Renewable Energy 143 (2019) 501-511

journal homepage: www.elsevier.com/locate/renene

Contents lists available at ScienceDirect
Renewable Energy

AN INTERNATIONAL JOURNAL

Renewable Energy

Evaluation of liquid and solid phase mixing in Chinese dome digesters N
using residence time distribution (RTD) technique i

A.O. Jegede™ ', G. Zeeman, H. Bruning

Sub-Department of Environmental Technology, Wageningen University and Research, Wageningen, The Netherlands

ARTICLE INFO

ABSTRACT

Article history:

Received 30 March 2018
Received in revised form

12 February 2019

Accepted 30 April 2019
Available online 8 May 2019

Keywords:

Residence time distribution (RTD)
Chinese dome digester (CDD)
Mixing

Liquid phase

Solid phase

The Residence Time Distribution (RTD) technique was applied to evaluate mixing of liquid and solid
phases in laboratory scale Chinese dome digesters mixed via hydraulic variation. To achieve this purpose,
six laboratory scales digesters with different mixing modes and two total solids (TS) concentrations using
appropriate tracers were studied over a theoretical hydraulic retention time (HRT) of 30 days. The three
different mixing modes were impeller, unmixed and hydraulic mixing, each at influent concentration of
ca. 7.5 and 15% TS concentrations. The mode of mixing strongly affected the effective or actual residence
time (t,) and directly influenced the percentage of dead zones. The Chinese dome digesters had more
dead volumes than the impeller mixed reactors and less than the unmixed reactors. This implied that
mixing was more efficient in the impeller mixed reactors followed by the hydraulic mixed reactors and
then the unmixed reactors, irrespective of the TS concentration. There was a clear relation between the
RTD results and anaerobic digestion performance viz. methane production. There is need to optimize the
hydraulic variation in the Chinese dome digester to reduce dead zones while also optimizing the effective

residence time (t;).

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Energy shortage in poor rural households in the developing
world leads to challenges such as inadequate fuel for cooking and
lighting. This shortage frequently leads to sickness and a low
standard of living, thereby making it difficult for students to do
their schoolwork [1]. However, if rural dwellers in developing
countries could access a renewable and clean source of energy for
their cooking and lighting needs, poverty could be reduced and
standards of living improved [2]. Anaerobic digestion, producing
biogas for cooking and biofertilizer as end products from organic
wastes, is an attractive technology for rural areas. Domestic
(household) biogas technology is well suited for rural households
because of availability of organic matter as feedstock, energy re-
covery, and economic benefits.

The Chinese dome digester (CDD) is the most popular domestic
digester in developing countries in terms of number [3—6]. It is the
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design of choice for the Netherlands Development Organisation
(SNV) biogas programmes because of the digester's reliability, low
maintenance requirement and long lifespan [6]. CDD is usually
constructed underground with a concrete or reinforced plastic
hemispherical dome top. The digester is operated in a semi-
continuous mode at a relatively low total solid (TS) concentration
(TS < 7%) and a long hydraulic retention time (HRT), viz. between
40 and 90 days[7,8]; at ambient temperature. Mixing in a CDD is
achieved via hydraulic variation during gas use and reactor feeding.
Biogas is produced and stored at the upper part of the digester
displacing some digester content into the extension chamber.
During gas use for cooking, gas pressure decreases and the dis-
placed content in the extension chamber flows back into the main
digester. The applied long HRT and low TS concentration make
household digesters unnecessarily big. The application of a high
solid anaerobic digestion process (TS > 7%) in Chinese dome di-
gesters may present a better alternative to the present norm
because dilution with water could be substantially reduced without
affecting the digestion efficiency [9—11]). The advantage of
applying this method would be a higher organic loading rates
(OLRs) and then a smaller reactor volume would be applied. In high
solid anaerobic digesters, the biological (microbial kinetics) and
physical (mass transfer) processes are interlinked [12]. It has been


mailto:jegedeabiodun@yahoo.com
mailto:ajegede@cerd.gov.ng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2019.04.160&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2019.04.160
https://doi.org/10.1016/j.renene.2019.04.160
https://doi.org/10.1016/j.renene.2019.04.160

502 A.O. Jegede et al. / Renewable Energy 143 (2019) 501511

shown that the rheological properties of digestate from anaerobic
digesters are affected by the percentage of total solids [13—15].
Digestate from high-solid (>7% TS) digesters has been reported to
be visco-elastic with high shear stress and obeys the power law
©=Kky", where © - shear stress (Pa); y - rate of shear (s™'); k -
consistency coefficient (Pa.s™); n - flow behaviour index [12,15,16].
Consequently, achieving adequate mixing based on these charac-
teristics at TS > 7% could be challenging [17,12]; and indeed could
be more difficult to achieve in Chinese dome digesters, which are
only mixed intermittently about three times a day via hydraulic
variation during gas use. Mixing is an important parameter in the
anaerobic digestion process to disperse substrate, nutrients,
microorganismsand to achieve equal temperature distribution in
the digester [18]. In addition, mixing equipment, mixing mode and
reactor geometry can make results of mixing vary significantly [19].

To the best of our knowledge, high solids (TS > 7%) in Chinese
dome digesters have never been evaluated for liquid and solid
macro-mixing in either laboratory or pilot scale experiments.
Therefore, this study evaluated as our objectivethe hydrodynamic
behaviour in relation to reactor efficiency at two different influent
TS concentrations, viz. 7 and 15% in Chinese dome digesters using
the residence time distribution (RTD) method. RTD experiments are
frequently used to study the hydrodynamic behaviour of reactors
with single liquid phase [12,20—22] and both liquid and solid
phases [12,23]. RTD techniques make use of tracers to investigate
the hydrodynamic behaviour of reactors within food, bioprocess,
and environmental technology domains and many more. Several
authors [24];12,25,26] have applied RTD techniques to investigate
mixing in anaerobic digesters, but most of the studies focused on
Anaerobic Baffled Reactors (ABR), studies on Chinese dome di-
gesters are scarce [23].

In this study, appropriate tracers were applied to follow the
liquid and solid phases of laboratory scale Chinese dome digesters
to investigate the effect of influent TS content on macro-mixing of
the reactors. To achieve this, the hydrodynamic behaviour of lab-
oratory scale CDDs was compared with that of laboratory stirred
and unstirred anaerobic digesters at two different TS influent
concentrations, using RTD technique. The hydrodynamic behaviour
was evaluated by determining the percentage of dead zone via
estimation of the actual residence time in the three types of di-
gesters i.e. the Chinese dome, stirred, and unstirred digesters.
Lastly, the RTD results were linked with the results of biogas pro-
duction in the digesters.

2. Materials and methods
2.1. Reactor design

The experiments were conducted in six laboratory digesters
consisting of two mechanical (impeller) mixed reactors, two un-
mixed reactors and two Chinese dome digesters (CDD). The CDD
were mixed via hydraulic variation during gas production and
collection. A scheme of reactors is presented in Fig. 1 a, b & c. The
working volume of each digester is 39 L. The CDDs have an addi-
tional 10 L extension chamber. The extension chamber is directly
connected to the reactor and serves to accommodate the hydraulic
variation (displacement of reactor content during gas production
and collection) and acts as an outlet for the reactor. The extension
chamber is not considered as part of the working volume of the
Chinese dome digesters. The digesters were constructed from
polyvinyl chloride (PVC). Each type of the digester was fed with
cow manure at ~7.5 and ~15% total solids (TS) concentrations. In the
impeller and unmixed reactors, influents were added from the top
and effluents withdrawn from the bottom. The two mechanically
mixed reactors were mixed intermittently at 55 rpm for 10 min/

hour. Biogas produced in the impeller mixed reactors and unmixed
reactors was directly collected in gas bags while the biogas pro-
duced in the CDDs was stored in the headspace creating pressure to
displace some of the reactor content to the extension chamber.
Biogas was collected in a gas bag once a day before feeding.
Consequently, some of the digestate in the extension chamber did
flow back to the main reactor. In the CDDs, effluents were extracted
from the extension chamber.

2.2. Substrate characteristics

Cow manure was used for all experiments and was collected at
Obafemi Awolowo University farm, Ife, Osun, Nigeria. The manure
was prepared by screening, blending to reduce particle size varia-
tion, and water dilution into two total solids concentrations 7.5% TS
and 15% TS, and applied in each type of reactor as shown in Table 1.

2.3. Biogas measurement

The generated biogas was collected in gas bags and measured
daily using a Schlumberger Lab wet gas meter. Biogas composition
was determined in terms of carbon dioxide (CO,) and methane
(CH4) contents. The CH4 content was indirectly measured by
measuring the concentration of CO, viz. CO, absorption using
NaOH in the gas bag once a week. Specific biogas and methane
yields were expressed as daily methane produced, divided by the
amount of VS daily fed to the digesters, and used to monitor the
digestion efficiency of the digesters.

2.4. Residence time distribution (RTD) technique

Liquid and solid phase macro mixing were experimentally
investigated by using the Residence Time Distribution (RTD)
method. In this study, a stimulus response technique was applied to
investigate the mixing in the liquid and solid phases. A pulse input
signal method was applied in all reactors at time t = 0, by injecting a
known number of tracers to the influent. The tracer amount was
then measured daily in the reactor outlet during effluent with-
drawal. Benbelkacem et al. [12], described the selection of tracers
for biochemical reactors as critical and the tracer should fulfil the
following criteria:

- The tracers should not impact the biochemical reaction process
and not converted to another phase;

- The tracer must possess similar physical characteristics as the
phase being studied;

- The tracers should be easily and accurately be detectable and
measurable.

In this study, fluorescein was selected as a tracer for the liquid
phase. Fluorescein is a dye soluble in water with a chemical formula
Cy0 H1205 that is frequently used in biochemical research [27,28]
both to trace blood stain in serology and in dye tracing. The fluo-
rescein concentration was measured in the effluents using an ul-
traviolet (UV) spectrophotometer, Helious Omega 479 Mb, Thermo
Scientific at 488 nm. The effluents were centrifuged at 10,000 RPM
for 20 min, filtered using 0.45 um membrane filter and diluted
before measurement using UV.

Polystyrene (PS) was selected as the tracer for the solid phase.
Polystyrene with a density of 1.04 kg/Lwas selected. Polystyrene
has a similar density as Bioflow 9%, a solid plastic tracer applied by
Benbelkacem et al., [12]; for evaluating the macro mixing in the
solid phase. 300 pieces of the PS tracers, with diameter 0.7 cm,
were injected into each of the six reactors via influent addition. The
PS tracers were detected and counted manually by separating them
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Fig. 1. (a) impeller mixed. (b) Unmixed. (c) Chinese dome digesters

from the digester effluent during effluent withdrawal

The liquid and solid tracers were injected into the digesters after
achieving steady-state conditions® in all the reactors, and the
duration of the RTD experiments were 2.2 times the theoretical
hydraulic retention time, t in days, defined by Eq. (1)

t= (1)

Q
The concentration of the fluorescein C; for the liquid phase was
measured from the effluent daily.

2.5. Liquid phase modelling

Many authors have worked on the interpretation of RTD curves
[12,21,22,29]. The liquid phase macro mixing was modelled using a
simplified model assuming continuous operation, continuous
mixing and simplified geometry. The model applied in the study is
schematically shown in Fig. 2. Each of the digesters investigated
was represented by tanks in series from 1 to n. Each tank or stage
had three compartments. The top compartment was ideally mixed
and materials entering the top stage was exchanged with the sec-
ond compartment. The second compartment could be interpreted

2 Steady state is defined as period when biogas production varies less than 15%.

as either a semi-dead volume that had limited exchange with the
bulk or solid matter to which the tracer adsorbed and desorbed. The
third compartment was the complete dead zone, without exchange
of materials with the other compartments.

The dynamic mass balance for the top compartment is given by

dc;

(1 =BV =QC1 = G) +aQ(Cqi - G) (2)

where:

(1-B) V = Volume of the top compartment

t = Time (d)

Q = Flow rate through the system (L/d)

C = Tracer concentration in the top compartment (Cy, Gy, Cp)

(mg/L)

Table 1
Total solid concentrations in reactors.

Reactor design Total solids (TS) %

1 Impeller mixed 7.5
2 Impeller mixed 15
3 Unmixed 7.5
4 Unmixed 15
5 Chinese dome (hydraulic) 7.5
6 Chinese dome (hydraulic) 15
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Fig. 2. Schematic diagram of the non-ideal model applied for the liquid phase.

C; = Ingoing tracer concentration, either from the inlet or the
previous stage (mg/L)

Cq = Tracer concentration in the second compartment (semi-
dead zone) (mg/L)

0. = Dimensionless exchange rate, relative to the flow rate Q,
between top and second compartment. A value of & = 0 means a
true dead zone, a large value of o means no semi dead zone at
all.

n = Number of tanks in series

The dynamic mass balance for the second compartment is given
by

Cai _

Dead Volume (%) = % (6)

2.6. Solid phase modelling: Sedimentation

For the sedimentation evaluation, the standard analysis method
used for the liquid phase could not be applied because the number
of solid particles was only 300 pieces. This implies that the amount
of tracer collected from each reactor was small and the quantities in
a sampling volume each day were not as explicit as the concen-
tration of the soluble tracers and not statistically applicable [12]. On

1% - aQ(Cy — G) (3) the other hand, it was possible to determine accurately the quantity
of the Polystyrene (PS) coming out the reactor by just separating
where: them from the digestate and counting at a given time using Eq. (7).
t
V= Volume of the second compartment (L) N(t) = N: 7
B = 0 means no semi dead zone at all, similar to a large value of a ® ; ! )

In the implementation of the model, V and Q are grouped as one
parameter V/Q — the one stage HRT. The Runge—Kutta midpoint
method was used for the integration and fitting of the model to the
experimental data applying the least square method, where,
Q = flow rate (L/d), V = Volume of reactor (L), C, = initial concen-
tration of tracer (mg/L), as shown in Table 2.

The exit time distribution for the pulse-input methods repre-
sents external RTD, E(t) and could be defined by Eq. (4).

ta' Cﬁt
> G At

The actual mean residence time (tg), unit (d) was determined
from Eq. (5).

E(t) = (4)

= St (5)

where, Gy is the concentration of the best fit.
The percentage of dead zone was estimated using Eq. (6)

Table 2
Residence time distribution (RTD) operational parameters.

where: N;j is the number of PS tracers counted in the effluent vol-
ume at time ¢;

The fraction of PS tracers staying in the digesters shorter than
the retention time t was determined by Eq. (8)

& (8)

Fps(t) = Nooral
ota

where, Nyotq is the total number of PS tracers added.
The F-function was determined by fitting the cumulative Fps (t),
data using Eqgs. (9) and (10).

F(t) =1— (1 +tp(t)’e ™" 9)

p(t) =ao +ajt + ast? (10)

The E-curves were calculated from the F-function using Eq. (11)

_dF
Todt

Excel solver was used to determine the best fits for the cumu-
lative Fps (t) data, thereby finding the best values for a, ag, a3, and ay,

The actual mean residence time t, (d), was then calculated using
Eq. (12),

E(t) (11)

1

TS % 7.5 15 3 4 g2 *q* *

ta:jtdF: a’+a a0+24a al + 6*a2 (12)
Q(Lyd) 13 13 a
V(L) 39 39 0

Co (mg/L) 50 50
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3. Results and discussion

The results of the macro mixing of both the liquid and solid
phase of the six different anaerobic digesters are presented in this
section (see Table 3).

3.1. Mixing characterization of the liquid phase

The mixing of the liquid phase was investigated for six reactors
with three different mixing modes and two total solids (TS) influent
concentrations.. For all six reactors, the actual (experimental) mean
or average residence times (t;) were lower than the theoretical
residence time (HRT). The actual mean residence times (t;) were
27.05,25.12, 23.57, 20.31, 25.47, and 23.20 days for reactors 1 to 6 as
shown in Table 3, meaning the active volume of the reactors were
lower compared to the reactors volume.

Best fits were obtained by two tanks in series for the mixed
digesters and three tanks in series for the unmixed and Chinese
dome digesters as seen in Table 3. The mixed digesters and the
CDDs had semi-dead zones. In the mixed digesters, there was no
semi-dead volume at the first stage, but there was at the second
stage for both digesters. In the CDDs, there were dead volumes in
both digesters at stages 2 and 3. The dimensionless exchange rate
relative to flow rate (o) between the second (semi-dead zone) and
top compartments are also shown in Table 3. The o values imply
that there were exchanges between the top and second compart-
ments (semi-dead volume) in the mixed reactors at stage 2, and the
Chinese dome digester at both stages 2 and 3. However, in the
unmixed digesters there was no semi-dead zone but main and large
dead volumes.

The percentage of semi-dead and dead zones in the reactors
depended on the mode of mixing and applied TS concentrations.
The dead zones were estimated from the actual mean residence
time. . It was observed that the impeller mixed reactors had the
lowest dead zones, 9.83% and 16.28% for reactors 1 and 2 respec-
tively. This to some extent could be due to the accumulation of
digester content. Reactor 2 had a higher dead volume than reactor 1
because reactor 2 was fed with higher TS content (15%), but same
mixing intensities were applied to both reactors. The unmixed re-
actors had the highest dead zones mainly because no forced mixing
was applied and biogas production in the reactors was not suffi-
cient to establish mixing in the digesters at the operated TS con-
centrations (7.5 & 15%). The Chinese dome reactors (hydraulic

Table 3
Results parameters for the non-ideal model.

Volume
(%)/Stage

- 27.0 50

9.8 50

- 25.1 50

16.3 50

- 236 333
333
- 3 214 333
- 203 333
- 333
- 3 323 333
- 255 9.66
0.86 45.2
060 086 3 15.1 45.2
0 - 232 335
0.73 094 48.3
073 094 3 227 48.3

Reactor/ ¥ TS « B n tg(day) Dead

volume (%)

1 Impeller 7.5

N
@
o
w
)
N}

2 Impeller 15

N
N
o
kN
Q
S}

3 Unmixed 7.5

4  Unmixed 15

cocoocooooocooooo
|

5 C(DD75

o
[op}
(=}

6 CDD15

N.B. stage also means number (n) of tank, if & =0, 8 has no meaning.

mixed) had a lower dead volume compared to the unmixed di-
gesters but higher than the impeller mixed digesters as shown in
Table 3. The hydraulic variation achieved in the Chinese dome di-
gesters during gas collection improved mixing, compared to the
unmixed digesters but not enough to achieve similar results as in
the impeller mixed reactors.

The dimensionless retention time distribution (RTD) graphs (E
curves) are presented in Fig. 3. The E curves for each type of digester
are similar but differ in magnitude based on TS concentrations. This
implies that the type of digester in relation to mode of mixing plays
an important role in the established RTD curves. Digesters 1 and 2
produced similar E curves but different magnitudes, with early
peaks and then a gradual exponential decay. Digester 3 and 5,
having the same TS concentrations, produced broader peaks and
quick decays while 4 and 6 produced higher peaks. The impeller
mixed reactors have the sharpest peaks followed by the Chinese
dome digesters and then the unmixed reactors. The peaks trend
relates to the actual residence time (t;) of the reactors. None of the
digesters produced symmetrical curves or peaks close to mean
residence time (6 = 1). All peaks appeared between 6 = 0.5—1. The
peaks clearly showe that a certain amount of tracer was removed
from the reactors before the mean residence time of the reactors.
Mixed reactors and CDDs reactors have E curves with long tails
which is consistent with the results in Table 3. The size of the tails
varies, which is an indication of the fraction of the semi-dead zone
and an exchange of particles occurring between the semi-dead
zone and the active volume.

The applied model described was also used to investigate the
mixing of the liquid phase with respect to the number of tanks (or
stages) connected in series. The number of reactors (n) in series
(Table 3) was adjusted to fit the experimental data. The best fit
curves were determined for all the reactors and shown in Appendix
1. All the models were in a good agreement with the experimental
data and the coefficient of determination (R%) are 0.90, 0.86, 0.96,
0.95, 0.93, and 0.85 for reactors 1—6. The number of reactors (n)
applied in the models differs based on the mode of mixing and
reactor type. For the impeller mixed reactors, n = 2 for both 7.5 and
15% TS concentrations, while the unmixed and Chinese dome di-
gesters n =3 for both 7.5 and 15% TS. The dimensionless exchange
rate relative to flow rate between bottom and the semi-dead zone
compartment (o) for the reactors 1-6 are 0.43, 0.27, 0, 0, 0.6, and
0.7. This together with the percentage dead zone, the unstirred
reactors have true or higher dead zones compared to the stirred and
Chinese dome digesters. Consequently, based on the number of
reactors applied in the model and shape of the E (curves), the liquid
phase macromixing in the impeller mixed reactors is close to two
Continuously Stirred Reactors (CSTRs) at both TS contents with
semi-dead volumes. The unmixed reactors modelled with 3 CSTRs
with no semi-dead volume, but large dead zone approached a plug
flow reactor. The CDDs at both influent TS concentrations were
modelled with three tanks with a very small first stage according to
values of V/Q, and no semi-dead volume shown in Table 3 are close
to three CSTRs in series. This implies for the CDDs, inlet mixing is
prominent in these reactors.

3.2. Mixing characterization of the solid phase

Fig. 5 and Table 4 present the fraction of the extracted solid
tracer particles for the six reactors.. The model data fit well to the
experimental data given in Appendix 2. It can be seen that the F-
curves have the same trend in all the reactors because the type of
applied tracer material, is same in all reactors and have the same
densities. This is consistent with the findings of Benbelkacem et al.
[12], on solid sedimentation of four different tracers’ materials
having different densities: 0.95, 1, 1.14, and 2.5 kg/L. Their results
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Fig. 3. The dimensionless retention time distribution (RTD) E, plotted against the
dimensionless (0) time, for the liquid phase of digesters (a) 1, 3 and 5 (b) 2, 4, and 6.

showed that the tracers segregated according to their densities.
However, the total number of particles extracted from the reactors
at the end of the experiments differed according to the mixing
mode and geometry of the reactors. As shown in Fig. 4 and Table 4
after two hydraulic retentions times (0 = 2), the stirred reactors
(1&2) have the highest percentages of tracers extracted (75 and
71%), followed by the Chinese dome reactors, 5 (68%) and 6 (66%).
The unstirred digesters have the lowest numbers of tracers
extracted 64 and 63% for reactors 3 and 4 respectively.

The dimensionless residence time, E, presented in Fig. 4, was
estimated by differentiating the F functions over time and similar to
the E-curves of the liquid phase. All peaks appeared before the first
HRT, however, the mixed reactors have broader peaks while the
unmixed and CDDs have sharp peaks.

The actual or effective retention times calculated from the fitted
model for all the reactors differ according to their mode of mixing.
After two hydraulic retention times, the effective mean residence
time (t;) are: 49.98, 54.34, 64.61, 53.26, 54.38, and 58.40 days for
reactors 1—6. On the average, the mixed reactors have the lowest
retention time followed by the Chinese dome, and lastly the un-
mixed. t,, the fraction of particles extracted in relation to the mean
residence time is an indication of degree of sedimentation or

Dimensionless time @
(b)

Fig. 4. The dimensionless retention time distribution (RTD) E, plotted against the
dimensionless (0) time, for the solid phase of digesters (a) 1, 3 and 5 (b) 2, 4, and 6.

segregation of solid particles in the reactors. In the unmixed di-
gesters, the fraction of particles extracted is lowest compared to
other reactors. These results corroborate the results of the liquid
phase modelling where the unmixed digesters have the largest
dead volumes with no semi-dead volumes. This therefore implies
the fraction of particles trapped or extracted is directly proportional
to the percentage of the dead zone in the reactors.

3.3. Reactors and biogas production

The Chinese dome digesters, which were mixed by hydraulic
variation, exhibited a considerable percentage of dead zones and a
high solid retention, which in fact affected the reactor performance
and digestion efficiency. The fraction of the digester volume occu-
pied by the dead zone is a proof of digester performance. The semi-
dead and dead zones are regions in the reactor where flow veloc-
ities during mixing are very low, and fluid is delayed in these zones.
These zones will reduce the actual reactor volume or create zones
of non-uniform concentrations and temperature. Dead zones are
results of poor mixing or absence of mixing. However, there is a
debate and divergent views about the role and extent of mixing in
anaerobic digesters. The need for biogas reactors to be adequately
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mixed has been supported by many authors [30,31], while chal-
lenged by others [32—35]. In fact, some authors [36,37]) reported
similar biogas production when comparing continuously mixed
and intermittently mixed reactors. While others [32] reported
similar biogas production between intermittently mixed and un-
mixed reactors. Unfortunately, these studies didn't evaluate hy-
drodynamic behaviour of liquid and solid phases of the reactors
using RTD to compare with the biogas production. However, in this
study, results of the liquid phase presented earlier, it can be seen
that mixing is important compared to non-mixing but an optimal
mixing point to achieve optimal reactor performance is yet to be
established.

The mode of mixing and geometry of the bioreactors play an
important role in the RTD. The RTD results of the macromixing of
the liquid and solid phases in the study showed that the impeller
mixed reactors performed best, followed by the Chinese dome di-
gesters and then the unmixed digesters. Similarly, the results of
methane production at steady state are consistent with this trend.

Table 4 presents the average methane production from all the
reactors. The high methane production in the impeller mixed re-
actors compared to the CDD and unmixed reactors is attributed to
the forced mixing via impeller, which minimizes stratification in
the reactors. This is consistent with the calculated dead zone in the
RTD study where the impeller mixed reactors exhibited the lowest
dead regions. Biogas release in the liquid phase in intermittently
mixed reactors has been reported to increase during mixing re-
gimes as compared to non-mixed periods [38,39]. This means gas
release may be hindered in unmixed digesters and mixing increases
the chances of mass transfer liquid phase to gas phase. The Chinese
digesters produced more methane than the unmixed digesters as
reported. They also have slightly higher methane content compared
to the unmixed digesters. This could be attributed the differences in

Table 4
Fraction of extracted tracer particles from rectors after two HRT, actual residence
time t, of solid particles and specific methane production.

Reactor Extracted particles (%) tq (day) CH4 L/g VS
1 75 49.98 0.16

2 71 54.34 0.15

3 64 64.61 0.1

4 63 53.26 0.09

5 68 54.38 0.13

6 66 58.4 0.12

the HRT viz. the uneven mixing created during the hydraulic vari-
ation during gas collection or gas “use”. Volumetric biogas pro-
duction rates increased with increase in TS concentration,
nevertheless, specific methane production and methane content in
the ‘double fed digesters’ (impeller 2, unmixed 4, and CDD 6) were
lower compared to impeller 1, unmixed 3, and CDD 5. This might
imply higher volumetric biogas production in the double fed di-
gesters does not improve mixing compared to single fed digesters.
One major reason for this is that the rheological properties, espe-
cially viscosity of manureincreases at higher TS concentration. The
viscous property of the reactor content coupled with the reactor
type and mode of mixing did not improve specific methane pro-
duction. This also means that at higher total solid concentration
(TS) loading, the organic fraction could not be optimally utilized at
the applied HRT and mesophilic temperature range.

3.4. Mixing in Chinese dome digesters

The Chinese dome digesters can be described as three CSTRs in a
series based on the RTD results of the liquid phase. The Chinese
dome digester complex geometry i.e. the addition of the extension
chamber, which helps to provide the natural hydraulic variation
and also serves as the outlet of the reactor. The mixing in the CDD
reactors has been poorly investigated in literature with little or no
information available about the reactor hydrodynamics. The sus-
pected dead zones and sedimentation in the reactors are primarily
at the bottom of the reactors, which is the region below the effluent
pipe that connects the main reactor to the extension chamber.
During the hydraulic variation, there are possibilities that these
regions are poorly mixed because only low velocities would be
achieved by the downward movements and flow of the reactor
contents during these hydraulic variations.

Future research should focus on how to reduce the dead zones
and large sedimentation at the bottom of the reactor. One of the
possible methods is increasing the number of naturally occurring
hydraulic variations in the reactor. To achieve this, special ap-
proaches are required to increase the mixing circles naturally, such
as using the pressure created by the biogas produced in the reactor
without the use of any internal mechanical or electrical devices.
This is required because any addition or inclusion of any of these
devices will increase the installation and maintenance cost of the
Chinese dome digester.. It is worthwhile to note that, the Chinese
dome digesters are primarily used by poor people mostly in
developing countries with little or no access to electricity and
limited access to skilled technicians for maintenance. To this end,
an innovative approach that will require the use of advanced
modelling methods such as computational fluid dynamics (CFD) to
study and to optimize the velocity flow fields in the reactor should
be investigated to optimize the reactor performance via improving
the mixing frequency and subsequently reduce dead zones and
sedimentation.

4. Conclusion

The residence time distribution (RTD) technique was applied to
study the hydrodynamic behaviour of three types of reactors:
impeller mixed, unmixed, and the hydraulic mixed (CDD) reactors
at two different TS concentrations. The impeller mixed reactors
have the lowest dead zones followed by the hydraulic reactors, and
lastly the unmixed. The reactors performance in terms of biogas
production is directly related to the percentage of dead zones in
both liquid and solid phases. The reactor type and mixing modes
had direct impact on reactor hydrodynamic and eventually biogas
production. At both TS concentrations, the CDDs had considerable
dead zones, implying the mixing achieved by the hydraulic
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variation is inadequate at TS > 7.5%. The CDD digester therefore
needs to be optimized for improved hydraulic variation to achieve
optimized mixing cycles to achieve higher biogas production
without use of moving parts.
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Appendix 1. Concentration of tracer FL (mg/L) against time in
daysfor all digesters, experimental data and model for the
liquid phase.
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Appendix 2. F function with the fitted data for the six

reactors against time in days
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Appendix 3. Dimensionless RTD, (E-curves) for the solid

phase of all reactors
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