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Abstract The lattice Boltzmann method is adopted to  f;, £ Density distribution function and correspond-
simulate hydrodynamics and mass transfer accompanying ing equilibrium distribution function of the ith
with biochemical reaction in a channel with cylinder bun- discrete velocity
dle, which is the scenario of biohydrogen production by  f*(x,,,7) Post-collision distribution function at the node
photosynthetic bacteria in the biofilm attached on the sur- X,,
face of cylinder bundle in photobioreactor. The effects of fl.eq (xyy)  Approximated equilibrium part at the node x,,
cylinder spacing, Reynolds number and cylinder arrange- F The total force acted on the fluid by the solid
ment are investigated. The numerical results reveal that body I m™)
highest glucose concentration and the lowest hydrogen g, g;’qg Concentration distribution function and corre-
concentration are obtained at the front of the first row cyl- sponding equilibrium distribution function of
inders for all cases. The staggered arrangement leads to o-species
an increment in average drag coefficient, Sherwood num-  J; Rest fraction
ber and consumption efficiency of substrate under a given  J, , K; Specially chosen constants
condition, and the increment in Sherwood number reaches kg Monod constant (kg m~>)
up to 30 %, while that in drag coefficient is around 1 %, Ma Mach number
moreover, the increment in consumption efficiency reaches  p Fluid pressure (Pa)
the maximum value of 12 %. The results indicate that the  Pe Peclet number
staggered arrangement is beneficial to the mass transferand  Re Reynolds number
biochemical reaction. Ty React rate of o-species (kg m™ s

o Dimensionless react source term of o-species
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8, Time space (s)

3, Lattice space (m)

v Kinematical viscosity (m?s™h

0 Flow density (kg m™>)

Pw Approximation of density at the node x,,
(kg m™)

T, Dimensionless relaxation time

T, Dimensionless relaxation time related to the
diffusion coefficient

w; Weight coefficient

Mmax Maximum specific growth rate (s™')

n Substrate consumption efficiency per cylinder’s
surface

1 Introduction

Hydrogen, as a clean and renewable energy source as
well as an efficient energy carrier with high caloric value
(122 kJ g7 1) [1], has a promising potential for replacement
of fossil fuels in coming future. Among various hydrogen
production methods, biological hydrogen production includ-
ing dark-fermentation and photo-fermentation has been rec-
ognized as an eco-friendly hydrogen production technol-
ogy [2], owing to its intrinsic advantages over conventional
physicochemical approaches, such as low production costs,
less pollutant discharge and energy consumption, particu-
larly the capability of providing dual environmental benefits
of wastewater treatment and energy generation. Generally,
compared with dark-fermentation of carbohydrate-rich
wastes, the photo-fermentation of organic acid-rich waste-
waters by photosynthetic bacteria (PSB) is favored due to its
high purity hydrogen production and high theoretical sub-
strate conversion efficiency. Furthermore, PSB has capabili-
ties of consumption of short-chain organic acids generated
from dark-fermentation and trapping light energy over a
wide spectral range (from 400 to 900 nm) [3].

Recently, immobilized technology has been introduced
to the photo-fermentation bioreactor, and it has been dem-
onstrated that photobioreactor with immobilized cell has
high hydrogen production rate over that with suspended
cultures, considering its high concentration of biomass and
low biomass washout [4]. Currently, the immobilization
technologies are branched into granulation and biofilm
attachment methods. Unfortunately, granulation immobili-
zation has some obvious weaknesses, such as insufficient
use of solar energy and mass transfer limitation of sub-
strates and products [S]. In view of the above mentioned
facts, biofilm attachment process is considered as a high-
efficient technology for PSB hydrogen production.

To explore the effects of substrate species and opera-
tional conditions on substrate biodegradation and hydrogen
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production performance of photobioreactor, numerous of
experiments had been carried out by researchers [6—8]. How-
ever, the time-consuming of experimental techniques and
limitations of even high-end measuring equipment make
it difficult to gain detailed understanding of the fluid flow,
mass transportation and biological reaction that happen
during the hydrogen production process in the bioreactor.
Consequently, numerical simulations, as useful and pow-
erful approaches, have been widely applied to analyze and
predict characteristics of the bioreactor. Some representa-
tive numerical models, such as two phase mixture model
and reaction kinetic model, were applied in simulation of
pollutant biodegradation and mass transport in bioreactor [9,
10]. Unfortunately, these numerical researches are generally
restricted to studies on macro-scale, which are difficult to
solve the nonlinear partial differential equations. Therefore,
some specific assumptions and simplifications, such as mul-
tiphase flow simplified as mixed phase and the simplification
of interface properties, have to be made for different physi-
cal problems, leading to deviating from the real situation and
not objectively reflecting the realistic characters to a certain
extent. Additionally, these traditional numerical methods
have difficulties in obtaining a good numerical stability and
high numerical accuracy for complex boundary conditions,
such as irregular geometry and moving boundary.

Over the past decades, lattice Boltzmann method (LBM)
has emerged as an efficient computational tool on meso-
scopic scale with the ability to solve the difficulties that
conventional methods cannot deal with. In comparison
with conventional numerical methods, a major advantage of
LBM is the capability of complex boundary treatment with
little additional computational effort [11]. In LB simulation,
the evolution of collision and streaming steps of discrete
fluid particles is performed on particle distribution func-
tions on mesoscopic scale to simulate the fluid flow. Subse-
quently, the macroscopic flow properties, such as flow den-
sity and velocity, can be determined via these distribution
functions. Because of the appealing features, the LBM has
attracted increasing attention of academic groups and indi-
viduals [12, 13]. Recently, various LB models have been
developed ranging from hydrodynamics to heat and mass
transport, such as simulations on suspension flow [14, 15],
multiphase flow [16-18], micro-flow [19, 20], flow and
heat transfer [21, 22], mass transfer [23-25] and chemical
reaction [26, 27]. It should be pointed that the mass trans-
fer and reaction are inherently coupled with hydrodynam-
ics in various applications. Unfortunately, some researches
for complex coupling system are only on chemical reaction
[28, 29]. The application of LBM on bioreaction system has
been scarcely reported, particularly combined with complex
boundaries, such as curved boundary. Furthermore, it has to
point out that the simulation with LBM is a time-consuming
process.
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Fig. 1 Bioreactor installed with a inline and b staggered cylinder bundle

In the present study, a two-dimensional LB simulation
is implemented to explore the coupling hydrodynamics and
mass transfer in a biofilm photobioreactor, where cylinder
bundle is installed with a certain arrangement and a uniform
layer of PSB biofilm is formed on the surface of curved cyl-
inder bundle to degrade the organic compounds, as shown in
Fig. 1. The flow and concentration fields are simulated and
the effects of cylinder spacing, cylinder bundle arrangement
and Reynolds number on flow and mass transfer are inves-
tigated. The remainder of this paper is organized as follows.
The lattice Boltzmann method is briefly reviewed, followed
by the curved boundary treatment. Then a two-dimensional
lattice Boltzmann model is established for substrate solution
flow around inline and staggered cylinder bundle in a chan-
nel. Finally, the simulation results are presented and analyzed.

2 Lattice Boltzmann method

The lattice Boltzmann method simulates hydrodynamics
and mass transport phenomena by tracking the evolution
of distribution functions. These distribution functions are
governed by the lattice Boltzmann equation (LBE) [30, 31],
which is a special discretization form of the continuous
Boltzmann equation. In our simulation, two sets of distri-
bution functions f;(X,t), gis (X, t) are used, relating to flow
field and concentration field of the o-species, respectively:

fix +edt+8) — fix,t) = =7, (fix. ) — £7(x, 1))
(1)
8io (X + e;d;, t + 5[) — 8i,o (X’ t)
= 17 (g0 %0 = g (X.1)) + i BiRs @

where &; is the time step, 7, and 7, are the single relaxa-
tion time of particle corresponding to f(x, f) and g(Xx,
) respectively, and R, is the non-dimensional reac-
tion source. e; is the particle velocity vector and in two-
dimensional nine-velocity (D2Q9) LB model, it is given
by ey =0; e; = c(cos;,sin6;), ;= (@ — D /2, i = 1-4;
ei = +/2c(cos b;,sin ), 6; = (i — 1)7/2, i = 5-8. f74(x,1)
and gz]a (x, t) are equilibrium distribution functions of f(x, f)
and g(x, #) at position x and time ¢, expressed as [28]:

3ei-u  9(ei-w? 3wl
A =wip |1+ eczu (626411) —21612} i=0,..., 8
3)
E ¢ -u .
gi,qa(x» 1) =cy (Ji,o + Ki—’cz ), i=0,...,4 4)

where c is the lattice speed and defined as ¢ = 6, /8, with
lattice space §y, and the sound speed of the model is rep-
resented as ¢y = c/\/§. In Eq. (3), the weight coefficients
w; are given by wy = 4/9; w; = 1/9, i = 1-4; w; = 1/36,
i = 5-8. In Eq. 4), J;, and K; are specially chosen con-
Jo, i=0
a—-Jo/4, i=1-4
K; = 1/2, where the rest fraction J;, can be selected from 0
to 1 [28, 29].

On macro-level, the fluid density p, velocity u and con-
centration of o-species ¢, are evaluated in terms of particle
distribution functions:

stants and determined by J;, = {

8
p=7 fix1) )
i=0
8
pu=> " efi(x,1) ©6)
i=0
4
Co =Y 8io(X.1) )
i=0

By performing the Chapman-Enskog expansion on
Egs. (1, 2) in the incompressible limit Ma = |u|/cs <K 1,
both the Navier—Stocks equation and mass transfer equa-
tion can be recovered as [32, 33]:

V-u=0
du+ Vuu = —Vp +vVu ®)
0;¢ce +uVey, — Dy Vzccr =7y )

where the pressure p satisfies the state equation p = pc?, and the
viscosity and diffusivity are represented as v = 8,c§(r —-1/2)
[34]and D, = 8tc2CQ(1 —Jo) (7o — 1/2) with Cp = 1/2[28].

@ Springer



862

Heat Mass Transfer (2015) 51:859-873

Fig. 2 Layout of the regularly
spaced lattices and curved wall
boundary
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3 Treatment for curved boundary
3.1 Treatment of curved boundary condition

Boundary treatment is a key step for the LB simulation. For
the curved wall boundary shown in the present simulation,
a non-equilibrium extrapolation method [35] with second-
order accuracy is chosen to deal with the curved boundary.

As shown in Fig. 2, the link between the wall node x,,
and fluid node X; (xy = Xy, + €;6,) intersects the physi-
cal boundary at x,. The fraction of the intersected link in
the fluid region is A =[xy —Xp|/|Xr — Xy, 0 < A < 1.
If the distance L; between nodes x,, and X, satisfies the
rules: L; < 8y, i =1-4; L; < ﬁ&x, i = 5-8, the non-equi-
librium extrapolation needs to be enforced on ith at node x,,
to obtain the distribution function fiJr (X, 1), and then the
streaming step fi(Xg,t+ ;) = fi+(xw,t) for fluid node x;,
can be finished [36].

In the non-equilibrium extrapolation method [35], the
distribution function at wall node x,, is decomposed into
equilibrium and non-equilibrium parts:

fiGws 1) = £ (s 1) + £ (o0, ) (10)
__The equilibrium part is approximated by a fictitious one

£29(x,y, 1) and is given by:

1

-5 _ 3(e;-w,)  9(e;-uy)? 3w’

€q _ X 1 W _

Ji G, 1) = wlpw<1 t =g T 5a 52
(11)

where p,, = p(Xy) is an approximation of density, U, an
approximation of fluid velocity determined via linear extrapo-
lation of neighboring fluid nodes x;, Xz (xg = Xr + €;5,):

{ A > 0.75,@, = u, (12)

A < 0.75,10, = Auy + (1 — Ay
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where u,; = [u(xp) + (A — Du(xp)l/A, w2 = [2u(x;)
+(A — Du(xp)]/(A + 1).

In order to be consistent with the definition of u,,, the
non-equilibrium part of the distribution function is also
determined by linear extrapolation of neighboring fluid
nodes X, X, proposed by Guo [35]:

A > 0.5, (xy, 1) = f"(xr,1)
A < 0.75,f"(xy, 1) = Af"(Xp, 1) + (1 — A)f(xg, 1)
(13)
Finally, the post-collision distribution function fl-+ Xy, 1)
can be obtained as:

£ t) = £ (% 1) + (1 - rv")f,."e(xw,r) (14)

Similarly, based on the fraction of the intersected link in the
fluid region A, the concentration distribution function at node
X,, can be obtained by interpolation of the neighboring fluid
nodes X; Xp One can refer literature [37] for more details.

3.2 Force evaluation on a solid body

There are two approaches to evaluate force in lattice
Boltzmann method: stress integration [38] and momen-
tum exchange [39]. Compared with stress integration
approach, the momentum exchange method is more reli-
able, more accurate and easier to implement for com-
plex boundary. Hence, the momentum exchange method
is employed to evaluate the force on the curved cylinder
surfaces.

The momentum exchange occurs during the subsequent
streaming step when fi+(xw,t) and f?+ (Xf,1) move to X;
and x,,, respectively. For a given boundary node x,, the
momentum exchange with all possible neighboring fluid
nodes over a time step §; is [39]:
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ZE{f;(Wﬁ) +f;'+(xw’ l) [1 — W(XW + e,-g,)]b‘f r = M, rn=uo 1 w (17)
i£0 (15) Yys - (ks +c1) Yis (ks +c1)

where €; denotes the velocity vector in the opposite direc-  where C,, [, Yys kg ¢ are cell density, maximum spe-
tion, €; = —e;. w(X) is a scalar array, with w(x) = 0 for lat- cific growth rate, cell yield, Monod constant and growth
tice node occupied by fluid, and w(x) = 1 for lattice node  associated kinetic constant for hydrogen production
inside the solid body. with values of 0.76 kg m, 7.218 x 1072 s71, 0.847,

Come to this fax, the total force exerted on the solid
body can be obtained by summing the contribution over all
boundary nodes x,, belonging to the body [39]:

F= 30 S @l (5 0) +£7 0|11 = w(xo + ei8i163 /5,
allx, i#0
(16)
where the value of ]‘i+(xw,t) at the boundary can be
obtained by Eq. (14).

4 Numerical simulation

The lattice Boltzmann model validated in our previous
study [37] is applied to simulate the hydrodynamics and
mass transport presented in the process of substrate degra-
dation and hydrogen production by PSB in a thin biofilm on
the surface of cylinder bundle, as shown in Fig. 1. For this
scenario, the simplifying assumptions are set as following:

1. A steady-state biofilm is formed on the surface of cyl-
inder bundle.

2. In the bioreactor, the bacteria are mainly concentrated
in the biofilm attached on the surface of cylinders, and
the bacteria in the bulk flow are very few. Therefore,
the bioreaction in the bulk flow is neglected.

3. The biochemical reaction only occurs on the surface of
cylinders due to such thin biofilm compared with the
cylinder’s diameter.

4. The heat released from biochemical reaction is small
enough to be neglected and hence brings no effect on
the flow field.

5. The main component of the substrate solution is glu-
cose and the main product of the biodegradation is
hydrogen based on previous study in our group.

6. The produced hydrogen is completely dissolved in
solution considering the rather small amount of pro-
duced hydrogen, which also consists with the observa-
tion in the experiments.

7. The physical properties of substrate and product are
assumed to be invariant during biochemical reaction
due to rather small amount of degradation.

The substrate consumption rate r; (CgHj20g) and
hydrogen production rate r, (Hz) by PSB in biofilm can be
described by Obeid et al. [40]:

5.204 kg m~ and 0.0192, respectively. ¢, is the local sub-
strate concentration.

Figure 3 shows the schematic illustration of physical
models of glucose solution flow around the cylinder bundle
with PSB biofilm for biohydrogen production. To investigate
the effect of bundle arrangement, inline (Fig. 3a) and stag-
gered (Fig. 3b) cylinder bundle are set corresponding to the
bioreactors in Fig. 1a, b, respectively. As shown in Fig. 3, the
two-dimensional simulation channel is of size 22D x 6D,
and the upstream inlet is set as 2.5 times of cylinder diam-
eter away from the front row of cylinders. The bottom and
top walls are both set as 0.5 times of cylinder spacing away
from the nearby cylinders. s, s, represent the horizontal and
vertical cylinder spacing, respectively, and it is specified
that s, = s, = s. In order to understand the effect of cylin-
der spacing on the flow and mass transport, various cylinder
spacings (s = 1.5D, 2.0D, 3.0D) are set in the simulations.

Convenient for generalization and analysis, normaliza-
tions are conducted using the cylinder diameter D, mean
inlet fluid velocity # and inlet fluid concentration cg, and
hence a set of dimensionless variables is expressed as:

X=x/D, Y=y/D, S=s1/D=s2/D,
Uy = uy/u, Co =co/co

(18

Uy = uy/u,

The dimensionless reaction source terms are defined by:

rD D
Ri=—, Ro=— (19)
col colt
The dimensionless parameters, Reynolds number,

Schmidt number and Peclet number, used to characterize
the hydrodynamics and mass transport are given as:

Re =uD/v, Sc=v/D,, Pe=ReSc (20)

For the cases simulated in the present study, the Schmidt
number for the substrate flow is Sc; = 476 and for the
product flow is Sc, = 267. Furthermore, the boundary con-
ditions of macroscopic variables are set as following:

Inlet boundary conditions: Uy = 4UmaxY (H — Y)/H?>,
Uy=0, C;=10, C=0.0.

s _ o Uy _, 3Co

Outlet boundary conditions: =0, —
X 0X

Boundary conditions at the bottom and top walls: U, = 0,
0Cs
aY

U, =0, = 0.
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Fig. 3 Schematic of fluid flow around a inline and b staggered cylinder bundle in a channel

Boundary conditions at solid surface of the cylinder:
Uy =0, Uy =0, th_'z‘fusion = Oreaction-

The lattice Boltzmann model with the treatment of
curved boundary conditions has been validated in our pre-
vious work [37]. When the grid density D/§, = 20, the
numerical results have a good agreement with the bench-
mark data [41]. Moreover, references [42—-44] also demon-
strated that choosing the grid density D/, = 20 results in
a good accuracy. Hence in present study, the grid density
is set D/§, = 20, and the simulation is performed in a uni-
form mesh Ny x Ny = 441 x 121. In order to estimate the
flow and mass transfer during the substrate degradation and
hydrogen generation, the drag coefficient C,; Sherwood
number S and consumption efficiency n of the substrate
flow are introduced. The drag coefficient is defined by
Cp=Fy/ (% poii>D), where drag force F. is the x-compo-
nent of F obtained by Eq. (16). The mass transfer analog of
the Nusselt number in heat transfer is the Sherwood num-
ber (Sh). Similar to the definition of Nu number [22], the
Sh number is expressed as Sh = —ﬁ 0360 ﬁ%d@,
where C, C,, are the inlet and wall concentrations, n is the
outer-normal vector of cylindrical wall, and 6 is the angle
around a cylinder. The substrate consumption efficiency per
cylinder’s surface, which can be used to assess the hydro-
gen production performance in the channel, is calculated
as n = (M x 100 %, where Q.. Q..

mn substrate
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are the mass flow of inlet and outlet, and # is the cylinder
number.

5 Results and discussion

5.1 Fluid flow and mass transfer for glucose solution flow
around inline cylinder bundle

The flow and mass transport of glucose solution flow
around inline cylinder bundle with various cylinder spac-
ings (S = 1.5, 2.0, 3.0) are investigated at different Reyn-
olds numbers. For a given Reynolds number Re = 0.14,
the effect of cylinder spacing on velocity and concentra-
tion fields in the channel is presented in Fig. 4. It is easy to
note, from Fig. 4a, that the glucose solution smoothly flows
around the inline cylinder bundle to form a steady laminar
flow with no separation behind cylinders due to low Reyn-
olds number (<1) for all cases. However, for a specific inlet
flow area, the actual flow path in the channel is significantly
compressed at smaller cylinder spacing, say S = 1.5, which
induces a distinctly deformation of the streamlines between
the cylinders in a row perpendicular to the flow direction.
As a result, the fluid velocity in the centerline between cyl-
inders in two lines is remarkably increased and the flow
boundary layer is thinned, hence magnifying velocity gra-
dient around the cylinders. Furthermore, the interaction of
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cylinders in the front and back rows is strengthened with
decreasing cylinder spacing due to most cylinders right
being in wake flow zone from the second row, which also
donates to the change of the velocity and pressure profile
in the channel. Unfortunately, it should be pointed out that
high velocity will go against the biofilm growth, leading to
washout of the bacteria. Generally speaking, the flow field
has a great impact on concentration fields of the glucose
solution and produced hydrogen, as shown in Fig. 4b. With
decreasing cylinder spacing, the concentration boundary
layer around cylinders is evidently cut thinner due to thin-
ner flow boundary condition, and then severe concentration
variation between cylinders in a row is presented for both
the substrate and product flow. These result in distinct con-
centration gradient around cylinders which is beneficial to
the mass transfer of substrate and product on the reaction
surfaces. Furthermore, another result from the smaller cyl-
inder spacing is the increment in the number of cylinders in
the channel, that is, the increment in the bioreaction area.
The streaming, diffusion and bioreaction happened in the
upstream cylinders with observable change of the flow area
are accumulatively impressed on the flow field and mass
concentration profile around the downstream cylinders.
Therefore, the concentration contours with value smaller
than 1.0 for the substrate is shrunk towards inlet and the
concentration contours for the product is lengthened
towards outlet in the case with smaller cylinder spacing, as
a result, lower substrate concentration and higher product
concentration are observed at the outlet of the channel.

To avoid washout of the biofilm on the surface of cyl-
inders, low glucose solution flow rate is expected, and
thus various Re numbers (Re = 0.14, 0.28, 0.56) are set to
investigate its effect on flow and mass transfer in the chan-
nel where the cylinder spacing is settled as S = 2.0. It is
noted that the solution flow around the cylinder bundle in
the channel is still a steady laminar flow with no separation
due to all the Re numbers adopted here are lower than 1,
and the streamlines under various Re numbers are calcu-
lated to be similar to that in the case with Re = 0.14 and
S = 2.0 (cf. Fig. 4a). Then, the concentration contours of
substrate and product are presented in Fig. 5 for the glu-
cose solution flow around the inline cylinder bundle with
cylinder spacing S = 2.0. Although the impact of Re num-
ber on the flow field is slight, differences in concentration
contours at various Re numbers are apparently observed.
With increasing Re number, the concentration gradient
around cylinders increases due to thinned flow boundary
layer, and then the substrate diffusion and consumption as
well as hydrogen production by the biofilm are enhanced.
Meanwhile, the concentration contours is lengthened along
X-direction either for the substrate or for the product, pre-
senting higher substrate concentration and lower product
concentration downstream the channel at larger Re number.

This can be understood that the total substrate load (defined
as the product of inlet substrate concentration and flow
rate) is significantly increased with increasing Re number,
and its increment is even larger than the increase in the con-
sumption by biofilm resulted from enhanced mass transfer,
and therefore the residual glucose is delivered downstream
owing to strong convection effect. Similarly, the produced
hydrogen is also swiftly delivered out of the channel with
fluid flow. For more clarity, the velocity and concentration
profiles along the channel centerline at various Re numbers
are shown in Fig. 6. It is clear that the flow has reached
steady state at the outlet, and the velocity slightly increases
with an increase in Re number (cf. Fig. 6a). As expected,
the highest substrate concentration as well as the lowest
hydrogen concentration appears at the front of cylinders
in the first row (cf. Fig. 6b) due to the onset of bioreac-
tion. Afterwards, if one put an eye on the rear of cylinder,
the glucose concentration orderly decreases and the hydro-
gen concentration significantly increases along X-direction
owing to the consumption and production of bioreaction by
PSB biofilm on the cylinder surface. Additionally, consid-
ering the influence from fluid flow, the glucose concentra-
tion at the front of cylinders is higher than that at the rear of
cylinders, and the hydrogen concentration is reverse to the
variation of substrate concentration. Furthermore, the sub-
strate concentration increases while the product concentra-
tion decreases with increasing Re number, due to high flow
velocity and short hydraulic retention time (HRT).

Based on above calculation results and analysis on the
flow and mass transport for glucose solution flow around
the inline cylinder bundle, the average drag coefficient Cy,
Sherwood number S and consumption efficiency n of the
substrate flow around cylinders are estimated at different
Re numbers and cylinder spacings, as shown in Table 1.
For the cases with various cylinder spacings, the average
drag coefficient, Sherwood number and consumption effi-
ciency of the substrate flow increase with decreasing cyl-
inder spacing at a given Re number. As analyzed for Fig. 4,
for the small cylinder spacing, the limitation of flow path
between cylinders results in large velocity and concentra-
tion gradients, which simultaneously leads to high flow
resistance and high mass transfer efficient. This indi-
cates that the improvement of Sherwood number is at the
expense of increasing drag coefficient at the small cylinder
spacing, and the increment in drag coefficient is found to
be boomed with decreasing cylinder spacing due to strong
interaction between cylinders of the front and back rows.
The enhancement of the substrate consumption efficiency
can be attributed to the enhanced mass transfer process.
For the cases with various Re numbers, it can be seen that
the drag coefficient evidently decreases with an increase in
Re number at a given cylinder spacing. This can be under-
stood, if one keeps in mind that the total drag is determined
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by friction drag and pressure drag, that the friction drag  number, hence resulting in the decrease in C,. Furthermore,
predominates the total drag at low Re number, while pres-  as analyzed for Figs. 5 and 6, with increasing Re number,
sure drag increases more significantly with increasing Re  the increased substrate load and thinned boundary layer
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Fig. 5 Concentration contours of substrate and hydrogen product for fluid flow around inline cylinder bundle with cylinder spacing S = 2.0 for

aRe=0.14,bRe =0.28 and ¢ Re = 0.56

accelerate the substrate transfer to the cylinder surfaces for
biodegradation, hence improving the average Sherwood
number of substrate around cylinders. However, the sig-
nificantly increment in the inlet substrate load overruns that
in the biodegradation, leading to decreasing substrate con-
sumption efficiency.

5.2 Fluid flow and mass transfer for glucose solution flow
around staggered cylinder bundle

For understanding the effect of bundle arrangement, the
flow and mass transport for glucose solution flow around
staggered cylinder bundle are also investigated. Similarly,
the effect of cylinder spacing and Re number are discussed,
respectively. Figure 7 shows the velocity fields and con-
centration contours of the substrate and product at various
cylinder spacings (S = 1.5, 2.0, 3.0) under the condition
of Re = 0.14. Similar to the flow around the inline bundle
shown in Fig. 4, the fluid flow around the staggered cyl-
inder bundle still keeps a steady flow with no separation
(cf. Fig. 7a). However, a distinct difference from the inline
bundle is that the streamlines for the staggered arrange-
ment present a large lateral meander of one half of a cyl-
inder diameter or less. This can be attributed to that each
cylinder gets a chance to directly face the coming flow
from the gap of cylinders in the front row for the case with
staggered arrangement, and this will definitely enhance the

perturbation on the flow field, leading to thinning the flow
boundary layer on the cylinders and increasing the veloc-
ity gradient. Meanwhile, with increasing cylinder spacing,
the interaction of wake flow and coming flow among the
cylinders is weakened and then, the streamlines show more
smooth (cf. Fig. 7a). Furthermore, the perturbation in flow
field also provides an impact on the concentration fields.
The concentration contours at the rear of cylinders present
a large inclination for both the glucose and produced hydro-
gen, and the inclination tends to be smooth while the con-
centration boundary layer tends to be thick with increasing
cylinder spacing due to less influence from the flow around
upstream cylinders, as seen in Fig. 7b. Compared with the
flow in inline bundle (cf. Fig. 4b), the concentration bound-
ary layers of the substrate and produced hydrogen are thin-
ner in the case with staggered cylinder bundle at a given
cylinder spacing, implying that the staggered arrangement
facilitates the mass transfer on the reaction surfaces. This
can be validated by the case with cylinder spacing of 3.0
(cf. Fig. 7b), in which the total number of cylinders is the
same as that in the inline bundle case with S = 3.0 (cf.
Fig. 4b). It can be found that in the staggered bundle case
the substrate concentration is lower while the product con-
centration is higher than those in the inline bundle case at
the same downstream site of the channel.

For glucose solution flow in the staggered cylinder bun-
dle, the effect of Re number on flow and mass transport are
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Fig. 6 Comparison of a velocity and b concentration profiles along channel centerline of fluid flow around inline cylinder trundles with cylinder

spacing S = 2.0 for Re = 0.14, 0.28 and 0.56

Table 1 The effects of Re

R C Sh %
number and cylinder spacing S ¢ d n (%)
on drag coefficient, Sherwood 0.14 0.28 0.56 0.14 0.28 0.56 0.14 0.28 0.56
number and consumption
efficiency of substrate for fluid S
flow around inline cylinder 1.5 2,431.65 1,23542 63848  0.071 0.124 0225 0550 0506  0.497
bundies 2.0 861.34 43245 21813 0.034 0062 0.114 0511 0463  0.441
3.0 407.89 20436 10271  0.020  0.038 0071 0462 0417  0.407

also studied at a given cylinder spacing S = 2.0, and vari-
ous Re numbers are chosen as Re = 0.14, 0.28 and 0.56.
Figure 8 presents the concentration contours of glucose
and hydrogen under conditions with various Re numbers.
The concentration boundary layer, either for the substrate
or product, almost develops individually on each cylinder
at all conditions. As the fluid convection effect is strength-
ened with an increase in Re number, the thickness of

@ Springer

concentration boundary layers experiences a minification.
It is easy to note, from the comparison of Figs. 5 and 8,
that the concentration boundary layer of flow in the stag-
gered bundles is thinner than that of flow in the inline bun-
dles under a given Re number, which should be attributed
to the enhanced perturbation and weakened wake flow
resulting in thinner velocity boundary layer. Furthermore,
the velocity and concentration profiles along channel



Heat Mass Transfer (2015) 51:859-873 869

0 100 200 300 200

120 | < 120
.80 —(Z . 80F
pry s 4w0f
05— ' % 100 20 300 200
substrate S=1.5 product
120 120
.80 .80 2
40F 40
- S WP P 0 E
% 100 200 o 300 400 0
substrate $=2.0
120 — 120
| 999745 -
sof (@ -
~TE 1 C= :
40 : e N 0ot o0dwrds (i’ 00003 :_
0 - Il 1 L MM 0 E
0 100 200 300 400 0
X
substrate §=3.0

Fig. 7 a Velocity fields and b concentration contours of substrate and product of fluid flow around staggered cylinder bundle with various cylin-
der spacings S in a channel at Re = 0.14

centerline are presented in Fig. 9. As Re number is rather ~ Fig. 9b), implying that small fluid disturbance will induce
low, the difference in velocity for various Re numbers  great impact on concentration fields in the bioreactor, espe-
is very indistinct (cf. Fig. 9a), while the variation in con-  cially for the product. The substrate concentration increases
centrations of the glucose and hydrogen are evident (cf.  while the product concentration decreases with increasing
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Fig. 8 Concentration contours of substrate and hydrogen product for fluid flow around staggered cylinder bundle with cylinder spacing S = 2.0

fora Re = 0.14, b Re = 0.28 and ¢ Re = 0.56

Re number, owing to high fluid velocity and short HRT.
It is obviously noted from the comparison with the inline
arrangement case in Fig. 6 that the largest velocity between
cylinders in the staggered arrangement case is much higher
(cf. Figs. 6a, 9a), and the concentration difference between
the front and back points of cylinders is larger at a given
Re number (cf. Figs. 6b, 9b), obviously seen in the product
profile along channel centerline. It can be concluded that
the staggered arrangement strengthens the fluid disturbance
between cylinders and increases the concentration gradi-
ent on reaction surfaces, consequently, enhancing the mass
transfer and bioreaction.

Based on the simulation results, the average drag coef-
ficient, Sherwood number and consumption efficiency of
the substrate flow around cylinders are also evaluated, as
shown in Table 2. For a specific cylinder spacing, the drag
coefficient and substrate consumption efficiency decrease
with an increase in Re number, while the Sherwood num-
ber increases; for a specific Re number, all the drag coef-
ficient, Sherwood number and consumption efficiency
increase with decreasing cylinder spacing. These features
are the result from the effect of flow interaction and vari-
ation of inlet substrate load, which is similar to the analy-
sis for that in the inline bundle. However, some differences
are easily noted from comparison of Tables 1 and 2. The
drag coefficient, the Sherwood number and the consump-
tion efficiency for glucose solution flow around the stag-
gered bundles is higher than that of flow around the inline
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bundles at a same condition. However, the increment in
C, (comparing the two bundle arrangements) is minished
with increasing Re number as well as cylinder spacing and
is less than 1 % for all cases. While the increment in the
Sherwood number is enlarged with increasing Re number
as well as decreasing cylinder spacing and is much larger
than that in drag coefficient, even reached up to 30 %. The
increment in the substrate consumption efficiency might be
ignored at large cylinder spacing and reaches the maximum
value of 12 % at S = 2.0 and Re = 0.56. In conclusion, the
choosing of staggered cylinder bundle is beneficial to the
biochemical reaction, and improves the Sherwood number
and substrate consumption efficiency.

6 Conclusion

The lattice Boltzmann method is used to simulate the flow
and mass transport of glucose solution flow around cyl-
inder bundle attached with PSB biofilm for biohydrogen
production. The effects of cylinder spacing, Re number
and cylinder bundle arrangement are investigated. The
flow and concentration fields of the substrate and prod-
uct are determined under various conditions, showing that
slight fluid disturbance can induce great influence on mass
transfer. The concentration boundary layer of the glucose
and hydrogen experiences a minification with increas-
ing Re number and decreasing cylinder spacing, and it is
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Fig. 9 Comparison of a velocity and b concentration profiles along channel centerline of fluid flow around staggered cylinder trundles with cyl-

inder spacing S = 2.0 for Re = 0.14, 0.28 and 0.56

Table 2 The effects of Re

! ; Re c, Sh n (%)
number and cylinder spacing S
on drag coefficient, Sherwood 0.14 0.28 0.56 0.14 0.28 0.56 0.14 0.28 0.56
number and consumption
efficiency of substrate for fluid N
flow around staggered cylinder 1.5 2,454.58 124474 64078  0.081 0.150  0.303 0.583 0.536  0.528
bundles 2.0 865.87 43499 21971 0037 0069 0131 0537 0507 0492

3.0 411.40 20625  103.92  0.021  0.039  0.075 0463 0419 0410

thinner for the flow in staggered bundles, compared with
the flow in inline bundles, which increases the velocity and
concentration gradients around cylinders and enhances the
mass transfer and bioreaction. Furthermore, the staggered
arrangement leads to an up to 30 % increment in Sherwood
number, but a less than 1 % increment in drag coefficient

under a given condition. The total amount of the sub-
strate consumption per cylinder’s surface in the bioreactor
increase with increasing Re number and decreasing cyl-
inder spacing, while the maximum substrate consumption
efficiency is reached at the small cylinder spacing and low
solution velocity due to long hydraulic retention.
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