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Alaboratory study using two tapered anaerobic fluidized bed reactors (AFBRs) with taper angles () of 2.5°
and 5° was undertaken to explore the hydrodynamic behavior of AFBRs during metabolic gas production.
Predictive models were formulated to describe the hydrodynamic behavior of tapered AFBRs in a way that
accounted for wake theory, hydrostatic pressure, biofilm thickness distribution, and ambient temperature.
When the two tapered AFBRs were maintained in their respective fully fluidized states, both the measured
and simulated three-phase bed heights, Hy, ¢ s, were higher than the corresponding two-phase bed heights,
H,s—a bed-expansion effect. In contrast, the measured and simulated three-phase bed-pressure gradi-
ent (—AP¢/V})cLs, was lower than the corresponding two-phase value (—AP:/V},)is, especially at higher
superficial liquid (u;) and gas velocities (ug). This helped to thicken the biofilm. Increasing 6 from 2.5° to 5°,
decreased Hy, ;s sufficiently to offset increases in (1 — &¢). Consequently, the values of both (— APg, )gs and
(—AP¢/V})cLs decreased. The simulated values for Hy, g5 and (—AP;/V}, )cs were in fairly good agreement
with experimental results. Compared to conventional AFBRs, the effect of metabolic gas production on
the expansion behavior of tapered AFBRs was smaller. Thus, tapering of AFBRs facilitates the development
of thick biofilms.
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1. Introduction been scarce [8,9], especially studies involving tapered AFBs. Huang
and Wu [10] demonstrated that steady-state biofilm thickness
varies inversely with the specific energy dissipation rate (i.e., the
energy dissipation per unit volume of bioreactor per unit time, w).
Together with the superficial liquid velocity (1), the bed-pressure
gradient ((—AP¢/V})cLs) is one of the most influential parameters
determining the value of w. In addition, the three-phase bed vol-
ume (V},grs) is a function of the three-phase bed height (Hy gis),
which is closely related to the bioparticle washout rate [1].

The hydrodynamics of AFBs generally vary with changes in
the gas, liquid, and solid hold-ups. Most researchers accept a
generalized wake model that takes into account the mean volume
ratio of wakes to bubbles (k) and the ratio of the solid fraction in

In a conventional anaerobic fluidized bed reactor (AFBR) of
constant cross-sectional area, a bioparticle is in a dynamic, fully
fluidized equilibrium in which the upward drag force is balanced
by the negative buoyant force from gravity. In a tapered AFBR, in
contrast, both the superficial velocity and the upward drag force
vary with depth within the bioreactor, resulting in either a par-
tially fluidized or a fully fluidized state. In practice, the geometric
properties of tapered AFBRs—the wider cross-sectional area and
greater height result in reduced superficial velocity and upward
drag force at the upper part of the AFBR, can mitigate the washout
of bioparticles from bioreactors [1].

In the past, research on the hydrodynamics of three-phase flu-
idized beds with applications in chemical engineering commonly
used external gas injection to simulate the gas phase [2-5]. A few
studies on the hydrodynamics of biological fluidized beds also used
external gas injection [6,7]. Studies on the hydrodynamics of anaer-
obic fluidized beds (AFBs) showing metabolic gas production have
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a liquid wake to that in the liquid-solid fluidization phase (x) [2].
Hence, many researchers have focused their attention on deriving
equations for correlating k and/or x. A wake model for conditions
when x=0 (i.e., when the liquid wakes are particle-free) was
developed, and this model effectively approximates systems with
large or dense particles [3-5,8,9]. A recent modeling approach
for the simulation of bed expansion was proposed that adopts a
correlation equation for liquid hold-up [11,12]. Yu and Rittmann
[13] developed a bed-expansion model for the three-phase AFBR
that combines the wake model with a correlation equation for gas
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Nomenclature

A cross-sectional area (cm?)

AFB anaerobic fluidized bed

AFBR anaerobic fluidized bed reactor

b bed width (cm)

d diameter (cm)

D equivalent diameter (cm)

Ga Galileo number = p1dp3(op — 1)/ 11?

H height (cm)

Hc axial distance from reactor bottom to reactor top
(cm)

Hg axial distance from reactor bottom to its hypotheti-
cal apex=hg/(2tan6f;) (cm)

H* dimensionless height of a certain cross-section of
the TAFBR=H/H},

HRT hydraulic retention time (h)

k mean volume ratio of wakes to bubbles

m linear proportion constant for Eq. (14) (cm)

Mm mass of carriers (g)

n bed-expansion index

P pressure (dyn cm~2)

Patm atmospheric pressure = 1,013,962 (dyn cm~2)

Q flow rate (cm3s—1)

S substrate concentration (mg acetate 1-1)

T temperature (°C)

TAFBR tapered anaerobic fluidized bed reactor

u superficial velocity (cms™1)

Ut terminal settling velocity of a particle without wall
effect (cms~1)

1% volume (cm?3)

VLR volumetric loading rate
(gacetatel=1d=1)=Q;S;/Vp cLs

v terminal settling velocity of a particle with wall
effect = u¢10~%/P (cms—1)

X ratio of solid fraction in a liquid wake to that in the
liquid-solid fluidization phase

V4 axial distance from a certain cross-section of TAFBR

to its hypothetical apex (cm)

Greek letters

1) biofilm thickness (cm)
£ hold-up

@2 Thiele modulus

1% dynamic viscosity (dynscm=2)
0 taper angle (°)

61 half taper angle =6/2 (°)
0 density (gcm—3)
Subscripts

0 bottom

1 top

a average

atm atmosphere

b bed

C certain cross-section
bf biofilm

d dry

f fluid

flu fluidized

g gas

GLS gas-liquid-solid

i inflow

LS liquid-solid

1 liquid

m media (carrier)

mf minimum fluidization
p particle

r recirculation

t total

tr transport

u unfluidized

w wet

hold-up, adjustments for terminal settling velocity, and their own
correlation equations for k.

In an AFBR designed for metabolic gas production, the hydro-
static pressure at the bottom of the fluidized bed is higher than at
the top of the fluidized bed. According to Boyle’s law, which states
that the volume of a gas varies inversely with its pressure at con-
stant temperature, the bubbles of metabolic gas gradually increase
in size as they rise within the bioreactor. Thus, the gas, liquid, and
solid hold-ups vary with height within the fluidized bed. In addi-
tion, the operating temperature of the AFBR frequently differs from
the ambient temperature, and such a temperature difference must
be taken into account in order to calculate the most accurate values
possible for the gas volume (via Charles’ law) and the gas hold-up.
Furthermore, the biofilm thickness, which varies along the length
of the bioreactor [1,6], directly influences the solid, liquid, and gas
hold-ups.

In this work, a laboratory study using two tapered AFBRs with
taper angles () of 2.5° and 5° was undertaken to explore the
hydrodynamics of tapered AFBs during metabolic gas production.
Hydrodynamic models for the three-phase bed height, Hy, g5, and
the three-phase pressure gradient (—AP¢/V},)gLs, were formulated
by taking into account wake theory, hydrostatic pressure, biofilm
thickness distributions, and ambient temperature. In an attempt to
unravel the effects of superficial liquid velocity, u;, and metabolic
gas production (i.e., superficial gas velocity, ug) on the hydrody-
namic behavior of tapered AFBRs, experimental measurements and
model simulations of the three-phase reactor operating parameters
Hy s and (—APy/Vy)cLs were compared with the corresponding
parameters of the two-phase system, Hy, ;s and (—AP/V},)ys.

2. Theory and model formulation

2.1. Wake model, terminal settling velocity, and bioparticle
characteristic parameters

In the present study, large bioparticles (approximately
dp=1000 pm) were observed in both tapered AFBRs. Thus, the gen-
eralized wake model was simplified by setting x=0 [3,8,9,13], as
shown in the following equation:

1/n

uy — ku .

eLaLs = <1vg> (1 - g — keg)'"1/™ 4 keg (1)
1

If both ug and &g are set zero, Eq. (1) can be simplified to Eq. (2):

u 1/n
eLLs = (171) (2)
1

The following correlation equations for n and u¢, proposed by
Khan and Richardson [14,15], were applied to yield Eqgs. (3) and (4):

48-n dy\ %
8—-n 057 |1 dp
S =0.043Ga [1 1.24<D> ] 3)
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ue = 1 (2.33Ga0018 _ 1.53Ga0-016y"3

~ pdp
pp can then be calculated using by the following equation (5)
[8,9]:

(4)

_ Pw + Porl (1 +(28/dm))” — 1] (5)
(1+(28/dm))’

Pp

[(150(1 — emf)/e;f)z +4Ga(1.75/e§nf)]]/2 —150(1 — emp)/€3

thetical TAFB apex (Zy, Zt;) can be calculated using Egs. (8) and (9),
respectively [10]:

_ 1 (g2

Zu_2t3n01( Umnf ) (8)
C 1 Qi+ Q\'?

Ztr—m( v ) ©)

where u,,,¢ can be calculated using Eq. (10) [10]:

(10)

Unf = K

2.2. Gas hold-up

The following correlation equation for &g, proposed by Buffiere
et al. [16], was applied:
&g = 0.239d5- 1581270 (6)

All individual hold-up coefficients must sum to unity, as shown
in Eq. (7):

&g +&1,6Ls + &p,aLs = 1 (7)

2.3. Bed expansion, biofilm thickness distribution, and
temperature correction

A schematic of the tapered AFB (TAFB) is presented in Fig. 1.
The heights of the unfluidized and transport zones above the hypo-

Biogas

1. Thermistor

2. Bioreactor

3. Outer-water jacket
4. Gas-liquid-solids separator
5. Recirculation
6. Rotameter

Computer

2pidp x 1.75/€3 ¢

Vs and Vp can then be calculated using Eqgs. (11) and (12),
respectively:

4

Vb,cLs = §tan2 01[(Hp,cLs + Ho)® — H3 (11)
M T M 26 }

Vp= —— 0 T (dm+28)° =" (1+22 12

* 7 pmal(/6)d3,) 6 ) Pmd dm (12)

The correlation equation relating & s, &g, and Vj, is expressed
as follows:
Ho+Hy,

Vp =4 tan? 6, /
Ho

where gf (=€) gLs +&g) represents the fluid hold-up. The value of §
increases with the bed height in a tapered AFBR [1], and a linear

(1-gp)Z% dz (13)
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Fig. 1. Schematic diagram of tapered fluidized bed bioreactor system.
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relationship relating § to bed height can be assumed, as shown in
the following equation:

8§ = 8o + mHx (14)

By combining Boyle’s and Charles’ laws, an equation can be
derived for the metabolic gas production rate at position H that
takes into account temperature deviations (Eq. (15)):

_ Patm 273.2 —+ Tc
% = Patm + p1g(He — H) 273.2 + T, 2

(15)

The average &g s and &g of the TAFBR can then be calculated
using Eqs. (16) and (17), respectively:

Ho+H,
4 tan2 6, o™
E1,GLS,a = Voos /Ho &,61sZ% dz (16)
Ho+H,
L (17)
Vbas Jy

The equation relating Vp to V}, g5 is as follows:

Vp = Vb ,as(1 = €1,615,0 — €g.a) = Vb cis(1 — &a) = Vp gisép.a  (18)

The equivalent diameter (D) of the TAFBR can be calculated from
the following equation:
__4tant,

D= N (Ho + H) (19)

2.4. Bed-pressure gradient

The pressure drop across the transport zone is very low and can
therefore be neglected. The pressure drops across both the unflu-
idized and fluidized zones can be calculated using Eqs. (20) and
(21), respectively [17]:

2 PRy _ 12
(_APu)cLs=/ {150(1‘9'“f)“'“f+1.751 fmfpf—f dz  (20)
Zy

exe  dp exp o
Zy
(—APp)oss = / (1= er)pp — pr)dZ 1)
Zyr

where py is determined by Eq. (22) [9]:

_ €160 T EgPg

(22)
&l,GLs + &g

Peng and Fan [17] developed a modified form of the equation
for the kinetic pressure drop ((—APg)cLs), which is given in the
following equation:

The bed-pressure gradient (—AP;/V},)cLs can then be written in
the following manner:

—AP ) (=APt)cis
= == 25
( Y Jas ( Vb.cLs (23)
Similarly (- AP¢).s, and (—APt/V},)1s can be calculated by applying

Egs. (11) and (20)—(25), with &g and ug set to 0 and Hy, | s replacing
Hb,GLS in Eq (]1 )

3. Materials and methods
3.1. Tapered AFBRs

Two models of tapered AFBR made from Plexiglas with 6 =2.5°
and 5° were used. The two tapered AFBRs (working volume=4.0L
each) had the same bed width at the bottom (2.4 cm), but differ-
ent bed widths at the top (8.0 and 10.3 cm), as well as different bed
heights (129.5 and 89.5 cm). The dimensions of the gas-liquid-solid
separator, which was positioned at the top of the reactor, were
6.0cm (length) x 6.0 cm (width) x 18.7 cm (height). The tempera-
ture of the TAFBR, which was equipped with a liquid flow meter and
the metabolic gas collection apparatus, was maintained at 354+ 1°C
by circulating hot water through the outer water-jacket.

3.2. Operation of tapered AFBR system

Samples of granulated activated carbon (200g) were loaded
into each tapered AFBR. The average carbon granule was 633 pum
in diameter, and the diameters of the 10th and 60th percentiles
were 383 and 667 wm, respectively. Granules had a dry density of
1.37 gcm~3, and a wet density of 1.57 g cm—3. The TAFBRs were then
seeded with acclimated anaerobic sludge, which was obtained from
an up-flow anaerobic sludge bed reactor. The TAFBRs were used to
treat synthetic acetate wastewater with the following composition:
2500 mgacetatel~1, 40 mg yeast extract1~!, 1000 mg NaH,PO41-1,
400 mgNH,4Cl1-1, trace metals Ni*2, Fe*3, Co*2, Mo*6, Zn*2, Mn*2,
and Mg*2 at 0.5mgl-! each, acidified to pH 6.0 by the addition of
concentrated HCl (0.4 ml1~1). The liquid recycle rate was adjusted
to maintain the bioparticles in the fluidization state [10]. The reac-
tor was semi-continuously fed with acetate (i.e., 41 of synthetic
acetate wastewater filled and drawn daily) for 1 week, and was
run in operating mode continuously for three months. Afterwards,
six test runs in which the volumetric loading rates were between
38.5-72.1 g-acetate ]~ d~1 were conducted using the two tapered
AFBRs (Table 1). Each of these tests was run continuously for two
months. The tapered AFBRs were assumed to have reached pseudo-
steady state when the effluent acetate concentration deviated by

1 Uy \ 2 U \ 2 less than 10% in three consecutive samples taken at a sampling rate
(=AP)gLs = 5 |Pn (;) - pfo(;) (23) of twice per week. Image analysis methods were used to deter-
1 0 mine dj, [18], and § was determined using the method outlined by
Thus, the pressure drop (—AP;)gs can be expressed as follows: Shieh et al. [19]. Values for pmw and pp,r were obtained according to
the method of Huang and Wu [10]. The bed height was measured
(=AP)gLs = (—APy)gs + (= APqy)grs + (—APy)grs (24)  withruler and recorded. Metabolic gas samples were collected with
Table 1
Operating conditions for three-phase tapered AFBRs
Run 0(°) Q (1d-1) S; (mgacetatel-!) Q; (Imin~") VLR? (gacetatel-1 d-') up (cms=1) Ugo (cms~1)
1 25 10 2500 0.8 385 2.34 0.0209
2 25 20 2500 1.0 43.0 2.93 0.0428
3 2.5 20 5000 1.2 63.3 3.51 0.0838
4 5.0 10 2500 0.9 441 2.62 0.0207
5 5.0 20 2500 0.9 72.1 2.64 0.0412
6 5.0 20 5000 1.2 65.2 3.51 0.0838

2 Volumetric loading rate.
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Table 2

Operation conditions of hydrodynamic experiments for three-phase tapered AFBRs
Run 6(°) up? (cms™!) Ugo® (cms) 8 (m)
1 2.5 1.47-7.83 0.0209 38

2 2.5 2.93-7.56 0.0428 73

3 2.5 3.51-14.51 0.0838 146

4 5.0 1.47-7.25 0.0207 39

5 5.0 2.64-7.27 0.0412 55

6 5.0 3.51-10.17 0.0838 83

a Exact values as shown in Fig. 2.
b 149 =0 for without metabolic gas production.

gas-collection bags and were used to determine Qga. A gas chro-
matographic column system (Schimadzu, model GC-14A) was used
to measure acetate, CH4 and CO,. Acetate was measured with use of
a 150 cm x 0.53 mm Supleco-Nikol fused-silica capillary column, a
flame ionization detector, nitrogen carrier gas, injector and detector
maintained at 230 °C. CH4 and CO, content were measure with the
use of a 150 cm x 3 mm stainless-steel column packed with Pora-
pak Q 50/80 and Porapak T 50/80, a thermal conductivity detector,
helium carrier gas, injector and detector, respectively maintained at
130°Cand 150 °C. The pg value (in Eq. (22)) was calculated based on
the composition of CHy (ca. 87%) and CO, (ca. 13%) in the metabolic
gas. The pressure drop from the bottom of the reactor to the top
of the fluidized bed was measured with a device (Druck STX 2100)
that automatically recorded measurements electronically for sub-
sequent computer analysis.

3.3. Hydrodynamic experiments

After completing all of the analytical work for the steady-state
TAFBR operation, hydrodynamic experiments were conducted both
with and without metabolic gas production for 5-9 different uq val-
ues (ujp = 1.47-14.51 cms™!, ugp =2.09 x 1072 t0 8.38 x 10~2 cms~ 1,
17 sets for 6=2.5°; ujp=147-10.17cms™!, ug=2.07 x 1072 to
838 x1072cms~1, 19 sets for #=5°, Table 2). In the experi-
ments performed without metabolic gas production, the feeding
of substrate was stopped, and the reactor liquid was continuously
recycled until all of the residual substrate was consumed (time for
thinner and thicker biofilms, <4 and <8 HRTs, respectively) and all
metabolic gas production had stopped. For each value of u;g exam-
ined, the reactor was continuously operated for at least three HRTs
before the bed height and pressure drop were measured.

3.4. Simulation of Hy s and Hp s
Details of the simulation of Hy, ;s are described as follows:

(1) Assume a value of Hy, g 5.

(2) Compute the simulated V;, (Eq. (12)).

(3) Compute the experimental Vp (Eq. (13)).

(4) Compute the error between the simulated and the experimen-
tal values of V.

Table 3
Experimental biofilm thickness for three-phase tapered AFBRs

(5) Ifthe error is not within an acceptable range, set a new value for
Hy, c1s in procedure (1) and reiterate the above procedures until
the error is accepted and the simulated Hy ¢ s is determined.

The simulated Hy s is calculated in a manner similar to that
described for the above procedures, while the & in Eq. (13) is
replaced by ¢;s.

4. Results and discussion
4.1. n,v; 89, m, and k

The operational parameters for the two tapered AFBRs and
the corresponding steady-state experimental biofilm thickness are
shown in Table 1 and Table 3, respectively. Values for n and y;
were obtained from regression analysis of the hydrodynamic data
in the absence of metabolic gas production (Table 4). Both n and
v; increased with increasing §,, as did the biofilm thickness at the
bottom of the reactor (§g) and the linear proportionality constant
(m). The biofilm on the upper part of the fluidized beds was found
to be thicker in both types of reactors. Similar results were reported
by Hermanowicz and Cheng [6] and by Huang et al. [1].

In the present study, two tapered AFBRs producing metabolic
gas, were used to generate hydrodynamic experimental data for
the development of a correlation equation for k. MATLAB software
[20], together with its “fzero” command, was used to solve Eq. (1)
for k. After a value for k was determined, an inverse matrix was
constructed to derive correlation equations for k, uj, and ug [21]
using MATLAB. The results were as follows:

k = 0.0787u] *Pu 069 (6 =2.5) (26a)

k = 0.0029u-027y, 1824 (9 = 5°) (26b)

4.2. Hydrodynamic bed-expansion behavior

4.2.1. Experimental results

In order to explore the hydrodynamic bed-expansion behavior
of the tapered AFBs, 36 sets of hydrodynamic experiments were
conducted with metabolic gas production (Table 2), and 36 sets of
experiments were conducted without metabolic gas production
(i.e., the same operating ranges for uy as above, and ugg = 0) (Fig. 2).
Over the course of the experiments, the two tapered AFBRs were
maintained in their fully fluidized states. The measured three-
phase bed height, Hy s, was slightly higher (by 1.8+ 1.8%) than
the corresponding two-phase bed height, H s, at a given value of
ujo. This implies that metabolic gas production causes slight bed
expansion in the tapered AFBs. We speculated that the metabolic
gas bubbles were trapped by the bioparticles, thereby lowering the
particles’ specific gravity. On the hydrodynamic bed-expansion
behavior of conventional AFBRs (8;=15-126 pum, ugp=3.5 x 1073
to 14 x 103 cms™1; u;p=0.2-1.35cms™!; Q;=8.4-48.61h~1), the
measured value for Hy, g1 s was 6.7 + 5.5% higher than that for Hy ;g
for a given value for u)y [8]. The three-phase bed volume, Vj, s,
and its two-phase counterpart, V},,; s, were calculated, and the

Table 4
Run 0(°) Experimental § (wm) Estimated results of n, v;, 8o, and m values
Lower part Middle part Upper part Average Run 6() n(-) vi (cms™1) 8o (m) m (um)

1 2.5 26 - 41 38 1 2.5 2.923 3.43 11.4 41.3
2 2.5 41 60 80 73 2 2.5 5.873 4.79 21.9 76.1
3 2.5 110 140 173 146 3 2.5 6.245 9.52 43.8 149.3
4 5.0 26 - 40 39 4 5.0 2.365 3.33 11.7 40.8
5 5.0 34 - 51 55 5 5.0 3.794 422 16.5 56.6
6 5.0 60 75 93 83 6 5.0 13.885 14.76 24.9 82.0
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Fig. 2. Variations in experimental H, 15 and Hy s at different values of uj.

hydrodynamic bed-expansion behavior of tapered AFBRs was com-
pared with that of conventional AFBRs. For the conventional AFBRs
(8a=126 pm, ugp=0.014cms~!, up=107cms~!, Q;=38.61h71),
the Vi, g1s was approximately 7.5% higher than the corresponding
Vpbs- In contrast, for the tapered AFBRs (6=2.5°, ;=73 um,
Ugp=0.0428cms~!, up=525cms~!, Q,=108.81h~1; O=5°,
82=83 um, ug=0.0838cms™!, up=4.96cms-!, Q;=102.81h™1),
the V}, g1s values for both the §=2.5° reactor and the 6 =5° reactor
were approximately 2.3% and 1.8% higher than the corresponding
Vp,s values, respectively. In other words, production of metabolic
gas produces a smaller bed expansion in tapered AFBs. This
suggests that the operational stability of these reactors is greater
than that of conventional AFBRs, especially at larger values of 6.

4.2.2. Model simulation
4.2.2.1. Different uj. Model simulations for predicting Hygis
and Hp ;s were performed using the following set of parame-

ters: ujp=4.1-14.5cms !, ug =0.08 cms—1, 8, =80 wm, My, =200 g,
dm =633 m, and k (Eqs. (26a) and (26b)). For reactor simula-
tions with 6=2.5°, the following values were used: n=5.909, v; =
5.24cms™!, 85=24.0um, and m=83.1 um. For reactor simula-
tions with 8=5°, the following values were used: n=12.804, v; =
13.63cms™ 1, §g=24.9 wm, and m=79.3 pm. The values for n, ;, ¢,
and m at §, =80 wm were obtained by performing a linear extrapo-
lation of the available data (Table 4). The simulations predicted that
the Hy g1 s for the 6=2.5° and 5° reactors would be slightly higher
(2.59+0.68%) than the corresponding Hy s (Fig. 3(a)). Thus, the
simulated results regarding the effects of metabolic gas production
on bed expansion within tapered AFBRs were in good agreement
with experiment.

4.2.2.2. Different ug. In tapered AFBRs, the metabolic gas produc-
tion rate generally increases with increasing biofilm thickness.
The following correlation equations for 8, and ugy were generated
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through linear regression of the experimental data (Table 3):
(27a)
(27b)

82 =0.85+1725ug (0 =2.5)
82=25.42+691ugy (0 =5

A similar linear regression combining the data for values n, v;,
80, and m (Table 4) with the data for §, (Table 3) led to the following
correlation equations:

(1) 6=2.5°:
n = 0.05178, (28a)
v, = 0.06668, (29a)
80 =0.36a (30a)
m=3.20+6, (31a)
(2) 6=5¢°:
n=0.12716, (28b)
v, = 0.13888, (29b)
8o = 0.38, (30b)
m = 4.75 + 0.9338, (31b)

All subsequent model simulations of H, ¢ s and Hp s were per-
formed using Eqs. (28)-(31) and the following parameter values:
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Ujg=8.10cms~!, My, =200g, and dp, =633 pwm. The value for k was
determined from Egs. (26a) and (26b), and ugy was varied over
the interval 0.038-0.10 cm s~!. The simulated results show that the
Hy, s for the 8=2.5° reactor and the 6=>5° reactor were slightly
higher (2.60 & 0.70%) than the corresponding Hy, ; s (Fig. 4(a)). Thus,
metabolic gas production causes bed expansion effect in tapered
AFBs, which is similar to the results with conventional AFBRs [8,9].

4.3. Hydrodynamic bed-pressure gradient

4.3.1. Experimental results

For a given reactor configuration and a given operating value
for u)g, the bed-pressure gradient is related to the specific energy-
dissipation rate, such that the rate of biofilm detachment increases
with an increasing specific energy-dissipation rate [10]. The bed-
pressure drop (—AP;) (Fig. 5) and the bed-pressure gradient
(=AP/V},) (Fig. 6) were measured during the hydrodynamic exper-
iments on three-phase tapered AFBRs (the same operating range
of ujp and ugg as those in Section 4.2.1) and two-phase tapered
AFBRs (i.e., the same operating range of uyy as above, and ug =0).
For the 6=2.5° reactor, the measured (—AP;)gs value varied from
2839 to 6874 dyn cm~2 with an average of 4646 dyn cm~2, while the
(= AP/Vy)cLs value varied from 0.90 to 13.98 dyncm~2 cm~3 with
an average of 4.68 dyncm~2 cm~3. The corresponding two-phase
pressure drop (—AP¢);s, varied from 2960 to 6898 dyncm~2 with
an average of 4756 dyn cm~2, and the two-phase pressure gradient
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(= AP/V})is, varied from 0.99 to 14.03 dyn cm~2 cm—3 with an aver-
age 0f4.80 dyn cm~2 cm~3. In other words, the measured (— AP¢)gis
and (—APt/V})aLs values were 2.4 + 1.9% and 4.4 + 4.3% lower than
the corresponding (—AP;) s and (—AP:/V},)Ls values, respectively.
Both the measured (—AP;)gLs and (—APy/Vy)gLs values decreased
with increasing u)g. Similarly, for the 6 =5° reactor, the measured
(=APt)gLs and (= AP/V}, )gLs values were 6.2 +4.1% and 10.8 +4.8%
lower than the corresponding (—AP;¢) s and (—AP:/V})s values,
respectively. On the hydrodynamic expansion characteristics of a
conventional AFBR, in which 6, =15-126 pm, ujp=0.2-1.35cm sl
and ugy=3.5 x 1073 to 14 x 10~3 cms~1, showed that the measured
value for (— APV}, )gLs was approximately 9.3 4-4.9% lower than the
corresponding value for (—AP:/V},)is [9]. The average (— APt/Vp )gLs
values for the TAFBRs (4.68 and 4.60 dyn cm~2 cm~—3 for the 0=2.5°
and 5° reactors, respectively) were lower than for the conventional
AFBR (5.26dyncm~2cm~3). Thus, the thickening of the biofilm
should be greater in tapered AFBRs than in conventional AFBRs,

Pi)cis and (—AP;)is at different values of ujg.

and this effect should be enhanced as the reactor’s 8 was increased.
In general, the biofilm in the AFBRs was shallow, with a thickness
of less than 300 pm. For the acetate substrate used in the shallow
biofilm of AFBRs, the parameter of the effectiveness factor (i.e., the
ratio of the substrate utilization rate within the biofilm to that with-
out mass transfer resistance) approached unity. Also, the parameter
of the Thiele modulus (¢?) (i.e., the ratio of the substrate utilization
rate to the substrate diffusion rate within the biofilm) fell within the
reaction-controlled range (¢ <0.3) [22]. These results reveal that
the acetate methanogenesis reaction was reaction-controlled and
that the biofilm was fully penetrated by the acetate substrate [23].
In other words, a thicker biofilm, which has a greater biomass, will
benefit the performance of the AFBRs.

A thicker 6, and a higher ugg, corresponding to a higher rate of
metabolic gas production, resulted in alower bed-pressure gradient
(Fig.6).Both the measured and simulated values for (— APt)g s were
close to the simulated value for (— APg, )cLs, because the simulated
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value for |(—APy)gLs| contributed less than 0.3% to the simulated 4.3.2. Model simulation

287

value for (—AP;)gLs (Table 5). The simulated value for (—APy)gLs is 4.3.2.1. Different uy. Using the parameter values from Section
zero, which verifies that the two tapered AFBRs were maintained 4.2.21, simulations for the pressure gradient (—AP¢/V},)gLs, in the

in fully fluidized states. fully fluidized state were performed to elucidate the relationship
Table 5
Experimental and simulated results of Hgys, His, (— APt )cLs, (—APt)is, (—APqy)crs, and (— APy )cis of tapered AFBRs
Run 6(°) Experimental (cm) Simulated (cm) Experimental (dyn cm~2) Simulated (dyncm~—2)?
Hais His Hais His (=APt)as (=AP)s (=APqy)ars (=APy)ars (=APt)cs
1 25 51.0 50.0 49.1 48.6 5647 5661 6311 -2.8 6308
2 2.5 71.0 71.5 70.3 69.6 5141 5311 5121 —-4.7 5116
3 2.5 83.5 83.5 82.0 81.0 5682 5820 5672 -7.7 5665
4 5.0 35.0 35.0 338 323 4590 4707 4919 -3.6 4915
5 5.0 39.0 39.0 38.6 37.9 4706 4946 4607 —-4.1 4603
6 5.0 58.0 58.0 57.3 56.6 3821 4219 3450 -7.5 3442

a All simulated (—APy)gLs values were 0.
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between (—AP:/Vy)cLs and ujg. For both the 6=2.5° (Fig. 3(b))
and 6=5° reactors (Fig. 3(c)), a higher ujg resulted in a lower
(=AP/V}p)cLs- This indicated that operating the tapered AFBR at
a high u;g may help to thicken the biofilm.

4.3.2.2. Different ugy. Simulations of the three-phase pressure gra-
dient (—APt/Vy)cLs, in the fully fluidized state were performed
using the parameter values from Section 4.2.2.2, and the value for
Ugg was varied over the range 0.038-0.100cm s~1. For both the
6 =2.5° (Fig. 4(b)) and 0 =5° reactors (Fig. 4(c)), a higher value for
ugg resulted in a lower value for (— AP¢/Vy,)gLs, which led to a thick-
ening of the biofilm. In addition, the simulated results (Figs. 4(b)
and (c)) also showed that the three-phase gradient (—AP¢/V},)cLs,
is lower than the corresponding two-phase gradient (—AP;/V})Ls,
offering further evidence that metabolic gas production induces
biofilm thickening.

As metabolic gas bubbles attach to bioparticles, the specific
gravity of the bioparticles will decrease, while the bed expansion
volume will increase. On the one hand, the smaller momentum of
the bioparticles, which results from their reduced specific gravity,
will lessen their collision friction. On the other hand, the collision
frequency among bioparticles will diminish because the parti-
cles become separated by metabolic gas bubbles. The attached
metabolic gas bubbles play a buffering role, even though colli-
sions among bioparticles still occur. Thus, the bed-pressure drop
in the AFBR decreases. As a result, the (—AP;/V})gLs value is lower
than (—AP¢/V},)Ls. These associations serve as a physical explana-
tion for the relationship between biofilm thickening and metabolic
gas production.

For thinner § bioparticles, the described effect will be greater as
metabolic gas bubbles attach to the particles because the specific
gravity of the bioparticles will be lowered even more. A lower ug
is given by thinner § bioparticles. This is the reason why the dif-
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and (c) &jLs.a and &g, at different values of 6.

ference between values of (—AP/V}y)gLs and (—AP/V},).s deviate
more significantly at a lower ugq (Figs. 4(b) and 4(c)).

4.4. Effect of taper angle

Simulations aimed at understanding the effects of taper
angle on Hypgrs, Hprs, (=AP/Vp)es, (—=AP/Vp)is, €615 and
gga were performed using the following set of parameter val-
ues: up=8.10cms™!, ug=0.08cms~!, §,=80wm, Myp=200g,
dm =633 pm, n=5.848, v; = 6.68 cms~!, §=21.7 wm, m=74.4 um.
The aforementioned values for n, v;, 8o, and m values were
obtained by averaging the data in Table 4. The following corre-
lation equation represents the average of Eqs. (26a) and (26b):
k = 0.0408u-8631,1-2615 The taper angle, 6, was varied from 2.5°
to 5°.

Both the three-phase and two-phase bed heights, Hy, g s and
Hy, s, decreased with increasing 6 (Fig. 7a), implying that increas-
ing 6 may decrease the bioparticle washout rate. Again, Hy, g s was
higher than the corresponding Hy, s, indicating that metabolic gas
production causes bed expansion in tapered AFBRs. The values for
both (—=AP¢/Vy)oLs and (—AP/V},)s decreased with increasing 0
(Fig. 7b). This implies that increasing 6 results in biofilm thicken-
ing. Once again (—AP¢/V},)gLs was lower than the corresponding
(=AP/Vy)Ls, meaning that metabolic gas production thickens the
biofilm. Furthermore, both & s, and &g, decreased with increas-
ing 0 (Fig. 7b), resulting in a corresponding increase in (1 —é&f)
(Eq. (21)). Increasing 6 increased the average cross-sectional area
of the tapered AFBR, which in turn decreased u;, and uga,. Nev-
ertheless, the increase in 6 was simultaneously associated with
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decreasing bed height, H}, .5, which compensated for the increased
value for (1 — ). Consequently, the values of both (—APg,)cLs and
(= AP/Vp)cLs decreased.

4.5. Model validation

The simulated values deviated from the experimental mea-
surements of Hpgs for the 6=2.5° and 5° reactors and they
were in the range of (-5%)-(0%) and (—4%)-(+4%), respec-
tively (Fig. 8(a) and (b)), while those of (—AP{/Vy)gLs for the
0=2.5° and 5° reactors were in the range of (—9%)-(+19%) and
(—13%)-(+16%), respectively (Fig. 8(c) and (d)). The average rela-
tive errors between the simulated and the experimental values
(i.e., (|sim. —exp.|/exp.) x 100%/number of test run) of Hy s and
(=AP/Vp)cLs were 2.64 4+ 1.79% and 8.29 + 6.04%, respectively. We
therefore conclude that the proposed models adequately describe
the hydrodynamic behavior of three-phase tapered AFBRs during
metabolic gas production. Compared with the simulation of H, ¢ s,
the simulation of (—AP:/V})cLs involved more parameters, such
as Zu, Zir, Upf, €mf> and pf, and more equations, which required
greater calculation time. Thus, there was opportunity for more error
and more error propagation. This resulted in poorer agreement
between the simulated values and the experimental measurements
for (—AP¢/V})cLs than was observed for Hy i s.

5. Conclusions

In order for a model to adequately describe the hydrodynamic
behavior of three-phase tapered AFBRs, wake theory, hydrostatic
pressure, biofilm thickness distribution, and ambient temperature
must all be taken into account. Metabolic gas production should
also be considered. The proposed models adequately describe
the hydrodynamic behavior of three-phase tapered AFBRs during
metabolic gas production.

In tapered AFBRs in their fully fluidized states, the experimen-
tal and simulated results found when u;y was varied at constant
Ugo, and when ugo was varied at constant ujg, the Hp ¢ s was higher
than the corresponding Hy s, implying that metabolic gas pro-
duction induces bed expansion in tapered AFBs. The three-phase
pressure gradient (—AP:/V},)cLs, was lower than the correspond-
ing two phase gradient (—AP¢/Vy)s. Both a higher uq for a given
ugo and a higher ugg for a given ujg resulted in a lower pressure
gradient (— AP;/V})gLs- Thus, the metabolic gas production induces
biofilm thickening, especially at higher values of ujy and ugo. We
suggest that the characteristics of bioparticles will change dur-
ing processing. More specifically, during the process of bioparticle
movement in the AFBRs, the specific gravity of bioparticles will
decrease as the newly produced metabolic gas bubbles attach to
them; the bed volume will increase; and the momentum of biopar-
ticle collisions will diminish. In addition, the produced metabolic
gas bubbles in the fluid buffer the collision momentum and sep-
arate the bioparticles, thereby lessening the collision frequency
among bioparticles. Furthermore, the increased bed volume will
further separate bioparticles and lower the collision frequency. As
aresult, the produced metabolic gas may promote thickening of the
biofilm. In addition, increasing the value of 6, resulted in a decrease
in Hy s, which offset the increase in (1 — ¢¢). Consequently, the
value of (—AP;/V},)gLs decreased with increasing 6.

Both experimental measurements and simulated predictions
confirm that TAFBRs should be superior to conventional AFBRs in
terms of operational stability and biofilm thickening, particularly
for reactors with larger taper angles.
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