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Abstract

The dispersion behavior of an upflow anaerobic sludge blanket (UASB) reactor for acidogenesis was investigated, and its flow patterns were
simulated. Compared with the single-zone axial-dispersion model (with squared difference from 130 to 450), a two-zone axial-dispersion model
(with squared difference from 1 to 7) was found to be more appropriate for simulating the dispersion characteristics of the acidogenic UASB reactor.
A sensitivity analysis of the key model parameters was performed, and the axial dispersion coefficient was identified as the most important factor
in the dispersion modeling of the reactor, implying that the acidogenic UASB reactor was potentially dispersion-controlled. The flow patterns,
including mixed and plugging degrees, at different hydraulic loading rates were evaluated. The ratio of plug volume to mixed volume (I,/Iy,)
decreased with the increasing specific gas velocity (U,’) when the Uy’ value was low, but increased markedly with the increasing Uy’ after the U,

exceeded 0.7.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In conventional single-phase anaerobic reactors, over pro-
duction of volatile fatty acids (VFA), often attributed to loading
shocks and/or other sudden changes of process conditions, could
result in the lowering of pH. As a consequence, reactors would
turn “sour” and cease to produce methane [1,2]. This operational
problem has led to the development of the two-phase anaerobic
process [3], in which acidogenesis and methanogenesis are con-
ducted in two reactors in sequence. Despite of increased total
reactor volume, the two-phase anaerobic process offers a num-
ber of advantages, e.g., easier to control and less sensitive to
shocks [4]. The overall efficiency could be enhanced by operat-
ing reactors at optimal conditions respectively for acidogenesis
and methanogenesis [5,6].

In biological wastewater treatment, the dispersion behavior
determines the resultant mass transport processes and accord-
ingly the final performance of a given reactor. As a multiphase
anaerobic reactor, the overall dispersion behavior of an upflow
anaerobic sludge blanket (UASB) reactor is the result of inter-
actions between several interdependent physical phenomena,
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especial fluid flow properties, particle segregation and chaotic
advection [7]. Various models have been established to describ-
ing the hydrodynamics of methanogenic reactors [8—12]. In
most cases, a methane-producing UASB reactor has been mod-
eled with an axial-dispersion model that consists of one or two
compartments [13]. The axial dispersion coefficient distribution
along a UASB reactor height has been described using a two-
zone axial-dispersion (TZAD) model [14]. With a combination
of biochemical reaction models with the hydrodynamic models,
integrated mathematic models have been developed to describe
the overall performance of methane-producing UASB reactors
[15,16]. However, so far the flow pattern and dispersion char-
acteristics of an acidogenic UASB reactor have not been well
documented yet.

In a previous study at our laboratory, an acidogenic UASB
reactor has been used to acidify sucrose-rich wastewater to pro-
duce VFA and hydrogen for over 5 years, and granules have
been cultivated in this UASB reactor [17]. The physicochemical
characteristics of the acidogenic granules and the long-term per-
formance of the acidogenic granule-based UASB reactor have
been reported [17,18]. The main objective of this work was to
elucidate the dispersion characteristics of such an acidogenic
UASB reactor. For this purpose, the mixed and plugging degrees
at different hydraulic loading rates were evaluated. In addition,
the TZAD model, which was developed from a single-zone
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Nomenclature

Cc tracer concentration (mgL~!)

C(p) calculated value of the model variable (mg L™")

Ca tracer concentration at the point preceding Zone- 1
of the two-zone axial-dispersion model (mg L")

Cs concentration at the point preceding Zone-2 of the
two-zone axial-dispersion model (mg L")

D dispersion coefficient (m>h~")

H; height of sludge bed (m)

H, height of blanket (m)

1 volume fraction

I tracer loadings into the compartment (mgh~)

Nime  all sampling times

)4 model evaluated parameters

Oin discharge of water into the compartment (m3h~h

S bypass rate

t time (h)

3 mean of the residence time distribution (h)

t* theoretical residence time of whole reactor (h)

u upflow velocity (mh™1)

U, gp specific gas velocity

Vv volume (L)

y solution of the model equations for a given vari-
able at a given location and time

z axial position (m)

Greek letters

B retention time factor

8 element of sensitivity function

&5 error contribution of each parameter (mgL~!)

Opeak dimensionless time to concentration peak

0 mean of the dimensionless residence time distri-
bution

o standard deviation (mg L™

op standard deviations of the uncertain model param-
eters

oy approximate standard deviation of the model
result

x2 squared difference between measured and cal-
culated values of tracer concentrations at the
sampling ports over all sampling times

Subscripts

1z quantities in Zone-1 of the two-zone axial-
dispersion model

2z quantities in Zone-2 of the two-zone axial-
dispersion model

d dead region

g gas

i ith element of function

1 liquid

m mixing-flow

n quantities of the single-zone axial-dispersion
model

P plug-flow

Superscript
cal calculated value
exp measured value

axial-dispersion (SZAD) model proposed by Singhal et al. [13],
was used to describe the reactor dispersion characteristics.

2. Materials and methods
2.1. Experimental setup

Experiments were carried outina 7.5 L Plexiglas UASB reac-
tor with an internal diameter of 10 cm and a height of 88 cm. The
reactor working volume was 4.0 L. The temperature of the reac-
tor was maintained at 37 £ 1 °C using a ribbon heater and a
temperature controller.

The reactor was seeded with methanogenic sludge taken from
a full-scale anaerobic reactor treating citrate-producing wastew-
ater. The pH and volatile suspended solids (VSS) of the seed
sludge were 7.1 and 6.3 gL~!, respectively. The UASB reac-
tor was inoculated with sludge of 20.0 g-VSS L. This reactor
was then shifted from a methanogenic reactor to an acidogenic
one by gradually lowering the influent pH as described previ-
ously [17]. A sucrose-rich synthetic wastewater was used as
substrate and was supplemented with buffering chemicals and a
sufficient amount of inorganic nutrients as follows (in mg L~ by
NH4HCOs3 405; K;HPO4-3H,0 155; CaCl, 50; MgCly-6H,O
100; FeCly 25; NaCl 10; CoClp-6H,0 5; MnCl,-4H,0 5; AlCl;3
2.5; (NH4)6Mo07074 15; H3BO3 5; NiCl,-6H,0 5; CuCl,-5H,O
5; ZnCly 5 [19]. The reactor effluent pH was maintained at
4.4+ 0.1 by controlling the dosage of NaHCO3. The start-up
and steady-state performance of this acidogenic UASB has been
reported previously [18].

The pulse-response technique was used in this study. In oper-
ation, a pulse injection of tracer Li* was performed at time =0
in the input stream of the reactor, and the tracer concentration
at time series was measured at the outlet, which was 88 cm high
from the bottom. Since the heights of sludge bed changed under
varying hydraulic conditions, the measurement of tracer con-
centration at the bottom of sludge bed could not be achieved
readily and accurately. Thus, the height of sludge bed was taken
into account in experiments and calculation. A solution contain-
ing 594 mg Li;SO4 (75 mg Li*) was applied in every tracer run,
producing a mean Li* concentration in the reactor of 10mgL ™!,
Experiments were carried out at four hydraulic retention times
(HRTs) of 4.3, 8.0, 16.3 and 26.4 h, while the corresponding
heights of sludge bed were 57, 55, 52 and 50 cm, respectively
(Table 1). The organic loading rate (OLR) and gas production
rate at each HRT are also given in Table 1. Samples were taken
every 2 and 1 h for the HRT of 26.4 and 16.3 h, respectively, and
every 0.5h for the HRT of 8.0 and 4.3 h, respectively. A peri-
staltic pump (BT00-100M, Longer Co.) was used to control the
flow rate. Composite samples of the reactor effluent were taken
in each tracer test and analyzed for Li* concentration.
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Table 1
Experimental conditions
HRT (h) Flow rate (Lh~!) OLR (g-CODL~'d™ 1) Gas production rate (mL L~ h~1) Hi® (cm) H,® (cm)
26.4 0.150 9.0 60.6 = 3.0 50 38
16.3 0.245 14.7 64.4 + 3.2 51 37

8.0 0.500 30.0 2833 + 14.1 52 36

43 0.930 55.8 436.7 £ 214 57 31

4 Height of sludge bed.

b Height of blanket.
2.2. Analysis the SZAD model according to Brenner [23]:

2
Lithium concentration was determined using flame emission I =D, rc u o 5)

spectroscopy (Vario 6, Analytik Jena AG) at a wavelength over ot dz2 0z

670.8 nm, slit width of 0.5 nm, and a plus of air-acetylene. Series
dilutions of five standards were prepared and triplicates were
injected for calibration. Samples concentrations were calculated
based on the standard curve according to the standard methods
[20].

The concentrations of ethanol and VFA, including acetate,
propionate, butyrate, i-butyrate, valerate and caproate, in the
effluent were determined with gas chromatograph (6890NT,
Agilent Inc.) equipped with a flame ionization detector and
a 30m x 0.25mm x 0.25 pm fused-silica capillary column
(DB-FFAP). Sucrose concentration was determined by using
anthrone-sulfuric acid method [21].

With the data of transient tracer concentrations at the outlet
of the reactor, the value of parameters ¢*,7, and 6 of retention
time distribution (RTD) experiments could be calculated with
the formulas described by Martin [22]. In addition, a number
of additional empirical parameters, such as retention time factor
(B), fraction of plug volume (I,), dead volume (I3) and mixed
volume (1), were defined to characterize the hydrodynamics of
a bioreactor [7,22] as following:

p=_ (M
n=toi-loip 3)
1m=%=1—%—% )

3. Model description
3.1. SZAD model

In the SZAD model, the physical and microbiological pro-
cesses inside the reactor were considered to be dependent only
on the vertical axis of the reactor (distance z from input, z varied
from 0 to H) and time ¢, i.e., all the process characteristics in fixed
cross-section were uniform [15]. In general, the phenomenon of
axial dispersion could be described by a differential equation in

3.2. TZAD model

In the TZAD model the sludge bed was considered as Zone-
1 and the liquid above the bed as Zone-2 [13]. The existence
of liquid bypass [13] was assumed for Zone-1, while stagnant
regions were neglected.

The mass balance for the tracer in Zone-1 was given in Eq.
(6) with Danckwerts [24] boundary conditions in Eqgs. (7) and
(8):

aC|. 3*Cy, aC1;
= — 6
or YR, oz, ©
aC1;
B.C.: Dy, e =u1z(Ci; —Ca) z1;=0 @)
Zz
aC1;
=0 zi;=H 3
0Z1;

Similarly, the mass balance in the Zone-2 was written as Eq.
(9) with the boundary conditions given in Eqgs. (10) and (11).

9C», 3%2C», dCy, ©
= — U
ot 2 oz

d0C»

B.C.: Dyp.—= =up.(Cy. — Cs) 22.=0 (10)
022,

aC

50 z.=H (11)
8Z2z

The water and tracer loadings at the point proceeding of Zone-
1 and Zone-2 were respectively described in Eqs. (12) and (13):

Iin,lz = Qinca(1 -9) (12)
Lin2; = QinCs(1 = 8) + QinSCa (13)

3.3. Sensitivity

In the TZAD model, since the parameters D1, D;; and S were
not correlated with each other, a sensitivity analysis was then
performed to examine the significance of each model parame-
ter. The absolute-relative sensitivity function was employed to
evaluate the ratio of the changes in the calculated effluent tracer
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Substrate degradation and distribution of VFA and ethanol in the reactor effluent at various HRTs

HRT (h) VFA (mgL~") Ethanol Substrate removal
(mgL~1) efficiency (%)
Acetate Propionate Butyrate i-Butyrate Valerate Caproate
26.4 660.40 £ 23.25 32436 £ 16.22  15.63 £ 423  1754.65 £ 46.52 39470 £ 1532  2.00 £ 0.09 17.30 = 0.85 99.5 £+ 0.20
16.3 501.71 £ 2432  359.25 £ 17.96 9.29 £ 045 145249 +23.78 37474 £ 13.20 150 £0.11 10.80 £ 0.25 99.5 £ 0.30
8.0 778.11 £ 3856  512.85 £25.61  13.26 £ 0.66  1666.75 &+ 38.35  636.64 £28.56 040 £ 0.01 17.70 £ 0.59 97.6 + 0.54
43 401.76 £ 20.05  157.92 £ 7.85 6.97 £0.24 1191.34 +29.86  308.87 £ 12.56  4.10 £ 0.12 6.80 £0.37 96.1 + 0.89

concentration Cfal( p) to those in the parameter values p; with
the following equation:

aC(p)
l.

Si=p op

(14)

This equation could be used to evaluate the absolute change
in Cl-cal(p) for a 100% change in p;.

In addition, the uncertainty of model parameters was propa-
gated to the uncertainty of model results. Eq. (15) gave the error
propagation formula using a linearized form:

s)

The error contribution of each parameter was calculated as
following:

8 = a—yo

V= 30" (16)

3.4. Parameter estimation

The parameters in axial-dispersion model were estimated by
minimizing the sum of the squared difference x> between mea-
sured (C®*P) and calculated (C*) values of tracer concentrations
at the sampling ports over all sampling times (Nijme), i.€., the
following function was minimized in the following equation:

Niime cal eXp
¢ (p)—C;
X2 — § lGW’ 17
i=1 l

Software AQUASIM 2.0 [25] was used for the calculation and
parameter estimation. The parameter estimation and parameter

uncertainty evaluation were achieved with a 95% confidence
level for significance testing and parameter uncertainty analysis.

4. Results
4.1. Flow patterns

Comparative performance of the acidogenic UASB reactor
at various HRTs is summarized in Table 2. VFA and ethanol are
the main aqueous products for acidogenesis process. Butyrate
was of a high level and even became dominant. As shown in
Table 2, the total VFA and ethanol concentration significantly
changed as the HRT was altered.

The hydrodynamic parameters obtained at the reactor outlet,
including retention time factor (8), fraction of plug volume (1),
dead volume (I3) and mixed volume (I,), are summarized in
Table 3. The smaller S8 values for an HRT of 8.0h indicate a
dead zone for this run. This is confirmed by the lower tracer
recoveries shown in Table 3.

The ratio of plug volume to mixed volume, defined as I/,
isregarded as the fluid dynamic parameter to indicate the level of
plugging in the reactor. Since biogas bubbles and liquid simulta-
neously transport through the sludge bed and blanket, an index,
specific gas velocity U‘;P, is introduced to separately evaluate
the effect of the biogas bubble transport on the flow pattern:

(18)

The relationship between I/l and ng in Fig. 1 shows that
Ip/I, decreased with the increasing Uy’ when the Uy’ value was
low, but increased with the increasing ng after the ng exceeded
0.7.

Mixing in a multiple-phase continuously flow reactor such
as a UASB is dependent mainly on liquid velocity, gas veloc-
ity, phase (gas, liquid, and solid) physical properties, phase
hold-up, and reactor geometry. None of these factors is isolated
to discriminate their effects on mixing in a UASB reactor, as
gas velocity, liquid velocity and phase hold-up change simul-
taneously and their effects overlap with each other in the
experiments. Phase physical properties, phase hold-up and reac-

Table 3

Hydrodynamic characteristics of the acidogenic UASB reactor

HRT (h) B Li* (%) Opeak ug (mh™1) u (mh™1) I, Iq Inm
43 0.93 99.60 0.48 0.411 0.118 0.45 0.07 0.48
8.0 0.83 97.50 0.53 0.271 0.064 0.44 0.17 0.39

16.3 1.03 99.85 0.39 0.059 0.031 0.40 0.00 0.60

26.4 0.98 99.60 0.37 0.049 0.019 0.36 0.02 0.62
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Fig. 1. Relationships between the ratios of plug to mixed volume (Ip/Ir,) and
specific gas velocity. HRT for the four points (left to right) were 16.3, 26.4, 4.3
and 8.0 h.

tor geometry are different for various systems or operating under
varying loading conditions, and accordingly they lack of gener-
ality. However, the specific gas velocity, which is the result of
these properties, would be an appropriate parameter to assess
the mixing in a bioreactor.

4.2. Sensitivity analysis

The absolute-relative sensitivity values of the three param-
eters (S, 0D, and 0Dy) calculated from Eq. (14) are shown
in Fig. 2. Compared with 9S, dD;; and dD;; resulted in a more
pronounced change in the effluent tracer concentration.

The error contributions of the three parameters are shown in
Fig. 3. The sensitivity analysis results suggest that the dispersion
coefficient had the most influence on the outcome of parame-
ter estimation. Thus, the dispersion coefficient needs a further
study to improve the model prediction. Although the effect of S
value is not significant, bypass was also estimated from a model
exactitude point of view [13].

4.3. Model simulation and comparison

Parameter estimation was achieved and the resulting param-
eters of TZAD model are given in Table 4. For the parameter
estimation of the TZAD model, there was a good agreement
between the measured and calculated tracer trajectories, as

Table 4
Estimation parameters of the axial-dispersion models
Model Parameter HRT (h)
43 8.0 16.3 26.4
Dy, (m*h~!) 0.180 0.122 0.114 0.100
TZAD D;. (m2h~1) 0.010 0.003 0.006 0.004
model S 0.001 0.059 0.000 0.000
Final y? 1 4 6 7
SZAD D, (m*h~1) 0.046 0.020 0.014 0.01
model Final x2 186 448 321 136

shown in Fig. 4. The TZAD model was effective in simulat-
ing the acidogenic UASB. On the other hand, the SZAD model
was inadequate for describing the dispersion behaviors of such
a reactor, as shown in Table 4 and Fig. 4. It demonstrated that
the non-uniform dispersion was the crucial characteristics in the
acidogenic UASB reactor.

5. Discussion
5.1. Degree of plug-flow

Plug-flow has advantages over other flow patterns from a sub-
strate removal point of view, because there is a high driving force
for substrate removal at the inlet of reactor [9]. Thus, the plug-
flow degree in the acidogenic UASB reactor should be evaluated.
Gas flow rate, especially in the bubble flow regime, and upflow
liquid velocity (; <30 mh~1), affected the liquor mixing inten-
sity [26], which in turn influenced the degree of plug-flow. In the
UASB reactor the gas flow had a significant impact on the degree
of plug-flow, as shown in Fig. 1. Because of a low upflow liquid
velocity, the biogas production rate had a much more important
effect on the flow patterns of the acidogenic UASB reactor [12].
When the specific gas velocity value reached a certain value
(approximately 0.7 in this work), the biogas production rates
became the main factor governing the reactor hydrodynamic
behavior (Fig. 1). Biogas production might also be one reason
for bypass flow at a high hydraulic loading rate, which corre-
sponded to a high organic load rate [27]. A high gas production
rate brought on the bobble coalescent, which caused channeling
and induced bypass in the reactor.

5.2. Evaluation of the TZAD model

This study demonstrates that the TZAD model was appro-
priate for simulating the dispersion behavior of the acidogenic
UASB reactor (Fig. 4). In the TZAD model, the dispersion
change along the UASB reactor was considered, and the dif-
ferent dispersion coefficients in sludge bed and sludge blanket
were taken into account. There are several reasons responsible
for the different dispersion coefficients for the sludge bed and
blanket regions. The size distribution and granules filling gra-
dient was an important factor, which would result in a higher
apparent linear upflow velocity and tighter packing in the bot-
tom of sludge bed than at the bed top or in the liquid zone. Other
significant axial gradients, such as substrate, VFA and pH, were
also important factors. The presence of bacteria excreta, fine
solids and colloidal materials might also be responsible for such
adifference [28], which results in the viscosity variation of liquid
throughout reactor.

5.3. Dispersion features of an acidogenic reactor

The physicochemical characteristics of the acidogenic gran-
ules were found to be different from those of the methanogenic
granules in some aspects. For instance, the porosity of the for-
mer was much less than that of the latter [17,29]. The total
extracellular polymeric substances (EPS) content in the former
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Fig. 4. Comparison of the simulated (TZAD model: red lines; SZAD model: blue lines) and experimental (dotted lines) tracer concentrations in the effluent at various
HRTs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

was substantially higher than the latter [17]. As a consequence,
the lower permeabilities of the acidogenic granules result in
less advective flow through their interior than those of the
methanogenic ones [17,29]. Although these differences may not
result in a significant difference in reactor hydraulic behaviors,
a lower porosity and permeability of the acidogenic granules
should have contributed to the dispersion features of an aci-
dogenic UASB reactor compared with a methanogenic one.
Granular sludge is the key element in both acidogenic and
methanogenic UASB reactors, and its physicochemical char-
acteristics have an effect on the dispersion behavior of UASB
reactors [12,28].

Another significant dispersion feature of an acidogenic
UASB reactor is related with gas production rate. For two iden-
tical lab-scale UASB reactors seeded with the same level of
sucrose-rich wastewater, the gas production rate in an acidogenic
UASB reactor was one-third less than that in a methanogenic one
[18]. A lower gas producing rate would lead to the distinguish-
ing dispersion feature of this UASB reactor [14]. The liquid
viscosity increased after acidogenesis of substrate [17], which
also should have a contribution to the dispersion feature of an
acidogenic UASB reactor [28].

It should be mentioned that only the hydrodynamics of a
laboratory-scale acidogenic UASB reactor was modeled in this
work. The hydrodynamics of a full-scale acidogenic reactor
could be completely different in terms of liquid upflow velocity,
accumulating gas upflow velocity and sudden release of enclosed
biogas bubbles in the sludge bed. Therefore, it should be cautious

to apply these models to simulate or predict the hydrodynamic
behaviors of full-scale acidogenic UASB reactors. However,
since both substrate degradation and VFA production were
correlated with dispersion behavior of the reactor, dispersion
analysis on an acidogenic UASB reactor would be useful.

Bothreactions kinetics and dispersion have significant contri-
butions to in properly characterizing the performance of UASB
reactors. The dispersion behavior governs the resultant mass
transport processes and accordingly the overall performance of
the reactor. Kinetics and mass transfer factors can be added
in Egs. (6-11), and then a comprehensive model combining
dispersion, mass transfer and biochemical kinetics could be
established. Such a model is able to well describe the overall
performance of an acidogenic UASB reactor [15]. Therefore,
the dispersion model simulation and prediction can provide a
solid foundation for design and operation of such acidogenic
systems.

6. Conclusions

In this work the dispersion characteristics of an acidogenic
UASB reactor was explored. The flow patterns, including mixed
and plugging degrees, at different hydraulic loading rates were
simulated to explore the axial dispersion in the UASB reactor.
Compared with the single-zone axial-dispersion model, a two-
zone axial-dispersion model was found to be more appropriate
for simulating the dispersion characteristics of this reactor. With
sensitivity analysis of the key model parameters, axial disper-
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sion coefficient was identified as the key factor in the dispersion
modeling. This also suggests that the acidogenic UASB reactor
was potentially dispersion-controlled.
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