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AFSTRACT

Nuoerlcal models of the dLsperalon of a pollutant from
outfall requlre data obtalned fron fleld or laborarory
call.bratl.on.

a coaat or eatuary
meaguremeats for

A laboratory test rlg haa been constructed to provlde lnfornatlon on the
lnl'tLal or tnear-fleldt dl.eperelon of sarm rter fron a clrcular, hor{zontal
outfall 25m I'n dianeter at a depth of 0.6m when Lt is discharged Lnto a
body of rater flowl.ng ln the dlrectloa of discharge.

The outfall and all the equLpment for measurlag veloeltlee, turbulence
lateneitles aad temPeratures ln the recelvlng body of satei sere mou1ted on
the carrt'age of a current-meter ratlng tank and towed at varloua constant
speeds uP to lm/e through etllJ. sater. A turbulence-generatlng grld was
attached to the carrl'age oa the upstream side of the outfa[ ana tosed wl.th
i t .

An ou-board microcorlputer controlled sequentlal saoplLng of all turbulence
and temperature ehannels, eonverted the analogue signats to digltal foru and
etored the data on floppy dlske. After each iun aovn ttre tank; the earrla8e
was returned to the atartlng poiat aud the m{ero eonnected by cable to an
adJaceut terninal, vDU and printer. speclal software p"og".l" were wrltten
to acceaa the data frou the dlske, rnalyoe Lt Ln varlous rays and to prlat
out the results. 

I
Three 2-couponent e.n. current metera meaeured sinultaneously the
lnstantaneoua c'omPoneata of veJ-oeLty otr x and Y horl.zontal ares, at threeposltions ln the f,Lume cross-sectloa vl.z at the grl.d ceotre (outfall a-is),
at the game level near the edge of the grl.d, and close to the free surface.
These'meaaurementa were nade 0.5m, 0.75; 

"oi 
h behiad the grid at carrlage

speeds betweea 0'25 aud lm/s. The lnterval between Buccessive readlngs on
the sarne chanuel wae 0.05 seconds.

A vertical 2-dLnensional array of 20 thernistors recorded tenperatures Ln
the heated plume at the same distances behind the grld aod at the same
carrLage epeeds. The interval betweea successlve readl.nge on each
tbendstor wag 0.2 secoads.

'llean R'M'S' values of turbulence on x and Y axes were generally about o.ln/e
rlsing to 0.3n/s at the hlgher velocltl.es. There was iittle sleternatic
difference between turbuLence lntensLtLes measured at the grtd centre, thegrld edge and near the free surface, although nean velocLtles at a1lpositious were lower than the carrl-age towlng speed. The latter Ls
attributed to the aet uotlon inparted to the ,ater in the tank by thepassage of the grld.

Eeated dlscharges from the outfall were rnade at a constaat efflux veloclty
of 0'5n/s at temperatures 10oC and 15oC above :rmbleot. Dye inJected wl.th
tbe water ludl'cated a generally stable pluue ehape wlth a narrow angle of
dl'vergenee' except in stlll rater and aL very Low amblent velocltles. Good3-dlnensloaal definl'tlon of the plumes has been obtalned at aL1 resr
condltlons and data I's avallable, fror rhl.ch dLffusion coefficl.ents can be
det,ernlned.
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INTRODUCTION

BXPERIMENTAL
METEOD

The discharge of pollutant,s into coastal or escuarine
Idaters continues to receive a great. deal of
attentlon. Of prime importance is the need to predict
rates of di lut lon, dispersal and decay in a wide
variety of pract ical  s i tuat ions, so that the outfalL
ls both effectively designed and located and the
Lnpact of the pollutant on the environment is
minimised.

The whole process of dlspersion goes through a number
of stages from the initlal nixing of the jet in the
lrnmediate locality of the outfall to the final decay
of the pollutant to a level which is undetectable in
the background.

The physical  processes in each stage are di f ferent,  so
that separate procedures are required to nodel the
dispersion and predict the pollutant pattern in each
of the stages. Dispersion problems are frequently
tackled by means of numerical moders and these require
enpirical constants, which have to be obEained ei.ther
from field measurement.s or from laboratory tests.

This report is coneerned with sone laboratory tests on
the lni t ia l  or tnear-f ie ldt  dispersion of a cont inuous
discharge of warm water from a small, submerged,
horizonEal outfall in a homogeneous body of rrater.
Tests were made with the receiving or ambient water
both stationary and moving in the direction of
discharge. In these circumstances the dispersion is
dominated by turbulent mi3i11g at the jet boundaries,
the buoyancy of the heated water and the turbulence
character ist ics of the receivlng body of water.

Because of the need to conduct test.s at ambient
veloc i t ies up to ln /s ,  i t  was not ,  praet ica l  to  insta l l
the outfall tn a flume of large cross-section and pump
water past it. Inst,ead, the outfall was fixed below
the carriage of a current-meter callbration tank and
t.owed through a statlonary body of water at various
cons tan t  speeds .

To provide the necessary anbient turbulence a square
gr id of  c losely-spaced bars was a lso at taehed to the
carriage in advance of t,he outfall.

The first part of the experimental progranme ri las
concerned with measurements of mean veloeity and
turbulence intensltles in the wake of the grid when it
was towed at various speeds up to ln/s. These
measurements were nade with 2-component
e lect romagnet lc  (e.n. )  current  meters,  which were
post t loned 0.5m, 0.75n and 1.0n behind the gr id and



EXPERI}IENTAL RIG

Tank

3.2 Turbulence gr id

'  3.3 Current meters

3 .1

towed with lt. -In 
the second part of the prograulme

rfater heated to 100c above anbient was discharged fron
a 25nn diameter circular, horl.zontal outfall
posttloned at the centre of the grid and 7Om behind
it. The exit velocity of the warm nater lras 0.5u/s in
all tests. Temperatures in the outfall plume were
measured by an array of thermlstors also carried with
the grid and outfall.

The current-meter calibration tank is l.g3n wide,
1,83u deep and 9On 1ong, of which 5On is available for
constant. speed runs. A photograph of the tank and
carri.age appears ln plate 1. The carriage can be
pre-set to run at any speed betrreen 0.02 and 6.0n/s
wi.th an accuracy of + L percent.

For the present tests an addltlonal framework was
constructed to hoLd the turbulence grld, outfall, warm
water supply tank, eoln. cutrent meters and
therm{sgqrs. This franework ran on the same overhead
rails as the carriage and wds rigldly attached to it
by a steel bar.  Eleetr ical  wir ing from both the e.m.
current meters and the thermistors was taken forward
to the main carriage where the data acquLsition
equipment was installed.

The turbulence grid, nounted in front of the outfall
was 1.2n wide and 1.5n deep. I t  was constructed of
9.5nrn diameter circular rods arranged ln a square gri.d,
pattern with 51nn spaclng between rod centres, givlng
a blockage ratio of approxinately 35 percent. it"
clearance between the grid and the walls of the tank
was 0.31n and between the grid and the floor of the
tank  0 .59m.  (F ig  t ) .

Three elecLronagnetic (e.n. ) current meters were used
to measure turbulence levels in the wake of the grid.
(Fig 1). There are 2-component instruments measuri.ng
si.multaneously the instantaneous eomponents of
velocity on the longitudinal axis of Ehe tank (X axis)
and on the transverse, hortzontal axis of the tank
(Y ar is).  The r ise t lme (10 ro 90 percent) is
approximately 0.2 seconds. Before being mounted
behind the grid each ueter was callbrated on both
axes .

Temperatures in the warm rdater plume from the outfall
were measured wlth an array of 2O thermistors. These
Itere arranged with the measurlng tips ln a radial
pattern on a vertleal plane wlth t,he centre thermistor

3.4 Thermistors



3.5 Data acqulsi t ion

3.6 I{arE nater
dlscharge

on the horlzontal axis of the outfall. In successive
test,s the whole array was positl.oned at dLfferent
distances from the outfall to deflne the,varu plune in
3-dimenslons. ( f ig 2).

Each therulstor was linearlsed over the range 5oC to
25"C with an accuracy withln this range of + 0.1oC.
The thernistors have a character ist ic r lse t ime (10 to
90 percent) of  approximately 0.5 seconds.

A KEMITRON 10008 microcomput,er, mounted on the maln
uoving carrlage, was used both to control sequential
sampling of all e.n. current meter and thernistor
channels and to record instantaneous veloeities and
temperatures. The nicro coatalns analogue to digital
coD.verter modules, which allowed all the data to be
stored in digiral forn on floppy dlsks. Sanpllng
rates are variable but for the turbulence measureoents
the rate nas set at 120 channels per second, giving an
instantaneous read-out of velocity every 0.05 seconds
on each X and Y axis of the three e.B. current meEers"
Preliminary tests lrith a high-speed ehart recorder
connected to the meter outputs had indicated that the
nain turbulence frequeneies generated by the grld were
below 4ltz. The sanpling rate was thus 5 x the
frequency of the phenomenon being neasured.

The sanpling rate for the thermlstors was set at L00
channels per secoad, glving a teuperature measuremen!
at each of the 20 thernistors every 0.2 seconds.

No data was recorded during the acceLeration or
deceleration phases of the run - only when the
carriage was runni.ng at the required constant speed.
At the end of each run the carriage was returned to
the starting point and the on-board micro connected by
cable to an adjacent terminal, VDU and prlnter. Data
stored on the disks was then read and analysed by
software prograns written for the purpose.

The warm water was discharged horizontally through a
circular plpe 25.4mn in dlameEer poslt ioned 70m (or
1.37 roesh lengths) downstrean of the turbulence grid
and at i ts centre (0.6m below Ehe free surface).  A11
discharges nere nade at an efflux velocity of 0.5n/s
and at a temperature 10oC above amblent, (with the
except lon of a single test at  15oC aboyg.anbient).
The outfall denslnetrlc Froude number (r/ was
therefore 34.1 and the outfall Reynolds nunber (2)
LL,L27 t ' .
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4 TEST RtrSI'LTS

'4 .L  
Turbu lence

(1) F^=G[#.oF

(2 )  R"

where:

V = outfal l  ef f lux veloci ty
D = outfaLl dlameter
t" = denslty of effluent
Al = density di f ference
v = kinemat,lc viscoslty

The warm wat.er was supplied fron a smaLl tank on the
back of the carriage. Before each run this tank was
filled with lrater at a t.emperature 10oC above ambient.
Both the tank and suppLy pipe to the outfall were
lagged to minimlse heat 1oss. Warm water lras pumped
to the outfall by a sna1l battery-powered positive
dlsplacemeat, puup, whLch has a deJ-ivery rate
proportional to the voltage supplied. The voLtage was
adjusted to give a flow rate of 0.253 l/s and an
eff lux veloci ty of 0.5m,/s.

One e.m. current meter (No 2) was positloned on the
outfal l  axis at a depth of 0.6n. In order to detect
variations in turbulence intensities away from the
cent,re of the grid, a second met,er (No 1) was placed
vertically above the axis at a depth of 0.2m and a
third meter (No 3) at a depth of 0.6n and 0.2n inside
the edge of the grid (Fig l). Turbulence measurements
were made nith these 3 meters at dl.stances of 0.5n,
0.75n, and 1.0n behind the gr id.  I t  was assumed that
at these dlstances (equal to or greater than 10 mesh
lengths),  the vortex streets,  generated by individual
bars in the grid, had conbined to form a more or less
homogeneous turbulence field. A seeond assuuption
made Ln the analysis was that the turbulence was
lsotropic, although no velocities rrere recorded on the
vertical axis and it is known that with grid generated
turbulence, inEenslties on the Y axis are generally
about 75 percent of intensities on the X axis for an
appreciable dist,ance downsrream [t ].

Figs 3 to 5 show mean velocities for each of the 3
e.m. meters plott .ed against carr iage (or towing) speed
at 0.5m, 0.75m and l .On behiad the gr id.  At al l
locations mean velocities on the X axis are lower than
the actual carriage speed. Thls appears to be due to
a net forward motlon imparted to the lrater by the grid
as lt ts dragged through. The reduction near the free
surface (f ig 3) is berween 11 and 24 percent for
carr iage speeds berween O.25n/s and Ln/s. At the gr id
centre (Fig 4) the reduction is between 25 arrd 32
percent and at rhe edge of the grid (Flg 5) between 15
and 24 percent. Also of interest is the fact thac



mean velocities-on che transverse (y) axis are not
zero but increase slowly with carriage speed. This
nay be caused by sllght misallgnnent of the meter or,
more Ilkely, is due to a progressive shift of the net
flow dlrectlon away from the longitudinal axis of the
tank as the speed increases. This ls to be expected.
as the flow patterns at the oeters become increasingly
influenced by unobstructed flow between the edges of
the grid and the wal1 and floor of the tank.

At carr lage speeds of O.ZSm/s to 0.75n/s 1200 readings
of lnstantaneous veloclty were obtalned on each meter
axis. At ln/s 1000 readings were obtained. These
were analysed after each run to provide average r.m.s.
values of turbulence intensity ( I) ,  def ined as:-

| = t(iz) + (y2) ll

where (F) = t (*-;'t' 
"oa 0F) = I (z-;r z

(F, y are the mean velocities on X, y axes
respectively and n = number of readings).

Turbulence intensities have been plotted as a function
of mean velocity on the Longitudinal (X) axis at the
grid centre (Meter 2) Ln Figs 6 ro g. Fig 6 is ar a
distance of 0.5n behind the gr id;  Fig 7 ar a disrance
of 0.75n and Fig 8 at a distance of 1.0m. Turbulence
lntensities for all 3 meters are i.ncluded.

There is considerable scatter on the poiuts but the
results indicate that turbulence iatensitles are
general ly of the order of 0,05 to 0.15u/s r isLng ro
0.3n/s at the higher veloci t ies. There is also an
lndlcation of high intensity values (up ro 0.4n/s) ar
the lowest mean velocity (0.2n/s) but only at
distances of 0.5 and 0.75m from the gr id.  This rnay be
due to tncomplete merging of the vortex streets
generated by lndivldual bars in the grld so that the
turbulence fleld is non-homogeneous. There appears to
be no systematic difference between the lntensities
measured by the 3 e.n. meters.

Because time was short, few of the turbulenee runs
ltere repeated to determine the conslstency of the
results nor were the reasons for the scatter in the
data points tnvestigated in greater depth. Ilowever,
slnce the data is permanently stored on disk a more
conprehenslve analysis of these runs would be possible
a t  a  la te r  da te .

The e,m. current meters were removed when the
turbulence measurements had been conpleted and
replaced by the array of thernlstors to measure plume
temperatures. The posltions of the array are
described in Seet, ion 3.4 and shown in Flg 2. The
lnset in the figure shows the thernistor pattern and

4.2 Plune temperature



spaclng, which was deeided after preliminary tests
with dye in the outfall discharge had shown a fairly
stabLe plume nith only a narrorr angle of divergence
and very Little buoyancy rlse. Because of the
difficulty of altering the spaciag once the
thermistors nere ln the flune thLs pattern nas adopted
at all distances fron the outfall and for tests at all
amblent veloci t ies.

Temperatures nere measured at dLstances of 0.5m, 0.75m
and 1.0m from the outfall and at nominal carriage
speeds between 0 and 1n/s at intervals of 0.L25m/s.

The heated effluent was raptdly dispersed in the flume
after each run because of the residual turbulence in
the water so that at the start of each test ambient
temperatures were vlrtually constant throughouc the
length and cross-sectlon of the flume. A reference
amblent tenperature was determined before each test
and the temperature of the warm water supply adjusted
to 10"C above the mean ambient temperature based on'
all the thernistor readlngs. At one dLstance only
(0.5n fron the outfal l )  tests l rere camied out with
the outfall tenperature at both 10"C and 15"C above
ambient.

In every test the outfall ,i l ischarge was 0.253 l/s and
the  ex i t  ve loc i ry  0 .5n /s . ,  (Secr ion  3 .6 ) .

The discharge from the outfall was started during the
acceleration phase of each run but no t,emperature data
was recorded until the required steady carriage speed
was reached, 300 tenperature readings were logged at
each thermistor and these rrere meaned and printed out
imms41.g.1y after each run.

Tables 1 to 3 give the mean temperatures above
background for each of the 20 thermistors at distances
of 0.5n, 0.75m and 1.0m from the outfal l  for al l  the
ambient velocities tested. The velocit,ies are mean
velocities on the X axls at the centre of the grid,
determined for each nominal carriage speed from the
callbration line tn Fig 4. Table 4 gives equivalent
results for a 15"C r lse aE the outfal l  but at  a
distance of 0.5m from the outfal l  only.

Although therxcistor 19 was positioned at the outfall
(Fig 2),  i t  measured' tenperatures, which were
generally below those in the outfall supply 1ine.
This was due to a degree of rn:ixing with colder rrater -
part icular ly at the higher carr iage speeds.

Temperature proflles of the heated plune on the
transverse, horizontal axis and on the vertical axls
for all tests, in which the outfall tenperature was
10"C above amblent have been plotted in Flgs 9 to L7
inclusive.

The ratlo of plume width to diameter of outfall on
both vert ical  and horizontal  axes at 0.5m, 0.75n and



1.0n fron the out,fal1 has been glven in Table 5. In
the case of the vert ical  prof i le (Table 5 (1)),  the
top and botton parts of the plune have calculated
separately to determLne whether there is any
signifleant asyumetry ln the plune due to buoyancy.
The edges of the plune have been arbltrartly defined
as the points at which temperatures are 0.1"C above
ambient.

The followLng charaeteristics of the plune may be
seen: -

(1) The decrease in plume centre-llne temperature Ls
most rapid in the flrst 0.5n and becomes more
marked as ambient veloclty Lnereases. For
instanee, ln st i l l  water the drop ls from l0"C
to  2 .9"C,  wh i le  a t  0 .76n/s  i t  d rops  f rom 10oC to
0 . 2 6  0 c .

(ii) There Ls a rapid increase in pluie diameter
(deflned as the line at which the tenperature
fal ls to 0.1oC above anbient) in the f l rst  0.5m"
AL anbient velocitles between 0 and 0.07n/s the
diameter continues to increase, but nore
gradually, up t,o 1.0m from the outfall. At
velocitl€s of 0.16n/s and above the plune
diameter is constarlt or nearly constant, at
distances between 0.5n and 1.0n.

(ii i) The plume is approxinately synmsgal.al in plan
abouE the outfall axis. Snall departures from
synmetry (such as at a distance of 0.75n in Fig
10) have been traced to slight nisalignment of
the thernistor array.

(iv) The vertlcal temperature profiles show generally
a slight tendency for the warm rf,ater to rise
but, under these test condl.tions, buoyancy
forces do not appear to contribute significantly
to the inltial dispersion.

(v) Generally the plune appears to be wider on its
verti.cal axis than on its horizontal axis, which
is not wholly at,tributable to buoyancy since it
is true for the lower half of the vertlcal'  
sect ion as wel l  as rhe upper half  (Table 5).  I r
&ayr therefore, the result of anisotropy in the
turbul-ence field generated by the grid.

(vi) A conparison of Table l_ and TabLe 4 shows that
when the outfall temperature is increased from
lOoC to 15"C above arblent, mean temperatures ln
the central sectlon of the plume are raised by
approximately 50 percent. Ilowever, t,emperatures
Lmmedlately above the horizontal axls
(thernistors 1, 2 aad. 8) show an average rise of
56 percent at all anblent velocities ,hile those
below the axls (thernlstors 4, 5 and 6) show a
rlse of onLy 22 percent. Thls suggests a slight

L,
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lncrease in the buoyancy of the plume due to the
larger temperature dl f ference.

The teuperature data has been analysed in a way, whl.ch
shows oaly Lts tlme-averaged characteristlcs.
Sufflcient data has been recorded on disk, however, to
allow analysis in greaEer depth. For instance, a
study of plune stabillty could be made by derermining
the frequency and magnitude of temperature
f luctuat ions.

1. An experimental rlg has been constructed to
measure the lnitial or "near-fie1d.. dlspersion
of warm water discharging continuously from a
small, submerged horizontal_ outfall into a large
body of colder nat,er of uniform deasity.

2. The circular outfall was 25nn ln dlaneter and at
a depth of 0.6m. In a1l tests the efflux
vel-oclty was 0.5m/s and, in the najority, the
effluent temperature rras lO"C above ambienc.
Discharges nere made into stil l water and into
nater flowing at up to 0.76m/s in the direction
of discharge. r

3. The outfall and all data logging equlpment was
mounted on an overhead framework, which was
towed at varlous steady speeds through still
water behind the carrlage of a current-Beter
callbration tank. To provide the necessary
ambient turbulence in the water a grid of
closely spaced bars was attached to the front of
the framework and towed with the outfall.

4.  A new data acqulsi t lon system, sui table for
rapidly fluctuating si.gnals, has been designed
and successfully operated with. thls rig. An
on-board microcomputer controls sequential
sanpling of nultiple data ehannels at a high
scan rate (L2O/s),  converts each instantaneous
analogue signal into dlgital form and stores it,
on floppy disks. At the end of each tesE run
the micro is connected to a terminal, VDU and
printer and specially written software programs
access the disks, analyse the data as required
and pr int  out the results.

5. The experimental prograume was in tno parts. In
the fi.rst part mean velocitles and turbulence
lntensitles nere measured behind the grid, using
two-component electromagnetic (e.m.) current
meters with a high speed of response. In the
second part temperatures were measured by an
array of thermistors positioned in the sarm
water plume at dlstances up to 1u from the
outfal l .
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7 .

9 .

10 .

8 .

Mean velocities behind the grid were aLways less
than the carrlage (or t,owing) speed. This is
due to a net motion inparted to the rdater in the
flume by the passage of the turbuLence grid,
whieh lncreased with carrlage speed.

Mean r.m.s. values of turbulence intensity on
the two horlzontal planes - longitudiaal and
transverse to dlrectlon of motion - vere of the
order 0.1n/s, r is ing to 0.3n/s at the highest
velocltles. There was conslderable scatt.er in
the data but no consistent indication of decay
ln turbulence ln the distance 0.5m to l .Om
behind the grid nor betneen the centre and edges
of the grid.

Good 3-dimensional definltlon of the heated
plume was obt,alned at dlstances up to 1.0m from
the outfall. Under the linlted range of test
conditions buoyancy effects were very sLight
with the plume almost synmetrLcal about the
outfall axis in both pl_an and elevation for a
distanee of 1.0n.

The plume diameter on the horizontal, transverse
axis is approxlnately 80 percent of the diameter
on the vertlcal axls. This nay be due to
anisotropy in the grid-generated turbulence
f ield.

The most rapid increase in plume diameter and
decrease ln centre-line temperature occurs
within 0.5m of the outfal l .  In st iLl  water and
at very low ambient flows plune diameter
and temperature continue to change up to 1.0m
from the out.fall but at anbient. velocitles above
0.16n/s the changes ln this region are smalL.

The temperature data has been analysed and
presented in a way, which shows only the tlne
averaged charact,eristlcs of the heated plume.
Also of interest would be the stability of the
plume, which couLd be determined by a more
sophist lcated analysis of the exist ing data.

The experimental progranme has produced data
over a lirnited range of condltions on1y. Of
partlcular value, however, has been the
suecessful development of a multi-channel data
acqulsi t lon sysEem for invest igat lng unsteady
physical processes, which could be used Eo
extend the investigaLion of buoyant plumes in
the laboratory.

BRADSITAW P "An Introduction to Turbulence and
its Measurement" The Co'nonwealth and
Internatlonal Library. Thernodynamics and Fluld
MechanLcs DivisLon. Pergamon press, Lg7L.
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