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Abstract

An experimental study of the velocity and concetidra(scalar)
fields of a propeller is presented. Field and labay
measurements were undertaken. The former were upOto
diameters downstream. Important findings were that mean
velocity and scalar fields quickly become Gaussidile further
downstream they both become irregular sometimesoaphing
approximately linear profiles. Propeller turbulerzauses rapid
mixing giving an initial concentration dilution fewr of 1/20,000
after fifty propeller diameters. Some preliminargngarisons
with field measurements of an actual boat in anahtwaterway
are made. Considerably more work is needed to gafalla
understanding of the complex problem of propellédimg.

Introduction

In Queensland alone, boats and ships release ap@mimly 4.5
ML of oil into marine environment each year, whités figure is
about 1.0 million tonnes world wide [4]. In additiosignificant
guantities of unburned fuel, toxic combustion bgpgurcts and
well over 14 M tonnes of antifouling agents (trigdutin) are
directly released into the water and dispersed Hay tessels’
propellers annually. Such pollutants have been shimnimpact
directly on Australia’s coastlines, including thee@t Barrier
Reef. Inland waterways, dams, and estuaries are evae
critically affected by pollution from vessels besaudispersion is
drastically limited by weak background flows andadinwater
volumes. In all situations, propellers create odesble
turbulence, which thoroughly mixes pollutants artteroicals
into the water. It is of great importance to quignpollutant
concentrations in the jet region, and hence tomegdd the
effective contaminant concentrations emitted bysets Figure 1
shows a schematic diagram of dispersion of emissianthe
propeller jet of a vessel. While there has beensidemnable
research on propellers for ship propulsion, vetielresearch has
been done on the dispersing action of the propelié report
results of the first study of its kind to experirtedly quantify the
dilution of a conserved scalar by a vessel typepglier. The
present work aims to comprehend the fundamentalsiring
processes occurring in a propeller jet.

Figure 1: Schematic of boat propeller jet plume seglons of interest.

Experimental Method and Data Collection

New experiments were conducted to measure botlvelaeity
and scalar concentration fields in a propeller Jéte introduced
scalar was dye (Methylene Blue). No horizontal peofvas
performed because of experimental limitations, Hidw
visualisations indicated approximately horizontgmsetry of
the flow field. Measurements were performed at ssve
longitudinal locations ranging from near-field/D=2, to far-
field, x/D=50, wherex is the distance downstream of the
propeller and is the propeller diameter (tip-to-tip).

The tests were conducted in the closed loop flurhethe
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Japan. The flume dimensions were 12 m (L) x 0.4\ X 0.2 m
(H). The water level was controlled by a sharptesveir at the
channel downstream end. The water deptht;) was 0.150 m
and held constant for all experiments (Fig. 2). Thaime flow
rate was held constant and resulted in a wateaseivelocity of
0.040 m/s, used for all experiments. The backgraunoulence
intensity was low (rms/mean 1%).
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Figure 2: Schematic diagram of experimental set-up.

The experimental set up comprised a two-bladed ghiep
powered by a variable speed electric motor witkifflke cable
transmission, held in space by a wing shaped fraimere the
long axis coincided with direction of flow. The peller
diameterD was 20 mm. Velocity measurements were conducted
with a 2D Dantec Laser Doppler Anemometer.

Dye concentrations (mean and fluctuations) weresorea with
a Komori concentration probe [5] held in place byaaljustable
frame. The Komori probe has a sample rate of 1 kHd a
frequency response of up to 100 Hz. The data daleovas
conducted with a Sony PC208Ax digital recorder. Tye was
released upstream of the propeller, 8 mm aboveadia¢ion axis
and 4 mm upstream of the propeller blades (FigTBg inside
diameter of injection pipe was 1 mm. The flow ofetted dye



was maintained constant by a syringe pump. Expertahe
conditions are shown in Table 1 listing initial dyencentration,

and a similar expression for decay of:U

C, and injected flow rateQ. The background concentration of U, _ [ x)" @3)
dye steadily increased over time because the fluoheme was Ui =k B

fixed and the water was recirculated. The upwardt dn p

background concentration was accounted for by migmsthe where |} is the jet velocity immediately downstream of the

background concentration in between each profimut every propeller.
thirty minutes. At each measurement point, the uneas
background concentration was subtracted from tlagling to
give the true concentration. Background fluctuatiowere
eliminated by mixing the flow in a tank with an igifer.

Spectral analysis was used to compare fluctuaiioriee flume
before and after dye injection. No significant eiffnces were
observed even with relatively high background cotregions.
The Komori probe exhibited a linear voltage resgorts
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variations in concentration. The probe was caléxtain clean
water (0O ppm) and in solutions of known concentratiip to the
maximum range of the instrument (8 ppm).

The total experimental campaign
measurements. At each point, 120,000
measurements were recorded with a sampling ratekéfz. The

data were processed by a FORTRAN program to obtan th

concentration statistics, including the first fanoments of the
scalar concentration, although the paper focusesnm@an
concentration results. Velocity and scalar expenismiewere
conducted separately.
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Table 1: Experimental conditions for upstream dyedtion at 3000 rpm.

Velocity field
The mean velocity field was recorded in the londjital and
tangential axes froox/D = 2.5 tox/D = 50 for two propeller
speeds, 1500 and 3000 rpm. Downstream of the peopéhe
evolving jet can be represented by a Gaussianlgrofice it is
established [1]. Typical results are shown in Fég@rfor 3000
rom. The data have been presented in a normalizedat to
emphasise jet flow field evolution. The data arenpared with
the Gaussian equation:
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as used by Brown and Bilger [2] for a study of reacplumes in

grid turbulence where }) r, ' and s, are the maximum jet
velocity, radial distance from centreline (shown ya®n the

figures), radial offset of curve centerline fromQxand standard
deviation of Gaussian profile, respectively. Ovesbeepresent
mean for velocity. Gaussian curves were fitted Hwdt least
squares criteria) to the data, using a steepestedgs
unconstrained multivariable curve fitting procedutquation (1)

was chosen because it comprised fundamental paeesiibat are
clear descriptors of the jet shape.

A power law was fitted t@ obtained from Eq (1) (Fig. 4, Table

2):
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Figure 3: Mean velocity fielclj/umat 3000 rpm with profiles from Eq
(2); (a), (b), (c), (d):X/ D =25, 5, 20, 50, respectively.
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Figure 4: Evolution of Gaussian Profile statistfos mean velocity at
3000 rpm: (a), standard deviation; (b) mean.

At 3000 rpm, the jet velocity data exhibited sonmatter in
relation to the Gaussian profile. In particular, tae farthest
downstream positionx(D=50), the velocity data exhibited a
breakdown in jet profile whereas a slower jet (150@, results
not shown) maintained a Gaussian distribution. &rere a few
likely causes of jet breakdown in this far fieltlid conceivable
that the jet was interacting with the wall. It lmportant to note
that both jets shared a same rate of spread ahththget did not
break down in the far-field at 1500 rpm, althougltouched the
walls somewhat. Hence the evidence available didsnpport
some jet impingement on the flume wall. The writeypothesise
instead that the higher velocity and flow of th@®80pm jet may
have induced some instabilities leading to thebjetak down
observed at 3000 rpm. This matter is under furitinegstigation.

Scalar Concentration Field
Since it was shown that submerged jets exhibit ais&an
velocity profile ([1] and present study), the distitions of



conserved scalar were compared also with Gaussiaes using
a similar method to Eq (1):

N2 (4)
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whereC andC, are the concentration at a poR(x,r) and peak
concentration, respectively.
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Figure 5: Vertical profiles of normalised mean celitne concentration at

3000 rpm.

Figure 5 shows vertical profiles for consecutivewdstream
locations, forx/D=2, 5, 10 and 50. The downstream locatian,
and the radial locationy, are normalised against propeller
diameter, D. Concentration, C, is normalised with theak
Gaussian concentratio@,,.

Drift of the plume centerling; has not been subtracted from the
data so the reader can see the variability of ¥pe@ment. The
maximum drift was less thdb for all experiments. Despite some
scatter, most data (Fig. 5a,b,c) compared favoyrahbith
Equation (4). Yet there were two obvious experirabnariables
that contributed to data scatter. Both were adddessmugh
careful experimental procedure and post-processifigthe
results. First, the calibration of concentrationh® was prone to
drift, as expected of high frequency measuring esobThe
calibration was re-checked over consistent periodsne during
the experiment and systematic data were availablenake
corrections during the processing phase. Secordydabkground
concentration of dye increased with time. Althoughe
background concentration was measured periodicalhe
inherent randomness of the process and the limigsglution of
the equipment contributed toward some data sc#ttr could
not be completely accounted for.

The evolution of dye concentration plume is of #igant
interest. Figure 5 illustrates that the plume o@ded, in the near-
field region, with an approximately Gaussian shgg. 5a) and
evolved by outward spreading, eventually developimnigp an
approximately linear distribution (Fig. 5d). Theatial Gaussian
shape was expected, based on previous results affink
propeller jet. However, the observed linear prafiehe far field

(x/D=50) was a new finding. It is hypothesised thatatee
longitudinal dispersion of dye took place in thethvelocity

flow region next to the free-surface, while, nextthe bottom,
dye transited at lower flow velocities in the boand layer,

hence with a higher concentration. The influenceswirl may

also contribute to this effect. Indeed the datangbthat, next to
the bottom, the scalar concentration was approxydifty per

cent larger than that next to the free surface. igSuch a result
would be amplified in a rough, coarse natural clearieading

possibly to a greater concentration gradient batweeer and

upper flow regions.
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Figure 6: Evolution of Gaussian profile statistios mean concentration;
(a) standard deviatiow; (b) mean on centreline, Cp.

Velocity Scalar
o/D | Un/Up | o/D | Cp/Co
m | 0.63 | -0.59 | 1.00 | -0.76
k 1042|031 0.23 | 7.40E-04

Table 2: Coefficients for line of best fit for akighange of mean velocity
and mean scalar concentration at 3000 rpm correspgro
Figures 4 and 6, respectively.

Figure 6 shows the longitudinal variations of Gaussian ifgrof
propertiesg andC,. The downstream change in radial offset of
the plume (not shown) drifts by approximately omepeller
diameter

Figure6(a) shows the growth in plume width, with increasing
downstream distance, using a Log-Log scale. A pdawgrcurve
was fitted to the growth trend efD:
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The least squares fit was carried out to ascett@mmagnitudes
of the coefficientsk and m, wherem is the gradient of the
straight line in Figure 6(a) ardtakes the value of f@vherec is

they- intercept of the same straight line of bestThe values of
m andk are shown in Table 2.

Figure 6(b) shows the decay in peak concentrati@p, with
increasing downstream distance, using a Log-Lotpséa with
Figure6(a), a power-law curve was fitted to the growtmeref

C/Co:
& =k [Xj m (6)
C, \D

The values ofn andk for best data fit in Figure 6(b) are shown in
Table 2. The total dilution of the peak concentmatiis of



significant interest. In Figure 6(b), the peak camtcation was
reduced by a factor of 1.48E-6 (i.e. ~ 1/20,000xAR=50.

It should be noted that since the resultg/BtE50 did not exhibit

a Gaussian profile, the graphs in Figure 6(a) duasinclude
data from this axial location. Furthermore, in Fgé(b), for the
data point atx/D=50, the measured data at the propeller
centreline was used as an estimate Gyf since the profile
exhibited did not allow a Gaussian profile to bigefi. It should
also be noted that in Figure 6, graphs (a) andb(th axes have
been normalised agairidt

Corresponding experiments with reduced propelleedd@500
rpm) exhibited similar trends to the 3000 rpm reswbith an
increased growth of and faster decag,. Further experiments
with a dye release point downstream of the propaltel with the
same propeller speed produced results (not shawanstipported
those described above and shown in Figure 5 anaré=i§. The
results from the downstream dye release showed sa le
pronounced shift of the centreline, a similar rafechange of
plume width (although with slightly lower magnitigjeand
similar decay rate of peak concentration. Howetrer difference
in peak concentration between the free surfacebatidm was
more pronounced, with a three-fold change, fifty pent higher
than that exhibited by the upstream experiment.

Present results can be used to quantify the dispeasid mixing
of scalars by a propeller. As shown in Figure &b}l Table 2,
the decay exponent f@,/C, is m=-0.76 in the range 2¢D<50.

Such a result is lower than that for a plume foiclvhm=-1 [2],

but larger than that typically obtained for a jdbwever, in the
rangex/D<10 the exponent m was considerably greater nire-,
1.5, suggesting that the near flow field is chadsed by a
greater decay of peak concentration. Overall sicanit mixing

occurs with a dilution of approximately 1/20,000x3=50.

Field Experiment

In parallel with the present study a series ofdfiwsts [3] were
conducted in cooperation with the Environmental t€gtion
Authority and the University of Queensland to cidnmite to a
broad environmental assessment of Eprapah CreekbaBes
which included: continuous water quality samplingieek
velocity measurements, bird and fish activity moniitg. All

measurements were maintained for up to 8 hoursreanisly.

During the course of the field test several differeutboard
motor / boat combinations were driven past the $iagn@area at
different load/velocity combinations which were efatly
monitored. Boats with outboard motors were driverst phe
measurement point for a range of speeds and coafigos.
Figure 7 shows the effect of a non planing outba@aodor on the
velocity field at the point of measurement whichsw@5 m
below the surface and approximately 1 m from thesjpe boat
horizontally. The results in figure 7 showed higlrbulence
caused by both propeller and bow wave correspontinthat
observed in the present study. These effects wetecd in the
turbulent velocity data for a period of less thame ominute
typically, but the velocity autocorrelation funatichowed some
effects lasting at least eight minutes, while watgrality
observations showed some important levels of fadbas for
several minutes after boat passage (e.g. in tefnsirbidity,
conductivity and temperature [3]). Overall the dataggested
some mixing induced by wake waves and by the plepel

Further comparison of the velocity and scalar Beid the
laboratory and field are continuing.
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Figure 7: Instantaneous velocity disturbance causgdan outboard
motor. (coordinates: x, y, z; parallel to creeknsverse, vertical,
respectively.

Summary and Conclusion

The initial conclusion of this study of dye mixiby a propeller
indicates that contaminant mixing is rapid givingeauction in
peak Gaussian concentration by a factor of 1.48#tér fifty
propeller diameters. With an actual boat in a returaterway,
the situation will be different because the incagnirelocity to
the propeller will be higher and interactions wiibw level
environmental turbulence will occur. Considerablyrenwork is
needed to gain a full understanding of the complmblem of
propeller mixing.
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