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Scenario analysis concerning water quality improvement effect
by artificial water suriace cooling

> Basic numerical conditions

1. The water quality data and the meteorological data in 2016
were used as the initial and calculating conditions.

INTRODUCTION: Background & Purposes In This Study

serious disruption oi the aquatic habitat in an
organically polluted reservoir

Hypolimnion Algae Oversrowt
(- Hot water) Landscape damage & Obstructions

’ The numerical analysis of V(j?l'liﬁﬂl profiles in water quality ‘ Validity oi proposed one-dimensional water quality dynamics model

<] v
> State variables: Phytoplankton, POC, DOC, NH,-N, NO,-N, PO,-P, D0

>Baset_l on one dimensional verlica_l diffusion (}(lll(lliﬂll in which biochemical
reactions are represented by the first order Kinetics as ecosystem model v

> (onsidering vertical advective transport due to cold-water mass downwelling

The proposed model was applied to the numerical simulation of water quality
dynamics in an actual water body where the vertical heat convection should
occur due to the strong radiative cooling at the water surface in autumn.

This study focused on water-suriace cooling and cool-waier-mass

The aim of this study was to propose a new physical ) ( | ) i
downwelling to restore the aquaftic environment In organically

technique to overcome such problems in a deep-water
reservoir with small surface area and where the
anoxification of the hypolimnion would be elongated
owing to thermal stratification with strong stability

A regulating reservoir with a water surface area of ca. 19300 m? and pondage
of ca. 63000 m? on the Ito Campus of Kyushu University, Japan.

polluted reservoirs, and was aimed ai acquiring fundamenial
knowledge ior the improvement efiects .

Cold water, which is at the same temperature as the water at the
bottom, was supplied to 20% of the total water surface at an
intensity of 50 mm/d from the outside of the reservoir.

v The water level was maintained at a maximum water depth of ca. 8 m. S

oCy o(wCy) &o(, 8Cy) (dC, ) | Biochemical v
+ = K, = reaction term
Bio

(1 Water Quality Experiment for Artificial Suriace Cooling ot A\ e )\ dt ‘2 )

Excessive levels of DOM from the humified wood chips have flowed into
this reservoir, resulting in a dark reddish-brown colored water.

Model verification by reproducing the weekly observed data in 2016

3. It was supposed that the reservoir would be at its full water level of
8 m, and that the water volume corresponding to the supply quantity

( Temporal change term | ( Advection term | ( Turbulent diifusion term |

Formation of thermal to agricultural water use e < To measure the impacts of cold-water supply on the physical p N e R A N s bl it op il o 1y S e
stratification Suppression in algal bloom and biochemical dynamics of water quality in the Term of phytoplankton growth by photosynthesis can be represented as the TN i o] licat
production of the maximum growth rate and phytoplankton concentration by R0 en 5 RN L > Scenario conditions:

thermally-stratified water column using indoor water tanks.

Long-term Anoxification

Generation of sullide ~ Elusion of nutrients

Arfificially cooling the via water-suriace cooling

water suriace using

multiplying the limitation functions of WT, underwater light intensity, and
~N nutrients. The limitation functions range from 0 to 1, representing the positive
influence against the maximum growth of phytoplankton.

Assuming that cold water is supplied for one hour in one run, the
number of water sprinkling in one day was set to specific conditions.

Case 1: zero time, non-supply
Case 2: 12 times, supply amount of 2070 m3/d
Case 3: 24 times, supply amount of 4140 m3/d

(® Numerical Estimation oi Improvement Eiiects via Scenario

< To modify the conventional diffusion model with the
advection-diffusion model by introducing both the
estimation method of the sinking velocity of the cold water
and numerical solution by operator-splitting method )

1 cold-water injection

below the thermocline

Early disappearance oi
anoxification due to a cold-
water-mass downwelling

a
L T | T Top- Optimal water temperature of photosynthesis
= exp| 1 -
' P Topt T<T,.:: @=7 (strong inhibition by cold water)

opt opt*
k Limitation function of WT  T>T,: @=3 (weak inhibition at high temperature)/

The conservation and restoration of organically polluted reservoirs
with strong thermal stratification require the development of
techniques to not only recover from the anaerobic state but also

suppress the abnormal proliferation of phytoplankton.

.

WATER QUALITY EXPERIMENTS FOR ARTIFICIAL SURFACE COOLING NUMERICAL ESTIMATION OF WATER ENVIRONMENTAL DYNAMICS: Validity of Proposed Advection-diffusion Model

: : : : : : : < Deviati
v' Taking sample water in the organically polluted reservoir owing to an inflow of humic substance. eviations between  two

results in the advection-

< In the proposed model, the
short-cycle vibrations contained

< The two models differed in
that the advection-diffusion

Observation: © (bm) ¢ (7m) @ (8m)
Calculation: —(6m) —(7m) —(8m)

Observation: © (Om) ¢ (Im) @ (2m)
Calculation: —(0m) —(1m) —(2m)

Observation: © (Om) ¢ (4m) @ (6bm)

Thermostatic chamber Thermostatic chamber Calculation: —(0m) —(4m) —(6m)

v' Storing sampled water at a depth of 110 c¢cm inside two cylindrical tanks in a thermostatic chamber (Low-temperature of 15°C) (High-temperature of 30°C and dark condition) aoF in calculations as well as the 50 model could reproduce the 8E diffusion model were
controlled at a hi gh temp erature of 30 °C. horticultural watering nozzles —‘ n deglatlé)ns bgtweerit Caltculatted grg é_ rapid decline In the 6 ;— o smaller compared to the
. e . . Suppl | ' O 20F diid "ODSCIVEd TESUlLS at wdlet 3 observed vales of Chl-a 4E conventional diffusion
v Irradiating the upper layer of the tanks using the fluorescent lamps with about 0.07 mol/(m? s) PPy uﬁﬂet"ﬂ = %I | = = F Sulrftqcel since ﬁlovember (viveie ?8 3 during November, unlike 2F o model.

: . _ N mt =] 5 10F relatively small compared to 35 ‘YE a : e o E o™ o
light quantum with a 24-hour cycle (12 hours on and off each) for 3 weeks. W porescent 4 | Wfluorescent 1 : convention model. 5 B thedc;)nventlonal diffusion 3 0 HeBEPEHEEEMY D The reproducibility of DO
v' Monitoring water quality parameters such as WT, DO, Chl.a, NH,-N, NO;-N and PO,-P. ‘ Drain ‘ aquatic plants | aquatit plants = o SThe proposed model could = °F o 7] 4 m}c; el. U 1111 ftflllle proposed celldlvectlon—
: g UL : = 40F The reproducibilit the = iffusion = mode was

. o . . — o r rovide the well calculated &S .. E PTocucibility by 2 6k © ) .

v" Cooling tl}e water s.urface. by supplying cold water of 15 °C through horticultural watering e Water depth: 110 cm 8 20F ?esults t dopths of 4t and 6 on ® 38: 2dvection-diffusion  taodel h improved by considering
nozzles with spray intensity of 50 mm/d for one hour after the start of fluorescent lighting. old water || = f in which the water quality 3 was reflected by the 9 F o the advection effect which
v' Setting the same water tank without supplying the cold water under irradiating the upper layer as Submersible pump Cylindrical tanks (®:30 cm, H: 120 cm) Wiegame?=" N scasonally ~ changed  while o T B - modifications of limitation 0 ;ﬁmﬂl—@ o L e the cold water mass
a control tank | 45 6 7 8 9 1011 12  receiving the influence of the 45 6 7 8 9 1011 12  function of WT for the 45 6 7 8 9 1011 12  downwelling would cause

) C ont?iner bo:{ for Cooling tank Conivaliank Month thermocline Month algal growth rate. Month in a cool season.

water supply -

4 Because this experiments were conducted in winter, exiernal cold air intruded into the lowest part
near the iloor In the high-temperature room through a gap bhetween the water-supply hose and
chamber door, resulting in a decrease in water temperature in the bottom layer of the cylindrical tank.

Fig. Schematic diagram of experimental apparatus Fig. Comparisons oi observations oif WT, Chl.a and DO with the calculated results by (1) the conventional diiiusion model and (2) the proposed advection-diiiusion model

for water surface cooling

: Control (surface) : Cooling (surface v  WT fluctuated with the 24-hour Cycle as the —@—: Control (surface) —@—: Cooling (surface) At “lﬁ su"acﬁ in “]e 00“"0' ta“k NUMEBICAL ESTIMATION 01: WATER ENVlR“NMENTAl‘ DYNAMICS: scena"o A“alyses
: Control (bottom) : Cooling (bottom)]  gyrface water was heated by the fluorescent = . .
" 1 dl ¢ Ivi 1d wat - v' Chl-a maintained a eutrophic state level, and such a . Casel Case?  — Case 3
amp regardiess of suppTying cold water. 2 9 high concentration linked to a significant variation 25 v The maximum deviation of WT in Case 2 was about 23 °C, _——Camsel  :iCase2 ——Case3
zzg_ v WiI;l at the Surfaic.e 10.Wered (%ue tOffl‘nJeCttl‘OSnogf \z; ?8%: in DO associated with the large stroke. OE)/ 20 z— while those 1in Case 2 and Case 3 were respectively about ~ 40 g_
S L I N N cold water, resulting 1n a cooling etiect o | 5 Lk v The low concentrations of DIN and DIP indicate = 15F 15 °C and 10 °C. = 30§
e 30F v WT at the bottom decreased to match the — AEARARARES ' that active photosynthesis occurs in phytoplankton s . F = VF
= 25 —”/“/“/‘/“/*/“/‘/‘/‘/*/‘/‘/W/‘(‘/Wﬁ/“ﬂ/‘/ surface’s WT after supplying cold water. a o 3 when there 1s no limitation on algal growth 3:3 1 _ ¥ The period over which the tempel.‘ature difference Was § 20 _
20 B | v Temporal change of DO at the bottom in the ? 2 At the surface in the cooling tank E 5_ more than 10 °C exceeded 5 months in Case 1, but those 1n © 10F
10 _WMLWJ\AM\N\/\/\AM cooling tank corresponded to that at the surface. = oF O\O_O\O O—O0 v" Chl-a temporally decreased in concentration while A 0 4_' 5| | é | '7 | é | é | 1'0 | 1'1 T 2 Case 2 and Case 3 were shortened to a few months. O T
% OF | v IIl“h(el: b(it.tom in1 the:f f)oglifng tarlllk recFivecll the 0p— T T T both DIP and DIN were kept at high concentrations. Month v" Anoxic duration at depths greater than 5 m was remarkably 4 5 6 7 13[ . }? 10 11 12
O o B O B ydraulic supply o rom the surface layer [ _ o4f v" Photosynthesis of phytoplankton was negatively Fig. Results of scenario analyses ior the shortened in Case 2 and Case 3 as compared to Case 1 ) .
§ 0 \\\\r\\w\\»\wrx«w\A-\NrN,N\N\NVK“ through the cold-water-mass downwelling. E@OB 3 influenced by lowering water temperature. difierence in WT between the suriace and hottom , , Fig. RESll“.S of scenario analyses for Chl.a
SE — = = 02E : | Table Resulfs of scenario analyses concerning v’ The thermal convection stemming from the cold water concentrations at the water suriace
0P Water-surlace cooling led lo the avoldance ofa - = - Water-surface cooling led to the suppression of algal the anoxic durations in the e iylimnion supply promoted the vertical transport of oxygen from the —-—
0 5 10 15 20 poor oxygen level due to the vertical thermal 0 5 10 15 20 ot - D upper layer. : :
Lapsed times from the experiment start (d) mixi“g Lapsed times from the experiment start (d) gmwm ﬂ“e ") l0W llmllallﬂll 0i WT iﬂl' llllOlOSYlllllESlS. mmmm The promotlon of algal gI'OWth in Case 2 and
. ] . . _ ] i v The anoxic state at the bottom in Case 3 recovered about 3 Cas§ 3 decreased during July apd Septemb;r. In
F lg. RBSII“S 0[ Cﬂllllllllﬂlls lllGﬂSlll'emelllS 0i Wﬂlel' lelllllel'ﬂllll'e (WT) .ﬂll(l lm, .ﬂll(l the scheduled lllﬁﬂSlll'Gll]ﬂlllS 0[ Clll-ﬂ, DIP (—P04,P) and DIN (— N03"N + NH4"N) In the Wﬂlel' 1 52 120 1 56 249 weeks earlier than in Case 1, I'CSLlltiIlg in inhibition of partlcular, the peak concentration in the middle
quality experiment for water suriace cooling. 9 0 26 105 224 increase in nutrients and sulfide originating from anaerobic ~ of October lowered as compared to the results
3 0 0 0 219 biochemical reactions in the bottom sediment. in Case 1, and the proportion of Chl-a decreased
. i i i i i i rapidly in autumn.
NUMERICAL ESTIMATION OF WATER ENVIRONMENTAL DYNAMICS: Outline of One-dimensional Advection-difiusion Model Py

CONCLUMONS

Numerical Simulation oi water-environment dynamics in
a deep-water reservoir with a shallow suriace area

The one-dimensional water-quality dynamics model
represented by the vertical turbulent diffusion equations

The numerical analysis of water quality impacted
by water suriace cooling

It required the vertical one-dimensional advection-diffusion

model, which considered the advective mass transport in the
vertical direction due to cold-water mass downwelling

It IS necessary to evaluate the current velocity of thermal
convection stemming irom the water suriace cooling.

' The estimation of sinking velocity for a cold-water mass

\
When acquiring the vertical profile of WT and its temporal change

rate, the sinking velocity of the cold water w(z) could be analyzed
based on the heat conservation principle of the water column
considering the convective and diffusive heat flux as following

w(z)za-q'z

4,00 oT (2,)
w—1', | oz ot
where « is a constant value, g, and q',, denote the sinking flux of the cold water at the depths of z and z,,,
T,, is the water temperature at the depth of z,, z,, is the water depth taking the maximum water temperature

in the vertigal profile, is the averaged water temperature in the depth range of [z, z], 4 is a thermal
transmission rate of water, and z, is a water depth at the bottom.

2

# Application oi the operator splitting method ior
the solution of advection-diiiusion equation of WT
o(A,wT
oT 1 (AwT) 1 o ax )1 .
o A oz A, oz oz ) p,C, OZ

/4
v The advection term and the diffusion term were separated in
one time-step by the operator splitting method.

v' First, the approximate values of WT were obtained by
solving the diffusion equation where only the advection term
was omitted with the Crank—Nicholson method.

v" Sinking velocities of the cold water w(z) were estimated using
vertical profile of WT calculated as the first approximation

v Second, approximate solutions of T(z) were corrected by
solving the advection equation.

This study proposed the ability of artificial water surface cooling to produce improvement in the aquatic environment of an organically polluted reservoir using two

different methods.

1. It was experimentally found that the supply of cold water at the water surface could inhibit the increase of Chl-a concentration as well as poor oxygenation at
the bottom depth. In particular, 1t was found that surface cooling suppressed algal growth by limiting photosynthesis at low water temperatures.

2. The effectiveness of the proposed technique was numerically estimated for the actual reservoir using scenario analyses. For the scenario analyses, we
constructed a vertical one-dimensional water quality model to take into account vertical thermal convection mass transport stemming from water surface
cooling, as verified by applying the numerical calculation to the actual water body. The results of scenario analyses showed that the cold-water supply could be
linked to the suppression of both the algae over-growth in the hypolimnion and the long-term anoxification in the epilimnion.

In conclusion, the artificial water surface cooling would be an effective method for the conservation and restoration of the aquatic environment in organically

polluted closed water bodies.



