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ABSTRACT

This research investigates the hydrodynamic characteristics of a 6-liter and 8-compartment anaerobic
baffled reactor (ABR) including dead volumes, short-circuiting, and reactor’s flow regime. Maximum
dead volume was approximately 11% of total volume while the short-circuiting was not considerable.
The minimum number of reactor’s equivalent tanks in series (TIS) was estimated to be 10. The lowest
hydraulic efficiency was 80%. The reactor’s performance was similar to that of the ideal plug flow
reactors, due to its large number of compartments. In addition, the minimum plug flow volume was
about 78% of total reactor volume. For better assessment of the flow regime, the “plug flow index”
(PI) was proposed and the reactors were classified based on this index. Since PI was more than 0.75,
the reactor was classified in the category of “Plug Flow Reactors”. Variations in a number of envi-
ronmental parameters such as temperature, dissolved solids, and suspended solids were considered.
The results showed that a decrease in temperature and addition of high amounts of dissolved solids
make the reactor an ideal plug flow reactor while suspended solids do not change the flow regime.
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1. Introduction In addition, due to the necking under the curved blade,
The anaerobic baffled reactor (ABR) is defined as an flow velocity increases considerably in this section. Con-

upflow anaerobic sludge blanket (UASB) compartmental- sequently, if the rrllatejrlals. 1n51d§ the upward section set-
. . . . tle, the high velocity in this section prevents any possible
ized with baffles. Sludge is suspended in the upward sec- :

; ; . . ) obstruction.

tion, and this reactor is capable of treating wastewaters with

hieh ic loads. Th t d 1 Some studies have been conducted on anaerobic baffled
187 O1gaiiuc 0ads. The Teactor procuces Very 'ow excesS  reactors from the hydrodynamic point of view. A research
sludge and does not require a final sedimentation tank [1].

The function of ABR is based on reactor hydrodynamics studied' the hydrau}ig unsteady flow .and its effect on hydro-
and its physical structure is designed such that flow direc- dy(rilamlg characte(?stlcs of an ABRkw31thIthree C;)lmpartcrlnerlts
tion and velocity sequentially change inside the reactor. and a primary Se 1mentat10r} tz.;m [3]. In another study [4],

. N . L the hydrodynamic characteristics of two ABRs, namely the

The high flow velocity in the downward section eliminates 1 folded ol d th ite folded bl
the possible sediments or the hydraulic channelization P onc foded p ate reactor and the opposite folded plate
p Y . , reactor, were studied and compared. Flow hydrodynamics
phenomenon and prevents the decrease in reactor’s effec- was examined in a modified ABR with four compartments

tive volume. The end of each compartment splitting blade ith diff t di - 51. Also. th P ¢
has a 45° flexure to conduct the flow into the reactor’s cen- Wi HHerent dimensions [5]. Also, the performance of an
tral 4 hich all P bett tact bet th ABR used for landfill waste leachate treatment was evalu-
r:ssli:)nar i;:;’telvfla tZr (;Vr\{csi tire aexi: tire1r Cr?l?craocor Eazrgserflrsl [Z]e ated with different values of hydraulic retention time (HRT)
p & & & * [6]. In a recent essay, various reactors of equal effective vol-
ume were adopted to investigate the flow patterns of the
*Corresponding author. ABR. Its results showed that an increase in ABR compart-
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ments resulted in the decrease in back-mixing, which made
the fluid in the reactor reach a plug flow state [7]. Despite
the significance of studies on the hydrodynamics of ABRs,
they pale compared to the works conducted on biological
processes [8,9]. Moreover, in most of these studies, reactors
with fewer compartments were studied. Hence, further
investigations are necessary on the hydrodynamics of these
reactors, especially with more compartments.

A reactor with a large number of compartments was
used in this research and its hydrodynamic characteristics
were studied. The dead space, plug flow, and completely
mixed volumes inside the reactor, short-circuiting, and
hydraulic efficiency are indices considered in this research.
The reactor’s flow regime, which plays an important role
in the operation of the reactor, is discussed in this work.
To assess flow regime, the tanks in series (TIS) and axial
dispersion (AD) models were used, followed by examin-
ing the conformity of the models’ results to experimental
results. The AD model is sensitive to boundary conditions
when the dispersion is high and using improper bound-
ary conditions results in deceptive conclusions. Since this
point has not been considered precisely in previous simi-
lar studies,the focus of this work is on the importance of
applying proper boundary conditions and also the con-
sequents of using incorrect boundary conditions. Due to
the lack of a comprehensive and comparative criterion to
exact compare of flow types inside reactors, “plug flow
index” was introduced for better classification of reactors’
flow regime. The effects of actual flow conditions and their
variations on hydrodynamic parameters with changes in
fluid temperature, solutes, and suspended solids content
were also investigated.

2. Materials and methods
2.1. Reactor specifications

A laboratory scale reactor with 8 compartments and a
total volume of 6 L was used in this research. Each com-

a

partment of the reactor was divided into the upward and
downward sections (Fig. 1a). The length (and volume) of
the upward section was 3 times the length (and volume) of
the downward section [10].

2.2. RTD study

In this research, Rhodamine B was used as a tracer and
then the retention time distribution (RTD) curve (Fig. 1b)
was prepared. The mean retention time and variance were
calculated for each curve using Eq. (1) and Eq. (2), respec-
tively. Moreover, the normalized curve parameters were
also calculated using Egs. (3)-(6) [11]:

fe= M M
[c(r)ar
o j:(t—ic)zc(t)dt _ [ pc(t)ar NE @
Jc(rar Jc(rar
- ﬁ ®)
C(t
c(6)= C( ) 4)
0= HZ1;T ©
ol = ‘: (6)

In the above equations, ¢ is time, HRT is the theoreti-
cal hydraulic retention time, 6 is normalized time, C(t) is
the concentration at time ¢, C is nominalized concentration
(which equals the mass of injected Rhodamine divided by

Upflow Section

Chamber Divider Baffle

Fig. 1.(a) Schematic of studied reactor and (b) Tracer injection into the reactor.
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reactor volume), and C(0) is the normalized concentration
at the normalized time 0. In addition, 6 denotes the reac-
tor’s normalized retention time and o} is the normalized
variance.

2.3. Determining hydrodynamic indices

The reactor’s effective and dead volumes are calculated
by Eq. (7) and Eq. (8), respectively [3]. The short-circuiting
is defined by Eq. (9) [11], where SCI represents the short-cir-
cuiting index and t,is the time at which the first output
tracer is observed.

R 7)
HRT
Vd
Zd _1_ 8
i e 8)
t.
SCI=—i_ 9)
HRT

To detect the non-ideal flow regime in reactors, two
tanks in series (TIS) and axial dispersion (AD) models are
used. TIS and AD models are shown in Eq. (10) and Eq. (12),
respectively [12,13].

N
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In the above equations, 6 is normalized time, C, is the
normalized concentration at the time 0, N indicates the
number of TIS, D is axial dispersion coefficient, u is flow
velocity, L is the characteristic length, and Z is the normal-
ized length, which equals the length traveled by the flow at
the time 6 divided by reactor’s length. Moreover, D/uL (=
d) is dispersion number and is estimated by Eq. (13), where
Pe is Péclet number and equals to the inverse of dispersion
number (Pe =1/d = uL/D).

For dispersion numbers bigger than 0.01, the solution to
the differential Eq. (12) depends on the reactor’s boundary
conditions. If plug flow exists outside a boundary (D = 0)
and flow disperses immediately within the boundary, the
boundary is called a closed boundary. If the flow disperses
equally inside and outside the boundary, the boundary is
considered open. By solving the differential Eq. (12) for
open boundaries, the following equation is obtained [12].

(1-6) 1

" 40(D / ul)

p (14)

(¢]

O

The solution to the dispersion equation is more com-
plicated for closed boundaries. For that type of reactors,

applying the boundary conditions of Eq. (15), the solution
is converted to Eq. (16) [14].

aC
C .., — =0
x—0 ( ax )x_”d

where C is concentration, C, is the concentration in upstream
the input boundary, x is the distance from the inlet of the
reactor, L is the reactor length, and ¢ is time.
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where o is the n-th root of the following transcendence
equation:
20

tano = ——

e (17)

Those portions of the reactor in which the plug flow and
completely mixed occur are calculated using Eq. (18) and
Eq. (19), respectively [15]. Hydraulic efficiency as another
reactor’s hydraulic characteristic was investigated using
Eq. (20) [16]:

v )
- )
A= e(l—%) (20)

In the above equations, 8 , shows the peak time of the
= . p(,'[l . . .
RTD curve, 6 is the mean retention time, V is the plug
flow volume, V' is the completely mixed volume, V, is the
reactor’s dead volume, V is the total reactor volume, A is
hydraulic efficiency, e is reactor’s effective volume, and N is
the number of tanks in series.

3. Results and discussion
3.1. Determining hydrodynamic indices

RTD curves are shown as solid lines in Fig. 2 for dif-
ferent times. Moreover, Table 1 presents the theoretical and
experimental retention times for the resulting RTD curves.
The differences between the theoretical and experimental
retention times are caused by numerous factors such as the
development of dead spaces.

Based on the calculated reactor’s dead and effective
volume values (Table 1), it could be stated that a consid-
erable percentage of the ABR’s volume is effective, and
only a small portion is considered as hydraulic dead space
(11% maximum). Grobicki and Stuckey [17] and Renuka
et al. [18] also reported a very small hydraulic dead space
for ABR (less than 8% and 15%, respectively). The larg-
est dead space belongs to the retention time of 110 min,
which accounts for 11% of the reactor’s volume. A small
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Fig. 2. Experimental RTD curves, AD model and TIS model for various HRTs (a: 93 min, b: 110 min, c: 180 min, d: 248 min, e: 284
min, f: 332 min, g: 366 min). The solid lines refer to experimental RTD curves, the dashed lines refer to AD model, and the dot lines

refer to TIS model. C(0): normalized concentration; 0: normalized time.

dead space is observed at other retention times that can be
attributed to the uniform flow distribution inside the reac-
tor. In general, it could be concluded that with a decrease in
retention time and an increase in flow velocity (and Reyn-
olds number), the hydraulic dead space increases. Other
researchers have also obtained similar results [4,18,19,20].

However, there seems to be no exact relationship between
retention time and dead space. Grobicki and Stuckey [17]
also reported a similar finding. Since the dead space is
small and the theoretical and experimental retention times
are similar, the ABR’s actual and design retention times
are almost conforming.
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Table 1
Resulted indices for various HRTs

HRT (min)  { (min) o7 e (%) V,(%) SCI

93 83.45 0.07757 8993  10.07  0.527
110 97.74 0.09869  88.86  11.14 0.409
180 17790  0.08877 9883 117 0.45

248 23994 009797 9675  3.25 0.333
284 292.02  0.09917  102.82 - 0.342
332 32700 010360 9850  1.50 0.252
366 34671  0.08323 9473 527 0.389

HRT: hydraulic retention time; EC: mean retention time; 05:
normalized variance; e: effective volume; V,: dead volume; SCI:
short-circuiting index.

Short-circuiting is an important factor contributing to
the low hydraulic efficiency [21,22]. The short-circuiting
decreases as the short-circuiting index tends to 1, it rises
when the index tends to 0, and its values below 0.3 shows
a considerable short-circuiting [3]. Based on this number,
it could be stated that a considerable short-circuiting only
occurs at the 332-min retention time (Table 1). Similar to the
dead volume, there is not a precise relationship between
the short-circuiting index and the reactor’s retention time,
but it seems that the SCI generally decreases as the reactor’s
retention time grows.

3.2. Investigation of TIS and AD models

The number of equivalent tanks in series at differ-
ent retention times is presented in Table 2. Considering
these values, the distribution curve for tanks in the series
model (dot lines in Fig. 2) can be created for each reten-
tion time. According to Fig. 2, it could be stated that the
TIS model is generally suitable for assessing the behavior
of the ABR, especially in higher retention times. Sarathai
et al. [3] also considered TIS model as an appropriate
model for ABR.

With an increase in the reactor’s retention time, con-
formity of this model to the experimental results increases.
Hence, at 284, 332, and 366 min retention times, these two
curves almost coincide. However, as shown in Fig. 2b, this
model seems to be unsuitable for asymmetric curves.

Based on Table 2, the number of tanks in series does
not change considerably with a change in the retention
time and thus it is independent of the retention time.
Then, the flow regime of ABR is not dependent on HRT.
This result is contrary to the opinion of Renuka et al.
[18]. By averaging the number of tanks in series, this
value becomes 10.89. Considering the higher compliance
with the last three retention times, the number of tanks
is 10.58. This value is 1.32-fold larger than the number
of the reactor’s compartments, and thus this conclusion
complies with the findings reported by Sarathai et al. [3],
who calculated the number of tanks in series to be 4 with
a reactor containing 3 compartments. In some studies, the
number of tanks in series is assumed to be approximately
equal to the number of ABR compartments [17,23]. As a
result, the number of tanks in series and subsequently

Table 2
Number of equivalent tanks in TIS model and dimensionless
numbers of AD model for various HRTs

HRT (min) N d Pe

93 12.89 0.040 247
110 10.13 0.052 19.2
180.2 11.27 0.047 21.5
248 10.21 0.052 194
284 10.08 0.052 191
332 9.65 0.055 18.2
366 12.01 0.044 229

N: the number of tanks in series; d: dispersion number; Pe:
Péclet number.

the flow regime type of reactor depends on the number
of compartments.

Table 2 shows the Péclet and dispersion numbers for
different retention times. Accordingly, they all have high
dispersion contents (d > 0.01) and the dispersion equation
for the high-dispersion state with closed boundaries needs
to be solved. Also, the Péclet and dispersion numbers are
not considerably different and are almost unchanged at dif-
ferent retention times.

Fig. 2 (dashed lines) compares the axial dispersion
model with experimental distribution curves. According to
this figure, the axial dispersion model is relatively suitable
for the anaerobic baffled reactor. In particular, compared
to the TIS model, this model shows better conformity with
lower retention times. However, similar to the TIS model,
this model is not suitable for the assessment of asymmetri-
cal distribution curves either (Fig. 2b). In this regard, Leven-
spiel [12] holds the same belief.

Considering the openness or closeness of reactor bound-
aries precisely and solving the dispersion equation based on
suitable boundary conditions are highly important, because
misleading solutions will be obtained by solving the equa-
tion based on improper boundary conditions. To explain
this issue, the results of this research were compared to the
study by Sarathai et al. [3]. The aforementioned researchers
express that the AD model does not suite anaerobic baffled
reactors. They also asserted that the output of the AD model
is more symmetrical than the experimental curve and under-
estimates dispersion content as compared to experimental
results. The main weakness of this model is reported to be
the late emergence of the curve’s peak as compared to the
experimental curve. As a result, the overestimation of the
mean retention time of AD model may occur [3].

As opposed to findings by Sarathai et al. [3], results
of the present study not only introduce the AD model as
an almost suitable model but also suggest that the mod-
el-produced curve’s peak time nearly equals that of exper-
imental curve’s peak time with a small deviation. The
difference between the model-produced and experimental
curves’ peak times in the present study is very slight and
almost negligible as compared to the research by Sarathai
etal. [3].

The reason for the difference between results of
these two studies is that Sarathai et al. [3] assumed open
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Fig. 3. Misleading conclusions brought about by open assumption of reactor’s boundary conditions (a: 180 min, b: 248 min). The
Solid lines refer to Experimental RTD curves, the dashed lines refer to closed boundaries assumption (correct) and the dot lines

refer to open boundaries assumption (incorrect).

boundaries and solved the dispersion model for open
boundary conditions, while the ABR is a reactor with
closed boundaries.

In Fig. 3, the experimental curve is plotted along with
the resulting curve from the equation solved for closed
boundaries (as assumed in this research) and the resulting
curve from the equation solved for open boundaries (as
assumed by Sarathai et al. [3]) at 180 and 248-min reten-
tion times. According to Fig. 3, the curve obtained for the
reactor modeled with closed boundaries almost conforms
to the experimental curve. While the curve obtained with
the open boundaries does not comply with experimental
results. Moreover, the curve peak time for the open bound-
aries is bigger than the experimental peak time, which com-
plies with findings of Sarathai et al. [3]. However, this result
is misleading and is obtained because the reactor’s bound-
aries, which are actually closed, are assumed to be open.
If the boundary assumption is made correctly, the model’s
curve and the experimental curve will conform.

3.3. Determining the flow regime of reactor

The flow regime type of the reactor is determined using
the number of equivalent tanks in series or the dispersion
number. If the dispersion number moves toward infinity
or if the number of tanks is close to 1, the reactor becomes
more similar to a completely mixed reactor; however, if
the dispersion number moves toward zero and the num-
ber of tanks moves toward infinity, the reactor becomes
more like a plug flow reactor. In addition, in case the TIS
model is used, if the number of tanks is smaller than or
equal to 3, the dispersion is assumed to be high. In the AD
model, the Péclet number of 5 is considered as the threshold
value, below which a considerable dispersion is seen [24].
In view of these criteria and values presented in Table 3,
ABR demonstrates low dispersion using both models and
tends to be a plug flow reactor. Moreover, the reactor’s flow
regime is not related to its hydraulic retention time. Fig. 1b
depicts the tracer experiment in this research. Dispersion of
the tracer in the upward and downward sections is evident
in this figure. Considering the uniform distribution of the

Table 3
Plug flow index, plug flow and completely mixed volumes and
hydraulic efficiency for various HRTs

HRT (min) PI(TIS) PI(AD) V,(%) V, (%) A(%)
93 092 092 8563 430 8295
110 0.90 091 7775 1110 80

180.2 091 091 8994 878 90

248 090 091 8752 923 87.27
284 090 091 9246 1036  92.62
332 090 090 8830 1019  88.29
366 092 092 88.67 605  86.84

PI: plug flow index; V,: plug flow volume; V, : completely mixed
volume; A: hydraulic efficiency.

tracer in the downward section, it could be stated that this
section significantly contributes to the plug nature of the
flow. A recent study also confirmed this conclusion [5].

The above-mentioned categorization of flow types is
incapable of an exact comparison between two plug flow
(or two completely mixed) reactors. In this paper, to pro-
vide a better understanding and comparability of reactor
flow types, the “plug flow index” was proposed in the form
of Eq. (21) and Eq. (22) for the TIS and AD models, respec-
tively.

N-1

Pl = (21)

[ = 1 Pe
1+2d Pe+2

(22)

In the above equations, P is the plug flow index, which
varies between zero and one. Moreover, N, d, and Pe are the
number of equivalent tanks in series, dispersion number,
and Péclet number, respectively.

Based on the mentioned index, reactors are classified
into the following three categories:
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A) Plug flow reactors (PI > 0.75)
Reactors of this group perform in a very similar man-
ner to ideal plug flow reactors, and the existing flow
in these reactors can be considered as plug type. If N
>4 or Pe > 6 or d < 0.167, the reactor is considered to
be a plug flow reactor.

B) Intermediate reactors (0.5 < PI <£0.75)
The performance of these reactors is between ideal
completely mixed and ideal plug flow reactors. In
other words, the flow is not exactly similar to or dif-
ferent from each of them. If N=3and 4 or2 < Pe<6or
0.167 <d < 0.5, the reactor is an intermediate reactor.

C) Completely mixed reactors (PI < 0.5)
Characteristics of flows in these reactors are very
similar to those of flows in the ideal completely
mixed reactors with a high dispersion. In this regard,
if N=1and 2, or Pe <2 or d > 0.5, the reactor is a
completely mixed reactor.

The plug flow indices for the TIS and AD models at dif-
ferent retention times are shown in Table 3. Based on this
table, the anaerobic baffled reactor used in this study is a
plug flow reactor with a high PI index (higher than 0.9).
Also, the volume in which the reactor acts as a plug flow

2.5 1
2 4
~15 1
D
~—
U 1 .
05 A
0
0.00
a
1.8 4
16 4

reactor is much more than the volume supporting the com-
pletely mixed characteristics.

According to Eq. (20), as the number of reactor’s equiv-
alent tanks in series grows, a better efficiency is yielded. In
other words, the reactor’s efficiency increases as the reactor
becomes more similar to an ideal plug flow reactor; which
is among the advantages of plug flow reactors. A hydraulic
efficiency value larger than 0.75 is considered to be a high
efficiency [24]. Therefore, according to Table 3, the reactor
yields high efficiency in all retention times.

3.4. Analysis of actual fluid conditions

The effect of temperature, dissolved solids, and sus-
pended solids was investigated to analyze the actual flow
conditions. The HRT was 180 min (as a typical HRT) in all
experiments and the results are presented as follow.

3.4.1. Effect of temperature

Fig. 4a shows the RTD curves at 10 and 30°C tem-
peratures along with the experimental curve obtained at
room temperature (22°C). According to the figure, with an
increase in temperature, the curve distribution expands
more and the curve becomes less similar to that of a plug
flow. According to Table 4, the number of equivalent tanks

1.8 - ——DS=0my/l
16 4
- — - DS=1000 mg/l
14 A
=] Ny e DS=20000 mg/I
o 11
—
U 0.8 A
0.6
0.4 A1
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Fig. 4. The effects of circumstances variation on RTD curves. a: The effect of temperature (T is temperature), b: The effect of dis-
solved solids (DS is dissolved solids), c: The effect of suspended solids (SS is suspended solids).
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Hydrodynamic characteristics of ABR in various temperatures and HRT = 180 min

Temp (°C) Z‘c (min) (53 e (%) V., (%) SCI N A (%) Pe d PI (TIS) PI (AD)
10 177.8 0.03543 98.78 1.22 0.585 28.22 95 55.43 0.018 0.96 0.96
22 1779 0.08877 98.72 117 0.45 11.27 90 21.48 0.047 091 091
30 178 0.1867 98.89 111 0.382 5.36 80 9.6 0.104 0.81 0.83
Table 5
Hydrodynamic characteristics of ABR in various dissolved solids and HRT = 180 min
DS (mg/) ZC (min) (55 e (%) V., (%) SCI N A (%) Pe d PI (TIS) PI (AD)
- 1779 0.08877 98.72 1.28 0.45 11.27 90 21.5 0.047 091 091
1000 177.74 0.09252 98.75 1.25 0.439 10.81 90 20.57 0.049 091 091
20000 17714 0.06043 98.41 1.59 0.44 16.55 92 32.06 0.031 0.94 0.94
Table 6
Hydrodynamic characteristics of ABR in various suspended solids and HRT = 180 min
TSS (mg/) ZC (min) e (%) V. (%) SCI N A (%) Pe d PI (TIS) PI (AD)
- 1779 98.72 1.28 0.483 11.27 90 21.5 0.047 091 091
5000 215.45 - - 0.511 11.1 - 21.15 0.047 0.92 091

in series and the Pécet number decrease considerably and
the dispersion number increases with rising temperature.
This result shows the reactor’s tendency to become a com-
pletely mixed reactor. The number of equivalent tanks in
series reduces more than 5 times with a 20°C increase in
temperature. The plug flow index (PI) also declines con-
siderably with a rise in temperature, which shows the
reactor’s tendency to become a completely mixed reactor.
As temperature changes from 22 to 30°C, the number of
equivalent tanks in series decreases and hydraulic effi-
ciency declines by 10%. However, as temperature drops
from 22 to 10°C, hydraulic efficiency grows by 5%. It
seems that the reactor’s flow type tends to be similar to an
ideal completely mixed reactor and dispersion increases
with the increase in temperature. This behavior could be
explained by the increasing movement of fluid molecules.
This result is contrary to that reported by Langenhoff and
Stuckey [23], who believed the reactor tends to be a plug
flow reactor with an increase in temperature. The time of
tracer’s first appearance at the reactor’s outlet as well as
the curve peak time decreased with increasing temperature
(Fig. 4a), but the mean retention time remained unchanged
with temperature fluctuations (Table 4). The decrease in
the first tracer outgoing time with increasing temperature
reflects a decrease in the SCI and an increase in the prob-
ability of short-circuiting. Since the mean retention time
remains constant, the reactor’s effective and dead spaces
also remain unchanged. Hence, it could be concluded that
reactor’s dead volume is not related to fluid temperature.
This conclusion is similar to the finding by Langenhoff
and Stuckey [23]. As a practical result, the decrease in tem-
perature negatively affects the reactor’s performance due
to its adverse effects on microorganisms’ performance. In
comparison, the hydrodynamic indices are improved as

temperature drops, and this outcome may somewhat com-
pensate for the negative effects.

3.4.2. Effect of dissolved solids

To simulate the effect of dissolved solids on the flow,
solutions with 1000 and 20000 mg/L concentrations were
tested. The related RTD curves are depicted in Fig. 4b
along with the curve for water without solutes. Obviously,
only considerable changes in solutes content influence the
reactor’s flow regime. Concerning changes of mean reten-
tion time, dead and effective spaces, and the SCI (Table 5),
it could be stated that the values showed no significant
changes in any of the above states. Hence, a considerable
increase in dissolved solids drives the reactor toward ideal
plug flow reactors, while other reactor hydrodynamic indi-
ces are not affected by solutes.

3.4.3. Effect of suspended solids

Fig. 4c shows a comparison between RTD curve of
suspended solids with a concentration of 5000 mg/L
and the curve for water without suspended solids (pota-
ble water). It has to be noted that an experiment with a
suspended solids concentration of 250 mg/L was also
carried out, but it was omitted from the diagram due to
lack of major changes in the resulted curve. The curve
for the water sample with suspended solids does not
significantly differ from the potable water curve except
that it is transferred to the positive side of the time axis.
Due to the curve distribution and a constant variance,
the flow regime remained invariant (Table 6). Moreover,
after adding the suspended solids, a delay was observed
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in tracer outgoing from the reactor, suggesting a decrease
in the short-circuiting probability.

4. Conclusions

The largest dead space obtained in this research was
about 11%.The hydraulic dead space decreases with the
increase of retention time.

In most of the test times, no considerable short-circuit-
ing was observed. However, this phenomenon should
be noticed especially at higher retention times.

The reactor applied in this work is highly similar to
plug flow reactors. The reactor’s flow regime depends
on the number of compartments but not depends on the
hydraulic retention time. In addition, the reactor could
be modeled using the TIS and AD models with a satis-
factory approximation.

The hydraulic efficiency of this reactor was high for all
test retention times. This high efficiency is the result of
the small hydraulic dead space and a large number of
equivalent tanks in series.

Temperature changes do not influence the reactor’s
effective and dead volumes. However, the probability
of occurrence of short-circuiting grows and reactor’s
hydraulic efficiency drops with a rise in temperature.
In addition, the flow regime becomes similar to the
completely mixed flow regime with an increase in
temperature.

Presence of considerable amounts of dissolved solids
in the reactor’s passing flow can lead the reactor to
plug flow types. Also, the presence of solutes does not
affect the reactor’s dead space and the short-circuiting
is not related to the solutes content. Finally, although
the presence of suspended solids does not influence the
flow regime, it reduces the probability of occurrence of
short-circuiting.
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Symbols

) — Normalized time

0 — Normalized mean retention time
Bpmk — DPeak time of the RTD curve

6,  — Normalized variance

A — Hydraulic efficiency

G, — Normalized concentration at time 0
C o Concentration at time t,

C — Concentration

G, — Nominalized concentration

C, — Concentration in upstream the input boundary
D  — Axial dispersion coefficient

e — Reactor’s effective volume

HRT — Hydraulic retention time (theoric)

L
N
Pe
PI
SCI

LT

~ I
o

3 ‘s

N < << <=

19

Length

Number of tanks in series

Péclet number

Plug flow index

Short-circuiting index

Time

Time at which the first output tracer is observed
Mean retention time

Flow velocity

Total reactor volume

Reactor’s dead volume

Completely mixed volume

Plug flow volume

Distance from the inlet of the reactor
Normalized length
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