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Abstract

A one-dimensional model for the spatio-temporal variation of solids fraction in the blanket considering both the

hydrodynamic dispersion and the convection effects was proposed in this study. The model equation was a wave

equation whose solution presented shock-wave like characteristic. The model output predicted that the distribution of

the solids fraction in the blanket would, firstly, evolve to a uniform distribution at a lower solids fraction. Afterward,

the blanket would compact itself to another uniform distribution at a higher solids fraction. Experimental works with

synthetic raw water coagulated with PACl suspended in a lab-scale suspended bed confirmed the theoretical predictions.

The solids flux plot was constructed with underdosed, optimal and overdosed suspensions. Change in coagulant dose

would affect the blanket height and the response time. The solids flux curve was shifted accordingly. The ‘‘optimal’

operational condition for the upflow suspended bed that produced the lowest effluent turbidity was identified and

discussed.

r 2003 Elsevier Ltd. All rights reserved.

Keywords: Blanket; Flocculation clarifier; Model; Experiment; Solids flux
1. Introduction

Flocculation clarifier has been widely used in clean

water production since being introduced in the 1930s.

Owing to their more efficient flocculation and better

chance of making solid contacts, flocculation clarifiers

can deal with a surface loading two to three times higher

than conventional coagulation–sedimentation basins

[1–4]. The Taiwan Water Supply Corporation (TWSC)

installed flocculation clarifiers for drinking water pro-

duction in the early 1990s, and flocculation clarifiers

now supply over 70% of Taiwan’s drinking water. The

floc blanket acts as both a particle coagulator and a

filter, and thus is essential for clarifiers to produce

quality drinking water.

The settling velocity of the coagulated flocs and the

assigned upflow velocity control the blanket stability

[5,6]. Stringent operational control is required to prevent
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sludge washout from the clarifiers [7]. However, the

clarifiers used in Taiwan experienced frequent blanket

carryover, indicating an unstable operation subjected to

fluctuations in raw water quality. For instance, as Chen

et al. [8] reported, the Ping–Tsan Water Works of

TWSC located at northern Taiwan, which treated water

using eight flat-bottom blanket clarifiers at a rate of

300,000–400,000m3 d�1 and used polyaluminum chlor-

ide (PACl) as the coagulant, completely lost its blanket

during low-turbidity period. Chen et al. [9] hypothesized

that the observed unstable blanket might be attributable

to part of the organic matters existing in raw water that

deteriorated the blanket. Lin et al. [10] indicated that the

interactions between particles in blanket could be

weakened by the presence of the humic acid in the raw

water.

Ives [11] proposed a model for particle removal in the

clarifier. This model nonetheless overestimated the

particle removal efficiency of the clarifier and predicted

an unrealistic solids concentration distribution in the

blanket. Could [12] modeled the blanket by assuming

that the change in blanket height H (m) is controlled by
d.
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Fig. 1. The blanket model under investigation.
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the upflow velocity U (mh�1) and the settling velocity

Vsett (mh
�1)

dH

dt
¼ U � Vsett; ð1Þ

where t represents the process time (h). Apparently, if

the blanket concentration were spatially uniformly

distributed, Eq. (1) simply represents the mass balance

of the particles in the blanket if the floc concentration

does not change with the upflow velocity. Gregory et al.

[5] commented that the removal rate of particles entering

the clarifier depends upon the solids concentrations in

the blanket. Hence, based on Could’s model, Head et al.

[6] modeled the removal of particle entering the blanket

by applying the solids flux theory as follows:

L
dX

dt
¼ UðXi � X Þ � ðkfl � cHX þ vsX Þ; ð2Þ

where L (m) is the tank height, Xi (mg l
�1) the inlet

particle concentration, c (mg l�1) the floc concentration

in blanket, vs (mh
�1) the settling velocity of the primary

particles, kfl (h
�1) the flocculation factor, and z (m) the

upward coordinate. Notably, the concentration c is not

the concentration of dried solids, while the settling

velocity vs is not Vsett in Eq. (1). This model assumed

that the blanket is a perfectly mixed tank reactor. By

assuming certain correlations between the floc concen-

tration and the settling velocity Vsett, the time variation

of particle concentration X could be simulated numeri-

cally by solving Eqs. (1) and (2).

Head et al.’s model assumed a completely mixed

blanket. As Chen et al. [13] reported, when blanket

carryover occurred at the reduction in coagulant dose, a

concentration ‘‘wave’’ was emerged from the tank

bottom and moved upward. This occurrence yielded

complete loss of the existing blanket, and suggested that

the blanket model must account for the spatial distribu-

tion of solids fraction. Such an analysis does not exist in

pertinent literature to the authors’ knowledge.

In-depth understanding to the blanket dynamics in

the flocculation clarifier is essential to better control of a

stable blanket with satisfactory particle removal effi-

ciency. We herein analyzed a batchwise, upflow

suspended bed with a blanket suspended in an upflow

stream. Firstly, a one-dimensional model describing the

spatio-temporal distribution of solids fraction in the

blanket was proposed. Then experiments were con-

ducted to verify the model prediction. According to the

theoretical findings and the experimental data, the solids

flux plot was constructed with underdosed, optimal and

overdosed suspensions. The ‘‘optimal’ operational con-

dition for upflow suspended bed was proposed in the

text.
2. The blanket model

Fig. 1 schematically presents the system under

investigation. The counterbalance between the buoyant

weight of individual flocs (acting downward) and the

hydrodynamic drag force induced by the upflow stream

(acting upward) controls the blanket’s stability. A

simplified, one-dimensional model for the spatio-tem-

poral variation of solids fraction in the blanket

considering both the hydrodynamic dispersion and the

convection effects could be stated as follows [13]:

@C

@t
¼ D

@2C

@z2
�

@C U � Vsett C;AVI ; df ;?
� �� �
@z

; ð3Þ

where C (dimensionless) is the solids fraction; D

(m2 h�1) is the effective diffusivity of flocs in the blanket;

and t (h) is the process time. By doing so, the

interactions between individual particles and the flocs

were lumped into the settling velocity Vsett, which

depends upon the solids fraction, the floc volume

(AVI), the floc size, and many other process parameters.

The term ‘‘solids fraction’’ (C) adopted here is deter-

mined using weighing and drying, which differs from the

‘‘floc concentration’’ used by Gregory et al. [5], with the

latter indicating the volume fraction of sediment after

30-min setting. Field observation normally revealed a
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rather uniform distribution of solids fraction within the

floc blanket [6]. In addition, at steady-state operation,

the blanket surface presented as a distinct surface from

the clear supernatant. These observations suggested a

negligible dispersion effect in the normal operation of

clarification blanket process. At D=0 limit, the no-

dispersion approximation, Eq. (3) becomes a wave-

equation as follows:

@C

@t
þ

@ C U � Vsett Cð Þð Þð Þ
@C

� �
@C

@z
¼

@C

@t
þ vðCÞ

@C

@z
; ð4Þ

Eq. (4) has a shock-wave solution. v(C) (mh�1) in

Eq. (4) is the characteristic velocity determined by the

partial differentiation of the difference in solids fluxes

(CU�CVsett). Therefore, the flocs existing at z=zi and
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Fig. 2. Solids fluxes versus solids fraction plot. (a) The

settling flux and the upflow flux curves. (b) The difference

between settling and upflow solids fluxes. (c) The derivative

of part (b), equivalent to the characteristic velocity of

the investigated system. Vsett=�9.04C2+0.08C+2.88,

Ucrit=3.1m/h, U=1.25m/h. The concentration distribution

for part (c) is C=0.163z�1.
t=ti would move upward or downward with a velocity

of v(C), following the trajectory stated as follows:

z ¼ zi þ vðCðzi; tiÞÞt; ð5Þ

where C(zi, ti) is the floc concentration at z=zi and t=ti.

The arbitrarily distributed flocs at t=ti would evolve

according to the travel velocity of v.

Fig. 2a schematically presents the typical solids flux

curves in the suspended bed with Vsett as an empirical

correlation of solids fraction,

Vsett=�9.04C2+0.08C+2.88, as an illustrative exam-

ple. The settling flux (CVsett) would be zero at small or

large C limit, with a local maximum occurred at

C=Cmax (mg l
�1). The upflow flux is a straight line in

Fig. 2a of slope U. Then the difference in solids fluxes

and its slope could be demonstrated in Figs. 2b and c,

respectively. (In Fig. 2c, the spatial distribution of solids

fraction is taken as C=0.163z�1 for illustration pur-

pose.) Notably, the characteristic velocity would be

negative when C is small, and would approach a positive

constant at large C limit. At C=C0, which is the local

maximum on curve in Fig. 2b, v(C0)=0. Apparently,

C0oCmax, and C0-Cmax when U-0.

According to Eq. (5), v(C) is positive when C>C0.

The vertical position with C=C(zi,ti) would move

upward according to Eq. (5). When CoC0, the vertical

position with C=C(zi,ti) would move downward since

v(C)o0. The local solids fraction distribution with

v(C0)=0 would not change with time. This evolution

process is schematically demonstrated in Fig. 3. The

solids fraction distribution in the blanket would hence

converge to a discontinuous solution, or a shock wave,

at C=C0. Above the interface a supernatant existed with

CE0.
Apparently CU>CVsett at C=C0 (Fig. 2b). After the

solids fraction had reached the shock-wave solution at

C=C0, subsequently, the blanket would evolve to
C = C0
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Fig. 3. The schematics of the evolution process of the blanket.

(t=ti) Blanket in an initial distribution; (t=t1) blanket

converges to a uniform distribution at C0; (t=t2) blanket

compacts itself to the final, uniform distribution at CS.
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another shock-wave solution at C=CS (Fig. 2a),

determined by the intersection of CU and CVSett curves.

Restated, since C0oCS, the blanket initially formed at

C0 would compact to a shock-wave-like distribution at

C=CS. The time required for the blanket to reach this

steady-state distribution is not available from Eq. (4)

since it is no longer valid once the shock-wave

distribution has formed at C=C0.

A critical velocity could be defined as Ucrit ¼
limC-0ð@ðCVsettÞ=@CÞ (mh�1). The straight line of CUcrit

was also indicated in Fig. 2. At U>Ucrit there would be

no steady-state solution of C, indicating the complete

loss of blanket.
100
3. Experimental

The synthetic raw water was prepared by mixing

prescribed amount of UK ball clay powders and 10�2N

NaClO4 solution to a solid weight fraction of 0.16%,

giving a turbidity of 200NTU. The alkalinity was

adjusted by adding NaHCO3 salt to 100mg l
�1 equiva-

lent. The pH of suspension was adjusted using HClO4
and NaOH to 7. The suspension was coagulated in a jar

tester. The 1000-ppm PACl solution, with 11% available

Al2O3, was slowly injected into the stirred suspension at

90 rpm for 1.5min, and then at 50 rpm for 8.5min. The

residual turbidities of supernatant of 2-h settled

coagulated samples were measured, from which the

optimal PACl dose was determined for the present

synthetic raw water as 16 ppm as Al.

The sediment of the coagulated raw water was

carefully collected, and was gradually poured into a

cylindrical column of diameter 5.7 cm and height of

87 cm with care. Fig. 4 schematically depicts the

fluidized bed used in all tests. A low upflow velocity

was applied continuously from the column bottom

during the sediment pouring. Preliminary test revealed
Effluent

Blanket 

Flow 

meterpump 

Fig. 4. The schematics of the fluidized bed in the test.
that this low upflow velocity was essential to keep the

sediment in a suspended state for getting reproducible

data. The compaction of sediment at column bottom

would yield irreversible change in its structure [14–16].

This occurrence would hinder sediment resuspension

with the upflow stream applied afterward.

In the dynamic tests, a digital camera recorded the

position of the interface height, with particular attention

to the full suspension of the entire blanket without

compacted sediment layer to form at the column

bottom. It took several minutes to four hours for the

blanket to be equilibrated with the water flow, depend-

ing on the PACl dose and the upflow velocity. After-

wards the upflow velocity was turned off and the blanket

was settled freely.

In the steady-state tests, only the equilibrium heights

of blanket interface were recorded at various upflow

velocities. A turbidimeter (HACH Model 2100 AN)

measured the turbidities of the effluent from the

suspended bed.
4. Results and discussion

4.1. Dynamic test

A typical test for a slurry coagulated with

PACl=16 ppm as Al and upflow velocity of 2.49mh�1

was demonstrated in Fig. 5. After the slurry was poured

into the column (with U=2.49mh�1), it took about

20min for a distinct supernatant-blanket interface to

appear at H=63 cm. Then the blanket gradually settled,

and the height reached a plateau value at H=55 cm

during t=60–100min (region AB). Afterwards this

blanket started to settle again, and finally equilibrated

with the upflow velocity at H=42 cm (point D,
t (hr)
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Fig. 5. Dynamic test with suspension coagulated at

PACl=16ppm as Al.
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coincided with the equilibrium blanket height from

independent test). Visual observation indicated that the

solids phase in the blanket was fully suspended and the

solids fraction could be taken as uniformly distributed in

the column. Head et al. [6] and Chen et al. [8,9,13] also

demonstrated that the solids fraction distribution is

rather uniform in the full-scale blanket clarifier. In this

regard, the average solids fraction in the blanket could

be estimated 0.22% (namely C0) at region AB, and as

0.33% (namely CS) at point D. This observation

corresponds to the model prediction: the randomly

distributed flocs would first converge to a uniform

distribution at lower solids fraction (0.22% in this case),

then the blanket would compact itself to another

uniform distribution at higher solids fraction (0.33%

in this case).

When the upflow velocity was turned off, the blanket

settled to a height of 13 cm in 5min. Notably, the H–t

curve reveals a linear character over H=39–18 cm,

presenting a zone-settling characteristic. The flocs

started to physically contact each other only at

Ho18 cm, corresponding to C=0.77% (Ct). When flocs

physically contacted with each other, a yield stress could

be built up in the ‘‘network’’ among the flocs, which

could produce a plateau region similar to those noted

for regime AB. Since both C0 and CS were much smaller

than Ct, therefore, the region AB and point D in Fig. 5

were in a suspended state. Restated, the emergence of

the plateau region AB was attributable to the shock-

wave solution of Eq. (4) but to the possible network

structure made by floc contacts.

Fig. 5 also shows the suspended tests at U=1.12 or

1.65mh�1, respectively. As expected, a lower upflow
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Fig. 6. Equilibrium heights and effluent turbidities of coagulated
velocity yielded earlier appearance of the blanket inter-

face, and subsequently, the blanket settled faster than

those at higher upflow velocity. Moreover, the plateau

region AB was not as obvious for U=1.12 or 1.65mh�1

as that noted at 2.49mh�1 test. Only a dramatic change

in slope appeared on H–t curve at H=37 or 42 cm, as

indicated by arrows in Fig. 5. The corresponding solids

fractions (C0) were 0.40% or 0.35%, respectively. Since

these heights were higher than 18 cm (Ct), as mentioned

above, the slow-down phenomenon was not attributable

to the compaction of particles in the sediment. Finally,

the interface approached H=22 or 30 cm at U=1.12 or

1.65mh�1, corresponding to CS=0.63% or 0.46%,

respectively.

Similar blanket dynamics were also noted for tests

with PACl=12ppm (underdosed) or 20 ppm (over-

dosed) as Al (data not shown). Restated, after a period

of settling a blanket would form (and may stay

stationary for a period of time) in the column, whose

solids fraction revealed a shock-wave like distribution

(C=C0). Afterwards the blanket settled again to the

equilibrium height at C=CS. Experimental findings thus

verified the model output developed in the previous

section. The plateau regime (AB) existed commonly in

all tests, whose blanket height increased with upflow

velocity and/or PACl dose.

4.2. Steady-state test

The steady-state tests measured the equilibrium

positions of blanket interface and the turbidities of

effluent at various upflow velocities (Fig. 6). The

interface height increased with increasing upflow
/hr)
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suspensions at various upflow velocities. Steady-state tests.
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velocity and/or PACl dose. At PACl=12 ppm as Al

which could not sufficiently coagulate the suspension,

the resulting blanket was compact. As shown in Fig. 6

the blanket heights were low. But the corresponding

effluent turbidities ranged 4.03–9.02 NTU. Fine particles

and large fragments flew out with the effluent. The

interface became blurred at U=2.75mh�1. At

U=2.85mh�1, the blanket was largely carried out,

and finally completely lost. This velocity was a critical

velocity Ucrit mentioned earlier.

When the particles were sufficiently coagulated at

16 ppm as Al, the blanket had a loose structure and was

easily expanded with the upflow stream. The equilibrium

heights of the blanket were much larger than the 12-ppm

tests. The corresponding effluent turbidities were also

low (3.31–4.20 NTU). At an upflow velocity similar to

Ucrit of 12-ppm test, the carryover of blanket occurred.

Restated, to coagulate suspension at optimal dose

(determined by gravity settling) would produce quality

effluent, but could not effectively increase the opera-

tional range of the blanket.

Adding PACl at 20 ppm as Al into suspension would

further increase the equilibrium heights of blanket. The

corresponding effluent turbidity (3.01–4.17) was slightly

lower than the 16-ppm test. Visual observation noted

that in effluent many large fragments containing many

coagulated flocs had flowed out with the effluent. The

corresponding critical velocity Ucrit for 20-ppm test was

close to those for 12 or 16-ppm tests.

4.3. Solids flux plot

According to the obtained C0 and CS data at various

U’s, and the Ucrit data noted in the steady-state tests, the

corresponding solids flux curves at coagulant dose of

16 ppm as Al could be constructed. Since the blanket

interface would be blurred at high-upflow velocities, the

solids fluxes at low solids fraction region could not be

accurately estimated. Meanwhile, the straight line of

CUcrit (Ucrit=2.75mh
�1 in this case) represents the

asymptotic behavior of the solids flux at C-0 limit,

which was used to bound the left margin of the solids

flux curve (line OL). Hence, the complete solids flux

curve could be approximated by curve OCmaxM in Fig.

7. As Fig. 2a depicts, the solids flux curve exhibited an

increasing–decreasing characteristic, with its maximum

at C=Cmax and U=Umax. Theoretically, one could

operate his blanket up to Ucrit, which is the tangent line

for the solids flux curve at C-0 limit. However, as

experiments revealed, the blanket became blurred at an

upflow velocity lower than Ucrit. Without theoretical

justification, Gregory et al. [5] recommended to operate

the blanket at C=Cmax based on field observation. Since

UmaxoUcrit, the Gregory’s proposal represented a

convenient index to field operation. However, it is not
necessary the ‘‘optimal’’ operational condition since no

theoretical justification was made to support it.

Fig. 8 depicts the solids flux curves for tests with

PACl=12, 16, and 20 ppm as Al, where the dose of

16 ppm was the ‘‘optimal dose’’ determined by the

supernatant turbidity after gravity settling (Fig. 1). The

solids flux curve shifts downwards and leftwards at

higher PACl dose, and vice versa. This occurrence

corresponds to the loose blanket structure noted for

high PACl tests (Fig. 6). Also, since the Ucrit’s for

various PACl doses are close, all curves exhibited a

similar asymptote at the C-0 limit. The contours of the

turbidities in effluent were also demonstrated in the

figure. Notably, for a given PACl dose the effluent

turbidity reach a local minimum at a specific upflow
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velocity lower than Umax, indicating as Uopt in Fig. 8.

Restated, if the minimum effluent turbidity is considered

as ‘‘optimal’’, then the operation should be set at Uopt

rather than at Umax. Also interestedly, the turbidity of

effluent at Uopt decreases with increasing PACl dose,

although the magnitude of decline decreases at dose

larger than 16 ppm as Al. Hence, the optimal dose

determined by conventional jar tests corresponds to the

‘‘optimal dose’’ for the current suspended bed test. This

observation, however, should be considered preliminary

at this stage. Further experimental verification was

required.

4.4. Effects of sediment compaction

In Section 3 we emphasized the significant role of the

applied upflow velocity for the data reproducibility. Fig.

9 depicts an example with PACl=16ppm as Al. Before

testing the blanket was suspended at U=1.0mh�1, with

its equilibrium height being 28.2 cm. Then at point O the

upflow velocity was increased to 2.0mh�1, which

reached a new equilibrium height of 39.6 cm. At point

A the upflow velocity was reduced to 1.0mh�1, while the

blanket resumed its original height of 28.2 cm. At point

B the upflow velocity was turned off. The blanket settled

freely and the compaction occurred at H=15 cm. With-

out sufficient sediment compaction, at point C the

upflow velocity of 1.0mh�1 was provided to suspend the

blanket. The equilibrium height became 23 cm, 4.6 cm

lower than that at point O or point B, showing an

irreversible change in blanket structure. To re-suspend

the blanket at U=2.1mh�1 yielded an equilibrium

blanket height of 35 cm, a 4.5 cm difference than its

corresponding state at point A. Hence, as stated in
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previous sections, to keep the blanket in a suspended

state is essential for reproducible data collection.
5. Conclusions

We proposed a simplified one-dimensional wave

equation to model the dynamic characteristics of the

floc blanket in an upflow suspended bed. Since the solids

fraction would evolve along the characteristic velocity

determined by the difference between upflow and

downward solids fluxes, the blanket would first converge

to a uniform distribution at a lower solids concentra-

tion, then it would compact itself to a new, uniform

distribution at a higher solids fraction. Experiments with

synthetic raw water using polyaluminum chloride

(PACl) as coagulant confirmed the model prediction.

Restated, it was noted that the blanket could stay

stationary at a level higher than the final equilibrium

height with or without an upflow. The solids fraction at

equilibrium heights together with the critical upflow

velocity that carried over the blanket constructed the

solids flux curves with suspensions conditioned at

underdosed, optimal (based on jar test results), and

overdosed coagulant. The solids flux curve exhibited an

increasing–decreasing characteristic, with its maximum

at C=Cmax and U=Umax. We noted that to operate at

Cmax point, as Gregory et al. [5] proposed, is a workable,

but not ‘‘optimal’’ criterion if the minimum effluent

turbidity were required. Instead, an upflow velocity at

Uopt, which is less than Umax, was identified to be the

optimal operative velocity for the suspended bed. The

optimal dose of coagulant determined by conventional

jar tests corresponds to the ‘‘optimal dose’’ for the
in)
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current suspended bed test. We also demonstrated that

the compaction of collected blanket samples would yield

experimental artifacts because of the build-up of certain

networks among the particles.
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