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In this work, steady-state mass balance based models were applied to two UASB
reactors and three UAF for a better understanding of the role of pulsation on the effi-
cacy improvement. Models were defined taking into account the hydraulic behavior of
each digester and the limiting mechanism of the overall process kinetics (mass transfer
or biochemical reaction rate). The application of the model allows to identify that
mass transfer was the controlling step in all the reactors, except for the nonpulsed
UASB, where methanogenic activity controlled the reactor performance in the last
operation steady states. Mass transfer coefficients were higher for pulsed reactors and,
in general, a good agreement between those estimated by an empirical correlation and
from the model was obtained. Damköhler number values supported that the external
mass transfer resistance was not negligible with respect to the process kinetic and in
addition, in most cases, it controls the overall process in the reactors. The relative im-
portance of external and internal mass transfer rate was calculated through the Biot
number. The values of this dimensionless module indicated that external transport was
the main contributor to overall mass transfer resistance. � 2008 American Institute of

Chemical Engineers AIChE J, 54: 1377–1387, 2008
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Introduction

High-load anaerobic reactors are a wide extended technol-
ogy for wastewater treatment,1 since they allowed to obtain
high organic loading rates (OLR) and to retain high biomass
quantities.2,3 The high biomass concentrations retained in an
anaerobic reactor may be due to bacterial growth on an inert
support (fixed and fluidized bed reactors) or by self-immobi-
lization in aggregates or granules (upflow anaerobic sludge
blanket, UASB; expanded granular sludge blanket, EGSB;
and sequential batch reactor, SBR). However, the develop-
ment of biofilms with high thickness may increase mass
transfer resistance. Therefore, the substrate and the product

fluxes within and out of the biomass may become the limit-
ing step, causing important limitations on the overall anaero-
bic process rate. In fact, for optimizing the organic load, it is
necessary to find the equilibrium between high biomass con-
centrations, granule/particle size, and the mass transport limi-
tations that may be produced in the sludge bed.4

In other work,5 it was found that the only parameter which
affects the COD removal in UASB reactors would be the
nutrients mass transfer when the influent concentration was
high. These authors observed that the substrate flux through
a biofilm or granule is proportional to the concentration gra-
dient between the surface and the inner layer. Based on this,
bacteria within the granule will have a minor activity, as
they are exposed to a lower substrate concentration. Relative
importance of mass transfer depends on specific activity, Km

value, bulk substrate concentration and biofilm thickness (or
granule diameter).
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Dolfing (1985)6 investigated the influence of mass transfer
limitations with low substrate concentrations by determining
the apparent Km values. The effect of mass transfer resistance
was only important when working with low substrate concen-
trations and with biofilms of high methanogenic activity,
conditions that can be found in high-load anaerobic reactors.
The results obtained in several research works about this
effect on anaerobic biomass are contradictory. Some authors
affirm that external and internal mass transfer resistance
influences the substrate consumption rate,6–10 while others
did not observe mass transport limitations in this type of
biomass.11,12 In fact, pH gradient within the granule would
have more influence on the conversion rate than mass trans-
fer resistance.12

It has been found that external mass transport resistance
(liquid–solid) was negligible in denitrifying filters13 and, in
theory, in methanogenic biofilms with a thickness lower than
1 mm14 and in fixed bed bioreactors with aggregates higher
than 2 mm.15 In another work,10 external mass transfer was
practically null operating at upflow velocities higher than
1 m/h. However, limitation on external mass transfer in
UASB reactors was found, although it was negligible in
EGSB reactors.9 Wu et al. (1995)8 studied the influence of
mass transfer between the bulk liquid and the granule wall at
different agitation rates, finding a high resistance to mass
transport operating at low velocities (200–400 rpm). Similar
results were obtained in an EGSB, where a better operation
was produced when the upflow velocity was increased to
14 m/h.16 Furthermore, it is important to distinguish whether
the percentages of COD removal increased due to a decrease
of mass transfer resistance or due to the elimination of short-
cuts in the sludge bed (avoiding non ideal flow behavior),
since gas production is the main factor enhancing mixing in
anaerobic reactors. Mass transfer resistance was studied by
determining the values of the transfer coefficient at several
upflow velocities.17 It was observed that transport resistance
between phases decreased exponentially as the upflow veloc-
ity increased.

On the other hand, mass transfer rate in a granule should
be related with both porosity and size distribution of pores
within the granule.18 Another important factor that might
influence internal mass transfer is the granule diameter. In
fact, granule size has a greater influence on the apparent af-
finity constant, which increases with the particle diameter.10

These results indicate the existence of mass transfer limita-
tions in anaerobic granules. Nevertheless, other studies have
leaded to opposite results. No relation was found between
the affinity constant and the granule diameter, something
expected if it is taken into account that only the outer layer
of the granule was active.19 In another study,11 the same ace-
toclastic methanogenic activity in both intact and disinte-
grated granules was observed, although very small granules
(0.44 mm) were employed.

It was observed that specific granule configurations might
have a positive influence in the substrate conversion rate. For
example, a cluster disposition of the different trophic groups
may offer a lower limitation to mass transport20 than a lay-
ered structure.21 A sludge bed constituted by small size par-
ticles presents a high biological active surface, from the point
of view of substrate penetration and transformation. There-
fore, the apparent reaction rate in a bioreactor may be limited

by both the biological activity of the biomass and by the
mass transfer resistance between phases.

The above-mentioned studies confirm that mass transfer
limitations may exist in anaerobic biofilms. However, this
process will only be the limiting step when: (a) substrate
concentration in the reactor is low, (b) the percentage of
granules with an average diameter greater than 1 mm is
high, and (c) methanogenic activity of biomass is high, since
the normal value varies between 0.4 and 0.6 kg COD/kg
VSS�d.22

Pulsing flow has been applied to a great number of chemi-
cal23–25 and biochemical processes26–28 for improving mass
transfer, performance, and efficiency of the equipment
employed. Pulsing flow allows removal efficiency and stabil-
ity to be improved in upflow anaerobic filter (UAF) and
UASB reactor, as it favors degasification and decreases the
formation of preferential pathways.29–31 Besides, it also
favors biomass aggregation and granule development in
UASB reactors.29,30

In this work, the key mechanisms and parameters involved
in the enhancement of the performance of pulsed anaerobic
reactors are investigated. Steady-state mass balance based
models were applied to better understand the role of pulsa-
tion on the efficacy improvement of UASB reactors and
UAF. The identification of the model parameters for fitting
the experimental data obtained with pulsed and nonpulsed
systems could support the phenomenological behavior
observed and the advantages that pulsation introduces in the
operation of anaerobic reactors.

Materials and Methods

Bioreactors

Experimental data of the operation, hydraulic behavior and
biomass characteristics of UASB reactors,30 and UAF31 were
employed for the development and validation of mechanistic
models, and for the calculation of dimensionless numbers.
The models were applied to three UASB reactors and two
UAF. Two of the UASB reactors (P1 and P2) and one of the
UAF (P2) were operated with pulsing flow (this notation is
the same used in the referenced papers), while in both cases,
one of the reactors was operated without pulsation (NP) for
comparison. Pulsing flow was produced by an elastic mem-
brane pulsator (EMP),32 placed in the bottom part of reactors
P1 and P2s. The EMP consists of a system formed with one
or more elastic tubes coupled to an electrovalve, being its
aperture controlled by a timer. Pulsation within the column
of the reactor is provoked by the liquid retained inside the
elastic tube/s when the valve is closed, which is propelled
within the reactor when the valve is opened. Pulsation in re-
actor P1 was generated by pulsing simultaneously the feeding
and the recycling flow, while in reactors P2 (UASB and
UAF), only the feeding flow was pulsed, since they were
operated without recycling. This difference conditioned not
only the frequency and the amplitude of pulsation, but also
the upflow velocity of each reactor.30

In Table 1, the closing time of the electrovalve (ts), the
frequency of pulsation (fp), the pulsed volume/reactor volume
ratio (Vp/Vr) (which is responsible for the mechanical effect
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of pulsation), and the upflow velocity achieved in each case
are shown. In reactor P1, these three parameters were kept
constant by regulating the recycling flow as the feeding flow
increased, while in the two reactors P2, the Vp/Vr ratio and
thus, the pulsation amplitude and the upflow velocity,
changed depending on the loading rate. UASB reactors and
UAF volume was the same (0.8 L). UAFs were filled with
120 corrugated PVC Raschig rings of 12 mm in size,
decreasing their overall volume from 0.80 to 0.76 L.

Inoculum

The inoculum of both UASB reactors and UAF came from
a hybrid UASB-UAF reactor treating dextrose, although it
was collected at different times. In case of the UASB reac-
tors, the inoculated biomass was in granular form and with a
specific methanogenic activity (SMA) of 0.27 kg COD-CH4/
kg VSS�d, whereas for UAF the sludge was flocculent, with
a SMA of 0.2 kg COD-CH4/kg VSS�d. The final volatile sus-
pended solids (VSS) concentration in each reactor was in a
range of 14–15 g/L.30,31

Hydrodynamic behavior

The hydrodynamic behavior of UASB reactors and UAF
was considered according to a characterization carried out
previously.30,31 In those works, a stimulus-response technique
was used to determine residence time distributions (RTD)
and, from this, the hydrodynamic behavior of the system.
Dextran blue and LiCl were simultaneously employed as
tracers, to obtain the useful working volume, the volume
occupied by biomass, and the void volume of the sludge bed
in the reactors. The first tracer is more adequate for deter-
mining the useful liquid volume of the reactors and the bio-
mass volume, and the latter is obtained by the difference
between theoretical hydraulic residence time (HRT) and dex-
tran blue HRT, because its high molecular size impedes its
penetration inside microporous structure. However, LiCl
enters through very small cavities, thus allowing the determi-
nation of the void volume fraction of biomass (as the differ-
ence between HRTs obtained with dextran blue and LiCl).30

Description of the model

Model Simplifications and Approaches. Modeling of the
reactors was established considering the following theoretical
approaches and simplifications: (1) The limiting phase of an-
aerobic degradation is always methanogenesis; (2) Particles
or granules which constitute the sludge bed have spherical
geometry; (3) The liquid–solid interphase thickness is very
small and not much variable despite changes in the upflow
velocity; (4) Growing of biomass within the reactor is expo-
nential, assuming unlimited substrate availability; (5) The
substrate concentration within the particles/granules is negli-

gible with respect to the concentration in the outer layer; (6)
The sludge bed keeps constant its geometry during the whole
nonpulsed operation.

The developed models are based on mass balances. For
establishing these balances, the hydraulic behavior and the
limiting mechanism of the apparent reaction rate were con-
sidered. The latter may be due to mass transfer between
phases or to the biological reaction rate.

Statement number 5 was assumed taking into consideration
that these bioreactors are in general well agitated systems, espe-
cially at moderate-high loads, like those applied in this work.
Therefore, it can be reasonably assumed that concentration in
the bulk liquid is almost equal to the concentration in the outer
layer of the granule. Consequently, it can be considered that
concentration in the inner part is negligible, since there are evi-
dences in literature19,33 that mentioned an inert zone in the core
of the granules. This is caused because substrate does not reach
deep layers, causing bacterial death by starvation.

Modeling of UASB and UAF Bioreactors. The generic
mass balance applied to UASB reactors and UAF is
described by Eq. 1:

ra ¼ Q0S0 þ QrSf � ðQ0 þ QrÞSf (1)

where S0 is the initial substrate concentration (kg COD/m3),
Q0 is the feeding flowrate (m3/d), Qr is the recycling flowrate
(m3/d), Sf is the final substrate concentration (kg COD/m3),
and ra is the apparent substrate consumption rate (kg COD/d).

To better understand the different observed behavior of all
reactors, a mathematical model taking into account the dif-
ferent aspects (kinetics, external mass transfer, and hydraul-
ics) was developed.

Apparent kinetics: The apparent substrate consumption
rate (ra) may be due to two different mechanisms. One of
them would be the biological reaction rate of methanogenic
bacteria (the slowest phase of the whole anaerobic degrada-
tion process and therefore the one conditioning the overall
rate), because the substrate employed (dextrose) for feeding
the reactors was not complex and only acidogenesis and
methanogenesis were involved in its degradation. The biolog-
ical reaction rate (ra) can be calculated from SMA measures
and from the kinetics of bacterial growth. Once ra is known,
the final substrate concentration is calculated from Eq. 2:

Sf ¼ Q0S0 � ra
Q0

(2)

External mass transfer: Another limiting step may be the
mass transfer from the liquid to the particles/granules, where
the substrate transformation into CH4, CO2, and H2 is mainly
done. In this case, the apparent reaction rate is calculated by
the expression described by Eq. 3:

Table 1. Closing Times (ts), Pulsation Frequencies (fp), Pulsed Volume/Reactor Volume Ratio (Vp/Vr) and Upflow Velocity (m)
of UASB Pulsed Reactors (P1 and P2) and UAF P2

Reactor ts (s) fp (s
21) Vp/Vr m (m/s)

UASB P1 200 4.9 E 203 1/27.5 3.07 E 205
UASB P2 1,800–900 (1.4–11.0) E 204 1/230–1/60 7.1 E 207 to 1.4 E 206
UAF P2 1,800–900 (1.4–7.0) E 204 1/230–1/60 (1.48–7.62) E 206
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ra ¼ kLASf (3)

where kL is the mass transfer coefficient referred to the outer
granule surface (m/d) and A is the liquid/granule area of
mass exchange (m2).

Then, the final substrate concentration Sf in the reactors is
calculated by the equation:

Sf ¼ Q0S0
Q0 þ kLA

(4)

Hydraulics: Data obtained from RTD curves have indi-
cated that the UASB NP reactor presented a hydraulic behav-
ior very close to a CSTR (Continuous Stirred Tank Reactor),
while UASB P1 and UASB P2 pulsed reactors behaved like
1.26 and 1.9 CSTR coupled in series, respectively.30 Using
the same stimulus-response technique described earlier, data
obtained from RTD curves show that the UAF NP and UAF
P2 reactors behaved like 1.7 and 2.21 CSTR coupled in se-
ries, respectively.31 Thus, according to their hydraulic behav-
ior, UASB reactors and UAF were divided into two compart-
ments (zones 1 and 2), except reactor UASB NP, which was
not divided, and UAF P2, which was divided into three com-
partments. Therefore, the volume is divided so that zone 2
represents the N21 volume of the zone 1 volume, N being
the number of ideal CSTR obtained from RTD curves. If the
limiting mechanism in the reactors is biological reaction then
the mass balance would be the one described by Eq. 2,
applied to each zone. However, if mass transfer rules the
apparent substrate consumption rate then the mass balance in
the zone 1 of reactors with recycling flow (UASB P1 and
UAF NP) is described by the following expression:

Sa ¼ Q0S0 þ QrSf

Q0 þ Qr þ kLA
N

(5)

where Sa is the substrate concentration at the outlet of zone 1
(kg COD/m3). In this case, the exchange area of zone 1 must
be the total exchange area divided by N, since a uniform par-
ticle distribution size in the whole reactor is assumed. In the
zone 2, the balance takes the form:

Sf ¼ SaðQ0 þ QrÞ
Q0 þ Qr þ kLA

N ðN � 1Þ (6)

The global mass balance in these reactors is obtained by
replacing the Sa value in the Eq. 6:

Sf ¼ ðQ0 þ QrÞðQ0S0 þ QrSfÞ
Q0 þ Qr þ kLA

N

� �
Q0 þ Qr þ kLA

N ðN � 1Þ� � (7)

However, reactors UASB P2 and UAF P2 have no recy-
cling flow, and therefore, only the feeding flow is pulsed. If
the controlling mechanism is mass transfer, and following
the same procedure above-mentioned, then the global mass
balances in reactors UASB P2 and UAF P2 are described by
Eqs. 8 and 9, respectively:

Sf ¼ Q2
0S0

Q0 þ kLA
N

� �
Q0 þ kLA

N ðN � 1Þ� � (8)

Sf ¼ Q3
0S0

Q0 þ kLA
N

� �2
Q0 þ kLA

N ðN � 1Þ� � (9)

Model Parameters. Implicit parameters involved in the
mass balance were calculated from experimental data of each
reactor.30,31 The useful volume (V) and the porosity (e) of
the sludge bed were determined from RTD assays employing
dextran Blue and LiCl as tracers, as mentioned in Materials
and Methods section. The average diameter of granules dp
was determined by doing a weighted mean of particle size
distribution data. For determining the size distribution of bio-
mass, a similar method to that described in Jeison and
Chamy (1998)34 was employed. The granule samples were
fixed in agar solution (5 g/L) on a Petri dish, and once im-
mobilized, an 8-bit gray scale image was obtained by scan-
ning the sample. This image was analyzed by the software
UTHSCSA Image Tool, which was developed by Texas Uni-
versity (Health and Science Center).

In UAF, a mixture of granular and flocculent sludge was
developed. Thus, the average particle diameter has not been
determined experimentally due to the difficulty of measuring
the diameter of flocculent particles. Average diameter of this
kind of particles was supposed to be uniform and equal to
0.12 mm.35 On the other hand, the average diameter of gran-
ular particles dp can be considered similar to that obtained
for UASB reactors. The number and the total external area
of particles (granules) in both UASB reactors and UAF are
calculated assuming a spherical geometry. The values of the
calculated parameters in each reactor are shown in Table 2.

SMA values of the biomass were needed for model and
dimensionless numbers calculations. Thus, values of the
SMA employed for UASB reactors were in accordance with
those presented in the experimental data30. However, for
UAF, the SMA of the biomass was calculated as an average
of the initial and final values, since it was only measured at
the beginning and at the end of the operation.

Calculation Procedure of the Model. The mathematical
models which described the performance and behavior of the
UASB reactors and UAF were implemented in Matlab1 and

Table 2. Model Parameters in UASB Reactors (NP, P1, and P2) and UAF (NP and P2)

Reactor V (L) e (2)
Weighted Particle
Diameter dp (mm) Total Number of Particles

Overall Surface of
Particles (m2)

UASB
NP 0.53 0.415 1.173 3.19 3 105 1.362
P1 0.59 0.424 1.153 2.62 3 105 1.131
P2 0.64 0.469 1.010 2.97 3 105 0.925
UAF Granular Flocculent Granular Flocculent Granular Flocculent
NP 0.54 0.431 1.173 0.12 6.45 3 104 5.98 3 107 0.278 2.706
P2 0.68 0.141 1.010 0.12 9.44 3 104 5.50 3 107 0.298 2.489
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run iteratively. The model simulation procedure is shown in
Figure 1. The aim of the first model simulation was to find
out the mechanism that was driving the overall process rate
in each reactor for the different quasi-steady state periods
considered. With that aim, the final concentrations obtained
by the two mechanisms were compared and the mechanism
which estimates the highest final concentration was chosen.

Subsequently, the model was adjusted for the calculation
of the mass transfer coefficient (kL) or the biological reaction
rate, depending on the mechanism controlling the overall
process rate. Once these parameters were calculated, a subse-
quent simulation was performed to check the correct adjust-
ment of the previous simulation, and to obtain the definitive
results.

Data for five quasi-steady state periods in UASB reactors
and UAFs were employed as input to the model. Standard
deviation lower than 2 for the OLR (kg COD/m3 d) and than
4 for the percentage of COD removal was considered as cri-
teria for selecting the quasi-steady states periods. OLR
applied and their standard deviations for UASB reactors and
UAF, respectively, are shown in Tables 3 and 4.

Results and Discussion

Model application

The proposed model was applied for fitting the experimen-
tal data of the different reactors to better understand their
performance with or without pulsing flow.

UASB Reactors. The results obtained by running the
model for the nonpulsed UASB reactor show that the con-
trolling mechanism in the first two periods was mass transfer,
whereas the biological reaction rate ruled in the remaining
ones. Thus, the value of the kL was calculated with Eq. 4
and using experimental data of COD removal.

The limiting mechanism in the pulsed reactors (P1 and P2)
for all the steady states was mass transfer. The values of the
mass transfer coefficient (kL) for each reactor were calculated
employing Eqs. 7 and 8, in a similar way as for NP reactor.

Once the mass transfer coefficients or the reaction rate
(depending on the limiting mechanism) were calculated in
each reactor, the goodness of the model for fitting the experi-
mental data was evaluated. Figure 2 shows the experimental
percentage of COD removal (plus standard deviation) and
the percentage estimated by the model for each reactor. As it

Figure 1. Flow sheet of the simulation procedure.

Table 3. Quasi-Steady State OLRs Values Employed for the
Model Fitting in UASB Reactors

Period
(d)

NP
(kg COD/m3 d)

P1
(kg COD/m3 d)

P2
(kg COD/m3 d)

10–20 2.86 6 0.08 2.84 6 0.19 2.41 6 0.24
42–46 1.77 6 0.035 3.91 6 0.42 4.73 6 0.04
56–65 3.89 6 0.24 7.16 6 0.26 7.16 6 0.46
81–94 4.44 6 0.29 7.70 6 0.44 8.25 6 0.16
109–123 6.12 6 0.20 11.86 6 0.51 12.03 6 0.85

Table 4. Quasi-Steady State OLRs Values Used for Model
Fitting in UAFs

Period
(d)

NP
(kg COD/m3 d)

P2
(kg COD/m3 d)

9–15 2.53 6 0.26 2.78 6 0.22
30–45 4.07 6 0.37 4.34 6 0.26
50–70 5.86 6 0.38 6.86 6 0.39
70–90 7.28 6 0.62 9.09 6 0.86
104–118 10.88 6 0.80 14.28 6 0.28
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can be seen in the graphs, the model reproduces quite well
the behavior of the three UASB reactors, this indicating that
the selection of limiting mechanisms by the model was
adequate in each steady state. Thus, in reactor NP, mass
transfer was the limiting mechanism in the first 46 days of
operation. This behavior is in accordance with experimental
data, since the elimination efficiency in this period was high
and the reactor did not show any limitations in the biological
reaction rate. However, from that moment, the reactor per-
formance was not good, achieving poor removal efficiencies,
although the applied load was not very high in the last three
steady states. SMA was decreasing progressively until the
end of the operation, as it is also explained by the model,
which indicated the biological reaction rate as the limiting
mechanism during these periods. In pulsed reactors, the limit-
ing mechanism indicated by the model was mass transfer
rate. In these reactors, the operation was stable most of the

time, presenting both good removal efficiency and a high
methanogenic activity, in agreement with model results.

UAF. In this case, the limiting mechanism in all the
steady state periods for both NP and P2 reactors was mass
transfer. Model results agree quite well with the operation
data. The operation efficacy of these reactors was good dur-
ing the whole experimentation, especially for reactor P2,
which achieved higher removal efficiencies at higher loads
than those used in reactor NP. The kL coefficients were esti-
mated using Eqs. 8 and 9 (with and without recycling), and
then, the experimental data was fitted by the model. Once
again, and as it can be seen in Figure 3, the fit goodness is
very high for the two reactors in all the steady state periods.
The model explains good enough the reactor performance,
thus, the mechanistic approach is adequate.

Comparison between model-estimated
and correlation-estimated mass transfer coefficients

With the aim of supporting the results obtained from the
model, external mass transfer coefficients determined by the
model were compared with those estimated using correlations
available in the literature. The value of the external mass
transfer coefficient depends on the physical properties of the
liquid, the diameter of the particle, and the hydrodynamic
conditions of the surrounding environment. Several relation-
ships for the estimation of kL are presented in the literature.
In most of them, the mass transfer coefficient is determined
by the Sherwood number (Sh), as a function of the Reynolds
number (Re), and the Schmidt number (Sc). In this case, the
selected relationship employed for the estimation of kL was
the one presented by Eq. 1036:

Figure 2. Experimental data of NP, P1, and P2 UASB
reactors fitted by the model.

Figure 3. Experimental data of NP and P2 UAF fitted by
the model.
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Sh ¼ kL � dp
De

¼ 1:90 � Re1=2 � Sc1=3 � e � ð1� eÞ1=2 (10)

Sc ¼ l=q
De

¼ t
De

(11)

Re ¼ m � dp � q
l

¼ m � dp
t

(12)

where De, t, dp, v, and e are the effective diffusivity (m2/s),
the kinematic viscosity (7.24 E 207 m2/s, water at 358C36),
the average diameter of particle (m), the upflow velocity (m/
s), and the porosity of the sludge bed, respectively. De was
assumed as the diffusion coefficient in water (5.79 E 211 m2/
s) since a suitable method for estimating De in biological bio-
films under these experimental conditions is not available.37

The values employed for dp and e are shown in Table 2, while
values of m(Va) are shown in Table 1 for each reactor.

Although experimental mass transfer coefficients were
determined for each steady state in both UASB reactors and
UAF, in Figure 4, only the average experimental values of
the kL are shown for comparison purposes with the theoreti-
cal kL for each reactor. In general, a good agreement is
obtained between the values estimated from the model and
the generalized correlation, except for UAF NP and UASB
P1 reactors. In the UAF, the theoretical kL for NP is four
times higher than for P2. This is mainly due to the higher
porosity of the sludge bed in the nonpulsed reactor, which
may theoretically lead to an improvement in the mass trans-
fer rate. However, the porosity of NP reactor could be over-
estimated due to the presence of a higher proportion of gas
bubbles entrapped in the sludge bed. A lower value of the
useful volume (and thus higher biogas accumulation) in the
NP reactor was also observed.31 The effective mass transfer
area was significantly decreased by biogas retention and the
presence of shortcuts in the sludge bed, as can be observed
in Figure 5. This nonideal behavior generates a bad contact
between phases and a high decrease in the mass transfer rate.
This explains the low experimental value obtained and the
difference between the experimental and the theoretical coef-
ficients (8 times). Model and correlation estimated kL were
almost equal in reactor P2, being the experimental value
twice higher than in the nonpulsed reactor, this proving the
efficiency of pulsing flow for enhancing mass transfer in
fixed bed reactors. Regarding UASB reactors, P1 presented

the highest value of the experimental kL (4.49 E 203 m/d),
while NP and P2 presented similar values (2.54 E 203 and
2.71 E 203 m/d, respectively).

Much higher values of local mass transfer coefficients
were obtained in biofilms (from 0.36 to 0.64 m/d), although
upflow velocities as high as 56 m/h were applied.38 However,
it has to be considered that these velocities are difficult to
apply during normal operation conditions of bioreactors,
including EGSB. In the present case, comparable to these
values are the maximum values of the mass transfer coeffi-
cient during a pulse in UASB P1, UASB P2, and UAF P2,
which were 0.18, 0.12, and 0.074 m/d, respectively. These
values give an idea of the high punctual upflow velocity
applied and the mixing effect and shear stress provoked in
pulsed reactors.

Figure 4. Average external mass transfer coefficient for (a) UASB and (b) UAF.

Figure 5. Photographs of the sludge bed of UAF NP
and UAF P2.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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This higher value of kL in reactor P1 (especially the esti-
mated by correlation) can be related with the higher upflow
velocity. The significant disagreement between the experi-
mental and the theoretical kL in this reactor can be explained
by the high upflow velocity applied. This fact provoked a hy-
draulic stress and the formation of denser granules with a
compact structure, more likely to resist the high shear stress
imposed, similarly to what occurs in biofilms.39 As a conse-
quence, the value of the experimental mass transfer coeffi-
cient diminished.

Dimensionless numbers

As it was demonstrated, mass transfer has a key role in
the improved performance of UASB reactors and UAF when
they are pulsed. To better illustrate the effect of mass trans-
fer on the overall substrate removal rate in UASB reactors
and UAF (pulsed or non pulsed), two dimensionless modules
have been calculated, the Damköhler number (Da) (i.e., the
ratio of the maximum kinetic rate to the maximum external
mass transfer rate) and the Biot number (Bi) (i.e., the ratio of
the external mass transfer rate to the internal mass transfer
rate).

Kinetic vs. External Mass Transfer Rate. Assuming quasi-
steady state conditions, no substrate accumulation is pro-
duced on the granule surface, and therefore it is necessary
that the substrate transport rate be equal to the substrate con-
sumption rate by biochemical reaction on the biocatalyst sur-
face. Based on a kinetic type of Monod, the Damköhler num-
ber is established by Eq. 13.40

Da ¼ rm
kL � Sf ¼

max: kinetic rate

max: external mass transfer rate
(13)

Damköhler number relates the maximum reaction rate with
the maximum external mass transfer rate. Values of Da
higher than 1 indicate that the studied system is limited by
external mass transfer, which will be the slowest process
step, while values of Da lower than 1 indicate a system con-
trolled by reaction rate. The values of Da, estimated from
the experimental data (Figure 6), allow concluding that the
external mass transfer resistance was not negligible with
respect to the process kinetic and in addition, in most cases,
it controls the overall process in the reactors. The greater
influence of external mass transfer on substrate consumption
rate has also been observed in other investigations.8,9,16,17,41

As it can be seen in Figure 6a, pulsed UASB reactors always

presented higher values of the Da number, especially P2,
which was in general significantly higher than those obtained
in the other reactors. In the pulsed reactors the Da indicates
control of mass transfer, while in the UASB NP reactor the
Da values lower than 1 in the last three steady states indicate
kinetics as the limiting mechanism, being these results in
agreement with those obtained by the model. UASB reactors
were mainly developed3 with the aim of solving the prob-
lems traditionally associated with anaerobic filters (i.e. mass
transfer resistance, formation of preferential pathways. . .).
Thus, the configuration of UASB reactors allows an impor-
tant decrease in mass transfer resistance with respect to UAF
(this can be observed in the higher values of Da in Figure
6b). The main problem in UASB reactors is the development
of a sludge bed with good characteristics, since depending on
the wastewater, granules may present bad properties.42 Here,
the positive effect of pulsing flow was evidenced by the Da
number values. Pulsing flow promotes the formation of a
granular sludge bed with higher porosity and lower dp (espe-
cially in P2), which increases the active surface of the bio-
mass and, consequently, increases the SMA.33 Therefore, the
controlling mechanism is always mass transfer, as Da values
showed that the proportional effect of the biochemical reac-
tion rate is significant. Higher values of the Da number in re-
actor P2 are a consequence of the higher SMA with respect
to reactor P1. Besides, kL values in reactor P1 were higher,
this also contributes to the lower values of the Da, although
it has to be taken into account that this reactor was neither
controlled by biological reaction.

As above-mentioned, UAF has higher values of the Da
number, since this type of reactors usually present mass
transfer problems due to the clogging of the sludge bed,
caused by an excessive biomass growth on the media sup-
port. Therefore, pulsation was mainly applied to UAF to
decrease mass transfer resistance and avoid the formation of
preferential pathways. In Figure 6b an increase of the values
of Da in the second steady state, according to the biomass
growth and the poor biogas production at this time, can be
observed. However, as the OLR was increasing, the Da num-
ber of UAF P2 was decreasing progressively until the initial
value due to an important increase in the kL (3.64 E 203 m/
d), which was 2.6 times higher than that in the UAF NP
(1.40 E 203 m/d). The increase in the mass transfer coeffi-
cient was obtained by the high upflow velocity applied at
high OLR, favoring degasification, promoting a uniform dis-
tribution of biomass through the media support and avoiding

Figure 6. Damköhler number values in each steady state for (a) UASB reactors and (b) UAF.
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the formation of sludge compacting. In the nonpulsed reactor,
Da value did not almost vary in the last three steady states
(around 6.5) due to the continuous presence of gas retention
and clogging of the bed (Figure 5).

External vs. Internal Mass Transfer in Granules. Some
authors have found limitations to internal mass transfer in
biofilms,6,8–10,43 thus it is interesting to evaluate the relative
importance between the effects of internal diffusion and
external mass transfer. The Biot (Bi) number44 is used to
compare the internal and external mass transfer like the quo-
tient between velocities of both phenomena. Values of the
Biot number higher than 100 imply40 that the external mass
transfer is negligible. On the contrary, if Bi is low then the
internal mass transport resistance is unimportant.

Bi ¼ kL � dp
De

¼ external mass transfer rate

internal mass transfer rate
(14)

According to Brito and Melo (1999),45 imposing changes
in the hydraulic regimen of a reactor with a well developed
biofilm may improve the internal mass transfer coefficient,
possibly due to an additional convection effect.45 In fact,
several authors have observed experimental evidence of con-
vective fluxes within biofilms mainly due to pressure gra-
dients.46–48 In pulsed reactors, internal mass transfer should
then be negligible, since the flow regime is suddenly changed
when the pulse is produced. As it can be observed in Figure
7, neither UASB reactors nor UAF presented Bi number val-
ues greater than 100 and therefore the external mass transfer
is controlling the process in both UASB reactors and UAF
(pulsed or not pulsed). However, the evolution of this dimen-
sionless number through the steady states may indicate dif-
ferences between the reactors, as in the case of Da number
(note that Biot number is not calculated for reactor UASB
NP in the last three steady states because of reaction rate
control).

As it can be observed in Eq. 14, the numerator of the Bi
number is influenced by the external mass transfer coefficient
and the particle diameter. UASB P1 reactor presents
the higher values of the Bi number. This reactor contains the
particles with a high diameter and the higher kL, due to the
upflow velocities applied. Pulsed volume (and mechanical
effect) was higher in reactor P1 than in reactor P2, and the
biocatalyst presented a higher size and a lower porosity in
the first one, this being a response of the biofilm (in this
case, granules) to stand the higher hydraulic stress. However,

as it was previously shown,49 pulsation may have an opti-
mum frequency that leads to the best results in the operation
of bioreactors and to the formation of biomass aggregates
with optimum characteristics. In reactor P2, pulsation was
generated each 900–1800 s, allowing the production of bio-
gas between pulsations and its sudden release when the pul-
sation was produced, this provoking an important stress
caused mainly by biogas, which favors the formation of
small-size granules,50 very active.33 Therefore, Bi numbers
are lower in this reactor. This difference in the Bi number
between P1 and P2 reactors agrees in a certain manner with
the work of Beyenal and Lewandowski (2002).44 These
authors stated that aerobic biofilms grown at low flow veloc-
ities exhibit low density and high effective diffusivity but
cannot resist higher shear stress, whereas biofilms grown at
higher flow velocities are denser and can resist higher shear
stress but have a lower effective diffusivity. However, in this
case, reactor P2 presented small granules with high specific
density, strength, and porosity, which were formed due to the
particular effect (liquid 1 biogas shear stress) of low fre-
quency pulsation. In UAF, Bi number is higher in P2 than in
NP, this being in accordance with the results obtained with
the Da.

Conclusions

A mechanistic model was proposed to better explain and
elucidate the controlling mechanisms in two types of anaero-
bic reactors (UASB and UAF), operated under different hy-
draulic conditions (pulsed and nonpulsed flow). Model results
indicated that mass transfer controlled in most occasions the
performance of the five studied reactors, this being supported
by the values obtained of Da number. However, the reason
why mass transport is always the limiting mechanism is dif-
ferent and it depended on the type of biomass, reactor config-
uration, and hydraulic regimen. Therefore, Da numbers cal-
culated in UAF were higher than in UASB reactors, this indi-
cating the significant magnitude of mass transfer resistance
traditionally associated with fixed bed systems. Thus, the kL
value on the pulsed UAF was more than twice higher than in
the NP, this proving the efficiency of pulsations for decreas-
ing mass transfer problems in this type of reactors. On the
other hand, Da values for the pulsed UASB reactors were
higher than the nonpulsed one. This was mainly supported
not on a significant difference in the kL coefficients but in
the properties of granules, which were of lower size and

Figure 7. Biot number values in each steady state for (a) UASB reactors and (b) UAF.
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more active. Thus, mass transfer resistance became the limit-
ing mechanism not because of its high magnitude but be-
cause of the high activity of the sludge bed in pulsed reac-
tors, especially in reactor P2. Finally, external mass transport
(between the bulk liquid and the granule surface) was identi-
fied as the main contributor to overall mass transfer resist-
ance, being internal transport within the biomass negligible
in the studied reactors.

On the other hand, it is important to know how scaling
up (especially at great scale) might affect the results
obtained. However, lab-scale experiments and modeling are
also important for a better knowledge and understanding of
the system behavior and helps to find also interesting con-
clusions for equipment designers. In this case (at lab scale),
our aim was to explain whether the effect of pulsation
improves the efficiency in this type of bioreactors and the
role of both kinetics and mass transfer in this improvement.
Thus, in this work it was stated that, in most cases and in
both type of reactors, mass transfer resistance has a key
role on the enhancement obtained by the application of
pulsing flow. Besides, significant differences in the perform-
ance between pulsed and nonpulsed bioreactors were
obtained. Certainly, at lab scale nonpulsed bioreactors
showed typical problems which are of course of higher
magnitude at industrial scale. In that sense, it is not possible
to extrapolate these results. Flow behavior and mass transfer
are not directly scalable parameters and thus a further next
research step would be to evaluate the effect of pulsation at
higher scale.
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