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Hydrodynamic performance of a hybrid anaerobic baffled

reactor (HABR): effects of number of chambers, hydraulic

retention time, and influent temperature

Md Khalekuzzaman, Mehedi Hasan, Rezaul Haque

and Muhammed Alamgir
ABSTRACT
Hydrodynamic performance of a biological reactor is an important design concern since it directly

affects the treatment efficiency. In this research, a hybrid anaerobic baffled reactor (HABR) was

proposed with improved design concepts and principles. The HABR consisted of a front sedimentation

chamber, four regular baffled chambers followed by two floated filter media chambers. The effects of

operating variables 5–20 hr hydraulic retention time (HRT) and 10–40 �C of influent temperature, as

well as their interactive effects, on the hydrodynamic behaviour were investigated by residence time

distributions study and response surface methodology. The study suggests that the hydrodynamic

performance is greatly influenced by the number of chambers in the reactor rather than HRT and

influent temperature. The influence of HRT and feed temperature were mainly observed on the

front chambers (1–4) rather than rear chambers (5–7). The optimum reactor performance – low dead

space (<10%), excellent hydraulic efficiency (>0.75), and intermediate mixing pattern (Peclet

number> 10) – were achieved using the proposed HABR with more than five chambers.
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INTRODUCTION
Over the last few decades, attention has been given to

anaerobic biological wastewater treatment owing to its
advantages of energy saving, biogas recovery, and lower
sludge production (Liew Abdullah et al. ; Feng et al.
). One of the most efficient high-rate anaerobic
reactor is the anaerobic baffled reactor (ABR) developed
by McCarty and co-workers at Stanford University.
Conceptually, the ABR may be represented as a series of

up-flow anaerobic sludge blanket reactors, one of the most
popular anaerobic treatment systems (Li et al. ).

The ABR, which belongs to the third-generation high-

rate anaerobic reactors, is highly appraised for its high effi-
ciency, outstanding working stability, and lower operating
cost (Xu et al. ). The advantages of this bioreactor
include low maintenance requirements, rapid biodegrada-

tion, low yields of sludge, and excellent process stability.
This configuration is an effective solution to the treatment
of wastewater for most small and medium-sized plants

which possess little economic capacity to invest in environ-
mental controls (Chan et al. ). The major drawback
of the ABR is that there have been very few full-scale ABR
applications for wastewater treatment until now. In

addition, when comparing with the traditional aerobic pro-
cess, anaerobic treatment system processes poor effluent
quality, which usually needs post-treatment to meet the dis-

charge limits. Further research on advanced reactor design
and control process could lead to most of the ABR’s disad-
vantages being overcome. Perhaps, the ABR may be one of

the solutions answering the global call for low-maintenance,
robust treatment systems (Reynaud & Buckley ).

ABR process characteristics and its hydraulic character-
istics are closely related. The hydraulic rather than the

organic loading rate is a treatment limiting factor for ABR
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systems (Reynaud&Buckley ). The conversion of organic

and inorganic matter in an anaerobic treatment process is
governed by two interrelated factors: the reactor’s hydro-
dynamics, which are predominantly affected by its

configuration, and the performance of the microbiological
processes (Qi et al. ). The strong interdependence of
hydraulics and kinetics means that the hydraulic performance
directly affects the pollutant removal performance (Persson

et al. ; Li et al. ). Hence, the hydrodynamic behaviour
of a biological reactor is one of the fundamental factors for its
wastewater treatment efficiency. The hydrodynamics and

degree ofmixing that occurwithin a biological reactor strongly
influence the extent of contact between the substrate and
bacteria, thus controlling mass transfer. Unfavourable hydrau-

lic conditions in the bioreactor may cause lower system
performance, and thus resulting higher residual concen-
trations in the treated effluent. Thus, mixing mode and
intensity ofmixing are the two important factors for good reac-

tor configuration for efficient treatment (Renuka et al. ).
In addition, influent temperature has a significant effect

on the reactor treatment efficiency. Researchers (Nachaiya-

sit & Stuckey ; Feng et al. ; Wu et al. ) have
shown that treatment efficiencies of the ABR changed
with temperature variations. Similar findings have been

reported in their studies that there was no or low effect on
treatment efficiency when operated at 25–35 �C, but the
reactor efficiency deteriorated significantly when the

temperature dropped below 15 �C. However, there is no
information available on the effect of influent temperature
on hydrodynamic performance especially on dead space,
mixing pattern, and hydraulic efficiency that ultimately

affect the reactor treatment performance.
The tracer test is a proven method for determining

the residence time distribution (RTD), defined as the
Figure 1 | Schematic of the hybrid anaerobic baffled reactor.
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time-varying distribution of a particle entering and leaving

the system. Therefore, RTD curves obtained from tracer
tests can be employed to analyse the flow patterns (Xu
et al. ). RTD curves can then be incorporated into the

‘dispersion model’ and ‘tank-in-series model’ (Levenspiel
). Thus, the model calculates the dead space (unused
volume), dispersion (degree of mixing), short circuiting
and hydraulic efficiency.

Although much research has been conducted on the
hydraulic characteristics of ABRs (Grobicki & Stuckey
; Liu et al. ; Sarathai et al. ; Ji et al. ; Xu
et al. ; Li et al. , ; Sharma & Kazmi ;
Renuka et al. ), few studies have been carried out on
the effects of influent temperature at variable hydraulic

retention time (HRT) on the hydrodynamic performance
of the reactor. The present study aims to determine the
hydraulic behaviour of the hybrid anaerobic baffled reactor
(HABR) under different influent temperatures (10–40 �C)
and HRTs (5–20 hr) through RTD study, and to evaluate
their interactive effects by response surface methodology
(RSM). The main aim of the study was to develop a HABR

with optimum reactor performance which would minimize
dead space, maximize hydraulic efficiency, and improve
mixing pattern of the reactor.
MATERIALS AND METHODS

Experimental set-up

Reactor configuration

The schematic diagram of the HABR is shown in Figure 1.
The reactor used in this study was constructed with acrylic



Table 2 | Summary of different experimental runs (A1 to C3)

Run
No. HRT (hr)

Pump run time
(min/hr)

Pump flow rate
(mL/min)

Influent temp.
(�C)

A1 5 10 181.90 10± 5

A2 5 10 181.90 25± 5

A3 5 10 181.90 40± 5

B1 10 10 363.80 10± 5

B2 10 10 363.80 25± 5

B3 10 10 363.80 40± 5

C1 20 10 727.60 10± 5

C2 20 10 727.60 25± 5

C3 20 10 727.60 40± 5
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sheet, with external dimensions of 90, 20, and 30 cm for

length, width, and depth, respectively. The HABR consisted
of a front sedimentation chamber and four regular chambers
followed by two floated filter media chambers. The first

chamber volume, designed as a settling chamber, was twice
that of the subsequent chambers. The effective volume of
the reactor was 36.4 L. The individual chambers were divided
into two portions by a hanging baffle, which separated each

chamber into a down- and up-flow zone. The ratio between
down-flow and up-flow was 1:4, and the bottom portion of
the baffle was inclined at 45�. Each chamber had a sampling

port located at 20 cm from the base on the front side of the
reactor. Approximately 400 g of shredded soft drink lids
were loosely placed as floated filter media in the last two

chambers of the reactor. These locally available materials
were used due to their favourable physical properties that
would not allow reactor failure through clogging during
wastewater treatment. The summary of the HABR configur-

ation is presented in Table 1.
Flow pattern

Nine experimental runs were conducted to investigate the
hydraulic characteristics of the HABR obtained from RTD

analyses (Table 2). Experimental runs A (A1, A2, and A3),
B (B1, B2, and B3) and C (C1, C2, and C3) were conducted
using a peristaltic pump (WT600-1F, Longer Pump Co.,
China) fed with tap water for 5, 10, and 20 hr HRT, respect-

ively. A NUVE BM30 water bath was used to maintain
influent temperature (10, 25, and 40 �C) during each HRT
run. The feeding system was operated by a Sino-timer
Table 1 | Summary of HABR configuration

Design parameter Specification

ABR dimensions 90 cm (L) × 20 cm (W) × 30 cm (H)

Effective volume 36.4 L

First chamber/settler 2 V (V is volume of subsequent chamber)

Deflector angle of
hanging baffle

45�

Down-flow:up-flow 1:4

Type of filter media Floated filter media (shredded soft drink
lids, density� 109 kg/m3, specific
gravity – 0.93) (grinding of soft drink
lids)

Sampling port 20 cm (from base) at center

Inlet/outlet Inlet: 27 cm from base; outlet: 25 cm
from base

s://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2018.379/484192/wst2018379.pdf
which was programmed to run for 10 min/hr during the
experiment. All experiments were conducted between
21 �C and 25 �C room temperature.

Tracer experiment

Tracer studies were performed by stimulus–response tech-
nology. Sodium chloride (NaCl) was selected as the tracer

due to its various favourable features as described by Li
et al. (, ). To obtain the RTD curves, 200 mL concen-
trated NaCl solution (42.5 g Cl�/Cl) was instantaneously

injected prior to the inlet. The water samples were collected
from the sampling port of each chamber and the effluent of
the reactor at regularly spaced intervals from the time of

impulse (t¼ 0), and the total sampling time was 2.5 times
the nominal HRT. The sampling frequency was 0.125
times of HRT except for 0.06 times of HRT between 0.6

HRT and 1 HRT during each tracer experiment run. The
chloride ion (Cl�) concentration was measured using a con-
ductivity meter (Model CD-4302, Lutron, Taiwan) after
calibrating with standard conductivity solution (Model CD-

14, 1.413 mS) (Levenspiel ; Sharma & Kazmi ),
and the Cl� concentration of tap water was also subtracted
from each sample in RTD calculation for all runs.

Theoretical interpretation

RTD and dead space

The RTD was investigated by tracer stimulus–response tech-
nology. To compare the mixing patterns of different runs,
the unit of time is normalized:

θ ¼ t
HRT

(1)
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where θ is the normalized time (dimensionless), t is the

sampling time, and HRT is the theoretical hydraulic reten-
tion time.

Cθ ¼ C(t)
C0

(2)

where Cθ is the normalized tracer concentration at dimen-
sionless time θ, C(t) is the tracer concentration at time t,
and C0 is the initial tracer concentration.

Equations (1) and (2) provide the normalized concen-
tration Cθ and normalized time θ values to be plotted

along vertical vs horizontal axis for the RTD study. The
normalized curve is also known as E-curve (exit age
curve). The most important characteristic of the E-curve
is that the area under the curve is equal to 1 as defined

in Equation (3)

ð∞
0
E(t)dt ¼ 1 (3)

where E(t) is the RTD function. The E(t) value is related
to the C(t) value as shown in Equation (4), which was

used to calculate the mean residence time (�t) and distri-
bution variance (σ2

t ), Equation (5).

E(t) ¼ C(t)Ð∞
0 C(t)dt

�t ¼
Ð∞
0 tC(t)dtÐ∞
0 C(t)dt

¼
ð∞
0
tE(t)dt (4)

σ2
t ¼

Ð∞
0 (t��t)2C(t)dtÐ∞

0 C(t)dt
¼

ð∞
0
t2E(t)dt� (�t)2 (5)

The dead space (Vd, %) is calculated using Equation (6)
as explained by Ji et al. () and Li et al. ():

Vd ¼ 1�
�t

HRT

� �
× 100% (6)
Short circuiting

Metcalf & Eddy () explained short circuiting as a com-
plicated phenomenon that influences reactor performance.
It is considered as one of the greatest hindrances for the suc-

cess of a reactor (Tsai et al. ). Short circuiting (ψ) can be
expressed as the ratio of the first appearance of tracer (tf) in
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the effluent to the theoretical HRT (HRT ) as shown in

Equation (7).

ψ ¼ tf
HRT

(7)

The short-circuiting value of 0.3 or less indicates a flow
with significant short circuiting (Sarathai et al. ).

Axial dispersion model

In case of relatively low back-mixing, the axial dispersion
(AD) model can be applied (Ji et al. ). It is assumed
that the back-mixing only occurs in the axial direction as
expressed by the dispersion coefficient. The mixing in the

radial direction is neglected in the AD model. In addition,
it is assumed that the fluid possesses a constant velocity
and constant substrate concentration across the bed diam-

eter (Renuka et al. ). Under steady-state condition, the
governing equation for mass balance is established by apply-
ing Fick’s law as follows in Equation (8):

@C
@t

¼ D
@2C
@x2

� u
@C
@x

(8)

where D is the axial dispersion coefficient, m2/sec; t is the

time, sec; x is the axial distance of the reactor, m; and u is
the average fluid velocity in the flow direction, m/sec. A
dimensionless form of Equation (8) can be expressed as

Equation (9):

@C
@θ

¼ D
uL

� �
@2C
@Z2 �

@C
@Z

¼ Dd
@2C
@Z2 �

@C
@Z

(9)

where Dd represents dispersion number (Dd¼D/uL); C¼C(t)/
C0, L is length of the reactor, and Z¼(utþx)/L. The dimen-
sionless dispersion number specifies the extent of axial
dispersion in the reactor. A large dispersion number

(Dd¼∞) implies a perfectly mixed system, whereas a small
dispersion number (Dd¼0) relates to a plug-flow system.
Similarly, Dd¼0.02 is defined as intermediate, and Dd¼0.2

is as a large degree of dispersion (Renuka et al. ).
In order to solve Equation (9), it is required to mention

the boundary condition of the reactor. For a closed-vessel

boundary condition, in which only axial mixing is con-
sidered, Equation (10) is used to obtain normalized
variance as a function of dispersion number (Levenspiel

).

σ2
θ ¼ 2

D
uL

� �
� 2

D
uL

� �2

(1� e�(uL=D)) (10)
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where σ2
θ is the dimensionless variance of RTD,

σ2
θ ¼ (σ2

t =(�t)
2).

Alternatively, Peclet number Pe is often used to
express the mixing pattern, which is just the reciprocal of

the dispersion number (Pe ¼ (uL=D)) as expressed by
Equation (11).

σ2
θ ¼ 2

Pe

� �
� 2

1
Pe

� �2

(1� e�Pe) (11)

The large value of Pe means weaker back-mixing (Li
et al. ). From the above equations, it can be noted that
the dead space calculation is associated with the mean of

the curve, while the dispersion or Peclet number is associ-
ated with the variance of the curve (Liu et al. ).

Tank-in-series model

In the case of relatively strong back-mixing, the tank-in-

series (TIS) model is applied as suggested by Grobicki &
Stuckey () by Equation (12):

C(t) ¼ C0

(N � 1)!
(t=τ)(N�1)e�t=τ (12)

where τ is the theoretical HRT and N is the number of TIS.

σ2
θ ¼

ð∞
0

NNθNþ1e�Nθ

(N � 1)!
dθ � 1 ¼ 1

N
(13)

Equation (13) can be used to calculate the dimension-
less variance of TIS, and N can be calculated by Equation

(14) below.

N ¼ 1
σ2
θ

(14)

If N tends to 1, the flow pattern of the reactor
approaches that of a continuous stirred tank reactor
(CSTR). On the other hand, when N tends to ∞, the flow

pattern approaches a plug flow.

Hydraulic efficiency

The hydraulic efficiency (λ) includes two basic features: (i)
the distribution of flow across the reactor and (ii) the

mixing of reaction liquid (Ji et al. ). It is dependent on
the effective volume (e) and the flow pattern as expressed
s://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2018.379/484192/wst2018379.pdf
in Equation (15):

λ ¼ e 1� 1
N

� �
(15)

The effective volume is calculated by subtracting the
value of dead space from 1. The hydraulic efficiency of the
system can be classified into three categories: (1) excellent
hydraulic efficiency with λ> 0.75, (2) good hydraulic

efficiency with 0.5< λ� 0.75, and (3) poor hydraulic
efficiency with λ� 0.5.
RESULTS AND DISCUSSION

The normalized concentrations of Cl� for all samples, col-
lected at the sampling port of each chamber and the

effluent, were plotted against normalized time for different
runs A1 to C3 (Figure 2). The RTD results are summarized
in Table 3. Figures 3, 4(a), 4(b), and 5 show the dead

space, dispersion number, TIS, and hydraulic efficiency,
respectively, for all chambers and effluent sample for all
runs.
Residence time distribution

The normalized concentrations of chloride ion Cl� for all
seven chambers and effluent were plotted against normal-
ized time for different runs A1 to C3 (Figure 2). As shown

in the figure, the RTD curve firstly rose and then dropped,
forming one single peak for all chambers except the first
chamber, which behaved as a CSTR. There were minor

effects observed on the RTD curve for the different runs
(A1 to C3) with 5 hr to 20 hr HRT, and 10 �C to 40 �C of
influent temperature; however, the RTD curves significantly

differed between the chambers. This indicates that the reac-
tor hydrodynamic behaviour was primarily influenced by
number of chambers of the reactor than by operating par-

ameters (e.g. HRTs and/or influent temperature). Further
analyses of the RTD curve showed that the peak normalized
concentration (Cθ) gradually decreased from 2.01± 0.28 for
chamber 1 to 0.81± 0.17 for effluent. The peak Cθ

appeared at θ¼ 0.1 for chamber 1 and then gradually
decreased at θ¼ 1 for effluent. This represents higher reactor
dead space for chamber 1, which then gradually decreased

for subsequent chambers. The results indicated similar find-
ing as Thackston et al. () and Sarathai et al. ()



Figure 2 | Residence time distribution curves of chambers (1–effluent) for different experimental runs (A1 (5 hr–10 �C), A2 (5 hr–25 �C), A3 (5 hr–40 �C), B1 (10 hr–10 �C), B2 (10 hr–25 �C),
B3 (10 hr–40 �C), C1 (20 hr–10 �C), C2 (20 hr–25 �C), C3 (20 hr–40 �C)).
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reported; further the peak Cθ curve moves towards the left
from θ¼ 1, which indicates increasing of dead space.

Dead space and short circuiting

Dead space in the reactor can be generally divided into

hydraulic dead space and biological dead space. Hydraulic
dead space is a function of the flow rate and the number
of compartments in the ABR, and the biological dead

space is a function of the biomass concentration and activity
(Grobicki & Stuckey ). The present study examined the
om https://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2018.379/484192/wst2018379.pdf
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effects of different HRTs – 5, 10, and 20 hr – at different
influent temperatures of 10, 25, and 40 �C on hydraulic

dead space. The hydraulic dead space is the major contribu-
tor to dead space in the ABR system (Sarathai et al. ).
The results showed deviation of the actual HRT (�t, hr)
from the theoretical HRT for all runs (A1 to C3), which indi-

cated the presence of dead space and/or short circuiting
within the reactor as presented in Table 3. The dead space
calculated from RTD curve for different runs A1 to C3 are

also shown in Figure 3. The results showed that the dead
space for all runs reduced to zero between chamber 4 and 6.



Table 3 | Results of RTD studies

Run Chamber t (hr) Vd (%) D/uL N λ Ψ Run Chamber t (hr) Vd (%) D/uL N λ Ψ Run Chamber t (hr) Vd (%) D/uL N λ Ψ

A1 ch-1 1.9 61.6 1.33 1.3 0.08 0.1 A2 ch-1 2.3 54.1 ∞ 0.9 0.00 0.1 A3 ch-1 2.4 52.3 ∞ 0.9 0.00 0.1
ch-2 2.8 44.8 0.28 2.5 0.33 0.2 ch-2 3.4 31.2 0.50 1.8 0.30 0.2 ch-2 3.3 33.0 0.52 1.7 0.28 0.1
ch-3 3.3 34.4 0.19 3.2 0.45 0.2 ch-3 3.8 23.5 0.31 2.3 0.43 0.3 ch-3 3.7 25.1 0.33 2.2 0.41 0.2
ch-4 4.0 19.5 0.13 4.4 0.62 0.3 ch-4 4.6 8.3 0.17 3.5 0.66 0.4 ch-4 4.4 11.6 0.18 3.4 0.62 0.3
ch-5 4.8 4.1 0.09 5.9 0.80 0.4 ch-5 5.0 – 0.12 4.7 0.79 0.5 ch-5 5.0 0.7 0.13 4.5 0.77 0.4
ch-6 5.0 – 0.07 7.3 0.86 0.5 ch-6 5.0 – 0.09 6.2 0.84 0.6 ch-6 5.0 – 0.09 6.3 0.84 0.5
ch-7 5.0 – 0.06 9.6 0.90 0.6 ch-7 5.0 – 0.07 8.1 0.88 0.7 ch-7 5.0 – 0.07 8.1 0.88 0.6
Effluent 5.0 – 0.05 10.5 0.91 0.6 Effluent 5.0 – 0.07 8.2 0.88 0.7 Effluent 5.0 – 0.07 8.1 0.88 0.6

B1 ch-1 2.4 76.2 0.43 1.9 0.11 0.1 B2 ch-1 3.4 65.6 ∞ 1.0 0.00 0.1 B3 ch-1 4.2 58.4 ∞ 0.9 0.00 0.1
ch-2 4.7 53.1 0.32 2.3 0.26 0.2 ch-2 5.8 41.5 0.30 2.3 0.33 0.2 ch-2 6.2 38.2 0.40 2.0 0.31 0.1
ch-3 6.5 34.9 0.24 2.7 0.41 0.3 ch-3 6.7 33.2 0.19 3.2 0.46 0.3 ch-3 7.4 26.4 0.27 2.5 0.44 0.2
ch-4 8.4 15.7 0.17 3.5 0.60 0.4 ch-4 8.3 17.0 0.11 5.2 0.67 0.4 ch-4 9.0 9.6 0.15 4.0 0.68 0.3
ch-5 9.8 1.6 0.12 4.8 0.78 0.5 ch-5 9.7 2.6 0.08 6.7 0.83 0.5 ch-5 10.0 – 0.10 5.6 0.82 0.4
ch-6 10.0 – 0.09 6.2 0.84 0.6 ch-6 10.0 – 0.07 8.0 0.88 0.6 ch-6 10.0 – 0.08 7.1 0.86 0.5
ch-7 10.0 – 0.07 8.2 0.88 0.7 ch-7 10.0 – 0.05 11.2 0.91 0.8 ch-7 10.0 – 0.05 10.3 0.90 0.5
Effluent 10.0 – 0.06 8.3 0.88 0.7 Effluent 10.0 – 0.05 10.6 0.91 0.8 Effluent 10.0 – 0.06 9.5 0.89 0.6

C1 ch-1 7.6 61.8 4.30 1.1 0.03 0.1 C2 ch-1 7.6 62.0 0.74 1.5 0.13 0.1 C3 ch-1 11.1 44.6 2.77 1.1 0.06 0.1
ch-2 12.8 35.9 0.30 2.3 0.37 0.2 ch-2 11.8 40.8 0.18 3.4 0.42 0.2 ch-2 15.5 22.5 0.33 2.2 0.42 0.2
ch-3 15.4 23.1 0.19 3.2 0.53 0.3 ch-3 14.9 25.6 0.13 4.4 0.57 0.3 ch-3 17.9 10.4 0.21 3.0 0.60 0.3
ch-4 18.7 6.7 0.13 4.3 0.72 0.4 ch-4 17.4 12.8 0.09 5.9 0.72 0.4 ch-4 20.0 – 0.14 4.2 0.76 0.4
ch-5 20.0 – 0.10 5.6 0.82 0.5 ch-5 20.0 – 0.07 7.4 0.87 0.5 ch-5 20.0 – 0.10 5.4 0.81 0.5
ch-6 20.0 – 0.08 7.1 0.86 0.6 ch-6 20.0 – 0.06 8.9 0.89 0.6 ch-6 20.0 – 0.08 6.8 0.85 0.6
ch-7 20.0 – 0.06 8.8 0.89 0.7 ch-7 20.0 – 0.05 11.3 0.91 0.7 ch-7 20.0 – 0.06 9.0 0.89 0.7
Effluent 20.0 – 0.06 8.9 0.89 0.7 Effluent 20.0 – 0.04 11.9 0.92 0.7 Effluent 20.0 – 0.06 9.0 0.89 0.7

7
M
.
Khalekuzzam

an
et

al. |
H
ydrodynam

ic
perform

ance
of

a
hybrid

anaerobic
baffled

reactor
W
ater

Scien
ce

&
Tech

n
ology

|
in

p
ress

|
2018

C
orrected

Proof

Downloaded from https://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2018.379/484192/wst2018379.pdf
by guest
on 19 September 2018



Figure 3 | Dead space of chambers (1–effluent) of the HABR for different runs (A1–C3).
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The dead space became zero at chamber 4 only at high HRT
and temperature (20 hr and 40 �C). In addition, it became
zero at chamber 5 either at high temperature (40 �C) with

lower HRTs (5 hr or 10 hr) or at higher HRT (20 hr) with
lower temperatures (10 �C or 25 �C), whereas it became zero
at chamber 6 either at lower HRTs (5 hr or 10 hr) and/or

lower temperatures (10 �C or 25 �C). This shows that the
dead space is mainly influenced by number of chambers in
the reactor than by HRTs and/or influent temperature. As the

number of reactor chambers increases, the dead space in
the reactor gradually decreases. Hydraulic dead space tends
to occur due to stagnant eddies forming under weirs and in

corners of the reactor. The eddies effectively act as reservoirs,
into and out of which the tracer slowly diffuses. On the
C-curve, this appears as a smooth tail: the larger the hydraulic
dead space, the greater is the area of the tail (Liu et al. ).

As mentioned earlier, short circuiting is a complicated
phenomenon resulting from inadequate mixing, poor
design, density currents and channelling effect within the

reactor. Thus, it affects the reactor hydraulic performance
by producing a dead zone (Tsai et al. ). The short
om https://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2018.379/484192/wst2018379.pdf
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circuiting during all runs was calculated using Equation
(7) as presented in Table 3. The results showed that there
were short circuiting (value less than or equal to 0.3) effects

up to chamber 3 or 4, which might be due to density current
and channelling effect on the front chambers. There were
minimum effects observed in short circuiting due to vari-

ation of HRTs and feed temperatures. Overall, the results
revealed that a reactor (similar HABR configuration) with
six chambers would reduce the hydraulic dead space to

zero with no short circuiting effect under different HRTs
(5, 10, and 20 hr) and feed temperatures (10, 25, and 40 �C).

Mixing patterns and hydraulic model

Flow pattern refers to the mixing of materials, which has a
considerable bearing on the performance of the reactor,

and can be described by the dispersion index, namely dis-
persion numbers Dd (Sharma & Kazmi ). The
dispersion index and the mean residence time are entirely

independent of one another. A reactor with high mean
residence time (Cθ peak close to θ¼ 1) but high dispersion
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index would have lower solids removal efficiencies or treat-

ment efficiencies (Thackston et al. ). While designing
the reactor, it is required to have higher mean residence
time and ideal intermediate dispersion, which will ulti-

mately increase the system treatment efficiency.
By using the AD model Equation (10), the dispersion

numbers of the system were calculated as presented in
Table 3. The results showed that the dispersion numbers

for chamber 1 varied between 0.43 and ∞ (i.e. high value)
indicating a perfectly mixed system as a CSTR for all exper-
imental runs. The dispersion numbers for chamber 2 and 3

were between 0.28 and 0.52 and between 0.19 and 0.33,
respectively, which indicated large degree of dispersion
(∞�Dd� 0.2) except for 0.18 and 0.13 in chamber 2 and

3, respectively, at 20 hr HRT and 25 �C feed temperature.
The dispersion number varied between 0.04 and 0.18 from
chamber 4 to effluent sample indicating intermediate dis-
persion (0.2�Dd� 0.02) between completely mixed and

plug-flow system, which was an ideal condition for an effec-
tive treatment performance, for all experimental runs.
Figure 4(a) shows that the effects of variable HRTs and

influent temperature were mainly observed up to chamber
4 for all runs. There was no influence of dispersion numbers
observed in the floated filter media chamber 6 and 7,

since there was no adsorption effect of tracer materials
on the filter media. The ideal intermediate dispersion
Figure 4 | (a) Dispersion number of chambers (1–effluent) of the HABR for different

runs (A1–C3). (b) TIS (N) of chambers (1–effluent) of the HABR for different

runs (A1–C3).

s://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2018.379/484192/wst2018379.pdf
(0.2�Dd� 0.02) was achieved from chamber 5 to effluent

for all runs. Xu et al. () also had similar finding of
negative correlation between the degree of back-mixing
and the number of chambers in the reactor. The fluid in

the reactor gradually approached the plug-flow state with
the increasing number of chambers in the reactor.

In the TIS model, the mixing pattern is characterized by
N, which can be obtained from the reciprocal of the dimen-

sionless variance from the E-curve. At N� 3 the flow is
considered as completely mixed (Ji et al. ). The back-
mixing predicted by TIS model was similar to the back-

mixing predicted by AD model. The TIS model, which was
based on the dimensionless variance, indicated that the
first three chambers of the reactor behaved as a CSTR

(N� 3) for all runs as shown in Figure 4(b). The N varied
between 3.4 and 11.9 from chamber 4 to effluent sample
indicating intermediate dispersion condition between com-
pletely mixed (N¼ 1) and plug-flow system (N¼∞) for all

runs A1 to C3. Table 3 shows the results, where the values
of N exceeded the number of actual chambers. The
interpretation of this phenomenon was that the baffles in

the reactor inhibited back-mixing between chambers; how-
ever, significant mixing within each individual chamber
was observed (Li et al. ).

Reactor hydraulic efficiency

According to Equation (15), the hydraulic efficiency is
related to both the effective volume and the flow pattern;
hence on the one hand, it is related to the pollutant removal
efficiency of the system, and on the other hand, it is influ-

enced by hydraulic characteristics (Ji et al. ). Thus, the
hydraulic efficiency represents the ability of the system to
distribute its flow uniformly throughout its volume, maxi-

mizing the contact time of pollutant in the system, and
optimizing the ability to break down the pollutants. It is
classified as excellent hydraulic efficiency when λ> 0.75,

good hydraulic efficiency when 0.5< λ� 0.75, and poor
hydraulic efficiency when λ� 0.5. The hydraulic efficiencies
of the HABR were calculated for all different runs A1 to C3

as shown in Table 3 and Figure 5.
The hydraulic efficiencies for the first two chambers

were below 0.42 indicating poor efficiencies (λ� 0.5) for
all runs. In different feed temperatures between 10 �C and

40 �C, the chamber 3 showed good hydraulic efficiency
(0.53 to 0.60) at higher HRTs (i.e. 20 hr), but dropped to
poor efficiency (0.41 to 0.46) at lower HRTs (i.e. 5 hr or

10 hr). In addition, the chamber 4 showed excellent
efficiency of 0.76 at higher 20 hr HRT and good efficiency
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between 0.60 and 0.72 at lower 5 hr or 10 hr HRT for differ-

ent feed temperature. Excellent hydraulic efficiencies from
0.77 to 0.92 were achieved in chamber 5 through to effluent
for all conditions.
Statistical analysis

In order to find the relationship between the variables (HRT,
feed temperature, reactor’s chamber) and the hydrodynamic

responses (Vd, Pe and λ), a full factorial design analysis was
conducted using RSM. The RSM provides useful second
order (quadratic) and third order (cubic) relationships

between the variables and responses. A general form of
the quadratic equation can be expressed as following:

Y ¼ b0 þ
Xn
i¼1

biXi þ
Xn
i¼1

biiX2
i þ

Xn
i¼1

Xn
j>1

bijXiXj (16)

where Y is the response; b0 is the constant coefficient; bi, bii,
and bij are the linear, quadratic, and interaction coefficients;
Figure 5 | Hydraulic efficiency of chambers (1–effluent) of the HABR for different runs (A1–C3

om https://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2018.379/484192/wst2018379.pdf
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and Xi and Xj are the coded values of the independent vari-

ables, respectively (Sahu et al. ; Nazari et al. ). In
this study, 72 experimental data obtained from all nine runs
(A1 to C3) were analysed by RSM. Each factor was coded

at three levels between �1 and þ1, whereas the indepen-
dent factors were HRT¼ 5–20 hr, influent temperature¼
10–40 �C, and chamber¼ 1–8 (as effluent).

One quadratic model for each response was devel-

oped for the data fitting in order to quantify the
curvature effects for responses: dead space, Peclet
number, and hydraulic efficiency (Table 4). The analysis

of variance (ANOVA) results for the relevant responses
are also summarized in Table 4. Since the amount of
R-squared (R2) and adjusted R-squared (adj. R2) between

experimental and model predicted were near to each
other and close to 1.0, the fit of the models was verified.
Adequate precision (AP� 4) for all responses was demon-
strated by the range measurement of the predicted

response relative to its associated error (Pirsaheb et al.
). F-test was applied to assess the adequacy of corre-
lations. The lack of fit F-statistic was not statistically
).



Table 4 | ANOVA results for the equations and correlation values from the response surface methodology

Response
Type of
model Modified equations with significant terms F-value P-value R2 Adj. R2

Pred.
R2 CV % AP

Dead space Quadratic þ10.39� 1.21A� 2.95B� 28.82C� 0.23ABþ
1.56ACþ 4.28BC� 4.18A2� 0.63B2þ
22.98C2

221.64 <0.0001 0.9699 0.9655 0.9592 23.72 48.97

Peclet
number

Quadratic þ10.51þ 0.90A� 0.23Bþ 9.28Cþ 0.43ABþ
0.27*ACþ 0.22BC� 0.51A2� 1.51B2þ
0.63C2

107.80 <0.0001 0.9399 0.9312 0.6167 18.00 36.37

Hydraulic
efficiency

Quadratic þ0.74þ 0.028Aþ 4.003E� 003Bþ
0.408Cþ 0.012AB� 0.021ACþ 5.787E�
004BCþ 6.173E� 003A2� 0.017B2�
0.255C2

410.70 <0.0001 0.98446 0.9822 0.9772 5.28 67.17

Note: A – HRT (h), B – temperature (�C), C – chamber, CV – coefficient of variation.
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significant owing to the low P-values (<0.0005) for all

model equations.
Figure 6(a)–6(c) shows combined effects of HRT and

influent temperature on dead space along the different

chambers in the HABR. It appeared that the dead space
was primarily influence by feed temperature rather than
HRT in the first four chambers (1–4): high dead space
observed at low temperature (10 �C) and vice versa. This

temperature influence was minimized on the rear chambers
(5–7), where the dead space was influenced by both HRT
and temperature changes. It is also to be noted that the

dead space is mainly influenced by number of chambers in
the reactor. As the number of chambers increases, the
dead space decreases.

As mentioned earlier, the flow patter is often character-
ized by Pe (μL/D). At Pe� 5, the flow is considered as
intermediate mixing between large degree of dispersion

and completely mixed (Li et al. ). It was found in this
study that the mixing pattern (Pe) was significantly affected
by the feed temperature: strong back-mixing observed in
either low (10 �C) or high (40 �C) temperature, and weaker

back-mixing observed at temperature close to 25 �C
(Figure 6(d)–6(f)). However, Pe was found to be more than
5 (intermediate mixing between CSTR and plug flow) on

rear chambers (4–7) for all runs. Similar effects were
observed for hydraulic efficiencies at variable influent
temperatures (10–40 �C); however, excellent hydraulic

efficiency (λ> 0.75) was observed when HRT increased
to 20 hr (Figure 6(g)–6(i)).

Nachaiyasit & Stuckey () operated an eight-
chamber ABR at variable temperatures (15, 25, and 35 �C),
and reported that there was no or low effect on treatment
efficiencies when temperature dropped from 35 �C to
25 �C, but treatment efficiencies declined when temperature
s://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2018.379/484192/wst2018379.pdf
dropped to 15 �C. Feng et al. () also reported that the

operational temperature had strong influence on effluent
suspended solids (SS) (15 mg/L SS in effluent at 28 �C and
35–40 mg/L SS at 10 �C). In addition, Wu et al. () oper-
ated a pilot-scale ABR and membrane bioreactor combined
process for wastewater treatment for 301 days, and also
reported that the process enabled a relatively stable and
high removal performance under 25± 5 �C compared with

10± 5 �C and 35± 5 �C. Based on the Arrhenius relation-
ship, a decrease in temperature results in a decrease in the
reaction rate, and for a 10 �C drop, biological reaction

rates are expected to drop by a half (Nachaiyasit & Stuckey
). However, the treatment efficiency of the ABR in the
above studies was not dropped due to temperature variation

from 35 �C to 25 �C. Perhaps, this was because of weaker
back-mixing (intermediate dispersion between CSTR and
plug flow) that existed in the ABR at temperature close to

25 �C as supported by the finding of this study.
Figure 6(j)–6(l) presents a good convergence between the

actual and the predicted values for all responses (Vd, Pe, λ),
suggesting that the actual values are distributed relatively

close to the straight line (y¼ x). A reasonable agreement
between R2 values and adj. R2 values for all responses (Vd,
Pe, λ) (less than 0.02) indicates the good consistency between

predicted and actual values of the RSM assessment.
Overall, the results indicate that the reactor perform-

ance is greatly influenced by the number of chambers in

the reactor rather than HRT and influent temperature. The
influence of HRT and feed temperature was mainly observed
on the front (1–4) chambers rather than rear chambers
(5–7). The optimum reactor performance – low dead space

(<10%), excellent hydraulic efficiency (λ> 0.75), and inter-
mediate mixing pattern (Pe> 10) – can be achieved using
the proposed HABR with more than five chambers.



Figure 6 | Contour plots of the interactive effect for Vd (a–c), Pe (d–f), and hydraulic efficiency (g–i); actual vs predicted for Vd (j), Pe (k), and hydraulic efficiency (l).
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CONCLUSION

A HABR was proposed with improved design principles,

consisting of a front sedimentation chamber and four regu-
lar baffled chambers, followed by two floated filter media
chambers. Tracer experiments were conducted for the
RTD study in order to evaluate the effects of operating vari-

ables: 5–20 hr HRT, and 10–40 �C influent temperature. In
addition, a full factorial design analysis was conducted
using RSM to determine their interactive effects on the

hydrodynamic responses: dead space, Peclet number, and
hydraulic efficiency of the HABR. The study suggests that
reactor hydraulic behaviour is primarily influenced by the

number of chambers rather than HRT and influent tempera-
ture. The feed temperature and HRT mainly affects the front
chambers (1–4) rather than rear chambers (5–7). The pro-

posed HABR was found to achieve optimum reactor
performance with more than five chambers.
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