t B 2201 920! ) )
o T ar T st G g ) Tekle CT - RCY, (2.15)
opC?  OpuC?*  dpwC? 9202 9202 \ ) .

5 T as T o, Mo g g ) TPANCa)C - RCY), (2.16)
IpC3  dpuC?®  dpwC? 9203 9203

gt - pax * paz = Ko (W* 922 ) — pNC?q)C, (2.17)

where ¢ = g—f, Hot, pioz, pes are diffusion coefficients and (u, w) are the fluid velocities along x
and z direction.

3. MULTILAYER MODEL, KINETIC INTERPRETATION AND NUMERICAL SCHEME

3.1. Vertical space discretization: the multilayer model

The next step is the vertical discretization of (2.1)-(2.3) and (2.15)-(2.17) in order to obtain a
multilayer system. For (2.1)-(2.3), such a derivation has already been performed in [4,5], but in
our case we have a source term representing the paddlewheel effect in equations (2.2) and (2.3).
Since the resulting vertically discretized equations are not straightforward from those two previous
papers, we detail it here. However, for the sake of simplicity, we choose to omit the viscosity terms.
The spatial discretization of the multilayer viscous terms can be found in [5], Section 3.

Moreover, we will use the classical equation of state relating the density and the tracer identified
here with the temperature

p(T) = po (1 - (T —Tp)?), (3.1)
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with Ty = 4° C, a = 6.631075C? and ppy = 10® kg.m 3. In the range of temperatures that we
plan to use, it is easy to check that density variations are small. Hence we use the Boussinesq
assumption which states that those density variations are taken into account in the gravitational
force only. In any other equation the density is supposed to be pg. Eventually, we end up with the
hydrodynamic system

ou  Ow
o5 =0 (3.2)

ou Ou: Ouw 1 0p 1

v a_ - 7F1 ; 7t ) .
ot - oz + 0z * po0x  po (@,2,) (3:3)
% _ _ + F.(z, 2,1) (3.4)
82' - pg z [ el ) .

oT  ouT BwTZO (3.5)

5t+8$+6z

with p = p(T) given by (3.1) and the biological system

act  ouCt  GwC!t

_ 1_ peil
5 + o + 9 (g, 1)C* — RC™, (3.6)
aC?  ouC?  owC? 3 1 9
5 + o + 5 = AC”,q)C" — RC?, (3.7)
3 3 3
oC +8uC +8wC’ G ), (3.8)

ot ox 0z

with ¢ = ;.

The process to obtain the multilayer system is described below. It is basically a Galerkin ap-
proximation of the variables followed by a vertical integration of the equations. The interval [z, 7]
is divided into N layers {La}ae{l’_”_’N} of thickness I, H (x,t) where each layer L, corresponds to
the points satisfying 2z € La(7,1) = [2a—1/2, Za+1/2] With

Zag1/2(x,t) = zp(2,t) + Z?:l 1;H(z,t), (3.9)
ha(z,t) = 2aq1/2(2,t) = 20-1/2(x,t) = o H(x,t), ac]0,...,N] ‘

with [; >0, S 1 =1

Now let us consider the space Pé\’[ 13 of piecewise constant functions defined by

Py = {Lerown(z), a€{l,...,N}},

where I.¢cp, (21 (2) is the characteristic function of the interval L, (x,t). Using this formalism, the
projection of u, w and T onto ]P’é\f fl is a piecewise constant function defined by

N
XN(z, 2, {za},t) = Z Leo s /20zase] (2)Xo(z,t), (3.10)

a=1
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for X € (u,w,T). The density p = p(T') inherits a discretization from the previous relation with

N
pN(xv 2, {Z(Jt}’ t) = Z H[za,l/z,zmrl/z](Z)p(Ta('rv t)) (3'11)

a=1
We have the following result.
Proposition 3.1. The weak formulation of Eqs. (3.2)-(3.5) on ]P’é\’[fl leads to a system of the form

N N
Ol H Olo Huyg,
—— =0 3.12
0; ot ; 0z : (312)
Ohatig 0
ot + o (haui + hapa) = Uat1/2Gat1/2 — Ua—1/2Ga—1/2
1 (0zay1)2 0za—1/2
+ 2 ((%Pa+1/2 T oy Pa-1/2
1 Za+1/2
+ —/ Fo(z,z,t)dz, (3.13)
Po Za—1/2
oh Ty O
ot + % (hauaTa) = Ta+1/2Ga+1/2 - Tafl/QGafl/Za (314)
acll,...,N].
with
0Zat1)2 8ZO¢+1/2
Gay1y2 = T/ + Uat1/2=— 5 = ~ Wa+1/2 (3.15)
Gij2=Gny12 =0. (3.16)

The definitions of Pa, Pati1/2, Yat1/2; Tat1/2 are given in the following proof.

Proof. Since the demonstration for part of this proposal can be found in [1] and [5] , we will not
detail it here. However, we will focus on the integration of the agitation terms in this multilayer
system.

The horizontal term. The horizontal term, in the x-projection of the momentum equation will be
handled simply: since we plan to use an expression of the force that can be integrated analytically
(see 4.2.2), we just add the integrated force in the right-hand-side of (3.13)

Za+1/2
+/ F.(z,z,t)dz, (3.17)

Za—1/2

acll,...,N].

The vertical term. The handling of this term will require more steps. First of all, let us recall that
in the situation where no additional source terms are present, (3.4) is used to compute the piecewise
continuous state variable p, which is then introduced in (3.3) (see [1]). We basically proceed the
same way.
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From (3.4), we get:
n 7
p(z, 2, t) zg/ p(w,z',t)dz’—/ F,(z, 2, t)dz’ (3.18)

If we project it on ]P’év}s, we get for a z in layer «

N 7
p(z,z,t) =g Z pihj + pa(zagi2 —2) | — / F.(z, 2 t)dz. (3.19)
j=a+1 z

For the vertical integration of (3.3) we need to compute:

Fat1/2 gp Ohapa  OZat1)2 Dza—1/2
2w%= o ——5 " Pa-1/2- 3.20
/Zuw 0x"° " T ox 5 Pet1/2t g —Pa-1/2 (3.20)
Since
1 Za+1/2
Pa = hf p(l‘, Z7t)d2, Pa+1/2 = p($72a+1/2,t), (321)
& JzZa—1/2

we see that the vertical agitation force has an effect in p through (3.3). Let us precise the expressions
of pa(z,1), payi/2(x,t) and po_1/2(z,t).

1 Za+1/2
Palz,t) = —/ p(x, 2, t)dz
Fa—1/2

ha
N
aha 1 Zat1/2 n
=y p2 + Z pih; fh—/ / F.(z,7,t)d7 dz, (3.22)
j=a+1 QO Jza1/2 V2
N n
peria@t) =g 3 pihi— [ Fle 0 (3.23)
j=a+1 Za41/2
N n
pa—l/Q(x7t) = gzpjhj - / Fz(xvzlat)dzl' (324)
j=a Za—1/2

The velocities uq41/2, @ = 1,..., N —1 are obtained using an upwinding with respect to the direction
of the mass exchange:

_Jua  ifGay1p20
Ua+1/2 = { U i1 if Ga+l/2 < 0. (325)

We proceed in the same way for the tracer:

Ts if Ga+1/2 >0

Ta+1/2 = { T if Ga+1/2 <0 (326)
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In Prop. 3.1 the vertical velocity w no more appears, but we can derive relations for the discrete
layer values of this variable by performing the Galerkin approximation of the continuity equation
(3.2) multiplied by z. This leads to

0 (#oiija— %1 0 (%12 =% 1y
B <+/2/ + e %UOL = hoWa + Zat1/2Gat1/2 = Za—1/2Ga—1/2,

(3.27)

where the w,, a« = 1,..., N, are the components of the Galerkin approximation of w on ]P’é\ff[, see
(3.10). Since all the quantities except w, appearing in Eq. (3.27) are already defined by (3.12),
(3.13), (3.15), (3.16), relation (3.27) allows obtaining the values w, by post-processing. Note that
we use the relation (3.27) rather than the divergence free condition for stability purposes. We refer
the reader to [4,44] for more details.

Proposition 3.2. Multilayer version of the Droop model with photoacclimation. The weak formu-
lation of Eqs. (3.6)-(3.8) on ]P’(I)\ffl leads to a system of the form

Oh.CL D
ot + ox (haci“a) = Cclz+1/2Ga+1/2 - Ci—1/2Ga—1/2
+ha(i(da, 1a)Co — RCG), (3.28)
OhaC2 8
o oz (haCaua) = Ca i1 2Gat1/2 = Cosij2Ga1y2
+ha(MC3, 4a)CL — RCY), (3.29)
OhaC? D
ot + % (haciua) = C’2+1/2Goz+1/2 - 02—1/2G0471/2
— haM(C2, 4a)Cas (3.30)
a€c(l,...,N],

) o2 .
with qo = &% and C?

a1 /27 J = 1...3 defined through the same upwinding as uoi1/2 and Toi1/2
(see 3.25, 3.26).

Proof. As for Eqs. (3.2)-(3.5), we use a Galerkin approximation of the biological variables on IF’(])\{’I?I.

The Galerkin approximation on ]P’év Z allows to write

N
YN(@, 2, {za b t) = D iy pzasa o) (2)Yal@, 1), (3.31)

a=1

for Y € (Ct,C?,C3). Then we perform an integration of Egs. (3.6)-(3.8) over the layer a. Let us
do it term by term.

/Zu+1/2 oY, _ Oha¥s Ozati/z _ v Pa1/2

T v = (Yas1/2 e a-1/2"p, )

(3.32)

a—1/2
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For the transport terms it yields:

Fat1/2 aUY auahaya 620¢+1 2 aza—l 2
/ o dz = or - (ua+1/2Ya+1/27/ - uafl/QYafl/ZaT/) (3-33)
Za—1/2
Fat1/2 QuY
/ 5 dz = Waq1/2Yar1/2 — Wa—1/2Ya—1/2 (3.34)
Za—1/2
For the reaction terms we get:
Za+1/2
[ e = REYdz = ha(ulaa 1)C - RCY), (3.35)
Za—1/2
Za+1/2
/ (AM(C3, )0 — RC2)dz = ho(MC?, gu)CL — RC2), (3.36)
Za—1/2
Za+1/2
/ ~MC?,9)Xdz = —ho(MC2,q,)CL), (3.37)
Za—1/2
where
02 2
9= a1 and ¢, = C—z
Using the notation (3.15) and (3.16) we recover Egs. (3.28)-(3.30). O

3.2. Kinetic interpretation

The kinetic approach consists in linking the behaviour of some macroscopic fluid systems -
Euler or Navier-Stokes equations, Saint-Venant system - with Boltzmann type kinetic equations.
Boltzmann equation was first introduced in gas dynamics. It represents the evolution of a density
of particles in a gas. Kinetic schemes have been widely used for the resolution of Euler equations
[14,33]. Given the analogy between Euler and Saint-Venant equations, recent work has been carried
out to adapt those schemes to the shallow water systems ( [1]). The first step is the introduction of
fictitious particles, the definition of a density of particles and the equation governing its evolution.

The process to obtain the kinetic interpretation of the multilayer hydrodynamic model (3.12)-
(3.14) is similar to the one used in [1]. For that reason we will only detail the kinetic interpretation
of the multilayer biological system (3.28)-(3.30).

For a given layer o, a distribution function M, (z,¢,&) of fictitious particles with microscopic
velocity ¢ is introduced to obtain a linear kinetic equation equivalent to the macroscopic model.

Let us introduce a real function x defined on R, compactly supported and which have the
following properties

X(—w) = x(w) >0
{ Je x(w) dw =[5 w?x(w) dw = 1. (3.38)
Now let us construct a density of particles M, (z,t,&) defined by a Gibbs equilibrium: the micro-
scopic density of particles present at time ¢, in the layer a, at the abscissa x and with velocity &

given by
L~ ha(x,t)x (5 — ua(x»t)> ’ (3.39)

Ca Ca

with
2 __
Co = Pas
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and p,, defined by (3.22).
Likewise, we define Nqy1/2(2,t,§) by
Noyi2(x,t,8) = Goqrya(z,t) o (f — ua+1/2(x,t)) , (3.40)
for « =0,..., N and where § denotes the Dirac distribution.

The quantities Goy1/2, 0 < o < N represent the mass exchanges between layers o and o + 1,
they are defined in (3.15) and satisfy the conditions (3.16), so Ny, and Ny/; also satisfy

Nl/g(l‘,t,é) = NN+1/2($,t,§) = O (341)

For the Droop variables, we have the equilibria

U(i(x’t7§) = C(jl(x’t)Ma(m7t7£)7 o = 17"'7N7 J: 17"'?3 (342)
VI @, t,6) = CF Ly (@) Naga o, t,6),  a=0,...,N,  j=1,...,3. (343)

With the previous definitions we write a kinetic representation of the multilayer biological sys-
tem (3.28)-(3.30) without biological reaction terms and we have the following proposition:

Proposition 3.3. The functions (C7) are strong solutions of the system (3.28) -(5.30) without re-
action terms if and only if the set of equilibria {UJ (x,t,€)}N_, are solutions of the kinetic equations
U

ot

ou’
ox

+¢

- Vo{+1/2 + Vo{—l/z = Qui> (3.44)

fora=1,...,N, j=1...3 with {Naj1/2(z,t,£), VC‘ZH/Z(I, t, &) IN_, satisfying (3.40)-(3.43).
The quantities Q.3 = Qs (,t,€) are “collision terms” equal to zero at the macroscopic level
i.e. which satisfy for a.e. values of (z,t)

[Quic=0. [cQuac=0. ami [ Qa0 (3.45)
R R R

Proof. Using the definitions (3.39),(3.42) and the properties of the function y, we have
I.HC), = /R Ul(x,t,8)d¢,  1oHCluq = /R EUY (2, t, &) dE. (3.46)
From the definition (3.40) of Nq1/2 we also have
[ Nzt = G (3.47)

A simple integration in £ of the equations (3.44), always using (3.45), gives the biological equations
(3.28)-(3.30). m
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3.3. The numerical scheme

As in paragraph 3.2, we only detail the discretization of the biological part of the model. For the
hydrodynamic part, the reader can refer to [|. Using the multilayer system obtained in Prop. 3.2
we end up with a system of the form

90X | OF(X)
ot Ox

= Se(X) + S’U,f(X) + Sbio(X)a (348)

with X = (kl,... kN, k2. k2, k3 k3)" and kL = ILHCL, k2 = [,HC2, k3 = 1,HC?. We
denote F(X) the flux of the conservative part, Se(X), Sy r(X) and Spio(X) the source terms, re-
spectively the mass transfer, the viscous and friction effects and the biological reaction terms.

We introduce a 3N x 3N matrix IC(€) defined by K;; = 6;; for 7,5 = 1,..., N with 0; ; the
Kronecker symbol. Then, using Prop. 3.3, we can write

U (€) U'(€)
x= [xe| v |ae reo= [eco| v |ae (3.49)
¢ U3(€) ¢ U3(€)
Vi)
5.(X) = / ke | e | (3.50)
; V3(€)
with U7 (&) = (U7 (€), ..., UL (€))7, and
V3 5(6) = Vi (6)
V() = : . Vjel.3.

VJ{J+1/2(€) o VJ{/71/2(§)

We refer to [5] for the computation of S, ¢(X).

To approximate the solution of (3.48) we use a finite volume framework. We assume that
the computational domain is discretized by I nodes z;. We denote C; the cell of length Axz; =
Tiy1/2 —Ti—1/2 With 2419 = (2; +2441)/2. For the time discretization, we denote " =37, _ AtF
where the time steps At* will be precised later through a CFL condition. We denote

T
n __ 1,n 1,n 12n 2n 1.3,n 3.n
X7 = (R RN T RN KT R

the approximate solution at time ¢" on the cell C; with kérf = laHfCi”?.
3.3.1. Time splitting

For the time discretization, we apply a time splitting to the equation (3.48) and we write

Xntl_ xn N OF(X™)
Atn ox
Xn+1 _ Xn+1
Atn

- Se(Xnan+1) +Sbio(Xn)7 (351)

— Sy p(X™, X" = 0. (3.52)
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The conservative part of (3.51) is computed by an explicit kinetic scheme. The mass exchange terms
are deduced from the kinetic interpretation. The biological reaction terms are not included in the
kinetic interpretation but simply deduced from quadrature formulas. Eventually, the viscous and
friction terms S, y in (3.52) do not depend on the fluid density p. Thus, their vertical discretization
and their numerical treatment do not differ from earlier works of the authors [5]. Due to potential
dissipative effects, a semi-implicit scheme is adopted in the second step for reasons of stability.

3.3.2. Discrete kinetic equation
Starting from a piecewise constant approximation of the initial data, the general form of a finite
volume discretization of system (3.51) is
X+l Xn oy gn [F[_‘H = FI /2} — ASIT 4 Ay, (3.53)

where o' = At"/Az; is the ratio between space and time steps and the numerical flux F+1/2 is an
approximation of the exact flux estimated at point x; ., /2

In order to find a good expression of the numerical fluxes, we need to make an incursion in the
microscopic scale. Therefore we denote the discrete particle density at time n, cell ¢ in the following
manner:

§—ug .
(f) an (Cnm , with Cg,i = pgﬂ.

a i a,l

and following (3.22)

" P a n 1 Za41/2 m n
Phi=y Toi @i Z Py iliH; _ha/za . / F (2,2 t")d dz.

j=a+1 z

Then the equation (3.44) is discretized for each o by applying a simple upwind scheme

91O = ULHO) — 6o (Ula26) ~ ULT1p(O) +

A (VIO —vimiR ), (3.54)
where
uim ULy ifE>0
avitl/2 U;’;1 if € <0.

J7n+1

The quantity g is not an equilibrium but if we set

LI = [ g e (3.55)

we recover the macroscopic quantities at time ¢"71.
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3.3.3. Numerical flux of the finite volume scheme

In this section, we give some details for the computation of the fluxes introduced in the discrete
equation (3.53). If we denote

FinH/Z = F(X%X?H) = F+(in) + Fi(in-H)y (3.56)

following (3.49), we define
Fo(X7) = / ECEOUMO)dE, FHXT) = / EX(EUP (€)de (3.57)
EER™ EeRT

with U(€) = (U(6), - -, Uk ()™
More precisely the expression of F*(X;) can be written

FH(X) = (FE (X0, B (X,

1 N
T
FL(X0), o By (X0), FE(X0), o B (X)) (3.58)

with
(Ua,i + wea ) x(w) dw. (3.59)

i
c

Fl (X)) = C7 1o H; )

w>—

This kinetic method is interesting because it gives a very simple and natural way to propose a
numerical flux through the kinetic interpretation. Indeed, choosing

x(w) = %ngﬁ(w)’

the integration in (3.59) can be done analytically.

However, this method proved to be numerically diffusive. That is why in practice, following [2,4],
we rather introduce the upwinding in the biological equations according to the sign of the total mass
flux. We introduce then new biological fluxes that we will use instead of (3.59)

Fkt (X;) = Ciyi L1y (3.60)
with
F,ja = laHi/ o (Ua,i + Weq i) X (W) dw
w>— e

representing the mass flux in layer « at interface i + 1/2 (see [1]) and the interfacial quantity being
defined in the following manner

i { i E >0

w2 oo i F <0,



16 TITLE WILL BE SET BY THE PUBLISHER

3.3.4. The source terms

We refer to [4] for the treatment of the mass exchanges terms S, (X", X"*1). For the reaction
terms no difficulties occur since the biological variables and what they depend on, light for instance,
are also projected on the same Galerkin basis. We write

Za41/2 Tiy1/2
/ / R(z,z,t") = ho Az, R} (3.61)

Za—1/2 i—1/2
where R(z, z,t) represents one of the three reaction terms we have in the Droop model.

3.3.5. Properties

Although we are not going to provide any proof in this section we want to recall some important
features of the model used in this paper (see [4,5,44] for the detailed proofs). First of all, under a
certain CFL condition which means that the quantity of water leaving the cell during a time step
is less than the current water volume of the cell, the water height and the biological concentrations
remain non-negative. Second of all, [1] states that a passive tracer satisfies a maximum principle.
Finally, we want to specify that a second order scheme in space and time is possible and has been
performed in the simulations of section 4. The second order in time is achieved through a classical
Heun method. We apply a second order in space by a limited reconstruction of the variables [3]
based on the prediction of the gradients in each cells, a linear interpolation followed by a limitation

procedure.

4. SIMULATIONS

4.1. Analytical validation on non trivial steady states

In this section we show that we can find analytical solutions of the coupled problem, provided that
we use Euler equations and a simplified model for biology. We want to emphasize the importance of
this part. Validating a numerical code is indeed a complex but highly required task when it comes
to non trivial situations. It is clear though that analytical solutions of the whole coupled problem
cannot be found. However, we propose here a simplified version of a biological model that would
be embedded in free surface Euler equations and for which we can find non trivial steady states.

Let (u,w) be the following vector field:

cos(B(z — zp))

e, ) = a2 PEZ ) (1)
046 . OH . 62’[,
w(z,z) = Sn(BH {sm(ﬁ(z — ) cos(BH)a—x + cos(B(z — zp)) sm(ﬁH)a—x . (4.2)

with a, 8 being given constants, z,(z) being known and H(z) being solution of the ordinary

differential equation

0 a?p3? 0z

S 276 + gH — _gJ.

Oz \ 2sin*(BH (x)) Oz
In [13], the authors show that it is an analytical solution of the Euler system of equations for free
surface flows. In order to validate the coupling with biological equations which is performed in this
paper, we propose a simplified stationary coupled model.
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Let us consider the following scalar field
T(z,z) = e~ (H=(2=2b))
We can check by simple calculation that T is solution of

ouT  owT

- 4 = f(z,2)T(x, 2) (43)
O 9z ———
m reaction
where
_cos(B(z —z)) ((tan(B(z — 2)) ol
flz,2) =ap sin(8H) < tan(BH) 1) Oz (4.4)

Clearly, this equation is a simplified and alternate version of a biological model, with advection and
reaction terms. Notice that solutions to (4.3) represent non trivial equilibria between advection
and reaction terms.

Eventually, we compare analytical and numerical results of the following situation: a given
hydrodynamic and biological flow is imposed at the left boundary of a 20m long raceway with
topography z, = 0.2¢@=8)* _ 0.4e($_12)2, a given water height is fixed at the right boundary. To
solve this analytically we follow [13]: given the topography zp, between horizontal coordinates = = 0
and z = 20, we recover H(z) and deduce u(z,z) and w(z, z) for a = 0.4 and § = 1.5 thanks to
the above formula (4.1, 4.2). Numerically, we impose the analytical flux at the left boundary, the
analytical water depth at the right boundary, and run the code for 500s, with 300 nodes and 20
layers (thus 6000 vertices), while initial conditions were set up to zero for every variable (u, w, T).
We see in Fig.1 that we recover numerically the hydrological and tracer steady states solutions for
this simplified coupled model. Therefore, we consider that our method and our code are likely to
produce valid results.

4.2. Numerical simulations of a raceway

4.2.1. Light

As explained in section 2, the light intensity at a particular point will depend both on the amount
of water above this point (i.e. related to the depth) and on the quantity of encountered chlorophyll
(proportional to the concentration in intracellular nitrogen). Additionally, we explain in section 3
that a Galerkin approximation of the variables is carried out. Hence light is also discretized along
the depth by layers. We show in Fig.2 the light profile for different values of v(1*). Recall that this
value is related to the average irradiance perceived by microalgae the day before (photoadaptation
phenomenon). The parameters used are exposed in Table 1. We see for any curve the exponential
decay. Moreover, this figure shows that the more exposed to light the microalgae were, the more
receptive to it they are (no photoinhibition occurs in those ranges of irradiance).
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u(m/s) u(m/s)
i']M i.lM
-1 :1
] 0.8
06 06
0.4 0.4
0.2 0.2
0.032 0.032
T/ T(g/L)
P P
0.8 0.8
0.6 0.6
0.4 0.4
0.363¢ 0.363¢
w(m/s) w(m/s)
.15 15
0.1 0.1
0 0
-0.1 0.1
-0.155 -0.155

FIGURE 1. Analytical (left) and numerical (right) steady states solutions for hy-
drodynamics and tracer in case a = 0.4, 8 = 1.5 and 2z, = 0.2¢(@=8* — 0. 4e(z=12)
A given flow is imposed at the left boundary whereas the output boundary condi-
tion concerns the water height.

Light intensity in the water column

—v=0.25,1 = 80.64 umol.m2s”"

w0 —y=0.20, 1" = 116,55 umol.m 2.5
T, 400 ~—y=0.15, 1" = 176.40 pmol.m 2.s7'
o —v=0.10, " = 296.10 pmol.m 2.s7'
£ 350
)
£
=
iz Parameter | Value Unit
[} — —
Io,max 500 | pmol.m=2.571
a 16.2 m2.gChl~1
b 0.087 m~!
0 C? 5.0 gN.m™3
0 005 01 015 02 025 03 035 04 045 05
Depth(m) TABLE 1. Parameters used

for the computation of light.

FIGURE 2. Light intensity
in the water column for
a concentration in nitrogen
equal to 5.0 gN.m~3. The
figure shows the exponential
decay of light with depth for
different values of v(I*).
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4.2.2. Paddlewheel

We aim at representing the kind of raceway shown in Fig.3. In order to model it in 2D, periodic

FIGURE 3. A typical raceway for cultivating microalgae. Notice the paddlewheel
which mixes the culture suspension. Picture from INRA (ANR Symbiose project).

conditions are applied on a rectangular pond containing a paddlewheel in its first half (Fig.4). The
wheel is not modelled physically but is represented by a force that is able to mimic its effect and
give the system an equivalent energy. Therefore the following expression is assumed:

2
F.(z,z,t) = Fcosf <\/(x — Twheet)? + (2 — zwheel)zw) (4.5)

2
F,(z,z,t) = Fsinf (\/(m — Tyheet)? + (2 — theel)Qw) (4.6)

where F'is a constant, 6 is the angle between the blade and the vertical direction, w = 6. The force
is normal to the blade and depends on the square of the velocity of the point on the blade: the
further it is from the center of the wheel, the bigger is the force. Therefore, the energy provided by
the wheel is be proportional to the cube of the velocity. To include it in the model, the process is
similar to what is explained in section 3.3: the force is added in the Navier-Stokes equations in order
to derive again the multilayer model. This adds a source term in the x-momentum equation and
change the expression of the pressure given by the z-momentum equation. We remind the reader
that non-hydrostatic terms have not been taken into account in the derivation of the model (though
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it is described in [44]). The obtained results in Fig.5 let us think that this may be appropriate to
model the paddlewheel effect.

ZA

N

H=0,5m

.}
>

L=20m

FIGURE 4. Left: Raceway and wheel dimensions and positions. Right: Outlook of
the force applied to model the effect of the paddlewheel, supposed to be located in
the first half of the raceway, with maximum efficiency at the end of the blade.

We performed several simulations for different paddlewheel angular velocities. We use a race-
way with length 20m and height 0,5m. We show in Fig 5 that we are able to capture realistic
hydrodynamics: a laminar flow of reasonable horizontal speed far from the wheel and a turbulent
flow close to it. Concerning the hydrodynamics parameters, we take into account horizontal and
vertical viscosity (= 0.001m?2.s~!)and a Navier-type bottom friction( x = 0.01m.s~!). Besides,
w = 0.85rad/s.

In order to have a first idea of what is happening in the fluid, we add a tracer which is advected
and slightly diffused. Fig 6 illustrates the effect of the wheel on the mixing. In particular, after
several minutes, the pond seems well homogenized (here again w = 0.85rad/s).

4.3. Results

Eventually, we performed numerical simulations of the whole coupled model explained in section
2 and discretized in section 3. We use the same raceway with length 20m and height 0,5m. The
height is chosen such that at the bottom of the pond, the respiration rate is close to the growth
rate. We perform several 20 days simulations for different agitations, different initial conditions
and we compare them to reference simulations i.e. without paddlewheel. The parameters used for
the simulation (concerning the biological system) are exposed in Table 2. The relevant details of
every simulation are in Table.3. The results are depicted in Fig.7.

The initial concentrations of particulate and dissolved nitrogen are the same for the six simu-
lations. The initial microalgal carbon concentration varies (the initial internal nitrogen quota is
therefore changing as well), and different agitation velocities are tested. The plots represent the
average concentrations in the raceway (see local concentration comparison between upper and bot-
tom layer in Fig.8). The carbon curves (Fig.7-a) show in every situation that agitation leads to
better productivity. This is explained by the lack of nutrients in the upper layers at some point.
However, regarding the initial internal quota (Fig.7-b), the time when agitation actually enhances

v
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a Paddlewheel located cell b Cell far from paddlewheel

Horizontal velocity u ~ 0.48 m/s

—u(mis)
—wim/s)

Horizental velocity ~ 0.6 +/- 0.04 m/s

—u(m/s)
— w(m/s)

Vertical velocity ~ 0 +/- 0.05 m/s

.
M.

Velocities (m/s)

Velocities (m/s)

Vertical velocity w ~ 0 m/s

] o E] o) T 00 ok 3 o o0 - Y 7 o 7] 300 oo 7o abo 900
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FIGURE 5. (a): Velocities along vertical and horizontal axis in a cell located near
from the wheel rotating at angular speed w = 0.8rad/s, with a force magnitude of
F =10N.m=3. The flow is very turbulent. (b): Velocities along vertical and hori-
zontal axis in a cell located far from the wheel. An asymptotic value of 0.48m.s~!
is reached.

productivity varies. This phenomena is due to the fact that the internal nutrient pool, if not filled
enough(low quota ¢), will tend to increase further by absorbing more external nitrogen. Thus lead-
ing two main consequences: the extracellular nutrient concentration diminishes and the intracellular
nitrogen increases. Since chlorophyll is positively correlated with the latter biological variable, the
light can not penetrate so deep anymore. We point out that the model is not able to differentiate
between several agitation velocities. Ideas to explain and overcome this limitation are suggested in
section 5.

From these series of simulations we can conclude that our model is capable of reproducing
coherent results, in the hydrodynamical part (adequate asymptotic velocity, turbulences near the
wheel and laminar flow far from it) as well as in the biological concentrations. Nevertheless, we can
only consider those results as preliminary, since no quantitative comparison with any data has been
provided. Future work would include adaptation of the biological model given the hydrodynamical
results obtained in this study. Moreover, other variables should be added to the system. For instance
temperature, which could have a non negligible effect, sedimentation etc. Finally, experimental data
should help us calibrate more accurately the raceway parameters and extend it to three dimensions.

5. LAGRANGIAN APPROACH

So far, we have based our model on biological kinetics accounting for the photosynthesis process
in conditions of light and nutrient limitations. We have used an extended version of the Droop
model [10,19,20], but other models could have been used, differing by their level of details [7,8,23].
These models have been developped and experimentally validated for static conditions, i.e. for
conditions where light was constant or slowly varying. However, the present study illustrates the
fact that, due to hydrodynamics, each cell experiments a succession of light and dark phases,
depending if it is close to surface or to the bottom. Such flashing light phenomenon has already
been highlighted with photobioreactors [39]. Now the key question is to determine if the chosen
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FIGURE 6. Snapshots of the tracer concentration in a raceway set into motion
by a paddlwheel of angular velocity w = 0.85rad/s. It is clear that after several
minutes, the raceway is totally homogeneous. Therefore, the paddlewheel has
indeed the required effect on the mixing.

model, with time scales in the range of hours, efficicently reproduces the photosynthesis dynamics at
the cell scale, or if a more sophisticated model, accounting for the fast time scales of photosynthesis
is required. Indeed, some models represent faster biological phenomena. For example, the Han
model [28] represents the dynamics of the photosystems with time scales ranging from milliseconds
to minutes. Such model would, of course, be more appropriate to account for photosynthesis in
the context of rapid light fluctuations, with strong potential impact on the physiology [48]. As a
consequence, it is now crucial to determine the typical light pattern received by a single cell. It is
worth noting that such an information can only be obtained by simulation, since it would be very
complex to measure experimentally the light along the trajectory of a microalgae. A Lagrangian
approach derived from the previous model can lead to the reconstruction of cell trajectories. From
this information, it is then possible to derive the light signals that microalgal cells undergo. We
show hereafter that the velocity of the wheel does not influence much the light quantity perceived
by an algae in a certain period of time, but it changes the way it receives it.
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Parameter | Value Unit
fi 1.7 day~1!
Qo 0.050 gN.gC~!
Q 0.25 gN.gC~1
K; 295 | pmol.m=2.s71
K 70 pmol.m™2.s71
A 0.073 | gN.gC~ .day™*
K, 0.0012 gN.m™3
R 0.0081 day™!
1o, max 500 pmol.m™2.s71
~(I*) 0.25 gChl.gN~1
a 16.2 m2.gChl~?
b 0.087 m~!

TABLE 2. Parameters for the simulations.

Simul Simu?2 Simu3 Simu4 Simub Simu 6
Cl(g.m™?) 25 25 50 50 83 83
(%)O (gN.gC~Y) | 0.2 0.2 0.1 0.1 006  0.06
C3(g.m=?) 5 5 5 5 5 5
Agitation no yes no yes no yes
C(g.m™?) 60 74 79 103 100 129
(%) ((@N.gCT)| 0115 0120 0110 0085 0087  0.065
C3(g.m~?) 377 0.0 0.0 0.0 0.0 0.0

TABLE 3. Initial conditions and final concentrations for the set of 6 simulations
we performed. The differences lie on the one hand on the fact that the water is
agitated or not and on the other hand on the initial carbon concentration, which
changes the internal quota (nitrogen concentration is always equal to 5((g.m=3))

In order to follow the position of a particle, we simply need to integrate the following equation.
If M (t) is the position of particle M at time t, then we have:

dM(t)
dt

= o(M(t),1) (5.1)

where v(x,t) is the eulerian velocity field at position x, time ¢. We do not add to those particles any
Brownian motion that would refer to the diffusion of biological concentrations at the macroscopic
scale. Therefore, more realistic Lagrangian trajectories should look more noisy than what we get
but the general behaviour is well represented.
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FIGURE 7. (a): Carbon concentration; (b): Internal quota g; (c): nitrogen con-
centration; (d): substrate concentration(NOs). Those plots illustrate the average
concentrations in the raceway for 6 simulations. Three were carried out without
agitation, and the other three had the agitation term. In each situation, agitation,
leading to homogenization leads to a better productivity. However, for certain
initial conditions, the improvement is quite slow (after several days), since the
biological variables do not evolve as quickly as hydrodynamics does.

For several angular velocities, we perform a one hour simulation and build the trajectories af-
terwards. One hundred particles are equally distributed in the raceway along the depth dimension.
Fig.9 shows the distribution of particles against the percentage of time spent under more than 50%
of the incident light (we will call it high enlightenment). We notice that the wheel velocity has an
influence on the number of particles which never undergo high enlightenment (38 particles over 100
for w = 0.5 and only 13 particles over 100 for w = 1.0). But globally, the particles are distributed
around 20% of their time under high enlightenment. This is what we can expect from a good mixing
since the light is exponentially decreasing and getting 50% of the incident light means being in the
first 10cm from the surface of the raceway (over 50cm).
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a Local carbon concentration (C‘) for Gt = 0.2 gc.gN". b Local carbon concentration (C’) for Gyt = 0.06 gC.gN".
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FIGURE 8. (a): Local carbon concentration when g;,;; = 0.2gN.gC ™!, in the bot-

tom and upper layer, with and without agitation. (b): Local carbon concentration

when ¢ini; = 0.06gN.gC~", in the bottom and upper layer, with and without agi-

tation. We see clearly the homogenization due to agitation. In both cases, we also

see that the bottom layer when not agitated does not vary so much, which means

that we are close to the point when respiration compensates growth.

In Fig.10 we plot different indicators for eight velocities, established during a one hour simulation.
First of all, Fig.10.a illustrates the average velocity at the end of the simulation. It turns out to lie
in realistic ranges (0.2 m.s~! t0 0.7 m.s~1). Second of all Fig.10.b represents the average proportion
of time spent for any particle under high enlightenment. From this curve we deduce that the global
percentage of high enlightenment may not vary much between w = 0.5 and w = 1. The mixing is
indeed well carried on (as shown in previous section) and in average, the particles have the same
history. Finally, Fig.10.c depicts the number of times the particles switch from low enlightenment
to high enlightenment during one hour. This last indicator gives insights about the duration of the
high enlightenment periods. The greater it is, the shorter but more numerous were the high light
instants (the particles switches more often).

Finally, the trajectories of three particles are depicted in Fig.11.a. From those trajectories we
can extract two important informations. First of all, between two passages around the paddlewheel,
the particle seems to stay at constant depth, thus enforcing the fact that the flow is laminar apart
from the wheel. Second of all, we clearly see that the depth of the particle is suddenly modified by
the wheel, giving rise to abrupt changes in the enlightenment. Fig.11.b shows the light received by
those three particles in the case where the average intracellular nitrogen concentration is 5 gN.m ™3
and v(I*) = 0.1 gChl.gN~! (high irradiance the day before the simulation).

Fig.2 shows that light intensity is very low in the 20 deepest centimeters. Regarding our results
on Fig.11, we assume that microalgae should spend one lap at high light and then several laps at
low light. Since the asymptotic velocity is in the range 0.3m.s~! —0.8m.s~!, a whole lap is done in
the order of a minute. Therefore, algae are faced to light changes with a time scale in the range of
ten minutes. As regards our modeling problem, this tells us that a biological model valid for these
fast time scale could lead to more precise results. Additional experiments forcing microalgae with
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FIGURE 9. Number of particles for each class of enlightenment for four wheel
angular velocities(0.5, 0.75, 0.85 and 1.0 rad.s~!). One class represents a range of
5%. Being for instance in the class 20%-25% means that the particle spent between
20 and 25% of her time under hight enlightenment (more than 50% of the incident
light).

typical light signal deduced from Figure 2 must therefore been carried out and support a microalgae
modelling at fast time scale [22].

6. CONCLUSION

In this paper we derive a new model coupling hydrodynamics to biology in two dimensions. It
provides new insights to better understand and represent this nonlinear and non stationary complex
process. Except closed to the paddlewheel, the multilayer model seems to adequately represent the
vertical heterogeneity characterizing the agitated raceway. Notice that with our approach, we are
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able to provide analytical solutions which validated its numerical integration. The results show
that water agitating through the paddlewheel has an effect on the growth of algae, particularly
because of the lack of nutrients at the surface versus the lack of light around the raceway’s floor.
One of the outcome of this work is the identification of realistic light signals to which microalgae
are faced. Lab scale experiments will be performed to assess the impact of such high frequency
light signals on microalgae. It is worth remarking that similar works have been carried out for
photobioreactor [38,39], leading to the identification of much faster time scales in the range of the
second. Of course, it is possible to improve the model around the wheel by relaxing the hydrostatic
approximation. A robust an efficient scheme for the discretization of the non-hydrostatic terms is
under development. Though theoretical results and first experiments have already been carried out
( [15,16]), this model has not yet been widely validated and requires the coding of much complex
numerical schemes. Likewise a 3D model is necessary to take into account the effects of the bend of
the hydroynamics. The comparison with experimental data would be of great relevance to better
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FIGURE 11. (a):Trajectories of three particles during the simulations. The large
curve represents the water surface at the middle of the raceway. The other plot is
the height of a given particle through time. The algae undergo sudden changes of
depth every time it meets the wheel.(b): Perceived light from the microalgae. Par-
ticles are subject to even greater irradiance changes since the light is exponentially
decaying.

calibrate the hydrodynamics, and later on improve the biological predictions of the model. It is
clear however that many parameters need to be taken into account in order to increase the model
prediction capacity, for instance temperature. It was here considered as a passive tracer, only
advected and diffused, with no particular effect on the biology (temperature does not appear in the
growth or respiration rate). The sunlight effect on water temperature will be taken into account
in a next stage since it deeply affects microalgae growth. Moreover, some microalgae species do
not swim in the water and tend to sediment. This property could increase the beneficial effect of
the wheel compared to a situation where the wheel is very slow or absent. Computational time is
another issue which has to be improved in order to use the model e.g. for process optimal design. Up
to now, schemes we are developing are only explicit. We are therefore constrained with a restrictive
CFL condition. Improvement towards implicit schemes is also a future concern.

The authors would like to thank the support of INRIA ARC Nautilus (http://www-roc.inria.fr/bang/
Nautilus/?page=accueil) together with the ANR Symbiose project (http://www.anr-symbiose.org).



1]
2]
3]

[4]

5

6

(7

8

9

[10]
[11]
[12)
[13)
[14]
[15]
[16]
17)

(18]
(19]

20]
(21]

[22]
23]
(24]

[25]

TITLE WILL BE SET BY THE PUBLISHER 29

REFERENCES

E Audusse. Modelisation hyperbolique et analyse numerique pour les ecoulements en eauzr peu profondes. PhD
thesis, Université Pierre et Marie Curie - Paris VI, 2004.

E. Audusse and M.-O. Bristeau. Transport of pollutant in shallow water flows : A two time steps kinetic method.
ESAIM: M2AN, 37(2):389-416, 2003.

E. Audusse and M.-O. Bristeau. A well-balanced positivity preserving second-order scheme for shallow water
flows on unstructured meshes. J. Comput. Phys., 206(1):311-333, 2005.

E. Audusse, M.-O. Bristeau, M. Pelanti, and J. Sainte-Marie. Approximation of the hydrostatic Navier-Stokes
system for density stratified flows by a multilayer model. Kinetic interpretation and numerical validation. J.
Comp. Phys., 230:3453-3478, 2011.

E. Audusse, M.-O. Bristeau, B. Perthame, and J. Sainte-Marie. A multilayer saint-venant system with mass
exchanges for shallow water flows. derivation and numerical validation. ESAIM: M2AN, 45(1):169-200, 2011.
Emmanuel Audusse, Frangois Bouchut, Marie-Odile Bristeau, Rupert Klein, and Benoit Perthame. A fast and
stable well-balanced scheme with hydrostatic reconstruction for shallow water flows. SIAM J. Sci. Comput.,
25(6):2050—-2065, June 2004.

S.-D. Ayata, M. Lévy, O. Aumont, A. Sciandra, J. Sainte-Marie, A. Tagliabue, and O. Bernard. Phytoplankton
growth formulation in marine ecosystem models: should we take into account photo-acclimation and variable
stochiometry in oligotrophic areas? Journal of Marine Systems, In press.

M. Baklouti, F. Diaz, C. Pinazo, V. Faure, and B. Queguiner. Investigation of mechanistic formulations depicting
phytoplankton dynamics for models of marine pelagic ecosystems and description of a new model. Progress in
Oceanography, 71(1):1-33, 2006.

A.-J.-C. Barré de Saint-Venant. Théorie du mouvement non permanent des eaux, avec application aux crues des
rivieres et a l'introduction des marées dans leur lit. Comptes Rendus des Séances de I’Académie des Sciences.
Paris., 73:147-154, 1871.

O. Bernard. Hurdles and challenges for modelling and control of microalgae for co2 mitigation and biofuel
production. Journal of Process Control, 21(10):1378 — 1389, 2011.

O. Bernard and J.-L. Gouzé. Transient behavior of biological loop models, with application to the Droop model.
Mathematical Biosciences, 127(1):19-43, 1995.

O. Bernard and J.-L. Gouzé. Global qualitative behavior of a class of nonlinear biological systems: application
to the qualitative validation of phytoplankton growth models. Artif. Intel., 136:29-59, 2002.

A.-C. Boulanger and J. Sainte-Marie. Analytical solutions for the free surface hydrostatic euler equations. Sub-
mitted to Nonlinearity, 2011.

J.-F. Bourgat, P. Le Tallec, F. Mallinger, B. Perthame, and Y. Qiu. Coupling boltzmann and navier-stokes.
Research Report RR-2281, INRIA, 1994. Projet MENUSIN.

M.-O. Bristeau and J. Sainte-Marie. Derivation of a non-hydrostatic shallow water model; Comparison with
Saint-Venant and Boussinesq systems. DCDS(B), 10(4):733-759, 2008.

Marie-Odile Bristeau, Nicole Goutal, and Jacques Sainte-Marie. Numerical simulations of a non-hydrostatic
shallow water model. Computers and Fluids, 47(1):51 — 64, 2011.

V. Casulli. A semi-implicit finite difference method for non-hydrostatic, free-surface flows. International Journal
for Numerical Methods in Fluids, 30(4):425-440, 1999.

Y. Chisti. Biodiesel from microalgae. Biotechnology Advances, 25:294-306, 2007.

M.R. Droop. Vitamin B2 and marine ecology. IV. the kinetics of uptake growth and inhibition in Monochrysis
lutheri. J. Mar. Biol. Assoc., 48(3):689-733, 1968.

M.R. Droop. 25 years of algal growth kinetics, a personal view. Botanica marina, 16:99-112, 1983.

R.C. Dugdale. Nutrient limitation in the sea: dynamics, identification and significance. Limnol. Oceanogr.,
12:685-695, 1967.

S. Esposito, V. Botte, D. Iudicone, and M. Ribera d’Alcala. Numerical analysis of cumulative impact of phyto-
plankton photoresponses to light variation on carbon assimilation. J Theor Biol, 261(3):361-371, 2009.

R.J. Geider, H.L. MacIntyre, and T.M. Kana. A dynamic regulatory model of phytoplanktonic acclimation to
light, nutrients, and temperature. Limnol Oceanogr, 43:679-694, 1998.

J.-F. Gerbeau and B. Perthame. Derivation of viscous saint-venant system for laminar shallow water; numerical
validation. Discrete and Continuous Dynamical Systems-series B, 1:89-102, 2001.

J. U. Grobbelaar, C. J. Soeder, and E. Stengel. Modeling algal productivity in large outdoor cultures and waste
treatment systems. Biomass, 21:297-314, 1990.



30

[26]
(27]
28]
29]
(30]
(31]
(32]
(33]

(34]
(35]

(36]
(37]
(38]
(39]
[40]
[41]

[42]

[43]
[44]
[45]
[46]
[47)
(48]

[49]
(50]

TITLE WILL BE SET BY THE PUBLISHER

H. Guterman, A. Vonshak, and S. Ben-Yaakov. A macromodel for outdoor algal mass production. Biotechnology
& Bioengineering, 35(8):809-819, 1990.

B.P. Han. Photosynthesis-irradiance response at physiological level: a mechanistic model. Journal of Theoretical
Biology, 213(2):121-127, 2001.

B.P. Han. A mechanistic model of algal photoinhibition induced by photodamage to photosystem-ii. Journal of
theoretical biology, 214(4):519-527, FEB 21 2002.

Jean-michel Hervouet. Hydrodynamics of Free Surface Flows: Modelling With the Finite Element Method. John
Wiley & Sons, 2007.

D. L. Huggins, R. H. Piedrahita, and T. Rumsey. Analysis of sediment transport modeling using computational
fluid dynamics (cfd) for aquaculture raceways. Aquacultural Engineering, 31(3-4):277-293, 2004.

D. L. Huggins, R. H. Piedrahita, and T. Rumsey. Use of computational fluid dynamics (cfd) for aquaculture
raceway design to increase settling effectiveness. Aquacultural Engineering, 33(3):167-180, 2005.

S. C. James and V. Boriah. Modeling algae growth in an open-channel raceway. J Comput Biol, 17(7):895-906,
2010.

B. Khobalatte and B. Perthame. Maximum principle on the entropy and minimal limitations for kinetic schemes.
Research Report RR-1628, INRIA, 1992. Projet MENUSIN.

K. Lange and F. J. Oyarzun. The attractiveness of the Droop equations. Math. Biosci., 111(2):261-278, 1992.
H.-P. Luo and M.H. Al-Dahhan. Analyzing and modeling of photobioreactors by combining first principles of
physiology and hydrodynamics. Biotechnology € Bioengineering, 85(4):382-393, 2004.

F.B. Metting. Biodiversity and application of microalgae. Journal of Industrial Microbiology € Biotechnology,
17:477 — 489, 1996.

J. C. H. Peeters and P. Eilers. The relationship between light intensity and photosynthesis: a simple mathemat-
ical model. Hydrobiol. Bull., 12:134-136, 1978.

I. Perner, C. Posten, and J. Broneske. Cfd-aided optimization of a plate photobioreactor for cultivation of
microalgae. Chemie Ingenieur Technik, 74:865— 869, 2002.

I. Perner-Nochta and C. Posten. Simulations of light intensity variation in photobioreactors. Journal of Biotech-
nology, 131:276— 285, 2007.

B. Perthame. Kinetic formulation of conservation laws. Oxford lecture series in mathematics and its applications.
Oxford University Press, 2002.

J. Pruvost, L. Pottier, and J. Legrand. Numerical investigation of hydrodynamic and mixing conditions in a
torus photobioreactor. Chemical Engineering Science, 61:4476-4489, 2006.

L. Rodolfi, G. C. Zittelli, N. Bassi, G. Padovani, N. Biondi, G. Bonini, and M. R. Tredici. Microalgae for Oil:
Strain Selection, Induction of Lipid Synthesis and Outdoor Mass Cultivation in a Low-Cost Photobioreactor.
Biotechnol. Bioeng., 102(1):100-112, 2009.

R. Rosello Sastre, Z. Coesgoer, 1. Perner-Nochta, P. Fleck-Schneider, and C. Posten. Scale-down of microalgae
cultivations in tubular photo-bioreactors - a conceptual approach. Journal of Biotechnology, 132:127— 133, 2007.
J. Sainte-Marie. Vertically averaged models for the free surface euler system. derivation and kinetic interpreta-
tion. Math. Models Methods Appl. Sci. (M3AS), 21(3):459-490, 2011.

A. Sciandra and P. Ramani. The limitations of continuous cultures with low rates of medium renewal per cell.
J. Exp. Mar. Biol. Ecol., 178:1-15, 1994.

A. Sukenik, P.G. Falkowski, and J. Bennett. Potential enhancement of photosynthetic energy conversion in algal
mass culture. Biotechnology € Bioengineering, 30(8):970-977, 1987.

A. Sukenik, R.S. Levy, Y. Levy, P.G. Falkowski, and Z. Dubinsky. Optimizing algal biomass production in an
outdoor pond: a simulation model. Journal of Applied Phycology, 3:191-201, 1991.

C. Vejrazka, M. Janssen, M. Streefland, and R. H. Wijffels. Photosynthetic efficiency of chlamydomonas rein-
hardtii in flashing light. Biotechnology and Bioengineering, 108(12):2905-2913, 2011.

R.H. Wijffels and M.J. Barbosa. An outlook on microalgal biofuels. Science, 329(5993):796-799, 2010.

P. J. B. Williams and L. M. L. Laurens. Microalgae as biodiesel and biomass feedstocks: Review and analysis
of the biochemistry, energetics and economics. Energy Environ. Sci., 3:554-590, 2010.



