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Motivation

Coal: https://www.electricaleasy.com/2015/08/thermal-power-plant.html

Nuclear: www.google.com/url?sa=i&url=https%3A%2F%2Fwww.qats.com%2Fcms%2F2016%2F10%2F07%2Findustry-
developments-cooling-nuclear-power-
plants%2F&psig=AOvVaw3tCql90CCPnQ3btgVbPC1V&ust=1695228468911000&source=images&cd=vfe&opi=8997844
9&ved=0CBIQjhxqFwoTCOjEhKiQt4EDFQAAAAAdAAAAABAE

Thermalbasedpowerplants(coalor nuclear) needa coolingsystem.

Coolingtowersare often usedbut other solutionsmayconsiderdischarginghot water in the environment(rivers, lakes, 
sea).



Motivation

Discharging hot water in the environment may cause severe problems to the flora and fauna:

Astemperaturesincrease,greenalgaeanddiatomsarereplacedby cyanobacteria.

Oneof the keyissuesin thermalpollution is the replacementof cold-water fisheswith warm-water fishes.

Rapid changesin temperature associatedwith power plant operations can kill fishes by thermal shock (Ottinger et
al.,1990).

Mitigating the thermaleffectsof powerplant effluent obviouslyhasa significantfinancialcost(Doddset al. 2010)



Thermaljets (Turbulentbuoyant jets)

1. A jet is a shear flow (Bainesand Chu, 1996) that is
generated by a continuous momentum source (Lee and
Chu,2003). Themomentumflux,ὓ, canbe definedas:

2. A plume on the other hand is a flow controlled by
buoyancy that is generated by a continuous buoyancy
source, such as a heated plate. A plume tends to have
lower density and greater dispersion, with the fluid
spreadingout over a larger area (Morton et al., 1956).
Buoyancyflux canbe written as:
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Thermaljet

Jet+Plume: In this case we talk abouta turbulent buoyantjet. InitiallyƛǘΩǎdriven by momentumand, after a certain
distancefrom the source, buyoancybecomesdominant.

Gebhartet al. (1984)

DensimetricFroudenumber:

&Ò
Ὗ

ὫὨ
” ”
”

Ⱦ

&Ò Њ

Purejet

&Ò π

Momentum

Buoyancy

Pureplume

Љ
ὓ Ⱦ

ὄȾ

Characteristiclength scale
describingthe the relative
importanceof momemtumand
buoyancyfluxes



Thermaljet

Jet+Plume: In this case we talk abouta turbulent buoyantjet. InitiallyƛǘΩǎdriven by momentumand, after a certain
distancefrom the source, buyoancybecomesdominant.

Gebhartet al. (1984)

Temperature field: To determine the regions of the 
domain affected by the jet.

Jet trajectory: To determine ƧŜǘΩǎparameters.

Jet velocity: To determine the velocity field induced by 
the jet.

To determine the turbulent variables. 



Experimental setup

Requirements:

1. Testdifferent jet nozzlesgeometries.

2. Testdifferent flow rates.

3. Testdifferent temperatures(environmentandjet).

4. Easyto modify/improve/change.

5. Testdifferent environmentalconditions(e.g.: hydrostatic,
stream,periodic-flows).

6. Easyto operate.

7. Affordability.

8. Berepeatable.
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Want we are lookingfor:

Gain know-how about theory and experimentson
buoyantjets

Define an operation protocol: e.g. continuous vs
bursts; run time available

Determinethe buoyantjetsparameters

Measure the velocity and temperature fields
inducedby the buoyantjet

Assessthe limitations of the physical model and
improve (in which conditions the aquariumcan be
consideredinfinite?)



Experimental setup

Main Ideas: 

a) Onereservoirfto test the jet (H1).

b) Onereservoirwith hot water (H2)

c) Computercontrolledpump: flow rate.

d) Acquistionsystemto measure: flow rate, 
temperature, velocityfield

e) Modular design 

How to implement it?



Experimental setup Aquarium

Dimensions(lengthx width x height)

Fan (1967): 2.26 m x 1.07 m  x 0.61 m
Saline solutions

Papanicolau andList(1988): 1.15 m x 1.15 m x 3.35 m
Saline solutions

KwonandSeo(2005): 6.0 m x 1.2 m x 1.0 m
Non-buoyant

Aquariumfrom shop: 1.2 m x 0.4 m x 0.5 m (240 L)

Advantages:

V Readilyavailable

V Cost

V Opticalacess

V Dimensions(easyto 
modify)

Disadvantages:

V Dimensions

z

y

x

(Range of nozzlediameters: {1, 3, 5} mm)



Experimental setup
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Experimental setup: termal water reservoir

Howit started



Experimental setup: termal water reservoir

Howit started

Issues:

Hot water from externalsource

No constanthead

Rapidchangeof temperatureT = T(t)

Mixinglimited (handdriven)



Experimental setup: termal water reservoir

HowƛǘΩǎgoing

Improvements

Constantheadthroughlevelactionedvalve

Mixingwith motor drivenshaft

Proportional-Integral-Diferential(PID) controller to 
keepthe temperatureconstant(+лΦмȏ/ύ



Experimental setup: hydrauliccircuit

Electrovalves Pump and flowmeter

y = 0.0230x
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Experimental setup: temperaturemeasurements

Pointwisethermometers:

8 PT100 + acquisitionsystem: 6 for temperatureprofile measurement, 
2 for determiningboundaryconditions

3 PT100B + controllers: 1 for hot water tank
1 for room temperature
1 for boundaryconditionsin the tank

Processingandanalysissoftware in Matlab (developedat IBW PAN)

Quite intrusive system!

This temperature measuringsystem was availableat IBW PAN from a
previousexperimenton iceformation



Experimental setupExperimental setup: temperaturemeasurements



Experimental setup: temperaturemeasurements

Experimental issues:

Quite intrusivesystem

Onlyoneprofile with 6 pointsismeasuredat eachrun.

Time consuming: onerun per profile

Impossibleto performtemperatureandvelocitymeasurements.



Experimental setup: jet trajectory

Cameras:

1 cellphone(60 fps)

1 cameraBasler5 Mpix, 120 fps

1 calibrationplate

2 laser light sheets(P = 20mW, P=200 mW)

+ imageprocessingtools



Experimental setup: velocimetry

Cameras:

1 cameraBasler5 Mpix, 120 fps

1 laser light sheet(P = 20mW, P=200 mW)

1 calibrationplate

Processingby MatPIV1.7 



Experimental setup: summary

Setup:

Aquarium

Hydrauliccircuit: 
pump/valves/ flow meter

Temperaturecontrollers

Electricresistance

Reservoir

RaspberryPico: control and
acquisition

TrajectoryandVelocimetry:

1 cameraBasler5 Mpix, 120 fps

2 laser light sheet(P = 20mW, 
P=200 mW)

1 calibrationplate

MatPIV1.7 (freeware) 

CostҒ нллл eur

(cameraҒ1000 eur; Laser Ғ500 eur; MaterialsҒ 500)



Experimental setupin action
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Experimental setupin action



Results: jet temperature



Results: jet temperature

Limitations:

Temperaturechangeat the downstreamboundary
condition

Runtime = 60 s

Numberof images: 2400 frames(@ 40 fps)



Imagesacquiredat 40 fps

Results: jet trajectory



Results: jet trajectory

Data processing:

Hot water seededwith TiO2 (for velocitymeasurements)

Considera time intervalɲt (0.25 s, N = 10 images)

Remove the background

Averageimagesin ɲt  

Processimages: Gaussiansmoothingandthresholdanalysis

N images



Imagesacquiredat 40 fps

Results: jet trajectory
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Imagesacquiredat 40 fps

Results: jet trajectory

Usingintensityprofile to 
compute jet parameters?



W.A.T.E.R.SummerSchool

Results: jet velocity

Data processing:

Hot water seededwith TiO2 (for verlocitymeasurements)

Considereachpair of images: N images= (N-1) velocityfields

Remove the background

Time ResolvedParticleImageVelocimetry(MatPIV1.7)

ɲt

N images

t

t+ɲt



Come learnabout PIV in the W.A.T.E.R.SummerSchool

Results: jet velocity

Data processing:

Hot water seededwith TiO2 (for verlocitymeasurements)

Considereachpair of images: N images= (N-1) velocityfields

Remove the background

Time ResolvedParticleImageVelocimetry(MatPIV1.7)

ɲt

N images

t

t+ɲt



Results: jet velocity

PIV processing:

256 x 256 to 32 x 32 with 50% overlap

201 framesprocessed

200 velocityfields



Results: jet velocity



Results: jet velocity

Issues

Near-field isnot properlyresolved(no 
spatialresolution)

Trapezoidal laser light sheetplaced
abovethe channel

Far-field: well resolvedandpart of the 
interactionwith the free surface



Results: jet velocity

Interactionbetweenjet andfree surface

Resultssofar are promising, butǘƘŜǊŜΩǎstill room
for improvements


