
Abstract

An Euler-Lagrange model for Computational Fluid Dynamics (CFD) was used to
model a full-scale gas-mixed anaerobic digester. The flow profiles, local values of
non-Newtonian viscosity and average shear rate were analysed. Recommendations to
enhance the effectiveness of mixing were given. In particular, gas mixing input power
can be reduced without appreciable detrimental effects on the mixing effectiveness.
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1 Introduction

Wastewater treatment is an energy-intensive operation. Energy use at wastewater
treatment works (WwTWs) which come under the auspices of the Urban Wastewater
Treatment Directive (UWwTD) and for which Member States returned data exceeds
23,800 GWh per annum. Energy consumption has increased significantly in the last
two decades, and further increases of 60% are forecast in the next 10-15 years, pri-
marily due to tightened regulation of effluent discharges from WwTWs (e.g. Water
Framework Directive, WFD). WFD impacts will not be truly appreciated for many
years, but the UK water industry forecasts a 100M energy cost increase from imple-
mentation of more stringent treatment standards. However, predictions show that by
2030 the world will have to produce 50% more food and energy and provide 30%
more water, while mitigating and adapting to climate change, threatening to create a
“perfect storm” of global events. Therefore, we must address the explicit link between
wastewater and energy.

Renewable energy resources development is an integral part of several EU Gov-
ernments’ environmental strategies. Mesophilic anaerobic digestion (MAD) is the



most widespread technology for sludge treatment, the by-product of wastewater treat-
ment, in which sludge is mixed with anaerobic bacteria to break down biodegradable
material and produce a methane-rich biogas. The current drive to maximise energy
recovery means biogas is increasingly harnessed via combined heat and power tech-
nology. So, we need to optimise MAD reactor (digester) and mixing performance to
maximize energy recovery.

In order to predict confidently optimum digester mixing, we need to determine to
what extent biogas output is influenced by flow patterns in a digester; flow patterns
which are determined by physical parameters of the digesters, inflow mode, sludge
rheology and, crucially, mixing regimes. Yet research is lacking in this area. Tradi-
tional approaches to digester design are firmly rooted in empiricism and rule of thumb
rather than science, and design standards focus only on treated sludge quality, not
quality and gas yield/energy consumption.

Although the importance of thorough mixing has been recognized, recent studies
[1, 2, 3, 4, 5], have questioned traditional approaches. Preliminary studies conducted
by Bridgeman and others [6, 7, 8] on sludge mixing have shown that computational
fluid dynamics (CFD) offers significant potential for understanding flow patterns of
the non-Newtonian sewage sludge within digesters. However, there are clear limita-
tions with the work undertaken to date; for example, while much work has been done
to understand mechanical mixing, gas mixing remains poorly studied.

This paper presents the results of a study which examines the mixing regime of
a full scale anaerobic digester. A novel Euler-Lagrangian CFD model introduced in
[9] to simulate the gas mixing of sludge for anaerobic digestion is described in which
fluid motion is driven by momentum transfer from bubbles to liquid, unlike previous
modelling approaches where bubbles are dragged by the liquid. Biogas is taken from
the top of the digester and pumped into the sludge at the base of the reactor through a
series of nozzles. The bubbles rise in columns via buoyancy and transfer momentum
to the surrounding sludge. This momentum transfer takes place due to the push force
that the bubbles exert to the surrounding liquid, and the riptide effect arising from the
vacuum created by the motion of the bubbles.

The model is used to assess flow patterns induced by gas injection to drive the mix-
ing process. The model considers velocity profiles and the induced velocity gradients
and draws conclusions with regard to overall process efficiency. The efficacy of CFD
as a process optimisation tool for improved digestion is demonstrated.

2 CFD modelling

2.1 Rheology of sewage sludge

Sludge is a pseudoplastic, or shear-thinning fluid. This means that its viscosity, instead
of being constant, depends on the shear rate magnitude |γ̇| following a power-law



relationship:
µ = K |γ̇|n−1 , (1)

where K is the consistency coefficient (Pa sn) and n is the power law index. “Pseudo-
plastic” means that we have n < 1.

In [10] it was showed that sludge rheological characteristics depend on the total
solid ratio (TS) and the temperature (Table 1). As in mesophilic condition the tem-
perature is kept constant at 35 ◦C, the temperature dependence can be dropped. As
discussed in [9], all the values of density differ by less than 1% from water den-
sity at 35 degrees (994 kg m−3), and therefore can be approximated to the value of
1,000 kg m−3 for simplicity.

TS K n |γ̇| range µmin µmax Density
(%) (Pa sn) (–) (s−1) (Pa s) (Pa s) (kg m−3)

2.5 0.042 0.710 226–702 0.006 0.008 1,000.36
5.4 0.192 0.562 50—702 0.01 0.03 1,000.78
7.5 0.525 0.533 11—399 0.03 0.17 1,001.00
9.1 1.052 0.467 11—156 0.07 0.29 1,001.31
12.1 5.885 0.367 3—149 0.25 2.93 1,001.73

Table 1: Rheological properties of sludge at T=35 ◦C, from [10]

2.2 Theoretical model

An Euler-Lagrange model for gas-mixing in anaerobic digestion was developed and
validated with lab-scale data in [9]. The aim of this model is to reproduce the flow
patterns away from the bubble plume, without necessarily resolving the bubble mo-
tion in detail on the basis that, in a full-scale plant, the bubbles are arranged in vertical
plumes the diameter of which is small compared with the digester size, and there-
fore the details of the liquid phase motion near the bubbles are not of interest [9].
For this reason, a non-Newtonian, coupled Euler-Lagrange model was adopted with
the following approximations: (i) spherical bubbles, (ii) pointwise bubbles, and (iii)
no bubble-bubble interaction. Bubble drag and lift forces were reproduced with the
models described in [11] and [12] respectively.

2.3 Meshing

The modelled digester comprises a cylindrical digester with inclined bottom. It roughly
consists of a cylinder above an inverted cone, with twelve nozzles placed along a circle
at the bottom of the tank. Details of the digester are reported in Table 2.

The CFD domain consist of a wedge comprising an angle of π/6 radians. A single
nozzle lies on the symmetry plane of the wedge. Four grids with cells number of



External diameter Dext 14.63 m
Diameter at the bottom of the frustum Dint 1.09 m
Cylinder height h 14 m
Frustum height h0 3.94 m
Distance of the nozzle from the axis Rnoz 1.75 m
Distance of the nozzle from the bottom hnoz 0.3 m
Maximum gas flow rate per nozzle Qmax 4.717 10−3 m3s−1

Table 2: Details of the digester geometry (courtesy of Peter Vale and Severn Trent
Water Inc.)

394,400 (grid1), 98,420 (grid2), 47,422 (grid3) and 18,760 (grid4) respectively were
generated. An example is shown in Figure 1.

The computational work was undertaken at the BlueBEAR high performance com-
puting facility in the University of Birmingham. Each simulation was run in parallel
on three dual-processor 8-core 64-bit 2.2 GHz Intel Sandy Bridge E5-2660 worker
nodes with 32 GB of memory, for a total of 48 nodes.

In [9] the Launder-Gibson model [13] was successfully employed to reproduce the
turbulent motion of the liquid around the bubbles and therefore the same model was

(a)

(b)

(c)

(d)

Figure 1: Grid example. Side (a) and top view (b), wedge apex (c) and side detail (d)



employed in the study reported here. The timestep was defined dynamically with an
algorithm aimed at keeping the maximum Courant number just below a specified value
of 0.2, in the same way as in [9]. For a given cell i of linear magnitude Li where the
fluid velocity is |ui|, given the timestep ∆t, the Courant number is there defined as:

Coi =
|ui| ∆t

Li

. (2)

The maximum Courant number, Co, is just the maximum value of Coi over i. Follow-
ing [9], after a first small initial value of 10−5 s, the timestep was corrected to keep
the maximum Courant number near but smaller than the limit of 0.2.

The initial condition consists of a system configuration in which the bubble plume
is fully developed. In [9] such condition was obtained by performing a series of pre-
liminary, first-order runs in which the bubble column developed from a state in which
there were neither bubbles nor liquid phase motion. In the work described in this pa-
per, a similar series of preliminary runs was performed for a computational time of 60
s. Then the last timestep was used as initial condition for a series of main (second-
order) runs while the previous timesteps were discarded. The second-order runs were
performed for additional 240 s, for an overall computational time of 300 s. As in [9],
binary files were collected for every integer-second timestep of the main runs.

In Table 3 the initial conditions are reported. The initial conditions for the prelimi-
nary runs were: 4.95 10−4 m2 s−3 for the ε field, zero for p, u and R. The differencing
schemes used were: linear for interpolations, limited central differencing for the Gra-
dient operator, linear for the Laplacian, Van Leer for all the other spatial operators,
first-order Eulerian scheme for the time derivative in the preliminary runs and second-
order backward for the main runs.

The computational runtime remained below the 20 hours, and the timestep was
observed to be between 0.0013 and 0.14 seconds.

Top p Constant zero
u Slip
ε Slip
Rij Slip

Wall / bottom p Adjusted such that the velocity flux is zero
u Constant zero
ε Wall function
Rij Wall function

Table 3: Initial conditions (preliminary runs only) and boundary conditions (both
preliminary and main runs) [9]



2.4 Simulation strategy

The CFD model requires the following data as input parameters: liquid phase rheology
(that is, K and n of Equation 1), gas flow rate and bubble diameter.

Series of CFD simulations were run for different rheological characteristics, gas
flow rates and bubble diameters. The rheology was taken from Table 1, and in par-
ticular, the parameters corresponding to 2.5, 5.4 and 7.5% TS were employed. Dif-
ferent values of gas flow rate corresponding to fractions of Qmax were used, namely
q ≡ Q/Qmax = 0.1, 0.2, 0.3, 0.5, 0.7 and 1.0. The choice of the bubble diameter needs
particular attention. There are no data in the literature about the dimension of the
bubbles inside a digester, and therefore bubble size must be estimated. The approach
followed in this work was to run a series of simulations, each of these with a fixed
bubble size. Simulations were run for value of d of 2, 6 and 10 cm.

2.5 Mesh independence

In an Euler-Lagrangian model the parcels are approximated to be pointwise, and there-
fore the mesh size should be much larger than the parcel diameter in order to respect
this approximation [14]. In [15, 16] it is shown that this requirement can be relaxed to
the point of having mesh volume comparable with parcel volume under certain con-
ditions (number of parcels below ∼ 103), but nevertheless care must be used in order
to avoid mesh-dependant results when the mesh size becomes smaller than the parcel
size [9].

For the reasons cited above, a series of mesh independence tests was run. The tests
were performed over all the values for TS and d and q = 1, the latter being justified
by the fact that the number of bubbles in the system is greater for higher flow rates.
The tests were performed by comparing the averaged velocity magnitude field along a
vertical line lying onto the symmetry plane, placed at a distance of half of the external
radius from the wedge vertex. The results are shown in Figure 2.

Grid4 appears to be out of the mesh independence range. The latter is achieved
for grid3 and grid2, but lost in grid1. It can be concluded that in grid1 the mesh size
becomes small enough to create problems with the bubble size. It can be concluded
that the best grid for this study is grid2 and therefore grid2 was used for all the runs.

3 Discussion

Figures 3, 4 and 5 show the velocity field at the last timestep (300 s) for the cases
q = 1, 0.5 and 0.2 respectively. All the values of TS and d are shown. The general
structure of the flow patterns is the same for all the runs. The rise of the bubbles forms
a column of fast rising liquid phase above the nozzle. Once it reaches the surface,
the liquid phase is displaced horizontally towards the exterior, and then forms a large
vortex that occupies almost the remaining part of the domain. The centre of the vortex



is middle-way in the upper part of the domain. Once inside the vortex, the liquid
phase slowly descends beside the external boundary of the domain, follows the slope
of the bottom of the tank and finally approaches the zone around the nozzle. A small
stagnant zone can be recognized in the upper part of the domain, between the rising
column and the symmetry axis.

Beyond this general description, effects arising as a result of the gas flow rate, the
rheology (that is, total solid) and the bubble size can be observed. (i) from the gas
flow rate: the velocity magnitude increase and the vortex becomes more and more
developed when q rises; in particular, the vortex does not reach the lower part of the
domain for small values of q. (ii) from the rheology: the vortex becomes less compact
and the velocity patterns are more dispersed as TS rises. (iii) from the bubble size: the
shape of the vortex changes slightly; in particular, the vortex is more extended when
d is small.

An analysis of viscosity under different flow regimes was undertaken. Figure 6
depicts the viscosity field at the last timestep for the case q = 1 and all the values of
TS and d. Figure 6 shows that the viscosity drops along the vertical column and, more
interestingly, along the descending branch of the vortex. This is due to the fact that
sludge is a pseudoplastic fluid, and its viscosity decreases when shear rate increases.
As the consequence of this, flow patterns in which the viscosity is considerably lower
than in the surroundings arise inside the domain. Such patterns can be observed in
Figure 6 as the rising column and the vortex descending branch.

Areas of flow with lower viscosity than the surrounding offer less resistance against
incoming liquid, and therefore circulation is expected to be enhanced within the lower
viscosity areas as well as proportionally reduced out of them. This is expected to have
a detrimental effect in the uniform distribution of nutrients throughout the digester,
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Figure 2: Mesh independence test, q = 1



Figure 3: Flow patterns for q = 1.0 with |u| ∈ (0 , 0.5) m s−1



Figure 4: Flow patterns for q = 0.5 with |u| ∈ (0 , 0.5) m s−1



Figure 5: Flow patterns for q = 0.2 with |u| ∈ (0 , 0.5) m s−1



Figure 6: Viscosity for q = 1.0 with µ ∈ (0 , 0.1) Pa s for the 2.5 TS runs,
(0 , 0.6) Pa s for the 5.4 TS runs, (0 , 2.0) Pa s for the 7.5 TS runs



and therefore is not desirable.
The issue described above can be mitigated by amending the geometry of the di-

gester. Specifically, this can be accomplished quite simply, for instance, by arranging
a second series of nozzles at a different distance from the tank symmetry axis. Biogas
can be injected alternately from the original or the additional nozzles series, at inter-
vals of approximately ten minutes. As a result, the low viscosity flow patterns that
arise when injecting biogas through the original nozzles series will be destroyed when
biogas is injected via the new nozzles series.

3.1 Average shear rate

Following the seminal work presented in [17], average shear rate has become a fun-
damental process characteristic to classify mixing in vessels in the water industry [6].
Despite the fact that the representation of complex flow patterns with one number is
something of a simplification, [18], the concept of average velocity gradient is still
useful in environmental engineering design [19].

[6] reported an analysis of an impeller-stirred lab-scale digester with different TS
values and rotational regimes. High, medium and low-velocity zones depending on
the pointwise value of the velocity field were identified, and additionally, the average
shear rate was computed. The conclusions of that work can be summarized as: (i) an
increase of TS raises the volume of low-mixed zones, but does not have significant
effects on the volume of the high-mixed zones; (ii) a change of the impeller angular
velocity scarcely affects the average shear rate in the bulk of the domain; (iii) in all the
cases taken into consideration, the average shear rate was well below (up to an order
of magnitude) of the suggested value [19] for optimum mixing, and yet nevertheless
biogas production was achieved.

The considerations above suggest that mixing power input of an anaerobic digester
can be lowered without affecting the average shear rate significantly. In order to ver-
ify this statement, the average shear rate 〈γ̇〉 was plotted against q for different TS
and bubble diameters and the results are shown in Figure 7. It can be seen that the
behaviour of average shear rate depends on both TS and bubble size. For instance,
for a bubble diameter of 2 cm 〈γ̇〉 grows up to q = 0.25, then decreases slightly and
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Figure 8: Specific volume of the shear rate intervals against flow rate for different
values of TS and d

finally increases above q = 0.5, with a slower growth for q ≥ 0.7. This behaviour
is reproduced by the 6 cm and 10 cm bubble size runs, with the difference that the
decrease happens for values of q between 0.5 and 0.7, but not for 7.5% TS, where the
decrease is not achieved. Apart from these differences, however, the trend generally
shows a growth for all the TS and bubble diameters, with a slower growth at q ≥ 0.7.
Also the numerical values of 〈γ̇〉 are comparable for all the runs.

An analysis was also undertaken on the proportions of different shear rate intervals.
Four shear rate intervals were defined: 〈γ̇〉 < 0.01 s−1 (very low), 0.01 ≤ 〈γ̇〉 < 0.1 s−1

(low), 0.1 ≤ 〈γ̇〉 < 1 s−1 (medium), 〈γ̇〉 > 1 s−1 (high). The results are shown in Fig-
ure 8. The magnitude and behaviour of the shear rate relative volumes are similar for
all the TS irrespective of bubble diameter. In particular: (i) the relative vessel volume
with very low shear rate is initially high (approximately 0.5), then drops quickly to
assume low values at q = 0.3—0.7; (ii) low shear rate relative volume is roughly con-
stant with a value of approximately 0.5; (iii) the medium shear rate relative volume
shows a growing trend up to q = 0.5—0.7 and then is approximately constant; (iv) the
high shear rate relative volume is always negligible, but increases proportionally with
q; (v) most of the volume is occupied by very low shear rate up to q ' 0.2; very low,
low and average shear rates equally occupy the domain for q from 0.2 to 0.5—0.7; and
for q greater than 0.5—0.7 most of the volume is equally occupied by low and average
shear rates.

As the high shear rate relative volume is negligible, the effectiveness of mixing
is expected to depend on the mutual balance of very low, low and average shear rate
relative volume. In particular, good quality mixing can be defined as when the average
shear relative volume is high and very low shear relative volume is low. Considering



the results shown in Figure 8, this condition can be considered to be verified for q ≥
0.5.

The power input for a single nozzle is [8]:

E = P1Q ln (P2/P1) , (3)

where Q is the volumetric flow rate, P1 is the absolute pressure at the surface (that
is, the atmospheric pressure), and P2 is the absolute pressure at the nozzle (that is,
P2 = P1|ρgH). Considering the value of Qmax in Table 2, the value of the total power
per volume unit corresponding to q = 0.5 is around 0.47 W m−3.

4 Conclusions

For the first time, an Euler-Lagrangian CFD model was used to model gas mixing in
a full-scale anaerobic digester.

The formation of low viscosity flow patterns under certain mixing conditions were
observed and their detrimental effect on mixing were discussed. A potential mitigation
strategy based on amending the geometry of the digester and aimed at periodically
destroying the low viscosity flow patterns was postulated. Specifically, it consists of
arranging a second series of nozzles at a different distance from the tank symmetry
axis, and alternating the biogas injection between the original and the new series at
regular time intervals.

Even without applying the arrangement for tackling the low viscosity flow patterns
issue described above, the CFD results show that the quality of mixing is not expected
to drop significantly when the maximum gas flow rate in the study presented here is
halved. More generally, the power per unit volume can be lowered down to around
0.47 W m−3, thus saving half of the reference input power for this study corresponding
to q = 1, for the same expected biogas yield. Further research aimed at implementing
viscosity flow patterns mitigation strategies should be able to demonstrate that even
higher input mixing power savings are achievable without changes in the biogas yield.

The flow patterns depend on bubble size, and therefore further research aimed at
experimentally measuring bubble size in gas-mixed digesters is desirable. Neverthe-
less, the shear rate dependence over total solid and mixing input power show similar
trends for all the bubble sizes taken into consideration, and therefore the conclusions
listed hold irrespective of the bubble size.

Acknowledgments

The details of the digester geometry were kindly provided by Peter Vale and Severn
Trent Water Ltd., whom the authors gratefully acknowledge.
The computational work reported in this paper was undertaken using the BlueBEAR



high performance computing facility at the University of Birmingham, UK. The au-
thors are grateful for the facility and support provided by the University.
The first author is funded via a University of Birmingham Postgraduate Teaching As-
sistantship award.

References
[1] P.G. Stroot, K.D. McMahon, R.I. Mackie, L. Raskin, “Anaerobic codigestion

of municipal solid waste and biosolids under various mixing conditions-I. di-
gester performance”, Water Res., 35(7): 1804–1816, 2001, ISBN 0043-1354
(Print)\r0043-1354 (Linking), ISSN 00431354.

[2] K.D. McMahon, P.G. Stroot, R.I. Mackie, L. Raskin, “Anaerobic codigestion
of municipal solid waste and biosolids under various mixing conditions-II: Mi-
crobial population dynamics”, Water Res., 35(7): 1817–1827, 2001, ISBN
0043-1354 (Print)\r0043-1354 (Linking), ISSN 00431354.

[3] H.K. Ong, P.F. Greenfield, P.C. Pullammanappallil, “Effect of mixing on
biomethanation of cattle-manure slurry”, Environ. Technol., 23: 1081–1090,
2002.
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