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SUMMARY 

A program of model experimental research was undertaken to study the 
dispersion of effluent discharged from chemical tankers. The effects of lo• 

cation, volume rate, and velocity of discharge were Investigated as well as 

ship speed and propeller action. This work was undertaken to provide guid
ance to the U.S. Coast Guard In regard , . ., mlnlmlzln.;, ~:,e Impact on the 
environment of dlscherged wathwater from tank cleaning operations and may 

1 be considered to be an extension of a contribution from Norway to the Inter-

national Maritime Consultative Organization's (IMCO) subcoornlttee on Marine 

Pollution. 

Results of the research carried out with scale models In a clrculat• 

ing water channel and in a towing tank include: 

I) Discharge should be through the ship's hull at low rates of 

flow with large diameter pipe penetrations or sea chests. 

2) The discharge should be located so that ":he effluent flows fnto 

the central region of the wake and is not affected by bow or 
bilge vortices. Locations In the region Just forward of the engine 

roan and from just below the turn of the bilge or outboard to 

about the height of the shaft centerline are suggested. 

3) For low velocity discharges Into the central rnglon of the ship's 

wake, the concentration of ·contaminant will be ap~roximately pro

portional to the discharge rate. 

4) The pennlsslble rate of discharge of effluent with P percent 

concentration of contaminant, to achieve a pennlsslble concentra• 

tlon, Cpenn, of contaminant at a location Just aft of the pro• 

pellers may be estimated from the following equation: 

Pennlsslble Discharge Rate (tons/hr) 
C L 2 

• 330 x ~ x Hin D11 Factor(~) 

whf.re LPP 11 the length between perpendiculars for I partfcu1ar 

11 
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vessel and the Minlm1.111 Dilution Factor may be taken to be 3000 

according to Table V which gives results f~r discharge from a 

630-ft L vessel at 330 to~,/hr rate. pp 

5) The dilution ls expected to be relatively Insensitive to ship 

displacement and trim If the effluent flows Into the central 

part of the ship's wake and ls not affected by bow or bilge 

vortices • 

111 
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I• INTRODUCTION 

In 1970, there were at least 260 dtffere11t types of liquid hulk 

cargo other than oil, transported by ships. The Subconmlttee on Marine 

Pollution of the International Marine Consultative Organization (IHCO) 

has estimated that at a mlnim1Jm 16.5 ml 11 Ion tons of 1 lquid cargo, 

other than oi 1, were shipped i'n 1970, It has been recognized by IMCO 

that the cleaning of ship tanks after delivery of this liquid cargo 

and the subsequent discharge of the washwater into t:he sea, constitutes 

a potential source of oceanic 1>01lutlon. One step towards minimizing 

the impact of the discharged 1r1c1shwater on the ocean environment Is to 

insure an Initial high degree c.f dilution lmnedlately aft of the ship. 

It Is common pract Ice, at prd!i&nt, for the washwater to be pumped over 

the side of the ship. A recent report by Norway 1 to the IMCO subconmlttee 

on Marine Pollution showed that this method ts far less effective In 

achieving a high Initial dilution than If the washwater Is released 

through the hull of the ship. 

In the tests reported by Norwa)·, the over-the-side discharge was 

accoq,llshed by connecting a hose to I manifold on deck which provided 

a discharge rate of 150 tons/hour. The discharged water containing 

Rhodamlne-8 dye was observed to remal~ concentrated In• narrow band 

running parallel to the ship's course. Samples of water were taken at 

various depths within the discolored band and subsequently analyzed to 

determine the degree of dilution. The minimum observed dilution was 

1 :275. 



Previous analyses of typical concentrations of contaml~ants In 

washwater r'.:Jcharges had shown that the maximum concentration expected 

would be less than 2~. The minimum observed dilution of 1:275 corres

ponds therefore to a maximum concentration of noxious substance (assuming 

that the concentration In the washwater was 2~) of 73 ppm. The sub

sequent dilution In the sea was observed to occur slowly. After two hours 

the observed dilutions were still as small as I ;625 -(Cmax = 32 ppm). 

The advantage of discharging the tank washw&ter through the hull 

is that ft becomes mixed with the ship's wake which shOuld insure a much 

greater dilution than can be accomplished by over-the-side discharge. 

The tests described In the IMCO report were condur.ted aboard a fully

laden coastal tanker. A radioactive tracer was released Just below the 

water surface at a position which Insured that It would be moved through 

the propeller. The tracer was dissolved In o.6 liters of water and 

released at a uniform rate for 10 minutes. Consequently, there was no 

attempt to simulate the expected discharge rate of washwater (of the 

order of 30 to 100 tons/hour) In this test. Samples of the w1ter In 

the ship's wake were taken following the release of the tracer. Un• 

fortunately, the first measurement of the peak tracer concentration In 

the ship's wake was not made until 26 minutes after the passage of the ship. 

A plot of peak tracer concentrations against time was used to obtain an 

estimate of tne Initial dilution by a linear extrapolation of the measured 

values back to the time of passage of the ship, The estimated minimum 

Initial dllutlon of the tracer was I: 11,Soo for a wastiwater discharge of 

100 tons/ttour. If the discharge concentration Is 2J, the expected maxlm\111 

concentration In the sea would be th., 1.7 ppm. 

2 
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The Norwegian test results clearly show the dramatic decrease In the 

Initial maximum concentration which occurs when the dl~charge Is mixed in 

the ship's wake rather than discharged over the side. The present research 

is Intended to extend the Norwegian results in order to elucidate the ef

fects of (1) rate of discharge, (2) method of discharge, (3) discharge 

location, ('¼) ship speed, and (5) propeller loading. The test program was 

carried out on a model scale to allow .for a systematic variation of dis

charge and ship parameters. Arguments for the validity of applying these 

model-scale test results for the prediction of dilutions expected for full

scale ships are presented In Section I I of this report along with a general 

description of the mechanics of mixing. 

The experimental study consisted of six test series: four conducted 

in the Davidson Laboratory circulating water cha~nel and two In the 312-ft 

long towing tank. The tests In the water channel, describ~d in Section I II 

of this report, Included measurements of the dilution of a released trac~r 

for the following conditions: (I) an unobs.tructed flow in the channel, 

(2) a propeller operating in the channel, (3) a foreshortened model of a 

typical chemical tanker fixed In the water channel without a propeller, and 

(4) the same model but with an operating propeller. The tests In the towing 

tank described In Section IV of this report included measurements of the 

dilution of a tracer released from a geometrically scaled, 8-ft long tanker 

model operating with and without a propeller. 

The towing tank tests were clearly the most Important for prediction 

of full-scale dilutions since these tests much more closely simulated the 

operation of full-scale tankers than did the water channel tests using a 

distorted model In a confined channel. T.he water channel tests were, how• 

ever, crucial to the success of the towing tank tests, The water channel 

proved ideal for photographs of the released tracer. In addition, a large 

number of test conditions could be much more efficiently i1westlgated in 

the water channel than In the towing tank. The results of the water channel 

tests were used to aid the design of the definitive tests In the towing tank. 

This research was supported by the United States Coast Guard under 

Contract OOT•CG-33148. Mr. Robert Goldbach, Vice President, Marine Trans• 

port Lines, generously offered practical advice and provided drawings of the 

typical chemical tanker, S.S. ~ARINE CHEMIST. 

3 
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II, MECHANICS OF MIXING 
Elementary Ca!,es 

The diffusion of an admixture in an entering flow, such as an over

board discharge from a ship, to r:n ext.ernal flow such as the main flow about 

a ship's hull, is effected by turbulent mass transfer processes for most 

flows of engineering s'gnificance, The general characteristics of several 

kinds of important "simple" flows, such as boundary layers, wakes and jet!> 

spreading In an external stream of fluid, will be briefly described to 

show certain significant features which may be relev,1nt to studies of more 

complex flows, viz., about ship's hull. 

Diffusion of tracers from a line source at or near the wall into a 

developing turbulent boundary layer has been studied by Poreh and 

Cermak2 who distinguish four different "stages" of the diffusion as: the 

initial stage, an Intermediate stage, a transition stage and the final 

stage, which is of greatest interest for this review, In this region the 

diffusion boundary layer extent, or thickness, becomes a constant fraction 

{about 0,64) of the velocity boundary layer thickness, Concentration dis• 

tributions of the adm xture of the tracer are similar at successive 

stations at distance x from the effective origin of the tracer. Conse• 

quently, the maximum concentration of admixture compared to the original 

concentration of the admixture in the discharge varies inversely as the 

boundary layer thickness, i.e., 

C (x) e constant x Cdlscharge 
measured -

6 
( 1) 

where 6 is the boundary layer thickness. For a flat rlate with turbulent 

flow, the boundary layer thickness may be approximated by 

0,JZ X 4/5 
6•(utv)lls 

• 
( 2) 

where u. Is the uniform external velocity and \I ls the kinematic vis• 
coslty. Hence, 

4 
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-4/5 • c,onstant • x · 

The mixing is turbulent and Is evider,tly promoted by the momentum and 

vorticity Interchanges associated with the wall shearing stresses. 

(3) 

The characteristics of the diffusion· boundary layer, viz., thickness 

and wall concentration, are shown graphically In comparison with other 

boun~ary-layer characteristics in Figure I, which is taken from a paper by 

Wu. 3 The important features are that the tracer does not disperse outside 

the velocity boundary-layer~ i,e., beyond the limits where turbulent inter

change occurs, that the maximum concentration falls off rapidly with down

stream distance, and that the diffusion layer, where the tracer conc~ntra

tion is fairly uniform, thickens to a large fraction of the velocity 

boundary layer thickness within a fairly short distance from the position 

where tracer is introduced. 

The problem of diffusion from a line source is effectively two· 

dimensional: the corresponding three-dimensional problem of diffu5ion 

from a point sour~e into a turbulent boundary layer has not, to the authors' 

knowledge, been studied. Moreover, in this case which Is of greater in• 

terest for discharge from chemical tankers, the effect of the momentum of 

the entering (tracer) fluid may be significant and the mixing of "Jets 11 of 

fluid with turbulent boundary layers has not been studied for either line 

sources (plane jets) or point sources (circular jets), 

The cases of free jets or wakes In a uniform flow have been sturlied 

extensively, however, and In this case as well turbulent dlffuslo" accounts 

for the important dispersion of admixtures for virtually all ce~es of en

gineering significance, A comprehensive description of the r~neral proper

ties as well as various theoretical analyses of turbulent J~ts and wakes 

is available In a monograph by Abramovich.4 The term "lef.' 1 Is used to 

describe the flow of fluid (at different ve'locltles) or .!lther side of " 

tangential separation surface. In an axi1\i1r,netrlc Jet, for Instance, the 

velocity in a relatively small coie of fluid Is usually appreciably greater 

t'ian that of the external flow, which m•y be either 11co•flowlng11 (moving In 

the same direction), 11counterflowln9" (moving In an opposing direction), or, 

5 
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perhaps, oblique. In a 11wake, 11 on the other hand, the velocity of the core 
fluid is generally less although not necessarily appreciably less than that 

of the external fluid. 

A special char~cterlstic of turbulent free jets and wakes is the 

absence of solid boundaries of flow although such boundaries are ordinarily 

the original source, at some distance removed, of ci1e jet or wake. Conse

quently, the very thin laminar sublayer adjacent to the wall, which Is the 

part of a turbulent boundary layer in which viscosity Is important, is also 

absent and the Influence of viscosity may be neglected for all cases of free 

turbulence, This explains the observed similarity of Jets, independent of 

Reynolds number over a very broad range. 

In the main region of a jet or wake, at a sufficient distance from 

the c. ·igln, velocity and concentration distributions are similar at suc

cessive stations. However, the velocity distribution is not the same as 

the concentration distribution. Figure 2, taken from Abramovlch,4 shows 

the distribution of concentration of an admixture as well as the distribu

tion of temperature differences {which is the same as the concentration 

distribution since turbulent mass transport accounts for both kinds of mix• 

Ing) and of velocity differences for an axially symmetric jet In a co-flow

ing stream, 

In case the jet is not discharged in-1 ine-with the stream (either 

coflowing or counterflowing), it is deflected by the stream and the result• 

Ing path of the jet is curved. 

The rate of diffusion or growth of a jet is affected by such factors 

as the ratio of jet velocity to stream velocit1/, the initial direction of 

the jet relative to the stream, the turbulence level of the external stream 

and the uniformity (or spatial variation) of the external stream, Jets 

with only small differences between their 1~ 1 -ial velocity and that of the 

stream, as well as wakes, hove the characteristic that their growth is 

relatively insensitive to the velocity ratio. Two-dimensional Jets and 

wakes behave somewhat differently from circular jets and wakes, as is in

dicated In the following table, taken from Sehl ichtlng 1s5 book,which shows 

the rate of increase of width and decrease of maximum velocity difference 

6 
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for various cases of turbulent flow • 

.ffi..BLE 1 

POWER LAWS FOR VARIATIONS OF 
WiDTH, MAXIMUM VELOCITY DIFFERENCE AND CONCENTRATION OF ADMIXTURE 
WI TH STREAMW I SE DI STANCE x , FOR VARIOUS CASES OF TURBULENT FLOW 

Case 

Two-Dimensional Submerged Jet 

Circular Submerged Jet 

Two-Dimensional Wake 

Circular Wake 

Two-Dimensional Boundary Layer 

Width, b 

b 

X 

X 

1/2 X , 

X 
1/3 

X 
4/5 

Max Vel 1y Concen-
Di ffe re nee tratlon 

u C m 

-1/2 -1/2 
X X 
_, _, 

X X 

-1/2 -1/2 
X ~X 

X 
-2/3 

X 
-2/3 

0 -4/5 
X X 

The manner in which concentrations of admixtures vary is also included in 

this table and the case of the two-dimensional bounary layer added. The 

x-distance is measured from an "effective origin, 11 appropriate to the flow 

in the main region of the jet and the final stage of the diffusion boundary 

layer, for instance. 

The term submerged jet is applied to jets issuing Into otherwise 

quiescent fluid, For the general case of a jet in a stream db/dt e variable, 

except in cases of co-flowing jets where the jet velocity Is close to the 

stream velocity, when b = canst •x is also valid. 

Some photos showing diffusion of admixtures introduced in a variety of 

ways are given in Figure 3. The irregular "boundaries'' of the emitted stream 

(which, for the velocity ratios shown, amounts to a ''wake with base bleed" 

rather than a jet fl™) well Illustrate the turbulent fluctuations which 

occur. :twill be noted that some of the streams droop downward, a manifes

tation of the greater density of the emitted sal lne solution than of the 

stream. The drooping depends on the stream speed, which is very low (0,5 

ft/sec) for thPse photos, and at higher test speeds, typical of the ship 

model tests reported here, is not significant. 

7 
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Considerations for Overboard Discharges from Ships 

In general, it Is desirable to l,ffect the greatest possible mixing 

and dispersion of unavoidable overboard discharges fr~n ships within a 

short distance abaft the ship In order to minimize potential effects on 

marine life. Consideration of the results for elementary cases of mixing 

provides certain insights into methods of discharge which should be a

dopted to achieve rapid and complete mixing. Results of more detailed 

Investigations by model tests (to be discussed subsequently) wl 11 Indicate 

that such considerations, while useful, are Incomplete in themselves and 

that certain interesting and anomalous feature~ of the flow can occur. 

Injection into a boundary layer, at least for the case of negligible 

momentum of the entering material, can produce effective mixing through 

most of the brundary layers thickness If the Injection location is only a 

short distance (on the order of ten to twenty boundary layer thicknesses) 

upstream of the observation position. Thus, it is not necessary to in

ject effluents through the ship's hull very far forward in order to ac

complish good mixing astern of the ship; injection near the stern may be 

expected to be equally effective. 

The flow patterns around full form ships such as chemical tankers 

and other bulk cargo carriers are complex, as revealed by various investiga• 

tors, notably Shearer and Steele. 6 Various means of flow visualization reveal 

that trailing vortices, having longitudinal axes, are often formed both near 

the forward end and from the bilges at the aft end of the parallel middle 

body, The "sense" of the rotational flow in these vortices is ordinarily as 

depicted in Sketch A but the bow vortices are importantly influenced by the 

Bow ·(__} 

Vortices 

ref>_r_t ______ ... _ ..S.W.b.21r_<J 

I 

'?' 41( 

( ! ( ' 

· -it!_, Stern--~ 
B 11 ge Vort Ices 

Bov~ 
Vortices 

SKETCH A. APPROXIMATE POSITION AND SENSES OF BO\ti ANO STl::J;N BILGE VORllCES 
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details of bow shape, especially whether a bulbous bow is adapted (bulbous 

bows may, In some cases, suppress the bow vortex system). Trim also af

fects these vortex systems significantly and, consequently, the overall 

flow patterns and ship resistance (which is, however, incidental to the 

present disc~ssion). The point of this discussion Is that effuent can 

be convected by the external flow patterns along rather complex paths, de• 

pending upon the through-hull injection locations. This is especially so 

if injection occurs at high velocity (momentllll), through a small diameter 

outlet so that mixing in the wall region of the boundary layer is not 

possible, and effluent may be convected not In the direction of streamlines 

in the vicinity of the hull but along streamlines of the external flow which 

may be appreciably skewed from those next to the hull. 

In case of discharge from the ship through a hose over the side, it 

ls important that the effluent be mixed by the boundary layer, which is 

several feet thick at the stern of a typical chemical tanker. If the dis

charge occurs at too great a distance abeam of the hull mixing will not 

benefit from the hull- and propeller-generated turbulence but only from the 

ambient turbulence of the sea and that of the effluent stream itself: the 

resulting discharge can be expected to diffuse very much more slowly than 

a wake-stirred effluent. 

The rate of diffusion with time or distance behind the ship can be 

expected to depend mostly on the ultimate development of the wake of the 

ship. Previous experimental studies by Schooley and Stewart7 and by 
8 Kennedy have shown that the development of wakes of self-propelled bodies 

in density-stratified flows depend Importantly on the density gradients. 

In general, effluent discharged from chemical tankers will not be neutrally 

buoyant. While this is considered to have little effect on the near-ship 

mixing, it may well affect the subsequent dispersion as the wake develops 

further. Inasmuch as density gradients are typical In the ocean (In fact, 

a density discontinuity exists at the surface), the separate and/or com

bined effects of density gradients In the sea and density differences 

between the sea and the effluent on the rliffusion of the effluent in the 

ship's wake may be expected to be quite complicated. 

9 
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Some Simplified Analyses 

It is interesting to con~ider some highly simplified analyses of the 
average concentration of effluent in the wake of a ship based on conjectures 

concerning the spreading of the effluent In the wake at some (unspecified) 

longitudinal position, These analyses suggest that results for tests with 

a particular ship or model give useful guidance for other ships (or models) 

of generally similar, but not idential, proportions. 

1 In the IMCO report the following equation is used to estimate the 

average, initial concentration aft of the ship, 

( 4) 

where 

CD = concentration of noxious substance in the washwater discharge 

QD = volume discharge rate of washwater 

Po = density of washwater 

B = beam of ship 

0 = draft of ship 

Vs= ship's speed 

P
5
w = density of seawater 

Cavg = estimate of the mean concentration lrnnediately aft of the ship 

Two basic assumptions are made in the derivation of Eq.(4), each of which 

tends to make it a nonconservative estimate of Cavg The first assump

tion is that the discharge is uniformly mixed over a plane immediately aft 

of the ship with an area equal to the beam times the draft. The second is 

that the volume of water moving through this plan per unit time is simply 

the area of the plane times the forward speed of the ship. 

An alternative formulation to estimate Cavg, based on the propeller 

characteristics, uses the basic assumption that the discharge is moved 

10 



R-1697 

through the propeller and that if'llTlediately aft of the propeller the con• 

~entration is uniform over a plane with an area equal to the area of the 
no2 

propeller disk, i.e., T where DP Is the propeller diameter. In 

view of the propel 1er 1s suction action i·n pumping fluid aft to produce 

thrust, these assumptions seem more plausible than the former ones al

though it is appreciated that the details of the flow are actually of 

greatest Importance. The calculation of the average velocity of the 

water through this plane can be found for a given ship from 

1. 

r 1 + ( CTh+ 1 )2 7 
= V ( 1 - w) s 2 

where: 

w = the wake fraction, 

, the thrust coefficient, 

Va ts the speed of advance of the propeller through the ship's 

boundary layer flow, and 

T Is the propeller thrust 

(5) 

The values for wand CThare known, at least approximately, for any given 

ship. For example, for a T-2 Tanker, 17,000 dwt, 503' x 68 1 beam x 30' 

draft, w .. 0.3 and Clh= 1.05. For many practical appltcatlons, a suff 1-

ciently good approximation for Vavg In to use simply Vavg Fl:l V5 • For the 
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V 
example of the T-2 Tanker ~ = 0.85. The volume flow through the 

s 
p rope I 1 er °-p Is 

l 

[-
1 _+_(_c_T h_+_1_)_2 _ l. +r02 ' 

Q = V ( 1 - w) . 
p s 2 

( 6) 

and the concentration of released substance aft of the propeller under 

the assumption that It ls completely mixed with the volume flux~ is 

The difference between using Equation (4) and Equation (7) to find 

est1,nates of the average concentration aft of the ship is substantial. 

Using the T-2 Tanker as an example and by assuming Vs= 15,8 knots, 

DP= 19½', c0 = 2%, PoG.o = 100 tons/hour, and Psw = 64 lbs/ft 3, then 

from Equation (4) 

C = 0.35 ppm avg 

and from Equation (7) 

C = 2, 79 ppm avg 

Equations (4) and (7) can each be used to estimate the Initial 

average concentration aft of the ship used in the tracer experiments 

described in the IMC0 Report. The ship was a 1300 dwt tanker with 

a beam of 11.6 m and a draft of 3,95 m. The ship speed was 12 knots. 

No Information on the ship's propeller was given In the report but its 

diameter can be assumed to be approximately two-thirds of the ship's 

draft. For a discharge of 100 tons/hour and concentration in the dis

charge of 2~ then Equation (4) yields an average initial concentration of 

12 
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C = 2 ppm avg 

C = 17.2 ppm avg 

assuming that V = V and D = 2/3 D~ With either equation the avg s p 

estimated average concentration lnmediately aft of the ship is greater 

than the peak concentration, 1.7 ppm, which was dete.rmined by extrap

olation of the measurements of tracer concentrations. It seems likely 

that the actual peak value Immediately aft of the ship would be con

siderably greater than the average values calculated from either 

Equations (4) or (7). Consequently, the extrapolated value of 1.7 ppm 

used as an estimate of the peak concentration lnmediate1y aft of the 

ship seems to be too small, which casts doubt on the validity of 

the linear extrapolation used to find this value. 

Neither Equation (4) nor Equation (7) ls useful for accurate 

predictions of the peak concentration aft of the ship, since the 

assumptions on which they are formulated would never be fully satisfied. 

Furthermore, neither equation accounts for the effect of the location 

of the discharge along the hull of the ship. Granting the limitations 

of Equations (4) and (7), they are useful In Identifying parameters 

which would influence the dilution of the washwater. If we define the 

minimum dilution as simply c
0
/c k' then Equations (4) and (7) suggest pea 

that for a given ship the dilution wi 11 Increase as the ship speed 

increases, as the propeller loading Increases, and as the rate of dis

charge of the washwater decreases. The chief difference between Equation 

(4) and Equatl0n (7) is the assumption of the area over which the 
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contaminant Is spr~1d: Equation (4) assumes an area equal to the beam 

time draft, while in Equation (7) the area Is the projected area of the 

propeller, r'IJ2 /4. For intermediate to large liquid bulk carriers, in 
p 

the length range from 600 to 900 feet, the ratio of the draft of the 

ship to the propeller dla~eter varies within small limits, typically 

from 1.6 to 2.2. Similarly, the length/beam ratio of these ships varies 

within small limits, typically from 6.5 to 7.5. The lrmgth/draft ratio 

varies typically from 15.5 to 17.5. The consequence of this similarity 

in form and propeller size Is that the dilution of the discharged wash

water can be expected to vary approximately with the square of the length 

of the ship, L. To see this, we can simply replace the beam, B, the 

draft, D, and the propeller diameter, D , in Equations (4) and (7) by 
p 

B = Qt, D = ~L, r, = yl. Providing that a, ~, and y are nearly constants 
p 

for most bulk carriers, the1, both Equations (4) and (7) show dilution 

varying as the square of the ship length. 

The purpose of the model studies described in this report was to 

determine the dilution of substances discharged through the hull. The 

experimentation on a model scale allowed for a systematic variation of 

( 1) discharge location, (2) discharge rate, ( 3) method of discharge, 

(4) ship speed, and (5) propeller loading. The results obtained from 

these model studies can be appl led to the prediction of the expected 

di I ut Ion in the wake of full scale Ships. From the arguments presented 

above, the dilution, c0/cpeak' may be written 

(8) 
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where K Is an! prior:,!_ unspecified proportionality constant which 

cou1d include effects of propeller loading, discharge location and 

method of discharge. It must be assumed that K for the model tests 

and for the .prototype, would be the same ff the method of discharge, 

propeller loading, CTh, and discharge 1ocatlon were the same, The 

vo1ume rate of discharge, <2i,, may be expressed as 

(9) 

where "_iet is the velocity of the wastewater discharging through an orifice 

of area, A0 • If X Is the scale ratio of the prototype's length 

dimensions to the model's, then Equation (5) and (6) can be combined to 

give the following 

where subscript m refers to model parameters and f
5 

to the full-scale 

ship. If (~ 'fs can be represented by X2 (A0)m, then 

L2 V . 
( C /C ) r: K --'L (~ ) • 

D peak f s ( A ) \v j et f 5 D m 

15 

( 10) 

( 11 ) 
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I I I. WATER CHANNEL TESTS 

Apparatus 

The Davidson L.aboratory Circulating Water Channel is shown in Fig

ure 4. The flow in the test section is .controllable from approximately 

1/3 to 15 fps. The output from a tach generator mounted on the drive 

shaft of the impeller had been previously calibrated against the speed of 

the flow in the water channel. During the present tests in the water 

channel, water speed was determined from the tach generator output signal 

and continuously monitored during the tests. A cover plate to suppress 

free-surface effects was built of one-inch thick styrene plastic for use 

during all four series of tests in the water channel. The cover plate was 

transparent to aid in visual observations of the dyed tracer. For the 

open-water test series (with and without a propeller), the cover plate's 

center seccion, as shown in Figure 5, had 3 parallel slots 20 inches long, 

Yl6-inch wide, 2 inches apart through which the tube for injecting the 

tracer could be inserted into the test section. For the open-water pro

peller test series, a right angle drive was mounted through the cover plate 

which is also shONn in Figure 5, For the tests employing the foreshortened 
• 

tanker model, the hull was attached to the cover plate and the two styrene 

strips in the center section between the slots were removed to provide. 

access to the interior of the model. 

The tracer solution (5% salt, 5% Tlntex fabric dye dissolved in tap 

water) was injected in the open water tests through an 0.097-inch I .0. 

tube with a right angle bend, The tracer was pumped by a Sage Instrument 

Company Model 7122-21 variable speed syringe pu111p, The flow rate was con

tinuously adjustable from 0.21 ml/hr to 140 ml/hr, A calibration curve 

of dial setting against flow rate was obtained and used f0r all tests In

cluding those in the towing tank. 

For the open-water propeller tests, a right angle drive system was 

constructed. A D.C. motor with continuously adjustable speed control was 

mounted above the cover plate and coupled to a drive shaft supported In a 

streamlined strut. The strut was mounted directly to the cover plate, 
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The strut terminated In a shaped pod containing an electric-drill-type, 

right angle gear to which the propeller shaft was attached. The photo• 

graphs In Figure 5 show this drive system. 

A previous project at the Davidson Laboratory had employed a similar 

system for open-water propelle1· testing •. Consequently, the thrust charac

teristics of this Installation were available In the form of conventional 

propeller KT vs. J curves. Figure 6 shows this curve for the propeller 

used in the present open-water tests as well as a curve of the thrust 

coefficient, CTh" The propeller characteristics are-also listed on the 

figure. 

The model used In the water channel to simulate the flow over the 

afterbody of a tanker was developed from techniques suggested by similar 

work at the Swedisl1 State Shipbuilding Experimental Statlon. 9 

The hull lines sh01Nn in Figure 7 are based on plans for a T-6 Tanker, 

the S.S. M,i\RINE CHEMIST, which were supplied by Mr, R, D. Goldbach of 

Marine Transport, Inc. The stern profile and rudder shape are geometrically 

scaled to 1 :76,5 and are also shown in Figure 7, The breadth of the model 

is considerably narro.ver than a geometrically scaled model In order to re

duce blockage effects in the'channel. The length of the model corresponds 

to only the aft 7 stations plus a very abbreviated bo.v shape. The model 

was mounted in the water channel to simulate a partial draft condition In 

which the entire propeller aperture Is just submerged. 

The foreshortened model w~s built of fiberglass and was outfitted 

with rudder, stern tube, and propeller motor mounted on a thrust balance. 

The propeller was the same one used in the towing tank tests and Is des• 

cribed on page 22. The feedback-controlled propeller motor's drive shaft 

rate of rotation was determined from a magnetic pulse sensor. The model 

was provided with 32 through-hull discharge ports, as shown In Figure 8. 

The apparatus for determining the concentration of the tracer solution 

was es sent i a 11 y the same as for the tow Ing tank tests and is des er I bed In 

Section IV and In Figures21 and 23, The only differences between the water 

channe 1 and tow Ing tank tests were the use of three probes in the \'later 

channel (as opposed to five In the towing tank) and the use of ½•Inch 

spacing between probes (as opposed to either 2 or 4 cm s~aclng In the towing 

tank. 
17 
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Series I: Open-Water Tests 

For the tests In the unobstructed water channel test section, the 

tracer solution was introduced upstream of the three conductivity sensors 

through the 0.097-inch I .O. tube. For each test ~ondition the sensors 

position was systematically varied in order to determine the peak tracer 

concentration over a plane downstream of the injection. Photographs of 

the dye for each condition were taken through the glass sidewalls of the 

channel test section. Examples of these photographs are shown ii, Figure 3. 

In the open-water tests the effects of discharge rate, water speed, 

method of discharge and downstream distance on the dilution of the tracer 

was determined. The instantaneous conductivity measurements as observed 

on the oscil lograph records were highly variable. For ~eliable estimates 

of the time-averaged concentration distribution, it was necessary to 

average the sensor signals over a period of five seconds. This procedure 

was followed for all four series of tests in the water channel. Figure 9 
shows a typical time-averaged distribution of tracer concentration for the 

open-water tests. The chief result of the concentration me~surements was 

the determination of the maximum time-averaged concentration which cor

responds to the minimum dilution ratio. All results of the water channel 

and towing tank tests are reported as the ratio of the measured concentra

tion to the initial concentration of the tracer at its point of discharge. 

The reciprocal of this ratio is the dilution ratio, e.g.' a measured value of 

C /C of Sxl0-4 represents a di 1 ut ion ratio of 2000:1. 
meas D 

1·he chief results of the open-water test series are summarized in 

Figure 10. In Figure IO(a), the ratios of the peak, time averaged, con-

centration,c k'to th~ initial concentration, c
0 

, with the conductivity 
pea 

µrobes 15 inches from the discharge have been plotted against the ratio of 

the jet speed, v. t , to the water channel speed, Vt • For a fixed Je s ream 
water channel speed ~nd fixed discharge port area, the ratio V. /V Jet stream 
simply represents variations in the rate of discharge. The fact that 

Figure JO(a) sho.,.,s C k/CD pea 
values for three different water channel 
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~peeds lying approximate1y on the same C k/c 0 versus VJ t/V t pea e !r ream 
straight-line curve Indicates that the di1utlon ratio varies dlrect,y 

with the ratio V. t/V t • The effect of method of discharc,e is also 
J e s ream · 

indicated on Figure lO(a). The methods of discharge teste4 Included co-

flowing jet discharges with angle, 01 , between the jet a11d stream, equal 

to o0
; contraflowlng jets with 0/=180°; and· jet discharges with 01=45°. 

The effect of method of discharge was not· :;ignlflcant except for one case, 

that of a contraf1owing jet with Vt • 0.5 ft/s • 
s ream 

Figure lO(b) shows the effect of downstream distance on peak concen

tration, In Section I I, arguments were presented for a variation In jet 

concentration proportional to x· 213 where x Is downstream position. 

The results shown in Figure IO(b) seem to confirm this dependence. How

ever, the paucity of data does not allow a definite conclusion to be 

drawn. 

Serles II: Open-Water Propeller Tests 

With the propeller (described in Figure 6) operating in the water 

channel, procedures similar to those described above for Serles I were 

used to determine the effect of discharge rale, method of discharge, water 

speed, and propeller loading on the dilution of the tracer downstream of 

the propeller. Photographs and conductivity measurements were made for 

each test condition except for the effect of discharge location for which 

only photographs were taken. Examples of the photographs for the open-water 

propeller tests are shown in Figure 11. 

The conductivity measurements were all made for a discharge location 

10 inches forward of the propelter,and one-inch below the propeller center

I ine and for the conductivity sensors mounted 5 Inches downstream of the 

propeller. Figure 12(~) shows the results of the conductivity measurements 

presented as a plot of C k/c 0 versus VJ t/V t • The thrust coeffi-pea e s ·ream 
cient for the results in Figure 12(a) was held constant at 3.0, The 

values of Cpeak/c0 for variations in Vstream and dl!charge method (a=0°and a=45°: 

do not collapse as well onto a single straight-line curve for this test 

series as they did for Series I. The line drawn through the measured values 
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in Figure 12(a) is an approximate best fit, It is difficult to discern 

any clear trends in the data with respect to the effects of water speed or discharge 

method. It should be :H::-led, however, that the values of C k/c
0 

in pea 
Series II are approximately 4 times smaller than the values obtained in 

Seri~s at the same ratio of dis~harge velocity to water speed. Also 

shown in Figure 12(a) is the theoretical curve for the dependence of 

the ratio of the average concentration to the initial concentration on 

V. t/V t obtained from Equation (7) in Section I I, Since no attempt Je s ·ream 
was made to obtain estimates of the spatially averaged dye concentration 

over a plane downstream of the propeller, a true test of Equation (7) 
cannot be made. I t is apparent, however, that the theory is r1ot i ncon

s is tent with the test results. 

Further evidence on the validity of Equation (7) is provided in Fig

ure 12(b). In this figure the results for a systematic variation in thrust 

coefficient, CTh , for V. t/V t = 0.5 are depicted as a plot of J e s ream 

Cpeak;c0 versus 2/[(1 + CTh)½+l] , and from Equation (6), a linearrelation• 

ship would be expected. The measured results tend to confirm this dependence 

of Cpeak;c 0 on CTh • 

Series II I and IV: Simulated Hull With and Without Propeller 

With the distorted hull model fixed In the water channel, an extensive 

series of tests for the hull-with-propeller case was undertaken to determine 

the effect of discharge location, discharge rate, method of discharge, water 

speed, and propeller loading on the dilution of the discharge aft of the 

model, A short series of tests for the hull-without-propeller case was 

undertaken to provide information on the relative Importance of the propeller 

on the "observed" di lutlons. Procedures similar to those used in the previous 

series of tests were employed, Typical photographs shc:1#lng the disposition 

of the dye near the stern of the model are shown In Figure 13. 

The conductivity measurements were made 10 Inches aft of the propeller. 

The effect of discharge location on the ratio Cpeak/c0 Is presented in 

Table II for VJet/V9 tream•0.2, Vstream • 1.0 ft/sand CTh = 3 • The 
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chief result to be found In this tabulation is that there I~ only 
slight effect of discharge location on dilution aft of the ship. The 

discharge through the two locations (26 and 32) closest to the propeller 

did, however, result In somewhat higher dye concentrations. 

The effect of method of discharge (CP45°,90° and 135°) on the dilution 

was investigated. The result was that. there was no measurable effect on 

the dilution. 

The effect of discharge rate and water speed was determined for dis

charge locations 17, 20 and 32 for CTh=3.0 • The r·esults a.re presented 

as plots of C k/c 0 versus VJ t/V t In Figure 14 (location 17), pea e. s ream 
Figure 15 (location 20), and Figure 17 (location 32). Also presented In 

Figure 14are the results for the effect of VJ t/V t on C k/c0 e s ream pea 
for the case of the hull with no propeller. The values of C k/c0 for 

pea 
the hull-without-propeller case were about twice those obtained for the 

hull-with-propeller case. The results for all three discharge locations 

reveal an essentially l lnear dependence of Cpeak/c0 on VJe/Vstream • 
The results are essentially unaffected by variations In Vstream• The 
linear dependence of C k/c0 on V. t/V t was anticipated In both pea Je s ream 
the Norwegian (Eq.(4), Section II) and Propeller (Eq.(7), Section I I) 
theories presented In Section II. The calculated dependence of c,v

9
tc0 

on V. t/V t as deduced from these two theories are presented In 
Je s ream 

Fl gure 14. 

Finally, Figure 17 shONs the dependence of Cpeak/c0 on 2/((l+CTh)½+IJ 

at discharge locations 17, 20, and 23 for VJet/Vstream • 0.2. No clear 

trend In these results could be discerned. 
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IV, TOWING TANK TESTS 

Model and Apparatus 

A 1:76.5 scale model of a typical chemical tanker, the T-6 type 

SS MARINE CHEMIST, was built of wood ·and outfitted with rudder, stern 

tube, propeller motor with thrust-measuring balance and bilge keels 

extending from stations 8 to 13. Lines for this ship were kindly 

loanc?d by Mr. Robert Goldbach of Marine Transport LJnes. A body plan and 

bow and stern profile is shown In Figure 18. Since the present tests were 

to focus on I !quid discharges in the ballast condition, the model was 

built with appreciably less freeboard than the ship and with no sheer. 

Turbulence-stimulating sand-strips, 1/4-inch wide at station 0 

(the forward perpendicular) and 1/2-lnr.h wide at station I (5-lnch aft 

of F.P.) are somewhat larger than ordinarily used for conventional re

sistance testing purposes to assure early transition of boundary iayer 

flow, which Importantly affect~ early mixing of Injected materials, to 

fully turbulent flow, as on the ship. 

A propeller model was selected from the Davidson Laboratory library 

having characteristics which may be compared with those of the propeller 

fitted to the SS MARINE CHEMIST as follows: 

SS MARINE CHEMIST DL Hull 4052, Prop 33L 
!corres. full•scale values) 

D lameter 21 •-4" 21'·5" 
Number of Blades 4 4 

Pltch/Dtameter(at o.7R) 0.754 0.795 
B 1 ade Area Rat Io 0.562 about 0.65 
Direction of Rotation RH LH 
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The model propeller's characteristics are sufficiently similar to those 

of the typical chemical ta.nker to give similar operating conditions of 

RPM, thrust loading coefficient, magnitude of propeller ~t!pstream 

rotation, etc. 

Six holes, with brass tubes havin_g 0.097 in. ID were fitted at 

station 16 (3 tubes) which ls slightly forward of the engine room, at 

station 10 (2 tubes) amidships, and at station 3 (1 tube) near the forward 

collision bulkhead for Injection of the simulated discharge. The loca

tions are Indicated In the body plan, Figure 18. All Injection tubes are on 

the port side of the model (In spite of the Indication of Figure 1, where 

all forebody stations are opposite to afterbody stations) so that under

water still photos could be made through a mirror box on the east side 

ot the tank. Other methods of overboard discharge, viz., through a hose 

trailed over the side of the vessel In various attitudes were Investigated 

using flexible pvc tubing fitted with a brass, 0.097 In, ID nozzle. 

Lengths of reduced diameter tubing, having O,o66 In. ID and 0.030 In, ID . 
could be Inserted In the 0.09•7 In. ID tubes to provide modified Injection 

character I st I cs • 

Tests were carried out In Davidson Laboratory Tank No. 3, which ts 

312 ft long, 12 ft wide and 6 ft deep. A towing carriage runs on a mono

rat I over the center! lne of the tank, driven by electric or electrohydraul le: 

drive rrotor through a continuous-loop towing cable. 

Tracer solution, consisting of 5 percent table salt, 5 percent Tlntex 

fabric dye and 90 percent tap water (by weight) was pumped to the Injection 

holes from• Saga tnstrll'l'l8nt Co. model 7122·21 v1rl1bl1 speed syringe pump. 

A ltnur motion transducer was connected to the syringe-driving block to 

23 



R-1697 

monitor the rate of injection, This piece of equipment is shown in the 

photograph, Figure 19. The achievable flow rate, using one or two 50cc 

syringes, can be adjusted by the potentiometer speed range switch settings 

between 0.21 mt/hr and 140 mt/min, The pump was started and stopped dur

ing tests by a switch controlling the power from a feed rail_ to the pump. 

Using spec:flc gravity (y), injection veloci"t°'.' (Vjet>, and outlet 

diameter (00 ) as characteristic values, we obtain an "internal Froude 

Number" of Fi= Vjet//g(y-l>C._")' Substituting values of Vjet and D
0 

which 

are typically found In the tests and I .07 for y, we obtain Fi ~ 9.50, 

For values of Fi of this order ~t magnitude, it ls generally considered 

that- b11uyancy effects are not Important compared to inertial effects, 

which has been confirmed by flow coservatlons in the water channel tests, 

This conclusion may not hold for the flow at large distances from the 

sh i p or mo de I • 

The towing force between th. model and towing carriage was se'nsed by 

a stiff-spring-element force balance (0,020 in deflection"" •'+Olb maximum 

force) with a linear variable differential transformer (LVDT) to detect 

deflection. The output signal from the transducer was carried over towed 

cables from the carriage to integrating digital voltmeters (lDVH's) at 

the dock end of the tank, Tow force was averaged over 15 sec duration to 

minimize anomalies due to oscillations of the record (the natural frequency 

of the model•force balance-towing apparatus system is about 5 cycles per 

second). The tON•force balance Is connected to the model through a free

to•trlm pivot box and to the carriage through a free-to-heave mast system 

which effectively restrains model roll, yaw and sway. A photograph of the 

m~del and towing apparatus is given In Figure 20. 

The propeller was driven by a feedback controlled motor whose speed 

was adjustable at the instrumentation area near the doc.k end of the towing 

tank, The propeller motor was connected to the model through a thrust 

force balar.ce, s 1ml Jar to that used to sense tow force Hhose output was 

also averaged by an lOVM for 15 sec. Propeller P.PM were mP.asured with a 

frequency meter detecting the output of an ~1P.ctronic pulse generator 

mounted on the propeller shaft. 
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The conductivity probes constitute one leg of a Wheatstone bridge 
circuit, as indicated in the sketch and schematic diagram of. Figure 21. 

A variation of the conductivity of the liquid between the two stainless 

steel wire tips results in an unbalancing of the bridge. Excitation and 

signal conditioning were accomplished with Sanborn Model 350-11008 Carrier• 

amplifiers having adjustable sensitivity. Calibration data for the five 

probes are given in Figure 22, and best-flt linear curves were derived, as 

shown. The highly turbulent signals are averaged by IDVM 1 s ewer a period 

of 5 sec. 

The probes were attached to a positioning device, shown In Figure 23, 

where the longitudinal (x), transverse (y) and vertical (z) positions can 

conveniently be adjusted. Centimeter scales are used for the y•z slider 

apparatus. Five probes are attach~d to a horizontal transverse bar: 15 
alternate locations are possible with 2cm spacings between them. 

Underwater photographs of the portside afterbody of the model, showl"g 

injected dye-stream diffusion (when the dye is Injected at a very fast rate, 

and is therefore sufficiently lntense),were attempted with a camera triggered 

by a photo•cell circuit, through a mirror box which can be seen In Figure 20. 

In order to enhance the mixing of Injected saline solution Into the 

towing tank water and, hence, avoid spurious measurements, an a.·ray of rods 

was attached to an Independently-driven carriage and towed along the length 

of the tank toward the dock end (In the direction In which the moc1el backs 

up) and back to the far end of the tank between runs. A photograph of this 

stirrer is shown In Figure 24. 

Test Program and Procedure 

The model was ballasted to an Intermediate loading condition typical 

of ballast operation of chemical tankers, which Is considered to be the 

usual loading condition when tank cleaning wash water would be discharged 

overboard. Drafts corresponding to 22-ft forward and 28•ft aft or 0.60 

and 0.71 times load draft, respectively, were used. The corresponding 

full size displacement of 30,600 tor1S 11 about 65% of the fully laden dis• 

placement. 

All measurement systems, Including tow force and propeller thrust 
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balances and conductivity probes were calibrated prior to starting the 

tests. The conductivity probes calibrations were checked frequently 

during the course of testing by immersing them in beakers of diluted 

samples of known concentration of the tracer solution injected during the 

tests. Repeat calibrations agreed with each other within ±5%. 

A brief program of experiments to measure the distribution of efflu

ent behind the unpropelled model, without propeller, for a few test con

ditions, was conducted but the majority of experiments were conducted 

with the self-propelled model which realistically represents ship opera

tion. Tests were conducted to determine the influence of a number of 

aspects of discharge condition and rate of dispersion with distance behind 

the model. These conditions may be grouped as Indicated in Table I I I 

below: more complete descriptions of test conditions are given in Tables IV· 

IX which also contain some of the important results of tests. 

TABLE 111 

TEST CONDITIONS 

Test Conditions 

1) Location of Discharge (No Propelle~ 

2) Location of Discharge (Self-Propelled) 

3) Rate of Discharge 

4) Size of Discharge Port 

5) Propeller Loading 

6) Measuring Probe Longitudinal Position 

No. of 
Tests 

5 
9 

6 

5 
5 

9 

Details in: 

Table IV 

Table V 

Table VI 

Table VII 

Table VIII 

Table IX 

Tables Iv through IX are located after the list of references. 

A complete test for a given condition of discharge and/or measuremen~ 

required several variations in the location of the array of probes In the 

vertical and transverse directions. As the position of the array of probes 

must be adjusted manually (see Fig. 23), the model and towing carriage must 

be stopped to make the adjustments; a technician stationed at a distance 

about 130 feet from the starting dock of the t~nk effected a change in 
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probe array position from a movable platform so that two sets of data 

could be obtained during one passage of the model along the length of the 

tank (the Davidson Laboratory monorail system does not accommodate a man

carrying test carriage). 

During a test run, the signals from the probes as well as other 

transducer outputs, including the syringe-driving block position trans

ducer on the pump, were recorded as osclllographs. The syringe pump 

occasionally would not function, the block being mechani~dlly bound-up, 

and this would be immediately revealed by the oscillograph record so that 

the evidence of the transducer outputs (no signal) could be unambiguously 

interpreted as due to pump Inaction rather than probe positions being out

side the path of the effluent. 

Time averages of the conductivity probe outputs were evaluated by 

first recording IDVM-lntegrated signals at the dock end of the tank prior 

to running the test. Then, with the model running at steady speed the 

syringe pump was turned on remotely and after a few seconds time for the 

flow to become steady, the IDVM 1 s were automatically turned on, The 

difference between the running reading and the initial reading at the 

dock represents the time-average of the effluent concentration at the meas• 

urement location during steady discharge. 

After completing a run along the length of the tank, the model was 

towed back to the dock and, at the same time, the array of stirring rods 

(see Figure 24) was towed first towards the dock, then to the far end, to 

effect Improved mixing of the injected sal lne solution. While the model 

was In the dock, waiting for the tank water to become sufficiently calm to 

proceed w!th the next test,adjustments and changes were made to measuring 

probe arrays, the syringe pumps refilled, If necessary, and other model 

changes effected, The time between successive starts of runs was about 

six to eight minutes during the testing work, 
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Results 

Complete test results are presented in Figures 25 to 53 in the form 

of plots of the ratio of measured concentration to the concentration of 

the tracer discharged from the model, C /c0 , as a function of position meas 
in a plane at a given distance aft of the propeller plane. The coor<linate 

system, indicated In Sketch B, has Its origin at the center of the propei

ler (when the model is floating at zero speed) with x positive aft, y 

positive to port and z positive downward. This coordinate system ad

vances with the ship but does not move vertically to adjust to the vertical 

displacement of the propeller center due to squat and trim. 

SKETCH B. CG0.8,eiNATF SYSTEM WITH ORIGIN AT CENTER OF PROPELLER 

~- . 

-----------... X 

y 

The maxlm1.M11 values of measured concentrations for each test are listed 

in Tables IV through IX in the form of dilution factors, c0/cpeak • The 

position at which the maximum concentration was found Is also listed in the 

tables. 

The Information concerning operating conditions, speeds etc.J are 

given In the Figure captions and Tables In terms of shlp•scale units. 

Froude scaling Is used, I.e., velocities are proportional to the square 

roots of the linear dimensions. An exception Is made In the case of the 

plots of Cmeas/C0 : here, the transverse (y) scale Is the same as the 

physlca1 dimensions of the test set•up and the z•po1ltlon parameter Is 
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expressed in terms of model scale dimensions. In regard to this presenta

tion, it should be noted that the half-beam of the model Is less than 18cm, 

so the results presented indicate that the dispersion of effluent, at least 

at the downstream meas~rement locations studied, can be seen to be rela

tively small compared with the dimensions of the ship's cross-section. 

More complete discussions of these .results are given In the following 

Section V. 

For one test condition a nwnber of repeat runs were carried out to 

obtain an estimate of the precision of the test results. All of these test 

results are exhibited in Table X, below. The results of statistical lit• 

terpretation 10 of this very small sample of data may be expressed as: 

there is a probability of 0.8 that at least 86% of the measurements of 

C /c0 for this test condition will be within :0.7xl0·4• While this state-meas · 
ment is not as strong as may be desired, certain other features of the measure• 

ments may be pointed out, viz., the greatest discrepancy between an Individual 

measurement and the average of the sample (for channel 3) amounts to 15°/4 of 

the mean value. Furthermore, for measurements which Indicate small or no 

saline admixture, the evidence of the osclllographlc records confirms the 

IDVM results. Negative concentrations of saline admixture are, of course, 
not possible. 

RUN CH 

148~A 1.9 

153-B 2.2 

JSLl•A 2.0 

154•8 2.0 

TABLE X 

RESULTS OF REPEAT RUNS 

CH 2 CH 3 

4.9 4.5 

5.2 4. 1 

5. 1 3.6 

4.8 3.4 

CH 4 

3.0 

2.9 

2.7 

2.9 

CH 5 

0.2 

o.o 
0.2 

0.2 

The concentration measurements exhibit highly turbulent fluctuations 

w I th osc i l 1 at Ions comparab I e In magn I tude to the inean va 1 ues. An examp 1 e of 

an osclllographlc record of flow obtained from a probe In the wake behind an 
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ejector tube, such as shown in Figure 3, in the water channe-1 is shown in 

Sketch C below. 

VI 
,j,J 

C •-
0 C: 

·-· :::::> ... 
tO >
L. L. 
... IQ 
C '
(1) ... 

u ·c .0 
0 L. 
u ~ 

time 

SKETCH C 

Probe Near 
Center of Jet 

EXAMPLES OF OSCILLOGRAPHIC RECORD OF CONDUCTIVITY PROBE 

Records obtained during towing tank tests are quite simil~r. Two significant 

observations based on this oscillographlc trace are: 1) when there is no 

effluent discharged through the tube there Is no response from the probe, 

hence, the probes do not respond to fluctuations in the velocity ,::,f flow but 

only to the saline tracer, and 2) for steady discharge of effluent from the 

tube, a fixed probe may not experience steady-state signal but.may have null 

response for certain periods. This can be related to visual observations of 

long-period meandering of the effluent path In the stream, which may well 

occur for discharges into the boundary layer and, subsequently, the wake of 

a ship or model. 

Attempts to photograph discharge of the dyed tr·~er solution proved un• 

successful because of the rapid diffusion in the boundary layer. Even with 

the maximum discharge rate achievable with the syringe pump, correi;pondlng 

to an unrealistic 495 tons/hr full size, the tracer was so diffused AS to 

be prQctlcally Imperceptible In photographs of the afterbody and propeller 

aperture. Consequently, no photographs are presented. 
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V. DI SC USS I ON 

-Che towing tank test results will be considered In more detail In 

this section of the report and certain significant aspects discussed. 

Water channel test results, which were presented and dl~cussed In Section 
I II, will be referred to where appropriate. 

Effect of Discharge Location 

Tables IV and V contain results showing the effect of discharge of 
effluent from relatively large ports in the hull at locations Indicated In 

Figure JS as well as three locations of discharge through a tube over the 

side of the mode I. Tab 1 e IV cont a Ins resu I ts for the mode 1 w.1 thout prope I· 

ler while Figures exhibiting test data for these conditions are given In 

Figures 25,26,27,29 and 30. Results for the self-propelled model are given 

in Table V and Figures 31 to 38. It Is Interesting that, while the minimum 

dilution factors do not vary greatly for a given discharge rate (at least 

for discharge through hull ports), the locations of the peak concentrations 

do vary. 

Contour plots of constant (average) concentration distributions for 

discharge from various locations are given In Flgu.res 54 to 61, for self• 
propelled model tests. Some Inferences may be drawn from these contours In 

regard to the flow patterns around the hull and to preferred discharge lo

cations to assure the best possible mixing In the far wake behind the ship 

as well as near the propeller: 

(1) Discharges from locations 4, 5 and 6 (Figures 57·59) at Stations 10 

and 3 are swept upward and c,ut.ward, especlally from the two locations under 

the turn of the bilge (numbers 4 and 6), This must be d~e to flow Induced 

by the trailing bilge vortices generated at the 1ft end of the paralle1 

middle body. 

(2) Discharges from locatlon1 1.2 and 3 (Figures 54-56) at Station 16 
flow through the propeller. The eff :uent from the discharge port under the 

centerline of the ship (location I) Is not we1l•mlxed at a distance 0,1 LPP 
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aft of the propeller plane, however, perhaps because mixing in the relatively 

thin boundary layer on the hull bottom Is not as great as In the boundary 

layer and separated flow zone behind discharge locations 2 and 3. Subsequent 

mixing in the wake will probably be equally complete for all three locatlors 

but initial dilution is more effective from locations away from the ship 1 s 

centerline and these are consequently more favorable. 

(3) Discharges from hoses laid over the side of the deck may be directed 

either close by the ship 1 s hull or well abeam, Three cases were simulated 

in these tests with contours of distributions for two cases shown in Fig

ure 60 and Figure 61, For Case A (Figure 60), the discharge is from a loca

tion directly at the side of the ship at Station 16 from a height about 4-ft 

above the stillwater line. In Case B (Figure 61), the discharge is similar 

except at Station 10. In both of these cases the tracer enters the hull 

boundary layer which is several feet thick amidships on the full-scale ship. 

For Case C {Table V), for which the peak concentration is much higher than 

measured in any other test, the effluent was discharged from a location 

corresponding to 4-ft abovewater level at a distance 20-ft abeam of Station 

16, simulating a ho5e discharge far from the hull's surface and well outside 

the boundary layer, The mixing of the tracer is very slight In this case: 

It proved to be quite tedious to find a position for the probe array where 

any tracer could be found. Only one of the sensors,whlch were spaced 2cm 

apart a distance 127cm downstream of the discharge location, detected any 

concentration at all and this was sensitive to the tran1verse position of 

the probe. ThP. effluent appearr, to simply lie on the surface along a co

herent path behind the discharge location and mixing ls effected very slowly 

only by ambient turbulence and/or molecular diffusion. This observation, 

which seems to be much like what wc:1s reported In the Norwegian IMCO contribu• 

tlon, 1 for over-the-side discharge, Indicates that this method of discharge is, 

in general, unsatisfactory. 

(4) The Influence of variations In ship speed on the measured concentrations 

was evaluated only for one condition without the propeller worklny, as lndi• 

cated In Table IV and Figures 27,29 and 30. ~or reduced speed {about 14.S kts) 

the peak measured concentration, with fixed discharge rate correspo~dlng to 

330 tons/hr, Is somewhat Increased while for Increased speed the peak measured 

concentration Is reduced, as would be expected on physical grounds and the 
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reasoning that lead to Eqs.(8),(10) and (11)·-(Sectlon I~ the ~ccuracy 

of the present. measurements does not permit a statement that the peak con

centration is, in fact, inversely proportional to ship speed as is implied 

by those equations. 

Effect of Rate of Discharge 

Contour charts showing the distribution of tracer for discharge from 

location 2 at both a lesser and a greater rate than shown In Figure 55 are 

presented In Figures 62 and 63, respectively. The dl~trlbutlons are quite 

similar. The peak concentration factors are plotted In F:gure 64 as a 

function of the ratio of discharge velocity to ship speed, for the two dis

charge locations for which several rates of discharge were used. The peak 

concentration factors are seen to be proportional to the discharge veloc

ities, as assumed In developing the simplified Eqs.(8),(10) and (11), 

The ratios of discharge velocity to ship speed differ from the 

nominal values of 0.2, o.4 and 0.6 because, for these cases, the actual 

model speed, which varied somewhat from run to run, corresponding to the 

maximum measured concentration of effluent,was used. 

Two aspects of this finding should be emphasized: (I) It applies to 

the t\~O discharge locations covered In these tests and may not be equally 

applicable to all possible discharge locations, and (2) for these cases 
corresponding to 7.33-ln I .D. discharge ports, the discharge velocities are 

all low enough that the momentum of the discharged tracer Is probably not 

Important. 

Effect of Discharge Pipe Size 

Results for two ~ases, discharge from location 2 at Station 16 and 

location 6 at Station 3, where the discharge pipe diameter ha1 been varied 

while the volume rate of discharge was held fixed, are listed In Table VII. 

In case of discharge from location 6, where the effluent Is .wept 

upward and outward, the Influence of the pipe diameter (or, alternatively, 

the discharge velocity) ls relatively small on both the peek measured con• 

centretlon and Its location. 
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However, for discharge from locc1tion 2, both the peak measured con

centration and its location are importantly affected by the pipe size, 

Higher discharge velocities, with fixed volume rate of discharge, result 

in less dilution, which must be associated •,•lith discharge jet momentum 

transporting effluent through the boundary layer to a region where the ex

ternal flow sweeps it upward and outward, Contour charts are given In 

Figures 65 and 66, which may be compared with Figure 55 (results of tests 

corresponding to the 5,00-ln 1,0. pipe are not very complete and the de• 

rived dilution factor is subject to more uncertainty than other results), 

Overboard discharge of effluent should be through large-diameter pipes 

or sea-chest, at low volume rates, so that mixing can readily ta~e place In 

the boundary•IFver adjacent to the hul I, 

Effect of Propeller Loading 

Ratios of peak concentration to discharged concentration, obtained 

from Table VI I I, are plotted in Figure 67 as a function of 2/[(l+CTh)½+lJ. 

The results of the test without the propeller at a discharge rate of 165 

tons/hr were adjusted to 330 tons/hr by assuming the peak concentration to 

be proportional to the volume discharge rate. The present towing tank re

sults, in contrast to the water channel test results with an open•water 

propeller exhibited In Figure 12{b), do not indicate an Important Influence 

of prcpeller loading. Boundary l~yer and separated wake mixing evidently 

account for the predominant part of the mixing; nevertheless, it ls con

sidered sensible to discharge the effluent so that it passes through the 

propeller and subsequent mixing augmented by the added turbulen,e and 

vorticity associated with the propeller action. 

It must be pointed out that the present Investigation of the effect 

of propeller loading, by varying RPM of a given propeller and either tovilng 

or retarding the model whl le maintaining fixed speed, rather than self

propulslon, does not correspond to operational conditions, In that case, 

propeller loading Is affected principally by the ratio of propeller size to 

ship size (e.g., midship section size). Large ships with moderat~ propeller 

RPM have high values of CTh while small ships with low RPM have low values 

of CTh. However, since the present Investigation Indicates that propeller 
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loading Is not very Important, It should not be required to c~rry out 

further studies on this aspect unless better resolution of dilution factors 
is required, 

Effect of Longitudinal Posftlon 

The progressive dilution of effluent· as It Is left further behind the 

ship Is an Important feature concerning the effect of discharges. values 

of peak measured concentration, C k/C0 , for dlsch~rges from two locations pea 
(Table IX) are presented In Figure 68a as a function of longitudinal position 

for distances up to 0,7 of the ship's length. Minimum dilution factors, 

c
0
/c k, are shown In Figure 68b. Sorue of the results for discharge from pea 

location 2, without propeller, have been adjusted for discharge rate, as11.1T1-

lng Cpeak Is proportional to discharge rate so that all results correspond 

to 330 tons/hr discharge rate. 

There Is not sufficient data to deduce a functional dependence of 

Cpeaktc0 on x, such as the x·213 relation for the circular wake quoted 

in Section II, for the case of either the self-propelled or non-propelled 

ship wake. 

The dependence on longitudinal position Is clearly very strong and 

very important: dilution can be doubled (concentration halved) within about 

0,3 L , which corresponds to a duration of 7 sec for a ship speed of 16.5 pp 
knots. 

Discharge from location 2, where the effluent flows through the pro• 

peller stream tube and Into the middle of the ship's wake p~oduces more 
rapid mixing with downstream position than discharge from location 4 where 

effluent is swept upward and I/May from the center of the wake. 

To Achieve A Desired Minimum Of1utlon 

The results presented on effect of locatlon of discharge, rate of 

discharge, discharge pipe size and distance of measurement station aft of 

the ship Indicate that discharge at low rates through the hull surface by 

large pipes or sea chests such that the effluent 11 readily mixed by the 
boundary 1ayer and flows Into thf. propeller sllp stream 111ure1 the most 
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effective mixing and rate of mixing possible. Overboard discharges from 

locations 3 or 2, or In between, at about Station 16, i.e., just forward 

of the engine room bulkhead are recommended. 

Based on results for these discharge locations, and assuming pro

portionality of peak concentration to discharge rate, the maximum rate of 

discharge of washwater containing P percent concentration of contaminant 

can be estimated, for 

at a location 0.1 Lpp 

following equation: 

a prescribed maxlm·um measured concentration, C , perm 
aft of the propeller, may be estimated from the 

100 C 
Permissible Discharge Rate(tons/h..cl. = perm x Min Oil Factor 

330 P 
( 12) 

The minimum dilution factor may be obtained from Table V where results cor• 

responding to 330 tons/hr discharge rate are given. For locations 2 and 3, 

this factor is about 3000, Thus, to achieve dilution of washwater contain

ing 2°/4 contaminant to a maximum concentration of 1 part per million, the 
-6 ~ . maximum discharge rate would be 330x100x10 x3000/2 = 50 tons/hr. If a 

ship must discharge 500 tons of waJhwater after tank cleaning, this rate 

indicates that pumping could be completed within 10 hours at sea, a reason• 

able tirne. 

Applications To Other Ships 

The present series of tests are admittedly ad hoc, yet it is con• 

sidered reasonable to apply results for this ship's model and its loading 

condition to other chemical tankers operating at other conditions of loading 

and trim. Provided the effluent flow does not come under the strong Influ

ence of bow or bilge vortices, I.e., fo;· discharge Into the central zone of 

the ship's wake, effects of displacement and ~r trim may reasonably be 

neglected. 

For other chemical tankers, all of 'h'hlch have fairly similar propor• 

tions, the scaling rule suggested by Eq.(8) may be applied. In this case 

the permissible discharge rate for a ship with length between perpendiculars, 

LPP, should be assessed according to 

100 C L 2 Perm.Dlssh•rse Rate{tons/hr) = perm x Min Oil Factor x (*°
30

) 
j30 P (13) 
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DIiution of discharges from slgnlflcantly different s~Jp types, 
such as barges, should be expected to be somewhat different from that 
from tankers and may require further experimental study. DIiution fac

tors obtained here for flow of effluent In the central r~glon of the wake 

may be used as tentative values. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions and recommendations concerning methods, 

rates and locations of discharge of washwater and residual liquid cargo 

(other than oil or petroleum products) from cleaning of the tanks of 

soluble chemical cargo carriers, are based on the results of model tests 

reported herein together with analyses of these results and deductions 

based on published descrl~tlons and experience of wake flows In general 

and ship flows in particular. 

I. Discharges should be through the ship's hull at low rates of 

flow with large diameter pipe penetrations or saa chests. 

2. Discharges should preferably be located so that the effluent 

flow is not affected by bo.,., or bilge trailing vortices. Lo• 

cations just forward of the engine room (about 0.2 L forward pp 
of the after perpendicular) in the region from just below the 

turn of the bilge outboard to about the height of the shaft 

centerline are suggested. 

3. For low velocity discharges into this central region of the 

ship's wake, the concentration of contaminant will be approxl• 

mately proportional to the discharge rate. 

4. Equation (12) or (13) may be used to estimate the permissible 

rate of discharge of effluent with a known concentration of 

contaminant to achieve a desired maximum concentration of con• 

tamlnant at a location in the rear wake of the ship. 

further studies of this subject should Include: 

A) Full-scale verification of the concentration profiles In the 

near wake of the ship with the recotrmended through-hull dis* 

charge locations. 

B) Further studfes on elther model scale (which ls generally less 

expenslve)or full scale of the rate of dispersion of effluent 

with downstream location, extending to at least 
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several shfp lengths aft, for discharge from the recommended 

through-hull locations. 

C) Special shfp types, such at barges, should b~ the subject of 

separate experimental fnvesl1gatlons on elther·model scale 

(again, generally less expensive) or fu11 scale • 
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TABLE 11 

EFFECT OF LOCATION FOR NORMAL DISCHARGES 
HULL WITH PROPELLER TEST SERIES 

Vjet1Vstream·• 0.2 

V t •· 1.0 ft/s s ream 

Jet Minimum 
Location DI 1 ut Ion 

Number cpeak1Co Factor 

Co/Cpeak 
-4 5,000: 1 2 2.0 X 10 

5 3.0 3,333:1 

8 3 .4 2,940: 1 

11 2.8 3,570: 1 

14 2.6 3,850: 1 

17 2.8 3 I 570: 1 

20 4.0 2 I 500: 1 

23 3.2 3, 120: 1 

26 s.2 1 , 920: 1 

32 4.6 2, 170: 1 
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TABLE IV 

TEST CONDITIONS FOR VARIATIONS OF DISCHARGE LOCATION 
WITHOUT PROPELLER 

Ship Speed~ 1.65 knots 

Discharge Pipe Diam •7.33 11 1 .o. 
Discharge Rate~ 165 tons/hr 

Discharge Velocity/Ship Speed• o.2 

Meas. Probes 0.1 L Aft of Propeller Plane 
PP . 

Data Minimum Location 
Discharge In DI lutlon of 
Locat Ion Figure Factor Peak Concentration 

CIC 0 peak y/beam z/beam 

25 5700 0 -0.2 

2 27 5300 0. I 0.3 

3 26 5300 o.o 0.2 

2 291 4000 0. 1 0.3 

2 301 5400 O. I 0.2 

Ship Speed - 14.S knots 

8 Shlp Speed 1111 18.S knots 



!ABLE X 
TEST CONDITIONS FOR VARIATIONS OF DISCHARGE LOCATION 

WITH PROPELLER 

Ship Speed~ 16:5 knots 

Prope 11 er RPMR:I 120 

CTh ~ 2.75 (Model Self-Propulsion Point) 
Discharge Pipe Diam• 7.33 11 t.O, 

Discharge Rate• 330 tons/hr 
Discharge Velocity/Ship Speed• 0.4 

Meas. Probes 0,1 L Aft of pp Propel !er Plane 

Data Minimum Location 
Discharge In DI I ut Ion of 
Location Figure Factor Peak Concentration 

CO/Cpeak y/beam z/beam 

31 2000 -0.1 0.2 

2 32 3100 -0.1 0.2 

3 33 3000 0 0 

4 34 3200 0.4 -0.2 

5 35 2700 0.3 -0.2 

• 6 36 2400 o.s -o. 1 

A 37 3400 0.3 -0.2 

B 38 3200 0.2 -0.2 

Cl no fl gure less than 0.6 -0.35 
1100 

1 probes 0.3 LPP aft of prope11er plane for this measurement 
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TABLE VI 

TEST CONDITIONS FOR VARIATIONS OF DISCHARGE RATE 

Ship Speed~ 16.5 knots 
Propeller RPM~ 120 

CTh ~ 2.75 (Hodel Self-Propulslon·polnt) 
Discharge Pipe Diam• 7.33" I .D. 

Meas. Pro bes 0.1 LPP Aft of Propel )er Plane 

Data Minimum Locat Ion of 
Disch Disch Disch Vet In DI 1 ut I on Peak 
Location Rate Sh Speed Figure Factor Concentration 

tons/hr CO/Cpeak y/beam z/beam 

2 165 0.2 39 6100 -o. 1 0.2 

2 330 0.39 32 3100 -o. 1 0.2 

2 495 0.55 40 1900 -0.05 0, 15 

4 165 0.21 41 6200 0.4 -0.2 

4 330 0.42 34 3200 0.4 -0.2 

4 495 0.60 L+2 2000 o.6 -o., 
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TABLE VII 

TEST CONDITIONS FOR VARIATIONS OF SIZE OF DISCHARGE PORT 

Ship Speed 11d 16.5 knots 

Discharge 
Location 

2 

2 

2 

6 

6 

Propeller RPM /!ll$ 120 

Discharge Rate• 330 tons/hr 

Meas. Probes 0.1 L Aft of Propeller Plane 
PP 

Data Minimum 
Discharge Disch Ve1 In Dilution 
Pipe Diam sh Speed Figure Factor 

CD/Cpeak 

7 .33" 1.0. 0.39 32 3100 

5.0011 1.0. 2.75 43 2100 

2.27" I • D. 13.40 44 2600 

7,33" I.D. o.4o 36 2400 

2,27" I • D. 13.40 45 2100 

1 
.• ocat I on of 

Peak 
Concentration 

y/beam z/beam 

-o. 1 0.2 

0,2 -0.3 

0.2 -0.2 

0.5 -o. 1 

0.3 -o. 1 
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TABLE VI 11 

TEST CONDITIONS FOR VARIATIONS OF PRO·PELLER LOADING 

Ship Speed~ 16.5 knots 
Discharge Pipe Diam= 7.33 11 I.D. 

Discharge Rate• 330 tons/hr 
Discharge Velocity/Ship Speed• 0.4 

Meas. Probes 0.1 L Aft of Propeller Plane 
PP 

1 
Data Minimum Location of 

Discharge Propeller Approx In 011 ut I on PHk 
Location RPM CTh Figure Factor Concentration 

CafCpeak y/beam z/beam 

2 No prope 11 er 0 27'/J 5300 O. 1 0.3 

2 73 0 28 2600 0.1 -0.2 

2 100 2.23 46 2500 -0.2 0.2 

2 120 2.753 32 3100 -o. 1 0.2 

2 140 4.83 47 2700 -0.1 0.1 

, (l•w) assumed• 0.65 

2 D1scharge Rate• 165 tons/hr for this test without propeller 

8 Corresponds to model self-propulsion point at 16.S knots full scale 
(3.2 ft/sec model size) 



TABLE IX 

TEST CONDITIONS FOR VARIATIONS 
OF MEASURING PROBE LONGITUDl""L POSITION 

Ship Speed,_ !6.5 knots 
Propeller RPM,_, 120 

CTh ,- 2.75 (Hodel Self-Propulsion P<>lnt) 
Discharge Pipe Diam• 7.33" t .D. 
DI scharge Rate • 330 tons/hr 

Discharge Velocity/Ship Speed• O.I~ 

Data HI n I mlJn 
Discharge Measurement Probe In D 11 ut I <>n 
Location Aft of Prop Plane Figure Factor 

CD/Cpectk 

2 O.l LPP 32 3100 

2 0.3 L 48 5100 
PP 

2 'J.7 LPP 49 10900 

4 0.1 34 3200 

4 0.3 50 4300 

4 0.1 51 6000 

,;,• 0. I 27 5300 

t ,. 0,3 52 6300 

21 0.1 53 20800 

"No propeller for these tests 

1 D11ch1rge Rate• 165 tons/hr 

Location of 
Peak 

Concentration 
y/beam z/beam 

-o. 1 0.2 

-o. 1 0.1 

-0.2 0.2 

o.4 -0.2 

0.7 -0.1 

0.2 -o. 1 

O. I O,J 

0 0,5 

0 •0,2 
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I:. 0 

if; .. Concen.tration pn:,file according 
..4..:1.... v to experiment (14] 
1ii;, . ---Ti:mperatun profile (sue 
l.11'1---•----4~....d.,,--l-- Fi1, 1, ~2) 

\ \ --- Velocity pioiile (see Fig, 1, 18) 

' . I ', 
D.Ji--------+-'!1.• _\.,_---+--- . 

' ' \· -r 
', ·•,o 

' ' ', ':". 
I ' b ·, 1,2n------i,-----!---·-'..+--'---+---~ 

',,, 0 ·,. 

' .. 
-q' I' 
', Io -.., ... 

II u.s 1,0 l,S i.11 =--

Fift. 1.24. Dimensionless proftles for concentration of 
admixture by weight (helium) in main region of axially 
,ymm'lltrtc air Jet 1n coflowtng stream of air according 

to Forstall and Shapiro · 

AK difference between admixture concentration 
at y and In external stream 

AKm maximum difference between admixture con
centration at core of Jet and In external 
stream 

AT difference between temperature at y and 
In external stream 

ATm maximum difference between temperature at 
core of Jet and in external stream 

Au difference between velocity at y and in 
external stream 

Au m 
maximum difference between velocity at core 
of jet and In external stream 

,'IGUAt 2. DISTRIBUTIONS OF ADMIXTURE, TE'1PEAATURE ANO VELOCITY IN 
HAIN REQION OF AXIALLY SYMNETRIC JET IN CO•FLOWING SH\EAM 

FROM ABRAMOVICH' 

• 

• 
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FIGURE 1. Clil\AACTERISTICS OF DIFFUSIOI BOUNDARY LAYER ACCORDING 
TO POREH AHO CERNAK, AS PRESENTED BY wt/ 
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SETTLING CHAMBER t 
ABOVE 

OIVERTER PLATE 

9 5,'8" DIM. 

WORKING PLATFORM 

\IMPELLER 

\ 10 5/8'' 

15'-I" 

TEST SECTION 

m \\\ 
7 3132" X II 13/169 

777 "' 

OIFFUSEFf SECTION 

18 5116" 

FIGURE 4. THE DAVIDSON LABORATORY CIRCUI.ATING WATER CHANNEL 
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• 

a) COFL()IING JET 
VJ t/V t = 0.20 e s ream 

c) COFLCM I NG JET 
Vjet1Vstream= 0 •83 

e) JET AT 45° ANGLE TO MAIN 
STREAM, Vjet/V 5 tream•0.41 

R-1697 

.. · .. : ) 

La~M~-:11,4 ,,;,J 
b) COFL()IING JET 

V. t/V t • 0.41 Je s ream 

d) COUNTERFLCMING JET 
VJelVstream• 0•41 

tJ .! 

f) JET AT 90° ANGLE TO MAIN 
STREAM, Vjet/V5 tream•01 4l 

FIGURE 3. MIXING OF FREE JETS (WAKES) WITH A UNIFORM MAIN STREAM 
(Stream Speed e O.S ft/sec) 
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PHOTO I. END VIEW OF RIGHT•ANGLE DRIVE 
TO BE USED FOR OPEN•WATER·PROPELLER 
MIXING TESTS. NOTE TOOTHED WHEEL 
ANO MAGNETIC PULSE-SENSOR ON UPPER 
ENO OF MOTOR r.oR RPM INDICATOR. 

PHOTO 2. SURFACE COVER OF CIRCULATING WATER CHANNEL 
SHOWING RIGHT ANGLE PROPELLER DRIVE. NOTE 
SLOTS IN COVER (UPSTREAM OF PROPELLER) FOR 
LOCATING DYE-INJECTION TUBES. 

PHOTO 3. PARTIALLY COMPLETED MALE MOLD FOR SIMULATED 
HULL MODEL FOR WATER CHANNEL TESTS. MODEL 
APPROXIMATELY SIMULATES TANKER AFTERB~DY IN 
BALLAST CONDITION. BREA,TH IS ~EDUCED TO 
MINIMIZE CHANNEL BLOCKAGE EFFECTS. 

FI GIJ"E 5 
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PROPELLER 72 .. Rl 

Diam, 0- 2.511 

Pltc:h,P. 2.511 

EAR • 0.83 

p • Fluid Density, lb•sec2 /ft' 
T • Thrust, lbs 
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Station 19t 

19 

14 

13 

4.8811 

BODY flLAN 
Station Spacing S.0411 

C- 2,50~ 

Rudder Angle 
Setting 11 
Adj u1t1b I e 

t=;,71 j 
ITIAN ftllO, I LE 

Station 12½ 

Sta, 19 

FIGU"E 7. IOIY flLAN AND SffAN flAOFILE OF Sl"ULATED HULL MODEL FOR 
WAT£" CHl\,..EL, CK'NNEL COYER ftLATE SIMULATES WATEALINE 
OF SHIP IN IALLAIT CONDITION, (ONE•~LF MODEL SIZE) 



Waterline 

1, 2,3 

Shaft Center Ii ne · · 

4,5,G 
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\ 

,33 

10,11,12 (SU, 14) 
22,23,24 (Sta, 16) 

Locations with discharge normal to hull: 2,S,8,l1,14,17,20,23,26,30,32 
Locations with discharge 4S0 upstream: 3,6,9,12,15,18,21,24,27,33 

Locations with discharge 45° downstream: 1,4,7,I0,13,16,19,22,25,28,31 

FIGURE 8. DISC""RGE LOCATIONS ON HULL USED IN WATER CHANNEL 

I 
I 
I 

• 



I ~ -~ '•· 
# 

I I 

-· -.. .... -

' 
.. ii -

j 

-~~ .. ... , . 
... , . 

, 

... 
{ 

I 

.... 

' II 

, 
' -.. 

~ 

" - .,. -
ii T- ITI 

0 1 2 3 4 5 ' Depth of probes reJ1tlve to depth of dl1ch1rge (CIII) 

FIGURE 9. n,1cAL CONCENTMTION DISTRllll1'10N 
FOR OPEN WATER TESTS IN THI WATf.R CHANNEL 
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Discharge location: 5 inches 
forward and I inch below propeller 
centerline. Stream speed was I ft/sec., 
V. t/V t • 0.88. and CTh M 3 Je s ream , 

Discharge location: 15 Inches 
forward and I Inch below propeller 
centerline. Stream speed was 1 ft/sec., 
Vjet/Vstream • 0.88 and CTh • 3 

Discharge location: 5 inches 
.forward end l Inch below propeller 
centerline. Stream speed was 1 ft/sec., 
vjet1Vstream • 0-~2 • nd CTh • ~ 

• 

Discharge location: 10 inches 
forward and I Inch below propeller 
centerline. Stream speed was I ft/sec., 
VJ t/V • o.88 and cth • 3 e stream 

Discharge locati?n 15 Inches 
forward and 1 Inch below propeller 
centerline. Stream speed was I ft/sec., 
VJet1Vstream • 0-~2 1nd cTh • 2 

Discharge locatlon: 5 inches 
forward and 1 fnch below propeller 
centerllne, Stream speed was I ft/sec,, 
YJet/Ystream • 0.~2 and CTh • 5 

FIGURE 11, EXAMPLES OF PHOTOGRAPHS FOR THE OPEN-WATER PROPELLER TESTS 
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Discha:ge location: 32 
Stream speed: 1.0 ft/sec. 
Vjet1Vstream: o. 5; CTh • 5 

Discharge location: 17 
Stream speed: 1.5 ft/sec. 
VJ t/V t : 0. 5; CTh = 3 e s ream 

Discharge location: 32 
Stream speed: 1 5 ft/sec. 

Vjet1Vstream: 0· 5• CTh • 3 

R-1697 

Discharge location: 32 
Stream speed: 1.0 ft/sec. 
Vjet1Vstream: O.S; CTh ~ 2 

Discharge location: 20 
Stream speed: 1.5 ft/sec. 
V. t /V t : 0. 5; CTh = 3 Je s ream 

Discharge location: 17 
Stream speed: 1. 5 ft/sec. 
V.et/V t : 0.5; no propeller J s ream 

FIGURE 13, EXAMPLES OF PHOTOGHAPHS FOR THE FORESHORTENED HULL MODEL 
FIXED IN THE WATER CHANNEL 
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FIGURE 17. c,_.,/Co vs. 2/[ I+ (CTh + 1) iJ FOA HULL 
FIXED IN VAnA CHI\NNEL 



ST 20 
ST19 / Loe 4 

Loe 5 _ (Sta 10) 

(Sta 10) 
Loe~ 

(Sta 16) 

Beam (max. molded) 89 1-011 ft 

Draft ( load) 36 1-611 ft 

2 

ST I 

FIGURE 18. BODY PLAN AND PROFILE ENDINGS OF MODEL 
OF S.S. MARINE CHEMIST SHOWING DYE-INJECTION LOCATIONS 
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FIGUftE 19, SYRINGE PUMP SITUATED IN FOIWARD COMPARfflENT OF MODEL 



'· 
' 

.. .. 

. . %.v. 
k, . ,r-

' ,;, . ...., ' ..•. ·•1>_-· ....... . 
I• 

FIGURE 20. SELF•PROPfLLED f100EL 111TH SALINITY•MASUIUNQ ,,_.I AMAV IEHINO. 
Mt RAOR IOX FOR UNDEIWAT!" PHOTOS APPi.AM IN THI IACKGMUND, ,j 



20~ 
Potentiometer.,..,..... 

Probe 

Excitation 
Voltage 
~ 

2400 Hz 

1000 

1000 

R-1697 

Output to 
Sanborn 
350•1100B 
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Chicago Transformer 
Model A-20 

CIRCUIT DIAGRAM 

Probe Cable 

Epoxy Waterproofing 

5/32 11 Brass Tube 

Overall Length 
Approx 3" 

PROBE CONSTRUCTION 

FIGURE 21. CONDUCTIVITY PROBE 

Two pieces 
22 AWG 
Stal nl ess 
Steel wl re 

(about I /811 length 
exposed) 



4 

f 2 
A. -

2 '8 

0 

.. 
A. -

--
rf --
1= I 

I~ 
- :lilt 

0 

4 

2 

0 

R ... 1697 

I 

..... I - ~ ,, 
., 

L.,, 

"" ;_, ., . ,. V 

, .. ,., -,,. 
- ,, 

... 
.... L., 4 

. 

~"' 
,... 

.,. ,., 
I\_... .. 

" 
... I .. .,, 

' " 
., -

'-' 
, .. 

L., 

"" 
·1 .,. - .. 

L., - Ill I 1 "" ... , L;' 

I. V 4 \) 
1 ... 

,, 
,., 

I'- " 
L., t, "" 

. '\ 
... ... 1 .... 

I,,' " I. 
. , ... 

.. ~- ~ I.: 
::;~ ... 

" 
2 

I,' 
.,. ·-... ,_... N 

r - .. . 
,, ..... ,,... 

-;; ,, 
0 . 

I I 1 .... 

.. -, ~ . 
., ., 

~ , .... 
I, -u, 

0 2 3 

FIGIME 22. CAL18AATION CURVES FOR CONDUCTIVITY PROIES 



• 

20kn 
Potentiometer..._.....,_ 

Probe 

Excitation 
Voltage 
rv 

2400 Hz 

R .. 1697 

1000 

~ II 
1000 

Output to 
Sanbo,.n 
350-11008 
Preamplifier 

Chicago Transformer 
Model A-20 

Probe Cable 

CIRCUIT DIAGRAM 
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5/3211 Brass Tube 

Overall Length 
Approx 3" 

PROIE CONSTRUCTION 

FIGUftE 21. CONDUCTIVITY PROBE 

Two pieces 
22 AWG 
Stainless 
Steel wire 

(about 1/811 length 
exposed) 
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FIGURE 24. MIXING DEVICE (ARRAY Of' ROOS) IN ACTION BETwEEN TEST RUNS 
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FIGURE 25. TEST 1 CONCENTRATION DISTRIBUTIONS lN SHIP'S WAKE 

SPEED• 16•5 KTS NO PROPELLER 
INJECTION LOCATION 3 X PROBE• 0•1 LPP I 25•4 CM l 
DISCH RATE• 165 TONS/HR 7•33 IN DISC.ti l'ORT DIAM 
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SPEED• 16•& ITS 
lNJICTION LOCATION 1 X PROBE• 
DISCH RATE~ 165 TONS/HR 

0•1 LPP I 25•4 CM» 
7•33 IN DISCH PORT DIAM 

12• 00 



C 

M 
E 
A 
s 
I 
C 

D 
I 
(' 

"" 
C 
H 

R-1697 

10-""4 
3•00 

I Z,CM 
I " -2 
I • 0 
I + 2 
I A 4 

2•00 I * 6 

• + 
l•CC 

* * 
* • .. " • i 

" • 0•00 ----+----+-----+-----+----+---_,._ ___ .,__ __ __. 
-8•00 2•00 4•00 6•CC t1•..;, --6•00 ~4.00 -2•00 C•CC 

TRANSVERSE POSITION Y, CM 

FIGURE 27, TEST 2 CONCENTRATION DlSTRlBUTIONS IN SHIP'S WAKE 

SPEED .. 16•5 KTS 
INJECTION LOCATION 2 
DISCH RATE• 166 TONS/HR 

NO PROPELLER 
X PROBE• 0•1 LPP I 26•4 CM> 
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FIGURE 28. TEST 20 CONCENTRATION DISTRIBUTIONS IN SHIP'S WAKE 
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FIGURE 29, TEST 5 CONCENTRATION DlSlltlbUTIONS lN Sb!t'S WAKE 

SFEED • 14•6 KTS NO PROPELLER 
INJECTION LOCJ.TION 2 l PJ!OBE • O• l L.rP I 25•4 CM J 
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FlOURE 30. TEST 6 CONCENTRATION DlSTRl!UTlONS 1N S.lil¥'S WAIE 

SPEED• 18•6 KTS NO PROPELLER 
INJECTION LOCATION 2 X PROBE• 0•1 LPP I 26•4 CM J 
Dl SCH ltAU • 166 TONS/HR 7• 33 1N Dl SCH PORT DlAM 
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FIGURE 31. TEST 39 CONCENTRATION DISTRlBUTIONS IN SHIP'S WAKE 

SPEED• 16•5 lTS PROP RPM• 120, CTH • 2•75 
INJECTION J..OCATION 1 X PROBE• C•l LPP I 25•4 CM I 
DISCH RATE = 330 TONS/HR 7•33 IN DISCH PORT DIAM 
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flCUlll 32. TEST 34 COICUTRATlON DlSTRlBUTlONS UI SHIP'S WAI.E 

SPIED• 16•8 ITS PROP RPM• 120, CTa • 2•7e 
INJECTlON LOCATION 2 l PROBJ • 0•1 LPP C 2&•4 CM I 
DISCH RATJ • MO TCJIS/HR 7•33 1N DISCH PORT DIAM 
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FIGURE 33. TEST 12 CONCENTRATION DISTRIBUTIONS IN SHIP'S WAKE 

SPEED • 16•5 KTS PROP RPM = 120, C1:, • 2•75 
lNJEC·.l'lON LOCATION 3 X PilOBE • O• 1 LPP I 20•4 CM l 
DISCH RATE• 330 TOMS/HR 7•33 IN DISCH PORT DIAM 
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fl CURI 34. TIST 13 CONCINTRATlOH J>ISTRIJUTlONS 1N SHIP'S WAIi 

SPEID • 16•e ITS • 
INJJCTIOI LOCATION 4 l PROBI • 0•1 LPP I 26•4 CM l 
DISCH RAH • 330 TOMS/HR 7•33 U Dl SCH PORT DIAM 
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FlOURE 35. TIST 14 COICEITRATIOH DISTRIBUTIONS 11 SHIP'S WAKE 

SPEED• 16•& lTS PROP RPM• 120, CTH • 2•76 
INJECTION LOCATION 5 X PROBE• 0•1 LPP l 25•4 CM i 
DISCH RATE • 330 TOIS/HR 7•33 IN DISC.Ii P0R1

, DIAM 
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llQURI 36. TIST 1& COICUTUTIOI DISTRllUTIOHS 11 SHIP'S Will 

• SPIED • te•& ITS PROP UN• 120, CTI• 2•75 
IIJICTIOI LOCATJOI e l PIOII • 0•1 LPP I 2&•4. CN ) 
DISCII UTI • 3:50 TOIIIBB 7•33 u D1SCII PORT DUN 
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FIGURE 37. TEST 16 CONCENTRATION DISTRIBUTIONS IN SHIP'S WAKE 

SPEED• 16•5 KTS PROP RPM• 120, CTH • 2•75 
INJECTION LOCATION A X PROBE• 0•1 LPP I 25•4 CM )· 
DISCH RATE• 185 TONS/HR 7•33 IN DISCH PORT DIAM 
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rIGURI 38. TEST 17 COICDTRATION DI STRIBUTIOIS lli SHIP'S Will 

SPIil> • 16•5 lTS PROP RPM• 120, CTH • 2•75 
llJIC'tlOI LOCAf IOI B X PROH • O• 1 I.PP C 2&•4 Cl4 l 
DISCH RATI • 168 TONS/HR 7•33 llf DISCH POR~r DUii 



R-1517 

3,()1$"'4 
A 

+ 
1•5 

I Z,CM 

• I 0 -1 • I C • 0 • 
A I + 2 

M * I * 3 A 
E 1•00 I A 4 
A I • 6 s + -------·-------I 
C • • 

D * G 
I 0•50 s I 
C 
H 

1 • 
• 

C•O 
•8•00 •6•00 •4•00 •2•00 C•CO 2°00· 4•00 6•.00 8•00 

TRAISlERSE POSITIOB X, CM 

FIGURE 39. ns·r 22 CONCENTRATIOII DISTRIBUTIONS IN SHIP'S WAKE 

SPEED• 16•5 ITS PROP RPM• 120t CTH • 2•75 
INJECTION LOCATION 2 X PROBI • 0• 1 LPP C 25•4 CM > 
DISCH RATE• 165 TOIIS/HR 7•33 Ill DISCH PORT DIAM 
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TIST 23 COWCDTRATIOI DISTRIBUTIONS II SHIP'S Will 

SPIIJ) • 1e0 e lTS PROP RPM • 120, CTII • 2•76 
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FIGURE 41. TEST 32 CONCENTRATION DISTRIBUTIONS IN SHIP'S WAKE 

SPEED a 16•5 KTS PROP RPM• 120, CTH a 2•75 
INJECTION LOCATION 4 X PROBE• 0•1 LPP I 26•4 CM J 
DISCH RATE• 166 TONS/HR 7•33 IN DISCH PORT DI.AH 
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fIGURI 42. TEST 33 CONCENTRATION DISTRIBUTIONS IN SHIP'S Will 

SPIED• 1e 0 5 ITS PROP RPM• 120t CTH • 2•75 
INJECTION LOCATION 4 l PROBI • 0•1 LPP I 25•4 CM J 
DISCH RATE• 4g5 TONS/HR 7•33 IN DISCH PORT DIAM 
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FIGURE 43, TEST 29 CONCENTRATION DISTRIBUTIONS IN ShIP'S WAKE 

SPEED • 16•5 KTS PROP RPM = 120, CTH • 2•?5 
INJECTION LOCATION 2 X PROBE• 0•1 LPP I 25•4 CM) 
DISCH RATE• 330 TONS/HR 5•00 IN DISCH PORT DIAM 
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rIGlinl 44. TEST 30 COICENTRATION DISTRIBUTIONS 11 SHlF'S WAKI 

SPEED• 16•& lTS PROP RPM• 120, CTH • 2•75 
llJECTlON LOCATION 2 l PROBE• 0•1 LPP l 25•4 CM I 
DISCH RATE • 330 TOIS/HR 2•27 IN DISCH PORT DIAM 
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TEST 31 CONCENTRATION DISTRIBUTIONS U SHIP'S WAU 

SPEED• 16•5 KTS PROP RPM• 120, CTH • 2•75 
INJECTION LOCATION e X PROBE • O• 1 LPP t 26•4 CM l 
DISCB RATE• 330 TONS/HR 2•27 IN DISCH PORT DIAM 
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FIGURE 46. TEST 19 CONCENTRATION DISTRIBUTIONS IN SHIP'S WAKE 

SPEED• 16•5 KTS PROP R.PM • 100, CTH • 2•20 
INJECTION LOCATION 2 X PROBE• 0•1 LPP l 25•4 CM l 
DISCH RATE• 330 TONS/HR 7•33 IN DISCH PORT DIAM 
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flGUR. 47, TIST 21 COICIIITRATION DISTRIJUTIOIS lN SHIP'S Will 

SPIED• ~6•5 ITS PROP RPM• 1401 CTB • 4•85 
lNJECTtO• 1.0CATlON 2 X PROBI • 0•1 LPP l 25•4 CM J 
DISCH RATI 330 TONS/HR 7•33 11 DISCH PORT DI.Ml 
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FIGURE 48. TEST 2t CONCENTRATION DISTRIBUTIONS IN SJill'' S WAU 

SPEED• 16•6 ITS PROP RPM m 120, CTH • 2•75 
INJECTION LOCATION 2 X PROBE• 0•3 LPP C 76•2 CM 
DISCH RATE• 330 TONS/HR 7•33 IN DISCH PORT DIAM 
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rIGURJ: 49, TIST 28 CONCINTRATION DISTRIBUTIONS IN SHIP'S WAKE 

SPIED• 18•& lTS PROP RPM• 120, CTB • 2•75 
lHJICTION LOCATlOI 2 l PROII • 0•7 LPP C 1·n-e CM l 
DISCH PATI • S30 TOIi/Hi 7•33 IN DISCH PORT DIAM 
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FIGURE 50. TEST 26 COBCINTRATlON DlSTRlBUTlOKS 11 StilP'S WAKE 

SPEED• 16•5 KTS PROP RPM• 120, CTH • 2•75 
INJECTION LOCATION 4 X PROBE• 0•3 LPP I 78•2 CM) 
DISCH RATE• ~30 TOIS/HR 7•33 IN DISCH PORT DIAM 
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FIGURE 52. TEST 4 CONCENTRATION DlSTRlBU~lONS lN SHl~•s Will 

SPEED• 16•5 XTS NO PROPELLER 
INJECTION LOCATION 2 X PROBE• 0•3 LP~ l 76•2 CM) 
DISCH RlTE • 1ee TONS/HR 7•33 lN DISCH ~ORT DIAM 
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Figure 54, Chart of lso·Concentratlon Contours for 
Discharge through 7,33 In I.D.Plpe from 
Location I at 330 Tons/Hr. Test 39, Ship 
Speed• 16.5 Knots, Prop RPM• 120 
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Figure 55, Chart of lso-Concentratlon Contours for Discharge through 7,33 In. I.D. Pipe frcwn 
Location 2 at 330 Tons/Hr .. Test 34, Ship Speed• 16,5 Knots, Prop RPM• 120 .. 
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Figure 56. Chart of !so-Concentration Contours for Discharge through 7,33 in. 1 .O.Plpe 
from Location 3 at 330 Tons/Hr. Test 12, Ship Speed• 16.5 Knots, 
Prop RPM• 120 ,. 
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Figure 57, Chart of lso·Concentratlon Contours for Discharge through 7,33 In. 1.0. Pipe from 
Location 4 it.330 Tons/Hr. Test 13, Ship Speed• 16,5 Knots, Prop RPM• 120 
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FIGURE 58 CHART OF ISO-CONCENTRATION CONTOURS FOR DISCHARGES THROUGH 7.33 IN.I .D. PIPE 
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FIGURE 59 CHART OF ISO-CONCENTRATION CONTOURS FOR DISCHARGE THROUGH 7.33 IN. I.D. PIPE 
FROM LOCATION 6 at 330 TONS/HR 
TESTIS, SHIP SPEED •12.5 KNOTS, PROP RPM• 120 
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FIGURE 60 CHART OF JSO•CONCENTRATION CONTOURS FOR DISCHARGE 
THROUGH HOSE OVER-THE•SIDE AT LOCATION A AT 330 TONS/HR 
TEST 16, SHIP SPEED• 16.5 KNOTS, PROP RPM• l~O 
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FIGURE 61 CHART OF ISO•CON'C£NTRATION CONTOURS FOR DISCHARGES 
THROUGH HOSE OVER-THE-SIDE AT LOCATION BAT 330 TONS/HR 
Test 17, SHIP SPEED• l6.5 KNOTS, PROP RPM• 120 
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FIGURE 62. CHART OF l50•CONCENTRATION CONTOURS FOR DISCHARGE 
THROUGH 7.33 IN. I.D. PIPE FROM LOCATION 2 AT 165 TONS/HR 

TEST 22, SHIP SPEED• 16.5 KNOTS, PROP RPM• 120 
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FIGURE 63. CMRT OF 150-CONCENTMTION CONTOUKS FOR DISCHARGE 
TMOUGH 7,33 In. I .D.-,fP.I FN>M LOCATION 2 AT '+95 TONS/HR 

TEST 23, SHIP SPEED • 16,5 KNOTS, PROP RPM • 120 
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FIGURE 65. CJINJ. OF 150-CONCENTMTION CONTOURS FOR DISCHARGE 
THflDUGH 5.00 IN. I .D. Pl,£ fflDM LOCATION 2 AT 330 TONS/HR 

TEST 29, SH IP SPEED • 16.5 KNOTS, PROP RPM • 120 
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FIGURE 66. CHART OF (SO-CONCENTRATION CONTOURS FOR DISCHARGE 
THROUGH 2.27 IN, 1.D. PIPE FROM LOCATION 2 AT 330 TONS/HR 

TEST 30, SHIP SPEED* 16,5 KNOTS, PROP RPM• 120 
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FIGURE 68, EF,ECT o, t.ONQITUOIJML MEASUIIIEMNT ,OS ITION 
M PIM MIASUMD CONCENTMTION AND PUNI l'IUM DILUTION FACTOR 

POii DIICNAflll TMMUIH 7,JJ IN. 1.D. Pl,E AT JJO TONI/HR SHIP SPEED• 16,S KNOfl 
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