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STABILITY OF MULTI-LAYER SEDIMENTATION TANKS

Hydraulic efficiency of the sedimentation tanks was discussed. It was described by
the theoretical method, applying the mathematical model verified on the physical one. The
amount of water flowing through the layer of the sedimentation tank was calculated. It affects
the efficiency of the sedimentation in the upper and lower layers.

NOTATIONS
b — width of the settling tank,
bo, b, — widths of the open and closed chambers, respectively,
Cp — concentration of the labelling substance in the outflow,
g — acceleration due to gravity,
h — depth of the settling tank or chamber,
hg, hy — depths of the open (upper) and closed (lower) chambers, respectively,
K — constant,
L — length of the settling tank,
Ap — hydraulic losses during flow thrcugh the settling tank,
Apo, Ap; — hydraulic losses during flow through the open and closed chambers, respectively,
Q — rate of flow through the settling tank,
Qq, Qs — rates of flow through the upper and lower chambers, respectively,
Re — Reynolds number,
Ry, — hydraulic radius,
t — time of flow through the model settling tank,
t; — time for achieving the maximum concentration of the labelling substance in the outflow,
ty — time of label dosing,
I, — time of label appearance in the outflow,
u, V — velocities of flow through a horizontal-flow sedimentation tank,
Va, Vo — velocities of flow through the lower and upper chambers, respectively,
v — kinematic viscosity of the liquid,
0 — density of the liquid,
® — kinematic viscosity.
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1. INTRODUCTION

Investigations on the design of horizontal-flow sedimentation tanks have been reported
in the literature a number of times since the early 1900s. The theory of sedimentation under
ideal conditions was first described in 1904 by ALLAN HAZEN who suggested that the tank
be partitioned by parallel horizontal plates [3]. In this way, the water flow would be distrib-
uted into several streams, improving the effectiveness of the sedimentation process.
HAZzEN’s theory was developed by THOMAS R. CaMP in 1947 [1]. He found that the effec-
tiveness of sedimentation in an ideal depth tank (fig. 1a) can be doubled if a horizontal

Fig. 1. Model of sedimentation conducted in an ideal
settling tark (after Camp, 1947)

Rys. 1. Model sedymentacji prowadzonej w idealnym
osadniku (wedtug Campra, 1947)

plate is placed in the middle of the vertical wall (fig. 1b). Such a halving of the horizontal-
flow sedimentation tank depth and the twofold increase in hydraulic load yielded the same
results as those achieved in a deep sedimentation tank (fig. 1a). CAMP neglected, however,
both the difference in the hydraulic conditions occurring on the particular levels of the tank
(fig. 1b) and the difference in sedimentation efficiency.

The purpose of present paper is to determine the hydraulic properties of multi-layer
settling tanks on the basis of theoretical studies and model-scale experiments.

2. MATHEMATICAL MODEL FOR THE HYDRAULICS OF
MULTI-LAYER HORIZONTAL-FLOW SEDIMENTATION
TANKS

The cross-section of the lower chamber in the double-layer settling tank is rect: ngular.
The laminar flow of water (as a Newtonian fluid) in this rectangle can be describcd in terms
of Poisson’s equation

J*u  J%u K
= =l (1

x> 0 2 v

if the f.'olvlowing boundary conditions are satisfied: v = 0 for x = +1/2 b; y = +1/2 h,.

VA
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The symbols 4 and b, as well as the symmetry condition for water flow in the chamber,
are illustrated in fig. 2 (hy, h,, F, and F, are the limits of integration).
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Fig. 2. Limits of integration in a cross-section of the settling tank
Rys. 2. Granice catkowania przekroju poprzecznego osadnika

The solution to eq. (1), based on the conditicn of symmetry, is included in eq. (2):

. 2n+1)rx
= cosh ———
4Kh} =" hy 2n+Dry
U=—-= e il ———— | cos ————, 2)
s .:d (2n-+1)3 . (211—:1)7—1) hy
) 2h,
and the integral defining the efficiency (2) of the chamber
0 :ff udxdy (3)
F
is described by eq. (4):
Kh3b 192 h, - I @n+)mb
= K — M. o fanlk (24 1) _ (4
12v > b — 2n+1) 2hy
The relationship defined by eq. (4) can also be written as
Khib  [hy,
= gt 5
Q(I 129 f(b) ( )
where
J 192 h v 1 2n-+1)mb
f Jd) 1——5——1« 7 tan s )jL. (6)
™ b — (2n+1) 2h
In eq. (5) the value of the constant K becomes
AP
K= @)

oL
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‘Hence, eq. (5) can be written either as

Aph3b [ h,
_ Qa = 12voL (7) ®)
or as
120v0L
= " )
mbfl=¢
; f( b)

Eqgs. (8) and (9) describe the hydraulic conditions of the laminar flow in the lower cham-
ber of a double-layer tank of length L.

Owing to the symmetry of flow, the solution to the equation for the open chamber of
the settling tank is the same as that to the equation for the half-cross-section of the closed
chamber. , ‘

The flow rate in such a chamber (determined by integration of eq. (1) with the equation
to the half-cross-section of the closed chamber) is described by following relations:

B thb[ 192 24, v 1

b
1—- 8 NV o anpl 10
%=, = b L @il 4/zg] (10
and
Aphib [ h,
st 8000 plob ) 1
0, 3vll f( b ) 11)

The influence of b/4 on f(h/b) for the lower chamber of a double-layer settling tank is
shown in fig. 3. In the figure, when 0 < b/h < 3, the values of f(h/b) increases rapidly up
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to 0.79. Once this value is obtained, the further increase of the b/A ratio has little effect on
the f(h/b) value (which increases rather slowly). This leads to the condition -

lim f(h/b) =1,

blh—>o0
tending asymptotically to the equality
S(h/b) = 1.
The relations between flow rates in the upper and lower chambers and hydraulic losses

are shown in fig. 4 and table 1. It is evident from fig. 4 and table 1 that the intesity of water
flow in the upper (open) chamber of the settling tank is considerably higher than that in

]
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Fig. 4. Hydraulic losses in the upper and
/‘ % lower chambers:

2 - I — upper chamber, II — lower chamber

Rys. 4. Straty hydrauliczne w gornej

0 2 4 6 8- .10 .12 i dolnej komorze
Ap [N /mZ] <1073 I — komora gérna, IT — komora dolna
Table 1

Hydraulic parameters of a double-layer horizontal-flow
settling tank
Hydrauliczne parametry dwuwarstwowego osadnika
Z przeplywem poziomym

Flow velocity Flow rate Hydraulic loss
X 10~* m/s X 10~* m3/s X 103 N/m?

Lower chamber

1.0 1.8 1.50
2.0 3.6 3.10
3.0 54 4.60
5.0 9.0 7.70
1.5 13.5 11.50
Upper chamber
1.0 1.8 0.63
2.0 3.6 1.30
3.0 54 1.90
4.0 7.2 2.50

5.0 9.0 3.00
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the lower (closed) chamber hydraulic losses being identical. It follows that the velocity of
the water flow and the hydraulic load in the upper chamber are, correspondingly, higher
than in the lower chamber and the times of the flow are proportionally shorter. These con-
clusions can be justified qualitatively by the difference in the Reynolds numbers

v,4R, v2bh
€= o ——]
4 v y(b-+h)
and
Re. — V4R, v,4bh

x v v(2h+b)

for the lower and upper chambers, respectively. The calculated values of Re, are lower than
those of Re,. ’

3. INVESTIGATION METHODS AND PROCEDURES

The studies on the hydraulics of the flow were carried out on a model scale in a steel
doubl.-layer settling tank with parallel flow. The dimensions of both chambers being /1 =
=0.3m, b =0.6 mand L = 6.0 m, ensured a high stability of flow in the conventional
horizontal-flow sedimentation tanks.

The two chambers were fed by troughs and drained through 46 notches (of a diameter
of 1.0x107% m) into an outlet trough. The schematic diagram of the model is shown in
fig. 5.
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Fig. 5. Schematic diagram of a model double-layer tank
Rys. 5. Schemat modelowego dwuwarstwowego osadnika

The flow rates calculated from the theoretical curves

- Ap hibf(h,/b)

= ! 12
s — (12)
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—

for the upper (open) chamber, and

s
= LpERIGa) @
for the lower (closed) chamber.
The flow being parallel, the hydraulic losses are equal. Thus we have
g!i _ 12£(h,/b) _ 4x0.422 (14)
Q, 3f(h,/b) 0.687
and
Q,:Q, = 2.457. (15)

The distribution of efficiencies in the chambers of the model settling tank is shown in
table 2 (for u = 0.00132 kg/m*s and a temperature of 10°0).
Table 2

Distribution of efficiencies
Rozklad efektywnosci

Q of the settling tank V, of the settling tank

Hydraulic

Total V), o Total Q » Upper Lower Upper Lower
chamber chamber chamber chamber
x 10~3 m/s % 103 N/m? %1073 m3/s x 1073 m3/s %1073 m/s
0.69 0.7 0.25 0.18 0.07 1.0 0.39
1.39 1.3 0.50 0.36 0.14 2.0 0.78
2.78 2.5 1.00 0.71 0.29 3.0 1.56

As can be seen from eq. (15) and table 2, there is a considerable difference between the

flow in the upper chamber and that in the lower one. The flow rate in the upper chamber is

' 2.457 times higher than that in the lower one. This indicates a difference existing in the

hydraulic conditions which is of considerable importance to the sedimentation procsss.

The water flow velocities (in the range of laminar flow), employed in the model investi-
gations, were:

Re,» 2300x1.306x107°
== —— = 0.0075 m/s

V < _
4max = 4R, 4x0.1
for the lower chamber, and -
Re,,v 2300x1.306x 107 ¢
V, o < = — 0.005 m/s

mes S TR 4x%0.15

for the upper chamber.

Those flow velocities were determined in the same way as for the conventional horizon-
tal-flow sedimentation tank.

The model investigations reported were to verify experimentally theoretical hypotheses
derived from the model of hydraulics for settling tanks. To state the differences occurring
in the hydraulic conditions of the upper and the lower chambers, the flow in a model double-
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layer settling tank was measured by applying the labelling method in which fluorescein
was dosed at the inflow. The dosing time not exceeding 15s satisfied the condition 1, < t,—1t,.
The concentration of the labelling substance was measured at the outflow by the colori-
metric method. Samples were collected at 1-5 minute intervals, depending on the intensity
of the label colour. The investigations were carried out with tap water.

4. EXPERIMENTS ON THE HYDRAULICS OF WATER FLOW
THROUGH THE MODEL SETTLING TANK

The flow curves C, = f(#,) are shown in figs. 6-7. Comparison of the curves C, = f(t,)
for both chambers indicates that the flow wave in the upper (open) chamber is shifted with
respect to the flow wave in the lower chamber. The flow wave delay (modal values) varying
from 2 to 29 minutes can be attributed to the higher efficiency of the upper chamber. The

Q=03l/s
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Fig. 6. Flow curves C, = f(t,) for both chambers of a model settling tank:

g — upper chamber, d — lower chamber

Rys. 6. Krzywe przeptywu C, = f(#,) dla obu komor modelowego osadnika:

g — komora gérna, d — komora dolna

Q=031/s
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Fig. 7. Flow curves C, = f(t,) for both chambers of a model settling tank:

g — upper chamber, d — lower chamber

Rys. 7. Krzywe przeptywu C, = f(t,) dla obu komér modelowego osadnika:

g — komora gérna, d — komora dolna
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time which elapsed between the introduction of the tracer and its appearance at the outlet
ranged between 20 and 30 minutes in the upper chamber and from 40 to 60 minutes in the
lower chamber.

The experiments carried out for the model tank have shown that the upper chamber
exhibits a higher hydraulic loading and a higher flow velocity, whereas the lower chamber
displays longer retention times. Thus, the theoretical relationships for the hydraulics of
multi-layer settling tanks have been confirmed.

5. CONCLUSIONS

1. The hydraulic properties of the particular chambers in the multi-layer horizontal-flow
sedimentation tanks differ from those in the conventional horizontal-flow sedimentation
tanks.

2. In order to determine the hydraulic properties of multi-layer tanks, it is necessary
to investigate the hydraulic chracteristics of the particular chambers. Different distributions
of water stated in the particular chambers resulted in differences between the upper and
lower chambers manifested in flow velocity, hydraulic loading and retention time. The flow
velocity in the upper chamber is two times higher than in the lower one. This may be due
to the higher hydraulic losses typical of water flow in the closed chamber.

3. The theoretical model of the hydraulics of multi-layer settling tanks represents ade-
quately the laminar flow conditions in a multi-layer tank. The model allows to determine the
depth ratio for the particular chambers in which the flow rates are compensated.

4. Hydraulic conditions can be estimated precisely in a full scale only, because of a tran-
sitional character of the flow.

Experiments show a considerable difference in the hydraulic conditions between the
upper and the lower chambers. The change in the character of flow (from laminar to
transitional) cannot decrease significantly the difference between the distribution of the
flow rates in both chambers.

5. The effectiveness of sedimentation in the double-layer settling tanks can be lower
than that predicted by CAMP. —
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STABILNOSC OSADNIKOW PIETROWYCH

Celem pracy jest teoretyczna i do$wiadczalna analiza stabilno$ci hydraulicznej osadnikoéw poziomych.
Wyprowadzony matematyczny model ruchu wody w komorze osadnika oparto na réwnaniu Poissona,
newtonowskich wlasciwosciach wody i warunkach brzegowych wynikajacych z geometrii komory. Badania
doswiadczalne prowadzone w skali utamkowo-technicznej potwierdzily stuszno$¢ wyprowadzonego modelu.
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W pracy wykazano istotne roznice wlasciwosci hydraulicznych pomigdzy gorna i dolna komora osad-
nika powodujace roznice predkosci przeplywu, obciazen hydraulicznych i czasow przeplywu. Predkosé
przeptywu w komorze gornej byta w warunkach i skali prowadzonych badan przeszto dwukrotnie wigksza
niz w komorze dolnej, co uzasadnia si¢ roznica strat hydraulicznych. Efekty sedymentacji w osadnikach
pietrowych moga okazaé si¢ gorsze niz wynikaloby to z zalozen Campa, ze efekty nalezy odnies¢ do dwu
krotnie wigkszej powierzchni niz w osadnikach klasycznych.

DIE STABILITAT VON ZWEISTOCKIGEN ABSETZBECKEN

Die Arbeit hatte eine theoretische und empirische Analyse der hydraulischen Stabilitit von horizon-
talen Absetzbecken zum Ziel. Das angefiihrte mathematische Wasserstromungsmodell basiert auf der
Poisson’schen Cleichung, auf den Newton’schen Flussigkeitseigenschaften und auf den Grenzbedingungen
der Beckengeometrie. Versuche im PilotmaBstab fithrten zur Bestdtigung des Modells.

Auf Grund der Versuche konnte man feststellen, da zwischen den hydraulischen KenngréBen des
oberen und des unteren Beckens wesentliche Differenzen bestehen. Diese sind: die FlieBgeschwindigkeiten,
die DurchfluBzeiten, die hydraulische Oberflichenbelastung. Im oberen Becken war die FlieBgeschwindig-
keit mehr als doppelt so groB wie im unteren Becken, was mit der Differenz der hydraulischen Verluste zu
erkliren ist. Die Absetzwirkung in zweistockigen Becken sollte man daher nicht so giinstig beurteilen,
wie das z.B. aus den Annahmen von Camp hervorgeht.

YCTOMYUBOCTb ABYXBSAPYCHbIX OTCTOMHUKOB

Lenpto paboOTHI ABIAETCA TEOPETHYECKHM M ONBITHBIM AHATH3 THAPABIAYECKOH YCTOHYMBOCTH TOpPU-
30HTAIBHBIX OTCTOMHMKOB. BbIBeoeHHAs MaTeMaTHYecKas MOJE/b IBUKEHUSA BOIBL B KAMEPEO TCTOMUYMKA
OCHOBaHa Ha ypaBHeHMM IlyacCOHa, HBIOTOHOBBIX CBOMCIBAX BOABI M KPAaeBBIX YCIIOBHUSX, BBITEKa-
IOIIMX M3 TEOMETPHH KaMepbl. DKCIIEPHMEHTAIbHbIC HCCIEIOBAaHUS, MPOBOAWMBIC B YaCTHYHO-TIPOMBI-
UUIEHHOM MacuiTabe MOATBEPIHIIM MPABHIBHOCTh BBEOEHHON MOIEITH.

B paboTe moka3aHbI CyLIECTBEHHBIE PAa3JIAYMS TMIPABIMYECKHX CBOMCTB MEXIy BEpXHEH M HWXKHEi
KamMepaMu OTCTOMHHKA, BBI3BIBAIOLIME OTIMYMS B CKOPOCTH TEYEHHS, THAPABIMYECKHX HArpy3KaX U Bpe-
MeHH TeyeHusi. CKOPOCTh 1€YeHMsl B YCIIOBUAX H MaciuTabe mMpOBOAMMBIX UCCIEIOBaHHN B BEpXHEH KMmepe
OblIa GBBIIIE BYX pa3 Oouiblie, YeM B HHXKHEH KaMepe, YTO OOOCHOBBIBAETCS Pa3HULEH I'MIpaBIIMYECKHX
noTepb. DPdeKThl CEAUMEHTAMH B IBYXBSAPYCHBIX OTCTOMHMKAX MOTYT OKa3aThCs XyXke, YeM 3TO CJeao-
BaJIOOBbl U3 mpeanoJioxenuss Komma, 4To 3(dexThl CiieayeT OTHECTH K NBa pa3a Goublueil MOBEPXHOCTH,
YeM B KJIACCHYECKUX OTCTOMHHKAX.



